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Figure 6.22  State correlation diagram for the non-identity Sy2 reaction Y~ + RX

— X +RY.
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6.4.3 Normal Mode Vibrational Frequencies

In Section 6.4.1 it was shown that the B3LYP/a level of theory ([a/b] for CF3l) is
able to generate structures and dipole moments of the CF3X molecules that are in good
to excellent agreement with experimental data. This agreement was the main reason to
use this level of theory for the subsequent computations on the ion-molecule
complexes and transition states.

Unlike in Chapter 4 there will no extended discussion on the trends in normal mode
vibrational frequencies and the agreement with experimental data, if available, for the
various X (YCF3) and X (CF;Y) complexes, or the different XY molecules and their
corresponding radical anions, XY °. In Table 6.12 an overview is given of the
calculated and experimental normal mode vibrational frequencies of CF;Cl, CF3Br,
and CF3L.'” The excellent agreement confirms once again that the B3LYP/a level of
theory seems to be an acceptable choice.

As mentioned in Section 6.4.2, the [CF3XY] transition state seems to closely
resemble a [CF3" XY "] complex, and it may be not only the transition state for a high
kinetic energy Sx2 reaction (Reaction 6.39), but it may also be the transition state for

XY* formation (Reaction 6.40).
X +CFRY » [CF:XY] - Y +CF3X (6.39)
X~ + CF3Y — [CFsXY] — XY™ + CF;* (6.40)

In the [CFs;XY] transition state, the imaginary frequency corresponds to a
combined C«X and C—Y motion. In addition, there is a X«<>Y motion, and the
corresponding frequency is very close to the frequency in “free” XY . In [CF3Cl3]",
[CFsCIBr]", and [CF3:Br;]” the values are 179 cm™, 140 cm™, and 100 cm™,
respectively, while in Cl;™, CIBr™, and Br,™" the values are 198 cm™, 163 cm™, and

118 cm™', respectively. This is not a strong evidence, for formation of XY ° can
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[4X4

Table 6.12 Overview of the computational B3LYP/a ([a/b] for X = [} and experimental normal mode

vibrational frequencies for CF;X (X = Cl, Br, I).

v(CF;ChH ¢ v(CF3Br)“ v(CF3D) ¢
normal mode  B3LYP/a experiment” BALYP/a experiment” B3LYP/[a/b] experiment "
CX bend 344 350 300 306 266 260
CX bend 344 350 300 306 266 260
CF; s-deform 462 476 339 349 276 286
CF; d-deform 553 563 541 547 531 537
CF; d-deform 553 563 541 547 531 537
CXstr 772 781 750 760 735 742
CF; s-str 1074 1105 1057 1089 1048 1080
CF; d-str 1180 1212 1174 1210 1154 1187
CF;3 d-str 1180 1212 1174 1210 1154 1187

a -1

cm
* from Reference 117
s (symmetric)
d (double)
deform (deformation)

str (stretch)



proceed through another transition state (Reaction 6.41), as to where Y transfer takes

place.

X+ CF3Y = [CF5™ Y™~ X"] - XY " + CF;5° (6.41)

The imaginary frequency in the [XCF3Y] transition state is larger than in the
isomeric [CF3XY] transition state. For all three systems investigated it is consistently
around 510/, while for the front-side attack transition state it decreases from 210/ to
185/ to 163i. Examination of the motion of the imaginary frequency in the [XCF3;Y]
transition state shows that it is an umbrella-like inversion of the CF3 group as in NHj.
This may be indicative of a direct mechanism, and it may explain the constant value
for the three systems investigated. This may also explain the increased barrier height,
relative to CHj;. Substitution of one of the fluorine atoms by a chlorine atom decreases
the imaginary frequencies in [CICF:CIBr]” and [CF;Cl;Br]” to 428/ and 176/,
respectively.

Finally, it should be possible to obtain thermochemical and kinetics data on the
X (YCEF3) clusters by ZTRID. This is possible due to the strong absorption of black-
body IR radiation by the C—F normal mode vibrations, causing the cluster to dissociate

on a relatively fast time scale despite the medium to strong bonding (Reaction 6.42)

X (YCF3) + nhv > X + CF3Y (6.42)

6.4.4 Natural Population Analysis Charges

When going from CF;Cl to CFsI the NPA charge on the halide atom increases from
0.00 e to +0.15 e. As expected, all fluorine atoms bear considerable negative charge,
around -0.33 e, while the carbon atom is positively charged, ranging from +0.88 e in
CF;l to +1.00 e in CF3Cl. This explains why X~ prefers to interact with Y in CF3Y, but
that back-side attack on carbon is possible. Upon formation of the X (YCF3) complex

some charge redistribution takes place. First of all, charge transfer from X to the
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CF;Y part takes place, ranging from +0.08 e in CI(CICF3;) to +0.22 e in Br (ICF5).
The NPA charge on Y becomes more positive, while on carbon it becomes less
positive to around +0.90 e. All fluorine atoms become more negatively charged to
around -0.39 ¢. Formation of the X (CF3Y) complexes show a very different picture.
First of all no charge transfer from X to CF;Y takes place. In addition, the charges on
the fiuorine atoms become a little bit less negative, around -0.31 ¢, while the NPA
charge on Y becomes negative. The charge on carbon becomes slightly more positive.

More interesting are the charges in the back- and front-side attack transition states.
The wave function for the transition state [XCF3Y] has partly a valence bond (VB)
triple ion configuration X"CF; Y. The transition state is basically nothing more than
a CF;" transfer from X to Y . In all [XCF3Y] transition states investigated, the
B3LYP/a NPA charge on X and Y is —0.70 e, while on the CF; part it is +0.40 e (q(C)
around +1.25 e and q(F) around -0.27 ¢). Unhke for [XCH3Y] transition states,
where a decrease in | q(CH3)! " was observed going from [CICH;CI} to [BrCH3Br|™ 37
here no decrease is observed in | q(CF3)| ” In the [CF3XY] transition states a very
different picture emerges. Both X and Y have NPA charges around -0.48 e, thereby
making the CF; part neutral, with q(C) = +1.05 e and q(F) = -0.37 e. This confirms
the [CF;* XY ] nature of the [CF3XY] transition state.

Finally, in [BrCF;Cl;]” and [CF,Cl:Br]” the only changes in the various NPA
charges from substituting a fluorine atom for a chlorine atom is in the carbon atom. In

the first transition state it is +0.80 e, while in the second it is +0.66 e. The new

chiorine atom has NPA charges of +0.14 e and 0.00 e in both structures, respectively.

6.4.5 Potential Energy Surfaces

In Figure 6.23 the B3LYP/a potential energy surfaces for Reactions 6.43 and 6.44

are shown.

F + CF;Br — Br + CF, (6.43)
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F~ + CF3Br - F(BrCF;) (6.44)

Morris and Viggiano observed both reaction channels in relative ratios that were
strongly temperature and pressure dependent.’' For the reaction coordinate R(C-Br) —
R(C-F) (AR) was chosen. As expected, the ion-dipole interaction for the formation of
F(BrCF;) becomes important at longer AR values. The very high exothermicity of
Reaction 6.43 may have pulled the transition state energy below that of the reactants.
This reaction was the first clear example to show that a CF; group will not necessarily
prevent back-side attack by a nucleophile in a gas phase Sx2 reaction. Formation of
the F"(CF3Br) complex starts taking place at shorter AR values. As expected, the well-
depth for the Br (CF,4) complex is very shallow.

In Figure 6.24 results for relaxed scan computations on the ClI(BrCF;) and
CI'(CF3Br) complexes are shown, confirming that also for less exothermic well-depths
complex formation proceeds along a Morse-like potential.

More interesting is the three-dimensional HF/6-31G(d) potential energy surface for
the CI” + CF3Cl system shown in Figures 6.25 and 6.26. It can be seen clearly that
only a linear approach of CF;Cl by CI” will lead to crossing the barrier at threshold.
Any approach other than that will lead to non-reactive backward scattering of CI™. At
kinetic energies higher than the threshold energy, it appears to be possible to initiate
reactive collisions that do not necessarily require a co-linear approach. Consequently a
larger cone of CI” back-side approach becomes available, and an additional increase in
the cross section may be expected. It is beyond the scope of this thesis to go into a
detailed discussion like that done by Ervin on the Reaction 6.5.° In Figure 6.27 the
same reaction is shown along the reaction coordinate AR(C-Cl) as calculated at the
B3LYP/a level of theory. If the reaction only proceeds by linear approach of CF3Cl by
CI', and crossing of the barrier would proceed by the hard-sphere line-of-centre
model, for which the cross sections are given by Equations 6.45 and 6.46.% Figure

6.28 can be drawn.
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Figure 6.23 B3LYP/a potential energy surfaces for the F + CF3Br — Br + CF4 and

F~ + CF3Br = F (BrCF;) reactions.
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o(E1)=0 ifEr<e, (6.45)

E~ —
o(ET)= ndz(TTSQ—] iIf Etr > €, (6.46)
T

In Equation 6.46, d is the hard-sphere diameter (sum of the radii of the two
reactants), Er is the relative translational energy, and g, is the threshold energy of the
reaction. In Figure 6.28 a value of 24.9 kcal mol™' for g, from the HF computations
was used, while for d a value of 4.36x10™® cm was used. This value is the sum of the
radius of CI~ (1.81 A) % and the radius of CF3Cl (2.55 A)."*”"*! In the gas phase the
CF;Cl molecule can rotate freely and randomly, and the chance that CI” encounters a
perfectly linearly aligned CF3;Cl molecule is 1 in (360)*. The nd® term has to be
divided by this number. In addition, it has to be considered that even if the [CICF;CI]”

transition state at threshold is formed, there is a 50% chance that it will dissociate back

to the onginal reactants (Reaction 6.47).
CI” + CF;°Cl « [CICF;°Cl]” —» "CI" + CF5Cl (6.47)

In Figure 6.29 the results from Hop and McMahon are shown for Reaction 6.14.%
It can be seen that their data do not flatten off as predicted in Figure 6.28. This has
been explained by Ervin for Reaction 6.5.° As the kinetic energy of CI” is increased
above the threshold energy, crossing of the barrier become feasible for a larger range
of CI-C—Cl angles. This means that reactive collisions can take place, that do not
necessarily go through the [CICF;CI]™ transition state. In Figure 6.30, the barmer
height as a function of the CI-C-Cl angle is shown. The dots come from the HF/
6-31G(d) computations, and the line is an empirical fit. By converting the barrier
heights to Ecy values, and calculating angle corrected cross sections as done before for
the linear CI” + CF;Cl reactive collision at threshold energy, one can obtain Figure

6.31. It is clear that now the data from Hop and McMahon in Figure 6.29 can be
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reproduced qualitatively, and that the values are in the correct range as measured by
DeTuri ef al..'” It would be interesting to see these experiments done and to treat the
data as Ervin had, and to use the potential energy data to perform trajectory calculation
to get more insight into kinetics and dynamics of this direct mechanism reaction.
Finally it would be interesting to perform a crossed-beam experiment of a kinetic
energy resolved CI” beam and a perpendicular CF3"Cl beam. Angle resolved detection
of the *Cl” product ions from the Sn2 reaction may be expected to show a wider

distribution as the kinetic energy of Cl™ is increased.

6.5 Conclusions

The B3LYP/a level of theory is able to calculate structures, dipole moments, and
normal mode vibrational frequencies of CF;X (X = F, Cl, Br, I) that are in good
agreement with experimental data. Two isomeric cluster tons of the halide ions with the
trifluoromethyl halides were found, X (YCF3) and X (CF3;Y). These correspond to front-
and back-side attack mechanism complexes, respectively. Associated with these two

different mechanisms are two transition state structures, [XCF;Y]™ and [CF3XY]".
From PHPMS experiments, AH° and AS° values for the formation of the CI'(BrCF,),
CI"(ICFs) (AH’ only), and Br (BrCF3) complexes were determined. There was good

agreement with AH g values from B3LYP/c//B3LYP/a computations, and AS°z9g values
from the B3LYP/a computations. In addition to the thermochemistry of the Sx2 reactions,
the thermochemistry of other, higher energy pathways was determined. The agreement of
the B3LYP/c¢//B3LYP/a computations when the reaction includes radicals and radical
anions is poorer than in case of closed shell species. It was shown that the Sx2 reaction
between a halide ion and a trifluoromethyl halide proceeds through a back-side attack
transition state. The CI” + CF;Br — Br~ + CF;ClI reaction was shown to follow the
Marcus theory, which means that even at high kinetic energies the back-side Sx2 reaction
may be initiated by electron transfer. From normal mode vibrational analysis and NPA
charges it was shown that the [CF3XY] transition state closely resembles a {[CF3* XY*]

complex. The back-side attack Sn2 reaction through the [XCFs;Y] transition state
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appears to be a direct mechanism, since the imaginary frequency is independent of the
identity of X and Y.

Finally, potential energy surfaces have been determined for a few reactions and
clustering equilibria. The suggestion by Morris and Viggiano that the formation of Br~
from the reaction between F~ and CF3Br comes from back-side nucleophilic displacement
is indeed correct, showing that the CF3; group does not have to hinder attack on the
carbon atom despite the presence of three electronegative fluorine atoms. At threshold,
the back-side Sx2 reaction between kinetically excited CI™ and CF3Cl proceeds through a
{CICF;CI] transition state. Above the threshold, co-linear approach of CF;Cl by CI” is no
longer necessary to initiate the reaction. Barrier crossing can occur at a wider range of
CIl-C-ClI angles, hereby increasing the cross section. Correcting the hard-sphere line-of-
centre cross section reproduces experimental data by Hop and McMahon, and the data are

in the proper range of published GIB cross section data.
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Chapter 7

Thermochemistry, structures, dynamics, and infrared
spectroscopy of chloride ion-fluorinated ether and acetone

complexes and neutrals in the gas phase

7.1 Introduction

The study of structures and thermochemistry of solvated gas phase ions continues to
be an active field of research, providing insight into solvation processes, and the
difference in intrinsic reactivity between the gas and condensed phases.'” Especially
interesting are systems where multiple bonding interactions are possible. In both the gas

and condensed phases,®'!

metal ion-crown ether complexes have been studied
extensively, both experimentally and theoretically.'> Less attention has been paid to
weakly bound anion-containing complexes, where multiple bonding interactions may be

13-22

present. Various articles and reviews >** have described condensed phase systems in

which anions are interacting with the host molecule mainly by muiltiple hydrogen
bonding or by ion-dipole interactions. Similar gas phase systems are fairly rare, and are
mainly limited to perfluorinated crown ethers ? and cryptands ** binding to F~ and 0,
Larson and McMahon speculated on the possibility of multiple site interactions in
CI"((CF:H);0) complexes based on AG®55 values from exchange equilibria relative to
CI"(CF;0CF;H), studied by ICR.*’ No information on standard entropy changes (AS®)
could be obtained, thus preventing a more definitive proof for the occurrence of

chelation. In addition, Larson and McMahon also measured by ICR the AG°295 values for

three CI” + acetone-F, = Cl (acetone-F,) equilibria (acetone-F, = CF;HC(O)CFH,
CF;C(O)CF;H, CF3C(O)CF;). Zhang et al. used PHPMS to deduce that in chloride ion-
diol complexes bidentate interactions take place.28 This was shown experimentally by the
standard entropy change accompanying the clustering reactions. PHPMS is one of the

few experimental techniques able to provide AS° values for gas phase clustering
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reactions, and an excellent example that illustrate the use of AS° is the work by Norrman
and McMahon.?*>° From different AS® values, obtained by deconvoluting the relevant

Van’t Hoff plots, they showed the existence of low and high temperature isomers for the
gas phase clustering of #~-CsHs "~ onto various small organic molecules,” and the folding of
CH3(CH;)sCO," to give intramolecular solvation.*

In this work, the clustering of chloride ion onto various (fluorinated) ethers and
acetones has been investigated by PHPMS and high level ab initio and DFT
computational methods. By varying the number and positions of the electronegative
fluorine atoms, and the functionality of the molecules, one would expect, a priori,
changes in the structures of the cluster ions, accompanied by changes in the
thermochemistry. The computations were performed to obtain more insight into the
structures, especially where various rotamers and isomers are possible, to find a method
to model the thermochemistry of these systems accurately compared to experiment, to
obtain more insight into the change in normal mode vibrational frequencies and IR
intensities upon complex formation, to test the suitability of the G3(MP2) composite

method to obtain A,qaH ;e values of the various fluorinated acetones, and to get more

insight into the dynamics of the complex formation by performing relaxed potential
energy surface scans.

Recently there has been a fair amount of interest in fluorinated ethers.*'™! This class of
compounds has been developed to replace chlorofluorocarbons (CFC). Unfortunately
these compounds may also contribute to global warming by their long atmospheric
lifetimes, and their strong absorbtion of thermal radiation between 800 and 1400 cm™".
The occurrence of chloride ion-fluorinated ether complexes in the atmosphere, and
especially in the ionosphere, seems very unlikely, mainly due to the low concentrations
of both chloride ions and the fluorinated ethers at those altitudes.

Finally, the Fourier-transform IR (FT-IR) spectra of CH3C(O)CH,F, CF3C(O)CHs,
CF;C(O)CF:H, and CF3C(O)CF; were recorded. This was done to test the quality of the
computations, and because no IR spectra of the first and third compounds are available in
the National Institute of Science and Technology (NIST) EPA Gas-Phase Infrared

Database. *?
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7.2 Experimental

All measurements were carried out on a PHPMS instrument, configured around a VG
8-80 mass spectrometer. The instrument, constructed at the University of Waterloo, has
been described in detail in Chapter 2.

Gas mixtures were prepared in a 5 L heated stainless steel reservoir at 370 K, by using
CH., as a bath gas at pressures of 40-900 Torr. Chloride ion was generated from trace
amounts of CCl; by DEC of thermalized electrons from 500 us pulses of a 2 keV electron
gun beam.

The five ethers ((CHs),0, (CH;CH;),0, CH50CF;, (CF;H),;0, and CF;0CF;H) and
five acetones (CH;C(O)CH;, CH;C(O)CH:F, CF5;C(O)CHi, CF3;C(O)CF:H, and
CF3;C(O)CF3) were added to give relative amounts between 0.06% and 75%, and 0.05%
and 5.5% (partial pressure), respectively, depending on the ion source temperature and
the nature of the experiment involved. The ion source pressure and temperature ranged
between 4.0-8.0 Torr and 300-600 K, respectively.

Time intensity profiles of mass selected ions were monitored by using a PC based
multi-channel scalar (MCS) data acquisition system, configured between 50 and 200 ps
dwell time per channel over 250 channels. Additive accumulations of ion signals
resulting from 500-2000 electron gun beam pulses were typically used. Figures 7.1 and
7.2 illustrate typical data obtained from the equilibrium experiments.

