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Figure S1: Example for the decomposition of polarized Chl a (TA) spectra into x-polarized (Sx) and y-polarized
(Sy) components assuming orthogonal TDMs (B = 0°). The x-polarized spectrum is clearly polluted by y-
polarized features: The Qy band peak is visible in both spectra but should ideally be suppressed in Sy.
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31
32 Figure S2: Normalized absorption spectra of Chl a in acetone, ethanol (EtOH), and benzonitrile (BN).
33 Separate TA experiments were performed with a 20 fs pump pulse in the blue spectral region (B pump) and
34 a15 fs pump pulse in the red spectral region (Q pump).
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Figure S3: EAS and lifetimes extracted from global analysis of Chl a in acetone, EtOH and BN after excitation
in the B-band (a-c) and after excitation in the Q-band (d-f).
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Figure S4: DAS and lifetimes extracted from global analysis of Chl a in acetone, EtOH, and BN after excitation
in the B-band (a-c) and the Q-band (d-f).
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Figure S5: Sx spectra obtained from polarized TA at different time delays. The lineshape remains identical
regardless of the population time (bigaussian fit shown in black). The Qx GSB features are evident, but no

Qx SE or ESA feature is visible at any delay.
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Figure S6: EAS (a, c) and DAS (b, d) from the global analysis of Sy (top row) and Sx (bottom row) as obtained
by decomposition of the polarized TA data of Chl a.

Four similar time constants are needed to fit the two datasets. The longest component (5 ns) is just the
radiative lifetime of Chl a. The second longest component, about 40 ps, is likely the rotational diffusion
constant of Chl a in acetone, which can be calculated as 55 ps (1). This is evident in the Sx dataset, in which
the Qy band is suppressed at early times but comes back with the 40 ps constant. We see rotational diffusion
because these are not MA datasets. In the GA for the MA dataset (cf. main text, Figure 2), this component
is not there, as expected. The 1-10 ps component corresponds to the 11 ps component in the MA global
analysis, which we assigned to some small structural relaxation process. Finally, the shortest process has a
lifetime of ca. 120 fs in both datasets and correlates with a loss in the Bx-band GSB region (c) and an increase
of the Qy amplitude (a). We can, therefore, assign it to B(x)=>Qy transfer. There is no evidence of an
intermediate process including the Qx band and no spectral features that could be assigned to a Qx SE or
ESA.
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Active Space in XMS-CASPT2 Calculations

Figure S7: Active space used in the XMS-CASPT2 calculations (Isovalue: 0.02). The active space contains
the four Gouterman orbitals (2, 1, ma*, m2*) as well as one additional pair of t/it* orbitals.
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Coordinate Selection for Quantum Dynamics

The overlap s; of each normal mode q; at the Qy minimum energy geometry with the non-adiabatic

coupling vector f was calculated in Cartesian coordinates according to

Si

:(Ii'f
f-f

(1)

As the normal modes are orthogonal, the squared overlap s? provides the weight with which each normal

mode contributes to the coupling. The results are summarized in table S10. Cartesian Coordinates of
optimized geometries, normal modes and the NAC vector are provided in a zip-archive alongside this

document.

Table T1: Overlap of normal modes with the non-adiabatic coupling vector at the Qy minimum geometry.
The harmonic vibrational frequency v of each mode is also listed.

mode v[cm"] overlaps; squared overlap s?
171 1489.52  0.468476 0.219470
198 1639.56  0.336930 0.113522
193  1543.71 0.268399 0.072038
176  1501.62  0.228649 0.052280
197 1633.79  0.225903 0.051032
170 1482.89  0.222164 0.049357
183 1516.32  0.194171 0.037702
154 1358.83  0.166046 0.027571
159  1409.96  0.164634 0.027104
158  1399.21 0.160762 0.025845
184 1517.42  0.151761 0.023032
196 1606.08  0.148694 0.022110
168 1450.34  0.147902 0.021875
157  1393.61 0.139835 0.019554
172 1490.46  0.125946 0.015862
166 1441.60 0.121086 0.014662
160 1419.62  0.117629 0.013836
195 1571.62  0.117460 0.013797
169 1472.45  0.112610 0.012681
192 1533.87  0.105950 0.011225
138  1228.72  0.098410 0.009684
131 1182.08  0.095332 0.009088
179 1511.36  0.091050 0.008290
127  1149.79  0.087146 0.007594
239 3232.21 0.078859 0.006219
136 1216.17  0.078008 0.006085
155 1367.18  0.077860 0.006062
103  940.19  0.076822 0.005902

