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Abstract

Recently - C. Lanzi et al. J. Chem. Phys. 160, 214107 (2024) - we introduced a time
averaged approach to infrared (IR) spectroscopy. The pivotal advance in that paper was
represented by the possibility to get accurate semiclassical estimates of the IR absorption
intensities and associated transition frequencies from a single calculation. However, the
method relies on the convergence of Monte Carlo integrations based on the generation of
thousands of pairs of semiclassical trajectories. This makes the approach highly accurate
but limited to small, few-atom molecules. Here we build on the theoretical grounds of that
work to extend the application of the method to larger molecules. The goal is achieved
by moving to tailored single-pair trajectory calculations and introducing a partially time-
independent approximation to the real part of the coherent state overlap. Upon testing the
level of accuracy on small molecules like water, formaldehyde, and methane, we calculate
IR spectra for ethanol and glycine. Vibrational intensities and frequencies are found to
be fairly accurate, and the method can be straightforwardly applied to larger molecular

systems.
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I. INTRODUCTION

IR spectroscopy is an experimental technique commonly employed in chemistry,
able to provide information on molecular structure and interactions.|[I] Despite being
widely employed, experimental IR spectra are often difficult to assign. Theoretical
approaches may help to overcome this issue. However, calculation of IR spectra is a
hard task due to the necessity to estimate accurately both the frequencies and the
intensities associated to quantum mechanical vibrational transitions.

A classical approach to the problem consists in calculating the Fourier transform
of the dipole moment autocorrelation function.|2] The resulting spectrum provides
a classical estimate of the vibrational frequencies and absorption intensities of the
system. If one is interested in frequencies only, then a power spectrum can be com-
puted as the Fourier transform of the velocity autocorrelation function.|3] Velocities
(or time-dependent dipoles) are obtained from molecular dynamics run and used as
inputs to get the classical spectra.[4] On this regard, our group has recently devel-
oped a free-to-use web-platform to allow the user to exploit a time-average technique
to get fast and better resolved spectra.[5] This type of classical calculation can be
improved with techniques like adiabatic switching (AS)[6HIT] or quasi-classical tra-
jectory (QCT) dynamics,[I2HI6] but it is missing nuclear quantum effects (NQE)
once the classical propagation has been performed.

A proper description of IR spectroscopy requires a quantum mechanical treat-
ment. A rough estimate is obtained by means of the double harmonic ap-
proximation, which is available in all commercial software. Several techniques
such as generalized second-order vibrational perturbation theory (GVPT2),[17, [1§]
multi-configuration time dependent Hartree (MCTDH),[I9-21] or vibrational self-
consistent field (VSCF)[22H28] can be employed for better quantum mechanical IR
calculations. All of them are more accurate in estimating frequencies than intensi-
ties, a general feature found in any theoretical methodology.

Our focus is on semiclassical initial value representation (SCIVR) dynamics, a
theoretical approach derived from Feynman’s path integral representation of quan-
tum mechanics upon introduction of a stationary phase approximation.|29H31] In

SCIVR spectroscopy classical trajectories are evolved in time and then processed
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through the semiclassical propagator.[32] In this way, an accurate approximation
to the quantum mechanical survival amplitude of an arbitrary wavepacket is ob-
tained, allowing one to get a reliable power spectrum upon Fourier transform of
the calculated survival amplitude.[30, B3-40] Several advances have been performed
over the years to make semiclassical calculations of power spectra affordable also for
large systems.[41], 42] Here we just recall that the basic time averaged propagator
demands for Monte-Carlo convergence of the phase space integration, so its rigor-
ous applicability is limited to model systems and small molecules. Our group has
developed techniques like the multiple coherent time averaged semiclassical initial
value representation (MC TA-SCIVR),[43-45] which has permitted us to employ
ab initio on-the-fly dynamics, the divide-and-conquer time averaged semiclassical
initial value representation (DC SCIVR),[46H49] whereby large dimensional systems
can be studied, and the adiabatic switching semiclassical initial value representation
(AS SCIVR) for more accurate calculations.[50-52] The interested reader can find
more details in the relevant literature.[53], [54]

Power spectra are a powerful tool to investigate the spectroscopy of molecular
species because they allow one to dig into structural features like hydrogen bond
networks or solve open experimental issues by assigning complicated spectra.[55]
However, they miss to estimate absorption intensities, which would further help
identify vibrational features, be useful for analytical purposes, and give additional
structural information.

