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Predicting Oligomer/Polymer
Compatibility the Impact on Nanoscale
Segregation in Thin Films.
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Compatibility between oligomers and polymers was systematically assessed
using differential scanning calorimetry (DSC) and was correlated with
similarity in saturation and solubility parameter. These measurements
enabled validation of detailed volume of mixing calculations using Statistical
Association Fluid Theory (SAFT-y Mie) and molecular dynamics (MD)
simulations, which can be used to predict behaviour beyond the
experimentally accessibly conditions. These simulations confirmed that
squalane is somewhat more compatible with poly(isoprene), “PI” than
poly(butadiene), “PB”, and further enabled prediction of the temperature
dependence of compatibility. Surface and interfacial segregation of a series
of deuterated oligomers was quantified in rubbery polymer films PI, PB and
hydrogenated poly(isoprene) “hPI1”. A striking correlation was established
between surface wetting transition and mixtures of low compatibility, such
as oligo-dIB in PB or PI. Segregation was quantified normal to the surface by
ion beam analysis and neutron reflectometry and in some cases lateral
segregation was observable by AFM. While surface segregation is driven by
disparity in molecular weight in highly compatible systems this trend
reverses as critical point is approached, and surface segregation increases
with increasing oligomer molecular weight.
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Introduction

Molecular migration, segregation and self-organisation in
polymers are ubiquitous processes that govern the processing,
performance, and life-time of many industrially important
products. These include paints, coatings, packaging and
adhesive formulations, and efficient use of materials in these
formulations is dependent on understanding of how and when
small molecules migrate through a polymer matrix. Here we
consider a simple model system that lacks the complexity of
polar interactions or hydrogen bonding, yet has sufficiently
strong interactions between small molecules and polymer
matrices to traverse a phase boundary. This system is directly
relevant to hot-melt adhesives (HMAs), which are used in
pressure sensitive adhesives applications such as disposable
products, stamps and envelopes.1

Oligomeric tackifiers are commonly added into HMAs in order
to control the glass transition temperature and improve “tack”
properties — i.e. ability to adhere to a surface under very slight
pressure and. Generally, they are organic oligomers having a
molecular weight of order 300-2000 g/mol.z’g'4 Tackifiers
therefore have a relatively high diffusive mobility and may
spontaneously segregate (or “bloom”) to surfaces or
interfaces. Excessive blooming is unwanted in HMA
formulations as it can lead to contamination of other materials
or decrease the HMA'’s performance. Interestingly, however, a
thin surface layer that is enriched in additive, which might be
expected in a single phase system, might be beneficial in
improving adhesion.

Additive surface segregation is due to a combination of
entropic and enthalpic factors. It has been well established by
theory,s’ ® simulation” ® and experimentg’ 1% that chain ends will
be preferentially enriched at a surface. The entropic penalty
associated with placing a large polymer chain at a surface is
greater than that for a smaller chain. This effect also applies to
chain ends when compared to mid-chain segments, and has a
significant impact on the adsorption efficiency of low surface
energy functional groupsll"13 and bottle-brush structured
polymers.14 Interpretation of the interplay between surface
energy and entropic contributions to surface activity has been
achieved successfully by Archer et al, using a linear response
theory to predict the crossover point at which low molecular
weight or branching can overcome a small difference in
surface energy, thus promoting surface segregation, even
when surface energy arguments alone would preclude this.™
However, in this work, the accuracy of prediction decreases
with decreasing molecular weight and to our knowledge, no
such treatment exists yet for the extreme case of segregation
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by an oligomer that is too small to be treated as a Gaussian
polymer chain.

The extent of surface segregation in polymer blends
. iy . . . . . T 16,17
significantly increases with increasing incompatibility.
Incompatibility, is most commonly described using Flory-
Huggins theory, whereby the free energy density of mixing,
AG iy 1S given by

AGmix _ plng | (1-¢)n(1-¢) , x9(1-¢)
VekpT Nyvy Nyv, Ve

(1)

where N; and v; are the number and volume of repeat units in
each component, v, is an (arbitrary) reference volume and ¢ is
the volume fraction of component 1. Interactions between
unlike components are described by the Flory-Huggins
interaction parameter )(.18'19 Although Flory Huggins theory
model has little predictive capacity, and has been superseded
by more accurate approaches that use PVT data for the pure
components, it provides a convenient framework with which
to understand some of the contributions to miscibility.20

A fairly compatible system — x negative or too small to
overcome the first two (entropic) terms in equation 1 — exists
as a single bulk phase but a surface excess can be observed on
a length scale 7, of order of the molecular dimensions given by
equation 2 (R, Fig. 1 blue curves).

1 P2 , P
— =TIz k' 3 2
72 R§+R§ )

where ¢; is the bulk volume fraction of the i-th component
and R; is the characteristic dimension of this component.21 If x
is sufficiently positive for the third term of equation 1 to
dominate, bulk phase separation is expected, along with the
formation of a macroscopically thick pure “wetting layer”
spreading at the surface of the polymer (Figure 1 pink curve).
This distinction between surface segregation and complete
wetting can most easily be identified from the surface excess
concentration, z*, defined as

2" = [ 9(2) — ppdz 3)

where ¢, is the bulk concentration adjacent to the surface
excess region and @(z) is the depth (z) dependent volume
fraction profile of the near surface region. The surface excess
provides a measure of the number of molecules per unit area,
when divided by the molecular volume of the adsorbing
species. The value of Z" also defined the equivalent thickness
of a pure adsorbing layer. As the bulk coexistence is
approached from the single phase region, the surface excess
increases Iogarithmically.22 The point at which Z exceeds the
molecular dimensions implies multilayer adsorption, which can
be taken to indicate the formation of a wetting layer.

