Vibrational excitation initiates biomimetic charge-coupled motions in the electronic ground state
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Abstract

The concerted interplay between reactive nuclear and electronic motions in molecules actuates chemistry.
Manipulating reaction pathways to achieve product selectivity via precise control of light-molecule interac-
tions has allured chemists for decades. Yet it remains an elusive challenge in the electronic ground state,
where conventional thermally-driven chemistry occurs. Here, we demonstrate that ground-state vibrational
excitation of localised bridge modes initiates charge transfer in a donor-bridge-acceptor molecule in solu-
tion. The vibrationally-induced change in the ground-state electronic configuration is visualised by transient
absorption spectroscopy, involving a mid-infrared pump and a visible probe, and detailed ab initio molecular
dynamics simulations. Mapping the potential energy landscape unravels a hitherto undocumented charge-
transfer-assisted double-bond isomerization channel in the electronic ground state. The reaction pathway
bears remarkable parallels with the thermal isomerization process in rhodopsin, the retinal protein respon-
sible for scotopic vision. Our results illustrate a generic protocol for activating key vibrational modes to drive
photo-triggered ground-state reactions and motivate synthetic and catalytic strategies to achieving poten-

tially new chemistry.

Main

Vibrational control of molecular wave-packet dynamics offers the intriguing prospect of steering the
course of a chemical reaction 3, In principle, it provides a window to explore ground-state chemistry. This
approach is independent of optical excitation onto the reactive excited state, which represents the most
conventional photo-mediated route towards overcoming the activation energy barrier separating the reac-
tant and product states. The challenge is to drive the molecular population along key modes, which couple
strongly to the reaction coordinate, in order to induce ground-state barrier crossing before the deposited
vibrational energy is dissipated via intramolecular redistribution. Despite an established protocol for coher-
ent 4 and controlled ® vibrational ladder climbing, actuating photo-triggered ground-state chemistry has so
far been elusive, barring a few instances ®°. Typically, the dissociation of weak chemical bonds in small
molecules has been targeted, where the key reactive modes could be intuitively predicted. For example, in
metal carbonyls, it has been inferred that vibrational energy imparted to the carbonyl stretch mode is chan-
nelled into the metal-carbonyl bond, leading to its dissociation ”. A similar conduit of vibrational energy flow
has also been identified for nitrous acid in the condensed phase, where the vibrational excitation of the
hydroxyl stretch mode is observed to be coupled to the reactive torsional modes, resulting in ground-state

single-bond isomerization & °.

For more complex molecular systems, however, there exists no generic prescription for the a priori
identification of an experimentally accessible handle — a strongly infrared-absorbing vibrational mode that
also couples strongly to the reaction coordinate — as a precursor to photo-induced ground-state chemistry.
This is in stark contrast with excited-state chemistry, where barrier crossing is readily facilitated by photo-
activation, and the reactive (as well as the spectator) modes can be easily discerned by various time-



resolved spectroscopic and diffractive-imaging techniques 112, A recipe to determine the key ground-state
reactive modes — a formidable challenge, especially for complex molecules with ~3N degrees of freedom
— administers the parameter space along which a judicious preparation of a ground-state coherent vibra-

tional wave-packet may usher in exciting new chemistry.

An archetypal example of complex biological machinery amenable to precise experimental and
theoretical inspection is the retinal isomerization in rhodopsin-like photoreceptors 3-*6. They represent an
ideal specimen of structure-function relations optimised by nature and are responsible for diverse biological
phenomena, ranging from archaeal proton-pumping to mammalian vision. In addition to the widely studied
photo-isomerization channel in rhodopsin triggered by visible excitation, quantum chemical modelling of the
ground-state potential energy surface of rhodopsin (Fig. 1a) has unveiled the existence of a thermal isom-
erization pathway 7. The reaction (Fig. 1a) is initially mediated by a high-frequency bond-length alternation
(BLA) stretching mode, corresponding to the elongation of the double bonds coupled with a shortening of
the single bonds. It subsequently leads to a reactive double-bond torsional deformation, a, and ultimately
forms a fully twisted charge-transfer transition state, TSct. Hence, the injection of vibrational energy into
the BLA mode, coupled with sufficient vibrational coupling to the a mode, may be predicted to propel the
molecular population towards TScr, resulting in a vibrationally-excited torsion and a simultaneous increase
in the charge-transfer character. If this mode-specific vibrational energy transfer were to exist, it would be
manifested in the observation of low-frequency coherent oscillations, attributed to the torsional deformation,
a, of the cationic rhodopsin chromophore — the protonated Schiff base of 11-cis retinal (Fig. 1b). The
implications of such an observation are not necessarily restricted to an isomerization event and would add
fundamental insight into the preparation of a reactive ground-state vibrational wave-packet.

Rhodopsin, a transmembrane protein with hundreds of vibrational modes, is evidently too complex
for the localised deposition of vibrational energy into the BLA mode, resulting in the observation of low-
frequency coherent oscillations. Consequently, here we consider a stilbazolium-based donor-bridge-accep-
tor molecule 2!, trans-4-[4-(N,N-dimethylamino)styryl]-1-methylpyridinium iodide (DASPMI, Fig. 1c),
which may be conjectured to exhibit both charge transfer and isomerization chemistry around a central
ethylenic bond, in the hope of mimicking the relevant aspects of vibrationally-mediated ground-state isom-
erization of rhodopsin in solution.

