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ABSTRACT: We assess the capabilities of eight popular
density functional theory (DFT) functionals, in combination
with several basis sets, as applied to calculations of vibrational
sum frequency generation (SFG) spectra of the atmospheri-
cally relevant isoprene oxidation product trans-β-isoprene
epoxydiol (IEPOX) and one of its deuterated isotopologues at
the fused silica/vapor interface. We use sum of squared
differences (SSD) and total absolute error (TAE) calculations
to estimate the performance of each functional/basis set
combination in producing SFG spectra that match exper-
imentally obtained spectra from trans-β-IEPOX and one of its isotopologues. Our joined SSD/TAE analysis shows that while the
twist angle of the methyl C3v symmetry axis of trans-β-IEPOX relative to the surface is sensitive to the choice of DFT functional,
the calculated tilt angle relative to the surface normal is largely independent of the functional and basis set. Moreover, we report
that hybrid functionals such as B3LYP, ωB97X-D, PBE0, and B97-1 in combination with a modest basis set, such as 6-311G(d,p),
provides good agreement with experimental data and much better performance than pure functionals such as PBE and BP86.
However, improving the quality of the basis set only improves agreement with experimental data for calculations based on pure
functionals. A conformational analysis, based on comparisons of calculated and experimental SFG spectra, suggests that trans-β-
IEPOX points all of its oxygen atoms toward the silica/vapor interface.

1. INTRODUCTION

Determining molecular structure, orientation, and ordering at
interfaces is important for many processes in areas of science
and engineering.1−18 While sum frequency generation (SFG)
spectroscopy has provided great molecular insight into the
molecular orientation and structure of hydrocarbons or long-
chain surfactants at interfaces,19−27 the interpretation of SFG
spectra of strained, oxygenated species, many of which are
important in combustion chemistry, catalysis, and atmospheric
aerosol science,8,28−34 is much less straightforward. This
difficulty is especially apparent in the C−H stretching region,
where overtones, combination bands, and Fermi resonances
can make it challenging to reliably assign the observed
vibrational features.
One approach to address this difficulty is to pair experimental

SFG spectroscopy with the simulation of SFG spectra using ab
initio methods such as density functional theory (DFT). While
this approach has been successful for understanding molecular
structure at interfaces,3,4,35−41 a comprehensive survey of
functionals and basis sets for computing SFG spectra has not
yet been carried out in the C−H stretching region, although
this has been done for infrared and Raman spectroscopy.42−49

Two studies assess the appropriateness of various DFT

methods and basis sets for computing SFG spectra, but one
of them assesses the SFG response from localized vibrational
modes of just a single methyl (CH3) group, rather than
multiple vibrations throughout an entire molecule,50 and the
other only addresses a NO stretching mode.51 These
approaches may not necessarily be applicable to molecules
containing multiple carbon atoms, as C−H stretching modes
may be anharmonic in nature52−54 and are often delocalized
throughout multiple C−H groups in an organic molecule.55 An
assessment of functionals and basis sets for SFG spectroscopic
simulations would represent an important step toward the
reliable prediction of SFG spectra of strained, oxygenated
species, including those that may be too transient to measure
spectroscopically or difficult to synthesize.
The computation of SFG signal intensities is not a

straightforward task even when the molecular orientation is
known, given their dependence on the molecular hyper-
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polarizability and therefore the dipole and polarizability
derivatives with respect to each normal mode. Given that
these values depend on which functional and basis set
combination is used,43,47,56−58 it is important to determine
how the computation of SFG spectra depends on the choice of
functional and basis set.
The present work aims to do so for a number of popular