Equilibrium constants (K.q) at different absolute temperatures for the various chloride

ion-ether (Reactions 7.1 and 7.2) and acetone (Reaction 7.3) clustering equilibria

CI” + ether-F, = Cl (ether-Fy) (7.1)
Cl (ether-Fy) + ether-F, = Cl (ether-Fp): (7.2)
CI™ + acetone-F, = Cl (acetone-Fy) (7.3)

can be determined from Equation 7.4 and 7.5:
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Figure 7.1 Time-intensity profile for the CI"((CF;H),0) + (CF:H),0 =
CI'((CF2H),0); clustering equilibrium at the following experimental
conditions: Pjon source = 4.00 Torr, Tion source = 352 K, P(CHy4) =3.97 Torr,
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Figure 7.2  Normalized time-intensity profile of Figure 7.1.
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In Equation 7.4, Int(CI"(M))/Int(CI") is the ion intensity ratio of the CI'(M) (M =
ether-F, or acetone-F;) and CI” ions at equilibrium, P° is the standard pressure (1 atm),

and P source 15 the partial pressure (in atm) of the (fluorinated) ethers or acetones in the
ion source. All equilibrium constants were essentially independent of the partial pressure
of the various (fluorinated) ethers and acetones, and the ion source pressure.

All IR spectra were recorded on a Bruker IFS-55 FT-IR spectrometer. The fluorinated
acetones were introduced in a stainless steel gas cell at room temperature with a path
length of 22 cm and at pressures between 5 and 20 Torr. Absorption spectra were
recorded from 500-5000 cm™' by adding 30 scans at 1 cm™' resolution using AgCl
windows.

Dimethyl ether was purchased from Matheson of Canada Ltd.. Diethyl ether and
acetone were purchased from BDH Inc. 1,1,1-Trifluorodimethyl ether and 1,1,1,3,3-
Pentafluorodimethy! ether were purchased from Syn Quest Labs Inc. 1,1,3,3-Tetrafluoro-
dimethyl ether was purchased from PCR Research Chemicals Inc.. Fluoroacetone was
purchased from Sigma Aldrich Canada, 1,1,1-Trifluroacetone was purchased from SCM
Specialty Chemicals. 1,1,1,3,3-Pentafluoroacetone was purchased from Columbia
Organic Chemicals Co. Hexafluoroacetone was purchased from Chemicals Procurement
Laboratories Inc. Methane was purchased from Praxair. Carbon tetrachloride was

purchased from J. T. Baker Chemical Co. All chemicals were used as received.
7.3 Computational

All computations were performed using the Gaussian 98 and 98W * suites of

programs. Geometries were optimized at the HF ** and MP2(fc) *° levels of theory using
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the 6-31G(d) (a) 4748 basis set for C, H, O, and F, and the 6-3 1+G(d) (b) 4751 basis set
for Cl. Normal mode vibrational frequencies were calculated at the HF level of theory
and scaled by 0.8953.°% using the same basis sets as for the HF geometry optimization.
Single point and NPA * computations were performed at the MP2 level of theory using
the 6-311+G(2df,p) (¢) *'***° basis set for C, H, O, and F, and the 6-31 1++G(3df,3pd)
(d) *°1-%*3% basis set for CL.

The motivation to use the 6-31G(d) basis set for C, H, O, and F in HF geometry
optimizations and frequency computations, and MP2 geometry optimizations, and the use
of the 6-311+G(2df,p) basis set for MP2 single point computations is mainly based on the
work by East and Radom.*® For a fairly large number of molecules they determined that
experimental methyl group rotational barriers could be accurately reproduced by using
the MP2/6-311+G(2df,p)//MP2/6-31G(d) level of theory. Since there was some interest a
priori to look also at the effect of complex formation on methyl group rotational barrier
heights, it seemed a logical choice to use a similar method. For CH3;C(O)CH3s, (CF,H),0,
CF3C(O)CF;, CI'(CH3C(O)CH3), CI'((CF2.H),0), and CI'(CF;C(O)CF3) entropies were
also calculated using the hindered rotor approximation.®’

The choice of 6-311++G(3df3pd) as the Cl basis set for the MP2 single point
computations is due to the smallest difference in EA(CI") between theory and experiment
(3.54 eV versus 3.6127 eV).*® For the HF geometry optimizations and frequency
computations, and the MP2 geometry optimizations the use of 6-31+G(d) as the Cl basis
set was mainly determined by cost considerations. Use of, for instance, 6-31++G(d) or
6-311++G(d,p) does not improve the value of the calculated EA(CI")’s, which show large
discrepancies with the experimental EA (2.48 eV for HF and 3.16 eV for MP2).

For CH;C(O)CH;, CH3C(O)CHLF, CF;C(O)CH;, CF;C(O)CF;H, and CF3;C(O)CF;
geometry optimizations and frequency computations were performed using the B3LYP
method ***' in combination with the 6-311++G(3d,3p) basis set.**>'%?

For CI'(CFs;C(O)CF;) additional computations were performed using the B3LYP
method in combination with the 6-311++G(3df,3pd) (Cl) and 6-311++G(3d,3p) (C, F, O)

basis sets.

260



For some systems thermochemistry was calculated using the hindered rotor
approximation by specifying the Freq=HindRot keyword in the Gaussian 98 command
line.*?

G3(MP2) enthalpies,® H’,0s (G3(MP2)), were calculated for CI”, CH;OCFs, CF:0",
CH;Cl, CI'(CH30CF;), CF;07(CHsCl), and [CICH30CF;]” to construct a schematic
energy profile for the CI” + CH30CF3; — CF30™ + CH;Cl gas phase Sx2 reaction.

Standard ambient deprotonation enthalpy changes, AacidHozgg, were calculated at the
G3 * and G3(MP2) levels of theory for a series of small to medium sized organic and
inorganic molecules to test the suitability of these composite methods for these systems,

as well as on the fluorinated acetones to evaluate experimental AacidHo results.

Finally, relaxed potential energy surface scans were performed for CI'(CH3C(O)CHs3)
and CI'(CF3;C(O)CF3) at the MP2/[a/b] level of thf:o:>ry.62 For some points along the
reaction coordinate, the Cl +eCO distance, the structures were optimized to get more
insights into the complex formation and the factors that determine it. For the
CI"(CH3C(O)CH;) complex this distance was set between 4.0 A and 14.0 A, while for the
CI"(CF3;C(O)CF;) complex it was set between 2.2 A and 12.2 A.

7.4 Results and Discussion
7.4.1 Structures

The MP2/6-31(d) structures of the various rotamers of (CH;).0, (CH3;CH,)20,
CH;0CF;, (CF;H);0, CF;0CF:H, and CFsOCF; are shown in Figures 7.3 to 7.12.
Recently, results of optimized structures for several of the same molecules, but only
the most stable rotamers, calculated at the MP2 and QCISD/6-31G(d), and B3LYP/
6-311++G(3df,3pd) levels of theory were published.’®*® For a discussion of the
structural features of (CH3),0O calculated at the MP2/6-31G(d) level of theory versus
experiment the reader is referred to recent work by Good and Francisco.’® For
(CH3CH2);0 no systematic study of the various rotamers was performed. For

(CF;H);0 and CFsOCF;H, four and two stable rotamers were found, respectively.
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Figure 7.3 Optimized MP2/6-31G(d) structure of (CH3),0.

Figure 7.4 Optimized MP2/6-31G(d) structure of (CH3CH,)>O (rotamer 1).

Figure 7.5 Optimized MP2/6-31G(d) structure of (CH3CH3),O (rotamer 2).
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Figure 7.6  Optimized MP2/6-31G(d) structure of CH3OCF;.

Figure 7.7  Optimized MP2/6-31G(d) structure of (CF;H),O (rotamer 1).

Figure 7.8  Optimized MP2/6-31G(d) structure of (CF->H),0O (rotamer 2).
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Figure 7.9  Optimized MP2/6-31G(d) structure of (CF,H)>O (rotamer 3).

Figure 7.11 Optimized MP2/6-31G(d) structure of CF30OCF;H (rotamer 2).
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Figure 7.12 Optimized MP2/6-31G(Qd) structure of (CF3),0.

Figure 7.13 Optimized MP2/6-31G(d) structure of CH3C(O)CH;.

Figure 7.14 Optimized MP2/6-31G(d) structure of CH3;C(O)CH;F (rotamer 1).

265



Figure 7.16 Optimized MP2/6-31G(d) structure of CH,C(OH)CH,F.

Figure 7.17 Optimized MP2/6-31G(d) structure of CH3;C(O)CF;.
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Figure 7.19 Optimized MP2/6-31G(d) structure of CF;C(O)CF,H.

Figure 7.20 Optimized MP2/6-31G(d) structure of CF3C(O)CF.
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Unfortunately, no microwave or electron diffraction experiments have been performed
on the fluorinated ethers to determine experimentally the most stable structures and
the possible existence of the various rotamers. Calculations on (CF;3),0 at the MP2/
3-21G and MP2/6-31G(d,p) levels of theory show good agreement with this work.>’®
(CF3)20 shows an eclipsed structure to minimize the repulsion among the fluorine
atoms. A dihedral angle, ZFCCF, of 46.8° between the two upward fluorine atoms
and the two carbon atoms was found. In Figures 7.13 to 7.20 the structures of acetone
and the four fluorinated acetones are shown. Unlike the situation for the fluorinated
ethers, no other stable rotamers have been sought, except for CH3C(O)CH:F. Choi and
Boyd calculated the structures of the various fluorinated acetones at the HF/STO-3G
and 4-31G levels of theory.***® The structures of the two stable CH,F group rotamers
for this molecule, and one of the possible enol isomers have been calculated. For the
acetone molecule at the MP2/6-31G(d) level of theory the agreement with the
experimentally determined structure is good to excellent.®® The various bond lengths
are all within 0.015 A, and the bond angles within 1.3°.

Introducing fluorine has no noticeable effect on the CO and CH bond lengths. The
CC bond lengths change relative to acetone, and in general they will increase if the
methyl group carbon atom is attached to fluorine atoms. In both CH3C(O)CH;F and
CF;C(O)CHj; the CH3—C bond length decreases slightly relative to acetone. Small
differences in CF bond lengths are observed, depending mainly on whether or not the
fluorine atoms are in upward or downward orientations, relative to the direction of the
carbonyl group. There seems to be no clear trend of the effect of fluorine substitution
on the CCO bond angles. In general, the relative methyl group orientations are such as
to minimize the repulsion among fluorine atoms on opposite groups, and between
fluorine atoms and the carbonyl oxygen atom. In CF;C(O)CF; the upward fluorine
atoms FCCF dihedral angle is —57.5°. In the shown enol isomer of CH3;C(O)CH:F
there is an intramolecular hydrogen bond, O—H...F~C. This seems to be the most
stable enol isomer, since the gas phase deprotonation enthalpy for CH,—H is smaller
than for CFH-H (see Section 7.4.5). Despite the seemingly favorable structure, the
enol isomer is 12.7 kcal mol™ less stable than its keto isomer, calculated at the

MP2/c//MP2/a level of theory. The results for the five (fluorinated) acetones
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calculated at the B3LYP/6-311++G(3d,3p) level of theory show no real significant
deviations from the MP2/6-31G(d) results. For the C=0 bond lengths the B3LYP
results are in general smaller by 0.017-0.026 A. For the C(O)-C bond length the
results in general are larger. For C(O)-C bond lengths to CH; or CH;F groups the
value is 0.001-0.004 A, while to CF;H and CF3 groups it is 0.016-0.022 A. For both
the C-H and C-F bonds the B3ZLYP results are smaller by 0.002-0.004 A and 0.001-
0.008 A, respectively. Finally, the BBLYP O—-C—C bond angles are equal to or smaller
than the MP2 results by 0.1-0.7°.

More interestingly, from the point of view of the work presented here, are the
structures of the chloride ion-ether and acetone complexes that are shown in Figures
7.21 to 7.42. Smith et al published a structure for the CI((CH3):0) complex,
calculated at the MP2/[D95++*/ D95+**] level of theory.®” In the most stable isomer of
CI"((CH3)20) found in this work, the chloride ion interacts with only two hydrogen
atoms, one from each methyl group. The Cl «..H distance is 2.795 A, which is much
smaller than the 3.2 A found by Smith er al., which appears to be a transition state
structure, since the chloride ion interacts with four hydrogen atoms *. Upon complex
formation with the chloride ion, the C-O-C angle is virtually unchanged. For the
chloride ion-diethyl ether complex, at least two isomers are possible. In the first one,
the chloride ion interacts with two hydrogen atoms from the two CH; units, while in
the second 1somer the chloride ion interacts with two hydrogen atoms, one from a CH;
unit and one from a CHj3 unit on different sides of the oxygen atom. The calculated
thermochemistry for the latter isomer has closer agreement with the experimental
PHPMS data (see Section 7.4.4). The introduction of a CF3 group changes the chloride
ion binding as expected. CI"'(CH3OCF;) resembles a Sn2 backside attack complex.
Relative to CH;0OCF;, the O—CHj distance increases from 1.442 A to 1.472 A, while
the O-CF; distance decreases from 1.345 A to 1.328 A. However, the chloride ion
does not interact identically with all hydrogen atoms, as occurs, for instance, in the
CI"(CH;Cl) complex.®® In CI"(CH3;OCF;) the C1I"CO bond angle is 171.5°, while the
COC bond angle is 115.2°, compared to 114.4° in CH3;OCF;. For the CI"((CF:H),0)

cluster, four different rotamers are possible, three of them singly hydrogen bonded,
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Figure 7.21 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"((CH3),0).

Figure 7.22  Optimized MP2/[6-31+G(d)/6-3 1 G(d)] structure of CI"((CH3CH),0)

(rotamer 1).

Figure 7.23  Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"((CH3;CH;),0)

(rotamer 2).
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Figure 7.24  Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"(CH;OCF?3).

Figure 7.25 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"((CF:H).0)

(rotamer 1).

Figure 7.26  Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"((CF;H);0)

(rotamer 2, isomer 1).
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Figure 7.27 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"((CF,H),0)

(rotamer 2, isomer 2).

Figure 7.28 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"((CF,H),0)

(rotamer 4). '

Figure 7.29 Optimized MP2/[6-31+G(d)/6-3 1G(d)] structure of C1 (CF3;OCF,H)

(rotamer 1).
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Figure 7.30 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of C1"(CF;OCF,H)

(rotamer 2).

Figure 7.31 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of C1™((CF;),0).
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and one doubly hydrogen bonded. Rotamers 1 and 2 each have the chloride ion
interacting with one of the two hydrogen atoms. Compared to rotamer 4, both the
Cl eeeH distances and the CI'HC bond angles are smaller and closer to being linear,
respectively. In rotamer 4, there is not only interaction with two hydrogen atoms, but
the chloride ion is also aligned with the dipole moment of (CF:H);O. For the
CI'(CF;HOCF;) complex, two rotamers are possible. In both cases the CI'HC bond
angle is close to being linear. In most clusters investigated, the C-O bond containing
the hydrogen atom that interacts with the chloride ion increases in length relative to
the neutral, while the C-O bond with no hydrogen atom(s) interacting decreases in
length. In CI7((CF3);0) the FCCF dihedral angle, containing the upward fluorine
atoms, has been reduced to 39.7°. More interesting is the fact that the chloride ion
interaction with the carbon atom is an almost linear alignment with one of the C-F
bonds. This resembles a Sx2 backside attack complex of CI™ with (CF3);0, with F~ as
a hypothetical leaving group instead of CF30™. The Cl «.C distance is 3.775 A, which
is notably longer than the Cl «..O distance of 3.322 A. The NPA charges in (CF3).0,
calculated at the MP2/c//MP2/a level of theory, confirm that the carbon atom will be
the only probable site with which the chloride ion can interact. The two di-solvated
chloride ion-fluorinated ether complexes shown in Figures 7.32 and 7.33,
CI"(CH30CF3;); and CI ((CF;H);0);, show charactenistics that are very close to the
mono-solvated clusters. It is interesting, but not surprising, to note that the hydrogen
bonded arrangement around CI” in CI"((CF;H),0); is tetrahedral like. In this way the
repulsive interaction between the two (CF;H),0 molecules is minimized. Compared to
CI((CF;H);0), the Cl...H distances have slightly increased , from around 2.436 A to
2.470 A. Formation of CI"(CH;C(O)CH3:) causes only minor changes in the acetone
moiety relative to “free” acetone. These include a small increase in the CO and
upward CH bond lengths, and the CCO bond angle, and a small decrease in the CC
and downward CH bond lengths. The Cl...HC bond lengths of 2.668 A are in the
order of magnitude that one would expect from the obtained AH’ 395 value. This value

is 0.127 A smaller than the same kind of bonding in CI"(CH;OCHj3), which has a

much smaller AH®»s value (-13.1 kcal mol™ versus -7.3 kcal mol™). For
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Figure 7.32  Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI (CH3;OCF3),.

Figure 7.33 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of ClI" ((CF,H),0),.

Figure 7.3  Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"(CH;C(O)CH3).
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Figure 7.35 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of C1(CH;C(O)CH,F)

(rotamer 1).

Figure 7.36 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"(CH;C(O)CH,F)

(rotamer 2).

Figure 7.37 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"(CH,C(OH)CHF).
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CI'(CH3C(O)CH2F) two stable rotamers are possible, which are closely associated
with the neutral rotamers. In Figure 7.35 the Cl«eeH—CH, and CI«.H-CHF bond
lengths are 2.715 A and 2.560 A, respectively, while in Figure 7.36 they are 2.589 A
and 2.642 A, respectively. These are the two most significant differences between
these two structures. The CI'(CH,C(OH)CH:F) complex shows some interesting
features compared to its neutral counterpart. Firstly, the chloride ion is interacting with
both the OH group and one of the hydrogen atoms in the CH:F group. The latter
interaction has replaced the intramolecular hydrogen bond, O—HeeeF-C, in the neutral
enol isomer. The Cl eeeHO bond length of 2.088 A is almost identical to the same
bond length in CI"'(HOCHj3;) at the MP2(full)/6-311++G(d,p) level of theory. The
Cl «..H-CHF bond length of 2.666 A is much smaller than the CleeeH-CH, bond
length in CI"(HOCH3) of 3.413 A. Upon formation of the chloride ion complex the
O-H bond length increases from 0.975 A to 1.002 A, while the C-O bond length
decreases from 1.372 A to 1.355 A. Finally, the Cl...H-O bond angle of 173.0° is
very close to the F..H-O bond angle in F(HOCH;). The structure of the
CI"(CH;C(O)CF3;) complex is quite different from the corresponding ether complex
CI"(CH30CFs;). The chloride ion interacts with only one of the CH; hydrogen atoms.
The ClI™...H-CH; bond length of 2.375 A is much smaller than that in the chloride ion-
acetone complex, CI(CH3C(O)CHs), while the Cl ..e.H-C bond angle is close to
linear. Formation of the chloride ion complex does not change the CHsC(O)CF;
structure to any significant extent. The bonding in the CI"(CF.HC(O)CF;H) complex
is fairly similar to CI"(CF,HOCF;H), although some important differences are present.
In the CI"(CF;HOCF;H) complex the two CI ...HCF2 bond lengths are 2.436 A and
2.438 A, respectively, while in CI"(CF,HC(O)CF,H) they are 2.700 A and 2.726 A,
respectively. The latter two are even somewhat larger than those in CI'(CH3;C(O)CHs).
At first this seems surprising, since going from CI"(CH3;OCH3) to CI'(CF,HOCF:H)
there is a large decrease in the Cl ««sH—CF; bond lengths. In the CI"(CF;HC(O)CF:H)
complex the Cl«.CO distance is 2.800 A, and so it seems that interaction of the
chloride ion with the carbonyl group carbon atom is important as well, such as for the

hydrogen bonding interactions with the two CF,H groups. The CI'«..H-CF, bond
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Figure 7.38 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI'(CH;C(O)CF3).