92  813.35 0.071683 0.005138
109 1014.70  0.070877 0.005024
137 1216.81 0.070459 0.004964
130 1176.90  0.064210 0.004123
147 1313.78  0.058971 0.003478
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Figure S8: Cuts through the potential energy surfaces of Chl a along a mode with a weaker projection on
the non-adiabatic coupling vector (a). The relative position of the PES, as well as the population dynamics
for the individual states (b), are similar to that obtained along the mode with the strongest NAC projection.
The B-to-Q transfer heavily depends on coupling the B band with Q.. If this coupling is turned off, the B-to-
Q transfer slows down significantly (d). On the contrary, if B/Qy coupling is turned off, the population
dynamics do not change much (c). Depicted dynamics are after delta pulse excitation into By.
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Modeling the effect of VC and IVR

Excitation of Chl a with a visible laser pulse means that a lot of energy is deposited into the vibrational
modes of the molecule. Energy deposited (directly or indirectly) into a high-lying vibronic state of Qy (V')
will relax in a non-linear sequence of intra-molecular vibrational redistribution (IVR), solute-to-solvent
energy transfer, and equilibration of the solvent. Explicitly modeling all of these interacting processes is a
significant challenge, so we adopt a simplified approach that uses the concept of an effective molecular
temperature, Tm. Assuming that IVR is much faster than energy transfer to the solvent, Chl a relaxes first
from v’ to a pseudo-equilibrium to which the elevated molecular temperature T can be associated. The
assumption of fast thermalization kinetics is based on the fact that the local vibrational density of states is
likely to be significant for a large molecule like Chl a. Moreover, we expect the anharmonic couplings
between modes to be stronger in the excited state than in the ground state. However, this does not
guarantee that thermalization will happen quickly or even at all. The topology of the vibronic manifold can
be rather complicated, and the localization of the population on non-thermal trap states can frustrate
thermalization (2). In our previous work on carotenoids, the thermalization rate on S: occurred on a
timescale k¢! << 1 ps (3), and thermalization times of k:* ~ 1 ps have been reported for alkanes (2). We
consider both cases but don’t consider slower thermalization (k:* >> 1 ps), as this would violate the implicit
time-ordering assumed in our model.

After the thermalization process, vibrational energy is transferred to the solvent. In the steady-state
approximation, this can be viewed as a cooling of the molecule until it is at equilibrium with the bulk solvent.
We use the approach of Kovalenko et al. (4), where the molecular temperature, T, and the temperature
of the first solvation shell, Ts evolve according to

dT,, Cs dT,,
M YNy — Ty — Ts) + (—
dt ¥ Scm(m S)Jr(dt )heat
and
dTs 3Xs Cs
prae _R_sz (Ts — Touue) + YNsa (T, — Ts)

The first term on the right-hand side in the first equation represents the collisional energy transfer from the
molecule to the solvation shell. Ns is the average number of solvent molecules in the shell, estimated from
molecular dynamics (MD) simulations. cm and cs are the heat capacities of the molecule and the solvation
shell, respectively. The y parameter is related to the solute-solvent collision rate and is difficult to estimate.
Here we obtain a crude estimate using Wheeler’s theory of liquids (5), in which the solute is surrounded by
solvent molecules that execute spherical positional fluctuations about a fixed center. Overall, we predict a
molecule-to-shell transfer time of
= LE ~ 0.4 — 1ps
fms YNs €y . P
which is similar to our previous work on carotenoids(3) and to measurements of molecular cooling of
stilbene (4). We can additionally define the shell cooling time
R}
tsc 3Xs

where R; is the effective radius of the shell and x; is the thermal diffusivity of the solvent. tscis 3-5 ps for
the solvents considered in this work. The exact values of tms, Tsc and all the parameters used in their
calculation are listed in Table S9.