DFT functionals and basis sets applied to computing the SFG
spectrum of trans-β-isoprene epoxydiol13,59−64 (trans-β-
IEPOX) (Figure 1A), a strained, five-carbon-, three-oxygen-

atom-containing oxygenation product important in tropo-
spheric isoprene chemistry.55 We recently reported that the
methyl C3v symmetry axis of this molecule is tilted
approximately 70−80° away from the surface normal of a
fused silica optical window (see Figure S9 in the Supporting
Information) and that the SFG spectrum is largely due to
nonlocal normal modes. The DFT-based assignments given in
our earlier work55 show that the one peak that dominates the
ssp-polarized SFG spectrum is produced by a nonlocal group
oscillator involving largely the methyl symmetric stretch, with
minor contributions from the asymmetric stretch of the
methylene group adjacent to the carbon bearing the methine
hydrogen and the methine stretches. We also compared our
experimental and computed SFG spectra to those obtained
from isotopologue d2-trans-β-IEPOX (Figure 1B) to provide a
measure of reliability for the computed spectra, which turned
out to be reasonable.
As mentioned in our earlier work,55 the DFT-based SFG

spectra for the unlabeled and the d2-deuterated version agree
well with the experimental spectra, but only the B3LYP hybrid
functional and the 6-311G(d,p) basis set were used. Here, we
explore other functional/basis set combinations by computing
the spectral sum of squared differences (SSD) between the
experimental and simulated SFG spectra using scaled harmonic
frequencies. We complement the SSD values with a
quantification of differences in computed versus experimentally
observed vibrational mode frequencies, as well as differences in
computed versus experimentally observed SFG signal inten-
sities so as to provide a benchmark for identifying which model
chemistry will produce the best-matching SFG spectrum of the
epoxide under investigation.

2. SFG THEORY
The theoretical basis behind SFG has been described elsewhere
in previous work.27,65−70 Briefly, the intensity of the sum
frequency signal is given by

χ∝ | |I I ISFG vis IR eff
(2) 2

(1)

χeff
(2) is the effective second-order nonlinear susceptibility of the
interface, and Ivis and IIR are the intensities of the visible and IR
incident light fields, respectively. In this case, χeff

(2) is dominated
by its resonant contribution. Therefore, χeff

(2) can be therefore be
expressed as a resonant term χR

(2) according to
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(2)
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In this expression, Nads is the number of adsorbates at the
surface or interface, and ⟨βijk,q⟩ is the ensemble orientational
average of the molecular hyperpolarizability tensor. The
hyperpolarizability tensor is expressed as the product of the
polarizability derivative and dipole derivatives of each normal
mode, q, according to
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The molecular hyperpolarizability is then rotated from
molecular frame coordinates (i, j, k) to the lab frame
coordinates (I, J, K) to obtain the second-order tensor χIJK

(2)

using a Z−Y−Z Euler transformation matrix according to
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The molecular orientation is defined by a “tilt” angle, θ, and
“twist” angle, ψ, (refer to Figure S9 in the Supporting
Information), and we average the in-plane rotation, ϕ, assuming
a rotationally isotropic noninteracting surface by integrating
from 0 to 2π. The ssp polarization combination used in this
work is defined by

χ ω ω ω α χ= L L L( ) ( ) ( ) sinyy yy zz yyzssp
(2)

SFG vis IR IR (5)

The ssp polarization combination is designated s-polarized
SFG, s-polarized visible, and p-polarized IR beams, where “p”
designates a light field polarization that is parallel to the plane
of incidence and “s” designates a light field polarization that is
perpendicular to the plane of incidence.

3. METHODS

A. Functionals and Basis Sets. The computational
methods used in this work have been previously described in
the literature3,4,55 and provide a starting point for our
benchmarking study. The DFT calculations were preformed
with the Gaussian 09, revision D.01 package.71 For each
combination of functional and basis set, geometry optimizations
followed by frequency calculations were performed to obtain
harmonic vibrational frequencies along with dipole derivatives
and polarizability derivatives with respect to each vibrational
mode, using the keywords “freq=raman iop(7/33=1)”. Forth-
coming work will investigate applying anharmonic approx-
imations to vibrational frequencies and dipole and polarizability
derivatives for SFG simulations. We assessed the popular DFT
pure (specifically, local and gradient-corrected exchange−
correlation) functionals PBE72,73 and BP8674,75 as well as the
hybrid functionals B3LYP,74,76,77 B97-1,78 M06,79 PBE0,80

