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ABSTRACT
Hydrogen bonds can exhibit pronounced nuclear quantum effects (NQEs) that strongly influence proton-transfer dynamics. 10-
hydroxybenzo[h]quinoline (HBQ) is a prototypical excited-state intramolecular proton transfer (ESIPT) system with a strong intramolecular 

hydrogen bond, and its vibrational spectra and anharmonic mode couplings have recently attracted considerable interest. Here, we use con-
strained nuclear–electronic orbital density functional theory (CNEO-DFT) and molecular dynamics (CNEO-MD), which account for NQEs, 

particularly nuclear quantum delocalization effects, to investigate the O–H stretching vibration (ν OH 
) of HBQ and its anharmonic coupling 

with other modes in the ground state. The ν OH 
frequency calculated by CNEO-DFT agrees closely with the experiment, and CNEO-MD 

reproduces the characteristic finger-like structure of the infrared spectrum. Normal mode frequency shift analysis and CNEO-MD simula-
tions with resonant ν OH 

excitation consistently identify several low-frequency in-plane backbone bending modes that are strongly coupled to 

the ν OH 
. Taken together, this work establishes a detailed understanding of the ground-state vibrational spectrum and ν OH 

mode couplings in
HBQ, providing a basis for further investigation of their roles in ESIPT dynamics.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0358420

I. INTRODUCTION

Proton transfer is a fundamental chemical transformation 

where a hydrogen nucleus is transferred from a donor site to an 

acceptor site. Excited-state intramolecular proton transfer (ESIPT) 

is a distinctive proton-transfer process that typically happens after 

photoexcitation. It often features fast excited-state relaxation, a large 

Stokes shift, and strong sensitivity to hydrogen bonding, 

1–4 which 

makes ESIPT systems promising for a wide range of applications, 

including fluorescence markers for bioimaging, 

4,5 optoelectronics, 

6 

and solar concentrators. 

7

ESIPT dynamics are often highly sensitive to skeletal motions, 

which can contract the donor–acceptor distance and reshape 

the proton-transfer potential, thereby influencing proton trans-
fer dynamics. 

8–14 Therefore, understanding and rationally tuning

ESIPT behavior requires a detailed understanding of how hydrogen-
bond structure and vibrational dynamics affect the proton transfer 

process.
As a prototypical ESIPT system, 10-hydroxybenzo[h]quinoline 

(HBQ) contains a strong intramolecular hydrogen bond and under-
goes ultrafast proton transfer upon photoexcitation (Fig. 1). 

8,14–18 

The proton transfer dynamics are highly sensitive to the intramolec-
ular hydrogen bond geometry and the distance between the oxygen 

and nitrogen atoms, which are directly related to and can be 

manifested in the O–H stretching vibration (ν OH 
) frequency. 

19–23 

Therefore, the characterization of the ν OH 
vibration in HBQ as 

well as its anharmonic coupling to the skeletal vibrations that 

modulate the oxygen–nitrogen distance has been a focus of recent 

experimental and theoretical studies. 

8,14,24–27 Studies from the Khalil 

group using ultrafast pump–probe spectroscopy identified two
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FIG. 1. Structure of HBQ, which undergoes ESIPT upon photoexcitation.

specific low-frequency modes that may participate in this 

coupling, 

24,25 and later work by the Xiong group used density 

functional theory (DFT)-based anharmonic vibrational analysis and 

found several additional candidates. 

26 However, no definitive con-
clusions have been achieved, and it is unclear yet whether coupling 

to the ν OH 
is dominated by a small number of low-frequency modes 

or distributed across a broader range of modes. Resolving these 

questions is necessary to understand the role of the skeletal motions 

and how they can promote or inhibit ESIPT dynamics.
In addition, another unsolved question concerns the infrared 

(IR) spectrum of HBQ, which was observed to give a broadband with 

a finger-like structure in the ν OH 
region. 

