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PROBING HIDDEN POLYMERIC INTERFACES USING
IR-VISIBLE SUM-FREQUENCY GENERATION
SPECTROSCOPY
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Understanding the molecular-level processes underlying interfacial phenomena is
important in the area of adhesion. We briefly introduce IR-visible sum-frequency
generation spectroscopy (SFG) using a total-internal-reflection geometry for the
study of polymer—air, polymer—solid, and polymer—-polymer interfaces. The fol-
lowing examples, predominantly of work done in our lab, illustrating differences
in molecular structure and dynamic properties at interfaces are presented: the
air- and solid-interface structure of an amorphous polystyrene (PS) and a semi-
crystalline polymer with side-chain crystallinity, poly(octadecyl acrylate) (PA-
18); structure of a polymer—polymer interface between thin films of a semicrystal-
line polymer with side-chain crystallinity, poly(vinyl-N-octadecylcarbamate-
co-vinyl acetate), and an amorphous PS; thermal order-to-disorder transitions of
the air and solid interface of PA-18, and the interface of this polymer with PS;
and dynamic surface-relaxation studies of a rubbed PS film.

Keywords: Polymer adhesion; Polymer surface; Polymer interface; Alkyl side chain
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generationfs
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INTRODUCTION

Often in scientific or technological areas governed by physicochemical
principles—areas such as adhesion, coatings, catalysis, cell biology,
and biomedical implants—there are problems that involve the coming
together of two immiscible substances [1-3]. The boundary region at
which the phases of such substances meet is defined as the interface®
[4]. Observable interfacial phenomena are dictated by the nature and
organization of molecules originating from each of the two phases and
residing in the interface. In most instances, the latter is inferred from
the former—for example, wettability studies and friction measure-
ment may suggest the preference of certain types of molecules, and
perhaps even their structure, at the interface [2]. Knowledge of the
underlying molecular origins is important because the composition
and architecture of molecules can be controlled by chemical synthesis;
therefore, proven molecular mechanisms for interfacial phenomena
are of great value in controlling the behavior of two substances at their
mutual interface. However, because several buried or hidden inter-
faces (e.g., solid—solid and solid-liquid) are inaccessible in situ by
conventional surface science techniques that require vacuum, tra-
ditionally researchers have resorted to indirect and ex situ routes
[2, 3, 5—7] to obtain the molecular-level picture.

In the last two decades, investigators have taken advantage of
second-order, nonlinear optical effects—second-harmonic generation
(SHG) and sum-frequency generation (SFG)—as a new route to probe
buried interfaces because these effects are very often confined to the
interfacial regions of samples (explained below). In this report, we con-
centrate on some innovative uses of SFG measurements, done in our
lab, in example applications that are relevant to the science and tech-
nology of adhesion. Recent SFG review articles by Chen et al. [8] and
Buck and Himmelhaus [9] are noteworthy; they cover a broader range
of applications as well as the published work of several research
laboratories. With the applications discussed here, we hope to eluci-
date the utility of SFG in knowing molecular-level structure and pro-
cesses that can contribute to the understanding of adhesion. Because
of the extensive use of polymers in adhesion, all examples selected con-
sist of polymeric interfaces, wherein either one or both of the bulk
phases are polymeric. However, before we discuss these examples,

A conventional usage of the word surface is to represent the outermost region of a
bulk phase that is in direct contact with a gas phase (usually air), and for the word inter-
face is to represent the thin region of contact between two condensed phases (such as a
solid and a liquid). In this report we use the word interface to represent both.
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we present a short background on SHG and SFG and their inherent
advantages for interfacial studies.

Nonlinear optical phenomena were first realized in the laboratory
after the advent (late 1950s) of pulsed lasers that are able to generate
high-intensity electric fields. SHG and SFG are the two commonly
encountered nonlinear optical techniques. In SHG (Figure 1la), a
laser-light beam at frequency w is converted to a beam at twice the fre-
quency, 2w. In SFG (Figure 1b), laser-light beams of frequencies w,
and wq are overlapped in a medium to produce a beam at the sum of
the two source frequencies, w3 = w1 + ws. The light sources do not have
to be lasers, but in practice only pulsed lasers can produce the high-
intensity electric fields required to generate detectable outputs.

These nonlinear effects were first demonstrated in bulk media—
SHG in 1961 [10] and SFG in 1962 [11]. It was only much later that
they were applied to study surfaces, 1974 for SHG [12] and 1987 for
SFG [13]. When it comes to probing interfaces, SFG is preferred over
SHG, because by using a tunable IR laser as one of the light sources
(at frequency ws) a vibrational spectrum of the molecular species
located just at an interface can be obtained. This has resulted in the
rapid evolution of a whole new spectroscopy since the first demon-
stration in 1987 by Zhu et al., and it is commonly known as IR—visible
sum-frequency generation spectroscopy (or SFG in the text below).

