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ABSTRACT: Despite the importance of terpenes in biology, the
environment, and catalysis, their vibrational spectra remain
unassigned. Here, we present subwavenumber high-resolution
broad-band sum frequency generation (HR-BB-SFG) spectra of
the common terpene (+)-α-pinene that reveal 10 peaks in the C−
H stretching region at room temperature. The high spectral
resolution resulted in spectra with more and better resolved
spectral features than those of the Fourier transform infrared,
femtosecond stimulated Raman spectra in the bulk condensed
phase and those of the conventional BB-SFG and scanning SFG
spectroscopy of the same molecule on a surface. Experiment and
simulation show the spectral line shapes with HR-BB-SFG to be
accurate. Homogeneous vibrational decoherence lifetimes of up to
1.7 ps are assigned to specific oscillators and compare favorably to
lifetimes computed from density functional tight binding molecular dynamics calculations. Phase-resolved spectra provided their
orientational information. We propose the new spectroscopy as an attractive alternative to time domain vibrational spectroscopy
or heterodyne detection schemes for studying vibrational energy relaxation and vibrational coherences in molecules at molecular
surfaces or interfaces.

1. INTRODUCTION

Given the importance of terpenes in biology,1 the environ-
ment,2 and catalysis,3 we find it curious that their vibrational
spectra remain poorly understood. Wilson’s classic paper of the
vibrational spectroscopy of α-pinene,4 one of the most
abundant terpenes in nature,1,5 reports only approximate
assignments. Moscovitz and co-workers limited their analysis
to experimental circular dichroism spectra of several mono-
terpenes without providing spectral assignments beyond
circumstantial evidence.6 Cheeseman and Frisch7 recently
reported normal mode frequencies obtained from high-level
ab initio calculations of several terpenes but limited their
analysis to frequencies below 1800 cm−1, which is a congested
spectral region.
Here, we present coherent C−H stretching spectra of α-

pinene vapor in contact with CaF2 windows that are collected
with unprecedented 0.6 cm−1 spectral resolution. We analyze
their line shapes in order to determine the mode amplitudes,

frequencies, and phases with a level of accuracy that has, until
now, been limited to a resolution of more than 5 cm−1. This
level of accuracy is an important achievement because it will
serve as an experimental benchmark for computational studies
on terpenes and provides vibrational decoherence lifetimes
without the need for time domain vibrational spectroscopy. We
demonstrate this ability by providing vibrational decoherence
lifetimes computed from density functional tight binding
(DFTB) molecular dynamics calculations that compare
favorably to the values derived from the experiments.
Moreover, our work represents an important step toward
providing reliable, as opposed to hypothetical, vibrational mode
assignments of this fascinating class of compounds.

Received: October 24, 2014
Revised: February 2, 2015
Published: February 3, 2015

Article

pubs.acs.org/JPCA

© 2015 American Chemical Society 1292 DOI: 10.1021/jp510700z
J. Phys. Chem. A 2015, 119, 1292−1302

pubs.acs.org/JPCA
http://dx.doi.org/10.1021/jp510700z


Understanding the vibrational spectroscopy of terpenes is
not nearly as straightforward as one might expect from a casual
inspection of the molecule. This difficulty is in part due to the
fact that terpenes contain several structural elements that one
can expect to produce strong intramolecular vibrational
coupling among the various oscillators across the entire mid-
infrared region. For instance, significant strain in the four- and
six-membered rings, as well as the CC double bond, of α-
pinene would perhaps lead one to think about strong
vibrational coupling among its C−H oscillators, which can be
probed by coherent spectroscopy, such as vibrational sum
frequency generation (SFG) spectroscopy.8−12

SFG is an obvious choice to study the vibrational
spectroscopy of constrained hydrocarbons because the SFG
spectrum of a given surface-bound molecule is often better
resolved than the corresponding condensed-phase infrared (IR)
or Raman spectra at the same temperature or pressure
conditions.13−15 In addition, spectral interferences caused by
the phase, or sign, properties of the oscillators provide
additional spectral-resolving power in SFG that is absent in
linear or other odd-order nonlinear spectroscopies.10,16−18

Moreover, a set of polarization selection rules allows one to
determine the symmetry of the vibrational transitions that give
rise to particular spectral features.13−15,19,20 Finally, the
subwavenumber high-resolution broad-band SFG (HR-BB-
SFG) spectrometer, recently developed at Pacific Northwest
National Laboratory (PNNL), provides more than 1 order of
magnitude improvement in spectral resolution when compared
to conventional SFG spectrometers and has been shown to
deliver nearly intrinsic SFG spectral line shapes for an accurate
analysis of congested spectra.15,18 These developments provide
new opportunities for determining molecular structure by using
surface and interfacial measurements as a means of expanding
our molecular vibrational spectroscopy portfolio.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS
A. High- and Standard-Resolution SFG Spectrome-