We calculate the evolution of Tm and Ts, assuming thermalization on the timescale of ~ tms (~ 1 ps) in
ethanol, benzonitrile, and acetone. We then fit the evolution of T to a bi-exponential function where the
two fitted lifetimes, T and Tvc, denote the overall rise (heating) and relaxation (vibrational cooling) times.
For all solvents, - ~ 1 ps, and tvc ~ 7-9 ps, though with slight variations. The rise and relaxation kinetics
for B-band excitation (Egy,v ~ 22, 000 cm™) and direct excitation of Qy (Egy, v ~ 20, 000 cm™) are identical,
but in the latter case the maximum T is lower. Experimentally, these heating and cooling processes should
affect the lineshape of the Chl a TA spectra, and we expect to see some thermal broadening of Qy over ~ 1
ps as the maximum T is achieved. The fastest rise in T is predicted for benzonitrile, followed by acetone
and then EtOH. We then expect the thermal broadening to decrease over ~ 10 ps as the population of low-
frequency vibrational modes decreases while the solute and solvent shell re-equilibrate with the solvent.
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Again, we predict a solvent dependence for this as molecular cooling and shell cooling (which has a knock-
on effect on molecular cooling) depend on solvent properties. We expect this cooling to be slowest for EtOH
and fastest for BN, with acetone in the middle. Another important prediction of our simple model is that
the relaxation kinetics should be almost independent of whether one excites Qy directly or indirectly via
the B-band. This is because thermalization, even if reasonably slow, is assumed to be much faster than
molecular cooling, with the latter having no memory of the non-equilibrium vibrational state before
thermalization. However, the maximum T reached during the heating-cooling cycle should be affected by
excitation wavelength, as this defines the amount of energy thermalized over the low-frequency vibrations.
If this were the case, one would predict that, upon direct Qy excitation, the time constants of energy
relaxation would be the same as for B-band excitation, but the overall changes in the lineshape would be
much less pronounced.

We stress that the results we discuss in this framework are purely qualitative, as modeling the precise effect
of the heating-cooling cycle on the Qy surface is a significant challenge. For example, we neglect entirely
the possibility of direct energy transfer from the non-equilibrium excited state and the solvent. We also
ignore the role of extremely low-frequency modes, such as wagging of the phytyl tail or libration of the
tetrapyrrole head in defining the pseudo-equilibrium. The mechanisms of molecular and shell cooling are
also treated only effectively. Nevertheless, our results point to a promising avenue for further work.

Table T2: Parameters used for the estimation of heat transfer from molecule to shell (tms) and of shell
cooling (tsc).

Parameter Ethanol Benzonitrile Acetone
Ns 40.7 17.3 27.7
cs (J K mol?) 112 161 126
cm () Kt mol ) 529 529 529
v (ps?) 0.18 0.1 0.15
Rs (nm) 1.03 0.94 0.99
Xs (nm?2 ps?) 8.71x10? 9.47x10? 9.14x10?
Tms (ps) 0.37 0.82 1.03
tsc (ps) 4.03 3.10 3.58
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Parameter Generation for the Vibrational Cooling Model

Parameters for the VC and IC model presented in the previous section were generated via MD simulations.
For this purpose, a chlorophyll a molecule was placed in a cubic simulation box of 10.0 nm edge length and
solvated with either acetone, benzonitrile or ethanol. Force field parameters for chlorophyll a were taken
from the literature (6, 7). Parameters for ethanol, benzonitrile and acetone were generated with
antechamber 22.0 (8) using the GAFF2 (9) force field. Partial charges were calculated at the HF/6-31G* level
of theory with Gaussian 16 (10) and fitted via restrained electrostatic potential fitting (RESP) (11).

MD simulations were conducted with Gromacs 2023.2 (12). The same protocol was used for each solvent
simulation, as described below. First, the energy of the solvated system was minimized with the steepest-
descent algorithm until the maximum force fell below 500 kJ mol™* nm™. The leap-frog integrator was used
in all following calculations with a time-step of 2 fs. Bonds to hydrogen atoms were constrained using the
LINCS algorithm (13). Verlet lists (14) were used to calculate the short-range electrostatics, using a cutoff
distance of 1.2 nm. Long-range electrostatics were evaluated with the smooth particle-mesh Ewald (SPME)
method (15, 16) using fourth-order interpolation and a Fourier grid spacing of 0.16 nm. Equilibration was
conducted in three stages: First, the system was annealed for 50 ps from 10 Kto 100 K in an NVT ensemble
and then propagated for another 50 ps at 100 K. The temperature was controlled with the V-rescale
thermostat (17) using a time constant of tr = 0.1 ps. In the second step, the system was heated to the target
temperature of 300 K over 100 ps in an NPT ensemble and propagated for 300 ps at constant temperature
and pressure. The pressure was controlled by the Berendsen barostat (18) using an isotropic reference
pressure of 1 bar, a time constant of tp=2.5 ps and isothermal compressibilities of 11.19 x 107° bar™?
(ethanol (19)) 4.8 x 107° bar™* (benzonitrile (20)) and 12.5 x 10~>bar™! (acetone (21)). After temperature and
pressure had stabilized, a third equilibration was performed for 4 ns in an NPT ensemble using the Nosé-
Hoover thermostat (22, 23) (r=2.5ps) and the Parrinello-Rahman barostat (24, 25) (tpo=10 ps).
Equilibration was confirmed by the average temperature and pressure converging to their target values and
the total energy and density remaining stable. Production simulations were carried out in the equilibrated
NPT ensembles for 20 ns and 2000 snapshots were extracted in regular intervals of 10 ps.
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|
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s @ ' p

