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Elucidating the reaction kernel and probing the effect of anharmonicity
in the ring-closing reaction of fulgide single crystals

Chemistry involves dynamics that bridge structural changes. Among
the vast milieu of quantum vibrations, it ultimately comes down to a few
key motions that drive the system across the transition state, defining
the reaction kernel. It is the anharmonicity at the barrier-crossing region
that couples normal modes, leading to localized motions and reduced
dimensionality. In this study, we have elucidated the reaction kernel for
the ring-closing reaction in fulgide single-crystals. This work unveiled a
non-impulsive, coherent vibrational energy transfer mechanism that
further highlights the highly anharmonic nature of the potential in
reactive crossings that is responsible for the collapse of the system onto
a few highly nonlinearly coupled coordinates.
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Chemistry involves dynamics that transform chemical structures from one form to another. However,
among the vast milieu of quantum vibrations in a molecule, it boils down to a few key motions that drive
the system across the transition state. It is the anharmonicity at the transition state or barrier-crossing
region that couples normal modes, leading to localized motions and reduced dimensionality. The
interplay of strongly anharmonic local modes collectively drives the system across the barrier-crossing
region, forming a photoproduct. Ultrafast broadband transient absorption spectroscopy has revealed the
effect of reduced dimensionality in a prototypical ring-closing reaction in fulgide single crystals. The
relatively large anharmonicity at the reactive crossing and the strong reaction forces experienced during
the chemical transformation provide a significant driving force for the vibrational modes, revealing a new

mechanism of coherent vibrational energy transfer between molecular modes. This effect is observed as
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coordinate. Our study sheds light on the lattice-coupled reaction dynamics owing to specific system—
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Introduction

Determining the molecular modes in a barrier-crossing process
has always been challenging. Out of the 3N-6 vibrational
degrees of freedom for a molecule with N atoms, there happen
to be only a few key reactive modes that define the reaction
kernel at the barrier-crossing region.'” The “magic” of chemical
transformation is the reduction of the defining moment of
chemistry, involving nuclear passage over a barrier separating
one stable structure (reactant) from another (product), to only
a few key reactive modes. Observation of these key reactive
modes gives a detailed understanding of the reaction
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a solid-state crystalline environment.

coordinate and the competition among the myriads of incon-
sequential quantum vibrations or orthogonal coordinates to the
reactive passage. These reaction modes effectively define the
reaction mechanism, which reproducibly executes the same
chemistry on related molecular systems, which in turn makes
chemistry a transferable concept. This collapse in reactive
nuclear degrees of freedom arises from the highly anharmonic
motions in the barrier-crossing region that strongly couple
various normal modes, leading to the localized motions
defining the reaction coordinate.*

Several time-resolved ultrafast studies have been done over
the past two decades, but very few have been successful in
resolving the full complement of reaction modes for a given
class of reactions.** Most studies of chemical reaction
dynamics have been conducted in the solution-state, where
there is a broad distribution of orientations for the reactant
molecules, along with a wide array of possible solvent configu-
rations in relation to the system-bath coupling of the reaction
coordinate. The inherent broad distribution of initial condi-
tions causes uncertainties in the phase correlations of the
molecular vibrations involved in the reactive crossing, masking
the full extent of the reaction kernel in directing motions
through the reactive crossing point.**>¢ On the other hand, the
crystalline state gives us the opportunity to carry out reactions
in a solvent-free environment with well-defined initial condi-
tions. The crystal lattice, along with its constrained

© 2025 The Author(s). Published by the Royal Society of Chemistry
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environment, can promote specific system-bath interactions
owing to the spatial arrangement of the reactants within the
lattice, which offers the opportunity to control, to a certain
degree, the anharmonic coupling and the length scales involved
in nuclear reorganization along a reaction
coordinate.®®'**>6> However, solid-state reactions are subject
to issues pertaining to the reversibility of the initial excitation
condition to enable sufficient sampling to spectroscopically
resolve the reaction dynamics. This limitation can be bypassed
using sufficiently low repetition rates for the excitation laser
and using photochromic systems where the final product state
has a well-separated absorption band that can be optically
pumped back to regenerate the reactant state.”® Here, we use the
model photochromic fulgide system,**** Aberchrome 540, to
provide a single crystal environment to resolve the reaction
kernel, lattice interactions, directed bond-making, and subse-
quent structural reorganization involved in this ultrafast
electrocyclic ring-closing reaction.

Photochromism involves reversible changes in the chemical,
structural, and physical properties of a molecule upon absorp-
tion of light.>**” This reversible feature makes these systems

0.8 T T T

mmmmm closed ring === open ring

Absorbance
°o o
(3] (<]

b
»

o
w

300 400 500 600
Wavelength (nm)

d)