M06-2X,79 and ωB97X-D.81 These functionals were paired with
Pople basis sets (6-31G(d), 6-31G(d,p), 6-311G(d,p), and 6-
311++G(d,p))82,83 and Dunning basis sets (cc-pVTZ84 and
augmented versions aug-cc-pVDZ85 and aug-cc-pVTZ).84

The computed Raman intensity spectra given in the
Supporting Information were generated using Gaussian
calculations of Raman activities. The conversion of Raman
activities (Si) to relative intensities (Ri), in order to directly
compare to experiment, is as follows86−89

Figure 1. Structures of trans-β-IEPOX (A) and d2-trans-β-IEPOX (B).
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where νi is the frequency of the ith band and ν0 is the incident
excitation wavelength, which was 532 nm, and T is the
temperature of 298 K. We applied a 1 cm−1 Lorentzian
broadening to the intensities.
B. DFT Calculations and SFG Simulations. We refer to

the computational method from our recently published work55

in order to simulate the ssp-polarized SFG spectra of trans-β-
IEPOX and its d2-isotopologue. The normalized computed IR
spectra with no broadening are given in the Supporting
Information in Figure S4, and normalized computed Raman
spectra with 1 cm−1 Lorentzian broadening are given in Figure
S5 in the Supporting Information. Briefly, we compute βijk,q
using a given functional and basis set using eq 3. This
hyperpolarizability is then projected from the molecular frame
to the lab frame for a given tilt and twist angle combination to
obtain (χijk,q

(2) (φ,ψ,θ)). The effective nonlinear susceptibility, χeff,
is then computed, where a Lorentzian function of 12 cm−1 is
applied to account for inhomogeneous broadening and the
resolution of our spectrometer. We simulate SFG spectra for all
combinations of tilt and twist angles of the C3v symmetry axis of
the methyl group (see the following section), ranging from 0 to
360° in 10° increments, as described in our earlier work.55 The
frequency scaling factors used in the best-matching ssp-
polarized SFG simulations are displayed in Table S1. Frequency
scaling factors were determined by matching the computed
vibrational frequency corresponding to the computed highest
signal intensity with the experimental vibrational frequency
corresponding to the highest experimental signal intensity
measured in the SFG and IR spectra of trans-β-IEPOX (see
Table S1). Overall, we find that these frequency scaling factor
results agree well with the work of Scott and Radom comparing
scaling factors for a series of small molecules including
hydrocarbons.90 Fermi resonances were not included in this
study, as explained in our previous work.55 Overtones and
combination bands were also not incorporated in the
simulation because the corresponding anharmonic IR inten-
sities were less than about 5% of the anharmonic C−H
fundamental IR intensities.

C. Sum of Squared Differences (SSD) and Total
Absolute Error (TAE). Figure 2 provides a summary of the
procedure used for determining SSD and TAE values. For each
twist and tilt angle combination, the SSD between the
computed and the experimental ssp-polarized SFG spectrum
is calculated. Contour error plots are then constructed from
these difference values in order to visually identify the
orientation of best match for further analysis (as described
previously55). Here, we computed the SSD using the various
combinations of functionals and basis sets described above.
SSD values are helpful for quantifying which molecular
orientations yield best matches to experiment for a particular
functional and basis set combination; however, it is difficult to
compare matches across different computational methods using
the SSD values alone. To further identify best spectral matches
while eliminating possible false-positives, we used the ratios of
the SFG signal intensities and their frequencies to determine
the ratio of the computed high- and low-intensity peaks, as well
as the difference of the computed frequencies at which the
high- and the low-intensity peaks occur for the tilt and twist
angle combination that yields the lowest SSD value for a given
functional/basis set combination. We then compared those
values from the DFT calculations with the corresponding
intensity ratio and frequency difference from experiment. We
then assume that the best functional corresponds to the one
that exhibits the smallest TAE between the computed and the
experimental intensity and frequency ratios. More details are
given in sections S7 and S8 in the Supporting Information

