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SI Methods

All calculations, performed in this study utilized PySCF-ForgeS1(commit ffb58e6), which

is an extension module for the PySCFS2,S3 software package (version 2.9.0). All calcula-

tions used csf solver and all geometry optimizations used the geomeTRIC optimizer pack-

ageS4 (version 1.0), both implemented in PySCF. Additionally, all calculations used the 6-

31G∗∗ basis set,S5–S7 the tPBE on-top functionalS8,S9 was utilized for all L-PDFT and SA-

CASSCF calculations, and state-averaging was done over the two lowest singlet states (S0

and S1). To validate the choice of basis set, the potential energy profiles along the proton-

transfer coordinate was computed using the def2-TZVP basis (Section SVI). A (4e,4o) active

space was used; the corresponding active-space orbitals for the enol and keto forms of 10-

hydroxybenzo[h]quinoline (HBQ) are shown in Figure S1. A numerical quadrature grid size

of 4 was used for all calculations except for the vertical excitation calculations, PES genera-

tion, and all geometry optimizations where a quadrature grid size of 6 was used. Moreover,

no spatial symmetry was used in any calculation.

Ab-initio molecular dynamics simulations with L-PDFT were done using ASES10 (version

3.23.0b1, commit 28a0a1f1988e3), using the velocity verlet integrator with a timestep of 0.5

fs. Density fitting was utilized to speed up the L-PDFT calculations.S11 The initial velocities

were sampled from a Maxwell-Boltzmann distribution of 300 K.

The generation of initial structures that image the minimum energy pathway of the

proton transfer reaction between the enol and keto form of HBQ was performed using the

nudged elastic band (NEB)S12 procedure in ORCA (version 5.0)S13 at the semiempirical PM3

level.S14 The NEB calculation produced a total of 27 geometries along the proton transfer

reaction pathway. Subsequently, the generated geometries were then used in a constrained

geometry optimization at the L-PDFT level of theory for both S0 and S1. Here, the geometry

optimization constraints restricted the O−H and N−H bonds. The S0 optimized geometries

were used to construct the S0 curve and the S1 optimized geometries were used to construct

the S1 curve of the PES (Fig. 1b)
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Figure S1: Active space orbitals and natural occupation numbers of HBQ in the enol and
keto form. Visualizations are conducted using Jmol?

SII Active Space Stability for L-PDFT Dynamics

To confirm the flexibility of (4e, 4o) active space used for the proton transfer reaction, we

test its ability to consistently describe both the enol and keto tautomers. We perform a

NVE molecular dynamics simulation for both S0 and S1 starting from the keto and enol

structures respectively. As is shown in Figure S2, the trajectory initiated from the keto

structure (ground-state maxima structure) with 1000 timesteps and S0 L-PDFT nuclear

gradients gives way for reforming the enol tautomer. In Figure S3, the trajectory initiated

from the enol structure (excited-state maxima structure) over 1000 steps and S1 L-PDFT

nuclear gradients leads to the formation of keto tautomer. This is evident when observing the

O−H and N−H distances as a function of time. For both S0 and S1, the total energy is stable

with no unphysical discontinuities, demonstrating that the active space remains consistent

and sufficiently flexible to describe geometries along the reaction pathway for both states.
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Figure S2: Ground-state relative change in total energy along NVE trajectory initiated from
the keto tautomer. Trajectories were propagated with SA(2)-L–tPBE(4e,4o)/6-31G**.

Figure S3: Excited-state relative change in total energy along NVE trajectory initiated from
the enol tautomer. Trajectories were propagated with SA(2)-L–tPBE(4e,4o)/6-31G**.
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SIII Selection of Initial Conditions for ESIPT

A representative schematic of how the initial conditions for the ESIPT trajectories were cho-

sen are shown in Figure S5. We started with a 1 ps equilibrium sampling of the ground-state

enol tautomer basin. Next, we selected 50 configurations from the 1ps equilibrium sampling

by selecting a configuration every 20. These 50 configurations were each used in initiating

100 fs simulations on the ground-state surface. Two trajectories were omitted due to their

total energies not being conserved (within 1 eV) during the 100 fs simulation. Thus, this

results a total of approximately 10,000 geometries. Of these generated configurations, 100

representative, diverse, and unique configurations were chosen for excited-state dynamics.