Fig.1

View Article Online

Chemical Science

suitable candidates for optical switches, memory devices, pho-
toactive molecular machines, tools in biological imaging, and
so on.”®*** Ground-breaking work by Irie et al. has demonstrated
the role of photochromism in chemical systems.*»** Even
though most technological applications require a solid-state
environment, there have been very few ultrafast studies
carried out in the solid-state, predominantly due to reversibility
issues.**®” Aberchrome 540 (herein referred to as fulgide)
undergoes a ring-closing reaction upon absorption of ultraviolet
(UV) light around 340 nm to form a closed-ring photoproduct
with an absorption maximum of 520 nm (see Fig. 1a and c). The
reverse reaction of ring opening can be initiated with visible
light for a considerable number of cycles with minimum fatigue
resistance. Absorption of UV light also causes isomerization,
which acts as a competing pathway in the ring-closing reac-
tion.’®* Previous ultrafast studies in the solution-state have
shown that the fulgide ring-closing reaction occurs on the
timescale of 100 fs, and a similar study on the fulgimide
derivative showed a slightly slower sub-picosecond timescale
with a competing isomerization process in the former case.***
However, in a crystalline environment, because of confinement,
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(a) Experimental absorption spectrum of the fulgide single crystal. The spectrum of the open-ring form is multiplied by a factor of three. (b)

Visualization of the fulgide single crystal unit cell along the crystallographic b axis, representing the optical beam (340 nm) axis for transient
absorption spectroscopy. (c) Schematic representation of the photochromic reaction in fulgide transitioning from the open-ring (upper
structure) to the closed-ring form (lower structure), which involves a 1.8 A change in the Cx—Cy distance from the crystal structure** (the Cx—Cy
atoms are highlighted in yellow; carbon atoms are depicted as black balls, oxygen atoms as red balls, and hydrogen atoms as pink balls). (d)
Calculated HOTO (highest occupied transition orbital) and LUTO (lowest unoccupied transition orbital) for the open-ring isomer. There is
a change in electron density in the excited state between the labile carbon atoms that provides the force leading to a biased sampling towards
bond formation in the excited state, clearly observable in the HOTO to LUTO transition.
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the isomerization pathway is inhibited.***> Moreover, the elec-
trostatic environment in the crystal is vastly different from the
solution-state, strongly influencing the system-bath interac-
tions. The influence of crystal lattice on the reaction dynamics
has been previously shown, and it is known to be influenced by
the spatial arrangement of the reactant.® Only a few ultrafast
studies have been performed on electrocyclic photochromic
molecules in their crystalline state, and specifically, no previous
work on fulgide single crystals."*>**%¢ This work addresses this
shortfall to specifically uncover the mechanism of the photo-
induced ring-closing reaction in the fulgide single crystal, i.e.,
resolve the specific reaction modes directing motions through
the reactive crossing point from the excited state reactant
surface to the product surface. This passage is defined by the
conical intersection (CI) between the open and the closed-ring
potential energy surfaces (PES), which is a central feature of
a large body of photochemical processes involving structural
transitions.”

Herein, we present transient absorption (TA) measurements
of the ring-closing reaction in a fulgide single crystal (see
Fig. 1b) performed with a temporal resolution of 35 fs (¢ of the
IRF, Instrument Response Function, SI Section 1.1, eqn (5)).
Through a combination of global analysis methodology, time-
frequency analysis, and Fourier filtering methods, we have
resolved the reaction kernel of the ring-closing reaction in the
fulgide single crystal along the CI in a barrierless transition. The
present work has also revealed new details in the reaction
mechanism, which involve a non-impulsive growth of vibration
amplitude on an ultrafast timescale that light up as coherent
photoinduced motions directing the chemical transformation
to the overall relaxed photoproduct state. This new insight is
observable in a solid crystalline environment where the initial
conditions are well-defined with specific system-bath interac-
tions, highlighting the highly anharmonic nature of the product
surface near the reactive crossing or Cl. Complementary ab
initio calculations support the multidimensional energy land-
scape of the ring-closing reaction in the fulgide single crystal.

Results and discussions
Ultrafast spectroscopy on the fulgide single crystal

The open-ring fulgide molecule has a strong absorption band in
the UV region, as shown in Fig. 1a. Time-dependent Density
Functional Theory (TDDFT) calculations were performed to gain
insight into the nature of the transition at 350 nm, as shown in
the calculated absorption spectrum (see Fig. S1, SI). The
absorption band at 350 nm is a HOTO (Highest Occupied
Transition Orbital) to LUTO (Lowest Unoccupied Transition
Orbital) transition as shown in Fig. 1d. Upon UV photoexcita-
tion of fulgides in the single-crystal TA experiments (see Mate-
rial and method section for experimental details), we see
a broad excited state absorption (ESA) feature spanning the
probe spectrum from 430 nm to 680 nm in Fig. 2a and b. We
performed a global analysis procedure on the TA data to
understand the underlying dynamics. We fitted the TA data into
a sequential model (A— B— C— D— E—), where each
compartment corresponds to a certain spectral species (SI,
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Section 1.1; see Fig. S2 for SVD filtering, and Fig. S3 and S4a for
the temporal evolution of the different spectral species). Fig. 2c
shows the Evolution-Associated Difference Spectra (EADS) for
the time windows depicted in Fig. 2a and b. We found spectral
components associated with 68 fs, 135 fs, 1.13 ps, and 3 ps time
constants, along with a non-decaying component. On closer
inspection, we find the EADS feature associated with the 135 fs
(Fig. 2c) time constant blue-shifted relative to the 68 fs EADS
feature. This blue shift highlights the relaxation of the initially
prepared photoexcited state (species A) to an intermediate state
(species B) in 68 fs, followed by the transformation of the
intermediate state to species C in 135 fs. Species C spectrally
corresponds to the photoproduct absorption band that appears
in 135 fs (Fig. 2c; see Fig. S4b for the spectral feature of species
C), indicating the ultrafast formation of the closed-ring
photoproduct.