D. IR and Raman Spectroscopy. The IR spectrum (given
in the Supporting Information Figures S1 and S4) of a thin film
of trans-β-IEPOX was recorded at room temperature with 2
cm−1 resolution on a Bruker Tensor 37 FTIR spectrometer
equipped with a mid-IR detector and KBr beam splitter. For
this spectrum, a drop of the neat liquid compound was placed
between two NaCl windows and measured in transmission
mode.
The Raman spectrum of neat trans-β-IEPOX (given in the

Supporting Information Figures S2 and S5) was measured
using a HORIBA LabRAM HR Evolution Confocal Raman
System Acton TriVista CRS confocal Raman system. Spectra of
pure liquid samples were collected using an inverted micro-
scope system with a 10× long-range objective lens at an
excitation wavelength of 532 nm (600 gr/mm grating). Laser

Figure 2. Schematic summary of the benchmarking analyses.
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power was attenuated to 25% in order to avoid burning the
sample. For these measurements, CCD exposure times of 60 s
were used, and spectra were averaged to improve signal-to-
noise. Spectra were smoothed and baseline-corrected using the
LabSpec 6 spectroscopy suite.

4. RESULTS AND DISCUSSION

A. Conformational Analysis Predicts All O-Atoms of
trans-β-IEPOX Point to the Same Side. Although trans-β-
IEPOX contains a rigid epoxide ring, significantly restricting the
rotational degrees of freedom of the methylene groups, there
are various possible conformations. We therefore tested five
different structures corresponding to different conformations
and simulated their SFG spectra using B3LYP/6-311G(d,p),
and these results are given in section S3 in the Supporting
Information. The lowest-energy conformation that also
corresponded to the best-matching spectrum was chosen to
perform the benchmark assessment for both trans-β-IEPOX
and its d2-isotopologue. As detailed in the Supporting
Information, the conformation resulting in the best spectra
match corresponds to a largely trans-configured system of
methylene/OH groups (see Figure S3) in which all oxygen
atoms point to the same side, that is, toward the fused silica
surface used in the experiment. This result is consistent with
the fact that trans-β-IEPOX contains an epoxide ring and two
hydroxyl groups, which can hydrogen bond to the Si−OH
groups of the silica substrate, thus steering the molecule toward
a preferred angle.
B. SSD/TAE Method Identifies Which Hybrid Func-

tionals and Basis Sets Yield the Best Spectral Matches
with Computed Frequencies for the SFG Spectra of
trans-β-IEPOX. Having identified a seemingly preferred
conformation for trans-β-IEPOX for one functional/basis set
combination, we proceeded to compute, for a series of
functional/basis set combinations, the SFG spectra for all tilt
and twist angle combinations in 10° increments. Contour plots

of the SSD were then used to visually identify the range in tilt
and twist angles resulting in the best spectral match for each
functional/basis set combination. Figure 3 shows the
experimental spectrum along with the best-matching spectra
obtained from the calculations, with the quantitative compar-
ison given in Tables S2−S5.
We find that a majority of the largest mismatches arising in

the calculations are associated with the PBE and BP86 pure
functionals with the Pople basis sets evaluated. This result is
not surprising in that pure functionals poorly predict some
properties such as polarizabilities through the lack of any
Hartree−Fock exact exchange component.42,43,91 Hybrid func-
tionals also tend to perform better in predicting IR intensities.92