ters. The details of the HR-BB-SFG spectrometer have been
described in detail previously.18 Briefly, we use two
synchronized 1 kHz regeneratively amplified Ti:sapphire lasers.
One is a nearly transform-limited ∼90 ps laser (Legend Elite
HE-ps, Coherent, Inc.), which is used to provide the
upconverting visible pulse for the SFG measurement with
subwavenumber resolution, and the other (Legend Elite DUO,
Coherent, Inc.) is a sub-40 fs broad-bandwidth pulse, which is
used to pump an optical parametric amplifier with difference
frequency generation (OPA-DFG OPerA-Solo, Coherent, Inc.)
to generate a mid-IR pulse with >400 cm−1 frequency coverage
that spans the entire C−H stretching vibration frequency range
of interest here (2800−3050 cm−1) without additional tuning.
At the sample, the incident angles of the visible and IR beams
are 45 and 55° from the interface normal, respectively, and the
energies of the visible and IR pulses are ∼300 and ∼28 μJ,
respectively. The spectral resolution of 0.6 cm−1 of HR-BB-SFG
was achieved with a 750 mm spectrograph (Andor Shamrock)
equipped with a holographic 1800 lines/mm grating. The SFG
signal was recorded by an electron-multiplied CCD camera
(Andor Newton 971P) with 1600 × 400, 16 μm2 pixels. Three
10 min sample and 10 min background scans were collected
and normalized to z-cut quartz for each spectrum.
For comparison, we also used a standard-resolution broad-

band (SR-BB) SFG spectrometer located at Northwestern
University (NU), and a commercial picosecond scanning SFG

spectrometer (EKSPLA) located at PNNL, both described in
detail previously.21,22 At NU, the visible probe pulse at 800 nm
features a full width at half-maximum (fwhm) of about 1.5 ps,
providing a spectral resolution of ∼10−15 cm−1, and the broad
IR pulse is 150 fs long and covers about 150 cm−1 in each
measurement, requiring use of Walker’s hybrid scanning broad-
band method,23 as described earlier.24 The incident angles and
pulse energies for the NU system are 61° and ∼1.5−2.5 μJ for
the IR pulse and 42° and ∼2 μJ for the upconverter pulse. The
incident angles and pulse energies for the scanning system at
PNNL are 56° and 180 μJ for the IR pulse and 45° and 200 μJ
for the upconverter pulse, respectively. The 532 and 800 nm
upconverters of the PNNL and the NU systems are off-
resonance in the measurements. We probe the sample surface
using the ssp polarization combination in order to sample those
vibrational mode components that are oriented along the
surface normal.10 As all of the spectra were taken with the ssp
polarization, the spectral line shape is independent of the laser
incident angles,10,17 and we find no effect on the spectra
between the three spectrometers due to the incident angles and
pulse energies, other than those that are due to their different
resolutions.

B. Femtosecond Stimulated Raman Spectroscopy
(FSRS). Similar to the setups of the broad-band femtosecond
stimulated Raman gain and loss spectroscopy that were already
described in the literature,25,26 we substituted the 1−2 ps 800
nm laser pulse in the conventional FSRS with a synchronized
∼90 ps laser pulse to achieve much higher spectral resolution as
well as highly reproducible spectral line shapes, while a 40 fs
laser is used to generate a white light continuum in a sapphire
disk (450−960 nm) nm as the Raman pump beam for the
stimulated Raman loss measurements.15 The laser system for
the FSRS measurement used the same two synchronized 1 kHz
regeneratively amplified Ti:sapphire lasers as those in the HR-
BB-SFG measurement described above. The stimulated Raman
loss spectra were measured on the broad-band white light
pump beam between 200 and 4500 cm−1 (while chopping the
800 nm probe at 20 Hz) using a 500 mm spectrograph (Andor
Shamrock) equipped with a holographic 1200 lines/mm grating
and a synchronized CCD camera (Andor Newton 940) with
2048 × 512, 13.5 μm2 area pixels. With such detection, a
resolution of ∼1.4−1.6 cm−1 was achieved. A KG3 glass filter
and a polarizer were used in the white light path, while the
pulse energy for the 90 ps Raman probe ranged between 100
and 300 μJ.
To measure the FSRS spectra, less than 20 μL of liquid α-

pinene was placed in a 2 mm × 2 mm × 50 mm fluorescence
cell, where the pump and probe beams were set to cross at an
angle of about 7°. Prior to detection, the broad-band pump
beam intensity was adjusted by a neutral density filter, and the
scattered light from the 800 nm probe beam was rejected by an
appropriate notch filter. The spectra of the pump beam with
the probe beam on and off were recorded and averaged for less
than 1 min. The stimulated Raman spectra were obtained by
taking the averaged ratio of the “probe on” and “probe off”
spectral intensities.

C. Sample Cells. The SFG experiments were conducted by
placing a few drops of α-pinene (Aldrich 268070, (+)-α-pinene,
purity > 99%, and 305715, (−)-α-pinene, purity > 99%) into a
shallow Teflon beaker that was subsequently covered with a 3
mm thickness and 25.4 mm diameter calcium fluoride window
(WIN-3104, Red Optronics, Inc.). At PNNL, condensation of
α-pinene on the CaF2 window occurred within approximately
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20 min when the window was completely sealed over the
Teflon beaker, turning the window opaque. To alleviate this
issue, the window was wiped clean with lens tissue between
each 20 min sample and background collection period.
Complementary experiments were carried out as well that
avoided condensation of the α-pinene on the CaF2 window by
slightly displacing the window over the Teflon beaker so that
vapor could escape from the beaker and equilibrate with the
surface. Additional control experiments showed that leaving α-
pinene samples outside of the refrigerator and in the laboratory
air overnight introduced significant changes in the SFG spectra
that are attributable to sample oxidation when exposed to air
and room light. We therefore stored our sealed α-pinene
samples in a refrigerator held at 4 °C in between experiments.
All experiments were conducted at 22 ± 2 °C. At NU, a
previously described Teflon cell21 contained an exhaust hole
through which any nonequilibrium state vapor was allowed to
escape so that fogging of the optical windows did not occur.
D. Computational Methods. DFTB27,28 molecular