We also calculated the PES along the Cx-Cy reaction path for
the ground S, and excited S, states, as shown in Fig. 2d (see
Materials and methods for computation details). From the
calculations and the global analysis procedure, we associate the
~70 fs process with the relaxation of the photoexcited mole-
cules in the S; PES as they evolve out of the Franck-Condon (FC)
region to form the intermediate state. During this evolution, the
Cx-Cy distance changes from 3.4 A (FC region) to 2.19 A
(intermediate state). This is followed by the crossing of the S;-S,
CI to form the closed-ring photoproduct (species C; Fig. S4b, SI)
in 135 fs. The theoretical calculations (Fig. 2d) predict an
overshoot in contraction followed by a gradual increase in the
Cx-Cy distance from 2.19 A to 2.24 A as the system evolves from
the intermediate state to the crossing point (S;-So CI). The
transformation to the closed-ring photoproduct leads to a Cx-
Cy distance of 1.76 A, highlighting the formation of a carbon-
carbon bond (see Fig. 1c and 2d). We found an additional 1.13
ps EADS component, and we assign this to the structural reor-
ganization in the photoproduct PES after the Cx-Cy bond
formation. Since the ring-closing reaction occurs in 135 fs,
which involves a substantial change in the Cx-Cy bond distance
(3.4 A to 2.24 A at the CI) in a constrained crystalline environ-
ment, the closed-ring structure is not fully relaxed to the global
minimum of the photoproduct. Hence, it must undergo struc-
tural reorganization to reach the potential energy minimum of
the photoproduct geometry. This relaxation process is followed
by vibrational cooling of the photoproduct molecules, as seen in
the narrowing of the photoproduct band in 3 ps (Fig. 2c and S4c,
SI). From our EADS analysis, we also obtained a long compo-
nent, which indicates non-decaying photoexcited molecules
within the time window of our measurement. However, they all
relax to their initial ground state before the arrival of the next
actinic pump pulse in 8 ms, determined experimentally by
a repetition rate dependence and incorporated into the experi-
mental protocol (Fig. S5, SI).

Vibrational dynamics of fulgide molecules in the single crystal
environment

The example of oscillatory beating patterns is shown in Fig. S6a
(SI), which is a 2D residual map from the sequential global

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) and (b) TA data of the fulgide single crystal for two different time windows with step sizes of 20 fs and 50 fs, respectively, for the time
delays (note: the saturated line at 530 nm represents the background signal from the reversion pulse; see Fig. S5, Sl). (c) Evolution Associated
Difference Spectra (EADS) were obtained after sequential analysis for the time windows covering (a) and (b). (d) The calculated potential energy
for the ground state Sg and the excited state S; along the reaction path of the fulgide ring-closing reaction. The top panelillustrates the evolution
of the Cx—Cy distance (highlighted in Fig. 1c) along the reaction pathway. The bottom x-axis indicates the root-mean-square distance (RMSD)
between the molecular geometries in the reaction pathway and the reactant, which is the ground state equilibrium geometry. The highlighted
line illustrates the presence of a local minimum in the excited state surface that would create an intermediate state.
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Fig. 3 The panels (a)-(c) represent the residuals obtained from the global analysis (sequential) procedure along with their corresponding Fast
Fourier Transform (FFT) in the bottom plots for 465 nm, 520 nm, and 560 nm, respectively. Panel (d) shows the decay of the reactive modes
(234 cm Y and 296 cm™) and tuning mode (370 cm™?) obtained from fitting the Fourier filtered TA residual data (explained in SI Section 1.2).

Decay time t is shown in the inset.

analysis procedure (the FFT spectrum over the wavelength
range is shown in Fig. S6b, SI). We have identified three wave-
lengths for the vibrational analysis; they are 465 nm, 520 nm,
and 560 nm, respectively (as depicted in Fig. 3a—-c). The coherent
oscillations in the TA signal represent the vibrational dynamics
coupled to the optical absorption band in which the excited
state PES provides a displacive force along these vibrational
coordinates.**** These oscillations include reactive nuclear
dynamics directly participating in the ring-closing reaction as
well as the FC active ground/excited state modes populated
through the resonant impulsive Raman process.*>*® To identify
the vibrational modes participating in the ring-closing reaction,
we applied time-frequency analysis to isolate frequency
components of interest*® (see SI, Section 1.2).

Our analysis shows that the key reactive modes correspond
to 296 cm™ " and 234 cm ™', decaying in 163 fs and 130 fs,
respectively (Fig. 3d). The vibrational modes that decay on
a similar timescale as the ring-closing reaction (~135 fs) are
assigned as the key reactive modes driving the ring-closing
reaction (see SI, Section 2). Among all the vibrational degrees
of freedom in fulgide, these key reactive modes define the
reaction kernel or the epicenter for the reaction forces at the CI
between the photoproduct and the excited state surfaces, which
results in the enormous reduction of dimensionality of the
reactive space to these few key modes. Thus, the CI is not
a singularity but serves as a high-dimensional seam that acts as
a gateway or a portal through which molecules can either reach
the product or the ground electronic surface.> In contrast to the
solution-state TA measurement, two vibrational modes
(59 em ' and 120 cm™') were observed and interpreted as

19122 | Chem. Sci., 2025, 16, 19118-19129

excited state vibrational coherences.” However, the analysis
fails to characterize the nature of the vibrations and their
projection onto the reaction coordinate.