In this report we address the nanometer-scale surface
segregation of well-defined oligomers with rubbery polymers
in a series of mixtures that are chosen to be relevant to HMAs.
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The aim of this work is to establish system that is sufficiently
simple to test molecular and coarse-grained modelling
techniques, yet demonstrates the range of migration and
segregation behaviour that is known for complex formulations
such as HMAs. The ultimate aim is then identify the key
molecular parameters that govern the extent of surface
segregation in order to achieve better control and predictive
capacity for the surface and interfacial properties and aging
behaviour. At present this understanding is lacking and
formulations are significantly over-engineered in order to
counter the adverse effects of ageing which may arise from
molecular migration.

The compatibility of constituents has been systematically
analysed, to provide a test data set for computational
simulations by »-SAFT and MD. We have quantified oligomer
surface and interfacial segregation for the same mixtures in
thin films by elastic recoil detection analysis (ERDA) and
neutron reflectometry (NR), and used atomic force microscopy
(AFM) to characterize lateral phase separation and to identify
the relationship between topography and mechanical
properties. Results show that even in these extremely simple
models for complex industrial formulations, a surprisingly rich
variety of behaviours can result from their interactions.

thick wetting layer

.

[additive]

surface
segregation

distance from surface (z)

Fig 1 Schematic diagram of the expected evolution of a concentration profile of an
additive in a polymer blend near a surface as the incompatibility is increased.

Experimental section
Materials and sample preparation

Polybutadiene (PB) (Sigma-Aldrich P181382, cis-1,4 36%, trans-
1,4, 56%, vinyl 8%), polyisoprene (Pl) and hydrogenated
polyisoprene (hPI) were selected as polymer matrices for the
model systems. Pl (cis-1,4 80%, trans-1,4, 15%, vinyl 5%23), and
hPl were synthesized and provided by P&G Cincinnati. Three
deuterium labelled model additives were chosen to isolate the
effects of saturation and molecular weight on their behaviour.
Deuterated squalane “d-sq” was supplied by Qmx
Laboratories, U.K., D-0958/0.5, C3,Dg, 99% deuterated). Oligo-
isobutylene “oligo-dIB” (P18618-d8Plb) and oligo-styrene
(oligo-dSTetramer-d33), were all supplied by Polymer Source,

This journal is © The Royal Society of Chemistry 20xx
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Canada. The deuterium labelling enabled their composition
versus depth profiles to be resolved from the polymer
matrices by ion beam analysis or neutron reflectometry. The
key characteristics of the polymers and oligomers relevant to
this study are summarized in Table 1.

Mixed samples of oligomer and polymer, either solid (~ 1 mg)
lumps for DSC analysis, or thin (~ 100 nm) films for ion beam
analysis and neutron reflectometry were prepared as follows:
oligomers and host polymers were dissolved in toluene to
create 2 % (w/w) stock solutions. The polymer solutions were
left for 1 to 2 days to allow complete dissolution. They were
combined in different proportions to obtain 2 wt% solutions in
toluene containing the required oligomer : polymer ratio.

Table 1 Physical properties for key components of the model HMA films.

component M, /g M./ n; s.l.d. x 10°

mol™ M, 7%

PB [C4Helw, 280000 2.1  1.5154%, 0.416
1.527%

PI [CsHgln, 160 000 1.1 1.521% 0.264

hPI [CsHiolw, 165000 1.1 1.475- -0.32
1.480%

dsq C3oDg; 423 - 1.4474%° 6.06

oligo-ds 456 - 1.590- 5.72
CD;[CgDglw, 1.592%

oligo-dIB 1300 - 1.4813% 6.57

C8H17[C4D8]N7

Differential scanning calorimetry

Samples for differential scanning calorimetry (DSC) were
weighed into standard aluminium pans as mixed solutions,
then dried at room temperature overnight. The consistency of
T, values obtained for pure components with established
literature values indicated that the solvent (toluene) was
successfully removed by this procedure. Analysis was
performed using a Perkin Elmer DSC 8000 at a heating rate of
100 °C/min between -130 °C and 120 °C. The heating and
cooling cycle was repeated three times to ensure consistency
of results.

Thin Film Preparation

Films of 50-200 nm thickness were prepared by spin-coating
the mixed solutions onto fresh silicon wafers. Prior to coating,
the silicon wafers were cleaned with acetone to remove any
traces of hydrophobic impurities and ensure consistent film
production.

Elastic recoil detection analysis (ERDA)

ERDA is widely used in to quantify the depth distribution of
isotopically labelled polymers in thin films. This technique and
its application to similar types of sample is discussed in detail
elsewhere.”” %8 Briefly, a 1.7 MeV 5SDH Pelletron accelerator,
(National Electrostatics Corp. Wisconsin USA) was to deliver a
1.5 MeV “He" ion beam to each sample. The measurement
geometry and settings were similar to our earlier work on

This journal is © The Royal Society of Chemistry 20xx
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related samples.29 Due to the fact that the films contain
molecules of low molecular weight, it was necessary to vitrify
the thin film samples before and during ion beam analysis
experiments to avoid evaporation. This was achieved by
plunging the mounted sample into liquid nitrogen before
rapidly transferring the sample to the vacuum system. The
sample mount within the RC43 endstation was also cooled to
approximately -80 °C via a copper braid connected to a liquid
nitrogen filled reservoir. This process also minimises any
artefacts arising from radiation-induced cross-linking or chain
scission.

