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ABSTRACT: The preference for a shorter chain component at a polymer blend surface impacts surface properties key to 
application specific performance.  While such segregation is known for blends containing low molecular weight additives 
or systems with large polydispersity, it has not been reported for anionically polymerized polymers that are viewed, in 
practice, as monodisperse.  Observations with surface layer matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry (SL-MALDI-ToF-MS), which distinguishes surface species without labelling, and provides the entire 
molecular weight distribution, demonstrate that entropically driven surface enrichment of shorter chains occurs even in 
low polydispersity materials.  For 6 kDa polystyrene the number average molecular weight (Mn) at the surface is ca. 300 Da 
(5%) lower than that in the bulk and for 7 kDa poly(methyl methacryalate) the shift is ca. 500 Da.  These observations are 
in qualitative agreement with results from a mean-field theory that considers a homopolymer melt with a molecular-weight 
distribution matched to the experiments.  

The enrichment of a component of a polymer blend at 
its surface is a general phenomenon which can be 
controlled to tailor surface properties. Surface segregation 
that leads to the formation of a complex single phase 
containing a concentration gradient rather than a 
macroscopically phase separated surface layer provides 
surface properties that differ from bulk properties without 
the loss of mechanical strength that accompanies phase 
separation.1,2 Improved methods for elucidating this 
segregation will allow advances in many applications such 
as adhesives, coatings, membranes, and biomaterials.1,3-7  

In general, surface segregation is difficult to quantify.8-12 
Several methods that are sensitive to gradients in 
composition with depth require labelling of one species 
that could alter the segregation behavior.9 These include 
techniques, such as reflectometry, that sometimes require 
deuteration to achieve contrast between components. X-

ray photoelectron spectroscopy (XPS) and Secondary Ion 
Mass Spectrometry (SIMS) are sensitive to composition at 
or near the surface, but only in terms of atomic 
composition or molecular fragments, respectively.8,13 
Complimentary information can be obtained with the 
surface layer matrix-assisted time-of-flight mass 
spectrometry (SL MALDI-ToF-MS) technique described by 
Wang et al.17 that analyzes entire molecules within a 
probing depth of ca. 2 nm from the surface and reveals the 
entire molecular weight distribution. Many subtle 
differences among polymer chains can be distinguished 
with MALDI-ToF MS,10,11,14-17 with the focus of this study 
being differences in number average molecular weights 
(Mn) of the chains at the surface and those in the bulk of a 
pure, unlabeled homopolymer. 

Chain length disparity is a ubiquitous driver of surface 
enrichment.18-28 The enrichment of shorter chains affects 



 

properties such as surface tension21,24, wall slip22,23, and 
glass transition of thin films.25,26  This entropically driven 
enrichment has been studied experimentally for systems in 
which the disparity in chain sizes is large.18,19,28,29 Hariharan 
et al.20 first described such segregation theoretically for two 
lengths using lattice self-consistent field theory (SCFT). 
Van der Gucht et al.30 extended that approach to melts with 
several chain lengths. Mahmoudi and Matsen31 have 
recently applied the SCFT to off-lattice bead-spring 
models, and derived semi-analytical approximations. 
Three experimental studies18,19,28 attempted to confirm the 
theoretical predictions for mixtures of short and long 
polymers, but to do so they had to distinguish the two 
species by deuterium labelling. However, this labelling 
introduced a small χ parameter between the blend 
components that was comparable in magnitude to a 
contribution to χ due to the entropic effect being studied.  
The ultimate conclusion was that it is impossible to 
separate out the entropic effect. 32  We have now overcome 
this experimental challenge with a method that is able to 
detect surface segregation without the need for isotopic 
labelling.  

Here we demonstrate that even for homopolymer melts 
of narrow molecular weight distribution surface 
enrichment by lower molecular weight species occurs and 
the average molecular weight at the surface can be more 
than 10% lower than that in the bulk.  SL-MALDI-ToF-MS 
can simultaneously resolve the surface segregation of many 
species in a distribution, even for cases for which 
heretofore even the segregation of some single average 
species has been too subtle to experimentally detect and 
quantify. Calculations from an off-lattice SCFT treatment 
using freely-jointed chains agree qualitatively with the 
experimental results.  

