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Conical intersections (Cls) are primary pathways for ultrafast nonradiative relaxation in photoexcited molecules, yet
their spectroscopic signatures often reflect a complex interplay of electronic motion, vibrational dynamics, and environ-
mental dephasing. This challenge becomes particularly significant when the nuclear coordinate driving the relaxation is
strongly anharmonic, since harmonic approximations commonly employed in CI models cannot capture the asymmetric
level structure and wave-packet evolution associated with realistic bond-stretching motion. Here, we develop a dissipa-
tive two-state, two-mode vibronic model that combines an anharmonic Morse tuning coordinate with a harmonic coupling
coordinate and a three-level extension for simulating two-dimensional electronic—vibrational (2DEV) spectroscopy. Re-
duced density-matrix dynamics are propagated using the hierarchy equations of motion, while absorptive 2DEV spectra
are calculated within a phase-matching formalism. To isolate the effect of Morse anharmonicity, we further introduce a
parameter-matched fully harmonic reference model with the same local frequencies, potential-surface displacements, elec-
tronic coupling, bath parameters, temperature, and initial conditions. The resulting potential-energy surfaces generate an
asymmetric branching space in which the same nonadiabatic dynamics appear as rapid population transfer in the adiabatic
representation and as a more gradual redistribution in the diabatic representation. The calculated dynamics exhibit coherent
oscillations with a dominant component near 620 cm ™! while the 2DEV spectra reveal time-dependent redistribution of
vibronic intensity during passage through the intersection region. Unequal vibronic peak spacings and evolving center-line
slopes emerge as experimentally testable signatures of anharmonic vibronic coupling and changing electronic—vibrational
correlation within the present model. These results demonstrate that anharmonic Morse-based models qualitatively alter
how CI dynamics appear in 2DEV spectroscopy.
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1. Introduction

Conical intersections have moved from theoretical cu-
riosities to-‘organizing principles of excited-state chem-

istry. They are the regions where two electronic

potential-energy surfaces (PESs) become degenerate and
the Born—Oppenheimer separation of electronic and nu-
clear motion breaks down most dramatically.!'=>! In that
regime, electronic excitation can be converted into nu-

clear _motion on femtosecond timescales, making Cls

central to photostability, internal conversion, and pho-

tochemical selectivity.[*® Their influence is now recog-

7-9]

nized across systems as diverse as nucleobases, ! reti-

5 [10-12] 13,14]
9

nal chromophore carotenoids,! photosynthetic

pigment—protein complexes!'3! and functional molecular
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materials.['5-17] Recent reviews have argued that they play
an excited-state role analogous to that of transition states in
ground-state reaction dynamics.*l The modern question is
therefore no longer whether CIs matter, but how their local
topology, mode selectivity, and environmental dressing be-
come encoded in observables that an experiment can actually
measure.

Because of their central role in excited-state relaxation,
understanding the quantum dynamics at CIs has become a ma-
jor theme in modern theoretical and experimental chemistry.
Geometric-phase effects near CIs have also been shown to in-
duce symmetry breaking and spatial localization of nuclear

(18] Ultrafast spectroscopies, including transient

wave packets.
absorption, ' time-resolved photoelectron spectroscopy, 2!

and multidimensional techniques,*'~2*! have been used to
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study Cl-mediated population transfer. Attosecond stimu-

lated x-ray Raman signals have further been proposed to
monitor transient electronic coherences during CI passage. >3]
Complementary quantum dynamics simulations employing
ab-initio multiple spawning, trajectory surface hopping,!26-7]
or hierarchy equations of motion (HEOM)[?8-31 approaches
have provided mechanistic insights. In the present work, the
Morse potential is introduced to describe anharmonic nuclear
motion in the photoexcited nonequilibrium molecular system
beyond the local harmonic approximation, rather than to con-
struct realistic molecular PESs. The focus is not to demon-
strate again that a CI can induce nonadiabatic transfer, but to
reveal how the form of the nuclear potential is mapped onto
2DEV observables, including peak spacings, peak-intensity
redistribution, and peak-specific coherences. The question
is difficult because no single experimental observable reports
only on population transfer. Transient absorption excels at fol-
lowing evolving excited-state manifolds, time-resolved pho-
toelectron spectroscopy is highly sensitive to electronic char-
acter, and two-dimensional electronic spectroscopy can sep-
arate coherent from incoherent pathways, but each technique
projects the dynamics onto only part of the coupled electron-
nuclear problem. Recent ultrafast x-ray measurements on
pyrazine have made this point especially vividly by showing
that CI passage can create electronic dynamics that are sub-
sequently dephased by the surrounding environment on sub-
40 fs timescales.! In other words, the observable is shaped
not only by the crossing itself, but also by how nuclear motion,
coherence, and dissipation are braided together while the wave
packet traverses the branching space.” A compelling theoreti-
cal model therefore has to do more than reproduce a transfer
time. It has to connect topology, dynamics, and spectroscopy
in one language.