SFG is based on a second-order nonlinear process; therefore, it is for—
bidden in media with inversion symmetry, such as the bulk of gases,
liquids, and most solids, assuming the electric-dipole approximation,
which neglects the signal generated by multipoles and magnetic
moments. However, at the interface between two centrosymmetric me-
dia, inversion symmetry is necessarily broken and generation of the
SFG signal is allowed. This is why the spectra represent a thin layer
of molecules at the interface of bulk phases. Because it uses beams of
visible and infrared light, SFG is useful in probing buried interfaces
in situ. The only requirement for SFG is that light at frequencies w;
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FIGURE 1 Conceptual illustration of the (a) SHG and (b) SFG nonlinear
optical effects.
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and w, should be able to access the interface, and light at frequency ws
should be able to leave the interface through one of the adjoining
phases and be measured by a suitable detector. Besides indicating
the presence of various chemical species (composition) at interfaces,
SFG spectra can also determine the spatial orientation of these species
at the interface; therefore, SFG gives useful structural information for
interfaces at the molecular level, which can be pivotal in understanding
the microscopic origins of macroscopic phenomena such as friction,
tack, and wettability. Furthermore, SFG is a nondestructive technique
for most potential applications because the laser intensities are not
high enough to damage the interface being probed.

These advantages have led to the rise of SFG as the method of
choice in many interfacial studies. We next provide a rudimentary in-
troduction to the theory of SFG and some of the commonly used geo-
metries in studying buried interfaces.

THEORY OF SURFACE-SENSITIVE SFG

The theory of SFG has been explained in published works [14-17] and
is not presented here at the same level of detail. Although the follow-
ing background information is succinct, we believe it is sufficient for
enabling the uninitiated reader to appreciate the examples and case
studies presented in the text.

If the molecules of a medium are subjected to an intense electric
field (e.g., Figure 1a), then the region of the medium so exposed will
get polarized according to

P=se(¢Y E+y?:EE+ ®EEE+ ). (1)

Here, P is the polarization vector, E is the electric field vector, and V),
%), and y® are, respectively, the first-, second-, and third-order elec-
tric susceptibility tensors of the medium (higher order susceptibilities
are not shown and are usually negligible in magnitude). Note that this
expression neglects contributions from multipoles (e.g., quadrupole)
and magnetic moments, and this omission is called the electric-dipole
approximation. Also, it is assumed that the medium does not have a
static polarization (true for most materials).

If a region of the medium is simultaneously subjected to two intense
electric fields, E; and E,, then the induced polarization, P, contains
the term 32 : (E1Eg 4+ EoE1). When the source of electric fields is laser
light, as in Figure 1b, E; = E{ cos(w;t) and Eg = E) cos(wgt). In this
case, it is easily seen with a trivial trigonometric rearrangement that
the term containing y?) will have a sinusoidal component of frequency
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w1+ wg; this component of the polarization will generate electromag-
netic radiation at frequency w;+ wg, which is the sum-frequency
generation signal. Unlike optical processes such as Raleigh and
Raman scattering, SHG and SFG generate a coherent signal in the
form of a collimated beam in a predictable direction; this is advan-
tageous because it allows for the spatial filtering of incoherent back-
ground noise. From symmetry arguments it can be shown that the
third-rank tensor, y?, has a value of 0 in centrosymmetric media.
Then, under the electric-dipole approximation only y® contributes
to the SFG signal, so in centrosymmetric media the SFG signal is for-
bidden. This is why SFG is forbidden in the bulk of most substances,
which are centrosymmetric, but it is allowed at the interface between
bulk phases where there is a breakdown of centrosymmetry.

Figure 2 shows a simple geometry for SFG that is commonly used.
Here, the visible and IR beams are moving in the same direction along
the x axis (copropagating), and all three beams are in the same plane,
the plane of incidence. The w; and wy, beams are either S- or P-polar-
ized; S means the electric field of the light beam is perpendicular to
the plane of incidence (along the y axis), and P means the field is in
the plane of incidence (the xz plane). The signal-beam polarization is
also set to S or P by the polarizer (L) before the beam reaches the detec-
tor (T). The combination of polarizations of all three beams is given by a
sequence of three letters, each being S or P (e.g., SSP), with the letters
(first to last) indicating the polarization of the SFG beam, visible beam,
and IR beam. The polarization settings in SFG play an important role
in selectively probing different components of y® (discussed below).