EXPERIMENTAL DETAILS 

Samples of anionically polymerized 2.5k polystyrene 
(PS), 3k poly(methyl methacrylate) (PMMA), and 7k 
PMMA were purchased from Polymer SourceTM 
Incorporated. Analysis of conventional MALDI-ToF-MS 
measurements yielded values of Mn in the bulk of 2680 ± 
30 Da for the 2.5k PS, 3050 ± 90 Da for the 3k PMMA, and 
6850 ± 50 Da for the 7k PMMA.  One additional anionically 
polymerized PS synthesized at The University of Akron 
was found to have a bulk Mn of 6030 ± 130 Da.  All samples 
had polydispersities (PDIs) less than 1.1, with the PDIs for 
the PMMA samples being larger (Table 1).  Thin PS films 
were prepared by spin casting from toluene solutions to 
obtain smooth and laterally uniform films. Films were spun 
cast onto silicon wafers covered with a 20-25 nm coating of 
Ag deposited using thermal evaporation in a home-built 
physical vapor deposition system, to minimize charging 
during SL-MALDI-ToF-MS analysis. Thicknesses 
determined with ellipsometry were 90 ± 5 nm for those 
films spun from 2 wt. % solution and 42 ± 5 nm for those 
spun from 0.2 wt. % solution.  "Annealed" films were 
heated overnight (12-24 hours) under high vacuum (<10-3 

Pa) at a temperature more than 30°C above that polymer’s 
glass transition temperature (Tg) (Table S1).  Other samples 
that will be referred to as "dried" were heated to 30°C below 
the Tg to remove residual solvent after the spin coating 
process.  

Table 1. Sample Polydispersities Determined by MALDI-
ToF Mass Spectrometry. 

 

MALDI-ToF-MS experiments were performed in positive 
linear mode using a Bruker Ultraflex-III MALDI ToF/ToF 
mass spectrometer (Bruker Daltonics Inc., Billerica, MA) 
equipped with a neodymium-doped yttrium aluminum 
garnet (Nd:YAG) laser (355 nm). Linear mode was chosen 
to account for the low intensity produced in the SL-
MALDI-ToF-MS technique. This lower intensity limits the 
molecular weight range over which chains can be analyzed 
as compared to conventional MALDI-ToF-MS. Bulk 
MALDI-ToF-MS samples were prepared in tetrahydrofuran 
(THF). A solution of trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene]malonitrile (DCTB) matrix (20 
mg/mL) and a solution of silver trifluoroacetate (AgTFA) 
ionization agent (10 mg/mL) in THF were spotted before 
and after spotting the polymer sample solution on a 
standard MALDI plate. Polymer film surfaces were 
analyzed using SL-MALDI-ToF-MS17, a variant of solvent 
free MALDI mass spectrometry33-35.  With the SL-MALDI-
ToF-MS technique only the analyte at the sample surface 
that is in direct contact with the matrix is ionized and mass 
analyzed.17 For experiments with chains of molecular 
weight 2k – 7k the probing depth is less than 2 nm.17  PS 
molecular weights up to 21k can be studied (Figure S2). 

After determining the end groups manually, the polymer 
spectra were entered into PolymerixTM software to 
determine number average molecular weight. Enrichment 
was calculated as an average of results from at least three 
samples. Reported errors represent a standard deviation of 
three or more measurements.  

THEORETICAL DETAILS 

The polymer chains are modeled as a sequence of N 
beads (i.e. monomers) connected by freely-jointed bonds 
of fixed length, a. In the spirit of mean-field theory, we 
represent the non-bonded interactions by a field, �(�) , 
which in our case depends only on the coordinate, z, 
normal to the polymer surface. Additive constants to the 
field have no effect, which allows the field to be adjusted 
to zero in the bulk. With this choice, the dimensionless 
concentration of chains of length N is 
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where ��
����  the bulk molecular weight distribution as 

provided by the experiment and �� is the number-average 
polymerization. The function  

ℎ(�) ≡ exp�−
�(�)

�� �
� 

is the Boltzmann weight of the field, and Gi(z) is the 
partition function for a chain fragment of i monomers with 
one end fixed at z. For rigid bonds, the partition function 
is evaluated with the recursive relation 
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starting from G1(z) = h(z).7 In principle, the surface is 
created by solving an appropriate equation-of-state 
relationship between the field and the total concentration, 

�(�) ≡ ∑ ��(�)� . 

However, we take the simpler approach of adjusting w(z) 
so as to produce a sigmoidal concentration profile,36 

�(�) =
�

�
�1 + tanh �
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with a chosen width of ξ=5a. Once the field is determined, 
the molecular weight distribution at z is given by 

��(�) =   
���(�)
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 . 

From this, we estimate the surface molecular weight 
distribution by ��

��� =  ��(− �/2). 

