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Abstract
Two-dimensional femtosecond stimulated Raman spectroscopy (2D-FSRS) is used to probe

the structural evolution of a modified cyclohexadiene as it undergoes a photoinduced ring
opening reaction. Analysis of the excited state stimulated Raman vibrational data reveals
oscillations of the center frequencies and amplitudes of 21 high frequency modes. These
oscillations in vibrational properties are due to anharmonic couplings between the high
frequency finger print modes and the impulsively driven low frequency molecular distortions in
the excited state. The largest anharmonic couplings, with intrinsic oscillation magnitudes of up to
40 cm™', are observed between the 467 cm™ C-C bend and the 1333 cm™ C-C stretch with the
191 cm” methyl wag, all of which are centered on the reactive cyclohexadiene moiety.
Conversely, motions located on the periphery—the 993 cm™ phenyl bend, the 1389 cm™ methyl
bend and 1580 cm™ phenyl C-C stretch—are coupled with the 104 cm™ asymmetric bend. These
couplings reveal two key energetic pathways: one leading to formation of the ring-opened
product and the other reversion back to the ground state. This work is also important because it
presents a new powerful method for measuring anharmonicities of potential energy surfaces and
determining their role in chemical reactivity.
Introduction

To understand chemical reactivity it is essential to probe key molecular properties such as the
shape of the potential energy surfaces (PES) involved in the reaction, their surface crossings' and
dynamic energy flow between internal degrees of freedom.>” All of these properties are
intimately intertwined as a result of the anharmonic coupling between the molecular normal
motions. However, quantitative measurement of the excited state PES shape, in general, and
anharmonic couplings, in particular, has proven to be a difficult task. This challenge is addressed

here by using two-dimensional femtosecond stimulated Raman (2D-FSRS) to study the
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photochemical ring opening of a cyclohexadiene derivative.

One-three cyclohexadiene (CHD) is a classic example of a photochemical ring opening
reaction that likely involves large excited state anharmonic coupings.” After photoexcitation,
CHD exits the Franck-Condon (FC) region along the Raman active and nominally harmonic
degrees of freedom before passing through a reactive conical intersection in approximately 80 fs,
undergoing a conrotatory mechanism consistent with the orbital symmetry rules developed by
Woodward and Hoffman.” When the wave packet is in the vicinity of the conical intersection, the
potential energy surfaces cannot remain harmonic and the previously independent normal modes
strongly couple to one another. Resonance Raman studies of unmodified CHD have highlighted
the roles of the olefinic torsion, as well as stretching of the aliphatic C-C bond and the CH, twist,
in the initial distortions on the reactive excited state surface.’

To make this reaction more practically useful and experimentally accessible extensive
synthetic work has developed a family of photochromic molecules in which the wavelength of
the ring opening is tuned into the visible.” These analogues have proven valuable for visible-light
actuated molecular switches.® Here we focus on 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)
perfluoro-cyclopentene (ModCHD) the spectral and structural properties of which are
summarized in Figure 1. In cyclohexane, ModCHD’s absorption spectrum peaks at 560 nm,
which is assigned to a m—mr* transition. The cycloreversion quantum yield is reduced from
around 50% for CHD to below 5% for the more m-conjugated diarylethenes derivatives. Studies
of these derivatives have revealed a transition state (TS) on the excited state before the reactive
product determining conical intersection.”'' Femtosecond transient absorption studies have
assigned a 3 ps time constant to the transit of the excited state wave packet over the TS and a 9

ps constant for the conical intersection that determines photoswitching.'” The ring closing
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reaction of ModCHD, where there are both reactive and non-reactive conformers, has been
previously studied using time-resolved stimulated Raman.'? The reactive conformers showed
dynamics forming the ring-closed product extending up to 100 ps. On the other hand, the non-
reactive conformers showed transfer of the excited state to a triplet state on a 23 ps time scale.'?