There is a growing consensus in recent years advocating the vibrational perturbation of the bridge
mediating the charge transfer between the donor and the acceptor to successfully manipulate the reaction
outcome 102226, However, the vibrational control of the charge-transfer process has so far been confined
only to the electronically excited state. Here, we investigate the vibrational excitation of the ethylenic bridge
in DASPMI in the electronic ground state. If the ground-state potential energy surface of DASPMI were to
resemble that in rhodopsin (Fig. 1a), the bridge vibrations may be envisaged to induce bond-length alter-

nation (BLA). It is known, albeit in the electronically excited state, that BLA mediates charge-transfer pro-



cesses in mm-conjugated push-pull polyenes, and is typically accompanied by associated torsional defor-
mations 27. Our ultimate aim is to achieve and potentially control ground-state charge transfer, and funnel
vibrational energy into the low-frequency a mode of the trans-reactant via the experimentally more amena-
ble high-frequency BLA mode. Such an exercise would enlighten us to propel the molecular system along
a ground-state isomerization pathway towards the formation of a hitherto unobserved cis-product.

Results and discussion

To prepare a vibrationally-excited ground-state population, a mid-infrared pump laser pulse is tuned
to a central frequency of 1577 cm™ in order to spectrally coincide with the steady-state absorption peak,
assigned to the ground-state ethylenic-stretch bridge vibration (Fig. 1d). The vibronic overlap between the
electronic ground and excited states is mapped by a time-delayed broadband supercontinuum probe pulse

in the visible regime (see Methods and Supplementary Fig. S1 for further details).

The transient absorption spectra (Fig. 2a) primarily exhibit two prominent spectral features on vi-
brational excitation — a weak negative differential absorption feature, peaked at 493 nm, adjacent to and
partially obscured by a strong positive feature, centred at 539 nm, with pronounced temporal oscillations
(also shown in Supplementary Fig. S2). The spectral features scale linearly, both with the incident mid-
infrared photon flux and the sample concentration (Supplementary Fig. S3), thereby eliminating any poten-
tial artifact due to non-linear excitation or aggregate formation. Besides, detuning the spectral overlap be-
tween the mid-infrared pump laser pulse and the targeted absorption peak out of resonance expectedly
leads to a progressive reduction in the spectral intensity of the transient absorption signal (Supplementary
Fig. S4). In addition, any possible effect due to the accumulative heating of the solvent, despite continuously

flowing the sample, is negated by a series of control experiments (detailed in Methods).

A global fitting analysis of the transient absorption spectra allows examining the population decay
following the vibrational excitation, which is consistent with typical vibrational relaxation dynamics (Fig. 2b).
Distinct time-domain oscillations, manifested in the global-analysis residuals (Fig. 2b), correspond to Fou-
rier-domain frequencies up to 50 cm™, with a prominent spectral peak at 30 cm™ (Fig. 2c). Given the vibronic
origin of the transient absorption spectra, the negative differential absorption signal may therefore be at-
tributed to the bleach of the initial thermally-populated low-lying vibrational levels (predominantly v = 0),
arising from the mid-infrared-induced population transfer to the higher vibrational levels in the electronic
ground state. The positive differential absorption signal may then be assigned to the projection of the vibra-
tionally excited-state population in the electronic ground state onto the electronically excited state. This
interpretation is consistent with the observed temporal oscillations, reflecting the vibrational coherence due

to the concurrent excitation of an anharmonically coupled low-frequency mode.

In order to gain insight into the dynamics following the ground-state excitation of the bridge vibra-

tions, simulations within the multi-configurational complete active space self-consistent field and second-



order perturbation theory (CASPT2//CASSCF) framework 22 are performed for a fully solvated model of the
entire DASPMI chromophore in dichloromethane over a time-period of 2 ps for 400 trajectories (further
details in Supplementary Information and Supplementary Fig. S5-S13). On creating the vibrationally-excited
BLA-activated ground-state population, the oscillator strength, f, for the electronic transition from the ground
to the excited state (So — Si) increases from f = 0.9 to f = 1.1 (Supplementary Fig. S5). This accounts for
the appearance of the transient absorption signal observed experimentally. Moreover, the temporal evolu-
tion of f reflects a pronounced oscillatory behaviour (Fig. 3a) with conspicuous frequency components
peaked at 50 cm™ and in the vicinity of 1250 cm (Fig. 3b). The former low-frequency component matches
the experimentally observed time-domain oscillations in the transient absorption signal (Fig. 2c¢), whereas
the latter high-frequency components are beyond the time-resolution limit of our experimental detection
scheme. The time-domain oscillations with frequencies of 50 cm™ and 1250 cm™ are further echoed in the
energy gap, E, and the charge difference, g, between So and Si following the ground-state vibrational ex-
citation (Fig. 3a and Fig. 3b).