RESULTS AND DISCUSSION 

SL-MALDI-ToF-MS was first used to observe the 
entropically driven enrichment of the shorter chains to the 
surfaces in a blend made with two homopolymers with 
readily resolved differences in Mn, as done in earlier studies 
with other techniques.18,19 However, a much smaller 
absolute difference in Mn was considered here than has 
been done before and here the surface segregation of every 
species in the distribution was probed simultaneously. The 
results for a blend of 2.5k and 6k PS are shown in Figure 1. 
The blend contained 12 wt % 2.5 kDa PS and 88 wt % 6 kDa 
PS. This ratio is not the ratio seen in the raw data because 
the ionization efficiencies of 2.5 kDa PS and 6 kDa PS are 
different enough that the correction for ionization 
efficiency variation with molecular weight would have to 
be made to quantify the bulk composition. 

Notwithstanding this complexity due to variation in 
ionization efficiency with M and small movement of the Mn 
for the 6kDa chain distribution between bulk and surface 
spectra, it is clear that the surfaces are substantially 
enriched in chains from the 2.5kDa distribution.  For the 
dried film surface the ratio of the intensities of the 

distribution due to 2.5kDa chains to that of the distribution 
due to 6kDa chains is about 0.7:1.0 (±0.2) rather than 
0.6:1.0 (±0.1), as it is in the bulk.  For the annealed film the 
ratio is higher, about 1.4:1.0 (±0.2), indicating further 
enrichment with annealing (Figure S2). The surface 
segregation of short chains in polymer blends has not been 
previously observed for blend components of such low 
molecular weight, or for cases in which the disparity in 
average molecular weights of the two molecular 
distributions is this small. The smallest molecular weight 
studied earlier was 30 kDa.18 The smallest disparity 
investigated before was that between 104 kDa and 96 kDa 
PS.18 That study with neutron reflectometry faced the 
complexity of isotopic labelling.  

Figure 1. Spectra representative of the ‘bulk’, dried film 
surface, and annealed film surface of 2.5 kDa/6 kDa PS 
blend films. The x-axis represent the ratio of the mass (m) 
to charge (z), with all molecules having only a single 
charge.  

Further measurements revealed that enrichment of 
smaller chains could be observed even within all four 
“single component” samples of low molecular weight 
chains with very low PDI (for synthetic polymers) 
considered here. Comparison of spectra from “dried” and 
“annealed” samples for the homopolymers showed 
identical ratios of distribution intensities, indicating that 
the surface enrichment with shorter chains occurs rapidly, 
in just the time required for spin casting. This contrasts 
with blends of decidedly different molecular weights, in 
which further enrichment is seen to occur with annealing. 
Annealing of the homopolymer samples above Tg brought 
no change in the spectra. Therefore, in the following 
figures comparing bulk MALDI-ToF-MS spectra with SL-
MALDI-ToF-MS spectra from surfaces, only spectra from 
annealed samples are used.  

The behavior of the narrow dispersity 2 kDa PS melts is 
revealed in Figure 2 with spectra representative of the 
results observed from three samples. The spectrum 
labelled "bulk" is representative of spectra collected with 
conventional MALDI MS. The spectrum labelled "surface" 
is representative of the spectra collected with the SL-
MALDI MS methodology. The value of Mn for the surface 
spectrum is 280 ± 70 Da lower than that for the bulk 



 

spectrum. This corresponds to a difference of nearly three 
repeat units. For 6k PS films, the value of Mn for the surface 
is 340 ± 185 Da smaller than that for the bulk, as shown in 
the supporting information Figure S3. 

Figure 2. Representative spectra for the ‘bulk’ (top) and 
surface (bottom) of 2.5 kDa PS films, with the 
corresponding values of Mn and error noted. The arrow 
marks the m/z value corresponding to the value of Mn from 
an average over three samples.   

This shift in Mn from the bulk to the surface spectra is 
not unique to PS.  For two molecular weights of PMMA, 3k 
and 7k, the shift in Mn from bulk to surface is larger than 
for the somewhat stiffer PS chains, as shown in Figure 3. In 
general, anionic polymerization of acrylates is less well 
controlled than that of styrene, resulting in larger PDI 
values, which makes surface enrichment by short chains 
more evident.  For 3k PMMA the difference is 680 ± 160 Da, 
or nearly seven repeat units, while for 7k PMMA it is 550 ± 
200 Da. The range of m/z data shown corresponds to the 
range over which the analysis was done.  Analysis for still 
lower values of m/z was complicated by the appearance of 
silver clusters and therefore was avoided.  If that portion of 
the spectrum could have been included in the analysis 
without artifacts due to the clusters, the calculated shifts 
in Mn value from bulk to surface would have been even 
larger. Another complication that arises with the PMMA 
samples is the presence of a second distribution resulting 

from backbiting during synthesis.37 The backbiting 
changes the end group, polarity and possibly the ionization 
efficiency of about 20% of the chains.  The complications 
from the second distribution in the 3kDa PMMA are more 
serious than with the second distribution in the 6kDa PS 
because the second PMMA distribution shifts so much that 
a substantial portion of it moves below the m/z value at 
which analysis was stopped to avoid including Ag clusters. 
Most important to note is that enrichment at the surface 
by the shorter chains is obvious in the spectra for both the 
primary species as well as for the species resulting from 
backbiting. 

