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Structure of Polystyrene at the Interface with Various Liquids
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ABSTRACT: Vibrationally resonant sum frequency generation (VR-SFG) is used to determine the
structure of the phenyl side groups of deuterated polystyrene at the liquid/solid interface for the nonsolvent
liquids hexane, methanol, ethanol, glycerol, and water. The structure for the three low-surface-tension
() liquids—hexane, methanol, and ethanol—is similar and only slightly perturbed from that of the air/
solid interface. The air interface is ordered with the phenyl rings oriented away from the polymer bulk.
The structure for the two high-y liquids, water and glycerol, differs significantly from the low-y liquids

and reflects a near flat orientation of the phenyl ring.

Introduction

Polymer interfaces, both solid/solid and solid/liquid,
are critical to a diverse array of technologies, ranging
from adhesives through corrosion-resistant coatings and
lubricating films to biosensors and medical implants.
The molecular structure of these interfaces has proven
difficult to characterize as traditional surface-sensitive
diagnostics lack the necessary in-situ performance or
interface selectivity. Vibrationally resonant sum-fre-
guency-generation (VR-SFG) has emerged as a powerful
tool for the in-situ study of interfaces’™> and has
recently been applied with success to the study of
polymer systems.® As a second-order nonlinear optical
process, VR-SFG has inherent interface specificity.
Signals from centrosymmetric bulk media, such as all
liquids, are forbidden in the dipole approximation.
Additionally, VR-SFG has the advantage, with respect
to linear optical techniques, that it can determine both
the alignment and orientation of functional groups at
an interface.

Polystyrene (PS) is a simple vinyl polymer and serves
as a model system for diverse studies of polymer physics.
Recently, VR-SFG has been used to characterize the
structure’—° and dynamics?® of the air/PS interface and
the structure of buried PS/solid interfaces.!*~13 In our
study of buried PS interfaces,’®* we found that the
orientation distribution of the phenyl side groups varied
significantly between low surface energy, hydrophobic
substrates and high surface energy, hydrophilic sub-
strates. On hydrophobic substrates, the phenyl side
group structure was similar to that found at the air/PS
interface, with the phenyl group oriented away from the
polymer bulk. On the hydrophilic substrates, the phenyl
group adopted a more lying flat orientation and twisted
with respect to the chain backbone. This twisted con-
figuration was attributed to the development of a
m-hydrogen bond between the phenyl ring and surface
hydroxy groups. The increased polymer substrate in-
teraction was reflected in improved adhesion between
the film and the substrate. The PS structure on the
hydrophilic substrate was similar to that reported for
sapphire substrates.!! In the present paper, we present
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in-situ VR-SFG studies of the interface of deuterated
polystyrene (dPS) with a variety of liquids (hexane,
methanol, ethanol, glycerol, and water) to further
explore the relationship between interfacial energy and
PS interface structure.

Experiment

The experiments were performed with a broad-bandwidth
VR-SFG apparatus that has been described previously.* In
brief, broadband (>150 cm~! fwhm) IR pulses, derived from
an ~110 fs, 1 kHz, regeneratively amplified Ti-sapphire laser
system, were temporally and spatially overlapped with narrow-
bandwidth (~3 cm™) 794 nm VIS pulses at the sample. The
resolution of the VR-SFG spectra was limited by the band-
width of this visible probe. The SUM light at about 672 nm
was collected and dispersed with a spectrometer. A scientific
grade CCD detector was used to detect the entire SUM
spectrum in parallel. Experiments reported herein used broad-
bandwidth IR pulses in the wavenumber range of 1900—2300
cm~t. Pairs of half-wave plates and polarizers were used to
control the polarization of the IR, VIS, and SUM beams. The
polarizers are placed between the sample and wave plate to
eliminate any nonidealities in the achromatic wave plates. All
VR-SFG spectra reported were taken with either SSP (SUM:
S,VIS: S, IR: P)or SPS (SUM: S, VIS: P, IR: S) polarization
combinations. S polarization is defined as having an electric
vector perpendicular to both the incident wavevector k and
the outward surface normal n, while the electric vector for P
polarization is defined as S x k and lies in the plane of
incidence. All spectra are referenced to the spectrum of an
octadecanethiol (ODT) self-assembled monolayer on Au. The
ODT film has no vibrational features in the 1900—2300 cm™*
range. For ease of comparison with linear vibrational spec-
troscopies, the x-axis is set to the incident IR wavenumber.