In fact, PBE has been recently shown by Rowley and co-
workers43 to systematically overestimate polarizabilities in their
benchmarking study, which may result in large differences in
SFG intensities. However, we do observe improvements in the
spectral matches when pairing the pure functionals with the
Dunning basis sets, as seen in Table 1. When combined with a
large basis set, however, the local functionals are a good option
for molecules where hybrid functionals would be too expensive.
To quantify these observations, we calculated the SSD values

for each simulated spectrum in Figure 2 (tabulated in Table S2)
and plotted them against the TAE values, obtained as described
in section 3C. According to this analysis, we expect that the
best-performing functional/basis set combination would result
in small SSD and TAE values. The results are shown in Figure
4A. We find dramatic improvements in TAE values with the
hybrid PBE0 functional compared to those with the pure PBE
counterpart, showcasing the potential importance of incorpo-
rating partial Hartree−Fock exchange treatment. In fact, we
find that the use of the hybrid functionals B97-1, B3LYP, PBE0,
and ωB97X-D lead to the smallest TAE values, particularly with
the Pople basis sets. Both B3LYP and BP97-1 were also found
to perform well in predicting frequencies harmonically in a
previous study.93 We note that by including diffuse functions to
the basis set (6-311++G(d,p)), the four hybrid functionals

Figure 3. Best-matching simulated spectra (colored traces) for all functionals and basis sets compared to experiment (black trace).

Table 1. TAE Values for the Harmonic Vibrational Frequency SFG Simulations

basis set/functional BP86 PBE PBE0 B3LYP B97-1 M06 M06-2X ωB97x-D

6-31G(d) 46.6 64.3 11.0 15.4 15.4 24.9 35.1 11.3
6-31G(d,p) 74.4 64.3 21.6 7.60 17.9 34.7 35.7 17.3
6-311G(d,p) 47.7 42.0 7.20 6.20 15.4 26.1 24.4 7.20
6-311++G(d,p) 20.0 21.5 18.2 15.6 4.00 24.0 27.3 33.0
cc-pVTZ 25.1 35.2 7.50 14.4 15.0 21.5 24.3 18.4
aug-cc-pVDZ 8.20 14.2 31.1 36.9 18.9 5.60 12.3 38.0
aug-cc-pVTZ 21.1 21.4 23.0 18.3 16.3 25.0 36.9
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studied yield drastic differences in the SFG spectra, specifically
in terms of SFG intensities, which do not match well with
experiment. Similarly, we obtain poor matches when pairing the
hybrid functionals with the Dunning basis sets.
We find that with a small basis set, hybrid functionals

outperform the pure functionals, whereas with a large basis set,
the pure functionals outperform the hybrid functionals. This
result indicates that the pure functionals improve in their
description of spectral quantities systematically with basis set,
whereas the hybrid functionals, which include semiemprical
parameters, do not. There may also be a significant amount of
fortuitous cancellation of errors. Specifically, the error in the
frequencies from the pure functionals predicting geometries
incorrectly may be canceled out by the error in the harmonic
approximation.52,94

We observe roughly similar TAE values ranging in between
those obtained for the pure and the hybrid functionals for the
M06 and M06-2X functionals for all basis sets surveyed. M06-
2X includes two times the Hartree−Fock exchange component
compared to M06. These results indicate that an increase in
exchange may not necessarily lead to drastic improvements in
the quality of the spectral match. This parameter as well as
others should be taken into account when parametrizing new
functionals, as found recently for IR spectra.93,95 Moreover, we
conclude that there is no overall distinct correlation between
the basis set size and the quality of the spectral match when it
comes to predicting the SFG response for trans-β-IEPOX.
C. Calculated Tilt Angle of trans-β-IEPOX is Largely

Independent of the Functional and Basis Set, Whereas
the Twist Angle Is Not. Following the identification of
functionals and basis sets that produce good spectral matches
between the simulations and the experiment, we determined
the molecular tilt and twist angles corresponding to the best-
matching spectrum for each functional/basis set combination.

The results are shown in Figure 4B. We find that a majority of
the functional/basis set combinations predicts orientations of
about 60−90° for the CH3 tilt angle and a range of 50−130° for
the CH3 twist angle. A few combinations compute best-fitting
spectra outside of this range of orientations. We conclude that
the orientation analysis alone does not provide a venue for
identifying the best functional for simulating the SFG responses
of trans-β-IEPOX, at least for the twist angles.