Reduced Hamiltonians remain indispensable for that pur-
pose. The minimal twe-state, two-mode picture distills the
CI into the smallest active subspace that can still represent
a branching space:" a tuning coordinate that changes the en-
ergy gap between states and a coupling coordinate that mixes
them. That framework is valuable because it isolates mecha-
nism without drowning it in full-dimensional complexity. Its
main weakness, however, is often not the reduced dimension-
ality but the default use of harmonic potentials.*'-32] Har-
monic models are excellent near equilibrium, but they flat-
ten the asymmetry that becomes important as a wave packet
moves away from the Franck—Condon region, changes veloc-
ity along the reaction coordinate, or samples bond-stretching
motion with strongly nonuniform level spacing.?*33 In re-
alistic molecular systems, however, vibrational potentials are
generally anharmonic away from equilibrium, particularly
along bond-stretching and other large-amplitude coordinates.
This anharmonicity manifests itself in non-equidistant vibra-
tional level spacings and becomes especially relevant after

photoexcitation, when nuclear wave packets may explore re-
gions well beyond the local harmonic regime. Thus, ac-
counting for vibrational anharmonicity is important for es-
tablishing a more physically realistic description of excited-
state nuclear dynamics. Recent theoretical work on internal
conversion with Morse potentials has shown that anharmonic-
ity can shift nonradiative rates substantially and can even re-
verse the error introduced by harmonic approximations de-
pending on displacement and excitation energy.*®! For ClIs,
that means anharmonicity is not merely a quantitative correc-
tion. It can alter how quickly the packet reaches the cross-
ing, how it bifurcates there, and how much coherence sur-
vives after the passage. Motivated by these considerations, in
the present work, we retain the mechanistic transparency of a
reduced-dimensionality model while introducing anharmonic-
ity directly into the tuning coordinate that governs access to
the crossing region. The system is formulated as an effec-
tive two-state, two-mode vibronic Hamiltonian composed of
an anharmonic Morse tuning mode, a harmonic coupling mode
linearly coupled through /1, = YQ,, and independent Drude—
Lorentz environments treated within the HEOM formalism.
For spectroscopic calculations, the framework is extended to
include the electronic ground state, enabling visible excitation
and infrared detection to be described consistently within a
unified nonlinear-response treatment. This construction pro-
vides a balance between conceptual simplicity and spectro-
scopic realism. HEOM is particularly well suited to this prob-
lem because it captures nonperturbative system—bath interac-
tions and finite bath memory while remaining compatible with
multidimensional optical-response calculations.

Two-dimensional electronic—vibrational (2DEV)E7:38]
spectroscopy is the natural place to look for that connec-
tion. By correlating visible excitation frequency with in-
frared detection frequency, 2DEV links electronic prepara-
tion directly to the vibrational coordinates that respond dur-
ing relaxation.*®! The power of the method lies in this mixed-
frequency character: it can distinguish where the packet was
launched electronically from how that packet is distributed
vibrationally at a later waiting time. Previous foundational
work established that 2DEV is a direct probe of coupled elec-
tronic and nuclear motion and that line-shape metrics such
as the center-line slope report on cross-correlations between
electronic and vibrational frequency fluctuations. Experimen-
tal and theoretical studies on carotenoids further demonstrated
that 2DEV can follow wave-packet motion through regions in-
fluenced by CIs.! %! Yet the specific signatures expected when
the active coordinate is explicitly anharmonic remain under-
developed. That gap is important because 2DEV is sensitive
precisely to the quantities most likely to be distorted by an-
harmonicity: peak spacing, vibronic cross-peak structure, and
waiting-time-dependent line shapes.