24 Previous theoretical work 

assigns the observed peaks to coupling between the fundamental and 

four low-frequency modes, 

26 three of which are in-plane backbone 

motions that modulate the oxygen–nitrogen distance, and one of 

which is not. This interesting observation motivates us to reexam-
ine the peak assignments and mode couplings that can potentially 

give rise to the band structure.
Characterizing the ν OH 

and its anharmonic couplings with 

other modes requires an accurate treatment of the proton. Because of 

the light mass of the proton, nuclear quantum effects (NQEs), partic-
ularly zero-point energy (ZPE) and nuclear quantum delocalization, 

can substantially influence the O–H bond length, donor–acceptor 

distance, and associated vibrational frequencies and spectra. 

28–30 

Therefore, a reliable characterization of mode couplings in HBQ 

requires a method that can explicitly incorporate NQEs.
Existing methods to incorporate NQEs, such as multiconfig-

uration time-dependent Hartree, 

31 vibrational self-consistent field 

theory, 

32,33 and path integral methods, 

34–36 are often computa-
tionally expensive for ab initio calculations for a molecule as 

large as HBQ. Recently, our group has developed the constrained 

nuclear–electronic orbital (CNEO) framework, which provides an 

efficient alternative for incorporation of NQEs, particularly nuclear 

quantum delocalization effects, into quantum chemistry calculations 

and ab initio molecular dynamics (AIMD). 

37–41 The framework has 

already proven useful for studying hydrogen-related dynamics and 

kinetics, 

42,43 vibrational spectra, 

40,44–48 and nonadiabatic dynam-
ics. 

49 In addition, extensions to the CNEO framework, includ-
ing CNEO with the implicit solvent model, 

50 CNEO QM/MM, 

51 

and periodic CNEO theory, 

52,53 have enabled efficient and accu-
rate simulation of hydrogen-related processes in more complex 

environments.
In this work, we apply constrained nuclear–electronic orbital 

density functional theory (CNEO-DFT) and molecular dynam-
ics (CNEO-MD) to investigate the ν OH 

vibrational spectrum and 

its anharmonic couplings in HBQ. In particular, we assess how 

the inclusion of NQEs through the CNEO framework affects the 

equilibrium structure, harmonic vibrational frequencies, and sim-
ulated vibrational spectrum by comparing results obtained from

conventional and CNEO methods. We then perform both normal 

mode frequency shift analysis and CNEO-MD with resonant elec-
tric field excitation to identify the modes coupled to ν OH 

. Our results 

show that the inclusion of NQEs through the CNEO framework 

significantly improves the accuracy of vibrational frequency and 

spectrum predictions, and they reveal clear coupling between ν OH 

and a set of low-frequency modes that are in-plane backbone bend-
ing motions that directly modulate the intramolecular hydrogen 

bond distance.
This paper is organized as follows: Sec. II briefly introduces the 

CNEO framework. Section III provides the computational details. 

Section IV presents a comparison of the equilibrium geometry 

and vibrational spectrum of HBQ calculated using conventional 

and CNEO methods, followed by an analysis of anharmonic mode 

couplings of the ν OH 
in HBQ. Section V details the conclusions.

II. METHODS
A. CNEO framework

The CNEO framework extends multicomponent quantum 

chemistry, in which both electrons and nuclei are treated quan-
tum mechanically. 

54–59 In conventional multicomponent quantum 

chemistry, quantum nuclear wave functions optimize freely for 

each set of classical nuclear coordinates, so only reduced-dimension 

potential energy surfaces (PESs) can be defined, and quantum 

nuclei are not directly tied to conventional molecular geometries. 

On the reduced-dimension PESs, dynamics are highly nonadia-
batic and are computationally expensive to perform. 

41 The CNEO 

framework resolves this challenge and reestablishes full-dimensional 

effective PESs by constraining the position expectation value of each 

quantum nucleus to correspond to classical coordinates,

⟨R I 
⟩ = R 

geo 

I , (1)

where ⟨R I 
⟩ is the position expectation value of the I-th quan-

tum nucleus and R 

geo
I is the corresponding designated classical

position. 