dynamics simulations in conjunction with displacement
autocorrelation function29−32 calculations were carried out to
estimate the vibrational relaxation times of selected normal
modes. The method involves construction of a distance matrix
defined by the connectivity of the atoms in the molecule, that
is, [D⃗]ij refers to the distance between atoms i and j. The time-
dependent fluctuation of the distance matrix about its value at
the equilibrium molecular geometry is shown in eq 2.
Additionally, a static displacement matrix is defined where the
molecular geometry is displaced by a specific step size along a
particular normal mode (eq 3). Projection of the time-
dependent fluctuation of the distance matrix on the displace-
ment matrix in eq 4 is monitored as a function of time, and its
Fourier transform yields a spectrum with a well-defined peak at
the vibrational frequency of that normal mode. The peak is
fitted to a Lorentzian, and the lifetime is estimated from the
reciprocal of the fwhm.

⃗ = | ⃗ − ⃗|D r r[ ]ij i j (1)

⃗ = ⃗ − ⃗f t D t D[ ]( ) [ ]( ) [ ]0 (2)

⃗ = ⃗ − ⃗f D D[ ] [ ] [ ]S S 0 (3)

∑ ∑= ⃗ ⃗P t f t f( ) [ ] ( )[ ]
i

N

j

N

ij ij

atom atom

,S
(4)

In the procedure described above, a selected normal mode is
“excited” at the start of the simulation by displacing the
molecule from its minimized geometry along that mode by a
certain step size. The energy given to that normal mode
therefore depends on the value of the step size. We have
experimented with different step sizes ranging from 0.5 to
0.0625 Å and found that the calculated vibrational lifetimes are
relatively insensitive to the choice of step size (see Table S1 in
the Supporting Information). Using the βCH2 symmetric
stretch as an example, these displacements span an energy
range of 2−150 kcal mol−1, while the excitation energy of this
mode (2929 cm−1 at the DFTB level) is approximately 8.5 kcal
mol−1. On this basis, we have adopted the smallest step size of
0.0625 Å because the normal mode representation is likely to
be most valid when the displacement is small. The lifetimes are
averaged over five 6 ps trajectories under the NVT ensemble at
300 K using the Berendsen thermostat with a coupling strength

of 0.1 ps−1. The time step of 0.2 fs is used to propagate the
classical trajectories. Full computational details, displacement
decay plots, and corresponding Fourier transform are provided
in the Supporting Information.

3. RESULTS AND DISCUSSION

A. Sub-1 cm−1 Resolution SFG Spectroscopy Resolves
More Spectral Peaks than Conventional Broad-Band
and Scanning SFG. We find no noticeable difference in the
ssp-polarized SFG spectra of (+)-α-pinene and (−)-α-pinene
vapor at the optical window surfaces used here. Moreover,
complementary data shown in the Supporting Information
(Figure S1) indicate that (−)-α-pinene synthesized at NU and
commercially available (−)-α-pinene produce comparable high-
resolution SFG spectra. The data discussed in this report are all
taken with commercially available (+)-α-pinene, which we refer
to as α-pinene in the remainder of this work.
In our previous report of the first vibrational SFG spectrum

of α-pinene collected using conventional BB-SFG,21 we
referred to published SFG spectra of compounds containing
linear hydrocarbon chains24,33−49 to attribute the SFG signal at
2960 cm−1 to the asymmetric methyl C−H stretch, the
intensity at 2940 cm−1 to a methyl Fermi resonance, and the
one at 2880 cm−1 to the symmetric methyl C−H stretch.
Guided by literature precedent,33,50−53 we also stated that the
methylene group on the four-membered ring of α-pinene may
contribute SFG signal intensity between 2950 and 2990 cm−1

due to ring strain. Our current study identifies a number of
additional peaks that will aid in producing reliable spectral
mode assignments of α-pinene. Work toward reaching this goal,
which pairs SFG spectroscopy of isotopologues of α-pinene
with density functional theory and molecular dynamics
calculations, is ongoing and beyond the scope of this paper.
Instead, we focus here on a comparison to available literature
data and the determination of accurate phases and lifetimes
from the sub-1 cm−1 resolution SFG spectra.
Figure 1 shows the ssp-polarized SFG spectra of α-pinene

collected with spectral resolutions of ∼6, ∼15, and ∼0.6 cm−1.
As expected, a number of features present in the 0.6 cm−1

resolution spectrum are obscured in the lower-resolution SFG
spectra. Most notably, the 0.6 cm−1 resolution SFG spectrum
clearly shows several distinctive peaks and shoulders in the

Figure 1. Comparison of the ssp-polarized SFG spectra of α-pinene
vapor in contact with a CaF2 window probed using a spectral
resolution of 0.6 cm−1 (green dots, HR-BB-SFG at PNNL), 6 cm−1