In this study, we develop a theoretical framework to cap-
ture strong anharmonic vibronic dynamics near a CI and con-
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nect them to 2DEV spectroscopic observables. We construct a
two-state-two-mode Hamiltonian with an anharmonic Morse
tuning mode and a harmonic coupling mode, thereby incorpo-
rating tuning-mode anharmonicity absent in harmonic treat-
ments. The interstate vibronic coupling is linear in the cou-
pling coordinate, h12 = YQ,, and vanishes at Q. = 0. Using the
HEOM formalism, we follow the real-time wave-packet evo-
lution and quantify branching between diabatic surfaces. We
also construct a parameter-matched fully harmonic reference
model to distinguish the effects of tuning-mode anharmonic-
ity from those of other model parameters. We further extend
the model to a three-state scheme including the ground state,
enabling simulation of pump—probe preparation and 2DEV
signal generation. Within the HEOM formalism, we calcu-
late 2DEV spectra across different waiting times, revealing
spectral shifts and cross-peaks diagnostic of anharmonic vi-
bronic coupling. Our results show that anharmonic potentials
qualitatively reshape wave-packet bifurcation dynamics com-
pared to harmonic models, leading to altered timescales and
coherence decay patterns. Importantly, the calculated 2DEV
spectra demonstrate experimentally verifiable signatures of
these anharmonic effects, including frequency shifts of cross
peaks near the CI and relaxation-induced broadening. By con-
necting Morse-based Hamiltonians with spectroscopic observ-
ables, this work provides a pathway for interpreting 2DEV ex-
periments in strong anharmonic regimes.

2. Model and parameters

To describe the vibronic dynamics near the CI, we con-
sider two excited electronic states coupled to a tuning mode
and a coupling mode. The molecular Hamiltonian can be writ-
ten as

Hol = |8)hg(g| +le1)(hi+€1){ei]
+|€2>(h2+€2)<62|+(|61>h12<€2|+h.c.). (D)

Here, hjand Ay denote the vibrational Hamiltonians on the two
excited diabatic surfaces, where € and €, are the site energies
of electronic states. The interstate vibronic coupling is taken
as hip = yQ. with y =200 cm~!. The coordinates Q; and Q.
form the two-dimensional branching space near the CI. When
this.condition is simultaneously satisfied with the diabatic de-
generacy condition, E,, (Q;) = E,, (Q;), the system reaches the
single CI point of the present two-dimensional model. In the
dimensionless harmonic-oscillator representation used here,
the coupling coordinate is written as Q. = (a+a')/v/2. In
the present model, A, denotes the vibrational Hamiltonian,
in which the tuning mode is described by a Morse potential,
while the coupling mode is described by a harmonic potential.
Thus, we have

hay Ny

hy = ————
£ 2N+

(b'b+0b")

hoy 1
—— 4 ho (da+= ). 2
The ground-state vibrational Hamiltonian in Eq. (2) can be de-
composed into the tuning-mode Morse contribution and the

coupling-mode harmonic contribution as
hg = htg + e, (3)

where
Ay Ny

hpg = e
BTN+ 1)

bib+bb") +
(B0 ) S )

“
is the Morse contribution of the tuning mode on the ground-
state diabatic surface, and

he = hay, (aTa—f— ;) )

is the harmonic contribution of the coupling mode. Here,

N; = \/8D;1;/(?B2) =1 is the algebraic parameter of the

Morse oscillator with Dy, B, and g, denoting the dissocia-
tion energy, anharmonic parameter and effective mass of the
tuning mode, respectively. Moreover, b and b' denote the an-
nihilation.and creation operators of the Morse oscillator, while
a and a" denote those of the harmonic oscillator. The shifted
excited-state Morse surfaces are constructed by displacing the
ground-state Morse Hamiltonian along the tuning coordinate.
Accordingly, for a displacement d; on the ith excited diabatic
surface, the Morse contribution can be written as

diN; oy
2(N+1)V2
x (b'bb—bb'b" — bbb +bTb'D) . (6)

htﬁi = ht,g+

The excited-state vibrational Hamiltonians /4; and &, are con-
structed using Eq. (6) with i = 1 and 2, respectively, together
with the harmonic coupling mode. This displaced form pro-
vides the excited-state potential energy surfaces used in the
present model. The vibrational Hamiltonians on the two ex-
cited diabatic surfaces are then explicitly written as

hy = hiy+he
d\N; o,
"N, +1)V2
x (b'bb—bb b —bbb' +b'b'b) +he, (D)
hy = hip+he
dzN[w[

YN+ 1)V2
x (b'bb—bb'b" —bbb" +b'bb) +he,  (8)

where A, is the harmonic contribution of the coupling mode
defined above. The detailed basis representation and construc-
tion of the Morse—harmonic model Hamiltonian are provided
in Section I of the supporting information (SI). Thus, /1 and A,
differ from the ground-state vibrational Hamiltonian through
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the displacements d; and d, along the tuning coordinate, while
sharing the same harmonic coupling-mode contribution.