If I(w;) is the intensity of a beam at frequency w; (see Figure 2), then
the SFG signal intensity depends on the probing visible- and IR-beam
intensities as follows [17]:

22 T (). )

I(CL)3 :wl—i—wz) X

Here, /(j}z (or yeoe for simplicity) is an effective, second-order, non-
linear susceptibility of the interface; it is a sum of terms in which
each term contains a single component of the second-order sus-
ceptibility tensor, y?, of the interface; the components are Lijk(02)
(or y for simplicity), where i,j,k =x,y,2z (x, y, and z are the lab
axes in Figure 2, and, from here on the indices ijk appearing to-
gether will have this meaning). For an interface with azimuthal,
or x —y, isotropy (such as all the interfaces described below) only
7 combinations out of the 27 possibilities of ijk in y;x are nonvan-
ishing, and only four are independent [17]: yxxz = JAyyzr fxzx = Ayzys
Azxx = Jzyys and Azzz+
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FIGURE 2 Schematic diagram (not to scale) of a copropagating, external-
reflection (ER) geometry used for SFG. The beams of frequencies w; are as
follows: i = 1, S- or P-polarized visible; 2, S- or P-polarized IR; and 3, SFG.
L is a polarizer and T a photomultiplier detector. The two mediums of refrac-
tive indices n; and ny are as labeled, and their interface is the solid line. x, y,
and z are Cartesian axes of the lab frame-of-reference. The y axis is perpen-
dicular to the plane of the paper.

The combination of y;’s that comprise e depend on the beam
polarizations: For example, y.i in SSP polarization consists of just
one term containing a single y;x:

Xeff SSP X nyz(wZ)' (3)

The constant of proportionality in Equation (3) has a weak dependence
on we, and this dependence is often neglected This equation shows
that in SSP the yyy, component of the %?) tensor is probed.

The y;5¢’s are each a sum of one nonresonant term and Q resonant
terms, one for each vibrational mode of each interfacial species:

B eld) ljkvq 4
Xz]k(wQ 71]k +Zw2—wq+lr ( )



09: 05 22 January 2011

Downl oaded At:

Probing Hidden Polymeric Interfaces 43

where Ajjq, ®g, and I'y are the amplitude, frequency, and width,
respectively, of the resonance ¢, and ® is the relative phase of the
nonresonant term with respect to the resonant terms. The SFG spec-
tra are usually normalized for the variation in I(w;) and I(ws) (Equa-
tion (2)). Often, spectra are then fit to Equation (4), and the Ajjx s
obtained from the fit are then adjusted by any proportionality con-
stant, such as in Equation (3).

The Ajjx o's have their origins in the molecular hyperpolarizability-

tensor () components, which are as follows?:

o Q ﬁlmn,q
Bumn(2) =y ——— L — (5)

02— g+ il

wherel,m,n = a,b,c. Here, a, b, and c are axes of the Cartesian frame-
of-reference that is fixed to the molecule; ¢ is conventionally taken to
coincide with the axis (or one of the axes) of highest symmetry of
the molecule. fimn q = Aim,qMn q [18], where Ay, 4 is the Im component
of the Raman tensor and M,, 4 is the n component of the transition-di-
pole-moment vector. Therefore, only those vibration modes that are
both Raman and IR active contribute to the hyperpolarizability tensor,
i.e., only such modes are SFG-active.

The Pimn(w2) (or fimn’s for simplicity) can be projected on the lab axes
(xyz) given the orientation of the abc axes with respect to the xyz axes.
This orientation is conveniently expressed using the Euler angles (i,
0, ¢) = Q[15]. Knowing Q, the 27 x 27 projection coefficients Ujji:imn(Q)
can be determined and applied to obtain per-molecule components of §
in the xyz frame as follows:

Bije(w2,Q) = Z Uijiitmn () Bmn (@2). (6)

I,m.n=abc

The resonant portion of Equation (4) is then a summation of the ijk
component of hyperpolarizability for all interfacial molecules:

2In Equation (6), and the subsequent expressions that follow, we have assumed that
all the vibrational modes, q, belong to a single type of molecular species or moiety.
Although this is usually not true, the extension for the case of multiple types of species
is trivial. The more general treatment would unnecessarily increase the complexity of
the notation.



