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ABSTRACT: A rotationally ﬂuid state of α-pinene at fused silica/vapor
interfaces is revealed by computational and experimental vibrational sum
frequency generation (SFG) studies. We report the ﬁrst assignment of the
vibrational modes in the notoriously congested C−H stretching region of
α-pinene and identify its bridge methylene group on the four-membered
ring (“βCH2”) as the origin of its dominant spectral feature. We ﬁnd that
the spectra are perfused with Fermi resonances that need to be accounted
for explicitly in the computation of vibrational spectra of strained
hydrocarbons such as α-pinene. The preferred orientations of α-pinene
are consistent with optimization of van der Waals contacts with the silica
surface that results in a bimodal distribution of highly ﬂuxional
orientations in which the βCH2 group points “towards” or “away from”
the surface. Classical molecular dynamics simulations further provide rotational diﬀusion constants of 49 ± 1 ps and 2580 ± 60
ps, which are attributed to two broad types of adsorption modes on silica. The reported ﬁndings are particularly relevant to the
exposure of α-pinene to primary oxidants in heterogeneous catalytic pathways that exploit α-pinene as a sustainable feedstock for
ﬁne chemicals and polymers.

I. INTRODUCTION

and other nonlocal modes. Here, we use ab initio methods and
molecular dynamics simulations to show that nonlocal modes
are critical for understanding the vibrational spectra of αpinene. To do so, we simulate, while accounting for Fermi
resonances, vibrational sum frequency generation (SFG)
spectra of α-pinene. Unlike its infrared or Raman counterparts
in the bulk gaseous or liquid phases, SFG is a second-order
process that often produces superior spectral resolution and
less broadened spectral features compared with ﬁrst-order
spectra, especially at room temperature.15−21 This gain in
spectral resolution is key for testing how important Fermi
resonances are for assigning the vibrational spectra of α-pinene
and, by extension, other terpenes. Moreover, the spectra inform
on the symmetry of the vibrational modes and therefore
molecular orientation,15−17,22 which we address here as well.
Given that the SFG process is forbidden in centrosymmetric
environments, the method requires α-pinene be adsorbed at a

α-Pinene is an important species in the earth’s climate system,
where it participates in the formation of secondary organic
aerosols (SOAs) by ozonolysis. α-Pinene also plays a major role
in interspecies signaling,2 and it can serve as a sustainable
feedstock for polymer synthesis3−5 and ﬁne chemicals.6−8
Many of the physical and chemical processes involving αpinene conversions occur heterogeneously,5 including in
environments formed by organic frameworks4,9,10 and mesoporous materials.4,6−8,10,11 It is, in principle, possible to track αpinene at gas/solid or liquid/solid interfaces using vibrational
spectroscopy. Yet, the spectral assignments are challenging to
obtain in a reliable fashion because the vibrational spectra of αpinene are congested. This is especially the case in the C−H
stretching region, where Fermi resonances can strongly
modulate the intensity and energy of the vibrational bands.
While experimental and theoretical IR and Raman spectra of αpinene have been reported for quite a while now (the ﬁrst
report by Wilson dates as far back as 1976),12−14 the
assignments of the vibrational bands have not yet been
evaluated using methods that account for Fermi resonances
1
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surface. Here, we characterize the interaction of α-pinene with
fused silica, which we chose for its optical properties in the
infrared and the visible spectral range (work with α-quartz and
CaF2 is ongoing and will be reported in due course) and for its
relevance to mesoporous oxide materials used in α-pinene
transformations. Only four vibrational modes of α-pinene have
been previously assigned in an earlier study by us.23 Here, we
apply ab initio methods to assign all of the vibrational modes in
the C−H stretching region while explicitly accounting for
Fermi resonances and nonlocal modes. We employ density
functional theory (DFT) for calculations of SFG spectra in
conjunction with classical and density-functional tight-binding
(DFTB) molecular dynamics (MD) simulations and hybrid
ONIOM(MO:MO) calculation for characterization of the αpinene/silica interactions. The reported characterization
through direct comparisons with experimental data on the αpinene/silica system provides not only fundamental insights on
the nature of surface adsorption of an important species in
nature and technology but also a benchmark of a methodology
that we envision should be useful for modeling complex
hydrocarbons physisorbed to various solids.
Simulations of vibrational SFG spectra have proven to be
useful to interpret experimental results for various interfacial
systems.24−39 MD simulations, in particular, are helpful for
determining distributions of molecular orientations at interfaces.24−26,40−43 Ab initio and classical MD simulations have
also been implemented for simulations of the SFG spectra of
biomolecules such as leucine adsorbed to polystyrene in the C−
H stretching region.44 While that work did account for Fermi
resonances by making amplitude corrections, a general method
for taking these resonances into account using a Hamiltonian
was not presented. Here, we combine methods to elucidate the
characteristic vibrational modes that contribute to the SFG
spectrum of α-pinene at the vapor/fused silica interface by
explicitly including Fermi resonances through an appropriately
modeled Hamiltonian.

proportional to the square modulus of the nonlinear
susceptibility, χ(2),
ISFG ∝ |χ (2) |2

(1)

where χ(2) consists of a resonant component and nonresonant
component. The nonresonant component is neglected, because
the baseline of our spectrum is close to zero. Computationally,
the resonant term χ(2) is a macroscopic average of elements
from the ﬁrst-order hyperpolarizability tensor, βabc. The
hyperpolarizability tensor

βabc , q ∝

∂αab ∂μc
∂Q q ∂Q q

(2)

Figure 1. (A) Molecular coordinate orientation of α-pinene. (B)
Atomic labeling for α-pinene.

is constructed for each normal mode, from the Raman
∂μ
∂α
polarizabilites, ab , and the dipole moment derivatives c
∂Q q

∂Q q

relative to the normal mode coordinate Q. In order to compute
spectra for a variety of orientations, we establish a set of
molecular coordinates (a, b, c), as shown in Figure 1.
The molecular coordinates were set so that the origin is
coincidental with the bridging tetrahedral carbon bonded to the
χ
CH3 and ηCH3 groups (please refer to Figure 1 for the use of
the superscripts identifying the three methyl groups). Using
this coordinate origin, the c-axis is collinear with the C−C bond
corresponding to the χCH3 group, the a-axis is orthogonal to
the c-axis and is directionally aligned with the ηCH3 group, and
the b-axis is orthogonal to the a-axis and c-axis. From the
molecular coordinates, the hyperpolarizabilities are rotated
using a transformation matrix to the laboratory frame of
coordinates (i, j, k). The generalized second order susceptibility
is

II. METHODS
II.A. Experimental Methods. The sub-1 cm−1 SFG
spectrometer used for the experiments discussed here has
been described thoroughly in recent work,21,23,45,46 and the
reader is referred to those references for a detailed explanation.
Brieﬂy, the high resolution is achieved through the synchronization of two 1 kHz regeneratively ampliﬁed Ti:sapphire
lasers, implemented at Paciﬁc Northwest National Laboratory.
The SFG spectrum provided here was taken at the vapor/fused
silica interface using the ssp-polarization combination (spolarized SFG, s-polarized visible, and p-polarized IR). The
experiment was carried out by placing a few drops of neat
(−)-α-pinene into a shallow Teﬂon beaker, which was
subsequently covered with an IR-grade fused silica optical
window that was 3 mm thick and 25.4 mm in diameter. The
spectrum shown is an average of three individual spectra each
acquired for 10 min.
II.B. Computational Methods. II.B.1. Coordinate System
Transformation. The intensity of the SFG spectrum is

χijk(2), q = Ns

∑ ⟨R iaR jbR kc⟩βabc ,q

(3)

a,b,c

where Ns is the surface density of molecules and R is the
rotational transformation matrix, which is used to convert from
the molecular coordinates into laboratory coordinates. The
Euler rotational transformation matrix used in this study is the
ZYZ rotation matrix,47