Figure 7.39 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of C1"(CF,HC(O)CF,H).

Figure 7.40 Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"(CF;C(O)CF,H).
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angles in CI'(CFHC(O)CF:H) of 97.0° and 102.0°, respectively, are very different
from 158.0° and 158.2°, respectively, in CI"(CF,HOCF;H). In the CI"(CF;HOCF:H)
complex the hydrogen bonding is more directed along the C—H bond, which may be
expected to be more favorable than as in the CI"(CF,HC(O)CF;H) complex. In the
CI'(CF;C(O)CF;H) complex, the chloride ion seems to prefer to interact with the
carbonyl group carbon atom, rather than with the very acidic hydrogen atom. The
Cl eesCO distance is 2.524 A, while the Cl «.HCF, distance is 2.928 A. This
observation was very surprising, because a priori it was expected that a complex
similar to CI'(CF3;OCF;H) would be obtained. In the latter complex the Cl eeHCF>
distance is 2.282 A, and the Cl-..H-CF; angle is 175.7°. Replacing the ether
functional group by a carbonyl functional group apparently makes a huge difference in
the bonding characteristics, and it is very interesting to understand what factor(s) is
(are) responsible for this. In the CI'(CF3C(O)CF;) complex, the Cl ..eCO distance is
2.272 A, much shorter than in the CI"(CF;C(O)CF;H) complex. Minor or no changes
in the C=0, C-F, and C-C bond lengths are observed. The most interesting feature in
the CI"(CF3C(O)CF3) complex is the relative orientation of the two CF3 groups. In the
neutral CF3C(O)CF; molecule, the F-C-C-F dihedral angle is —57.5°, while in the
chloride ion complexes it has been increased to 0.0°. The two CF3 groups are facing
away from the chloride ion in such a way as to minimize repulsion among CI™ and the
fluorine atoms, even at the expense of increased repulsion among the fluorine atoms in
both CF5 groups. Larson and McMahon speculated on the possibilities of either a
tetrahedral-like, covalently bonded complex, (CF3);CICO~, or an electrostaticly
bonded complex where the chloride ion interacts with the carbonyl group carbon atom
from below the hexafluoroacetone molecule, as shown in Figure 7.42.%” If CN™ is used
instead of CI”, the formation of a covalently bonded complex, (CF3),CNCO", will be
more likely, especially at relative low temperatures. In that case, relative large -AH°
and —AS° values should be obtained. Computations at the HF/6-31G(d) level of theory
indicate that (CF3);CNCO™ may exist. At higher temperatures, an electrostaticaly
bonded complex, CN(CF3;C(O)CF;), may dominate, which should give rise to AH°
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Figure 7.41

Figure 7.42

Optimized MP2/[6-31+G(d)/6-31G(d)] structure of CI"(CF;C(O)CF3).

O-

0O
F3C/K”CF3 F3C)5J\CF3

Cl

Proposed covalent and electrostatic chloride ion-hexafluoroacetone

complexes.
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Figure 7.44 Optimized MP2(full)/6-31G(d) structure of CH3C(O)CHF .

Figure 7.45 Optimized MP2(full)/6-3 1 G(d) structure of CH>C(O)CH,F ™.
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Figure 7.46 Optimized MP2(full)/6-31G(d) structure of CF;C(O)CH, .

Figure 7.47 Optimized MP2(full)/6-31G(d) structure of CF;C(O)CF,".
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Figure 748 Optimized MP2(full)/6-31G(d) structure of CF;0".

Figure 7.49 Optimized MP2(full)/6-31G(d) structure of CF307(CH;Cl).

Figure 7.50 Optimized MP2(full)/6-31G(d) structure of [CICH;OCF;]".
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and AS° values closer to CI'(CF5C(O)CF3). For the B3LYP/[6-311++G(3df,3pd)/
6-311++G(3d,3p)] structure of CI"(CF3C(O)CF3), no big changes are observed relative
to the MP2 structure. The Cl «..CO distance is 2.291 A, and there is a small increase
in the C=0 bond length from 1.188 A in CF;C(O)CF; to 1.220 A in CI(CF;C(O)CF;).

In Figures 7.43 to 7.47 the MP2(full)/6-31G(d) structures of deprotonated acetone,
fluoroacetone (2 isomers), 1,1,1-trifluoroacetone, and pentafluoroacetone are shown.
The structures of the corresponding neutral conjugated acids are essentially identical
to the same structures calculated at the MP2(fc)/6-31G(d) level of theory. Upon
deprotonation the C-C bond length will decrease, while the C—O bond length will
increase. Delocalization of the negative charge will give both the C—C and C-O bonds
a bond order of 1.5, as predicted from Lewis theory. The O-C-C bond angle
containing the carbon atom from which the proton was abstracted will increase to
around (129 + 3)°, while the other O—C-C bond angle will decrease to around (113 £
3)°. No dramatic changes in the C-H, C—F, or C-C bond lengths, other than the ones
mentioned before, have been observed.

The MP2(full)/6-31G(d) structure of CF;O~ in Figure 7.48 is closest to
B3LYP/DZP++ results from Morris ef al. who used various other methods as well.*
The CF;07(CH;Cl) complex in Figure 7.49 has an almost linear CF30 «eC-Cl
alignment. In addition, there may be some interaction between two hydrogen atoms
and two fluorine atoms, which are separated by only 2.447 A, shorter than the
CF307«..C and CF3;O...H distances of 2.883 A and 2.738 A, respectively. The
[CICH3OCFs] transition state in Figure 7.50 shows no unexpected features. The
CleesCH3 and CH;...OCF3 distances are 2.301 A and 1.928 A, respectively. The
CleesCH3eeeOCF; angle is 176.7°. In the CF;0” moiety the C-O bond length has

increased, while the C—F bond lengths have decreased relative to CF;0™.

7.4.2 Experimental Thermochemistry

In Tables 7.1 and 7.2, overviews are given of the experimental thermochemical

data obtained for the chloride ion-(fluorinated ) ether and acetone complex clustering
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equilibria. As can be seen from these two Tables, the AH® and AS°® values depend very
much on the number of fluorine atoms and the substitution pattern. In Figures 7.51 to
7.53, the Van’t Hoff plots from which the AH® and AS° values are determined are
shown. As seen in Figures 7.21 to 7.42, very different bonding characteristics can be
observed in the various chloride ion- (fluorinated) ether and acetone complexes, which

should be reflected in characteristic AH® and AS°® values. PHPMS is one of the few
experimental techniques to obtain AS® values directly, and these can be a very useful

tool to assign structural features of gas phase ions. The AH® and AS°® values for
chloride ion binding to dimethyl and diethyl ether can be compared to data obtained
recently in our laboratory on chloride ion binding to cyclic and linear alkanes
(Reaction 7.6).7°

Cl” + RH = CI'(RH) (7.6)

For R = ¢-CsH,o and n-CsH,», AH® and AS° values of ~7.4 and ~7.9 kcal mol™', and
-16.4 and —18.1 cal mol™' K, respectively, were determined. These values seem
reasonable for the weak, mainly ion-induced dipole, interactions in these types of
clusters. The difference between (CH3):0 and (CH3;CH>);0 is mainly due to a larger
polarizability of the latter (a = 5.8 A? versus 10.2 A%).%® As can be seen in Figures
7.22 and 7.23 there are at least two rotamers and isomers of CI"((CH;CH;);0), each
with their own distinct thermochemistry. In Section 7.4.3 the computational results
will be discussed in more detail. It cannot be excluded, in fact it seems reasonable to
assume, that the CI"((CH5CH;);0) complexes in the high pressure ion source consist
of a statistical distribution of the various isomers and rotamers. Close resemblance of
experimental and theoretical data for a specific rotamer/isomer, by no means proves
that it would be the main structure in the high pressure ion source. The example of the
CI"((CH3CH):0) complex shows that these weakly bound systems can be stabilized
by multiple, non-classical hydrogen bonds. It may be expected that this effect will

become even more pronounced if the alkyl chain length in, for instance CH;OR (R =
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Table 7.1  Overview of the experimental and computational thermochemical data for the chloride ion-ether clustering equilibria
Cl (ether-Fy)p, + ether-F,, = Cl (ether-F )+ (ether = (CH;),0, (CH3CH,),0, CH;O0CF;, (CF,H),0, CF;0CF;H,
(CF3):0; m=0, 1).

AH" AH" 53¢ AS"" AS®y8°
clustering equilibrium PHPMS MP2//MP2 PHPMS HF
CI" + (CH;),0 = CI"((CH;),0) (rotamer 1) =75 ~-7.3 -15.3 -15.8
CI” + (CH3CH,);0 = CI"((CH3CH;);0) (rotamer 1) -9.0 -7.8 -19.1 -15.7
CI” + (CH3CH;);0 = CI((CH;3CH;,);0) (rotamer 2) -8.9 -17.6
CI” + CH;30CF; = CI(CH;0CF;) (rotamer 1) -13.6 -12.5 -19.8 -17.2
CI'(CH30CF;) + CH30CF; = CI(CH;0CF;); (rotamer 1) -12.7 -10.6 -23.7 -12.4
CI” + (CF,H),0 = CI"((CF,H),0) (rotamer 1) -28.2 -14.4 -31.3 -18.8
CI” + (CF,H),0 = CI"((CF,H);0) (rotamer 2, isomer 1) -124 -17.7
CI” + (CF,H),;0 = CI'((CF;H);0) (rotamer 2, isomer 2) -16.1 -19.0
CI” + (CF;H);0 = CI'((CF,H),0) (rotamer 4) -24.5 -20.2

“ kcal mol™, relative errors 0.2 kcal mol", absolute errors 0.4 kcal mol™

b cal mol™ K™!, relative errors +1.0 cal mol™ K™, absolute errors £2.0 cal mol™' K™
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Table 7.1  (continued)

AH"* AH 503 AS"? AS "
clustering equilibrium PHPMS MP2//MP2 PHPMS HF
CI'((CF;H);0) + (CF,H);0 = CI"((CF;H);0); (rotamer 4) -21.4 -18.7 -33.7 -17.7
CI" + CF;0CF;H = CI'(CF;0CF;H) (rotamer 1) -17.5 -17.3 -20.8 -19.5
CI” + CF;0CF;H = CI(CF;0CF,H) (rotamer 2) -17.6 -19.8
Cl” + (CF;);0 = CI"((CF;);0) (rotamer 1) -4.9 -16.0

“ kcal mol™', relative errors +0.2 kcal mol™', absolute errors +0.4 kcal mol™

b cal mol™ K™', relative errors 1.0 cal mol™' K™, absolute errors +2.0 cal mol™' K™



Table 7.2 Overview of the experimental and computational thermochemical data for the chioride ion-acetone clustering equilibria

CI” + acetone-F, = Cl (acetone-F,) (acetone-F,, = CH;C(O)CH;, CH;C(O)CH,F, CH;C(O)CF;, CF;C(O)CF;qH,

88C

CF;C(O)CF;3).

AH" AH 204 AS? AS
clustering equilibrium PHPMS MP2//MP2 PHPMS HF
CI” + CH;C(0O)CH; = CI"(CH;3;C(O)CH3) -14.1 -13.1 -20.2 -20.8
CI” + CH3C(O)CH,F = CI(CH3C(O)CH,F) (rotamer 1) -18.4 -13.8 -24.5 -20.3
CI” + CH3C(O)CH;F = CI"(CH;C(O)CH;F) (rotamer 2) -17.8 ~22.8
CI” + CH3C(OH)CHF = CI"(CH;C(OH)CHF) =223 -20.7
CI” + CH3C(O)CF; = Cl7(CH;C(O)CF3) -13.7 ~13.0 -18.4 -18.7
CI" + CF,HC(O)CF;H = CI(CF,HC(O)CF;H) -26.4 -21.3
CI” + CF3C(O)CF;H = CI(CF;C(O)CF;H) -26.1 -26.8 -29.9 =222
CI” + CF;C(0O)CF; = CI(CF;C(0)CF3) -28.8 -27.8 -37.6 -25.2

9 keal mol"', relative errors £0.2 kcal mol", absolute errors +0.4 kcal mo!™'

5 cal mol™ K™, relative errors 1.0 cal mol™ K™, absolute errors 2.0 cal mol™" K
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Figure 7.51 Van’t Hoff plots for the chloride ion-ether clustering equilibria
CI” + ether-F, = CI (ether-Fy) (ether-F, = (CH3)0, (CH3CH,),0, CH30CF3,
(CF2H),0, CF;0CF:H).
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Figure 7.52  Van’t HofY plots for the chloride ion-ether clustering equilibria

Cl (ether-F,) + ether-F, = Cl (ether-F,); (ether-Fp, = CH3OCF3, (CF2H)20).
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Figure 7.53 Van’t HofY plots for the chloride ion-acetone clustering equilibria
CI” + acetone-F, = Cl (acetone-F}) (acetone-F, = CH3;C(O)CH3,
CH;C(O)CHzF, CH3C(O)CF3, CF3;C(O)CFzH, CF3C(O)CF3;).
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Figure 7.54  Schematic G3(MP2) energy profile for the CI” + CH30CF; — CF;0-
CHsCl gas phase Sy2 reaction.

291



alkyl), increases. There are some problems associated with obtaining more qualitative
data on this. First of all it may be that the folding of the alkyl group around the
chloride ion will be slow on the scale of the PHPMS experiments, thus preventing
attainment of an equilibrium population. Second of all, there will be many conformers
possible for both the neutral and chloride ion complex, and it seems almost impaossible
to abstract the distinct thermochemistry from the overall data. As already mentioned,
the CI"(CH3OCF3) complex resembles a Sx2 backside attack complex, even though
the binding is not completely symmetric. For a similar, true Sx2 system, Reaction 7.7,
values for AH® and AS® of =12.5 kcal mol™ 7' and —19.0 cal mol™" K™, 7? respectively,

were determined, with the latter obtained from ab initio computations.
CI” + CH;Br = CI'(CH3Br) 7.7)
CF30™ was present in the ion source, and from a schematic energy profile
calculated at the G3(MP2) level of theory, shown in Figure 7.54, it seems reasonable
to assume that it has been formed by a SN2 type reaction. (Reaction 7.8).

CI” + CH30CF; — CF;O™ + CH3Cl (7.8)

In the literature other reactions have been described to generate CF307, and these

are shown in Reactions 7.9 to 7.11.%°

F + CF,0O + N; —» CF;0” + N2 (7.9)
(CF;0); + e — CF;0™ + CF;0° (7.10)
CF;” + SO, — CF;0™ + SO (7.11)

Each of these reactions involve ions that are relatively more difficult to generate

than CI°, or they involve chemicals that are more unpleasant than CH3;OCF3. The
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energy profile of Reaction 7.8 and its accompanying thermochemistry will be
discussed in more detail in Section 7.4.3. The CF;0™ formed can also cluster with
CH;O0CF;, forming CF30"(CH3OCF3). The latter ion is present in very small intensity,
but nonetheless equilibrium was observed. It seems unlikely that CF30™ may also be

generated through dissociative electron capture by CH;OCF3 (Reaction 7.12).
CH;0OCF; + ¢- = [CH30CF3]™ — CF;0™ + CH;* (7.12)

Electron radiolysis of CH30CF; into CF3;0° and CH3', followed by electron capture
by CF;0° also seems a very unlikely process (Reactions 7.13 and 7.14). The first
process 1s 95.7 kcal mol™' endothermic, while the second process is 101.2 kcal mol™
exothermic, making the overall process 5.5 kcal mol™' exothermic.*?> The probability

of the two step process is low, despite the favorable overall energetics, mainly due to

the low concentrations of the species involved.
CH30OCF3 + ¢” — CF30® + CH5° (7.13)
CF;0" +e” — CF;0” (7.14)
Larson and McMahon measured AG .5 for the clustering of chloride ion onto

1,1,3,3-tetrafluorodimethyl ether (Reaction 5.15) and pentafluorodimethyl ether

(Reaction 7.16) by ICR, from exchange equilibria with various chloride ion clusters.?’
CI” + (CF;H).0 = CI((CFH).0) (7.15)

CI” + CF;0CF:H = CI(CF;0CF;H) (5.16)

Values of —17.0 kcal mol™' and —12.1 kcal mol™', respectively were obtained. From

the present PHPMS data, AG 05 values of (—18.8 + 1.0) kcal mol™ and (-11.3 + 1.0)
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kcal mol™', respectively, can be determined, in reasonable to good agreement with the
ICR values. The relatively large negative values for AH® and AS° for Reaction 7.18

seem very reasonable. Zhang et al. measured the thermochemistry by PHPMS for the
equilibrium clustering reaction of chloride ion onto 1,3-propanediol (Reaction 7.17),

and found AH® and AS° values of (~28.3 + 1.7) kcal mol™" and (-34.0 + 0.7) cal mol™

K™, respectively.?®

CI" + HO(CH;);0H = CI"(HO(CH:);O0H) (7.17)

The AH® value for Reaction 7.16 of —17.5 kcal mol™' is equal to the AH® value for
chloride ion bonding to methanol.” The difference in AS® values for both equilibria is
mainly due to the fact that in the CI"'(CH3;OH) complex, chloride ion has some
interaction with two methyl group hydrogen atoms, thereby hindering the methyl
group rotation to a certain degree.

In general, it is expected that multiple hydrogen bonding interactions will be

thermodynamically more favorable than single hydrogen bonding. If one compares the
AH® and AS° values for Reactions 7.15 and 7.16, which give rise to double and single
hydrogen bonding, respectively, one can make an estimate of the changes in AH® and
AS® for going from a single to a double hydrogen bond. From the PHPMS data, AAH®
and AAS® values of —10.7 kcal mol™ and -10.5 cal mol™ K™, respectively, can be
determined. Converting these values to AAG®y0s (~7.4 kcal mol™') gives excellent
agreement with the AAG®,0z value of —7.4 kcal mol™ by Larson and McMahon from
their ICR experiments.27 The AH® and AS® values for the two disolvation equilibria,

Reaction 7.2, with ether = CH30CF; and CF;OCF:H, also seem reasonable compared
to similar systems reported in the literature. Zhang et al. also determined the thermo-
chemistry for the equilibrium clustering reaction between chloride ion and two

molecules of 1,3-propanediol (Reaction 7.18), and found AH° and AS° values of
(~20.8 + 0.7) kcal mol™" and (—-36.2 + 0.3) cal mol™" K™, respectively.?®
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CI"(HO(CH:);O0H) + HO(CH;);OH = CI"(HO(CH;);OH). (5.18)

The data for formation of CI'({(CF.H);0); shows a similar trend as Reaction 7.18,
e.g. a decrease in —AH® of approximately 8 kcal mol™", and a small increase in —AS® of
approximately 2 cal mol™' K™'. Additional hindrance of two more CF,H rotations is
the main factor for this more negative AS® value.