09: 05 22 January 2011

Downl oaded At:

44 H. Rangwalla and A. Dhinojwala

Q Aj;
ijk.q
E e '.2 B E .. [¢)
o — Wy irq Bz]k(a)Za )

g=1 molecules

= Ny (2, Q) (7)
N [ p(on F(@ o

Here, N is the total number of such molecules, () indicates an ensem-
ble average, and f{Q) is the probability distribution function of the mol-
ecular orientation. The tilt of the molecular ¢ axis from the surface
normal (z axis), 0, is of particular significance because often the mole-
cules at the interface can be assumed to have azimuthal isotropy (ran-
domly distributed in ¥ and ¢); in such cases, Q in Equation (7) can be
replaced by 0 (we shall assume this in what follows).
Substituting from Equations (6) and (5) in Equation (7) gives

Aijk,q = N/ [ Z Uijk:lmn(e)ﬁlmn,q f(@) do. (8)

l,m.n=abc

Usually f(0) is assumed to be a Gaussian distribution, and clever meth-
ods to estimate the above integral have been devised [19]. Equation (8)
shows the intimate connection between the components of the macro-
scopic susceptibility tensor, y(?), and its molecular counterpart, the
microscopic hyperpolarizability tensor, 3, of the molecular species that
make up the interface. Herein lies the ability of SFG to determine the
orientation of interfacial species. With a knowledge of A;j 4 (obtained
from SFG spectra), fimn,q (obtained from linear spectroscopies or com-
putational methods), and a solution to Equation (8), it is often possible
to determine the tilt of molecular species, 0, at the interface by taking
ratios of appropriate Ay o’s, and eliminating N; in some cases, the
ratio of A;j 4's is independent of fin 4'S, and it is possible to obtain 0
without knowing any fimn q-

Figure 3 shows another commonly used geometry for SFG measure-
ments, called the total internal reflection (TIR) geometry; the figure
shows an example of a polymer—polymer interface being probed by
SFG. Here, one face of an equilateral, sapphire prism has two films
of different polymers coated on it. The prism is then mounted on a cell
(not shown) of an appropriate construction, and the incoming laser
beams (at w; and wy) are aligned as shown. The angles ¢4 1 and ¢a o
are selected so that the incident and reflected angles at the polymer
1-polymer 2 (C) interface—¢c 1, ¢dc2, ¢cs—are close to the critical
angles for the visible, IR, and SFG frequencies at this interface. This
set of ¢¢’s greatly enhances the SFG signal from the C interface while
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FIGURE 3 Schematic diagram (not to scale) of a TIR geometry used for SFG
of a polymer—polymer interface. The beams of frequencies w;, the elements L
and T, and the xyz axes have the same meaning as in Figure 2. The mediums
of refractive indices n; are as labeled. The interfaces formed at the boundaries
of these mediums are as follows: A and D, sapphire—air; B, polymer 1-sap-
phire; C, polymer 1-polymer 2. The incident angles (w; and ws beams) and
the reflected/refracted angles (w3 beam) at these interfaces are denoted by

¢interface,i~

reducing any interfering signal from the polymer l-sapphire (B) or
polymer 2—air (D) interfaces [20, 21]. Therefore, proper choice of ¢4’s
allows the selective probing of the C interface, but by choosing other
values of ¢4’s it is possible to selectively probe the B and the D inter-
faces, too. The setup shown here is for a polymer—polymer interface,
but by replacing polymer 2 by a liquid (e.g., water) or gas (e.g., air),
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the polymer-liquid and polymer—gas interfaces can also be probed by
appropriate selection of ¢’s. Hence, we can appreciate the versatility
of the TIR geometry.

SELECTED EXAMPLES

Differences in Molecular Structure at Polymer-Air
and Polymer-Sapphire Interfaces

Gautam et al. [22] were the first authors to apply SFG as a probe of a
hidden polymer—solid interface. They studied the interfaces formed by
a thin polystyrene (PS) film on one face of a sapphire prism. Figure 4
demonstrates the application of SFG in TIR geometry (the schematic
of their geometry can be obtained simply from Figure 3 by replacing
the polymer 2 medium with air) to probe the PS-air and PS—solid
interfaces. The two wavenumbers of 3027 and 3067 cm ™! were chosen
because the strongest SFG signals for the PS—sapphire and PS-air
interfaces, respectively, were observed at these wavenumbers (Figure
5). It is clear that the SFG intensity is enhanced near the angles 7°
(PS—sapphire) and 44° (PS-air); these values of ¢a;1 (With ¢ao~
¢a1—1.5°) result in incidence angles of the visible and IR beams to
be near their respective critical angles at the PS—sapphire interface
(B interface in Figure 3) when ¢4 ; = —6° and at the PS—air interface
(C interface) when ¢ 1 = 44°.