Efforts to move from a semiclassical power spectrum calculation to a semiclassi-
cal IR spectrum calculation were performed in our group by developing an approach
able to get semiclassical vibrational wavefunctions starting from a set of power spec-
trum calculations. [56] The wavefunctions were calculated as a linear combination of
harmonic counterparts and then used to get intensities on a state-to-state basis
according to the square modulus of the transition dipole.[57, 58] A more effective
approach for application to larger molecules was developed by overcoming the state-
to-state picture.[59] This goal was obtained starting from the lineshape of a set of
power spectra, and dividing the spectrum in energy ranges each referring to one of

the modes. IR intensities were eventually obtained by weighing densities of states
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according to power-spectrum dependent factors and the square modulus of transition
dipole moments.

More recently, we have undertaken a different route to semiclassical IR (SC IR)
spectroscopy.[60] We employed the time-average technique to come up with a work-
ing formula for IR spectra in the zero-temperature limit, which resembles the time-
average formula used for power spectra. The zero-temperature limit provides an ex-
cellent approximation to room temperature vibrational spectroscopy for molecules
lacking low frequency modes since, under this circumstance, even at room tem-
perature it is the vibrational ground state which is the only state to be sizeably
populated. The method, tested on small molecules, is very accurate and able to
reproduce selection rules. However, it is based on a double phase-space integration
requiring the generation of several thousands of trajectory pairs to reach conver-
gence. This last aspect makes its direct application to larger molecular systems
daunting.

In this work we propose a new implementation of the SC-IR method based on
the evolution of just a single pair of tailored trajectories per vibrational mode. This
new approach, which is inspired by MC TA-SCIVR, is derived upon examination
of the application of SC IR to the single harmonic oscillator case. We name the
new approach as extended semiclassical IR (e-SC IR). Besides the minimal number
of trajectories, e-SC IR features a mode-selective treatment of dipole linearization
and an approximation to the real part of the coherent state overlap, which makes
application of the method to large molecules doable.

The paper is organized as follows: In the Methodology Section we demonstrate
the foundations of our new approach. In the Results and Discussion Section we
apply the method to molecules like water, formaldehyde, methane, ethanol, and

glycine. Finally, the paper ends with the Conclusions Section.

II. METHODOLOGY

We start off by recalling the basic working formula of SC IR[60]
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where o(w,T) is the absorption lineshape, N, is the number of vibrational degrees

X

of freedom, po, Qo,p;, @, are the initial phase-space conditions of the trajectory
pairs, T is the simulation time, S;(po, Qo) and S;(p}, Q'o) indicate the instanta-
neous classical actions, ¢ and ¢’ are the phases of the Herman-Kluk prefactors.
Time-evolution of the latter requires the calculation of the Hessian matrix along
the trajectories. @ = q — q,, is the normal-mode displacement from equilibrium.
The trajectory whose phase space variables are not primed (p,Q) is excited by
means of a harmonic quantum of energy, while the primed phase space variables,
ie. p/, Q', refer to the trajectory characterized by the zero-point energy. The braket
(p,Q,|1B(3/2)|p,Q,), in which the dipole moment (/1) and Boltzmann (B) opera-

tors appear, can be written in the zero temperature limit as[60]
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The overlap between the harmonic ground state and a coherent state can be calcu-

j=1

lated analytically, since

NU
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We point out that the time-averaged expression in Eq. [I] is not the basic SC
formula. As reported in our previous work,[60] a separable approximation to the
prefactor and a change in the Fourier integral limits were needed to derive an effective

working formula as already shown by Kaledin and Miller in their pioneering work.|[4T]
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A. The harmonic oscillator