These 100 configurations were chosen based on Smooth Overlap of Atomic Positions

(SOAP) descriptors.? SOAP descriptors were computed using a local environment cutoff of

rcut = 4.5 Å, with a radial basis expansion truncated at nmax = 6 and an angular expansion

truncated at lmax = 4. Neighbor densities were represented using Gaussians of width σ =

0.5 Å. The resulting SOAP feature vectors were clustered using mini-batch k-means with

n clusters = 100 and batch size = 200, and one configuration from each cluster (closest

to the centroid) was selected to yield a set of 100 representative initial conditions. These

100 configurations were propagated on the excited state to simulate the photodynamics of

HBQ’s proton transfer. Figure S4 shows the selected structures highlighted in the principal-

component projection of the SOAP descriptors.
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Figure S4: Principal-component projection of the SOAP descriptor space used to quantify
structural diversity among Franck–Condon configurations and to select initial conditions for
S1 dynamics. Each point corresponds to a molecular geometry embedded in the reduced
SOAP feature space; the 100 representative geometries chosen via k-means clustering to
span this space are highlighted as open black circles.

Figure S5: Schematic of HBQ PES depicting the details of the selection of geometries for
dynamics simulation of the ESIPT. The dark blue curve shows the S0 enol tautomer basin.
The green circles image the 50 selected configurations from the 1ps equilibrium sampling.
The green curved lines represent the 100 fs simulations initiated from the 50 selected con-
figurations. The red Xs are the 100 representative configurations chosen for excited-state
dynamics.
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SIV Supplementary Figures

Figure S6: Excited-state evolution of the O−H bond distance for all individual S1 trajectories
as a function of ζPT . Time is indicated by color through the color bar.

Figure S7: Full average trajectory of the HBQ ESIPT measured by both O−N and O−H
distances. Time is indicated by color through the color bar.

SV Analysis of SA-CASSCF Wavefunctions

The M diagnostic is defined as

M =
1

2

(
2− nHDOMO + nLUMO +

∑
i∈SOMO

|ni − 1|

)
(S1)
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Figure S8: Comparison of C-C distances throughout the molecular backbone of the HBQ
molecule as a function of time during the ESIPT process.

where nHDOMO, nLUMO and nSOMO represents the natural orbital occupation number of the

highest doubly occupied orbital, the lowest unoccupied orbital, and any singly occupied

orbitals within the given active space respectively. A value ofM < 0.05 represents a primarily

single-reference character system and M > 0.1 indicates significant multireference character.

The calculation of the M diagnostic along S1 utilized the S1 geometries used in generation

of the potential energy profile along the proton transfer coordinate (Figure 1). Along the

energetically favorable pathway on S1, we obtain M ≈ 0.37 (enol), 0.48 (near the transition

region), and 0.49 (keto), with the full profile reported in table S1.

Furthermore, we analyze the CI expansion of the excited state SA(2)-CASSCF wave

function. The active space consists of four ππ∗ orbitals shown in Figure S1. We denote the

orbitals as ϕ1, ϕ2, ϕ3, ϕ4 with natural orbital occupation numbers of 1.93, 1.48, 0.51, and

0.08 at the enol geometry. Across the proton-transfer coordinate, the S1 wave function’s

composition remains qualitatively consistent. The dominant contributions are:
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Table S1: M-diagnostic values of HBQ for S1 across the ESIPT reaction coordinate.