— [}
3 0.30- o
8 )
2 4
= 0.20
[ 4
i)
£ 0.107 o
2 1 o
175} 000 _|. oo —— == = e |. —2= lr‘Lln‘ In‘ Ir‘lIr'|‘r|lr'|‘:-|:—||:-|I ‘D‘n‘QI]v ‘I:|
0 10 20 30 40
op1 ()

FIGURE 4 The SFG intensity in SSP polarization of a thin, PS film on one
face of a sapphire prism (TIR geometry). The intensity is plotted as a function
of incident angle ¢4 1 (Figure 3, where ¢a 2~¢a 1—1.5°) for two values of the IR
wavenumber, wg: 3027 cm ™! (squares) and 3067 cm ! (circles). The circle data
are scaled up by a factor of five. The solid lines are a guide to the eye. (Adapted
from Gautam et al. [22].)
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FIGURE 5 SFG spectra in SSP polarization for the (a) PS—air interface (¢ 1
in Figure 3 was 44°) and (b) PS-sapphire interface (¢a1=—6");
¢a2~Pa1—1.5° in both cases. The solid lines are fits of the data to Equation
(4). (Adapted from Gautam et al. [22].)

To obtain the intensities of the SFG-active vibrational resonances of
both the interfaces, SFG spectra of the PS—air and PS—sapphire inter-
faces were obtained (Figure 5) as a function of IR frequency, wg, by fix-
ing the incidence angles to the optimum values mentioned above. A
sharp resonance at 3069 cm !, assigned to the vy vibrational mode,
dominates the air-interface spectrum of PS. In comparison, the sapph-
ire-interface spectrum shows a strong resonance at 3023 cm™ !,
assigned to the vyg, mode. Noteworthy is the absence of methylene
peaks in both spectra: these peaks, at 2850 cm ™! and 2920 cm ™!, are
strong in the IR spectrum of PS. To confirm that this technique is mea-
suring two separate interfaces, the SFG spectra before and after a
short plasma treatment were obtained (Figure 6). As expected, the
buried PS—sapphire interface is not influenced by the plasma treat-
ment; in contrast, the PS—air interface spectrum after the plasma
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FIGURE 6 SFG spectra (PPP polarization) of the (a) PS—air and (b) PS-
sapphire interfaces before (open circles) and after (filled circles) exposure to
an argon plasma. The solid lines are guides to the eye. (Gautam, K. S.,
Schwab, A. D., Dhinojwala, A., Zhang, D., Dougal, S. M., and Yeganeh,
M. S., Phys. Rev. Lett., 85, 38543857 (2000). Copyright (2000) by the Ameri-
can Physical Society.)

treatment shows that the initial molecular structure is lost, as
expected, for this interface; this confirms the ability of TIR geometry
to selectively probe hidden interfaces.

The ratio of yyy, .2/ %yyzv200 Obtained from the fits can be used to
determine the tilt angle of phenyl groups at the air or sapphire inter-
face. Since the v, peak is far stronger at the air interface in comparison
with the sapphire interface, the phenyl groups are oriented more ver-
tical than at the sapphire interface. In contrast, the absence of the
methylene peaks indicates weak orientation of the methylene groups
near the surface. Simulation results [23] on free-standing, amorphous,
atactic PS films are consistent with the experimental observations
that the phenyl rings near the surface point outwards, as shown in
Figure 7. The order parameter used is (cosf)). For the phenyl group
(Figure 7a), 0 is the angle between the surface normal (z axis) and a
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FIGURE 7 Orientational order parameter, obtained by Monte Carlo simula-
tion, as a function of position along the thickness of a thin, free-standing, poly-
styrene film: (a) The Cy symmetry axis of the phenyl group and (b) the C,
symmetry axis of the methylene groups. The midpoint of the film is at
z =0 A. (Adapted from Clancy et al. [23].)

