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ABSTRACT

STUDIES OF INTERACTION OF SMALL MOLECULES WITH WATR CONDENSED
MEDIA

The present work reports experimental and the@ilestcidies of the intermolecular
interactions in condensed water media. The chémigacts comprise pristine ice and polar
organic substances: acetone, acetaldehyde, methiati@hloroform and bi-component water-
organic deposits. The experimental part of thdistiincludes the Fourier Transform Infrared
Reflection Absorption spectral (FTIR RAS) examinatbf the processes of film growth by
vapor deposition on cold metal substrate and sulesg@nnealing. The theoretical studies
includeabinitio (MP2) and semi-empiricaB3LYB calculations on the small water and
water-organic clusters and classical molecular oyos simulations of the adsorption of inert
guests (Xe/Rn) on the ice surface. The FTIR RABpEstudies reveal that depending on the
deposition conditions condensed water media exisvo principal structural forms:
noncrystalline and polycrystalline. The formecksracterized by porous structure while the
latter exists as a hon-porous medium with smootéreal interface. On annealing,
characteristic spectral changes indicate on a @pystallization occurring at a certain
temperature range. The initial adsorption of orgamolecules is accompanied by the
hydrogen-bonded coordination between the functignalip of organic species and non-
coordinated hydroxyl group of the ice surface,ttigology of which depends on the electronic
properties of the functional group. The computaicstudies of small water-organic clusters
reveal, in particular, two major coordination mimirfor carbonyl group: a single hydrogen-
bonded in-plane complex and a double hydrogen-lbimdplane complex. The classical
molecular dynamics of Xe/Rn species on the icefate is consistent with two distinctly
different surface adsorption sites: one that déiwea over the entire surface and one that
confined to small opening in the top ice layerraded by the thermal molecular motion. The
penetration barrier is associated with van der $uapulsion of guest species from the ordered
water hexagonal arrangement. A thermo-disruptidiattér leads to a rapid diffusion of guest

species inside ice medium.
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CHAPTER 1
Introduction
1.1 General Introduction

The present studies concern the fundamental phgsiemical processes in condensed
water media using infrared spectroscopy and contiputd techniques. Infrared spectroscopy
is among the most powerful tools for investigating hydrogen bonded structures of low-
density noncrystalline water and crystalline ic&fe present work utilizes the infrared
spectral method and computational techniques tmystg the properties of water media and
the guest-water interaction at cryogenic tempeestuComprising adsorption, penetration of
the medium surface, occlusion or enclathration, @memical surface reactions, the physico-
chemical processes in the condensed water medpaédref the global matter circulation on
Earth. In all spheres - biosphere, geosphere endsphere - the physico-chemical processes
associated water media contribute significantlgnd, in many cases, control the global
chemical balance. The abundance of water medidhemdunique properties form ultimate
foundation for all scientific studies on water imemistry, geochemistry, atmospheric studies
and ecology.

The mechanisms of adsorption, absorption, insidg-tnansport and interactions of the
chemically different species with the ice micro-pés over the entire range of relevant
temperatures remains the subject of intense imyasins and debates primarily due to the
important role that ice as the adsorbent and/corllesit plays in atmospheric and stratospheric
[1], biospheric [2, 3], cometary and interstellaemistry [4, 5]. The important issue of the
heterogeneous chemistry and physics on the surédeester objects is associated with those
physico-chemical processes in the polar stratosgphleruds, which convert two most
abundant inert reservoirs of chlorine, HCIl and C{@Nhto CL. The latter species could be
readily photo-decomposed to yield active chlorthe, known catalytic destroyer of ozone [6].
The penetration of surfaces confining a water madaioften a critical step in the inter-phase
transport. Numerous experiments have shown teathibmical species belonging to the
diametrically opposite classes, exemplified byvwhe der Waals particles on one side and
Lewis acids and bases on the opposite, penetmaiedtand convert it to the corresponding



crystalline or noncrystalline hydrates [7, 8, 9, 10, 12].

One of the ultimate goals in the spectral and tirat studies of water media and the
physico-chemical processes in condensed wateraegidhe explanation of the macroscopic
properties of water and aqueous solutions, incluthhand Raman spectra, in terms of the
intermolecular forces. The understanding of th@sperties is mutually related to the concept
of the hydrogen bondH[B, for short) between the molecular species in yis¢esn. Taking into
account the conceptual importanceH for the present studies, the hydrogen bonding
between water molecules (specificaliB in small water clusters) and that in the complexes
of water with small oxygen-containing organic mailes is analyzed in Chapter 4. This
analysis is based primarily on the quantum meclahoaiculations performed in the present
studies.

The present work explores both the experimentahateof infrared spectroscopy and
the computational techniques in an attempt to taeehe spectral and structural information.
There is a double purpose associated with the prestadies of bi-component (polar organic-
water) systems: (i) to investigate the state ofewatedia using a guest molecule as a probe,
and (ii) to extract the structural information bétlocal hydrogen bond coordination between
the organic and water molecules. For instancectloedination of water molecules around
carbonyl compounds remains to be a subject of sstastudies [13, 14]. The present work
provides a detailed quantum mechanical analydisisfproblem in Chapter 4. The spectral
information on the acetone-water and chloroformewatstems at cryogenic temperature is
discussed in Chapter 5. In particular, the anslgsspectral data on acetone-water cryogenic
deposits with parallel quantum-mechanical and maéeaddynamic studies leads to
establishing a fairly complete spectrum-structuneedation scheme. This scheme can most
certainly be extrapolated on the liquid acetoneewablutions.

A very peculiar feature of the nucleation and al&tation processes taking place in
the atmosphere is the appearance of metastabid liguer or liquid phases of the water
solutions at temperatures below their freezing {goi he filed observations and the
laboratory experiments [15] on the formation ofude indicate that the water droplets remain
in the liquid state at temperatures far below 0 RCthis case metastable water is referred to as
being in a supercooled liquid state situ measurements in the deep convective clouds reveal

that the supercooled water droplets exist in licgiede at temperatures as low as —37.5°C [16].



The nucleation processes in such supercooled liopne found yet neither theoretical
explanations nor a complete qualitative descriptidocording to recent and somewhat
"Intuitive" thermodynamical arguments, the crystadlice nuclei are expected to appear
preferentially on the air-supercooled-liquid intexé, which indicates the significance of
interfacial properties for the kinetics of glactati[17]. The underlying reasons for this
remarkable property of forming supercooled liqu&tes and respective delay in the
crystallization could be associated with the misthddtetween a short range order anticipated
in the supercooled state and the long range orfdbediexagonalh, or cubic icejc. In other
words, the supercooled state appears to be arnegitéd a certain area of the configurational
space, corresponding to the aperiodic structukesansition from this configurational
subspace to the configurational area of crystafp@ekings is associated with the free energy
barrier of the entropic nature. In aperiodic systethere is a large number of different
configurations (and conformations) of the waterrog@n bond network within a narrow
energy range. The energy difference between th@serous aperiodic configurations and
between the aperiodic configurations and the ciystastructures is typically very small. A
high density of configurations on the energy sca@ssociated with the relaxed potential of
water-water interaction as discussed in Chaptérhke entropy of the aperiodic water state is
apparently larger than that of the crystalline miai Therefore, ordering of an aperiodic
structure into a crystalline form most likely invek overcoming a free energy entropic barrier.
In the present studies, the crystallization of eguic ice media at a low temperature boundary
(see Chapter 2 for the partial phase diagram oémaatd the localization of boundaries of
aperiodic amorph) has been investigated usingriedrapectroscopy as discussed in Chapter 5.
The structures and models of crystalline and n@talyne media are discussed in detail in
Chapter 2.

A fundamental structural problem in studying thacnystalline water media resides in
establishing the possibility of microscopic geoneeatiescription of an aperiodic system in
qguestion. If such a description is possible thensubsequent problem will be to find an
algorithm for generating theses representativeasgopic structures. These microscopic
molecular ensembles form an inherent structuré@giperiodic medium. Pivotal for the
concept of the inherent structure of noncrystalimedia, the correlation between the topology

of a multidimensional potential energy surface #rastructural and dynamic characteristics



of an aperiodic system can be explored using a mggocedure, which connects any
available instant configuration to a parent locaigmtial minimum that represents a stable
arrangement. Such mapping, described in detaifstiiinger and Weber [18], allows
separating the vibrational motion within geomebauindaries of a potential minimum (the
interior of the potential minimum is called a bgsand the transition (barrier hopping)
between different neighboring potential minima.e3& two kinds of motion, i.e. the
vibrational oscillations within a basin and thesinbasin hoppings, often display very different
time characteristics as discussed by Eisenberdandmann in their fundamental book on the
water structure and properties [19]. In the presenk, quantum mechanical and classical
potential energy minimization of small water clustare performed in order to generate an
ensemble of local minima that are part of the iehestructure. The physico-chemical
properties of these minimized structures, includhmgIR spectra, can be readily calculated,
which makes possible structure-property correlatiofurthermore, the computed properties
(for very limited number of clusters in the presemwrk), such as radial distribution functions
and IR spectra, are found to be in reasonable datidh the experimental data. An account of
these attempts is given in Chapter 4.

The configurations at distinct minima are tempe®tndependent and, therefore,
could be used for identifying an inherent structofréhe molecular systems (even when these
systems are in an aperiodic state). The topolddlyeopotential energy surfaceES is a
complex function of the following parameters: (ij)@rmolecular forces; (ii) geometric forms
attained by the water molecules under given exte@oraditions; and (iii) the molecular
density. In determining the topological featuresstical and saddle points) of tlRES all the
above-listed factors are practically independerntheftemperature. This property of a
molecular arrangement at a local minimum being &naipire independence justifies the
concept of inherent structure in the applicatioaperiodic systems. THeESfeatures of a
multi-molecule water system are closely relatethtopotential surface of the water dimer.
However, the pairwise water-water potential is sty affected by the presence of other water
molecules surrounding a water dimer. This muliipoontribution in the hydrogen bond
network is typically referred to as a cooperati@tfect, which will be investigated in detail in
Chapter 4. It should be noted at the very beguopitiat the cooperativity effect is responsible

for specific IR spectral features in the acetongéewsaystem.



Populated by the water system at temperatures aheveelting point, a set of distinct
local minima corresponds to the numerous homogeneoncrystalline packings. These
packings are thought to be characterized by a wadistribution and relatively high values of
the average potential energy per molecule. Furtbeg, it could be assumed that the inherent
structure of a water vapor deposition on metal sates at cryogenic temperatures will be
similar to that of liquid water. The differencetWween liquid and noncrystalline solid media
resides in the rate of inter-basin hopping: ingase of liquid, the structural transitions are,fast
whereas in the case of solid, structural changesénitely slow, i.e. the molecular mobility
is insufficient for overcoming the free energy lens. In contrast, a much smaller set of
crystalline packings is associated with the deepésima observed globally on the topological
PESterrains. Peculiarly, in the case of water ctyise&polymorphs, the energies of phase
transitions are small in spite of significant camf@tional and configurational differences in
their crystalline structures. However, the crijsta structures of ice maintain in their
majority a coordination numbdt which is characteristic to the watéB network. For
example, the values dlU (hexagonal icelh — ice two, 1) = 19x10° kcatmole * and4U (lh
— ice three]ll) = 0.256 kcamole* [19] are indeed small in comparison with the maxim
value ofHB energy inh at ~5.1 kcamole* [19]. The small values of the enthalpy of phase
transitions indicate the configurational flexibyliof the crystalline packings in tie
coordinatedHB networks. The flexibility of théiB contacts between water molecules self
manifests, in particular, in the relaxed (smootige of the energy profiles with respect to the
geometric variables of the water dimer. This aspétheHB between water molecules is
discussed in detail in Chapter 4. In other wotlds,flexibility of HB networks is associated
with relatively small variations of the potentiadexgy with large changes in the geometrical
parameters. In general, the flexibilityldB contacts is responsible for both the
configurational and conformational packings anddineamic properties of the water media,
including the IR-spectral features.

An important question about the local structura@ériodic water media is whether
there is a geometric reproducibility (the commottgras) in the first or higher order
coordination spheres at those loB&Sminima, which are part of a homogeneous set of the
water replicas. Each water replica or, i.e. thefigoiration of a locaPESminimum, can be

characterized by distribution functions (for instanthe pairwise distribution functions for the



O---0, O:--H and H---H pairs). If such a conftgquras generated to represent a single water
replica comprising of a large number of molecutbes,computed distribution functions can be
compared with the experimental data. In the preserk, the generation of water replicas is
demonstrated using examples of very small watestets (4-26 molecule) as discussed in
Chapter 4. In spite of this small size and thetéchdata on configurational and
conformational space available for the clustera pérticular size, the computational results
brings interesting information on the inherent stinwes of low- and high-density amorphs. It
is established in the present studies that thes#l-sime replicas can be used for obtaining both
the average structural parameters and unique &satur

The spatial 3-dimensional homogeneity of aperiodater systems allows partitioning
the system on molecular cells, each of which candeel as a representative model of the
whole aperiodic system. This cellular structur@meriodic media is different from a
crystalline packing, where the whole structureoisrfed by the repetition of the exactly the
same crystallographic cell. Of course, the spatmhogeneity in aperiodic (i.e. lacking
crystalline long-range symmetry) system is fundatalgndifferent from the lattice periodicity
in crystalline packings, which is a source of thatgl heterogeneity in a crystal. In particular,
if a local arrangement (molecular cell) exhibitengygetry incompatible with the Bravais
symmetry, the repetition of these local patterntheBD-space will lead either to the
crystalline samples containing dislocation defeatgp the open-network (crystalline)
packings, such as those taking place in clathratieates or zeolites. In this context, two
experimental observations appear to be especelflyant. Firstly, the crystallization of
noncrystalline water at 150 K proceeds to the neigrstalline cubic icelc, and only at much
higher temperatures (~210 K) to the hexagonal itechvis the most stable crystalline phase
at low temperature-low pressure section of phaagrdm [20]. Secondly, the noncrystalline
water at low temperatures exhibits two (or evenat)aistinctpolyamorphougorms
classified according to their densities. The ppatnoncrystalline forms are low-density
aperiodic and high-density aperiodic states [3l}e former observation appears to suggest
frustration (mismatch between the local symmetny e global symmetry of crystal) as the
reason for the formation of the highly polycrystal and metastable (instead oth) on the
crystallization of low-density noncrystalline wateFherefore, there are grounds to attribute

the inherent structure of low-density noncrystalspecies to that €. Furthermore, the



presence of distinct amorphous water species albmnsideration of distinct inherent
aperiodic structures with different densities.tHa light of the proposed relation between the
inherent structures of aperiodic system and cedajistalline packings, one should attempt to
establish such a correlation in the case of apieread crystalline packings of the water. In
particular, if a low-density aperiodic state ighwe structural relation with the open-network
iceslc and/orlh, a high-density aperiodic state was found to kénstructural relation with
the high pressure ices such as\itkand iceVIll [21], which are characterized by cubic
symmetry lattice with a coordination numi&in a dramatic contrast with the coordination
number4 in thelc/lh open-network systems. However, among tlgasearest neighbors only
4 of them are hydrogen-bonded so the coordinationbau for hydrogen-bonded molecules
still remains a#. It should also be noted that the crystallizavbthe high-density aperiodic
structure proceeds at 77 K with the formation &f thientationally proton-disordered ivé
whereas at more elevated temperatures near 166 toimation of proton-ordered ia4ll

was observed [21], which is similar to the crystaliion events taking place with the low-
density aperiodic water system [20 and refereroe®in].

On a structural level, the departure of a spatr@regement of the structural units from
periodicity occuring in a noncrystalline liquid agkhss phase, creates a possibility for the
formation of the finite-size clusters of a non-¢aygraphic symmetry with a deep potential-
energy minimum such as the tridecan (12+1) icosamedith one of the molecules located in
the center of the regular pentagonal dodecahedapoped by Frank [22]. By studying the
local motifs with icosahedral and fivefold symmetBaker and Hoare [23] have found a
considerable variety of the locally symmetric stawes, which suggests the existence of the
non-periodic networks characterized by self-lingtgrowth patterns. The present studies
attempt to follow Hoare's proposal to generate gldageometrical structures on arpriori
basis followed by the testing of their propertid$e icosahedral symmetry group operations
on the "elementary"” structural units of water sastbicyclo-octamer (tied by the directional
hydrogen bonds) leads to the 280-molecular comgdesne possible candidate for the
structural unit of aperiodic water (see Chapter@3e of an icosahedral symmetry for the
generation and classification of finite-size molaciassemblies appears to be successful.
Indeed, such experts in the field of water struetas Pauling [24], Bernal [25, 26], Frank [27],
Franks [28], Angell [15], Stillinger [29, 30] andamy others [22, 31, 32 and references



therein] have strongly asserted the geometric poltmical representations of the water
medium as a powerful, if not unique, tool for theéerpreting and predicting of the water
properties. The illustration of a geometrical aseé the studies on the water can be readily
achieved by referring to a fundamental concepheftétrahedral form, which single water
molecule can attain in a condensed state. It shimeilagain clarified that the tetrahedral form
of the neighborhood of a water molecule in the ipdtticle medium is not a rigid
arrangement completely predefined by the propedtii¢ise individual water molecule, but
rather a result of the cooperative interactionsiwithe medium. An assembly of these
molecular tetrahedrons creates a network, in whinlhmber of nearest neighbors around a
structural unit approaches a value of four. Indtractural studies on water, Bernal [26], in
particular, had widely employed a geometric analogtyveen the structures of solid water
phases and that of crystalline silicate phasesiléifhhis and Fowler's [25] original model,
liquid water had been described as a dynamic "meXtaf the tridymite-like ice (ordinarih
hexagonal ice) and the quartz-like ice, Bernal @ssed in his later model the structure of
liquid water with the disordered keatite packingusturally unique crystalline polymorph of
SiO, containing pentagonal rings of silicon-oxygenadk&drons). Extending this comparative
structural analysis by including the structureslathrate-hydrates and those of carcass
alumosilicates (zeolites) could be useful in desigrihose finite-size clusters, which would be
generally common to tetrahedral networks regardiésise particularities of chemical bonding

in the latter.
1.2 Research Objectives

The major goals of the present experimental andrétieal studies include: (i) design,
construction and testing of the ultra-high-vaculwi{) chamber coupled optically with the
Fourier Transform Infrared spectrometer for perfioigrinfrared reflection-adsorption spectral
experiments ( abbreviated by FTIR RAS or RAS thiotlge rest of the thesis) on thin films of
ice and/or volatile organic substances at cryogeamperatures; (i) FTIR RAS investigation
of the adsorption and absorption complexes formyeshiall molecules of environmental
significance on the ice micro phases; (iii) spddir@estigation of the phase composition
and/or phase transitions in the vapor depositedf@rino-annealed pristine water and organic

films; and finally (iv) computer simulations ancetiretical studies of the model systems in



order to provide a description of the fundamentiziaxe processes on ice and an adequate
interpretation for the spectral data.

The FTIR RAS is known to be a useful tool for txamination of the chemical and
physical processes on the surfaces of metals aulietactric thin films deposited on metals.
Therefore, the choice of technique for the expentalestudies was to a large degree
predetermined by such attractive feature of theRFRAS method as sensitivity down to the
sub-monolayer coverage of the film surfaces. Haweas it usually happens, the advantages
in one area bring disadvantages and complicatiooghier areas. Among the latter, the most
serious are (i) the inapplicability of the Beersaitzert law directly to the analysis of RA
spectra, and (ii) the significant distortion of gpectral RA features in comparison with the
transmittance spectra, which makes impossibleextdaomparison of the RA spectra with
analogous transmittance spectra. An alternatipeexental method for the spectral studies
of the surface processes on the ice nano-partieledeen established by Devlin [33] and is
based on the transmittance spectroscopy of a 3sBreinle of ice particles collected in a
collisional-cooling cylindrical double-wall FTIR e The IR transmittance spectra obtained
from the ensemble of nanoparticles also will vargsgantially from that of the corresponding
thin film, particularly for the vibrational mode$ large transition dipole moment. Therefore,
both the RA spectra of thin ice films and the traittance spectra of nanoparticles impose
serious difficulties for their interpretations. rlexample, during the experimental studies of
pristine ice films [34] the present author has os&red that the spectra of polycrystalline ice
obtained in the RA mode and those in the transntéanode are incompatible (although the
properties of polycrystalline ice medium studiedlifierent labs are very likely to be
identical). Moreover, an attempt of direct compani will inevitably lead to wrong
conclusions regarding the structure of ice filmsaaese the information encoded in these
spectra is fundamentally different, particularlytwiespect to the strongest vibrational bands
such as the OH stretching mode. In the ideal ofs#initely thin and optically perfect film,
the transmittance IR band is given by the imagimen of dielectric function, Inaf =
¢ =2-n-k where a dielectric functioms, is defined as—i-¢ , ande = (n-i-k)*=n’~k?-2i-n-k
andn andk are refractive and absorption indexes of the nmadnespectively. The same band
in the reflection-absorption spectra is given byeaergy loss function or a Berreman's profile
[35] defined as Imfe ™) = ¢ /(e%+¢ %)=2-n-k /(F+k?)?. From an analysis of the simple



dispersion curve for a damped harmonic oscillatdo]lows that at the resonance frequelgcy
= wo, the absorption indelkreaches its maximum whileands' become equal, which
typically corresponds to the case when the absosaraximum of transmittance mode, i.e.
2:-n-kreaches its maximum. On the other hand, in the cageflection-absorption spectra,
Im(-¢*) reaches maximum at a frequency given by thevioig expressions = wo- (o /ex)
[35], wheregy is the dielectric constant aad is a value of the dielectric function at high
frequency. Therefore, in the transmittance speb&anaximum of absorption band is located
at the frequency of the transverse optid@®) mode, whereas in the RAS the same
fundamental transition appears at the frequendlefongitudinal opticall{O) mode. The
stronger the oscillator strength of the fundamewvitadation, the stronger is thed/TO split
and consequently the larger difference betweemwliiserved transmittance and RA spectra. In
the present experiment, the strdr@/TO splits were found for the OH stretch mode in the
pristine ice films and for the carbonyl stretchingde in the pristine acetone film. Moreover,
the RA character of the light-matter interactiorihia thin films leads to the appearance of
interference optical features, the frequency pas&tiand intensities of which are dependent on
the film thickness. Similar effects of the lighterference could be observed also in the
transmittance experiment performed in a thin optied. In addition to these optical
interference patterns, the RA spectra of the ioesfwith rough surface could show additional
spectral features originated from light scatteffirogn the surface or bulk irregularities, which
further complicates the interpretation of the specilhe necessity of the spectral simulations
on the basis of simple optical model becomes evidArchoice has been given to a Fresnel
optical model for the three-layer stratified mediacuum-dielectric film- metal substrate. A
similar optical model has been previously emploiyethe studies of ice films by RAS
technique and appears to provide an acceptableragre between simulated and
experimental spectra [36]. A detailed descripttbthe Fresnel model is given in Chapter 3.
In contrast to the strong vibrational fundamentabdes that are subject to dielectric effects
described above, there are surface-localized wiiraisuch as vibrations of OH dangling
bonds in the water media, which are much less &ffieloy the dielectric optical effect. For
these spectral features, the comparison betweesniittance and RA modes is valid.

An independent proof of the validity of the preserperimental procedures and

spectral data treatment comes from the FTIR RA8iestuwf Mateet al.[37], who performed
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detailed RAS studies of pristine ice films and oborate with the present RAS results.

The computer simulations were performed using UNX64- multiprocessor and 32-
bit single processor computers. The Gaussiand@8pf programs has been used for quantum
mechanicahb initio and semi-empiricadB3LYPcomputations whereas the CHARMM [39] set
of programs has been employed for classical maeaynamic simulations. Trab initio
results obtained in the present work for singleawatolecule have been compared with those
published previously [40] and there was good nucaéagreement between the results of
different laboratories. The comparison of the categ and experimental IR spectra allows
one to predict the structures of distinctly differéydrogen-bonded and non-coordinated
complexes that carbonyl compounds such as acetahacetaldehyde form on the surface and
in the bulk of ice films. The structure of distirmomplexes for acetone and chloroform
species in the ice can also be inferred on theslzdgthe present studies. The classidBl
simulations of the Xe/Rn-ice (the results of RnAgmulations are not presented because they
are qualitatively similar to those of the Xe-icest®m) systems reveal two distinct adsorption
complexes on the ice surface, one of which is neadnild localized atop the surface water layer
whereas another is confined within the first wadger. The latter localized complex appears
to be a precursor to the further penetration inidevater media. The penetration process of
the guest species appears to be associated withabiity of the water molecules in the
media and in the present case leads to the plmsmbf water crystallinity.

Apart from their necessity for extracting structurdormation from the RAS data, the
computer experiments were also found to be usefpfaviding a molecular-level

representation of the structural and dynamicalfestof the systems under investigation.
1.3  Thesis Organization

The present thesis comprises 7 Chapters. An inttoxh to the subject and general
problematics of the water studies are discusséukeipresent first Chapter. The second
Chapter provides a bibliographic review on the megsults in understanding the structural
and spectral properties of the water media witeraphasis on the water phase diagram as the
main reference tool. The water phases, their &tres and models are the main topics
reviewed in Chapter 2. Chapter 3 describes inildb&acontent of the present experimental

work and a method of the treatment of spectral.d&taapter 4 deals with the theoretical
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analysis of the hydrogen-bonded systems with arhasip on the water and acetone-water
complexes, and outlines the major results of quanmthechanical simulations undertaken in
order to extract relevant structural informatioonfrthe spectral data. Furthermore, Chapter 4
provides a necessary theoretical background owilinational spectroscopy for the following
Chapter 5, which deals with analysis of the RA ga¢mformation of pristine water and
organic films and the bi-component organic-wateteyns. Theoretical analysis of the
penetration of guest molecules in the water medrapresented in Chapter 6, where particular
attention is given to the computational studiea afodel Xe/ice systems. Finally, Chapter 7

summarizes the main results of the present work.
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CHAPTER 2
Bibliographical Review and Modeling of the Non-Crysalline Water Media

The main purpose of the present review is to ocaitlire current status in the
understanding of the relationship between the siras of solid water micro-phases and those
physico-chemical processes of environmental sicgmiite that occur on the surface or in the
bulk of these micro-phases. The present authofchesl that a literature review of this
subject does not provide the opportunity to reprettee structural data on the crystalline and
non-crystalline water media. Therefore, for anefltpurposes the present author has
constructed and analyzed 3-dimensional computeetaad selected crystalline and non-
crystalline structures using the literature dakhe main difficulties reside, of course, Iin
finding an algorithm for designing non-crystalliwater models. The first four sections deal
with the subjects of solid water phases, theircstmes and morphologies. The subsequent
section will give the necessary technical detaild autline the recent results in the application
of infrared spectroscopy and computer simulatiorthé investigation of physico-chemical
processes on the ice surfaces. The last sectithe giresent Chapter reviews the
bibliographical data on the interaction of the ablates of different chemical properties with

ice media.

A search for the inherent structure of aperioditevanedia leads to a set of relatively
small, compact water polyhedra, which can be usestractural units for constructing large-
scale water clusters of the icosahedral symmdtollowing Chaplin's approach [1], the
present author shows the model structures thaduairable for further computer studies on the
large water systems. These models provide a coevestarting point for the theoretical and
computational studies of liquid and noncrystalkveger systems including aqueous solutions
and clathrate-hydrates. The present classicaleula@ledynamics simulations on Xe-ice
systems (reported in Chapter 6) demonstrate tegtehtagon-dodecahedron unit with 20
water molecules corresponds to the "natural” coatibn sphere for small molecules. The
large water clusters can be constructed on the lsdshe pentagon-dodecahedron unit acting
as the first inner shell.
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2.1  Solid and Liquid Water: Structures and Models

A general review of the ice phases is necessarfyftrer discussions on both
crystalline and non-crystalline water structured #reir bulk and surface properties. Among
the latter, the disorder in the proton and oxygdmsetworks should be noted as a very
interesting example specific to the wats network, which manifests itself, in particular, in
the corresponding IR spectra of the correspondiadiaa Moreover, the theories of
noncrystalline (nc for short) water media at ambaerd sub-zero temperatures are mutually
related to the crystallographic structures obsemeébe solid crystalline phases such as the
low-density open-work hexagonah] ice, and the cubidq) ice, and the high-density ices
(including the icdl orlll/IX phases). For example, the mixed model of thediguater
developed by Robinson and coworkers [2, 3] is basedamentally on the two-state outer-
neighbor bonding configurations, which correspamtio distinct non-nearest-neighbor (i.e.
non hydrogen bonded)-@ distances observed in theand the icdt phases. A key element
of Robinson's approach resides in the modeling@hbn-crystalline water structure as a
special ensemble of hexagonal rings. Liquid westexplicitly considered as a dynamic
mixture of two types of the hexagonal packing: itheand iceH packings, which transform
into each other on a picosecond timescale suclitthatlative statistical weight of each
packing depends on the pressure and temperatuitee temperature rises, the structural
composition shifts dynamically from the low-densityd more rigidh-type configuration
characterized by a 1---3 (non-hydrogen-bondedrmeghbor) intermolecular distance of ~ 4.5
A (see Figure 2.3.1) to the high-density and moagife ice}l configuration with the outer-
neighbor 1.--3 intermolecular distances of 3.46% @igure 2.3.4 and Figure 2.3.5). The
authors of this theory have also suggested thafttrementioned polymorphic transformation
proceeds through bending of the inner-neighbor ¢xyein bonds (withitdB chain of 1-2—-3
molecules) without significant alteration of theuddprium O—O nearest-neighbor distances at
~ 2.8 A and the equilibrium coordination number @fter molecules}. This approach is
based on the early ideas of Kamb, who suggestednbaensity and X-ray structure of the
liquid water near 0 °C could be understood andasgmted within the framework of the
dynamic mixing between the normal i¢estructure and that of idé- and/or icdll -type [4].

It should be also noted with this respect thagttempt to augment the original Bernal-Fowler

[5] theory of the liquid water, Bernal has alsogweed a model that associates the inherent
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structure of the liquid water with the keatite sture of silica belonging to the tetragonal
symmetry groug?42:2. The keatite structure bears close resemblanitesticelll structure
(shown on Figure 2.3.6), which also belongs toacsmroup of the tetragonal symmetry,
P432:2 [6]. In the original 1938ersion of the Bernal-Fowler theory, there weretplased
three different intermolecular arrangements, witichld take place in the liquid water: (i)
tetrahedrally-coordinated, open-work tridymite pagkbelow 4 °C; (i) tetrahedrally-
coordinated, quartz packing of high density betw&&00 °C; (iii) random close-packing (the
coordination number abovg at higher temperatures. These structural fomasreot distinct”
[5] (i.e. other structural packings (unspecifieth aot excluded from the picture) and exist in
an instant transformation into each other. Inrttoalified theory, Bernal has conceived the
liquid water as a totally disordered pseudo-keatitecture, therefore associating the
crystalline packing in keatite with the inheremtsture of liquid water. A key structural
element of the keatite and ité structures is a puckered pentagonal ring of gilorygen
tetrahedrons or water molecules, respectively, whantrasts with the hexagonal ring pattern
observed in the low-density icésand thdc or in the high-density icé. Related essentially
to the Bernal's keatite model of water (the keatitelel has been subsequently discarded
according to Finney's correspondence to Walraf@ra[different model of liquid water been
developed by Walrafen and coworkers [7] and emmldge the interpretation of the Raman
spectra of water media at different temperaturelsiting the subzero range. The key element
of Walrafen's model [7] is the coexistence of head as well as pentagonal rings. Both
models consider a pentagonal five-member ring déwaolecules as an essential structural
element of the liquid water, in order to preverg iystem from attaining a long range order
[6]. Walrafen [7] has also argued that this grofivater models conform most closely to the
liquid water at supercooled state at subzero teatpess. Regrettably, Walrafenhal.[7] has
provided only a verbal description of their modettdoes not allow to construct an
appropriate water structure by computer or otheamaend use this model effectively. The
present author has therefore undertaken the taskiloing, whenever possible, the computer
models of the water structures to facilitate awusston about these issues. The presence of
both pentagonal and hexagonal rings in the noreliyst water is consistent with co-
equilibrium between the liquid water, the and icedl andlll at a triple point ~ -20 °C and ~

2 kbar (see Figure 2.2.1 below for the phase dimmgraVithin the framework of these models,
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the structure of noncrystalline water could be @ived as a dynamic composition of
hexagonal and pentagonal rings that are puckerdifferent degrees and interconnected in
different ways.

Undoubtedly, the assumption of the flexibility ofdtogen bond network in water is an
essential element of this class of theoretical tsod&n open space provided by the interior of
pentagonal and hexagonal rings is significantlyedent, which should influence the
diffusional parameters of the water media with eg$po the foreign probe particles. The
puckering of the individual rings includes primgirdn angular distortion of tHéB network
whereas the coordination number in the first cawtion sphere4, remains unchanged, which
holds true for a majority of the crystalline andhmgs noncrystalline phases at low and
moderate pressures (< 2 GPa). The small energyekdor the high-pressure ice transitions
indicates that the tetrahedral coordination ofla¢er molecules appears to be not very
sensitive to the angular distortion as large asf@0h the optimal 109.47° tetrahedral angle.
Subcritical water therefore is not a closely pacggstem in which a coordination number in
the first coordination sphere should be eith2for a closely packed crystalline structure or
close to8 for a random closely packed structure [6]. Thisdamental deviation of the water
structure from the close packing arrangement ist mefEnitely due to the contribution of the
hydrogen bonds to the local molecular arrangemésing the X-ray diffraction
measurements, Narten and Levy [8] found that tleeage number of the nearest neighbors is
~ 4.4 at 4-200 °C confirming the average tetraheggametry of the water molecule. Similar
experimental techniques give very different numlaénsearest neighbors for simple liquids:
for neon and argons, for example, 8.6 and 10.5eseaeighbors were found, respectively [9].
Another interesting idea regarding the propertieth®HB network resides in the attributing a
high flexibility to this network. This property i agreement with a large distribution of the
O-0-0 angles observed for the crystalline ice phésee Table 2.2.1 below). In other words,
upon external thermodynamic forcélB network undergoes a reconstruction in order to
preserve the time-averaged continuity of the hyendgonds, which is achieved by the
conformational transitions of a deformational tygénis idea will be demonstrated below in
using the example of the expanded-to-collapsedariimansition. The flexibility of the water
HB network helps to explain the density variationshef liquid water induced by external

forces in general and, in particular, consolidéibesideas on relationship between the open
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work clathrate-hydrate structures and higher-dgrssitictures of ambient and supercooled
liquid water.

Concerning the life-time of a particular instantamg or time-averaged configuration
relevant to a certain macroscopic property in t& r liquid water, it is possible to establish
three distinct levels according to fast molecuksgibations and slow molecular rotations and
translations: (i) instantaneous configuration apshot; (ii) vibrationaty time scale and the
corresponding averaged configuratiddonfiguration); (iii) translationadp (rotational) time
scale and the corresponding diffusionally-averagembnfiguration [9]. In particulary can
be estimated as the average period of a molecilieational mode, which is in the casellof
is the hindered translational modewst 200 cm*. Accordingly, the characteristic vibrational
time v ~ 1/(w-c) of water molecule ih is ~ 0.2 ps (1ps = 1xI¥ sec), € designates the
speed of light in vacuum). Therefore, a structyserved at a time scale smaller thhan
should be considered as an instantaneous configoiyathereas the structure observed at time
scalery <t <7p Is a vibrationally averaged-configuration. The frequency dependence of the
dielectric function provides the estimation for fheriod of rotational rearrangement of the
water molecules ith, which is ~1Qusec (i.e. 1x1T7 sec). Therefore, the structure observed
over a period larger thag (Ih) ~10usec is considered adaconfiguration. In liquid water,
W, the molecular motions could be still divided beén the fast oscillations within the same
molecular cage and relatively slow rotational aiash$lational rearrangements towards a new
local environment. Indeed, spectroscopic studigsaled that the hindered translation band in
liquid water is at 193 ci [9], which is very close to 200 c¢ihof Ih, giving essentially similar
value ofry (W) at 0.2 ps. In sharp contrast to the coincidendke frequency of the
molecular vibrational modes for the liquid and doliater, the dielectric relaxation time for
liquid water at O °C is of the order of 10 ps thbp sets the value af (W) to ~10 ps. which
is by six orders of magnitude smaller than thatsfaird Ih but still significantly larger than the
corresponding period of a molecular vibration.attord with the aforementioned data, the
thermal motion of water molecules in the solid &qdid phases can be regarded as being of
two types: the rapid oscillations about a tempopagition within the molecular cage and the
slow inter-minima hoppings, which are of course mtaster in the case of normal liquid state
in comparison with that in the solid or supercodlqdid states. There are peculiar data with

reference to the nearly identical values of thaxafion time and the activation energy for
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different response processes in the water mediaasiself-diffusiongi; (Ih) ~1.7usec at -2
°C and 0.63 eV/=14.482 kecalole %), dielectric relaxationzbenay~ 2.2nsec at —2°C and 0.58
eV=13.333 kcamole * ) and the average time-of-stay of a moleculegiven orientation of
proton-proton vectorsf_; ~ 0.6psec and 0.61 eVV=14.023 kaable * ) [10 and References
therein] ). The mechanism of molecular reorieptain hexagonal ice is primarily associated
with valence faults and molecular vacancies. igaar, migration of non-deal vacancies is
found to be equally effective in all relaxation pesses in the ice lattice such as molecular
diffusion, dielectric and elastic relaxations apehdattice relaxation [10].

The IR and Raman spectroscopy and inelastic nestrattering provide information
about thev-configuration for the liquid and solid states. plarticular, it means that if there are
different molecular complexes of the guest moleemdedded in the water matrix (assuming
the presence of the activation barrier betweenas¢éocal minima) the corresponding
vibrational bands will be fundamentally resolvabiethe IR spectroscopy even though a guest
molecule can change its vibrational status by wagjkrom one distinct cage to the different
arrangement. The lifetime ®Fstructure depends strongly on the temperaturgphade state
of the water medium. Considering a noncrystaléitege of water, it should be noted that

ascends significantly as the temperature decrdedes 0 °C.
2.2  Crystalline and Non-Crystalline Solid Phases: Genet Description

Water demonstrates a fascinating range of cryseaphases, in which molecular packing
varies from an open-wor-coordinated hexagonal architecturéhfXl/Ic systemto high-
density8-coordinated cubic packing of the two interpenatgatiB sub-networks itvIl and
VIII ice system. Traditionally, the ice phases arelébeith the Roman numerdlsXll in the
order in which they were synthesized experimentalliis latter circumstance leads
unfortunately to an absence of a relationship betweenumerical identifier and an ice
structure. Each of the crystalline phases, exicegtV, 1X, Xll, andlc, is stable over a certain
range of theT, P) parameters, but it is a fundamental feature efwhterHB network that
many ice phases protrude inside a region of stalfianother neighboring phase.
Furthermore, some phases such asda iceXll [11] are considered to be metastable over
the entire thermodynamid (P) space. The partial phase diagram of water ird¥epressure

range is given below on Figure 2.2.1.
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The structural properties of crystalline and noystalline ice phases have been
investigated by a variety of techniques, includitcay diffraction [12, 13], electron
diffraction and microscopy [14, 15], neutron difftemn and inelastic scattering [16, 17],
helium diffraction [18], calorimetry [19], and IFhd Raman spectroscopies [20, 21, 22, 23,
24]. These studies have shown in particular thatlensation of water vapor on a cold
substrate at low pressure may lead to, dependiag tie deposition conditions, the formation
of different non-crystalline structures below 13@#Kd of polycrystalline ice (pc-ice for short)
polymorphs]c, andlh at a more elevated temperature. The metastabflitubic ice is
especially important for the present studies bez#us shown that the low-density nc-ice,
formed initially by water vapor deposition at temgeres below ~135 K, crystallizes upon
annealing firstly into the polycrystalline cubi@idc, at 150-160 K. The transformation of the
latter metastable phase into thermodynamicallylstaéxagonal icdh, occurs only at much
higher temperatures near 230 K [13]. It could bggested that these kinetic properties of
"extended" metastability and coexistence of difféghases indicate the presence of a network
of flexible intermolecular hydrogen bonds. Thesads are responsible for the peculiar
properties of water phases.

As just mentioned, apart from the thirteen crystalphases, solid water can exist at
low temperatures in a supercooled state and imeberuof noncrystalline solid forms, the
existence of which and the peculiarity of theirgedies pose some interesting questions in
condensed matter physics. Among them, the follgussues should be highlighted: the
nature of the sharp increase in isothermal comitniéss the isobaric heat capacity, and the
magnitude of the thermal expansion coefficient upgpercooling; the nature of non-
crystalline forms of solid water and the transiidretween them; the relationship between
liquid, supercooled, and solid water below and &ghass-liquid transition temperatufg,

To date, there are known to be, at least, threg@mas solid phases, which are distinctly
different by the density, low-density amorptD@)(p ~ 0.94 g-cii atP = 1 bar [11]), high-
density amorphHDA)(p ~ 1.17 g-crif atP = 1 bar [11]), and very high-density amorph
(VHDA)(p ~ 1.25 g-crif atP = 1 bar [25]). Thé.DA is of special interest for the present
studies because it is formed by the vapor wateosigpn on a cooled metal surface. The
other polyamorphous high-density non-crystallinedifications are less relevant because they

only exist at a high pressure range.
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Figure 2.2.1. Schematic partial phase diagramai&n[12]. Together with the crystalline i
phases, the regions of existence of non-crystaltimeand high-density polyamorphs are also
shown.Ty is the temperature for homogeneous nucleationadémTy is the temperature of
crystallization tdc of the amorphous water obtained by annealing@tdtv-density amorph;
Ty is the glass transition temperature. Stable #xjwims are shown in continuous black lines;
measured metastable equilibriums - dash black Anesestimated equilibriums - short dash
lines. The approximaf€ region of kinetic stability for cubic icdg, is indicated by a green
oval. The dotted red lines represent the approvarequilibrium between theDA and the

HDA (left line) phases and the equilibrium betweenHB& and the icé&/I (right line).
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Table 2.2.1. Structures of the crystalline phadesater. Parameters are given at the

temperaturd and the pressui stated.

Ice | Crystal|Space Molec. T P | Density| Coord. N.| O-O-0O |Cell Par. |References
System|Group | percell| (K) | (GPa)| (g-cm™)| /NN Dist. | Angles |(A), (Deg)
/H.Ord. IMol.V. A (Deg)/
(S Str. El.
lh Hex. |P6s/mmc 4 250 0 0.920 4 109 .0, |a = 4.518,|Kuhs and
N 32.52 2.74 Hex. |c=7.356 [Lehmann
[26]
Ic Cubic F 43m 8 78 0 0.931 4 109" |a=6.358 |Kuhs et al.
N 32.13 | 2.75u5 Hex. [27]
Il {Rhomb, R3 12 123 0 1.170 4 80-128" |a=7.78, |Kamb [28]
Y 25,57 | 2.75-2.84 a=113.1°
Il | Tetrag.|P4,2,2 12 250 | 0.28 | 1.165 4 87-141" |a = 6.666 |Londono et
N 25.68 | 2.76-2.80| Pent. [c=6.936 |al[29]
IV |Rhomb, R3c 16 110 0 1.272 a=7.60 |[Engelhard
N 23.52 a=70.1° |and Kamb
[30]
\% Mon. |A2/a 28 98 0 1.231 4 84-128 |a=9.22 |Kamb etal.
N 24.30 | 2.76-2.87 b=7.54 |[[31]
223 | 0.53 | 1.283 c=10.35
23.32 B =109.2°
VI | Tetrag.|P4,/nmc 10 225 1.1 1.373 4 76-128" |a = 6.181 |Kuhs et al.
N 21.79 | 2.80-2.82 c =5.698 |[32]
VIl | Cubic |Pn3m 2/N 295 | 2.4 | 1.599 8 109.5 |a=3.344 |Kuhs et al.
18.71 2.95 [32]
VIIl | Tetrag.| 14/amd 8 10 2.4 1.628 8 109.5 |a=4.656 |Kuhs et al.
Y 18.38 | 2.96(HB); c=6.775 |[32]
2.80; 3.15
IX | Tetrag.|P4,2,2 12 165 | 0.28 | 1.194 4 87-141 |a = 6.692 |Londono et
1l Y 25.06 | 2.76-2.80| Pent. |c=6.715 |al-[29]
X Cubic |Pn3m 2 300 62 2.79 a=2.78 |Hemley et
10.72 al. [33]
Xl | Ortho.|{Cmc2; 8 5 0 0.934 109 .0, |a = 4.465 |Line and
lh Y 32.03 Hex. |c=7.858 |Whitworth
a=7.292 |[34]
Xl | Tetrag. | 424 12 260 | 0.50 | 1.292 a =8.304 |Lobban et
IV N 23.15 c = 4.024 |al. [35]

There is an apparent similarity between the prasestcrystallization of metastable
supercooled media abo¥g=135 K and belowl'x =235 K The former process is much slower
than the latter because takes place at lower taanpes, which allows experimental

observation of the crystallization in the time damaln the present studies the FTIR RAS
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investigation of the crystallization of the vap@padsited_DA has been undertaken and
reported in Chapter 5. There are premises fomaisguthat these results could be useful also

for studying the nucleation mechanism at uppertlohthe liquid stability.

Among the twelve known crystalline phases of watday, the hexagonal idk (space
groupP63/mmg is the normal form of ice obtained by freezingevaat atmospheric pressure
or by direct condensation of vapor above ~170 Ktefiiperatures below 273 K and at
pressures equal to or lower than 1 dtms assumed to be the thermodynamically most stable
phase of solid water. Its metastable polymorpé laically similar structure, the ice of cubic

symmetry,Ic, with space grougr 4 3m can be formed, in particular, by the heating tfesi
vitrified states of water [12 and references thefied], any of the high-pressure icéist0 1X)

[36], or the pressure-amorphized cubic and the d@xal ices [37]. The direct transition from
the liquid water to cubic icé|. — Ic was observed in the experiments on the hyperqugmch
of the micrometer water droplets down to 170-22[1 K], and on the evaporative cooling of
the water clusters of 4-6x1énolecules down to 200 K [38]. These observatamesthought

to be in accord with the Ostwald cascade rule 338, which could be formulated in the
following statement: if several different crysta#li phases exist, a metastable non-crystalline
material will transform through a number of intediege metastable forms to a crystalline
state of the next-lowest free energy, which isléast stable one. In other words, under certain
thermodynamical conditions, the formation of théicuce nuclei appears to be more
favorable kinetically than that of the hexagondlypwrph. Therefore, the cubic ice will be
formed first, instead of the hexagonal ice, if tigstallization process is governed by the
kinetics, which requires a certain level of supensdion. This possibility is of a special
significance for the atmospheric physics and therabktry because the cubic ice phase could
be involved in the formation of icy particles irethlouds and of snowflakes [40, 41, 42]. The
recent observation and computer modeling of theoggpineric halo over Northern Chile in the
vicinity of the persistently steaming Lascar vologamovide further support for the possibility
of the presence of the cubic ice together witin the atmosphere in the form of spatially
oriented octahedrat crystals in the cirrus clouds at temperature asde 187 K [43]. The
rareness of such observations could be interpretedch a way that only in some rare and
unique cases the crystallization of water dropbetsurs under such supersaturation that would

be high enough to cause the crystallization ofcid®#. The formation dt could be

25



considered, therefore, as an indicator of the ahlyzation that occurs in a deeply supercooled
media. In the particular case [43], there are gdsuor further speculation that the hot stream
rising up from the volcano becomes highly supersé¢a with respect to the liquid and solid
water or HO/H,SOJ/NH3 systems after deep adiabatic cooling and espgatiér sharp and
deep cooling by the very cold air masses at highations. Other atmospheric features, such

as the noctilucent clouds, could also contain rgstals in the cubic form [44].
2.3 Structures of Selected Solid Ice Phases

The structures of crystalline water phases playnadmental role for understanding the
structural and dynamical properties of the bulk tredsurface of non-crystalline water
microphases. Any model of non-crystalline wateraastructed either on the basis of the
known crystalline structure of one or a few coerggphases or by applying symmetry

operations incompatible with the continuous crystallattice.
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2.3.1 Structure and Properties of Hexagonal Icelh, and its Proton Ordered Structural

Analog IceXI

N
© O
‘/O/ glide plane ‘ > Oxygen atoms

® 9

cl/2 2> Hydrogen atoms
2 (1/2 occupancy)

mirror planes

a. aview alon J.’LO}
mirror planes

b. a view along{ooi}

Figure 2.3.1. Crystallographic structure of thetpn-disordered hexagonal ice, 1h [26].

Oxygen subnetwork belongs to the hexagonal spaxg&6;/mmc
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There arel water molecules in the6y/mmchexagonal unit cell with the following
lattice parametersi = 4.4969 A anat = 7.3211 A at 10 K and 4.519 A/ 7.357 A, respasty,
at 253 K [11]. The ordered oxygen subnetwork digpla hexagonal-ring packing
characterized by th@& screw axis passing through the center of hexa@iasghe origin of the
unit cell, Figure 2.3.1p) and a set of three mirror and th#2 glide planes passing through
the screw axis. Two adjacent layers of the puakbrg otherwise close to ideal hexagons are
related by the mirror plane (Figure 2.3}, The fundamental features of the oxygen packing
in the hexagonal icéh, reside in the close-to-ideal tetrahedral configjon of the first
coordination sphere, which assumes the presenfceiiohearest neighbors around an oxygen
atom and the closeness of the O—0O-0 angles tettadédral value of 109.5°. Unlike the
crystalline closest packing, which assuri@siearest neighbors and is driven primarily by the
dispersion forces, the present tetragonal arrangeexasts as a network of the hydrogen
bonded water molecules, in which the dispersiorirdmition to the lattice energy could be
even negative. At 253 K, the mean value of the GIBistance is 2.764 A, which is much
shorter than 2.980 A [45] for a water dimer in @ phase, indicatingvary strong
contractionand, certainly, an energy gain in tHB contact between neighboring water
molecules due to condensation. Unlike the ordesggien subnetwork, the hydrogen atoms
appear to be in a disordered state, the averagegament of which is shown in Figure 2.3.1.
As a result of the proton disorder in tie the hydrogen atoms are randomly distributed over
the crystal. The most significant structural feataf thelh structure is the nearly ideal
tetrahedral first coordination sphere for a wateteoule. The tetrahedrality of the first

coordination sphere is a main topological elementhe hydrogen bonding of water molecules.
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(a) Fragment of the proton ordered Kk (b) Fragment of the proton disorderixd
structure at a orthorhombic space grot structure with the O-subnetwork at

Cmc2. a hexagonal space grolgt/mmc

basal planes

(0001)

et

- e, y
(L010) o ¥

& ~da*

a-plane

prism planes

Figure 2.3.2. Crystallographic models of (a) thetpn-ordered ice Xl and (b) the hexagonal
ice, Ih.

29



Figure 2.3.3. Fragment of the crystalline cubfaaure. Cubic icéc F &3m, a=6.37A,

(fragment of the structure). A vertical line ig@lel to the [111] direction.

Similarly to the structure dh, the crystal structure of proton orderedlicehown on
Figure 2.3.4 can be constructed from the water dg@xs, which are less puckered in this case.
Kamb [28] described the crystallographic relatiopdietween these two phases in a following
way: hexagonal columns &f are detached from one another and shifted relgtiyeand
down in the [111] direction in order to give a rhoohedral stacking pattern, and then rotated
by ~ 30° around their axis ([111]) such that a noosely packed system can be generated by
reconnecting those hexagons. The hexagonal riitgswveach column are twisted by 15°
relative to one another as it is shown below oufg@.3.5. Th&iB connectivity of the
hexagonal rings and the arrangement of the colusnsisown on paneks andb of Figure
2.3.5, where the length &fB's (shown in wire lines) binding the nearest neiglsheithin the
rings is 2.78 A (light spheres, pam@land 2.80 A (dark spheres, paagl TheHB's between
rings within the columns and between the columesaa2.77 A and 2.84 A, which is shorter
and longer than that in the rings, respectivelfie dverall length of thEIB contacts in the ice
Il structure appears to be slightly larger thanithételh andlc structures, which finds
corresponding manifestation in the IR specte; (HDO in D,O) appears at 3277 ¢hin |h
and at 3373 ci, 3357 cm®, and 3323 crt in icell [46].
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Rhombohedral lattice, space

Figure 2.3.4. Crystallographic structure of protwdered ice Il

group, after Kamlet al[28]. Oxygen and hydrogen atoms are representethiky(larger) and

light (smaller) spheres, respectively. The picttwatains 27 unit cells.

The internal energy of idé of R3 space group is larger than that of hexagonal ice

only by 19x10° kcatmole* , which indicates minor weakening of tH8 network due to the

distortion of the "perfect” hexagonal packinghn9]. However, in contrast to the proton
disorderlih, hydrogen atoms in the itkare ordered in a way that facilitates a coopeitgtiv
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effect, which in turn strengthens the bondingdid systems. With respect to the distances
between third-neighbors (1---4}-O, there is a remarkable difference betwhkwlt and icell.
This structural difference resides in the appeaariche nor-B molecular pairs at distances
between 3.24 A to 4.76 A (see panen Figure 2.3.5 for the idé), whereas in théh/Ic
structures the 1---3 neighbors are separated B/ A. 4The hexagonal rings within columns
are flatter in comparison with thie/Ic packing, which leads in particular to considerable
shortening of the 1---4 between-ring distance #@m inlh to 3.7 Ainicell. These
circumstances are reckoned for the density oflice. 18 g-cri’, which is higher than density
of Ih/lc, 0.93 g-cri® [11]. This structural feature of idearises from the high pressure force
on theHB network causing such deformation of the lattericWlallows decreasing of the

molecular volume without disruption of the hydrogsmnded network.
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(a) (b)

Figure 2.3.5. The oxygen subnetwork arrangememeli. (a) a side view (perpendicular to
the [111]); (b) a top view (parallel to [111]) dmetoxygen subnetwork of the itlestructure;(c)
complete connectivity of the oxygen subnetworkcali. Two non-equivalent hexagonal rings

are represented in dark and light grey color.
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The icelll phase exhibits a proton disorder while [Xgphase is a crystallographically
analogous proton-ordered phase. Unltkan which water molecules are arranged in
hexagons, iceBl andlX contain water molecules arranged in pentagonsha&deen
mentioned in the section 2.1, the Bernal and Wairafiodels of non-crystalline water are
based on the combination of hexagonal and pentagoga. Icelll/IX shown on Figure 2.3.6
is that crystalline phase, which provides suppartstich models.

Figure 2.3.6. The structure of ices Il and IXPositions of the oxygen atoms (k)
in the crystallographic structure common for bath phases are shown.
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2.4  Structure and Properties of Non-Crystalline Water

Low-temperature micro-phases of ice have attraictiethse interest over the past
decade primarily due to their important role a®amon medium for organic and inorganic
chemical processes at different temperature regimi® biosphere (220-273 K) [47],
atmosphere (190-220 K) [48, 49], and interstelp@ce (10 K) [50]. The interaction of
polymorph phases with the impinging molecules cdeddl to adsorption, clusterization and
chemical modification, and diffusion in the origimet modified forms into the bulk of the ice
phase. The mechanisms of the interaction betweenadsorbates and ice are therefore
expected to depend on the bulk structure, andutface properties and dynamics of the
specific complexes of the micro-phases that exigeu different temperature and other
conditions.

Despite many sometimes controversial observatibese is a general consensus
among the early studies [12, 51, 52, 53, 54] tbhatensation of water vapor on a cold
substrate at low pressure under the appropriatesitegn conditions can lead to the formation
of different non-crystalline structures below 13@#Kd of polycrystalline polymorphs andlh
at a higher temperature. In the case of nc-i@ldw-density amorphous ice is commonly
described as a highly porous open network with seale pores and therefore a significant
concentration of non-compensated surface OH grf2§$H5]. For the more compact high-
density amorphous ice, its structure has been gexpto be similar to the low-density
amorphous ice, particularly in terms of the oxy@ewygen radial distribution function but with
additional water molecules occupying interstititgés [53]. Non-crystalline structures are
metastable with respect to crystalline phdsesdlh and consequently their formation and
existence are kinetically controlled. Upon anmaatio a higher temperature, nc-ice transforms
irreversibly tolc over 140-160 K [56], which in turn undergoes atiar irreversible phase
transition tolh over 160-240 K. The wide transition temperatamege of thdc-to-lh
transition is thought to be the result of dependearfdhe crystallization temperature on the
size of cubic ice crystals [56]. This series yfstallization processes, which begin at a
temperature just above the glass-to-liquid tramsijtis found to be incomplete in the sense that
fragments of non-crystalline micro-phases can &iexetastably wittc over 140-210 K and
with bothlc andlh above 160 K. The nature of these non-crystaftin&o-phases remains a
subject of intense debate [13, 53, 54, 56]. Tiobservations suggest that the ice phase
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between 135 K (the onset of the glass-to-liquidgiion) and 240 K (the completion of the
to-Ih transformation) consists of non-crystalline angstalline micro-phases in dynamic
equilibrium, with increasing proportion of the Etiphase with increasing temperature. The
structural evolution of these ice micro-phases wathperature involves morphological and
interfacial processes in which rearrangement oftyein bonds at multiple internal and
external interfaces plays a key role. The recacstin processes that accompany the phase
transformations are believed to be responsibl¢hi@ikinetically controlled nature of the phase
transformations [56]. Clearly, the nature and cosion of the ice micro-phases (the
substrate) at a particular temperature induce iaeadile effect on the types of adsorbates and
their interactions with the ice structure itse@n the other hand, molecules adsorbed on the
surface or trapped into the bulk of such a comptex)d in turn, affect the dynamics of the
phase transformation and especially the progresscohstruction. Indeed, very little is
known about the surface complexes of the ice mitrases over the temperature range 140-
210 K.