To gain structural insight into the ring-opening reaction of CHD, we employ femtosecond
stimulated Raman spectroscopy (FSRS). FSRS has proven to be a robust method for measuring
excited state Raman spectra with high temporal precision (25 fs) and better than 10 cm™ spectral
resolution over a broad bandwidth. Previous studies have investigated the reaction mechanisms
and excited state vibrational structures of systems such as photoinduced isomerizations,'*"’
excited state proton transfer'’”> and charge transfer.'®!” Moreover, studies of GFP" and, more
recently, charge transfer dimers'’ have demonstrated the ability to measure two-dimensional or
2D-FSRS spectra which reveal anharmonic coupling in reactive excited states. Our approach is
similar to two-dimensional infrared spectroscopy (2D-IR);'® however, 2D-IR has limited
bandwidth, is difficult to extend to excited state systems and, crucially, is blind to the low
frequency modes which are of paramount importance for understanding reactivity."” Methods
such as 6-wave mixing have been developed to measure ground state vibrational
anharmonicities.*’

In this study we impulsively excited ModCHD at 560 nm to launch wave packets in low
frequency modes below 250 cm™ and then probed the time dependent excited state structure
using fs time resolved stimulated Raman. The time-dependent oscillations in the excited state
absorption revealed the low frequency modes along which the excited state wave packet
propagates after excitation. This wave packet motion results in remarkable modulations of the

intensities and frequencies of the high-frequency excited state FSRS peaks. By analyzing the
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oscillations in the excited state FSRS peak center frequencies, we are able to determine
quantitative excited state anharmonic couplings between the impulsively excited low frequency
modes and the higher frequency Raman active modes. These data provide critical, mode-specific,
insight into the vibrational couplings and energy flow that dictate the conrotatory photoreactivity
of ModCHD.
Materials and Methods

1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluoro-cyclopentene (ModCHD, TCI America,
>98%) was dissolved in cyclohexane (Fischer, spectroscopic grade) to form solutions of 1 OD
per 500 pm at 560 nm (~3 mM) for the FSRS experiments. Prior to the measurements, samples
were photoconverted to >90% ring closed ModCHD using a 280-320 nm fluorescent lamp
(Philips, UVB Broadband PL-S 9W) and then shielded from exposure to ambient light. Samples
were flowed from a 40 mL reservoir using a peristaltic pump through a 500 pm path length cell
with a 200 pm quartz window (Starna Cells Inc., 48-Q-0.5-UTWA) at a rate sufficient to
replenish the sample volume between laser pulses.
FSRS and ISRS Experiments
The FSRS instrument has been detailed previously.”’ The primary beam is generated by a
Ti:sapphire regenerative-amplifier (B.M. Industries, Alpha 1000 US, 991 Hz, 70 fs, 0.91
mJ/pulse, Amax = 790 nm) pumped by a Q-switched Nd:YLF (B.M. Industries, 621-D) and seeded
by a home built Kerr lens mode-locked Ti:sapphire oscillator (30 fs 5.3 nJ/pulse, 91 MHz). The
output of the regenerative amplifier is split three ways to form the actinic pump, Raman pump,
and Raman probe beams. The actinic pump pulse (30 fs, ~200 nlJ/pulse, Anx = 560 nm) is
generated using a homebuilt non-collinear optical parametric amplifier (NOPA) and compressed

using a F2 prism pair (ThorLabs). Filtering 690 mW of the primary beam with a Fabry-Pérot
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etalon (TecOptics, Design #A6) produces an optimally shaped ps Raman pump pulse.”” The
resulting beam is further attenuated to yield 100 pJ of 2.8 cm™ bandwidth light centered at 795
nm. The Raman probe pulse is formed by focusing a small portion of the fundamental beam into
a 3-mm thick sapphire window to generate a near-IR continuum (7-10 nJ/pulse, 830-940 nm)
which is compressed with a BK7 prism pair (CVI Melles Griot). For the ISRS experiments, the
beams are generated in the same way as for FSRS but the Raman pump beam is not used.

All three beams are focused into the sample using a 100 mm fl achromatic lens. The Raman
pump and Raman probe have parallel polarization and the actinic pump is rotated to the “magic
angle” polarization (54.7°) relative to the other two using a half-wave plate (ThorLabs) in order
to mitigate rotational effects on the kinetics at longer times. For experiments probing time delays
less than 4.5 ps, where these effects are minimal, all beams were polarized parallel for maximum
signal to noise. After the sample, the probe beam is spatially filtered from the other two beams
using an iris and recollimated using a 100 mm fl lens. The probe beam is dispersed by a
spectrograph (Instruments SA, HR320) and each pulse is separately recorded on a CCD camera
(Princeton Instruments, PIXIS 100F). For the FSRS experiments, the Raman pump and Raman
probe pulses remain temporally locked with the delay chosen for maximum stimulated Raman
gain. The delay between the actinic pump and Raman pump/probe is varied by a computer
controlled translation stage (Melles Griot, Nanomotion II). For the FSRS experiments, the
Raman pump beam is chopped at half the amplifier frequency using a phase locked chopper
(Newport, Model 3501) and the stimulated Raman gain is calculated by taking the natural
logarithm of Raman-pump-on divided by Raman-pump-off on a shot-to-shot basis. The actinic

pump is periodically modulated using an automated shutter (ThorLabs) to take both ground and
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excited state Raman spectra. For the ISRS experiment the phase locked chopper is moved to the
actinic beam line.