IBA data were analysed with the Surrey University
DataFurnace®*®? software (WiNDF v9.3.68 running NDF v9.6a)
to determine the concentration versus depth profile, where
the densities of PI, PB and hPI were assumed to be ~0.89 g cm?
and those of squalane, oligo d-S and oligo d-IB0.81 g cm3, ~0.9
g cm® and ~1 g cm?® respectively. In order to avoid over-
parameterisation, model composition profiles were restricted
to a few layers, for which the composition and thickness was
allowed to vary to obtain the best possible fit to the
experimental data. The fitting procedures wused for
DataFurnace are described in detail elsewhere.?*>*

Neutron reflectometry

Sample preparation for neutron reflectivity (NR) was similar to
ERDA experiments, except that films were prepared on 55 mm
diameter, 5 mm thick silicon blocks instead of thin wafers. The
superior depth resolution of NR (0.5 nm) compared to ERDA
(~15 nm) enables a more direct test of theoretical predictions
of the composition profile. Specular reflectivity, R(Q), was
measured using the INTER and SURF reflectometers at ISIS
pulsed neutron and Muon source, UK, from before the critical
edge (Q ~ 0.01 Al for silicon/air) to the point at which the
signal is indistinguishable from the background (Q ~ 0.25 A'l).
Here, Q, the scattering vector is defined in the usual way as Q
= (4rt/A)sin 6, where A is the neutron wavelength and @is the
scattering angle. The instruments generated largely equivalent
data over this range for these samples. Data acquisition on
INTER was somewhat more rapid than the other
reflectometers due to the large flux and simultaneous Q range.
Measurement required at least two angles of incidence and
typically 1-2 hours of acquisition time per sample. This latter
factor imposes a requirement that films must be stable for
several hours, as any alteration in film thickness during
measurement would make accurate interpretation of the data
impossible.

The scattering length densities (s.l.d’s) of the organic
components in the film are shown in Table 1, along with
literature values for refractive index of the materials or in the
case of deterated components, their hydrogenous analogues.
The s.l.d. value for the silicon (2.07 x10° A? and the native
oxide layer 3.45+0.2 x10°® /°-\'2) was consistent with results that
have been inferred from previous experiments on silicon
substrates.'” %7 Fitting of the NR data was performed with
the analysis software IGOR Pro, using the Motofit package.38
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Scanning Probe Microscopy

Lateral variations in the surface properties of thin film samples
were studied by scanning probe microscopy using a Bruker
MM8 Mulitimode AFM. Samples were prepared in the same
way as for ERDA experiments except that smaller (<15 mm)
silicon wafer pieces were used. Scans were made with at least
256 line resolution in Peakforce QNM mode at 2 kHz in the
vertical direction, and Nanoworld Arrow™ NCR probes with a
nominal force constant of 42 Nm™. Images were analysed
using Bruker NanoScope Analysis v1.1 software.

Molecular Dynamics Calculations

Molecular dynamics simulations were carried out in order to
determine the change in volume of mixing for mixtures of
squalane (sq) with PB and PI. All calculations are performed
with the GROMACS 4.6.7 pat:kage.39 The results are obtained
from a PB, Pl, sq, sq/PB and a sq/Pl system at 50% weight
fraction for the mixtures. Chain lengths of PB and Pl are 12-
mers, 819 g/mol and 651 g/mol, respectively. Interactions are
described by the TraPPE-UA force field®***!. Initial coordinates
and GROMACS input files were generated with Assemble!® A
smaller system of 6-7.5k united atom units was equilibrated at
500 K, cooled down to 298 K over 5 ns and further equilibrated
for 9 ns, stacked to a cube eight times larger (48-60k united
atoms) and further equilibrated for 1 ns. The densities were
calculated from averaging over at least 4 ns of simulation time
of the stacked up systems at 298 K and 1 bar. All simulations
were run in the NPT ensemble, with the Nosé-Hoover
thermostat and Parrinello-Rahman barostat applied in the
production run. The density of squalane at 298 K agrees with
the experimental density42 to within 0.3%. The magnitude of
the relative volumes of mixing are similar to the experimental
values of a PB/PI polymer blend.*®

SAFT-y Mie

Volumes of mixing and compatibility were modelled with
SAFT- vy Mie. ! Squalane, Pl and PB were described with a
single interaction type each. The pure component interaction
parameters were optimized to reproduce pure component
densities over a large range of temperature and pressures44'46,
where the average absolute deviation was minimized. The
numbers of beads per chain were chosen to correspond to 2
beads per monomer (considering squalane as a 6-mer) for the
number-average molecular weights. Due to the absence of any
experimental data, the unlike interactions were not fitted to
additional blend data, but purely predicted by combining rules
given in Lafitte et al.?

Results
Compatibility study

The glass transition (T,) temperature(s) of oligomer/polymer
mixtures was compared to that of the pure components in
order to assess the compatibility of the oligomers with the
host polymers. The Tgs of a polymer and oligomer in an

4| J. Name., 2012, 00, 1-3
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incompatible system should not change upon mixing since the
polymer remains segregated and its local environment is
independent of bulk composition. In contrast, a single T, at an
intermediate temperature is usually seen for a compatible
mixture. Although there are examples of single phase systems
where a double-T; is observed due to the local environment
being perturbed by chain connectivity, these features would
still be expected to exist at intermediate temperatures
between the T, of the pure states.”’” The measured
compositional dependence of T, is shown in Figure 2 as

Tgx —Tg
£ B2 - ATg / ATg,max (4)

Tg100 =~ Tgo

where T, , is the T, of a oligomer/polymer mixture containing x
wt% of oligomer. This representation enables direct
comparison of different mixtures by normalising with respect
to the T,'s of their pure components. For a miscible blend, the
Fox equation (5) predicts the compositional dependence of
each mixture’s T, where w; and w, are the weight fractions of
the component 1 and 2, respectively.

1wy wy

Ty Tga  Tge ®)
Figure 2(a) reveals very different trends, corresponding to
different levels of compatibility for each model oligomer in hPI.
There is almost no effect on the T, of hPI from blending with 2-
80 wt% oligo-dS, which indicates their incompatibility. In
contrast, the T, of hPl mixtures with either dsq or oligo-dIB
varies steadily between the extreme values as a function of
overall composition. In the case of squalane, the T, variation is
even bigger than that predicted by the Fox equation.

In Pl (Figure 2(b)), a substantial T, variation is recorded when
blended with up to 80% dsq, again suggesting a fully miscible
system. The effect of blending with oligo-dIB and oligo-dS
shows partial compatibility of those oligomers with PI. Finally,
in PB, (Figure 2(c)), there is almost no change to the matrix T,
upon loading of oligo-dIB at any of the measured
concentrations. The effects of blending dsq with PB are
consistent with the Fox equation’s predictions for compatible
systems. An increase in T, when the matrix is blended with
oligo-dS suggests an intermediate level of compatibility for this
pair.