To include dissipation, we assume that the two effective
modes are coupled to independent harmonic baths. The envi-
ronmental Hamiltonian can be written as

2 2 2
,
Heypy — Z { Pa +ma o (XOH‘ caQc )

= | 2mgq 2 Mg W2
2 2 2
9o Mg vy, do O
. 9
tom, T2 (y“+Mavg ©)

Here, py, xq, Mg, and @y denote the momenta, coordinates,
masses, and frequencies of the bath oscillators coupled to the
coupling mode, while gy, yo, My, and vV, denote those cou-
pled to the tuning mode. The corresponding system—bath cou-
pling strengths are given by cy and dy, respectively. The
baths are characterized by the spectral densities, which have
the form

2 0@

= 2B ® 10
0% + 0, (10)

J(@)
where A and @, denote the reorganization energy and cut-
off frequency, respectively. For simplicity, identical Drude—
Lorentz spectral densities are assumed for the tuning and cous=
pling baths with A = 40 cm™! and @, = 200 cm™".

The population dynamics and the third-order, 2DEV
responses are propagated using the HEOM method.?-30l
HEOM treats the system—bath coupling and finite bath mem-
ory nonperturbatively through a hierarchy of auxiliary density
operators. The detailed derivation, including the Feynman-—
Vernon influence functional, the Drude bath correlation func-
tion, the Matsubara expansion, and the hierarchy equations, is
provided in Section II of the SI.

For the population dynamics calculation, we use only the
two excited states'e;) and |ez). For the 2DEV calculations,
we use the full three-level model including the ground state
|g). The corresponding transition dipole operators are taken as

A = o = g){ea, 1)
and

a3 = |g) (b+bT+a+aT) (g +ler) (b+bT+a+aT) (e1]
+le2) (b+b" +a+a') (ea. (12)

Here, fl;, {l; and fi3 denote the allowed optical transitions as-
sociated with the three laser pulses, respectively. In the present
2DEV model, the first two pulses are visible pulses and the
third pulse is an infrared probe pulse. The first visible pulse
establishes an electronic coherence between |g) and the ini-
tially prepared state |e;), and the second visible pulse converts
this coherence into a ground- or excited-state population. Dur-
ing the waiting time 7', the system undergoes vibrational evo-
lution and nonadiabatic population transfer from |e;) to |e;).

Therefore, the first two interactions use the same transition
dipole operator. The absence of a |g) (e | term follows from the
selective-initial-excitation assumption of the present model:
the visible pump is resonant with the higher-energy bright
state |e2), whereas |e) is treated as optically dark or outside
the effective pump bandwidth. This is a model assumption
rather than a general selection rule. The third transition dipole
operator represents the infrared probing process. It does not
change the electronic state, but changes the vibrational quan-
tum number within the same electronic manifold. The opera-
tors b+b" and a+a’ correspond to the vibrational transitions
of the Morse tuning mode and.the harmonic coupling mode,
respectively. Thus, the third pulse probes the vibrational re-
sponse on the electronic state occupied after the waiting-time
evolution. The detailed construction of the 2DEV signal and
the associated phase-selected response functions are provided
in Section III of the SI.
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Fig. 1. Anharmonic CI landscape used in the model. (a) Ground (|g))
and excited adiabatic potential-energy surfaces (|é1) and |é;)), together
with representative photoexcitation and relaxation pathways. (b) One-
dimensional cut along the tuning coordinate, Q; at fixed coupling coor-
dinate (Q. = 0), highlighting the asymmetric Morse-like anharmonic-
ity of the active relaxation coordinate. (c) One-dimensional cut along
the coupling coordinate, Q. near the crossing region, showing the near-
degeneracy that defines the branching space.

For the calculations, we have constructed the model with
refined parameters. The system parameters that demonstrate
the dynamics of the wave packet passing through the CI are
shown in Table 1. With the refined parameters, we have con-
structed the effective PESs, which are shown in Fig. 1(a). The
adiabatic states |¢]) and |é;) are obtained by diagonalizing the
diabatic electronic Hamiltonian in the {|e;),|e;)} subspace at
each nuclear geometry, where the tilde distinguishes the adi-
abatic representation from the diabatic basis. The curves of
PESs at particular positions (along Q. = 0 and Q; = —0.9) are
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also shown in Figs. 1(b) and 1(c), respectively. The anhar-
monicity is clearly evident in the PES of |&;) (the blue solid
line) in Fig. 1(b).