To correlate the observed oscillatory temporal dynamics in f, E and g to mechanistic information in
terms of the molecular motions, we survey the time evolution of the anharmonically-coupled bridge-local-
ised modes. Of particular interest are the C2-C3=C4-Cs dihedral angle, a, the H-C3s=C4-H dihedral angle, S,
the -overlap, represented by 7 = (a + 8)/2, and the BLA localised along the ethylenic bridge (Fig. 3c and
Fig. 3d). It immediately follows (Fig. 3a-d) that the low-frequency oscillations around 50 cm™ in f, E and g
may be attributed to a torsional deformation along the ethylenic bridge, represented by a. This is accompa-
nied by vibrations along the BLA coordinate, which are responsible for inducing the high-frequency oscilla-
tions around 1250 cm™in f, E and g. On the contrary, B, signifying the in-phase hydrogen-out-of-plane
(HOOP) motion, displays oscillations at a frequency of 1050 cm-?, which is not markedly manifested in the
temporal dynamics of f, E and gq. Consequently, these results trace the origin of the vibronic coupling be-
tween So and S: by ascribing the modulations in the electronic parameters, f, E and g, to the vibrational
parameters, BLA and a. It follows, therefore, that the ground-state excitation of bridge-localised vibrations,
which initiates BLA coupled to a along the ethylenic bridge, is responsible for the modulation of the oscillator
strength, f, for the So — Si transition. This accounts for the nature of the transient absorption signal ob-
served experimentally. Noticeably, a determines, together with 8, the magnitude of r, and, in turn, the over-
lap associated with the C3=C4 7-bond (Fig. 1b). Consequently, the observed oscillatory motion is a mani-

festation of the initial progression along the double-bond isomerization coordinate.

The oscillatory modulation in the temporal dynamics (Fig. 3a-d) predominantly originates from a
pre-twisted initial thermal sub-population, defined by a velocity threshold of >1 degree/fs on the m-overlap
angle, 1, along the central ethylenic bridge. This is further illustrated by the demarcation between the pre-
twisted (Fig. 3a-d) and the primarily planar initial thermal ground-state sub-populations (Fig. 3e-f). In the
initial planar configuration (Fig. 3e-f), BLA and a are uncoupled. This is markedly different from the initial
pre-twisted configuration (Fig. 3a-d), which initiates the torsional deformation along a by enhancing the

vibrational coupling with BLA.



The signatures of the vibronic coupling manifested in the experimental and simulation results sug-
gest progression along a ground-state potential energy surface similar to that in rhodopsin (Fig. 1a) and,
therefore, featuring a conical intersection (CI) between the ground and the electronically excited state. This
is indeed corroborated by mapping the ground-state potential energy surface along the BLA and a coordi-
nates (see Supplementary Information for further details). Most strikingly though, the potential energy map
discloses two feasible routes leading towards ground-state isomerization, separated by the conical inter-
section (Fig. 4a), similar to rhodopsin 7. Both the isomerization pathways involve transition states (TS) with
highly non-planar and torsionally distorted (a ~ 90°) geometries, as expected. However, the region charac-
terized by increased BLA is associated with increased charge-transfer character, quantified by the partial
charge, p, localised on the acceptor moiety. This reiterates the significance of both BLA and a, which are
known to be intricately linked to facilitating excited-state charge transfer in conjugated polyenes 2’. Further-
more, it extrapolates the pivotal role of BLA and a as key reactive modes in ground-state charge transfer
as well. The salient feature of the potential energy map, however, is to establish ground-state charge trans-
fer as a viable route to ground-state isomerization (Fig. 4b and Fig. 5). This is because the charge-transfer
transition state, TScrt, mediating the heterolytic bond-breaking, provides a conspicuously lower energy bar-
rier (39 kcal/mol), compared to the diradical (or covalent) transition state, TSair (49 kcal/mol), responsible
for the homolytic bond-breaking. This may be understood in the context of the reallocation of the charge-
density distribution on BLA activation, which inverts the m-electron pairing along the ethylenic bridge,
thereby permitting a more unrestrained torsional motion (that is, a decrease in the m-bonding) of the mole-

cule and consequently redefining the energy landscape.

The parameter space accessed by the vibrationally-excited ground-state population may be repre-
sented in terms of the BLA and a coordinates (Fig. 5a). The charge-transfer parameter, p, reaches a max-
imum value of 0.27 for this population, which equates to a fractional change of 0.64 with respect to the
trans-isomer reactant state. For comparison, the fractional change in p for TScris 0.87. This mirrors the
considerable charge-transfer character (ycr) imparted to the vibrationally-excited electronic ground state,
which initially has a primarily covalent character (ycov). This is complementary to the electronically excited
state, which is dominated by wct, and is contaminated by the primarily wcov character of the vibronically-
coupled electronic ground state.

In conclusion, the ground-state vibrational excitation of the ethylenic bridge in a donor-bridge-ac-
ceptor molecule, DASPMI, reveals the vibronic coupling between the electronic ground and excited states,
which is manifested in the subsequent modulation of the ground-state electronic wave-function. The ob-
served vibrational coherence exposes the concurrent excitation of a torsional deformation along the ethyl-
enic bridge, which, in conjunction with BLA, represents the key reactive modes for ground-state charge-
transfer. This establishes a new paradigm in charge-transfer chemistry, the implications of which need to
be appreciated in perspective of the ubiquity of charge-transfer reactions in a plethora of natural and artifi-
cial systems — from light-harvesting photosynthetic complexes and DNA repair to molecular engineering

for photochemical energy storage and high-temperature superconductivity. Contrary to excited-state



