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ABSTRACT: In this theoretical study, we aimed to simulate
the sum-frequency generation (SFG) spectroscopy of a thin
polystyrene layer physically adsorbed on the graphene sheet
and to figure out the orientation distribution of the phenyl
units. To simplify the problem, we started the investigation by
constructing molecular models with styrene and ethylbenzene
monomers and styrene oligomers up to four units adsorbed on
a finite-sized graphene hexagon. Geometric optimization
results showed that the phenyl rings of the adsorbate always
orientate close to the surface normal with a small tilt angle.
The adsorption is weak but not negligible. SFG spectra have
been simulated based on these calculated structures, vibrational
frequencies, and dipole and polarizability derivatives to compare with experimental reports of polystyrene adsorbed on other
surfaces.

I. INTRODUCTION

The sum-frequency generation (SFG) spectroscopy has in
recent years become a powerful technique to survey the surface
or interface conformation of condensed materials. The
achievement is attributed to its nonlinear optical character;
that is, the spatial average of the second-order susceptibility,
χ(2), does not vanish in a noncentrosymmetric system.1−4On
the surface or interface of materials, 7 of the 27 components in
the third-rank tensor χ(2) survive. The peak intensities obtained
from the SFG spectrum are then determined by the incident
light beams as well as the spatial-averaged magnitude of these
tensor components, which in turn are affected by the
orientation of surface/interface molecules.
The SFG spectroscopy, in principle, can be achieved by using

any combination of two incident light beams. In practice, the
resonance−off-resonance setting is mostly applied where the
first (infrared) beam is tuned on resonance with a certain
vibrational level of the molecular system, and the second
(visible or ultraviolet) beam excites the system to a virtual
electronic state. A resulted output beam with the sum
frequency is then recorded when the incident beams are
carefully arranged. By scanning the vibrational part and
recording the output signals, a profile of surface or interface
conformation would emerge. This technique has been
successfully applied in studying configurations of the liquid
water−vapor interface,5−7the ice surface,2 organic adsorbate−
substrate interfaces8−11as well as chiral compounds4 and
protein secondary structural motifs.12

When a polymer molecule with side groups is adsorbed on a
certain solid substrate, the orientations of these side groups
should be determined by interactions between monomer units
and between polymer molecule and substrate as well as the
potential of free groups toward the air (or the vacuum). In case
the adsorbed polymer film is thick enough, the configuration at
the bottom (near the polymer−substrate interface) is expected
different from that at the top (the polymer surface). People
have explored, for example, the polystyrene (PS) film coated on
solids and analyzed their SFG spectra to identify the tilt angle
of the phenyl rings. Gautam et al. reported that the tilt angle
was ∼20° at the PS/air interface and ∼70° at the PS/sapphire
interface where the PS film had a thickness of 160 nm.8

Briggman et al. suggested that, however, the angle was near 57°
at the free surface in a PS−silicon system and in addition the
phenyl groups on the surface were ordered and orientated
outward.9 In a more recent experiment, Han and Shen studied
the PS−graphene system with SFG spectroscopy, yet they
could not obtain a solid conclusion whether the phenyl groups
tend to orientate to the surface normal or to tilt away.13

In this theoretical work, we attempted to find out the most
stable conformations of the styrene−graphene system and to
simulate the SFG spectra. To simplify the problem, we made a
systematic investigation starting from styrene monomer and
ethylbenzene molecule adsorbed on a graphene sheet and then
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step-by-step increasing the adsorbate size up to styrene
tetramer. Several different conformations of these monomers
and oligomers have been tested, showing that the phenyl rings
tend to stick up from the graphene surface rather than to lay
parallel to it. Calculated stable structures and simulated SFG
spectra are illustrated in the following sections.