The FSRS difference spectra have had both solvent and ground state signal removed after
normalization using the cyclohexane 801 cm™ Raman peak as an internal standard to control for
Raman pump power fluctuations. The data were worked up using data analysis software written
in IGOR Pro (Wavemetrics).”

The FSRS data were taken both with constant 20 fs time steps between -0.5 to 2 ps delay as
well in logarithmic steps between -2 and 100 ps. ISRS experiments were taken at 20 fs evenly
spaced time delays between -0.5 and 4.5 ps. Spectral energy density analysis of the oscillatory
signals in the ISRS and FSRS signals was done with both Fast Fourier Transform (FFT) methods
as well as a linear prediction with singular value decomposition (LPSVD) algorithm>*>°
implemented in IGOR Pro.

The instrument response function (IRF) between the actinic pump and Raman probe was
measured as the cross correlation in cyclohexane using the Kerr effect (data shown in SI). For
FSRS and ISRS the response function had a FWHM of 70 and 77 fs, respectively.

DFT Calculations

Density functional theory (DFT) simulations of the ModCHD molecule were performed
using Gaussian 09 to determine the molecular geometry and assign the normal mode character.”’
For both the ground state and first (S;) excited state, calculations were run using the B3LYP
functional and the 6-311++G(D,P) basis set. Ground state nuclear geometries, vibrational
frequencies and normal coordinates for both the ring-closed and the ring-open ground state
conformers were calculated. The forces exerted on the nuclei by the first and second excited state

potentials at the ground state, ring-closed, geometry were calculated using TD-DFT at the
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B3LYP/6-311++g(d,p) level. Resonance Raman (RR) intensities were determined from the
calculated forces (i.e. slopes) of the excited state potential energy surfaces (PES) along the
ground state normal modes.”®
Results

Figure 2(a) presents the dispersed transient absorption (TA) for ModCHD over the 822-945
nm region from -0.5 to 4 ps after excitation at 560 nm. The induced absorption within the probe
window displays three monotonically decaying bands at 830, 875 and 940 nm. Clear oscillations
in the contour lines are assigned to impulsively excited vibrations of the ModCHD excited state.
Attribution of the signal to excited state, as opposed to impulsively driven ground state, wave
packet motion is justified because this spectral region is separated from the ground state bleach
by over 200 nm and the signal has a cosine phase consistent with an S;—$, transition.” Figure
2(b) presents the TA band integral as a function of time (dotted line) along with an exponential
fit of the population dynamics (solid line). Figure 2(c) presents the oscillatory component of the
signal after removal of the 6020 + 40 fs population decay (dotted line). The coherence dynamics
are fit with an LPSVD algorithm (solid line) between 200 and 2800 fs. Figure 2(d) presents the
frequency domain reconstruction of the LPSVD model parameters (solid) as well as the FFT
(dotted); there are four intense peaks, at 27, 66, 104, and 191 cm’! with weaker features at 142
and 211 cm™. Satisfactory agreement between the LPSVD reconstruction and the FFT is
observed.

Figure 3 presents the ModCHD excited state stimulated Raman spectra at selected time
delays following actinic excitation at 560 nm along with the ground state spectrum. The most
intense ground state vibrational resonance is at 1501 cm™ and there are large peaks at 1325, 1439

and 1603 cm™, which correspond to localized C=C aromatic stretching modes. Additionally,
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weaker ground state modes assigned to delocalized C-C aromatic stretches and CH bends are
observed at 999, 1036, 1104 and 1158 cm™ along with lower frequency presumably out of plane
CH wags at 451 and 593 cm™'. No large dynamic shifts in excited state frequencies are evident in
this display of the data but the intensity decreases for all modes from 100 fs to 10 ps; by 30 ps
the excited state has fully decayed. Because the ground state depletion signal is very weak
compared to the excited state Raman signal at short time delays, it is difficult to observe.
However, at 30 ps, after the excited state has decayed, the weak ground state depletion signal can
be discerned at the 1325, 1439, and 1501 cm™ ground state frequencies. Time dependence of the
ground state depletion signal can be fit with two components, a large 32.5 ps decay component
and an extremely slow component that is modeled as a constant offset of 1.6%. The slow
component can be assigned to the photochemical ring-opening yield and its magnitude is
consistent with previously reported yields of only a few percent for these systems.'*"!