(blue circles, scanning SFG, PNNL), and 15 cm−1 (purple circles, SR-
BB-SFG, Northwestern University), and fit to 0.6 cm−1 spectrum (red
line). The spectral intensities are normalized at the highest peak
position.
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2890−2960 cm−1 frequency region that are not resolved using
the other instruments. The sharp peak at ∼2930 cm−1, in
particular, clearly demonstrates the resolving power of the HR-
BB-SFG spectrometer. The fwhm of this sharp peak is less than
10 cm−1 (about 7.6 cm−1 from the fitting results to be discussed
below). It has been shown recently that for spectral features
with a fwhm in the range of 5−10 cm−1, the instrumental
spectral resolution should be at least 2 cm−1 in order to obtain
SFG spectra with good line shape.54

B. Sub-1 cm−1 SFG Spectroscopy Resolves More Peaks
than Fourier Transform IR (FTIR) and FSRS. In SFG, the
peak position and width and assignments of the surface
molecule spectrum are usually compared with the IR and
Raman spectra of the same molecule in the liquid phase or in
liquid solution. This may work to a certain extent for simple
chain molecules10,13,14 but usually not as well for the molecules
with rings or other complex structures.15 To illustrate this, we
compare literature FTIR data from the NIST database, FSRS
spectra with the pump and probe electric field polarizations
parallel and perpendicular to each other, and the HR-BB-SFG
spectra of α-pinene in Figure 2, all with similar spectral

resolution. The data show that the line shape, peak position,
and width are quite different between the surface HR-BB-SFG
spectrum and the IR or Raman spectra of the same molecule in
liquid solution.
The FTIR (2 cm−1 resolution) and FSRS spectra (1.6 cm−1

resolution) display similar apparent peaks, with slight shifts in
peak positions and some minor differences in the relative
intensities. While the overall spectral line shapes are
significantly different, the FTIR, FSRS, and HR-BB-SFG
spectra share apparent peaks at approximately 2835−2845,
2850−2855, 2870−2875, 2910−2930, 2945−2955, and 2985−
2990 cm−1. Out of these peaks, the only one not reported by
the seminal work of Wilson from 19764 is the one at 2850−
2855 cm−1. The sharp peak at around 2930 cm−1 is not present
in either the FTIR or FSRS spectra; however, the broad peak
centered at ∼2925 cm−1 in the FTIR and FSRS spectra may10

be a combination of the sharper 2930 and 2925 cm−1 peaks
observed in the HR-BB-SFG spectrum. The peak at around

3030 cm−1 is present in both the FTIR and FSRS spectra and
listed in Wilson’s reported spectral data table,4 but it is largely
absent in the HR-BB-SFG spectrum unless one specifically
centers incident IR energy right at that frequency, indicating
that it is most likely associated with a C−H oscillator oriented
predominantly perpendicular to the probe direction.
From the parallel and perpendicular FSRS spectra, it is not

clear how to obtain accurate depolarization ratios of the many
overlapping peaks in the Raman spectra, which are often helpful
for orientation analyses.55−57 However, the intensities of almost
all of the spectral features are much stronger in the parallel
spectra when compared to the perpendicular spectra reported
here. Such small Raman depolarization ratios indicate that
almost all of the apparent spectral features have the
characteristics of symmetric CH2 or CH3 stretches in the α-
pinene molecule.58 This fact is consistent with the SFG
polarization selection rules that the symmetric CH2 or CH3
stretching mode should be dominant in the ssp polar-
ization.10,13,19

The striking differences between the line shapes of the 0.6
cm−1 resolution SFG spectrum and the FTIR and Raman
spectra indicate differences in the intramolecular interactions of
α-pinene at the CaF2 surface as compared to its pure liquid
condensed phase. As discussed above, the ∼2930 cm−1 mode
that is so prominent in the 0.6 cm−1 resolution is noticeably
narrow, indicating a long decoherence lifetime. The signifi-
cantly broadened FTIR and Raman spectra in this frequency
range, which were collected in the condensed phase, suggest
that there are significant intermolecular interactions in the α-
pinene liquid that affect the decoherence of the vibrational
motion of the oscillator that gives rise to signal at 2930 cm−1.
Such intermolecular interactions are unlikely to contribute to
dephasing in the SFG spectra, which were collected at the
vapor/solid interface. These observations indicate that a direct
comparison between the surface and bulk vibrational spectra of
the same molecule can reveal detailed information on molecular
structure and interactions in different chemical environments,
as well as energy flow within a given molecule as its oscillators
may be subject to intramolecular energy redistribution (IVR).

C. Spectral Fitting Quantifies Peak Positions, Ampli-
tudes, and Bandwidths of Ten Modes Accurately. As
discussed in detail previously,15 when fitting the HR-BB-SFG
spectrum in the C−H stretching vibration region, inhomoge-
neous broadening effects are usually (even though not always)
small and can be carefully neglected as significant inhomoge-
neous effects in the spectral line shapes would result in
deviations of the fitting results from the spectral data. Thus, the
following fit function is applicable

∑
ω ω

= +
− − Γ

I A
A

( ) iq

q

q q
SFG NR

IR

2

(5)

In the expression, ANR is the nonresonant term, and Aq, ωq, and
Γq are the amplitude, frequency, and width parameters,
respectively, of the homogeneous line shape or the Lorentzian
line shape of the qth mode. Here, the phase angle ψNR, as in eq
6, is dropped when the baseline is almost zero, suggesting
insignificant nonresonant contributions and straightforward
phase relationships. With SR-BB-SFG and scanning SFG,
spectral fitting with many overlapping peaks may generate
unstable or even unphysical fitting parameters if the line shape
is not accurate (usually associated with SR-BB-SFG) or if the