II. THEORIES
The theoretical framework of SFG vibrational spectroscopy has
been well developed, and here we followed Shen’s formalism.2

Given the angular frequencies of SFG, visible, and infrared
beams as ωSFG, ωVis, and ωIR, respectively, the second-order
susceptibility of a group of molecules under the resonance−off-
resonance SFG scheme can be expressed as

χ ω ω ω χ χ− = +( ; , )(2)
SFG Vis IR NR

(2)
R
(2)

(1)

∑χ
ω ω

=
− + Γ
A

iq

q IJK

q q
R
(2) ,

IR (2)

where χNR
(2) and χR

(2) are the nonresonant background and the
resonant contribution, respectively. Aq,IJK, ωq, and Γq are the
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part is expected to be dominant when the system is fully or
nearly on resonance. The relationship between the macroscopic
amplitude of a group of randomly orientated molecules and the
microscopic amplitude of a single molecule is
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where l, m, and n refer to molecular coordinates x, y, and z, N is
the density of molecules at the interface, and ⟨···⟩ is the
orientation average. The nine components of the rotation
matrix for the Euler angle transformation, that is, RXx, RXy, RXz,
and so on, have been elucidated following a z-y-z convention in
the literature.3 The microscopic amplitude is further related to
the dipole derivative, ∂μ/∂Qq, and the polarizability derivative,
∂α/∂Qq, through the equation
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where Qq is the qth normal mode coordinate.
Now take an instrumental setup that the incident angles of

the visible and the infrared beams are θVis and θIR, respectively,
and the output angle of the sum-frequency beam is θSFG with
respect to the surface normal. Considering the polarization of
beams (s or p) and Fresnel factors (L), the effective
macroscopic amplitudes that can be detected are2
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where the sequence of beam polarization noted here is SFG,
visible, and infrared. On a surface where the adsorbates have a
random azimuthal distribution, only seven elements of the
second-order susceptibility tensor survive, and some of them
are mutually dependent after the orientation average:
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and according to eqs 5 and 6, the relative intensities of different
vibrational modes in ssp or sps spectra are not affected by
incident angles because sin θVis or sin θIR is just a common
factor. The ppp signals, in contrast, will change its peak-to-peak
ratios when the beam angles change.

III. COMPUTATIONAL DETAILS
Model molecular systems composed of graphene sheet and
adsorbates were constructed to investigate their IR, Raman, and
SFG properties in this work. A finite-sized hexagonal graphene
sheet composed of up to 216 carbon atoms was constructed,

Table 1. Comparison of Phenyl and Vinyl C−H Stretching Mode Frequencies (in cm−1, calibrated by a common scaling factor
for all modes in each calculation according to Refs 15 and 16) of Styrene Monomer Calculated at Different Levels of Theory
and Basis Sets

vinyl phenyl vinyl

modea ν11 ν1 ν20a ν7b ν7a ν20b ν2 ν9

HF/6-31G 2997 3016 3023 3030 3041 3052 3062 3086
HF/6-31G(d) 2992 3007 3012 3018 3029 3039 3047 3073
B3LYP/6-31G 3032 3054 3065 3072 3082 3092 3102 3133
B3LYP/6-31G(d) 3024 3046 3050 3056 3066 3074 3082 3119
B3LYP/6-31+G(d,p) 3031 3046 3057 3064 3073 3082 3089 3125
B3LYP/6-311+G(3df,2p) 3025 3039 3050 3057 3067 3076 3084 3114
B3LYP/aug-cc-pVDZ 3049 3059 3073 3080 3089 3099 3105 3143
PBEPBE/6-31G 3041 3065 3076 3083 3094 3103 3116 3151
PBEPBE/6-31G(d) 3034 3058 3062 3070 3079 3087 3097 3137
expt. IRb 2982 3010 3029 3061 3084 3090 3105

Ramanb 2981 3009 3055 3061 3091 3107
Ramana 2983 3011 3011 3059 3066 3093

aAssignments and data from ref 18. bRef 22.
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where the edges were passivated by hydrogen atoms and the
sheet size was large enough to avoid interaction between the
edge and adsorbates. Tested adsorbates including styrene
monomer, (polymerized) dimer, trimer, and tetramer were
then placed above the center of the graphene sheet. The
ethylbenzene molecule, which is the single-bond analogue to
the styrene monomer, was also studied.
All of these model systems were geometrically optimized

with the graphene sheet frozen. It was followed by calculations
of IR and Raman components and their derivatives, which
yielded the second-order susceptibility, χ(2), for generating SFG
spectra. HF and DFT computations with some functionals and
basis sets were carried out, among which B3LYP/6-31G(d)
showed a relatively good performance (see Table 1 and
following discussion). All computations were done by using the
Gaussian 09 package,14 where ∂μn/∂Qq and ∂αlm/∂Qq were
calculated using the keyword IOP(7/33=1) implemented
therein.