In the CI"((CF;H);0), cluster the bonding to the chloride ion seems so favorable,
that it is reasonable to assume that a third (CF;H),O molecule may not directly interact
with the chloride ion. Instead, this third solvent molecule may start making up the so-
called second solvation shell. If this is actually true, it will bind to one or both
(CF,H),0 solvent molecule(s), most likely by hydrogen bonding. The two types of
hydrogen bonds that are most likely to occur have one, or maybe both, hydrogen
atom(s) interacting with either a fluorine atom, CF;HOCF;—Heee F-CFHOCF:H, or the
oxygen atom, CF;HOCF;—HeseO(CF;H),. It may then be expected that the AH® and

AS® values for the tri-solvation of chloride ion by 1,1,3,3-tetrafluorodimethyl ether

(Reaction 7.19) will both be substantially less negative than the corresponding

disolvation.

CI"((CF;H);,0), + (CF;H);0 = CI'((CF:H):0)3 (7.19)

From Tables 7.1 and 7.2 it can be seen that changing the functional group from
alkoxy to carbonyl has an important influence on the effect of fluorine substitution to
the chloride ion affinities and the types of binding in the corresponding clusters. As
mentioned already in Section 7.4.1, the chloride affinity for acetone is much larger
than for dimethyl ether. This is mainly due to the larger polarizability (6.4 A® versus
5.5 A%), % but more importantly, the larger dipole moment of acetone (2.88 D versus

1.69 D).*® The AH® and AS° values from this work are in excellent agreement with

earlier data from our laboratory (-14.2 kcal mol™ and -21.9 cal mol™ K™,
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respectively).” and data from Kebarle and co-workers (~13.7 kcal mol™' and 19.6 cal
mol™' K™).”?

The substitution of only one hydrogen atom for fluorine has a significant impact on
the observed thermochemistry. A more detailed discussion of this system will be given
in Section 7.4.3. Going from CH;OCHj; to CH30CF;, a large change in AH® and AS°
values was observed. Furthermore there is a large change in the type of chloride
interaction. This larger change is not observed when going from CH3;C(O)CHs to
CH3C(O)CF;. Instead, both AH® and AS° become less negative. As can be seen in
Figure 7.38, the chloride ion only interacts with one of the hydrogen atoms in
CI'(CH3C(O)CF3) as compared to two in CI"(CH3C(OQ)CH3). For Reaction 7.20 only a
AG®»z result from ICR experiments by Larson and McMahon is available for

. 7
comparison.’

CI” + CF;HC(O)CF;H = CI"(CFHC(O)CF:H) (7.20)

A AG’9z value of —18.1 kcal mol™' was found, but unfortunately no AS° value is
available In Figure 7.39 it could already be seen that in the CI"(CF,HC(O)CF:H)
complex the bonding is different from the corresponding ether complex
CI'(CF,HOCF,H). Based on these two structures it seems reasonable to assume that
for Reactions 7.15 and 7.20 the AS® values will be fairly close.

For reactions 7.21 and 7.22 Larson and McMahon obtained AG 95 values by ICR

for both of ~16.3 kcal mol™".%7

CI” + CFsC(O)CF;H = CI"(CF;C(O)CF,H) (7.21)

CI” + CF;C(O)CF;3 = CI(CF3C(O)CF3) (7.22)

From Figures 7.40 and 7.41 it can be seen that the binding characteristics in both

complexes are very similar. The AH® values of —26.1 kcal mol™' and —-28.8 kcal mol™},
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respectively, show the very strong binding in these complexes. The large AS® values
of —29.9 cal moi”' K™ and -37.6 cal mol™ K™, respectively, indicate that upon
complex formation the CF;H and/or CF; group rotations become hindered. Using the
AH® and AS° values from PHPMS, AGozgg values for Reactions 24 and 25 of (-17.6 =
1.0) kcal mol™ and (-17.2 + 1.0) kcal mol™, respectively, can be found. These are in
good agreement with the ICR results by Larson and McMahon.

In Section 7.4.5 there will be a discussion of the influence of the fluorine

substitution on A.igH® and it will be shown that for the fluorinated acetones there is
no correlation between this quantity and AH®. The electric dipole moment seems to be

a logical first choice. In CI"'(CH3C(O)CH3) the chioride ion is not aligned along the
C=0 bond, the direction of the electric dipole moment in acetone. Similar to one
isomer of CI"(CH3OCHSs;), that particular structure would represent a transition state.
An identical argument can be made for other chloride ion-acetone complexes. In
addition to the orientation of the electric dipole moment, the magnitude of the electric
dipole moment for the various acetones studied does not seem to correlate with the
observed AH® values, under the assumption of only ion-dipole interactions taking
place. The introduction of fluorine atoms in general increases the polarizability, as can
be seen going from CH, to CF4 ((CHy) = 2.59 A®, a(CH3F) = 2.97 A°, o(CF3H) =
3.57 A*, and a(CF,) = 3.84 A®).% This increase works out to be approximately 0.3 1
A?® per fluorine atom. It seems reasonable to assume that this kind of behavior applies
to the fluorinated acetones as well, relative to acetone itself. Surprisingly, going from
ethane to 1,1, 1-trifluoroethane gives rise to a small decrease in the polarizability, from
4.47 A’ to 4.40 A®. Going further to hexafluoroethane increases the polarizability to
6.82 A’. This corresponds to an increase of 0.39 A* per fluorine atom. From ethane to
acetone the polarizability increases to 6.39 A’ These trends may indicate that the ion-
induced dipole moment interactions may be mainly responsible for the observed trends
in the AH® values. Unfortunately, no reliable values for the polarizabilities from the
HF/6-31G(d) may be expected, but computations at, for instance, the QCISD(T)/aug-
cc-pVTZ level of theory are not feasible. The influence of an ion-quadrupole

interaction, especially in CI"(CF;C(O)CF;), may not be excluded, but the exact
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direction and magnitude of the quadrupole moment of CF:C(O)CF: has not been
determined. The importance of ion-quadrupole interactions in gas phase cluster ions
has recently been shown for Na+(C(,H6) 76 and CI(CFs).”” Sodium and chloride ions
seem to interact with the nt-cloud above the benzene ring, which is the z-axis direction
of the quadrupole moment of both C¢Hs and C¢Fe. Calculations on a variety of other
chloride ion-fluorohydrocarbon clusters show that these systems can indeed bind very

strongly.”’
7.4.3 Computational Thermochemistry

As can be seen in Tables 7.1 and 7.2, for almost all systems investigated there is
excellent agreement between thermochemical data from PHPMS experiments and
from ab initio computations at the MP2/[c¢/d}//MP2[a/b] level of theory. This is
especially true for AH® versus AH ¢ values, but also for many AS° versus AS° 208

values. It can be seen that for the wvarious isomers and rotamers intrinsic
thermochemical data have been determined. Smith er al. calculated the complexation
energy of chloride ion onto dimethyl ether and found a value of —-6.90 kcal mol™', at
the MP2/[cc-pVTZ+3s2p2d/cc-pVTZ+sp)//MP2/[D95++/DO5+*x] level of theory,
after correcting for the BSSE.®” As already mentioned in Section 7.4.2, it cannot be
excluded that in the PHPMS ion source various rotamers and/or isomers co-exist, and
the computational results seem to confirm that. The example of CI"((CH3;CH2);0)
illustrates this nicely.

There is excellent agreement between the MP2/[c¢/d]/MP2/[c/d] and G3(MP2)
results for the AH ;95 values of Reaction 7.23 (-12.5 kcal mol™ and —12.7 kcal mol™",

respectively).

CI” + CH30CF3 = CI'(CH30CF3) (7.23)

For the clustering of CF3;0” onto CHsCl, Reaction 7.24, a AH%g value at the

G3(MP2) level of —=9.4 kcal mol™! was calculated.
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CF;0™ + CH;Cl = CF;0 (CH;CH) (7.24)

Additional computations at the G3(MP2) level of theory indicate that the
[CICH3OCF;]™ transition state is 1.4 kcal mol™' above the reactants Cl” and CH;OCF;,
thus proving that Reaction 7.11 can proceed in the PHPMS ion source at elevated
temperatures.

Good and Francisco determined AfH ¢ of CH3OCF; at the G2(MP2) level of
theory and found a value of ~212.7 kcal mol™, using an isodesmic reaction scheme

(Reaction 7.25 to 7.28).%°

CF;0CH; + H:O — CF;OH + CH30OH (7.25)
CFs;OCH3 + CHaF; + CF3H — CH30CH;3 + CF4 + CF4 (7.26)
CF;0CH;3 + CH4 — CF30CH;3 + CHF3 (7.27)
CF;0CH; + CH3F — CF30CH; + CF4 (7.28)

In Table 7.3 an overview is given of the G3(MP2) standard ambient enthalpies and
heats of formation, H;9g (G3(MP2)) and A 298 (G3(MP2)), respectively, and G3 and
experimental standard ambient heats of formation, AdH%08 (G3) and AH 08 (exp),
respectively, for a variety of molecules needed to determine AdH’9s (CF3OCH3). As
can be seen the agreement between the G3 and experimental data is excellent.®’
G3(MP2) performs slightly poorer overall, but the data are still in good to excellent
agreement with the available experimental data. The G3(MP2) standard ambient
reaction enthalpies, AH %08 (G3(MP2)), for reactions 7.28 to 7.31 are +5.2 kcal mol™!,

~2.8 kcal mol™, +20.2 kcal mol™, and +2.3 kcal mol™, respectively. Using these

results and AfH o8 (G3(MP2)) values from Table 7.3, a AH 208 (CF;0CHs;)
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Table 7.3  Overview of the standard ambient G3(MP2) enthalpies. HC0s (G3(MP2)).
and standard ambient G3(MP2), G3. and experimental heats of formation.
AH 208 (G3(MP2)), AdH 295 (G3). and AH 208 (exp) of a series of molecules
used to determine the standard ambient heat of formation of CH;O0CFs;.

structure H°8 (G3(MP2)) *  AtH%208 (G3(MP2)) * AfH 208 (G3)®  AH 205 (exp) *

H, ~1.166831 0.0

’C -37.786978 1702+ 0.1 ¢

30, -150.161023 0.0

Fa -199.335331 0.0

H-O -76.338628 -57.3 -575°¢ -57.80 £0.01 ¢

CH, -40.418281 -16.5 -18.2°¢ ~17.9+0.1¢

CH;F ~139.566003 -56.4 -57.4+127

CH,F; —238.734186 -109.0 -108.4 ¢ -107.7+04¢

CF;H -337.913810 -168.9 -166.6 -166.6 £0.8 ¢

CF, —437.090064 —226.6 -2239° -223.0+03¢

CH;OH ~115.547922 —-47.4 -48.0+0.1

CF3;OH -413.076586 -220.5 ~217.1 +4.2¢

CH30CH; ~154.766441 —-43.2 —44.4° -44.0+0.1¢

CH;0CF; ~452.294116 -215.7 £ 0.1

? hartree

% kcal mol™

¢ from reference 63

4 from reference 42
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(G3(MP2)) of (-215.7 + 0.1) kcal mol™' can be determined. This is in good agreement
with the G2(MP2) results by Good and Francisco 35 The experimental AgHo (CF5;0H)
has been determined from experimental AH® (CF307) ((-253.0 £ 2.2) keal mol™),*?
AH® (H") (-356.7 kecal mol™),*? and AqigH® (CF30H) ((-329.8 + 2.0) kcal mol™).”
The AH s (CF3OH) (G3(MP2)) is somewhat more negative than previous
computations.”

The only system that showed significant differences between the experimental

PHPMS data and computational results is Reaction 7.29.

CI" + CH3C(O)CH2F = CI'(CH3C(O)CH;F) (7.29)

It can be seen in Table 7.2 that the computational thermochemistry of rotamer 2 has
the best agreement with the experimental PHPMS data. This system has the interesting
feature that the neutral rotamer 1 (Figure 7.14) is lower in energy than rotamer 2
(Figure 7.15), but that the chloride ion complex with rotamer 1 (Figure 7.35) is
actually higher in energy than the chloride ion complex with rotamer 2 (Figure 7.36).
Unfortunately, no explanation has been found that can account for this feature. Of
course it will be impossible to have a 100% population of the neutral rotamer 2. It may
be that what has been observed by PHPMS is actually a steady state and not a true
equilibrium.

The systems with the largest discrepancies between AS® and AS°;9g values are for
the formation of the following five cluster ions: CI"((CF,H),0), CI"(CF;C(O)CF;H),
CI'(CF3C(O)CF3), CI'((CF2H);0),, and CI'(CH3OCF;),. In the first three systems it is
thought that hindrance of the CF.H and/or CF3 group rotations takes place. The
Gaussian 98 suite of programs treats these torsional motions as harmonic vibrations,
thus giving rise to large errors in the entropy. By using a method developed by Ayala

and Schlegel,®’

which is implemented in Gaussian 98, hindered rotations can be
indentified by using the Freq=HindRot keyword. If a hindered rotation has been
identified, automatically modified thermodynamical functions will be used to calculate

the correct entropy, heat capacity, and so on. Of course the level of theory will also
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have a large influence. For instance, using the B3LYP/[6-311++G(3df.3pd)/
6-311++G(3d,3p)] level of theory, a S%ss value for CI"(CF3;C(O)CFs) of 102.415 cal
mol™' K™ was calculated using the harmonic oscillator approximation. Using the
hindered rotor approximation a value of 102.695 cal mol™' K™' was determined. For
the same cluster, but using the HF/[6-31+G(d)/6-31G(d)] level of theory a value of
106.944 cal mol™' K™' was determined using the harmonic oscillator approximation,
while a value of 111.788 cal mol™' K™' was obtained using the hindered rotor

approximation.
7.4.4 Experiment versus Computations

In general the agreement between the experimental and computational
thermochemistry is very good, especially for the AH%0g values. For the clustering of
chloride ion onto 1,1,3,3-tetrafluoroacetone, Reaction 7.30, Larson and McMahon

determined AG®5 to be —16.3 kcal mol™". %’

ClI” + CF;HC(O)CF;H = CI'(CF;HC(O)CF:H) (7.30)

By using AH 505 from the MP2/[¢/d}//MP2/[a/b] computations (-27.0 kcal mol™),
a AS°ys value of —29.9 cal mol™ K™' can be determined. This value is somewhat
smaller than the AS® value by PHPMS for Reaction 23 of —31.3 cal mol™ K™'. This
difference can be understood based on the difference in the structures of
CI'(CF,HOCF;H) and CI"(CF,HC(O)CF;H), as discussed in Section 7.4.1. As already
discussed in Section 7.4.3, for some systems the AS%s values calculated at the
HF/[a/b] level of theory agree well with experimental results. Systems where
hindrance of methyl group rotations takes place can be treated successfully within the
hindered rotor approximation by applying a higher level of theory. It cannot be

expected that computations will always provide almost perfect agreement with
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experiment in order to consider them suitable. On the other hand it would have been

much more difficult to interpret the experimental results without the computations.
7.4.5 Gas Phase Acidities of Fluorinated Acetones

Farid and McMahon measured the standard ambient gas phase deprotonation
enthalpies, AudH 208, for acetone and five fluorinated acetones by bracketing

experiments on an ICR instrument.” The results indicated that fluorine substitution
provides a net stability effect of planar carbanions, although the increase in stability
can be considered irregular. Initially it was assumed that there might be a direct

correlation between the standard enthalpy change for the various chloride ion acetone

complexation equilibria (Reaction 3), AH®, and the deprotonation enthalpy for

Reaction 7.30, AycigH®. 7330

C3FyHs-n —> [C3FpHs_n — HI” + H' (7.30)

AqcidH 298 values for acetone and the four fluorinated acetones were calculated at
the G3(MP2) level of theory. In order to verify the suitability of G3(MP2) to calculate
accurate AgcigH 208 values, test computations on a series of small to medium sized

(in)organic acids were performed at the G3 and G3(MP2) level of theory and

compared to literature data.*? In Table 7.4 an overview is given of the calculated G3
and G3(MP2) standard ambient enthalpies, H9s (G3) and H°9s (G3(MP2)), for the
various acids and their conjugate bases. In order to convert these H s values to

AaciaH 208 values for Reaction 7.31, Equation 7.32 was used.

HA > H +A" (7.31)

AacidH 208 (HA) = Ho9g (H") + H08 (A7) — H 2908 (HA) (7.32)
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In Equation 7.35, H 08 (H+) is taken as 0.002360 hartree. As can be seen from

Table 7.5, there is good to excellent agreement between the G3 and G3(MP2) results,
and in most cases between the computational and experimental data. DeTuri and Ervin
showed that for H-O, CH3;OH, C;H;, and HF, MP2 in combination with the
6-311+G(d,p) and 6-311++G(d,p) basis sets, G2 and G2(MP2) gave mean absolute
deviations with experimental data of 0.5, 0.5, 0.7, and 0.7 kcal mol™", respectively.®'
For the AacjgH 208 values of CH;C(O)CHF-H and CF;C(O)CF;-H there seem to be
large discrepancies with the ICR data from Farid and McMahon, but for CF3C(O)CHjs
there is perfect agreement.”” As already discussed in Section 7.4.1, there is hydrogen
bonding taking place in the chloride ion-acetone complexes investigated, but it is less
pronounced than expected. Especially the chloride ion-pentafluoroacetone complex,
CI (CF3;C(O)CF;H), seems to conflict with the ICR results of Farid and McMahon.”
Under low pressure ICR conditions, the following equilibrium was observed (Reaction
7.33)

CF3;C(0)CF;” + HCl = CF;C(O)CF,H + CI” (7.33)

Proton transfer in the CI"(CF3C(O)CF;H) complex, as shown in Figure 7.40, seems
to be an unfavorable process. In addition, the difference in G3(MP2) Aac,‘dHozgg values
between HCI and CF3C(O)CF;H would prevent an exothermic proton transfer. The
difference is too large for the reaction to be perhaps entropy driven, i.e. AxidG 208 <O
kcal mol™'. The presence of a higher energy complex, CI"(H-CF,C(Q)CFs), from
which the proton transfer occurs might be another possibility. Under low pressure ICR
conditions there is no stabilization of the intermediate CI (CF5;C(O)CF;H) complex, as
takes place in the high pressure source.