37,38 This treatment relies on the distinguishable particle 

assumption, which is justified by the physical fact that in most chem-
ical systems of interest, nuclei remain significantly localized with 

essentially no overlap, allowing them to be treated as distinguishable 

particles with well-defined position expectation values.
In CNEO-DFT, the constrained multicomponent Kohn–Sham 

equations are obtained by minimizing the total energy with respect
to both the nuclear orbitals ({ ϕ 

n
I }) and the electronic orbitals ϕ 

e

subject to the constraints in Eq. (1), 

37

(−
1
2
∇

2
+ ve
)ϕe
= εeϕe, (2)

(−
1

2mn
I
∇

2
+ vn

I + f n
I ⋅ (RI − Rgeo

I ))ϕn
I = εn

I ϕn
I . (3)

Here, we use superscripts e and n to denote the electrons and 

nuclei, respectively, and I to index the nuclei. m 

n denotes the nuclear 

mass and ε denotes the multicomponent Kohn–Sham orbital energy. 

The electronic and nuclear Kohn–Sham equations each consist of a 

kinetic energy operator (∇ 

2 ) and an effective electronic or nuclear
potential (v 

e or v 

n ). f 

n
I is the Lagrange multiplier enforcing the
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expectation position constraint on the I-th quantum nucleus, cre-
ating the additional f n

I ⋅ (R I − R 

geo 

I ) term in the nuclear equation.
Solving the coupled equations self-consistently while enforcing the 

nuclear position constraints provides the multicomponent ground-
state orbitals, orbital energies, and the CNEO-DFT total energy. 

Since the CNEO energy depends on both the constrained position 

expectation values of the quantum nuclei and the coordinates of the 

classical nuclei, it essentially defines an effective PES with nuclear 

quantum delocalization effects incorporated. 

37,38,41

In CNEO-MD, the nuclear position expectation values are 

propagated classically on the CNEO effective PES. With an adiabatic 

approximation, the equations of motion for the quantum nuclei are 

as follows: 

40,60

m
d⟨R⟩

dt
= ⟨P⟩, (4)

d⟨P⟩
dt
= −∇⟨R⟩VCNEO(⟨R⟩), (5)

where ⟨R⟩ and ⟨P⟩ are the expectation values of nuclear position 

and momentum operators, respectively, m is the nuclear mass, and 

V CNEO 
(⟨R⟩) is the CNEO effective PES. For the propagation of clas-

sical nuclei, the equations of motion are the same except that the 

expectation values of position and momentum, ⟨R⟩ and ⟨P⟩, are 

replaced with classical position and momentum, R and P. These 

equations are almost identical to those of conventional AIMD, 

except for the CNEO effective PES in place of the conventional DFT 

surface. The CNEO framework leads to a small increase in com-
putational cost (typically less than 15%), 

45 while often providing 

substantial improvements in structures and dynamics. 

40,44–47

III. COMPUTATIONAL DETAILS
All DFT and CNEO-DFT calculations were performed using 

a locally modified version of PySCF, 

61,62 available on our group’s 

GitHub repository. 

63 The geomeTRIC package interfaced through 

PySCF was used for geometry optimization. 

64 AIMD and CNEO-
MD simulations were carried out using the Atomic Simulation 

Environment (ASE). 

65 Visualization was assisted by Jmol 

66 and 

VMD. 

67 Anharmonic vibrational frequencies were also calculated 

using second-order vibrational perturbation theory (VPT2) 

68,69 in 

Gaussian 16 

70 using the deperturbed VPT2 (DVPT2) 

71 treatment. 

For all calculations, we employed the B3LYP functional and the 

def2-TZVP electronic basis set. This functional and basis set were 

chosen based on benchmarking the harmonic frequency analysis for 

HBQ. We tested the B3LYP, 

72–74 PBE0, 

75 and ωB97M-V 

76 function-
als and def2-TZVP, 

77 def2-TZVPP, 

77 and aug-cc-pVDZ 

78 electronic 

basis sets (see the supplementary material). For each functional-basis 

combination, DFT and CNEO-DFT geometries were optimized sep-
arately at the corresponding level of theory prior to harmonic 

frequency analysis. In earlier work by our group, benchmarking 

results compared to CCSD(T) results were often used to deter-
mine the best functional and basis set for a given system. 