In addition to the aforementioned vibrations, we also
observe the presence of a 370 cm™ ' mode decaying on a much
faster timescale of 69 fs (see Fig. 3d). From our transient
absorption global analysis (Fig. 2c and d), we have already noted
a 70 fs component, which defines the evolution of the system
from the FC region to the intermediate state. On this basis, the
370 ecm ' mode is assigned as the tuning mode, which reduces
the energy gap between the electronic states participating in
crossing and brings the system to the intermediate state.**® In
this context, we have also calculated the excited state Raman
spectrum at the FC region and found strong Raman activity in
the 1600 cm ™' frequency region, which involves the stretching
of the ethylenic double bonds participating in the ring-closing
reaction (Fig. S16a and b, SI). Given that the C=C stretches in
the electrocyclic moiety are strongly perturbed by the change of
electron density during the ring-closing event (see Fig. 1d),
these ethylenic stretches with bond elongation and softening
can modulate the excited state PES. In analogy with the pho-
toisomerization of vision,*** the bond elongation of the C=C
stretch modes would lead to larger torsional motion in bringing
the labile Cx-Cy carbon atoms into wavefunction overlap. From
the excited state Raman calculation, we assigned the nature of
the 370 cm ™" mode (see Fig. S16c, SI). The vectorial represen-
tation of the calculated vibration (421 cm™") in Fig. S16¢ shows
the movement of the highlighted Cx-Cy atoms in the same
direction, which is important for the ring-closing reaction. This
motion directs the reduction of the Cx-Cy bond distance (3.4 A

© 2025 The Author(s). Published by the Royal Society of Chemistry
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t0 2.19 A, Fig. 2d) during the initial evolution from the FC region
to the intermediate state. Thus, the low-frequency 370 cm™*
mode brings the system to the intermediate state, and the
reactive modes (296 cm™ ' and 234 cm™ ') allow the system to
cross the CI to form the closed-ring photoproduct.

In addition to the reactive modes, we also observe vibrational
modes decaying on a sub-picosecond timescale (Fig. 4a). These
vibrations highlight the structural reorganization occurring in
the photoproduct PES after the ring-closing reaction. The
intrinsic constraint of the crystalline environment ensures
a well-defined starting point in the reaction trajectory. More-
over, the solvent-free environment in the crystal lattice ensures
that the molecular vibrations are not statistically washed out,
allowing us to track vibrations without the loss of phase corre-
lation. This enabled us to explore the reaction mechanism
beyond the initial reactive crossing point. We observe a series of
frequencies ranging from 14 cm ™" to 204 cm " (listed in Tables
S1-S5 and Fig. 4a) that participate in the relaxation of the
closed-ring photoproduct to its lowest potential energy geom-
etry in a sub-picosecond timescale. Since the decay time is <1 ps
and is greater than the timescale of the ring-closing reaction
(135 fs), these modes act as assistive modes or dissipative
channels for the system to relax to the photoproduct minimum.
These modes are not part of the reaction coordinate per se but
collectively define the reorganization coordinate and provide
dissipation to make the crossing irreversible, highlighting the

View Article Online

Chemical Science

multidimensional reaction phase space associated with the
fulgide ring-closing reaction in a single-crystal environment. A
similar multidimensional reactive space was hypothesized for
the fulgimide derivative but remained unexplored with respect
to the vibrational coordinate.** We also calculated the total
vibrational frequency spectrum, which is the autocorrelation
velocity spectrum of molecular dynamics (MD) trajectories from
ref. 57, as shown in Fig. $17 (SI).”” The calculated 125 cm ™"
mode matches closely with the assistive mode observed exper-
imentally (136 cm ™" in Fig. 4a) and the 318 cm™" vibration with
the experimentally observed reactive mode (296 cm ™ in Fig. 3d;
see Fig. S18-S21, SI, and Materials and methods). The vectorial
representation of the calculated reactive and assistive modes
(Fig. S18-S21, SI) strongly corroborates the change in electron
density upon the electronic transition (see Fig. 1d), reflecting
the idea of nuclei responding to the resulting gradient or forces
in the excited state potential.

Upon closer inspection, we find an intense peak of 80 cm
in the FFT power spectrum at 520 nm TA residual (see Fig. 3b).
On Fourier filtering the TA residual (520 nm; see Fig. 3b) in the
frequency domain around 80 em™', we find unexpected
temporal dynamics (Fig. S7, SI). The 80 cm™ ' mode appears to
increase its amplitude until ~1.7 ps, followed by a decrease in
its amplitude with time, as depicted in Fig. 4b and c (this
behavior is also seen in the wavelet analysis of the unfiltered TA
residual of 520 nm; see Fig. S22, SI). This behavior is unlike
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two panels in (b) show the proposed non-linear mixing of the assistive modes to coherently generate the observed 80 cm

Time Dcla_\ (ps)

(a) Oscillation amplitude of the reorganization/assistive modes decaying on a sub-picosecond timescale (decay time 7 in the inset). The