charge-transfer processes, the capacity to regulate the input vibrational energy posits a means to control
the extent of charge transfer in the ground state (Fig. 4). This provides the premise for the identification of
a novel, but viable, avenue towards isomerization — yet another ubiquitous process in chemistry and biol-
ogy — in the electronic ground state (Fig. 5). An objective comparison to similar molecular constructs im-
mediately recognises the implications of this general mechanism. This is evidenced by the stark resem-
blance between the ground-state potential energy surfaces of rhodopsin (Fig. 1a) and DASPMI (Fig. 4a),
and the key ground-state reactive modes, BLA and a, mediating the ground-state charge-transfer-assisted
isomerization pathway illustrated here. Furthermore, based on the pivotal role played by the initial thermal
pre-twisted configuration in coupling the BLA to the torsion, a, synthetic routes via substituent or electro-
static effects may be proposed to enhance the pre-twisted initial population and facilitate a more efficient
means towards approaching the charge-transfer transition state, TScr. Our results exemplify a platform for
further experimental efforts towards ground-state coherent control with well-known dynamic mid-infrared
pulse-shaping techniques ®, guided by adaptive learning algorithms, as well as emergent novel high-energy
mid-infrared laser architectures 2°. We envision the reactive route charted here to provide the modus op-
erandi towards achieving the long-awaited milestone of photo-induced vibrationally-mediated ground-state

barrier-crossing in complex molecular frameworks in the near future.

Methods

Experimental setup and methodology: A schematic of the experimental setup is shown (Supplementary
Fig. S1). The mid-infrared pump laser pulse is derived from a commercial optical parametric amplifier (Or-
pheus-One and Lyra, Light Conversion), which is pumped by 200 mW of a commercial femtosecond laser
system (Pharos, Light Conversion), operated at a repetition rate of 1 kHz. The output of the latter, with a
central wavelength of 1030 nm, is also used to generate a broadband supercontinuum probe pulse by
focusing into a 2-mm thick sapphire crystal after suitable attenuation. The pump pulse, tuned to a central
frequency of 1577 cm™ and with a spectral bandwidth of 50 cm (Fig. 1d), is passed through a germanium
filter and time-delayed with respect to the probe pulse using a computer-controlled motorized delay stage.
The maximum energy of the pump pulse used in the experiments is measured to be 760 nJ, corresponding
to an incident pump fluence of ~6 mJ/cm?. The cross-correlation time between the pump and probe pulses
is estimated to be ~350 fs at the sample position. An optical chopper is used to modulate the repetition rate
of the pump pulse. The detector comprises a computer-controlled spectrograph (Sciencetech), coupled to
a linear CCD image sensor (Hamamatsu). The transient absorption signal is calculated as AA = log (pumpott
/ pumpon), averaged typically over 5000-7000 spectra at each time-delay. The entire data acquisition is fully
synchronised and automated. The home-built sample flow-cell consists of two 1-mm thick BaF2 windows,
separated by a 0.1-mm thick stainless-steel spacer and fitted with a peristaltic pump, which is tested for
steady and bubble-free flow. The sample is prepared by dissolving DASPMI (Sigma-Aldrich) in dichloro-
methane to a concentration of 1 mM. In order to negate any possible effect due to the cumulative heating



of the solvent, despite continuously flowing the sample, control experiments are performed with (1) only the
solvent, dichloromethane, excited at the target frequency of 1577 cm® and (2) a DASPMI solution in di-
chloromethane, excited at frequencies corresponding to the nearest-lying vibrational modes of dichloro-
methane — namely, 1426 cm™ and 1264 cm™. The control experiments produce non-detectable transient
absorption signals. Additional experiments are also performed by varying the sample concentration and the
pump laser energy (Supplementary Fig. S3), and tuning the wavelength of the mid-infrared pump laser
(Supplementary Fig. S4). The steady-state mid-infrared absorption spectrum of DASPMI in dichloro-
methane (Fig. 1d) is measured using a commercial pre-callibrated FTIR spectrometer (VERTEX 70v,
Bruker). The laser spectrum (Fig. 1d) is measured at the position of the sample with a callibrated mid-

infrared spectrograph (Infrared Systems), fitted with a liquid-nitrogen-cooled HgCdTe (MCT) detector.

Simulation framework: Hybrid quantum mechanics/molecular mechanics (QM/MM) simulations are per-
formed at the 2-root-state-average complete active space self-consistent field (CASSCF/6-31G*/OPLS-aa)
level of theory over 400 trajectories for a realistic fully-solvated model of the entire DASPMI chromophore
in dichloromethane. Various parameters like energy and oscillator strength are extracted by single-point
(SP) calculations at the 3-root-state-average second-order perturbative (CASPT2/6-31G*/OPLS-aa) level
of theory, using the standard CASPT2//CASSCEF protocol. An active space comprising 12 electrons in 11
orbitals is employed. All QM/MM calculations are carried out using the Molcas/Tinker packages 3% 3. Fur-

ther details are provided in the Supplementary Information and Supplementary Fig. S5-S13.
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Fig. 1. Abiomimetic donor-bridge-acceptor molecule. a, Schematic of the ground-state potential energy
surface of the retinal chromophore in bovine rhodopsin, Rh, mapped as a function of the BLA and the
torsion, a, coordinates. The different regions are representative of the different predominant electronic con-
figurations, denoted by the covalent and charge-transfer electronic wavefunctions, ycov and ycr, respec-

tively. The photo-isomerization pathway following electronic excitation proceeds via a conical intersection