Table 1. Parameters of the two-state-two-mode Hamiltonian with a

Morse tuning mode and a harmonic coupling mode. d; is the dimen-
sionless quantity representing displacement.

Parameters Value

Dissociation energy of the Morse tuning po- 6405 cm™!

tential

Numbers of retained basis functions for the 10, 6

tuning and coupling modes

Fundamental frequencies of the tuning and Q, =420cm™!,

coupling modes Q. =270cm™!

Distance traveled along the tuning mode dy =125,
dy=-2.5

First and second excited state 1000 cm™1,
2500 cm ™!

Electronic coupling strength 200 cm ™!

To isolate the specific effect of tuning-mode anharmonic-
ity, we additionally construct a parameter-matched fully har-
monic reference model in which both the tuning and coupling
modes are described by harmonic potentials. The electronic
energy levels, local vibrational frequencies, potential-surface
displacements, interstate electronic coupling, environmental
parameters, temperature, and initial conditions are kept iden=
tical to those of the Morse—harmonic model; only the Morse
tuning potential is replaced by a harmonic potential. The de-
tailed construction and corresponding results are provided in
Section IV and Figs. S1-S4 of the SI.

3. Results and discussion
3.1. Population dynamics

Using the model and optimized parameters, we first cal-
culated the population dynamics and examined the wave-
packet motion. For this, we constructed the effective Hamil-
tonian matrix using the annihilation and creation operator for-
malism for the Morse oscillator and employed HEOM to ob-
tain numerically exact results. We calculated the population
dynamics and plotted the resulting data in diabatic and adia-
batic bases in Figs. 2(a) and 2(b), respectively. In Fig. 2(a),
we observed the population transfer from |e;) to |e;) with
timescales of 72 fs and 2398 fs, respectively. In addition, the
|e2) population reaches a value of 0.4 after 400 fs. Moreover,
we also show the population dynamics in the adiabatic ba-
sis, which exhibits clear oscillatory dynamics during the ini-
tial 500 fs. Interestingly, we observed that the transfer occurs
within a timescale of 109 fs. The diabatic and adiabatic popu-
lations in Figs. 2(a) and 2(b) represent different projections of
the same nonadiabatic dynamics. Because the adiabatic ba-
sis follows the instantaneous electronic eigenstates whereas
the diabatic basis tracks the fixed electronic-state character,
the corresponding population traces exhibit different tempo-
ral profiles and therefore yield different fitted timescales. To

examine the coherent dynamics, we also analyzed the resid-
uals. For this, we performed a Fourier transform and plotted
the resulting data in Fig. 2(c) and the wavelet-related results
in Fig. 2(d). We show that a dominant peak at 620 cm~! and
its temporal persistence are clearly visible in Fig. 2(d). Based
on the calculations of population, we were able to determine
the lifetime of transfer through the CI. The model therefore
exhibits clear vibronic coherence.

(@) 12 Ter) By, 71 = 72 5, = = 2398 (®) | My fit, n =109
™ les) —fit,, 75 =72f5, i =2308 ff| o~ 1] |—lé2) ~--fite,, 72 = 109 fs|
s 1 @ ’ e o |
= = e
5 os g ol
2 ]
S o6 T 06
° 8
T o4 S 04
= 2
o 02 =
S 0.2
€ £ ‘\\g“—
< o <
°L
0.2
0 200 400 600 800 1000 0 500 1000 1500 2000
Time (fs) Time (fs)
10*
() 27 (d) 800
_ 0.2
M)
=
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= o
g ) ] 0.15
2 v
5 L AL R N
° | 5 soor | ¥ 620 cm™?
° g u 0.1
2 3
S 05 500
£ 0.05
<
0 400 u
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1 .
w (cm ) Time (fs)

Fig. 2. Population transfer and coherence analysis for the anhar-
monic CI model. (a) Time-dependent diabatic populations showing a
prompt transfer followed by slower redistribution. (b) Adiabatic pop-
ulations revealing rapid quenching of the upper surface and early-time
oscillations associated with coherent passage through the crossing re-
gion. (c) Fourier spectrum of the residual dynamics. (d) Wavelet map
showing the temporal persistence and decay of the dominant vibra-
tional/vibronic component near 620 cm ™.