~1 hon-impulsive

vibration (black line). The modes implicated are unique combinations within the observed spectral modulation that could coherently drive

a polarization at 80 cm™

! as a part of overall relaxation to the closed-ring photoproduct (see Sl Section 3). (c) Wavelet analysis of the Fourier

filtered mode around 80 cm ™! from experimental TA residual signal at 520 nm (see S| Section 1.3 and Fig. S7).
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vibrational wavepacket dynamics that are excited by the actinic
pump through the linear superposition of states whose
temporal evolution starts immediately after photoexcitation.
This delayed response of the 80 cm ™" vibration clearly shows
that this mode is not excited by the actinic pump laser. More-
over, when we looked at the temporal evolution of the 80 cm™*
mode across the probe wavelength range, we found that this
effect is only prominent in the product absorption band, and
the phase of the oscillation is 7 shifted from the ones that are
not associated with the photoproduct absorption band
(Fig. S23, SI). This unusual, non-impulsively driven, 80 cm ™"
mode highlights that the dynamics of this mode is strongly
correlated to the dynamics of the photoproduct state. The
calculated Raman spectrum of the isolated closed-ring fulgide
molecule does not show Raman activity in the <150 em™"
frequency region (Fig. S24, SI), highlighting that the effect
predominantly arises because of the crystalline environment.
The previous work on the solution-state ultrafast spectroscopy
of fulgide has not alluded to this effect.***>

Interestingly, we found that the decay of the assistive modes
corresponds with the rise of the 80 cm " mode (Fig. 4b and c).
Furthermore, we observe the existence of pairs of assistive
modes whose difference frequency is approximately 80 cm™*, as
illustrated in Fig. 4b. This suggests a possible mechanism of
energy transfer involving the non-linear difference frequency
mixing of assistive modes to coherently generate the 80 cm ™"
mode. The observation that the 80 cm ™" mode does not relax on
the sub-picosecond time scale, typically associated with intra-
molecular vibrational relaxation (IVR), indicates stronger
coupling between the assistive modes compared to other
competing channels for energy redistribution. This surprising
observation also sheds light on the selectivity with which the
assistive modes can mix non-linearly, highlighting the coordi-
nate dependence of the anharmonicity in the photoproduct PES
(see SI Section 3) and the far-from-equilibrium geometry after
the ring-closing event. Previous reports on the non-impulsive
generation of molecular wavepackets, which was seen as
a growth in the amplitude of an oscillation, have been explained
in the context of coherent formation of the bimolecular inter-
mediate species in triiodide single crystal,® sequential activa-
tion of the molecular breathing during spin-crossover reaction
in Fe(n) complex® and spin-vibronic mechanism in Pt-Pt dimer
complexes in solution.*®*** Chergui and co-workers have inter-
preted the growth of an oscillation amplitude in the Pt(pop)
complex as the transfer of vibrational coherence to the triplet
state, where the ISC (intersystem crossing) time is faster than
the vibrational dephasing time and the transfer is mediated by
an intermediate triplet state.®” Chen and co-workers have shown
that the non-impulsive growth of the Pt-Pt vibration is corre-
lated to the proximity of the crossing point to the FC region.*® In
the case of fulgide, the crossing point is far away from the FC
region, as shown in the theoretical PES calculation of the ring-
closing reaction (Fig. 2d). This makes the idea of vibrational
coherence transfer to the product state elusive in the fulgide
single crystal. However, the possibility of non-linear mixing
between assistive modes highlights the anharmonicity of the
PES at the crossing point and opens new opportunities for
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a coherent vibrational energy transfer mechanism. The anhar-
monic coupling in this region is much stronger than in typical
nonradiative relaxation processes, which is strongly enhanced
by the large changes (1.8 A) in the labile C-C positions (Cx-Cy
distance highlighted in Fig. 1d) during the rapid passage
through the CI. The resulting motions and changes in PES
curvature would provide much larger anharmonicity and
driving force for the non-linear mixing between the assistive
modes relative to other points in the PES. It is the reaction
forces involved in the ring-closing reaction that have revealed
the anharmonic coupling between the dissipative assistive
modes coupled to the reorganization coordinate.

Polarization dependence on observation of the 80 cm ' mode

The polarization dependence of the probe beam on the TA
spectrum at 2 ps is plotted in Fig. S25a (SI). The FFT spectrum of
the residual at 575 nm for the 20 degree polarization data only
shows the presence of an intense 15 cm ™' mode (Fig. S25d and
e, SI). This indicates that the 80 cm ' mode has a strong
orientation sensitivity in the crystal and is only observable along
a particular probing direction of the crystal. This is further
substantiated by the absence of the sub-picosecond component
in the 20 degree polarization TA data (Fig. S25c¢, SI). The
concomitant absence of the 80 cm ™' mode, along with the sub-
picosecond reorganization component in the global analysis of
the 20 degree polarization TA data (Fig S25b-d, SI), strongly
suggests that the reorganization of the molecular system is
highly anisotropic, and the ring-closing reaction generates the
growth of the 80 cm ™" mode. The observation of the 15 cm™
mode (Fig. S25d, SI) highlights how the lattice or the molecular
framework responds to the ring-closing reaction because of the
induced strain in the crystal due to volume expansion (1310 to
1316 A from open-ring to closed-ring structure).**