(Cl) towards the formation of the isomerization product state, bathoRh. The CI is energetically located
above the transition state with diradical character, TSdir. On the contrary, ground-state thermal activation
provides an isomerization pathway via a charge-transfer transition state, TSct, which offers the lowest en-
ergy barrier threshold between the reactant and product states in the electronic ground state. b, Lewis
resonance formulae associated with the covalent and the charge-transfer electronic configurations of the
cationic rhodopsin chromophore (the protonated Schiff base of 11-cis retinal), highlighting the ethylenic
bond, along which isomerization occurs. The Newman projection illustrates the C2-C3=C4-Cs dihedral angle,
a, the H-C3=C4-H dihedral angle, B, and the m-overlap, denoted by 1 = (a + B)/2. ¢, Structure of the biomi-
metic donor-bridge-acceptor, trans-4-[4-(N,N-dimethylamino)styryl]-1-methylpyridinium iodide (DASPMI),
where the infrared (IR) pump laser induces ground-state bridge vibrations. d, Measured steady-state IR
and visible absorption spectra of DASPMI in dichloromethane along with the spectral intensity of the IR

pump laser.
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Fig. 2. Mid-infrared-induced transient absorption signal of DASPMI in dichloromethane. a, Raw ex-
perimental transient absorption spectra measured as a function of the time delay between the vibrational
pump and the electronic probe, demonstrating the vibronic coupling between the electronic ground and
excited states. The negative signal (blue), peaked at 493 nm, represents the bleach of the initial thermally-
populated low-lying vibrational levels (predominantly v = 0) in the electronic ground state. The positive
signal (red), peaked at 539 nm, represents the vibrationally excited-state population in the electronic ground
state, projected onto the electronically excited state. A magnified view of the highlighted region in the top
panel is presented in the bottom panel in order to clearly depict the coherent oscillations in the transient
absorption signal. b, Fitted transient absorption dynamics obtained after a global bi-exponential fit with time-
constants of 1.7 ps and 13.6 ps (top panel) and the oscillatory residues (bottom panel), presented on a
normalised colour-scale for better visualization. ¢, Normalised Fourier power spectrum of the oscillatory

residues with frequency components up to 50 cm, with a distinct spectral peak at 30 cm™.
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Fig. 3. Mechanistic interpretation of the vibronic coupling. Simulation results for a fully solvated model
of the entire DASPMI chromophore in dichloromethane over a time-period of 2 ps for the BLA-activated
vibrationally-excited population. To maximise the simulated signal, 54 trajectories are selected out of the
400 trajectories according to a velocity threshold of >1 degree/fs on the m-overlap angle, r, for the initial
thermal population. a, Temporal dynamics of the oscillator strength, f, for the So — Si transition along with
the energy gap, E, and the charge difference, g, between So and Si1. b, The corresponding Fourier spectra,
showing distinct frequency components at 50 cm™ and 1250 cm™. The former is in close agreement with
the experimentally observed oscillations in the transient absorption signal, reflected by f. ¢, Temporal dy-
namics of the C»-C3=Cs-Cs dihedral angle, a, the H-C3=Ca-H dihedral angle, B, the m-overlap, 7, and the
BLA along the ethylenic bridge. The angles a, 8 and r are illustrated in Fig. 1b. d, The corresponding Fourier
spectra. The low-frequency oscillations at 50 cm™ in f, E and q may be attributed to the torsional defor-
mation, a, whereas the high-frequency oscillations at 1250 cm™ may be assigned to the BLA. Consequently,
the oscillatory temporal dynamics of the electronic parameters f, E and g may be correlated to the vibrational
parameters, a and BLA, accounting for the vibronic coupling between So and Si. On the contrary, the os-
cillations in 8, which represents the in-phase HOOP motion, at 1050 cm™ is not reflected in f, E and g and
therefore 8 does not contribute to the vibronic coupling. e-f, The evolution of the remaining (400-54) trajec-
tories with a primarily planar (or non-twisted) initial thermal configuration, with diminished oscillatory behav-

iour for comparison.
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Fig. 4. Ground-state reaction pathways. a, Potential energy map of the electronic ground state as a
function of the torsional deformation represented by the C»-C3=Cs-Cs dihedral angle, a, and the BLA coor-
dinates. Two isomerization pathways may readily be recognised, separated by the conical intersection (Cl).
Defining the potential energy, V, relative to the reactant trans-isomer (0 kcal/mol), one isomerization chan-
nel proceeds via the transition state, TSdr, constituting an energy barrier of 49 kcal/mol, towards the for-
mation of the product cis-isomer (12 kcal/mol). This pathway does not implicate any significant variation in
the partial charge, p, localised on the acceptor. TS4ir may therefore be assigned a covalent character, driv-
ing homolytic bond-breaking, which results into a diradical at the torsionally distorted (a ~ 90°) structure. A
conspicuously lower energy barrier of 39 kcal/mol is offered by the alternate isomerization channel (indi-
cated by the red arrows) via the transition state, TSct, where the charge-transfer character driving hetero-
lytic bond-breaking varies from puans = 0.76 for the reactant, to pct = 0.10, and finally pcis = 0.85 for the
product. This signifies near-complete charge-transfer, since (otrans - pcT)/Ptrans = 0.87. Similar to TSair, TSct
is associated with a a ~ 90° distorted geometry, which, however, has a very different (and negative) value

for the BLA. Table 1 denotes the parameter space along a and BLA accessed by the vibrationally-excited



population in the course of the simulation trajectories and is characterized by a potential energy of ~8
kcal/mol and psim = 0.27, where (Owans - pPsim)/prans = 0.64. This is representative of the degree to which
charge-transfer character is induced in the course of the simulations en route to the formation of the tran-
sition state, TScrt. b, Trace of the minimum-energy path for ground-state isomerization, starting from the
reactant trans-isomer and culminating in the product cis-isomer via the transition state, TScr, as a function
of the BLA and the torsion, a. The variation in the potential energy, V, and the charge-transfer character, p,

is also shown, where p = 0 and p = 1 represent ycr and Wcov, respectively.