3.2. Two-dimensional electronic—vibrational spectra of the
CI

After the population dynamics, we also performed the
spectroscopic calculations to reveal the anharmonic dynam-
ics near the CI. For this, we employed the phase-matching
approach!*!#?l with HEOM for the calculations of the 2DEV
spectra. The detailed calculations of 2DEV spectra are pro-
vided in Section III of the SI. Here, we show the calculated
2DEV spectra with selected waiting times at 7 = 0 fs, 100 fs,
200 fs, 300 fs, 400 fs, and 500 fs, respectively. At T =0 fs, we
show the well-separated main and cross peaks (red and blue
peaks) in Fig. 3(a). The red (blue) peaks indicate the ground-
state-bleaching, GSB or stimulated emission, SE (excited-
state absorption, ESA) signals in the 2DEV spectra. We la-
beled the identified peaks as D, E, F and X, Y, Z, respectively,
for clarity. The well-separated red peaks D, E and F are asso-
ciated with the optical transitions from the ground state |g) to
the second excited state |&,) in the adiabatic basis. The spec-
troscopic separations between the three peaks are 730 cm™!
and 720 cm™!, which correspond to the energy gaps between
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two vibrational levels of tuning and coupling modes. The un-
equal spacings between them demonstrate the anharmonicity
of the Morse potential in this model. Interestingly, the blue
peaks X, Y, and Z occur at similar excitation frequencies (@)
but at higher energies along the detection axis (@), indicating
ESA from higher vibrational levels of |é;). Based on this, we
have demonstrated that the visible excitation and IR probing
provide an effective scheme for the detection of nonadiabatic
dynamics near the CI.

Figure 3(d) shows the calculated 2DEV spectrum at 7' =
100 fs with similar spectral features, except for the decreased
amplitudes of blue peaks X, Y, and Z. This implies that the
initial pumped wave packet is moving from higher energy of
|€2) to the lower vibrational levels. At T = 200 fs, the labeled
peaks D, E, and F show the same spectral features in Fig. 3(b).
However, the magnitudes of X, Y, and Z peaks continuously
decrease. Moreover, we also observed newly generated blue
peaks in Fig. 3(b). We have marked these peaks as A, B, and
C, respectively, in Fig. 3(f). These three peaks generally in-
crease in amplitude at T = 300 fs (Fig. 3(e)), 400 fs (Fig. 3(c))
and reach a maximum at 7 = 500 fs (Fig. 3(f)). The peaks A,
B, and C relate to the ESA of the lower electronic excited state
|€1), which implies that the wave packet has passed through
the CI and reached the lower excited state. Thus, we could ex-
amine the detailed quantum dynamics near the CI by tracking
the time-resolved magnitude of these selected peaks.
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Fig. 3. Waiting-time evolution of the absorptive 2DEV spectra. Early spectra
are dominated by positive D/E/F features and negative X/Y/Z features associ-
ated with the initially prepared manifold. With increasing waiting time, X/Y/Z
decay and A/B/C emerge, providing a direct spectroscopic signature of popu-
lation transfer to the lower adiabatic surface after passage through the CI. The
unequal spacing of the positive peaks reflects the anharmonic vibronic ladder.
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Fig. 4. Peak-selected kinetics and coherence content of the 2DEV response. (a)—(d) Waiting-time traces of representative peaks A, B, D, and
E, together with kinetic fits and oscillatory residuals. (e)—(h) Fourier spectra of the residual signals.
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3.3. Time-resolved traces and coherent dynamics

In this section, we examined the detailed coherent dynam-
ics revealed from 2DEV spectra. For this, we extracted the
magnitudes of the selected peaks as functions of waiting time.
We have plotted the time-evolved magnitude of peaks A, B,
D, and E as red lines with squares in Figs. 4(a), 4(b), 4(c),
and 4(d), respectively. We also fitted the kinetics using ex-
ponential functions, shown as black dashed lines. Moreover,
we plotted the time-dependent traces as red square markers in
Fig. 4 accordingly. We clearly observed the oscillatory dy-
namics within the initial 400 fs. To examine the coherent dy-
namics, we performed Fourier transforms and presented the
resulting frequency spectra in Figs. 4(e)—4(h). We marked the
resolved vibrational modes in the figures. In order to study
the coherent dynamics of resolved modes, we have performed
wavelet analysis. We show the resulting data in Figs. 5(a)-
5(h). We have marked the resolved frequencies as red dashed
lines. The details of the wavelet analysis are provided in Sec-
tion V of the SI. The time-resolved traces, Fourier-transform
results, and wavelet analyses of the remaining selected peaks
for y =200 cm™! are provided in Section VII and Figs. S5-S7
of the SI.
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Fig. 5. Wavelet analysis of the selected 2DEV peaks A, B, D, and E.
(a)—(d) Wavelet transforms showing the time—frequency structures of
the dominant coherent components over the full displayed frequency
range. (e)—(h) Corresponding low-frequency regions of the wavelet
transforms. For peak A in panel (e), frequencies above 500 cm™! are
omitted to highlight the low-frequency coherent components. For peaks
B, D, and E in panels (f)—(h), frequencies above 300 cm ™~ are omitted
to emphasize the low-frequency vibrational features.