Discussion

From our ultrafast spectroscopic measurements, we observe
a unique ring-closing pathway, which distinguishes our results
from the previous solution-state work.*****> Solid-state chem-
ical processes provide unique insight into the degree of vibra-
tional coupling and the influence of the surrounding lattice or
bath on the reaction pathway. The molecular crystal, with its
discrete nature and constrained motions, gives a well-defined
geometry in comparison to the solution-state studies. In the
solution-state reaction dynamics, the solvent defines the
surrounding bath, which acts as a dissipative sink to accom-
modate relaxation to a global minimum. There are many
different open conformations in the solution-state (existence of
multiple isomers - o, B), which leads to parallel and competing
E-Z isomerization pathways.****> The ability of the molecule to
undergo conformational changes with solvent fluctuations,
leading to cavity fluctuations, allows the system to undergo
different isomerization or conformations as observed in the
solution-state. In the case of a single crystal, the lattice defines
the system-bath interactions and the specific spatial relation-
ships that are conserved along the reaction pathway.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Specifically, the crystal packing and the geometry of the mole-
cules in the crystal lattice inhibit the E-Z isomerization
pathway.*»**~** It gives a well-defined starting geometry for the
ring-closing reaction, which ultimately leads to the conserva-
tion of the phase correlation of the motions during the ultrafast
ring-closing reaction. In the solution-state, the random orien-
tation of the solvent and its dynamics would enable sampling
other ring-closing/conformation pathways, destroying the
coherence or phase correlations of motion. This point is evident
as the same effects are not observed in the solution-state
studies.’®*>** The coherent vibrational motions report directly
on the anharmonicity of their respective potential, which is
evolving along the reaction coordinate. The large driving force
for the ring-closing reaction (1.5 eV, see Fig. 2d) associated with
a 3.5 to 2.19 A Cx-Cy bond distance change in 70 fs puts the
system in a highly non-equilibrium and anharmonic geometry
after the ultrafast curve-crossing event through the CI. These
intricate details of the anharmonicity of the product PES surface
are lost due to the random solvent and conformational motions
of the fulgide system in solution. The random solvent cavity
fluctuations within the solvation shell occur on the same
timescale (sub-picosecond) as that of the structural reorgani-
zation (IVR) timescale in the ring-closing reaction and thereby
wash out the details on the anharmonicity in the reaction
surface.®** We observe a well-defined single reaction coordi-
nate due to the rigidity of the surrounding solid-state lattice as
opposed to the evolution along multiple conformational isom-
erization pathways with different degrees of anharmonicity in
solution-state processes that interfere with respect to the
vibrational coherences.

Another issue that pertains to solid-state chemistry is the
extent of excitonic delocalization upon photoexcitation. The

A
\?8 fs

open-ring

A

Reaction coordinate

—
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absorption spectrum of the single crystal fulgide is broadened
relative to the isolated gaseous state (Fig. 1a and S1, ESI) and the
solution-state spectrum.****** The decoherence dominates the
absorption lineshape. Regardless, the initial absorption would
be delocalized over several molecular sites. The excited state
undergoes extremely fast decoherence due to both random
fluctuations of the surrounding sites and sampling the reaction
pathway, which localizes the excited state.®>*® The subsequent
sampling of the reactive pathway would completely destroy
coherent coupling between sites, as the energy dissipation
(>1000 cm ™, 1.5 eV) would well exceed the excitonic coupling
(order of 100 cm™' for typical lattice site distances between
chromophores).* Further, the fluctuations and energy dissipa-
tion processes are much larger than the thermal rms motions
(300 em™" at room temperature) of the intermolecular bath,
which already leads to sub-100 fs decoherence timescales. The
initial fluctuations at any one site along the reaction pathway
would exceed the excitonic coupling and collapse the wave-
function to this site due to both the associated electronic
decoherence and the initial energy dissipation involved in the
atomic motions along the reaction coordinate. These processes
would break the required condition of resonance for spatially
extended states. Due to the localization of the electronic states,
the phase correlation of a spatially extended wavefunction
cannot be maintained over multiple sites. These bath fluctua-
tions and more significantly, motion along the reaction coor-
dinate would kill spatially extended coherences or phase
relationships between multiple sites. Thus, the moment
a spatially extended electronic wavefunction has a nuclear
displacement along a reaction coordinate due to a change in
electronic distribution, the local energy would completely
decohere the spatially extended wavefunction, resulting in the

Nss fs

closed-ring

Fig. 5 Summary of the ultrafast ring-closing reaction in the fulgide single crystal.
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collapse of the wavefunction to one molecular site. The same
effect would break up vibronic couplings at the intramolecular
level, which require resonant conditions.*” In contrast, the
spatially extended picture of vibrational modes at the inter-
molecular level, described as lattice phonons, is not broken by
decoherence of the electronic excitation. These are spatially
extended collective modes by definition and are not affected by
the highly localized forces at the intramolecular level. These
intermolecular modes are nevertheless involved in energy
transfer via intermolecular coupling during vibrational relaxa-
tion and dissipation of excess energy along the reaction or
reorganization coordinate. This energy dissipation process is
the same physics that is involved in the vibrational cooling of
excited molecules observed in molecular crystals.®*” It is
possible to directly observe this coupling of reaction dynamics
or dissipation to lattice phonon modes by looking at low ¢
(reciprocal space vector) scattering between Bragg peaks in
ultrafast electron diffraction measurements,””* which is plan-
ned for future experiments.