vector in the ring that points from the carbon atom bonded to the poly-
mer backbone to the carbon atom in the para position; for the methyl-
ene group (Figure 7b), 0 is the angle between the z axis and the group
bisector. The order parameter, (cosf), is 1 if these vectors point in the
positive z direction, —1 if they point in the negative z direction, and 0
for no preferred orientation. For the phenyl groups, the order para-
meter is close to 1 (—1) near the top (bottom) surface and quickly drops
to 0 within a distance of 1-2 nm from the surface. This result confirms
the presence of oriented phenyl groups at the PS surface, and also that
this order quickly disappears in the bulk. In comparison, the methyl-
ene order parameter is approximately equal to zero at the surface and
in the bulk, which is consistent with our observation of negligible
methylene peaks in the SFG spectra. These results do not imply the
presence of well-packed phenyl rings oriented normal to the surface.
Instead, one should visualize the results as an ensemble average of
phenyl groups oriented anisotropically in the outermost, 1-2 nm thick
surface layer. The structure at the PS—air and PS—sapphire interfaces
in the glassy state are very similar to that above the glass transition
temperature, T, of PS [22]. The orientation of phenyl groups at the
interfaces is an inherent property of even liquid-like polymer films
and is not a consequence of cooling the surface down below its 7.
Now we move on to another example, the air- and sapphire-interface
study of a class of semicrystalline polymers, poly(n-alkyl acrylate)s.
These polymers exhibit side-chain crystallinity when the alkyl
side-chain contains ten or more carbon atoms. Typical uses for such
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polymers are in the formation of release coatings in adhesion applica-
tions, because the surfaces are hydrophobic and provide good nonstick
properties in contact with hydrophilic adhesives. Figure 8 shows the
SFG spectra of the poly(octadecyl acrylate) (PA-18)—air and PA-18—
sapphire interfaces, respectively; these spectra were acquired in a
TIR geometry in a manner similar to that described for the PS example
above. Figure 8a shows two prominent peaks assigned to the methyl
vibrations at 2875cm ™! (methyl symmetric) and 2935cm ™' (methyl
Fermi-resonance, called methyl Fermi in the text). The absence of meth-
ylene vibrations in the spectrum indicates that the alkyl side chains are
in predominantly all-trans conformations, similar to those observed for
self-assembled monolayers [24, 25]. The ratio of yy, for the asymmetric
to symmetric methyl vibrations indicates that the -C—C-C— axis is
oriented normal to the surface. The crystalline packing of alkyl side-
chains at the surface is confirmed by grazing incidence X-ray diffraction
measurements using a synchrotron X-ray source, which shows a strong
diffraction peak with a d-spacing of 4.2 A [26]. This crystalline packing
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FIGURE 8 SFG spectra (SSP polarization) in a TIR geometry for the (a) PA-
18-air interface and (b) PA-18—sapphire interface. The solid lines are fits of
the data to Equation (4). (Adapted from Gautam and Dhinojwala [28].)
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forms a hydrophobic array of methyl groups at the surface, which is con-
firmed by high water contact angles of ~110° [27].

In comparison, the SFG spectrum for the PA-18—sapphire interface
in Figure 8b shows predominantly methylene bands: methylene sym-
metric, methyl Fermi, and asymmetric bands at 2845, 2895, and
2915 cm !, respectively. The presence of asymmetric methylene peaks
in the SSP spectrum indicates that the Cy axes of the methylene
groups are tilted with respect to the surface normal. It is surprising
that we find strong methylene signals at the PA-18—sapphire interface
because an all-trans chain is not expected to show strong methylene
signals. Furthermore, the SFG signals are much higher than expected
from gauche defects present at the interface. One possible explanation
is the extension of orientation of methylene groups over several layers
next to the solid interface. This has also been observed in simulation
results for a thin film of polydimethylsiloxane (PDMS) in contact with
solid surfaces as shown in Figure 9. In the case of PDMS, the order
parameter ({cosf)) next to the solid surface oscillates between positive
and negative values, and gradually the amplitude of these oscillations
decay to zero. Because of the damping of these oscillations, the net
orientational order parameter from all the layers is not zero, and this
implies a net orientation of methyl groups with respect to the surface
normal. Perhaps this anisotropic orientation is general and even
applies, near the solid surface, to the methylene groups in the alkyl
side-chains or those in the polymer backbone.

04—
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FIGURE 9 Orientational order parameter, obtained by molecular dynamics
simulation, as a function of position along the thickness of a thin, PDMS film
on a hydroxylated-SiOy substrate. The average orientation is for the CHj
groups (Cz axis) on the PDMS chains, and z = 0 A is at the boundary of the
two phases. (Adapted from Tsige et al. [29].)
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Probing Polymer-Polymer Interfaces