3.4. Dynamics of center line slope

It has been proposed that the electronic—vibrational dy-
namics/correlations can be well captured by center line slope
(CLS).3843:441 The CLS can be defined with respect to either
the pump or probe frequency axis: dir/dvis and dyis/diR.
Positive, negative, and zero CLS values indicate positive cor-
relation, negative correlation, and no correlation, respectively.
The decay of the CLS reports the loss of electronic—vibrational
frequency correlation arising from the combined effects of
vibrational evolution, population redistribution, and environ-
mental dephasing. The magnitude of CLS can also be used
to estimate the relative coupling strength.of the vibrations of
two electronic states with the baths.*3*! The detailed pro-
cedure for extracting the local peak centers, constructing the
center lines, and determining the CLS lifetimes is provided in
Section VI of the SI. The CLS lifetimes of all selected peaks
for different interstate coupling strengths are summarized in
Table 1 of the SI. Here, we calculated the CLS values for the
selected positive and negative peaks using dir /dvis. The dy-
namics of CLS over time is shown in Fig. 6. The curves in
Fig. 6 were fitted using single-exponential functions. We ob-
served that the electronic DoFs are negatively correlated with
the tuning mode at the beginning. That is, higher electronic
excitation is correlated with lower vibrational frequencies. *!
Here, we focus on the characteristic relaxation/correlation
timescale associated with passage through the CI region, a
fast non-adiabatic process, and thus use a single exponen-
tial fit to distinguish the energy transfer process. The life-
times of peaks A, B, D, and E are 61 fs, 315 fs, 52 fs, and
142 fs, respectively. The energy difference between the two

1 5o relaxation of the first ex-

excited states is 1500 cm™
cited state involves substantial energetic reorganization, as
shown by the decay of CLS, which destroys the electron—
vibration correlation. In addition, CLS does not reach 0,
but it shows a long deviation from 0, which has previously
been attributed to a small static inhomogeneous-broadening
component.[*’ These results also provide insight into the

anti-correlation of electronic and vibrational DoFs. Additional
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Fig. 6. Center-line-slope dynamics of representative 2DEV peaks A, B,
D, and E. The CLS decays report the loss of electronic—vibrational fre-
quency correlation during relaxation and reveal that different spectral
windows dephase on different timescales.

108203-7


https://cpb.iphy.ac.cn/article/doi/10.1088/1674-1056/aea538
https://cpb.iphy.ac.cn/article/doi/10.1088/1674-1056/aea538
https://cpb.iphy.ac.cn/article/doi/10.1088/1674-1056/aea538
https://cpb.iphy.ac.cn/article/doi/10.1088/1674-1056/aea538

Chin. Phys. B 35, 108203 (2026)

2DEV, population-dynamics, coherent-dynamics, and CLS re-
sults for ¥ = 150 cm~! and 300 cm™! are provided in Sec-
tions VIII and IX of the SI, respectively.

4. Discussion

The core finding of the present study is that anhar-
monicity modifies the spectroscopic manifestation of conical-
intersection dynamics in a way that cannot be reduced to a sim-
ple change in transfer rate. In the harmonic limit, vibronic pro-
gressions and recurrence patterns are often expected to reflect
relatively regular energy-level spacing and nearly symmetric
motion in the branching space. This contrast is also evident
from the parameter-matched fully harmonic reference calcu-
lations in Section IV and Figs. S1-S4 of the SI. Relative to
the harmonic reference, the Morse—harmonic model exhibits a
pronounced slow component in the diabatic population redis-
tribution, a shift of the dominant coherent component from ap-
proximately 470 cm~! to 620 cm™!, and a broader distribution
of 2DEV spectral features. In the present model, however, the
Morse-like tuning coordinate introduces an intrinsically asym-
metric structure into the vibronic manifold. This asymmetry
appears directly in the 2DEV response through unequal peak
separations, nonuniform redistribution of spectral weight, and
distinct temporal evolution of the X/Y/Z and A/B/C peak fam-
ilies. The calculations therefore suggest that 'the anharmonic
coordinate participates in determining which vibronic transi-
tions remain spectroscopically active during different stages
of the passage through the intersection region. The resulting
dynamics are not solely governed by population flow between
diabatic surfaces, but also by time-dependent reorganization
of the vibrational ladder itself. In this sense, the spectra indi-
cate that anharmonicity reshapes the observable vibronic con-
nectivity associated with the intersection. This interpretation
is consistent with broader theoretical work showing that har-
monic approximations can become unreliable when the ac-
tive nuclear coordinate samples regions far from the local
quadratic regime or undergoes substantial displacement dur-
ing nonadiabatic relaxation.