The surface area of ice micro-phases may vary lgrisam 240-500 Vg for vapor-
deposited low-density amorphous ice (due to thexdhnice of nanoscale pores in a highly
open network) [57] to 5-12 ffy corresponding to film structures without porg8][ By
comparing the amounts of surface areas of nc-ideparice deposited at 22-145 K by effusive
beam dosing at different incident angles and byientliosing, Stevensaet al. showed that
the surface area of the nc-ice deposits increaghsavarger incident angle (from the normal
direction) in qualitative accord with the predict®of the ballistic deposition model [59]. This
model takes into general account of the interpktyveen roughening caused by randomness
of deposition, smoothing by surface diffusion, aom-local effects generated by shadowing
[60]. The unusually large values of surface at#aioed by ambient dosing at 22 K (2700
m?/g) and 77 K (640 fAig) along with the linear increase of the surfaeaavith deposition
time led Stevensoet al.to propose that the internal surface is directiyraxted to the
external surface of the film. This observatiogosisistent with a grass-like or a dendrite-like
model for the morphology of the ice film. Furthenm, the adsorbate uptake by the ice films
deposited by beam dosing at different incident@esngbove 90 K was found to be the same as
that by the pc-ice films deposited at 145 K [59hieh can be explained by enhanced surface

diffusion at a higher temperature. With increagiegosition temperature, the surface area of
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the ice film was also found to be greatly reduce®],[suggesting isolation of the internal
surface from the impinging gas molecules whileateas of the external surfaces of nc-ice and

pc-ice films remain the same.
2.4.1 3-Dimensional Structural Units for the Non-Crystalline Water Hydrogen-Bonded

Network

Spacefill model (left) and connection graph (righitthe bicyclo-octame0O)

structural unit are shown on the Figure 2.4.1 below

Cs A\ ]
\"
C,

A4
Figure 2.4.1. The structure of bicyclo-octamert.uni

The essential symmetry element of the oxygen sukinatture is &; rotation axis and
a set of three symmetry plangspassing through two apical molecules of watertaneeC,
axes in the plane of symmetsy, which is perpendicular 163 and passing through the centers
of three edges parallel @;. The oxygen subnet forms a molecular basis ®btj point
group representation. However, disorder in therdxyeln subnet effectively reduces this

symmetry to eithe€,, such as shown on the next cartoon, d.to

It turns out that, th80O packing pattern appears in the structure of thxadenal icdh,
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which can be assembled from 6 units sharing common edges within the hexagonal
(basal) planes and common vertexes inctdéection. In contrast, thie does not exhibit the
BO arrangement pattern. On the other hand, thectoeyecamer and tetradecimal tetrahedral
units, the structure and symmetry of which clogsegembles that dt ice, can also be used

for constructing larger scale symmetric water @dust The core element of these two units is
the adamantane-type water cluster, the oxygen swbmenich belongs to the tetrahedral point

groupTg.

Figure 2.4.2. Structure and connectivity grapkheftricycle-decamer unit (10.8).

The essential symmetry elements of the oxygen sudbnéhis decamolecular unit are:
a set of 4C; rotational axes passing through the apical moéscaf water and the centers of
opposite hexagons, three mutually perpendidDjaaxes, and sixq planes. The oxygen
subnet of this unit belongs therefore to the tetdaal, T4, point group. Th& D structural unit

resembles closely the structural pattericof
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Figure 2.4.3. The structure and connectivity tfatgecimal structural unit (14,8).

The oxygen sub-network belongsTigsymmetry similarly to the tricyclo-decamer, whisha

parent structure to the tetradecimal structurat. uni

2.4.2 Icosahedral 280-mer Model of Non-Crystalline Water

Among possible spatially periodic and aperiodiadtures, the icosahedral symmetric
model is suggested by Chaplin [1] on the basiseotagon-dodecahedron'fbcentral unit,
which acts as a central core element. If the nareremains non-deformed, an expanded
structure can be generated with the average desfsity4 g-crit. If, on the other hand, the
core shell is deformed, so-called collapsed clgstan be obtained with the densities close to 1
g-cm® or higher. The equilibrium between expanded aiidpgsed structures is in accord

with the concept of Frank and Wey on the flickerahgster representation of liquid water [61].
2.4.2.1 Expanded Cluster

Spacefill structure of the expanded 280-moleculstelr is shown below on Figure
2.4.4:
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Figure 2.4.4. The spacefill 3-dimensional struetof expanded 280-molecule water cluster of

icosahedral symmetry.

This expanded cluster with ~ 24.3A of maximum radionsists of the three shells, which are
enclosed one into another and defined accorditigetalistance from the center of cluster. The
molecular distribution in the expanded cluster &snation of the distance from the center of
pentagon-dodecahedron central core and spherioadioates € (0 — 360°)— angle between
projection of radius-vector adY plane and-axis;p (0 — 180°)— angle between radius-vector
andZ-axis) are shown on Figure 2.4.5. While the fiesaik of density at ~3.88 A designates
the pentagon-dodecahedron core shell, two followieaks at 6.64 A and 7.96 A represent the
second shell, which contains 80 water moleculase third shell of 180 water molecules
begins at 10.7 A and spreads up to 12.4 A.
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Figure 2.4.5. The representation of the expandgsten in the spherical coordinates.

The position of each shell from the center cands®aated with the molecular layers
in the tetradecimal tetrahedral units as is cleanfa right panel on Figure 2.4.5. It means that
the overall radius of the icosahedral is determimgthe height of the tetradecimal tetrahedral

unit. The geometry representation in the sphedoatdinate clearly reveals the 5-fold

41



rotational symmetry of the expanded cluster, wiigcim accord with the symmetry of the first
shell.

The structures of individual the first and the seteshells are visualized below on
Figure 2.4.6 and Figure 2.4.7, respectively:

Figure 2.4.6. The pentagon-dodecahedron first €b1€): 20 water molecules, a key structural
element of expanded cluster and the Chaplin's mafdejuid water.

It is evident that in this well-defined 5-fold syretry shell there are three nearest-
neighbors at distance of ~ 2.8 A for each wateremak, whereas the corresponding
hydrogen-bonded fourth neighbor belongs to therseesbell. The number of nearest
neighbors for each molecule from the first shefbisr, and they are hydrogen bonded in
accord with the Bernal-Fowler rules. From a stmiotetric perspective it is possible to
construct the dodecahedron shell from three pentgogs and five individual water
molecules, which is however less probable in préestvater because such a regular
arrangement would be of low configuration entrofAentagonal rings are thought to be a part
of the structure of the liquid water network. Tgentagon-dodecahedron shell of the expanded
cluster provides the inherent cavity with a radifis 3.9 A, which can be occupied by the
guest molecules of appropriate dimensions. Fratnuetural perspective, the guest molecule
could be considered as a pattern-forming entityckwvcts as a nucleus around which
assembling the pentagonal rings and individual watdecules assemble. Indeed, the
pentagon-dodecahedron unit is a core structuradeié of clathrate-hydrates of type | and |l,
where they are occupied by the guest moleculeswaithder Waals diameters not exceeding
~5.2 A, such as Ar, CHKr, Xe, HS and CQ. These guest molecules appear to act as
nucleation centers for the formation of pentagodesd@hedral core unit, which in turns acts as

42



a motif for further growth of the clathrate hydr#aéice. It should be noted that the above
mentioned guest molecules exhibit primarily hydroipic properties, which cause such a
configuration of the hydrogen bonds network suclt there are exclusively hydrogen bonds
directed outwards from the dodecahedron and nosdmmdcted inwards the core unit (as it
can be seen on the right part of the picture abokejthermore, it is possible that a certain
arrangement of the hydrogen bonds within the §ingtll would be more energy favorable than
others, which would lead to a specific rather tremdom polarization of the dodecahedron
units. In this particular arrangement, given ogure 2.4.6, ten oxygen atoms of the equatorial
belt of the pentagon-dodecahedron are in the aacppsitions whereas two sets of five atoms
on the "top" and the "bottom" are in the donor poss for the hydrogen bonding with the

second shell.

Figure 2.4.7. Second Shell: 80 water molecules.

Similarly to the first shell, the second shell astsof a two-dimensional mesh of
hydrogen bonded water molecules with three neaegghbors within the shell. The shell
could be constructed from 12 pentagonal rings étlofevhich are shown in light gray color on
the central panel of Figure 2.4.7) and 20 individuater molecules. A quarter of the
molecules are hydrogen bonded with the first Stogllthe right panel 4 hydrogen atom in
black color are those pointing inwards and theeefmting as a donors in the hydrogen
bonding with the oxygen atoms of the first shehlijeot are at the equatorial belt), whereas
remaining three quarters are hydrogen bonded tthtteeshell. There are total of 20
hydrogen bonds between the first and second shells.
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Figure 2.4.8. Third shell: 180 water molecules.

In contrast with two smaller inner shells, thedhauter shell of the expanded cluster
can be constructed exclusively from the pentagandlhexagonal rings. Linked together, 12
pentagonal and 20 hexagonal rings form an unirpéecuhydrogen bonded mesh with
diameter of ~ 24 A. The hexagonal rings exhibthbchair and book configurations. This
third shell shows a variety of th#B acceptor and donor configurations (see right panel
Figure 2.4.7) towards the interior and the extewater or guest molecules. From a standpoint
of the hydrogen bonding this shell therefore repnésa heterogeneod structure (although
it is not completely random) due to the irregulaaagement of theiB donor and acceptor

"surface" fragments.
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2.4.2.2 Construction of the 280-mer Molecule Expanded Clustr from the Structural
Units

The icosahedral extended cluster can be constrit}édm three above-mentioned 3-

dimensional structural units as shown Figure 2a® Figure 2.4.10.

Figure 2.4.9. Construction of the 280-mer expardester from the 22 bicyclo-octamer units.

64 H,O or 8BO units are removed for clarity.

45



@) —959 0433

(b)

Figure 2.4.10. Construction of the expanded ciusten the primitive strucutral units.

(a) combination of 20 tricyclo-decamer units, 1Atagonal units and a pentagon-
dodecahedron unit (green color) in the center wételr (water hexagons in the "book™
conformation occur at the connections of two deaajnéb) construction of the expanded

cluster from tetradecimal units.
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The radial distribution function of O---O in thegparded cluster is shown on the separately for

each shell.
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Figure 2.4.11. The radial O---O distribution timrs for water molecules in the expanded

cluster shown separately for the first, the secand, the third shells.

The first coordination sphere at ~2.75 A contaimsalecules, which are connected by
hydrogen bonds in accord with the Bernal-Fowlerides. The second coordination sphere at

~4.5 A contains 12 water molecules.
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2.4.2.3 Collapsed Cluster

The first shell is more complex and could be cfes$iamong three categories in
accord with the symmetry of the inner cavity resglinside the dodecahedron, which is used
to represent a first shell. In the case of a cahidty, the pentagonal dodecahedron is
deformed inwards such that two apexes of each geng face are moved inside the shell to
form a cubic sub-shell with edges of 2.91 A andditer of 5.05 A. The coordination number
of each molecule among those forming a cube (gcedred on Figure 2.4.12 above) is seven,
as shown below on Figure 2.4.13. For each watéecute forming the cubic shell there &e
HB neighbors3 non-hydrogen-bonded neighbors (shown in greem) fite cubic shell andl
non-hydrogen-bonded neighbor from the subsequett(sihown in purple).

Figure 2.4.12. The inner cavity of the collapskter of cubic symmetry.
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Figure 2.4.13. The inner cubic cavity with adchab8 HO molecules from the second shell.

The water molecules of the second shell are shavpaiiiple color.

The radial distribution functions for the expandeul collapsed clusters shown on and
Figure 2.4.14, respectively, indicate that in tkpaded cluster with pentagon-dodecahedron
central unit the coordination shells are substiyptietter organized in comparison with the
collapsed cluster. In the latter case the defdomaif the central unit, which protrude into the

subsequent shells, is manifested in the diffusaradstribution function.
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Figure 2.4.14. The radial O---O distribution fiumttfor the molecules in the collapsed cluster

for different central cavities: cubic, tetrahedeaid octahedral.
2.5 Ice Adsorbate Interactions: IR Spectroscopy and Comuter Simulations

This section outlines major results on the inteoacdf chemically different adsorbates with
ice media. The ice media is classified among tilggoystalline and the noncrystalline
structures.

Of particular interest is the microstructure okimtal and external surfaces of low-density
amorphous ice micro-phases. IR spectroscopy, anthwithout grazing-angle RA (reflection-
absorption) technique, has been applied succegstulstudying the surface properties of
micro-clusters and vapor-deposited ice films. Braittance IR measurements of low-
temperature (10-15 K) amorphous micro-clusters 49 Hnd DO, together with molecular

dynamic simulations of their surfaces, obtainedieylin and coworkers [23, 24, 54] have
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shown that the external and internal surfacesedaimaterials contain two- and three-
coordinated water molecules. Part of these maodsdods a non-compensated OH dangling
bonds DB's), whereas others have an oxygen atom as a honet@maied site. Annealing the
clusters at 60 K and further to 120 K led to cortgllisappearance of tinB features
associated with two- and three-coordinated sunfagkecules, respectively. These
observations were explained in terms of reductiothé amount of the internal surface [23, 24,
54]. Using FTIR RAS, Calleat al.[62] detected ODB'son the outer surface of a 1.5-
monolayer (ML) BO film at 130 K and OHDB's (at 3699 crit) on the surface of a 5-ML 4@
film deposited above the,D film. The ODDB feature located at 2731 chwas attributed to
three-coordinated surface molecules. Its intensdy found to increase with increasing water
exposure and become saturated at 3 ML's, abovénhwbierage this signal was overwhelmed
by the neighboring main peak of the OD stretche @hsence of thBB features
corresponding to two-coordinated molecules showsrikar 130 K newly adsorbed water
molecules have sufficient energy for local surfee@nstruction giving rise to the production
of triply coordinated sites. Similar behavior betODDB was also observed by Hoeh al.

[63] on a much thicker D amorphous ice film deposited at 110 K. Both ¢hatsidies [62,

63] have suggested that the OD/OB's are most likely located on the outer surface efite
films, after taking in to account the aforementidsggnal behavior as a function of film
thickness. On the other hand, a detailed investigaf the behavior of OB in the vapor-
deposited ice samples between 94 K and 120 K bylldat al. has shown that the majority of
the OHDB are most likely located on the surface of micregadnside the bulk of amorphous
ice [64]. The intensity of the OBB feature was found to increase almost linearly with
increasing film thickness up to 200-250 nm at 94Kd to level off at 0.03-0.05 integrated
absorption unit upon further film growth to 500 nfhis spectral saturation occurs as the
result of the physics of RA and is not relatedhi® amount of the OBB's. Furthermore, the
DB feature appeared to weaken at a higher deposéioperature. At 120 K and deposition
pressure below 1xIBTorr, the peak intensity became very small (belodd integrated AU)
and decreased with a further increase in the filickness. Zondlet al. further concluded

that the lower substrate temperature and fasterdgiign rate favored the production of an
open water network with abundance of micropore®cey by the OHDB's [64]. These
FTIR-RAS studies [62, 63, 64] are consistent withadel that for thin (< 50 nm) amorphous
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ice film (obtained by slow vapor deposition abod®-120 K) where the internal surface is
small, in which case theB signal, if detectable, comes predominantly froe @H/OD

groups located on the smooth external surfacetefFdsposition rate at these temperatures
most likely leads to the production of a porousexaetworks with relatively well-developed
internal surfaces. Under these growth condititims db signal originates primarily from the
free OH/OD groups located on the surfaces of tr@opores [64].

The low-density nc-ice deposits prepared by thewapndensation on cold surfaces exhibit a
high absorption capacity towards Ahd other inert gases, which exemplifies by mbaa t

200 nf-g* of specific surface area for the samples prepar&d K (according to Ghormley's
[65], and Keyser and Leu [66]). On the other hakahmsoret al.[67] and Ocampo and
Klinger [68] have reported much smaller valueshia tange of 4-12 frg™* for the surface area
of the ice samples also prepared at 77 K and,durtbre, the former authors have found that
the adsorption characteristics of the ice sampdgs &t liquid nitrogen temperature did not
change over the period of two weeks [67]. TheHferdinces in the specific surface area and
have been related, in particular, by Mayer andzRl€i69], to the condensation mechanism
and, specifically, to whether the condensation aferwvapor occurs in the gas phase under
supersonic flow giving highly convoluted and morjadgically heterogeneous media,
composed of an assembly of water clusters, oritijren the cold surface, producing much
more compact continuous solid. By varying thedion of the incident flux of water
molecules, Stevenson at el. [59] have observedtamsytic change in the morphology of
vapor-deposited low-density ice films, which atrgleng angles of the flux exhibits the
nitrogen uptake corresponding to as much as 270§ an 22 K and to 640 ffy at 77 K.
Obtained recently by Dohnaleik al.[70], the similar results on large uptakes of argad
methane species by th®A indicate a fractal grass-like structure of thed@mperature
vapor-deposit, which appear to be in agreement tghearlier views of Mayer and Pletzer
[71], and Laufeeet al.[72] on the low-density amorph as a morphologicptirous media.
These experimental results as well as well aseakelts of the computer simulations [73, 74,
75, 76] indicate, therefore, that the fractal dinee of the low-density noncrystalline ice
samples is highly heterogeneous with a signifieaniation in the local density over the space
occupied by this metastable media, however theachetistic size of an intrinsic "building

block", or cluster, although certainly very smafii$ case is similar to a glass), remains, as far
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as we are aware, unknown. The hetero-/homogea€itpA clearly self-manifests on
different spatial scales as it would be in anytftgavhich suggestively spread from ~ 10 A for
the cross-sections of the typical fractal regiohsedf-similar elements of thidB network [74]

to the unknown, but probably larger, size of mians (~ 20A? in diameter [71, 77]), and to
much larger morphological macro-features [72]is lhote-worthy that the intrinsic hetero-
/homogeneities ihDA obtained in thé1DS[74] appears to be of the typical size of
micropores in the solid adsorbents like active cagh

The micropores in theDA ice media were found to be accessible for smahubally
inert non-polar species such ag N, O,, Ar, Kr, CH,, or low-polar CO [24, 66, 70, 71, 78].
Larger and chemically more active species sucltetylane, S@ HCN, and NH, do not
readily access the micropores independently onettng@erature of an adsorption experiment.
This effect can be attributed to the low mobilifyaolsorbed species or to the collapse of pores
at more elevated temperatures [78].

Concerning the surfaces of crystalline ice samplesge is a large corpus of convincing
evidences provided primarily by the studies of DevBuch and collaborators [78, 86] that the
surface of the samples prepared under "generiadrempntal conditions is structurally
disordered in the entire range of environmentalgvant temperatures. In contrast, the
surface of the ultra-thin crystalline ice films efully prepared by vapor deposition at low
temperatures on the single-crystal metal substrat&sble and exhibits either a well-ordered
hexagonal structure with a large-amplitude vibratid the water molecules in the topmost
half-bilayer [79], or the reconstructed structu8][ Using the IR technique, Devlin has
identified the onset temperature of the molecwéation of the triply-coordinated surface
molecule on the surface of crystalline nanocrydtalse about 60 K, while the motions
involving the molecular interchange on the surfadeich likely involves overcoming of the
activation barrier for translational motion andtaer type of diffusion, appeared to be frozen
below 130 K on the time scale of1€ec [81].

Infrared spectroscopy has been extensively usestdidly reaction of molecules with
ice surfaces [82, 83, 84, 85]. These studies Bhve/n that the molecular adsorbates can be
classified among three categories based on theagtien strength between the adsorbates and
the water molecules. In particular, weak adsosbateh as ozone, carbon monoxide, and

nitrogen were found to desorb rapidly into a vacwatif< 100 K, and the spatial extent of
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their interaction with the ice is limited only toe surface water molecules. The second
category includes such adsorbates #3 &hd acetylene, which form relatively strong
hydrogen bonds with the ice surface and also iotenaith the subsurface water molecules.
The interaction of species from the second categuty subsurface water molecule alters the
subsurface ice spectrum [86]. The third categepyesents those molecules which are capable
penetrating the ice to form hydrates. This catggueludes hydrochloric acid, ammonia, and
ethylene oxide. In the present studies, the intema of ice surface with HCI (at 130-150 K)
was found leading to the protonation of water medta formation of the Zundel ions as
discussed in Chapter 4. Strong proton donor/aocgpbperties (a capability of forming
strongHB's) of adsorbate are considered critically imporfantransformation of ice structure
to hydrate [87].

The mechanism of interaction of molecules fromeheironment with the ice micro-
phases was found to be strongly dependent upontbetbhysico-chemical properties of
adsorbate and the microstructure of the ice suffé®}e In particular, the molecular properties
of an adsorbate such as an ability to establisiHBiéelectrophilic-nucleophilic) bonding with
ice surface, the charge density distribution overcdecule, the molecular size and geometry,
and the ionization ability play a leading role lire tadsorption process and in the evolution of
adsorbate complexes. In the adsorption of thot® pwlecules, which are capable of
forming hydrogen bonds with water molecules, a favmle in the anchoring of adsorbate on
the ice surface can be attributed to the hydrogenling between adsorbate and surface water
molecules with either H or O atoms in dangling posi These atomic species, @HB and
Oq, form the adsorption sites on the ice surfacdHermpolar organic molecules [82, 87].
Accordingly, the polar molecule may be subdivideddtionally into two parts: the functional
group, which carries a strong dipole and is invdlirethe "strong" hydrogen bonding with the
ice surface and the remainder, which is usuallyoalnelectro-neutral and, thus, is bounded to
the ice surface by van der Waals forces or wealtrelgtatics. In the case of acetone, the
carbonyl group (functional group), which carriesignificant dipole momenuE 2.88 D), is
expected to establish the hydrogen bond with tlsgtigely charged hydrogen atom in the
dangling position on the ice surface, whereas tim¢ribution of two methyl groups
(remainder) in adsorption energy is expected teitpeificantly smaller. However, the

geometry of adsorption complex of many moleculesudtmonolayer coverage may be
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determined by these "second order" interactionsdser the remainder and the adsorbent. In
general, the qualitative mechanism of the surfadetced orientation of unsymmetrical
molecules in adsorbate layers is well understoabiveas termed by Langmuir as the "principle
of independent surface action" [89] or the "fornetd’ as it was stated by Hardy [90].

In the case of acetone, and most likely other ket@and probably aldehydes, the
adsorption centers are H atoms in dangling postiorhe geometrical distribution of these
centers on the ideal Ih (0001) basal surface idaam which suggests that this ideal surface
and, consequently, the surfaces of real ice beaszerandom heterogeneous surface for these
classes of organic compounds. In the general basegver, the heterogeneity of the ice
surface is also a function of the adsorbate, andltmhols, which are amphoteric compounds
in terms of hydrogen bonding, the ice surface geeked to be more homogeneous. The two
kinds of hydrogen bonds (O-K)---Qce and (O-H).e--Q\c are expected in the case of alcohol
adsorption on ice surface. Although these H®structures are not equivalent, the binding
energy of the donor and acceptor configurationeapected to be close to each other. This
prepositions leads to classification of the icdate as a homogeneous structure in the case of
alcohol adsorption. In the case of methanol of0001), Picauet al.[91] have shown by
optimizing classical potential (Coulomb and Lennadothes) at O K that the adsorption energy
for complex where methanol behaves as a donor o§fHp is larger only by 0.344
kcatmole* than corresponding value of ~ 9.8 ko@dle * for the complex where the methanol
molecule is OH acceptor. Therefore, there areioeing grounds to suggest that the
adsorbent properties of ice surface depend onhiigign-chemical properties of an adsorbate.

The adsorbate-adsorbate attraction can be sulatemthagnitude with relatively long-
range spatial extent in the group of polar molezwéh a large dipole moment, to which
acetone belongs. This interaction is known tofenportance in the determination of the
behavior of the adsorption isotherm and the praoggedf adsorbed phase [92]. The inter-
adsorbate interaction becomes predominant at tboged above the monolayer coverage even
for those molecules, which are capable to stromydgen bonding with ice surface. For
instance, the acetone-acetone interaction is evidéhe RA spectra as reported in Chapter 5.

In contrast with the picture described above, teogption of non-polar molecules or
molecules with a low ability to donor-acceptor bgddoes not occur on H/O dangling

positions on the surface water molecules. Adsomngprocesses in this case are similar to the
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condensation on the ice surface, where the icaseidould be considered as the provider of
van der Waals potential. This adsorbate-ice icteya is expected to be much less sensitive to
the ice surface structure on the atomic scale tinastrong electrostatics between functional
group and H or O dangling positions in the caspadéir molecule. This, however, does not
assume the absence of the influence of adsorbatee@nergy of dangling groups [99]. The
suitable candidates for the class of "weak" orgad®orbates, except hydrocarbons, are
halogen tetra-substituted methanes and even chlorotarbons. In fact, Grahaet al [93]

have shown that adsorption of fluoroform on Ih (DP0i@e surface at temperatures less than 75
K can lead, despite its significant dipole momerit.65 D, to the formation of ordered
complete monolayer (covera@e- 0.9), in which fluoroform molecules occupy ttiesé

space" at the centers of each water hexagon wetlEthl bond pointing inside. The ice

surface is expected to behave itself as a homogsrste surface in similar cases. The
present studies report the interaction of chlomofevith ice surface accompanied with two
hydrogen bond coordinations, OICI-CCl,H and C4C-H---O-0OH, as reported in Chapter 5.

The large-scale structure of the ice near-surfagn, e.g. the microporous structure
of the ice films deposited below ~120 K [64] orlasge-scale disordering at temperatures
above ~ 190 K [94], obviously will affect the tiregolution of adsorption complexes by
facilitating the trapping and the penetration of@tbate into ice.

Local organization and energetic parameters oatisorbate complex on the surface
could remain, however, independent from the laiggesstructure of the ice surface. The
occluded guest species also form the complexeswdthr molecules inside the adsorbent
medium. The structure of these complexes insiddétst medium could be different from that
on the surface but the principle hydrogen bondmgrdination most likely is similar for both
the surface and the occluded complexes. For iostdhe present spectral studies reveal that
the acetone-water complexes are different on tfaseiand in the bulk of the ice condensate
but the principleHB configurations are most likely the same for thdage and the bulk
complexes.

Another aspect of cryogenic adsorption on the izéase is associated with the
adsorbate-induced ordering of the originally disvedl near-surface region of noncrystalline
and polycrystalline ices. The kinetics and extdrthe adsorbate-induce ordering is a function

of temperature and adsorption energy. In factpgden of molecules that are capable of

56



forming relatively strong hydrogen bonding with fage water molecules such as hydrogen
sulfide and acetylene was found to cause noticeabtenstruction of near-surface region
towards a more crystalline arrangement [95]. Intast, weakly bonded adsorbates with
small dipole moment or quadrupolar molecules sigctaabon monoxide and nitrogen do not
influence the ice near-surface region [95]. Thamefit is expected that polar organic
adsorbates will cause strong reconstruction osthmsurface ice region by the formation of
hydrogen bonds with the surface water molecules.

Next part of this section reports a detail analgéithe spectral data on the adsorption
complexes of cyanoacetylene, thiophene and acetithe focus on the adsorbate-water and
the adsorbate-adsorbate interactions and the adsarimluce reconstruction of the near-
surface region of ice. These three chemical neseire expected to exhibit different behavior
upon adsorption on the ice surface. In contraateione, which is evidently an acceptor of
hydrogen bonds (with no or very minor donor capgacityanoacetylene,NC—C=C-H, is
expected to exhibit both a donor and an accdpBproperties. Thiophene is expected to be a
weakHB acceptor. In the case of cyanoaetylene, the sidegrbate-adsorbate interaction is
expected because of a large dipole moment of tbiscule. It turns out, that, in spite of
significant differences in the physico-chemicalgedies, all the abovementioned species
exhibit similar adsorption behavior on the ice aad. This circumstance clearly underscores
the water property to average the individual chiarastics of guest species.

FTIR spectroscopy was used in transmittance modgutty the adsorption complexes
of cyanoacetylenauEé 3.72 D) [96] and in the reflection-absorption raddr acetoneuy= 2.88
D) [97], and thiopheneuE 0.55 D) [98] complexes on polycrystalline and +ooystalline ice
films. In particular, Borgeet al.[96] have shown that solid cyanoacetylene pre-siépd on
ice at 15 K begins to interact with bB's after becoming mobile at 25 K with formation of
the acceptor C-N---H-OH complex, which was founidetgtable between 25 and 45 K. The
formation of this adsorption complex was accompaiviga 25 crit red shift in the frequency
position of OHDB signal. Further annealing of this adsorbate-ingcture to 80 K led to
progressive restoration of the original OH sigmdijch was interpreted in terms of the
transformation of the acceptor complex to the dadei---O complex. The last was found to
be stable in the temperature range 45-110 K. Vhaaacetylene desorption was observed

between 110 and 140 K with activation energy ok3¢nole* estimated from the TPD data.
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TheDFT calculations showed that the length of hydrogemdhis shorter in the donor complex
(2.057 A) than a corresponding value for the aamepamplex (2.189 A), which suggests
domination of the nucleophilicity over electropbity for water molecules. The donor
adsorption complex is expected, accordinQEI calculations, to flatten on the ice surface
due to the weak hydrogen bonding (3A) between diagdilydrogen atom ang-system of the
adsorbate unlike the acceptor complex, the pradigémmetry of which allocates the
adsorbate to be perpendicular to the ice surfagle [Such interaction between thesystem

and the OHDB, which is critical for geometry of the adsorptioomplex, seems to be in
contradiction with the spectral observations, wtshbwed that the frequency position of OH
DB is identical for bare ice and for the adsorbatesygstem at 80 K. In particular, Rowlagtd
al. [99] have shown, using a differential IR spectrggcmethod, that saturated adsorption of
N,, CH,;, and CO at 80 K on non-crystalline and crystalhia@o-particles cause a noticeable
red shift in the frequency position of ODIBB's. Consequently, we can expect to observe
significant red shift for the OBB's peak on ice surface covered by polar molecule asch
cyanoacetylene independent of particular structlegdils of the adsorption complexes due to
the long-range electrostatic interaction betweesoduhte and ice surface. Furthermore,
Delzeitet al.[95] have demonstrated that molecules such aslaoetywhich may be
considered as a non-polar "analog" of cyanoacetyath much lower ability to hydrogen
bond, introduces ordering in the subsurface areeoifcrystalline ice particles due to
hydrogen bonding with surface dangling groups. shich reconstruction was reported by
Borgetet al.[96] for the adsorption of cyanoacetylene. Thespnt author has also found
unexpected similarity can be reported for the eftépartial reemergence of the free OH
dangling features in Ncovered non-crystalline ice upon annealing theesydtom 50 K to 80
K, which was observed and attributed by Rowlahdl.[24] to the desorption of nitrogen

from the pores of specific sizes, and the analogessrption behavior of cyanoacetylene [96],
despite the apparent difference in the chemicalreaif adsorbates. Borgetal.[96],
unfortunately, have not discussed the influencadsbrbate-adsorbate interaction on the
structure and the temperature evolution of adsomptomplexes, which can be significant and
even predominant over the adsorbate-ice interactiento large dipole moment of
cyanoacetylene. Indeed, the activation energylsbaption complex desorption at 39 kJ/mol

appears to be close to the sublimation enthalppld cyanoacetylene found at 42.3kJ/mol
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[100].

The FTIR-RAS studies of thiophene adsorption oflLRP1) and ice surfaces at
cryogenic temperatures by Haberketral.[98] have shown that adsorption on metal and
crystalline ice surfaces proceeds with consecudtumation of a compressed monolayer, a
disordered phase and a crystalline adsorbate filhe thiophene growth mode was found to
be largely determined by adsorbate-adsorbate ttters. In contrast with this, thiophene
adsorption on non-crystalline ice at 125 K (unld&eK) revealed the formation of ice-specific
adsorption complexes, the appearance of which taisuded to a large number of OH
dangling groups on the surface of non-crystallogeand to a certain mobility of adsorbate at
this temperature. The geometry of these adsorpbomplexes was found to be different from
previous cases and suggests that the orientatithre gholecule ring is much closer to the
surface normal than in the compressed monolayér [@8he last case, the combination of the
surface heterogeneity and adsorbate mobility allassorbate-specific adsorption complexes
to be formed. Independently from the ice structurthe exposure temperature, Haberlatrn
al. [98] have found that the intensity of the IR sipc@responding to the OBB's decreases
upon thiophene exposure. Moreover, the thiophepesition causes characteristic changes in
the shape of main peak of OH stretching band, wisi@h agreement with observations of
Rowland et al[23], and Delzeitet al[95].

In a series of two papers, Schaff and Roberts Bagan, using FTIR-RAS and TPD,
that acetone adsorbs on the surface of the amosdh@and HO ices giving two distinct
adsorption complexes [82, 97]. The first compkexeferred to as acetone bounded to surface
O-D/H DB by the hydrogen bond, whereas the second comgldescribed as physisorbed
acetone. TPD experiments with the amorphous ieereal by adsorbate revealed two
desorption peaks at 133 K and 157 K, which werateel respectively to the physisorbed and
hydrogen-bonded complexes. The surface concemirafithe last complex was observed to
achieve saturation at ~ 1.2 L (1 L = 1x4@orrxsec), after which point the exclusive growth
of the physisorbed complex continues. The actwveginergy of desorption of the hydrogen-
bonded complex was estimated as 39 + 2 kJ/moldhe which appears to be slightly larger
than the sum of the enthalpies of vaporizationfastn of acetone at 34.8 kJ/mol. In contrast
to this, in the case of the desorption from crystalice, the hydrogen-bonded complex was

almost completely absent and the physisorbed conwpdes predominant. This observation
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was explained by qualitative difference in the acef concentration of OD/H dangling bonds
on the non-crystalline and polycrystalline icesowéver, in the partial contradiction to this,
the FTIR-RA peak associated with the ODMB's was completely attenuated at the same
intensity level by ~1L of acetone adsorption on-goystalline ice and by less than 0.25 L on
polycrystalline ice at 95 K. The spectral featoféhe carbonyl stretching mode in the FTIR-
RA spectra of acetone on non-crystalline ice wasnted to be at ~1703 cirfor very low
coverage and at 1716-1717 ¢rfor the condensed multilayer of adsorbate. Tist fieak was
attributed to hydrogen-bonded acetone complex basele red-shifted frequency position of
the band and its intensity saturation with acexmgosure. The relative intensities of IR-RA
spectral bands of adsorbed acetone complex wenel flmube coverage-independent for
adsorption on nc-ice with the C=0 stretch as thetrimtense one, whereas on pc-ice these
intensities varied strongly with acetone exposurkese data were interpreted in terms of a
nearly constant orientation of acetone with th@eesto surface normal in the adsorbate
complexes on nc-ice in contrast to adsorption eitecwhich was accompanied by distinct
coverage-dependent orientational regimes [97].r& feean interesting similarity with the
Haberkerret al.[98] data on thiophene adsorption since in botesdhe adsorption
complexes at low coverage on nc-ice revealed tekemntial orientation of the adsorbate with
the molecular plane to be closer to the surfacenabthan in adsorption on pc-ice. At this
point, we can suggest that these results contéamiration about the large-scale structure of
adsorbate and depend upon the heterogeneity afdlsirface structure. Molecular dynamics
simulations of acetone adsorption on Ih (0001 sicdace done by Picaud and Hoang [101]
show that the hydrogen-bonded acetone moleculeested almost parallel to the ice surface
(75° from the normal at 125 K) at low coveragesisDrientation is the result of van der
Waals attraction or "weak" hydrogen bonding of imainder to the surface. The same
arguments can be used to justify a plausible pigposbout similar orientation of thiophene
adsorption complex at the same coverage rang#islis the case, the near-to- perpendicular
(with respect to the normal to the substrate sejfadentation of the molecular plane
observed by Haberkewt al.[98] and Schaff and Roberts [97] at low coveragenc-ice can

be explained by the preferential adsorption of niganolecules on the micropores surface,
which is most likely to be perpendicular to the sudte surface.

The bibliographic analysis presented in this secteveals that polar organic substances can
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be effectively used for probing the state of corsgelhwater media on different spatial and time
scales. All the above-mentioned adsorbates interiéle the dangling bonds of ice surface,
which can be observed in the differential IR spectiNot only the local configuration of the
adsorbate-water complexes can be determined fresetliR spectra but also tentative
conclusions regarding the lager-scale structuteéefce deposit can be drawn. The spectral
part of the present studies follow this path bywgsiuch polar organic molecules as acetone,
acetaldehyde, methanol and chloroform for analyktbe surface state and the dynamics in

ice deposits.
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CHAPTER 3
Experimental
3.1  Experimental Objectives

The present experiment consists of Fourier Transfofrared Reflection-Absorption
Spectroscopy (FTIR RAS) measurements performeti®filins deposited under ultra-high
vacuum conditions at cryogenic temperatures. Teenical objects of these FTIR RAS
measurements comprise of: (i) crystallln#h and noncrystalline phases of the pristine ice
vapour-deposited on the copper support; (ii) ctipsalc/lh ice films obtained by annealing
the pre-deposited non-crystalline samples; (ii3tpre deposits of acetone;H;O,
acetaldehyde, C¥£HO, methanol, CkOH, and chloroform, CHG] (iv) the aforementioned
organic species adsorbed on the crystalline andrgstalline ice substrates; (v) water-organic
solids prepared by a co-deposition of the vapomsaiér and an organic component; (vi)
noncrystalline ice films treated by hydrochloricdadHClI, and subsequently exposed by
acetone or acetaldehyde. The present author detdenit a discussion to the detail
description of the interaction of acetone and aflnm species with the ice surface. A wide
focus of the present studies does not allow repgpdi complete volume of the experimental
and computational results.

Although spectral observations on the ice flmsammbnstant external conditions, i.e.
when the temperature of the Cu support and the bbapressure are maintained at an
approximately constant level for a period of 1-2its) have been performed in an attempt to
obtain spectral information from an object at adiestate, the present experiment should be
considered dynamic. In other words, during thespeobservations including the collection
of a single spectral sample (the shortest sammpie is ~20 sec) the physico-chemical state of
the object in question is in the process of irrsl@e change. This latter circumstance resides,
on the one hand, in the dynamical propertied®ietwork of ice and, on the other hand, in
the large surface-to-volume ratio of the matersalglied in the present work. The former is
primarily applied to the noncrystalline ice micrbgses, which exhibit a "strong dynamics" at
a temperature range above ~130 K when the crysttitin tolc occurs (see Chapter 2 for
details). Furthermore, the cubic ice itself is etastable substance, which converts to the
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hexagonal structure at a rate, which becomes radtieeon the laboratory scale at temperatures
near 230 K. It is evident therefore that withie #imtire temperature range accessible by the
present experimental setup, i.e. 125-180 K, theidestrate remains in metastable state.
However, since the rate of inter-basin hoppingeisegally small under cryogenic conditions,

at certain temperature intervals a quasi-equilibrgiate could take place for a sufficient
period, while at other temperatures a faster dynasnéxpected such that there is a little hope
of observing a sample at steady state. The snma#rtkion of the objects, i.e. ultra thin films
and/or nano-crystals, also plays a significant holeromoting dynamical processes because
the characteristic length of the inter-basin hogfsee Chapter 1 and Chapter 2) is nearly
comparable with the characteristic size of the abgnd, therefore, the surface effects are very
significant. The latter circumstances are of fundatal importance for studying the
penetration, diffusion, and phase transitions irdsgater media.

Among others, one of the most important experimeetpuirements for this kind of
experiments resides in attaining the high spestasitivity and background stability (i.e. high
signal to noise ratio), which are necessary foeobag very weak spectral features associated
with the vibrational motion of the surface molecuté water phases or organic moieties. The
extraction of topological and dynamical informatioom the spectral data necessitates the
utilization of computer models on different phys$iaad chemical levels. Specifically,
handling the reflection-absorption spectra requmesleling of the reflection-absorbance
optical phenomenon, which originates from the dutarmal radiation of the dielectric
sample on the metal substrate. Ignoring the dieteeffects introduced by the RA method of
the spectral experiment, which often lead to ai@@mt frequency shift and deformation of
the adsorption bands, could cause a misinterpoetafi spectral features. Although a general
theory of the RAS exists, in each particular expental case a special attention is necessary
to differentiate between the optical manifestatibithe fundamental vibrations in the films in
guestion and those optical features, which appearrasult of the RA mode.

Regarding molecular modeling, determination of agtlale structure for a particular
adsorbate-ice complex requires building a setahétic classical and/or quantum-
mechanical models. From this latter set of modhks most realistic representation can be
chosen by comparing the measured and calculaté@dfdencies. Despite their primarily

experimental appeal within the framework of thespré studies, the computer models and
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calculations are described separately in Chaptdh& experimental results are discussed in
Chapter 5.

3.2  UHV/FTIR RAS Chamber: Design and Construction

The home-designed and constructed UHV chambeh&present experiment is shown
in Figure 3.2.1. The main components of this UHMmber include: (i) the main chamber for
the spectral experiment atop of the supporting §-evass chamber, to which a horizontal
stainless steel appendix supporting the leak vawesgas/liquid sample handling system is
attached; (ii) titanium-sublimation and turbo-malkee pumps mounted on the supporting
chamber and on the horizontal appendix, respegtiyi@) sample holder with the heating
element on the back side mounted on the X-Y-Z mdatpr; (iv) liquid-N, dewar and two
copper brazes to the sample holder for coolingtww) differentially-pumped optical windows
(CaR, or KRS-5) for the IR beam entrance and exit. Bheker FTIR Equinox-55
Spectrometer with air-cooled globar source is dsethe spectral analysis of the films vapor
deposited on the sample holder made of copper distan the standpoint of optics, the copper
disk acts as a mirror, which reflects the incidéhbeam hitting the sample at grazing angle
from the sample holder towards the liquid-ddoled MCT (mercury-cadmium-telluride)

detector mounted on the optical table on the oppassile of the vacuum chamber.
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A: main chamber; 19 ports; @ 17", h 15".

B: supporting chamber; six-way cross.

C: X-Y-Z manipulator.

D: titanium sublimation pump.

E: turbomolecular pump (250 I/s) and gate valve.
F: supporting moveable platform.

G: multiport accessory flanges.

H: variable leak valve.

NS

Figure 3.2.1. Schematic layout of the UHV chamb@nly three of the 19 ports of the central

ultrahigh vacuum chamber (with a base vacuum betger %10 ° Torr) relevant to the present
experiment are shown. Two of the ports that aeslis house the Cawindows are pumped
differentially. The FTIR spectrometer (Bruker Egox 55) and the two aluminium boxes that
enclose the light-stirring optics and the MCT dateare purged with the dry.Njas

continuously to minimize ambient contaminations.
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The FTIR-RAS experiments were conducted in a homikHV chamber evacuated
by a 250 l/sec turbo-molecular pump to a base pressf better than 5xI®Torr. Ice was
condensed from water vapor onto an optically fi@yprystalline Cu disk (2.25-inch diameter)
mounted on a four-motion manipulator. Figure 3sh@ws schematically the glancing-
incidence optical arrangement of the experimentclvhallows signal optimization at zero path
difference by easy adjustment of the position eftdrget with respect to the optical path of
the infrared beam. The 1.5-inch diameter infrdsedm from a Bruker Equinox 55 FTIR
spectrometer equipped with an air-cooled Globarc®mwas directed onto the Cu disk at ~83°
from the surface normal by a focusing 90° parabaiizor with a 16-inch focal length. The
specularly reflected light was collected by a secioientical 90° parabolic mirror of a 16-inch
focal length positioned on the opposite side ohtbar, and finally focused by a 1.7-inch
focal-length parabolic mirror onto a liquid-nitrageooled Mercury-Cadmium-Telluride
(MCT) detector (energy range: 7000-600 §rsensitivity >2.%10™° cm HZ'4W). Two Cak
optical windows mounted on differentially pumpeth8h conflat flanges were used to provide
passage of the infrared beam onto the sample itlsedgHV chamber. Enclosed in two
aluminium boxes, the entire optical path outsidelidV compartment is purged with drgy N
gas in order to remove water vapors, which othexwisl interfere with the useful signal from
the condensed water phases by introducing absaorpéaks of the gas phase water molecules
at frequencies close to that of condensed phasestahility of the dry hlgas flux into the
external enclosure and the spectrometer contritugigssignificantly to the opportunity of
obtaining the IR spectra free from water vaporriiet@nces, which in the present case must be
eliminated.

Two copper braids directly welded to a liquid-ngem-cooled stainless steel/copper
container inside the UHV chamber facilitate thelecwpof the Cu disk. During cooling, the
liquid-nitrogen reservoir functions as a cryo-pubypreducing the pressure in the vacuum
chamber to 3x10 Torr. A deposited film can be annealed at tenpeea above the lowest
achievable in the present setup value of ~125 Kgebistive heating of the backside of the Cu
disk while the annealing regime was monitored miyby the reading of the temperature
controller. The substrate temperature was measyrédo K-type thermocouples
mechanically fastened to the front face of the @l.dThe precision of relative temperature

measurement is = 2 K, whereas the uniformity ofgerature across the sampling area on the
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Cu disk has been found to be 5 K. The latter nmifotmity is due to the heat transfer from
the mounting accessory, which is at ambient tenipegg18-25 °C), to the Cu disk at 125 K.
Furthermore, the temperature of ice sample coulsligbtly higher than that of the Cu disk,
and the difference will increase with the thicknetge films because of radiation energy

from the walls of chamber.

EQUINOX 55
Parabolic mirror
16" focal length
Polycrystalline Flat mirror
Cu disk with
@ 2.25"
He-Ne laser ‘ CaF: optical
B A = — —windows
14° ‘
Detector m/
Parabolic mirror
Parabolic mirror 1.7 focal length
16" focal length \
Liquid-N2-cooled
MCT infrared detector
Scale
T T T
0.00" 8.00"

Figure 3.2.2. Schematic layout of the optical mgeament.
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3.3  Samples and Accessories Preparation and Manipulatio

In the present studies, the following chemical ezdg have been used:
1) Acetoneq (Fisher Scientific, 99.6% purity).
2) Acetaldehydeiq (99.5+% purity) Aldrich.
3) Methanolq (Fisher Chemicals, Acetone free)
4) Chloroformq (Fisher Chemicals, preservatiopHsOH ~0.75%).
5) Hydrogen Chloridess(Technical Grade, Matheson Gas Products Inc.)
6) D,O (99.9 atomic % of Deuterium, losotec Inc, Mathgsdue to periodic contacts with
the ambient atmosphere, thesample became discernibly enriched by the HD@ispe
7) HO, Millipore.
All substances have been used without further jgatibn. The outgassing of liquid samples
was performed in the external gas handling systeough repeated freeze-pump-thaw cycles
immediately prior dosing.

For ion sputtering and flushing of the external gasdling system, Ar gas (Praxair,
Ultra pure grade) has been used.

The IR spectra of selected liquid and gaseous sfave been measured in the gas
IR Cell ( ICL international crystal Laboratories)tivKRS-5 windows and 10 cm optical
length and in the liquid IR cell (ICL internationadystal Laboratories) with the KRS-5
windows and 0.015 mm thickness.

The ZnSe polarizer (1200 wires/mm, SpectraTech) wispectral window in interval
20000-500 crit has been used for the polarization FTIR RAS expents.

3.4  FTIR RA Spectral Acquisition

Ice film samples with thicknesses up to (i.Bave been deposited by backfilling the
entire UHV compartment with water vapour using @gsion leak valve (Varian). Liquid
water (Millipore) and organic liquids, which arepten separate quartz ampoules attached to
the gas handling system outside the UHV compartpiest been purified by multiple
repeating of a freeze-pump-thaw cycle immediatelgrgo use. Pressure measurements were
obtained by an uncorrected ionization gauge. Tlekness of the ice film and the
corresponding deposition rate have been estimat@thserving the optical interference
fringes of a He-Ne laser beam reflected off theamsing a phototransistor as the detector.
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The laser interference patterns are shown belowigure 3.5.2. It should be noted that the
laser interference method provides information aloe film thickness for a relatively small
area (typically 1-2 mm diameter as defined by tlueninating laser spot size) in comparison
with the total surface covered by ice, from whiblh FTIR-RA spectra are taken. Using a
laser source with an adjustable beam size (1-10dmeter), Browret al. showed that the
thickness of the ice film deposited on Ru (001) waorm over this area range [1]. In our
experiment, the substrate surface was polycrysednd relatively rough on a microscopic
scale, which could introduce thickness non-uniféeymSince the sampling area was quite
large (approximately the size of the target or @B)cthe resulting spectra of the as-grown ice
film represent the signal averaged over the eatiea of the ice film with the possibility of a
non-uniform thickness. With the sample held at K31he initial deposition rate (after a
typical induction period of 1 minute) was estimatede 0.43 nm/sec at 1xf0rorr ambient
pressure or 2 nm/sec at 5%1Torr. The deposition rate was found to decrehghtly with
increasing film thickness. It should be noted thatsensitivity of the optical interference
method is limited in the case of very thin filmgd&or films with thickness that satisfies the
conditions of constructive and destructive intexfere (see Figure 3.5.2). During deposition of
the ice film at a selected temperature, FTIR-RAcs@eof the growing film were collected,
unless stated otherwise, over a 20-second peri@véraging 10 scans at 10 kHz (or 40 scans
at 40 kHz) at a preset spectral resolution of I'cor alternatively 12 scans at 80 kHz at 0.5
cm ! resolution. Background spectra over 5000-1000"arare collected immediately before
the water exposure for the bare Cu surface witlD Ha@dns at the respective resolution
settings. Spectral data are presented in the diimless absorbance uml) = —log(R/Ry),
whereR/R, is the ratio of reflectance of the Cu substratinand without the ice film.

3.5 Fresnel Method for Simulating the FTIR RA Spectra d Polycrystalline and
Noncrystalline Ice Films

In general, the film thickness affects significgrttie shape, frequency position and
spectral intensity of the RA bands, and these dieteeffects have been discussed in detail by
Greenler [2] and Decius and Hexter [3]. McintyrelagAspens have used the Fresnel equations
for reflection coefficients for parallel- and pengcular-polarized light to simulate the RA

spectra of an absorbing dielectric film [4]. Fidgrived for a homogeneous dielectric film,
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these equations have been extended and writtewdlified form to describe reflection-
absorbance of light in a vacuum-absorbing dieledirn-metal system [5]. A classical
Fresnel model for the reflection coefficientssefandz- polarized components of IR light on
the interface of vacuum-ice-metal phases have appled in the present work for modeling
the RA spectra of growing non-crystalline and pojgtalline ice micro phases. The model
describes the evolution of OH stretch band andfertence patterns as functions of the ice

optical indexes and film thickness:

O 0? ¢
¢, :njCOS(¢j)={nj‘5in2( 1)}
oo A
-k M+ HiC
: : (3.1)
| &k Zj —&j Zk
r,T_jk— o o
&k Zj & Zk
r _ r0_12+l’a_23X[i_2i:5)
o 1237 | +rg_1zmg_2sxd_2i'8)
r _ rn_12+rn_23Xd_2i:B)
m_123~ 1+r”_12|ILT_23Xd_2i18)
(2,
B ‘( P J

whereg; andn; are the real angle of incidence (83°) and indevefsction of the vacuum
phase (1) on Figure 3.5.1, whitgis the complex refractive index of phgseParameters, j
andr, j are the Fresnel coefficients of the interface leetwthe two phas¢sndk for
perpendicular and parallel polarized radiation. $i@bolsu , ¢ andey , ¢ stand,

respectively, for the magnetic permeabilities aochglex dielectric constants of the two
condensed 2 and 3 phases. Paramejges andr, iozare the Fresnel coefficients for reflection
in three-phase system vacuum (1)-ice (2)-metal £33 the change in phase of the beam
during one traversal of the ice film of thicknessThis algorithm has been implemented in
Math CAD and C/C++ programs written for simulatmigRA spectra of noncrystalline and

polycrystalline ices of given thickness.
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83 degrees Phase 1 - Vacuum
n,

: Phase 3 - Metal
! N.-ik ,

Figure 3.5.1. The geometry of IR beam passageitfirthe ice media.Phase 1- vacuum,

characterised by refractive indax 1; Phase 2- ice, characterised by a set of dggiéncy
dependent refractive and absorption indexes spdoifine amorphous or polycrystalline
deposits and combined in complex optical index;sel& metal, characterised by a set of the
frequency dependent optical indexes. The incideglead;, is near 83 °, which is close to the
optimal angle for the present system as shown belowigure 3.5.3. The angle stands for

the real refraction angle of the beam in the icasgh
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As an example, the time evolution of a laser iategfpattern from an ice film grown at

131 K and water pressure of 1xi@orr is shown Figure 3.5.2.

20

10

o

Reference signal
AN
o

0 500 1000 1500 2000 2500 3000 3500
Time, sec
Figure 3.5.2. The He-Ne laser interference pastéynthe growing pristine ice film.

The approximated film thicknesses are indicatedrgws.

The thickness of ice film can be approximated atrttaxima and minima on the
interference curve in accord with the following atjan (note that the He-Ne laser operated on
4 =632.8 nm, the incident anglg, is 14°):

M —2[d BinHltané?2 =mA;
cosb,
6, standdor therefractionangleof thelaserbeamin theice phase.

The d=24E nmfor construciveinterfereice

(3.2)

For the spectral region of 6962-482 ¢nthe values of real and imaginank parts of
the complex refractive index of the ice layBed= nice — iKice) USed in the present simulation

for pc-ice are those derived by Toenal. for ice films deposited at 163 K over a wide range
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of thickness from 500 nm to 30[6]. For nc-ice, Fresnel simulations are caroetiusing the
corresponding values ofandk for amorphous ice films deposited at 77 K repoligd.eger
et al.[7]. Optical constants of Cu at room temperattoenpiled by Palilet al [8] are used to
generate then( k) constants of Cu at the same wavenumbers as tloé s@mplex refractive
indexesj; of the ice reported in the literature. Given Wleey small value of the magnetic
susceptibility for Cu (-5.5 x1fcgs) [9], the magnetic permeability of Cu is setihity in our
calculations. The calculated spectra are plottealsorbance uniA{J) versus wavenumber
(cm™"), whereAU is defined in an expanded form &) =log [(Ro,+ Rox»/(R,+ Rp] with
Ry, » andR, . as the reflectance ef or z-polarized light from the vacuum-Cu system (i.e.
the bare substrate without ice) and vacuum-iceyStem (the substrate deposited with ice),
respectively. These calculated spectra are refeéoras Fresnel spectra in the present work.
As in the Fresnel notation, tlae andz-polarizations are defined with respect to the
plane of incidence (which corresponds to the plaarpendicular to the metal surface that
contains the propagation vectors of the incidegitected and refracted waves). If the electric
field vector of the incidence wave is normal to fit@ne of incidence (i.e., parallel to the metal
surface), such a polarization is denoted-g®larization. On the other hand, when the electri
field vector of the incidence wave is parallelhe plane of incidence (i.e., normal to the metal
surface)sr-polarized wave is obtained. To illustrate the imi@oce of the reflection geometry,
we show in Figure 3.5.3 the calculated RA specith® OH stretch region for a 1-nm-thick
pc-ice film as a function of the incident angledx®n the Fresnel model. Because the normal
incidence spectrum is analogous to the transmetéiRspectrum, Figure 3.5.3 shows in effect
the changes in the spectral features from thenmatasice mode to RA mode. In particular,
the normal incidence spectrum shows three disderfelatures at 3145, 3205 and 3335tm
(Figure 3.5.3, Curve A) to be in good agreemenhhe experimental transmittance spectrum
reported by Buch and Devlin [10]. While there ssentially no changes in the reflectivity of
the vacuum-ice interface in this spectral regiod anthe absorption profile of thepolarized
component (Figure 3.5.3, Curve A), dramatic chamgéise absorption profile of the
polarized component are observed (Figure 3.5.3v&3uD and E), which accounts for the
changes in the shape of the overall band fréio@5. The evolution of the absorption
profile is due to excitation of the longitudinattlae modes by the electric field component of

the incoming radiation perpendicular to the surfasa function of the near-normal incident
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angle [11]. This excitation occurs at higher freqcies than the transverse excitation and is
clearly absent in the transmittance (or normaldance) mode [3]. Furthermore, increasing
the incident angle above 1&owards more glancing-angle incidence) signifibaimcreases
the intensity of the spectrum without affecting teneral shape (Figure 3.5.3, Curves F-K)
[2]. Evidently, the shape of the spectrum (deteedipredominantly by longitudinal
excitations) is not particularly sensitive to theident angle in the glancing incidence regime,
and the experimental sampling angle°({@8sed in the present work provides near optimal
spectral intensity.

In the case of a thin ice film on the metal surfabhe Fresnel model shows that
reflection-absorption of the-polarized light is negligible for a film thicknesg to 200 nm,
which also suggests that vibrational modes withditéon dipole moment parallel to the metal
surface would remain undetectable until this aitibickness has been reached. This
conclusion is particularly important for spectrakervation of the ODB's, because any OH
DB oriented parallel to the metal surface is undatdetby RA spectroscopy in the case of thin
films (see Figure 3.5.4 d below). In contrast,ahsorbance af-polarized light by thin films
is strongly enhanced due to significant amplificatof the electric field in the vicinity of the
metal surface. In addition, the interference patien the transparent spectral region of ice
away from the observed resonances can be desdybweb-beam interference produced by
reflection from two parallel interfaces [5, 12 the case of relatively thick films, the
interference patterns are observed over the espigetral region of 5000-1000 chand the
corresponding absorption maxima are seen to tfemel higher to lower frequencies with
increasing film thickness. As shown by Robingtml.[12], there are two sets of interference
patterns, which are associated with destructiverf@tence o6- andzr-polarized components
of the infrared light. The present work shows thais-patterns in the 5000-1000 choptical
window exhibit absorption maxima starting with fitlmcknesses of 350 nm, while the
corresponding features of thepatterns appear at thicknesses above 750 nm. dMergthe
emergence of an interference pattern in the optezabn of any vibrational mode of ice causes

considerable amplification in the intensity of tiend.
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Figure 3.5.3. Fresnel spectra of the 1-nm pciloedt different incident angles.