⎛ cos ϕ cos θ cos ψ − sin ϕ sin ψ −cos ϕ cos θ sin ψ − sin ϕ cos ψ cos ϕ sin θ ⎞
⎜
⎟
ZϕYϕZ ψ = ⎜ sin ϕ cos θ cos ψ + cos ϕ sin ψ −sin ϕ cos θ sin ψ + cos ϕ cos ψ sin ϕ sin θ ⎟
⎜
⎟
sin θ sin ψ
cos θ
⎝−sin θ cos ψ
⎠
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were obtained using the “polar” keyword. Simulated vSFG
spectra were created by applying Lorentzian line shapes over
calculated intensities with a full width at half-maximum (fwhm)
of 5 cm−1 eﬀectively modeling the broadening eﬀects present in
experimental vSFG spectra that are observed between 3100 and
2700 cm−1.
II.B.3. Scaling. In addition to the Fermi resonance treatment
described in eq 7, all harmonic vibrational frequencies and split
bands need to be scaled for proper comparison to an
experimental spectrum. A uniform scaling factor of 0.957 was
determined for the C−H stretching region by manually
adjusting the placement of the vibrational modes for optimal
overlap with the experimental spectrum. The determined
scaling factor is consistent with typical vibrational frequency
scaling factors for this level of theory.56−58 Calculated (scaled)
vibrational frequencies for α-pinene are tabulated in Table 1,
and the labels for the various CH groups are shown in Figure
1B.

which is based on the tilt angle (θ), twist angle (ψ), and spin
angle (ϕ). To determine the orientations yielding the bestmatching spectrum, we sampled orientations with a grid of ca.
1300 points corresponding to all θ and ψ angles for every 10°
between 0° and 360°. We assume zero net orientation of the αpinene molecules within the x−y plane and average the
azimuthal angle ϕ between 0° and 360° for each set of (θ, ψ)
angles over 5° increments so as to reﬂect the lack of rotational
anisotropy of the substrate. Speciﬁcally, we utilize the ssppolarization combination, which probes vibrational transition
dipole moment components oriented parallel to the surface
normal that are encoded in the χ(2)
xyz nonlinear susceptibility
element. What is ultimately computed is proportional to the
square modulus of the effective nonlinear susceptibility, χ(2)
ssp ,
which we express as a linear combination of nonlinear
susceptibilities. Particularly relevant to this experiment, we
compute
(2) 2
ISFG ∝ |χssp
| I visIIR

(5)

Table 1. Vibrational Normal Mode Frequencies in cm−1 with
Fermi Resonance Combination Bands for α-Pinene

where
(2)
χssp
= Lyy(ωSFG)Lyy(ωvis)Lzz(ωIR ) sin αIR χyyz

(6)

vibrational modea

In this expression, L are the Fresnel coeﬃcients, and αIR is the
incident angle of the IR beam.
II.B.2. Accounting for Fermi Resonances. Vibrational modes
corresponding to C−H stretching motions of α-pinene densely
populate the frequency range from 2800 to 3050 cm−1. Many of
the vibrational modes in this region are split due to Fermi
resonance coupling with combination and overtone bands of
lower energy vibrational modes. Fermi resonance splittings for
each fundamental vibrational mode were computed by
diagonalizing a matrix constructed from the fundamental
mode energy and all combination and overtone bands with
the corresponding coupling terms,48

2849
2861−2882

ρCH2 symmetric stretch

2872
2876

νCH3 symmetric stretch

2880
2858

ρCH2 antisymmetric stretch
η,χCH3 symmetric stretch
(asynchronous)

FR(4) of
mode 60
mode 61

2880−2910

FR(4) of
mode 61
62
63
64
65

2885−2924

H=

γ2i 0

ω2 ⋯

⋮

⋮

⋮

mode
mode
mode
mode

⋯

⋱

(7)

where ωi is the energy of the fundamental mode, ωn (n = 1, 2,
3, 4, etc.) are the energies of the combination bands and
overtones within a designated energy threshold of the
fundamental mode, and γin are the coupling terms associated
with each resonance.
All electronic structure calculations were carried out using
Gaussian 09 software.49 Density functional theory was used for
all computations at the B3LYP level of theory50−53 using the 6311++G(d,p) basis set.54,55 Geometry optimizations with a
tight optimization criteria and default grid were performed on
α-pinene followed by harmonic vibrational frequency analysis
to compute normal mode frequencies and conﬁrm that it is a
minimum structure. Anharmonic vibrational frequency calculations were performed along with harmonic vibrational
frequency calculations to obtain the combination and overtone
bands in Fermi resonance with fundamental vibrational
frequencies. Harmonic dipole derivatives with respect to each
vibrational normal mode were calculated in tandem with the
vibrational frequency calculations, but displayed in the output
ﬁle using the Gaussian09 keyword “iop(7/33 = 1)”. Polarizability tensors with respect to each vibrational normal mode

mode description

mode 57
FR(4) of
mode 57
mode 58
FR(1) of
mode 58
mode 59
mode 60

ωi γi1 γi2 ⋯
γi1 ω1 0

frequencyb
[cm−1]

2862

2910
2910
2921
2929

mode 66
FR(1) of
mode 66
mode 67

2929
2934

mode
mode
mode
mode
mode

2958
2967
2986
2988
3004

a
b

68
69
70
71
72

2937

η,χCH3 symmetric stretch
(synchronous)

bridging CH (ρ adjacent) stretch
νCH3 asymmetric stretch
bridging CH (vinyl) stretch
η,χCH3 asymmetric stretch
(asynchronous)
βCH2 symmetric stretch
η,χCH3 asymmetric stretch
(synchronous)
νCH3 asymmetric stretch
ηCH3 asymmetric stretch
χCH3 asymmetric stretch
βCH2 antisymmetric stretch
vinyl CH stretch

“FR(X) of mode Y” refers to the X Fermi resonance of mode Y.
Calculated vibrational frequencies were scaled by 0.957.

II.B.4. Trajectory Calculations. Classical MD simulations
were performed on a model of amorphous silica surface based
on a 115 × 115 × 20 Å3 slab adopted from the work of CruzChu et al.59 We employed CHARMM force ﬁeld parameters for
amorphous silica that have been optimized to reproduce the
water contact angle (denoted by CWCA FF).59 This force ﬁeld
has also been successfully applied to simulate amorphous silica
surfaces,60 quartz(1011)−water interfaces,61 and ionic transport
in silica channels.62 The intramolecular and intermolecular
12580
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Figure 2. (A) Normalized contour plot of the sum of square diﬀerences (top) between the calculated and experimental spectra based on rotation
angles θ and ψ. The contours are colored in a visible color spectrum where violet and red indicate best and worst agreement with experiment,
respectively. Orientations for (B) (θ = 0°, ψ = 0°) and (C) (θ = 180°, ψ = 0°) correspond to overall best-matching orientations of α-pinene (see
text). (D) Normalized simulated vSFG spectra for Euler angles (θ = 0°, ψ = 0°, red) and (θ = 180°, ψ = 0°, blue) compared with the experimental
spectrum (gray).