IV. RESULTS AND DISCUSSION
1. Spectra of Styrene Monomer and Oligomers. IR and

Raman Spectra. The SFG amplitude is directly related to the
dipole derivative and the polarizability derivative (eq 4), and
hence the IR and Raman spectra can be the first touchstone to
the correctness of computed results. For styrene monomer,
vibrational frequencies of C−H stretching modes have been
calculated by using different levels of theory and basis sets as
listed in Table 1, where the values have been calibrated by
scaling factors from literature.15,16 Simulated IR and Raman
spectra at the high-frequency region are illustrated in Figure 1,

together with experimental reports for comparison.17,18 Among
these results, the B3LYP functional with 6-31+G(d,p) yielded
quite accurate vibrational frequencies and spectral shape, which
could get little improvement by further enlarging the basis set.
B3LYP/6-31G(d) gave a moderate balance between accuracy
on frequencies (with a common scaling factor of 0.960) and

computational consumption and hence were widely applied in
this work.
There are eight C−H stretching modes ranging from 2980 to

3150 cm−1 for styrene monomer, among which the lowest two
and the highest one belong to the vinyl group whereas the
other five belong to the phenyl group. By careful comparison
between calculated and experimental spectral peaks, the five
phenyl modes, ν2, ν20b, ν7a, ν7b, and ν20a, were assigned in
descending frequency. The vibrational motions of these modes
are depicted in Figure 2 after Varsańyi.19,20 It should be noticed

that in our calculations ν2 always had the highest frequency
among the five modes, which has been reported by Briggman et
al.9 but was inconsistent with experimental assignments.8,18 ν20b
was higher than ν20a and ν7a was higher than ν7b, respectively,
which followed experiments deduced by Sears et al.18 but were
in contrast with a previous SFG assignment.8

For (polymerized) styrene dimers, trimers, and tetramers,
there are numerous possible conformers attributed to the freely
rotating C−C backbone. We have searched some stable
conformers for each oligomer and found that, in general, the
IR and Raman spectra had insignificant differences between
each other. The spectra of most stable conformers are
illustrated in Figure 3, and the corresponding phenyl C−H
stretching peaks are listed in Table 2. Comparing their IR
spectra to styrene monomer (cf. Figure 1), the highest vinyl
mode above 3100 cm−1 vanished, whereas many alkyl modes
appeared under 3000 cm−1. However, the IR spectra of these
oligomers were not close enough to the experimental polymer
at the first glance (cf. Figure 3). One possible reason is that a

Figure 1. Simulated IR and Raman spectra of styrene monomer in the
C−H stretching mode region calculated by B3LYP with different basis
sets. Experimental IR and Raman spectra were adopted from refs 17
and 18, respectively. The intensity was normalized to the highest peak
in each panel.

Figure 2. Phenyl C−H stretching modes of the styrene monomer.

Figure 3. Simulated IR and Raman spectra of styrene oligomers in the
C−H stretching mode region calculated by B3LYP/6-31G(d).
Experimental IR and Raman spectra were adopted from refs 21 and
18, respectively. The intensity was normalized to the highest peak in
each panel.
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real polymer sample has countless alkyl C−H modes that may
cause a broad band. Meanwhile, we noticed that the
experimental resolution was not good so the comparison
might become less valuable.21 The Raman spectra showed a
good resemblance between calculated oligomers and exper-
imental polymer, indicating that our calculation was reli-
able.9,18,22

SFG Spectra. According to the Euler angle transformation,
the orientation of the adsorbed molecule will affect the
amplitude of SFG (eq 3). Figure 4 illustrates the Euler angles

(ϕ, θ, ψ) connecting the laboratory frame XYZ and the
molecular coordinates xyz. Assuming that the molecules have a
random azimuthal distribution, the ϕ-related components are
averaged out while (θ, ψ) parameters remain and determine the
signal amplitude. Given the incident beam angles θIR = 54° and
θVis = 60° (corresponding to the settings applied in ref 10) and
the output angle θSFG = 45° and the damping constant as 5
cm−1 for each mode, the simulated SFG spectra of a styrene
monomer at selected tilt angles with different combinations of
polarization are depicted in Figure 5. It shows that:

(1) The ppp signals had similar amplitudes to the ssp ones,
whereas the sps amplitudes were apparently one-order
smaller.