Finally, it is surprising that in the CI"(CH;C(Q)CH2F) complex the chloride ion
prefers to interact with two hydrogens from both methyl groups, even though the
G3(MP2) AgigH 208 value of the CHs group is 19.0 kcal mol™! lower than the CH,F

group. Attempts to locate other stable minima where chloride ion interacts exclusively

304



So¢

Table 7.4  Overview of the standard ambient G3(MP2) and G3 enthalpies, H"95 (G3(MP2)) and H"295 (G3), of a series of’
small to medium sized (in)organic acids and their conjugated bases.

neutral H's (G3(MP2))?  H' (G3)* anion Hws (G3(MP2))*  H’p9s(G3)°
HF -100.355477 -100.397801 F -99.763933 -09.806828
HCI -460.349212 -460.651359 Cr -459.819999 -460.121239
H,O -76.338628 ~-76.378265 HO™ -75.717174 -75.756934
CH;0H -115.547922 -115.624915 CH;0° -114.939055 -115.015963
CF;0H -413.076586 CF;0” -412.554319
CHy ~77.198153 =71.272275 C,H -76.598215 -76.671128
CH;CO;H -228.777174 -228.934396 CH,;CO;” -228.224276 -228.382205
CF;COzH -526.263532 CF;COy” -525,748266
CH;C(O)CH; -192.838667 -192.990774 CH;C(O)CHy" -192.252102 -192.403867
CH;C(O)CH,F -291.991094 CH;C(O)CHF™ -291.408062

CH,C(O)CH,yF -291417117
CF;C(0)CH; -490.333258 CF;C(O)CHy -489.778498
CF;C(O)CF,H -688.640700 CF;C(O)CFy -688.089959

? hartree
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Table 7.5

Overview of the standard ambient G3(MP2), G3, and experimental

deprotonation enthalpies, AgcigH 298 (G3(MP2)), AacidHozqg (G3), and

AgcigH 208 (exp), of a series of small to medium sized (in)organic acids.

neutral AqcioH 208 (G3(MP2)*  AgcigH 208 (G3)*  AgciH 208 (exp) “*
HF 372.7 3723 371.6+£0.2
HCl 333.6 334.1 333.4 £ 0.002
H,0 391.4 3914 390.7 £ 0.1
CH;0H 383.6 383.6 381.8%1.0
CF;0H 329.2 329.8+£2.0
CyH; 3779 378.7 378.0+0.7
CH;3;CO;H 348.4 348.0 348.1£2.2
CF;CO;H 324.8 323.8£29
CH;C(O)CH,-H 369.6 369.8 369.1 £ 2.1
CH3C(O)CHF-H 380.7 366.1 + 2.1
H-CH,C(O)CH,F 361.7 357.1£2.1
CFC(O)CH-H 349.6 3495+ 2.1
CF,C(0)CFy-H 347.1 337.6+4.2

“ keal mol™

b from reference 42



with hydrogen atoms from the CHj; group, like in CI"(CH;OCF;), either by single or
multiple hydrogen bonding, failed.

7.4.6 Vibrational Frequencies of Fluorinated Acetones

Recently Good and Francisco measured the FT-IR spectra of CH;OCF;, (CF,H).0,
and CF;0CF;H and calculated the normal mode vibrational frequencies at various
levels of theory.>® The best agreement (rms error of 2.7%) between experiment and
theory was obtained using the B3LYP/6-311++G(3df,3pd) level of theory, and these
results were used to assign the various modes. The HF/6-31G(d) results scaled by
0.8953 from this work in general agree very well. Surprisingly, no experimental FT-IR
spectra of CH3;C(O)CH,F and CF;C(O)CF:H are available in the NIST/EPA Gas-
Phase Infrared Database. There are FT-IR spectra available for CH3;C(O)CHs,
CH3C(O)CF;, and CF3C(O)CFs.** The quality of the calculated normal mode
vibrational frequencies relative to experimental results is not so important for
calculating thermochemical data. They may become more important for instance when
doing Master Equation modeling to interpret the kinetics of ZTRID experiments or
RRKM modeling for calculating unimolecular dissociation constants.*? In those cases
both the frequency and the IR intensities need to be known. Unfortunately the absolute
IR intensities have only been determined for a few fluorinated ethers and perfluoro
alkanes.**®® These results can be used to find a level of theory that gives good
agreement with both the frequencies and the IR intensities. De Oliveira and co-
workers found that for CHs, CH3F, CH,F,, CHF3, and CF; B3LYP/6-311++G(3d,3p)
computations performed best.*> Applying this level of theory to C;F¢ gives good
agreement with experimental data on C,Fs by Ballard and co-workers.** They found
values of 714 cm™ ((37.9 + 1.2) km mol™), 1116 cm™ ((284.8 + 4.2) km mol™), and
1250 cm™ ((1020.1 + 18.1) km mol™"), while {he B3LYP/6-311++G(3d.3p)
computation gives values of 703 cm™ (32 km mol™), 1099 cm™ (285 km mol™), and
1250 cm™ (1096 km mol ™). Calculations at the MP2/6-31G(d,p) level of theory by

Papasavva et al. showed very good agreement with experimental IR intensities, but the
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normal mode vibrational frequencies deviate more than the B3LYP/6-311++G(3d,3p)
results.®” No attempts were made to assign the various normal mode vibrational
frequencies as done by Good and Francisco.*® In Figures 7.55 to 7.71 the experimental
FT-IR and simulated IR HF/6-31G(d) and B3LYP/6-311++G(3d,3p) spectra of
CH;C(O)CH3, CH3C(O)CH,F, CH3C(O)CF3, CF3C(O)CF;H, and CF3;C(O)CF; are
shown. The normal mode vibrational frequencies and IR intensities for all these
spectra have been summarized in Tables 7.6 to 7.10. The CH3;C(O)CF; and
CF3C(O)CF; spectra are identical to the spectra in the NIST/EPA Gas-Phase Infrared
Database, thus providing more confidence in the other two spectra. It has to be noted
that the FT-IR spectra and the simulated IR spectra from Good and Francisco in
general showed the same main features, but that individual peak intensities differed,
depending on the compound of interest. A similar comment applies to the spectra
discussed in this section. In addition it has to be mentioned that no detailed discussion
will be provided on the differences between the two methods relative to each other and
relative to the experimental data. Only general trends will be discussed.

Going from CH3;C(O)CH; to CF3C(O)CF; the frequency of the CO stretch
increases by approximately 80 cm™, and both the HF/6-31G(d) and B3LYP/
6-311++G(3d,3p) results follow that same trend, even though the absolute values may
differ by as much as 80 cm™'. More important is the fact that the relative intensity of
the CO stretch decreases in favor of C-C and C-F stretches in the 800-1500 cm™
range. This makes chloride ion complexes of these fluorinated acetones and some
ethers ideal model systems for ZTRID experiments in a FT-ICR instrument. The
strong blackbody IR absorption in this region will most likely promote fast
dissociation kinetics of even relatively strongly bound complexes. The introduction of
more fluorine atoms also causes the absolute IR intensities of the CO stretch of the
HF/6-31G(d) and B3LYP/6-311++G(3d,3p) results to come closer together.

The general appearances of all simulated HF/6-31G(d) and B3LYP/
6-311++G(3d,3p) IR spectra relative to the FT-IR spectra shows no clear trend, and a
similar statement can be made for the individual peaks and their calculated absolute IR
intensities. HF/6-31G(d) computations use a lot less CPU time than the B3LYP/
6-311++G(3d,3p) computations, but of course quality of the results will be the first
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Figure 7.55 Simulated IR spectrum of CH3;C(O)CH; from HF/6-31G(d) computations.

IR intensiry (au b
. 3

| A ML . M

1500 2000 2300 3000 3500

wave number (1/cm)

Figure 7.56 Simulated IR spectrum of CH3C(O)CHj from B3LYP/6-311++G(3d,3p)

computations.
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Table 7.6  Overview of the scaled HF/6-31G(d). B3LYP/6-311++G(3d.3p), and

experimental normal mode vibrational frequencies and IR intensities of

CH;C(O)CH;.
HF/6-31G(d) “ B3LYP/6-311++G(3d.3p) experiment

mode v? INtahs © v? Intyps ® v Intre

i 45 0 35 0 105

2 128 0 133 0 109

3 359 I 379 2 385 W

4 476 3 490 1 484 W

5 515 23 534 14 530 M

6 758 0 782 2 777 W

7 878 0 885 0 877

8 880 4 886 9 891 M

9 1066 1 1083 0 1066

10 1110 3 1118 3 1091 M

11 1210 76 1233 71 1216 S

12 1384 8 1388 18 1364 M

13 1392 49 1389 55 1364 S

14 1439 0 1464 1410

15 1442 0 1468 1426

16 1445 21 1474 30 1435 M

17 1461 18 1492 19 1454 M

18 1810 229 1783 197 1731 S

19 2868 4 3021 1 2937 w

20 2875 12 3028 7 2937 \\Y

21 2917 0 3074 0 2963

22 2925 39 3081 17 2972 M

23 2975 15 3135 12 3019 M

24 2976 14 3136 6 3019 W
“?Scaled by 0.8953 ?cm™ ©km mol™ W (weak) M (medium) S (strong)
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Figure 7.57 Experimental FT-IR spectrum of CH3;C(O)CH,F.
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Figure 7.58 Simulated IR spectrum of CH3;C(O)CH,F (rotamer 1) of HF/6-31G(d)

computations.
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Figure 7.59 Simulated IR spectrum of CH3C(O)CH;F (rotamer 1) of B3LYP/
6-311++G(3d,3p) computations.
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Figure 7.60 Simulated IR spectrum of CH;3;C(O)CH,F (rotamer 2) of HF/6-31G(d)

computations.
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Figure 7.61 Simulated IR spectrum of CH3C(O)CH,F (rotamer 2) of B3LYP/
6-311++G(3d,3p) computations.
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Figure 7.62 Simulated IR spectrum of CH;C(OH)CH5F (enol) of HF/6-31G(d)

computations.
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Table 7.7  Overview of the scaled HF/6-31G(d), B3LYP/6-311++G(3d.3p). and
experimental normal mode vibrational frequencies and IR intensities of
CH;C(O)CH,F.

HF/6-31G(d) ° B3LYP/6-311++G(3d.3p) experiment

mode v? Int.ps € v? Intaps © v Int

1 60 (17) 17 (2) 69 (51) 16 (1)

2 149 (105) 0(2) 128 (111) 0(2)

3 240 (245) 14 (1) 239 (248) 13 (1)

4 459 (379) 5(1) 471 (392) 1(1)

5 477 (451) 33 (4) 491 (464) 16 (1)

6 493 (589) 4 (37) 502 (606) 12 (24)

7 749 (800) 2(7) 771 (808) 4(1) 776 W

8 860 (861) 2(3) 861 (857) 1(3) 858 W

9 984 (937) 1 (34) 991 (954) 5(43)

10 1081 (1093) 107 (0) 1046 (1094) 106 (7) 1059

11 1092 (1113) 0(127) 1095 (1097) 1 (104) 1070 S

12 1229 (1181) 60 (27) 1247 (1194) 57 (27) 1230

13 1232 (1249) 300 1253 (1272) 2(0)

14 1375 (1386) 27 (27) 1372 (1387) 10 (28) 1362 M

15 1390 (1419) 28 (9) 1392 (1402) 35(10) 1373 M

16 1438 (1443) 20 (6) 1460 (1464) 15(2)

17 1447 (1451) 9(1l) 1466 (1471) 20 (21) 1436 M

18 1465 (1472) 6 (4) 1469 (1481) 10 (9)

19 1814 (1832) 207 (212) 1788 (1812) 173 (180) 1751 S

20 2884 (2871) 3(2) 3033 (3015) 0(17)

21 2921 (2893) 17 (27) 3049 (3028) 12 (8) 2873 W

22 2939 (2920) 10 (2) 3085 (3056) 3(10) 2943 W

23 2970 (2932) 21 (48) 3100 (3082) 6 (10) 2960 W%

24 2982 (2980) 12(9) 3144 (3137) 6(4) 2978 W

“Scaled by 0.8953 ®cm™ “kmmol”' W (weak) M (medium) S (strong)
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Figure 7.63 Experimental FT-IR spectrum of CH3C(O)CF;.
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Figure 7.64 Simulated IR spectrum of CH;C(O)CF; from HF/6-31G(d) computations.
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Figure 7.65 Simulated IR spectrum of CH3C(O)CF; from B3LYP/6-311++G(3d,3p)

computations.
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Table 7.8  Overview of the scaled HF/6-31G(d), B3LYP/6-311++G(3d,3p), and

experimental normal mode vibrational frequencies and IR intensities of

CH;C(O)CF;.
HF/6-31G(d) ° B3LYP/6-311++G(3d,3p) experiment

mode v? Intaps © vb Int,ps v® Intre

1 28 5 32 5

2 107 1 114 0

3 223 6 227 5

4 230 3 231 2

5 353 1 358 1

6 416 4 414 2

7 486 7 492 2

8 550 18 551 10 564 W

9 600 35 616 28 616 Y

10 620 I 622 1

11 755 2 754 1

12 955 26 966 34 965 W

13 1038 20 1035 67 1024 W

14 1110 174 1116 147 1115 S

15 1211 293 1119 209 1163 S

16 1270 287 1194 245 1227 S

17 1352 85 1311 35 1331 W

18 1399 2 1396 21

19 1444 23 1470 25 1432 w

20 1446 10 1472 10

21 1855 162 1833 152 1782 M

22 2888 1 3040 0 2871 W

23 2946 5 3096 1 2976 w

24 2988 6 3149 3 3029 W

“Scaled by 0.8953 ®cm™ ©km mol™ W (weak) M (medium) S (strong)
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Figure 7.66 Experimental FT-IR spectrum of CF3;C(O)CF>H.
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Figure 7.67 Simulated IR spectrum of CF3;C(O)CF;H from HF/6-31G(d)

computations.
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Figure 7.68 Simulated IR spectrum of CF3C(O)CF,H from B3LYP/6-311++G(3d,3p)

computations.
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Table 7.9  Overview of the scaled HF/6-31G(d), B3LYP/6-311++G(3d.3p). and

experimental normal mode vibrational frequencies and IR intensities of

CF3;C(O)CF-H.
HF/6-31G(d) B3LYP/6-311++G(3d.3p) experiment

mode v? Intaps v’ INtaps € ve© Intey

I 41 1 41 1

2 55 1 47 1

3 149 1 150 0

4 205 12 206 8

5 276 8 274 5

6 310 2 311 2

7 353 2 345 2

8 434 17 428 9

9 490 16 497 8

10 536 3 541 4

11 577 2 576 3

12 633 42 651 31 727 w

13 739 22 740 14 865 w

14 867 76 866 55 895 W

15 1027 150 1002 139 1024 W

16 1143 113 1083 95 1107 W

17 1180 47 1134 175 1163 W

18 1233 348 1163 166 1193 S

19 1272 305 1195 288 1238 M

20 1334 71 1282 76 1311 W

21 1379 95 1356 21 1352 W

22 1417 77 1389 23

23 1885 100 1866 95 1801 w

24 2978 25 3068 13 2994 \"
9 Scaled by 0.8953 “cm™ € km mol™ W (weak) M (medium) S (strong)
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Figure 7.69 Experimental FT-IR spectrum of CF;C(O)CF;.
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Figure 7.70 Simulated IR spectrum of CF3;C(O)CF; from HF/6-31G(d) computations.
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Figure 7.71 Simulated IR spectrum of CF;C(O)CF; from B3LYP/6-311++G(3d,3p)

computations.
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Table 7.10 Overview of the scaled HF/6-31G(d), B3LYP/6-311++G(3d,3p), and

experimental normal mode vibrational frequencies and IR intensities of

CF3C(O)CFs.
HF/6-31G(d) ¢ B3LYP/6-311++G(3d.3p) experiment

mode v® Intgps © v? Intgps © v? Int,q

1 42 0 39 0

2 45 0 43 0

3 143 1 145 1

4 189 11 191 6

S 258 0 255 0

6 274 7 271 5

7 313 1 311 0

8 365 1 366 0

9 463 10 462 6

10 491 13 496 6

11 518 14 521 9

12 524 0 530 0

13 622 1 623 4

14 702 77 709 53 717 w

15 763 2 761 0

16 790 12 783 17 779 w

17 968 245 960 214 974 M

18 1213 2 1115 1

19 1242 70 1160 58 1073 w

20 1265 239 1177 509 1219 S

21 1269 581 1224 333 1259 M

22 1317 335 1242 110 1274 M

23 1377 217 1310 151 1342 M

24 1895 83 1875 85 1807 w
“Scaled by 0.8953 ®cm™’ “kmmol” W (weak) M (medium) S (strong)

323



priority. As long as there are no experimental absolute IR intensities of these
compounds available a thorough test of the two methods will be impossible.

More interesting and not investigated experimentally is the effect of chloride ion
complex formation upon the IR spectrum of the neutral. In Figure 7.72 the simulated
IR spectra of CF3C(O)CF; at the B3LYP/6-311++G(3d,3p) level of theory (solid) and
CI(CF;C(O)CF3) at the B3LYP/[6-311++G(3df,3pd)/6-311++G(3d,3p)] level of
theory (dotted) are shown. The most obvious change is the large shift in the CO stretch
frequency of =215 cm™', and a large increase in the absolute IR intensity of +239 km
mol™'. Most other peaks in the 600-1400 cm™' range show shifts to smaller wave
numbers, while both increases and decreases in the absolute IR intensities take place.
These features make the CI"'(CF;C(O)CF;) an interesting systems on which to perform
ZTRID experiments (Equation 7.34).

CI'(CF3C(O)CF3) + nhv — CI" + CF;C(O)CF; (7.34)

Obtaining the unimolecular dissociation constants, kyni(T), at different absolute
temperatures and performing Master Equation modeling using the DFT data for input
of the normal mode vibrational frequencies and corresponding absolute IR intensities
will provide a good test for the quality of the computations. Another test would be
when one day it will be possible to record FT-IR spectra of trapped ions in a FT-ICR
or ion trap mass spectrometer (ITMS). Upon complex formation with chloride ion
three new, intramolecular normal mode vibrations are introduced, and both red and
blue shifts are observed for the other vibrations already present in the neutrals. There
is no clear correlation between the shift in C—H normal mode vibrations, Av(C-H),
and AH 298, as was observed for AV(RO-H) in X (HOR) clusters (X =F, Cl, Br, [; R =
CHs, CH3CH,, (CH3),CH, (CH3);C).*® At this point in time VPDS would be an
excellent tool to investigate the C-H stretches in the different Cl (ether) and

Cl (acetone) complexes.*
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Figure 7.72  Simulated IR spectrum of CF;C(O)CF3) (solid line) and
CI"(CF;C(O)CF;) (dotted line) from B3LYP/[6-31 1++G(3df,3pd)/
6-311++G(3d,3p)] computations.
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7.4.7 Rotational Barriers

For CH;OCF;, rotational barriers of 1.20 kcal mol™! (CH3) and 3.08 kcal mol™!
(CF3) were calculated at the MP2/c//MP2/a levels of theory. In the CI'(CH;0CEF;)
complex, rotational barriers of 1.02 kcal mol™' (CHs) and 2.87 kcal mol™' (CF;) were
calculated at the MP2/[c/d]}//MP2/[a/b] level of theory. Recently, Good and Francisco
calculated the rotational barriers for the methyl groups in (CH3),0, CH;OCF;,
(CF,H);0, and CF;OCF-H at the B3LYP/6-311++(3df,3pd) level of theory. *® Values
of 24, 1.1, 3.6, and 2.9 kcal mol™', respectively, were obtained. Except for (CH3).0,
no experimental microwave data are available.®® In reality, the rotations of the CHs,
CF;, and CF;H groups in the four molecules will most likely show coupling of both
methyl groups present. This will give rise to complicated two-dimensional potential
energy surfaces.