The simulations were performed using optical camstabtained for films deposited at 163 K
[6]) for non-polarized light at different incideangles. (A) 0° or normal incidence, (B) 6°, (C)
9°, (F) 30°, (G) 45°, (H) 60¢°, (1) 75°, (J) 83° &4jl86°. Thes-polarized components of the
Fresnel spectra for incident angles of 6° and ®&ttae same as Curve A, while the

correspondingtpolarized components are shown as Curves D amrgtectively.
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In order to simulate the dependence of the integrattensity of the OHDB'son the
film thickness, the optical indexes of the crystalice obtained by Tooet al. [6] was
modified by inclusion of the OI®B vibrational mode atoy = 3690 cm* with a damping
constant of 15 cm™. Furthermore, the OBB intensity is artificially enhanced by arbitrarily
setting the integrated absorptivitgrt? = 6.86x16cm ) to 0.1% of the integrated Lambert
absorptivity of the OH stretching mode obtainedrfrBertieet al.[13]. This simulation treats
the OHDB'sas an integral part of the ice structure and theumt of OHDB'sis proportional
to the ice film thickness. The modified dielectiimctione of the resulting ice structure was
calculated in accordance with Klein and Furtak [4g follows:

g,+2)
p( ; j (3.3)

g

where p :i K(v)dv,andK(v) is the Lambert absorptivitys is the dielectric function of
n.2

E=&,+

pc-ice calculated from the data of Toetnal. [6].
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Figure 3.5.4. Fresnel spectra of pc-ice filmswasction of film thickness.
Thickness parameter is (a) 750 nm, (b) 1000 nm(enti400 nm. The dependence of the

integrated absorbance of the @B signal on the thickness is summarized in (d).
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The calculations show that the destructivyeolarized interference feature travels from
4220 cm* (Figure 3.5.4 a) to 3575 ci(Figure 3.5.4 c) as the thickness is increaseu 60
nm to 1400 nm. The passage of #hgolarized feature over the optical window of thd DB
band at 3690 ci (Figure 3.5.4 b) causes the amplification in titegrated intensity of the
OH DB signal as summarized in Figure 3.5.4 d. Oncetimerference feature passes over,
the OHDB signal returns to its normal intensity. Furtheremdhe passage of a second
destructives-polarized interference feature, which travels 2810 cm® (Figure 3.5.4 a) to
1950 cm® (Figure 3.5.4 c) over the same thickness rangesesasignificant amplification in
the intensities of the combination band (at 2235'tand bending band (at 1630 ¢
Figure 3.5.4 d also shows that the integrated sgities of the OHDB feature for ther-
polarized and non-polarized waves increase lineaitly the film thickness up to 100 nm and
level off at greater thickness due to the physfagftbection-absorbance. This spectral
dependence on the film thickness is in agreemethitthve experimental data of Zonddbal
[15]. The integrated intensity of the GbB feature forr-polarization remains nearly constant
in the thickness range 200-1200 nm, in spite oftbeease in the amount of the @HB's
assumed in the model. The marked increase imtbgrated intensity for thickness above
1600 nm (Figure 3.5.4 d) is evidently caused byetmergence of a destructixepolarized

interference pattern, which travels from 4345 tto a lower frequency (Figure 3.5.4 c).
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CHAPTER 4

Theoretical Analysis and Computer Simulations of tle Interaction of Small Polar

Molecules with Water Media
4.1  Quantum Mechanical Analysis of the Hydrogen Bondingn Water Media

A key concept for understanding the structure alewmedium and their interaction
mechanisms with guest molecules of different chalritasses resides in hydrogen bonding
(HB). Itis generally established [1, 2, 3, 4, 5,t64t there is a specific attraction between a
molecular system containing electropositive hydrogeams, which are usually covalently
bonded to a strongly electronegative neighbouriognaand an electronegative molecular
counterpart, which comprises of electronegativenat@such as oxygen, nitrogen, halogens
etc.) carrying lone electron pairs. In other wogarticular stable molecular configuration is
classified among hydrogen-bonded systems if thedgeh atom is directly involved in the
bonding between two subsystems. A geometric maatfes of hydrogen bond in such a
stable configuration resides in the localizatiomdfydrogen atom in the proximity of a line
connecting the two atomic centres. Two hydrogended molecular counterparts are
designated as a donor and an acceptor dfiBieThe former is a molecular subsystem, which
bears the electropositive hydrogen atom directipived in the bonding, whereas the
electronegative acceptor provides an electron tdeosordinated against that hydrogen atom.
As any other chemical bonHB can be characterized by its directionality andirstility, i.e.
one electropositive hydrogen atom could form alsilgdrogen bond or, in other words, the
linear configuration is a global minimum, wheredsEstructure with a bifurcated hydrogen
atom, which coordinates with two acceptors, comesis to a transition state or to a less stable
local minimum. In the context of weak hydrogen i@ithese characteristics are especially
important for distinguishing between th# and such intermolecular forces as pure
electrostatics between charged or dipole-carryounterparts on the one side and the
dispersion interaction, which exhibits differenstdince and orientational dependence and is
non-saturable, on the other side. It should bedttat the unique properties of hydrogen

atoms are evident and play a fundamental rolearfalmation of a hydrogen bond. At first
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glance, the absence of a core electron shell imthat distinct relevant feature of the hydrogen
atom, which makes it smaller than all other elemmeMith reduced electron density readily
achievable by covalent bonding with a more ele@gative counterpart, the hydrogen atom
becomes mobile and can penetrate an adjacent dasliectron density supplied by thi3
acceptor. Therefore, a capability of penetrathegedlectron density 1B acceptor should be
highest in the case of hydrogen atom, which is firem the inner shell electrons. Being the
dominant contribution to the total electron energthe overlap region for van der Waals
complexes by increasing the kinetic energy of etexd, the repulsive part of the electron
exchange is expected to be less pronounced iregeeaf hydrogen. This view is supported by
the observation that the more electropositive §ardgen atom is the stronger is the hydrogen
bond. In other words, the classical electrosiateraction between electrical multipoles,
which brings twdHB counterparts together, leads to hydrogen bondiegause there is no
significant repulsion originated from the Pauli kston for the electron densities on tHB

acceptor and hydrogen atom.

The present section attempts to show that quantaahamical calculations of isolated
water clusters at different levels of theory arefuk(even necessary) for interpreting
experimental spectral and structural data on theags and pristine water systems. In
particular, spectrum-structure correlation couldadeiced on the basis of a computational
analysis restricted to relatively small, finite emsbles of water molecules. In some cases,
such a spectrum-structure correlation scheme caxdmined by comparing the
computational and experimental results. By comgacomputational and experimental data
on isolated water clusters and protonated watdesyshe present author illustrate different
aspects of hydrogen bonding in water media suddifacated hydrogen bond, strong and
weak hydrogen bonds and their spectral manifestatié-rom technical perspective, this
section provides detailed information on the sutetand properties of 26-mer water cluster,
the largest pristine water cluster considered énpiesent studies. It appears that even this
system of very small size could provide interesting clear insight in the structural and
vibrational properties of such complex systemscadi@aqueous solutions. As this section
will show, there are reasonable grounds for sugugeshhat the information obtained by the

computational analysis of small water clusterdss aseful for understanding real water

86



media with enormous number of water molecules, whie often computationally
inaccessible. The key problem of this Chapteydrdigen bonding in the network of water
molecules.

In a majority of cases, the electropositive hydrogeom patrticipates only in a single
hydrogen bond, and the preferential location oftth@érogen atom appears to be in the
proximity of a line connecting two functiondB acceptor antiB donor. This specific spatial
localization of the hydrogen atom can be viewed geometric criterion for the presence of
the hydrogen bond. However, in organic crystalshsas glycine [7] and crystalline hydrates,
[8] hydrogen atoms were found in a bifurcated positi.e. a hydrogen atom is locked at
approximately equal distances from two neighbouelegtronegative atoms. For water
media, Giguere [9] has adopted this notation af@wdated hydrogen atom, which originates
from crystallographic studies, and further suggkeshat the bifurcatetiB's (0HB) play a
discernible role in the hydrogen bonding networkduaid water and fill a gap between linear

hydrogen bonds and free non-hydrogen bonded speGigsiere proposed the following

geometry for the bifurcated hydrogen bond in theateedraHB network:

©)

Figure 4.1.1. The configuration of bifurcated hygken bond in the tetrahedral water network.

Reproduced from Giguere [9].
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It is not immediately obvious from Giguere's origimvork [9] whether this structure
represents a local minimum or a transition state/éen two neighboring minima with
classical linear hydrogen bonds. Based on thikw@eiger and Mausbach [10], in particular,
treat the arrangement in Figure 4.1.1 as a "trabskeucture”, which, however, is
"characteristic for the liquid water and resporsitalr the structural and dynamical distinction
from amorphous solids". It is of interest to ntitat in the course of the present workatn
initio and semiempirical quantum mechanical and classalallations, th&HB's have been
found in fully optimized water clusters comprisiofy26 molecules. The configuration of the
bHB appears to be quite different from that given bgu@re and corresponds to a
coordination number @& for a central molecule as shown in Figure 4. ITBebHB
configuration is characterized by a central molecadnded to three neighbours with linear
HB's whereas the fourth neighbour, expected in thal id¢rahedral configuration (Figure
4.1.1), is replaced by a pair of molecules to whadaentral molecule donates the hydrogen
atom, leading to the formation of an additionalbtiitedHB characterized by largerqHOac
distances. The difference in the bond lengthsigest and is in accord with Giguere's
prediction, while the configuration ®HB observed in the present studies is different ftioat

in Figure 4.1.1.
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Figure 4.1.2. Structure of 26-mer water clustdimoped at theHF/6-31g(d,p)level.

BifurcatedHB's are an integral part of the local minimum at teiel of theory. The arrow

indicates the direction of bifurcated hydrogen hond
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Figure 4.1.3. Molecular neighborhood of the watetecule that acts as a triple acceptor in

the 26-mer cluster optimized ldE/6-31g(d,p)level.

In the example in Figure 4.1.2, the central moledsillocated on the edge of cluster
and is potentially accessible for additional acoepbordination from the top, which could
lead to even higher coordination numbers. A wdrdaaition should be said about the
bifurcated hydrogen bond, because it is not obviglusther the specific features of the

hydrogen bongber sepresent in this (or similar) local arrangemen&i®)l indeed whether the
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bifurcation is a leading factor in this arrangemenit is a result of other stronger
intermolecular interactions among neighbo®B3L(Y Pfor instance shows no bifurcateiB's).

In this particular case, the delocalization enaexfythe electron density transfer from the lone
pair orbitals of two @ to the antibonding (O—H) of bHB donor are 2.9 kcahole * and 4.9
kcatmole® (as calculated by tHéBO program [11]), whereas the average value of
delocalization energy for all 43B's found in this cluster is 12.5 kaable* with the

maximum value at 24.8 kcatole *. This noticeable difference between the average
delocalization energy for the cluster and the daiaation energies for thHeHB indicates that
the covalence dfHB is on the low side of the covalence of hydrogendsoin water medium
and, therefore, dipolar (purely electrostatic) &scould play a leading role in the formation of
bifurcated hydrogen bonds. The same cluster &lsws a local arrangement where a central
water molecule A in Figure 4.1.3 serves as an docepthree and as a donor of a sing
with unused additional donor capacity.

The extra molecule B in an interstitial positiorc@rdinated with the acceptor A by a
linear hydrogen bond, bringing a total number afegotorHB's of molecule A to three. Such
an acceptor configuration is apparently impossdible proper tetrahedral network, but is found
in this distorted network indicating that the adoegapacity of the water molecule in not
necessarily two. This unique structural featurexigected to contribute to the physical
properties of this cluster in an unusual way (imparison with a regular tetrahedral network).
The IR spectrum is among the observable physicgigties of the water media, in which the
presence of structural features different fromagptetrahedral arrangements should be
evident. This matter will be considered in someiiefollowing a discussion on the
distribution functions. ThelB network in this cluster therefore exhibits sigredint local
deviations from a tetrahedral pattern. There Hneassible kinds of close small rings in the
cluster: three-, four-, five- and six-member cyces evident. The starting configuration of
this cluster contains two interconnected layerhde adjoined, nearly ideal hexagons.
During the optimization the edges of the clustdlapse into a sequence of the book
configurations of hexagonal rings as a result efth4 intermolecular attraction. It should be
noted thabHB's and triple acceptor structural features weredaamF andTIP4P clusters

whereasB3LYPcluster shows no sign of bifurcatei.
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The O-0O, O-H and H-H pairwise radial distributiam€tions for this cluster are in
surprisingly good correspondence with those ofitiquater and low- and high-density

noncrystalline solids reported by Finnetyal.[12] and reproduced below in Figure 4.1.4 and
Figure 4.1.5.

9o —mmmmen L.DA
1——HDA ¢}

8 E"‘
- sz

7 - in

&(n)

Figure 4.1.4. Radial distribution functions foetlow-density and high-density amorphous
solids at 80 K. Reproduced from Finretyal.[12].
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Figure 4.1.5. Distribution functions of the 26-nohuster at thédF/6-31g(d,p)level.

(@) O--0O; (b) O--H and (c) H-H pairwise distribution functions. The solid linepresent the
FFT (Fourier transform) smoothing of the data poperformed by the OriginPro program
[13].

The main features of the-@D radial distribution function include the positiand
intensity of the first peak, which represent thanest neighbours of a water molecule, and
those of subsequent peaks, which correspond teeitiend and the third coordination spheres.
For the @-O data, Finnet al.[12] have shown that the integration between BB8&3 A
(i.e. the first coordination shell) gives 3.9 +t@darest neighbours for the low-density amorph,
which nearly coincides with that of crystalline @e220 K. The liquid water value of 4.3
+0.12 nearest neighbors is discernibly larger tharhereas there afenearest neighbours in
the high-density amorph, suggesting the presenee aflditional water molecule in the first

coordination shell. A comparative analysis of shaall water clusters in Section 4.3.3
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indicates that compact water clusters exhibitssffaial characteristics that are in accord with
Finneyet al.[12] data for theHDA media,whereas open monocyclic water structures are more
appropriate for the DA media. The @H distribution function (Figure 4.1.4 for the Finy'e
experiment [12] and Figure 4.1.5 (HF results) shows two distinct maxima at ~ 1.8 A (;hA
theHF cluster) and 3.25 A, which correspond to (O)gHO ac 1°:2" (the figures enumerates
the sequence of atoms along a chain of hydrogeddhehereas the superscripts label
elements) hydrogen-bonded and{B-H)sO ac 1°:4" configurations, respectively. The
O--H density at larger separations originates fromatenit--O pairs such as
(H'=O-H)-(H-0O-H)-+O ac 1°:5™ and £:7". Finally, the H-H distribution function (Figure
4.1.4 for the Finney's experiment [12] and Figurke 3 (b) for theHF results) exhibits a

distinct first peak at ~2.4 A (2.5 A in théF cluster) for the (H-O-Bg+(O-H) oc 1™:3"
configurations, whereas the second diffuse peak hkedy describes the
(H'=O-H)g+(O—-Hy.2 ) ac 1™:5" configurations (Figure 4.1.4 and Figure 4.1.5).spite of all

the obvious differences in the techniques and ¢bjesed by Finnegt al[12] and by the
present author, the good accord between the expetai12] and calculateab initio
distribution functions indicates the applicabiliiydirect quantum mechanical simulations of
small water clusters for the interpretation anahpps, prediction of the properties of real
systems. In particular, the observatiorbbiiB's in thisHF cluster (and also in thREIP4P
cluster) shows that bifurcated bonds are an intgxgnd of the network corresponding to a
given local minimum. The present quantum mechéauicalysis provides evidences that the
covalence character of bifurcated hydrogen bondsuish less pronounced than in the average
hydrogen bond in water media, which suggests therelstatic (dipolar) origin of the
bifurcated configuration.

If a set of minima are obtained in the course ohpater simulations, then the
comparison of their properties and structural ctigréstics could lead to practically relevant,
property-structure correlations. The sizes ofvtlager clusters for such simulations should not
necessarily be very large because the main featfingater media are rooted to a larger
degree in the properties of a single water moleausger dimer and in details of the tri-body
interaction. The aperiodicity of present clustmsl the large surface-to-volume ratio could be

considered as inadequate for the description dfimoous water media because in the finite
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clusters a significant number of water moleculesiarthe asymmetric force field. With
respect to this concern, it should be pointed loat honcrystalline water media exhibits a high
degree of heterogeneity and the correlation volomegd be small. Therefore, it is plausible
that in real noncrystalline water media a large banof molecules exist in a spatially
heterogeneous force field and a signature of tigdcbe found in the vibrational IR spectra.
The comparison between the 26-mer cluster optimage¢deHF level and with th&1P4P
classical Lennard-Jones and electrostatic potecigakly shows differences, which are to be
expected from a general viewpoint on hydrogen bamd the water media. In particular,
both theHB cooperativity of the water network and the elettcorrelation lead to additional
molecular polarization, which in turn should resalthe compression of the medium. Indeed,
optimized for an infinite water media and therefefiectively augmented with the multi-body
and electron correlation effects, thE4P potential leads to more compressed finite strestur
than that obtained witHF that does not treat the electron correlation bdybe Pauly
exclusion. Thd33LYPresults are comparable with theP4P as demonstrated in Figure 4.1.6
for the same 26-mer cluster that tentatively intisahe adequacy of tiBSLYPfunctional in
handling the electron correlation in the water raedtirstly, a surprisingly good agreement
between th@IP4P andB3LYPdistribution functions shows that despite fundataky

different force fields two clusters exhibit neaidgntical spatial characteristics. Secondly, the
mismatch betweeHF andB3LYPresults is most likely due to differences in tteatment of
exchange-correlation interactions in the systere B3LY Pfunctional overestimates the
lengths of covalent bonds and correspondingly westenates the lengths of hydrogen bonds
(i.e. it overestimates the energieHB's). Such a computational propertyBSLYPleads to
interesting spectral features, analysis of whiotlasely associated with the polarization and
spectral properties of short hydrogen bonds. Thesés in turn play a fundamental role in
the pressure-induced dynamics of the\itk—ice VII—ice X conversion and possibly in the
surface properties of water media. In contrdst,underestimates the lengths of covalent

bonds and correspondingly overestimates the lerajthgdrogen bonds.
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Figure 4.1.6. Distribution functions of the 26-notuster aHF, B3LYPandTIP4P levels.

The quantum-mechanical calculations have been dithehe6-31g(d,p)basis set. The lines

represent the FFT smoothing of the computed points.

The quantum mechanical treatment of the 26-meterusveals the configurations
including a bifurcated hydrogen bond and those withipleHB acceptor, which suggests that
these hydrogen bonds are a part of the structureeaiven local minimum. Furthermore,
simulated IR spectra exhibit unusual features aattwith the vibrational stretch mode of
the water molecule acting as an acceptor of tHif#'s and as a single donor. The combined
induction effect of three acceptors causes an iaddit polarization of the OH bond
coordinated against the oxygen atom of the fougilghibour, which consequently becomes
more ionic than those in more regular tetrahedsafigurations. At the same time, the
hydrogen bond itself becomes more covalent. Cares#ty, it could be expected that the
corresponding stretching mode exhibits a red-simit a strong intensity gain. Indeed, such an
unusually red-shifted and very strong stretchinglenat 2649 cit associated with the
stretching vibration of the tripleB acceptor can be clearly seen onB3tYPspectra
displayed in Figure 4.1.7(a). The main OH stratghinode is located above 3000 ¢while
the non-coordinated Qfs groups exhibit a separate peak at 3870 cmhich is close to the
vz mode of isolated water molecule found at 3913'crMoreover, there is a separate OH
stretch band at 3797 ¢mwhich is associated with the lort's in the cluster. The
experimental spectral studies by Devlin and cowmarlead computational studies by Buch and
coworkers reveal the presence of such bands ilRtlspectra of ice nanopatrticles, which are
associated with the disruptétB's [14, 15 and references therein]. Therefore gtieean
apparent connection between the structure of clasie its IR spectra, calculated in the
present static model (in the sense that the systamiltonian is uncoupled from the bath)
within a harmonic approximation. Th& IR spectrum of this cluster shown in Figure 4.8)7(
demonstrates a noticeable distinction from th&3itYP, which reveals no distinct IR features
for the triple acceptor mode and for the free Oblugis. Such a spectral difference is
associated with the stronger structural compressnmhhigher bond polarization observed with
B3LYPin comparison with thelF calculations (see Figure 4.1.6). The more thectire is
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compressed, the more the OH bond becomes ionibga&xpense of its covalence) while the
HB's gain the covalence. The spectral consequerttesd structural changes is a red shift
and strengthening of the stretching modes. Thgufrcies of the OHe stretch band for the
HF cluster are found near 4223 rwhereas the frequency wf mode for an isolated 4@ is
4265 cm?, i.e. both frequencies are very close, which sstggmilar bonding properties of
the OH groups in isolated water molecules and ersthface of water media. In real water
spectra, thes vibration is located at 3756 ¢hj16], whereas the same vibration for dangling
bonds on ice films is located at 3698 ¢rfpresent studies).e. there is only a minor medium-
induced shift for this mode, which therefore appdarbe isolated and decoupled from the
vibrational pool in the water media. Overall, imulated IR spectra reproduce the main
spectral features observed for condensed watenaaland intense stretching band at higher
frequencies, a weaker bending band at the inteateéiequency range and the libration and

translational modes at the low frequency rangeuifeig.1.7).
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Figure 4.1.7. Calculated IR spectra for the 26-ohester at (aB3LYPand (b)HF levels.

The calculations were performed with B81g(d,p)basis set. The frequency lines are given
with the Lorentzian profile generated by the Gaars&liew program. The spectral feature at
2649 cm* in (a) corresponds to O-+D unit with OO and O-H distances at 2.565 A and
1.031 A, respectively.

The OHee (nON-hydrogen-bonded OH group in water molecypextral features at
frequencies around 3690 ch{3870 cm® and 4224 cnt in Figure 4.1.7 (a) and (b)
respectively) are observed in spectra of any cosetwater madia as a relatively sharp band
on the high-frequency side of the main stretchiagdo In contrast, distinct peaks that are
associated with the highiB-coordinated water molecules with short hydrogemdsq(like a
2649 cm™-peak of the tripl¢iB acceptor in Figure 4.1.7 (a)) are rarely observdinique
example is given in the experimental studies ofkBared Huisken [17] using the infrared laser
depletion spectroscopy of size-selected wateretsstnd explored in a theoretical work by
Sadlejet al.[18]. The IR depletion spectra of selected watesters are reproduced in Figure
4.1.8 and show that the heptamer spectrum inclvdeslistinct lines at ~2950 crh which
are attributed by Sadlet al.to the stretching modes of two donor-acceptor{attcddaa=
da’) hydrogen bonded water molecules with short hyeindgonds in two the most stable
isomers. It should be stressed that the appeadrst®rtHB's is a direct result of cooperative
enhancement of the intermoleculdB interaction in a chain of hydrogen bonded molezule
(The question of cooperativity of the hydrogen b®rsddiscussed in the section 4.2.2.) Itis
instructive to compare the histograms of neareghheur O--O distances between pairs of
hydrogen bonded molecules obtained by Saatlaej.[18] for 6-9 molecule water clusters at
theMP2/DZP1level (reproduced in Figure 4.1.9) with those oi#d in the present work for
the hexamer prizm &3LYP/LBSndSBS and 26-mer structures described above aitithé-
31g(d,p) B3LYP/6-31g(d,pandTIP4P levels.
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Figure 4.1.8. The experimental IR depletion seofrsize-selected water clusters with 7, 8,

9, 10 molecules and mixture of 10-20-mer clusteeproduced from Buck and Huisken [17].

The upper curve represents the spectrum of cldstarbution with sizes from 10 to 20
molecules. Those on the two top rows correspordegrism isomer used by Sadé¢jal.
[18].
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The number of water molecules in the clustershsllad by n, whereas particular
configurations of clusters are labelled by subgsrip capital letters Hx, H, O, D, N standing
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clusters are shown in Fig. 1, 2, and 3 in the Saadlal. report [18].
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The left column includes the histograms for a 26-ohester (W) at different levels of theory,
whereas the right column includes the histograms$wo different W prism isomers

calculated aB3LYPlevel with6311++g(3df, 3pd)and631g(d,p)basis sets. For the prizm
structures, the following notations are used fbelang the hydrogen bond configurations of
each water molecule: d and a stands for a donofaarah acceptor of hydrogen bond; the
superscript indicates the number of donor or acrelences used by a molecule in question;

the subscript enumerates either of the two tri-mdkering in the prizm structure.

Sadlejet al.[18] clearly demonstrates that the O—H stretctkpdmelow 3000 cft in
the heptamer correspond to short hydrogen bonds®vitH-~O (superscript stars indicate
the atoms in question) distances slightly below/.6This is in qualitative agreement with the
present calculations on a 26-mer cluster. Sadiaj=ulations show also that there are short
HB's in nonamer and decamer, but for these two chigterrange below 3000 chhas been
inaccessible to the experiment and, thereforecdimeputational results cannot be compared
with the experiment below 3000 ¢m However, the experimental depletion spectrunafset
of clusters with the size range from 10 to 20 opargpanel of Figure 4.1.8 shows no distinct
bands below 3000 crh while the presence of sh¢iB's in this set of water clusters could be
expected on rather general basis. In this sehedotv frequency band experimentally
observed at 2950 cihfor the heptamer is a unique experimental indicatf the presence of
shortHB's in isolated water clusters. The present authoot aware of any other
experimental data which shows the distinct spetdatures corresponding to the short
hydrogen bonds in isolated water clusters or irtinaous water media. Meanwhile, a few
preliminary observations can be made on the bdstggare 4.1.9 and Figure 4.1.10 regarding
the distribution of the ©O hydrogen bonded pairs in different clusters dredetffects of basis
set quality and computational methods on theseldligions. TheHF calculations with a
small6-31g(d,p)basis set apparently overestimate the intermoledigtances in comparison
with theB3LYPresults, which is in accord with the OO pair dimition functions shown in
Figure 4.1.6. Th&IP4P cluster exhibits the narrowest distribution in garson with both
HF andB3LYPR For a prism isomer, the small basis&&lg(d,p)(referred aSBS an

abbreviation of small basis set) leads to shont&rimolecular distances in comparison with
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much more flexible large basis €e811++g(3df, 3pd)referred a$BS an abbreviation of
large basis set) basis seB&LYPlevel, which is in accord with significant overiesation of
theHB pairwise energy witlsBS A comparison of the intermolecular distancerdistion for
the same prism isomer calculatedviR2/DZ1P ((9s5p1d)/[3s2pldfor O, (4slp)/[2s1p]for H
and the single set gfpolarization functions for H and O) by Sadd¢jal.[18] and in the
present studies at tlBSLYP/LBSevel shows that the cluster is significantly moostracted
in the former case. This contraction apparentbylts in the appearance of shdB's with
stretching modes below 3000 Cinwhereas a utilization of more flexible basis setsld lead
to relaxed structures with no spectral bands b&60 cm™.

Therefore, there are grounds for speculating timgtleyment of "restricted” basis sets
could cause an additional contraction of waterteligsin comparison with the real structures in
the same configuration. One obvious consequensaadf an event would be the
underestimation of frequencies of the O—H stretgmmodes. In principle, this hypothesis
could be verified or discarded by systematic stdiethe influence of the basis set quality on
the properties of water clusters but the presethtaaus not aware of any such an attempt for
cluster sizes beyond six molecules.

An examination of the symmetric hydrogen bond wittiouble-minimum potential
reveals that the polarizability of such a hydrogend is two orders of magnitude larger than
that of their separated counterparts, which leadsdontinuous IR absorption (Zundel
continuum) as shown by Zundel in an example ¢bH cation at theSCFlevel [19]. In the
case of non-symmetridB's with discernible covalence, the polarizabilityigl high enough
to cause a very extensive broadening. Insteattarig peaks generated by static models (such
as quantum mechanical harmonic computations), lmergd features are expected at
frequencies below 3000 cirfor the protonated systems with highly polarizaiyerogen
bonds [19 b]. The characteristic feature of prated water clusters is the presence of strong
and short hydrogen bonds, which in the static modelespond to intense peaks red shifted
with respect to the main OH stretching band. Aipalar structure of the protonated 26-mer is
shown in Figure 4.1.11, which clearly reveals thespnce of kD" cation coordinated in the
water matrix (Eigen structure). The O-H distanoesveen covalently bonded three

hydrogen atoms and the central oxygen atom are ¢tosach other (this justifies the
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definition of kO™ structural unit), yet it is evident that the O-Idtences are modulated by
the hydrogen bonding with neighboring water molesul The shorter the HB the longer the
corresponding O—H bond, which is in accord witheagral view on the properties of
hydrogen bond network. The thre®'s donated by the 4@" cation belong to a category of
short and strong hydrogen bonds whereas the actdptés evidently very long and weak,

which again is in accord with general propertiebyifrogen bond.

Figure 4.1.11. The structure of protonated O gantéhe 26-mer cation &3LYPlevel.
The calculations were performed wak81g(d,p)basis set. The4d* fragment coordinated

with the water matrix is clearly visible.

Figure 4.1.12 compares the IR spectra for a praéah26-mer cluster #026")
obtained at th83LYP/SB3evel and that of a neutral cluster of the santdigaration.
Similar to Figure 4.1.7 (a), there are very interes shifted absorption bands associated with
the stretching modes of [O-H}O strong bonds around a protonated oxygen ceifieg.
hydrogen bond environment around the hydroniunooatkO” within 26-molecule cluster is
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evidently not symmetric within the framework oftatg picture and, therefore, a continuous

absorption is not expected.
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Figure 4.1.12. Calculated IR spectra of the 26-mgD,¢" cation (blue curve) and neutral
26-mer H,0. (red curve) clusters optimized BBLYP/6-31g(d,plevel.
The frequency lines are given with Lorentzian pgeofif 10 cm” width generated by the

Gaussian View program. The spectral features @t 2&1%, 2312 cm* and 2086 cit

correspond to the stretching modes g@DHcoordinated with the rest of cluster. The length
of O—-H bonds around the protonated oxygen atonl ®425 A, 1.0522 A, 1.0674 A and
1.974 A, whereas the corresponding@distances are 2.5118 A, 2.5029 A, 2.468 A and

2.884 A, respectively.

In contrast to the static picture, in the real eysthe vibrational modes are coupled to

each other through anharmonic forces, which coedd ko a potentially strong coupling
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between the stretching modes and librational orteartslational motion. Depending on the
magnitude of anharmonic forces, such a couplingdcasult in a considerable broadening of
the stretching modes. Moreover, the cluster imtsraith its environment, which affects the
vibrational motion in the cluster. If this or ahetHB in the cluster is highly polarizable then
it will be especially sensitive to the electriclidtuations in the environment, which results in
a further broadening of the vibrational band [18. (dt is instructive to compare the
differential harmonic spectra between a 26-meioocagind a neutral cluster with the
differential spectra between 1.0 M solutions of k@t HBr acids and pure water reported by
Kim et al.[20] and reproduced in Figure 4.1.13 (b). Ketral.[20] have performed
instantaneous normal mode analysis for a varietiftdrent configurations comprising the
hydronium cation and its immediate neighbourhoaod @ttributed, in particular, a positive
differential peak at 2700-2950 chto a linear combination of the O-H stretch normaldes

of symmetrically hydrated hydronium cation (seeufgg4.1.11). The present normal mode
analysis of 26-molecule cation and neutral clussé@ngly disagrees with Kim's assignment.
The presence of the positive peak at 2700-2950 omfFigure 4.1.13 is due to the contraction
of the cluster caused by protonation and doesnatude the stretching vibration of hydronium
cationper se The positive peak includes the stretching vibret of short hydrogen bonds,
the number of which has been increased by the patit,h. This conclusion is supported by
histograms of the distribution of distances betwienhydrogen-bonded water molecules in
neutral and protonated clusters. Indeed, as ewfdam Figure 4.1.14 (upper panel) for the
neutral cluster, the number of pairs with-O distances below 2.6 A is whereas the same
value for the protonated cluster rise88toAmong thes® pairs only3 are due to the
hydronium cation while the remainifigpairs correspond to shd#B's among those water
molecules, which are not bound directly to the lbyaum species. On the other hand, the
region between 2.6 and 2.65 A (especially bins 2162 2.63) is denser in the neutral cluster,
which presumably is responsible for the negativakps 3100-3200 ciiobserved in the
experimental IR spectra of dilute acids by Ketnal.[20]. The shape of the main OH stretch
band directly depends on the distribution of the@HB distances (théiB angles are also
important but as a less significant factor). Tame statement remains valid for the spectra of

diluted protonated aqueous systems including threddiate region below 3000 ¢m As seen
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in Figure 4.1.13 (a) the main spectral contributddthe stretching modes of hydronium cation
is located below 2500 crh The comparison with experimental spectra of acsgiution
indicates that in this region there are no distgpeictral bands, but there is a clear signature of
continuous absorption. The interpretation of pesipeak at 2700-2950 ¢inby Kim et al.

[20] is primarily restricted to the vibrations ofdronium or diaquohydrogen cations. The
vibrational analysis is limited to onfywater molecules, which are surrounding the hydnani
cation and are not interconnected. Any computatiobservation of a collective response of
the water structure on the protonation is, theeefprecluded at the very beginning. The OH
stretching band clearly shows the collective respam protonation rather than a localized
reaction. It should be noted that the appearahaepositive peak at 2700-2950 chif the

latter is indeed produced by the collective resparfehe water media, is a manifestation of a
significant increase in the transition dipole motsesf corresponding vibrations upon the
contraction oHB contacts. Without such an enhancement in thdlatseistrength, this

positive peak most likely would not be observedduse the density of those low-frequency
oscillators is relatively small in diluted syste(sse Figure 4.1.14). The positive peak at 1700
-1800 cm® corresponds most likely to the asymmetric deforomal band of hydronium

cation in the water matrix.

Let us further illustrate Zundel's findings witmedevant example of the hydrochloric
acid on ice, selected spectra of which collecteithénpresent studies are shown in Figure
4.1.15. A practically continuum absorption begimgnfrom the low-frequency side of the main
OH stretching mode at 3389 chis evidently observed along with the peaks attgtuo the
vibrations of protonated water species and th&lof-H-Cl species at 2115 cth These IR-
RAS spectra are in good accord with the transmisktospectra from the ice particles covered
with HCI reported recently by Devliet al.[21] and presented for the comparison in Figure
4.1.16. As temperature increases the continuumrbasce strengthens, which is interpreted
by Devlinet al.[19] following the Zundel's approach as a sigratfrD;0," ionic species
formed by the dissociation of adsorbed DCI molesulAccordingly, a Zundel profile
observed in the IR-RAS spectra of HCl/noncrystallihO in Figure 4.1.15 could be attributed
as well to the O," or, perhaps, to the protonated water clustersfigrdnt sizes (most likely

larger than diaquohydrogen cation).
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(a) B3LYP/SBS differential IR spectra between those of \34 and its cation

BT7-0) J) NN A L L A
B3LYP/SBS RS RN
1000 |- 26-molecular cluster

800 [ cation-neutral 3 N 1| N | S S

. —— FFT smoothing

-1

600

wop— L L R

200

IR intensity, km-mole

0

-200 \ U /
400 L L Iiiiii
[ I B | i i i i i 4 i i\i i ild i UL T A T T |

500 1000 1500 2000 2500 300 3500 4000

Wavenumber,cm ™

(b) Experimental differential spectra|between 1.0 Mof HCL, HBr and water [20]
0.08

A Absorbance
o o ©
O (@] o
N i (o))}

0.00

‘0.02 T T T T T T
-500 1000 1500 2000 2500 3000 3500 4000

Frequency (cm‘1)

Figure 4.1.13. Computed and experimental (repreddiom Kimet al.[20]) differential IR

113



spectra between protonated 26-mei®4s’ and pristine, kbO.6, Water clusters.

The difference (a) between computed harmonic IRtsp®f cation and neutral 26-mer
clusters aB3LYP/SBSi.e. IRcac(Hs53026 )—IRcaic (H52026) and (b) between the experimental
IR absorption spectra of 1.0 MHCI (solid line), Higlashed line) and pristine water, i.e.
IRexp(HXag)—IR(H20). Reproduced from Kirat al.[20].
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Figure 4.1.14. The histograms of nearest neighfou® distances between pairs of hydrogen
bonded water molecules for 26-mer neutral and piad cluster @3LYP/6-31g(d,p)
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Evidently, the IR absorption by the stretchingd®® of ionic water clusters leads to
very broad features, which could be difficult foetspectral detecting especially when the
concentration of such species is small. Howewvethose cases when the protonated water
species or shoHB's are abundant, a Zundel's profile should be diguler.
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Figure 4.1.15. FTIR-RAS spectra of the HCI-icenilin comparison with that of pristine ice.
(a) pristine thin ice film vapour deposited at K &solid line); (b) 3.5 min into the exposure to
~ 1:10°® Torr of HCI (squares); (c) 4 min into pumping aftiee 5-minutes exposure to ~
1-102 Torr of HCI (triangles). In should be noted thabrder to show clearly a Zundel
continuum the spectra were artificially shiftedtbe ordinate scale to coincide at
approximately 3750 cm.
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(b)
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Figure 4.1.16. Differential IR spectra of H/DCL me. Reproduced from Devlin et al. [21].
The upper panel shows the FTIR difference spedtkGd on ice particles at 50 K and ~ 15%
coverage: (a) HCI on 4@, (b) and (c) HCI on RD (d) background spectrum. The lower panel
shows the FTIR difference spectra for the DCI ablater on RO at ~ 30% coverage for

different temperatures.

The present quantum mechanical calculationss@Hcation show extremely large
red shift in the ©-H" --O stretch mode with respect to that in water diches to 20-fold

decrease in the force constant of correspondingtidns. The following Figure 4.1.17 and
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Figure 4.1.18 represent these computational results

8'0 1N L I L I L I L I L I ', N l/ 1 l VVVVVVVV
;'2 [~ MP2/aug-cc-pvtz E profiles for H " in H502+; 'SCHJF W [ R
65 [~ H-O-H"--OH and H'-OH T 1
60 B & EMP2H-OH ——EMP2W,
2(5) T . .7 A E2H-OH —-— E2W,
Y O, 7 = SCFH-OH

- 45l T . — = SCFW,

© 4o fl o —e—EMP2 H.0,

£ 35 N\ o - —E2HO]

® 30 PP — A — A I

S LN\ TESCRHO, e

W 50 NG S S S A S A S

w o He >N P P é """" F

Figure 4.1.17. Potential energy profiles along@eH coordinate for kD, (H:O), and HO.".

The calculations were performed BP2/aug-cc-pvtzevel. In the case ofd@," all interatomic
distances were fixed except two angular varialdesdf whereas in the cases of water monomer
and dimer all variables were allowed to vary witiception of a dihedral angle preserving Ge
symmetry in the dimer cas&CF, E2, andEMP2designate thelF energy, the second order MP

correction to thedF energy and the sum of these values, i.e. the M2 energy, respectively.
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(a) Harmonic spectrum of HO*
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(b) Harmonic spectrum of HO,"
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Figure 4.1.18. Comparison of the harmonic freqiesnof water monomer and dimer with that
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of (a) HO" and (b) HO," cations at th&P2/aug-cc-pvtievel.

Table 4.1.1. IR frequencies of single water makecdimer and water in condense state.
The intensity of calculated IR bands are givenli®’ jn-molé?]. MI, D, M, G.P. stands for

matrix isolation IR experiments, dimer, monomew gas phase.

Method Gas Phase Gas Phase A(D.-M.) Liquid State | A(L-G.P.)| Solid State, |A(Ix-G.P.)
Monomer Dimer In
V3
vs (LO)+ vy
out-of-phase
Exper. 3755.79 3490 {62.7} -266 3380 -376
3280 {54.5} =377
v3 (TO) -536
3220
Exper., Mi 3725.7 {s} |3714.4;{m} -11.3
3697.74 {m} -28.0
MP2-aug 3947.71 {75}/ 3935.28, {97} -12.4
3915.154 {115} -32.6
B3LYP/LBS | 3912.56 {59} 3903.03, {82} -9.5
3885.664 {81} -26.9
B3LYP/SBS | 3912.85 {20} D.B.
3872-3852
3847 tri-HB
3795
(3.03,2.96 A)
3718-3692
(2.87-2.90 A)
3650-3632
(vs)
3615-3607
Vi
Exper. 3656.65 3490 {62.7} -266 v1 in-phase -507
3280 {54.5} =377 3150
Exper., Ml | 3632.5 {m} |3625.6, {w} -6.9
3547.54 {m} HB -85.0
MP2-aug 3821.88 {6} [3813.93.{ 11} -8.0
3718.744{297} HB | -103.1
B3LYP/LBS | 3813.48 {5} |3807.02, {10} -6.5
3695.964{329} HB | -117.5
B3LYP/SBS | 3799.61 {2}
V2
Exper. 1594.59 1645 {20.8} +50 2viib +v2)
1560
Exper., Ml | 1596.9 {s} |1618.14{w} HB +21.2
1600.3a {w} +0.4
MP2-aug 1628.37 {72}|1650.274 {36} HB +21.9
1629.31, {87} +0.9
B3LYP/LBS | 1626.54 {72}| 1648.424 {39} HB +21.9
1626.92, {90} -0.4
B3LYP/SBS | 1665.26 {70}
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The formation of symmetrielB in the diaguohydrogen cation with-@ and O-H
distances at 2.39055 A and 1.19716 A, (the<Hd-O is 173.57 °) respectively, causes a
dramatic change in the potential well for the hygno atom vibration with respect to those in
H,0 and (HO),, as evident from Figure 4.1.17. At tNH2 level, a potential well for the
diaquohydrogen cation is extremely flat as the ltesfuwo equivalent bonds between the
central hydrogen atom and the two oxygen atoms;akalence of which is about half of the
"normal” O—H bond. This potential profile origtea from the merging of two potential
minima where the hydrogen atom is allocated clésénat or another oxygen atom. Indeed,
on theSCFlevel there is a small barrier that separatesthe@e minima, whereas the barrier is
evidently absent on thdP2 level. As a consequence of tgsymmetry, the potential curve
is nearly harmonical in the vicinity of the minimurilowever, due to the relaxed shape of the
potential the central hydrogen atom participatesnmscillation with the amplitude much
larger than that of a typical covalent O—H bond.rdatively large distances from a minimum
the potential profile for kD," deviates discernibly from the harmonical shapéciwvhot only
affects the numerical value of the frequency ofiiteational band but also provides the path
for vibrational perturbation due to anharmonic dowgp The "normal” O—H potential profiles
for water monomer and dimer are much sharper apdaao be very similar to each other,
which leads to only minor frequency shift for thekDstretch modes upon the dimer
formation. Indeed, in the matrix isolation expegims [22] the following shifts are observed:
vs of H,O monomer: 3756 cifi p.— 3725.7 crivhw (G.P. andMI stands for gasphase and
matrix isolated species); of H,O monomer: 3657 ¢ p.— 3632.5 crit'y; vzof (H.O)
HB-donor inMI is at 3697.7 ci, i.e. there is a 28 crhshift from the monomer value;

(H»0), HB-donor inMI is at 3547.5 ci, i.e. there is a 85 crhshift from correspondiniyll
monomer value. The frequency shift for thenode upon dimer formation computed at the
MP2/aug-cc-pvttevel amounts to 103 ¢y which is in a reasonable agreement with the
experiments. These frequency shifts indicate tthepotential well of the (O-Rorbond is

only slightly perturbed by the dimer formation. elbond order parameters and atomic charges
show discernible changes upon a dimer formatiaor. ikstance, the Mayer and Wiberg bond
order parameters change from 0.96 and 0.74 for @-H4$O to 0.87 and 0.7, respectively, for

(O—H)gonorin the dimer, which represent 9% and 5 % decrgagee covalence of this bond.
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On the other hand, the Mulliken charge on the hgenoatom involved in thelB bonding
changes from +0.21 to +0.29, which together wittrelase in the covalence indicates that the
O-H bond becomes more ionic and less covalent beirgdved in the hydrogen bonding.
This trend in the bond character is in accord whth frequency red shift and intensity rise
exhibited by stretching modes of® upon dimerization. The protonation of®imodifies

the character O—H bonds in a similar way, they bezmore ionic and less covalent as
represented by Mayel(B.) and Wiberg{V.B) bond indexes (0.86 in4@" vs. 0.96 in HO
(10% decrease iNl.B) and 0.63 in KO" vs. 0.74 in HO (15% decrease W.B)), which
causes red frequency shifts and significant infexagion of the stretching modes (the
frequency shift is =246 crhfor thevy). The oxonium cation exhibits also a new spectral
feature at ~900 ci, which corresponds to a symmetric bending meddé\;). It appears that
protonation of water molecules perturbs the O—Hdsan a stronger fashion in comparison
with that upon a dimer formation. The bond indetezgatively provide a quantitative
description of these perturbation events althobgly fire not absolute. The diaquohydrogen
cation exhibits apparently unique spectral charesties because of the vibrational profile
corresponding to the symmetric hydrogen bond wigingle minimum on thP2 level.

Within the framework of static approach (when theme no external perturbations applied and
an isolated harmonic system is at minimum) thedatieg band of @H—O" vibration
appears at ~ 900 ¢t i.e. is red-shifted from a standard location B$60 cm® as evident
from Figure 4.1.18. Such a low vibrational freqexers again associated with a very broad
profile of the potential well at its minimum as shoin Figure 4.1.17. The bond indexes for
the ordinary O—H bonds and those in a symmétBaminimum are significantly different:
M.Bs are 0.96 for kD, 0.86 for HO", 0.87 forHB in the dimer, 0.99 for OH. in the dimer,
0.53 for the symmetrielB in HsO,", 0.93 for the rest of O—H bonds in®:"; W.Bs are 0.74
for H,0, 0.63 for HO", 0.70 forHB in the dimer, 0.74 for OH. in the dimer, 0.34 for the
symmetricHB in HsO,", and 0.67 for the rest of O—H bonds igQ4". The Mayer bond index
decreases by 45 % upon formation of the symmelicn comparison with the water
monomer, while the Wiberg index decreases by 54ather words, the covalence of a
symmetricHB is about half of that for typical O—H bond. Theess of positive electric

charge is not concentrated on the central hydrag@m but is redistributed on two
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neighbouring oxygen atoms as it is indicated byMhdliken andNBO charges in accord with
donor-acceptor interaction o:8" and OH.

It should be noted that in the original work ogQ4", Zundel and coworkers [19] have
used theHF method, which produces a double-minimum potemt&ll, whereas in the present
work the potential profile for isolated diaquohygem cation shows only a single minimum at
theMP2 level (see Figure 4.1.17). The quantum motioa pfoton depends on the potential
profile and in this respect the presence of bapiays a fundamental role in the vibrational
properties of this system. The dynamical propsmiethe symmetri€iB in a diaquohydrogen
cation with a double minimum are unique, which leathe Zundel profile described above.
The underlying reasons for appearance of continabssrption reside in the extremely high
polarizability of the double-minimurklB. In the presence of small energy barrier sejayat
the two proton minima, the solution of the vibratd Schrodinger equation for proton motion
comprises, in particular, two lowest levels enaogdlly close to each other, which are
described by symmetric and asymmetric wave funstion

A
R \ X

E
"
\VO h% B
JANVAN X

‘ X
Figure 4.1.19. Double minimum proton potential araVe functionsty. and¥y- of the two

lowest states of Zundel ion. Reproduced from Jaslost al.[19 a].

An external perturbation, imposed on the presesiesy, causes a mixing of these two
states, which, in turn, leads to the localizatiba proton into the left or right minima, i.e. the
system becomes polarized by a small perturbaftidre central proton bears a discernible
positive charge and its localization will causeipwes charging of that or another water

counterpart. In other word, thg®" can be represented by the following polarizedmasoe
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structures: {HO"--OH,«>H,0--H30"}, each of which shows asymmetric charge distritmuti
The high polarizability is responsible for the &lling consequences: (i) the symmetiB is
sensitive to the electric perturbations imposedhgyneighbouring molecules; (ii) these bonds
strongly affect each other, i.e. the resonanceggreansfer is highly probable in these
systems; and (iii) the stretching O—¥ mode is strongly coupled with the low-frequency
intermolecular vibrations. It should be noted agaat in a truly symmetric single minimum
well the vibrational potential is nearly harmonieald therefore this oscillation will be
uncoupled from the rest of system. AlthoughMie2 calculations show that the isolated
diaquohydrogen cation exhibits a single potenti@ll winimum, the relative oscillation of
water molecules or external force field could léathe double-minimum potential and to
continuous absorption. In the case of symmétBowith a single minimum such as in the
(FH---F)" anions, the polarizability is still large, whichuses extreme broadening of the
stretching mode in the KHFerystal [23]. On the other hand, stretching aefbanational
bands become much sharper and less intense uptiomiin a potassium chloride crystal
matrix as shown by Salthouse and Waddington [28B] attributed this phenomenon to the
electrostatic coupling between oscillators. Ind¢hse of KHE crystal the broadening is
caused by the resonance energy transfer betwemrghtrcoupled oscillators, while the
dilution of the system break this relaxation palthappears that the coupling of the (FH)"
stretching mode with the low-frequency vibratioasiot effective in this case [23].

The IR spectra of diaquohydrogen cation measurdtidoinfrared multiphoton
photodissociation technique by Asneisal. [24] are reproduced below in Figure 4.1.20
together with the Lorentzian profiles of the harneaspectra obtained in the present work and
shown in Figure 4.1.18. Let us first compare thigegimental results of Asmet al. [24] with
the harmonic picture. There is an apparent agreebetween the experimental and calculated

spectra with respect to the two experimental bdrats921 cm' ande at 1741 crit', which

out-of-phase bending mode of the two water moleatite761 crit/MP2 or 1742
cm Y/B3LYR respectively.
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band could include both bending modes ¢O©--H---O)" unit, whereas there is no fundamental

band at thé/IP2 or B3LYPlevel that would correspond to the experimentabigerved band.

The IR spectra of acidic aqueous systems are dieaied by the Zundel profile. For
instance, the transmission IR spectra frogB®&/H,O films at different temperatures by
Middelbrooket al.[25] show continuous absorption associated wighptotonated water
species. Caused by the changes of concentratian afid and temperature, the evolution of
the OH stretch mode and all spectral profile atdofrequencies of the water/sulphuric acid
hydrogen-bond network is closely associated withd&l absorption and, therefore, reflects
the ionic vibrational dynamics in the protonateddimen. Ritzhaupt and Devlin [26] have
reported the spectra of different crystalline antbgphous hydrates of HN@nd amorphous
hydrates of HC] where the frequency region below 3600 tia determined by Zundel
profiles, which could again be due to protonatetewelusters with shoiiB's. Even for a
monohydrate of HNg) i.e. HNG-H,O, a signature of nearly continuous absorptionvehe
main OH stretch band at 3300-3200¢iis observed [26].

The ability of quantum mechanical calculations aiyading detailed information about
the normal modes, intensities and the spectralifestassociated with the structure of the
given local minimum is evident. In resuming thetp let us suggest that a quantum
mechanical analysis of small water clusters isuldef disclosing the underlying structure of
the water network, which often remains hidden ed¢burse of molecular dynamic
simulations. The analysis of a water structura laical minimum, when the atoms are located
at their equilibrium positions, is indeed importémt discosing unique structural and spectral
features in the hydrogen bond network. The quamheohanical calculations of clusters
provide the frequencies and intensities of thelalk vibrational bands and, therefore, allow
a direct comparison with the experimental spectséh. Such an analysis not only provides
the structural details of a particular local minmmbut with a proper design of cluster
configurations it can also bring a valuable infotimia about the structure and properties of
infinite aperiodic water media. Suggested by Cimaguch an algorithm for designing the
initial configurations of water clusters that cogidhulate the inifiniter water media has been

discussed in Chapter 2.
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4.2  Theoretical Background of theAb Initio and Density Functional Theory

Calculations

4.2.1 Computational Methods and Supermolecular Approach ¢ the Multimolecular
Complexes

The computational methods of the formation (binjlieigergy are classified among
supermolecular and perturbation techniques. Whsnpermolecular technique the formation

or binding energy is defined &; . =E, ~(Ex+Eg), whereEag, Ea andEs designate the

ground-state energies of subsystems A, B and undetplex AB. For typical interactions
between close-shell subsysteligm is a factor of four to seven orders of magnituahalter
than the total energy of either the united complethe subsystems [28]. Moreover, the
deviation of the calculated energy of the grouradest for A, B and AB from their real values
could be much larger than the formation endfgy,. Therefore, a reliable approximation for
the formation energy can be obtained only if auioate cancellation of large numerical errors
happens. Such a cancellation has been observéeféollowing computational methods:
Moller-Plesset perturbation theory and the derfsittional theory [28]. However, there is
no rigorous proof that the cancellation of errdreidd occur. A computational method should
obey the following necessary conditions in ordepravide reliable approximations for the
formation energy: (i) size extensiveness and sizssistence [27]; (ii) an adequate description
of the electron correlation; and (iii) the eleciimanergies of subsystems A and B should be
calculated with the basis set of the entire complB{38]. The alternative to the
supermolecular approach is a perturbation technaghegh computes the formation energy

directly as a sum of physically distinct terfag; =E. +E.l +E2 +E2 +.. whereElpo| IS

pol = —exch —pol exch °
a classical electrostatic interactid#,, is a sum of the classical induction and quantum
mechanical dispersion energies &gk, andEexchterms represent exchange contributions
[28].

The computational results presented inahenitio part of the present studies are based
on the supermolecular approach, upon which a ucetplexABC...Zis considered to
consist of the interacting subsystefB, C, ...Z The total energy of the united complex

ABC...Zcan be defined within the supermolecular appr@axh in particular, within the
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Moller-Plesset (abbreviated as usuallyNdl) perturbation method as follows:

Ensc.z(aBC.2)= L Ex:a(x)* LAEX * ZAEXy+
X X X>Y

(4.1)
X>Y>W
whereX, Y, W= A, B, C...Zand superscriptdenotes the particular order of the Mdéller-Plesset

perturbation theory, maximum of which is 2 in thregent studie<s(X) (X stands for any
particular subsystem) indicates that isolated sstlesyX is considered in its own equilibrium

geometry, whereaS(ABC...Z)indicates that subsystem is considered in the gyt

assumes in the united complex. The one-body {8fEfin eg. (4.1) is associated with the
relaxation of a subsystem X upon the complex foionaand is defined by the following

equation:
AEX =EX G(ABC..Z) ™ Ex ox’ (4.2)
where EiX:G(ABC..Z) denotes the energy evaluated at the equilibriumpdex geometry, in

which a subsystem X exists in the comphC...Z The two-body termdEco represents the
pairwise interaction between two monome€randD in the configuration they assume within
the complexXABC...Z

4.3

AEcp=Ecopcaec.zy” LExG(aec.2)’
X=C,D

Higher order many-body terms are defined recurgj\fetr example a three-body term is

defined by the following equation:

AEcpr=Ecpro(asc.z)” 2 Exc(asc.z)” > AEy (4.4)
X=CDF X>Y:X=C D F

where theAEicoF term represents a three-body contribution arifiogn the three relaxed-
geometry monomers arranged in the same configarasan the compleABC...Z The four-
and higher order terms are evaluated recursivalgrding to the formula (4.4). This multi-
body decomposition procedure could also be formadiformed at th®FT level of
calculations (while apparently ignoring the supgpgén the energy components).

The exact spinless Born-Oppenheimer Hamiltonianssfdated subsystems A and B
and for a united complex AB can be decomposedersfiirit of theMP theory on a Fock

operatorFy, and a fluctuating operatdik, as follow:
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H&Otal:Fx"'Wx; whereX =A, B, or AB. (4.5)

The FockFx, and fluctuatingyk, operators for the spin-orbitgr,0)= ¢i*(r)a(c)+ i
A(n)B(o) (wheregi(r) stands for the space orbital, ai(d), A(c) are the spin wave functions of

spin-coordinate for an electron) are defined aslisby the following equations [41]:

occ occC
Zh() s | Y 3u(i)- ZKb(i)}; X=A, Bor AB, where
iX iOxbOX b0 X

Jb(i)xa(l)adm;(z){ %iij e 0=(%,@)] Y |7, @0

Kb(i)xa(1>:;dx2xz,<z{ /} i, 0=(1,0) 2, @)
L0 3 (e =(o )
00 3 i) = e

occ

Wx %umx rij |DX[ ZJb() b%:be(l)}

bOX
while theHartreeFockpotentialisdefinedas
occ ) occ i
VA= 3 3n(0) - X Ko(i);
bOX bOX
brunsover theoccupiedspin-orbitals,i indexestheelectrons.

(4.6)

JandK are the Coulomb and exchange operators, resplctiVee MP2 correction to
the total energies of subsystem A or B and theedrabmplex AB introduced by the
fluctuating operatoW is a small perturbation to the corresponditfg energies. For example

for the water molecule on théP2/aug-cc-pvtievel, < Dol Froo| Phzo>= —76.0602820

Hartree whereas the second-order correc f < i?b ‘WH20|¢0>} is only —0.2687104
i<jl a<b & +E €,

Hartree. On the other hand, the contribution efgacond-order correlation to the formation

energy of a complex can be very significant as shbalow in Table 4.2.1. The interaction

energy at thMP2 level between two subsystems A and B that forrmutiited complex AB is

given by the following equations:

AE%?F‘EXEO—%EMP%EMPOng ENEL- (ENP+ENPY;

AENE2=ENE2-[ERP?+EET?); (4.7)
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Further analysis of the interaction energy of sgsbmys A and B is based on the
intermoleculaMP perturbation IMPT) theory [29], which employs a partitioning scheaie
the exact Hamiltonian for a dimer comprising monosn® and B Hag, which is different from
theMP theory (eq(4.9)):

H, o =F, +F +W_+V;

intra

|ntra_W +W (48)
V= HAB A(FA-H:B |ntra

Introductonof theformalexpansiorparametersforVands, andsg for W, andW,

respectivey, leadsto: H yg=F +Fg +tV +S,W, +S5W.