Figure 2. Comparison of the ssp-polarized HR-BB-SFG spectrum of
α-pinene adsorbed on a CaF2 surface (green) and the FTIR (red, 2
cm−1 resolution) and femtosecond stimulated raman spectra (FSRS,
orange and blue for parallel and perpendicular polarization,
respectively, 1.6 cm−1 resolution) of α-pinene liquid. The calibrations
of the spectrometer in the HR-SFG and FSRS measurements are
within 1 cm−1. The FSRS spectral intensity is the percentage of the
Raman intensity loss. The FTIR intensity was normalized to its highest
peak intensity for comparison. The vertical dotted lines are the peak
positions from the fitting procedure carried out on the HR-BB-SFG
spectra.
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number of experimental data points (i.e., pixels per cm−1) is not
enough (usually associated with scanning SFG) to allow the
determination of an extensive number of parameters. In both
cases, it is often difficult to know how many absorption lines are
present in a congested spectrum, that is, fitting congested
spectra is often not unique. HR-BB-SFG appears to be a viable
solution to both problems.15

Here, fitting parameters with 10 peaks to the HR-BB-SFG
spectrum is not only stable but also physically reasonable as the
HR-BB-SFG spectra not only have accurate line shape but also
ample data points to allow determination of the number of
fitting parameters. It is obvious that it is impossible to fit the
SR-BB-SFG or the scanning SFG spectra in Figure 1 with stable
and physically meaningful fitting parameters for more than four
Lorentzian peaks. The solid red line in Figure 1 shows a nearly
perfect fit to the HR-BB-SFG spectra with 10 Lorentzian peaks.
The fitting parameters are listed in Table 1. Also in Figure 2,
the peak positions listed in Table 1 are labeled and represented
by vertical dashed lines. One can see clearly that these
resonances match the peak positions in the FTIR and FSRS
Raman spectra nicely, except for (1) the 3030 cm−1 peak that is
absent in the ssp SFG spectrum and (2) the peaks in the 2900−
2950 cm−1 region, where the FTIR and Raman spectra are
congested and not well resolved. Test fit results with less or
more than 10 Lorentzian peaks turned out to be significantly
less satisfactory. With eight or nine peaks, the fitting results
apparently miss the spectral line shape at the shoulders of the
2900−2960 cm−1 region, and the fitting curves show significant
residues from the HR-BB-SFG spectrum in this region in
comparison to the fitting curve containing 10 peaks.
Alternatively, adding more than 10 peaks to the fit function
can generate fitting curves that are comparable to those
obtained with 10 peaks; however, doing so also produces
nonphysical bandwidths for the additional peaks that always
closely overlap with each other. Therefore, we find the best fit
to the HR-BB-SFG spectrum with 10 Lorentzian peaks.
Similarly, a 12 Lorentzian peak fitting was successfully applied
to the C−H stretching vibration region in the HR-BB-SFG
spectrum of a cholesterol molecule at the air/water interface
with the same spectral resolution and similar signal-to-noise.
The parameters thus obtained were successfully used to
generate the time-dependent SFG spectra of the cholesterol
molecule with lower spectral resolution and thus confirmed the
validity of the fitting and the accuracy of the fitting
parameters.15 Here, we show that the fitting parameters from
the HR-BB-SFG spectrum of α-pinene can be successfully used
to simulate the lower-resolution spectra as well.
D. Line Shapes Produced by Sub-1 cm−1 SFG

Spectroscopy Are Accurate. Given the robustness of our
fit parameters for the HR-BB-SFG spectra, especially the sign of
the amplitude parameter Aq, we used them to quantitatively
simulate and predict the SFG spectra with lower spectral
resolution, similar to the reported simulation to the spectra of
the cholesterol molecule with lower resolution and with
different delay times between the IR and visible pulses.15 To
do so, we used the following convolution of a Lorentzian and a
Gaussian line shape function, as often used to approximate the
condensed-phase vibrational spectral line shape,15 to simulate
the SFG spectra with different spectral resolutions T
ab
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Here, ANRe
iψ
NR is the nonresonant response, with the

nonresonant amplitude ANR and phase angle ψNR, and the
rest of the expression is the vibrationally resonant response.
The resonant response function is the sum over all of the line
shape functions of the contributing vibrational modes (or
states), which is the convolution function (represented by the
operation ⊗) of the Lorentzian line shape and the Gaussian
line shape function. In the expression, Aq, ωq, and Γq are the
amplitude, frequency, and width parameters, respectively, of the
homogeneous line shape or the Lorentzian line shape of the qth
mode, and Δωq is the width parameter of the inhomogeneous
line shape function or the Gaussian line shape function of the
qth modes. Note that the fwhm of a Lorentzian line shape is the
so-called homogeneous width ΔνHq = 2Γq, while the fwhm of a
Gaussian line shape is called the inhomogeneous width ΔνIq =
2(2 ln 2)1/2Δωq. The homogeneous decoherence lifetime is
given by τq = 1/2πcΓq, where c is the speed of light.15