The thin polymer films (=332 nm) were formed by spin-
coating 220 000 number-average relative molecular mass,
narrow-distribution (Mw/M, = 1.04) atactic dPS from Polymer
Source Inc.,'® at 2000 rpm from toluene solutions onto Au films
(200 nm thick) evaporated onto microaqueduct slides (see
below). The polymer films were annealed under vacuum for 2
h at 120 °C. The Au films were cleaned prior to polymer spin-
coating by 15 min UV-ozone treatment, followed by rinsing
with ethanol to reduce the resultant thin Au oxide layer and
then toluene. The Au surfaces were hydrophilic (water contact
angle less than 3°) and showed negligible VR-SFG signatures
in the CD and CH regions. The thicknesses of the dPS films
were determined by spectroscopic ellipsometry and are ac-
curate to ~1 nm. All dPS films were rinsed with ethanol and
dried with N prior to assembly in the in-situ cell. Previous
studies of the PS/air interface® established that, even with the
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Figure 1. (a) SSP VR-SFG spectra from the dPS films while in air and in contact with the five liquids hexane, methanol, ethanol,
water, and glycerol. The smooth solid lines shown are fits of the spectra to eq 1. (b). The imaginary part of the individual Lorentzian

components of the fits.

precaution of using an oil-free diaphragm pumped oven,
adventitious hydrocarbon is typically found on the surface of
freshly prepared films. This could be removed by an ethanol
rinse, with no apparent degradation to the polymer/air inter-
face.

The sample cell was a model FCS2 microscopy chamber from
Bioptechs (Butler, PA).1> Technical details are available on-
line.’8 A 25 um Teflon spacer was sandwiched between a 1
mm calcium fluoride entrance window and a polymer-gold-
coated microaqueduct slide inside the chamber. The microag-
ueduct slide is engineered to provide laminar flow in an ~12
mm wide by 20 mm long channel across the sample. The
nominal volume of the flow cell was 6 uL. A peristaltic pump
was used to push solution through the cell at a flow rate of
about 1.1 mL/min. A series of five, 2 min long VR-SFG spectra
were acquired, beginning upon the complete wetting of the
film. The surface was kept in contact with flowing liquid
throughout the collection of VR-SFG spectra. A 25 mL glass
jar was used as a sample reservoir, and stainless steel tubing
(0.6 mm i.d.) connected the reservoir and the pump to the
sample cell. The IR and visible beams were coincident on the
calcium fluoride window at 74° and 55°. Because of refraction,
the incident angles were nominally 45° and 37° at the solution/
Au interface. The organic liquids were spectroscopy grade and
used as received. The water was obtained from a Barnstead
Nanopure system?!® with a final resistivity >18 MQ cm.

The IR and Raman reference spectra were acquired with a
Nicolet Magna-IR 860 FTIR at 2 cm™ resolution and a Bruker
RFS100 FT-Raman (1064 nm excitation) at 2 cm™1 resolution,
respectively. FTIR spectra were recorded in reflection from a
~100 nm thick film. FT-Raman spectra were recorded in 180°
configuration from the powder. Reported frequencies are from
multiple Lorentzian fits to the spectra.

Results

Shown in Figure la are SSP VR-SFG spectra from
the dPS films while in air and in contact with the five
liquids. We report the average of the five 2 min spectra.
The resonant features between 2100 and 2300 cm~? can
be attributed to the C—D stretching vibrational modes
of the dPS (see below). In general, there are three
possible origins of the VR-SFG signal: the top (ambient/
polymer) interface, the bulk of the polymer, or the
buried (polymer/Au) interface. Previous studies of PS
films have determined that bulk mixing is negligible.?
For thin films on reflective substrates, the relative
sensitivity to the top and buried interfaces is a function
of film thickness due to the standing waves created by
the incident and outgoing fields. We have demonstrated
that this can be used to isolate the contributions from
each interface.? The thickness of the dPS used in this

experiment (332 nm) was chosen to isolate the contribu-
tion to the VR-SFG signal from the ambient/polymer
interfaces. This was verified by observing the elimina-
tion of vibrational features in the VR-SFG signal after
films were treated with UV-ozone exposure which has
been shown to severely disturb the order of the phenyl
pendant rings at the polymer surface.”13 Details of the
dPS thickness dependence of the expected signal and
the UV-o0zone exposure tests are provided as Supporting
Information.