40,42–45 

Unfortunately, CCSD(T) is highly expensive for the large HBQ 

molecule, and the same benchmarking is not viable. However, 

among the tested methods, CNEO-B3LYP/def2-TZVP gave one of 

the closest ν OH 
frequency predictions to experiment, and thus this

functional-basis combination is used throughout this work. While 

this choice is motivated empirically, as we discuss in the 

supplementary material, most other basis sets and functionals would 

not qualitatively alter the results obtained by CNEO and conven-
tional DFT. In CNEO calculations, all protons were treated quan-
tum mechanically using the PB4-D basis set, 

79 and all other nuclei
were treated as classical point charges. No electron–proton corre-
lation functional was used in the CNEO calculations, as previous 

benchmark tests suggest that existing electron–proton correlation 

functionals do not make a qualitative difference to vibrational 

spectra. 

80

Vibrational spectra were calculated both by harmonic analy-
sis and from MD simulations. The MD simulations were conducted 

in the microcanonical ensemble with energy-equipartition presets, 

denoted as NVE-eqp. 

44 In this protocol, multiple NVE simulations
are initiated from the optimized geometry, with kinetic energy of 

k B 
T assigned to each normal mode and velocity directions ran-

domly chosen, where k B 
is the Boltzmann constant and T is the

assigned temperature. For each T, 50 trajectories of length 2 ps were 

simulated. IR spectra were then obtained by Fourier transforming
the dipole derivative autocorrelation function and averaging over 

the 50 trajectories at each simulation T. Convergence tests (see 

the supplementary material) show that the main spectral features
and peak positions are largely converged with this ensemble size of 

50, although the intensities of fine-structure peaks still show some 

remaining dependence on the number of trajectories.
Normal mode frequency shift analysis 

81 was performed to
assess how the displacement of each normal mode affects the ν OH 

frequency. In this analysis, each mode was approximated as a har-
monic oscillator, and the displacement amplitude A was chosen to
satisfy k BT = 

1
2 

m eff 

ω 

2 A 

2 , where T is a temperature parameter and 

is set to 300 K in this work, and m eff 

and ω are the effective mass 

and angular frequency of the mode, respectively. The optimized 

geometry was displaced along each normal mode in both positive
and negative directions, and mode frequencies were recalculated by 

diagonalizing the numerical Hessian matrix evaluated at each dis-
placed geometry. The effect of displacement along a normal mode 

i on the ν OH 
frequency was quantified as Δν (OH,i) 

= ν (OH) 

(R (i,disp) 

)

− ν (OH) 

(R (opt) 

), where R (i,disp) 

is the geometry displaced along nor-
mal mode i, R (opt) 

is the optimized geometry, and Δν (OH,i) 

is the 

resulting shift in the ν OH 
frequency. Since each normal mode can 

have two displacement directions, we separately calculated the fre-
quency shift for each direction and averaged over the absolute value 

of the shift. Larger values of the average ∣Δν (OH,i) 

∣ generally suggest 

stronger coupling between mode i and the ν OH 
.

To investigate mode-specific vibrational couplings, we also 

classically mimic an ultrafast pump pulse by applying a time-
dependent oscillating electric field during CNEO-MD, using the 

electric-field response implemented previously within the CNEO 

framework. 

48 The electric field was applied in the initial direction 

of the O–H bond and oscillated at the frequency of the ν OH 
to reso-

nantly excite the ν OH 
. The electric field was modulated by a Gaussian 

to more closely mimic wave packet excitation, and it was applied 

for 40 fs to match the length of the experimental pump pulse used 

to excite the ν OH 
in HBQ. 

24 Multiple electric field strengths were 

tested to achieve a final ν OH 
energy of approximately one quantum 

of vibrational energy.
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With the electric field excitation, modes that couple with the 

excited ν OH 
gain energy from the intramolecular vibrational redis-

tribution. Time evolutions of these mode-specific energies were
extracted using mode coefficient decomposition, as described in the 

supplementary material.