Conclusion

In summary, we investigated the reaction dynamics for the
fulgide photochromic system and identified the reaction kernel
for the ring-closing reaction in a single crystal. The reaction
kernel comprises two key reactive modes, 296 cm™' and
234 cm™ . The physical picture is summarized in Fig. 5.

The enormous reduction of dimensionality at the reaction
saddle point, as depicted in Fig. 5, directs atomic motions along
specific pathways, leading to a reproducible, effectively non-
stochastic reaction mechanism that makes chemistry a trans-
ferable concept. In this regard, we were able to identify the
tuning mode comprising a low-frequency 370 cm™* vibration
responsible for bringing the system from the FC region to the
intermediate state, and the other key reaction modes (296 cm™"
and 234 cm ") that propagate the system from the intermediate
state to the product surface through the CI. A similar interme-
diate state was observed in the ultrafast electron diffraction
study of diarylethene with a shortened Cx-Cy distance of the
reactive carbon atoms in a sub-picosecond timescale (3.71 A at
the FC region to 2.19 A in the intermediate state).” In fulgide,
the transformation to the intermediate state occurs in 70 fs,
highlighting the relatively large forces acting on the reactive
carbon atoms and the adjacent chemical moieties. This rapid
relaxation involves significant atomic motions, which lead to
a far-from-equilibrium position during the reactive crossing,
unveiling the highly anharmonic part of the photoproduct PES.
Thus, the surprising observation of a non-impulsive, coherent,
vibrational energy transfer to an 80 cm ' mode profoundly
highlights the anharmonicity at the reactive seam in the PES.
This focuses the reaction along a single allowed pathway, con-
strained by larger barriers to lattice rearrangement in the solid-
state relative to the solution-state, which enables the observa-
tion of changes in vibrational coherences that report on the
anharmonicity with the unusual observation of the coherent
mode mixing to generate the difference frequency (80 cm™*)
along the reorganization coordinate. The observation of this
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frequency during the ring-closing reaction in the crystal lattice
effectively represents a spatially extended reorganization of the
molecular geometry within the intermolecular lattice potential.
This observation is strongly correlated to the reactive geometry
in the crystalline environment and benefited from the relatively
large atomic displacement of the reaction modes involved in the
ring-closing reaction, unlike the solution-state measurements
in fulgides, where the broad distribution of solvent configura-
tions would wash out this feature to the reaction mecha-
nism.*** This discovery could open new ways of perceiving
chemical reactions, with yet another mechanism collapsing the
system onto a few highly non-linearly coupled coordinates over
different length scales. The unique features of discrete reactive
geometries within lattice confinement may inspire new
synthetic strategies to allow scaling to mesoscale structures
beyond what is possible in solution-state processes.

Materials and methods
Sample preparation

The fulgide was prepared following a published procedure (Cai
et al.).** Characterization of fulgide by NMR (Nuclear Magnetic
Resonance) spectroscopy matches the previously reported data
(Cai et al.).**

Optical spectroscopy

The steady-state absorption spectrum of fulgide was obtained
using a homemade absorption set-up which included a fibre-
coupled deuterium halogen lamp (DH-2000-BAL) and an
Ocean Optics device as the detector. The transient absorption
spectroscopy was performed in a home-built transient absorp-
tion (TA) spectrometer,> explained in ref. 23. The spectroscopy
set-up used a Ti:sapphire laser (Coherent Legend Elite USP)
with 40 fs, 800 nm output pulses running at 1 kHz. The 340 nm
excitation pulses used in this work were generated using the
sum frequency mixing of a Noncollinear Optical Parametric
Amplifier (NOPA) signal around 570-680 nm and 800 nm
fundamental pulses. The NOPA signal was generated using the
doubled fundamental at 400 nm as the pump and the broad-
band white light as the seed. The 1 mJ, 800 nm output from the
Ti:sapphire laser was initially split in a 70:30 ratio using
a beam splitter. 30% of the split 800 nm beam was later used for
sum frequency generation (SFG), and the remaining 700 pJ was
used for NOPA signal generation. The 700 uJ arm was again split
into a 90 : 10 ratio using a beam splitter where the 90% was used
for second harmonic generation using a BBO crystal, barium
beta borate (§ = 29.3°), and the remaining 10% 800 nm beam
was used to generate white light seed by focussing the 800 nm to
a 3 mm thick sapphire disk (half-inch diameter). The beam
focusing was achieved with a spherical curved mirror. Later, by
varying the distance between the focusing and collimating
mirrors, the seed beam was refocused on the NOPA crystal (6 =
31.4°). The pump and the seed overlapped at the NOPA crystal at
an external angle of ~6°. The pump power at the NOPA crystal
was of the order of 80-90 pJ. This gave a NOPA signal around the
wavelength range of 570-680 nm, depending on the delay