Fig. 5. Visualization of the ground-state isomerization pathway. Optimized geometries for a, the planar
reactant trans-isomer, b, a representative snapshot from one of the 400 trajectories, showing a torsional
deformation of ~40°, ¢, the highly distorted charge-transfer transition state, TScr, and d, the product cis-
isomer. (Supplementary Fig. S13 provides the view along the molecular plane to illustrate the torsional

deformation induced in the course of the trajectory simulations.)



Table 1. Maximum amplitude observed in the trajectory simulations

aameers | fveage | Mwerge | pbsoue | pneewte
BLA (10° m) -0.024 0.202 -0.33 0.57
a(®) 171.42 185.02 146.26 215.99
P 0.61 0.97 0.27 1.02




Supplementary Information

A. Simulation protocol for the trajectory calculations

Simulations are first performed for 200 fs to generate a Boltzmann-like thermal population in the
electronic ground state. This population is subsequently projected onto the electronic excited state, while
conserving positions and momenta. Following excited-state relaxation for 15 fs, the population is projected
back onto the ground state. This is because for linear -delocalised systems like conjugated polyenes, it is
known! that the bond-length alternation (BLA) stretching mode is activated (with a period of ~15 fs) during
the excited-state relaxation from the Franck-Condon region. Consequently, a snapshot of the excited-state
population after 15 fs, when projected onto the ground state, is expected to result in a vibrationally-excited
ground-state population with energy funnelled into the BLA stretching mode. This population represents the
initial conditions for studying the ground-state vibrational dynamics for the following 2 ps (Fig. 3), which

constitutes the very premise of our key observations.
B. Survey of the initial conditions

Here, we enumerate the various calculations performed to examine the role of BLA at every
intermediate simulation step leading up to the initial conditions — namely, the creation of a vibrationally-
excited BLA-activated ground-state population. Our first aim is to identify the ground-state normal mode
associated with pronounced BLA motion localised at the central ethylenic bridge. This requires ground-
state optimisation of a selected geometry. The evolution of this optimised geometry may then be traced and
visually inspected at every simulation step. Notably, the geometry optimisation erases all thermal
information. This treatment is markedly different from the trajectory calculations, which include temperature-
related effects originating from the creation of the initial thermal ground-state population, as described
above. However, a comparison between the evolution of the optimised geometry and the trajectories
representing the entire population illustrates quantitative differences in a qualitatively unanimous and
consistent picture. This justifies the methodology adopted here, which facilitates visual inspection of the

evolved geometries and provides valuable insight into the induction of BLA character.

In order to select a geometry for ground-state optimisation, the geometry corresponding to the peak
of the simulated absorption spectrum for the thermal ground-state population (see Fig. S5A for further
details) is considered, since it is representative of the average of the total population. Following the
geometry optimisation (including the effect of the solvent-shell configuration), a vibrational frequency
analysis reveals an intense spectral peak localised at 1796 cm™ (Fig. S6A). The corresponding normal
mode is characterised by a distinct BLA motion of the skeletal structure, particularly in the region
surrounding the central ethylenic bridge (Fig. S6C). Incorporating the correctional factor of 0.9 associated
with the intrinsic overestimation of the computed frequencies due to the simulation framework employed,

the frequency of this normal mode translates to 1616 cm™. This is close to the experimental value of 1577



cmtin the steady-state infrared absorption spectrum of DASPMI in dichloromethane (Fig. 1d), representing
the ground-state vibrational mode excited by the mid-infrared pump laser in the experiment.

For the purpose of comparison, the selected geometry is also optimised on the excited state. The
normal mode of interest, with conspicuous BLA character around the central ethylenic bridge (Fig. S6D),
now corresponds to an intense spectral peak at 1173 cm™ (Fig. S6B).

Our next aim is to demonstrate the validity of our hypothesis that the BLA stretching mode is
activated during the excited-state relaxation from the Franck-Condon region. To this end, ten randomly
selected trajectories from the entire population of 400 trajectories are analysed and visually inspected,
using the Visual Molecular Dynamics (VMD) software. The trajectories clearly depict temporal oscillations
along the BLA coordinate (Fig. S7), thereby confirming that energy is released into the BLA mode. This
behaviour is qualitatively reproduced (Fig. S7) by the Franck-Condon relaxation trajectory, arising from the
vertical transition of the selected ground-state-optimised equilibrium geometry to the Franck-Condon point
on the excited state. This facilitates a visual representation of the direction along which the Franck-Condon
relaxation occurs (Fig. S8A), which may immediately be compared with the normal-mode representation in
the ground state (Fig. S6C) or the excited state (Fig. S6D).