D. SFG Spectrum of d2-trans-β-IEPOX is Properly
Simulated with the Same Method. Our previously
published work shows that the computational approach that
we employ produces reasonably well-matching SFG spectra
from computation and experiment for not only trans-β-IEPOX
(Figure 1A) alone but also for d2-trans-β-IEPOX (Figure 1B).
We interpreted this result to point toward a high level of
reliability of our computed spectra. Thus, we expect here that
similar limitations for model chemistries and basis sets that
apply for the unlabeled compound should also apply to the d2-
isotopologue. Testing this hypothesis is important, given the
coherent nature of SFG.
We test the functional basis set combination that gives the

best and worst matches to experiment against the ssp-polarized
SFG spectrum of d2-trans-β-IEPOX (Figure 1B) at the vapor/
silica interface. This compound is predicted to exhibit a similar
orientation to its hydrogenated analogue;55 therefore, it serves
as a basis for comparison. SFG spectra from B3LYP/6-
311G(d,p), as well as ωB97X-D with 6-31G(d) and 6-
31G(d,p), all show agreement for the unlabeled trans-β-
IEPOX, as shown by small TAE values in Table 1. The same
results are obtained for the deuterated isotopologue, as shown
in Figure 5. We also computed SFG spectra for the BP86/6-

31G(d) and 6-31G(d,p) combination, which resulted in some
of the largest TAE values for hydrogenated IEPOX. Our
computed spectra with d2-IEPOX showed similar poor fits to
experiment, as shown in Figure 5A and B. We predict that the
hybrid functionals and Pople basis sets identified here for the
unlabeled and the labeled epoxide studied may be the best-

Figure 4. TAE versus SSD plots as a function of basis set for each
functional (A) and orientations corresponding to spectra that match
best with experiment for all functionals and basis sets (B).

Figure 5. Simulated spectra using BP86/6-31G(d) and 6-31G(d,p)
(A) and simulated spectra using ω-B97X-D/6-31G(d) and 6-31G(d,p)
(B). The experimental spectrum is the black trace, and the simulated
spectra are given by the colored traces. Offset for clarity are the d2-
IEPOX spectra.
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performing functional and basis sets for similarly strained, small
gas-phase oxygenated hydrocarbons and their isotopologues ,
with B3LYP/6-311G(d,p) being the best starting point with a
balance of speed and accuracy. It is unclear whether these
results may be applicable to condensed-phase studies.
Our results are consistent with those from Guthmuller and

co-workers, although they did not explore different basis
sets.50,51 They carried out a study comparing the orientations
that yielded optimal matches to a SFG spectrum of a
dodecanethiol as a function of DFT functional and found
that varying the functional resulted in slight changes in the
molecular tilt angle.50 Similarly, in a different study, they carried
out a similar assessment of DFT functionals for computing the
SFG spectrum of p-nitrothiophenol and 2,4-dinitroanaline,51

finding that B3LYP/6-311++G(d,p) yielded better matches to
experiment than BP86 and PBE0 and a few other functionals
that were not tested in this study.

5. CONCLUSIONS
The C−H stretching region is spectroscopically important
because it offers extremely strong SFG intensities, compared to
other frequency regions, and can be used to probe interfacial
dynamics of a large class of systems. However, SFG spectra are
difficult to simulate in the C−H stretching region because it is
very congested with many vibrational modes, anharmonicities,
overtones, combination bands, and/or Fermi resonances that
are difficult to resolve. Yet, SFG simulations are essential to
assign experimental results for interfaces that produce spectra
that are highly congested. By benchmarking popular DFT
functionals and basis sets in computing harmonic vibrational
SFG spectra of environmentally relevant epoxides at the vapor/
silica interface, we rigorously investigated which combination of
functional and basis set performs better. Our work shows that
increasing the basis set generally improves the agreement
between experiments and calculations, based on pure func-
tionals such as PBE and BP86. However, we do not observe
systematic improvement by increasing the size of the basis set
for calculations based on hybrid functionals such as B3LYP,
ωB97X-D, PBE0, B97-1, M06, and M06-2X.
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