The VR-SFG spectrum from an isotropic interface in
SSP and SPS configurations can be modeled by the form

A, 2

I Be'’ + (1)

SSp,sps =

|X§sp,sps|2 Vg — V; T 1T
where B corresponds to the nonresonant signal and the
sum is over the vibrationally resonant contributions
from the adsorbate molecules.l” The factor ¢ is the phase
difference between the features of the spectra and the
nonresonant background. A, v, and T correspond to the
amplitude, resonant wavenumber, and line width of
each resonant feature, respectively. y® is the effective
nonlinear susceptibility of the reference sample. Solid
lines shown in Figure la are fits of the spectra to this
form, with four resonant features between 2100 and
2300 cm™1, The imaginary part of the individual reso-
nant terms, ATi/[(vir — vi)? + T4, is shown in Figure
1b. The feature near 2190 cm™1 is attributed to the CD,
asymmetric stretch of the polymer backbone. The high-
wavenumber features can be attributed to CD stretches
of the pendant rings on the basis of IR and Raman
spectra, as shown in Table 1. The mode assignments
are based on literature assignments for similar substi-
tuted benzenes!® and comparison to density functional
theory calculations®2° for the model compound iso-
propylbenzene and employ Wilson notation for the
normal modes of benzene.1®

The VR-SFG spectra of dPS at the low surface tension
(y) liquid interfaces (y = 18.4 mN/m hexane, 22.6 mN/m
methanol, 22.7 mN/m ethanol)?! are qualitatively simi-
lar to that of dPS in air. The v, aromatic CD stretching
mode near 2292 cm~1 is the dominant feature. However,
the spectra of dPS films in contact with high y (72.8
mN/m water, 63.4 mN/m glycerol)?® liquids are very
different; most notably, the intensity of all features
decreases significantly. For all five liquids, the spectral
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Table 1. Vibrational Mode Assignments of Observed VR-SFG Features (in cm™1)

VR-SFG VR-SFG VR-SFG VR-SFG VR-SFG VR-SFG

assignment air hexane ethanol methanol water glycerol Raman IR DFT?2
2 2295 2292 2292 2293 2289 2286 2286 2286 2286
20B unres 2278 2280 2281 2275 2275 2272 2273
13 2275 2262 2267 2264 2261 2266 2264 2263
7B 2255 2251
7A 2234 2236 2247
CD; asym 2191 2186 2189 2181 2189 2182 2195 2195

a Theoretical wavenumbers have been scaled by 0.962 to give agreement for v.

change occurred within the measurement time (2 min)
upon introduction of the liquid. No additional spectral
changes were observed over the 10 min total elapsed
time of the measurement. For all five liquids, a hexane-
like spectrum was recorded upon removal of the liquid
from the cell. The air spectrum was recovered after
ethanol rinsing of the surface. This may be attributed
to the presence of a hydrophobic contamination layer,
deposited as the air/liquid interface traversed the film.
This is consistent with a ~1 nm thickness increase
observed with spectroscopic ellipsometry that was re-
moved by the ethanol rinse. The radical differences
between the water and glycerol interface spectra and
the low-y liquid interface spectra indicate that the
contamination is not significant at the fully wet inter-
face. Similarly, as an ethanol rinse regenerated the air/
polymer interface, it is unlikely that the contamination
influences the low-y liquid interface spectra. An alter-
nate explanation for the irreversibility of the air inter-
face spectrum is liquid-induced morphology changes in
the surface structure, which are then “solvent annealed”
by the ethanol rinse. Surface restructuring has been
observed by AFM for low molecular weight PS in
water.??

The wavenumber of the dominant v, feature is sensi-
tive to environment, shifting from 2295 cm~! for the air
interface to 2289 cm~! for the water interface. Similar
behavior has been observed for the v, feature for PS at
the air and buried solid interface.’?13 The resonant
feature causing an increase in signal (due to construc-
tive interference with the nonresonant background) at
2275 cm~1 for the air interface can be assigned to v;3
on the basis of the predicted relative phases of modes
13 and 2, as has been done for modes 7a and 2 for PS.811
The resonant feature causing a signal decrease (due to
destructive interference with the nonresonant back-
ground) at 2275 cm™! for the water interface is at-
tributed to vy, With v13 appearing as a weak construc-
tive interference shoulder at 2261 cm~1. The 20B mode
cannot be resolved in the air interface spectrum. The
extreme width of the CD; feature precludes meaningful
analysis of its position. In general terms, the wavenum-
bers of the identified features at the air interface are
perturbed from the bulk material, those at the water
interface are more bulklike, and those at the hexane
interface are intermediate.