When there is no significant contribution from the
inhomogeneous broadening, Δωq = 0, that is, the Gaussian
function becomes a δ function, and eq 6 is reduced to eq 5
when the phase angle ψNR is dropped. However, when the
spectral resolution is finite, the spectral resolution function is
usually a Gaussian function because the laser profile of the
visible pulse usually is or is usually close to a Gaussian
function,15 unless the laser profile is intentionally chirped or
reshaped.59−61 Therefore, one can use the spectral resolution
width parameter to modify the ΔνIq parameter (all of the modes
should have the same instrumentation broadening value) and
then use eq 6 and the fitting parameters in Table 1 to simulate
the spectrum with different spectral resolutions. It is known
that when discussing the fwhm of the Gaussian function, the
fwhm of the intensity Gaussian function is 1/√2 of the electric
field Gaussian function.62 Furthermore, it is straightforward to
show that the fwhm of the time domain Gaussian intensity
profile and the fwhm of the corresponding transform-limited
frequency domain Gaussian intensity profile have a simple
relationship of Δt·Δν ≈ 14.7 when Δt is in units of picoseconds
(10−12 second) and Δν is in units of the commonly used
wavenumber (cm−1). Therefore, when the resolution is Δν = 6
cm−1, the corresponding Δt = 2.45 ≈ 2.5 ps, and when the
resolution is Δν = 10 cm−1, the corresponding Δt = 1.47 ≈ 1.5
ps. Of course, in all experiments, the time domain and the
frequency domain laser profiles are not necessarily ideal
transform-limited Gaussian line shapes. Therefore, we can
only find the equivalent Gaussian profile to make the
simulations of the lower spectral resolution spectra. For the
picosecond scanning SFG spectrum with 6 cm−1 resolution, we
use the equivalent 2.5 ps fwhm of the transform-limited
Gaussian time domain profile to make the simulation, and one
can see below that this simulation gives quite satisfactory
simulation of the spectrum in Figure 3b, while to simulate the
SR-BB-SFG spectrum, we found that an equivalent 1.5 ps fwhm
of the transform-limited Gaussian time domain profile gives the
closest simulation of the spectra, as in Figure 3c.
Figure 3 compares simulated SFG spectra using the fitting

parameters listed in Table 1 with different spectral resolutions.

The spectra simulated with 0 cm−1, that is, hypothetically
infinite, spectral resolution and the spectra simulated with 0.6
cm−1 spectral resolution match almost perfectly with each
other, indicating that the 0.6 cm−1 spectral resolution
measurement introduces no noticeable effect on the intrinsic
spectral line shape. Further simulation suggests that if the
spectral resolution is less than 2 cm−1, most of the spectral
features, except the sharp 2930 cm−1 peak, shall remain with
unnoticeable deviation from the ideal spectrum with 0 cm−1

spectral resolution. Such simulation suggests the upper limit for
the spectral resolution that will ensure measurement of the
intrinsic spectral line shape with spectral features as narrow as a
few wavenumbers.
As the spectral resolution gets worse, the height (spectral

intensity) of the narrower peaks (with smaller Γq values) would
be significantly reduced in comparison to that of the relatively
broader peaks (with bigger Γq values). This is what was
observed in the SFG spectra measured with lower spectral
resolution. Figure 3b shows that the spectrum simulated with 6
cm−1 resolution agrees quite well with the experimental 6 cm−1

resolution spectrum measured with the scanning SFG
spectrometer. It was shown previously that with eq 6 and the
fitting parameters of 12 overlapping peaks from the HR-SFG-
VS spectrum of a cholesterol monolayer, the lower-resolution
SR-SFG-VS spectra of the same cholesterol surface, obtained

Figure 3. Comparison of the SFG spectra with the simulated SFG
spectra from the Fourier transformation of the vibrational coherence
calculation using the spectral amplitude, peak position, and width
parameters from the Lorentzian line shape fitting of the HR-BB-SFG
α-pinene spectrum, obtained using infinite (dashed) and 90 ps (solid
blue line) Gaussian upconverter pulses (top) and upconverters having
fwhm values of 2.5 (middle) and 1.5 ps (bottom), corresponding to 6
and 10 cm−1 spectral resolution, respectively.
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with known laser profile parameters with different time delays,
can be quantitatively reproduced.15 Therefore, the small
deviation between the measured spectra from the simulated
spectra in this study is most likely the result of the laser profile
in the experiment that deviated from the ideal transform-
limited Gaussian as used in the simulation. Nevertheless, the
simulation can be considered quite satisfactory in comparison
to the experimental data. Most importantly, one can see how
many spectral details are lost at the spectral resolution of 6
cm−1 and why sub-1 cm−1 spectral resolution is essential in
measurement and analysis of spectra with many overlapping
narrow peaks. Without enough spectral resolution, one cannot
take advantage of the coherent and interference nature of the
spectral features in the SFG spectra.
Figure 3c shows that the spectrum simulated with the 1.5 ps

fwhm transform-limited Gaussian laser profile, that is, with 10
cm−1 spectral resolution, agrees reasonably well with the
experimental SR-BB-SFG spectrum. Even though the main
spectral features of the simulated and measured spectra match
each other, there are more significant deviations than those in
the 6 cm−1 simulated and experimental spectra in Figure 3b.
These deviations may come from different sources. First, the
experimental visible laser pulse in the SR-BB-SFG may not
follow an ideal transform-limited Gaussian function; second,
when the visible pulse is only 1−2 ps, chirp in the visible and IR
pulses may also introduce an additional degree of distortion of
the measured SFG spectra from the intrinsic SFG responses of
the molecular surface; third, the procedures to collect spectra
with different IR pulses and then to patch them may also
introduce uncertainties to the spectral line shape. Whichever is
the cause of the difference, detailed discussion on each of them
is beyond the scope of this study. Nevertheless, the comparison
of the simulated and measured spectra with different spectral
resolutions suggests that the reliable spectral line shape of the
HR-BB-SFG spectrum not only allows us to obtain much more
detailed spectral parameters from fitting the spectra, but also,
the parameter thus obtained can be used to reproduce or
predict the spectra measured under different conditions.
Therefore, the spectral parameters are reliable and are the
closest representation of the intrinsic spectral properties of the
molecular surface, if not the exact.
E. Accurate Lineshapes Yield a Reliable Lifetime and