The Wy operators are defined in the spirit of Méller-Bletsperturbation theory according to
eg. (4.6) for the subsystem units. This paritigrnisbased on an observation that the intra-
molecular or intra-atomiE2 correlation corrections are often much larger ttienbinding
energy (which certainly the case for van der Waataplexes an#iB systems). With this
form of Hamiltonian paritioning (4.8), the totakémaction energy between molecular units A

and B combined in the united complex AB can be esged formally by [29]:
ETotaI Z Zzt S SJ i (49)

n=0i=0j=0
In particular, a corresponding equation at zereeomhV andWh.g reads:
(F A+FBJ¢AB> 001¢RE>
where‘gbAB>:|d5A >|¢E'F> and

£000= EOAE»,:ZEa"'ZEb isa sumof theenergief the occupied HF orbitals (4.10)

Aa Bb
in A andB obtainedfor the infinitely separatedinits.

It is convenienfor thelaterusetolabel |@}F ) as|ox).

The first-order (first-order ol and zero-order on subsystem fluctuating potentiédraction

energy in the symmetry adapted perturbation th€8APT) approach [28, 29] is given by:

£100- (DABNA} >whereAisantisymmeﬂizer
A (4.11)

and can be represented with a framework oHReheory as a sum of the electrostatic and

exchange contributions as follows:
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£190- £190+ £190, wheretheelectrostéic part£i%%is definedby (¢ FMngF> (4.12)

100

Therefore, theyo  term describes the electrostatic interaction betwealeformediF A and

B subsystems, and represents primarily the dipgdelel interaction energy (for electrically
neutral systems). Furthermore, a sum of the ténatsare zero-order oviand the first order

onWa andWg, °%, £2° and:°*, equals to the sum of tiF energies of the isolated

002

subsystems. The term¥° and:"**that are second order & andWg are equal t&" %y and

EMPZ, respectively. Indeed,

501O:<WA>a“d 8001:<WB>,Where<WA>:<¢HFNV/J§DHF>:
< 2 Xz S0~ S ol > 2 S(ablat- w(aly*|a)=
=-1 z;CAab”ab> wherg{op|kl)=(op|kl)—(op|Ik) and

ijoa” i joxlboA
(op[KI)=[ dxadxo X (DX Dri, (D, @) (4.13)

ESCF.pSCF- Z Ea % ab”ab "‘Z Ep- % cd”cd> _ 0004 0104 001

abOA
It is convenient to introduce the reduced resolwdnhe unperturbed Fock operator defined in
egs. (4.6) and (4.10)for the ground state of theudBed complex or for those of subsystems

A or B treated separately:

Rxo= Zm,wherex standdor AB, A, or B. (4.14)
n=1Exo™ Exn

In particular,

Rxo=1~|0x)(0x| (4.15)

920term, which describes the correction to ifeenergy of a subsystem A due

Consider the
to the second order perturbation of ME fluctuation operatow, defined in egs. (4.6) and
(4.8):

8020:<0A‘WARA0W A‘ 0A> or jUSt<WARAOWA> (4.16)
which is the second-ord&tP2 correction to théiF energy of subsystem A. Exactly the same
result holds for its B counterpagf??

The next very important term at tMP2 level of theory is the second-order \¢r**°
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term, which can be calculated as usual for thedimensionaRSperturbation theory without
considering perturbations introduced Wy andWs MP operators:
2
0 n
8200:Z< ABM AB> :<VRABOV>1

n=1 EABo~EaBn
whereE ago isasumof thegroundstateHF energie®f thenonineradng subsystem# (4.17

andB, andE 55, iIsaccordingy then-excitedstatefor thenoninterating A andB HF systems. )
Evaluated at the uncoupled Hartree-Fock leveljgmoring electron exchange between
subsystems A and B, tk&” term can be decomposed into three parts in aagithcthe
decomposition of thiag> in eq. (4.17) onto the following term®,>-|ng>, when subsystem
A is the grounHF state while B is in excited statgs;>-|0s>, when subsystem B is in the
ground state while A is excited; and finalhy>-|ng> when both A and B are in excitétF

states.
2 2 2 2
£ZOO:Z<0ABMHAB> = <0AlVB|nA> + oy <OBI\/AInB> + Y <0ABMnAB>
n=1 EAB0"EaBn na=l Ea"Ean ne=l EpoTEen nap=2 Easo"Eagn (4-18)
(ng=0) (na=0) <nA¢0>
ng#0

Therefore, in accord with the decomposition (4 tb&)following equality takes place:

200_ 200 , 200 , 200
E = EindA* Eind* Edisp (4.19)

The induction energy termé”ga ande®*%qs represent an important attractive
component of the interaction energy. The inductitiraction originates from the electrostatic
interaction of the permanent multipoles (if theysgxof one subsystem with the induced
miltipoles of another subsystem. The long-rangiiation interaction vanishes asymptotically
asr~* orr °for the ion-molecule or the dipole-molecule systeraspectively. The dispersion
termezoodisp is attractive for the subsystems in their groutades and the leading term in the
decomposition 0f**%spinto the power of vanishes as ®.

Another group of the perturbation terms that shdaddaken in account at thP2

120 102tarms of the second-order

level of supermolecular perturbation theory inckitiees ™" ande
on the fluctuation potentiaM/x andWs and the first order on the interaction potentalThis
is an intramolecular correction to the electrostatteraction between undeformed subsystems

A and B.
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Summarizing the aforementioned results and consigléhe results of Chataski and
Szecesniak [30,31], the Hartree-Fock energy of the unitethplex AB is expressed by the
following equation:

HF _ —HF 4 —HF 4+ 1004 200 4 200 00
Eag=En TER e gt et S end +exch-def.

n>2 (4.20)
The "exch-def" stands for the exchange-deformatitects. According to Chatasski and
Szecesniak [31] no satisfactory definition nor evaluatiohthese exchange-deformation
effects have been achieved.
The expression for the second orli#?2 correction to thédF energy of the AB

complex can be expressed by the following formalatign:
120 102 "
E'\AABPZ=EXP2+EI'\3AP2+E§%%+E te * Zfinn”d—corr.-'-eXCh_def' (4 21)
n>2 '
i,j=1
Eq. (4.21) provides a good approximation for thgiorof the second ordéiP2
correction at large separation distance R (i.estaudce between centers of mass of A and B).
In the case of the spherically-symmetric, neutrtgracting subsystems, the dispersion energy
term ezoodispdominates over others. In the case of systemspeittnanent multipoles, the

102 (1204 (1925 |abelled by:'?), which is an

leading term is a sum of th&° ande
intramolecular correction to the electrostatic iattion energy’° due to the correction of the
multipoles introduced by thdP perturbation.

Concerning the exchange terms in egs. (4.20) a2d )4t should be noted that these
terms vanish exponentially wiR At those distances, where the overlap of thetela
clouds is significant, i.e. near the potential minm, the exchange corrections to the induction
and dispersion energies become important but tbieaggeless induction and dispersion
energies remain useful approximations.

In order to decompose the supermolecular intena@rergy within the framework of
the intermolecular perturbation theory, thie® andAE* terms in equations (4.1)-(4.4) should
be considered in their combination by defining $k#-consistent field3CH interaction

ESCF

energyA as follows:

AE®F=AEC+AE! (4.22)
By intermolecular perturbation theory (egs. (4&)@)), theAE>“F
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follows:

SCF SCF-def

AES“F=pE"+AE (4.23)

whereAE™ is the Heitler-London interaction energy betweartually undeforme®CF
subsystems, whereas the>“ *'describes th& CFdeformation contribution. The former
AE™ term can be further divided following egs. (4.18)13) into the electrostatic terat’es
and exchange term'%,c, and zero-order exchanged terms, the latter twohiéhware

combined together into theE " ¢,cpterm as follows [30, 31]:
AEHL :5gl)st+AEeHx|?:h: fgl)st-'-fé?(ch-i-A (424)

It turns out that thef term is small comparatively with the others if thesis set of the
entire system is employed for the calculationshefSCFenergies of the isolated subsystems
and therefore it is included into the Heitler-Londexchange interaction. The first-order (with
respect to the perturbation operafrelectrostatic energy’s (see egs. (4.10)-(4.13) )can be
interpreted as the energy of electrostatic inteyadbetween isolated subsystems with
unperturbed charge distribution, which is a digtalog to the classical electrostatic energy of
the interaction between permanent muiltipoles aaseat with the unperturbed subsystems.
The latter term\ESST%in eq. (4.23) represents those effects that aatgifrom the relaxation
of electron orbitals in the Coulomb field creatgdtbe subsystems under the restriction
imposed by the Pauli exclusion principle. Thisrtes determined asymptotically by the
classic induction effects and can be formally egpeel in accord with egs. (4.17)-(4.20) as
follows [31]:

ind,relax

DESST= 3 €19 ot (erch-de) (4.25)
n=2

in which case the latter exchange-deformation terariginated from the Pauli exclusion

principle, whereas the first sum accounts for tithiction effects regardless of the Pauli

principle violation. In other words, the first sumathematically represents the classic

induction effects, which ignore the overlap betwekattron densities of two subsystems and

the electron exchange, whereas the second ternampipethis equation in order to account for

the effects caused by the electanerlap and exchange between electrons of two Stdrsg.
The second order correction in the supermolecwdeubation theory is given in
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accord with eq.(4.21) by the following formal exgseon [31]:

MP2_ 20 2 2 2
AE -Edisp+£1 *+ AE&xch-disp-corr. T AE&xch-ind—corr. (4.26)

where the terml&Ezexch.disp-corrcombines the exchange-correlation and exchangeidi®n
effects and\E%eych-gisp-cont€rM corresponds to the induction correlation term

According to the perturbation theory of the intetewoilar interaction, a nonadditivity
of the multi-body interaction (i.e.f&r(ABC) # Enter(AB)+ Enter(AC)+ Enter (CB)) comprises
of three components: exchange, polarization, aggedsion. Firstly, the polarization
nonadditivity will be discussed because it is apptly among the most important factors for
theHB systems. In the case of a trimer, the presentieeahird subsystem C modifies the
charge distribution on the other two subsystemsid R that, in turn, changes the AB pairwise
interaction. This effect is accounted for by eq2®}, and, therefore, it constituents €~
deformation nonadditivity, which is detectable abig on theHF level of calculations.

The dispersion nonadditivity can be interpreteteimms of the instantaneous multipole
electrostatic interaction, which resulted from ithersystem electron correlation [31]. In order
to reproduce this nonadditivity effect in the allilncalculations, a highly correlated treatment
is required. The minimum level of the theory nseeyg for its reproduction is at théP3
level. Therefore, the dispersion nonadditivity eens beyond the scope of the present studies,
which were conducted at th&P2 level.

The exchange nonadditivity could be associated thithelectron density redistribution
on the subsystems caused by a quantum exchangé effech decreases the overlap of the
electron clouds in the intermolecular region [30]. 3STheSCFandMP2 levels of theory
account for the exchange nonadditivity as evidesrhfthe egs. (4.25) and (4.26). The
additivity of the first-order electrostatic intet@mm energy' % ensures that the nonadditivity
being observed at tt&CFlevel is due to the exchange and induction effects

Along with theab initio methods at th®IP2 level of theory, th®FT technique with
the Becke's three parameters hybrid exchange-atimelsemiempirical functional using the
Lee-Yang-Parr correlation function®3LYP was extensively used in the present studies for
an investigation of the properties of the madBl systems, which include water clusters and
those with acetone, acetaldehyde, and methanolcuekeattached [32].

TheB3LYPexchange-correlation functionddxc_gsLvs as it has been implemented in
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the G98 and G03 packages, is expressed by thevinticequation [32, 33]:

Exc_BaLyr™ A[E>S<|ater+(1_A)[E§F +BRER (4.27)
+H(1-C)ES ™+ CEE™: '

whereE>®® is the Slater exchange functional d\d"\ is the Vosko-Wilks-Nasar

correlation functional within the Local Density appimation;E™ x is the Hartree-Fock

exchange operator (see eq. (4.85 2***®is the Becke’s gradient correction to the LSDA

for the exchange, and, finalllgc""" is the gradient correction for the correlatioreattee,
Yang, and Parr. As it follows from the eq. (4.2hg widely used®3LYPhybrid functional
combines the exact exchange correlation given bgKthange energy of the Slater
determinant with the Kohn-Sham orbitals with thesity functional approximation for the
correlation effects of dynamical nature. Three eitgd coefficientsA, B, andC in eq. (4.27)
were determined by fitting sets of the atomizagoergies, the ionization potentials and the
proton affinities of atoms and molecules in thelBgpG1 database [33]. A specific feature of
this B3LYPfunctional form resides in the value of constan®&,which determines the
contribution of "exact" exchange to the total exapcorrelation potential. The paramedier
andC are set to 0.72 and 0.81, respectively [32, 3Bg dccuracy of computation results
obtained with this potential apparently dependshenvalue of that or another empirical
constant. While a majority of the functionals penis reasonably well on the calculation of
total exchange energy, the results in the calanatof the binding energies and the
contribution of the exchange-correlation energth®binding energy, especially in the cases
of weakly bounded multimolecular complexes, weranfibto be less accurate [34]. In part, it
was related to the structure of databases, to whielempirical constants of tid=T
functionals have been adjust. As Lacks and Gopanted out, these databases include
usually strongly bound molecular systems, in whiahdriving force of bonding is the
electrostatic first-order energy (egs.(4.12) an@@®), whereas in the weakly bound van der
Waals systems, the bonding is driven by weak exgbaorrelation effects in the space region
of low electron density and large density graditodated far from the nuclei [34]. However,
recent results with thB3LYPand other similar hybrid functionals indicate aceptable
performance in comparison with tab initio correlated treatments in those cases when the

calculations were performed on the complexes ofmudes with permanent dipoles [35]. Let
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us again recall that this family of functionals wasnd to fail in the prediction of bonding
between atoms of inert gases [34]. By considematicthese data (which will be reviewed in
necessary details below in this Chapter), one saarae that thB3LYRbased calculations
should accurately reproduce major components oihtieeaction energy in the casetB
complexes with polar molecules such as water mtdsatonsidered in the present work.

The Dunning's correlatemlg-cc-pvtdasis set [36] for water molecule contad2s
atomic basis functiond 27 Gaussian primitives¥6 functions are localized on oxygen atom
and23functions on each hydrogen atom. The oxygenmsfides5 s-orbitals @+1 diffus.),4
sets ofp-1,0,13 -orbitals @+1 diffus.), 3 sets of5 d—» -1 0,1,23-0rbitals @+1 diffus.) and2 sets of
7 fi-3-2,-1,0,1,2,3-0rbitals (+1 diffus.). The hydrogen set includess-orbitals 8+1 diffus.), 3
sets ofp-1,0,13-0rbitals (2+1 diffus.) and2 sets of di—» -1 0,1 2;-Orbitals (+1 diffus.).

Although smaller than thigug-cc-pvtaut still flexible, the Frisch-Poplke-311++g(3df, 3pdl
basis set [37] for a water molecule contaibsaatomic basis functiond. Q0 Gaussian
primitives): 39 atomic basis funcitons are localized on oxygemap sets ofs-orbitals:1x1s;
3x2s, 1x3s(diffuse function)4 sets ofp-orbitals:3x2py.y.21, 1X3p.y:z; (diffuse function);3
atomic basis functions on each hydrogen atésdrbitals,3 sets ofp-orbitals and a single set
of d-orbitals). In comparison with tH&311++g(3df, 3pd)theaug-cc-pvtdasis set contains
formally an extra set of f-orbitals for carbon and oxygen atoms and an esdtaf5 d-

orbitals for hydrogen atom. TI®CFandMP2 density matrixies for water molecule were
found to be very different for these two basis,setsich results in different Mulliken atomic
populations and bond order parameters.

The electronic energies of formation of®land OH radicals, their dipole moments and
vibrational frequencies exhibit strong dependermanuthe method of calculationrSCF, MP2
or B3LYPR, which clearly demonstrates the significance etebn correlation in computing the
molecular properties. As demonstrated in Tablel4 2 few observations regarding the effects
of electron correlation on the properties of watelecule and OH radical can be made.
Evidently, theE2 or B3LYPexchange-correlation corrections to Hie-SCFenergies amount
to only a small fraction of the total molecular eme TheE2 is only ~0.35% of the total

internal energy for water &P2/aug-cc-pvtand theB3LYPexchange-correlation correction
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is ~0.53% of the total energy for waterB&8L Y P/aug-cc-pvidbeing themselves very large
values on the absolute scale, i.e. —168.62kzaé * and —254.8kcatmole ™, respectively.
Evidently, the semi-empirical Becke's exchangealation stabilizing correction to the
Hartree-Fock energy is significantly larger thae second-order Moéller-Plesset perturbation
term. It should also be noted tiB8LYPgives —0.5022597 Hartree as the electronic enefgy
hydrogen atom, which is apparently significantlwér than the exact solution of Schrédinger
equation, —0.5 Hartree. The latter can be attedud the self-interaction error corresponding
to the inbalance between tH& exchange and other terms in B&LYPexchange-correlation
potential. The contribution of correlation coriieat to the formation energies of water
molecule and OH radical becomes very significamt @amounts to more than a third of the
energy of formation. For instance, the computetiapies of formation for water molecule
are —141.564 kcahole *, -218.779 kcaole *, and —217.281 kcahole *at theSCF/aug-cc-
pvtz MP2/aug-cc-pvtzB3LYP/aug-cc-pvtlevels (Table 4.2.1), respectively, whereas the
experimental value is approximately —222 kealle *, which clearly indicates the deficiency
of the Hartree-Fock results. BatiP2 andB3LY Ptechniques witlaug-cc-pvtandLBSsets
appear to give a surprisingly good agreement (withiew percents) with the experimental
values (see for more details Table 4.2.1). Thisdeed astonishing because the absolute
electronic energies of water molecule computed wigse two techniques are different by
~86.1 kcaimole !, corresponding to 40 % of the formation energyis &lso obvious that the
formation energies for the water molecule and ther@dical, being large values on the
absolute scale, —222 kealole * and —102 kcafnole*, are only small fractions of the
corresponding total electronic energies of O ap® themselves. The values of intra-atomic
or intra-molecular correlations are (typically myutdrger than the formation energy. Similar
observations are perhaps in the foundation of #mugbation approach to the binding energy
(SAPTfor instance), which otherwise is obtained asfi@idince of very large numbers, which
are more or less precise approximations to therel@c energies of subsystems. The
computation of the binding or formation energyhe supermolecular approach relies on the
cancellation of errors, i.e. the computed electr@mergies of subsystems and united complex
are different from the real energies in the sangrele From an observation that ttie

method significantly underestimates the formatinargy of water and OH radical while the

138



MP2 significantly improves the results, it is possitdeconclude that thE2 correction to the

HF energy increases as two subsystems becomes uiitether words, the correlation

strengthens with the size of a system of interggbarticles, which is intuitively clear.

Table 4.2.1. Properties of,8, H, O, and OH radicals at different levels ofdie
There are reported optimized geometries; dipole emdsf); the total (Hartree), and
formation energies (Hartee and koable™), the second orddE2 correction to th&CFenergy
(Hartree) and the difference betwd®BlLYPandSCFenergies (Hartree); vibrational
frequencies (absolute intensities are given inmthess in km-molé units) and zero-point
vibrational energiesZ(PVEin kcatmole * units); enthalpieaH (at OK in kcaimole™ units) of
corresponding entities at tis®CF, MP2 andB3LYPlevels. Two basis sets are employed: (a)
aug-cc-pvtATZ2) and (b)6-311++g(3df, 3pd)(LBS) The notation Z stands for 2x1T.

(a) aug-cc-pvtdasis set

SCF (Hartree)

E2 (Hartree)

Total (Hartree)

Frequencies,
-1

MscrF= 1.9394 D

cm
B3LYP (Hartree) AH, kcal-mole™
H.0 1745 (96)
HF/aug-cc-pvtz : -76.0612031 -76.0612031 4120 (15)
r(OH)= 0.94102 A 4222 (92)
AHOH= 106.315° ZPVE = 14.421

HF/TZ:H+ O — OH

HF/TZ : 2H+ O—H.0

OH
r(OH)= 0.9517A
MscrF= 1.7467 D

Ewny= —-0.4998212
E0)= -74.8129822
Eon= —75.4219669

AEeiony= —0.1091635
-68.501 kcal-mole™

AE¢ (2H+ O—H,0)
AEeiony= —0.2485785
—155.985 kcal-mole™

AHpp0= —141.564
AHexp~ =222

—68.304 kcal-mole™
(~65%)

(~35%)

H.0 1628wp2 (72)
MP2(fc)/TZ: -76.0602820 -0.2687104 -76.3289924 3822wp2 (6)
r(OH)= 0.96137 A -168.62 kcal-mole™ 3948yp2 (76)
AHOH= 104.109° (~0.35%) ZPVE= 13.435
Mmp2= 1.8594 D
MscrF= 1.9926 D

MP2/TZ :H+ O — OH
OH Ew=  -0.4998212 |E2(0= -0.1463119 |Ewp2(0)= —74.9592941 | 3795yp> (20)
r(OH)=0.9694 A  |[E= -74.8129822 |E2(on=-0.2046843  |Ewmpz (on)=—75.6263374 | ZPVE= 5.425
Unmp2= 1.6664 D Eom= -75.4216531 |AE2=-0.0583724 AEwp2(0n)=-0.1672221 | AH= -99.509
Uscr= 1.7608 D AEeion= -0.1088497 | —36.629 kcal-mole™  |=104.933 kcal-mole™  |AH,,, ~ ~102
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BSSE:MP2/TZ:H+ O — OH

U)o~ =0.0003 D
SCF_
M) =0.0043 D

E"*>F )= —0.4998362
EPSSE )= ~74.8131960
EBSSE(H)—E(H):—1.5_5
-0.00941 kcal-mole™
EBSSE(O)_E(O):_2_1—4
-0.134 kcal-mole™

E255%F 0= -0.1481146
EZBSSE(o)— E20)= -1.87
-1.131 kcal'mole™

EESSE s 0=—74.961311
ESSE ez ©)— Emp2 (o=
207

-1.267 kcal-mole™

MP2/TZ : 2H+ O—H,0

AEe (H20)= —0.2476574 | AE2=-0.1223985 AEwpot120=—0.3700559 | AH= -218.779
-155.407 kcal'mole™ | =76.806 kcal-mole™ | —232.214 kcal-mole™
(~67%) (~33%)
B3LYP/TZ: H,O

H,O: -76.0602926 AgLyp -76.4661967 1627 (76)
{(OH)= 0.9619 A -0.4059041 3796 (5)
AHOH= 105.079° ~254.709 kcal-mole™ 3899 (63)
UsaLy p= 1.8473 D (~0.53%) ZPVE = 13.327
MscF = 1.9770 D
E difference, 0.0000106 0.1371937 0.1372043

Emp2—EgaLyp (H20)

0.007 kcal-mole™

86.090 kcal-mole™

86.097 kcal-mole™

B3LYP/TZ:H+ O — OH

OH Eqy=  —0.4998212 [BLYPgy= -0.0024385 |Egsiveey= —0.5022597| 3695 (13)
r(OH)= 0.9753 A  [Eq)= ~-74.8129822 [BLYP)= -0.2811974 [Egsivpo)= —75.0941796| ZPVE= 5.282
Ussiyp= 1.6497 D [Eon= -75.4214174 |BLYP(on= —0.3471819 |Esavpon=—75.7685993 | AH= —102.750
Usck =1.7655D  |AEq= -0.1086140 |ABLYP= -0.0635460 |AEgsyp= -0.1721600

—68.156 kcal-mole™ | =39.876 kcal-mole™ | —108.032 kcal-mole™

(~63%) (~37%)
B3LYP/TZ : 2H + O — H,0
AEe= -0.2476680 ABLYP=-0.1198297 |AEg3 vp=—0.3674977 | AH=-217.281

—155.414 kcal-mole™
(~67%)

—75.194 kcal-mole™
(~33%)

-230.608 kcal-mole™

(b) 6-311++g(3df, 3pd)(LBShasis set

SCF (Hartree)

E2 (Hartree)

Total (Hartree)

Frequencies,
1

cm
B-LYP (Hartree) AH,
kcal'mole™
H,O: HF/LBS 1745 (93)
r(OH)= 0.9403 A -76.0593511 -76.0593511 4132 (15)
AHOH= 106.257° 4231 (89)
Uscr= 1.9681D ZPVE=14.450
HF/LBS:H+ O — OH HF/LBS : 2H + O — H,0
AEe (H+ O — OH) [Em= -0.4998179 AEe (2H+ O—H0) AHp20=-142.663
r(OH)= 0.9506A ~ |[E= -74.8093404 AEciony= —0.2503749  [AHeyp~ =222

MscrF= 1.7620 D

Eon= —75.4193389
IAEeion)= —0.1101806
—69.139 kcal-mole™

—157.113 kcal-mole™
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MP2(fc)/LBS:H,0

H.0: 1624 (67)
r(OH)= 0.9589 A ~76.0585564 -0.2657301 -76.3242865 3870 (6)
AHOH= 104.037° ~166.748 kcal-mole™ 3989 (73)
Ump2= 1.8992 D (~0.35%) ZPVE=
Usce= 2.0193 D 13.556
Eaug—Etss (MP2) -0.0017362 ~0.0029803 ~0.0047059

—1.089 kcal-mole™

—1.870 kcal-mole”™*

—2.953 kcal-mole”™”

MP2/LBS:H+ O — OH

OH: Ew=  -0.4998179 |E20= -0.1430809 |Empzo)= -74.9524213] 3850p; (20)
r(OH)= 0.9664 A Eoy= -74.8093404 |E20n= -0.2017211 |Emp2oH)=—75.6208078 | ZPVE= 5.505
ump2= 1.6853 D Eon= —75.4190866 AE2= —-0.0586402 |AEwmp2oH= —0.1685686 AH=-100.273
Msce=1.7744 D AEeion)= —0.1099283 AHexp ~ =102
-68.981 kcal'mole™ | =36.797 kcal'mole™ | —105.778 kcal'mole™
(~65%) (~35%)
Uey = 0.0034D  [EP54= —0.4998226 E”>>Fvp2 (0)=—74.95618
Uy F=0.0138 D [EPS5E 0= -74.8102230 |E2°%F )= -0.1459534 [E®SFyp2 (0~ Empz (01)=
EPSSE-Em=-4.7°  [E2%5°F - E2(0= -2.97° 3.8~
—0.003 kcal-mole™ —1.803 kcal-mole™ —2.356 kcal-mole™
EB (o)—E(o):—8.8_4
—0.554 kcal-mole™*
MP2/LBS : 2H + O — H,0
AEe= -0.2495802 AE2=-0.1226492 AEnmpo= —-0.3722294 AH= -220.022
-156.614 kcal'mole™ | =76.964 kcal'mole™  |=233.578 kcal'mole™  |AHexp~ =222
(~67%) (~33%)
B3LYP/LBS
H,0O: ABLYP 1627 (72)
r(OH)=0.96114A ~76.0584308 -0.4060808 -76.4645116 3813 (5)
AHOH=105.041° -254.820 kcal'mole™ 3913 (59)
UssLyp= 1.8897 D (~0.53%) ZPVE= 13.370
Usce = 2.005 D kcal-mole ™’
E difference, —-0.0001256 0.1403507 0.1402251
Emp2—EsgsLyp (H20) -0.079 kcal'mole™ 88.071 kcal'mole™ 87.993 kcal-mole™
B3LYP/LBS : H+ O — OH
AEq (H+O — OH) [Eqy=  -0.4998179 |[BLYPy= —0.0024391 |[Esave(y= —0.5022570 | 3714 (12)
r(OH)= 0.9742 A Eoy= —74.8093404 |BLYP(o)= -0.2815744 [EgsLyr0)= —75.0909148| ZPVE= 5.310
UeaLyp= 1.6739 D Eoon= -75.4187878 BLYP(on= —0.3474571 |EgaLvypoH)=—75.766245 kcal-mole™
MscrF= 1.7805 D AEe|(0H): -0.1096295 ABLYPz -0.0634436 AEB3|_YP= AH=-103.295
-68.794 kcal'mole™ | =39.811 kcal'mole™ |-0.1730731 kcal-mole™”
(~63%) (~37%) -108.605 kcal‘mole™
B3LYP/LBS : 2H + O — H,0
AEg (2H+ O—H20) | AEe= —0.2494546 ABLYP= -0.1196282 |AEgs.yp=—0.3690828 | AH=-218.233
-156.535 kcal-mole™ | -75.068 kcal-mole™ -231.603 kcal-mole™ kcal-mole™
(~68%) (~329%)

42.1.1

Common chemical approach of partitioning the chaimtatter on molecules leads to

Counterpoise Procedure for the Basis Set Superpogit Error

difficulties within the framework of thab initio calculations, which in theMO-LCAO

versions do not recognize the division of the wieylstem into individual parts. If for the sake

of simplicity, we consider the system AB to be casgd of two molecules A and B, each of

which is stable, when isolated, then the bindingrgy could be defined as the difference
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between energy of the complex, AB, and the comberezigy of molecules A and B at infinite
separation. This definition, of course, shoulduréher clarified with respect to whether the
binding energy is restricted to the electronic ggeaf the potential well, or the binding energy
also includes the difference of zero-point vibratibenergise between the complex and
isolated monomers. Furthermore, the energy chamtipe vibrational, rotational and
translational degrees of freedom upon the compexdtion should be taken in account if the
binding energy is treated as a thermodynamicatyenli the latter energy can be measured
experimentally (as the enthalpy of complex form@aYidhe electronic binding energy, in a
majority of experimental cases, can only be appnated because it is very difficult to
determine or calculate precisely the zero-pointational energy. On the other hand, the
electronicab initio or semi-empirical calculations provide the eleciteenergy of the potential
well defined as the difference between directly pated energies of the complex AB at its
optimum geometry and molecules A, and B in thetimopm geometries. Following the idea
of partitioning the complex AB into subunits A aBdit appears logical to define another
entity, an interaction energy between moleculesd B when they assume together the
equilibrium positions within the complex, by sulatiag the energies of A and B calculated
separately at their equilibrium geometry in the ptar from the total energy of the complex.
The intermolecular perturbation theory considergieitly the presence of interacting separate
units within the complex by implementing the spegiferturbation partitioning scheme of the
total Hamiltonian given by egs.(4.8)-(4.9) above.(by introducing explicitly the Hamiltonian
of each monomer unit defined in eq.(4.8) and tlstesy perturbation operat¥rdefined in
eq.(4.8). Therefore, tieAPT( symmetry adopted perturbation theory) versiothef
intermolecular perturbation theory provides dingtile interaction energy components unlike
the supermolecular approach, in which numericatiglinteraction energy appears from the
subtraction of two large numbers correspondingnéodiectronic energies of monomer units
from the total energy of the complex, which is aslarge number. Technically, in the
calculation of the interaction energy using theesaplecular approach the electronic energy
of the individual monomers A and B is computed with inclusion of the basis set of
counterpart. Since the electronic energy, beiagrational property, decreases with

increasing the number of the basis functions, tmeputed electronic energy of the monomer
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A (or B) within the complex AB depends on whethe basis set of entire complex is used or
just the basis set of the monomer itself. In trenier case the calculated energy (of the
negative sign) will be larger by the absolute vahemn in the latter. On the other hand, the
binding energy is defined with respect to the eteut energies of individual molecules A and
B, parameters of which are usually optimized inrthrividual basis sets. However, if the
molecule A in its equilibrium monomer geometry viié brought into the contact with
molecule B similarly to that in the complex AB atin@ basis set of entire complex will be
employed (but the interaction with B is set to zém A does not fill physically the presence
of B), then the electronic energy of monomer A wiicrease. The reason for the energy
lowering for physically the same molecule is eyidue to the expansion of the basis set
employed. This artificial stabilization of the nwners upon the inclusion of the basis set of
counterpart is called basis set superposition éBS6SE. In other words, monomer unit A and
B attains additional non-physical stabilizatiorthie complex comparatively to their individual
states due to the inclusion of the basis set ofit@wpart in the calculation of its own energy.
The same problem apparently presents during themigaition procedure. However, if the
entire complex is considered as a whole withownagting to partition the system on the
molecular parts then, of course, B8SEdoes not exist because the basis set of entirgleam
is always used. Therefore, tBESEappears as a result of employing the supermolecula
approach to the chemical system under the quesbapending upon the size of basis set used
for the calculations, thBSSEcould numerically amounts to a significant frantif the

binding energy itself, which, of course, inviteg ttorrection procedure.

The commonly used method of avoiding this compaoreti artefact, which, otherwise,
will cause significant overestimation of the binglenergy, is to add to the binding energy the
combined difference of the energies of A and Bhairtequilibrium complex geometries
computed without and with the basis set of courtetypespectively. This widely accepted
procedure known as a counterpoise correction wiggally proposed by Boys and Bernardi
[38]. From a practical point of view, the bindiagergies for the water and water-organic
moleculeHB complexes calculated in the present studiebanitio or DFT levels are
corrected according to the counterpoise procedumegsh can be expressed mathematically by

the following commonly accepted scheme [39, 40pé&sscript and subscript indicate the basis
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set and the geometry, respectively):

0] AE(AB):E;\\S(AB)—[E,’Q(A)+EBB(B)]-classicaBindingEnergy(B.E.)

(i) AE; (AB):E,’jBB(AB)—[E,’QBB(A)+E§§(B)]- Interactian Energy(l.E.)

(iii) CP:[E ,’QB(A)+E,§B(B)]—[E S(A)+E ,’QE(B)] - counterpasecorrection (4.28)

(V) AEgssecol AB)=EAE(AB)-[EA A{+E5(B)]+cp=
=B, (ABJEA (A E2, (B)HEA(A)+ EE(B)E
=AE  (AB)+D.E.(Deformatbn Energy)

(v) D.E=[EA(A)+EZ(B)HEA(A)+E8(B)

As follows from eq.(4.28), the counterpoise-coreelc{BSSE-corrected) binding energy is
different from the interaction energy by a term,jetthcan be physically interpreted as the
deformation energy of monomers upon the dimer fdiona Both, the interaction and
deformation terms, af®SSEndependent unlike their combination, the bindemgrgy. A
water dimer or Acetone-YWomplexes can serve as a typical example of tlak e
complexes, where the deformation energy terms sually very small comparatively to the
interaction energy. The detailed analysis of thiesms using the example of water dimer
indicates that even numerically small terms codfieot the minimum location in those
situations when the potential energy surface i(ftas circumstance realises in the wéHk
complexes, and water clusters are excellent exaaipleat). Moreover, in the case for
relatively large water complexes (such as wateahexs, W) calculated at thB3LYPlevel
of theory, the deformation energies of a singleawatolecule can be as large as ~1
kcatmole*. Though small comparatively to the total O—H limpgenergy in HO at ~120
kcatmole® [41], these values are nearly comparable withptiivise interaction energies in
these clusters, which indicates the general impogaf the deformation terms and the
fundamental difference between the binding andacteon energies. Indeed, for particular
mono-hydrogen bonded complex of acetone and wateagon, the interaction energy
between the acetone molecule and the water ringgoexat th@3LYP/6-311++G(3df, 3pd)
level of theory is found to be —6.513 keable * whereas the binding energy is only —3.439
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kcatmole*. This notable difference between the two valthes jnteraction and the binding
energies, originates from the deformation of a geraing. Large values of the deformation
energy upon adsorption of the guests could be \deagea characteristic feature of the water
clusters and could be further associated with greetpl flexibility of the water media.
Returning to the case of water dimer, it shoulahbted that the difference between the
interaction and the binding energies is almostigéxmé numerically at th&P2/aug-cc-pvtz
level but perceptible at tieCFlevel. Furthermore, the inclusion of the countéspo
correction on the stage of the potential energ¥ilprg along the O-0O coordinate leads to a
shift of the minimum to a larger separation diseaand, surprisingly, to the deepening of the
potential well. The latter observations indicdtatCP or other similar methodology affect not
only the numerical values of the binding energg gtven minimum but also the location of
that minima and, more generally, tRES(potential energy surface) of a complex in questio

4.2.2 Cooperativity Effects in the Water Media

In theQM analysis of théiB systems with multiple hydrogen bonds, the muliiipo
contributions to the total interaction energy caruked for elucidation of the cooperative
nature of theHB network. The cooperativity in tHéB network resides in those effects that
make the “whole system to be larger than the sutheoparts” (in terms of interaction energy).
The network oHB's is bound more strongly together than any of idial links in the
absence of the others due to contribution of thiifbhady corrections to the pairwise
interactions as it is represented by eqs.(4.1)x(4d particular, Table 4.4.2 compares
calculated in the present work bonding energighenwater dimer@s) and cyclic sequential
hexamer &) at theMP2 andB3LYPlevels with different basis sets. The coopergtieffect
in cyclic hexamer leads to the following energeind structural effects in transition from
dimer to hexamer. The partial bonding energy betweydrogen bonded pair (obtained by
division of the total binding energy on the numbghydrogen bonds in the system) is
significantly larger in hexamers than the dintef./HB (binding energy per hydrogen bond) =
-4.710 kcaimole™® (dimer) vs. -=7.112 kcahole* (hexamers) a¥iP2/aug-cc-pvtand -4.524
kcatmole® (dimer) vs. —=7.033 kcahole* (hexamers) at thB3LYP/LBSevel. Furthermore,
the O--O distance between pair of hydrogen bonded neightbecreases significantly on

transition from dimer to hexamer: 2.90719 A (dijnes. 2.70686 A (hexamers) iP2/aug-
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cc-pvtzand 2.91484 A vs. 2.71299 ABBLYP/LBSevels. The increase in the length of O-H
bond also reflects the cooperativity effect in sleguential chain of water hexamers. If in the
dimer the length of O—H bond increases by 0.0072ihd 0.00776 A on thiP2/aug-cc-pvtz
andB3LYP/LBSevels, respectively, in the hexamers the samaegaiise to 0.02222 A and
0.02384 A. ltis possible to assume that relayigslort intermolecular distances in the
hexagonal ice (~ 2.7 A) are originated from thepmrativity effect of hydrogen bond. Indeed,
as Table 4.2.3 shows, the intermolecular distandka water dimer is substantially
underestimated while the bonding energy is sigaiftty overestimated by those classical
water potentials, which is optimized for the progescription of a bulk water medium. The
classical potentials apparently cannot handle ttogperativity effects in finite water clusters,
which lead to artefacts in the dimer properties.

TheHB cooperativity leads to the common occurrence efldéimg chain or more
complex arrangements of thiB's in the organic crystal structures. Moreoveg, th
cooperativity is a powerful enough to cause thenttion of the stable molecular aggregates in
the liquid phases such as six-member rings inithued formamide [42]. It should be noted
that one could observe a correlation between tbpeamativity and the topology of th¢B
network. Following a discussion in the Scheinéosk on the hydrogen bonding [43], let us
consider a pair of molecules AH and CH, each ofcWliontains a proton to donate (in order
to form a hydrogen bond) and one or more lone elrqgtairs located on the A and the B
moieties, which makes them to be appropriate foepting a proton. In the case of linear
arrangement H-C---H-A, an electron density shifisfthe region of H-C bond to the region
of HB between C and H, and then further, from the H-Adtwards A moiety. As the result
of the HB formation between HC and HA moieties, ¢hextron density on A increases
whereas the electron density on H-C bond decrealss.dimer HC:--HA can potentially act
as aHB donor or acceptor, and, therefore, another modeldd could be attached to HC
moiety of the dimer leading to a trimer with théldaving structure H-D---H-C---H-A, which
will be referenced thereinafter as a sequentiafigoration. Since the electron density on the
proton of HC subsystem is lower in the dimer thahlC monomer, thelB between HD and
HC is expected to be stronger due to the induaféect of HA part. Similarly, if HD acts as a
HB-donor and interacts with the H-A part of the dinmbeHB bond in the trimer
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H-C..-H-A---H-D is stronger than that in the diow@nplex H-A:--H-D because the electron
density on A is higher in the trimer's case duth&odative effect of HC part, which is
apparently absent in the dimer H-A---H-D. Theuatwns confirm this reasoning,
indicating that the induction effects are primaalgcounted for the cooperativity in thid
network. The presence of carbonyl group in ace{dwe® and acetaldehyde (AcAl) molecules
creates a possibility of forming bifurcated,¥Ac and W,—AcAIl complexes, in which oxygen
atom acts as a double proton acceptor. This corgigpn is relatively unfavorable from the
prospective of cooperative enhancement becaudertination of firstHB causes a depletion
of the electron density on the oxygen atom of caybgroup, which, therefore, is expected to
weaken the secontdB in accord with the above stated reasons. Onttier dand, the 2:1
complexes are expected to be energetically (nobtbéynamically because of the entropy
reduction) more stable than W + W-Ac or W+ W-Acalater molecule and 1:1 complexes),
and the preser@M calculations indeed confirm this general expectatiThe effect of
cooperativity has been in particular investigatadleSCFandMP2 levels for theHB linear
chain containing up to seven HCN molecules by Kind Weinhold [44]. Their calculations
clearly show a progressive increase in the ave®dfe(with rather smalb-31+G(d) basis set)
binding energy from 4.2 kcahole* for the dimer to 7.68 kcahole * for the combination of
two trimers, and a concomitant decrease in theuseqy and very large intensity increase of
thev (C—H) stretch bands with number of the monometsunithe chain. It should be noted
that the observed cooperativity effect causingiigant enhancement in the individudB's
was found to exhibit relatively slow saturationtwihe chain length that suggests the presence
of even strongeB's in larger molecular associates with a distributbthe energy of
individual HB's along the chain. The strongest bonds are expéaztee located at the central
part of the chain whereas the wealkd®'s are expected to be at the edges. Natural bond
orbital analysis performed by King and Weinhold][démonstrated that the cooperativity
effect in the (HCN) system can be qualitatively rationalized on th&idaf a simple
nN—o* CH charge transfer picture of thi, which is part of the exchange-deformation
included in theSCFdeformation energyE>“"r given by eq.(4.23). The interesting feature
of the (HCN), HB complexes is a character of the changes in thé@Md lengths and

corresponding frequencies: an act of donatingmioéon makes the CN bond longer and
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causes red shift in th€CN) frequency while it becomes shorter if molecad¢s as acceptor
with concomitant blue shift in the frequency. Tager tendency is opposite, in particular, to a
water-acetone complex, in which C=0 bond becomegdowith concomitant red shift in
frequency upon HB bonding. The changes in thearaylogroup uporHB bonding have been
explained by Nyquist [45] in terms of increasingig¥e of the ionic C-O resonance form,
which weakens the C=0 bond. It appears that ttpta@ation does not work in the case of
(HCN), system. King and Weinhold further argued thatabeperativity effects in thielB
network systems, which have been observed expetatheand confirmed by the theoretical
calculations, appear to be in a contradiction whih electrostatic picture on th (i.e. due to
primarily 4E™ + 2e"%% 4 terms, egs. 4.20), which must, therefore, be angedeby the
exchange-deformation terms in order to accounthifercooperativity phenomenology. The
discussion on the cooperativity could be viewetbgial continuation of the earlier
contradictions between two approaches taH{Beone of which stresses the electrostatic nature
of HB and is due to Pauling followed, in particular,Bguer and Magat, and Lennard-Jones
and Pople, and later Morokuma [46]. The opposkswstresses an importance of the charge-
transfer or, more generally, exchange-correlatiteces as a key element of thi, and it is

due to Mulliken followed, in particular, by Rata@dg Orville-Thomas [47], and recently
advocated by Weinhold [44]. The nonadditivity afiliibody interaction energy resides in the
non-additivity of polarization, dispersion, and bange components, the cooperativity in the
HB networks of water molecule. For instance, Tab®4and Table 4.2.5 represent a
multibody contribution to the binding energy of equential water hexamer on ¥1€2 and
B3LYPlevels. It appears that the pairwise interacénargy decreases in transition from
dimer to hexamers, i.e. —4.749 koable* (dimer) vs. -4.013 kcahole (hexamers) on the
MP2 level or —4.566 kcatole* vs. —=3.908 kcaiole * on theB3LYPlevel. On the other

hand a strong three-body effect, which reflectssiaificance of induction in the sequential
array ofHB's, is evident. Indeed, it amounts to —12.938 tflte42.196 kcamole* in the
hexamers on thkIP2 level. Therefore, the cooperativity effect in geguential array could

be primarily associated with the induction intel@tton the three-body level.
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Table 4.2.2. Binding energies of the water dimer(@&) and cyclic hexamer }NS;).

The calculations were performed on MB2(fc) (frozen core approximation) amBLYP
levels with theaug-cc-pvtdTZ)and6311++g(3df, 3pdLBS)basis sets@¢ stands for the
inclination angle of acceptor with respect to the-O line.L(O-O) andAL (Op-H) designate
intermolecule distance and the change in the Ostadce upon hydrogen bondin§CF, E2
andEMP2designate thelF energy, second ord®tP correction and the totMP2 energy.

Dimer (Cy), kcal-mol™* Hexamer (Sg), kcal-mol™*
MP2 B3LYP MP2 B3LYP
Basis set TZ LBS TZ LBS TZ LBS LBS
SCF -3.482 =-3.777 -29.899 -31.536
B.E. | E2 -1.699 -1.528 -16.473 -15.521
EMP2| -5.181 =5.305 —4.571 | -4.832 -46.372 —47.057 —44.232
SCF -3.406 -3.419 -29.287 -29.128
B.E. | E2 -1.303 -1.149 -13.382 -12.020
psse | EMP2| -4.710 | -4.568 | —4.518 | -4.524 -42.669 -41.148 -42.196
corr. Expt. -5.44 (-5.5)
B.E. sse cor. | —2.607 | -2.346 | -2.393 | -2.350 -29.421
+ AZPVE
Expt. AH 75 = —3.59 (-3.63)
B.E. gssecor. | —4.710 | -4.568 | -4.518 | -4.524 -7.112 -6.858 -7.033
per HB
AL (O—H)gonor/ 0.00721 | 0.00704 | 0.00787| 0.00776 0.02222 0.02177 0.02384
L (O-0) 2.90719 | 2.90384 | 2.91724| 2.91484 2.70686 2.70395 2.71299
Expt. 2.976
Oc,° 56.6 56.1 56.8 58.0
Expt. 58
HB ang., °© 171.7 173.0 172.1 172.6 179.2 179.2 178.6
Dipole 2.6201 | 2.6820 2.6337 2.6341
Moment, D Expt. ~ 2.6 0

Table 4.2.3. Optimized geometry and dimerizationergy for the linear water dimer for the

selected classical potentials [59].

Potential O---O distance, A Oc, deg’ B.E., kcal-mol™
SPC 2.75 26 6.59
TIP3P 2.74 27 6.50
BF 2.72 47 6.06
ST2 2.85 52 6.84
TIPS2 2.79 46 6.20
TIP4P 2.75 46 6.24
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Table 4.2.4. Multi-body decomposition of the bimglienergy for the water dimer MCs) and
the water cyclic hexamer YS) at theMP2(fc)/aug-cc-pvtrevel. SCF, E2 andEMP2
designate th&lF energy, second ord®tP correction and the totMP2 energy.

Dimer (Cy) Hexamer (Se)
pHartree kcal-mol ™ pHartree kcal-mol™
SCF -5549 -3.482 -47647 -29.899
BE. E2 —2707 ~1.699 26252 | -16.473
EMP2 —-8256 -5.181 —73899 -46.372
B. E. nsst cor SCF -5428 -3.406 -46673 -29.287
’ E2 -2077 -1.303 -21325 -13.382
EMP2 =7505 -4.710 -67998 -42.669
Deformation E. SCF 162 0.102 1288 0.808
per molecule E2 -130 -0.082 -787 —0.494
EMP2 32 0.020 501 0.314
1-2 SCF -5752 -3.610 -3671 -2.304
E2 -1816 -1.140 -2724 -1.710
Pairwise EMP2 ~7569 —4.749 -6396 ~4.013
1-3 SCF -1369 -0.859
Terms E2 -28 -0.017
EMP2 -1396 -0.876
1-4 SCF -748 -0.469
E2 23 0.015
EMP2 -724 -0.454
SCF -32482 -20.383
> total = 16442 | -10.317
EMP2 -48924 —30.700
1-2-3 1-2-4
SCF -2422 -1.520 -347 -0.218
E2 38 0.024 1 0.001
EMP2 -2383 -1.496 -346 -0.217
Three-body Terms 1-2-5 1-3-5
SCF -406 -0.255 -77 -0.048
for Wy E2 1 0.001 -1 -0.001
EMP2 -404 -0.254 -78 -0.049
2 total
SCF -19203 -12.050
E2 245 0.154
EMP2 -18958 -11.896
1-2-3-4 1-2-3-5
SCF -290 -0.182 -61 -0.038
Four-body terms | E2 -38 -0.024 11 -0.007
EMP2 -328 -0.206 -72 -0.045
for W 1-2-4-5 2 total
SCF -124 -0.078 -2478 -1.555
E2 -15 -0.009 -338 -0.212
EMP2 -139 -0.087 -2816 -1.767
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> total
. SCF 38 20.024 228 -0.143
Five-body term E2 10 20.007 63 20.039
for W, EMP2 29 20.030 201 -0.183
Six-body term SCF 10 0.006
E2 3 0.002
for We EMP2 134 0.008

Table 4.2.5. Multi-body decomposition of the bimglienergy for the water dimer MCs) and
the water cyclic hexamer YS) at theB3LYPlevel with 6-311++g(3df, 3pd)basis set.

Dimer (Cy) Hexamer (Sg)

pHartree kcal-mol™” pHartree kcal-mol™”
B.E. -7700 -4.832 -70488 -44.232
B. E. BssE cor. -7209 -4.524 -67244 -42.196
Deformation E. 34 0.021 553 0.347
1-2 -7277 -4.566 -6228 -3.908
Pairwise terms 1-3 -1191 -0.748
1-4 -644 -0.404
2 total -46461 -29.154
1-2-3 -2597 -1.630
1-2-4 -378 -0.237
Three-body terms 1-2-5 -433 -0.271
for We 1-3-5 -86 -0.054
2 total -20618 -12.938
Four-body terms 1-2-3-4 -358 -0.225
for We 1-2-3-5 -79 -0.050
1-2-4-5 -143 -0.089
2 total -3050 -1.914
Five-body term -69 -0.043
for Wg 2 total -415 -0.260
Six-body term for Wg 26 0.017

4.3  Ab Initio and Semi-Empirical Analysis of the Hydrogen Bonding in the Small
Water Clusters (H,O),, n=2-6.

The small water clusters constitute a subject etsp interest for the science on water
because their relative simplicity allows one tofpan a detail analysis of the topological and
energetic features of tiRES(potential energy surface) in these model systemihieab initio
or semi-empirical levels. The knowledgeRi Sfeatures for relatively simple clusters could
be used for modeling a large scale realistic watedia. One possible approach to the
molecular topological description of the large-scahter systems is to consider a dynamic
equilibrium between small unstrained water clustikspersed throughout the distorted and

151



irregular HB network of water molecules. This piet, conforming most closely to the liquid
water at near-freezing temperatures and at thercopled region, when the probability of
forming the ordered unstrained clusters is expeiddxuk significantly higher than at more
elevated temperatures, is consistent with thealusodel of the liquid water, which
originates from the studies of Frank [48], and N#mend Scheraga [49, 50]. In the search
for plausible structurally recognizable local forofdiquid water, the cluster approach
naturally turns to those water polyhedra, whichéhbgen observed in the crystalline water
phases and in the clathrate-hydrate crystallineést. In particular, the building block of
many of the clathrate-hydrate structures, pentdgbodecahedron, appears among potential
elementary units for the cold liquid water, wheraasther plausible candidate, bicycle
octagon, occurs over the structure of the hexagoedh. Considered as isolated structures,
these bulky unstrained water polyhedra exemplifgiti@ely the global minima on tHeES

for a given number of the water molecules. Thatine configuration of the water molecules
determines the possible sequences and geometties bydrogen bonds throughout the
cluster according to the Bernal-Fowler and Paultegrules [51, 6]. The latter states that in
theHB network each participant can donate at most twilvdgen bonds to the closest
neighbours and receive at most two bonds from anawo closest neighbours, or in other
words, a tetra-coordinated water molecule act@sudle donor and as a double acceptor of
HB's. These ice rules play a key role in the undedstg of the topological and energy
properties of cubidc, and hexagonalh, ices by providing an elegant classification tiwol

the assignment of differeitB configurations and by explaining the origin oferergy
degeneration of alloweldB configurations.

Regarding the hydrogen bond topology, the notatafreonfiguration and
conformation are adopted from the general lang@ageganic chemistry and employed in the
present discussion. The relative position of hgdrebonded water molecules in the cluster
and the sequence of hydrogen bonds connecting theleeules together constitute a
configuration as shown below in on the example afenvtetragons. In particular, in the
present studies there are found the following gamaitions: sequential ring and tetrahedron.
A transition from one configuration to another sldonvolve, therefore, the creation and/or

disruption of soméiB's participating in the initial and final network¥he OH groups that are
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not involved in théHB network within the given configuration, form thargjling bonds
(labelled as (OHj). An important property of these resides in tbeeptial of becoming
employed in thédB network. In the studies on isolated water clsster which the ratio of
highly coordinated molecules to the low coordinatealecules is necessarily small (unlike the
real water media, where the bulk to surface ratiosually very large) the dangling bonds
often play one of the leading roles in the recamfagion of a cluster. For example, the
transition from sequential ring to the tetrahedoonurs if W becomes a double acceptor with
2 DBs and W becomes a double donor (see Table 4.3.2). Amabfshe water tetramer

family reveals the main structural and energet&tuees, which characterize the small water
clusters W-Ws. The most noticeable structural feature of isalavater cluster, which
controls the existence of particular configuratimesides in double donad? local
arrangement. The double donor water molecule Ist@n#ficant negative charge due to the
donation from twdHB neighbors. This negative charge attracts theauwonpensated positive
charge on OHDB located on the remote water molecules. As a cuesee of this attraction
the configuration changes such that additi¢tiwill be established between tdeand OH

DB by "internal reaction"d” + OH (ODB)—HB. The sequential configurations are found to be
the most stable among all others possible locaimarfor the water clusters of a given size as
shown in particular in Table 4.3.2 for,WIf an initial configuration includes th® and the

OH DB, such a configuration is found unstable. Thistainle configuration will convert to
another configuration with a larger numbeiHB's, which belongs to a different
configurational class as discussed below in se@i8r8. Therefore, distortédB's originate
from a collapse of thé ? and the OHDB structural features of finite water clusters.

Figure 4.3.7 demonstrates the effect of clustengdroy on the energy properties for a
W1-W, set, calculated oB3LYPandTIP4Plevels. It is evident that the binding energyhod
sequential tetramer rings is the largest amongth#ér clusters. The different orientation of
dangling bonds within a given configuration does significantly influence the total binding
energy despite the apparent dipolar repulsion betv@H bonds (see Table 4.3.2). The
binding energy for the non-sequential configuragisnch as tetrahedron is discernibly larger
as well as for those, which include multiple doutbbmors and double acceptors. Another

example is given by the transition from a bifurchtexagonal ring configuration, comprising
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a double donor in the first position and a doulgieeptor at the forth position in the ring, to the
book configuration due to 1-4 hydrogen bonding.e Tdrmer configuration appears therefore
to be metastable with respect to that particulakbmonfiguration, in which it transforms
during the minimization trial with thB3LYR6-311++G(3df, 3pd)evel of theory. Apart from
the role that a dangling bond plays as a strudmeing element, this example also
demonstrates a potential structural significancnefnon-coordinated lone pairs on the
oxygen atom of a water molecule (labelled @3.an other words, the Othnd Q moieties
should be considered as a potential donor and tarcefothe hydrogen bond, respectively.
These structural features are assumed to condfiteiteurface of water media. In the studies
on ice surface [52], Fletcher has considered tbé&epential orientation of the incompletely
coordinated water molecules on the surface of mcefaund that the preferential orientation
depends on the relative polarity of the £dd Q molecular parts. Fletcher shown that the
dipole-quadrupole interaction is a major contribbutothe energy difference between two
imaginary surface configurations with the @bt Q; outwards and concluded, based on the
static values of the quadrupole tensor for watelemdes, that the configuration with @QH
outward is more stable (latter [53], however, he teversed this assignment because the
earlier derivations erroneously included the spatipart of the quadrupole tensor [52], which
should be ignored). The experimental evidencenaniiy from the spectroscopic area [54],
indicate the OHDB'’s as the dominant species on the water mediunaseyin accord with the
conclusion of main Fletcher's work (despite theheatatical error involved [52, 53]). Of
course, the polarity of the OBIB’s or Oy moieties depends on the nearest molecular
environment, which makes this property to be acstine-dependent and dynamic feature. The
lone pairs on the @moiety occupy two molecular orbitals, which withire framework of
natural bond orbital approach are at —0.91948 Hanith thesp-hybridization directed along
bisector of the H-O-H angle and at —0.50561 Hanivitle thep-hybridization directed
perpendicular to the molecular plane whereas tvaolypélentical bond OH orbitals are found
at —0.97481 Hartree with neasp*-hybridization MP2(fcyaug-cc-pvtz The high energy of
thep-hybridized lone pair on O atom indicates the reédy high polarizability, which in turn
could lead to potentially significant dependencéhefdipole and quadrupole moments on the

neighborhood.
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Among many possible configurations with a given bemof the water molecules, a
special case comprises monocyclic arrangementshvdiien could be characterized by a high
symmetry and an optimal conformation of the hydrogends. Irrespectively to the size of the
ring and the conformational arrangement ofiigés, a key characteristic of this clasdHB
network resides in the hydrogen bonding only amtweghearest neighbours, which leads
therefore to the general equivalence between a auofimolecules, hydrogen bonds and
dangling groups. The monocyclic class can be &urtlivided on two subclasses: sequential
and non-sequential. In the sequential subclas$, water molecule donates hydrogen bond to
the next closest neighbour and accepts a hydroged foom the nearest neighbor. The
combination of a single donor (d) and single acme(d) coordination of a doubly bonded
water molecule will be abbreviated @) thereinafter. The non-coordinated OH group of
each molecule in the sequential arrangement appetrs dangling position usually above or
below the plane of ring. In the non-sequentialctags, in contrast with the sequential
subclass, some water molecules acts as a doubbte dbthe hydrogen bonds whereas some
other molecules act accordingly as a double acceffioe double donor is labeled ¥/
whereas double acceptor is labelledshyrespectively. From the perspective of structural
stability, the sequential monocyclic class has Heand among the most stable configurations
including those with a higher number of the hydrogends involved. As it is shown below in
this Chapter, the origin of this exceptional sti&pibf sequential monocyclic arrangement can
be attributed to the strong tri-body contributioiii-additive) to the total binding energy and
the optimum relative orientation of the next-neightdipoles leading to the significant
negative 1-3 pairwise contribution.