constant temperature in the NVT ensemble. The elementary
cell extension of the system was 115 × 115 × 115 Å3 where the
periodicity along the z-axis was increased deliberately to create
95 Å of empty space above the surface. To keep the amorphous
slab rigid, the silica atoms were ﬁxed at their minimized
positions during the MD simulation. In order to obtain the
trajectory-averaged spectrum of an individual α-pinene, a
rotation matrix that aligns the α-pinene at the reference
orientation in Figure 1A to the α-pinene orientation in each
frame of the trajectory was applied to the hyperpolarizability
tensor at the reference orientation. The rotation matrices were
computed via the Kabsch algorithm as implemented in VMD.68
Eﬀectively, this algorithm generates the hyperpolarizability
tensor and thus a vSFG spectrum at each step of the trajectory.
Each trajectory frame of a given α-pinene molecule is
isotropically averaged during the MD simulation in the same
way as described above. Each isotropically averaged spectrum
was further averaged over all frames from the MD simulation
(sampled at 1 ps interval) to obtain a trajectory-averaged
spectrum as a function of simulation time for that α-pinene
molecule. Finally, we arrive at the ensemble-averaged spectrum
by averaging over the trajectory-averaged spectra for our
ensemble of 130 α-pinene molecules.
Density-functional tight-binding (DFTB)70 MD simulations
were further carried out on a single α-pinene molecule
interacting with a (252-atom) cluster model of fused silica to
generate a 50 ps trajectory at 300 K. These simulations were
carried out using the DFTB+ program.71 A bowl-shaped cluster
model was carved out from the silica slab used in the classical
MD simulations, and the dangling bonds at the periphery of the
cluster were capped with hydrogen atoms. Snapshots from the

parameters are summarized in Tables S1 and S2 in the
Supporting Information, respectively.
All dangling oxygen atoms and under-coordinated silicon
atoms were capped with hydrogen atoms and hydroxyl groups,
respectively. Additionally, each four-membered ring was
opened and capped by the addition of a single water molecule
forming a vicinal silanol unit to obtain the desired
concentration of silanol groups on a silica surface, which
typically ranges from 2.6 to 4.6/nm2.63 Our model of the silica
surface had a surface [Si−OH] concentration of 4/nm2. The
exact concentration of α-pinene adsorbed onto the silica surface
is not known. We have assumed a surface concentration of [αpinene] = 1/nm2 for our classical MD simulations. This
corresponds to a total of 130 α-pinene molecules on our model
silica surface.
The initial force ﬁeld parameters for α-pinene were generated
via the CGenFF/ParamChem engine.64−66 The atomic charges
were reﬁned using the Force Field Toolkit plugin67 as
implemented in VMD.68 The ﬁnal atomic charges for α-pinene
are provided in Table S3. All MD simulations were carried out
using the NAMD program.69 The α-pinene molecules were
randomly positioned on the hydroxylated surface and the entire
system was minimized for 5000 steps. The system was then
equilibrated for 2 ns before a production run of 10 ns, yielding a
distribution of orientations from the 130 α-pinene molecules.
Simulations were performed with an integration time step of 1
fs and periodic boundary conditions at 300 K. Intermolecular
van der Waals interactions were calculated with a cutoﬀ of 12 Å
(switching function starting at 10 Å), and long-range
electrostatic forces were calculated using the PME summation
method. The Langevin thermostat was used to maintain a
12581
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to small errors and are found for a wide range of ψ angles near
θ = 0° and θ = 180°. At these orientations, the C−χC axis is
aligned approximately orthogonal to the surface. Note also that
for a given θ, varying ψ corresponds to spinning the molecule
around the surface normal. Figure 2B,C shows the molecular
orientation at selected points along these axes (θ, ψ) = (0°, 0°)
and (180°, 0°). Figure 2D shows the calculated SFG spectra at
the orientations in Figure 2B,C, along with the experimental
SFG spectrum. Just like in the experimental spectrum, the
calculated spectra show two major vibrational bands at 2880
and 2940 cm−1. The data presented in Table 2 shows that the

trajectory were subject to two-layer ONIOM(ωB97XD/631G(d):HF/3-21G)72,73 optimization to locate the most
favored α-pinene orientation on silica. The “high-layer” is
composed of α-pinene as well as surface silica atoms so that the
surface interactions are treated at the DFT level of theory, and
the remainder of the cluster model is treated at the HF/3-21G
level (the “low-layer”). All peripheral capping hydrogen atoms
are frozen during the optimization in order to preserve the
shape of the cluster model. The ONIOM calculations were
carried out in Gaussian09.49
II.B.5. Rotational Diﬀusion Calculations. The rotational
reorientation time was calculated using the reorientational
autocorrelation function,74
C(t ) = ⟨P2(n ⃗(0)·n ⃗(t ))⟩

Table 2. Percentage Compositiona of the Main Vibrational
Bands of the Calculated Spectrum in the (0°, 0°)
Orientation for α-Pinene

(8)

where P2 is the second Legendre polynomial, P2(x) = 1/2(3x2
− 1), n⃗(t) is the unit vector shown in Figure 4A at time t, and
the brackets indicate the average along a 10 ns trajectory. The
autocorrelation function is computed for each of the 130 αpinene molecules in the classical MD trajectory, and the ﬁnal
C(t) is averaged over all α-pinene molecules.

C−H Stretching Mode Descriptionsb
2880 cm

−1

component
η,χCH3 symm.
ρCH2 symm.
ρCH2 antisymm.

III. RESULTS AND DISCUSSION
III.A. Accounting for Fermi Resonances Improves the
Agreement between Calculated and Experimental SFG
Spectra of α-Pinene. SFG spectra depend not only on the
number of oscillators sampled but also on their molecular
orientations, averaged over all orientations. One way to account
for the latter is to determine the most probable molecular
orientation of the molecule from experiment, which is possible
if the symmetry of the vibrational modes contributing to each
spectral feature is known.15,16,20,75 In this case, one can use the
polarization null-angle analysis method76−81 or the ppp/ssp
amplitude ratio,82−85 which is straightforward for molecules
lacking signiﬁcant contributions of Fermi resonances, combination bands, or other nonlocal modes. As we show in this
section that the SFG responses from α-pinene and the
orientation distributions giving rise to them cannot be
described satisfactorily unless Fermi resonances and combination bands are included.
Below, we use two DFT-based methods to estimate the most
likely orientation of α-pinene that gives rise to the
experimentally observed SFG responses. As described in the
Methods section, the ﬁrst method is based on (1) a zerointeraction potential between an α-pinene molecule hovering
over a hypothetical ﬂat surface at all hypothetical molecular
orientations above the surface, (2) computation of the SFG
spectrum, (3) comparison of the sum of squared diﬀerences
between the normalized calculated and experimental spectra,
and (4) identiﬁcation of the best spectral match, which
identiﬁes the molecular orientation.30,86 The second method
incorporates steps 1−4 of the ﬁrst method but includes explicit
interaction dynamics by updating the hyperpolarizability tensor
(through rotation) at each step of a classical MD simulation. As
described in the Methods section, the latter method yields not
only orientation data but also information regarding the
interaction dynamics and energetics.
Using the ﬁrst method, we obtained a normalized error
contour map between the calculated and experimental spectra
as presented in Figure 2A. The normalized error at a speciﬁc
orientation (θ, ψ) is deﬁned as (SSD − SSDmin)/(SSDmax −
SSDmin) where SSDmin (SSDmax) is the minimum (maximum)
sum of squared diﬀerences. Regions marked in blue correspond

2940 cm−1 band

band

(CBFR)c ρCH2 symm.
(CBFR)c η,χCH3
symm.
other

amount
(%)
67
5
12
4
8
4

component
βCH2 symm.
(CBFR)d βCH2 symm.
(OBFR)d η,χCH3
symm.
νCH3 asymm.

other

amount
(%)
37
40
19
1

3

a

Percentage composition for a given mode within a band is calculated
as the computed intensity the mode divided by the sum of modal
intensities for the band. bVibrational modes greater than 5% of the
total for any band composition are listed. All other bands are speciﬁed
in combination as “other”. cCBFR = combination band Fermi
resonance. dOBFR = overtone band Fermi resonance.