Figure 4 presents the excited state mode characters with a focus on the central
cyclohexadiene ring of ModCHD. Assignments are made in comparison to the ground state DFT
calculations using resonant Raman intensities to simulate the excited state resonance conditions.
For a large molecule such as ModCHD (59 atoms/282 electrons) the overall spectral shifts
caused by exciting a single electron are small enough that simulated ground state vibrational
modes can be reliably used to describe the excited state motions. A comparison of the ground
and excited state spectra and simulations is presented in Figure S8. Normalized mass weighted
displacements are depicted as red arrows. Symmetries are based on the local C, point group of
the CHD ring. Modes without displacement on the central ring or with symmetry not conforming
to C, are listed as not applicable. Modes of A-symmetry are of particular note because they

project well on to conrotatory excited state motion of the CHD methyl groups depicted at the
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bottom. The 27 cm™ mode is primarily a twist of the external phenyl moieties and does not
project onto the central ring. The 66 and 104 cm™ modes are symmetric and asymmetric whole
molecule bends with A and B symmetry, respectively. The 191 cm™ mode is a totally symmetric
CHD methyl wag. The 993 cm™ mode is an aromatic CCC bend of the phenyl groups, the 1580
cm” mode is a C-C stretch on the peripheral phenyl group with a small displacement on the
central ring, and the 1389 cm™ mode is a methyl umbrella mode that does not project well into
the C, point group. The 467, 1181, and 1333 modes all are localized in the central conjugated
framework of ModCHD and have A symmetry. The 467 cm™ mode is a C-C-C bend of the CHD
ring and thiophenes, the 1181 c¢cm™ mode is a C-C stretch on the CHD ring and fluorinated
pentane and the 1333 cm™ mode is C-C stretch localized on the thiophenes.

Figure 5 presents the intensity decay analysis for the excited state ModCHD Raman modes.

Page 10 of 30

The modes are modeled as either a single or double exponential decay between 200 fs and 100 ps.

Four characteristic decay rates are observed: ~6 ps (circles), ~3 ps (crosses) and ~0.5 ps
(triangles). The TA (open square) fits well to a single exponential decay of 6 ps. The correlation
between the timescales of Raman intensity and TA decay suggests that the ~6 ps rate can be
assigned primarily to the loss of resonance enhancement as the excited state wave packet moves
towards the conical intersection. The ~3 ps timescale has been assigned by previous authors to
nuclear wave packet movement over the S; transition state’ and the 0.5 ps decay process is
assigned to fast nuclear motion out of the Franck-Condon (FC) region.

More careful examination of the excited state stimulated Raman data with higher time
resolution revealed oscillations in both the peak intensities and frequencies. Raman peaks were
fit to Lorentzian lineshapes at each time delay and the extracted peak centers and amplitudes

were plotted as a function of time. Figure 6 presents four representative vibrational intensity-

10
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frequency trajectories over the first 2 ps for the 467, 1333, and 1580 cm™ modes with 20 fs
intervals. The “coherence artifact,” which occurs when the actinic pump is coincident with the
Raman pump/probe pair, obscures the dynamics for the first 100-200 fs, therefore our analysis
focuses on features after 200 fs. Oscillations in both the peak center and amplitude are visible for
all four modes although the frequencies of the oscillation are not the same for each peak. On
average the peak amplitudes show clear decays for all four modes although there is also a slight
rise with a time constant of ~400 fs for the 1580 cm™ mode. For the 1580 cm” mode the
frequency shift mostly occurs during the resonant artifact and there is little change after 300 fs.
For the 467 cm™ mode there is a small red shift with an exponential decay constant of ~500 fs,
and the 1333 cm™ mode shows blue shift of 4 cm™.