Very little theoretical work has been published on the influence of complex
formation on barrier heights of methyl group rotations. De Turi and Ervin showed
that going from ROH to F"(HOR) (R = CH3, CH3CH3, (CH3),CH, (CH3)3:C), only for
R = CHj; does the rotational barrier, calculated at the MP26-311+G(2df,2p)/
MP2/6-31G(d) level, decrease (from 1.1 kcal mol™ to 0.3 kcal mol™).’! For the other
three alcohol molecules, the rotational barriers increase by ~0.9 kcal mol™'. The main
source for the decrease in the rotational barriers of the CH; and CF; groups are the
increases of the C—-O and C-F distances, upon complex formation with CI” and
CH30CF;. For CI'((CH3);0), no structure for the so-called staggered-eclipsed
conformation was found, thus making determination of the CHj; barrier in this
complex impossible. Of course the binding in CI'((CH3);0) is completely different
from CI"(CH3OCFs;). It does not seem unreasonable to assume that the barrier for CH;
rotation in CI"((CHj3),0O) will be somewhat larger than in (CH),0. In CI"((CF;H).0)
a large increase in the rotational barrier compared to (CF;H),O can be cobserved, from
1.0 kcal mol™ to 7.5 kcal mol™, thus adding to the suggestion that the CF,H

rotations get locked in the chloride ion complex.
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In CH3C(O)CH;F the rotational barrier going from rotamer 1 to 2 is 4.4 kcal
mol™', as calculated at the MP2/¢//MP2/a level of theory. Going from rotamer 2 to 1
the barrier is 2.2 kcal mol™". In the CI'(CH3C(O)CH:F) complex the barriers have
been changed to 0.5 kcal mol™' and 2.3 kcal mol™', as calculated at the
MP2/[c¢/d])//MP2/[a/b] level of theory. This may indicate that upon chloride ion
complex formation methyl group rotations do not necessarily become more hindered.
It would be very interesting to determine the barriers for the CF3; groups’ rotations in
CF3;C(O)CF3 and CI(CF3;C(O)CF;), but that would be computationally too

expensive.

7.4.8 Natural Population Analysis Charges

NPA charges calculated at the MP2/c//MP2/a level of theory indicated that
replacing hydrogen atoms by fluorine atoms hardly changes the NPA charges on the
remaining hydrogen atom(s). In fact the NPA charge of the hydrogen atoms in
(CF,H),0 and CF;OCF;H are somewhat less positive than in (CH3);0. For CF;0CH;
there is a small increase in the NPA charges on the three hydrogen atoms relative to
(CH3)20. The NPA charges in the chloride ion-(fluorinated) ether complexes were
calculated at the MP2/[c/d})//MP2/[a/b] level of theory. In CI"((CH3);0) no charge
transfer from CI™ to the hydrogen atoms interacting with it is observed. In fact, the
hydrogen atoms interacting with CI” will have a smaller NPA charge, while the
upward hydrogen atoms will have a substantially larger NPA charge (from 0.15¢ to
0.20¢). In the CI"((CF;H);0) and CI"(CF;0CF,H) clusters more charge transfer from
CI” can be observed. More interesting is the fact that a fairly large increase in the
NPA of the hydrogen atom(s) interacting with CI” is observed. The smallest increase
is, as expected, for CI"(CH30CF3), followed by CI'((CF;H),0) (rotamers 1 and 2
more than rotamer 4), and CI"(CF;OCF;H). Hardly any changes in NPA charges are
observed on the carbon, oxygen, and fluorine atoms upon complex formation with

chloride ion.

327



7.4.9 Potential Energy Surfaces

in Figures 7.73 and 7.74 the MP2(fc)/[6-31+G(d)/6-31G(d)] potential energy
surfaces for the formation of the CI"(CH;C(O)CHs3) and CI"(CF3C(O)CF3) complexes
are shown. For the reaction coordinate the Cl +..CO distance was chosen. It has to be
stated clearly that from the level of theory used, no reliable energetics can be
determined, but the general trend will be maintained if a higher level single point
energy computations would be performed.

In Sections 7.4.2 and 7.4.3 it was already shown that chloride ion binds much more
strongly to hexafluoroacetone than to acetone itself. From Figure 7.73 and 7.74 it can
be seen that the well for CI"(CF3C(O)CF;) progresses more steeply at relatively short
distances and then flattens off at around 6 A from the equilibrium Cl™-..CO distance.
The well for the CI"(CH3;C(O)CH;) complex progresses less steeply and flattens off
around 8-10 A from the equilibrium Cl ...CO distance. Inspection of structures along
the two reaction coordinates clearly indicates that the chloride ion approaches
CH;C(O)CH; and CF3C(O)CF; very differently. At distances longer than 8.0 A
chloride ion interacts with acetone as if it is aligned with the C=0 bond, which is also
the direction of the dipole moment of acetone. As the chloride ion gets closer it
deviates from the original approach and the interaction with the two hydrogen atoms,
as in the equilibrium structure, becomes more important. For the hexafluoroacetone a
completely different picture emerges. Even though the dipole moment of CF3;C(O)CF3
is still aligned along the C=0 bond, chloride ion will not approach from along this
bond, because of repulsion with the electronegative fluorine atoms. Instead, it will
approach from the side, thereby perhaps interacting with the quadrupole moment of
hexafluoroacetone. As the chloride ion gets closer to the C=0O carbon atom, the CF;
groups start rotating away to minimize the repulsion among chloride ion and the
fluorine atoms. This process starts taking place around a Cl «.«CO distance of 4.0 A.
These two examples nicely illustrate that the whole process of complex formation can
be quite complicated. By simply looking at the equilibrium structure of an ion-
molecule complex, one cannot tell how these two entities formed the complex and

what factors were mainly responsible. Of course the reverse trajectory will be
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Figure 7.73
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followed when the two chloride ion complexes dissociate under the influence of

collisions or light.
7.5 Conclusions

In this chapter various aspects concerning the structures, thermochemistry, gas phase
acidity, spectroscopy, and dynamics of chloride ion-(fluorninated) ether and acetone
complexes and their neutrals have been investigated using PHPMS, FT-IR, and
computational ab initio and DFT methods.

For the various neutral ethers and acetones the MP2/6-31G(d) structures agree well
with other computational results in literature. For the ethers various rotamers were
considered. For the acetones the MP2/6-31G(d) and B3LYP/6-311++G(3d,3p) results
were nearly identical. The different chloride ion-ether and acetone complexes showed
some interesting features. For the ethers various rotamers and isomers were found. The
CI'(CH3OCF3) resembles a Snx2 backside attack complex, and formation of CF3O~
actuaily takes place in the high pressure ion source.

In the most stable structure of the CI'((CF:H);0) complex the chloride ion interacts
with both hydrogen atoms. As for the neutral CH3;C(O)CH-F, the corresponding chloride
ion complex also has two rotamers, but the relative stabilities have been reversed. In the
CI'(CF;C(0)CF,H) complex the chloride ion does not interact with the very acidic
hydrogen atom. Instead it prefers to interact with the CO carbon atom. In the
CI'(CF3C(O)CF3) complex the chloride ion also interacts with the CO carbon atom. The
two CF3 groups have rotated away from the chloride ion.

The fluorine atom substitution also introduces a large variety in the experimental and
computational thermochemistry. In general there is good to excellent agreement between

AH® from PHPMS and AH’,0¢ from MP2/[c/d}//MP2/[a/b] computations. For most of the
systems studied the HF/[a/b] computations provide AS°s values that are in good
agreement with AS® values from PHPMS. For the formation of the CI"((CF,H),0) and

CI"(CF;C(0)CF;) complexes there are large discrepancies between AS® and AS°ys. In

these two systems the CF;H and CF3 group rotations get hindered upon complex
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formation. Attempts were made to correct for this by using the hindered rotor

approximation instead of the harmonic oscillator approximation for the torsional motions.
In general, there is good to excellent agreement between the AG’ys values from ICR
experiments by Larson and McMahon, and AS®05 values calculated from the AH® and
AS® from this work. The general trends in AH® can be rationalized on the trends in the
polarizability.

At the G3(MP2) level of theory, a AfH 98 for CH;0CF; of (-215.7 + 0.1) kcal mol™
was determined. The G3 and G3(MP2) methods provide AacigH 298 values that are in
excellent agreement with experimental data. For CF3C(O)CF:H a large discrepancy with
the AyciqH® value of Farid and McMahon, determined by ICR was found.

FT-IR spectra were recorded for CH3C(O)CH:F, CH3;C(O)CF3;, CF;C(O)CF;H, and
CF;C(O)CF;. For the first and third ketones, no data were previously available, while
spectra recorded for the second and fourth ketones were identical to literature spectra. In
general, good agreement can be obtained between the experimental and computations at
HF/6-31G(d) (scaled by 0.8953) and B3LYP/6-311++G(3d,3p) levels of theory.
Formation of the chloride ion complex of CF3C(O)CF; causes a large shift in the C=0
normal mode vibrational frequency and the IR intensity.

For a few systems it was shown by computations that the barrier height of
(fluorinated) methyl group rotations will be lowered upon chloride ion complex
formation.

Finally, relaxed potential energy surface scan computations at the MP2/[a/b] level of
theory indicate that CI"(CH3C(O)CHas) is formed by initial approach of CI” along the
C=0 bond of the acetone molecules, hereby interacting with the dipole moment. The
CI"(CF3C(O)CF3) complex conversely is being formed by approach of CI” from the side
of the hexafluoro acetone molecule while perhaps interacting with the quadrupole

moment of the neutral.
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Chapter 8

Conclusions

In Chapter 4 the thermochemistry and structures of halide ion-alcohol complexes,

X (ROH),, were studied. The main conclusions are that the HF; (HOCH3), clusters for n

= 1 can be described as (FH)F (HOCHs;), and for n = 2 as (CH;OH)HF, (HOCH3). For
the various X (ROH), + ROH = X (ROH)y+ clustering equilibria measured, good

agreement was obtained for the AH® values with existing data, and the new data followed
expected trends. Results from computations at the MP2(full)/6-311++G(d.p) and
MP2(full)/6-311++G(d,p)//B3LYP/6-311+G(d,p) levels of theory provided AH’z and
AS®y05 values that agree very well with most PHPMS results. Pressure and temperature

dependent kinetics measurements for the formation of the CI'(CH3;OH) indicate that a
more complex potential energy surface than initially expected is involved. Scaled
MP2(full)/6-311++G(d,p) and B3LYP/6-311+G(d,p) normal mode vibrational
frequencies agree well with available IR and VPDS results for neutral alcohol and halide
ion-methanol complexes, respectively.

In Chapter 5 the thermochemistry and structures of solvated Snx2 complexes,
(S)X(RY), and transition states, [(S)XRY], were studied. It was found that the
structures of (S)X (CH3Y) and [(S)XCH3Y]™ can be very different from the halide ion-
solvent, X (S), and Sn2 complexes, X (CH3Y), depending on the solvent. The
experimental PHPMS thermochemistry shows solvent effects, and the solvation cf a Sx2
complexes and a solvated Sn2 reaction have different AH® and AS° values. The
MP2(fc)/6-311+G(3df,2p)//MP2(fc)/6-31+G(d,p) computations provide good AH%s
values compared to available experimental data for the formation of CI(S) and
(S)CI(CH3Cl) complexes, but the AH 305 values for the [(S)CICHsCI]™ transition states
seem to be overestimated. Linear correlations for the AH ;05 values for the formation of

CI(S) (S = H;0, H,S, NHs, PH;, SO,), and AH ;93 and AH";0¢ for the formation of
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(S)CI"(CHsC1) and [(S)CICH;Cl]™ have been found, except for AH 05 with S = SO,.
Finally the potential energy profile for the solvated Sn2 reaction between CI"(H20) and
CH;Br has been calculated at the MP2(fc)/[6-31+G(d)/LanL2DZ(spd)] level of theory.
Formation of Br  and Br (H;O) proceeds through two different profiles. Isomerization
from Br (CH;Cl)(H;0) to (H,O)Br (CH;Cl) is energetically favorable, and can be
accomplished by rotation of the Br (CH3Cl) part.

In Chapter 6 the reactions between halide ions and trifluoromethyl halides were
studied. For the formation of the CI"(BrCF;), CI'(ICF3), and Br (BrCF;) complexes the
thermochemistry was determined by PHPMS. Good agreement with AH9g and AS®y08
values calculated at the B3LYP/6-311+G(3df)//B3LYP/6-311+G(d) and the B3LYP/
6-311+G(d) levels of theory, respectively, was obtained. For the halide ion-
trifluoromethyl halide complexes, two isomers have been found, X (YCF3) and
X (CF5Y). These correspond to front- and backside Sx2 mechanism complexes,
respectively. Associated with these two different mechanisms are two transition states,
[CF3XY] and [XCF3Y]. The Sx2 reaction between halide ions and trifluoromethyl
halides proceeds through a backside attack transition state. The CI” + CF3;Br — Br™ +
CF;Cl reaction was shown to follow the Marcus theory, indicating that at high kinetic
energies of X the backside Sn2 reaction may still be initiated by electron transfer. In
addition, it appears to be a direct mechanism. The frontside Sx2 transition state closely
resembles a [CF3" XY™ ] complex. At threshold, the backside attack Sy2 reaction between
kinetically excited CI” and CF;Cl proceeds through the [CICF;Cl]” transition state.
Above the threshold, a co-linear approach is no longer necessary to initiate the reaction,
and barrier crossing can occur at a wider range of CI-C-Cl angles, thereby increasing the
cross section.

In Chapter 7 the structures, thermochemistry, gas phase acidity, and IR spectroscopy
of chloride ion-(fluorinated) ether and acetone complexes and the corresponding neutrals
have been studied. The CI" (CH30CF3) complex resembles a Sx2 complex, and formation
of CF30™ was observed in the PHPMS source. In the most stable CI'(CF,H),0) complex
the chloride ion interacts with both hydrogen atoms, thereby hindering the CF:H group

rotations. In the CI"(CF;C(O)CF,H) complex, the chloride ion does not interact with the
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verv acidic hydrogen atom. Instead it interacts with the carbonyl group carbon atom. In
the CI"(CF;C(O)CF3) complex a similar kind of binding is observed, and the two CF;
groups have rotated away from the chloride ion. The agreement between the AH’ and AS°®
values from PHPMS, and the AH’s values from MP2(fc)/[6-311++G(3df,3pd)/
6-311+G(2df,p)})//MP2(fc)/[6-31+G(d)/6-3 1G(d)] computations and the AH’yg values
from HEF/[6-31+G(d)/6-31G(d)] computations, respectively, is very close except for
systems with hindered methyl group rotations. Attempts to correct for this did not
improve them to any useful extent. New FT-IR spectra for CH;C(O)CHF and
CF3C(O)CF;H were recorded, and literature spectra for CF3C(O)CH3 and CF3;C(O)CF;
could be reproduced. Good agreement between the experiments and scaled HF/6-31G{(d)
and unscaled B3LYP/6-311++G(3d,3p) computations was obtained.

The PHPMS experiments performed for this thesis have provided new and additional
insights into the structures of a variety of negative gas phase cluster ions, and in
combination with computational quantum chemistry methods characteristics of various

potential energy surfaces have been elucidated.

After summarizing what has been learned from the research performed for this thesis,
it seems more than appropriate to provide some outlook on what kind of future research
may be possible. I would have loved to perform these experiments myself, but that would
have added at least another 200 pages to this thesis. In addition, I would have been a
graduate student for another one to two years.

The study of the kinetics of the unimolecular dissociation by ZTRID of chloride ion-
alcohol complexes in a FT-ICR (Reaction 8.1) will be a good test case to further
investigate the influence of the number of IR absorbing vibrations on the rate of

dissociation for a series of systems with fairly identical binding energies.

CI"'(ROH), + nhv —» CI"'(ROH),-; + ROH (8.1)

Modeling the kinetics by a program like VARIFLEX will require input parameters

like normal mode vibrational frquencies, IR intensities, and so on from computations like
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performed in Chapter 4. The same input parameters will be required to model the internal
energy distributions of the chloride ion-alcohol complexes.

It would be very interesting if VPDS spectra of the various halide ion-alcohol
complexes will be measured in the future, not only to test the computations published in
this thesis, but also to get more insights into the anharmonic character, and the coupling
of various vibrations.

Measuring the standard enthalpy (AH®) and entropy (AS®) changes for the clustering
of the HF,™ 1on onto H>O and CH;OH will test the G3(MP2) computations in Chapter 4.

It seems that dnft cell experiments, as can be performed by Bowers and co-workers, are
more appropriate than PHPMS experiments, mainly due to the small intensities of the
HF, ions in the high pressure ton source using a NF3/CH,4 mixture.

The ion-molecule reaction between chloride ion and CF;OC(O)H (Reaction 8.2), and
the subsequent unimolecular dissociation of the CI (HOCF;) cluster ion (Reaction 8.3)
seem worthwhile to perform, even though they will most likely not provide new insights

into existing knowledge on ion-molecule reactions or unimolecular dissociation (just for
the fun of them).

CI + CF;0C(O)H — CI'(HOCF;) + CO (8.2)

CI"(HOCF3) + nhv — CI"(HF) + CF,0 (8.3)

Performing solvated Sx2 reactions in a FT-ICR between solvated chioride ions and
bromoacetonitrile (Reaction 8.4), in combination with MP2 and B3LYP level of theory
computations, will provide additional insights into the influence of solvation and the type

of solvent on the kinetics and thermochemistry of gas phase and condensed phase

reacttons.
CI"(S) + BrCH,CN — products (8.4)

In addition, these reactions would provide a real opportunity to test various

computations.
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It would please me if, in the near future, Professor Kent Ervin and his co-workers will
use their guided ion beam instrument to study the Sx2 reactions between halide ions and

trifluoromethyl halide molecules (Reaction 8.5).

X +CF3Y -5 XCF3+Y (8.5)

Not only will these experiments provide data to test the computations performed for
Chapter 6, but I believe that these systems have the potential to show some unexpected
chemistry. From a fundamental point of view, they are important enough to be
investigated in more detail, and | know they will be sooner than later.