Harp and coworkers [20, 30] applied SFG to probe a hidden polymer—
polymer interface. They studied the interface formed between a thin
film of poly(vinyl-N-octadecylcarbamate-co-vinyl acetate) (PVNODC)
and a thin film of PS. They used two types of PS in separate measure-
ments: deuterated PS (dPS) and hydrogenated PS (hPS, which is the
same as PS in the preceding discussion). Figure 10 shows the SFG
spectra acquired in TIR geometry (Figure 3) for these interfaces. To
exclude the possibility of SFG-intensity contributions from the
PVNODC-air interface in these spectra obtained at an incidence angle
of 8°, SFG spectra were also measured at 8° before and after a brief
argon plasma treatment; no change was detected in the after-plasma
spectrum from the polymer—polymer interface. On the other hand,
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FIGURE 10 SFG spectra in SSP polarization for the (a) PVNODC-dPS inter-
face, ¢pa 2 (in Figure 3) = 8°; (b) PVNODC-hPS, ¢4 2 = 8°; (¢c) PVNODC-air,
$a2 = 42°; and (d) PVNODC-sapphire, ¢ 2 = 8°. (In all cases, ¢a 1~¢a 2—1.5°.)
(c) and (d) were acquired for a solitary film of PVNODC on the sapphire prism.
The solid lines are guides to the eye. (Reprinted with permission from Harp, G.
P., Gautam, K. S., and Dhinojwala, A., J. Am. Chem. Soc. 124, 7908-7909
(2002). Copyright (2002) American Chemical Society.)
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the SFG signals from the PVNODC-air interface of the same samples
are reduced 20 to 30 times after plasma treatment. The broad peak at
2865cm ! corresponds to contribution from methylene symmetric
vibration at 2845 cm ™! and methyl symmetric vibrations at 2875 cm 1.
The broad peak at 2935 cm ! corresponds to contribution from methyl-
ene asymmetric vibration at 2920 cm ! and methyl Fermi vibrations at
2935 cm ™ *. The presence of methylene peaks is also confirmed using a
high-resolution laser system where the methylene and methyl peaks
are detected separately [30]. In the case of PVNODC-hPS, two
additional peaks are observed above 3000 cm ™, corresponding to phe-
nyl vibrations associated with PS.

The orientations of both the PVNODC and PS side chains are differ-
ent from those at the PVNODC-air (or PS-air) and PVNODC-
sapphire (or PS—sapphire) interfaces, as shown in Figures 10c and
10d (or Figure 5). The prominent bands in the PVNODC—-sapphire
(Figure 10d) interface spectrum are the methylene symmetric and
asymmetric band at 2845 and 2915cm '. In contrast, the dominant
peaks at the PVNODC-air (Figure 10c) interface are the symmetric
methyl stretching and methyl Fermi resonance peaks at 2875 and
2935cm™ !, respectively. For the PS-—air interface, one observes a
prominent v, peak at 3067cm ! and at the PS—sapphire interface a
strong vegn, peak at 3023cm ! The presence of methylene peaks at
PVNODC-hPS (or dPS) spectra and a sharp drop in SFG intensity
at the melting point (discussed below) can be explained by the presence
of heterogeneities in the PVNODC phase, either parallel or perpen-
dicular to the interface. Heterogeneities parallel to the interface would
imply crystalline domains consisting of all-trans alkyl side chains sur-
rounded by grain boundaries with disordered alkyl side chains; hetero-
geneity perpendicular to the interface would imply disordered alkyl
chains at the interface with a crystalline layer underneath.

Measurements of Melting Transitions at Polymer-Air,
Polymer-Solid, and Polymer-Polymer Interfaces

The ability to probe hidden interfaces using SFG can also be used to
study dynamics of molecules at interfaces. Figure 11 shows the SFG
intensity as a function of temperature for three different interfaces
of PA-18, where the bulk melting point (T,,) was determined by using
differential scanning calorimetry (DSC)3. In each case, a specific peak

3PA-18*, in Figure 11, is chemically the same as PA-18 and has the same air- and
sapphire-interface structure as the latter, but PA-18* has a polydispersity of 3.5 and a
T,, of 42.5°C, in comparison with 1.1 and 48.3°C for PA-18.
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FIGURE 11 SFG intensity as a function of temperature, at fixed IR wave-
numbers (wg), for the following interfaces: (a) PA-18-air, PPP polarization,
wg = 2960 cm ! (methyl asymmetric stretch); (b) PA-18-sapphire, SSP polari-
zation, we = 2845cm™! (methylene symmetric stretch); and (¢) PA-18*—PS,
SSP polarization, we = 2930 cm ™! (methyl Fermi). The interfaces were heated
(open circles) and cooled (open triangles) at a rate of 0.3°C/min ((a) and (b))
and 0.5°C/min (c). The dotted, vertical lines mark transition temperatures,
which are labeled according to the symbol assigned in the text. ((a) and (b)
adapted from Gautam et al. [28] and (c¢) from Harp et al. [30].)
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assigned to some vibrational mode of the methyl group was chosen in
some polarization (SSP or PPP); higher intensities for all peaks rep-
resent more order in the methyl groups at the interface, whereas
near-zero intensities represent a disordered state of methyl groups
and, consequently, the side chains of the PA-18 (PA-18*) polymer.
The order-to-disorder transition at the PA-18-air interface is strik-
ingly different from that at the PA-18—sapphire or the PA-18*-PS
interface. For the PA-18—sapphire and PA-18*—PS interface, one sharp
transition close to the bulk T, is observed. In contrast, two sharp tran-
sitions at the PA-18-air interface are observed. The first transition,
Ty, is close to the bulk T,,, and the second, Tgs, is 10-20°C (depending
on the length of the alkyl side chain) higher than T,,. The shorter the
length of the alkyl side chain, the larger the difference between the
second transition temperature and the bulk T,,. Furthermore, note
that in all cases the reverse transitions during the cooling half-cycle
occur at lower temperatures than the corresponding temperature for
the heating half-cycle, showing a hysteresis, which indicates some
amount of supercooling.