Figure 7 presents both the time and frequency domain analysis for the peak amplitudes and
peak centers of the 1580 cm™ mode. The left side presents the FSRS amplitudes and the peak
centers are on the right. The top boxes present the oscillatory signal in the time domain after
subtraction of the population decay (dotted) along with an LPSVD fit (solid). The bottom boxes
show the frequency domain energy spectral density for both the peak amplitudes and centers
using both FFT (dotted) and LPSVD reconstruction (solid). The FFT and LPSVD
reconstructions are qualitatively supportive except especially at low frequencies in the frequency
analysis. We focus on the results fitting to exponentially damped sinusoids using the LPSVD
algorithm because it should result in a significantly more reliable conclusions for cases such as
this with increasing noise with long time delay which impacts especially low frequency
components.’ Using a model specific fit of damped sinusoids reduces generalization, but carries

large gains in the fidelity of the fit.
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229 For the 1580 cm™ mode, the peak center oscillations have an initial magnitude of 0.8 cm™
230  and amplitude oscillations of 5 mOD. There is reasonable agreement between the frequencies of
231  the energy spectral density derived from peak amplitudes and those derived from peak centers.
232 Both the peak centers and amplitudes fit to four modes with frequencies of 33, 58, 117, and 193
233 cm’ and 53, 70, 103, and 210 cm’, respectively. These data illustrate how the peak amplitude
234 and center frequency of the high frequency modes are modulated by a number of low frequency
235  excited state motions. Hoffman ez al.'” have presented evidence that oscillatory features of this
236  type are generated by inframolecular 5™ order processes as opposed to intermolecular 3™ order
237  cascades which have been previously discussed in the literature.’’ Previous studies on molecules
238  with similar photophysics have shown that the amplitude of the SRS frequency oscillatory
239  features are invariant with excited state concentration.'” Likewise for ModCHD no oscillatory
240  features observed from the cyclohexane solvent, which would be expected if the signal
241  originated from 3rd order cascading Raman signals between the excited state ModCHD and the
242 ground state solvent. Other experiments have shown that the 3™ and 5™ order signals can be
243 distinguished by the absolute phase of the signal®® however because of the signal-to-noise we are
244 refraining from making any conclusions to the fitted phase information in this experiment.

245 Figure 8 presents a two-dimensional correlation diagram for the 21 observed excited state
246  FSRS peaks and the impulsively excited low frequency modes that modulate them. This analysis
247  is focused on peak center oscillations because they are directly related to molecular structure
248  whereas the peak intensities also depend on electronic resonances. Each circle’s ordinate is
249  determined by the FSRS parent peak frequency, the abscissa is the frequency with which that
250 peak’s center oscillates and the area of the circle indicates the intrinsic magnitude of the

251  oscillation. For reference, the excited state ISRS data from Figure 3 are shown at the top and the

12
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excited state Raman spectrum at 200 fs delay is shown at the right. The results from the LPSVD
were filtered to remove modes with a spectral width less than 3 cm™. On the one hand the
ordinates are, by definition, locked to the frequencies of the 200 fs spectrum (horizontal lines).
However it is important to note that the abscissas are determined by the LPSVD fit and are not
fixed to the excited state ISRS modes (vertical lines). The intrinsic oscillatory magnitudes
presented in Figure 8 are derived from the observed magnitudes by first extrapolating to zero
delay and applying two different correction factors. First, a correction is performed to account
for the non-negligible temporal width of the instrument response. Second, we correct for the fact
that the oscillatory signal is averaged over the vibrational dephasing time.">'” The derivations of
both correction factors are given in full by Hoffman ef al.'” After normalization, the largest
intrinsic oscillatory magnitudes are nearly 10% of the high energy peak’s vibrational frequency.
We also performed an analogous analysis of the oscillatory data using Fourier methods, which is
presented in the SI.

These oscillatory signals can be directly related to anharmonic coupling between vibrational

degrees of freedom.'” An estimate of dimensionless anharmonicity between the low and high
frequency modes, y;y, can be made from the equation: A = — % xuply.!” Here A is the observed

relative oscillation magnitude and A; is the dimensionless displacement between the low
frequency mode’s potential minima in the ground and excited states within the harmonic
approximation. Dimensionless displacements can be determined by analysis of resonant Raman
intensities (see SI). For instance, the 467 cm”' mode has an intrinsic relative oscillatory
magnitude of ~0.1 for the 191 cm™ component and the A9, was determined to be ~1.0 giving an
estimate for y;91 467 Of 0.2. This value for y;y is on the order of magnitude of ground state

anharmonic couplings observed in other polyatomic systems.”
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The largest anharmonic couplings are associated with the 467, 993, 1333, 1389, and 1580
cm” modes. The most prominent coupling is between the 467 cm™ C-C bending mode and 191
cm” methyl wag. The 993 cm™ phenyl bend is modulated by 104 cm™ asymmetrical frame bend.
The 1333 cm™ C-C stretch oscillates at only 191 cm™ while the 1389 cm™ methyl bend shows
oscillations due to the 66, 104 and 191 cm™ modes. The 1580 cm™ phenyl C-C stretching mode
is coupled with the 66 and 104 cm™ modes. In general, the modes which couple to the 191 cm™
wag have significant motion in the central cyclohexadiene ring. However, modes which couple
to the 66 and 104 cm™ modes are usually more delocalized away from the central CHD system.