Theoretical calculations qualitatively capture the trends 
observed experimentally. Figure 4 compares representative 
experimentally obtained bulk and surface spectra for 
2.5kDa PS with the theoretical prediction. Expressing the 
molecular weight shifts in terms of monomer units, the 
experimental shift for the single spectrum used for 
comparison was 2.0 (0.08%) while the theoretical estimate 
of the shift is 0.93 (or 0.04%), so the theory significantly 
underestimates the strength of the surface segregation 
phenomenon. Furthermore, the shape of the theoretical 
molecular weight distribution for the surface is narrower 
than the experimental distribution. We could use a 

broader surface width, , in the calculations to improve the 
agreement, but the more likely reason for the discrepancy 
is the rigidity of short PS chains, which the freely-jointed 
chain model does not represent well. For the 6 kDa PS 
melt, the agreement in the shapes of the experimental and 
theoretical spectra, shown in Figure S4, is better. This may 
be because longer chains are better approximated by the 
freely-jointed chain model.  However, the discrepancy 
between the means of the experimental and theoretical 
distributions is larger for 6 kDa PS.  The experimental shift 
is 2.3 (0.04%) and the theoretical shift is 0.65 (0.01%). 
Nevertheless, both the experiment and theory find 
reductions in the relative shift compared to the 2.5kDa PS, 
which can be attributed to the narrower molecular weight 
distributions (i.e., smaller PDI).  

 

Figure 3. Spectra representative of the ‘bulk’ (top) and surface (bottom) of 3 kDa and 6 kDa PMMA. Arrows mark the m/z 
values corresponding to the values of Mn averaged over three samples. Baselines for the surface spectra of PMMA were 
higher than those for PS due to less overall intensity, but analysis still produced a reliable Mn.



 

Figure 4. Comparison of experimental and theoretical 
distributions of chain length, N, for the surface of the 2.5 
kDa PS melt.  The experimental distribution for the bulk 
serves as input for the calculations of the surface 
distributions.  

Comparison between the experimental and theoretical 
distributions for 7 kDa PMMA is shown in Figure 5. No 
calculation for the 3 kDa PMMA was attempted due to 
complications from the second distribution caused by 
backbiting. The agreement in the magnitude of the shift is 
better for 7 kDa PMMA than for PS. The experimental shift 
was 4.2 (0.06%) and the theoretical shift is 1.94 (0.03%).  
The shapes of the theoretical and experimental 
distributions do not agree quite so well as for the 6 kDa PS 
case.  This is probably due to the greater noise in the 
experimental PMMA distributions. Enhanced background 
in the low m/z portion of the experimental bulk spectrum, 
in the low N range, caused noise in the theoretical 
distribution. Furthermore, noise is also evident in the 
distribution around N = 50-70.  Nonetheless, both 
experimentally and theoretically, the surface enrichment 
of short chains is more pronounced with 7 kDa PMMA 
than with 6kDa PS. This could be due to PMMA’s 
somewhat greater flexibility, the larger polydispersity for 
PMMA, or perhaps differences in the relative importance 
for PS and PMMA of enthalpic effects due to differences 
between the precise chemistry of the chain end and that of 
the repeat units. 

Figure 5. Comparison of experimental and theoretical 
distributions of chain length, N, for the surface of the 7 kDa 
PMMA melt.  The experimental distribution for the bulk 
serves as input for the calculations of the surface 
distributions. 

In summary, enrichment of a surface by shorter chains 
occurs even for anionically polymerized materials 
considered in many practical situations as monodisperse.  

Though subtle, the segregation for every n-mer in the 
distribution can be precisely quantified using SL-MALDI-
ToF-MS in a single measurement.  Since the technique 
requires no labelling, results are readily compared with a 
self-consistent field theory using a freely-jointed chain 
model that provides a description consistent with the 
experimental trends, but underestimates the magnitude of 
the effect, possibly due to chain stiffness.  The ability to 
quantify such effects and model them without perturbing 
systems with labelling has potential for improving tailoring 
of surface properties with low molecular weight 
components such as additives. 
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