/

mg /
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Figure S9: Chlorophyll fragmentation pattern to determine the volume of the first solvation shell. The
solvation shell is defined by spheres around the center of each fragment.

To determine the volume of the first solvation shell, the chlorophyll molecule was divided into 16 fragments
as depicted in Figure S9. Although it was part of the MD simulations, the phytyl chain attached to the
fragment denoted as rest_a was not included in the evaluation of the solvation shell. The phytyl chain is
mostly unfolded during the MD and rarely comes into contact with the chromophore. The median distance
between the outermost carbon atom C20 and the magnesium ion is between 18 A and 20 A in all three MD
simulations. The distance is greater than 10 A for over 94 % of the total simulation time. It is therefore
reasonable to assume that vibrational cooling into the solvent occurs on a faster or similar timescale than
heat dissipation to the phytyl chain. To obtain information about the shape of the first solvation shell (FSS),
the radial distribution function (RDF) between each fragment and the surrounding solvent atoms was
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200 calculated and averaged over the entire trajectory. The solvent molecules were modeled by a single
201 reference atom per molecule for the calculation of the RDF (oxygen for ethanol and acetone, nitrogen for
202 benzonitrile). The RDF was normalized and smoothed with a Savitzky—Golay filter (26), using quadratic
203 polynomials and a window size of 15 (ethanol), 20 (acetone) and 25 (benzonitrile) samples. The end of the
204 first peak of the RDF was used to identify the radius of the FSS for each molecular fragment. This allows to
205 construct a sphere around the geometric center of each fragment with the radius of the respective solvation
206 shell. The first frame of each trajectory was used to calculate the fragment centers. The number of solvent
207 molecules in the resulting shape of overlapping spheres (Figure S10) was counted and averaged over the
208 trajectory. A molecule is counted as part of the FSS if its geometric center lies within the solvation sphere
209 of at least one chlorophyll fragment. Moreover, the volume of the solvation shell was estimated numerically
210  and converted to an effective radius of an idealized spherical shell.

211

212 Ethanol Benzonitrile Acetone
213

214 Figure S10: Visualization of the first solvation shell of chlorophyll a in different solvents.
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Figure S11: Normalized EAS of Chl a in acetone as extracted from GA of Chl a after B-band (top left) and Q-
band (top right) excitation. A slight broadening is visible on the Qy red side at early times. The peak then
narrows down with the third component (B-band excitation) or broadens and redshifts slightly (Q-band
excitation). The lineshape changes are subtle and can be better seen in the DAS. After B-band excitation,
the timescales of broadening and narrowing match the expected IVR and VC timescales. After Q-band
excitation, the solvent heating and cooling effect, as predicted, is much less pronounced. We see a (slight)
continuous broadening and redshift of the peak up to a few ps, a behavior consistent with the Stokes shift
dynamics of Chl a. The dynamics are qualitatively identical in all three solvents.
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Figure S12: Measured and retrieved FROG traces for the Q- and B-band excitation pulses as measured by
SHG-FROG and SD-FROG, respectively. SHG-FROG was measured using a 10 um thick BBO with a cutting
angle of 8 = 36.6°. SD-FROG traces were measured using a 70 um thick microscope coverglass slide. The
retrieved spectra and spectral and temporal phases are plotted separately and yield pulse durations of 15
fs (Q-pump) and 19 fs (B-pump). The pulse duration was obtained with a TG X-FROG retrieval software
(FROG 3.1.2, Femtosoft Technologies).
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