Surface and Interfacial Segregation in Oligomer/Polymer Mixtures

Figure 3 shows that the vertical composition profile of dsq is
strikingly sensitive to the polymer matrix in which it is
dispersed. Each ERDA spectrum (Fig. 3, inset) shows two
clearly resolved peaks, which correspond to the deuterium
from the d-labelled oligomer and the protons from the
hydrogenous polymer at high and low energy respectively.

This journal is © The Royal Society of Chemistry 20xx
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Fig 2 T; dependence of (a) hPI, (b) Pl and (c) PB T, on composition for mixtures with
oligo-dS (blue), 900 g/mol oligo-dIB (black) and dsq (red). Solid lines show the
predictions from the Fox equation for each mixture.

Even prior to fitting, it is possible to infer from the data by
inspection that dsq shows very different behaviour in the two
rubbery polymer matrices. When the H and D peaks are
similarly shaped, as is the case for dsq in Pl (black), this shows
that both the oligomer and the polymer share similar depth
distributions, whereas the very different shapes to the peaks
for dsq in PB (red) clearly indicates that the oligomer and
matrix have different distributions; therefore there is some

This journal is © The Royal Society of Chemistry 20xx
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vertical segregation of these components. The fits to the data
in the inset of Figure 3 correspond to the composition profiles
shown in the main figure. The ERDA results have high inherent
accuracy because they are constrained by known factors such
as scattering cross section and stopping power. However, the
finite resolution of ERDA means that while the surface excess
is well defined (24 + 3 nm) by the area of the peak in the raw
data, the absolute surface concentration is imprecisely
measured because the technique cannot distinguish between
a very thin, pure surface layer and a thicker, less pure one. For
this reason, we have restricted the ERDA analysis to simple
layer models. In the thin PI film, the dsq is evenly distributed,
whereas it is strongly segregated to the PB film surface.

©
c
100 S
<
o
@
80 o>
€
3
R 3 .
T 60 400 500 600 700 800
§ Energy / keV
Z 40 ——dsqin PI
< —dsqin PB
20
O T T T T
0 50 100 150 200

z/nm

Fig 3 ERDA spectra for 40 wt% dsq in thin Pl (black) and PB (red) films. The fitted curves
to the data correspond to the composition vs depth profiles of the dsq presented in the
inset.

In mixtures of oligo-dS with hPI, the oligomer is found to
segregate at the buried interface between the film and the
substrate. The ERDA spectra shown in the inset of Figure 4(a)
shows that over a broad range of concentrations, an excess of
the D signal at the lower energy range, which corresponds to
an excess of oligo d-S at the substrate interface, Figure 4(b).
The concentration at the surface remains close to zero, and is
nearly independent of the overall oligomer concentration. NR
measurements on the same materials lead to similar
conclusions (Figure 5). The oligomer is segregated at the
buried interface while the polymer segregates itself at the
surface. Interestingly the shape of the interface does not
change much with composition, which is consistent with a low
degree of miscibility across a broad range of composition. The
depth at which the interface is found is then governed by the
overall composition and total film thickness. The profiles
obtained by NR confirm that these films have very low surface
roughness, ~1 nm, as evidenced by the sharply resolved
interference fringes. The fitted parameters are provided as
supporting information, S.I.1. Those results are in agreement
with Figure 3 (a), showing very little variation of the mixture’s
T,, indicating an incompatible system.
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ERDA data, fits and derived concentration profiles for the
depth distribution of oligo-dIB in Pl are presented in Figure 6.
Although not as immediately evident as for the dsq / PB films,
there is a significant skewing in the proton and deuterium
peaks of the spectra. The deuterium recoils due to oligo-dIB
are skewed to high energy, implying surface enrichment and
the opposite is true for the proton recoils due to the PI. The
fits to the experimental data unambiguously show that the
oligo-dIB is partially segregated to film surface but that it is
unlikely that the surface layer is pure oligo-dIB.

30%
40%
50%
60%
70%
400 600 800
Energy / keV
5%
1004 | 10%
- 15%
804 [—20%
2 — 30%
© —40%
= 604 | 50%
2] ——60%
g - 70%
;_5, 40
=
20
——
0 T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
z/z

tot

Fig 4 (a) ERDA data and fits for oligo-dS in hPI from 5-70% oligomer concentration. (b)
Concentration profiles for d-sty in hPI derived from fits to ERDA data. The depth scale
has been normalized for clarity. Profiles with absolute depth scale are included as
supporting information S.1.2.

In the oligo-dIB/PI mixtures, where there is significant
incompatibility suggested by DSC but only partial vertical
inhomogeneity shown by ERDA it is likely that there may be
some lateral inhomogeneity in these films too, hence NR was
not attempted for these samples. Instead, scanning probe
microscopy was applied to films of these components (figure
7) and clearly showed that the surface was not homogeneous,

Fig 5 Concentration profiles for oligo-dS in hPI from 30-50% oligomer concentration
derived from fits to NR data (NR data are shown in inset, with fits as solid lines).
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Fig 6 Elastic recoil detection analysis for 30-70 wt% oligo-dIB in thin PI films. The fitted
curves to the data (inset) correspond to the composition versus depth profiles of the
oligo-dIB presented in the inset.

but instead patchy, with regions of several microns, which are
identifiably different in both surface height and adhesion.
Although this measurement does not provide a direct mapping
of the composition it is usefully able to distinguish between
regions that are rich in PI, an elastic solid and oligo-dIB a much
softer, tackier material. Since this system is clearly in a two
phase regime, the surface excess values become more
sensitive to total film thickness than to molecular interactions,
so are not analysed here.