To assist discussion, DFT calculations were used to determine which modes most strongly
project onto a hypothetical ring opening reaction coordinate (RC). The geometries of the central
ring and attached methyl moieties for both the closed and open structures are presented in Figure
9 in a frame of reference without any translation of the center of mass or rotation of the principal
axes of inertia. The hypothetical RC is defined to be the linear interpolation between the ring-
closed and ring-open geometries, i.e. the RC vector is defined as the difference between the
nuclear positions of the closed and open central cyclohexadiene ring only. Figure 9 presents the
magnitudes of the projections of the calculated normal coordinates onto the RC as bars below the
simulated RR spectrum. The colored dots show which modes are coupled to the 66 cm™ bending
(green), 104 cm™ bending (blue) and 191 cm™ methyl wagging (red) modes (see Figure 8). Most
modes between 200 and 600 cm™ are parallel to the predicted RC. Between 800 and 1303 cm™
only a few modes are significantly aligned with the RC and most modes greater than 1309 cm™
are primarily orthogonal to the RC even though the RR intensities (see SI) demonstrate that they
are highly displaced in the excited state. The 1389 cm™ Me-bend and 1580 cm™ phenyl C=C

modes, which couple to the 66 cm™ mode (green), also do not show significant motion along the

14

Page 14 of 30



Page 15 of 30

298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319

320

Physical Chemistry Chemical Physics

RC. Of all the modes that are coupled to the 104 cm™ mode (blue)-993, 1389, and 1580 cm™'—
only the 993 cm™ mode is aligned with the predicted RC. Interestingly, all modes coupled to the
191 cm™ methyl wag motion (red)—467, 1181, and 1333 cm™'—show significant motion parallel to
the RC.
Discussion

Time resolved excited state stimulated Raman spectra have provided new information on the
structural dynamics that occur during the ring opening reaction of a modified cyclohexadiene
including the quantitative measurement of the excited state vibrational anharmonic couplings
that report on the shape of reactive potential energy surfaces. Impulsive photoexcitation of
ModCHD at 560 nm launches a wave packet on the excited state surface that leads to oscillatory
modulation of the excited state absorption because of the highly displaced 27, 66, 104, and 191
cm™ low frequency modes. Conventional time resolved excited state FSRS spectra of excited
ModCHD reveal twenty-one intense excited state Raman modes that decay with three
characteristic timescales: fast nuclear motion out of the FC region (~0.5 ps), passage through the
transition state (TS) (~3 ps) and subsequent loss of electronic resonance as the system evolves
towards the conical intersection (~6 ps). However, more careful examination of the high
frequency excited state stimulated Raman peak frequencies and amplitudes reveals that they
oscillate at the 66, 104 and 191 cm™ torsion and methyl twist frequencies demonstrating large
anharmonic coupling between a number of the high and low frequency modes in ModCHD.
Quantitative analysis of the frequency oscillations reveals the magnitude of the mode-specific
anharmonic coupling. In particular, the strong anharmonic coupling between the methyl wagging
mode and the CC stretch and CCC bend in the CHD ring moiety is critical for understanding

how the ModCHD conrotatory ring-opening reaction proceeds.
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321 To interpret our results, we explore the correlations between different mode properties such
322 as character, rate of intensity decay and projection onto the hypothetical RC. Both the 467 cm’™
323  CCC bend and 1333 cm™ C-C stretch modes have a quick (~3 ps) intensity decay, reactive A
324  symmetry and are localized to the central reactive cyclohexadiene ring. Moreover, both modes
325  show the strongest anharmonic coupling to the 191 cm™ conrotatory, CHD localized, methyl wag.
326  On the other hand, the 993 cm™ phenyl bend and the 1580 cm™ phenyl stretches all decay more
327  slowly (~6 ps), have characters that are either localized away from the central ring or have poor
328  projection into the C, point group and consist of motion orthogonal to the predicted RC. The 993
329 cm” mode shows anharmonic coupling to the 104 cm™ mode, and the 1580 cm™ mode shows
330 coupling to both the 66 and 104 cm™ frame bends which are delocalized away from the reactive
331 ring. Based on this correlation of characteristics, we can partition the modes into two groups that
332 we term “reactive” and “unreactive.” Of the modes that show strong couplings, the 191, 467, and
333 1333 cm modes exhibit reactive behavior while the 66, 104, 993, and 1580 modes can all be
334  categorized as non-reactive. For completeness, two modes have characteristics in common with
335  both groups: the 1181 and 1389 cm™ modes are coupled to all three of the 66, 104, and 191 cm
336  modes though some of these couplings are weak.