The final aim is to characterise the initial conditions, particularly in terms of the energy injected into
the BLA mode, which actuates the ensuing ground-state vibrational dynamics (Fig. 3). Following projection
back onto the ground state, the selected geometry is further relaxed for 20 fs, divided into 5-fs segments in
order to compute the displacement vectors. The average displacement vector (Fig. S8B) is then compared
with the ground-state normal-mode vector (Fig. S6C). The relative orientation of the two vectors (computed
by the scalar product) reveals a parallelism of 35%. This is indicative of the percentage of the total
vibrational energy released into the BLA mode, where the total vibrational energy is the sum of the
vibrational energies in the ground and excited states and is ~36 kcal/mol for this selected geometry.
Considering the 35% parallelism, ~13 kcal/mol is therefore estimated to be released into the BLA mode.
This is validated by a computation of the BLA energy by the harmonic approximation, which also yields a
value of 13 kcal/mol. As discussed previously, this analysis is qualitative, since it does not incorporate any
thermal effects. The total vibrational energy estimated from the entire population of 400 trajectories is ~26
kcal/mol, with ~20 kcal/mol injected into the BLA mode. Since the energy for the first vibrationally-excited
level in the electronic ground state along the BLA coordinate is ~8 kcal/mol in the harmonic approximation,
it may be surmised that vibrational-ladder climbing up to the second (or even third) vibrationally-excited

level in the electronic ground state may have been achieved in the course of the simulations.
C. Ground-state vibrational dynamics

Following the creation of the vibrationally-excited ground-state population with the BLA stretching
mode activated, the ensuing vibrational dynamics is simulated at the 2-root-state-average CASSCF level
for 2 ps (Fig. 3). The time-evolution of the oscillator strength, f, the energy gap, E, and the charge difference,
q, between So and S1 show distinct peaks at 1250 cm™* and in the vicinity of 50 cm™ in the Fourier domain



(Fig. 3). This may be correlated to the time-evolution of the C2-C3=Cs-Cs dihedral, a, the H-C3s=Cs-H
dihedral, B, the m-overlap, r, and the BLA (Fig. 3).

D. Potential-energy surface mapping

The vibronic coupling between the electronic ground and excited states, manifested in the
experimental and simulation results, attests to the presence of a conical intersection in the vicinity. In order
to locate the conical intersection, the Franck-Condon geometry, arising from the vertical transition of the
selected ground-state-optimised equilibrium geometry, is gradually twisted in the course of several
constrained optimisations. The torsional angle, a, representing the C2-C3=C4-Cs dihedral along the central
ethylenic bridge, is decreased from 177° for the Franck-Condon geometry to 130°. This is followed by
structural relaxation until convergence to a geometry with near-zero energy difference between the
electronic ground and excited states. From the optimised conical-intersection geometry (Fig. S9A), the local
vectors, g and h, spanning the branching plane around the conical intersection point are extracted and
identified as BLA and a, respectively. These parameters serve as the coordinates along which the ground-
state (Fig. S10A) and excited-state (Fig. S10B) potential energy surfaces are mapped in the vicinity of the
conical intersection point (Fig. S10D).

An analysis of the charge-transfer character is subsequently performed on the ground-state
potential energy surface in order to distinguish between the diradical (or covalent) region and the charge-
transfer region, separated by the conical intersection point (Fig. S10C). The ground-state-optimised
geometry is characterised by a positive charge localised on the acceptor, which is diminished in the ground-
state charge-transfer region. The charge-transfer character, quantified by the partial charge, p, localised on
the acceptor is attenuated from a value close to unity in the diradical region to a value close to zero in the
charge-transfer region along the BLA coordinate (Fig. S10C). The corresponding transition-state
geometries, TSdr (Fig. S9B) and TScr (Fig. 5c), are determined initially (as a first approximation) by
constrained optimisations, fixing the parameter a and varying the BLA, followed by subsequent TS
optimisation (without constraints) to find the final TS geometry. Notably, TScr provides a lower energy

barrier (by approximately 10 kcal/mol) compared to TSai.

To establish the minimum-energy path, two geometries with Aa = +5° compared to a = 91° for
TScr, are selected as starting points to administer paths towards the reactant trans (Fig. 5a) and product
cis (Fig. 5d) isomer states. The minimum-energy path along with the corresponding variation in p may then
be traced in the parameter space defined by the BLA and a (Fig. S11 and Fig. 4b). The substantial change

in the Mulliken charge distribution is also shown (Fig. S12).
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Fig. S1. Schematic of the experimental setup. A commercial femtosecond laser system (Pharos, Light

Conversion) is used to drive a commercial optical parametric amplifier (Orpheus-One and Lyra, Light
Conversion), which provides the mid-infrared pump laser pulse used in the experiment, after passage
through a germanium (Ge) filter, a computer-controlled motorised delay stage and a synchronised optical
chopper. The visible probe pulse is generated via supercontinuum generation (SC) in a 2-mm thick sapphire
crystal and the transient absorption signal is monitored with a computer-controlled spectrograph