Geometry Index M (S1)

1 0.37
2 0.36
3 0.37
4 0.36
5 0.37
6 0.37
7 0.37
8 0.36
9 0.37
10 0.33
11 0.36
12 0.41
13 0.48
14 0.48
15 0.49
16 0.5
17 0.5
18 0.51
19 0.51
20 0.54
21 0.57
22 0.53
23 0.5
24 0.49
25 0.49
26 0.49
27 0.49

Average M 0.44

• π2 → π∗
3 with 30% weight: Singly excited CSF from π2 to the lower antibonding π∗

• π2 → π∗
4 with 18–19% weight: Singly excited CSF from π2 into the higher π∗

• π1 → π∗
3 with 15% weight.: Singly excited CSF from the first bonding π into π∗

3

• π1π2 → π∗
3π

∗
4 with 14–15% weight: Doubly excited CSF

The S1 state has predominantly ππ∗ character, as also noted previouslyS15 with no single

dominant configuration reflected in the M diagnostic reported. The wave function character

S10



is stable across the geometries examined here, with only small variations in CSF weights.

The CI vector is the expansion of the excited state wave function as a sum over slater

determinants. The coefficient is representative of how much the determinant contributes to

the overall wave function. The weight is the coefficient squared in percent. Shown below

is the breakdown of the the ground-state enol structure’s and excited-state keto structure’s

electronic structure in terms of the CI coefficients and determinants.

Table S2: Analysis of CI coefficients and Slater determinants of the ground-state enol minima

Coefficient Weight Determinant
+0.527711 27.8479% |ϕ1(2) ϕ2(2) ϕ3(0) ϕ4(0)>
-0.379356 14.3911% |ϕ1(↑) ϕ2(2) ϕ3(↓) ϕ4(0)>
-0.379356 14.3911% |ϕ1(↓) ϕ2(2) ϕ3(↑) ϕ4(0)>
+0.309591 9.5846% |ϕ1(2) ϕ2(↑) ϕ3(0) ϕ4(↓)>
+0.309591 9.5846% |ϕ1(2) ϕ2(↓) ϕ3(0) ϕ4(↑)>
+0.209279 4.3798% |ϕ1(0) ϕ2(2) ϕ3(2) ϕ4(0)>
+0.176690 3.1219% |ϕ1(↓) ϕ2(↓) ϕ3(↑) ϕ4(↑)>
+0.176690 3.1219% |ϕ1(↑) ϕ2(↑) ϕ3(↓) ϕ4(↓)>
-0.172010 2.9588% |ϕ1(↓) ϕ2(↑) ϕ3(↑) ϕ4(↓)>
-0.172010 2.9588% |ϕ1(↑) ϕ2(↓) ϕ3(↓) ϕ4(↑)>
+0.132812 1.7639% |ϕ1(2) ϕ2(0) ϕ3(0) ϕ4(2)>
-0.092377 0.8534% |ϕ1(↑) ϕ2(2) ϕ3(0) ϕ4(↓)>
-0.092377 0.8534% |ϕ1(↓) ϕ2(2) ϕ3(0) ϕ4(↑)>
-0.086133 0.7419% |ϕ1(0) ϕ2(2) ϕ3(0) ϕ4(2)>
-0.075848 0.5753% |ϕ1(0) ϕ2(↑) ϕ3(2) ϕ4(↓)>
-0.075848 0.5753% |ϕ1(0) ϕ2(↓) ϕ3(2) ϕ4(↑)>
-0.073861 0.5455% |ϕ1(2) ϕ2(0) ϕ3(2) ϕ4(0)>
+0.067174 0.4512% |ϕ1(2) ϕ2(↑) ϕ3(↓) ϕ4(0)>
+0.067174 0.4512% |ϕ1(2) ϕ2(↓) ϕ3(↑) ϕ4(0)>

SVI L-PDFT Potential Energy Surfaces

Figure S9a and Figure S9b depict ground-state (S0) and first excited singlet-state (S1)

potential-energy profiles along the ESIPT coordinate(ζPT) computed with ground and excited-

state optimized geometries respectively. The energy profiles are computed with SA(2)-

CAS(4,4) and L-PDFT/tPBE using the 6-31G** basis set. Energies are referenced to the S0
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Table S3: Analysis of CI coefficients and Slater determinants of the excited-state keto minima