intensity of the 2880 cm−1 band is dominated (ca. 67%) by a
symmetric C−H stretching mode of the η,χCH3 groups, while
the ρCH2 symmetric and asymmetric C−H stretching modes
account for most of the remaining intensity in the band. Other
modes below 2900 cm−1 account for less than 4% of the
intensity of the 2880 cm−1 band. For the 2940 cm−1 band, the
β
CH2 symmetric stretch is the source of ca. 77% of the
intensity, and an overtone vibrational band of the η,χCH3
symmetric stretch accounts for most of the remaining intensity
(ca. 20%).
Repeating this analysis with calculated SFG spectra that did
not account for Fermi resonances but instead only considered
normal modes resulted in calculated spectra that are in
signiﬁcantly poorer agreement compared with the analysis
that includes Fermi resonances. This result is shown in Figure 3
for the orientation corresponding to (θ, ψ) = (0°, 0°). At this
orientation, neglecting Fermi resonances increased the
normalized error by approximately 5-fold (0.26 compared
with 0.056). The corresponding normalized error plot also
shows a signiﬁcant reduction in “blue” zones (regions of small
error) and a concurrent increase in “red” zones (regions of
large error, see Supporting Information Figure S1). We
conclude that accounting for Fermi resonances is necessary
for obtaining calculated SFG spectra that reproduce well the
experimental SFG spectra of α-pinene.
III.B. Accounting for α-Pinene−Silica Interaction
Dynamics Reveals Highly Fluxional Orientation Distributions. To evaluate the dynamics of the interactions between
α-pinene and the fused silica surface, we applied classical
12582
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The z-coordinate versus time (z−t) proﬁle for three selected
α-pinene molecules reveals ﬂipping between the “up” and
“down” orientations (Figure 5) in a fashion that Fourier

Figure 3. Normalized simulated vSFG spectra for Euler angles (θ = 0°,
ψ = 0°) with (red) and without (blue) accounting for Fermi resonance
compared with the experimental spectrum (gray).

(CHARMM) MD simulations combined with DFT electronic
structure calculations as described in the Methods section. We
expect these interactions to be dominated by weak van der
Waals forces, making it unlikely that a single orientation will be
suﬃcient for proper modeling of the ensemble spectrum
measured by experiment. As such, we developed a methodology
for incorporating MD simulations to simulate a vSFG spectrum
based on an ensemble of 130 α-pinene molecules. As a
comparison, we also used the DFTB potential to simulate the
dynamics of a subsystem (see Methods).
To probe the orientation of the α-pinene molecules, we
deﬁned an internal z-coordinate as shown in Figure 4A. Note

Figure 5. The z-coordinate versus time proﬁle for three selected αpinene molecules from the classical MD simulation.

transforms indicate to be nonperiodic (data not shown). Global
analysis of the z−t proﬁles indicates that approximately 27 (16)
percent of the snapshots sampled from the MD simulations are
in the “up” (“down”) conﬁgurations. The histogram displayed
in Figure 4B clearly shows that the bimodal molecular
orientation distribution is biased heavily, by a ratio of almost
2:1, toward the “up” conﬁguration. This result is robust over
two independent trajectories that we ran and appears to be in
good agreement with the orientation analysis obtained from the
zero-interaction potential approach described in the previous
section (namely, the orientations shown in Figure 2B,C). The
highly ﬂuxional interaction dynamics is also observed in a
DFTB MD simulation of a single α-pinene molecule using a
cluster model of silica (See Figure S3 in Supporting
Information), albeit with diﬀerent contributions of “up” vs
“down” conﬁgurations. Further inspection of the histogram
indicates that α-pinene molecules oriented with z-coordinate
values between +2.5 and −2.5 Å show marked diﬀerences
between the overall trajectory-averaged spectrum and the
experimental spectrum. However, we ﬁnd that the total
intensity of the computed spectral responses produced by α-

Figure 4. (A) The z-component of the green vector connecting the
methylene and axial methyl carbon atoms is recorded for each αpinene and monitored as a function of time. (B) Histogram of z-values
for 130 α-pinene molecules over a 10 ns MD simulation.

that the choice of this coordinate is arbitrary and that any such
coordinate deﬁnes the absolute orientation of the molecule,
given the rigidity of α-pinene’s bicyclic structure. The
coordinate of our choice corresponds to the z-component of
the vector connecting the βCH2 and χCH3 carbon atoms and is
calculated for each snapshot. Its distribution is monitored as a
function of time. The distribution is well converged after
approximately 8 ns (see Supporting Information Figure S2).
Therefore, we averaged the calculated spectra over a 10 ns
classical MD simulation throughout this work. The internal zcoordinate distribution (Figure 4B) peaks at z-values of ca. +3.5
and −3.5 Å, corresponding to conﬁgurations with the C−χCH3
bond and the bisecting vector between the C−H bonds of the
β-methylene group pointing away and toward the silica surface,
respectively.
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the SFG Spectrum. Figure 7 demonstrates good agreement
between the experimentally measured (black) and calculated

pinene molecules having z-coordinate values between +2.5 and
−2.5 Å contributes minimally to the ensemble-averaged
spectrum, likely because of deconstructive interference between
the “up” and “down” conﬁgurations that contribute to the
ensemble-averaged SFG response.
To further quantify the rotationally ﬂuid adsorption state of
α-pinene on silica, we obtained the rotational reorientation
time for the unit vector deﬁned in Figure 4A. The ensembleaveraged reorientational autocorrelation function is shown in
Figure 6. An optimal ﬁt was provided by a double-exponential

Figure 7. Comparison of the calculated ensemble-averaged SFG
spectrum (red trace) with the experimental SFG spectrum of α-pinene
(black trace) in contact with a fused silica surface.

ensemble-averaged (red) spectra of α-pinene molecules
interacting with the fused silica surface studied here. The
calculated ensemble-averaged spectrum is also in good
agreement with the spectrum obtained from the zerointeraction potential approach described in the previous section
(Figure 2D). Table 3 lists the compositions of the major

Figure 6. Reorientational autocorrelation function for α-pinene
molecules adsorbed on silica. The autocorrelation function is ﬁtted
with a double exponential (red dotted line) to obtain the rotational
reorientation times of 2549 and 48 ps. The graph of a single
exponential ﬁt is provided in Figure S4 in the Supporting Information.

Table 3. Percentage Composition for Main Vibrational
Bands of Calculated Ensemble-Averaged Spectrum of αPinene from MD Simulations
C−H Stretching Mode Descriptiona

decay curve signifying two broad adsorption modes of α-pinene
on silica, according to
⎡
⎛ t ⎞
⎛ t ⎞⎤
C(t ) = a0⎢β exp⎜ −
⎟ + (1 − β) exp⎜ −
⎟⎥
⎢⎣
⎝ τslow ⎠
⎝ τfast ⎠⎥⎦

2880 cm

−1

component
η,χCH3 symm.
ρCH2 symm.
ρCH2 antisymm.

(9)

Here, τslow and τfast are reorientation times associated with two
diﬀerent modes of adsorption, and β is the pre-exponential
factor providing the relative contributions of both time
constants. Through this model, we obtained two reorientation
times of 2580 ± 60 ps (τslow) and 49 ± 1 ps (τfast) with
populations of about 47 ± 0.4% and 53 ± 0.4%, respectively.
These reorientation times are in accord with the z−t proﬁles
shown in Figure 5. As noted in Figure 4B, the populations of
“up” and “down” versus other conﬁgurations (z-values between
+2.5 and −2.5 Å) are approximately 43% and 57%, respectively.
In light of the similarity between the two ratios, we attribute the
longer reorientation time to α-pinene molecules in the “up” or
“down” conﬁgurations, which are more tightly bound.
Furthermore, it is known that ultrafast orientational motions
with large amplitude may cause SFG signal cancellations in
speciﬁc polarizations (i.e., sps polarization combination).87−90
However, such eﬀect was usually too small even for small water
molecules on the air/water interfaces.87,88 The α-pinene
reorientational dynamics here is also much slower to have
such eﬀect. In addition, such motion eﬀect on the SFG spectra
is essentially negligible in the ssp polarization combination.
III.C. The Bridge Methylene Group on the FourMembered Ring (“βCH2”) of α-Pinene Is Estimated To
Produce 70−80% of the Dominant Spectral Feature in

2940 cm−1 band

band
amount
(%)
74
6
12

(CBFR)b ρCH2 symm.
(CBFR)b η,χCH3
symm.
νCH3 symm.