Phase for Each Oscillator. As established herein, the HR-BB-
SFG intensity spectrum yields accurate line shape parameters
because the experimental resolution is so much smaller than the
natural line widths of roughly 5−10 cm−1.15,54 It follows, then,
that the corresponding homogeneous decoherence lifetimes
obtained should be reliable. Table 1 lists the corresponding
homogeneous decoherence lifetimes, which are found to span a
factor of 3, ranging from 0.55 (2876.7 cm−1) and 0.59 ps
(2939.1 cm−1) to 1.4 (2930.9 cm−1) and 1.72 ps (2923.5
cm−1). In comparison to the conventional or SR-BB-SFG, the
ability of HR-BB-SFG to experimentally determine vibrational
modes with significantly different decoherence lifetimes may
shed light on the understanding of the detailed mechanisms of
the intra- and intermolecular coupling and vibrational relaxation
processes.
To further investigate the vibrational decoherence lifetimes,

we employed DFTB molecular dynamics simulations described
in section D. Calculations on selected normal modes in the
2860−2940 cm−1 region (see Table 2) indicate a spread of
lifetimes ranging from 0.9 to 3.3 ps, spanning a similar range
with that shown in Table 1. Asymmetric modes appear to be

longer-lived than symmetric ones presumably because of more
effective transfer of vibrational energy from the latter modes.
We plan to employ deuterium-labeling studies in conjunction
with theoretical calculations (e.g., “on-the-fly reverse normal
mode analysis”)63−65 to provide a more definitive assignment of
these peaks and the pathway of IVR in future studies. In a
forthcoming article, we will detail and investigate how this
approach performs more broadly for the calculation of IVR
rates.
We emphasize again that this level of detail in the molecular

interaction and coupling can be directly revealed by the HR-
BB-SFG measurement, without performing FID-SFG measure-
ments, which are decidedly more complicated. In addition, one
would assume that the time scales associated with the
vibrational dephasing processes giving rise to the relatively
long vibrational coherent lifetimes between 2920 and 2930
cm−1 are the molecular origin of the relatively large SFG signal
intensities and sharp features that we generally observe from α-
pinene. When the spectral resolution is not enough to capture
such spectral line shape details, such detailed information on
the vibrational decoherence is generally lost. This topic on the
origin of the different decoherence behavior is the subject of
ongoing investigations that will be reported elsewhere.
The level of accuracy in the line shapes of the HR-BB-SFG

intensity spectra allows us to determine reliably, if not
completely accurately, their imaginary and real parts (the so-
called “phase-resolved spectra”), which may provide an
alternative approach to heterodyne detection schemes61,66−69

or analysis by the Maximum Entropy Method (MEM),70−73 as
the latter two methods also have their own limitations and
inaccuracies. First, the picosecond or the femtosecond phase-
resolved SFG measurements in the literature do not have high-
enough spectral resolution or enough data points to resolve
closely overlapping peaks as measured with the sub-1 cm−1

resolution measurement with the HR-BB-SFG. Second, even
the MEM method can be used to retrieve the imaginary and
real parts from the intensity spectra without assumption of the
line shape function to obtain the spectral parameters of the
overlapping peaks; a fitting of the imaginary and real parts with
a certain assumption of the spectral line shape function is still
needed. When the intensity spectral line shape is accurate
enough, mathematically, there is little foreseeable advantage in
going through the MEM process than making a direct fit of the
intensity spectrum. However, one should not expect this
approach of fitting the HR-BB-SFG spectra to be of additional
help on systems with spectra of complicated line shape and no

Table 2. Calculated Vibrational Lifetimes of Selected Normal
Modes

frequencya modeb ⟨t⟩/psc

2862 η,χCH3, ss 1.1 ± 0.3

2872 νCH3, ss 0.9 ± 0.7

2929 βCH2, ss 1.9 ± 0.7

2937 η,χCH3, as 3.3 ± 0.6
aB3LYP/6-311++G(d,p) harmonic frequencies scaled by 0.957.
bAbbreviations: ss = symmetric stretch, as = asymmetric stretch, χ =
axial, η = endo, ν = vinylic, β = bridge position on α-pinene. cAveraged
over five DFTB trajectories. Uncertainties correspond to 2σ (standard
error) and reflect variations between runs.
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apparent resolvable spectral features, such as the broad spectra
of the hydrogen bond features in the 3000−3600 cm−1

region.54,69

Here, we used the spectral parameters and the simulation
results that we obtained with the different spectral resolutions
and calculated the imaginary and real parts of the ssp-polarized
SFG spectra of α-pinene adsorbed to the CaF2 surface (Figure
4). The phase-resolved spectra with 0 and 0.6 cm−1 spectral