A further qualitative change in the behaviour was found for
the relatively incompatible combination of oligo-dIB in PB.
Figure 2(c) showed that for this combination, the T, of PB was
almost unaffected by the presence of oligo-dIB up to
concentrations of 70% oligomer, indicating their strong
incompatibility. Thin films of this oligomer/polymer
combination were found to exhibit an excess of the oligomer
both at the exposed air surface and the buried interface with
the silicon substrate. This behaviour is unmistakably apparent
from the ‘double peak’ in the deuterium part of the ERDA
spectra (600-800 keV in this case) shown in Figure 8, and is
confirmed by the depth profiles obtained from fits to these
data.

This journal is © The Royal Society of Chemistry 20xx
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41,0 nm

3

Fig 7 AFM micrograph of thin film comprising 30% oligo-dIB in PI. A false-color ‘skin’ has
been superimposed to highlight regions of relatively high adhesion.

100~ 30 wt% g 2000 ;g%
40 wt% Sl 5
© H )
50 wt% 5 ] aﬁ
60 wt% Q 1000 { | iy
807 70 Wit £ ! A
2 3 N ok
© O plueti® - .
= 60 400 600 800
% Energy / keV
o)
2 40
o
<=
20
O T T T T 1
0.0 0.2 04 0.6 0.8 1.0

2lz,,

Fig. 8 Elastic recoil detection analysis for 30-70 wt% oligo-dIB in thin PB films. The
composition versus depth profiles correspond to the fitted data presented in the inset.
The depth scale has been normalized for clarity. Profiles with absolute depth scale are
included as supporting information S.1.3.

Discussion

The results presented illustrate some of the remarkably rich
range of surface behaviour that exists for binary oligomer /
polymer thin film mixtures. Fundamental differences in both
the vertical and lateral composition profiles arise from subtle
variations in chemical structure or oligomer molecular weight.
Therefore, the problem of predicting surface composition and
subsequent performance of even the most simplified models
for hot melt adhesives is far from trivial. While a modest
surface excess of oligomers is highly desirable for improving
surface tack in HMAs, a macroscopically thick oligomer-rich
layer would drastically undermine the mechanical strength of
bonding unless it could be reabsorbed into the bulk. Moreover

This journal is © The Royal Society of Chemistry 20xx

if the oligomers on the surface can migrate onto other
components of a product there may be further unintended
consequences, such as contamination of neighbouring surfaces
and the loss of flexibility in the adhesive.

We consider the main factors driving surface segregation to be
(i) disparity in molecular weight, (ii) difference in surface
energy and (iii) incompatibility between components. Other
factors such as elasticity,48 t:rystallization12 or deformation may
be relevant to more complex matrices, but are not considered
here since all of the components are amorphous and have
shorter relaxation times than the timescale of observation.

Although our results show several examples of strong surface
and interfacial segregation, there are also many examples
where this behaviour is virtually absent; therefore while the
discrepancy in molecular weight may be a factor in oligomer
surface segregation, it cannot be the dominant factor in all
cases. In every case we anticipate that the samples are close to
equilibrium, since under ambient conditions, all of the
components are well above their T,s. Previous examples of
oligomer segregation in polymer films in the literature are
sparse, apart from the classic work of Hariharan et al, 4% which
showed that (i) disparity in molecular weight could overcome
the tendency for deuterated species to segregate to the
surface of isotopic blends and (ii) the enrichment of the lower
molecular weight component at the surface was only weakly
dependent upon the molecular weight of the larger polymer.
The length scale of the surface layer defined as rin equation 2
is dominated by the minority component; or if the volume
fractions are similar (¢~ 0.5) the smaller component.
However, for the most extreme disparity of molecular weight
in their study (matrix degree of polymerization, DP = 5094,
oligomer DP = 115) the difference between surface and bulk
volume fraction was 0.3, and the surface excess had a
correlation length of 1.8 nm. This surface excess (z* ~ 0.6 nm)
is an order of magnitude smaller than we observed for dsq in
PB (Figure 3) and in fact would have been difficult to detect
except by neutron reflectometry. The absence of any
discernible surface excess of dsq in Pl when measured by ERDA
is perhaps surprising given the much greater discrepancy in
molecular weight for our system (~ 370) than for the isotopic
blends previously reported (< 50). We therefore explored this
system further by neutron reflectometry, which indicated a
very slightly enriched surface layer (supporting information
S.1.4.) from which we estimate the surface excess to be ~0.16
nm. The thickness of the adsorbed layer is of the order of 0.6
nm, which while close to the resolution of the NR
measurement, is consistent with equation 2 for weakly
segregating mixtures.

Influence of surface energy

It is well known that a mixture will normally minimize its free
energy by segregation of the lower surface energy component
to the exposed surface, and similarly polar, high energy
components tend to segregate to polar interfaces such as

J. Name., 2013, 00, 1-3 | 7
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silica.”® *! Unfortunately, it is very difficult to obtain accurate
surface energy data for these materials as they fall between
the extremes of liquid or solid material, or worse, contain a
mixture of both states. For liquids and low molecular weight
polymers, surface energy (or surface tension) is directly
measureable by methods such as drop shape analysis or for
somewhat more viscous materials a micro-Wilhelmy plate.52 A
requirement of these methods is that the material will flow to
an equilibrium shape on an experimentally realizable time. In
an earlier study on functionalized polybutadienes of almost an
order of magnitude lower molecular weight than the PB matrix
in this work, it was found that equilibration times for droplets
to flow could take days or weeks.” Given the well-known M**
dependence of entangled polymer viscosity on molecular
weight, this approach is not feasible for these polymer
matrices, and could certainly not be applied to matrices
containing copolymers with glassy blocks. The alternative of
obtaining solid surface energy via contact angle
measurements*” > is also problematic, due to the fact that
some displacement of oligomer, local reorganization (e.g. of
the pendant vinyl groups in PB), or contamination by the
oligomer of the contacting fluid is unavoidable on the
timescale of measurement. We therefore briefly consider
group contribution to provide a qualitative guide to the order
of increasing surface tension. For hydrocarbon polymers,
surface energy contributions increase from CH;3 (30 mJ m'z) to
CH, (36 mJ m'z), with higher values up to 45 mJ m? for
unsaturated species such as aromatic rings.24 On this basis, we
expect the surface energy of the polymer matrix to increase
from hPI to PI to PB. Similarly the corresponding values for the
oligomers would be expected to increase from oligo-dIB to dsq
to oligo-dS, but may be significantly shifted due the influence
of density, which is sensitive to molecular weight in this range.
Our observation that dsq is much more surface active in PB
than in Pl suggests that the PB matrix has a greater surface
energy than Pl. This result is consistent with some literature
values® for the surface energy of Pl and PB (31-34 and 43.1 -
486 mJ m? respectively). However, surface energy data
should be treated with some caution since these values are
sensitive to microstructure and end-group, and other sources™
quote very much lower surface energies (25 m)J m'z) for PB
with 1,2 addition. Consequently, the effective surface energy
of the pure PB will significantly depend on the quantity and
distribution of 1,2 wunits in the chain microstructure.
Furthermore, surface energy difference alone should not lead
to a complete wetting layer of oligomer; therefore it is
important that we consider also the compatibility of the
components.