337 The reactive and unreactive labels can be understood in the context of the predictions made
338 by Woodward and Hoffman for pericyclic rearrangement.’ For 1,3-cyclohexadiene, the
339  mechanism of photoactivated ring-opening is a conrotatory A-type motion of the alkane

340  hydrogens (see Figure 4).

Therefore we assign the group with A-symmetry as “reactive”
341  because they contribute to an overall conrotatory motion consistent with the mechanism of

342  photoinduced ring breaking. The remaining modes do not have a reactive A symmetry and have

343  significant motion on the external phenyl moieties suggesting that they funnel energy out of the
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initially excited high frequency FC active modes and away from the reactive center thereby
playing a crucial role in non-reactive internal conversion. Parasitic non-reactive pathways have
been previously identified by ab intio calculations to be accessible before the molecule crosses
the excited state TS.’

To understand how the molecule approaches and crosses the TS we focus on the product-
forming reactive modes. Reactive coordinates involved in crossing the TS are, by definition,
anharmonic at and near the TS; it is therefore expected that the reactive modes will be strongly
anharmonically coupled to one another as they distort towards the TS. The 191 c¢cm™ motion
symmetrically distorts the CHD methyls but does not significantly perturb the bond order of the
ring. The 467 cm™ CCC bend reduces the bond order between the ring opening carbons. The
1333 cm™ C-C stretch mode (also strongly coupled to the 191 cm™ mode) distorts the top C-C
single bond on the CHD ring. All three of these modes show similar motions on the central ring
and project strongly onto the predicted reaction coordinate. These properties are self-consistent
and strongly suggest that these modes make a significant contribution to the motion necessary to
cross the product forming TS.

Our results are in general agreement with previous reports on ModCHD and similar
photoswitches. Kinetic decay rates of ModCHD observed here are consistent with those
observed previously by transient absorption.'® Besides the reactive pathways that funnel the
excited state through the conical intersection, previous authors”'' have identified alternative non-
reactive pathways. Here, we have demonstrated that these non-reactive pathways are dominated
by motion on the peripheral phenyl moieties. Anharmonic couplings allow energy to be
transferred from the initially excited degrees of freedom, such as the high frequency ethylenic

modes to lower frequency modes that may be reactive or simply peripheral energy loss pathways.
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367  The relative magnitude between the anharmonic couplings to modes that promote reaction and to
368  those that do not determines the overall yield of the reaction. The coupling pattern observed in
369  Figure 8§ indicates that for ModCHD the ethylenic excitation is very efficiently degraded into
370  non-reactive vibrational pathways.

371 Previous work on CHD has identified ballistic motion along the symmetric C=C twist, CH,-
372 CH, stretch, and a CH, twist after photoexcitation driving conrotatory cycloreversion®>. Our
373  work shows that ModCHD undergoes a similar coherent nuclear motion that is responsible for
374  the reaction even though ModCHD reacts much slower. Femtosecond Raman spectroscopy
375  therefore allows us to identify the specific molecular motions that define the initial stages of
376  molecular reactivity. 2D-FSRS also allows us to determine the vibrational anharmonicities that
377  help to parse the initial Franck-Condon excitation between reactive and nonreactive pathways
378  and that determine energy relaxation rates.

379 In conclusion, 2D-FSRS of ModCHD has revealed reactively important couplings between
380  normal modes that are in excess of 40 cm™. Based on the correlations of these couplings with
381  other key properties, we deduce that the 191 cm™ methyl wag mode is a critical molecular
382  deformation in the initial stages of the ring opening reaction, and that the transition state involves
383  a highly mixed combination of the 191 methyl wag, the 467 cm™ C-C bend and the 1333 cm™ C-
384  C stretch. On the other hand, the 66 and 104 cm™ modes appear to be non-reactive motions that
385  compete effectively with the reactive ones for energy leading to the low quantum yield of this
386  molecule. With shorter actinic pulses and an optimally chosen Raman pump, it should ultimately
387  be possible to use 2D-FSRS to reveal anharmonic couplings between all Raman active degrees of
388  freedom, independent of frequency. The resulting quantitative measurement of excited state