The vector orientation of the observed functional
groups (phenyl CD and backbone CDy) can be deter-
mined by the sign of the phase ¢ between the vibrational
resonance and the nonresonant background (B). It has
been previously established that the phenyl rings are
oriented away from the bulk of the polymer at the air
interface.® The observation of similar destructive inter-
ference for v, for all five liquids indicates that the phenyl
rings are oriented into the liquid in all cases. It can be
shown that the sign of the susceptibility for the B
symmetry CD, asymmetric stretch is opposite to the A

symmetry v,. Therefore, the observation of the CD,
modes with destructive interference indicates that the
CD; is oriented away from the liquid, consistent with
simple connectivity arguments.

The orientation distribution of the phenyl rings of dPS
at liquid/polymer interfaces can be quantitatively de-
termined by the ratio of selected features in the SSP
and SPS VR-SFG spectra of the interfaces. The details
of this calculation have been described by many au-
thors.1723.24 Following the notation of our earlier treat-
ment of the PS/air interface,® it can be shown that

Bl _ AP
Bilhe AFPF™

(@)

where f; is the resonant molecular hyperpolarizability,
Ai is the line amplitude from eq 1, and F is the combined
Fresnel factor, accounting for the film thickness. 00
denotes an average over the molecular orientation
distribution defined in terms of the Euler angles: 6, tilt
from the surface normal, and v, twist about the molec-
ular axis. In general, SFG is only sensitive to low order
moments of the orientation distribution; therefore, one
must assume a trial distribution of a specific form. To
determine both 6 and v, one must observe at least two
vibrational modes with different hyperpolarizability
forms. Our spectra support quantitative analysis only
for the strong feature due to v,; therefore, we have
assumed a trial distribution function that is a delta
function in 0 and an isotropic average of y (equivalent
to v = 45°). The analysis also requires knowledge of the
hyperpolarizability tensor iy for v,. We have assumed
Bxxz = 0.86f877 (prime indicates coordinates in the
molecular frame), with all other elements 0, based on
DFT calculations, and consistent with previous bond
additive polarizability calculations: Sxxz ~ Brr2.2° EQua-
tion 2 then becomes

(r—2)sin’9  APF
r+rcos’f+2sing ASPF*

3)

where r = ByxzIB7z77.

SSP and SPS VR-SFG spectra of dPS films from the
three characteristic interfaces—air/polymer, low-y liquid
(hexane)/polymer, and high-y liquid (water)/polymer—
are shown in Figure 2. The results from the fitting of
model (1) are listed in Table 2 along with the Fresnel
factors. In the calculation of the Fresnel factors, we have
used the index of refraction for dPS and Au at the VIS
and SUM frequencies obtained from spectroscopic el-
lipsometry.?® The data in Table 2 combined with eq 3
enable us to determine the tilting angles of the inter-
facial phenyl ring group of dPS at the air/dPS interface
(35 £ 4°), the hexane/dPS (42 + 4°) interface, and the
water/dPS (70 + 8°) interface. The uncertainties are one
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Figure 2. SSP (a) and SPS (b) VR-SFG spectra of dPS film from the three characteristic interfaces: air/polymer, low-y liquid

(hexane)/polymer, high-y liquid (water)/polymer.

Table 2. VR-SFG Results for Various DPS Interfaces

interfaces v [em™1] Tssp[cm™] Asps/Assp Fssp/Fsps? BL Bl
air/polymer 2295 5.8 0.12 £ 0.01 151 0.18 £ 0.02
hexane/polymer 2292 6.1 0.20 £ 0.02 1.16 0.23 £0.03
water/polymer 2289 6.1 0.32 +0.03 1.16 0.37 £ 0.05

a Calculated for Ajr = 4375 nm, Avis = 794.5 nm, Asum = 672.4 NM, Nair = 1, Nnexane = 1.378, Nwater = 1.34, Ngps = 1.53 + 0.011/22, nay[Air]
=3.03+i 26.9, nAu[ﬂ.ws] =0.155 +i 4.71, nAu[ls,UM] =0.178 + i 3.68.

standard deviation and include the ~10% precision in
the A ratio, ~10% precision in the Fresnel factor ratio
(determined via propagation of the thickness uncertain-
ties from the ellipsometric measurements), and an
~10% estimated precision in the calculated r (deter-
mined via comparison of DFT and HF calculations® of
r). The orientation of the phenyl rings at low-y liquid/
polymer interfaces is very similar to the one at the air/
polymer interface, while that at high-y liquid interfaces
is clearly different. We must note in passing that the
tilting angle of the interfacial phenyl ring group of dPS
at the air/dPS interface reported here is smaller than
the tilting angle of the interfacial phenyl ring group of
PS at the air/PS interface (57 £ 8°) we reported in a
previous study.® We do not believe this reflects an
isotope effect in the interfacial orientation, but is due
to uncharacterized systematic errors in the two analy-
ses. The analysis of PS did not require assumption of a
y distribution. Additionally, there are significant Fermi
resonance interactions in the aromatic CH stretching
region (the 20b mode of benzene is anharmonically
resonant with three distinct combination bands?’) that
are not present in the CD region and that could
introduce systematic errors in double harmonic ap-
proximation calculations of f.