A second outcome concerns the role of 2DEV spec-
troscopy as a probe of dissipative nonadiabatic dynamics.
The present HEOM-based calculations extend earlier studies
of open-system conical-intersection dynamics by placing the
2DEV signal, rather than population dynamics alone, at the
center of the analysis. Within this framework, the calcula-
tions indicate that several components of the intersection dy-
namics remain experimentally distinguishable even in the si-
multaneous presence of bath-induced dephasing and anhar-
monic nuclear motion. In particular, the waiting-time evolu-
tion separates signatures associated with intrastate vibrational
redistribution from those associated with intersurface trans-
fer. The center-line-slope analysis further shows that the spec-

tral line shape retains information about correlated electronic—
vibrational motion beyond simple homogeneous broadening.
The persistence and decay of these correlations track changes
in the local vibronic environment during relaxation through
the intersection region. Although the present model is inten-
tionally reduced, these observations place the calculations in
direct conceptual connection with recent experimental efforts
aimed at resolving vibronic coherence and ultrafast electronic
relaxation in strongly coupled molecular systems using multi-
dimensional optical and x-ray spectroscopies.

At the same time, the simplified structure of the model
makes clear the limitations that should be addressed in future
work. The present treatment isolates the essential branching-
space coordinates in-order to establish a transparent connec-
tion between conical-intersection topology and spectroscopic
response. Extending the approach toward quantitatively realis-
tic systems will require more detailed parameterization of the
potential-energy surfaces, inclusion of additional vibrational
modes outside the reduced branching space, and treatment of
coordinate-dependent transition dipoles and non-Condon ef-
fects. Incorporating these ingredients will be important for
assessing how robust the present spectral signatures remain
in higher-dimensional environments and under stronger sol-
vent coupling. Such developments appear timely given the
rapid experimental progress in multidimensional vibrational—
electronic spectroscopy, FSRS, and ultrafast x-ray techniques,
together with ongoing advances in open-system and nonadi-
abatic simulation methods. Within this broader context, the
present calculations are best viewed not as a replacement for
full-dimensional treatments, but as a controlled framework
for identifying which spectroscopic signatures arise directly
from the interplay of anharmonicity, dissipation, and conical-
intersection topology.

5. Conclusion

We have shown that a reduced conical-intersection model
becomes substantially more informative when the active tun-
ing coordinate is treated anharmonically and the observ-
ables are formulated in the mixed electronic—vibrational do-
main. Within the present framework, the potential-energy sur-
faces generate an asymmetric trajectory through the branch-
ing space, while the same nonadiabatic evolution appears as
rapid depletion of the upper state in the adiabatic representa-
tion and as multiscale population redistribution in the diabatic
representation. The 2DEV response translates these coupled
electronic and nuclear processes into experimentally accessi-
ble spectral signatures through the redistribution of peak in-
tensities and the evolution of vibronic correlations. In partic-
ular, the unequal vibronic peak spacings, the staged transfer
of negative spectral weight from X/Y/Z to A/B/C, the per-

sistence of oscillatory components in the 550-660 cm™! re-
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gion, and the peak-specific center-line-slope decay together
support a consistent picture of dissipative anharmonic nona-
diabatic relaxation near the intersection region. More gener-
ally, the present results indicate that the spectroscopic signa-
tures of conical-intersection dynamics depend sensitively on
the local structure of the nuclear potential and cannot always
be captured within harmonic representations of the branch-
ing space. The calculations further demonstrate that 2DEV
spectroscopy can distinguish features associated with vibra-
tional redistribution, electronic relaxation, and evolving vi-
bronic correlations even in the presence of environmental dis-
sipation. In this sense, the work establishes a direct connec-
tion between conical-intersection topology, anharmonic nu-
clear motion, and experimentally observable 2DEV spectral
response, providing a physically transparent framework for in-
terpreting ultrafast nonadiabatic dynamics in complex molec-
ular systems.
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