IV. RESULTS AND DISCUSSION
A. Geometry

Figure 2 shows the optimized ground-state structure of HBQ 

using both conventional DFT and CNEO-DFT. Compared to DFT, 

which predicts an O–H distance of 0.99 Å and an N⋅ ⋅ ⋅H distance of 

1.71 Å, CNEO-DFT predicts a longer O–H bond length of 1.03 Å 

and a shorter N⋅ ⋅ ⋅H distance of 1.64 Å. This difference is due to 

the change in the effective PES for the proton with the inclusion 

of nuclear quantum delocalization effects, which shifts the pro-
ton toward the nitrogen atom and forms a stronger intramolecular 

hydrogen bond. This result is consistent with past CNEO stud-
ies showing strengthened hydrogen bonding and enhanced proton 

sharing in previously studied hydrogen-bonded systems. 

43,45,46,51

B. Vibrational spectra
At each optimized geometry, we performed harmonic analy-

sis and obtained the normal mode frequencies. Comparison of the
ν OH 

frequency obtained from conventional DFT and CNEO-DFT 

reveals a substantial effect from NQEs (Table I). DFT predicts a ν OH 

frequency of 3148 cm 

−1 , significantly higher than the experimental 

band centered around 2750 cm 

−1 . 

24–26 This significant overestima-
tion of the ν OH 

is observed for all tested functionals and basis sets. 

Only after anharmonic correction is the accurate ν OH 
frequency 

obtained, as DVPT2 significantly lowers the ν OH 
frequency from 

3148 to 2788 cm 

−1 . CNEO-DFT harmonic analysis predicts the
ν OH 

frequency to be 2771 cm 

−1 , which differs from the experi-
mental value by 21 cm 

−1 and is in close agreement with DVPT2. 

Notably, close agreement between VPT2 methods and CNEO-DFT 

has been observed previously, 

39,46 despite their fundamentally dif-
ferent treatments of anharmonicity: VPT2 accounts for anharmonic 

effects perturbatively on the conventional DFT PES, whereas in 

CNEO-DFT, nuclear quantum delocalization modifies the under-
lying effective PES on which harmonic analysis is performed. We

FIG. 2. Optimized geometry of HBQ obtained using (a) DFT and (b) CNEO-DFT. 

The O–H bond lengths and N⋅ ⋅ ⋅H hydrogen bond distances are indicated by the 

red solid lines and blue dotted lines, respectively.

TABLE I. Calculated ν OH 

frequency using DFT, DVPT2, and CNEO-DFT. DFT over-
estimates the experimental frequency by about 400 cm 

−1 , whereas DVPT2 and 

CNEO-DFT predict a frequency very close to the experimental value.

DFT DVPT2 CNEO-DFT Expt.

3148 cm 

−1 2788 cm 

−1 2771 cm 

−1 2750 cm 

−1

also note that this improvement of CNEO-DFT over conventional 

DFT is consistent across all tested functionals and basis sets, as 

shown by extensive benchmark tests provided in the supplementary 

material. Interestingly, although in the past the ωB97M-V functional 

was often chosen as a reliable functional for describing hydrogen-
bonded interactions, 

47,82,83 it predicts ν OH 
frequencies ∼200 cm 

−1 

higher than those predicted by the PBE0 and B3LYP functionals, 

for both conventional DFT and CNEO-DFT. We leave the reason 

for this unusual behavior of the ωB97M-V functional to be inves-
tigated in future work. The lower frequency prediction of the ν OH 

using CNEO-DFT can be rationalized by the stronger hydrogen-
bond interaction, and thus a weaker O–H bond. This is consistent 

with past studies, where NQEs captured by the CNEO framework 

significantly influence both the structure and vibrational spectrum 

of hydrogen-bonded systems. 

44–47

To capture more complex anharmonic and mode coupling 

effects, we compute the IR spectra of HBQ from MD simulations. 

Experimental work has shown that the ν OH 
band in the IR spec-

trum exhibits a distinctive finger-like structure appearing at ∼2600 to 

2900 cm 

−1 , as well as a peak at 3061 cm 

−1 assigned to aromatic C–H 

stretching modes. 

24,26 The study by the Xiong group attributes the 

finger-like peak structure to anharmonic coupling of the fundamen-
tal ν OH 

mode to four specific low-frequency modes: 265, 311, 414, 

and 508 cm 

−1 , identified using DFT-based anharmonic frequency 

analysis and a reduced-mode coupling Hamiltonian. 

26 Here, we use 

CNEO-MD to reexamine the spectra and mode-specific couplings. 