The non-sequential subclass has been found torraly unstable and convert either
to sequential configuration or to the multi-cyatiass of configurations. In contrast to the
monocyclic class of configurations, in those cagken theHB network contains multiple
cycles, a number of tHeB's becomes larger than the number of moleculesyedplhich
causes an appearance of triply- and/or tetra-coatelll water molecules. In these cases, a
water molecule at branching points acts as a daddeptor and/or as a double donor in
accord with the ice rules. On the other handstguence dfiB's, i.e. the number of donor

and acceptor sites within the structure, will basidered as an attribute of the configuration
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although it is possible that non-sequential unstabhfiguration will produce on minimization
a stable sequential configuration but in the notirogl conformation. With respect to the
hydrogen bond between a pair of water moleculesrdlative position of hydrogen atoms not
involved in this hydrogen bond will be referredat®a conformation. For the isolated
sequentiaHB rings different conformations includes "up) &and "down" {) axial orientations
of the non-coordinated free OH groups, i.e. OH dlagdonds. In addition to the axial
conformations there are local minima associated thi¢ nearly equatorial orientation of the
dangling bonds such those found for pentagonahardgonal rings. The existence of
equatorial minima is in accord with the flexibiliof hydrogen bonds. Conformatien
configuration regrouping due to the molecular riotats referred to as the Bjerrum's
transitions. With respect to a water tetramer, t@ofigurations are theoretically possible: a
ring and a tetrahedron. The ring configuration lbarcharacterized by the sequential cyclic
arrangement of foudB's: 1d— a2d—a3d—add—al. In particular, the cyclic arrangements
of theHB systems are stabilized by the cooperative effeetnglified primarily on the tri-

body level. On the other hand, in the tetrahecbafiguration of four water molecules that has
been also found to be a true local minimum of highreergy, there is an additional hydrogen
bond acting as a bridge between the first andhing tolecules and consequently increasing
the total number dfiB's to five. Of course, this additiondB coordination causes the
weakening of thosEIB's that constitute the bonding in the cyclic parthsthat the potential
energy of this tetrahedral complex appears to gedrithan that of a ring despite a larger
number of théHdB's. The possibility of attaining different configdion should be viewed as a
representation of the flexibility in the HB netwdskcause a smooth relaxed potential of the
individual bond allows such degree of deformatiohich is necessary for the transition to
another local minimum. Furthermore, the energg given geometric arrangement of water
molecules depends not only on their relative pasiissociated with the position of oxygen
atoms, but also to in a certain degree on theivelgbsition of hydrogen atoms not involved in
the hydrogen bonding (dangling bonds in the cassydfc configuration), or, in other words,
on theHB conformation. Therefore, it can be assumed thraé fgiven number of water
molecules, the relative stability of a particulaiGHconfiguration depends on thi3

conformation attained by the hydrogen atoms. Withe given configuration, the system can
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transfer from on&iB conformation into another by the Bjerrum's meckamiwhich assumes
that the transport over rotational transition stateuld violate the ice rule in the case ¢iB-
coordinated water molecules, become possible tdingemperature. In the case of tetragonal
sequential ring configuration withi2B-coordinated arrangement, a transition from theektw
energy sequenti&@-symmetry(da)* ! axial arrangement into the negt(da)** !
conformation of slightly higher energy requires thtation of two neighbouring water

[+++—

molecule whereas a transition to {de)* I conformer requires the rotation of only a single
water molecule without breaking the sequertiiBlring arrangement. Unlike ti2SLYP

results, the minimization of these axial conformarthe sequential tetramer configuration at
classicalTIP4P potential leads to the most staBlsconformer indicating small energy barrier
for the molecular rotation in the open cyclic sttwes. An observation that different HB
conformations in the small water clusters appedifgrent energies invites re-examining
Pauling's hypothesis on an energetic equivalentieeofiB conformations attained in the Ih
according to the ice rule. In part this energyedénce is due to Coulomb repulsion between

positively changed hydrogen atoms, which is stromgéhecis- than intrans-conformations.
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4.3.1 Water Dimer: Ab Initio and Semi-Empirical Results

The water dimer is the elementary hydrogen-bonda@mcomplex with a single
hydrogen bond between two water molecules. Mick@nspectroscopy [55] has clearly
established th€s symmetry for the equilibrium geometry of the felimg general form:

Torque anglepon, of
the (OH)ree O Wy with

respect to Yh€; plane

roo” ¥ (v=0)=2.980 A [55]
R°oo = 2.952 A [58]
R'o0""%=2.9072 A withouCP /

04 = 50.26° [55]
W, 042 = 57.8°

Tilt angle,fon, of the (OHonor
0. =121.44° [55] with respect to the O-0 line

0."7*=123.4° within theCs dimer plane.
Bending angle of the acceptdg,

with respect to the O-0 line
within theC; dimer plane.
Figure 4.3.1. The geometry of the water dimeZahinimum.

Topological properties of tHeESof the water dimer are important for understanding
the structure and dynamics of more complex watgreggates, which could in turn serve as
models for the noncrystalline water phases as dssaliin Section 4.1. Experimental and
theoretical studies evidently show that there agbtestructurally equivalent configurations for
the dimer, which can be obtained by the permutatfdmnydrogen atoms separately in the two
water molecules, each of which acts in turn asitheor or the acceptor of the hydrogen bond (
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the intermolecular permutations are not allowe®) for]. All 8 forms assume the geometry
given above in accord with the presence of a siglgleal minimum on the dimdé?ES(with
the Cs symmetry). In the present studies, the crosdesecof thePESwere determined at the
MP2(fc)/aug-cc-pvtevel of theory without correcting on the basisseerposition error,
which is consistent with the minimization procedumgplemented in the Gaussian program,
because the latter ignores B8SEeffects on the location of minimum. Althoughst i
straightforward to perform treESmapping with the counterpoise correction (see@ect
4.2.1.1) for the basis set superposition errorhase not undertaken this task in the present
studies with the exception of an O—-0O distance sedith is of the primer importance for
allocating the potential well and for determinihg tpotential depth. Indeed, different results
were obtained with and without the counterpoiseemdion. The equilibrium geometry of
water dimer has been experimentally determined yke®@t al [55] using microwave
spectroscopy with the equilibrium O-0 distance.88@ A and the bending angles for the
acceptor and donor at 121.44° and 50.26°, respgtiA correction for the effects of
anharmonicity performed by van Duijneveldt-van dglfRand van Duijneveldt [58] reduces
the intermolecular distance to a value of 2.952vRich in this numerical representation can
be directly compared with thad initio calculations. The empirical potential well defgth
found at -5.4 0.2 kcahole * by Reimerst al [59], who extrapolated the results of semi-
empirical analysis of the second virial coefficiefisteam, and at -5.44 +0.7 keable * by
Curtisset al [60] from the data on the thermal conductivitynaiter vapor. The empirical
potential well depth is obtained by subtractinge¢hergy changes in the translational,
rotational and vibrational degrees of freedom ugiomer formation from the experimental
enthalpy of dimerization. Therefore, empirical hagpth appears to be dependent on the zero
point vibrational energy of dimer, which in the @ahtions of potential well depth was
estimated at 2.25 kcaiole * on the basis 0BCH4-31Glevel of theory [60, 61]. Regarding
the anharmonicity influence on the empirical depMias and Szalewicz argued that
introduction of accurate zero-point vibrational Egyein the calculation of the empirical well
depth will bring the value up to -5.2 keable™ [62]. Complete optimization by Friset al
[63] at theMP2 (fu) (i.e. all electrons are included in Méller-Plassaculations) level with
the6-311++G(2d, 2p)basis set led to the equilibrium distance of 2.81dnd to theBSSE
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corrected binding energies at —3.43 koalle * (SCH and -4.57 kcamnole }(MP2) obtained
with larger6-311++G(3df, 3pd)L50-function basis set and frozen core approxwnatin the
present studies (Table 4.3.1), the calculatioMR(fc) (i.e. 1selectron pairs on oxygen
atoms were excluded froMP2 calculations) level with thé-311++G(3df, 3pd)asis set lead
to 2.90384 A Roo), —3.419 kcamole™ (SCH, -4.568 kcamole® (MP2),respectively, which
closely correlates with the results of Frigthal [63]. Utilization of a relatively largeaug-cc-
pvtz184-A0's basis set in the present studieSBR(fc)level leads to 2.90719 ARbo),

-3.406 kcamole® (SCB, —4.710 kcamole®, respectively, with the full energy for the global
minimum at —152.66624093383 Hartree. With the saomputational settings, Xantheas et
al. [64] have reported a value of —152.66624091tidarfor the global minimum whereas the
equilibrium distance and BSSE corrected bindinggyeas found at 2.91 A and
—4.71kcalmole-1 in a good agreement with the present re€igtncerning the complete basis
set limits for the binding energy of the water diraetheMP2(fc)level of theory with the
Dunning'saug-cc-pvxabasis sets, Xantheas [65] recommends a value.8fkedimole ™,

which is noticeably smaller than the accepted eérpertal value of —5.4 +0.2 kcatole ™ but

in somewhat better agreement with the correctedeyal5.2 kcamole * [62]. With a very
large 262-function [188p,4d,2f/8s,4p,2d] basis set Kinet al [66] have obtained at th¢P2
level the following values: —152.79031 Hartreedt@nergy), 2.925 ARyo), 122.3°0.),

-3.69 kcaimole™ (SCP, -4.66 kcamole® (EMP2), respectively, with the approximated value
of ~ =5.0 kcamole ™ for the complete basis set limit, which is apptoag the experimental

value.
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Table 4.3.1. The comparative table for &teinitio andB3LYPdata for water monomer and

dimer.

Parameter Expt. H,O

The HF limit is at —=76.0675 [73]

B3LYP/aug (C,y) MP2(fc)/LBS at
E=-76.4661967 MP2(fu)/6-311++g(2d, 2p)
Frisch geom. [63]:
EMPZ(fC) = -76.32428
EMP4(fC)= -76.33868 ;
MP2/aug-cc-pvtz :
Ewpz =-76.3289924
MP2/aug-cc-pv5z

Empz =-76.3602282 ;
[28,18,8,3/18,8,3] [67]:
Ewvpz = —76.40404
Esce= -76.06742 ;
[13,8,4,2/8,4,2] [65]:
EMp4 = -76.40706

EMPZ =-76.39118
Esce= -76.06756 ;

(fc) aug-cc-pvtz at Frisch
geom. [73]:

ESCF: -76.0606

EMPZ = -76.3290

EMP4 = -76.3436

Electronic |-76.4802 MP?2 (fc)/laug-cc-pvtz
energy, [66] (Cav)

Hartree Evp, = —76.3289924
Escr= —76.0602820
MP2(fc)/LBS (C,y)
Evp, = —76.3242865
Escr= —76.0585564

B3LYP/LBS (Cy)
E=-76.4645116

ZPVE, 13.18 [4] 13.4351,,4 13.3267,,4 [13,8,4,2/8,4,2] [65]
kcal'mole™ 13.5560, gs 13.3702 s 13.50p>
L(O-H), A |0.957 [68] 0.96137 44 0.96185,,4 Frisch geom.[63]: 0.9571 ;
0.9576257 0.95887, 5 0.96114, s [13,8,4,2/8,4,2] [65]:
[69] 0.959p
<H-O-H, ° |104.50 [68] 104.11,,4 105.08,,4 Frisch geom.[63]: 104.34 ;
104.51 [69] 104.04 g5 105.04 g5 [13,8,4,2/8,4,2] [65]
104.2Mp2
Dipole, D |1.855 [55] 1.8595,4 1.847344 [13,8,4,2/8,4,2] [65]
1.8993, g 1.8897 ks 1.850pp>
Dimer

MP2/aug-cc-pvtz (Cyy)
Eq = -152.666241

Hartree

B3LYP/LBS (Cy)
Eo = —193.2323224

Hartree

B3LYP/LBS (C,y) [20]
E,=—-193.232326
Hartree

By implementing the partial optimization (with thenoptimized geometric parameters

of individual water molecules) at tihP2 level with theBSSEcounterpoise correction and

progressively improved basis sets with the basistfans located at the middle of the O—-H

bonds, van Duijneveldt and van Duijneveldt [58] éabtained the following data:
-152.643549 Hartree (total energyMi®2 level), 2.949 A Roo), 124.8°0,), 57.6°6y), —3.69



kcatmole* (SCP, -4.73 kcamole® (EMP2), respectively. Using thBAPTapproach and the
partial optimization of dimer (both monomer unissame the same vibrationally averaged
geometry different however from the monomer equiiilm geometry by small extension of the
O-H bond), Mas and Szalewicz [62] have estimatedriteraction energy in the dimer at
-5.05 kcaimole™, which is in a very good agreement with the anluamigity-corrected
experimental value for the binding energy. Indekd,vibrationally averaged geometry of the
water monomer used by Mas and Szalewicz [@2);-H) = 0.9716257 A and 104.69° for the
A"H-0O-H angle, appears to be reasonably closedatoothtained by a complete optimization in
the present work on tHdP2(fc)/aug-cc-pvtdevel, Whonor: I(O—H)gonor= 0.96858 A,

r(O—H)ree= 0.96041 A, Weptor I(O—H)ac= 0.96227 A and "H-O-H at ~104.5° although
shorter O—H distances in the present geometry@texin A key difference between these two
geometries resides in the optimal O—0O distancechvisi 2.953 A in the Mas and Szalewicz
geometry and 2.907 A in the present geometryis dbvious that the monomer units are
different from each other, and exist in the georastdifferent from that of isolated water
molecule especially with the respect to the leradttO—H )yonolbond, which is larger than the
equilibrium O-H distance in the isolated water neale. Moreover, since the elongation of
the (O—H) bond appears as an essential attribute afiftheystems (at least from the
spectroscopic point of view), it is logical to parin a complete optimization of the dimer
including the optimization of the internal coordies of both water molecules. From the
viepoint of binding energies, the results of vanjevent and van Duijnevent [58], and Mas
and Szalewicz [62] neglect the deformation enefgh® monomers (see eqs.(4.2) and (4.28)
above), which is usually a very small positive eaht theMP2 level, although it could be
negative at eitheBCFor second-order correction levellP2/aug-cc-pvtzalculations using
the Mas and Szalewicz geometry [62] reveal thatdted deformation energy of both
molecules is +0.271 kcatole™ (+1.250 kcamole * at SCFlevel) measured with respect to
the optimized monomer geometry at MB2/aug-cc-pvttevel of theory or +0.237

kcatmole* (MP2) and +1.630 kcahole* (SCH using the monomer obtained by Polyaretki
al. geometry [69]. On the other hand, the combirefdranation energy at the minimum of the
dimer, obtained in the present studies atvifR2/aug-cc-pvtzevel, was determined to be
+0.040 kcaimole™ for theMP2 and +0.203 kcahole ™ for theSCFlevels, respectively (see
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Figure 4.3.5.). If the deformational energy atMie2 level is indeed negligible, tHeCF
deformation part is discernible and could playla io the location of minimum, and
contribute to th&sCFlimit of the binding energy. In this sense, thadvand Szalevicz [62]
and van Duijnevent and van Duijnevent [58] resattsassociated with the interaction energy
rather than with the binding energy as discussedersection 4.2.1.1. Regarding ®€F
complete basis set limit for the interaction enelgybakat el [70] and Szalewicet al[71]
have reported the value of —3.73+0.05 kwalle * at the near-equilibrium geometry
determined at th8CFlevel of theory with a very large basis set by IReet al[72] while
Feller [73] has reported a value of —3.55 koalle * using the Frisch's geometry [63]. These
were reported in literature with no further explamas for such significant differences in the
SCFlimit of the interaction energy in the water dimételler extrapolated hidP2 level

results using thaug-cc-pvxbasis sets to the value of —4.95 +0.05 kuale * as the complete
basis set limit, which appears to be identical \M#ntheas's estimate of the binding energy
[65].

An investigation of the influence of the basis@ethe components of the interaction
energy [58, 74, 75] (egs.(4.20)-(4.24) above) risgatAE™", or the interaction energy
between undeforme8CFsubsystems that includes the attraction of permiagipoles (as a
leading term) and the Heitler-London exchange g@pal is very sensitive to the basis set and,
in particular, to the exponent of the polarizationction. This strong basis set dependence of
the electrostatic component of the binding enesgyrimarily due to the sensitivity of the
dipole moment of the monomer units to the basis Setaller basis sets such as the standard
6-31G(d,p)(10s4pld/4slp) [321/2] split valence basis poorly describe the elecatispart of
the binding energy because of the significant cstareation of the dipole moments of
monomer units [74]. Despite this unfavorable featthe computationally efficie®t:
31G(d,p)basis set is utilized in the present studiesterdalculations of the large water
clusters. On the other hand, the basis sets cmtstr by Sadlej [75, 76] and White and
Davidson [77] for the purposes of computationaffg@iveness while preserving necessary
accuracy should be definitely considered as bettedidates for the calculations of larger-size
water clusters. In contrast to thE%s; component ohE"" (eq. 4.23), both the Heitler-London

exchange energyEe.'- andSCFdeformation energE>“ %' (eq. 23) contributions to the
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binding energy appears weakly dependent on thedsasiquality [58]. Mas and Szalewicz
[62] have reported the following partitioning oktinteraction energy at the approximate
optimum geometryAE"" = -1.76 kcamole * decomposed intg%s= —7.73 kcamole* and
%= +5.97 kcamole *; AESCF %"= —2.03 kcamole* decomposed 0t relax= —2.50
kcalmole ™, ¢%xch-de= +1.29 kcalmole * and higher order exchange-deformation terms at
-0.82 kcaimole *, which brings th&&CF(AE™ + AESCF %) interaction energy to -3.79
kcalmole™. The higher order perturbation corrections witthieSAPTapproach add -1.26
kcalmole™ to the interaction energy while the second orderection on théP2 level was
found at —1.13 kcahole™ with the large243-function basis set bringing the totdP2 level
interaction energy to —4.92 kealole . The similarity in the values of tf®@APTandMP2
corrections indicate that the second-oe&2 correction to th&&CFenergy provides a
reasonable approximation to the total interactioergy. The largest attractive contributor to
theMP2 correction is the dispersion energy (see eqgs.(44d (4.20)), which was found by
Mas and Szalewicz at —2.35 keable!. TheMP2/aug-cc-pvtfwith the184-function basis
set) calculations with the Mas and Szalewicz geopgve values of —3.750 kcatole ™ for
the SCFinteraction energy accompanied with the —1.039-kuale * MP2 correction, which
brings the totaMP2 level interaction energy to —4.789 keable ™. It is interesting to note
that the induction term counterbalanced by the amgb-deformation appears as the largest
contributor to the interaction energy in the watiner closely followed by the Heitler-London
interaction and the dispersion energy. Beingehimes larger than the induction attraction
(associated with the*%,qa + £*%%as terms in eq. (4.19)) and at nearly the same ptigpoof
the dispersion attraction, %, the electrostatie'%s; term is the leading component among
the purely attractive terms. Therefore, the disiogrinteraction is a significant component of
the interaction energy in the water dimer.

In the following section the partial cross-sectiofshePESof the dimer are discussed
starting from the variation of the binding and thieraction energies along the O-0O

coordinate.
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4.3.1.1 Cross-section of the Potential Energy Surface of Wer Dimer along the O-O

Coordinate

Firstly, within the framework of the supermolecudgaproach, the dependence of the
total electron energy as a function of the O—0O dowmte was determined relative to the
minimum of the total electronic energy of fully optzed dimer on th&1P2/aug-cc-pvtzevel
(without the BSSE correction). At each point aldng O—O coordinate the dimer is
optimized with respect to all other degrees ofdma. The computational results represented
in Figure 4.3.2 (a, b) clearly shows that MB2 minimum at ~2.907 A is shifted to a shorter
O-0 distance by ~ 0.1 A with respect to 8@Fminimum, which appears to be very flat in
accord with the notation of the weak hydrogen bionithe dimer. It should be noted that the
presenMP2 energy profile over the entire region of simulaican be fitted by the following
Morse function, 4.56p1 — exp(1.556 (2.90719 —))]>. The relative flatness of t1&CF
profile originates from the balance of the eleditis and induction attractive effects on one
side and the corresponding exchange and exchadgetion repulsive terms on another side
(see thesAPTdata of Mas and Szalewicz [62]). Therefore, tiedtetical minimum and the
shape of the potential energy curve near the miminsudetermined by the second order
correction on thé1P2 level with the main attractive contributor beimg tdispersion energy.

In other words, since theCFprofile is flat at minimum (as expected), the kbma of latter on
the O-0O coordinate is defined primarily by the amte dependence of the dispersion energy
and other higher order perturbation corrections |¢ading attractive term of which varies
proportionally to the ~® within the framework of London oscillation mod&B]. Another non-
negligible component of the second order corretagiart of the interaction energy?
corresponding to the intramolecular correlatiorrection to the electrostatic interaction (see
eg. (4.26)) was found to be repulsive near the muimn at the level of ~6% of the electrostatic
attraction ™% Figure 4.3.2 (b) clearly shows that 1€ second-order correction moves the
minimum by ~ 0.1 A towards the repulsive part & SCFcurve, which is defined primarily
by the exchange repulsion. It is interesting teestse, however, that the experimentally
determined value for intermolecular distance indtmeer ( 2.952 A [58]) appears to be
between théMP2 andSCFminima, which presumably indicates the deficieatthe MP2
correction, assuming that tis&CFprofile is reproduced more precisely. Rylatlal.[70] have
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found that only:*’ech-ispands*uspterms are discernable, which are both at comparable
absolute value but with the former being repulsivele the latter attractive. The latter term,
¢*%4is» does not present on tMP2 level of theory, which therefore indicates theidehcy of

the MP2 correction.
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Figure 4.3.2. Potential energy profile for the evatimer along the O-0O coordinate.

The calculations were performed at ME2/aug-cc-pvtzevel of theory. The data points are
shown without th&SSEcorrection. (a) Wide and (b) narrow range of theOQlistances.
SCF, MP2 and EMP2 designate thieé energy, second-ord&tP correction and tota/1P2

energy.

If the previous discussion has considered the tranaf the total electron energy of
the complex with respect to the minimum (i.e. ndipaning the system on the monomer units
was considered), the next Figure 4.3.3 represhatgariation of binding and interaction
energies along the O-0 coordinate with respedtéacbmbined energy of the two monomers
separated infinitely (i.e. with respect to the ketaergy of a single monomer taken twice). The

binding and interaction energies of dimer were waked in accord with eq.(4.28), in other
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words the counterpoise correction has been emplioyee calculation of the binding energy,
which is given with respect to the electronic eyasfithe monomers at their optimum
geometry. Firstly, a substantial difference betw#ee binding and interaction energies at the
SCFlevel should be noted, which is due to the disbégrcontribution of the deformation
energy to th&&CFbinding energy.
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Figure 4.3.3. Profile of thBSSEcorrected binding and interaction energies of wdit@er

along the O---O coordinate at ME2/aug-cc-pvtzevel of theory. (a) Wide and (b) narrow

range of the variation of O-0 distance.

On the other hand, it appears that this differdremme smaller at tHdP2 level

(Figure 4.3.3 (b)) due to the opposite sign contidn of the deformation energy to the

second-order correlation correction, as it is evideom the Figure 4.3.3 (a). Indeed, if, at the

minimum near ~2.95 A, thilP2 binding energy ( —4.714 keadole™) is found to be relatively
close to theMP2 interaction energy (-4.750 kealole®). TheSCFbinding (-3.505 kcainole

!y and interaction (-3.708 kcaiole') energies are found to be discernibly different.

Secondly, the transition from the O—-0O profile of FESobtained by the optimization of the
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energy of entire complex (Figure 4.3.2) to the pr6files of the binding and interaction
energies leads to a shift of the minimum to a lasgparation distance as it appears in Figure
4.3.3 (b). The minimum of the total electron eryei@und at 2.90719 A can be associated with
the BSSEcorrected value of binding energy (-4.710 kwalle®) and the interaction energy
(—4.7493 kcamole®) whereas the O-0 profiling of the binding and iatgion energies
reveals that their respective minima should becatied at the larger separation distance
because at 2.95000 A these values are at —4.714nkde’ and at —4.750 kcahole™,
respectively. The main reasons for such a shiftccbe attributed to the flatness of the
potential surface in the region of minimum andhe tdependence &SSEcorrection on the
separation. Indeed, Figure 4.3.4 shows that thateopoise correction to the binding energy
is not small near the minimum and more importaittaries with the O—0O separation
distance. Therefore, the equilibrium geometryhef $ystem depends on tBESEcorrection
that becomes (physically atificaial) force varialsléhe minimization procedure. It is evident
from Figure 4.3.4 that the gradient of B8 SEcorrection is not zero at the point of the
classical minimum (2.90719 A), where the electroargy of the system is at minimum and
the gradients along all spatial coordinates areself, as in the present case, the classical
minimum is flat, i.e. the gradients are close tmzrver a discernible spatial region, the
gradient of thaBSSEcorrection could become a non-negligible facteating an additional
force on the particle constituting the system iegfion. The origin of this force resides in the
incompleteness of the mathematical basis usedhéowhave function expansion, and from this
prespective is purely a computational factor. Ai@lest of the present author knowledge,
there is no straightforward way to include thistepalependence of tH&SSEcorrection

directly in the minimization subroutine within tiBaussian set of programs. From a physical
point of view, the minimum of the electron enerdyle system would be the only meaningful
representation of the properties of real systerawéver, the mathematical incompleteness of
the basis leads to the different computationaltyealhen the minimization of the total energy
of the complex provides only one possible represgent of the properties of the
multimolecular complex whereas the minimizationttedBSSEcorrected binding energy or
minimization of the interaction energy providedeliént computational representation of the

system.
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Figure 4.3.4. Profiles of tH&SSEcounterpoise correction for the water dimer altregO-0

coordinate at th&P2/aug-cc-pvtzevel.

Conventionally, the preference of one represemtaii@r another is established by
comparing the computational and the experimentitsesuhich appears favoring in many
cases the counterpoise correction approach [3&2@®6, 70]. In the case of the water
dimer, such a comparison does not lead to the itleéresolution taking in consideration a
large uncertainty in the experimental and compaonteati data. Furthermore, the mismatch
between minima of the binding and interaction emsrgs expected according to eq. (4.28).
This expectation is associated with the dependehttee deformation energies of two water

molecules on the separation distance shown in EigL8.5
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Figure 4.3.5. Profiles of the deformation energiesvo water monomers in the dimer along
the O---O coordinate BtP2/6-311++g(3df, 3pd).

It appears that the deformation of the donor ismagfligible in the area of minimum
and diminishes with the distance. The latter caaldtribute to the shift of the binding energy
minimum further to a larger intermolecular distanektive to the minimum of the interaction
distance. The contribution of the deformation ggdo theCP corrected binding energy
according to eq. (4.28) is physically meaningfa@céuse the deformation of monomers as a
physico-chemical molecular process should accomfganjormation of multimolecular
systems. It appears that the shift in the potentiaimum from smaller to a larger separation
distance upon the inclusion in computational ansalggtheCP leads to a better apparent
agreement with the experimental value. Furthermtbeecomparison of the corrected and
non-corrected values for the potential well depslo &avours the counterpoise procedure,

although there is no general agreement on thigisButhis sense, the computational results
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are also subject of the errors and uncertaintiagisate difficult to estimate and correct.
Finally, the change in the geometry of the dimea &snction of the O-0 distance is
shown in Figure 4.3.6. Firstly, it should be notiedt the relative orientation of two water
molecules changes with the O-0 distance from thaiva in Figure 4.3.1, where the oxygen
atom of acceptor is located outside the opening$-@—-H angle of the donor, to the
arrangement where O atom of the acceptor is witleropening of HOH angle of the donor.
This tendency is in agreement with the observatianC,,~symmetry configuration of the
dimer with doubleHB is a transition state. The rearrangement tala&sepihen the molecules
with the almost linear Qceptor-(H—O)donor arrangement are separated by 3.75-4 A. As
molecules moves closer than 3.75 A, the linéBrarrangement becomes unstable and H atom
of the donor is pushed out from the O-0 line. Viaa der Waals (VdW) minimum for the
water dimer according to tidP4P model is located at ~3.540 A indicating that tleeidtion
of theHB bond from the linear configuration at short disesis due to the VdW repulsion,
which originates from the exchange effects. Acoaly, the bending angle of acceptor
decreases with the shortening of separation. Tésept calculations confirm that the
extension of the (H-Qjnorbond of donor is an importance signature ofHiiBe Indeed, as
Figure 4.3.6 shows that the length of (Hg&) bond increases with the shortening of

separation until it reaches maximum near the p@ieminimum.
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4.3.2 Water Tetramers

An analysis of the water tetramer family reveaks ain structural and energetic
features that are also found in the small watestehs W4-We. The most noticeable structural
feature of isolated water clusters, which conttbisexistence of particular configuration,
resides in double donod?) local arrangement. The double donor water mdéelears
significant negative charge due to the donatiomftavo HB neighbors. This negative charge
attracts the non-compensated positive charge oBKOH dangling bond) located on the
remote water molecules. As a consequence of tineecion the configuration changes such
that additionaHB will be established between tteand OHDB by "internal reaction"d? +
OH (DB)—HB. The sequential configurations are found to leenttost stable among all others
possible local minima for the water clusters of\aeg size as shown in Table 4.3.2 fog.Wf
the initial configuration includes th and OHDB such configuration is found unstable. This
latter configuration converts to that with a largember ofHB's. Therefore, the distorted
HB's are formed by joint af and OHDB. For example, a tetragonal configuratibB5
with a distorted network of thdB's shown in the second row of Table 4.3.2 is foraed
result of the excitation of a stable sequentiaffigomation Ring | SR4-HB4if the molecule W
attains thel® configuration. This Wreconfiguration triggers a structural collapse dhw?
will be approached by the dangling bond of fétming the tetragonal compact structure.

It is appropriate to clarify the notation of thenbmrmational space for a given
configurational minimum. A sequential tetragonagrcould serve as a simple example of this
notation. Indeed, both complexeRimg | SR4-HB4 (d4)” *~*! and aRing Il SR4-HB4
(da)y'™ * =71 belong to the same configuration, which definesguence of the hydrogen
bonds. On the other hand, it is obvious that tisésetures do not coinside becauseDBs
are oriented differently with respect to each otimedt to the ring plane. A specific orientation
of theDBs with respect to each other and to the ring ieda conformation. The
conformational space "diffuses” the energy of dipalar configuration over a range of
energies, which depends on the dipole-dipole iotema of theséDBs.

Figure 4.3.7 demonstrates the effect of clustengeny on the energy properties of the

W1-W, set calculated at tH@3LYPandTIP4P levels. It is evident that the binding energyof
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sequential ring configuration is the largest. Tifeerent orientation of dangling bo

nds within

a given configuration does not significantly influe the total binding energy despite apparent

dipolar repulsion between OH bonds (see Table %.Bli binding energy for the non-

sequential configurations such as a tetrahedrdiscernibly smaller as well as that for the

configurations with multiple double donors and dieudcceptors.
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[ Energy characteristics of 1-4 Water Clusters
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Figure 4.3.7. Binding energies and thermodynanmctions for the water tetramer clusters.

Binding energies with BSSE correction$)* 0K (the thermodynamic energy of the formation
of a complex at 0 K), andG*298.15K (the standard Gibbs energy of the formatioa
complex at 298.15K) for the water clusters of 1-dlenules at their local minima and
transition states calculatedB8LYP/6-31G(d,p) (SBSPH-311++G(3df, 3pd) (LBSand

classicalTIP4P levels of theory.
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The notations for the cluster's states are giverainle 4.3.2. The energetic for the W2
cluster aB3LYP/SBSn Figure 4.3.7 is given for tHés distorted geometry, which appears to

be a first order transition stat€g) with this basis set.

Table 4.3.2. Local minima and transition statethaHB systems withl water molecules.

The computations are performed at B8 _YPlevel of theory with th&-31G(d,p) (SBSAnd
the6-311++G(3df, 3pd) (LBShasis sets and with the classiC#P4P potential. The

energies, distances and angles are given in-fkoéé '], [A] and [°] units. L andAL

designate the distance and the change of the destagtween entities in questiax¥ PVE
stands for the zero-point vibrational energy cdmition to the binding energy, B.RAG 295 15
represents the standard Gibbs energy of the confipimation at 289.15 K. HBgand
/0-0-Qyng. designate the hydrogen bond angletD--O and the angle between three oxygen
atom connected by the chaintéB’s. The interaction energy, pairwise, tri and naltly
contributions to the interaction energy are indidaby appropriate subscripts. For classical

TIP4P calculations the total interaction energy aledtrostatic interaction energies are

reported.
Structure / Symmetry B.E.essecorr. | B.E. Bssecorr. | TIP4P L (01-05) AL HBang.
+ AZPVE /L(01-03) (O—H)ponor /O=0=Oang.
IDG 30815 IL(02-04)
2 1 | —381.57ses —22.42sps | —27.871otal 2.69624<ps 0.0278558s 169sss
wz / +3.805s8s | —36.07gjectr /3.81067sss / ~90sBs
x -4.87 wiwz 0.02194 s
¢ & ~1.67 waws WiW, 2.740861s 168155
3 4 —6.0670tal /3.87604 s / ~90.Bs
—22.80pair —8.18Eectr
Sequential Ring | =9.87Ti 2.72271pap 1711pap
SR4-HB4 (da)* =+~ —0.767etra Wi1Ws3 13.840 Tipap / ~90 T1ipap
| S, distorted —-25.67.8s -17.238s —1.8070tal
/ +8.102.8s -1.67Electr
-4.18 wawz
—19.43 pair
—6.84 1ii
—0.63 Tetra
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Structure / Symmetry | B.E.gsse corr. | B.E. Bssecor. | TIP4P L (01-02) AL HBang.
+ AZPVE /L(01-03) (O-H)oonor  |/O-0O-Oang
IDG 29815 /L(O2-04)
-23.41sps -14.20sgs | —24.02710tal 2.80919sps W, W1W;
-4.81wiw2 | +11.484sps | —31.29€ectr /2.644825ps 0.03221sps 147 Bs
1 g 4 | 407wws /4.01829sgs 0.0244418s |/ 95wawiwa
—-3.91wows WiW; W> / 62wawiws
/&v 1.45wowa —4.9670tal 2.88874 s 0.01129sss | /56wiwaws
& L & ~6.28ceor | /2.711831s | 0.00864.es
¢ —20.06p4i W1Wy /4.27095, gs W3 150 1ipap
2 3 —4.56Mmuti —5.3870tal 0.01251sps |/ 79wawiwa
-19.54, s -11.808s | —6.49eiectr 2.800r7ipsp; 0.00819.8s |/ 61lwawiws
Tetrahedron | | +12.743.8s | W1W3 2.826mipap /58wiwaws
T-HB5 -4.06w1w2 -5.4570qal 12.7031ip4p
(da’~da-d’a—da) -3.66 wiwz ~7.83kctr 13.5911ipap Wi W3
| Cs distorted at ~3.24 wows WoWs 154 g5
B3LYP 1.03 wowa =4.9970tal 158 1ipap
/ C1 at TIP4P -6.1881cr
-17.22pair W3W4 WoW3
—2.99Muti —3.9710tal 142 s
—5.39ecrr 1 94 wawswa
WoW,4 146 Tipap
0.73r0tal / 80wawawa
0-88Electr
1& 4 —30.35sps —21.37sBs Comf;?_rtitf)] 2.70363sBs W1 W1W>
L\x | +4.075 sgs (da) [2.69776sps 0.02744 sps 168sBs
_ "% ~4.0%1w2 /3.81106sss | W2 /1 5%es
% -4.88 wiwa /3.82756 sgs 0.02720sgs
‘ —-2.00 wiws WiW,
2 © s —1.93wawa 170sss
/ ~90sBs
Sequential Ring Il —21.86pair 2.752078s W3
SR4-HB4 (da)*™ "~ 71 | -10.33wui 12.74225 55 0.02170y8s
/ Ci distorted —24.76 s -16.48. s /3.88560|_Bs W> WiW>
| +8.622.8s /3.88456 s 0.02101,8s 166.8s
-3.67wiwz I 7°8s
—4.19w1w4
_1-49W1W3 W1W4
—1.47wzw4 169LBS
/ ~90.Bs
—18.69p4;
—7.26Mmutti
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Structure / Symmetry | B.E. gssecorr. | B-E. Bssecor. | TIP4P L (Oi-0O) AL (Op—H) [HBang.
+ AZPVE /O=0~Oang.
IAG 26815 /Dihedral
H-O-0O-H
2 3 -31.18sps —21.25sps converts to WiW> W, WiW>
E [ /+4.168sss | (@)1 2 5081465 0.02756 ses | 170 ses
’) b % -4.91wiw2 WiW, W2
é‘v -4.83w1w4 2.69581sps 0.02754 sgs | WoWs3
g l 4 _4.18W2W3 W2W3 W3 168SBS
Sequential Ring Il —4.12w3wa 2.70558sgs 0.0268 sgs
SR4-HB4 (da)* """ | -1.96wiws WaWs3 W, WaW,
/ C1 -1.67wowa 2.70493sps 0.02677 sgs 168sps
W1W3
—21.67pair 3.81763ss WiW,4
—10.34muti W2W, 170sBs
3.82085 sgs
/ ~90sBs
3 -28.42sps -19.82sps converts to 2.70374sps W, WiW>
2 ¢ o /+5.236sss | (@) 1271076655 | 0.02577sss | 168ses
R‘L«b &Q -4 14wz 13.79147 s W, WaW,
& -4.31wiwa4 /3.84444 555 0.02620sgs 168sps
1 4 -1.71wiws / 89sgs;
-1.61wawa 90sBs
Sequential Ring IV
SR4-HB4 (da)*l****1 | —20.22par WiW2
/ Ci distorted ~9.98wuri /1 5%ss
W1W4
/1 23%ss
.3 converts to —22.390tal
z GOC SR4-HB4 ~28.72tect
J % "% (da)‘””*‘l
W1W5 2.781
2 1 4 _5-60Total
_7-08Electr
Bifurcated Ring | W1W4 2.735
BR4-HB4 —6.1470tal
(da)"(@)*" ™ (d)*(da)” ~8.1Leect
/ Cy at TIP4P W2W3 2.782
_5-95Total
—7.44 Electr
W3W,y 2.763
_4-28Total
_5-93Electr
Wi1Ws3 3.702
+0-25Total
+0-40Electr
WoWy 4.108
-0.65 Total
_0-55Electr
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Structure / Symmetry | B.E. gssecorr. | B-E. Bssecor. | TIP4P L (Gi-0O) AL (Op—H) [HBang.
+ AZPVE /O_O_Oang.
IDG 59815 /Dihedral
H-0-O-H
3 &d 4 | ~15.69sss —-9.87sps | —20.4270tal W> WiW;
% / +13.069sgs | ~25.79iecr 0.003%sgs | 170sss
w‘ b% -5.20 wiwz 1741pap
2 +1.60 wowa WiW> W, W,
¢ 1 +1.74w1ws3 —6.1570tal 2.98206sps / ~90sBs
—7.55€ectr 2.790T|p4p ~83W2W1W4
Doubly Bifurcated Ring| —=17.47pair ~97wiwaws
I +1.62muti WoW, WoW,
dBR4-HB4 = +2.67 70t 4.21424sps
(2)"~(d)"~(2)"~(d) +2.81Ekectr 3.6957ipsp
I Dan
Tt S v ww | w
B3LYP/SBS +1.50r0tal 4.22030sps
+1.59%ectr 4.18211pap

4.3.3 Comparative Analysis of Small Water Clusters

After a detail review of the water tetramers coafagions in the preceding section, let
us compare the structural and energy propertibsmtlasses of the water clusters: open
monocyclic sequential clusters shown in Figure8ahd closed compact water clusters shown
in Figure 4.3.9. A regular hexagon®$symmetry is shown in the left column of Figure.8.3
is a basic structural element of the hexagdhaland cubic]c, ices, icdl and low-density
noncrystalline media. A puckered form of regulangagon ofZ; symmetry shown in the
central column of Figure 4.3.8 appears to be attral element of the icl/IX .

The hydrogen bond length show a characteristicraotibn in a sequence tetragon-pentagon-
hexagon due to the multi-body induction effectthi@ hydrogen-bond network discussed in
section 4.2.2. A main bonding factor among mudtéip terms is a tri-body interaction in the
sequential 1-2-B8iB chain:da-da-da. As evident from Figure 4.3.8, the tri-body cdmition

can reach up to 30% of the total interaction enerfiye hydrogen bond is strongest and
shortest in the hexagon because of the longesenéglichaint daunits. This noticeable
contraction of the hydrogen bond length is a dicectsequence of the cooperation effect.

Indeed, the pairwise 1-2 interaction energy dea@g&®m a tetramer to hexamer, i.8Va
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dimer isolated from the rest of the cluster attdémger intermolecular separation distance.
However, the presence of neighboring molecule catisecontraction of the wateiB
network.

The 1-3 distances show a characteristic geometpenidence on the number of apexes
in polygon. A tetragonal configuration become®oadjcandidate for the structural element of
the high-density noncrystalline media. This refllbws directly from the cosine theorem as
shown in Figure 4.3.8 (bottom row).

The presence of double donor in the open polygstmatture will lead to the collapse
of the network towards multicycle 3-dimentional figarations. This property of water

clusters provides a "natural” path for the transitirom one class of the clusters to another.
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3-body IE=-10.750
4+5-body IE= -0.796

Erom(EL.)= —25.670
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Figure 4.3.8. Properties of cyclic regular tetranpentamer and hexamer water structures.

The calculations were performed on B@&LYP/6-311++g(3df, 3pdevel. There are reported

electron formation energies, correspondii®)E corrected values and those per hydrogen
bond (in paranthesésF.+4ZPVE / E.F.41ZPVE: nHB’s) and the interaction energies with

pairwise and multibody components are reportek-yl)(designates the distance between

corresponding atoms.
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Figure 4.3.9. Compact water clusters:prism ane ¢aghexamer and tri-leaf for pentamer.
The calculations were performed on B@&LYP/6-311++9g(3df, 3pdevel. There are reported
electron formation energies, correspondii)/E corrected values and those per hydrogen
bond (in paranthesésF.+4ZPVE / E.F.*1ZPVE: n molecules E.F.+4ZPVE: nHB'’s) and
the interaction energies with pairwise and mulijpoomponents are reported. The
configurations are labelled as follows from leftright: prism, cage configurations for water

hexamer and tri-leaf configuration for water penégam
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Figure 4.3.9 compares tBSLYP/LBSomputational results for the prism and cage
configurations of water hexamer and for the tritl@anfiguration of water pentamer.

The electronic energies of these clusters as wdh@energies corrected for the vibrational
part are higher than those for corresponding opatogs despite a larger number of the
hydrogen bonds in the compact structures. In thegnt case, therefore, the electronic energy
of clusters is not directly related to the numbieioomal hydrogen bonds whereas the
structural parameters of the clusters are stikbmheined primarily by the hydrogen bonds. The
comparison of pairwise and multi-body terms for tipen and closed pentameric
configurations reveals that the pairwise interacgoergy increases by a very small fraction
upon transition from the open to the compact stmegti.e. —24.209 kcahole * versus

-24.633 kcamole ! whereas a multi-body term exhibits a discernitaelide, i.e -11.546
kcalmole™* versus —7.710 kcahole™. This result is an additional evidence for the
significance of the cooperativity (induction) effein the water network.

It appears that the 1-3 distances in a tri-leafiaralcage are in good agreement with
the scattering data reported by Fineg\al. [12] for the high-density noncrystalline media.
On the other hand, in the prism configuration tH&distances are larger than those in the
HDA and appear to be more appropriate fortbé. It is, therefore, possible to assume that
compact closed clusters such as a hexamer cagpemtamer tri-leaf are responsible for the
short 1-3 distances in high-density amorphous maslidisplayed in Figure 4.1.4 ( Finngly
al. neutron diffraction data on LDA and HAD [12])t should be noticed that Id¢kalso
contains short 1-3 pairs but does certainly notiges the closed structural units.

The lengths of hydrogen bond exhibit a characieris¢nd in accord with the electon
density distribution. The shortest hydrogen bonésfaund between such a pair of water
molecules where one of the counterpartsds’ddonor and double acceptor) molecule. All

configurations in Figure 4.3.9 provide evidencauwpport this statement.
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4.4  Acetone-Water Clusters:MP2 and B3LYP Studies

A molecule of acetone (Ac) exhibits interestingamholecular electronic effects
associated primarily with the hyperconjugation kenp-lone pair of oxygen atom of the
carbonyl group and thebonds of the carbon skeleton. Analysis of thesamolecular
effects performed within thBO framework appears to be useful for estimatingcthitective
molecular response on the carbonyl group pertwbatiduced by water molecules.
Furthermore, the correlated changes in the IR atisorbands of such fundamental molecular
vibrations as carbonyl and carbon-carbon stretchindes can be viewed as a manifestation of
the collective electronic response on the pertishahduced byHB-ed water molecules
coordinated against carbonyl group. The electraggponse on the perturbation of carbonyl
group hyperconjugated with the carbon skeletondeéadhe weakening of the carbon-oxygen
double bond ant to the strengthening of the cadarbons-bonds, which in turn can be
observed as a red shift of carbonyl mode and gooreting correlated blue shift in the carbon-
carbon stretching mode. TMP2(fc)andB3LY Pcalculations of free acetone molecule show
that at relevant local minimum in Figure 4.4.1, e¥his expected to be the deepest one if the
other minima exist or, otherwise, the global minmuhe symmetry group of moleculeGs
(B3LYRLBSoptimization has been performed under@eymmetry but the final geometry
definitely belongs to th€, point group). In the literature [78, 79], acetanelecule is often
classified among &, symmetry group but present calculations indiché two
perpendicular symmetry planes are definitely l@stduse two methyl groups turn away from
the perfect eclipsed conformation such that thedtial angles become:"H'®" CqplCopH ™
Plane — 0.044° atMP2/aug-cc-pvtand 7.396° aB3LYP/LBtwo H, and H, are the methyl
protons closest to the molecular plane}!' ™" Cq,{CspH P4 = 0.028° aMP2/aug-cc-
pvtzand 4.801° aB3LYP/LBS If the MP2 geometry is indeed very close@g,, theB3LYP
geometry in contrary is distinctly different, whidses a question on the origin of this
noticeable difference in connection with possibliea-molecular hydrogen bonding between

the H, and H, protons and the oxygen atom of the carbonyl group.
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Table 4.4.1. Geometrical, bond (Wiberg, W.B., dMaer-Mulliken, M.M.) and population
parameters for the acetone molecule model awh2/aug-cc-pvtand theB3LYP/LBS

L andC stand for the distance and the atomic charge mésponding entity. The structure of

acetone molecule is shown on Figure 4.4.1.

Parameter Expt. MP2/aug-cc-pvtz (Cyp) B3LYP/LBS (Cy) B3LYP/LBS
[80a] MP2 density matrix Present work (Cav) [79]
Eei= —192.7901428 Hartree | Eei= —193.2323224 Hartree | Ee=—193.232326
Hartree
L(C=O)ib=0 1.222 A 1.21972 A 1.20863 A 1.2088 A
L(C=0),p [81]  [1.210+47°A| W.B.= 1.6895; M.M.= 1.3145 W.B.= 1.8166; M.M.=+1.4647
Cc"®(0)= -0.51254 c"®9(0)= -0.55987
c"0)= -0.628283 c""0)= -0.702619
CNBO(Cep2)= +0.56489 CNBO(Cep2)= +0.58467
C"(Cqpo)= +0.418028 CM(Cspa)= +0.746161
Freq. [82] - gas ph. [1731 cm™ 1756 cm™* 1790.5 cm™
L(C spa—Csp2) 1.507 A 1.50866 A 1.51398 A 1.5137 A
L(C spa—Csp2) W.B.= 0.9462; M.M.= 0.8705 |W.B.= 1.0096; M.M.= 0.7005
CMBO(Copa)= —0.67966 CM®O(Ceps)= —0.66919
CM(Cspz)= —0.839865 Cc""(Ceps)= —0.169331
Freq. [82] 1215.5cm ™" 12545 cm™ 1234 cm™
<Cp3—Csp2—C sp3  [117.02° 116.282° 116.524° 116.60°
<Cg3Csp2=O  [121.49 121.859° 121.738° 121.70°
<C4ps~Copz—C 5p3=O 180.000° 180.000° 180.000°
Dipole moment  [2.86 D 2.9820 wp2 D 3.0806 D 3.0813 D
3.4770sck D
L(Cspa—Ha) 1.08567 A 1.08630 A
L(O-HY) 2.52500 A 2.52425 A
<Hq—Cspa—Cspo 110.065° 110.145°
W.B.= 0.8945; M.M.= 0.8968\W.B.= 0.9372; M.M.= 0.9931
W.B.(OH ) = 0.0025 W.B.(OH¢) = 0.0038
M.M. (OH )= 0.0225 M.M. (OH )= 0.0019
C"®O(H'y)= +0.22240 CN®O(H )= +0.22270
Cc"(H ;)= +0.296034 c"(H ;)= +0.016004
L(C spa—Hp) 1.09069 A /1.09070 A 1.09182 A /1.09222 A
L(C'sp3—H'p) W.B.= 0.8852; M.M.= 0.8512|W.B.= 0.9265; M.M.= 0.9762
W.B.= 0.8852; M.M.= 0.8512|W.B.= 0.9243; M.M.= 0.9783
M q=Clsps=C sps—H 0.044° 7.396° 0.000°
AHp1-C 5p3—C spa—H p2 0.028° 4.801° 0.000°
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in-plane coordinatio

in-plane coordination

positionl .
position2

Figure 4.4.1. Atomic labelling and molecular sture of the acetone molecule.

There are shown two coordination positions for ptiog 2 HB's. The Wiberg bond indexes
for C=0, GpzrClspa Cspz-H'y and Cgp3-H's1 (C'sps—H'po) are 1.8166, 1.0096, 0.9372, and
0.9265 (0.9243), respectively.

Evidently, Table 4.4.1 shows that a good genenaegent is found between the
geometric parameters obtained in the experimer#][80d those calculated by both methods,
which indicates a general capacity of both companat methodsMP2 andB3LYR, to predict
geometric parameters of carbonyl compounds. Ipthsent case, a surprisingly good
agreement is found between the computed valuabdot,=0 bond length at 1.21972 A
(MP2/aug and 1.20863 AB3LYP/LB$and experimental value at 1.210 + 4%14 [81].
Secondly, the computed dipole moment of acetoneonte is discernibly larger than the
experimental value (Table 4.4.1), which leads todterestimation of intermolecular
interaction energy in the acetone-water clust@ise MP2 value for the dipole moment is in

better agreement with experiment than that obtalnyettheB3LY Pcalculations.

If the carbonyl group C=0 is a characteristic featf the acetone molecule, a

tautomeric form, enol, contains the hydroxyl gravifh neighboring carbon-carbon double
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bond: (CH),—C=0 (Ack->CH3;-C(OH)=CH, (En). The electronic energy of enolic structure
was found to be +11.493 kealole * and +11.359 kcahole* with respect to the acetone form
at theB3LYPand theMP2 levels, respectively. This large energy excedgates that the
anticipated abundance of the enolic form is verglsnHowever, in the water media, where
the hydrogen bonding between the organic and wadéecules is highly probable, the enolic

form could be stabilized by additional donor coaedion as follows:
(CH3),-C=0 (Ac) + nHO «> [(CH3);-C=0 (Ac)2H,O]ug + (N-2)H0O +AHAc
CH;-C(OH)=CH, (En)+mHO < [CH3—C(OH)=CH, (En)3H,0]us + (M-3)H0 +AHg,

It is possible to assume that the enolic tautomifevm 3HB's with water molecule®
acceptor-type coordinationtdonor-type coordination; whereas the carbonyloiaetr is
expected to form onlg acceptor-typ@iB's. Therefore, a simple estimation could be made fo
the enthalpies of hydration of both tautomerstHifx. (Ac-2H,0) = —6.704 kcaimole™
(B3LYP/LBS$thendHg, ~ 3/2- AHac.= —10.056 kcamole ™. It appears therefore that a
plausible gain in the hydration energy is not sugint for making enolic form energetically
comparable with its carbonyl counterpart (of coutee above values fatHac and4Hg, are

just zero-order approximations). An isolated asetmolecule and the acetone dimer with
anti-parallel orientation of the carbonyl grouppresent a-class of the acetone-water network
structures. A characteristic feature of this ciaghe absence of hydrogen bond between
acetone species and water network. The acetorer-métraction is limited to the electrostatic
and van der Waals forces. Specific spectral exasngi these complexes are given in Chapter
5.

In order to correlate the experimentally observedudencies for acetone/water system
the following complexes were designed and optimaedheB3LYHRLBSandTIP4P (and for
simple complexes oWMP2/aug level of theory the following complexes: (i) A singleHB
complex with in-plain coordination of water moleeu(ii) two different Aec2W complexes:
bifurcated complex witl2 HB's between the carbonyl group and water moleculds an
sequential complex with HB between water molecule and carbonyl group of aeeto
(structure of this complex is given in Figure 4)4i8) two different Ac3W complexes witt2

HB's between water molecules and carbonyl group; ifferehce between these two
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complexes resides in thB sequence of the hydrogen bonds within water nét\oable

4.4.2 and Table 4.4.3); (iv) three different-¥Ag (cyclic hexagon)- two complexes comprise
bifurcated double hydrogen-bonded acetone witHitheand third water molecules; the
difference between this pair resides in the seqaiehtiydrogen bonding network; the third
complex is constructed from acetone molecule bodimol@ hexagone with single hydrogen
bond, structure of which is given in Figure 4.4Table 4.4.3 provides a detail structural and
energy partitioning information for the above ltsomplexes whereas Table 4.4.4
demonstrates the vibrational frequency responseetibne molecule on the coordination in the
different complexes.

The present quantum mechanical calculations rdtaaathe global minimum for the
coordination of water molecules around acetone cutéeincludes two in-plane positions for
the acceptor hydrogen bonded (see Figure 4.4.d)lodal minima for the back-side or for the
perpendicular to the carbonyl group coordinatioangehbeen found in the present studies in
contrast to a previous report of Liabal [78], who obtained the local minima for the water
molecule coordination with the GHroup from the back side of acetone molecuB3itYP/6-
311g(d,p)level. Moreover, the present author has undentéthe optimization of these latter
complexes (laballed dd and2b in the Liaocet al. work) atB3LYP/6-311++g(3df,3pdlevel
starting from the geometries provided by Medtedl. [83] and has found no minima
corresponding to the suggested geometries. Thidtrelearly indicates that the existence of
the back-side minima depends on the quality obtiss set and, therefore, could be a
computational artefact. It should be noted thadroter to provide convincing evidences for the
existence of the back-side local minima #feinitio MP2 level calculations are required. To
the best of the present author’s knowledge, thRB2 calculations have not yet been
performed. However, at the present moment thersuafficient evidences for suggesting that
the back-side minima (if indeed exist) are veryllsinaand depend strongly on the global
configuration of water molecules around the acetapnéecule. The global configuration is
controlled by the hydrogen bonding of water molesuh the in-plane positions as shown in
Figure 4.4.1.

An interesting example of the acetone-water hydndgend coordination is given by a

pair of the local minima, in both of which the am®t species acts as an acceptor of a single
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hydrogen bond in the in-plane configuration. Ttractures and other parameters of these
complexes are given in Figure 4.4.2 and Figure34.4The acetone-water dimer (Figure 4.4.2)
represents a characteristi® in-plane arrangement, where the acetone molecgkpts a
hydrogen bond from its counterpart. In other wotlle lone pairs on the oxygen atom of
acetone molecule donate the electron density tathe spatial region between{and Hy

as represented by the Wiberg index value of 0.0308s value is much smaller than typical
values for a "normal” covalent bond, which poini$ the weak covalence of the hydrogen
bond interaction in general and of the pres#atinteraction, in particular. The discernible
reduction of the Wiberg index for O—H bond in thater molecule from 0.7923 for the
isolated molecule to 0.7342 in the acetone-wat@ediprovides a convincing evidance of the
orbital interaction between the two lone pairs @étane moleculeypol andng2, and the
antibondings' (O-H) orbital of the OH group. The reduction oéetton density in the OH
group that is involved in theB coordination is compensated by the increase oéligtron
density on the adjacent OH bond. Regarding thieatesl group of acetone molecule, it is
evident that théiB coordination leads to a significant reductiontefdovalence, which

follows from the comparison of corresponding Wiberdexes: 1.8166 for the isolated acetone
and 1.7725 for the acetone-water dimer. In coftths carbon-carbon bond gains the
covalence as a result of th8 coordination as indicated by the correspondingafgbndex,
which increases from 1.0096 for the isolated mdketm 1.0207 (1.0173 for the second C-C
bond) for the acetone-water dimer. The electrizsédtraction between hydrogen atom éf
acetone and the oxygen atom of water moleculess @lident from a specific location and the
orientation of water molecule with respect to thetane framework. However, no evidences
of theHB character of this interaction are found in thespre studies. Indeed, a Wiberg
parameter for the @--H, ac atomic pair is vanishingly, i.e. 3.1xF0versus 3.1x1F for the
Hw-Oac. The localization and orientation of the waterd@cale around acetone moiety is
controlled primarily by the hydrogen bond coordiaatwith the carbonyl group. This
orientation is, however, modulated by the elecatistand van der Waals interaction with the
remainder of the acetone molecule. The above slison further strengthens the partition
scheme for polar organic molecules suggested ipteha (section 2.5). The anchoring

interaction of small polar molecules with watedige to the hydrogen bond coordination while

190



the overall intermolecular interactions could bgngficantly "perturbed” by the less specific
forces. This simple classical scheme forms theggiioundation for the structural part of the
present studies and provides reliable chemicahteers for the interpretation of the spectral
data on an intuitive level.