The research described in Chapter 7 has also provided ideas for future research. First
of all it would be interesting to perform ZTRID experiments on the following cluster
ions: CI'(CF,HOCF;H), CI'(CH3C(O)CHj;), CI'(CH3C(O)CF3), and CI™ (CF3C(O)CF3).
Especially the first and fourth clusters have very strong bonding between chloride ion and
the neutral. The C-F vibrations strongly absorb IR radiation, and consequently relatively
fast unimolecular dissociation may be expected. The second and third cluster ions have
identical binding enthalpies, but the presence of the three C—F bond may have the third
one dissociate faster. Preliminary calculations where the blackbody radiation distribution
at room temperature was deconvoluted with the calculated B3LYP level of theory IR
spectra of the CI"(CH3;C(O)CHs) and CI"(CH3;C(O)CFs) cluster ions showed that the
second one will absorb approximately four times more photons, and consequently a faster
unimolecular dissociation rate will be expected.

Experimental determination of the central barrier height for the Sn2 reaction between
chloride ion and CH3OCF; (Reaction 8.6) by ion kinetic energy resolved experiments in
for instance a guided ion beam instrument will test the accuracy of the G3(MP2) result

for the new S\2 reaction.

CI" + CH;0CF3; — CICH; + CF30™ (8.6)

Finally, it would be interesting to measure the thermochemistry of the clustering of
chloride ion onto FC(O)CF,CF,CF; and FC(O)CF,CF,CF,C(O)F (Reaction 8.7 and 8.8).
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CI” + FC(O)CF,CF:CF; = CI(FC(O)CF:CF:CF3) (8.7)

CI” + FC(O)CF,CF,CF,C(O)F = CI(FC(O)CF,CF,CF,C(O)F) (8.8)

High level ab initio computations, like used in Chapter 7, have shown that that the
cyclic, bidentate isomer of the CI(FC(O)CF,CF,CF,C(O)F) cluster ion is approximately
7.5 kcal mol™' more stable than the isomer in which chloride ion interacts with only one
carbonyl group carbon atom. The differences in the AH’ and AS° values, obtained by
PHPMS, for Reactions 8.7 and 8.8 will provide the AH® and AS® values to form the cyclic
isomer.

These are all the ideas | could think of, but I have no doubt that a more experienced

eye will see much more than mine in all of this.
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Electronic energies
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Table Al

Overview of the results from B3LYP/6-311+G(d,p), MP2(full)/6-311-++G(d,p)//
B3LYP/6-311+G(d,p), and B3LYP/6-311++G(3df,3pd)//BILYP/6-311+G(d,p)
computations for the halide ions and alcohols (d = LanL2DZ, e = CRENBL
ECP, f = Stuttgart RLC ECP).

structure

E(B3LYP)?  ZPE+ACp(298)+RT“® S%,"  E(MP2/B3LYP)“ E(B3LYP/B3LYP)*

F —-99.888693 0.002360 34.768 -99.697594 -99.888693
cr -460.303727 0.002360 36.586 -459.752769 -460.303708
Br -2574.237796 0.062360 39.013 -2572.962975 -2574.237618
I"(d) -11.472110 0.002360 40.428 -11.247856 -11.472110
" (e) —-111.540456 0.002360 40.428

(N -11.521080 0.002360 40.428 ~11.284480 -11.521080
CH,0H -115.764943 0.055336 57.005 -115.482991 -115.774315
CH,CH,0H -155.095063 0.084857 64.681 ~154.702352 ~155.106871
(CH;),CHOH -194.424250 0.113894 71.242 -193.922969 -194.438780
(CH;),COH -233.752389 0.142542 77.481 -233.145339 -233.769570
“ hartree % cal mol™ K™
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Table A2  Overview of the results from B3LYP/6-311+G(d,p), MP2(full)/6-311++G(d,p)//

B3LYP/6-311+G(d,p), and B3LYP/6-311++G(3df,3pd)/B3LYP/6-311+G(d,p)

computations for the halide ion-alcohol complexes (d = LanL2DZ, e = CRENBL ECP,
f = Stuttgart RLC ECP).

structure E(B3LYP)?  ZPE+ACH298)+RT” S%"  E(MP2/B3LYP)" E(B3LYP/B3LYP)"
F(CH;0H) -215.702020 0.055764 69.144 -215.227991 -215.713088
F(CH,;CH,OH) -255.033061 0.084926 77.250 -254.448728 ~-255.046777
F ((CH;);CHOH) -294.363096 0.114575 81.406 -293.671804 294379514
F ((CH;):COH) -333.692743 0.143345 86.706 -322.895757 -333.711618
CI"(CH;0H) -576.092547 0.057794 74.394 -575.262571 -576.102522
CI(CH;CH,0H) -615.422599 0.087243 81.725 -614.482494 -615.435246
CI'((CH;),CHOH) -654.751747 0.116445 84.662 -653.705668 ~-654.767053
CI'((CH;);COH) —-694.080672 0.145102 90.365 ~-692.929321 -694.098563
Br(CH;0OH) -2690.022970 0.057909 76.568 -2688.469163 -2690.031979
Br (CH;CH,0OH) -2729.352918 0.087351 83.755 -2727.688925 -2729.364492
[(CHOH) () -127.260198 0.057926 79.786 ~127.270910
I"(CH;OH) (e) ~227.331016 0.056959 74.153 -227.342767
I"(CH;0H) () -127.305385 0.058025 79.177 ~-127.314609
“ hartree ® cal mol™ K™
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Table A3

Overview of the results from B3LYP/6-311+G(d,p) and MP2(full)/6-311++G(d,p)//

B3LYP/6-311+G(d,p) computations for the alcohol dimers and halide ion-alcohol dimers.

structure E(B3LYP)"  ZPE + ACy(298) + RT?  S%q"  E(MP2/B3LYP)*
(CH;0H), ~231.539163 0.109648 91.445 -230.976788
((CH,),CHOH), -388.857063 0.222923 116.855 ~387.858091
(CH;OH)F(CH;0H) -331.501818 0.110604 103.390  -330.745451
F~(CH;0OH), ~331.494487 0.108644 97.233 -330.741110
((CH5),CHOH)F ((CH;),CHOH)  -488.821762 0.224210 129.176 -487.630775
F™((CH,),CHOH), -488.813993 0.222045 122.976 -487.627129
(CH;0H)CI"(CH;0H) ~691.878268 0.111450 110.150 -690.770084
CI"(CH,0H), -691.877775 0.111765 102.595 -690.769522

@ hartree 5 cal mol™ K~



Table A4 Overview of the results from MP2(full)/6-311++G(d,p)
computations for the halide ions, alcohols, and halide
ion-alcohol complexes (d = LanL.2DZ, f = Stuttgart RLC ECP).

JA43

siructure E(MP2)?  ZPE+ACK298) +RT"  S%%"
F -99.697594 0.002360 34.768
cr -459.752769 0.002360 36.586
Br -2572.962975 0.002360 39.013
I (d) ~11.247856 0.002360 40.428
I (f) ~11.284480 0.002360 40.428
CH,OH ~115.483074 0.053885 57.025
CH,CH,OH ~154.702463 0.082377 65.753
F"(CH;OH) -215.228221 0.054583 68.935
F(CH;CH,0H)  -254.449117 0.082678 76.478
CI'(CH;0H) ~575.262891 0.056469 73.468
Br (CH;OH) -2688.469472 0.056564 76.528
I'(CH;OH)(d)  -126.759658 0.056779 77.464
I"(CH;OH) (f) ~126.788352 0.056776 77.815

“ hartree b cal mol™ K™



Table A5  Overview of the results from G3(MP2)
computations for the F"(HF),(CH;0H),,

systems (n=0, l;m=0,1,2).

)43

structure H’04 (G3(MP2))"
F ~99.763933
HF,” -200.191177
HF -100.355477
CH;OH -115.547922
F(CH;OH) ~-215.358830
HF,(CH;OH) -315.794870

(CH;0H)HF, (CH,OH) -431.334655

? hartree



Table A6 Overview of the results from HEF/6-31+G(d,p), MP2(fc)/6-31+G(d,p), MP2(fc)/6-311+G(3df.2p)/

MP2(fc)/6-31+G(d,p). and G2(MP2) computations for the chloride ion-solvent complexes.

(5143

structure E(HF)“ ZPE + ACp(298) + RT*  S%" E(MP2) " E(MPY/MP2)*  H%o5 (G2(MP2))"
cr -459.539661 0.002360 36.586  -459.671145 -459.765463 -459.797359
CH,Cl -499.098847 0.039996 55987  -499.380955 -499.507865 -499.540480
H,O -76.031230 0.024427 44953 -76.233108 -76.318219 -76.326232
H,S -398.675916 0.018323 49.070  -398.811961 -398.893227 -398.920281
NH; -56.200911 0.036625 45918 -56.392046 -56.450578 -56.453369
PH, -342.455042 0.026956 50.158  -342.580242 ~-342.646790 -342.670367
SO, -547.175704 0.011109 59.195  -547.698388 -547.950458 -548.003068
CI'(CH,Cl) -958.652787 0.042776 78.005  -959.067324 -959.290336 -959.354819
CI'(H,0) -535.590615 0.027689 64.043  -535.928436 -536.107718 -536.146295
CI'(H,S) -858.230254 0.021087 67.770  -858.502207 ~-858.679422 -858.737609
CI"(NH,) ~515.750910 0.039712 67.604  -516.076755 -516.229649 -516.263526
CI'(PH3) -802.000805 0.029746 72708 -802.259507 -802.421120 -802.477324
CI'(S0Oy) -1006.741732 0.013863 74358  -1007.399956  -1007.750268 -1007.835118
? hartree ? cal mol™ K™
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Table A7

Overview of the results from HF/6-31+G(d,p), MP2(fc)/6-3 1+G(d,p). MP2(fc)/6-311+G(3df,2p)//

MP2(fc)/6-31+G(d,p), and G2(MP2) computations tor the solvated Sy2 complexes and transition states.

structure E(HF)"“ ZPE + ACy(298) + RT"  Sp4" E(MP2)* E(MP2/MP2)“  H%gs (G2(MP2)) ¢
(H,O)CI'(CH,Cl)y  -1034.702656 0.069539 112,877  -1035.323511  -1035.630941

(H:S)CI(CHCI)  -1357.342353 0.062985 117.142  ~1357.897495  -1358.202437

(NHy)CI(CH,Cl)  -1014.863440 0.081563 115508 -1015.472361  -1015.753553

(PH,)CI(CH,CI) -1301.113446 0.071611 118926 -1301.655808 -1301.946204

(SOCI(CH;Cl)  -1505.853548 0.055812 110449 -1506.796822  -1507.274514

[CICH,CI] ~958.628254 0.041241 71.424 -959.039843 -959.265087 -959.3345355
[(HO)CICH,CIY  -1034.672545 0.066041 59.857  -1035.289599  -1035.599531

[(H:S)YCICH:CIY -1357.313053 0.060591 106.144  -1357.864385  -1358.172025

[(NH;))CICHCI]T  -1014.835915 0.079044 100919  -1015.441549  —1015.725353

[(PH;)CICH;CI] -1301.086784 0.070122 114973 ~1301.625411 -1301.917673

[(SO,)CICHCIT 0.052342 107.247  -1506.754517  -1507.233368

“ hartree b cal mol™ K
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Table A8

Overview of the results from HF/6-31+G(d), HF/[6-31+G(d)/LanL2DZ(spd)],
MP2(fc)/6-31+G(d), MP2(fc)/[6-31+G(d)/LanL2DZ(spd)], MP2(fc)/
6-311+G(3df,2p)//MP2(fc)/6-31+G(d), and MP2(fc)/[6-311+G(3df,2p)/
LanL2DZ(spdf)]//MP2(fc)/[6-31+G(d)/LanL2DZ(spd)] computations for

bromine and iodine containing Sn2 substrates and solvent molecules.

structure E(HF)* ZPE + ACp(298) + RT*  §%;" E(MP2)v  E(MP2/MP2)*
cr -459.539661 0.002360 36.586 -459.671145  -459.765463
Br ~13.014047 0.002360 39.013  -13.134602 ~13.163111
H,0 -76.017743 0.024330 44985  -76.209777 -76.317961
CH;OCH;4 0.079043 65206 -154.514629  -154.717446
CH,CI -499,094158 0.040440 55966 -499.357468  -499.507808
CH;,Br ~52.552013 0.039861 58.786  -52.803051 ~52.904611
CH;l 0.038040 60.812  -51.011475 ~51.114039
CH,CNCI  -590.818152 0.041311 68.295 591362630  -591.581528
CH,CNBr  -144.275713 0.040799 71.089  —144.803712  -144.979917
“ hartree b cal mol™ K™
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Table A9 Overview of the results from HF/6-31+G(d), HF/[6-31+G(d)/LanL2DZ(spd)], MP2(fc)/6-31+G(d),
MP2(fc)/[6-31+G(d)/LanL2DZ(spd)], MP2(fc)/6-31 1+G(3df,2p)//MP2(fc)/6-31-+G(d), and MP2(fc)/
[6-311+G(3df,2p)/ LanL.2DZ(spdf)]//MP2(fc)/[6-31+G(d)/LanL2DZ(spd)] computations for bromine
and iodine containing (un)solvated Sy2 complexes and transition states.

structure E(HF)* ZPE + ACp(298) + RTY  §%05" E(MP2)*  E(MP2/MP2)"

CI'(H,0) -535.577464 0.027617 64.059  -535.905483 -536.107407

CI'(CH;0CH;) 0.081938 82.768  -614.198025 -614.495543

CI"(CH;Br) -512.105246 0.042665 80.442  -512.487557  -512.687048

CI'(CH;l) 0.040768 82475  -510.695661 -510.896252

Br (H,O) -89.047902 0.027503 67.556 ~-89.362895 -89.502868

Br (CH,Cl) -512.118834 0.043230 81.348  -512.502054 ~512.688353

(H,0)CI'(CH;Br) -588.140750 0.069289 113.639  -588.717150 -589.027114

(CH;0CH;)CIT(CH;l) 0.119924 111.523  -665.215884 -665.625159

(H,0)Br™(CH;CI) ~-588.151758 0.069770 117930 -588.728870 -589.025947

[CICH;Br]” -512,089202 0.041515 74132 -512.470467 -512.664758

[CICH,1]” 0.039772 75843 -510.683474 -510.879039

[CICH,CNBr]” -603.813303 0.042345 83.127  -604.483218 -604.753736

[(H;0)CICH;Br] 0.065201 101.476  -588.694536  -588.998621

[(H,0)BrCH;CI] 0.065074 97.742  -588.691985 -588.998133

[(H;0)CICH,CNBr]” -679.844982 0.069111 103.639  -680.710012 -681.090121

“ hartree ®cal mol™ K™
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Table A10

Overview of the results from B3LYP/[6-31+G(d)/LanL2DZ(spd)] and

B3LYP/[6-311+G(3df,2p)/LanL2DZ(spdf)])//B3LYP/[6-31+G(d)/
LanL2DZ(spd)] computations for the CH;Y and [CICH;Y]™ systems

(Y =Br,1).

structure E(B3LYP)?  ZPE+ACp298)+RT® S%g4"  E(B3LYP/B3LYP)”
cr 0.002360 36.586 -460.303727
CH;Br ~53.087334 0.040081 61.041 ~53.104969
CH;l -51.302833 0.039658 62.953 -51.321417
[CICH;Br]” -513.367131 0.041473 73.904 -513.416940
[CICH,I} -511.586282 0.041213 76.065 -511.636563

7} b -1 -1

hartree calmol™ K
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Table All

Overview of the results from B3LYP/6-311+G(d) and B3LYP/
6-311+G(3df)//B3LYP/6-311+G(d) computations for halide ions

and radicals, and some fluorinated hydrocarbons.

structure E(B3LYP)"  ZPE+ACy(298)+RT“  S%"  E(BILYP/B3LYP)”
F -99.888693 0.002360 34.768 -99.886333
cr -460.303727 0.002360 36.586 -460.303727
Br -2574.238739 0.002360 39.013 -2574.238308
CFy ~337.740204 0.013572 65.306 ~337.755859
cr -460.166882 0.002360 37.964 ~460.168403
Br' -2574.105734 0.002360 40.390 ~-2574.107570
CFy -337.670663 0.016250 65.482 -337.692899
CF, —437.626380 0.021550 67.570 -437.655648
CiFs -675.483439 0.036458 83.192 -675.528398
CF.Cl, -1158.302211 0.018539 73.429 ~1158.328074
“ hartree ? cal mol™ K™



Table A12 Overview of the results from B3LYP/6-311+G(d) and B3LYP/
6-311+G(3df)//B3LYP/6-311+G(d) computations for dihalides,
trifluoromethyl halides. and their corresponding radical anions
(d = LanL.2DZ(spd) and LanL.2DZ(spdf)//LanL.2DZ(spd).
f=LanL2DZ).

structure E(B3LYP)“ ZPE + ACp(298) + RT®  S%g°  E(B3LYP/B3LYP)“

Cl, -920.409625 0.004694 53.410 -920.424073

CIBr -3034.339451 0.004560 57.403 -3034.359715

Br, -5148.276018 0.004423 58.683 —5148.293512

[, (d) -22.790944 0.004326 62.372 -22.799226

CF:Cl -797.963902 0.020017 70.518 —797.991266

CF:Br -2911.882199 0.019618 73.486 -2911.908297

CFsl (e) -349.114217 0.019333 75.827 —-349.137795

Ch™ -920.526203 0.004320 57.492 -920.528211

CiBr™ -3034.461578 0.004297 61.492 -3034.464041

Br.™* -5148.396366 0.004274 62.845 -5148.398752

L,* (d) —22.900041 0.004262 66.301 ~22.901167

CF;CI™ ~-797.996534 0.017984 80.869 -798.016771

CF;Br™* -2911.929498 0.017939 83.049 —2911.949905

“ hartree b cal mol™ K™!

355



Table A13 Overview of the results from B3LYP/6-311+G(d) and B3LYP/
6-311+G(3df)//B3ILYP/6-311+G(d) computations for halide ion-

trifluoromethy! halide complexes.

96¢

structure E(B3LYP)“ ZPE + ACp(298) + RT“ Sozqs" E(B3LYP/B3LYP)"“
F (BrCF;) ~-3011.821132 0.021849 83.493 -3011.846162
F(CF;Br) -3011.782658 0.022549 86.178 -3011.810601
CI'(CICF;) -1258.282677 0.022451 85.937 -1258.310746
CI'(CF;Cl)  -1258.271133 0.022920 89.841 -1258.299154
CI'(BrCF;)  -3372.210507 0.021921 87.769 -3372.235779
CI'(CF;Br)  -3372.189795 0.022571 92.253 -3372.216453
CI'(ICFy) ~-809.451333 0.021586 90.076 -809.475677
CI'(CF3D) ~-809.421420 0.022329 95.178 -809.446226
Bri(CICF;)  -3372.214228 0.022464 89.069 ~3372.242460
Br(CFCl)  -3372.204030 0.022910 94.078 -3372.232318
Bri(BrCF:)  -5486.141103 0.021915 90.734 -5486.166450
Bri(CF;Br)  -5486.122607 0.022552 96.801 -5486.149127
Br (ICF;) -2923.381617 0.021570 92912 -2923.405834
Br (CF;l) -2923.354281 0.022308 99.120 -2923.379392
“ hartree ? cal mol™ K™



Table A14 Overview of the results from B3LYP/6-311+G(d) and B3LYP/
6-311+G(3dN/B3LYP/6-311+G(d) computations for halide ion-

trifluoromethyl halide transition states.