We performed CNEO-MD simulations at a series of elevated 

temperatures to progressively tune up the anharmonic coupling con-
tributions [Fig. 3(a)]. 

47 We note that the simulation temperatures 

do not correspond directly to the experimental temperature (room 

temperature) but rather serve as a parameter used to incorporate 

anharmonic intermode couplings into classical MD simulations. 

44 

In particular, higher temperatures allow the system to explore far-
ther from the equilibrium geometry, where anharmonic interactions 

between modes become more important, whereas lower tempera-
tures restrict the motion to a nearly harmonic region of the PES 

with little anharmonic coupling. At 100 K, the spectrum closely 

resembles the harmonic result, with one intense ν OH 
peak near 

2771 cm 

−1 , corresponding to the ν OH 
fundamental predicted by har-

monic analysis. As the temperature increases, more features begin 

to appear and gradually gain intensity. Among all the simulated 

spectra, we observe that at 350 K, the CNEO-MD spectrum quali-
tatively reproduces the experimentally observed finger-like structure 

of the ν OH 
band as well as the narrow aromatic C–H stretching band, 

although we note that the relative intensities of the ν OH 
and aromatic 

C–H stretching bands are not quantitatively reproduced, and further 

increasing the simulation temperature is not likely to resolve this 

intensity discrepancy. The reason for this intensity disproportion 

remains unclear and warrants further investigation.
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FIG. 3. IR spectra of HBQ obtained from MD simulations 

compared to the experimental spectrum digitized from the 

Fourier-transform IR spectrum of HBQ in CCl 4 

at room tem-
perature from Ref. 26. (a) IR spectra of HBQ obtained from 

CNEO-MD simulations at a series of temperatures (100, 

200, 300, 350 K) compared with the experimental spectrum. 

Blue dotted lines indicate CNEO-DFT harmonic vibrational 

frequencies. (b) IR spectra of HBQ at 350 K calculated 

using CNEO-MD vs conventional AIMD. The CNEO-MD 

simulated spectrum reproduces the finger-like structure of 

the ν OH 

band and captures the peak at 3061 cm 

−1 , which 

corresponds to aromatic C–H stretching modes.

Using the filter–reconstruction–projection analysis (see the 

supplementary material for more details), 

47 we find evidence that 

the additional finger-like peaks may arise from the near-resonant 

mixing between the ν OH 
fundamental and possible combination 

bands or overtones formed from mid-frequency (1000–1600 cm 

−1 ) 

carbon backbone modes. Whereas in previous analyses we were 

able to propose a small number of dominant combination bands 

or overtones, 

47 the complexity of the carbon backbone motions in 

HBQ gives rise to many possible candidates, so we cannot give 

a unique assignment here. Note that because CNEO-MD propa-
gates its dynamics classically, the filter–reconstruction–projection 

analysis does not provide a direct quantum-mechanical assign-
ment of combination bands or overtones, but it can suggest which 

vibrational motions may contribute to specific observed spectral 

features. 

47

Figure 3(b) compares the CNEO-MD spectrum to the conven-
tional AIMD spectrum at 350 K. While AIMD also produces some 

subtle finger-like features, the ν OH 
band is at a much higher fre-

quency than in the experiment, which arises from the overestimation 

in conventional DFT harmonic analysis. This shift causes the O–H 

and aromatic C–H stretching regions to overlap, and the spectrum 

is far off from experiment.

C. Anharmonic vibrational mode coupling
1. Normal mode frequency shift analysis

Figure 4 presents the results of normal mode frequency shift 

analysis, which assesses the sensitivity of the ν OH 
frequency to dis-

placement along each individual normal mode. The modes are 

shown in order of increasing frequency, and only modes that induce

FIG. 4. Sensitivity of the ν OH 

frequency to displacement along individual normal modes. Each bar represents the average magnitude change in the ν OH 

frequency induced by 

displacing the optimized geometry along each normal mode in positive and negative directions with an amplitude corresponding to 300 K thermal energy, then recalculating 

the harmonic normal mode frequencies. Bars are arranged in order of increasing normal mode frequency along the horizontal axis; for clarity, only the frequencies of modes 

that produce significant changes in the ν OH 

are labeled. Modes that induce significant changes in ν OH 

frequency are highlighted in red. As expected, the ν OH 

frequency 

is sensitive to its own displacement, shown by the bar at 2771 cm 

−1 . The 255 cm 

−1 mode produces the most significant shift in the ν OH 

frequency, suggesting strong 

anharmonic coupling to the ν OH 

. Five other low-frequency modes, specifically the 396, 417, 511, 520, and 696 cm 