The insertion of second water molecules that wisdiydrogen-bonded to the former
water molecule causes strengthening of the wattieae hydrogen bond. Indeed, the Wiberg
index for the K, --Oxc pair rises from 0.0306 to 0.0416 whereas thos€f® and O-HHg
bonds decrease from 1.7725 to 1.7474 and from Q.%88.7095, respectively. The origin of
this strengthening effect resides in the inducetactron effect of the second water molecule
on the first molecule as described above in secti@r?.

In terms of the intermolecular interation energyoaparion of two complexes
Ac-H,0 and sequential AgH,0), also provides interesting information. The acetorater
intraction energy rises significantly upon additmfrthe second molecule from -5.727
kcatmole ™ to —9.046 kcamole*. Peculiarly, a tri-body term, —2.069 keable *, is larger
than the pair-wise interaction energy, —1.650 #woale *, of acetone and non-hydrogen-
bonded water molecule, ¥ Figure 4.4.3. This numerical result highligtts significance
of the cooperativity effects on the coordinatiorpofar organic species and the water network.
Specific spectral examples of the effects of theewaetwork configuration on acetone-water
hydrogen bonding are given in Chapter 5 (sectiérl}. The AeH,0), sequential complex
could be considered as comprising the acetone mlelend the water dimer. It turns out that
the intermolecular WW interaction is only slightiieakened by the attachment of acetone
species (see Figure 4.4.3), which could be vieveeal manifestation of the flexibility of water
HB network. In the present terminology, these twmplexes are part of theclass of the
acetone-water coordination network. A characterfstature of this class is a single hydrogen
bond between the acetone species and the wateonketw

A bifurcated Aec2H,O complex with PIB's represents a parent structure fordtatass
of the acetone-water coordination network. Thasslis characterized by two hydrogen bonds
between a carbonyl group of acetone and two watdegules located in the in-plane positions
as shown in Figure 4.4.1 and Figure 4.4.4. Pa@witeraction energy between an acetone

molecule and a hydrogen bonded water molecule appe®e nearly identical in the mono
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and bi-coordinated structures. This numericalltaswderscores that a carbonyl group of
acetone is suited for accepting one or two hydrdugerds.

In the present studies on the ab initio and senpieoal levels, no evidence for a triple
acceptor capacity of the carbonyl group of acetwas found. Therefore, the present studies
tentatively suggest that tle (bi-coordinated acetone species), fhémono-coordinated
species) and the (non-coordinated species) classes exhaust theijildges of acetone-water
coordination. Although the previous statementily @ tentative preposition at present
moment (al'lP4P optimization leads in some cluster configuratitma triply-coordinated
acetone species, and the enolic tautomeric foratetone could become a non-negligible
factor in the coordination of acetone-water spgcislong as there are no direct experimental
and theoretical evidences for higher-order aceteaier coordination, this preposition on the
bi-coordination of acetone species remains a wadicking model for the description of
experimental spectral data.

It is found that the frequencies of carbonyl anboa-carbon skeleton vibrations are
directly related to the coordination of water malles around acetone. The perturbation effect
depends on two different coordinations in the aoetwater network (see Figure 4.4.2 and
Figure 4.4.3): the acetone-water coordination imvig hydrogen bonding of water molecules
to the carbonyl group and the coordination withimeawork of water molecules. The
frequency shift in acetone molecule can be usexhasdicator of a specific sequence of the
hydrogen bonds in the water network due to theatidn effect in the chain of hydrogen
bonds. Figure 4.4.5 provides a simple Lewis reso@dorm interpretation of the perturbation
effect of hydrogen bonding on the acetone framewdtris evidently that the relative weight
of the carbonyl resonance form (the parent covaksudnance form where all electron pairs
are fully localized on corresponding atoms or pafratoms is used as a reference with the
weight of 100 %) decreases while the relative wedajtthe enolic resonance form increase on
the hydrogen bond coordination. The frequencytretshing mode dependces strongly on the
covalence character of the bond involved in a vibnal motion. The decrease of the
contribution of a carbonyl resonance form manifés¢s"weakening" of the carbonyl group
with the concomitant frequency decrease. In cehtthe increase of the enolic form weight

suggests the strengthening of the carbon-carbdatekewith the concomitant rise of a
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frequency. Indeed, as Table 4.4.2 and Table 4108/, the length of C=0 bond increases by
4.82x10° (MP2/aug or 5.68x10° A (B3LYP/LB$ on mono-HB coordination and by
9.59x10° (MP2/aug or 1.14x10% A (B3LYP/LB$on bi-HB coordination, i.e. the linear
deformation of carbonyl group doubles in transitilom a mono- to bi- coordination.
Therefore, one could expect that a frequency ré@twbuld be twice larger on transition from
a mono- to biHB coordination. Indeed, the experimental and comtprial results
summarized in Table 4.4.4 clearly show that fregyeshifts of the carbonyl stretching
vibration and carbon-carbon asymmetric stretchibgation exhibits a trend expected on the
basis of the present model. These results fornbalc&ground for the spectrum-structure
correlation in the acetone-water media, which ipleyed in Chapter 5 for the prediction of

the structure of acetone-water complexes on this bashe IR spectra.
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F.E. BssE corr. -5.58090 F.E.gssE. corr.tZPVE -3.71543
I.E. -5.72664

-

Figure 4.4.2. Acetone (Ac)-B / IHB complex is a parent structure for jhelass.
The computations were performed at B&.YP 6-311++G(3df, 3pdD.M. = 3.2433 D. The
Wiberg bond indexes are given in italic. Thereramorted the electronic a@dPVEcorrected

formation energyR.E) and the interactiorl.E.) energies in the kcahole * units.
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B.E./W,dimer | -7.73646 B.E. /W dimer -5.58482
+ZPVE
F.E. BssE corr. -12.56842 F.E.gsse. cor+ZPVE -8.24264
Total I.E. -13.37816 Pairwise L.E. (Ac-Wy) -6.97645
LLE. (Ac-W>) -9.04560 Tri-body term -2.06915
LLE. (Ac-W") -5.33 (76%) | L.E. (Ac-W?) -1.65 (24%)
LLE. (Wpdimer) | -4.56622 LE. (W2) -4.33257
2.427 A

0.0090 <146°

1.830 A
0.0416

<168 °

Figure 4.4.3. Acetone (Ac)-28 sequential /B complex from thes-class.

The computations were peformed at B8LYP 6-311++G(3df, 3pd)D.M. = 1.8960 D. The
Wiberg bond indexes are given in italic. The fotimaand interaction energies are given in
the kcalmole * units. There are reported the binding energpefacetone molecule to the
water dimer B.E.MW,), the electronic andPVEcorrected formation energy of the entire
complex and the interaction energies and their @mapts. For comparison, the interaction
energy of water molecules in the isolated wateredi, (I.E. W, dimer) is also provided.
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F.E. BssE corr. -10.34439 F.E.gsse. cor +ZPVE -6.70434
Total I.E. -10.67958 LLE. (W>) 0.70885
LLE. (Ac-W>) -11.38843 Tri-body term 0.09385
LLE. (Ac-W") -5.74114 I.E. (Ac-W?) -5.74114

0.9245 C |

0.0043

2.590 A
< 137°

1.942 A

< 165°

0.7408

<’ 0.7939 W1 w2 :

Figure 4.4.4. Acetone (Ac)-28 (C,)/2HB complex is a parent structure for irelass.
The computations were performed at B8 YP 6-311++G(3df, 3pdD.M. = 1.8960 D. The

Wiberg bond indexes are given in italic. The forimatand interaction energies are given in

the kcalmole* units. There are reported the electronic ZRYE corrected formation energy
of the entire complex, the interaction energies thiett components. In the present case, W
designates the pair of non-hydrogen-bonded watégaules, whereas each separate molecule

is labelled by superscript.

196



\ o H Parent resonance
N\ form:
/ ",, Ac 89.73 %
H Z Ac-W  88.87 %
H /C=O Ac-W, 88.18 %
C
/7
H
HsC CH3@ CH? CHg; Carbonyl resonance
\ / forms:
c ¢ Ac  235%x2
|| | | Ac-W  2.09 + 2.06 %
0 0O Ac-W, 1.84 % x 2
©,
HGD H
H,C \ CHs H3C /CH2
\C/ \C/ Enolic resonance
| | forms:
Ac 097 % x4
O@ O@ Ac-W 4.26 %
Ac-W, 1.33%x 2+
1.00% x 2
HsC CHs H3C CHg
\C/ \C/
Ac-W  0.58 % Ac-W 0.33%
| | Ac-W, 0.43% x 2 || Ac-W, 0.35 % x 2
®o Do
S~
g P
H H

Figure 4.4.5. Resonance Lewis forms for Ac, Acaid Ac-W, complexes were obtained by
NBO program on the bases of t8€Fdensity matrix for the optimal geometries.

The computations were performed at khieé2/aug-cc-pvtz There reported the relative weights
of corresponding resonance forms. The parenttstieigvould gain a weight of 100% if the
electron delocalization will be ignored.
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Table 4.4.2.MP2(fc) comparative analysis of the Ac-W and Ac-®%mplexes.

The calculations are performed with @ngg-cc-pvtdasis set. The subscript indexes SCF, 2,
and MP2 stand for th8CF, seconds ordéviP correction to th&CFenergy and totdViP2
energy. The energy values are given in kcal-molke linear and angular geometric
parameters are given in A and degress ° unitseotisly. L andAL stands for the distance
and the change of the distance between corresppediities. 4ZPVEdesignates the
contribution of zero-point vibrational energy. \Wda\W, designate single water molecule and
two water attached to the acetone moleculéawd W label the first and second molecules in

Ac-W;complex.

COmpleX Geometry B.E. B.E. BssE. cor. AEix AEixy AEixyz
IMP2+AZPVE Deformation E. Pairwise
ALCaAc—Oac| L Ow-Oac HB SCF MP2 SCF MP2 Ac Wy
/AL Ow-H /L Hw-Oac Ang /W3
Ac-W 0.00482 2.8387 |163.6| —4.106| —6.966| —4.007| —-6.304 | 0.352scr 0.2945cr | —4.6525ck
C, /0.01078 /1.8927 /-4.388| -0.281, -0.207, -1.808,
0.070up2 | 0.086pmp2 | —6.460yp,
Ac "W, 0.00959 2.8597 |[162.2| -7.559(-13.237| -7.356 | —=11.887 | 0.779scr | 0.237scr 0.023scr
C, /0.00925 /1.9201 -0.580, -0.165;, 0.051,
0.199p2 | 0.072up2 0.074yp2
Ac-W? —4.7425c¢
Ac-W? -1.770;
-6.512yp2
WheW? 0.853scr
-0.133;,
0.720up2
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Table 4.4.3.B3LYPcomparative analysis of the the Ac-W, Ac-hd Ac-W; complexes
TheB3LYPcalculations are performed with tBe311++g(3df, 3pdpasis set. The short

notations are described in preceding Table 4.4.2.

Complex Geometry B.E. B.E. ssse. cor. | AE'x AE'yy AE'yyz
A, deg. [+AZPVE Deformation E. | pairwise AE 4xvz
ALCac-Oac | L Ow-Oac |HB Ac w1
/AL Ow-H / L Hy-Oxc |Ang. /W3
Ac -W 0.00568 2.8629 166.1 -5.836 -5.581 0.069 | 0.076 -5.727
E symm. /0.0105 /1.9101 /=3.715
Ac - W, 0.01138 2.8907 165.1| -10.885 -10.344 0.220 | 0.058 0.094
C, symm. / 0.00886 /1.9424 / -6.704
1. Ac-W1
Ac - W2
-5.741
2. W1-w2
0.709
> Total
-10.773
Ac-W3; 0.00959 2.9087 172.7 —-16.786 -15.698 0.162 0.049
C, symm. /0.00843 /1.9443 /-9.464 /0.042 3-body
1. Ac-W1 Ac-W1-W2
Ac - W2 -4.781 | 0.403
2. Ac - W3 Ac-W1-W3
-1.520 | -0.470
3. W1-w3
W2-W3 W1-W2-W3
-2.962 | 0.592
4. W1-W2
0.781
2 Total > Total
-16.227 | 0.524
4-body
0.172
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Table 4.4.4. Experimental and computed frequerfoiethe Ac-W, HB complexes.

The spectral data are froli82], [84](S&R for Shaff and Roberts) and from ghresent
studie$. MI stands for the matrix isolation; the intensiti€sRobands are designated as s,
m, w,vw for strong, moderate, weak and very wehlkstands for shoulder. The relative
intensities of the computated IR bands are givesugsrscript. The acetone dimer is a

transition state labeled as T.S. The water cyaixagone is labeled by Hex.

Sym. |[N [Mode | Gas; |Ac and Ac-W M Acpa-ice: QM Calculations
Liquid*; experiment Ac RA differ. peaks
ILiquid®; (89] Chem. states | S&R DFT B3LYP/6-311++g(3df,3pd)
[86]
Ac Ac-W pc nc nc Ac Ac- Ac- |Ac-3W | Ac- Ac- 2Ac
(D20) | cisce | War | 2We Hex | Hex | T.S.
1:2 1:1
1 |vasCH |3018.5% 3012, 3143%2 [3148°2(3148%% [3148°7 [3145%°|3144*°3141°
3004.8° 31414°
2 |vsCH [2937°s 2922 ,,[3034%° [3035°%(3035>® [3038°" [3028%*|3031%°3036°
A 2924! 3036 *°
1 29267
3 |vC=01731% [1721.3 [1715.9 (1708, [1711s, |17164pn (1790 [17711751'® (1758 [1732'1765" 1781
1710  [1721.5 |1716.6 1701 [1703 [1703 cn 1771°
11714
4 |5,CHs|1435%  [1429.1 |1420.9 |1428 ., 1441 ,, [1471%°[1473%7(1478%° 1474 7° (1474°°|1475%%1472%7
In 1434'  [1429.4 (1420.8 1472 °
5 |8sCHs |1363.5% [1353.9 |1358.7 [1362 138821392 [1398" (1396 °%° 1397 [1389" [1387'"*
In 1364"  |1354.0 [1359.0 1387 °
/13617
9 |VasCHs 3080°! [3082°°[3084° (3087 °* [3089"7|30837%[3086 °*
A, out 3086°
10 |8.:CHs 1465 [14667°11463%° [1461°7 [1471%°(1469%31469 4
out 1465°
13|vCH |3018.5s [3016.3 3012, | 3003 1, [3142%° [3145%4[3148°% 3147"® [3137%°|3139*°3139 "*
3004 3139°
/ 3005°
14|vCH [2937°%s 3027°° [3029°%(3028°° [3031°" (3004 |3022"%3029°
B: 2937 3029°°
15 |8.sCH3|1410 s 1419 , [1460°° [1461'°1463°" 1461 [1463"°|14627%1462°
1418 1460°°
/1419
16 |8,CHs |1363.5°5(1361.6 |1368.3[1372 , [1374 | 1372 ,[1388%°° [1398% [1399%" 1398 [1393" [1403"° 1388 **°
out |1361'  [1361.8 [1368.2 1387°
/13617

200



Sym. |[N [Mode | Gas; Ac and Ac-W Acpa-ice: QM Calculations
Liquid®; MI Ac RA differ. peaks
ILiquid?; Ac Ac-W [Chem. states S&R DFT B3LYP/6-311++g(3df,3pd)
By |17 |vasCC [1215.5°5[1216.5 |1230.4[1239, 1238 s [1234%72(1249% 1261%° [1259%° [1259%° (1247 *8[12423*
1221'/  |1216.4 |1230.2{1242 ,, [1239 1, 1237°
12222
20 |vCH [2972°s [2972.4 3088 % [3090*%[3090%° [3094"" [3096"7[3089>!| 3094 °
2064/ 3094 °
B, 2967°
21(5.s [|1454%s 1488°% (1490%°(1493°%® (1488°° [1493°*|14927°(1492°
CHsin 148802
22 |p CHs [1090.5° s[1091.6 [1094.5 1120 [1124™%(1125™8 (1124 |1125*7|1120%2[1123°
1092'/ [1091.6 |1095.8 1122%7
1092°

Figure 4.4.6 shows th@M models of acetone coordination in different watexdgone
configurations, which are used to simulate thesiogace: g-complex, a mono-coordinated
acetone and two differeatcomplexes, a bi-coordinated acetone: symmetricasydhmetric.
The asymmetry of the carbonyl group coordinatiothetwo latter complexes is caused
primarily by differences in thelB coordination of those water molecules, which areadly
bounded to the carbonyl group. In the central, uhé leftHB water molecule is a single
donor and double acceptor, whereas the right watéecule is a double donor and single
acceptor. The induction effect in a chain of hy#no bonds causes either the additional
polarization or depolarization of a particular Obhld. The acceptor coordination increases
the polarization of an OH bond whereas the donordination decreases the polarization.
The presence of two acceptors attached to thevitr molecule (Figure 4.4.6, central panel)
decreases the electron density on hydrogen atontlaereéfore, facilitates its penetration
capacity.

The interaction energies of acetone molecule wiifierént waterHB networks are
shown in Figure 4.4.7. Evidently, the interacterergy is two/three times larger for the
complexes fronm-class in comparision with the complexes frgrolass. The total interaction
energy increases proportionally to the cluster.siZée interaction energy within the water

HB network depends on a sequence of hydrogen borus presence of double donor in a
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finite water network significantly destabilize$i® structure. Indeed, the intermolecular
interaction energy in the water network of the asyetrica-complex (central structure in
Figure 4.4.6) is noticeably smaller than that imgfcomplex with sequential arrangement. It
should be noted that the presence of acetone nmelstabilizes the water network in the
asymmetric configuration, which otherwise wouldlapse to the book configuration. This
example supports the Devlin-Buch conlcusion [83@} the adsorption of polar organic
molecules induces ordering in the disordered nedase region. The adsorption of such
polar molecules as acetone prevents the dpexclic configurations on ice surface from a

collapse towards the compact structures.
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1.630 /1063 !

-5940/ -4 310
fromWg

Figure 4.4.6 Different coordination of acetone on the water wyhbxamer.

The computations were performe at B&LYP 6-311++G(3df, 3pdevel. The left panel
shows g-structure with mono-coordinated acetone moleaulesreas the central and right
panels show:-structures: asymmetric and symmetric complexepeaetively. The relative
electronic an&ZPVEcorrected energies (E.E./ E.AAPVE in red and wight colors) are given
with respect to the most stable symmetric configona In addition, the electronic a@dPVE
corrected energies (in green color) of the presentplexes are given with respect to the

isolated acetone and water cyclic hexamer species.
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Ac-W1 Ac-W2 (2HB)  Ac-W3 (2HB)  Ac-W6(1HB) Ac-W6(2HB)asy m
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Figure 4.4.7. The interaction energy parametaradetone-water clusters from theand the
a-classes at thB3LYP/6-311++g(3df, 3pdevel.

The frequencies of the carbonyl and carbon-carlsgmenetric stretching modes for
selected acetone-water complexes along with theseonding Wiberg covalence bonding
indexes are shown in Figure 4.4.8. Firstly, tlegérency of carbonyl vibrations decreases in
the sequence gf—>f—a class whereas the frequency of carbon-carborchtnetrease in the
same sequence. This trend is in good accord thegsonance analysis presented above in
Figure 4.4.5. The decrease of the carbonyl greeguiency is nearly proportional to the
increase in the bond length. The Wiberg indexg@eapto be useful for predicting the general
trend in the frequency change upon hydrogen bonoktgyeen acetone and water species. It
should be noted that the theasymmetric complex (central structure in Figure @)). exhibits
the strongest frequency shift, which correlatefaitmaximum value of the total acetone-

water interaction energy found for this complex.
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Figure 4.4.8. The frequencies of the carbonylttwedcarbon-carbon stretching vibrations for
selected acetone-water clusters atBBeYP/6-311++g(3df, 3pdevel.

The Wiberg bond indexes for the C=0 and C-C bomdisthe Q. --Hw atomic pair are
reported together with the length of the C=0 bond.
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Resuming this section devotied to a quantum mechhmvestigation of the acetone-
water complexes the following should be statedth@) coordination of carbonyl group in the
water media comprises double hydrogen baendlidss) and single hydrogen bond complexes
(p-class), in which water molecules assume the ingt@ordination around the carbonyl
group; (ii) the higher order hydrogen bond coortdoraaround the carbonyl group of acetone
is of low probability - no evidences have been fibsn far for these configurations (except a
specially designed complex in thi&4P potential); (iii) it is possible that a triply-catinated
carbonyl group will transform into the enolic forifiy) the vibration frequencies of carbonyl
and carbon-carbon asymmetric stretch motions argitsee to the hydrogen bond coordination
with water molecules and can be used as fingegpfanta specific hydrogen bond
configuration of acetone species in the water mdu)ahe cooperativity effect in a chain of
hydrogen bond water network strongly affects thlabgl coordination of water molecules
around organic molecules with carbonyl functionalugp. Although a primary coordination of
the carbonyl group is given by the class, eachsabfishe acetone-water clusters include
different complexes because the electronic progedf water molecules directly attached to
the carbonyl group are modulated by their hydrdgemd environment.
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CHAPTER 5
Experimental Results and Interpretations

5.1 The IR spectral Examination of the Ice Films VaporDeposition at 125-185 K: Ice
Spectral Bands and Dangling Bonds

The polycrystalline and non-crystalline ice filmspor-deposited at 128-185 K were
investigated by grazing-angle FTIR RAS. The pojgtalline (pc-ice) phase was found above
155 K while the non-crystalline (nc-ice) phase f@ased below 145 K. The nature of the
polycrystalline and non-crystalline ice phases lsanlifferentiated by comparing the
respective RA spectra with spectral simulationgtam the Fresnel reflection method. The
OH stretching bandy; andvsat 3800-2800 cit exhibits complex behavior as a function of
film thickness (from less than 10 nm to 1500 nnt)jcl can be simulated and attributed
primarily to the physics of absorption-reflectioasied on the Fresnel equations for reflection
coefficients forz- ando-polarized light in a vacuum-dielectric film-metajistem. The spectral
evolution of the OH stretch with the film thickndésgound to be similar for both
polycrystalline and non-crystalline phases. Initoldl, spectral features of the incompletely
coordinated OH groups at 3700-3690 thrave been observed for a majority of nc- and pc-ice
samples grown under different deposition conditiovnsr the entire temperature range, which
shows that these OH dangling bonds are an intpgralbf the surfaces of both non-crystalline
and polycrystalline ice phases. For thin filmssldgan 200 nm thick, both kinds of ice are
found to have a comparable amount of OH danglinglbo In contrast, the thicker films (with
thickness greater than 700 nm) of the non-crysellihase contain a noticeably larger amount
of OH dangling bonds than the polycrystalline filofscomparable thickness. This thickness
dependence of the OH dangling bond feature suggestshe OH dangling bonds are located
most likely on the external surfaces of the crystalgrains and/or of the ice film itself at
larger thickness for polycrystalline phase andhenttacery external surface in the case of non-

crystalline phase.

5.1.1 Polycrystalline Ice at 155-185 K

Figure 5.1.1a shows the experimental FTIR-RA speatithe initial stage of water
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deposition at 5xI0 Torr with the Cu substrate held at 160 K, whichrespond approximately
to 10 seconds (Figure 5.1.1a, Curve A) and 30 sic(@figure 5.1.1a, Curve B) into the phase
formation. These spectra are compared with therfétespectrum for pc-ice with film
thickness of 0.5 nm (Figure 5.1.1a, Curve C). Entit, there is a significant difference
between the experimental and Fresnel spectraarticplar, the OH stretch band for the
Fresnel spectrum (Figure 5.1.1a, Curve C) is bhiftesl by ~ 45 crit and has a different
shape from the experimental spectra (Figure 5.Cliayes A-B), which suggests that the ice
deposit is heterogeneous and consists predominainiyall particles that scatter the IR light.
For the initial steps of the ice phase formatitwe, production of crystalline nuclei, instead of a
uniform film, is therefore confirmed. This obsetiea is consistent with the general tendency
to minimize the surface area of a newly forminggghaAs suggested by Mayer and Pletzer
[1], the formation of the primary crystalline icaclei may have already occurred, at least
partially, in the gas phase near the cold subssatiace.
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Figure 5.1.1. Comparison of experimental IR-RAc@eof the OH stretch region at 160 K
for the early stage of formation of a polycrystalice (pc-ice) film with Fresnel simulations.
(a) Experimental spectra (at 2 ¢mesolution) for an ice film obtained by vapour dsition at
5x107 Torr for (A) 10 and (B) 30 seconds are compareth (&) the Fresnel spectrum of a
0.5-nm-thick pc-ice film (using optical constantgained for films deposited at 163 K [2]). (b)
Experimental spectra (at 2 chresolution) for an ice film obtained by vapour dsjtion at
1x10° Torr for (A) 30 and (B) 45 seconds (correspondimgstimated thicknesses of 15 and
20 nm respectively) are compared with the Fregpettsum of pc-ice with film thicknesses of
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(C) 15. (c) Experimental spectra (at 0.5 tnesolutions) for an ice film obtained by vapour
deposition at 1xI0 Torr for 115 seconds (corresponding to an estichilt thickness of 53
nm) is compared with the Fresnel spectrum of acpdiim of the same thickness. Inserts in
(b) and (c) show expanded views (with the ordiregganded by 1000) of the OH dangling

bond region (3760-3640 ¢ for the respective films.

Continued deposition would result in the emergesfae polycrystalline film with RA
spectra corresponding to intermediate scatteriigFrasnel spectra (Figure 5.1.1b) and
ultimately to the Fresnel spectra (Figure 5.1.1o)particular, Figure 5.1.1b and Figure 5.1.1c
show the experimental RA spectra for water depmsitit 1x10° Torr with the substrate held
at 160 K corresponding approximately to 30 andadfe, 115 seconds, respectively, into the
phase formation. Fresnel spectra are generatéddtappropriate film thicknesses that
closest approximate the respective experimentaltspeAt the 115-second deposition, the
experimental spectrum evolves into that best desdrby the Fresnel model (Figure 5.1.1c).
The ice phase as depicted in Figure 5.1.1b therefoimresponds to an intermediate state
between the Fresnel thin-film and ensemble of emigles. In this intermediate state,
accumulation of a sufficient amount of crystalliméclei on the substrate surface would
eventually accelerate deposition in the inter-gragion. Figure 5.1.1b and Figure 5.1.1c also
reveal the presence of a weak OB feature at 3693 cmin the ice phase deposited at 160 K,
with the observed frequency corresponding to addioated OH group [3]. Itis of interest
to note that these OHB's exist even at the early stage of ice formation predumably on the
surfaces of the crystalline grains that give riséhe scattering spectra.

By using proton-ordered and disordered Ic and éhmodels, Buch and Devlin made
use of four oscillating dipoles tetrahedrally aged around a central O atom as the basis to
calculate the OH stretching band [4]. They attiélouthe central peak of the OH stretching
band at 3220 cif to the zero wave-vector modes of two transvef®@) branches and a
longitudinal LO) branch (which corresponds to two dipoles moviimg With the other two
diploes moving "out" in a way that correlates wiltle asymmetric stretching character of the
vzmolecular mode of an isolated water molecule). d&sanmetrio; character of the OH
central peak is in agreement with the spectragasseént made by Whalley [5]. The shoulder

located at the lower-frequency side of the cenqtealk appears to originate from the transversal
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modes strongly perturbed by intramolecular inteoast and was therefore attributed to the in-
phasev; TO branch by Buch and Devlin [4], again in accordwi¥halley’s earlier assignment
[5]. The state with the lowest OH stretch frequecarresponds to the globally in-phase
vibration, which dominates in the Raman spectraiabtl with parallel polarization [6]. In the
higher-frequency region of the OH stretching bardintermediate branch (i.e., one that
exhibits no systematic variation in the angle betwthe dipole moment of the lattice and the
wave-vector) and non-zero wave-vector modes oatbeementioned longitudinal branch were
found [4]. Originated from the higher-frequency-oftphasev; vibration of the four dipoles
surrounding the O atom, the intermediate branchakasacterized by a small dipole moment
near the center of the Brillouin zone, in markedtcast to the longitudinal modes (with origin
from thevsz molecular vibration), which carry a significanpdle moment over the entire
Brillouin zone [4].

Buch and Devlin further demonstrated that the Qelttsth absorption band can be
strongly affected by the shape of the ice mediuthlanthe polarization of the electric field
[4]. In particular, in the case of an ice slate thodes of the higher-frequency intermediate
and longitudinal branches are stimulated with sigdperpendicular polarization while the
lower-frequency transversal modes of théranch are preferentially excited with surface-
parallel polarization. The dependence of the giignr spectra on the shape is caused by the
long-range dipole-dipole interaction, which wasrfduo include a shape-dependent
component associated with the surface polarizatih@nge [7]. The oscillating surface charge
creates an electric field inside the sample thahgks the energy gap between the ground and
excited vibrational levels [7], and consequentky torresponding vibrational frequencies
become shape-dependent. However, the shape-dep&fidet predicted by the model was
found to be considerably stronger than that obskex@erimentally [4]. This discrepancy was
attributed to a limitation on the spatial extentlué vibrational excited states imposed by the

imperfections in the pc-ice medium.
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Figure 5.1.2. Comparison of the OH stretching bafnithe experimental FTIR-RA spectra of
polycrystalline (pc) ice deposits with simulate@sitel and Berreman profiles.

The pc-ice film was obtained by vapour depositiof&0 K and 1x18 Torr for 30 (A), 45 (B)
and 115 seconds (F) and compared with the Frepeetra of 20-nm (C) and 53-nm (G) thick

pc-ice films and the Berreman (E, H) and transraisgirofiles (D), all arbitrarily normalized.
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The Buch-Devlin simulation of IR absorption by ae slab for the surface-
perpendicular polarization [4] could be directlymgared with the experimental RA spectra of
ultrathin ice films on a metal surface at grazimgfa illumination withz-polarized or non-
polarized light. Upon reflection on a highly comtive metal, the-polarized component of
the incident electric field is almost completelym@hated near its surface and only the
polarized component of the electric field remaimkich provides the physical justification for
comparing the experimental RA spectra with the &itea spectrum for excitation of an ice
slab by just the (surface-perpendicularpolarization. In particular, the Buch-Devlin nedd
[4] predicts that the absorption spectra of thesiab for the surface-perpendicular polarization
are primarily originated from excitation of theentnediate and; LO branches, of which the
former is of a higher frequency. Figure 5.1.2 canes our experimental RA spectra of the
OH stretching band obtained for ultrathin pc-icpalgts (with an estimated thickness below
50 nm) with the corresponding Fresnel spectra attitive Berreman and transmission
profiles [8] (arbitrarily normalized to the band xiraa of the respective experimental spectra).
The Berreman profile corresponds to the energyflosstion defined atm(—=") = "/(c2 +
¢ %), where the dielectric function= &' —i&" (with its reals' and imaginary" parts), while the
transmission profile is given dyn(e) (i.e.,&"). The Fresnel spectra and both of these profiles
are generated based on the spectral data repgrfEddm et al. [2]. Evidently, the spectra for
pc-ice deposited at 160 K and1D° Torr for 30 sec and 45 sec (Curves A and B, Figure
5.1.2a) are in good accord in shape with the Buelhb spectrum for the ice slab (see Figure
5.1.2c in Ref. [4), supporting the assignment eftiflgher-frequency shoulder at 3365 Cio
the intermediate branch and of the 3280-cfeature to the; LO band. The band maximum
for the 3280-crit peak is also found to be in good agreement wih dhthevs LO band
(3299 cm?) predicted by Whalley [5]. Furthermore, the 45-spectrum (Curve B, Figure
5.1.2a) closely follows the energy loss functionggmesented by the Berreman profile (Curve
E, Figure 5.1.2a), which again indicates that tlve hift of the central OH stretch peak with
respect to the transmission profile (Curve D, Fegbirl.2a) is due to stimulation of the
longitudinal modes of the; branch. The apparent enhancement of the highquéncy part
of the OH stretch with the corresponding weakemihtpe lower-frequency part could be
associated with the blue shift of the most intendaranch alone and not to the actual changes
in their own respective intensities. As expectadliicker deposits, the 115-sec RA spectrum
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shown in Figure 5.1.2b (Curve F) evidently begmséviate from the Berreman profile
(Curve H, Figure 5.1.2b) and converge to the Filegpectrum (Curve G, Figure 5.1.2b),
indicating the onset of the formation of a stratifice film with smooth interfaces. The
continual blue shift of the OH stretch and the appachanges in the relative intensities of the
band components (band shape deformation) with &sang thickness are likely caused by
optical effects in the film on a metal substrate [Accordingly, at the initial stage of pc-ice
film formation the ice deposit exists in the forincoystallites, which causes the experimental
spectra to deviate from the Fresnel model. Thikustrated by the differences between the
30-sec and 45-sec spectra (both with a common sRapees A and B in Figure 5.1.2a) and
the corresponding Fresnel spectrum. In this dasefrequency position of a band associated
with thev; LO modes becomes dependent upon the particle shaffes aystallites [6,7].

Further water deposition leads to the formatioa oélatively thick film and a smooth
vacuum-ice interface, and the corresponding sp&aitdd be expected to be more similar to
the Fresnel spectra. Figure 5.1.3 shows the axpetal spectra for relatively thick films
obtained by water vapour deposition at 13¥I0orr with the substrate held at 160 K for 3.5
(Figure 5.1.3a), 20 (Figure 5.1.3b), 33.5 (Figure 3c) and 52.5 minutes (Figure 5.1.3d). In
addition to the OH stretch features at 3410, 33253180 crit shown in Figure 5.1.3a, the
features near 1630 ¢hand 2240 cil have been attributed to the OH bending bagd (
possibly coupled with the first overtoneg® of the hindered rotational lattice mode € 850
cm™* [10]) and to the combination band of the OH begdind hindered rotational mode

and/or the second overtone{Bof the hindered rotational mode, respectivelyj[11
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Figure 5.1.3. Comparison of experimental IR-RAc$peof thick polycrystalline films with
the corresponding Fresnel spectra for non-polaripdd and theifs- andz- components.

The films were obtained by vapour deposition@ K and 1 x10-6 Torr for (a) 3.5, (b) 20,
(c) 33.5 and (d) 52.5 minutes. The IR-RA speaitaD(5 cm-1 resolution) are compared with
the corresponding Fresnel spectra for non-polarigéd and theifs- andn- polarized
components (arbitrarily normalized) involving 10850-, 750- and 1200-nm-thick films,

respectively.

With the exception of the feature at 2255 cfor the 1200-nm-thick film, these two

vibrational bands are found to be essentially statiy with a general increase in the spectral
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intensity with increasing film thickness (Figurd R). Furthermore, there is excellent
agreement in the OH stretch region between thergwpatal spectrum and the corresponding
Fresnel spectrum of a pc-ice film with thicknes400 nm (Figure 5.1.3a). Indeed, the good
accord between the experiment and the Fresnel aiionlfor even thicker films allows the
thickness parameter in the Fresnel calculatioretaded as a semi-empirical estimate of the
thickness of the as-grown film. We have also pentd optical interference measurements of
the as-grown film and the film thickness so obtdireefound to be in good accord with the
corresponding Fresnel thickness parameter (depictEdyure 5.1.3).

With increasing film thickness from 20 nm (Figurd.8b) to ~50 nm (Figure 5.1.1c),
the experimental band maximum is shifted to a hidgleguency, with a concomitant increase
in the intensity of the high-frequency shoulderm2290-3400 ciit. The absorbance of the
OH stretch feature appears to level off at ~70graeedAU’s with increasing film thickness
up to 100 nm (Figure 5.1.3a). Further film grovitbm 100 nm to 250 nm does not change
the spectral intensity and band shape significantly the water deposition continues, the OH
stretch region becomes considerably more compkegepicted in Figure 5.1.3b-d. In
particular, at least three spectral features aigeav near 3410, 3325 and 3180 tfor the
100-nm-thick pc-film (Figure 5.1.3a), which origtedrom the three corresponding features at
3375, 3300 and 3180, respectively, identified prasly for the Fresnel spectrum of a 1-nm
thick film. The shoulder feature at 3180 trior the 100-nm-thick film becomes a more
prominent peak at 3200 chior the 450-nm-thick film, while the more interfeatures at
3325 and 3410 cihshift to 3335 and 3470 chrespectively (Figure 5.1.3b). These three
observed features remain relatively “stationaryfrequencies with increasing film thickness
above 450 nm (Figure 5.1.3c-d).

To investigate the evolution of the remaining Oltéges in Figure 5.1.3 with
increasing film thickness, we have evaluatedsthendz-components of the Fresnel spectra,
which are arbitrarily normalized to the correspargdinaxima of the overall calculated spectra.
It is important to note that the absorbance ofaerall Fresnel spectrum of an ice film is not a
simple linear combination of their constituentandz-components. The present discussion is
therefore limited to the identification of the cobuting features of individuat- andz-
components to the overall spectrum by their respegieak locations. Evidently, the

frequency position, shape, and intensity of the<idtch are determined almost entirely by
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then-polarized component of the IR light for films withickness below ~250 nm (Figure
5.1.3a), where the contribution of the&eomponent is seen to be negligible. Similar rtssul
have also been reported for very thin films, wiiltkness below ~10 nm, in earlier theoretical
studies by Greenler [12] and Mcintyre and Asper®.[For film thickness above 250 nm,
there is a general increase in the overall intgrdithecs-polarized profile. The low-
frequency shoulder in the-polarized profile is seen to travel from 3110 t(for the 450-nm-
thick film in Figure 5.1.3b) to 2900 ci(for the 750-nm-thick film in Figure 5.1.3c), whic
contributes to the corresponding feature at 3116 and at 2900 cthin the respective
experimental spectra. Further increase in the thiitkness to 1200 nm causes this

polarized feature to move further towards the lofseguency, giving rise to the strong
enhancement to the spectral intensity of the featbserved at 2255 ¢hiFigure 5.1.3d). As
illustrated in Chapter 3, this phenomenon is euigeraused by destructive interference of the
o-polarized IR light in a uniform film. Furthermqra secondrpolarized feature near 4280
cm* appearing in the spectrum for the 750-nm-thiak f{fFigure 5.1.3c) is also found to
migrate to 3620 cthfor the 1200-nm-thick film (Figure 5.1.3d). Thisgration of

interference peaks is believed to be responsibléhtintensity enhancement of the OB (at
3693 cnt) for the film thickness between 850 nm and 1200 @imilar interference peak
movement is also evident for thepolarized feature at 3115 €nfior the 750-nm-thick film
(Figure 5.1.3c), which travels to 3030 ¢mas the film thickness is increased to 1200 nm
(Figure 5.1.3d). The observation of destructivteriference peak movements generally reflects
the quality of film uniformity obtainable for pcedyy vapour deposition.

In the case of grazing-angle incidence, there iggportunity to qualitatively
categorize three different regions of thicknesatiag to the spectral behaviour of the OH
stretch mode. The extent of each region is a fandf the incident angle and is therefore
relative in value. In our case of 83° angle ofdeace, the OH stretch band intensity is
proportional to the film thickness in the first¢kiness region of approximately below 50 nm,
and the shape of the band reflects the absorban@ieepvithout being affected by the
frequency profile of the vacuume-ice reflectance.the intermediate thickness region of 50-
250 nm, the intensity of the OH stretch is satutaite this case, at 70 integratatis (this
limit depends on the incident angle) and remairchanged despite further increase in the film
thickness. Instead, a gradual blue shift in th&imam of the OH band towards the high-
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frequency minimum of the vacuum-ice reflection @i the region of the OH stretch
resonance (the so-called Christiansen effect [is4dpserved. The OH stretch band and the
entire spectrum in the first two regions of filmakness can be principally described by the
interaction of ther-polarized component of the IR light with the filnm the third thickness
region starting at ~300 nm, the optical behavidithe OH stretch band with increasing film
thickness is determined primarily by the reflecen€the incoming IR light from the vacuum-
ice interface, because the refracted beam is caetplabsorbed by the ice in the frequency
range of the OH stretch band. The splitting of@t¢ stretch observed in Figure 5.1.3b-d
takes place due to the reflective character oftheband. Unlike thinner films, the RA
spectrum in this third region of thickness is tasult of contributions from both ando-
polarized components.

Although we have presented glancing-incidence FRAS data for ice films deposited
at 160 K, similar data have also been obtainedic®films deposited at temperature as low as
155 K and as high as 185 K. These films have lotssified as pc-ice based on similar
Fresnel simulations discussed above. Our presgatfdr pc-ice are found to be in good
accord with the RA spectra for films deposited @&k K over the 100-1000-nm thickness range
reported by Zondlet al.[15]. Our spectrum for a 20-nm-thick pc-ice fi(figure 5.1.1b) is
also similar to that observed by Hahal.for a pc-ice film obtained by crystallization d&5L
K of an amorphous film grown at 80 K [16]. Figwd.4a compares our spectrum for a 70-
nm-thick pc-ice film (obtained at 83ncidence) with the RA spectrum obtained &t 75
incidence by Jenniskemrs al.[17] for an ice film deposited at 80 K followed bynealing at
160 K for 175 seconds. The spectrum by Jennis&eakis found to be in good agreement
with a Fresnel spectrum calculated for an 80-nroktpic-ice film at 75 incidence and is
consistent with the present work. FurthermorepBaet al. has reported a RA spectrum for
an ice film deposited at 140 K followed by anneglio 160 K, which is found to be in good
agreement with our present data, and further atgibthe observed dramatic change in the RA
spectrum after annealing above 150 K to orderintp@famorphous ice to a more crystalline
lattice [18]. The good agreement of our spectith Wie spectra reported in these early studies
[10, 15, 18] therefore confirms the polycrystallictearacter of the ice films prepared by direct

vapour deposition at temperature above 155 K.
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Figure 5.1.4. Comparison of the present experiai¢éR-RA spectra obtained at 83° of
incident with the corresponding RA spectra repoligdenniskenst al.at 75° incidencgl7].
The present spectra for (a) a 70-nm thick polyteiiise ice (pc-ice) film deposited at 160 K
(recorded at 0.5 cmresolution) and (b) a 35-nm-thick non-crystallioe (nc-ice) film
deposited at 131 K (recorded at 2" ¢mesolution) are compared with the corresponding RA
spectra reported by Jenniskexsl.[17] at 75° incidence for ice films deposited atk80
followed by annealing at 160 K for 175 sec, andjaswn at 80 K, respectively. The latter
spectra are also compared with the respective Ergpectra for an 80-nm-thick pc-ice film

and a 75-nm-thick nc-ice film calculated at 759dleices.

5.1.2 Noncrystalline Ice at 128-145 K

Figure 5.1.5 compares the experimental spectrainfic-ice films deposited at 1xT0
Torr for 40, 65, and 90 seconds with the substratd at 131 K with Fresnel spectra for nc-ice

with corresponding film thicknesses of 6, 18 anch8§ respectively. As expected with
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increasing film thickness in this range, the oMgtl stretch band increases in intensity. The
small blue shift in the peak maximum from 3395 tiFigure 5.1.5, Curve A) to 3402 cin
(Figure 5.1.5, Curve C) along with a slight incieasthe relative intensity of the high-
frequency shoulder with increasing film thicknesslue principally to the physical optical
effects as illustrated in the Fresnel simulatiomd aot to structural changes in the nc-ice
network during film growth. The Fresnel spectra evidently in reasonable agreement with
the experiment for the nc-ice film in this thickseange, with notable discrepancies found in
the width and the higher-frequency part of the bahlde difference in the deposition
temperature could lead to the formation of difféneater networks that could exhibit an OH
stretch band with a different frequency positiod ahape. In particular, Hagenal. have
shown that annealing an amorphous ice sample defdaai 10 K to 130 K leads to a red shift
of the OH stretch in the transmittance IR spectralong with narrowing of the spectral line
and an increase in the peak intensity [19]. Theeeersible spectral changes were attributed
to structural reconstruction in the water netwdr&ttoccurs below the temperature of phase
transformation to Ic (135-140 K) during the anneglprocess [19]. In addition, reversible
spectral changes in the OH feature involving raft,9/and narrowing and enhanced peak
intensity with decreasing sampling temperature ve¢gse observed, which therefore indicates
that the optical constants of the nc-ice films alspend on the temperature of the film (at
which measurement is made). In keeping with treepkations by Hageet al.[19], these
discrepancies could be attributed to the differenodhe structures of the water network at
different deposition temperatures. The strongghéi-frequency part of the Fresnel spectra
obtained with optical constants at 77 K than theeexnental spectra collected at 131 K
suggests that stronger hydrogen bonding and maretgtal uniformity in the water network
could be obtained at a higher deposition tempegatitoreover, the OH stretch band in the
Fresnel spectrum for the nc-ice film is blue-shiftend wider in comparison with that of the
corresponding Fresnel spectrum for a pc-ice filmd(aith the experimental pc-ice spectrum),

consistent with the aforementioned temperature\nehabserved by Hageet al.[19].
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Figure 5.1.5. Comparison of experimental IR-RAcsme(at 2 crit resolution) for non-
crystalline ice (nc-ice) films deposited at 131 mdal x10° Torr for (A) 40, (B) 65, and (C) 90
seconds with the corresponding Fresnel spectriothicknesses of 6, 18, and 35 nm,

respectively.

Figure 5.1.6 compares the experimental and thesponding Fresnel spectra of nc-ice
and pc-ice films of three different thicknesses2081m, 50-60 nm and 90-100 nm. Like the
nc-ice film of a smaller thickness (Figure 5.118g FTIR-RA spectra of the thicker nc-ice
films are also found to be in general accord whi ¢orresponding Fresnel spectra. Unlike pc-
ice, discrepancies are clearly notable in the slaapethe higher-frequency part of the Fresnel
spectra when compared with the experiment for ac-for films with a larger thickness, there
is an apparent blue shift in the OH stretch bangimam for nc-ice relative to that for pc-ice
[e.g., 3410 crt vs 3385 crt for 50-60 nm (Figure 5.1.6b), and 3425 ¢ws 3410 crit* for
90-100 nm (Figure 9c¢)] and in the frequency positidthe band center of the OH stretch
[e.g., 3320 crit vs 3300 crt for 50-60 nm (Figure 5.1.6b) and 3330 ¢ws 3310 crit for
90-100 nm (Figure 5.1.6¢)].
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Figure 5.1.6. Comparison of experimental IR-RAcseand the corresponding Fresnel
spectra in the OH stretch region for non-crystaliice (nc-ice) and polycrystalline ice (pc-ice)
deposited at 1xIDTorr and 131 K and 160 K, respectively.

The corresponding thickness parameter used fdriésnel simulations are (a) 18 (20) nm for
45 seconds of deposition for nc-ice (pc-ice), @)YB0) nm for 120 (115) seconds of
deposition for nc-ice (pc-ice), and (c) 90 (100) fun220 (240) seconds of deposition for nc-
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ice (pc-ice). The nominal spectral resolution &n®* for nc-ice spectra and 0.5 chior pc-
ice spectra. The low-frequency shoulder clearlsenbable at 3160-3165 fin the spectra

of pc-ice is less prominent in the nc-ice spedtigyre 5.1.6a).

The blue shift and the less discernible shape@gtitire OH stretching mode for nc-
ice reflect the structural differences in the oligation of the water networks between nc-ice
and pc-ice, indicating the weaker hydrogen bondiygiem with a larger variation in such
structural parameters as the nearest-neighbouraepaand the OH-O angle. In the case of
the 18-20-nm-thick film, the corresponding spectrfia@mnc-ice can best be approximated by
the Fresnel model (Figure 5.1.6a), which suggéstisthe structure of the nc-ice film is more
homogeneous.

Figure 5.1.7 further demonstrates the spectra¢fices in the bending and
combination bands between nc-ice and pc-ice fos#imee film thicknesses. In particular, the
OH bending band for nc-ice spectra is blue shifteti665 crit from 1650 cnit for pc-ice
(Figure 5.1.7a) and appears to be narrower wittimutveak low-frequency shoulder at 1570-
1550 cn characteristic of pc-ice. The small but disceniled shift in the band maximum of
the combination band of nc-ice (2230tnin comparison with that for the pc-ice (2240tm
Figure 10a) is in qualitative spectral agreemerih whe transmittance spectrum reported by
Hardin and Harvey [10]. These spectral differeraresmanifested more clearly with
increasing film thickness (Figure 5.1.7b-c). Tliféedence in the frequency positions and
relative intensities of the spectral features ef@H stretching and bending modes can
therefore be used to identify the nature of thdiloe deposited below 145 K as nc-ice.
However, it is not straightforward to determine thagnitude and nature of the structural
differences between nc-ice and pc-ice based on {RAB data alone. Figure 5.1.8 shows the
experimental spectra for relatively thick films aisted by water vapour deposition at 1£10
Torr for 3.5, 20.5 and 33.5 minutes and at 5 X T6rr for 11 minutes with the substrate held
at 131 K, which correspond to nc-ice film thickressf 110, 450, 750 and 1250 nm,
respectively, as estimated by the optical interfeeemethod. As before, the features near
1655 cntt and 2230 cil (Figure 5.1.8a) can be assigned, respectivelthe®H bending
band and the combination band of the OH bendinghamikered rotation modes [11]; and these

features remain essentially “stationary” in peakipons with increasing film thickness.
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Figure 5.1.7. Comparison of experimental IR-RAcs@eand the corresponding Fresnel
spectra in the OH bending and combination bandrefyir non-crystalline ice (nc-ice) and
polycrystalline ice (pc-ice) deposited at 1IDorr and 131 K and 160 K, respectively.

The corresponding thickness parameter estimatdteifresnel simulations of the OH stretch
region (Figure 5.1.6) are (a) 18 (20) nm for 450s&ts of deposition for nc-ice (pc-ice), (b) 60
(50) nm for 120 (115) seconds of deposition foligec{pc-ice), and (c) 90 (100) nm for 220
(240) seconds of deposition for nc-ice (pc-icehe iominal spectral resolution is 2 ¢rfor
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nc-ice spectra and 0.5 chfor pc-ice spectra.
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Figure 5.1.8. Comparison of experimental IR-RAcpeof noncrystalline ice (nc-ice) films
obtained (at 0.5 cthresolution) by vapour deposition at 131 K.

(@) 3.5, (b) 20.5 and (c) 33.5 minutes at I%T0rr and (d) 11 minutes at 5Xi@orr with the
corresponding Fresnel spectra. Fresnel spectrshakgn for non-polarized light, and their
andz- polarized components (arbitrarily normalized)atwng 110-, 450-, 750- and 1200-nm-
thick films, respectively. Nominal spectral res@u is 2 cni' for spectra (a-c) and 0.5 &m

for spectrum (d).
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The spectral evolution of the OH stretch (near 3&80 for the 110-nm-thick film
shown in Figure 5.1.8a) with growth of the nc-idefis also similar to that observed for the
pc-ice film growth (Figure 5.1.3). In particuldinree relatively “stationary” features at 3490-
3510 (band maximum), 3355, and 3160-3145 @an be resolved for film thickness greater
than 450 nm (Figure 5.1.8b-d). The band maximurmésice is seen to shift to a higher
frequency (Figure 5.1.8), and the integrated intgrg the absorption band becomes saturated
at ~ 70 integratedU at film thickness near 120 nm, as observed sityifar pc-ice. We also
show in Figure 5.1.8 the- andrepolarized components arbitrarily normalized to the
maximum of the overall Fresnel spectrum. For fimckness below 250 nm, the shape of the
OH stretch band is predominantly determined byeogibn-absorption of the-polarized
component of the incident light (Figure 5.1.8ajthanegligible contribution from the-
polarized component. For film thickness greatantB50 nm, the-polarized component
generally strengthens with the emergence of amference feature travelling from ~3160 ¢m
at 450 nm (Figure 5.1.8b) to 2940 ¢mt 750 nm (Figure 5.1.8c) and to 2225cat 1250 nm
(Figure 5.1.8d). Anothes-polarized interference feature near 4190"dor film thickness of
750 nm (Figure 5.1.8c) is also seen to travel ®03&m* for the 1250-nm-thick film (Figure
5.1.8d). The passage of this second interferezmteife through the spectral window of the
OH DB causes amplification of the OBB signal for nc-ice films with thickness of 800-1400
nm (as shown later in Figure 5.1.9). It is eviddwait therepolarized components contribute
prominently to the three aforementioned “station&iA stretch features over the film
thickness range covered in Figure 5.1.8. The meverof the maime-polarized feature (near
3430 cmt* for the 110-nm-thick film in Figure 5.1.8a) to igher frequency with increasing
film thickness gives rise to the observed bluetsifithe band maximum. As noted earlier,
this shift is related to the physics of reflecti@nsorbance and not to possible structural
changes in the nc-ice network with an increasé@enfitm thickness. For thicker films, the
polarized interference feature observed at ~3160 fomthe 750-nm-thick film (Figure 5.1.8c)
is also found to travel to a lower frequency withreasing film thickness, e.g. 3045 tifor
the 1250-nm-thick film (Figure 5.1.8d). The evabut of the underlyingr- andrepolarized
Fresnel contributions to the overall spectrum ofagcwith increasing film thickness (Figure
5.1.8) is therefore similar to that found for pe-igigure 5.1.3).

It is important to note that we have also perforiR@tR-RAS experiments on ice
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grown at a different temperature between 128 K& K. Similar spectral results have been
obtained, therefore suggesting that the ice fillntsined by vapour deposition over 128-145 K
can be characterized as nc-ice as discussed above.

There have been numerous earlier studies expltmmgature of nc-ice and pc-ice. In
particular, as it was shown by an earlier studghefmal evolution of the hyperquenched water
droplets by using X-ray diffraction and differenttalorimetry, an ice phase predominantly in
the form of vitreous ice could be obtained at demmstemperature below 140 K [25]. It
should be noted that the temperatures for gladispicd transition and for crystallization to Ic
are found to be 129-143 K and 165 K, respectivel@,[25]. The temperature of
crystallization of amorphous ice to Ic is generallfunction of the deposition temperature and
post-deposition history of the amorphous samplechvteflects the complex heterogeneous
nature of amorphous ice [21]. Furthermore, thentfa¢ evolution data for hyperquenched
solid water prepared at 130-150 K [25] suggestddhmation of a mixture of cubic ice and
glassy materials. Hyperquenching above 160 K wasd to produce predominantly cubic ice
with at most 20% amorphous component [25], whiahld@ersist up to the Ic-to-Ih phase
transition temperature (230 K). Based in parttenttime evolution of FTIR-RA spectra of
thin ice films (vapour-deposited at 80 K with atirated thickness of ~20 nm) post-annealed
to 160 K, Jenniskeret al.[17] concluded that the amorphous ice so obtaimb@n annealed
to above the glass-to-liquid transition temperatbezomes a “viscous” liquid that coexists
with Ic in the temperature range 140-210 K.

In the present work, crystallization of nc-ice dejped at 131 K is found to occur upon
annealing to temperature starting from ~160 K. 3pectra of the samples deposited at 131 K
followed by annealing to 165 K (not shown) are fdua be essentially identical to the spectra
of pc-ice prepared by direct deposition at 160lKlight of these results, the character of pc-
ice deposited at 160 K in the present experimeigu¢e 5.1.1 and Figure 5.1.3) could be
interpreted as predominantly cubic ice. Althoulgé deposition temperature for pc-ice used in
the present experiment is well below the Ic-tornsition temperature (230 K), the present
FTIR-RAS data does not exclude the possible presehhexagonal ice because of the nearly
identical optical properties of the Ic and Ih pleasBased on the analysis of the OH stretch,
the present data does not reveal any spectralreeder the presence of nc-ice for films

deposited above 155 K. However, the presence micngstalline material in, e.g., the inter-
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grain regions of pc-ice or the surface region effim cannot be ruled out due particularly to
the weaker absorption of nc-ice relative to pc-iEer ice deposited below 145 K, we have not
found any spectral evidence of the existence ofqugstalline fragments, based on the shapes
and frequency positions of the OH stretching anttbey modes. The nc-ice obtained at 131
K (Figure 5.1.8) could therefore be attributed pradchantly to amorphous solid.