Influence of compatibility

While differences in surface energy of the pure components
are expected to direct surface or interfacial segregation of
oligomers, it is anticipated that compatibility will also have a
strong influence on the extent of surface segregation. In
addition to differences in structure previously noted as
contributing to surface energy, increasing the molecular

8| J. Name., 2012, 00, 1-3

Page 8 of 14

View Article Online
DOI: 10.1039/C7SM00048K

weight of the oligomer decreases the entropy of mixing as is
apparent from the Ni terms in equation 1. (For the polymers
considered here, N2 is always at least 103, so the polymer
molecular weight in this range is insignificant.) Here, we have
carried out the analysis of miscibility with the same deuterium
labelled components as were used for surface segregation
analysis. This eliminates any artefacts that might arise as a
result of deuterium labelling, which slightly reduces the
cohesive energy density and surface energy of materials when
compared to their hydrogenous counterparts.lo’ " Table 2
summarizes the overall results obtained by comparing the Fox
equation’s predictions with the T, values measured by DSC.

Table 2 Compatibility matrix obtained by comparing DSC data with results
expected from the Fox equation.

Compatibilit
P ) ¥ oligo-dS oligo-dIB dsq
matrix
Ty/°C -13.3 -67.2 -96.8
hPI -50.8
2 Tgat
Pl 546 ed
>70wt%
PB -87.9

Polymer T; independent of oligomer, denotes incompatible (red), whereas if the T,
more rapidly approaches that of the pure oligomer than predicted by the Fox equation,
the system is compatible (green). In intermediate cases where the T, changes with
blend composition, but by less than is predicted by the Fox equation, the system is
considered to be partially compatible (amber).

The analysis by DSC provides a direct guide to compatibility,
utilising sufficiently small quantities of material to be practical
with the small quantities of deuterated components available.
We note that for two cases (oligo-dS / Pl and oligo-dIB / PB)
there appears to be a transition from a single phase mixture to
a two phase mixture at high oligomer concentrations. Clearly
this indicates that some mixtures are highly incompatible and
the tendency to phase separation at high oligomer
concentration is qualitatively consistent with the Flory Huggins
theory, which predicts the critical composition, ¢, has a high
proportion of the oligomer according to>>

go = [1+ 2] ©)

Nav,

Moreover, by comparing the compatibility of dsq and oligo-
dIB, which structures are both saturated alkane chains but
different molecular weights, it appears that the higher
molecular weight oligomer is always less compatible with the
matrix, which is an expected consequence of the 1/N; terms in
equation 1.

There is a strong correlation between the mixtures judged to
be least compatible by DSC analysis and strong surface
segregation behaviour observed for films of these materials.
Surface segregation was most apparent for the two least

This journal is © The Royal Society of Chemistry 20xx
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compatible oligomer/polymer combinations, highlighted in
red. Of the compatible (green) mixtures, only dsq/PB showed
significant surface segregation. We note also that for mixtures
of dsq with either hPI or PI, the T, shift exceeded the Fox
equation prediction for athermal mixing and in these cases, no
surface excess was determined. The nature of deviation from
the Fox equation is interesting because it appears to correlate
well with incompatibility and segregation. The large shift (AT,
> Fox) for dsq / Pl could suggest a more compatible system
than dsq / PB (AT, ~ Fox) since this behaviour is farthest
removed from an incompatible system, for which there is no
shift in T,. However, this explanation for the observed trend in
surface behaviour is not adequate since it is not consistent
with the established relationships between T,, free volume
and compatibility. Briefly, favourable interactions between
mixed components should have a negative free volume of
mixing, AV, and this in turn would be associated with an
increase in the absolute value of T, relative to the prediction
of the Fox equation. This effect has been well established for
polymer blends by the thermodynamic analysis of Lu and
Weiss, which demonstrated that the T, of blends should
increase with increasingly favourable interactions (negative
;().56' > We therefore conclude that while the correlation
between compatibility inferred from AT, and surface
segregation is useful, a more robust method is needed to
predict the wetting behaviour. Furthermore, we note that the
DSC analysis is restricted to the region of the glass transition
temperatures, which is much lower than the measurement
temperature of surface segregation. Given the relatively rapid
equilibration that we expect for these small molecule systems,
it is likely that there is a significant difference between the
temperature of surface segregation analysis and the effective
temperature at which compatibility is inferred from DSC.

Hansen solubility parameters can provide some insight into the
observed miscibility behaviour of the nonpolar materials under
consideration in this work. The Hansen solubility is dominated
by the dispersive component, §,, which is related to refractive
index, n;, by58

1
8p/ (MPa)z = 9.55n; — 5.55 )

The similarity in refractive index values for PB and Pl (table 1)
suggests that they have almost identical solubility parameters
which would imply that the difference in dsgq surface
segregation between Pl and PB matrices arises from
differences of surface energy rather than compatibility.
However, the accuracy of this interpretation is limited by the
accuracy of surface tension or refractive index data for these
materials. Recent experimental and computational advances in
determining miscibility behaviour both recognize the
significance of the volume change of mixing, AV,,,, on overall
miscibility behaviour. Lipson et al® *° have successfully used
thermodynamic PVT data for pure components and one value
for AV, to predict phase behaviour over a large range of
parameter space. Interestingly, mixtures can be divided into

This journal is © The Royal Society of Chemistry 20xx
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UCST or LCST systems, depending on whether the favourable
energy of interaction between unlike components is less than
or greater than the geometric mean of the self-interaction
terms respectively.