−1 modes, also induce moderate changes in the ν OH 

frequency. Most other modes produce only small frequency shifts, indicating weak or no coupling.
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FIG. 5. Molecular motion of two newly identified coupled 

low-frequency modes: 520 and 696 cm 

−1 . Both are in-plane 

backbone bending motions that stretch and compress the 

hydrogen bond distance. See the supplementary material 

for all low-frequency mode motions.

notable shifts are labeled. Most modes induce negligible changes in
ν OH 

frequency, whereas a small number of low-frequency modes 

induce substantial shifts, indicating clear anharmonic coupling. The 

255 cm 

−1 mode produces the largest frequency shift, demonstrating 

that it is strongly coupled to the ν OH 
, and the 396, 417, 511, 520, and 

696 cm 

−1 modes behave similarly. We observe that every mode that 

induces a moderate or significant change in the ν OH 
frequency, aside 

from the ν OH 
mode itself, is an in-plane backbone bending motion 

that modulates the oxygen–nitrogen distance, and thus the hydrogen 

bond distance. This observation is physically intuitive and consistent 

with previous understanding that changes in the donor–acceptor 

distance affect the hydrogen bond strength and, therefore, shift the
ν OH 

frequency. 

84

Compared to past investigations, we note that the 255 and 

396 cm 

−1 modes correspond to the 242 and 386 cm 

−1 modes that 

have been identified experimentally as coupled to the ν OH 
. 

24–26 Fur-
thermore, our results are also partially consistent with previous 

theoretical predictions from Cavazos and Xiong, who identified four 

low-frequency modes at 265, 311, 414, and 508 cm 

−1 as coupled to 

the ν OH 
. Three of these modes—265, 414, and 508 cm 

−1 —align with 

our 255, 417, and 511 cm 

−1 modes, respectively, in both frequency 

and molecular motion. However, our results show no evidence of 

coupling to a mode near 311 cm 

−1 in either the normal mode fre-
quency shift or electric field excitation analyses later (Sec. IV C 2). 

We additionally observe significant couplings from the 520 and 

696 cm 

−1 modes (Fig. 5), which have not been previously identi-
fied to the best of our knowledge. A comprehensive list of relevant 

molecular motions is in the supplementary material.

2. CNEO-MD with electric field ν OH 

excitation
To further validate the coupling, we perform real-time CNEO-

MD by exciting the ν OH 
mode with an electric pulse within CNEO-

MD simulations and analyzing the intramolecular vibrational energy 

redistribution. A time-dependent oscillating electric field, polarized 

along the initial O–H bond and resonant with the ν OH 
frequency, 

was multiplied by a Gaussian envelope to produce a finite-duration 

pulse that mimics the ultrafast pump excitation used in pump–probe 

spectroscopy experiments on HBQ. With this simulation, compar-
ing vibrational energies before, during, and after excitation will 

reveal which modes gain energy as the ν OH 
excites and decays and 

how this redistribution evolves over time.

In Fig. 6, the oscillation amplitudes of two representative modes 

are plotted. The amplitudes were obtained by projecting the CNEO-
MD trajectory onto its corresponding normal mode basis, and these 

amplitudes are proportional to the square root of vibrational energy 

in the mode. The 255 cm 

−1 mode quickly gains energy upon ν OH 

excitation and oscillates at its respective frequency, suggesting its 

coupling with the ν OH 
. In contrast, the 880 cm 

−1 mode, although 

it is also an in-plane backbone bending mode and symmetry allows 

mode coupling, does not gain appreciable energy.
The six low-frequency modes that gain the most energy 