Figure 5.1.4b compares the present experimentatrsjpe recorded at 83ncidence
for nc-ice deposited at 131 K with that collectéd% incidence for nc-ice obtained at 80 K
by Jenniskenst al [17]. The latter spectrum was found to be indyaocord with the Fresnel
spectrum for a 75-nm-thick nc-ice film calculatéd@&° incidence using the optical constants
of amorphous ice at 77 K reported by Legeal.[22]. Apart from the differences in the
intensity caused by the different angles of incernhe spectrum obtained in the present work
at 131 K is similar that of the amorphous ice alediat 80 K by Jenniskessal.[17],
suggesting that the nature of nc-ice obtainedaenpttesent work could be interpreted as
amorphous solid. Furthermore, Jenniskeinal. observed no discernible spectral changes
upon annealing the sample to 145 K and attributedstibsequent changes observed upon
further annealing to 155 K to crystallization of @qhous ice to cubic ice, which was
confirmed for thin ice films by electron diffractio This observation is also in qualitative
agreement with the temperature range (128-145 Kj which the nc-ice films have been
prepared. However, in contrast to the time evotutf the OH band observed for the film
post-annealed at 160 K by Jenniskenal.[17], no similar behavior for ice filmgrown in the
present work was observed and therefore the pres#ndscous liquid cannot be confirmed
Furthermore, the OB signal at 3692 crhdetected on the as-grown amorphous ice at 80 K
was found to disappear after post-annealing théliogo 160 Kby Jenniskenst al[17]. In
contrast, the OHDB signal on nc-ice grown at 131 K in the presentk{spectra not shown)

is found to persist up to 160-165 K, during whicistallization occurs.
5.1.3 OH Dangling Bonds

The OHDB signal can be detected for ice films deposited awside range of
temperature, from 128 K in the case of nc-ice thigh as 185 K for pc-ice film, which

indicates the remarkable thermal stability of tlereents of ice surface containing these OH

dangling groups. The spectral intensity of the DBifeature observed at 3700-3690tfi5]
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as a function of film thickness for pc-ice (obtairet 160 K) and nc-ice (obtained at 131 K) is
shown in Figure 5.1.9. Given that the OB feature is generally very weak relative to the
OH stretch feature and could therefore be susdeptispectral noise and baseline instability
at these frequencies, only the general trend iépendence of the OBB signal on the film
thickness can be inferred. According to the metiedace selection rule, only the @B'sthat
have a dipole moment component perpendicular tonst@l surface could contribute to the
RA signal in the case of a thin ice film (below 28@), as shown in Chapter 3. The
observation of the OIBB RA signal on thin nc-ice films by Zondgt al.[15] shows that the
OH DB band could be detected only with tivpolarized light. A significant amount of the
OH DB'sthat have dipole moments oriented parallel tontie¢al surface would remain
invisible at this thickness range (below < 200 nondhe RAS technique. With the exceptions
of complete randomization of the AbB orientation and of a fixed angular geometry for al
DB's, the observed RA signal is not necessarily propoat to the amount of OBB'sin the

ice film.
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Figure 5.1.9. Integrated absorbance intensithef@H dangling bond signal as a function of
the film thickness for (a) polycrystalline ice (jo) deposited at 160 K and 1x3Torr, and

(b) non-crystalline ice (nc-ice) deposited at 13ari¢l 5x1F Torr.

The curves are used to guide the eyes only. Timethickness is estimated by optical
interference method and is found to be in reas@nadpteement with the thickness parameter
used in the respective Fresnel simulations. Insdth the ordinate expanded by 1000) show

the OH dangling bond feature at selected film thedses marked by arrows.
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For film thickness smaller than ~200 nm, the DB signals for both pc-ice and nc-ice
are found to be relatively weak and essentiallgpehdent of the film thickness (given the
large uncertainty). The spectral intensity of @id DB appears to diminish in the 150-850 nm
thickness range for pc-ice but remains relativelgstant up to a film thickness of 600 nm for
nc-ice. For the 850-1200-nm-thick pc-ice and refitms (Figure 5.1.9), the passage of éhe
polarized interference pattern over the opticaldein 3710-3680 cihappears to significantly
enhance the OB signal (by over 20 folds), which is in a good duaive accord with the
spectral simulation shown in Chapter 3. This gjroptical amplification in the observed
signal does not necessarily correspond to the &seréen the total amount of the @MB'sin the
material. The same phenomenon has also been elgernother absorption bands, most
notably the combination band at 2255 ¢t(figure 5.1.3d). Apparently, the amplification is
much stronger in the case of nc-ice (Figure 5.1t8&@) pc-ice (Figure 5.1.9a). Since the
amplification is related to the passage ofdhmolarized interference pattern, the experimental
observation of such an optical effect shows thatdipole moments of the OBIB's have
surface-parallel components. For pc-ice films @iFég5.1.9a), essentially the same magnitude
of the OHDB signal for the 850-1150-nm-thick film as that &othin film (< 200 nm) is
observed. The lack of OBB signal in the intervening thickness region themefdoes not
necessarily indicate the absence of the[@B; but rather spectral interference that
overwhelms the OHDB feature. This observation suggests that the &otedunt of the OHDB
remains essentially the same with film growth, #nelOHDB dipole moments are oriented
more or less randomly with the respect to the nmiteface. Accordingly, we attribute the
spectral signal at ~3693 ¢hto OHDB groups on the external surfaces of the crystalline
grains in the early stage of pc-ice depositiont{iim thickness below 50 nm), while for
thicker films these OHDB's are thought to be located on the external surdatiee pc-ice film
itself. The OHDB'sthat exist on the outer surfaces of crystallirargg in the initial stage of
pc-ice film formation would be effectively saturdtey water molecules that fill the interstitial
space during the film deposition process. Althotighlocal nature of the water network in the
inter-grain regions remains controversial, the @nésesults suggest a near-crystalline
structure for these regions in the water network.

The behavior of the OB signal is different in the case of nc-ice films. particular,

the intensity of the signal for nc-ice films thickan 1400 nm is still significantly higher than
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that for thin films (< 150-200 nm), unlike pc-iaérs. This difference suggests that the total
amount of OHDB in nc-ice may in fact increase with film growthhieh is in general accord
with the observation made by Zondbal. that the total amount of OBEB's in low-density ice
(obtained at 94 K) increases with increasing fimekness [15]. In order to account for the
proportionality of the abundance of the @B's with respect to the amount of ice, the latter
work further concluded that the GPB's are located on the surfaces of multiple micropores
inside the amorphous solid ice network [15]. Thistence of the OHDB's on the internal
surfaces of open and close micropores has alsopyedicted for film growth of low-density
ice under appropriate conditions by Zhdanov anddousing Monte Carlo simulation [23].
The observed thickness profile of the @B signal shown in Figure 5.1.9b is similar to the
simulated profile shown in Chapter 3, which conBrthe increase in the total amount of OH
DB'swith increasing film thickness and the essentiedlydom orientation of the OBEB's.

The large difference in the deposition temperabaéteveen our experiment and that of Zondlo
et al.is expected to cause some difference in the ozgtian of the non-crystalline network
that might result in a smaller amount of the in&gmicropores in the case of the higher-
temperature deposit. The temperature dependertbe amount of micropores in nc-ice has
been explained earlier by an increase in the sefi@ability of incoming molecules with
increasing temperature [15, 23]. We conclude foeeghat the OHDB's are likely located on
the highly convoluted external surface of the refibm, which is in general accord with the
studies by Calleet al.[24], Rowland and Devlin [3], Horat al.[16], and Zondlcet al [15].
We further suggest that the nc-ice vapour-depositdd®8 K or higher temperature may have a
“tracery” organisation at least in the near-surfeeggon that could give rise to the @B
signal. In the case of thin nc-ice film, the @B's are most likely located on the external
surface of the film, while with the increase in file thickness the “openwork” character of
the near-surface region (that would enhance thédBHsignal) is likely preferred. However,
the presence of micropores at a higher temperatwwee 131 K cannot be ruled out.

Unlike the earlier studies, we have observed thisDB signal to persist after
annealing a <50-nm-thick nc-ice film from 131 K165 K, i.e. above the temperature of
crystallization to cubic ice. This observation agps to support the aforementioned hypothesis
that the OHDB's are localized on the external surfaces of thimcecand pc-ice films, and

suggests that the local structure of the surfadbeofic-ice and pc-ice films are similar.
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5.1.4 Summary

FTIR Reflection-Absorption Spectroscopy has beadus study the film growth of
polycrystalline and non-crystalline ice obtainedvapour deposition over a range of film
thickness from 10 nm to 1500 nm. Simulated speaftthe OH stretch region (3800-2800
cm™) based on the Fresnel reflection with the appeteroptical constants obtained from the
literature [2, 22] are found to give good agreenveitth the experimental spectra. The intricate
nature of the film growth process of ice at differeemperatures can be qualitatively
characterized as pc-ice or nc-ice, with their resipe structures and properties (such as film
thickness). Our experiment shows that pc-ice ant@ are most likely to form at deposition
temperature above 155 K and below 145 K, respdygtivieurther analysis using the and 7z
polarized components of the Fresnel spectra shimatdhe intensities and shapes of specific
bands in a RA spectrum could be significantly aiddoy migration of interference peaks with
increasing film thickness, which in turn complicatpectral identification and population
analysis of the corresponding groups in the caselad-state spectroscopy. The scattering
character of the RA spectra for the early stagdrafdeposition of pc-ice and to a certain
extent nc-ice generally confirms the heterogenebasacter of the early deposit, which
composes of nanoscale-sized water aggregatesexpleeimental confirmation of the Fresnel
model upon further film growth illustrates the ewtddn to a more homogeneous film growth
mechanism.

Weak RA peak at 3700-3690 crattributable to incompletely coordinated OH groups
has also been observed for a majority of pc-iceranite films deposited under different
conditions, indicating that the OH dangling bonds an integral structural component of the
surfaces of both pc-ice and nc-ice. Although tleakvOHDB signals of both pc-ice and nc-
ice are essentially independent of the film thidebelow ~200 nm, the intensity of th&
feature for thicker films (particularly those of-ioe) appears to be subjected to significant
spectral amplification due to the passing of desive interference patterns through the OH
stretch spectral region over a specific film thieka range. Up to 20-fold enhancement has
been observed in the case of the 1100 nm-thickeddm. Furthermore, the OHB signal
has been found on pc-ice films deposited at tentyperas high as 185 K, and on nc-ice
deposited at 131 K and annealed to 165 K, whiab@ve the temperature of crystallization to
cubic ice. This behaviour of OBB signal is consistent with the picture that the DBIs are
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most likely located on the external surfaces ofdtystalline grains during the early stage of
film growth and on the external surface of the filon further film growth for pc-ice and on
the openwork external surfaces in the case of @c-ihe present work provides us with the
basis for further studies of the interactions dhtite organic compounds with ice micro-

phases.
5.2  Crystallization of Noncrystalline Ice Films at 160165 K: IR Spectral Picture

Because nc-ice is considered metastable with respéue crystalline ice form,
annealing of an nc-ice deposit could promote chyzsédion to occur at a detectable rate above
an appropriate temperature. Indeed, rapid changég OH stretch region are found at 153-
163 K in the present work, in good accord with ¢aglier observations made by using
different techniques [25]. In particular, Figur@ 3 shows the temporal evolution of the OH
stretching band at 155 K for 30 minutes and atk68r 6 minutes for an nc-ice film
deposited at 124 K and10°® Torr for 240 sec. In Figure 5.2.2, we comparected
experimental profiles with the appropriate calcetbspectra. While no significant temporal
spectral changes are found at 155 K (Curve B, Ei§u2.1) relative to the as-deposited nc-ice
spectrum at 124 K (Curve A, Figure 5.2.1), rapidndatic changes in the shape of the OH
stretching band are observed at 163 K (Curves Eijfyre 5.2.1). By analogy with the
assignment for pc-ice, the weak peak at 3694 cam be attributed to the OH dangling bonds,
while the features at 3395 &nand 3330 cil and at 3165 cihlikely correspond to the out-of-
phasev; intermediate modes, thgLO branch, and the in-phasgbranch, respectively. As
shown in Figure 5.2.2, the OH stretch profilestfa nc-ice film as-deposited at 124 K and
upon annealing to 155 K (Curve B, Figure 5.2.2)vaed approximated by the Fresnel
spectrum for a 14-nm-thick nc-ice film (Curve Lgkre 5.2.2), indicating the preservation of
the smooth stratified film even upon annealing5s K for 30 minutes. On the other hand,
discernible spectral changes near 3245 ame found upon annealing at 163 K for just 2

minutes (Curves C-E, Figure 5.2.1).
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Figure 5.2.1. Typical evolution of the OH stretapimode of the nc-ice film upon annealing.
A ~15-nm-thick HO ice film was prepared by vapor-deposited at I%T@rr x 2min and 124
K (A) and further annealed (B) at 155 K for 30 raimd (C-K) at 163 K for 6 min. The spectral

resolution is 1 cit, and each spectrum is the result of averagin@afcans at 80 kHZ.
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This feature develops into a strong, well-definedlpat 3250 cihupon further annealing at
the same temperature for 3 more minutes (Curves IHgUre 5.2.1). In contrast, the
dangling-bond feature at 3694 memains essentially unchanged except for the nrzmbr
shift during this anneal.

Figure 5.2.2 also compares selected spectra oltdiming the 163-K anneal with the
RA spectrum of the 30-sec pc-ice film depositetiGfi K and with the Berreman and
transmission profiles for pc-ice films. Evidenttile major differences between the OH stretch
profiles of the annealed nc-ice film (Curves Gadd K, Figure 5.2.2) and that of the as-
grown 30-sec pc-ice film (Curve O, Figure 5.2.2) #re location and relative intensity of the
v3LO manifold (at 3250 cifvs 3270 crit). According to the theoretical study by Wojeik
al. [26], the emergence of a prominept. O band during annealing in the present work can be
used as evidence of a rapid increase in the deofséycited vibrational states in this narrow
frequency region, which in turn indicates the ordet crystallization process. The intensity
increase of the overall OH stretching band durivganneal (Curves G, H, and K, Figure
5.2.2) is also consistent with the general chenpdakiple that crystallization leads to
strengthening of the hydrogen bonds in the ice mmadR7]. Furthermore, the peak maximum
of the observeds;band (3250 ci) is found to be in between those of the Berrenrafilp
(3300 cnit, Curve M, Figure 5.2.2) and the transmission pedB225 crit, Curve N, Figure
5.2.2). (It should be noted that the Berremanij@aid the transmission profile are arbitrarily
normalized to the experimental spectra shown ageC@rand Curve K, respectively.) The
intermediate peak location is due to the presehsarface modes in the crystallites, as
discussed by Englman and Ruppin [28] and Marti.[28oreover, the formation and growth
of the crystallites introduce tension into the fitmd could lead to cracking in a sufficiently

thin film.
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Figure 5.2.2. Comparison of the OH stretching bafnithe experimental FTIR-RA spectra of
an early-stage noncrystalline (nc)®ice deposit with those of annealed samples.

The nc-ice sample was obtained by vapour depositid®4 K and 1xI®Torr for 240
seconds followed by annealing to 155 K for 30 masuiB) and to 163 K for 180 (G), 210 (H),
and 300 seconds (K). The experimental spectruthi®sample is compared with that of a
polycrystalline (pc) ice deposit obtained by vapdeposition at 160 K and 1xfdorr for 30
seconds (O), and with the Fresnel spectrum of ami4hick nc-ice film (L) and the Berreman

(M) and transmission profiles for the pc-ice (N),abitrarily normalized.
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Figure 5.2.3 shows the temporal evolution of@t¢ and OD stretching modes of
deuterated nc-ice as deposited at 120 K at108 Torr for 9 minutes and during annealing to
162 K. Evidently, no discernible change is obedrin the OD stretching mode upon
annealing from 120 K to 162 K (Curves A-H, Figur2.8a). Furthermore, the temporal
evolution in the OD stretch features at 162 K feary 5 minutes (Curves H-N, Figure 5.2.3a)
is found to be remarkably similar to that of OHesth observed earlier in the undeuterated nc-
ice sample (Figures 4 and 5), which again indictiteonset of rapid crystallization at this
temperature. (Figure 5.2.3a also shows only mthanges in the dangling-bond signal of the
OD surface groups at 2727 ¢rduring crystallization.) Moreover, the uncoup(@H
stretching mode of HOD in the deuterated ice sareptgbits a red shift from 3300 chat
120 K (Curve A, Figure 5.2.3b) to 3280 ¢rat 162 K (Curve N, Figure 5.2.3b) with
concomitant narrowing of the peak, which is alsosistent with the crystallization process.
The changes in this vibrational mode are in exnebgreement with the transmission spectra
for thick amorphous and polycrystalline ice sampletained by Bergreet al.[30]. Between
120 K (Curve A, Figure 5.2.3b) and the crystalizatonset at 162 K (Curve H, Figure
5.2.3b), there is a small but discernible bluetsifi7 cmi* accompanied with peak broadening
in this structure-sensitive mode, which could lguad as spectral evidence for further
disordering of this nc-ice deposit immediately eforystallization. This spectral change
might also be associated with an endothermic pede calorimetric upscan of an nc-ice
medium often appearing just before the crystallimabnset, which has been attributed to a
glass-to-liquid transition in the earlier studi@s] because frequency shifts for the structure-
sensitive modes (including, e.g., the aforementianedes) are expected in the case of a
supercooled liquid state. In particular, Jennislatral. have used this approach to interpret
their FTIR-RAS data for the transition of nc-icepo-ice [17]. Smittet al.[31] also attributed
the significant enhancement in the self-diffusivafync-ice over this temperature range to a
glass-to-liquid transition. However, the obserbdae shift for this nc-ice feature is also in
remarkably good agreement with the blue shift ef¢brresponding feature for pc-ice solids
upon annealing (from 3275.2 ¢nat 120 K to 3280.5 cihat 150 K) observed by Sivakumetr
al. using Raman spectroscopy [32]. Indeed, we alsemvied a corresponding red shift in the
OH stretch feature in the crystallized ice (CurveRdiure 5.2.3b) upon re-cooling from 162 K

to 120 K (not shown). The blue shift in the isethOH stretch observed for nc-ice upon
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annealing in the present work is therefore mostyikust the natural consequence of thermal
expansion of the ice medium. We favour the |atepler explanation over the former
explanation invoking the glass-to-liquid transitioecause such an equilibrium thermodynamic
effect is expected to occur regardless of the encs of the glass-to-liquid transition.
Together with the early spectroscopic studies ercigstallization by Hardin and Harvey [10]
and Hageret al.[19], the present data therefore provides no emit spectroscopic evidence
for the existence of a distinct glass-to-liquichs#ion in nc-ice in the 120-163 K range.
Although any difference in the rates of relaxatpvacesses is expected to manifest in the
shape and width of the OH stretch band, we canuetaut the possibility that the local
structures of the water glass and supercooleddigtsites happen to be almost identical, in
which case the intermolecular interactions in bu#dia are so close to each other that no
spectral differences in the OH/OD stretching regiouald be resolved. In a separate
experiment, we also obtained FTIR-RA spectra foorganic guest species, acetone or
acetaldehyde, co-deposited with water to form acngtalline guest-ice matrix at 130 K. The
temporal evolution of the spectral features oféh#edded guest species upon annealing
followed by crystallization of the ice at 165 K st®only steady escape of the guest species
from the matrix. While spectral differences betwége adsorption/absorption states of the
guest species in the nc-ice and pc-ice samples clemdy resolved, no signature of the
intermediate states in the guest-supercooled liguaiter matrix in the 130-165 K temperature
region could be observed. Similar spectral obgeEma of a steady escape and the absence of
any frequency shift for dimethylether in a dimettier-water matrix at 130-160 K have also
been reported recently by Schriver-Mazzwlal, although the spectral changes for
dimethylether have been found at 120-130 K andbattd to clathrate-hydrate formation [33].
These results further support our above observatialirect transition from nc-ice to pc-ice
(i.e. without an intermediate glass-to-liquid tréiog). Furthermore, the results on
crystallization kinetics of thin compact nc icenfé by Dohnalelet al.[34] are also consistent

with the direct solid-to-solid phase transformation
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Figure 5.2.3. Evolution of (a) the OD stretchirant (for DO) and (b) the OH stretching
band (for HDO) in the experimental FTIR-RA specatpon annealing of nc-ice film.

An early-stage noncrystalline ice deposit was olatdiby vapour deposition at 120 K and
1.5x10° Torr for 9 minutes (A), followed by annealing ta0LK for 7.5 minutes (B) and to
132 K (C), 146 K (E), 152 K (F), 158 K (G), and 1&ZH) for 47 (l), 94 (J), 141 (K), 188 (L),
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235 (M), and 282 seconds (N).

Concerning the state of surfaces at nc-ice and@éims investigated in the present
studies, it should be noted that the amount of @kgting bonds as estimated by the intensity
of the corresponding spectral feature at 3694 @fig. 4) on the as-grown thin (and compact)
nc-ice films is similar to that on pc-ice films paged by crystallization of nc-ice films or by
direct deposition. However, the present FTIR RASadn acetone adsorption appear to
indicate a dynamical difference in the surfaceestaif the adsorbate on nc-ice and pc-ice
films. This difference is clearly related not omdythe “snap-shot” structure of the surface but
also to the stability and dynamics of the surfaue mear-surface regions of nc- and pc-ice

films as discussed by Bueh al. [35].

In summary, the temporal evolution of the OH (arid) Gtretch manifold(s) in the
(deuterated) nc-ice deposits upon annealing foltblayecrystallization has been investigated
by using FTIR-RAS at grazing-angle incidence. Pphesent section provides a microscopic
interpretation of the spectral data using the tbeecal results of Buch and Devlin [4] and
Whalley’s assignment [5]. For the ultrathin nc-teposits, crystallization near 160 K has
been demonstrated for the first time to be markattsoscopically by an abrupt enhancement
along with a concomitant red shift in the longituali branch of thes OH (OD) stretching
mode at 3250 (2440) ¢l These observations are consistent with strengigef the
hydrogen bonds in the molecular water network aitd wcreased ordering of an ice medium
during crystallization. Furthermore, the spectigiamics of the OH and OD stretch
manifolds and of the isolated OH stretching moda deuterated ice matrix near 160 K
observed in the present work indicate that rapydtatlization proceeds directly from a
noncrystalline to a crystalline state, i.e. withaay long-lived intermediate state that involves
hydrogen-bonded network structurally different frdmat of nc-ice at a lower temperature (120
K). While the present interpretation of the OH&p&# dynamics does not favor the existence
of a glass-to-liquid transition during crystalliat, we cannot rule out the existence of a
supercooled liquid state that happens to have dyrnidantical local structure to glass. Further
studies possibly involving non-spectroscopic datailel be of great interest to resolve this

intricate fundamental issue about ice.
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5.3 The FTIR RA Spectral Analysis of Pristine Films ofOrganic Substances on Metal

Surface at Cryogenic Temperatures

Crystals of acetone, acetaldehyde, methanol, aledaform have been studied over
the long history of spectral studies of organicstals at cryogenic temperatures. The present
work differs from the classical studies by the nogltlof observation, i.e. a reflection-
absorption method versus transmittance. In the oasibrational modes with large transition
moment the RAS mode provides a different perspextithe organic phase prepared by the
vapor deposition. In the transmittance studiasstrarsal modes are the major contributor to
the spectra, and the appearance of longitudinabasdrface modes is possible in a case of
small-size crystals. In contrast, in the reflectadbsorption studies, the longitudinal modes are
always excited, whereas the transversal modes apgmeally in the spectra of relatively
thick films. In order to distinguish unambiguouslgtweenT O andLO modes in the
reflection-absorption IR studies of organic crysta polarizer should be used.

An expected picture on the basis of the site gamgbfactor group splitting in a
crystalline solid could be significantly affectey the presence of stroh@/TO splitting for
the modes of strong transition dipole moment. DT®ETO splitting is also expected for
carbonyl band of solid acetone and acetaldehyakfarthe hydroxyl group band of solid

methanol.

5.3.1 Solid Chloroform on the Cu Substrate at 125-165 K

A molecule of chloroform, CHGJ is considered to belong tdC3y point symmetry
group, which leads to the following symmetry speda the vibrational modes of isolated
molecule:
rN=4raprepsre
rr=rpre (5.1)
rR=r’enre
rV=arpare
There ar® (3x5-6=9) vibrational modes for isolated chloroform molexthree of which
form a basis for thé, representation and othéfrom theE representation. The lattér
vibrational normal modes appear as three setsuflgalegenerated vibrations. The reduction

of molecular symmetry on transition from a gasdbdsphase could cause the lifting of the
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degeneracy and, therefore, the number of obsepeiral transitions could rise froénin the
gas phase t8 in the condensed phase.

In the optical range between 5000 and 1000"¢here are three fundamental modes:
v1(Ay) stretching C-H mode and two degeneratéE) C—H bending modes, which are found
in the liquid chloroform at 3019 crhand 1216 cit, respectively [36]. The transition dipole
moments of these two vibrational manifolds are pedicular to each other: the transition
dipole of stretching modes is collinear with theedtion ofC; axis, whereas, in particular, the
vectors of transitional dipole moments for bendimgdes are perpendicular to Ggaxis.
Together with these fundamental transitions, tlese@nt studies reveal the following overtones
and combinational bands in the given spectral ratimgecombinational band of+v, modes
with theE symmetry, multiplet of which is found in the sotilloroform at the frequency
range 4232-4201 crhwith z-polarizationthe combinational banel + v, of A; symmetry
found in the liquid phase at 3683 ©hii36] and in the present studies at frequency rarige
3692-3676 crit with z-polarization; the overtone of4 (E) of A;+E symmetryfound in the
liquid phase at 2400 cth[36] and in the present studies at frequency rari@e31-2393 cnt
with z-polarization; the overtone of (E) of A; + E symmetry found in the liquid phase at
1521 cm* [36] and in the present studies at 1533-1513"enith z-polarization; the
combinational band af; + ve of A, + E symmetry found in the liquid phase at 1475 tf86]
and in the present studies near 1482%amith z-polarization; the combinational bandef+
vs of E symmetry found in the liquid phase at 1423 t[86] and in the present studies in the
frequency range of 1428-1419 crwith z-polarization; and finally the overtone of (A;) of
A; symmetry found in liquid at 1334 ¢fi36]and in the present studies also at 1334 emith
m-polarization. The present studies are concemtnatienarily on the fundamental modes
andv,, the combinational modes+ vsandv; + v,, andthe overtone of, because these modes
are found to be sufficiently intense for the spaatbservation during and after annealing.

The crystallographic studies by Fourme and Renaudfrgveal that at 185 K
chloroform crystalline structure belongs t®@ama(D2+'%) orthorhombic space group with
molecules in the crystallographic unit cell, occmgyCs-symmetry positions. A molecular
packing in the solid chloroform is represented gyufe 5.3.1 with the following dimensions
of the crystallographic unit cellt= 7.485 A:b = 9.497 A;c = 5.841 A [37]. The presence of a
mirror plane populated by molecules creates a abturangement motif such that the
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molecular structure could be regarded as consisfitayers oriented parallel to the (010)
crystallographic plane. Within the layer there 2meon-equivalent pairs of 2 nearest neighbors
for each molecule such that the C—H group of onkeoute is coordinated with two out-of-
plane chlorine atoms of a molecule from the fiit pseparated by 2.95 A, and with an in-
plane chlorine atom from a molecular nearest negbbthe second pair with a separation
distance of 3.12 A. The former distance is eqohé sum of average van der Waals radii of
hydrogen and chlorine atoms: 1.20 A (H) + 1.77 A (B8], whereas the latter is slightly
larger. Therefore, the chloroform structure camga network of oriented dipoles, in which a
hydrogen atom of chloroform molecule is coordinatgith three chlorine atoms of nearest
neighbors: 2 out-of-plane and 1 in-plane.

The question on the contributions of electrostatiduction, dispersion and exchange
forces to the total interaction between nearegihi®rs remains unanswered, and an
assumption on the hydrogen bonding acting betwbbwaform molecules requires detail
examination. The intensity of the C—H stretchingd®,v; (A1), rises by an order of
magnitude upon transition from the gas in to ligpihse, which should be regarded as a
signature of the hydrogen bond formation.

Each molecular layer is polarized along the [1063ation such that the collective
dipole moments of two adjacent layers are antilfgralt is clear that the dipole-dipole
attraction stabilizes the interlayer arrangementa@so contributes to the interlayer interaction.
It should be noted that the molecular localizaadtheCs-symmetry site within the (010)
plane prevents this layer from being closely pack€de dipole moments of the two nearest
neighbors along the [001] direction are collineagtsthat it leads to electrostatic repulsion
between them. Indeed, a in-plane chlorine atommefmolecule is in contact with two out-of-
plane chlorine atoms of another molecule with aaratomic distance of 3.76 A (see Figure
5.3.1). This latter distance is noticeably larty@m the average van der Waals diameter of
chlorine atom in polychloroalkyls at 3.54 A [38]alto presumably a dipolar repulsion.
Contacting by chlorine atoms, two adjacent layetsract by the electrostatic and van der
Waals forces with the closest Cl---Cl contact@® . The closest interlayer
ClsC-H---CI-CHC] contact is at 3.70 A, which is ~0.7 A larger thlae sum of average van
der Waals radii of hydrogen and chlorine atoms:AL(#) + 1.77 A (Cl). A simple structural
analysis given above allows predicting of the re&afrequency positions of, (E) modes due
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to the site symmetry effect. Firstly, the closateat between hydrogen and chlorine atoms of
neighboring molecules within the (01®jrror layer could be assumed to affect the frequency
of the C—H bending mode in a degree prevailing olersimilar effect of the hydrogen-
chlorine contacts in the direction perpendiculathi layers. Therefore, @ bending modes
localized within the layeis expected to be at a higher frequency than that bending mode
with transition dipole moment polarized in [010¢tatition.

The rows of centro-symmetric pairs of chloroformleaolles with antiparallel dipoles
(although the distance between the counterpattsegpair is not the shortest among all
molecular pairs observed in the chloroform struetare present in the crystalline

arrangement, parallel to the [010] direction.

Figure 5.3.1. The crystallographic structure dbobform. The structure belongs to the

Pnma D%, space group with thémolecules per crystallographic unit cell [37].

A molecule of chloroform occupies ti&-symmetry position with the angle between the C-H
bond and [100] axis of 14.36°. A hydrogen atorodsrdinated with three chlorine atoms such
that the H---Cl distances are 2.95 A, 2.95 A ah@ B, which provides the anisotropic
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bonding in the [100] direction within the (010) pés.

The correlation diagram for symmetry species ofiwgol molecule, the site and factor-group

symmetry representation is given in Table 5.3.1.

Table 5.3.1. The correlation diagram for crystedlchloroform phase, space grdupma

factor groupDyp.

Molecule Site Unit Cell
Vibrational Cav Cs D2n
Modes
Vi3 A; (IR, R —T—2A, Lo Ay R
e By R
2 By R
A, / //. Bag R
\- e A,
V456 E (IR, R) ——A =l ® By, IR, b
&E Bau IR, a
Bsu IR, c

There arel molecules in the unit cell, which, therefore, lg#ol two IR-active modes
for thev,; C—H stretching vibrations, polarized alom@ndc axes and to three IR-active modes
for thevs C—H deformational vibrations. Concerning the Cstketch manifold it is possible to
suggest that thB,, (a) factor group mode should be significantly moremnse than the
correspondin@s, () mode because the C—H vector is at an angle 8634wvith the [100]
direction. If the oriented gas model can be assljitien the ratio of IR intensities Bp, (a)
andBsy () species of; modes become#(B.,) (a)/ I(Bsy) (c)=tan ?(14.36°)~15i.e. the
intensity ofB,, (a) is expected to be by the order of magnitude higjinen that oB3, (). The
opposite conclusion holds for the ratioBf, (a) andBs, (c) components of the deformational
C-H bandvs, 1(Bsy) (c)/ I(B2y) (@) ~15, i.e. the intensity of-polarized bending mode
component is an order of magnitude higher thandhatpolarized component. We will

251



proceed to further analysis of the experimentaldpActra of chloroform based on the latter
predictions of the gas oriented model.

The IR and Raman spectra of solid chloroform haaenbstudied by Kimoto and
Yamada [39], D'Alessiet al.[40], Andrewset al.[41], and Shurvell [42]. The relevant
results can be summarized as follows: (i) the sarpptpared by vapor condensation on the
KRS-5 window at 100 K exhibits IR spectra, whictacbe with time and on temperature rise;
(i) the IR spectra of the as-grown samples contaily sharp peaks, which indicates on the
absence of amorphous phases; (iii) spectra stabile@gspect to time and a temperature
change were obtained only after careful annealfrigepre-deposited sample to temperatures
around 140-150 K; (iv) the differential thermo-aysa$ [39] and proton magnetic resonance
[43] reveals no phase transition up to the meltiamt; (v) quadrupole resonance o Cl
nuclei is detectable up to the melting point (20Q)7which shows that the molecular
reorientation is very slow, i.e. there is no molacueorientation at frequencies above 1%10
Hz. The spectral studies of Kimoto and Yamada [B8icate the existence of metastable
crystalline phase in addition to stable phase ensthlid chloroform rapidly deposited by gas
spraying onto the Nliquid cool KRS-5 window. The present studiesroborate with that
observation and further investigate the temporalwgion of the IR RA spectra of as-grown
and thermo-annealed chloroform films. Figure 5(8&hd Il) show the two spectral manifolds
of the C—H stretching and bending modes observati@growing films withz- ando-
polarized IR beam. The ratio of intensities 01204 cm® deformation band and 3011 ctm
stretch band (correspond to the stable crystafimeesePnmg is 2.3 and 0.6 foz- ando-
polarized beam, respectively. In the polycrystalchloroform the ratio of intensities of total
deformation manifold to the stretch manifold wasrfd to be 2.5 by Kimoto and Yamada [39]
and given in Table 5.3.2.
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Table 5.3.2. The IR spectral data on the C-Hdireg and bending modes of chloroform.
Present spectral data on solid film and bibliograplata on the gas, liquid and solid phases
of chloroform ([39]) are compared. SP, MP, andsédéhds for the stable crystalline phase,
the metastable crystalline phase and amorphou plrespectively. The absolute (integrated)

intensities are shown in parentheses expressée inanstandard cm-millimefeunits [39].

Band Gas [39] Liquid [39] Solid
v1 (Ay) 3034 (44) 3015 (707) 3029yp

3011sp (1200 [39])

30190
V4 (E) 1221 (4200) 1216 (2900) 12235

1208sp (3000 [39])
1204gp
1223y
1219yp

I (va) /1 (V) ~100 4 2.5[39]

1(1204)/1(3011) = 2.3 ()
=0.6 (0)
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Figure 5.3.2. (I)x- and (ll)o- polarized spectral regions for (@)(C—H) stretching and (b),
(C-H) deformation bands of growing CHGilms at deposition temperature of 125 K.

The ratios of intensity (approximated by the heigithe corresponding band) of these bands
shown on the graphs indicate that the C—H bondiented preferentially parallel to the metal

surface.
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Figure 5.3.3. The-spectrum of CHGIfilm vapour deposited at P = 1xfTorr and 125 K.

The spectral signatures of two crystalline phaseswident.

These numerical values indicate that in the sdlidroform film deposited on the
metal film in the present studies the moleculas @xioriented preferentially parallel to the
metal surface. In other words, the axi$100] on Figure 5.3.1, is preferentially paratielthe
metal surface. Figure 5.3.3 shows #h&pectrum of chloroform, which includes, apart from
the fundamental modes, the overtone of the defoomatband2v,, and the two
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combinational manifolds of the C-H stretch andlibading mode as well as the C-H stretch
and the C-Cl stretch modes. The correlation diagghown on Table 5.3.1 indicates that
C-H stretch could exhibit doublet whereas the da&dional C—H mode could exhibit triplet
upon the dynamic splitting. The stretching modzmted at 3029 cmwas found to disappear
converting to low-frequency peak at 3011 ¢mvhich remains the only peak of the stable
Pnmachloroform phase. For the C-H deformational madifthe annealing leads to
significant decrease of the high-frequency peal?@8 cm* and almost complete
disappearance of 1220 chpeak. The evolution of combinationak v,band and overtone
2v, upon annealing supports this assignment: the tiaguency doublet at 4232 chand

4228 cm* and the overtone band at 2413 teompletely disappear on annealing, which
indicates that they are originated from the comiimeof 3029 cri* and 1223 cit and from
the 1223 cit peaks. Therefore, peaks at 3029 ¢rh223 cm’, and 1220 cit belongs to the
metastable phase, which transforms upon annealitigetcrystalline stable phase. Resuming
this part let us point out the present studiesaktleat chloroform molecules are preferentially

oriented with the molecular axis nearly paralletiie substrate surface.

5.3.2 Solid Acetone on the Cu Substrate at 125-165 K

This section provides a qualitative descriptioth& main RA spectral features, which
are characteristic to crystalline acetone solidspfeand which can be used for the spectral
identification of the acetone crystalline clusteracetone-water systems and for
distinguishing between different physisorption acetstates on the ice surfaces.

Twenty four fundamental vibrations of isolated aoet molecule form a basis for the
irreducible representations ofZay molecular point group as followsA8+ 4A; + 7B; + 5B,.

Six normal modes @& + 2B; + 1B,) are associated with the motion of the acetoniegke
whereas the remaining eighteen modes are primasgyciated with the motion of hydrogen
atoms. Among the skeleton vibrations, the carbstrgitching fundamentag (A;) found in

the gas phase spectra at 173I'camd the asymmetric C-C stretching fundamenta(B,) at
1215.5 cm'[44] are of primarily interest for the present sasdbecause their frequencies are
found to be sensitive to the molecular neighborhafoakcetone molecules [45, 46]. Moreover
their relative intensities can be used for the jotexh of the space orientation of acetone
molecules in condensed state. Among the modesiass® with a hydrogen atom motion, the
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symmetric CH deformation bandss (A1) andvie (B1) will be primarily used in the course of
this paper for the identification purposes.

The crystallographic structures of two solid acetphases, metastable orthorhombic
Cmcmphase and stabRbcaphase prepared by the low temperature crystatizahave been
determined by Allaret al.[47]. The crystals of both phases are composad ficetone
molecules arranged in layers such that the carbgnaoylps lie within Cmcn) or closely to the

layer Pbcg while the carbon skeleton is oriented perpendidyl(Cmcn) or near
i b E
%a

Figure 5.3.4. Molecular arrangement of the acetookecules in a crystal of the metastable C-
centered orthorhombic acetone ph@secm a = 6.514, b = 5.4159, ¢ = 10.756 A, Z = 4 [47].

perpendicularly to the layePbca).

Coordination number of acetone in the layet.isCarbon-carbon skeleton is in dark and

oxygen atoms are in bright color.
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Figure 5.3.5. Structure of tli@mcmlayer of acetone molecules in tBencmphase [47].
Within the (001) layer, a number of the nearesghieours ist (O--O distance is 4.24 A) with
2 additional close neighbours {@ distance is 5.41 A).
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The molecular arrangement in the crystal of stablerthorhombic
acetone phase (Pbca).

T=150K, a=8.873, b =8.000, c =22.027 A, Z86.

2ax2bx1c
. . Perpendicular motif,
Anti-parallel motif, d,(3-1) = 3.49 A §(4-5) = 3.46 A
d(1-2) =3.30 A

Figure 5.3.6. The molecular arrangement in thetafhof stable orthorhombic acetone phase
(Pbca), T=150K, a=8.873, b =8.000, c = 22.8, Z = 16 [47], dimensions 2a x 2b x 1c.
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A metastable orthorhomb&€mcmphase can be prepared by slow cooling of thediqui
through the melting point at ambient pressure; withfew hours it transforms into a stable
primitive phase [47]. A characteristic featuretled Cmcmphase structure shown in Figure
5.3.4 is a skew-parallel motif of the acetone malles arranged in the layer such that the first
coordination sphere of acetone molecule contéiclssest neighbors ardadditional close
molecules at a larger separation distance, whiditétes that this structure is not close-packed
(Figure 5.3.5). This structure is not close-padkedause the molecular axis lies within the
(001) layer as shown on Figure 5.3.5. Accordintilis phase was found metastable and
transforming slowly into #bcaorthorhombic phase, the structure of which shawhigure
5.3.6 [47]. This stable phase consists of two &iaficlose-packed layers with coordination
number 6, juxtaposed along tb@xis. The building block for one of the layersipair of
closely touching acetone molecules mutually relégdn inversion center, which in
combination with the set difglide planes produces the close-packed centrosyrieme
structure such that its projection ab-plane formggglayer shown on Figure 5.3.7. The
second layer is a closely-packeglstructure formed by the operation db-glide plane on the
row of closely-packed acetone molecules such tled¢cales derived by its action from the
initial molecules falls into a hollow between twmlecules of the first row (Figure 5.3.8). The
carbonyl groups are oriented such that the angldsdaen carbon-oxygen bonds, which is the
direction of intermediate principal axigih isolated molecule, and crystallographic C-axe a
bigger than 80° (~ 82° 44" for one of the layerd a80° 27' for another). Accordingly, the
minor principal axis4, along which the dipole moment of C-C asymmetiietsh is
oscillating in isolated molecule, forms with thestiallographic C-axis angles less than 10° (~
8° 11' for one of the layers and ~ 9° 7' for anQthe
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Figure 5.3.8. Theglayer in thePbcastable acetone phase [47].

The habitus and growth modes of the acetone ceystah polycrystalline Cu substrate

and on the ice films can be explored in some delgyd€T IR-RA spectroscopy, and in turn,

the information about crystal growth and an origataon the surface is essential for an

interpretation of the spectra. Quantitative analgé the available crystal structures can

provide some information about possible habitus@mehtation of the acetone physisorbed

films. Considering the possible habitus of thetaige crystal oPbcaphase, the fastest growth

may be predicted for the (100) direction becausatthment of acetone molecule to the

(100) plane would lead to establishing of threattig-layer contacts (Figure 5.3.8) while the
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slowest growth can be expected for the (001) p(&igure 5.3.6). In such a case, the (001)
and (100) faces would be the most and the leastdzni faces of thebcaphase crystal,
respectively. The morphological significance & {001) plane may be associated with a low
interlayer attachment ener@y, which isprimarily due to van der Waals nature of the
interlayer contacts, in combination with the relaly large layer energly, originating from

close-packing of thpg and thepgglayers [48].

Table 5.3.3. The correlation diagram for @cmacetone phase.

Degrees of Degrees of Activity in Molecular Site Group Factor Group of | Activity
vibrational vibrational isolated Symmetry Covem Space Group in crystal
freedom per freedom per molecule Group C,, (Cmcm)
molecule Bravias cell D. 17
2h
(x2)
P A, R
8 16 IR R A | A, By R
By R
4 8 R A, —1T—A,
7 14 IR R B, —]——= B, A,
Bu, IR@2)
5 10 IR R B, —1—8,
~_ Ba IR(Y)
B,, IR(X)
D2 h N Tot N Acous N Trans N Rot N Vib ACtiVity
A, 9 0 1 0 8 R
By, 7 0 1 1 5 R
B,y 5 0 0 1 4 R
Byy 9 0 1 1 7 R
A, 5 0 0 1 4
B., 9 1 0 1 7 IR
B,, 9 1 0 0 8 IR
B,, 7 1 0 1 5 IR
Degrees of 60 3 3 6 48
freedom

263



Table 5.3.4. The correlation diagram for Btecaacetone phase.

Degrees of Degrees of Activity Molecular Site Group | Factor Group Activity
vibrational vibrational Symmetry C, of Space
freedom per | freedom per Group C,,, Group (Pbca)
molecule Bravias cell D2 h15
(x 16)
8 128 IR R A Ag R
B, R
4 64 R A B, R
2 2
\> é,/, p? R
7 112 IR R B, ___— C A
1 1 [~ u
"~ By, IR(2)
5 80 IR R B, B,, IR(Y)
B, IR(X)

8x16 A=8x[2x(A+B,+B, +By+A+B, +B,+B,)
4x16 A =4x[2x (A+ By + B, + By + A+ By +B, +B,)]
7x16 B =7x[2x (A+ B+ B, + By +A +B, +B,+B)
5x16 B=5Xx[2x (A+ B + B, + By + A+ B, +B,+B)l

The crystallographic unit cell of the crystal stiwre of the metastablémcmphase contains
four molecule units occupyin@,y symmetry positions, while the unit cell of theldéa
orthorhombidPbcaphase contains 16 acetone molecules in generahsymy positions. The
symmetry correlation diagrams for the= 0 vibrational modes of these crystal phases are
given on Table 5.3.3and Table 5.3.4, respectively.

For the crystal o€Emcmgroup, the factor group analysis shows (Table3% tBat there
is one-to-one correspondence between the IR adtivational modes of the isolated molecule
and IR active vibrational modes of the crystalyéifiere a factor group splitting in vibrational
modes for this metastable phase is not expecteg@adzation of each mode is preserved. In
contrast, for the crystal ¢tbcagroup (Table 5.3.4), the correlation of the molac(C,,), site
(Cy) and factor groupdX, ;°) shows that each &irreducible representations of the factor
group holds two crystal vibrational modes originafi@m particular normal mode of the
molecule. That is, the factor-group splitting caaisach molecular mode to generate three
pairs of the crystal IR-active vibrational modes$apiaed along three crystallographic axes,
respectively. In particular, the appearance oftrm@mponent absorption band can be

expected for molecular non-degenerated modes suchrbonyl stretchs (A;) and carbon-
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carbon asymmetric stretehy; (B1), along with lifting off the degeneracy of moleaumodes
such as methyl group symmetric deformation magé4;) andvis(B1) and C—H stretch(A;)
andvi13(B1) modes. For crystal structures with the centrasgtnic unit cells, to which the two
acetone phases described above belong, the IR amdrRactive vibration modes are expected
to be at different frequencies with an exceptionafasional coincidences for limited number
of modes. The normal modes that correspond tanigerade symmetry a specigs, B,,, and
Bs, of the factor grou,y, are IR active, while all gerade modes are Rangtivea The
prediction of the mutual exclusion followed fronrie@ation diagrams (Table 5.3.3and Table
5.3.4), however, appears to be in contradictiom Wit experimental IR data by Kraieteal.

[49] and Raman data by Harris and Levin [50] ondsatetone, a comparison of which shows
that the frequencies for the majority of the IR &aman bands coincide with one another. On
basis of this observation, Krauseal.[49] have suggested that a unit cell of the aaeton
crystals is not centrosymmetric. Concerning aisieitg of the techniques to spatial extent

and arrangement of crystals, it is self-evident tReand Raman spectroscopies provide
information about short-range local molecular nbmlrhood while X-ray diffractometry
probes crystals on a long-range scale of an asgavhblany molecular/atomic layers. In
particular, considered as a dynamically indepentten the closest layers, the intramolecular
IR and Raman modes originated from the motion ef@te molecules in theg-layer (Figure
5.3.8) could coincide. However, for the modestezldo intramolecular motions in tipgg

layer, which was found to be composed of centroraginical pairs of acetone molecules
according to the X-ray diffraction data, frequemxglusion should take place. The break in
the symmetry of unit cell of the acetone crystald,apecifically, thgpggstructure may be
associated with a disorder in methyl-group posgjamhich has been mentioned by Ibbersbn
al. [51] in relation with the acetone phase transitaking place at ~ 150 K. In fact, instead of
complete frequency exclusion: the lower frequermygonents (presumably belonging&p
factor-group componentf the carbonyls (A;) and the carbon-carbon asymmetric stretgh
(By) (Table 5.3.5) modes are found to be more intéam&aman spectra than corresponding
high-frequency components, which is exactly op@osita ratio of the same components in the
IR spectra indicating that the symmetry of fggrlayer is broken probably due to the methyl-

group disorder.
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Figure 5.3.9. The (a} and (b)z-polarized spectra of acetone films during fastdemsation
at 130 K and R.=5x10° Torr and R.=1x10° Torr, respectively. Spectra A through D on
panel (a) correspond to the deposition time ofdf) $40 sec; 220 sec; 360 sec, respectively;

the spectrum on panel (b) corresponds to the digmposime of 600 sec.

The acetone solid film deposited in our experimétsertainly, a mixture of the
crystalline and the noncrystalline fragments, whicduld be most likely classified by the X-
ray diffraction method as a noncrystalline phaldewever, the IR spectra of these solid
acetone films appear to be comparable with thetepe€ corresponding crystalline phase
because IR spectroscopy probes a short-range neiestangement. Figure 5.3.9 shows the
RA spectra obtained witht (Figure 5.3.9a) ang-polarized (Figure 5.3.9b) beams from solid
acetone films vapour-deposited on Cu substrat8@aKl
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Table 5.3.5. The frequencies of fundamental vibret of the acetone in solid crystalline state.

The apparent peak positions (i.e. without decortia) are listed.

Sym|N | Mode [Vapor |Raman Oriented solid [49] Non-polarized beam Polarization
[44]  |(solid) Facel Face 2 Deposit 1 | Deposit 2 m o
[50] ) 6+90 |6 9 +90 |T=150K, |T=130K |T=130K |T=130K
vs A is Vas (CC) B; [0s (CH3) B
strong is strong is strong
1 |(vCH 3018.5|3004(49) [3005.1w |3005.1m |3008.6m |3008.3s |3002w 3004vw 3003s
S 2999s
2 |vCH 2937s |2920(100) |2922.1w [2919.7w |2920.1w |2919.1m|2921vw  [2921w 2921vw 2921m
1731s 1727.8s |1728.0s
3 |v(C=0) 1717sh 1715.6vs 1718vs 1716.5m 1717w
(14) 1712.9vs 1711.3s |1714sh 1714sh 1714vw
A 1706.9vs |1705.1s |1706.2 vs |1706.3 1709w 1709w 1706s
] vs 1707sh  |1707w 1705s
1697(72) |1698.3s |1698w 1699.2vw |1699vw 1699vw 1699m
4 |0as(CHs) [1435s [1431(31) [1418.2vs |1422.4vs |1420.7m |1420.6s |1419w 1419vw 1417vw
5 |0s(CH3) [1363.5(1351(12) [1351.1w [1350.5vs |1350.2m |1349.6s|1351m 1351vw 1351vw 1350w
vs 1346.4s 1346w 1346vw 1346vw 1345w
6 |8 (CHs) 1072(7)  |1070w 1070.8w

7 |vs (CC) |[785w |796(100) |795.3w |794.4w |797.5vw |797.1w
790.7w__ |790.7m

s lycc  I3ssw [497(5)

9 |vCH 2972(58)
Az |10 [6(CHs) 1426sh 1428vw 1431w 1436w 1435sh 1435sh 1436sh
(29)
11 |8 (CC) 872(4) 873.9vw |873.9w | 874 vw 875.4 w
12 |x (CHy)
13 |v CH 3018.5|3004(49) [3005.1 |3005.1m |3008.6m |3008.3 3004w
S wm ms
14 |v CH 2937s |2920(100) |2922.1w [2919.7w |2920.1w [2919.1m 2921vw 2921w
15 |0.s(CH3) [1410s [1408(3) 1402.4m |1403.4w [1393.3m |1393.4s|1405vw  |1402vw 1403vw 1403vw
1372.8w |1372vw 1371sh 1372vs 1372vs 1376vw
16 |05 (CHs) 1369.8m |1368.6w 1365.5m 1364vw
B; 1363.5 |1366sh(2) |1365.7w |1364m | 1364.5 vs [1364.8 1362vw
(X) 'S
1240sh(4) [1239.3w |1239.4s |1235.9w |[1236.3s|1237sh 1238.5vs [1239vs 1242vw
17 |Vas (CC) 1229(13) 1233.0w 1234m 1235vw
1215.5 |1223sh 1228.0 |1226.8w [1226.7 vw|1226.3w
S (12) wm 1226sh 1226vw

18 [p (CHs) [891m |905(5)  [908.6w [908.5m [904.5w  |905.8s
530s [533(19) [537.1wm |537.0m |535sh  |535sh

19 |8 (CCO) 535.3  |533.0 |532.3wm |532.1s
20 [v(CH) [2972s [2972(58) |[2971.6w |2972.1w |2977.5w [2977.9 2969vw  |2969m
VW
21 |6(CHs) [1454s [1444sh  |1467.8w [1445.0s [1457.8s [1460.6w
(15) 1447.8w |1435.7w |1442.3s |1457.7m
B, 1439.2m 1439.8m
() [22 [o(CHs) [1090.5[1098(4) [1098.9s [1098.7 [1100.6s [1100.1 [1096w  [1097vw  |1097vw  |1096w
S ms wm
23 |y (C=0) 484w [402(12) [396.2wm [393.9w [391.9m [394.2
wm

The following short forms are usegk:in-plane bendy- out-of-plane bendj- deformation;y-
stretch;p- rocking;y- non-planar twisting. The relative intensitiedRfbands are reported as
s- strong, m- medium, w-weak, vw- very weak; shigleste a shoulder to the stronger peak.
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Firstly, a self-evident conclusion following fronglare 5.3.9b.1l at the-beam is that,
in the solid acetone films deposited at significavgrsaturation, molecules are in such an
average relative configuration that the moleculane is perpendicular and the carbonyl group
is near parallel to the metal surface. This cosioluis based on the observation, that, in
contrast with the corresponding intensities in $rarssion IR spectra of gas and liquid phases
[44], the RA peaks at 1372 and 1239 ¢mvhich originate from the Citleformationabsg
(B1) and the C-C-C stretchingz (B;) molecular modes, are much stronger than the Rlda
at 1716 crm® and at 1419 citl originated from the carbonyl stretef((A,) and the CH
asymmetric deformation, (A;) molecular modes, respectively. This particuédior of the RA
intensities of these modes in solid acetone ptageeiresult of metal surface selection rules,
which cause the intensities of the modes with ttexmsdipole moment perpendicular to the
metal surface, specifically thes and thev17 (B1), to be much stronger than the intensities of
such modes as thgand thev, (A;) with transition dipole moment near parallel te gurface.
In the IR spectra of acetone gas and liquid phdkes;arbonyl stretchs (A,) is the most
intense mode, the Gldymmetric deformational bangs (B;) and the C-C asymmetric stretch
v17(By) are close to each other by intensity and sliglethg intense than the carbonyl stretch,
while the CHasymmetric deformational bands is the least intemsemparison with the
bands mentioned above. The RA spectra of solitbaegphase obtained withpolarized
light at Figure 5.3.9a also provide a clear suppbthis conclusion, because in contrast with
the spectra obtained withpolarized beam, the carbonyl stretch manifold76t1702 cr* is
the most intense band, whereas the, €finmetric deformation bands (B1) at 1362 crit and
C-C asymmetric deformation stretefy (B1) at 1235 cri are found to be at substantially
lower intensity. This observation is in a goodesgnent with the RAS studies of the
orientation of acetone molecules in multilayer flion Au (111) surface reported by Syomin
and Koel [52]. This is in spite of the circumstaribat in the present case the substrate is a
polycrystalline Cu with a relatively rough surfagéjich could cause the acetone film to be a
random polycrystalline deposit with an uncertaimtyhe relative orientation of crystallites.
However, the apparent similarity of the RA spectraolid acetone films, deposited on single-
crystal Au(111) surface [52] and on polycrystallide surface (Figure 5.3.9b), show that there
is a preferential orientation of the acetone ciiita on a surface of the metal substrate, and

the acetone phase growth mode at certain deposiioditions does not depend upon the
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status of metal substrate.

A different molecular orientation was observedha present studies at slow deposition
at ~ 150 K, when a carbonyl group is preferentialignted near to the perpendicular to metal
surface while the molecular plane is oriented nedne parallel to metal surface. Taking into
account that the oversaturation is apparently nheshin this case, we could assume that the
orientation of crystallites on the substrate (& ffhase composition remains the same) depends
on the deposition rate and, more generally, orstipersaturation .

Independently upon the phase structure of an aeateposit, the spectral picture on
Figure 5.3.9 is consistent with a crystalline stuoe, in which an average direction formed by
C-C molecular skeletons is near perpendicular anavarage plane formed by C=0 groups is
near parallel to a metal surface. Furthermoresicaning theCmcmandPbcaphase structures
(Figure 5.3.5 and Figure 5.3.6), it is possibledaclude that crystallographi@axis of
crystallites is near perpendicular while thB-plane is near parallel to a metal surface, which
appears to be consistent with (001) plate-like molpgical habitus of the crystallites. The
morphological significance of the (001) plane oét@ane crystalsRbcaphase) may be
associated with low interlayer attachment endfgy which isprimarily due to the van der
Waals nature of the interlayer contacts, in comtoamawith relatively high layer enerdy
originated from closely-packquh andpgglayers and substantial dipole-dipole intermolecula
interaction [53].

The factor group andO/TO splitting observed in the RA spectra of solid aoet
deposit are inconsistent with the correlation daagiofCmcmphase and, thus, will be
analyzed on basis of the correlation diagram oPtheaphase. It is instructive to begin
spectral analysis from the crystal bands, whichoaiginated from thé; molecular vibrations,
because correspondimgcomponents are of high intensity in RA spectrarghg no sign of
the factor-group splitting, but with characteridtio/TO splitting and thickness dependence of
adsorption peaks. In particular, the very stroegks at 1372 and 1239 chobserved with-
polarized light (Figure 5.3.9b.11) are th® components, which can be both classifie@as
crystal modes originating from the @slymmetric deformatiomgand the C—-C stretch bands
v17, respectively. Accordingly, in the spectra ob¢girwitho-polarized light (obviously that in
the experiment only incomplete polarization carabkieved) the peaks at 1376 and 124I'cm

(Figure 5.3.9a.lll and Table 5.3.5) &r® components of these modes, while the
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corresponding-polarizedTO components are located at 1362 and 1235.cifhe
incompleteness of polarization and the very striotensities oL.O modes allow to observe
them undep-polarization. It should be noted that g andBz, CH; symmetric deformation
crystal modes were not identified among the obsER& peaks because, even if they present
(Pbcagroup), the intensities are expected to be vesyitoaccord with the crystal structure of
Pbcaphase. Therefore, these modes appear to begalfctindetectable in the RA spectra
being overwhelmed by correspondiBg, peaks. The-polarized peak at 1364-1362 tm
(Figure 5.3.9a.lll) is most likely multi-compondnit, at the present moment, we feel that its
further decomposition would be neither useful rediable. For the crystal modes originating
from molecular C-C asymmetric stretch, the adddlenpolarized adsorption band was found
at 1226 crit (Figure 5.3.9a.1ll). The weak adsorption peaksejuencies 1228-1226 ¢
have been also detected in transmission IR spkygtkaauseet al[49] for solid acetone at 18

K and classified among those vibrational modesdhatriginated fromr,z molecular
fundamental, while in the Raman spectra of polyediise acetone at 77 K two peaks at 1229
cm™ and 1223 cnt (shoulder) were detected by Harris and Levin [88]p have assigned the
peak at 1229 cthto v;; fundamental (see Table 5.3.5). Accordingly, weagvely attribute

the low frequency very weak IR peak at 1226 ttmthe C-C stretch vibrational modes having
origin in the centrosymmetric skeleton motion af fhairs of acetone moleculespgglayers
(Figure 5.3.7), which appears in the IR spectrabse of the symmetry break and otherwise
would not be detectable. The vibrational mode toatesponds to asymmetric ¢H
deformation molecule modes of B; symmetry was found to be a very weak feature @814
cm ' in the RA spectra obtained with both polarizati@figure 5.3.9b.1l and a.lll), though it is
more distinct in the spectra obtained witpolarization.