In the absence of the necessary experimental thermodynamic
data (e.g., critical solution temperature, cloud point curve,
AVnix) for parametrizing these systems, we have used large
sets of PVT data to characterize the pure compounds (like
interactions) and relied on combining rules to predict the
unlike interactions. As it was shown by Lipson et al. 1332 that
sensitive phase boundaries depend on the unlike interaction,
we do not expect quantitative predictions, but analyze relative
behaviour inherent in the pure component properties.

For exploring the relative miscibility of squalane/PB and
squalane/PI, all three components were parametrized within
the SAFT-y Mie framework based on a large set of density
data. Two different experimental data sets were used each for
PB and PI, which had close but slightly different monomer
ratios compared to the polymers characterized in this work.**
a6 Only one data set was found for squalane.45

The SAFT-y Mie predictions for the systems in this work show a
smaller free energy of mixing for Pl/sq compared to PB/sq
(incompatibility for PB/sq and partial compatibility for Pl/sq),
implying that squalane is more compatible with Pl than PB,
which is verified by the experimental results presented in this
work. The difference in solubility is not due to the molecular
weight difference between Pl and PB, as the SAFT predictions
remain almost unchanged when PB is modelled with the same
M,, as Pl. SAFT-y Mie predictions using predicted unlike
interactions (combining rules) for the relative volume change
upon mixing show a volume expansion for both systems.
Additionally the AV,,, dependency of squalane in PB and PI
was explored by MD simulations and SAFT-y Mie calculations.
In MD shorter chain lengths of 12 monomer units for Pl and PB
were modelled to make the MD simulations computationally
accessible. Results show a volume expansion upon mixing,
AVipix /Vipure (59 / PB) = 4.2x107 £ 1.5x10", AV, /Vpure (59 / P1)
=6.3x10" + 1.4x10™, An expansion of volume is also predicted
by SAFT for both the reduced polymer weight used in the MD
simulation and the experimental M,,. The SAFT model reveals
that for both PI/sq and PB/sq the expansion of volume reduces
with increasing molecular weight and increasing temperature.
There are indications that experimental negative volumes of
mixing can be expected for the PB/sq and Pl/sq systems: 1.
SAFT predicts negative volume of mixing for the experimental
M.,, systems above 300 — 420 K depending on the parameter
set. 2. Fitting the unlike interactions to experimental data
would increase compatibility and the unlike interaction and
therefore reduce the volume of mixing. The ability to predict
the temperature dependence of compatibility is particularly
significant to the application of HMAs, due to their need for
different surface properties when applied hot to those after
bonding at ambient conditions.

As the relative volume of mixing values change with the
chosen reference PVT set (and therefore with the SAFT
parameter set), no comment can be made on the MD Vi
value of PI/sq being larger than of PB/sq. For more confident
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predictions of the volumes of mixing of the PB/sq and Pl/sq
blends in this work, the unlike interactions within SAFT should
be fitted to experimental thermodynamic data of the blend,
and the polymer molecular weight within MD simulations
should be close to the experimental weights.

Quantifying surface segregation.

Turning our attention now to the derived surface
concentration profiles we see some quite unexpected results.
The fit to the experimental data yields the composition profile
shown in the inset of the figure 3, from which z* (dsq / PB) is
calculated to be 24.3 nm. Although the precise thickness of
this excess layer is difficult to determine with ERDA due to the
limited resolution, the product of concentration and depth is
well characterized; therefore surface excess values are
normally accurate within the statistics of the measurement,
which will be of the order £10%. The significance of this value
for z* is that it is an order of magnitude greater than the
length of the oligomer molecule; therefore can only be
accounted for by a thick wetting layer. The formation of a
stable surface excess, with a decay length which can persist to
depths of tens of nanometers, is normally associated with a
clearly phase separated system,”' % or one in which the film is
sufficiently thin that the influence of the surfaces on the
overall free energy of the system may perturb the phase
boundary somewhat.®"  For dsq and PB, the uncertainty in
ATy / ATgmax is quite large because ATy nay is relatively small,
so it is possible that DSC is unable to resolve coexisting phases
with similar T, values. Further tests on thick samples of
hydrogenous squalane and PB appear to show some haziness
at high squalane fractions (70%), which disappears when the
sample is heated above room temperature (>35 °C). This
indicates that squalane / PB is a partially compatible UCST
mixture and is consistent with the observed wetting
behaviour.

Concentration profiles for incompatible systems

Amongst the less compatible systems identified by DSC, we
compare the behaviour of oligo-dIB in thin Pl and PB matrices.
This oligomer was judged to be marginally more compatible
with Pl than PB on the basis that there was some shift in T, of
Pl with respect to pure Pl, whereas the T; of PB remained
unperturbed by the oligomer. The relative compatibility of this
unsaturated oligomer with Pl and PB is consistent with the
order seen for dsq, except that oligo-dIB, having a significantly
greater molecular weight is generally less compatible with
either polymer matrix. For both mixtures, the large surface and
interfacial excesses revealed by ERDA in Figures 6 and 8
exceed what can be accounted for by a single layer; therefore
suggest wetting behaviour that is consistent with the two
phase mixtures. We have also explored the surface
segregation of a higher molecular weight oligo-dIB (2200
g/mol) in PB and found that this is even more segregating than
oligo-dIB (900 g/mol), which is consistent with increasing
incompatibility with increasing molecular weight. NR data, fits

10 | J. Name., 2012, 00, 1-3

and composition profiles are provided as supporting
information, S.I.5.