LSE

structure E(B3LYP)"  ZPE+ACy(298)+RT“  S%u"  E(BILYP/B3LYP)”
[FCF;Br]” ~-3011.779573 0.021362 81.797 -3011.806367
[CICFCI]” -1258.232855 0.021440 82.679 ~1258.261052
[CF:CL) -1258.157068 0.020597 82.001 -1258.223280
[CICF;Br] -3372.158809 0.021314 85.745 -3372.186699
[CF;CIBr]” -3372.127769 0.020520 85.168 -3372.152720
[BrCF;Br] -5486.085081 0.021196 88.849 ~-5486.112718
[CF;Bry] -5486.057163 0.020430 88.128 -5486.081507
[BrCF.Cl™ -3732.499265 0.019229 89.100 -3732.525456
[CF.CLBr]”  -3732.467146 0.019963 88.041 ~-3732.490170

? hartree b cal mol™ K™
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Table A15 Overview of the results from MP2(full)/6-311+G(d), G3, and G3(MP2) computations for halide

ions and radicals, bihalide neutrals and radical anions, and trifluoromethyl halides and radical anions.

structure E(MP2)“ E(PMP2)Y  ZPE+ACy298)+RT  §%"  H%(G3)"  H g (G3I(MP2))
cr -459.752769 0.002360 36.586 -460.121239 -459.819999
cr ~459.636512 0.002360 37.964  -459.988598 ~459.684882
Br ~2572.962976 0.002360 39.013

Br’ ~2572.847837 0.002360 40.390

Cl -919.340198 0.004742 53.287  -920.067768  -919.461443
Cly* -919.430390 0.004350 57.003  -920.158048 -919,552288
CIBr -3032.551663 0.004587 57.291

CIBr™ -3032.641843 0.004324 60.906

Br ~5145.761186 0.004742 58.546

Br,”" ~5145.852758 0.004292 62.164

I (d) -22.544091 0.004335 62.247

L™ (d) -22.637572 0.004269 65.784

CFy ~337.087686 0.014058 64.935

CFy’ -337.034592 0.016654 65.338

CF;Cl ~797.067885
CF,CI™ ~797.079514
“ hartree b cal mol™ K™
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Table A16 Overview of the results from HF/6-31G(d), MP2(fc)/6-31G(d), and MP2(fc)/

6-311+G(2df,p)//MP2(fc)/6-31G(d) computations of (fluorinated) ethers.

structure E(HF)“ ZPE+ACp(298) + RT*  S%g"  E(MP2)"  E(MP2/MP2)°
(CH;),0 (rotamer 1) ~154.064745 0.082467 64.812 154503455  ~154.700252
(CH;),0 (rotamer 2) ~154.060636 0.081475 62.871  -154.498840  -154.696013
(CHyCH,),0 (rotamer 1) 323144885 0.139430 80.462  -232.845644  -233.138386
(CH;CHy,0 (rotamer 2)  -232.142233 0.139484 81317  -232.843495  -233.136090
CF,OCH; (rotamer 1) -450.675551 0.062997 77.665 -451.613857  -452.128217
CF,OCH; (rotamer 2) -450.673726 0.062051 74251 -451,612331  -452.126307
CF,0CH; (rotamer 3) -450.671367 0.061997 73402 -451.609375  -452.123310
(CF,H),0 (rotamer 1) -549.524865 0.058016 81.629 -550.630361  -551.253074
(CF,H)0 (rotamer 2) ~549.526302 0.058085 83.364 -550.631448  -551.256325
(CF,H),0 (rotamer 3) -549.521840 0.057036 77772 -550.626798  -551.252583
(CFH),0 (rotamer 4) -549,525109 0.058094 82.463  -550.629912  -551.254764
(CFH)0 (rotamer 5) -549.526181 0.057151 77.650  -550.631403  -351.236315
(CF,H)0 (rotamer 6) ~549.521537 0.057069 78.709  -550.626798  -551.252587
“ hartree b cal mol™ K™
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Table A16 (continued)

structure E(HF)“ ZPE + ACp(298) + RT“  §%0" E(MP2)“ E(MP2//MP2)"
CF;0CF,H (rotamer 1) -648.396173 0.050440 85.107 -649.668538 -650.395458
CF;0CF,H (rotamer 2) -648.396188 0.050497 86.897 -649,668117 -650.396113
CF;0CF,H (rotamer 3) -648.395820 0.049570 81.167 -649.667895 -650.396933
CF;0CF,H (rotamer 4) ~648.394789 0.049452 798860 -649.666944  -650.393933
(CF3),0 (rotamer 1) -747.265516 0.042845 88.470  -748.705081 -749.536351

? hartree

b cal mol™ K~
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Table A17 Overview of the results from HF/[6-31+G(d)/6-31G(d)], MP2(fc)/[6-31+G(d)/6-31G(d)], and

MP2(fc)/[6-311++G(3df,3pd)//6-311+G(2df,p)]//MP2(fc)/[6-31+G(d)/6-31G(d)] computations

of chloride ion-(fluorinated) ether complexes.
structure E(HF)* ZPE + ACp(298) + RT*  S%%" E(MP2)" E(MP2//MP2)“
Ccr -459.539661 0.002360 36.586 -459.671145 -459.765463
CI"((CH;),0) (rotamer 1, isomer 1) -613.609468 0.085358 85.629 -614.175879 -614.477893
CI"((CH;),0) (rotamer 1, isomer |) -613.608917 0.084409 82.865 ~614.175879 -614.477893
CI'((CH;CH,),0) (rotamer 1) -691.689037 0.142281 101.369  -692.515550 -692.916819
CI"((CH;CH,),0) (rotamer 2) -691.687515 0.142305 100.303  -692.515263 ~692.916123
CI'(CH;0CF;) (rotamer 1) -910.226124 0.065644 97.097 -911.286254 -911.913868
CI"(CH;0CF;) (rotamer 2) -910.219777 0.064699 93.471  -911.285012 -911.912240
CI"(CH;0CF;) (rotamer 3) -910.217368 0.064609 92.467  -911.282023 -911.909299
CI"(CH;0CF;); (rotamer 1) -1360.913008 0.130388 162.365 -1362.903363  -1364.060752
CI"((CF,H),0) (rotamer 1) -1009.075870 0.060715 99.393  -1010.303422  -1011.041836
CI((CF,H);,0) (rotamer 2, isomer 1)  -1009.079249 0.060770 102.201  -1010.306910  -1011.041836
CI'((CF,H),0) (rotamer 2, isomer 2)  —1009.074070 0.060758 100932 -1010.301691  -1011.047683
CI'((CF,H),0) (rotamer 4) -1009.088027 0.060871 98.895  -1010.315937  -1011.059633
CI'((CF,H),0) (rotamer 5) -1009.079241 0.059830 94961  -1010.306911  -1011.047682

? hartree b cal mol™ K™
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Table A17 (continued)

structure E(HF)" ZPE + ACp(298) + RT“  S%yy" E(MP2)“ E(MP2//MP2) ¢
CI'((CF,H),0);, (rotamer 3) -1558.633256 0.120916 163.583  -1560.958841  -1562.346196
CI'(CF;OCF,H) (rotamer 1) -1107.950808 0.053052 102,180  -1109.343683  -1110.188743
CI'(CF;0CF,H) (rotamer 2) ~-1107.950218 0.053126 103.678 -1109.322986  -1110.189819
CI'(CF,OCF,H) (rotamer 3) -1107.949943 0.052185 97.715  -1107.943048  -1110.189823
CI"(CFyOCF,H) (rotamer 4) -1107.949149 0.052052 97.192  -1109.341866  -1110.187014
CI-((CF3)20) (rotamer 1) ~1206.802009 0.04563! 109.012  -1208.358432  -1209.310048

“ hartree b cal mol™ K
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Table A18 Overview of the results from HF/6-31G(d), MP2(fc)/6-31G(d), and MP2(fc)/6-311+G(2dt.p)//
MP2(fc)/6-31G(d) computations of (fluorinated) acetones, and HI/[6-31+G(d)/6-31G(d)],
MP2(fe)/[6-31+G(d)/6-31G(d)], and MP2(fc)/[6-31 1++G(3df,3pd)//6-311+G(2d{,p)]/
MP2(fc)/[6-31+G(d)/6-31G(d)] computations of chloride ion-(fluorinated) acetone complexes.

structure E(HF)“ ZPE + ACp(298) + RT“  S%0q" E(MP2)"  E(MP2/MP2)"
CH;C(O)CH;, -191.962236 0.086928 73.485  -192.523905  -192.749444
CH;C(O)CH;F (rotamer 1) ~290.806707 0.081340 76.358  -291.533605  -291.868284
CH;C(O)CH,F (rotamer 2) ~290.801496 0.081274 79.608  -291.528985  -291.864683
CH;C(OH)CHF -290,770867 0.081170 74972 -291.500899  -291.844400
CH,C(0)CF; -488.534634 0.067901 85.185  -489.598368  -490.143962
CF,HC(O)CF;H ~587.359736 0.063259 89.032  -588.588264  -589.243381
CF;C(O)CFH -686.226744 0.055912 92.151  -687.624719  -688.384307
CF,C(O)CF; -785.094843 0.048674 95557 -786.661909  -787.525883
cr ~459.539661 0.002360 35586 -459.671145  ~459.765463
CI"(CH;C(O)CH;) -651.514823 0.089822 89.260 652202721  -652.536240
CI(CH;C(Q)CH,F) (rotamer 1)~ -750.358933 0.084396 92.644  -751.210819  -751.656553
CI(CH;C(O)CH,F) (rotamer 2) ~ -750.360396 0.084171 93.419  -751.212268  -751.659123

“ hartree

bcal mol™ K™
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Table A18 {continued)

structure E(HF)" ZPE + ACp(298) + RT“  S"y3" E(MP2)* E(MP2//MP2)
CI"(CH,C(OH)CHF) ~750.335746 0.084040 90.823  -751.194293  -751.650116
CI'(CHAC(O)CF3) -948.084236 0.070577 103.098  -949.269976  —949.930480
CI"(CF,HC(O)CF,H) -1046.923401 0.066095 104.335 1048273085  -1049.051400
CI'(CF;C(O)CF,H) -1145.786170 0.058720 106.554 1147306697  —1148.192931
CI(CF;C(O)CF;) ~1244.644499 0.051243 106.970  -1246.341653  -1247.335911

? hartree

5 cal mol™ K™
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Table A19

radical using various basis sets.

Overview of the results from HF and MP2(fc) computations for chloride ion and

cr cr EACT)

basis set E(HF)“ E(PMP2)“ E(HF)“ E(MP2)“ HF MP2
6-31G(d) ~459.447964 -459.553533  -459.525997 -459.652104 212 2,68
6-31+G(d) ~459.448712  -459.555218  -439.539660 ~459.671145 2.48 3.16
6-311G(d) -459.473065 -459.586248  -459.564046 -459.700264 2.48 3.10
6-311+G(2df)  -459.477073 -459.632186  -459.565425 -459.759138 2.4 3.46
6-311+G(3df)  -459.477192 -459.635319  -459.565423 ~459.765463 2.40 3.54
“ hartree bev
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Gaussian input files
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Appendix Bl

Example Frequency Calculation

%chk=CH2CNCIHF63 1+Gd.chk
# rhf/6-3 1+g(d) Opt=(MaxCycle=100) Freq=(Readlso,NoRaman) NoSym

CH2CNCI HF/6-31+G(d)

01

C

H 1 Bl

H 1 B2 2 Al

Cl 1 B3 2 A2 3 D1
C 1 B4 2 A3 3 D2
N 5 BS 2 A4 | D3
B1 1.070000

B2 1.070000

B3 1.760000

B4 1.540000

B5 1.160000

Al 109.471203

A2 109.471231

A3 109.471203

A4 151.992219

D1 119.999993

D2 -120.000015

D3 -180.000000

298.15 1.0 0.8970

12

1

1

35

12

14
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Appendix B2

Example Transition State Calculation

%chk=FCF3BrTSB3LYP6311+Gd.chk

#P rb3lyp/6-311+g(d) Opt=(Z-Matrix, TS,NoEigenTest, NRScale) Freq SCF=Direct
NoSym

[FCF3Br]- B3LYP/6-311+G(d)

]
—
——

C

F \ Bl

F 1 B2 2 Al

F 1 B3 2 A2 3 D1
F 1 B4 2 A3 3 D2
Br 1 B5 3 A4 2 D3
Bl 2.100000

B2 1.350000

B3 1.350000

B4 1.350000

BS5 2.500000

Al 90.000000

A2 90.000000

A3 50.000000

A4 90.000000

Dl 120.000000

D2 -120.000000

D3 180.000000
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Appendix B3

Example ECP Calculation

%chk=CH3BrMP263 1+GdLanl.2DZspd.chk
# rmp2/gen Pseudo=Read Opt=(MaxCycle=100) NoSym

CH3Br MP2(fc)/[6-31+G(d)/LanL2DZ(spd)]

01
C
H 1 Bl
H 1 B2 2
H 1 B3 2
Br 1 B4 2
Bl 1.070000
B2 1.070000
B3 1.070000
B4 1.910000
Al 109.471251
A2 109471218
A3 109.471203
D1 -120.000014
D2 -120.000001
CHO
6-31+g(d)
* Kk
Br O
S 2 1.00
1.15900000 -3.03787690
0.71070000 3.37037350
S 1100
0.19050000 1.00000000
P 2 1.00
2.69100000 -0.11898000
0.44460000 1.04244710
P 1100
0.13770000 1.00000000
S 1100
0.06400000 1.00000000
P 1 100
0.04020000 1.00000000
D 1 1.00
0.39100000 1.00000000

Al
A2
A3

3
4
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D2



ok ko

Br 0
Br-ECP 3 28
F POTENTIAL

BN

213.61439690
41.05853800
8.70865300
2.60746610
-F POTENTIAL

NN —

54.19806820
32.90535580
13.67448900
3.03411520
-F POTENTIAL

54.25633400
26.00955930
28.20129950
9.43410610
2.53217640
-F POTENTIAL

87.63287210

61.73733770

32.43851040
8.75371990
1.66331890

NN —~O ,L,ONNN—~O ,L,TNN=-O

-28.00000000
-134.92688520
-41.92719130

-5.93364200

3.00000000
27.34306420
118.80288470

43.43548760

5.00000000
25.05042520
92.61574630

95.82490160
26.26849830

3.00000000
22.55335570
178.12419880
76.99241620
9.48182700

370



Appendix B4
Example Scan Calculation

%chk=FCF3BrB3LYP6311+GdScanl.chk
# rb3lyp/6-311+g(d) Opt=(ModRedundant,MaxCycle=100) NoSym

[FCF3Br]- B3LYP/6-311+G(d) scan C-F

i
p—

1

C

F I 2.243888

F I 1.297756 2 81.896315

F 1 1.297603 2 81.834384 3  120.002270
F 1 1.297603 2 81.834384 4  119.995459
Br 1 2.292500 4 08.144756 S5 -103.783264

122208500.10
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Appendix C

Simulated IR spectra
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Appendix C1

Simulated scaled B3LYP/6-311+G(d.p) IR spectrum of CH;OH.

1R ntensity (a.u.)

N _

rs L
0 500 1000 1500 2000 2500 3000

wave number (1/cm)

3500
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Appendix C2

Simulated scaled B3LYP/6-311+G(d,p) IR spectrum of F (CH3;OH).

R intensity (a.u.)

e L
0 500 1000 1500 2000 2500 3000

wave number (1:.cm)
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Appendix C3

Simulated scaled B3LYP/6-311+G(d,p) IR spectrum of CI"(CH;OH).

IR intensity {a.u.)

D ..

0 500 1000 1500 1% 2300 3000

wave number (l/cm}
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Appendix C4

Simulated scaled B3LYP/6-311+G(d,p) IR spectrum of Br (CH;OH).

IR mtensity (a.u.)

N U _ ML

0 500 1000 1500 2000 2300 3000

wave number (l/icmy
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Appendix C5

Simulated scaled B3LYP/[Stuttgart RLC ECP/6-311+G(d,p) IR spectrum of I' (CH;OH).

IR smtensity {(a.u }

N U S | |

1500 2000 2500 3000 3500 1000

wave number (1:cm)
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Appendix C6

Simulated scaled B3LYP/6-311+G(d,p) IR spectrum of (CH3OH)F (CH;OH).

(R intemity (a.u.)
L L

x,%A.J

T 1] ¥

1500 2000 2500 3000 3500

wave number (1/cm)
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4000



Appendix C7

Simulated scaled B3LYP/6-311+G(d,p) IR spectrum of F (CH;OH)(CH3;OH).

IR intensity (aw)

0 500 1000 1500 2000 2500 3000 3500

wave number (1/cm)
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Appendix C8

Simulated unscaled B3LYP/6-311++G(3d,3p) IR spectrum of CF;OH.

IR intensity (a 1)

0 500 1000 1500 2000 2500 3000

wave number (1:.cm)
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Appendix C9

Simulated scaled MP2(fc)/6-31+G(d,p) IR spectrum of CI"(CF;OH).

IR intensity (A u )

500

1000 1500 2000 2500 3000

wave number (1/cm)
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Appendix C10

Simulated scaled MP2(fc)/6-31+G(d,p) IR spectrum of (CIH)CF;O™.

IR mntensity (a.u.)

L JL.JLJ

0 500 1000 1500 2000 2500 3000

wave number (1:cm)
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Appendix C11

Simulated scaled MP2(fc)/6-31+G(d,p) IR spectrum of (FH)CI"(CF-0).

IR intensity (a.u.)

e .

0 500 1000 1500 2000 2500 3000 3500

wave number (1/cm)

383

oo



Appendix C12

Simulated scaled HF/6-31G(d) IR spectrum of HF.

IR intensuty (a u.)
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Appendix C13

Simulated scaled HF/6-31G(d) IR spectrum of HF,".

i
1

IR intensity (a.u.)
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Appendix C14

Simulated scaled HF/6-31G(d) IR spectrum of HF, (CH;O0H).

IR intensity (a u}

1

T fL.g.M s ﬁsij 5 JL(;,JL

1500

wave number (1/cm)

386

3500

oo



Appendix C15

Simulated scaled HF/6-31G(d) IR spectrum of (CH;OH)HF, (CH3;OH).

IR intensity (a u.)
—t

-
A
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wave number (1/cm)
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