upon ν OH 
excitation are the same six modes identified by nor-

mal mode frequency shift analysis; in particular, these are the 255, 

396, 417, 511, 520, and 696 cm 

−1 modes. Among these, the 

255 cm 

−1 mode gains the most energy in the simulations (see the

FIG. 6. Time evolution of the ν OH 

(blue) and selected modes (red) during resonant 

excitation of the ν OH 

within a CNEO-MD simulation. When the ν OH 

mode is excited 

by the electric field pulse (gray) at time t = 200 fs, certain other modes gain ampli-
tude. The mode coefficient’s oscillatory amplitude is proportional to the square 

root of a mode’s vibrational energy. For the representative modes shown above, 

the 255 cm 

−1 mode gains energy upon ν OH 

excitation, whereas the 880 cm 

−1 

mode does not gain appreciable energy. The supplementary material illustrates 

the mode coefficient decompositions for all low-frequency modes.
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supplementary material for all low-frequency mode decomposi-
tions) and also produces the largest ν OH 

frequency shift in the 

normal mode frequency shift analysis. The remaining low-frequency 

modes show less energy gain and also smaller frequency shifts; for 

example, the 880 cm 

−1 mode has no clear increase in energy upon 

excitation.
The mid-frequency modes generally follow the same trend. 

Most of the modes from 700 to 1700 cm 

−1 gain less energy upon
ν OH 

excitation than the six low-frequency modes identified above 

and also produce smaller ν OH 
normal mode frequency shifts. The 

C–H stretching modes near 3000 to 3100 cm 

−1 are an exception and 

do gain energy upon ν OH 
excitation. However, this is because their 

frequencies are close to the ν OH 
, and the short width of the pulse 

includes frequency components in the C–H stretch region, so they 

are directly excited by the pulse itself, rather than being coupled to 

the ν OH 
.

V. CONCLUSIONS
In this work, we applied CNEO-DFT and CNEO-MD to study 

the vibrational spectrum and anharmonic couplings of the ν OH 

in HBQ, an ESIPT molecule with a strong intramolecular hydro-
gen bond. We demonstrate that inclusion of NQEs is essential 

for accurate simulation of its vibrational spectrum. CNEO-DFT 

reduces the ν OH 
frequency from the conventional DFT value of 

3148 to 2771 cm 

−1 , quantitatively reproducing the experimen-
tal ∼2750 cm 

−1 , and this improvement is robust across multiple 

functionals and basis sets. CNEO-MD simulations also reproduce 

the distinctive anharmonic finger-like structure of the ν OH 
band. 

Filter–reconstruction–projection analysis suggests that these fea-
tures arise from near-resonant mixing of the fundamental ν OH 

with 

possible combination bands and overtones involving a dense set of 

mid-frequency modes.
Normal mode frequency shift analysis and electric-field CNEO-

MD simulations consistently identify a set of low-frequency in-plane 

backbone bending modes that modulate the hydrogen bond dis-
tance as the dominant pathways for anharmonic coupling to the ν OH 

. 

The 255 cm 

−1 mode exhibits the strongest coupling in both anal-
yses, with additional significant coupling to the 396, 417, 511, 520, 

and 696 cm 

−1 modes. Notably, this is the first time that coupling 

to the 520 and 696 cm 

−1 modes has been identified, to the best of 

our knowledge. Together, these results establish that coupling to the
ν OH 

is distributed across several low-frequency in-plane backbone 

bending modes.
These findings provide a concrete understanding of the 

ground-state vibrational spectra and vibrational couplings that 

influence the ν OH 
dynamics in HBQ and establish a foundation for 

future studies aimed at understanding and ultimately controlling 

ESIPT through mode-selective excitation or molecular design.

SUPPLEMENTARY MATERIAL

See the supplementary material for methodological details of 

mode coefficient decomposition, benchmarking of the ν OH 
fre-

quency using different functionals and basis sets with CNEO-DFT 

and conventional DFT (Table S1), convergence testing of the CNEO-
MD IR spectrum with respect to the number of trajectories (Fig. S1),

filter–reconstruction–projection analysis of the finger-like peaks of 

the ν OH 
band (Fig. S2), visualizations of selected CNEO-DFT har-

monic modes (Fig. S3), and mode coefficient decompositions of 

electric field CNEO-MD simulations (Fig. S4).
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