(2) The most obvious features in the ssp spectrum at (0°,
0°) were ν2 and ν7a peaks. The intensity of the former
gradually decreased, whereas the latter first increased and
then decreased, as θ increases up to 90°. The influence
from ψ was minor. All other modes were insignificant.

(3) Peaks of ν7a and ν7b showed up in the sps spectra, but
both were weak as described above.

(4) In the ppp spectra, phenyl ν7a and ν2 as well as vinyl ν9
and ν11 peaks dominated, whereas phenyl ν20a made a
minor contribution.

(5) All signals were expected to diminish as the molecule “lay
down” to the XY plane because these high-frequency
modes are all in the plane of the aromatic ring. This
trend could be seen in the Figure as the tilt angles
approach (90°, 90°).

Notice that there was not any real “surface” and the molecule
was indeed free in this case. This condition could be similar to a
weak adsorption system or the topmost adsorbate layer, where
the adsorbate−air interaction is much more important than the
influence from the substrate surface. Comparing our simulated
spectra with previous experimental reports, we found that the
orientation (θ, ψ) = (60°, 45°) approximated the ssp and sps
signals obtained by Briggman et al. (cf. figure 3 in ref 9), which
was consistent with their data analysis. The (20°, 0°)
orientation roughly fit the ssp spectra at the PS/air interface
reported by Gautam et al. (cf. figure 2 in ref 8) and gave a good
fitting to ssp and ppp spectra shown by Chen et al. (cf. figure 2
in ref 10), in agreement to their suggestion that phenyl groups
stand closely to the surface normal. The distribution window of
tilt angles in each case was rather narrow, for example, in the
range of ±10°, supposed in those reports and supported by our
simulation, indicating that all phenyl units have a regular
alignment. The large discrepancy in tilt angles between different
reports might be a result of different adsorbate thickness and
substrate material.
We have also calculated properties of a single ethylbenzene

molecule because the C−C backbone is single-bonded rather
than double-bonded in a real polymer. However, signals from
vibrational modes of the free ethyl group, especially CH3 modes
at ∼2920 and ∼2990 cm−1, which should be rare in a real
polymer, dominated the SFG spectra, as depicted in Figure 6. It
turns out that polymer-like alkyl modes rather than free ethyl or
free vinyl modes are necessary in simulating spectra of the real
polymer. Moreover, when a styrene dimer or oligomer could
give a chemically correct C−C backbone, its rotation prevented
us from describing the orientation by using simple (θ, ψ)
angles. Therefore, a real surface was added to our model
systems to select most possible conformers as shown in the
next section.

2. Spectra of Ethylbenzene and Styrene Oligomers
Adsorbed on Graphene. Stable Conformers. Several
optimized geometric configurations of ethylbenzene and
styrene oligomers adsorbed on a graphene sheet are depicted
in Figure 7, where the stabilization energies are shown as well.
The adsorption was quite weak but not negligible, ranging from
0.6 to 1.7 kcal/mol for the most stable structures calculated by

Table 2. Comparison of Phenyl C−H Stretching Mode Frequencies (in cm−1, calibrated by a common scaling factor of 0.960) of
Styrene Monomer and Oligomers Calculated by B3LYP/6-31G(d)

mode ν20a ν7b ν7a ν20b ν2

ethylbenzene 3041 3053 3063 3075 3083
styrene monomer 3050 3056 3066 3074 3082
styrene dimer 3044−3046 3047−3050 3059−3060 3066−3068 3078−3079
styrene trimer 3041−3047 3046−3053 3057−3061 3066−3068 3078−3079
styrene tetramer 3042−3046 3047−3053 3058−3062 3066−3069 3078−3080
styrene polymer, expt. IRa 3027 3060 3083

Ramana 3034 3050 3060
Ramanb 3007 3058 3067

aRef 9. bRef 22.

Figure 4. Definition of Cartesian coordinates and Euler angles (ϕ, θ,
ψ) connecting the laboratory frame XYZ and the molecular
coordinates xyz of styrene monomer.
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B3LYP/6-31G(d). The shortest carbon-to-carbon distance
between the adsorbate and the surface was ∼4 Å in all cases.
However, it might be concerned whether the B3LYP functional
could properly describe the long-range interaction. We
therefore tested our model systems with M06 and M06-HF
functionals, which included long-range exchange-correla-

tion.23,24 It gave slight increases in adsorption energies, for

example, from 1.2 kcal/mol with B3LYP to 2.7 kcal/mol with

M06 and M06-HF for the ethylbenzene−graphene system (a)

(i.e., etb(a) in Figure 7). In the meantime, the conformation,

vibrational frequencies, and polarizability changed insignif-

Figure 5. Simulated SFG spectra of styrene monomer at selected tilt angles (θ, ψ).