2

other

2

3
1

component
βCH2 symm.
(CBFR)b βCH2 symm.
(OBFR)b η,χCH3
symm.
η,χCH3 asymm.
νCH3 asymm.
bridging CH (ν)
bridging CH (ρ)
other

amount
(%)
37
42
12
3
1
3
1
1

a

Vibrational modes with greater than 5% of the total contribution for
any band composition are listed. All other bands are speciﬁed in
combination as “other”. bCBFR = combination band Fermi resonance.
c
OBFR = overtone band Fermi resonance.

vibrational bands for the ensemble-averaged calculated
spectrum. These values are in good agreement with the
vibrational band compositions obtained using the zerointeraction potential approach (Table 2). The dominant
contributions to the 2880 cm−1 band are from the symmetric
C−H stretching modes of the η,χCH3 groups and the ρCH2
group, accounting for ca. 74% and 18%, respectively. The vinyl
ν
CH3 symmetric stretching mode plays a somewhat larger role
(ca. 2%) in the 2880 cm−1 band of the ensemble-averaged
spectrum, which is likely due to the sampling of orientations
where the νCH3 dipole derivative magnitude has a greater
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Figure 8. Lowest energy ONIOM(ωB97XD/6-31G(d):HF/3-21G) optimized geometries of a cluster model of fused silica with snapshots sampled
from DFTB MD simulations. (A) lowest energy orientation (z = 3.0 Å); (B) second lowest energy orientation (relative energy +0.74 kcal mol−1 and
z = −0.64 Å); (C) third lowest energy orientation (relative energy +1.24 kcal mol−1); (D) fourth lowest energy orientation (relative energy +1.59
kcal mol−1).

projection onto the yyz tensor element of the χ(2) tensor. All
other modes account for less than 5% of all bands found below
2900 cm−1. Above 2900 cm−1, the ensemble-averaged spectrum
shows that the 2940 cm−1 band is composed ca. 79% by the
β
CH2 stretch, in good agreement with the results obtained from
the zero-interaction potential approach. An overtone band in
Fermi resonance with a symmetric C−H stretching mode for
the η,χCH3 groups contributes ca. 12% to the 2940 cm−1 band
intensity in the ensemble averaged spectrum. Finally, two
bridging CH stretching modes account for ca. 3% of the 2940
cm−1 band due to the greater sampling of orientations away
from (0°, 0°) compared with the zero-interaction potential
approach.
To provide more accurate estimates of the interaction
energies with the silica surface at diﬀerent orientations, we
further carried out two-layer ONIOM (ωB97XD/6-31G(d):HF/3-21G) geometry optimizations on a cluster model
of fused silica using snapshots randomly sampled from DFTB
MD simulations. The ωB97X-D functional91 was chosen,
because it includes empirical corrections for dispersion, which is
likely to be important. The lowest energy orientations and their
relative energies obtained from this analysis are shown in Figure
8. Notably, there is no large energy diﬀerence between the
various orientations sampled from the MD simulations, and
their energies are generally within 1−2 kcal mol−1. Since an
energy diﬀerence of 1.4 kcal mol−1 corresponds to an order of
magnitude diﬀerence in population at room temperature, these
energies are in qualitative accord with the molecular orientation
distribution extracted from the classical MD simulations
(Figure 4B). The orientation corresponding to z = +3.0 Å is

lowest in energy presumably because this particular orientation
provides the largest van der Waals contact between the αpinene molecule and the silica surface. We conclude from the
results presented in this section that the α-pinene−silica
interaction dynamics are highly ﬂuxional and sample a bimodal
orientation distribution whose two most probable orientations
are “up” and “down” with respect to the bridge methylene
group. MD simulations based on a more accurate potential
(e.g., QM/MM) to quantify which population dominates are
ongoing, as are experiments aimed at determining the absolute
net orientation of the bridge methylene group over α-quartz.
The ﬁnding of rotationally ﬂuid dynamics by MD at room
temperature suggests that the surface-bound α-pinene molecules may be energetically stabilized by rotational entropy. We
calculated the gain in rotational entropy (Sads
r̅ ot ) relative to the
static state using statistical mechanics, as described by Behm and
co-workers,92 and DFT-optimized atomic coordinates of gas
phase α-pinene. Through this analysis, we obtain an entropic
stabilization energy, TS̅ads
rot , of ∼11 kJ/mol at 300 K, which is
comparable to that obtained for methyl-butyl-thioether in
Behm’s work. Here, however, we show stabilization due to
rotational entropy gains for a molecule without heteroatoms.
Ongoing work will utilize DFTB MD to calculate entropic
stabilization, explicitly accounting for α-pinene−SiO2 interactions.

IV. CONCLUSIONS
We have studied the C−H stretching modes responsible for the
vSFG spectrum of α-pinene adsorbed on fused silica using a
combination of theoretical techniques and direct comparisons
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to experimental data. Accounting for Fermi resonances was
shown to improve the description of the SFG responses. With
or without taking the ﬂuxional dynamics identiﬁed here into
account, we ﬁnd from static DFT calculations that the 2940
cm−1 peak corresponding to the largest SFG signal intensity in
the spectrum is largely (ca. 77−79%) due to the βCH2
symmetric stretch and Fermi resonance, with the remainder
of the intensity being largely due to an overtone vibrational
band of the η,χCH3 symmetric stretch. The intensity of the 2880
cm−1 band is dominated (ca. 67−74%) by a symmetric C−H
stretching mode of the η,χCH3 groups, while the ρCH2
symmetric and asymmetric C−H stretching modes account
for most of the remaining intensity in that band. The vinyl
ν
CH3 symmetric stretching mode plays a somewhat larger role
(ca. 2%) in the 2880 cm−1 band of the ensemble-averaged
spectrum as opposed to the static calculations. This outcome is
likely due to the importance of dynamics in which the νCH3
dipole derivative magnitude has a greater projection onto the
yyz tensor element of the χ(2) tensor than what is sampled in
the static DFT calculations.
Our results suggest that α-pinene is oriented on average such
that its C−χCH3 bond is nearly orthogonal to the surface plane.
Hybrid ONIOM calculations on snapshots sampled from
DFTB molecular dynamics simulations indicate that such a
preferred orientation gives rise to the largest van der Waals
contact with the silica surface. Accounting for α-pinene−silica
interaction dynamics reveals a highly ﬂuxional and bimodal
orientation population that is characterized by “up” vs “down”
orientations of the C−χCH3 bond. Given that the axial
(“χCH3”) and the vinyl (“νCH3”) methyl groups point toward
the surface when the C−χCH3 bond points down, we expect
that particular “down” orientation to allow for reaction with the
π-electrons of the CC double bond, since they are now
readily accessible for incoming reactants. The “up” orientation
of the C−χCH3 bond would lead to substantial steric hindrance
by the axial (“χCH3”) and the vinyl (“νCH3”) methyl groups
that now point toward the gas phase. While it is not yet known
from our experiments which populations dominates, the
implications of our ﬁnding of a highly ﬂuxional surface state
of α-pinene, under the conditions of our study, are that (1) the
rotational entropy penalty for adsorption from the gas phase is
unlikely to be high, (2) heterogeneous oxidation of the CC
double bond is likely to be facile for the “down” orientation of
the C−χCH3 bond, and (3) α-pinene adsorbed to surfaces
other than SiO2, including those formed at the organic aerosol
particle/gas boundary or at catalyst/feedstock boundaries, may
be subject to ﬂuxional orientation dynamics as well. This last
ﬁnding will be particularly important for improving catalytic
routes in the heterogeneous transformations of α-pinene, a
potentially sustainable feedstock for ﬁne chemicals and
polymers.