Coefficient Weight Determinant
+0.388220 15.0715% | ϕ1(2) ϕ2(↑) ϕ3(↓) ϕ4(0)>
-0.388220 15.0715% |ϕ1(2) ϕ2(↓) ϕ3(↑) ϕ4(0) >
-0.306672 9.4048% |ϕ1(2) ϕ2(↑) ϕ3(0) ϕ4(↓)>
+0.306672 9.4048% |ϕ1(2) ϕ2(↓) ϕ3(0) ϕ4(↑)>
-0.277758 7.7149% |ϕ1(↓) ϕ2(↑) ϕ3(2) ϕ4(0)>
+0.277758 7.7149% |ϕ1(↑) ϕ2(↓) ϕ3(2) ϕ4(0)>
-0.273320 7.4704% |ϕ1(↑) ϕ2(↑) ϕ3(↓) ϕ4(↓)>
+0.273320 7.4704% |ϕ1(↓) ϕ2(↓) ϕ3(↑) ϕ4(↑)>
+0.172678 2.9818% |ϕ1(2) ϕ2(0) ϕ3(↓) ϕ4(↑)>
-0.172678 2.9818% |ϕ1(2) ϕ2(0) ϕ3(↑) ϕ4(↓)>
+0.167215 2.7961% |ϕ1(↓) ϕ2(↑) ϕ3(↑) ϕ4(↓)>
-0.167215 2.7961% |ϕ1(↑) ϕ2(↓) ϕ3(↓) ϕ4(↑)>
+0.120033 1.4408% |ϕ1(↓) ϕ2(2) ϕ3(↑) ϕ4(0)>
-0.120033 1.4408% |ϕ1(↑) ϕ2(2) ϕ3(↓) ϕ4(0)>
+0.092169 0.8495% |ϕ1(↓) ϕ2(0) ϕ3(2) ϕ4(↑)>
-0.092169 0.8495% |ϕ1(↑) ϕ2(0) ϕ3(2) ϕ4(↓)>
+0.088337 0.7803% |ϕ1(0) ϕ2(↑) ϕ3(2) ϕ4(↓)>
-0.088337 0.7803% |ϕ1(0) ϕ2(↓) ϕ3(2) ϕ4(↑)>
+0.086085 0.7411% |ϕ1(↓) ϕ2(↑) ϕ3(0) ϕ4(2)>
-0.086085 0.7411% |ϕ1(↑) ϕ2(↓) ϕ3(0) ϕ4(2)>
-0.071541 0.5118% |ϕ1(↑) ϕ2(0) ϕ3(↓) ϕ4(2)>
+0.071541 0.5118% |ϕ1(↓) ϕ2(0) ϕ3(↑) ϕ4(2)>

minimum for each method. Figure S9c depicts the potential-energy profiles along the ESIPT

coordinate(ζPT) using the def2-TZVP basis set with SA(2)-CAS(4,4) and L-PDFT/tPBE

utilizing ground and excited-state optimized geometries for the ground and excited-state re-

spectively. Figure S9d shows the potential-energy profiles along the ESIPT coordinate(ζPT)

using the 6-31G** basis set with SA(3)-CAS(4,4) and L-PDFT/tPBE.

SVII Energy Conservation of Trajectories

Trajectories were classified as non-energy-conserving and excluded from the analysis if their

maximum total-energy drift exceeded 1 eV relative to the initial energy after the first 0.05

ps of propagation. Applying this objective criterion resulted in the retention of 72 of the

original 100 trajectories. To assess the sensitivity of our results to this filtering procedure, we
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(a) (b)

(c) (d)

Figure S9: Potential energy surfaces of the ESIPT of HBQ as a function of ζPT. (a) L-
PDFT and SA-CASSCF potential energy surfaces using geometries optimized at the S0 level
of theory. (b) using geometries optimized at the S1 level of theory. (c) computed using
the def2-TZVP basis set. (d) SA(3)-CAS(4,4) and L-PDFT/tPBE potential energy surfaces
using the 6-31G** basis set, with energies referenced to the S0 minimum for each method.