resolution overlap with each other nearly perfectly, while many
details of the spectral features merge and disappear in the
spectra with 6 and 15 cm−1 spectral resolution. We then
compared the phase, that is, the sign of the amplitude
parameter Aq for each peak, shown graphically in Figure 4b
and listed in Table 1. In general, the phase or sign of each peak
in the ssp polarization is the result of the “up” or “down”
orientation of the corresponding oscillator.63,69,74 Table 1 and
Figure 4b show that two modes at the lower-frequency end and
one peak at the high-frequency end are associated with opposite
signs when compared to the other peaks, indicating that these
three oscillators point in an opposite direction when compared
to the remaining oscillators. Such phase information and the 10
resolved peaks shall allow us to make detailed spectral
assignment and orientation analysis of the α-pinene molecule
at the CaF2 surface. As the α-pinene molecule is basically with a
rigid structure, comparison between the HR-BB-SFG results
and theoretical computation may help establish the benchmark

for understanding and predicting complex molecular SFG
spectra, structure, and so forth. These studies are underway and
shall be reported in the near future.

4. CONCLUSIONS

As established herein, we expect sub-cm−1 SFG spectroscopy to
be of high utility for molecular spectroscopy. We have shown
that HR-BB-SFG spectroscopy resolves significantly more
peaks in the C−H stretching region of a highly strained
hydrocarbon than conventional broad-band and scanning SFG
methods. The 0.6 cm−1 resolution of HR-BB-SFG provides, for
the first time, a nearly intrinsic line shape measurement. Time
domain coherent vibrational dynamics simulations and their
Fourier transformation coupled with laser profiles correspond-
ing to different spectral resolutions reproduce the lower-
resolution SFG spectra reasonably well by using the peak
intensity, position, and width parameters from the spectral fits
of the HR-BB-SFG spectra. Given the accurate line shapes,
homogeneous vibrational decoherence lifetimes are obtained
directly and without the need for time-resolved vibrational
spectroscopic approaches.
At the CaF2 surface, the high-resolution SFG spectrum of α-

pinene is found to exhibit two vibrational modes near 2923 and
2930 cm−1 that exhibit vibrational decoherence lifetimes of 1.4
and 1.7 ps, respectively, which are likely to be highly sensitive
to the molecular environment sampled by the oscillators. These
lifetimes compare favorably to lifetimes computed from DFTB
molecular dynamics calculations. Additional SFG studies of
deuterium-labeled forms of α-pinene, that is, its isotopologues,
are currently in progress, along with density functional theory
based calculations, which will lead to reliable spectral
assignments of strained hydrocarbons that exhibit strong
intramolecular vibrational coupling. Additional experiments
are also aimed at investigating the role of the phase (liquid
versus vapor) and expand the work toward the use of different
optical windows (for instance, fused silica versus CaF2).

■ APPENDIX
The standard Gaussian function in the time domain is

σ π
= σ−g t( )

1
2

e t /22 2

(1)

This expression satisfies the normalization condition
∫ −∞
∞ g(t) dt = 1. The fwhm of g(t) is Δt = 2(2 ln 2)1/2σ ≈

2.35482σ, and the Fourier transformation relationship is
defined as
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Then

ω = σ ω−G( ) e /22 2

(3)

and the fwhm of the frequency domain Gaussian function G(ω)
is Δν = 2(2 ln 2)1/2(1/σ) = 2.35482(1/σ). One then arrives at

νΔ ·Δ = ≈t 8 ln 2 5.5452

Now, let us consider an optical field with the Gaussian
intensity distribution function

Figure 4. Comparison of the simulated intensity spectra (top), the
imaginary spectra (middle), and the real spectra (bottom) of α-pinene
with 0.6 (green), 6 (blue), and 10 cm−1 (purple) spectral resolution.
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Its fwhm is given by ΔT = (Δt/√2) = 2(ln 2)1/2σ. Similarly, if
in the frequency domain the Gaussian optical intensity function
is

ω ω= | | = σ ω−I G( ) ( ) e2 2 2

(5)

its fwhm is given by Δϒ = (Δν/√2) = (2 ln 2)1/2(1/σ) .
Therefore, one arrives at

Δ ·Δϒ = ≈T 4 ln 2 2.7726 (6)

If ΔT has units of ps and Δϒ has units of cm−1, one obtains

π
Δ ·Δϒ = ×

× × ×
≈T

4 ln 2 10
2 3 10

14.709.
12

10 (7)

Therefore, if ΔT = 2.5 ps, then Δϒ = 5.88 cm−1, and if ΔT =
1.5 ps, then Δϒ = 9.81 cm−1.
Similarly, one obtains Δt·Δν = (21/2ΔT)·(21/2Δϒ) =

2ΔT·Δϒ ≈ 29.418.
Spectral resolution in SFG spectroscopy is the fwhm of the

spectral intensity of the visible pulse, that is, Δϒ of the visible
pulse spectrum, while the time resolution of the visible
upconverter pulse is the fwhm of the time-domain intensity
of the visible pulse, that is, ΔT of the visible pulse temporal
profile. Therefore, one should use the relationship ΔT·Δϒ ≈
14.709 in estimating the spectral resolution and time width of
the upconverter pulse in SFG spectroscopy.
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