389  inter-mode anharmonic couplings will be crucial for improving our understanding of all types of

18
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390 photoreactive phenomena including isomerization, atom transfer, energy transfer, electron
391 transfer and internal conversion.
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Figure 1. Structure of 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)-3,3,4,4,5,5-hexafluoro-1-
cyclopentene (ModCHD) and absorption (solid) and emission (dotted) spectra along with the
spectra of the three beams used in the FSRS experiment: the actinic pump centered at 560 nm
(dark gray), the Raman pump centered at 795 nm (black) and the Raman probe (830-940 nm,
light gray). The photochemical ring opening is also depicted.
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Figure 2. (a) Dispersed transient absorption (TA) in the 822-945 nm region from -0.5 to 4 ps. (b)
TA integrated over the full window (dotted) and multi-exponential fit (solid). (c) Oscillatory
component after removal of the population decay (dotted), LPSVD fit (solid), and fit residual
(dotted, below). (d) LPSVD (solid) and FFT (dotted) energy spectral densities of the oscillatory
component. LPSVD central frequencies are indicated.
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Figure 3. Selected excited state stimulated Raman spectra of ModCHD at the indicated time
delays with 795 nm Raman pump and 822-945 nm Stokes probe. Mode frequencies are shown at
top. The negative feature at ~1500 cm™ in the 30 ps trace is assigned to ground state depletion.
The stimulated Raman spectrum of the ground state is shown at the bottom for comparison.
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Figure 4: Assignments for prominent excited state FSRS modes of ModCHD. Red vectors
indicate the mass weighted displacement of the normal modes on the central cyclohexadiene ring.
For each mode the point symmetry of the vibrations on the central ring projected onto the C,
basis is indicated. Modes are labeled either A or B symmetry or not applicable (N/A) for the
modes that either do not project into C, or are not localized on the central ring. The sketches in
the bottom right show the A symmetry conrotatory and B symmetry disrotatory opening of the
central ring. Ground state normal mode displacements whose frequencies best correspond to the

indicated excited state frequencies are presented.
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Figure 5. Exponential decay constants of the ModCHD excited state modes as well as the
transient absorption. The FSRS excited state modes are fit to single or double exponential decays
with the different symbols indicating decays of ~6 ps (circles), ~3 ps (crosses) and ~0.5 ps
(triangles). The open square shows the decay rate for the transient absorption. The excited state
Raman spectrum at 200 fs delay is shown below for comparison.
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Figure 6. a: Schematic two dimensional potential energy surface where the force constant of the
high frequency oscillator depends on the displacement of the low frequency mode. The
corresponding plot depicts the modulation of the high frequency mode frequency by wavepacket
motion along the low frequecy mode. b-d: Intensity-frequency trajectories for the 467, 1333, and
1580 cm™ excited state peaks of ModCHD. Each plot shows the peak’s Raman shift and intensity
at 20 fs intervals. Peak parameters were extracted using a Lorenztian lineshape model.
Projections of the intensity and Raman shift are shown behind and below, respectively.
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Figure 7. Top Panels: The oscillatory 1580 cm™ peak intensities (left) and Raman shifts (right)
taken from 200 to 2,500 fs after removal of the population dynamics (dotted lines) and LPSVD
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fits (solid lines). Bottom Panels: FFT of the residuals (dotted) and LPSVD reconstructions (solid).
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512 Figure 8. Anharmonicity correlation diagram between excited state FSRS modes and low
513  frequency impulsive stimulated Raman modes. A stimulated Raman spectrum of the excited state
514  of ModCHD at 200 fs delay is shown at right. The excited state ISRS spectrum from Figure 2(d)
515  is shown at top. The circles’ ordinates and abscissas indicate FSRS average frequency and FSRS
516  peak center oscillation, respectively. The areas of the circles represent the intrinsic relative
517  magnitudes of the oscillations that range from 2 to 10%.
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Figure 9: Top: The optimized geometries for ring-closed (blue) and ring-open (red) ModCHD
central rings. Middle: DFT simulated resonance Raman spectrum. Bottom: Projection of
ModCHD normal modes onto the hypothetical reaction coordinate with arbitrary scaling. Green,
blue and red dots indicate modes coupled to the 66, 104, and 191 cm™ modes, respectively. The
Raman shift frequencies correspond to the DFT calculated frequencies.
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