Discussion

The possibility of surface reorganization in response
to contact with a liquid has been recognized at least
since Langmuir’s original discussion of hydroxy groups
on solid surfaces.?® This reorganization has most com-
monly been characterized in the context of dynamic
contact angle measurements,?! although many other
physical phenomena can contribute to a time-dependent
contact angle. VR-SFG has been applied to the study of
numerous liquid/polymer interfaces. The bulk of the
studies have focused on the interaction of block copoly-
mers?® and polymer blends®® with water and their
subsequent reorganization, driven by the relative hy-
drophilicity of the components. The side group reorga-
nization of the series of methacrylate polymers poly-
(methyl methacrylate) (PMMA), poly(butyl methacrylate)

(PBMA), poly(octyl methacrylate) (POMA) has been
characterized in water.3132 Significantly different be-
havior was observed for the three different alkyl chain
lengths. Relatively little work has been done with
liquids other than water.

In this study of dPS interfaces, there is a strong
similarity between the air/polymer surface and the
nonsolvent, low-y liquid/polymer interfaces. This is
consistent with previous PS/low-y solid interface stud-
ies® and is consistent with the general concept that air
is “hydrophobic”. This is also consistent with the general
similarity of the interface structure of albumin with air
and various nonpolar liquids.3334 The PS/solid and PS/
liquid interfaces differ in the flexibility of the nonpoly-
mer component. The solid presumably acts as a rigid
barrier, while the liquid can conform to maximize the
interaction with the polymer. The conformational flex-
ibility of the liquid seems to not significantly influence
the polymer order, based on comparison of the three
low-y liquids studied here (hexane, methanol, ethanol)
and the hydrophobic spin-on-glass previously character-
ized.1® This is in marked contrast to the behavior of the
low-y (28.4 mN/m) solvent toluene. VR-SFG studies of
the toluene vapor/PS interface have indicated complete
randomization of the polymer surface, attributed to
solvation of the phenyl groups.3®

The interface of PS with the high surface tension,
hydrogen-bonding liquids water and glycerol is very
different from that of the low-y liquids and air. In our
previous study of the PS/hydroxylated spin-on-glass
interface, it was found that the phenyl rings adopted a
more tilted configuration, similar to the high tilt angle
found here. In the case of the solid interface, there was
strong evidence for a preferred twist of the phenyl ring
with respect to the chain backbone, reflected in the
atypically strong hyperpolarizability of the v,og feature.
This twist was suggested to occur due to the develop-
ment of a phenyl 7-hydrogen bond interaction with the
surface, and the constraint that the backbone must be
in the plane of the surface. This strong v,og feature is
not seen for the dPS/liquid interfaces. DFT calculations
suggest that, unlike PS, the hyperpolarizability of v,op
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for dPS does not become significantly perturbed when
the ring is twisted with respect to the polymer backbone
(see Supporting Information).

It is interesting to note that the alcohol interface is
similar to the nonpolar hexane as opposed to the
hydrogen-bonding water and glycerol. The dPS/alcohol
data are consistent with the hypothesis that the alcohol
orients at the hydrophobic polymer interface with the
OH directed toward the liquid. Presumably this arises
because the OH:O hydrogen-bonding interaction be-
tween the alcohol molecules is stronger than the weak
OH:phenyl interaction. This is supported by VR-SFG
studies of the alcohol/air interface, in which free OH
features are not present, indicating that the OH is
oriented into the liquid.3®

Conclusions

We have characterized the side group order of poly-
styrene surfaces under various liquids. Combined with
earlier work on polystyrene/solid interfaces, universal
characteristics have emerged. The polymer is observed
to mildly reorient with respect to the highly ordered air
interface under hydrophobic liquids and at hydrophobic
surfaces. In contrast to the weak influence of the
hydrophobic interfaces, significant reorganization is
observed at hydrophilic interfaces.
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