An interesting distinction between oligo-dIB in Pl and the same
oligomer in PB is that only in the latter case is an excess of
oligomer detected at the buried interface (Figure 8). Here the
composition profiles have been presented on a normalized
depth scale for clarity. The absence of any detected interfacial
excess at the very highest oligomer concentrations is most
likely due to these films being somewhat thinner than the
more polymer-rich films. The presence of oligo-dIB at the
surface of either film is consistent with the expectation that
this saturated low molecular weight oligomer has a
significantly lower surface energy than either polymer matrix.
However, given the propensity of polar, high surface energy
components to segregate to buried interfaces of films,51 the
accumulations of oligo-dIB at this interface is not expected on
the basis of surface energy arguments. Given the similarity of
solubility parameter for these polymers, it is not obvious why
they should have significantly different interactions with the
substrate. The composition profiles seen are in fact more
consistent with the oscillating profiles seen for surface-
directed spinodal decomposition, and may in this case simply
arise in PB but not Pl because of the timescale of equilibration
during solvent evaporation.sz' &3 Although beyond the scope of
this present work, we note that the timescale of development
of such spinodal waves could provide valuable insights into the
stability and rate of toughening of adhesive formulations.

Surface topography

Although it is impossible to determine absolute surface
concentrations because of the limited depth resolution of
ERDA, the relatively diffuse profiles suggested for oligo-dIB in
Pl (Figure 6), suggest that the surface layer is not pure
oligomer. Because Flory Huggins (equations 1 and 6) predicts a
coexistence in which the oligomer rich phase is almost devoid
of polymer, our results suggest that the composition profile
inferred from ERDA is not laterally homogeneous. AFM was
performed on thin (~100 nm) of 30 wt% oligo-dIB in Pl (Figure
7) confirms that these samples do indeed contain significant
lateral structure, with disk-like islands of adhesive (oligo-dIB-
rich) material dispersed in a more elastic (PIl-rich) material. The
disks are ~7 um in diameter and are raised ~10 nm with
respect to the adjacent film (Figure 9) —i.e. a tenth of the total
thickness of the film. The diameter of the disks far exceeds the
total film thickness; which is a feature of lateral phase
separation in polymer films of surface active mixtures. There
is no total coverage of the Pl-rich phase by the oligo-dIB rich
phase. Some of the disks are overlapping which suggests that
they might have grown from an initial spot and extended by
lateral migration on the surface. Although the origin and
growth mechanism of the laterally separated domains is not
discernible from these data, we note that similar structures
are possible, even for polymers of quite similar surface energy
when formed by spin-coating.33' 64 % ERDA data, recording an
average composition at the surface, should have recorded a
surface excess in the first tenth of the total sample thickness.

This journal is © The Royal Society of Chemistry 20xx
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However, the length scale is much larger on the concentration
profiles recorded (Figure 5). This implies that the oligomer-rich
structure extends well below the surface of the “disks”, as
annotated on figure 9.
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Fig . 9 Cross section of AFM height profile of a ~100 nm film of 30% oligo-dIB in PI. The
dotted curves indicate the extent of the oligo-dIB inferred from ERDA.

Remarkably, given that both film components are at least 75
°C above their respective T, values at the measurement
temperature, the structures appear to be quite stable, and no
coarsening was observed over several hours. The time needed
to install the sample on the AFM device and obtain a first scan
is around 10 minutes. It appears that the equilibrium state (or
at least a metastable state) is reached within less than 10
minutes; soon after the solvent has evaporated. Unfortunately
it was not possible to apply this analysis to the dsq / PB system
because of the highly fluid nature of dsq, but the successful
specular NR experiments suggest that there is little lateral
variation in these samples.

Conclusions

We report the impact of the molecular weight, surface energy
and compatibility between non-polar oligomeric additives and
amorphous polymer matrices on the vertical depth distribution
of the oligomer in thin polymer films. Through DSC
measurements and evaluation of the T, of blends of several
compositions, the compatibility of the oligomer/polymer pair
was systematically assessed for a matrix of 3 polymers and 3
oligomers and found to correlate strongly with surface or
interfacial segregation. The surface segregation behaviour of
four systems, presenting different compatibility behaviours
were studied in detail by ERDA and NR to measure the vertical
partitioning of the oligomer in the thin polymer films. The
most compatible systems (dsq in Pl) presented an even
distribution over the whole film thickness with very little
surface or interfacial enrichment of either component. A
significant surface excess was observed for dsq in PB, which
DSC and turbidimetry indicates is a less compatible system
than dsq in Pl. Computational calculations using SAFT-y and
MD support the DSC compatibility analysis and enable
extrapolation to the temperature range relevant for the HMA
applications. This approach can also be used where DSC is
unsuitable; for example where the T, of both components is
very similar. For systems in the two phase regime, a phase
separation occurs at the surface and a “wetting layer” can be
formed, and in the case of oligo-dIB / Pl, clear lateral
segregation into ‘islands’ was also evident by AFM. Despite
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both components in this film being well above their T,, no
coarsening or evolution of this structure was observed over
many hours, indicating that even these simple model systems
can exhibit complex non-equilibrium behaviour.  Surface
segregation of the oligomer is mainly directed by the surface
energy difference between the oligomer and the matrix with
saturated oligomers, dsq and oligo-dIB tending to segregate to
exposed surfaces and unsaturated oligo-dS segregating to the
buried interface of hPl films. However, the extent of
segregation is overwhelmingly due to the incompatibility
between the oligomer and the polymer. In the case of strongly
incompatible oligo-dIB in PB films, segregation to both surface
and buried interfaces was apparent, possibly due to a spinodal
wave formed during initial stages of solvent evaporation
separation, which was kinetically trapped in the dry film. The
tendency of small molecules to segregate to surfaces or
interfaces of mixtures with larger polymers, although well
established for nearly ideal isotopic blends is insignificant
when compared to other factors, notably the compatibility of
the mixed components.
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