■

■

trajectory of a pinene molecule on a cluster model of
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Pillinger, M.; Ribeiro-Claro, P.; Rocha, J.; Valente, A. A.
Dioxomolybdenum (VI) Modified Mesoporous Materials for the
Catalytic Epoxidation of Olefins. Catal. Today 2006, 114, 263−271.
(12) Wilson, H. W. The Infrared and Raman Spectra of α- and βPinenes. Appl. Spectrosc. 1976, 30, 209−212.
(13) Cheeseman, J. R.; Frisch, M. J. Basis Set Dependence of
Vibrational Raman and Raman Optical Activity Intensities. J. Chem.
Theory Comput. 2011, 7, 3323−3334.
(14) Hudecova, J.; Profant, V.; Novotna, P.; Baumruk, V.; Urbanova,
M.; Bour, P. CH Stretching Region: Computational Modeling of
Vibrational Optical Activity. J. Chem. Theory Comput. 2013, 9, 3096−
3108.
(15) Lu, R.; Gan, W.; Wu, B. H.; Zhang, Z.; Guo, Y.; Wang, H. F. CH Stretching Vibrations of Methyl, Methylene and Methine Groups at
the Vapor/Alcohol (N = 1−8) Interfaces. J. Phys. Chem. B 2005, 109,
14118−14129.
(16) Lu, R.; Gan, W.; Wu, B. H.; Chen, H.; Wang, H. F. Vibrational
Polarization Spectroscopy of CH Stretching Modes of the Methylene
Goup at the Vapor/Liquid Interfaces with Sum Frequency Generation.
J. Phys. Chem. B 2004, 108, 7297−7306.
(17) Velarde, L.; Wang, H. F. Unified Treatment and Measurement
of the Spectral Resolution and Temporal Effects in FrequencyResolved Sum-Frequency Generation Vibrational Spectroscopy (SFGVS). Phys. Chem. Chem. Phys. 2013, 15, 19970−19984.
(18) Gan, W.; Wu, B. H.; Zhang, Z.; Guo, Y.; Wang, H. F. Vibrational
Spectra and Molecular Orientation with Experimental Configuration
Analysis in Surface Sum Frequency Generation (SFG). J. Phys. Chem.
C 2007, 111, 8716−8725.
(19) Gan, W.; Zhang, Z.; Feng, R. R.; Wang, H. F. Spectral
Interference and Molecular Conformation at Liquid Interface with
Sum Frequency Generation Vibrational Spectroscopy (SFG-VS). J.
Phys. Chem. C 2007, 111, 8726−8738.
(20) Wang, H. F.; Gan, W.; Lu, R.; Rao, Y.; Wu, B. H. Quantitative
Spectral and Orientational Analysis in Surface Sum Frequency
Generation Vibrational Spectroscopy (SFG-VS). Int. Rev. Phys.
Chem. 2005, 24, 191−256.
(21) Velarde, L.; Zhang, X.-y.; Lu, Z.; Joly, A. G.; Wang, Z.; Wang,
H.-F. Spectroscopic Phase and Lineshapes in High-Resolution
Broadband Sum Frequency Vibrational Spectroscopy: Resolving
Interfacial Inhomogeneities of “Identical” Molecular Groups. J.
Chem. Phys. 2011, 135, 241102.
(22) Rivera, C. A.; Fourkas, J. T. Reexamining the Interpretation of
Vibrational Sum-Frequency Generation Spectra. Int. Rev. Phys. Chem.
2011, 30, 409−443.
(23) Mifflin, A. L.; Velarde, L.; Ho, J.; Psciuk, B. T.; Negre, C. F.;
Ebben, C. J.; Upshur, M. A.; Lu, Z.; Strick, B. F.; Thomson, R. J.; et al.
Accurate Lineshapes from Sub-1 cm−1 Resolution Sum Frequency
Generation Vibrational Spectroscopy of α-Pinene at Room Temperature. J. Phys. Chem. A 2015, 119, 1292−1302.
(24) Walker, D. S.; Richmond, G. L. Interfacial Depth Profiling of the
Orientation and Bonding of Water Molecules across Liquid-Liquid
Interfaces. J. Phys. Chem. C 2008, 112, 201−209.
(25) Valley, N. A.; Blower, P. G.; Wood, S. R.; Plath, K. L.;
McWilliams, L. E.; Richmond, G. L. Doubling Down: Delving into the
Details of Diacid Adsorption at Aqueous Surfaces. J. Phys. Chem. A
2014, 118, 4778−4789.

(26) Valley, N. A.; Robertson, E. J.; Richmond, G. L. Twist and Turn:
Effect of Stereoconfiguration on the Interfacial Assembly of
Polyelectrolytes. Langmuir 2014, 30, 14226−14233.
(27) Ishiyama, T.; Imamura, T.; Morita, A. Theoretical Studies of
Structures and Vibrational Sum Frequency Generation Spectra at
Aqueous Interfaces. Chem. Rev. 2014, 114, 8447.
(28) Ishiyama, T.; Takahashi, H.; Morita, A. Vibrational Spectrum at
a Water Surface: A Hybrid Quantum Mechanics/Molecular Mechanics
Molecular Dynamics Approach. J. Phys.: Condens. Matter 2012, 24,
124107.
(29) Sulpizi, M.; Salanne, M.; Sprik, M.; Gaigeot, M.-P. Vibrational
Sum Frequency Generation Spectroscopy of the Water Liquid−Vapor
Interface from Density Functional Theory-Based Molecular Dynamics
Simulations. J. Phys. Chem. Lett. 2013, 4, 83−87.
(30) Chase, H. M.; Psciuk, B. T.; Strick, B. F.; Thomson, R. J.;
Batista, V. S.; Geiger, F. M. Beyond Local Group Modes in Sum
Frequency Generation Spectroscopy. J. Phys. Chem. A 2015, 119,
3407−3414.
(31) Fu, L.; Xiao, D.; Wang, Z.; Batista, V. S.; Yan, E. C. Y. Chiral
Sum Frequency Generation for in situ Probing Proton Antiparallel
Beta-Sheets at Interfaces. J. Am. Chem. Soc. 2013, 135, 3592−3598.
(32) Xiao, D.; Fu, L.; Liu, J.; Batista, V. S.; Yan, E. C. Y. Amphiphilic
Adsorption of Human Islet Amyloid Polypeptide Aggregrates to
Lipid/Aqueous Interfaces. J. Mol. Biol. 2012, 421, 537−547.
(33) Ohto, T.; Usui, K.; Hasegawa, T.; Bonn, M.; Nagata, Y. Toward
Ab Initio Molecular Dynamics Modeling for Sum-Frequency
Generation Spectra; an Efficient Algorithm Based on Surface-Specific
Velocity-Velocity Correlation Function. J. Chem. Phys. 2015, 143,
124702.
(34) Auer, B. M.; Skinner, J. L. Vibrational Sum-Frequency
Spectroscopy of the Liquid/Vapor Interface for Dilute Hod in D2O.
J. Chem. Phys. 2008, 129, 214705.
(35) Pieniazek, P. A.; Tainter, C. J.; Skinner, J. L. Surface of Liquid
Water: Three-Body Interactions and Vibrational Sum-Frequency
Spectroscopy. J. Am. Chem. Soc. 2011, 133, 10360−10363.
(36) Cecchet, F.; Lis, D.; Guthmuller, J.; Champagne, B.; Fonder, G.;
Mekhalif, Z.; Caudano, Y.; Mani, A. A.; Thiry, P. A.; Peremans, A.
Theoretical Calculations and Experimental Measurements of the
Vibrational Response of p-NTP SAMs: An Orientational Analysis. J.
Phys. Chem. C 2010, 114, 4106−4113.
(37) Hammond, J. R.; Govind, N.; Kowalski, K.; Autschbach, J.;
Xantheas, S. S. Accurate Dipole Polarizabilities for Water Clusters N =
2−12 at the Coupled-Cluster Level of Theory and Benchmarking of
Various Density Functionals. J. Chem. Phys. 2009, 131, 214103.
(38) Lee, C. M.; Mohamed, N. M. A.; Watts, H. D.; Kubicki, J. D.;
Kim, S. H. Sum-Frequency-Generation Vibration Spectroscopy and
Density Functional Theory Calculations with Dispersion Corrections
(DFT-D2) for Cellulose Iα and Iβ. J. Phys. Chem. B 2013, 117, 6681−
6692.
(39) Zheng, R.-M.; Wei, W.-M.; Jing, Y.-Y.; Liu, H.; Shi, Q.
Theoretical Study of Doubly Resonant Sum-Frequency Vibrational
Spectroscopy for 1,1′-Bi-2-Naphthol Molecules on Water Surface. J.
Phys. Chem. C 2013, 117, 11117−11123.
(40) Morita, A. Improved Computation of Sum Frequency
Generation Spectrum of the Surface of Water. J. Phys. Chem. B
2006, 110, 3158−3163.
(41) Morita, A.; Hynes, J. T. A Theoretical Analysis of the Sum
Frequency Generation Spectrum of the Water Surface. Chem. Phys.
2000, 258, 371−390.
(42) Morita, A.; Hynes, J. T. A Theoretical Analysis of the Sum
Frequency Generation Spectrum of the Water Surface. II. TimeDependent Approach. J. Phys. Chem. B 2002, 106, 673−685.
(43) Morita, A.; Ishiyama, T. Recent Progress in Theoretical Analysis
of Vibrational Sum Frequency Generation Spectroscopy. Phys. Chem.
Chem. Phys. 2008, 10, 5801.
(44) Hall, S. A.; Jena, K. C.; Covert, P. A.; Roy, S.; Trudeau, T. G.;
Hore, D. K. Molecular Level Surface Structure from Nonlinear
Vibrational Spectroscopy Combined with Simulations. J. Phys. Chem. B
2014, 118, 5617.
12587