© 2025 The Author(s). Published by the Royal Society of Chemistry
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between the pump and the seed beam, which was later colli-
mated using a spherical mirror. The NOPA pulse energies of 12—
13 pJ were obtained, which were further compressed using an
SF10 prism pair with a Brewster angle cut. After prism
compression, the NOPA beam was directed to the 0.3 mm-thick
SFG BBO crystal (6 = 31.5°) along with the 800 nm beam, which
was initially split in the 70 : 30 ratio before the NOPA setup (see
Fig. S26, SI). The 800 nm beam was path compensated with
respect to the NOPA output beam to ensure temporal overlap
(along with the spatial overlap) at the SFG crystal. The sum
frequency signal is strongly dependent on the prism compres-
sion settings of the NOPA beam. The SFG signal was collimated
using a spherical mirror and sent to a UV prism compression
setup (UV fused silica prism) before transient absorption
measurements. The SFG signal was around 340 nm with a 12—
15 nm bandwidth (see Fig. S27, SI) and a pulse energy of 1 uJ
(before prism compressor). This UV beam was used as the
actinic pump for the fulgide single-crystal TA experiment. The
pump beam was focused to a 95 pm beam size (FWHM, full-
width half maximum) at the sample plane. The probe pulses
were generated by focusing the 800 nm fundamental laser beam
into a 2 mm-path-length quartz cuvette filled with ultrapure
deionized water. The supercontinuum spanned from 400-
750 nm spectral range. The probe beam at the sample plane had
a focal diameter (FWHM) of 80 um. The transmitted probe was
routed to a home-built Czerny-Turner spectrograph coupled to
a linear array CCD (Hamamatsu, S11155-2048-01 with C11165-
01 driver).

For the transient absorption experiment, the fulgide single
crystal was taped (Kapton) to a one inch quartz window, and the
thickness of the crystal was sufficiently thin to allow the trans-
mission of the broadband white-light probe. The fulgide crys-
tals were cut along the ac plane perpendicular to the b axis and
placed on the quartz window (Fig. 1b). Photoexcitation of the
fulgide molecules with the UV pulses triggers an electrocyclic
ring-closing reaction, forming a new closed-ring photoproduct
(Fig. 1d). To ensure that the same initial conditions are main-
tained for each pump excitation event, we used a continuous
wave (CW) laser (A = 528 nm) to convert all the molecules back
to their original form and reduced the repetition rate of the
actinic pump laser to 125 Hz so that the interaction with the CW
laser was long enough, in this case 8 ms, to convert all the
closed-ring molecules at the focal spot to the starting open-ring
form (Fig. S5, SI). It is important to mention that the closed-
ring molecules absorb the visible part of the spectrum so that
they can be reversibly transformed through visible light excita-
tion back to the original open-ring form (Fig. Sia, SI). The
excitation fluence of 2.73 mJ ecm > was used during the
measurements, and it fell within the linear regime of photoex-
citation (Fig. S28, SI) to avoid any multiphoton effect.”* The
photoexcitation was done with a circularly polarized 340 nm
pulse and probed with a linearly polarized broadband white
light ranging from 400 nm to 750 nm. Polarization of the white
light was set to maximize the photoproduct signal, which was at
80 degrees with respect to the horizontal polarization of the
fundamental 800 nm beam.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Computation

The crystal structure of the open and closed-ring fulgide was
obtained from ref. 44, Harada et al. The optimization of atomic
positions of open and closed-ring fulgide coordinates was per-
formed with Density Functional Theory’”” (DFT) calculation
using B3LYP functional” and 6-31G(d,p)’® as the basis set. The
absorption and the excited-state Raman spectrum (Time-
Dependent DFT, TDDFT)”””® calculations were performed
using the B3LYP functional and Def2SVP as the basis set. The
calculated absorption spectrum, along with the oscillator
strength, is shown in Fig. S1 (SI), and the excited-state Raman
spectrum is shown in Fig. S16 (SI). All the calculations were
done in Gaussian 016, Revision C.01.7°

When calculating the reaction pathway of the fulgide ring-
closing reaction, we first optimize the minimum energy
conical intersection (MECI) geometry of the fulgide between S,
and S; states. Secondly, the NEB method®* with frozen
endpoints is used to search the reaction pathway from reactant
to MECI, and from MECI to product. All the calculations are
based on the complete active space self-consistent field
(CASSCF) theory using the Terachem package,® with 2 active
electrons in 2 active orbitals. The 6-31G(d,p) basis set is used.

The total vibrational spectrum of molecular dynamics (MD)
trajectories (trajectories obtained from ref. 57) is shown in
Fig. S17 (SI). We can find the peaks around 125 cm™" and
318 cm™'. To analyze the principal vibrational components
contributing to each peak of the vibrational frequency spec-
trum, we performed Principal Component Analyses (PCA) of the
MD trajectories, and the four principal component vectors are
shown in Fig. S18-521 (SI). To study the range of vibrational
frequency distributions for each PCA component, we calculated
the autocorrelation velocity spectrum of each PCA component
from the projections of the velocity of MD trajectories to each
PCA component. The result is also shown in Fig. S18-521 (SI).
The peak of the vibrational frequency spectrum around
130 cm ' is contributed by the first PCA component, and the
third PCA component exhibits a peak of around 150 cm™*. The
296 cm ™' peak is contributed from the first, second, and fourth
PCA components around 300 cm™". The real vibrational vector
is a superposition of these PCA components.
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