repeated the analysis using all 100 trajectories. The resulting ESIPT timescale was 15.956

± 7.500 fs, compared to 16.017 ± 8.262 fs (reported as 16 ± 8 fs) obtained using the filtered

set of 72 trajectories. The values are well within the statistical uncertainty. Inclusion of all

trajectories does not alter any of the qualitative conclusions. In both cases, the predicted

proton-transfer timescale remains ultrafast and consistent with previous experimental and

theoretical studies of HBQ. These results demonstrate that the reported ESIPT timescale

and mechanistic conclusions are robust with respect to the trajectory-filtering procedure.
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As is evident, the ESIPT timescale calculated with all 100 trajectories is nearly equiv-

alent to the timescale calculated with the discarded trajectories. In addition, including

these trajectories does not change our qualitative interpretations and conclusions of our L-

PDFT study, as both timescales reflect an ultrafast timescale. Thus, we take our results

from discarding the trajectories exceeding 1 eV in total energy drift as being accurate and

representative of our L-PDFT dynamics.

Shown in Figure S10, it is shown that when excluding vs. including trajectories marked

as not conserving of total energy, the qualitative results and conclusions that could be made

remain the same. The primary result remains, from Figure S10a and Figure S10b, that the

formation of the keto carbonyl takes place within our estimated L-PDFT ESIPT timescale

( 16 fs). Our conclusion from Figure S10c and Figure S10d remains that the O–N distance

stays nearly constant over the course of the predicted ESIPT timescale.

Additionally, in Figure S11 and Figure S12, no significant changes are evident from

comparing the original manuscript trajectories vs the figures with excluded trajectories.

SVIII Simulated Time-Resolved Fluorescence

To provide a closer comparison with the experimental time-resolved fluorescence (TRF)

measurements of Lee et al.,S16 we simulated the TRF decay of the enol emission from the L-

PDFT trajectories following the procedure described by Barbatti and co-workers.S17,S18 The

experimental TRF signal monitors the decay of the enol emission, which is directly associated

with depletion of the initially excited enol population during ESIPT. In our analysis, the

enol region is defined by ζPT < −0.15 Å where ζPT = d(O− H)− d(N− H).

The spontaneous emission rate for the S1 → S0 transition is written as

Γ1→0(t) =
2α

meh̄c2
f1→0(t)∆E(t)2, (S2)

where α is the fine-structure constant, me is the electron mass, h̄ is the reduced Planck
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100 Trajectories
No excluded trajectories72 Trajectories

a) b)

c) d)

Figure S10: Comparison between excited-state structural evolution along the S1 trajectories
for 72 trajectories vs 100 trajectories: a) Time-resolved probability density of the C–O bond
length. Kernel density estimates (KDEs) of d(C−O) are shown for successive time blocks
(0–5, 5–10, 10–20, 20–30, 30–50, and 50–70 fs), with each curve normalized to unit area.
Curves are colored by time-block order. Dashed vertical lines mark the mean d(C−O) in
the time blocks 0–5 fs which marks the “enol” form, 10–20 fs marks the “nascent keto form”
and the final 50–70 fs block marks the “relaxed keto form” of HBQ. b) Same as panel a)
but computed without excluding any trajectories due to total energy drift. c) Same as
panel a), but for the O–N distance. d) Same as panel c), but computed without excluding
any trajectories due to total energy drift. The respective black arrows on each of the plots
highlight the net shift in the distribution over the average reaction time of 16 fs.

constant, c is the speed of light, f1→0(t) is the oscillator strength, and ∆E(t) is the vertical

S1 → S0 energy (see Figure S15). In atomic units, this expression becomes

Γ1→0(t) =
4α

3
f1→0(t)∆E(t)2. (S3)

Because analytic transition dipole moments are not yet available for L-PDFT, we evaluate

the simulated TRF using two limiting approximations. First, we assume a constant oscillator
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100 Trajectories
No excluded trajectories72 Trajectories

Figure S11: Comparison of the distribution of all 72 trajectory transition times (defined as
the time of first occurance of ζPT = 0.79 Å). The left is the plot of all total energy conserving
trajectories. Right is the plot of all 100 trajectories. The vertical green marker denotes the
average time each trajectory is deemed complete.