DOI: 10.1021/acs.jpcc.6b03158
J. Phys. Chem. C 2016, 120, 12578−12589

Article

The Journal of Physical Chemistry C
(45) Fu, L.; Zhang, H.; Wei, Z.-H.; Wang, H.-F. Intrinsic Chirality
and Prochirality at Air/R-(+)- and S-(−)-Limonene Interfaces:
Spectral Signatures with Interference Chiral Sum-Frequency Generation Vibrational Spectroscopy. Chirality 2014, 26, 509−520.
(46) Wang, H.-F.; Velarde, L.; Gan, W.; Fu, L. Quantitative SumFrequency Generation Vibrational Spectroscopy of Molecular Surfaces
and Interfaces: Lineshape, Polarization, and Orientation. Annu. Rev.
Phys. Chem. 2015, 66, 189−216.
(47) Yan, E. C.; Fu, L.; Wang, Z.; Liu, W. Biological Macromolecules
at Interfaces Probed by Chiral Vibrational Sum Frequency Generation
Spectroscopy. Chem. Rev. 2014, 114, 8471−8498.
(48) Jetzki, M.; Luckhaus, D.; Signorell, R. Fermi Resonance and
Conformation in Glycolaldehyde Particles. Can. J. Chem. 2004, 82,
915−924.
(49) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.;
Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; Mennucci,
B.; Petersson, G. A.;et al.Gaussian 09, revision D.01; Gaussian, Inc.:
Wallingford, CT, 2009.
(50) Vosko, S. H.; Wilk, L.; Nusair, M. Accurate Spin-Dependent
Electron Liquid Correlation Energies for Local Spin Density
Calculations: A Critical Analysis. Can. J. Phys. 1980, 58, 1200−1211.
(51) Lee, C. T.; Yang, W. T.; Parr, R. G. Development of the ColleSalvetti Correlation-Energy Formula into a Functional of the Electron
Density. Phys. Rev. B: Condens. Matter Mater. Phys. 1988, 37, 785−789.
(52) Becke, A. D. Density-Functional Thermochemistry. Iii. The Role
of Exact Exchange. J. Chem. Phys. 1993, 98, 5648−5652.
(53) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M. J. Ab
Initio Calculation of Vibrational Absorption and Circular Dichroism
Spectra Using Density Functional Force Fields. J. Phys. Chem. 1994,
98, 11623−11627.
(54) Dunning, T. H. Gaussian-Basis Sets for Use in Correlated
Molecular Calculations 0.1. The Atoms Boron through Neon and
Hydrogen. J. Chem. Phys. 1989, 90, 1007−1023.
(55) Kendall, R. A.; Dunning, T. H.; Harrison, R. J. Electron
Affinities of the First-Row Atoms Revisited. Systematic Basis Sets and
Wave Functions. J. Chem. Phys. 1992, 96, 6796−6806.
(56) Scott, A. P.; Radom, L. Harmonic Vibrational Frequencies: An
Evaluation of Hartree-Fock, Møller-Plesset, Quadratic Configuration
Interaction, Density Functional Theory, and Semiempirical Scale
Factors. J. Phys. Chem. 1996, 100, 16502−16513.
(57) Halls, M. D.; Velkovski, J.; Schlegel, H. B. Harmonic Frequency
Scaling Factors for Hartree-Fock, S-Vwn, B-Lyp, B3-LYP, B3-PW91
and MP2 with the Sadlej Pvtz Electric Property Basis Set. Theor. Chem.
Acc. 2001, 105, 413−421.
(58) Merrick, J. P.; Moran, D.; Radom, L. An Evaluation of
Harmonic Vibrational Frequency Scale Factors. J. Phys. Chem. A 2007,
111, 11683−11700.
(59) Cruz-Chu, E. R.; Aksimentiev, A.; Schulten, K. Water-Silica
Force Field for Simulating Nanodevices. J. Phys. Chem. B 2006, 110,
21497−21508.
(60) Leroch, S.; Wendland, M. Simulation of Forces between Humid
Amorphous Silica Surfaces: A Comparison of Empirical Atomistic
Force Fields. J. Phys. Chem. C 2012, 116, 26247−26261.
(61) Skelton, A. A.; Fenter, P.; Kubicki, J. D.; Wesolowski, D. J.;
Cummings, P. T. Simulations of the Quartz(1011)/Water Interface: A
Comparison of Classical Force Fields, Ab Initio Molecular Dynamics,
and X-Ray Reflectivity Experiments. J. Phys. Chem. C 2011, 115,
2076−2088.
(62) Lorenz, C. D.; Crozier, P. S.; Anderson, J. A.; Travesset, A.
Molecular Dynamics of Ionic Transport and Electrokinetic Effects in
Realistic Silica Channels. J. Phys. Chem. C 2008, 112, 10222−10232.
(63) Zhuravlev, L. T. The Surface Chemistry of Amorphous Silica.
Zhuravlev Model. Colloids Surf., A 2000, 173, 1−38.
(64) Vanommeslaeghe, K.; Hatcher, E.; Acharya, C.; Kundu, S.;
Zhong, S.; Shim, J.; Darian, E.; Guvench, O.; Lopes, P.; Vorobyov, I.;
MacKerell, A. D., Jr. CHARMM General Force Field: A Force Field
for Drug-Like Molecules Compatible with the Charmm All-Atom
Additive Biological Force Fields. J. Comput. Chem. 2009, 31, 671−690.