Figure 6. Simulated SFG spectra of ethylbenzene at selected tilt angles (θ, ψ).
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icantly. The results showed that the B3LYP functional, a
relatively cheaper choice, was applicable in our systems.
Despite of the weak interaction, the phenyl planes always

tended to stand perpendicular (whether upward or downward)
to the graphene surface rather than to lay parallel to it. The

angle between a single phenyl plane and the surface normal was
typically <20° and seldom exceeded 40° in these optimized
structures. It should be noticed that in our current simulations
there was only one layer of adsorbate and hence it possessed
both styrene/air and styrene/graphene interfaces. This
condition was different from previous experimental reports
where the two interfaces were well-separated by the thickness
of the PS layer.
As the number of polymerized units increases, one would

expect a gradual enhancement of stabilization or a more regular
orientation of the side groups. In the current study, however,
there was not any obvious tendency in either adsorption energy
or ordered arrangement. The major reason might be that the
number of units (only up to four here) was not enough to keep
a regular conformation. A certain threshold for an ordered
polymer structure should exist, although the number could be
large, so it requires much more computational resources.

SFG Spectra. The IR and Raman spectra of ethylbenzene−
graphene, styrene dimer−graphene, and styrene trimer−
graphene systems had small differences in the C−H stretching
region compared with those of sole adsorbate molecules. This
was expected because the adsorption interaction was quite weak
so that the vibrational modes of the adsorbate were slightly
influenced. The SFG spectra were determined by the
orientation of the adsorbate and hence were considerably
affected by the surface. Figure 8 shows simulated SFG spectra
of selected stable conformers under different combinations of
beam polarization (ssp, sps, and ppp). It could be seen that
peak positions of all alkyl C−H stretching modes (<3010
cm−1) and phenyl C−H stretching modes (>3040 cm−1) were
essentially independent of adsorption orientations, whereas the
intensities, as expected, were significantly diverse between
conformers. The only trend one could see was that ppp signals
were the most intense, whereas the sps ones are about one-

Figure 7. Optimized structures and stabilization energies (in kcal/
mol) of ethylbenzene−graphene and styrene oligomer−graphene
systems calculated by B3LYP/6-31G(d).

Figure 8. Simulated SFG spectra of ethylbenzene−graphene and styrene oligomer−graphene systems. The corresponding conformers are shown in
Figure 7.
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order smaller in most cases. There was no other regulation, as
discussed on stabilization energy and conformation, attributed
to too few styrene units so that we could hardly make a
meaningful comparison with experimental spectra. A more
extensive study on longer polymerized chains is in progress to
investigate the regulations on energies, structures, as well as
SFG spectra.

V. CONCLUSIONS
In this work, we have investigated the SFG properties of the
styrene−graphene adsorption system with a theoretical
approach. As a first step, the dipole derivatives and polar-
izability derivatives of C−H stretching vibrational modes of a
single styrene molecule were computed. It was followed by
calculation of second-order susceptibility and construction of
orientation-dependent SFG spectra by varying tilt angles with
respect to a virtual surface. The results supported the idea that
all phenyl units might have a regular alignment found in
experimental reports on PS adsorbed on a surface. In the next
step, styrene monomer and its single-bond analogue, ethyl-
benzene, as well as styrene oligomers up to four units were put
above a graphene sheet. Geometric optimization showed that
phenyl groups tend to stand perpendicular rather than lay
parallel to the surface. However, there was a large deviation on
shapes and orientations of stable conformers so that no obvious
trend in either adsorption energies or SFG spectra could be
observed. This was attributed to the number of units that was
too few; therefore, an elongation of the oligomer chain is
required to generate a more regular polymer-like structure. To
our knowledge, this work is the first systematic theoretical study
on the orientation and SFG spectra of styrene oligomers
adsorbed on a flat surface. Although it is somewhat far away
from simulating the PS case that has been measured in
experiments, this study provides a logical insight into the
problem of how the polymer units align upon a surface.
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