The presence of a unique ordered phase at the PA-18-air interface
above T, has been confirmed using three independent techniques:
SFG [28], X-ray reflectivity [26], and grazing-incidence X-ray diffrac-
tion (GIXD) [26]. Figure 12 summarizes the findings. Below T,,, both
the surface and bulk layer exhibit side-chain crystallinity. The surface
alkyl chains are crystalline and ordered. On heating, the bulk melts,
leaving a crystalline ordered layer on the surface. At Tg;, 1-2°C above
bulk T, the surface melts into an ordered smectic-like monolayer. On
further heating, the smectic-like layer disorders to a liquid state shar-
ply via a second transition at Tgo, 10-20°C above T,,. This order
recovers on cooling with a hysteresis. The presence of an ordered
phase above T,, can be explained by the lowering of surface energy
due to presence of ordered methyl groups at the surface instead of dis-
ordered methyl and methylene groups. Once this driving force is
removed, as in the examples of PA-18—sapphire and PA-18*-PS inter-
faces, the presence of this unique, ordered phase disappears, and, in-
stead, only one transition temperature close to the bulk T, is
observed.

Surface Relaxation of a Rubbed, PS Film

The PS-air spectrum shown in Figure 5 is invariant to rotation in
the xy plane, and this implies that the orientation of the phenyl
groups is isotropic in the xy plane. On rubbing the surface with a
velour cloth, the phenyl groups reorient so that the planes of the
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FIGURE 12 Cartoon depiction of the PA-18 surface and the thermal transi-
tions of the surface structure [27].

rings are at ~90° with respect to the rubbing direction. The resulting
SFG intensity is anisotropic with respect to the rotation angle along
the xy plane. Schwab and Dhinojwala [31] have used the relaxation
of these anisotropically orientated phenyl groups to study surface
relaxation processes and their relationship with the bulk T. Figure 13
shows this relaxation process in the form of a declining SFG-inten-
sity for the vy phenyl vibration mode. On heating, the SFG intensity
drops to the value it had before the rubbing process, and on further
cooling it remains constant, as expected. The drop-off rate of the SFG
signals is modeled using a Kohlrausch—Williams—-Watts (KWW)
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FIGURE 13 Relaxation of the SFG intensity (at 3070 cm™!) from the PS-air
interface for a rubbed PS film. The film was heated at the rate of 1°C/min and
then cooled at the same rate. (Schwab, A. D. and Dhinojwala, A., Phys. Rev. E
67, 021802/1-10 (2003). Copyright (2003) by the American Physical Society.)

equation and an Arrhenius temperature-dependence below T. It was
determined that surface groups are much more mobile, have a lower
activation energy, and have a larger stretching-exponent than those
in the bulk.

SUMMARY

Gaining a molecular-level understanding of interfacial phenomena is
important for the ability to control the behavior of two immiscible sub-
stances at their mutual interface. This is not only true in the field of
adhesion but is a universal requirement for all areas that benefit from
surface science. For many cases, such knowledge is hard to acquire in
situ by conventional experimental methods that require vacuum
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because the interface of interest is a buried one. The nonlinear optical
technique of SFG has proved to be valuable in several instances that
require the direct probing of buried interfaces because the only require-
ment is that the interface be accessible by visible and infrared light.
The salient advantages of SFG are its interface sensitivity, ability to
detect molecular species and their orientations, and the ability of prob-
ing buried interfaces. SFG in TIR geometry has the added advantages
of enhanced signals and the facile selection of different interfaces by
choosing appropriate incidence angles for the probing laser-beams.

In this review, with the help of several examples—PS and PA-18 in
contact with sapphire and PS in contact with PA-18—we have shown
that the molecular structure at the hidden interfaces of polymers are
very different from that of the polymer—air or polymer—vacuum inter-
faces. Conventional techniques that can only analyze the air or vac-
uum interfaces of these polymers are not capable of revealing these
differences. Besides the static structure, the surface relaxation and
melting temperatures of the molecules in the interfacial region are
also strongly influenced by the nature of the interface.
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