(65) Vanommeslaeghe, K.; MacKerell, A. D., Jr. Automation of the
CHARMM General Force Field (CGenFF) I: Bond Perception and
Atom Typing. J. Chem. Inf. Model. 2012, 52, 3144−3154.
(66) Vanommeslaeghe, K.; Raman, E. P.; MacKerell, A. D., Jr.
Automation of the CHARMM General Force Field (CGenFF) II:
Assignment of Bonded Parameters and Partial Atomic Charges. J.
Chem. Inf. Model. 2012, 52, 3155−3168.
(67) Mayne, C. G.; Saam, J.; Schulten, K.; Tajkhorshid, E.; Gumbart,
J. C. Rapid Parameterization of Small Molecules Using the Force Field
Toolkit. J. Comput. Chem. 2013, 34, 2757−2770.
(68) Humphrey, W.; Dalke, A.; Schulten, K. Vmd: Visual Molecular
Dynamics. J. Mol. Graphics 1996, 14, 33−38.
(69) Phillips, J. C.; Braun, R.; Wang, W.; Gumbart, J.; Tajkhorshid,
E.; Villa, E.; Chipot, C.; Skeel, R. D.; Kale, L.; Schulten, K. Scalable
Molecular Dynamics with Namd. J. Comput. Chem. 2005, 26, 1781−
1802.
(70) Elstner, M.; Porezag, D.; Jungnickel, G.; Elsner, M.; Haugk, M.;
Frauenheim, T.; Suhai, S.; Seifert, G. Self-Consistent-Charge DensityFunctional Tight-Binding Method for Simulations of Complex
Materials Properties. Phys. Rev. B: Condens. Matter Mater. Phys.
1998, 58, 7260.
(71) Aradi, B.; Hourahine, B.; Frauenheim, T. DFTB+, a Sparse
Matrix-Based Implementation of the DFTB Method. J. Phys. Chem. A
2007, 111, 5678.
(72) Vreven, T.; Morokuma, K. Hybrid Methods: ONIOM(QM:MM) and QM/MM. Annu. Rep. Comput. Chem. 2006, 2, 35−51.
(73) Vreven, T.; Byun, K. S.; Komaromi, I.; Dapprich, S.;
Montgomery, J. A., Jr.; Morokuma, K.; Frisch, M. J. Combining
Quantum Mechanics Methods with Molecular Mechanics Methods in
Oniom. J. Chem. Theory Comput. 2006, 2, 815−826.
(74) McQuarrie, D. A. Statistical Mechanics; University Science
Books: Sausalito, CA, 2000; p 487.
(75) Moad, A. J.; Simpson, G. J. A Unified Treatment of Selection
Rules and Symmetry Relations for Sum-Frequency and Second
Harmonic Spectroscopies. J. Phys. Chem. B 2004, 108, 3548−3562.
(76) Gan, W.; Wu, B.-H.; Chen, H.; Guo, Y.; Wang, H.-F. Accuracy
and Sensitivity of Determining Molecular Orientation at Interfaces
Using Sum Frequency Generation Vibrational Spectroscopy. Chem.
Phys. Lett. 2005, 406, 467−473.
(77) Stokes, G. Y.; Buchbinder, A. M.; Gibbs-Davis, J. M.; Scheidt, K.
A.; Geiger, F. M. Chemically Diverse Environmental Interfaces and
Their Reactions with Ozone Studied by Sum Frequency Generation.
Vib. Spectrosc. 2009, 50, 86−98.
(78) Achtyl, J. L.; Buchbinder, A. M.; Geiger, F. M. Hydrocarbon on
Carbon: Coherent Vibrational Spectroscopy of Toluene on Graphite.
J. Phys. Chem. Lett. 2012, 3, 280−282.
(79) Simpson, G. J.; Rowlen, K. L. Orientation-Insensitive Methodology for Second Harmonic Generation. 2. Application to Adsorption
Isotherm and Kinetics Measurements. Anal. Chem. 2000, 72, 3407−
3411.
(80) Jang, J. H.; Lydiatt, F.; Lindsay, R.; Baldelli, S. Quantitative
Orientation Analysis by Sum Frequency Generation in the Presence of
near-Resonant Background Signal: Acetonitrile on Rutile TiO2 (110).
J. Phys. Chem. A 2013, 117, 6288−6302.
(81) Hicks, J. M.; Kemnitz, K.; Eisenthal, K. B.; Heinz, T. F. Studies
of Liquid Surfaces by Second Harmonic Generation. J. Phys. Chem.
1986, 90, 560−562.
(82) Zhuang, X.; Miranda, P. B.; Kim, D.; Shen, Y. R. Mapping
Molecular Orientation and Conformation at Interfaces by Surface
Nonlinear Optics. Phys. Rev. B 1999, 59, 12632−12640.
(83) Chen, Z.; Shen, Y. R.; Somorjai, G. A. Studies of Polymer
Surfaces by Sum Frequency Generation Vibrational Spectroscopy.
Annu. Rev. Phys. Chem. 2002, 53, 437−465.
(84) Baldelli, S.; Bao, J.; Wu, W.; Pei, S.-s. Sum Frequency
Generation Study on the Orientation of Room-Temperature Ionic
Liquid at the Graphene−Ionic Liquid Interface. Chem. Phys. Lett. 2011,
516, 171−173.
(85) Ebben, C. J.; Strick, B. F.; Upshur, M. A.; Chase, H. M.; Achtyl,
J. L.; Thomson, R. J.; Geiger, F. M. Towards the Identification of
12588

DOI: 10.1021/acs.jpcc.6b03158
J. Phys. Chem. C 2016, 120, 12578−12589

Article

The Journal of Physical Chemistry C
Molecular Constituents Associated with the Surfaces of IsopreneDerived Secondary Organic Aerosol (SOA) Particles. Atmos. Chem.
Phys. 2014, 14, 2303−2314.
(86) Chase, H. M.; Rudshteyn, B.; Psciuk, B. T.; Upshur, M. A.;
Strick, B. F.; Thomson, R. J.; Batista, V. S.; Geiger, F. M. Assessment
of DFT for Computing Sum Frequency Generation Spectra of an
Epoxydiol and a Deuterated Isotopologue at Fused Silica/Vapor
Interfaces. J. Phys. Chem. B 2016, 120, 1919.
(87) Gan, W.; Wu, D.; Zhang, Z.; Feng, R.-R.; Wang, H.-H.
Polarization and Experimental Configuration Analyses of Sum
Frequency Generation Vibrational Spectra, Structure, and Orientational Motion of the Air/Water Interface. J. Chem. Phys. 2006, 124,
114705.
(88) Gan, W.; Wu, D.; Zhang, Z.; Guo, Y.; Wang, H.-f. Orientation
and Motion of Water Molecules at Air/Water Interface. Chin. J. Chem.
Phys. 2006, 19, 20−24.
(89) Wei, X.; Shen, Y. Motional Effect in Surface Sum-Frequency
Vibrational Spectroscopy. Phys. Rev. Lett. 2001, 86, 4799.
(90) Fourkas, J. T.; Walker, R. A.; Can, S. Z.; Gershgoren, E. Effects
of Reorientation in Vibrational Sum-Frequency Spectroscopy. J. Phys.
Chem. C 2007, 111, 8902−8915.
(91) Chai, J.-D.; Head-Gordon, M. Long-Range Corrected Hybrid
Density Functionals with Damped Atom−Atom Dispersion Corrections. Phys. Chem. Chem. Phys. 2008, 10, 6615−6620.
(92) Waldmann, T.; Klein, J.; Hoster, H. E.; Behm, R. J. Stabilization
of Large Adsorbates by Rotational Entropy: A Time-Resolved
Variable-Temperature STM Study. ChemPhysChem 2013, 14, 162−
169.

12589

DOI: 10.1021/acs.jpcc.6b03158
J. Phys. Chem. C 2016, 120, 12578−12589