Figure S12: Comparison of the time evolution of the ESIPT in HBQ along the proton-
transfer coordinate ζPT on the S1 surface. The left is the plot of all total energy conserving
trajectories. Right is the plot of all 100 trajectories. The ensemble-averaged trajectory is
shown in pink. The green vertical line marks the mean completion time, defined as the
first passage into the keto basin. The red dots represent the point at which each individual
trajectory achieved the defined transition time. The blue trajectory lines represent the
trajectories that were originally excluded due to lack of total energy conservation.

strength, f1→0 = 1, throughout the ESIPT dynamics. Under this approximation,

Γ(f)(t) =
4α

3
∆E(t)2. (S4)

S16



Figure S13: Total energy conservation across 100 trajectories. Black lines correspond to
energy conserving and red lines (28) correspond to non-energy conserving trajectories.

Second, we assume a constant transition dipole moment, |µ1→0| = 1 a.u. The oscillator

strength and transition dipole moment are related in atomic units by

f1→0(t) =
2

3
∆E(t)|µ1→0|2. (S5)

Substituting this relation into eq. (S3) and taking |µ1→0| = 1 a.u. gives,

Γ(µ)(t) =
4

3
∆E(t)3. (S6)

The simulated ensemble-averaged fluorescence intensity is then obtained by averaging the

trajectory-resolved emission rates over the N = 72 energy-conserving L-PDFT trajectories,

I(x)(t) =
1

N

N∑
i=1

Γ
(x)
i (t), x ∈ {f, µ}. (S7)
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The standard error of the mean fluorescence intensity is computed as

SE(x)(t) =
1√
N

√√√√ 1

N

N∑
i=1

[
Γ
(x)
i (t)− I(x)(t)

]2
. (S8)

Here, the excited-state population is assumed to remain unity over the analyzed time win-

dow, consistent with the absence of nonadiabatic decay in the present adiabatic L-PDFT

trajectories. Thus, the simulated TRF reflects the decay of the enol-emission signal due to

ESIPT-induced changes in the emitting ensemble rather than population loss from S1.

Figure S14: Simulated time-resolved fluorescence intensity of HBQ during ESIPT in the
first excited singlet state. Intensity normalized to its value at t = 0. Black solid line
is the trajectory average assuming a constant transition dipole moment |µ| = 1 for Γ ∝
∆E3. Blue solid line is the trajectory average assuming a constant oscillator strength f =
1 for Γ ∝ ∆E2. Grey-shaded and blue-shaded regions represent the standard errors given by
eq. (S8) for the constant transition dipole moment ensemble average and constant oscillator
strength ensemble average. Dashed black and blue lines are monoexponential fits A1e

− t
τ

to the respective averages. Red dashed line is a monoexponential decay with τ = 12 fs
representing the experimental time-resolved fluorescence timescale found by Lee et al.

The simulated TRF traces are normalized and fit to a single-exponential decay (Fig-

ure S14). Using the constant oscillator-strength approximation, f1→0 = 1, we obtain a decay

time constant of 10.3 fs. Using the constant transition-dipole approximation, |µ1→0| = 1 a.u.,
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we obtain a decay time constant of 6.6 fs. Overall, both approximate weighting schemes re-

produce an ultrafast decay of the enol-emission signal, consistent with the experimental

enol-emission TRF decay time of 12 fs. The remaining difference from experiment may

arise, in part, from the use of constant oscillator strengths or transition dipole moments.

Analytic transition dipole moments for L-PDFT, currently under development, will enable

direct computation of the time-dependent radiative weights along the trajectories and should

provide a more rigorous route to quantitative agreement with experimental TRF spectra.

Figure S15: Energy gap between first excited singlet and ground state of HBQ over the
course of the ESIPT process. The dark purple line represents the average energy gap for all
trajectories. Shaded purple region represents the standard error across all trajectories.
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