The crystal vibrations that are originated frondaling A; symmetry species @,y
molecular point group including the carbonyl sthetg; CH; symmetricvs and asymmetrie,
deformation modes and C-H stretghwere detected in the IR-RA spectra of solid aceton
The two doublets at 13500(1351L.0)/1345TO(1346L0) cmi * and 3003r0/2999TO cm*
(Figure 5.3.9 a.l, a.lll and Table 5.3.5) can badgvely attributed to thB,, andBs,crystal
modes that correspond to gslymmetric deformation bangdand C-H stretch,
respectively, in accord with correlation diagramttee Pbcaspace group. Th&ymCHs mode

exhibits most likely a factor-group splitting onudet 1350/1345 citl in thes-spectra which
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can be viewed as a spectral signaturBlmfaphase. These modes are polarized irAiRe
plane, while the 13620/1372LO cm™* mode is polarized along the C-axis. The crystal
modes corresponding to the €asymmetric deformation moagwere found at 1417(1419)
cm ! with no sign of splitting (Figure 5.3.9 a.lll, B.I The complex carbonyl stretch bang)(
shows splitting at both settings of the polariZBrgure 5.3.9a.ll and b.ll, and Table 5.3.5),
which is thought to be primarily the result of faegroup splitting affected blyO/TO splitting
and by possible presence of different acetone npbiases. The interpretation of this RA
band observed with-polarized light is significantly complicated (atitht is a typical case for
thick films) due to the emergence of interferenatigrns in the spectral region of a particular
absorption band. Clearly, thepolarized complex band at 1716 ¢niFigure 5.3.9 b.Il) could
include theLO components of aB,,, crystal vibrational modes, while, tentatively, Th@
components 0B, (Z) mode can be found at 1713 ¢nfFigure 5.3.9 a.ll), and fd,, andBs,
crystal modes at 1706/1705 Tmolarized in the AB crystallographic plane (Figsa.9 a.ll).
The correspondingO components could be tentatively allocated at 1a®1707 citin
Figure 5.3.9b.1l. Based on the present spectealaiiv frequency RA band at 1699 ¢m
should be assigned to a fundamental mode resutong a factor-group splitting, which could
be in correlation with the strongest Raman C=Olsanx at 1697 cm (while the second less
strong Raman C=0 sub band was observed at 171%7[663) and with the IR transmission
band at 1698 cim [49].

Figure 5.3.10 displays the carbonyl group regibthe Fresnel spectra (see Chapter 3)
of acetone liquid films of 0.8 and 1u thickness with the optical constant of liquid acet
obtained from [54]. In transmittance mode, thera single IR peak with maximum at ~1714
cm* as shown by the imaginary part of dielectric fime{curve 1). For this disordered
medium ther-componentl(O mode) appears at 1727 ¢mwith discernible shoulder at 1714
cm ! (the interference pattern, absent for thinneraeefilms) whereas thecomponentTO
mode plus interference patters) at 1710 and 1705 fn0.8p and 1u films, respectively.

The non-polarized Fresnel spectrum of single furefatal vibration exhibits clearly a strong
LO/TOsplitting. The magnitude of thisO/TO splitting expected for a liquid acetone is ~ 20
cm ', which is as strong as the factor group splittinthe acetone crystal or even stronger. In
addition the frequency position of bditkd andTO modes depends on the film thickness. This
general picture for carbonyl group vibration inuid acetone was found reproduced precisely
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in the experimental spectra of solid acetone depdgi30 K. Indeed, for the non-polarized
beam (Figure 5.3.10, curves 8 and 9) there isa eé}polarizedTO manifold which travels
from 1707 cm’ to 1705 cm’ as film thickness increases. At the same timezipolarized
manifold at 1717 cit achieves optical saturation (curve 8) and the sbifks to ~1720 cit
(curve 9) and declines in the intensity as filnckimess increases. Similar optical dependence
of non-polarized RA spectra on the film thicknesssviound for pristine ice (see for instance
Figure 5.1.3 in the present Chapter). Therefdre observed experimental spectral evolution
as function of acetone film thickness is clearlyasated with thé&O/TO splitting, which
severely obscures the crystal structure-assocfatgdr group or site group splitting of
fundamental vibrations. The magnitude of L& TO splitting is proportional to the oscillator
strength and to the transition dipole-transitiopadie inter-vibrator coupling, which explains
why this optical RA effect is so noticeable forfalhdamental vibrations in solid acetone as it
is shown on Figure 5.3.11. lItis of interest te@lye a significant amplification of the (A1)

ds CHz TO mode factor-group doublet at 1349 and 13424'amon a passage of the
interference pattern from neighboring stroag(B.) s CHs at 1360 crit', which confirms
conclusion derived on basis of Figure 5.3.9. Alsned-shift in their frequency positions is
due to the dielectric effects in the thick acetfilm. A conclusion that the pair ofis (B1) Js
CHsat 1372 £, LO)-1362 ¢, TO) cm " and the pair of17 (By) Vas C—Cat 1242 £, L0)-1235

(o, TO) cmi* on Figure 5.3.9 areO/TO splits of the same fundamental vibrations is icoad
with the spectra on Figure 5.3.11 and Fresnel mimdelarbonyl group on Figure 5.3.10.
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Figure 5.3.10. The RA spectra of the carbonyl gragion of solid acetone.

The Fresnel spectra of liquid acetone film af thickness (curves 2-4) and of Qu8hickness
(curves 5-7) and the imaginary part of the dieledtmction of liquid acetone (curve 1,
arbitrary scaled to fit the ordinate). ExperiméiRA spectra of acetone at 130 K with non-
polarized beam (curves 8, 9) and with(curve 10) and- (curve 11) polarization.
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Figure 5.3.11. Experimental RA spectra of acewnE30 K with non-polarized beam. The

LO/TOsplitting is evident for the CyHdeformation and C-C asymmetric stretch modes.

Resuming this section on the spectral analysiggdrc solids (chloroform and
acetone) it is possible to suggest that the redainentation of crystallites depends on the
oversaturation or, in other words, on a combindeceDf the substrate temperature and the
pressure of the organic substance near the substreice. Further detailed studies are
required in order to clarify these possible oriéintzal effects of the combined action of
substrate temperature and deposition pressu@nifincing evidence regarding preferential
orientation will be obtained (the present studies/jgle a preliminary evidence for the
existence of these effects) that provides a simy@dan to control the average orientation of
very small crystallites (nano-size) of organic @slon metal surface. For both chloroform and
acetone, the deposition at high oversaturationfaasd leading to the orientation, where the

molecular axis and the corresponding dipole momargsearly parallel to the substrate.
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5.4  The Interaction of Chloroform with Noncrystalline | ce

The adsorption of chloroform on the ice surfacadsompanied with a red-shift of the
frequency OH dangling bonds, which can be resoindgde FTIR RAS experiment. This
circumstance is important for confirming that theeraction of adsorbate with the OH
dangling bonds leads to surface complexes, wheradborbate is indeed coordinated with the
OH dangling bonds. Furthermore, the spectral ofasien of this new band of OH groups
coordinated with the chloroform surface speciesklmnsed for monitoring the temporal or
thermal evolution of the water-chloroform interfac&part from the stretching mode of
surface OH groups, the present spectral studidgeathloroform interaction with the ice
surface are based on observation of C—H stretctCattldeformational bands at frequency
regions near 3015 crhand 1220 cit, respectively. To the best of the author's knogée
the spectral evidences of the chloroform-oxygerttion interaction, which would based on
the direct observation of the chloroform fundambntare practically absent, in particular,
because the frequency location of C—H stretchirdytending modes appears to be insensitive
to the complex formation [55, 56]. However, Sza@pk [Ref. from 56, no numerical data of
Szczepaniak's original work have been presentesiphaerved a considerable shift in the C-D
deformation band upon complexation with acetone-hexane solution. On the other hand,
the combinational bands and overtones of theseafuedtal modes were found to be sensitive
to the complexation with the oxygen organic funesio Indeed, very early (and still unique)

IR studies on the chloroform-oxygen function compkeby Buswelket al.[57] reveal that in
the chloroform-acetone complex in G@he overtone (&) of v4 (E) C—H deformation band
located for chloroform/CGlsolution at ~2410 ci exhibits a distinct peak at 2457 ¢m The
latter indicates, with high probability, a hypsamimic shift of the deformational fundamental
by approximately 20-25 crhupon complexation, which would be in accord wiih t
Szczepaniak's observation. For the saturatedigolat water in chloroform, Choppin and
Duwney [58] have observed a combinational band.,4 + v1 c-n, Which has been interpreted
as a spectral signature of the hydrogen-bonded leon@kC—-H---OH. By examining the
C=0 stretching mode, Whetsel and Kagarise [59]tspi¢ detected 1:1 and 1:2 hydrogen-
bonded complexes between acetone and chlorofooycinhexane solution. Therefore, there
are numerous spectral evidences that chloroformactas &B donor in the complexes with

oxygen functions including water species. While fiequency position of C-H stretching
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mode,v; (A1), of chloroform species appears to be practidatigpendent on the
complexation, the C—H bending modg(E) is most likely hypsochromically shifted. In asea
of the coordination with water molecules chlorofatem hypothetically act also as an acceptor
of hydrogen bond from water molecule with the fofiora of a complex with structure
HO-H---CI-CCJH. By co-depositing the mixtures of halomethanas$ B0 vapour on cold

(12 K) Csl window, Holmes and Sodeau [60] have mieitged the spectral location of the
stretching modes of OH groups coordinated withesponding halomethane species. For the
chloroform species in D matrix, thevs mode of water molecule in the F€H"---CHC}
complex (of unknown structure) is found at 2690 Grwhich is consistent with 38 crhred-

shift with respect to thBB peak at 2728 cm for pristine ice. The present spectral studies
reveal that adsorption of chloroform on noncrystallD,O proceeds though the formation of
hydrogen-bonded complex between an DBand a chloroform molecule as it is evident from
Figure 5.4.1. The OD vibration in hydrogen bondethplex was found at 2690 chin
excellent accord with Holmes and Sodeau [60]: tlme&tion ofHB complexes is

accompanied by the depletion of @B's (a negative band in differential spectra on Figure
5.4.1). Moreover, a spectral signature is fourrdiie hydrogen-bonded complex where the
chloroform species acts as a donor and the oxyglemeswork of ice as an acceptor as it is
evident from a broad C-H deformation feature at451ém* (Figure 5.4.2). The lower
frequency band at 1220 ¢hrcorresponds to the physisorbed species in accivicthe
discussion in section 5.3.1.
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Figure 5.4.1. Differential RA spectra of chlorafoedsorbed on noncrystalline ice at 125 K.
Spectra (a) and (b) correspond to 13 min and 20imdndeposition, respectively. An

acquisition time of a single spectrum is 40 sepec®al resolution is 1 crh
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5.5 Interaction of Organic Substances with Oxygen-containg Functional Groups

with Noncrystalline and Polycrystalline Ices

The present spectral studies of initial stagesdsbgotion of acetone, acetaldehyde,
methanol and chloroform on the noncrystalline aolggrystalline ices reveals that hydrogen-
bonded complexes between adsorbates an®BHplay a leading role on the surface
accommodation. We proceed to the detail analyidiseospectral features of acetone-water

systems at cryogenic temperature.

5.5.1 The Interaction of Acetone with OH Dangling Bonds a Ice Films

In order to examine the role of the @MB'sin the surface chemistry of the ice micro-
phases, the adsorption of acetone (a soft Lewis)lmaspc-ice and nc-ice films is investigated
by FTIR-RA spectroscopy. Based on temperatureraroied desorption and FTIR-RA data
of acetone adsorbed on thin nc-ice film (<20 nnakhat 95 K, Schaff and Roberts proposed
that the interaction between the adsorbate anit¢hgurface involves hydrogen bonding
between the carbonyl group of acetone and theDBH4in ice [61]. For the pc-ice prepared
by crystallization of the nc-ice post-annealed@ K, no OHDB was observed and
consequently neither was the acetone-BEcomplex detected by Schaff and Roberts [61].
However, in the present studies the DB signals are observed for both pc-ice and nc-ice
(Figure 5.2.1 above). Therefore, the formatiothefacetone-H-®B complexes involving
hydrogen bonding is expected on these ice filmgurEé 5.5.1 shows the RA difference spectra
for various exposures of acetone under differepbexre pressure conditions on a 30-nm-
thick pc-ice film (obtained by vapour depositionl&0 K followed by soaking at the base
pressure for 30 minutes). The difference spedreespond to the difference of RA spectra for
ice films with and without the acetone exposures thuierefore should reveal spectral features

corresponding primarily to the acetone-ice compdexe
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Figure 5.5.1. Experimental RA difference specfracetone obtained under different
conditions on a polycrystalline ice (pc-ice) filrembsited at 160 K and 5xX0rorr.

The acetone exposures are performed at 160 K ah@ 1¥orr for (A) 15, (B) 40 and (C) 280
seconds, and ax&0 "’ Torr for (E) 15 and (F) 170 seconds. A post-expesoaking period at
the ambient chamber pressure of 6XI0orr for (D) 450 and (G) 200 seconds is performed
after the acetone deposition in (C) and (F), retypay.

For the exposure pressure oflD ' Torr, the adsorption of acetone is manifestedén t
difference spectra (Figure 5.5.1) by negative Rifedence features in the OBB and the
O-H stretching and bending regions, and by thetpedRA difference features that
correspond to the fundamentals of acetone, inctuttie carbonyl stretchg(A;), at 1701
cm, asymmetricy,1(By), va(A1) and symmetrioi6(B1), vs(A1) CHs deformation bands at
1444, 1428, 1372 and 1362 Cmespectively, and asymmetric C—C stretah(B,) at 1242
cm™’. The intensity of the carbonyl stretching bantbisnd to saturate along with the negative
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OH DB signal with increasing exposure, which providesrgy evidence for the formation of a
surface complex between acetone and the surfacBBHT he relative positions of the
fundamental frequencies of the acetone-ice comgillex support the hypothesis for the
existence of hydrogen bonding in the adsorbate t®mpgiven the red (blue) shift of the
carbonyl stretch at 1701 ¢iasymmetric C—C stretch at 1242 drfound in the present case
in comparison with that for pure liquid at 1710¢(@221 cm?) [62], isolated acetone matrix
at 1725 cri(1217 cm?) [62] and isolated acetone-water matrix at 17h6'¢1230 cm®)

[63]. These notable frequency shifts can therelf@rattributed to the formation of strong
hydrogen bonding between O of the carbonyl grougcetone and H of the OBB (referred
asa-complex in the present work). The definition atiaictural description of the, thef-

and they- classes of the acetone-water network are proviu€hapter 4. The emergence of
the high-frequency shoulder near 1708 tin the carbonyl stretch band (Figure 5.5.1, Curve
B) at a higher acetone exposure indicates bondiagditional acetone molecules to surface
water molecules by a single hydrogen boftd@gmplexes). The interaction with other acetone
molecules by electrostatic and van der Waals foat®s contribute substantially to the spectral
picture. The negative changes observed in the Sirgtiching (3550 cit and 3430 cit) and
bending (1655 citt) regions indicate the loss of ice signal due &ta@me adsorption, which
could be attributed to the reconstruction of tharrgurface region (consistent with the picture
proposed by Devlin, Buch and coworkers [64, 65] empossible sublimation of the acetone-
ice complexes. The group of positive peaks at 3370, 3243 cm*, and 3130 cit can be
attributed to the bulk modes of crystalline iceg thtensity of which are enhanced by
adsorbate-induced reconstruction in the near-seinfagion of ice (Figure 5.5.1, Curve C).
The sublimation process of the acetone-water caxeplexposes newly formed surface sites
for further adsorption of incoming acetone molesul&@he dynamic nature of the adsorption-
desorption process is illustrated by the genedcgon in the acetone fundamental features
after the sample is left (soaking) at the ambieasgure of 6x18 Torr for a post-exposure
period of 450 seconds (Figure 5.5.1, Curve D).tHarmore, the reduction in intensity for the
high-frequency shoulder at 1708 Crappears to be greater than that for the main ogtbo
peak at 1701 cil, suggesting a greater desorption rate fopteemplex (relative to the-
complex).

For acetone exposure at 5x1Torr, the intensity of the carbonyl stretch satesat a
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higher level (Figure 5.5.1, Curve E) at 1.4 timéghat for exposure at<iL0” Torr (Figure

5.5.1, Curve B). The saturation level is appayemdit directly proportional to the exposure
pressure that indicates the possible transitiom ftangmuir type adsorption driven by
hydrogen bonding towards more complex adsorptioohasms, which involve the

multilayer adsorption and acetone trapping intoitke The presence of a new feature at 1226
cm ! attributable to asymmetric C-C stretch and antamigil broad shoulder at 1720 cthin

the carbonyl band, along with enhancement in initeio$ the asymmetric deformational band
at 1444 cm* (Figure 5.5.1, Curves E and F), identify the ereang of a new acetone-ice
complex ¢-complex), structure of which is thought to be elés the acetone clathrate-hydrate
in the sense of the adsorbate-water network interabased on the data of previous works
[66, 67] and present observations. The present assumes that the structureg-alass
include both the non-hydrogen bonded acetone spaai@ the enclathrated acetone species.
After the sample is allowed to soak at 160 K uratemmbient pressure of 6X1Torr for a
post-exposure period of 200 seconds (Figure 5Gutve G), the spectral features of fhe
complex are found to disappear, leaving onlyfhanda-complexes on the surface. The
proposed enclathration of acetone moleculeo(nplex), which occurs in the surface structure
of the pc-ice under the acetone exposure at cedaperature and pressure ranges (above
~160 K and 5x10 Torr of acetone), provides an additional indicatis the existence of
disordered fragments in the near surface structiupe-ice. The dynamic formation of acetone
clathrate-hydrate like intermediates is causedelayrangement of these disordered fragments
[66].

In order to obtain the structure of acetone spemiethe ice surface molecular dynamic
simulations have been performed at 130 K with 6at2l 24 acetone molecules on an ice slab
made up of 8 bilayers with 96 water molecules ichdailayer. In order to preserve the
crystallinity of the ice structure, the four bottdmtayers (i.e., theth to &h bilayers) were kept
rigid during the simulations. The initial coordiaa of the water molecules in the ice slab were
obtained from Buclet al.[68]. For simulations the CHARMM program has besed
employing therlP4P model for the water molecules [69] and the CHARNMameterization
parameters for acetone-acetone and acetone-wateadgtion [70]. The system trajectorise
have been collected typically over 500 ps of rameti The typical configuration of a 6Ac/ice

model system reveals the presence of botlattzad thes- structures on the ice surface as
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shown on Figure 5.5.2. Thecomplexes prevail over thiecomplexes at this concentration is
excellent agreement with the spectral picture shismfigure 5.5.1 curve A. There is an
excellent agreement between thelass topology of the hydrogen bond coordinatibn o
carbonyl group in the acetone-water system obtaimélte present studies by the quantum

mechanical and classical molecular dynamics methods

Figure 5.5.2. MDS snapshot of the acetone-iceaserit the molar ratio Ac® = 6.25x10%
The molar ratio is defined as\M96, where N, is a number of acetone molecules on the ice
surface and there are 96 water molecules in tHaibylayer of initial ice configuration.

The carbon skeleton of an acetone molecule is shiowark.
At higher coverage of the surface of ice slabwleen molar Ac/HO become 0.25, the

structures prevail and the presence of non-cootelihyestructures is evident from Figure

5.5.3 in an excellent agreement with spectraupectiisplayed on Figure 5.5.1, curves E-G.
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Figure 5.5.3. MDS snapshot of the acetone-iceasarét the molar ratio Acgd = 0.25.
The carbon skeleton of an acetone molecule is shiowark and the oxygen atoms of acetone
molecules are shown in black to contrast with tet.r

The acetone adsorption experiments have also eérmed on thin nc-ice films
(with an estimated Fresnel thickness of 5 nm) diégpdbsit 131 K. The corresponding
differential RA spectra are shown on Figure 5.3%spite the differences in the nature and
film thickness of the ice film, similar behavior he adsorption of acetone (to that on pc-ice),
with gradual saturation of the OBB signal along with a concomitant increase in the
intensities of the acetone fundamentals, has besereed for acetone exposure pressure of
1x108 Torr. Furthermore, the saturation of the nega@¥&DB signal for nc-ice at essentially
the same level as that for pc-ice provides furthwdence that the OBB's are located on the
external surfaces of both thin pc-ice and nc-ibedi This result, together with the similarity
in the FTIR-RA spectra for acetone adsorption an tic-ice and pc-ice films, suggests a

similar surface structure for nc-ice and pc-icéhis thickness range (below 50 nm), consistent
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with the conclusions of Devlin, Buch and coworki@4, 65]. The initial adsorption of acetone
species on the copper disk leads tojtagemplexes, which includes finite acetone islands
comprising dimers and/or short oligomeric chainghvain anti-parallel packing motif (see
Figure 5.3.7 and Figure 5.3.8). The intermoleciriteraction in these finite acetone clusters is

weaker than in the crystalline acetone phase.
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Figure 5.5.4. The FTIR-RA spectra of acetone gsitbm thex-, the- and the)- classes on

the thin nc- and pc-ice media, and on the bare Cu.

The metastable character of the non-crystallirésaevealed in the temporal evolution
of the O-H stretch main feature towards that, whsctorresponding to pc-ice. The adsorption
of acetone was found to promote this crystallizapoocess, leading in same cases to the
relatively deep reconstruction of the entire idenfi

In the case of pc-ice film 1100 nm thick deposied85 K, similar adsorption
behavior of acetone is also observed, with thensitg of the negative OIBB signal after
saturation by acetone found to be similar to thaisserved in the aforementioned cases. This
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result again supports the conclusion that [DBis are located on the external surface of thick
pc-ice films, consistent with the dependence of@hkeDB signal on film thickness shown in
Figure 5.1.9.

To investigate the kinetic behavior of acetone gutsun on pc-ice and nc-ice films
1200-nm thick (grown at 160 K and 131 K, respedyiyave expose acetone at 1LTorr on
pc-ice and at 1xI0Torr on nc-ice at the respective substrate tentpess. Figure 5.5.5
shows the integrated absorbance of the[Bfeature (at 3694 cth) and the carbonyl stretch
(at ~1705 crit) in the difference spectrum as a function of tbetane dosage (in units of
1x10° Torr second or Langmuir). It should be noted thatexposure pressure of acetone
could significantly affect the composition of theetone-ice complexes and the overall
adsorbate coverage of the ice films. The nc-ioepda used in this experiment (Figure 5.5.5b)
exhibits a similar OHDB intensity profile as a function of film thickneas that shown in
Figure 5.1.9b. Moreover, Figure 5.1.9b shows theOB intensity to be ~0.15 integrated
absorbance unit for a film thickness of 1200 nmiciitorresponds approximately to the same
value as the loss of th#&B feature in the difference spectra at saturatioguie 5.5.5b).

Figure 5.5.5 shows that the amount of acetone bddarn both nc-ice and pc-ice films as
approximated by the intensity of the respectivdeoayl stretch bands is proportional to the
amount of OHDB's present in the ice structure. This proportiogabtpresent as long as there
is no formation of solid acetone phase, which mightlifficult to avoid for acetone exposure
at the lower temperature range (e.g., the depodiémperature of nc-ice near 131 K). Indeed,
the continual growth of the carbonyl stretch bameénsity for acetone adsorption on nc-ice
(Figure 5.5.5b) after OB band saturation might be caused by physiadsorpfi@cetone.
However, the markedly more intense RA signals okeskfor acetone adsorption on the nc-ice
sample in comparison with the pc-ice case for #reesexposure (e.g. at 100 %1I0orr

second) indicates that nc-ice has a significaitlger surface area than pc-ice, in general
agreement with the results by Stevenesbal.[71] and Zondlcet al.[15].
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The OHDB's are located most likely on the external surfacemice, which has a
considerably higher convoluted tracery structuentpc-ice. The general increase in the
intensity of the OHDB'sfrom 700 nm to 1400 nm observed for nc-ice (Figufe9b) shows
the evolution of the surface structure of nc-iogaods a more three-dimensional openwork

structure that is accessible to gas exposure aaime time.
5.5.2 Concluding Remarks

In summary, the OHDB's (with characteristic features at 3700-3690 % mre an
integral part of the nc-ice and pc-ice phases had play a pivotal role in the surface
chemistry of ice films. The surface structurahedmts containing these bB's are found to
be stable over a wide temperature range of 128<K18&vered in the present work. Unlike the
earlier work, we also observe the OH dangling bsigdal originated on pc-ice films
deposited at temperature as high as 185 K. Thentlrice and pc-ice films contain
comparable amounts of OPB's, which are located on the external surfaces di pbases
with similar structures. The nature of the extésaface (containing the OBEIB'S) remains
unchanged upon film growth for pc-ice with a geharerease in the amount of OBPB's, in
contrast to film growth for nc-ice where the sugawvolves into a more convoluted openwork
structure. The acetone adsorption experiment stioatthe (CH),C=0--2(H-0O) DB
complex is formed first by hydrogen bonding betwdenO atom of carbonyl group in
acetone and 2 hydrogen atoms of the hydroxyl covéire ice film. In addition to the bi-
coordinatedHB a-complex, the mono-coordinatétB S-complexes and noRB-coordinated
ycomplexes, the latter of which involve interacg8omith other acetone molecules and
substrate water molecules by electrostatic, vanNsals and other mechanisms including the
intermediate formation of acetone clathrate-hydsatiectures, can be observed at higher
pressure exposures. The consequence of the peesk@tDB's on the surface of pc-ice at
relatively high temperatures may have significamplications on the types of plausible
atmospheric surface reactions that could occumahimice in the important 190-220 K

stratospheric temperature range.

The combination of spectral and computational gisidgeported in the present work reveals
that the acetone species on the surface and inulkeof nc- and pc-ices exist as hi-¢lass),

mono-(3-class)HB-coordinated and noRB-coordinatedy(-class) species. The spectrum-
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structure correlation scheme developed in the ptegerk allows connecting the observed
spectral features to the local configurations @tawne molecules on the ice surface or in the

bulk of water condense phase.
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CHAPTER 6

Surface Adsorption and Trapping of Inert Gases on ldxagonal Ice by Molecular

Dynamics Simulations
6.1 Introduction

Classical molecular dynamics (MD) simulations of ofethe basal (0001) face of
hexagonal ice at 180 K have been performed in dadewvestigate the mechanism of
adsorption and the initial stage of absorption ¥aa der Waals particle into crystalline ice.
The potential of mean force (PMF) as a functiothefrelative position of the Xe atom
perpendicular to the ice surface is found to ineeegbruptly as the particle propagates from
the disordered outermost region to the deeper lueadly ordered region. A set of local
minima observed in the PMF appears to correspamdttif to the layer-by-layer crystal
structure of hexagonal ice. Along with the unbostate, the first two minima (with similar
free energies) that correspond to the accommodatfitme guest particle on and inside the
disordered outermost bilayer, respectively, wermébto be populated during the MD runs.
The multiple transitions of the system among thbsee states were also observed in accord
with the PMF profile, which also suggests thatpgkeetration of any ordered hexagonal
bilayer by the Xe atom is unlikely. FurthermoreDMimulations of pristine ice (i.e. without
Xe) over a 3-ns simulation period show that th@ahy perfect-ordered hexagonal crystalline
structure of the outermost bilayer undergoes t@nsdtion to a non-crystalline phase, in
which fragmented domains with hexagonal orderingige Moreover, the accommodation of
the Xe atom inside the outermost bilayer couldlifate further disordering of the hexagonal
structure of this bilayer with the formation of anapletely disordered Xe/Rn-ice surface
phase.

Molecular mechanisms of adsorption, trapping, patieh and subsequent diffusion of
different chemical species on ice are of fundamemtportance to understanding a variety of
physicochemical processes, including reactionsagktgases with ice and/or acid particles in
the stratosphere and upper troposphere, interfeloghistry on snowflakes, ice and other
water-covered particles in the biosphere, clathngtirates formation, and compositional
evolution of ice particulates in interstellar spfte,3]. To date, both experimental and
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theoretical studies of the behaviour of differemémical species on ice have not revealed a
universal molecular mechanism for adsorption arsbgition [4], most likely due to an
inherent complexity of the structure and the dyrenaif the surface and the bulk of ice micro-
phases. Of special interest is the adsorptioradésdrption behaviour of an “inert” Van der
Waals (VdW) gas particle (such as Xe) on ice. drtipular, Xe was reported to penetrate the
ice structure to form clathrate hydrate experimigntaist without an induction period by
Pietras=t al.[5] but later with an induction period by Moudrakovskial.[6]. However, the
mechanism concerning enclathration of Xe into teestructure remains controversial.
According to Sloan and Fleyfel, the formation adtbrate hydratehould be accompanied by
considerable reconstruction of the ice lattice,alhincludes the formation of a surface liquid
layer generated by mechanical action (surface tamifeon the ice sample [7]. On the other
hand, Pietrasst al. have shown that Xe clathrate hydrate can be forabedtemperature as
low as 195 K and a pressure of only 0.3 MPa, amtladed the absence of liquid water layer
on ice [5]. Furthermore, Moudrakovsii al. have demonstrated that the kinetics of clathrate
hydrate formation depends on the microcrystallinecsure of ice, in which the average size of
crystallites depends on the history of the sam@lle [n any event, guest species must
penetrate the interface of the ice structure atrsiderable depth (100-1000 A) in order to
form clathrate hydrates. It is obvious that theqigation of a non-crystalline medium should
be easier and involves a different mechanism thampénetration of crystalline ice [8]. For
example, Jenniskens and Blake have associatechtimeadous gas retention and release from
the “water-rich ices” above 150 K with the presentaon-crystalline micro phases [9].
Given the early studies on this subject [5,6,7,B,X@ (Rn) therefore appear to be useful
probes for further exploring the adsorption andghson mechanisms of a prototypical VdW
particle on ice.

The penetration of crystalline ice structure byémized” guest particles (with a VdwW
volume larger than the opening of a perfect wasxalyon) is usually preceded by populating
the adsorption sites. As it was demonstrated ghitial. for the CR/ice system [11] and by
Kroes and Clary for the HCl/ice system [12], thare at least two types of accessible
adsorption states on the disordered surface ofalliye ice: those on and inside the
disordered outermost bilayer. In the present warkare adopting the same terminology by

referring to the sites on and inside the disordexgdrmost bilayer as on-layer and in-layer
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adsorption states, respectively. However, as notélae earlier studies [11,12], the guest-ice
interaction energy for the in-layer adsorptionesiatlarger than that of the on-layer adsorption
state. The existence of these two types of adsorptates was also demonstrated by Girardet
and Toubin in the MD simulations of HCI and HOClioca at 200 K [4]. Further penetration
of the guest particles into the bulk was foundeabcompanied by a significant increase in
the free energy of the system [4], which is mdslli caused by partial disruption of an
initially perfectly ordered hydrogen-bonded struetof the second and inner bilayers. The
energies and structural parameters of the adsarptaies should depend on the equilibrium
organization of the outermost bilayer of the icdate, which inherently assumes that the
temperature of the guest/ice system is an impoparagmeter for the adsorption and
absorption mechanisms. On the other hand, ussigd (3 ps) MD simulation, Al-Halalet

al. [13,14] showed that for 110-190 K hyperthermall iH®lecules with energies exceeding
100 kJ/mol could either adsorb on or directly peatetthe ideal (0001) hexagonal surface
through the openings of surface hexagons, leadiniget absorption of the guest particle at an
interstitial site between the water bilayers.

Of relevance to atmospheric chemistry is the teatpee range of 180-270 K, over
which surface melting of ice occurs with disordgrof the outermost bilayer and then
proceeds further in depth with the formation ofuasj-liquid layer at the higher temperature
end (i.e., near 270 K) [4,15]. In particular, MiDdies of the surface dynamics of TIP4P ice Ih
by Bolton and Pettersson showed that already aKli@ equilibrium organization of the
outermost bilayer is non-crystalline with the engree of different surface polygons (from
pentagons to octagons) in dynamical coexistenck \tich is in accord with the early results
of Kroes [17] at 190 K. Bolton and PetterssonHartdemonstrated that in the case of Ar
impinging on ice the dynamics of the ice surfaceegponsible for the reversible adsorption-
trapping-desorption cycle [18]. In particular, was found to penetrate the disordered
outermost bilayer quickly, visiting for a relatiyethort time (with an average life time of 120
ps) the absorption sites in the heptagon and ontatyactures before leaving the ice surface
[18]. This study has in effect suggested that tAnes cannot penetrate the ordered second
bilayer of crystalline ice structure [18]. On tbgher hand, the enclathration of Ar into ice was
observed experimentally by Hallbrucker and Mayé&j [dt 200 K and 1 bar, at which
conditions the formation of a quasi-liquid surféager is not expected. It should be noted that
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the process of direct penetration of the hypertla¢particle described by Al-Halabt al.
[13,14], in which dynamic rearrangement of the acefwater hexagons plays little or no role,
should be distinguished from that of trapping itite disordered outermost bilayer predicted
by Buchet al.[11], Kroes and Clary [12], and Bolton and PettersEl8]. These studies raise
further questions about the absorption and trappiaghanisms of a VdW particle in
crystalline ice. In the present work, we invediggidne details of these fundamental surface

processes on crystalline ice at 180 K by clas$itfalsimulations using Xe as the probe atom.
6.2 Methods and Computational Details

MD simulations of Xe and Rn atom on the basal ()@0dne of a proton-disordered
hexagonal ice slab were performed using the CHARMbYram [20] employing the TIP4P
model for the water molecules [21]. The VdW intgi@ns between any pair of the non-
bonded atoms for the Xe-Xe, Rn-Rn, and Xg@Hand Rn-HO systems were described by the
Lennard-Jones (12,6) potential (LJ). The CHARMMgram uses the arithmetic-mean
combining rule for the Rmijn(Rmin;= Y2[Rmin; + Rmin;]) LJ parameters and the geometric-
mean combining rule for they (g;= [si -e,-,-]l/z) LJ parameters [70]. The LJ parameters for the
Xe-Xe VdW interaction were adopted from Tanaka [@&h the following values fogxexe =
-0.4591 kcamole ! and RmiRexe = 4.5426 A. The LJ parameters for the VdW inteoas
for the Xe-O and Xe-H pairs are as followsso = —0.27026 kcamole* and Rmifeo=
3.8712 A, andxen= —0.15121 kcamole™ and Rmigen = 3.0714 A.  The LJ parameters for
the Rn-Rn VdW interaction were adopted form Lazarahd Paulaitis [23] with the following
values forernri=—0.5760 kcamole * and Rmim,= 4.8940 A.

Periodic boundary conditions were imposed in tlaaa y directions of the basal
surface of ice such that the rectangular MD sinmatelbox with (x, y)size of (26.945 A,
31.113 A) contains one Xe atom and an ice slab rapds 8 bilayers with 96 water molecules
in each bilayer. In order to preserve the cryisiigyl of the ice structure, the four bottom
bilayers (i.e., theth to &h bilayers) were kept rigid during the simulationghe initial
coordinates of the water molecules in the ice slake obtained from Bucét al.[24].

MD trajectories were generated using the leap-iintggrator with 1 fs integration step
at a constant temperature of 180 K. The SHAKE ritlygm was employed for keeping the
water molecules rigid by constraining the distarmetsveen the atoms in a molecule [25]. The
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cutoff distance for non-bonded interactions wag®dB Ain order to be consistent with the
simulation box size.

The free energy change can be obtained by calngl#te potential of mean force
(PMF) [26]. In particular, the PMF as a functidrzacoordinate of the Xe atom (along the
perpendicular direction to the ice surfadal(z) was obtained by carrying out the umbrella
sampling [27], where the potential energy of theie@system was changed by applying an
umbrella potential/{(z) = k(z-z)* to the Xe atom in order to restrict the sampliagge of z in
a given run around a prescribedralue. Sixty separated MD runs were performedgiai
series of differentgvalues chosen for each simulation, so that suis@essnulations sample
overlapping regions in the range 17.5 A< 32.5 A. The force constantgik the umbrella
potential were set to 5.2516 kcal/(ri#) and 2.6258 kcal/(m@?) in the simulations where
the motion of the Xe atom was restricted outsid®iaside the ice, respectively. The first
simulation run was started with the ideal hexagangdtalline structure of ice (obtained from
Buchet al [68]), while the starting configuration for eastibsequent run was taken from the
previous one. For each run, the MD trajectory av&b0 ps period was collected for further
analysis. The WHAM technique [28] adopted from ladnand Gunn [29] was employed for
calculating in a canonical ensemble the probabdisgribution of z-coordinate of Xe, P(z),
which could in turn be used to determine the PMéogding to the relatiolV(z) = —ksT
InP(z) (wherekg is the Boltzmann constant).

To study the surface dynamics of Xe and Rn, thed#Bulations have been extended
to 1, 2 and 4 Xe and 4 Rn atoms on the ice sudaite®ut applying an umbrella potential to
the system at a constant temperature of 180 Kh Ys& Xe/Rn atoms initially located
randomly at the adsorption site(and at z ~29 A), the MD trajectories were propeddor a
3 ns period.

Structural evolution of the ice surface has bedoved by observing the order
parameter, which is an average of three translatiorder parameters introduced by Kroes
[17], along the MD trajectories for the ice and Refice systems. This order parameter S
equals 1 for perfectly ordered hexagonal latticdenmhis of the order 1/N (~ 0.02) for a
structure without hexagonal order, where N = 48iesnumber of water molecules in a half

bilayer of ice structure in the simulation box.
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6.3 Results and Discussion

6.3.1 Potential of Mean Force of Xe on Ice

The PMF for the Xe-ice system along theéirection shown in Figure 6.3.1a exhibits a
set of minima of increasing free energy valuesoaitpns closely associated with the layer-
by-layer structure of hexagonal ice. In particuthe minimum located outside the ice
structure on the surface corresponds to the on-Egsorption statey of the Xe atom.

Existence of this minimum with respect to an unlbstate is due to VdW attraction of Xe to
ice, the outermost bilayer of which is a disordesad heterogeneous structure. The next local
minimum is located inside the first disordered y®liaand it corresponds to the in-layer
adsorption state,. The existence of a continuous open path fronutfiund state to theg

state justifies its designation as an adsorptiatestThe subsequent local PMF minima
localized inside the ice structure are identifischaset of Xe absorption states}{ The sharp
increase in free energy between subsequent abmogitites is associated with partial
disruption of the crystalline structure of the esponding bilayer. Local disruption of the
bilayer is necessary for the accommodation of theabdm because the VdW volume of Xe is
larger than the free space available in the ideghfonal ice lattice. For example, transition
of the system from the in-layer adsorption stat® the first absorption state is

accompanied by an increase in free energy of 9rkoéd* (Figure 6.3.1a) and local

disruption of the initially ordered second bilaydtvidently, this transition also causes a
decrease in the translational order paramé&gefsr the second bilayer shown in Figure 6.3.1b.
In contrast to the transition to the first absarptstate and between absorption states of higher
order, there is a relatively small free energyatiéhce (~1.8 kcahole ) between the two
adsorption states ande,, which are separated only by a small barrier (Feégu3.1a). Low
degree of crystallinity of the outermost bilayeigiife 6.3.1b) is therefore responsible for the
PMF profile in this spatial region (Figure 6.3.18)he significantly larger change in the free
energy accompanying tlg - u; transition relative to that of the — &, transition is

consistent with the much higher degree of ordeoihhe second bilayer relative to the first
(outermost) bilayer (Figure 6.3.1b).
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Figure 6.3.1. (a) Order-parameters and (b) Patkeotimean force, W(z), as a function of the
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z-coordinate (the direction perpendicular to treesarface) for the Xe-ice system at 180 K.
The broken lines show the relative density pradii¢he oxygen atoms for a pristine ice lattice.
The two adsorption sites outside the ice surfackirgide the outermost bilayer and the two
absorption sites inside the ice slab are labeled lay, 11, andu,, respectively. (a)
Translational order paramet8y for the top (solid circles) and bottom (open @gjllayers of
the outermost and second outermost bilayers atthslab as a function af, the constrained
position of the Xe atom in the series of umbreflenpling simulations. The lines are drawn

for eye guidance only.

The PMF profile of the Xe-ice system at 180 K (Fay6.3.1a) appears to be
gualitatively similar to the free energy profileSHCI and HOCI on hexagonal ice at 200 K
reported by Girardet and Toubin (see Fig. 18 in REj. Although the VdW sizes of these
molecules and Xe are larger than the opening ohéxagon of water molecules, the observed
similarity in the PMF profiles is unexpected beatlse interactions of HCl and HOCI with
ice include strong electrostatic potential in additto the VAW potential. There are, however,
notable quantitative differences between theseesyst In particular, the free energy change
for thee, — w4 transition for the Xe-ice system at 180 K is abwite that for the HCl-ice and
HOCI-ice systems at 200 K, which may be attribugitder to a decrease in the activation
energy of structural reconstruction of ice duelexiostatic interaction, or to an increase in
the degree of disorder of the second bilayer witln@asing temperature. It is also noteworthy
that the PMF profiles for guest-ice systems considién the present work and by Girardet and
Toubin [4] represent the resistance of the icecsine against the disruption introduced by the
guest particle penetration. Moreover, the sintikesiin the PMF profiles suggest that
intermolecular interactions in the ice structuselt appear to be more important, at least at a
qualitative level, for the determination of the Pidiefile than a specific guest-ice interaction.

Finally, the present PMF profile for the Xe-ice t&yn (Figure 6.3.1a) clearly shows
that at 180 K there are relatively large probak#itof occupying an unbound state and the
adsorption stateg;(ande,) of the Xe atom while those of occupyirgand higher-order
absorption states (suchas are very small. These results are connecteldetotder-disorder

equilibrium in the ice surface and near-surfaceoreg
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6.3.2 Order-disorder of the Xe-lce Surface

Earlier experimental and theoretical studies ofsindace properties of ice
[4,15,16,17,30,31] suggested that an equilibriuaesdf the pristine hexagonal ice surface
below 170 K is dominated by a hexagonally ordemgdtalline structure, while for 180-220 K
it most likely involves significant disorder in tlo@itermost bilayer but with nearly perfect
crystalline organization for the inner bilayers. particular, Nada and Furukawa [15]
concluded from their MD simulations of TIP4P hexagloice that the relaxation time for this
system at 185 K is less than 1 ns, within whichdb&rmost bilayer is found to evolve into a
disordered structure. Such a disordered strucswrbaracterized by the presence of water
admolecules that “jump out” from the outermost y®ia[15]. In addition, over the MD
simulation time of tens of nanoseconds at tempezatabove 180 K, Bolton and Pettersson
[16] have observed inter-bilayer migration of wateslecules with preferential motion into the
inner layers, which leads to the appearance ofaeva-density between the first and second
outermost bilayers and an increase in the numberabécules in the second bilayer.
However, it should be noted that there is no dicectespondence between the temperature
used in the MD simulations and the experimentapenature because, for instance, the
melting point of a proton-ordered TIP4P hexagooalwas calculated by Vadt al to be ~214
K at 1 atm [32], which is significantly lower théime experimentally observed value of 273 K.

In the present study, the translational order patan for pristine hexagonal ice at
180 K was monitored over a period of 3 ns alonglxtkhjectory started from a non-
equilibrium configuration. In particular;Sor both the top and bottom layers of the outetmos
bilayer are found to decrease from an initial vadfie0.5 and level off near 0.3 after 1 ns
(Figure 6.3.2), which indicates the onset of a lingd state of ice having a partially

disordered first bilayer.
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Although molecules primarily from the top bilayeere occasionally observed in the
interlayer region, no density in this region istidun the molecular density profile of ice
shown in Figure 6.3.1a, which is consistent with ldck of significant inter-bilayer migration
in this long-lived state. Figure 6.3.3a showsm@dgl configuration of the oxygen atoms of the
water molecules in the first bilayer in this stasiate, which evidently consists of a few
admolecules and a set of different polygons forimg8, 6 and 7 water molecules. The
existence of admolecules also manifests itselfstsoalder near 28 A in the density profile
(Figure 6.3.1a), which is in agreement with thegkdtions by Nada and Furukawa [15].
Similar polygonal non-crystalline structure for ttog bilayer of ice at 180 K was also reported
by Bolton and Pettersson [16,18]. It should beeddhat despite a significant overall disorder
in the first bilayer, there are regions on thesugace where the nearly perfect hexagonal
structure is preserved (Figure 6.3.3a, lower righithe structural organization of the outermost
bilayer of hexagonal ice at 180 K as revealed leypitesent MD simulations is therefore
characterized by the coexistence of dynamical piggslightly distorted hexagonal
fragments, admolecules, and occasional inter-hilesgter molecules. This structure exhibits
uneven local distribution of molecular density desthe bilayer, and the areas of rarefied
density provide the openings for guest particlppiag in thes, adsorption state.

The present MD simulations show that the preseheeX@ atom on the ice surface
promotes further disordering of the outermost lategnd increases the number of molecules
appearing in between the first and second bilayAssshown in Figure 6.3.2, the S
parameters for the Xe-ice system are found to leffedt 0.025 and 0.05 for the top and
bottom layers respectively. Thesgv@lues are therefore notably smaller than the
corresponding Svalues of 0.3 for the pristine ice system (Figbu®2), indicating the
formation of a long-lived disordered state for ¥eeice system with a substantially lower
concentration of hexagonally ordered fragmentsleéu, the snapshot of the outermost bilayer
for the Xe-ice system (Figure 6.3.3b) clearly destmates the noticeably more disordering of

the outermost bilayer relative to that for the fimis ice system
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Figure 6.3.3. Snapshot of the positions of oxygms in the outermost bilayer (open
circles) for t = 3 ns on a typical trajectory of {lae pristine ice, and (b) the Xe-ice system.
The position of the Xe atom is shown as a solidleir The positions A, B, and C correspond
to thee, adsorption sites in the outermost bilayer visligdhe Xe atom. The oxygen
positions of the ideal hexagonal ice structurerapeesented by the junction points of the

honeycomb grid drawn with dashed lines in (a, b).
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Kinetically, the disordering process in the outestralayer is found to proceed at a higher rate
at those moments when the Xe atom is located imtheeyer adsorption state. It should be
noted that the corresponding water density prafilthe Xe-ice system is found to be nearly
identical to that of the pristine ice system (Fg6r3.1a). However, the presence of Xe in the
&2 State enhances molecular motion in the inter-bilaggion of the ice lattice with barely
discernible density in between the first and sedutayers. The formation of the Xe-
containing phase on the ice slab surface is thexefot only much more laterally disordered
from the hexagonal arrangement but also more diffaghe z direction relative to the
outermost bilayer of pristine ice at 180 K. Ineeff, the Xe-ice phase formation causes partial
“fluidization” of the surface of the ice slab bycfétating a more fluid-like outermost bilayer,
which is in accord with the model introduced by Mal[33]. In contrast to the Xe-ice system,
the MD simulations of HCI adsorption on a 18 A-thlh ice film supported by MgO at 190 K
by Toubinet al.[34] have demonstrated that ordering of the oubstrbilayer persists for the
HCI adsorption and absorption processes at a cggeyb0.3 monolayer with a slight increase
in the § parameter from 0.4 to 0.5. Similar @alues for different HCl-ice adsorption
/absorption complexes obtained by MD simulationsenadso reported by Kroes and Clary
[12] and by Gertner and Hynes [35]. At higher HGVerages of 0.6 and 1.0 monolayer, the
Sr parameters for the outermost bilayer were foundetmrease to the level of 0.2 and 0.1,
respectively [34], which are still higher than tlohthe Xe-ice system after 2 ns of simulation.
This notable difference in the parameters for the Xe-ice and HCl-ice systemsctbal
attributed to the effect of an electrostatic congarof HCl-ice interaction. In particular, the
presence of the hydrogen bonding between HCI arfdciwater molecules theoretically
shown by Kroes and Clary [12] could account forpheservation of partial ordering of the ice
surface. This picture is consistent with the D@Buch model for the interaction of the

chemically different adsorbates with ice [36,37].
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6.3.3 Surface Dynamics of Xe

In order to illustrate the details of the molecutachanism in populating tlagande,
adsorption states by the guest particle, the dyosofil, 2 and 4 Xe atoms on the ice surface
at 180 K has been followed by MD simulation ovgresiod of 3 ns [38]. In particular, the Xe
atom impinging on a disordered ice surface is folinlde accommodated either in thestate
or directly in thes, state, the latter of which is possible if the dyesticle accidentally enters
the openings in the outermost bilayer (Figure §.3Rgure 6.3.4a shows a typical trajectory
of a single Xe atom on the ice surface. Eviderslgrting initially in thes; state, the Xe atom
has repeatedly visited tlagstate, penetrating the outermost disordered hilayd being
trapped at different locations (A, B and C), beffinally accommodated in thg state for
more than 1 ns (Figure 6.3.4b). In thestate, the Xe atom has high lateral mobility (Fegu
6.3.4a), which allows it to probe an ensemble ofatyic polygons of different sizes and
shapes and indeed to penetrate into, where appteptihe accessible opening. In contrast, the
&2 adsorption state is characterized by its limitgeral mobility, which constrains the Xe atom
to a polygon site.

Figure 6.3.4c shows the corresponding interactimrgy of Xe-ice along the same
trajectory shown in Figure 6.3.4a. Evidently, thieraction energy for the state appears to
be larger by 2-3 kcahole* than that for the; state for positions A and C but remains
unchanged for position B. The energy differencB and C is caused by different specific
configurations of the water molecules surroundhmg Xe atom. In position C, the Xe atom is
located directly above the center of the water beraof the second bilayer and is tightly
surrounded by 10 water molecules of the first l@layOn the other hand, the Xe atom at
position B is found to be atop of a water moleduben the second bilayer with a loosely
bound neighborhood in the first bilayer. For th@dsorption state, the preferred trapping site
for the Xe atom therefore includes the center ailgen of the second bilayer. The dynamics
of a single Xe atom on the ice surface is simibathiat observed for Ar by Bolton and
Pettersson [18] with the important difference tin&t characteristic occupancy times of the
ande, states for the Xe atom (over 1 ns) are an orderagnitude greater than that for the Ar
atom (120 ps).

MD simulations of 2 and 4 Xe atoms on the ice stgfdemonstrate reversible
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transitions of Xe atoms between three states:r{apund (gaseous) state, (b) on-layer
adsorption state;, and (c) in-layer adsorption stateon a time scale of 3 ns. The interaction
among Xe atoms gives rise to interesting dynanpbahomena, including the formation of
weakly bound pairs of Xe atoms (Xe dimers) in bibihe; ande, states, and fast exchange of
Xe atoms in these states. Break up of the Xe diroeuld result in desorption of individual
Xe atoms from the surface. These results will tesgnted in a follow-up paper [38]. The
dynamics of the system observed in these simus{i®8] is in good accord with the PMF for
Xe-ice system represented in Figure 6.3.1a.
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Figure 6.3.4. Typical trajectory of the Xe atomtba ice surface (a) in the (x, y) plane and (b)
along the corresponding z-coordinate of the Xe atom

The positions A, B, and C correspond to ¢hadsorption sites in the outermost bilayer visited
by Xe atom. (c) Interaction energy;{fEof Xe atom with the ice slab as a function ofdifor

the same trajectory.

The present studies consider also the surface dgsahthe Rn-ice system at very similar
simulation conditions. The surface and penetradigmamics of Rn appears to be in accord

with that of Xe atoms. The MD simulations of acet@nd methanol on ice surface are at the
initial stage. It should be noted that typicalpsteots of the surface state of acetone-ice system

were found to provide interesting insight on thpakétion dynamics (Chapter 5).
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6.4  The Diffusive Transport in Systems comprising of tke Gas and Liquid phases

In addition to the above-reported molecular dynasticlies, the diffusional transport
of inert guests such as acetone from gas phasguid hqueous media has been studied on two
theoretical levels: (i) mathematical solution o thass balance equation for two phases
separated by interface and (ii) kinetic modelingh&f penetration process. The formulas
obtained within the frameworks of these two différsnethods appear to be useful for analysis
experimental and theoretical data on the penetratiocesses and mass accommodation
coefficient.

In particular, the former analytical approach (ipws that even at relatively low
pressure of the ambient atmosphere gas diffusimyspften a leading role in controlling the
overall guest transport from the gas to liquid ghaBurthermore, it is shown that the Fuchs-
Sutugin [39] steady-state or Schwartz and Freip&gtime-dependent approximations are
not applicable for the transport into aerosol p#d of tens of microns in diameter at
temperatures above 0 °C. These findings indi¢deeit is impossible to ignore the gas phase
resistance in analysis experimental data on thesaktransport. Moreover, the published
experimental data obtained from microscopic aesdolnot allow making any conclusion
regarding specifically interfacial resistance foe gas-to-liquid transport.

The latter kinetic method (ii), which follows thehgmuir approach, provides simple
expressions for the interfacial contribution to teeistance in gas-to-aerosol transport as
function of rate constants and surface accommadaiitivity. In particular, the total
concentration of adsorption centers on the extemeaitface or the absorption centers on the

internal interface of liquid phase controls thesrfdcial transport.
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CHAPTER 7
General Conclusions

1. For the analysis of the physico-chemical properifesondensed media comprising
either pristine water or bi-component systems dewand polar organic substances of

environmental significance there have been develope

a. An Ultra High Vacuum cryogenic apparatus.

b. An experimental system comprising the Ultra HiglcMum chamber optically
coupled to the Fourier Transform Infrared Spectriemf®or conducting Reflection-
Absorption Spectral studies of condensed films.

c. Methods of spectral analysis of the processesafirr, aging and thermo-
annealing in condensed films. It is found thatlgsia of IR RA spectra allows
detailed characterization of (i) the intermolecutderaction in adsorbate-substrate
systems; (ii) the physico-chemical state of icdaxe and bulk; (iii) the
morphology of pristine and mixed phases. Withhhakp of time-dependent FTIR

RAS the dynamics of these processes has beendtudie

d. Mathematical methods and a computer program foulsitimg IR RA spectra on
the basis of the Fresnel optical model.

2. The experimental studies of pristine ice films @vbat:

a. Condensed water exists either as noncrystallineysomedia or as a
polycrystalline medium. The formation of one foomthe other is controlled by

the deposition temperature.

b. The surfaces of both noncrystalline and polycr{is&aimedia contain non-
coordinated hydroxyl groups, which act as adsomptenters for the
accommodation of polar organic molecules. The igod&m and absorption
properties of condensed water are found to depanbesurface area and the
accessibility of a surface for the guest moleculEsese characteristics depend

directly on the crystallinity of condensed ice.
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c. For very thin ice films (< 50 nm) the total surfaarea is the same for both types of
ice media. In the case of thick films (> 100 nthg surface area of noncrystalline

porous media is substantially larger than thapfdycrystalline ice films.

d. Upon annealing the noncrystalline structure undesgorapid crystallization into a
polycrystalline phase at certain temperature rafgee hydroxyl cover of the
external surface of noncrystalline thin ice filmaibits no a discernible change on
the crystallization. On the other hand, the isotied soaking of thick
noncrystalline ice films leads to a discernibleuttbn in the total amount of
hydroxyl noncoordinated groups due to the decre&tiee internal surface of

pores.
3. The experimental studies of pristine organic solelseal that:

a. The vapor deposition of chloroform leads to therfation of two crystalline
phases: a stable orthorhomBioma(D2:'%) phase and a metastable phase.
The metastable phase is found to transform intsthielePnmaphase upon
annealing.

b. The vapor deposition of acetone leads directiyh&formation of crystalline
orthorhombicPbcaor mixedPbca/Cmcnphases with a discernible preferential
orientation of the carbonyl group and carbon-canmatecular skeleton relative

to the substrate surface, which depends on deposgmperature.

4, The experimental studies of adsorption/desorptiarrganic molecules on ice reveal
that:

a. At an initial stage of adsorption on the ice sugfatie organic molecules in
guestion interact directly with surface hydroxybgps of ice forming
hydrogen-bonded complexes. The structure of theswlexes depends on: (i)
the functional group of the organic molecule; ti¢ crystallinity of ice film;

(ii) the surface concentration of organic species.
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b. Subsequent adsorption leads to the formation pisglated non-crystalline
nano-clusters of organic molecules; (ii) the splithse of the corresponding

organic substance at high exposure.

5. Condensation of a mixture of water and organic &uilz®s over a wide cryogenic
temperature range forms noncrystalline solids, ictv organic molecules in question are
hydrogen bonded to the water network. The presteidies reveal that thermo-annealing of
water-organic mixtures leads to separation of chahtiomponents such that the ice
crystallization is accompanied by partial evaparanf organic component. The intermediate
formation of of clathrate-hydrates of small orgamolecules such as acetone could be

suggested on the basis of present IR spectral data.

6. Computational analysis on quantum mechanical aasbkidal molecular dynamics

levels of isolated water clusters and those cagrpimton or a organic component reveal that:

a. The structural parameters and the IR spectra gkthkisters are mutually

related to the intermolecular water network of loggm bonds.

b. The IR spectrum is primarily a function of the distition of lengths of

hydrogen bonds.

c. The existence and stability of certain configunasi@of water clusters depend on
the distribution of hydrogen atoms across an oxyg@nass.

d. A unique topology in the hydrogen bond coordinati@tween the organic and

water molecules is found.

7. Diffusional and kinetic modeling of the gas-to-liduiffusion of stable chemical
species in the wide range of the external parametseals that: (i) the mass accommodation
coefficient for small organic molecules on the waterosols depends on the ration of diffusion
coefficients in the rarefied and condensed phdsgthe experimental values for mass

accommodation coefficients do not depend on treeohsurface process.

8. Classical dynamics simulations of adsorption afilision of inert guests inside the

water media lattice reveal that:
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a. For non-polar molecules such as Xe (Rn) thexevam different sets of surface
adsorption centers. A first set comprises on-lagksorbates, which freely
travel over entire available surface. A secondteatprises in-layer adsorbates,
for which the adsorption field is confined to snm@benings in the ice surface.

b. Penetration of the ice surface by guest molsdaslaccompanied by a
significant local disruption in the network of hpdien bonds. The hopping of
water molecules between structural layers in tedattice could be a rate

determining factor for non-polar guest moleculegieation.
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