(Sciencetech), coupled to a linear CCD image sensor (Hamamatsu).
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Fig. S2. Time dynamics and frequency analysis of the spectral peaks in the transient absorption
measurement. (A) Raw experimental transient absorption signal traces (retrieved from Fig. 2a) along with
the global-analysis bi-exponential fits for the wavelengths 494 nm and 539 nm, which correspond to the
spectral peaks of the negative and positive signals, respectively. (B) Analogous results from the high time-
resolution experimental run (Fig. 2a), corresponding to the probe-delay range marked by the shaded area
in (A), providing a magnified view of the temporal oscillations. (C) Residual oscillations obtained after
removal of the bi-exponential global-fit decay component and (D) the corresponding Fourier power spectra

for the wavelengths 494 nm and 539 nm, with distinct peaks up to 50 cm.
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Fig. S3. Effect of the sample concentration and the mid-infrared pump laser energy. Transient
absorption signals (top three panels) and spectra at 539 nm (bottom panel) as a function of the
concentration of DASPMI in dichloromethane (left panel) and the mid-infrared pump laser energy (right

panel). The pump laser energy is attenuated using mid-infrared neutral-density filters (Thorlabs).
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Fig. S4. Effect of tuning the mid-infrared pump laser wavelength. Raw transient absorption signals on
varying the central wavelength of the mid-infrared pump laser. The maximum signal corresponds to the
resonant frequency, centred at 1577 cm™.
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Fig. S5. Simulated absorption spectrum and oscillator strength. Simulation results for 400 trajectories
using dichloromethane as solvent. (A) The wavelength distribution corresponding to the So-S1 energy gap
and (B) the corresponding oscillator strength are shown for the initial thermal and the subsequent
vibrationally-excited, BLA-activated populations in the electronic ground state, GSw and GSeia,
respectively. The theoretical absorption maximum for GSw is localised at 444 nm (64 kcal/mol), which is
blue-shifted with respect to the experimental value of 521 nm in the steady-state visible absorption spectrum
of DASPMI in dichloromethane (Fig. 1). This may be attributed to the effect of the counter-ion (iodide)
present in the experimental sample solution, which is not included in the simulation model and may cause
a red-shifted absorption, in addition to the intrinsic error introduced by the CASPT2//CASSCF protocol
(usually ~30-nm blue-shift)2. The corresponding oscillator strength, averaged over the entire GSw
population, is 0.86 (denoted by the dashed line). For GSsLa, the theoretical absorption maximum for the So-
S1 energy gap is red-shifted to 572 nm (50 kcal/mol) and the average oscillator strength increases to 1.11.
The increase in the average So-S1 oscillator strength following the creation of the vibrationally-excited, BLA-
activated ground-state population may be correlated to the appearance of the transient absorption signal

observed experimentally (Fig. 2) with the electronic probe following the vibrational pump.
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Fig. S6. Vibrational frequency analysis and description of normal modes. Vibrational spectra for the
selected geometry optimised on the electronic (A) ground state and (B) excited state, along with (C, D) the
visualisations of the corresponding normal modes with pronounced BLA character in the vicinity of the
central ethylenic bridge. The normal modes depicted correspond to frequencies of (C) 1796 cm™ and (D)

1173 cm, respectively.
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Fig. S7. Excited-state BLA oscillations. Excited-state relaxation dynamics for ten randomly selected
trajectories from the entire population of 400 trajectories. This excited-state population is created by the
projection of the thermal ground-state population onto the excited state, conserving positions and momenta.
The temporal oscillations along the BLA coordinate, defined as the difference between the average single
and double bond-lengths, clearly indicates that energy is released into the BLA mode. The average
trajectory (red) shows a maximum at ~9 fs, approximately a quarter of the time-period of the oscillation. For
comparison, the Franck-Condon (FC) relaxation trajectory, arising from the vertical transition of the selected
ground-state-optimised equilibrium geometry to the Franck-Condon point on the excited state, is also shown

and exhibits a qualitatively similar behaviour.



Fig. S8. Visual representations of the evolution of the selected ground-state-optimised equilibrium
geometry. (A) Snapshot of the direction along which the excited-state Franck-Condon relaxation occurs at
9 fs. (B) Average displacement vector on projection back onto the ground state. These may be compared

with the normal-mode description in the electronic ground and excited states (Fig. S6).



Fig. S9. Optimised geometries. (A) Conical intersection (Cl) and (B) diradical (or covalent) transition state,
TSdir.
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Fig. S10. Potential energy maps and charge-distribution. Potential energy (PE) contour plots from
CASSCEF calculations, relative to the conical intersection (CI) point (in kcal/mol) for (A) the electronic ground
state, So and (B) the electronic excited state, Si, surfaces as a function of the BLA and the torsion, a. (C)
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Fig. S11. Minimum-energy path. The minimum-energy path profile for the CASPT2 potential energy, V,

relative to the reactant and the corresponding charge-transfer character, p.
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Fig. S12. Mulliken charge distribution analysis. (A) The trans-isomer reactant geometry of DASPMI,
with certain atoms labelled. (B) Mulliken charge distribution for the labelled atoms, for which the difference
between the reactant (blue) and TScr (yellow) is >10%. The variation in the Mulliken charge distribution for

a representative snapshot from the trajectory simulations at 1625 fs (red) and the cis-isomer product (black)

for these atoms are also shown.



Fig. S13. Visualization of the ground-state isomerization pathway along the molecular plane.
Optimised geometries for (A) the planar reactant trans-isomer, (B) a representative snapshot from one of
the 400 trajectories, showing a torsional deformation of ~40°, (C) the highly distorted charge-transfer

transition state, TScr, and (D) the product cis-isomer.
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