We now work out the case of a single harmonic oscillator of frequency wy, which
can be exactly treated by semiclassical dynamics. The classical mass-scaled Hamil-
tonian is H = p?/2 + w2Q?/2. If py, Qo are the initial conditions, then by solving

the classical equations of motion one gets

Q(t) = Qocoswpt + 20 gin wot
“o (5)

p(t) = —woQo sinwgt + po cos wot
Based on Eq[f] we break Eq. [I] into several pieces and evaluate each one of them.
We start with the Herman-Kluk prefactor C;(po, qo)

0Q, op. . 0Q, i Op, )} 2
— — Wy +
0Qo  Opo Opo  wo 0Qo

Ci(po, Qo) = B (

1 1/2
= {5 (cos wot + coswot — i sinwyt — i sin wot)} (6)
:efio.JQt/Q
The phase of the prefactor, ¢, = —wyt/2, is trajectory-independent. Therefore,

the term ¢) — ¢; in Eq. vanishes for the single harmonic oscillator or for a set of
uncoupled harmonic oscillators, and it cannot be responsible for the appearance of
the peak at frequency wqy expected for the harmonic oscillator under investigation.

We move to the calculation of the classical action along the excited trajectory

Lrpd wiQ?,
st [ (- 5
0

t p2 w2Q2
:/ (50 cos(2uwot”) — % cos(2wot™) — wopoQo sin(2w0t”)> dt"  (7)
0

1/ 2
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We evaluate the argument of the complex exponential in Eq[4]
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The results reported in Eq and Eq are similar (they just differ for the —pyQo/2

term), and we notice that

exp { 3 1505, @0) = S.(m, Qo] xp |~ 5014 - @0 = exp | 3 (o~ )]
(9)
The last complex-valued term that remains to examine is the term appearing in the

brackets of Eq Its straightforward evaluation (based on Eq. leads to
dp

Q: { dp Qo Po iwnt
e L) = S (20 Po ) i 10
dq ( 2 2’t) T dg 2 2w ) (10)

which means that the time evolution of this term is determined by the phase factor

Geq Geq

e™ot Tt is this term, combined with the e=™* term related to the Fourier transform,
that yields the peak exactly at the wy frequency in the calculated IR spectrum,
provided the result in Eq[J is equal to one and so it is not influential. Therefore, a
practical way to perform a single-trajectory-pair simulation, based on Eq[l], which
returns the correct frequency value for the harmonic oscillator, is to start both
trajectories from the equilibrium geometry, i.e. @y = Qf = 0. For the sake of
completeness, it should be noted that other choices would lead to the annihilation
of the exponent in Eq. [9 namely setting Py = P} = 0 or, in general, P,Qy = P}Q}.
However, these possibilities are not practical due to the non-separability of the
potential (P, = Pj = 0), or because they take Eq. || towards the classical limit
losing quantum effects (PyQo = P5Qy).

The intensity of the transition is determined by the non-exponential term in EqJ10]

and the real-valued exponential in Eq[d] We focus on this last term and notice that

1 wWo

_ﬂ 2 _ 2_ 20 M2 _ 1 2 _ o 1 harm ! harm
e { =S 1Q — g Il = S0 QU - 0 e { - (e e

(11)
which, for the harmonic oscillator, is a constant. According to the harmonic quanti-
zation and based on an excitation energy equal to hwy, by choosing E1*™ = 3hwy /2,
and E"™ = hw,/2 Eq. becomes frequency-independent. Therefore, the follow-

ing choice of initial conditions for the two trajectories

7
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is the one which returns the correct harmonic frequency and predicts that the ab-

(12)

sorption intensity depends on the dipole derivative and the frequency only through
Eq[I0 The analytical results obtained in this Section are also valid in the case of a

set of uncoupled harmonic oscillators.

B. Molecules

Non-linear molecules are made of 3N — 6 (N being the number of atoms in the
molecule) anharmonic oscillators coupled to each other. A description based on
just a single pair of trajectories is expected to return an approximate estimate of
vibrational transition intensities and frequencies. However, the goal to describe at
least qualitatively or semi-quantitatively an IR spectrum including quantum effects
by employing just a single trajectory pair is important to extend the applicability
of quantum (semiclassical) IR calculations to larger and larger molecular systems in
a computationally affordable way.

Our starting point is the MC-TA-SCIVR technique developed for power spec-
tra by which accurate frequencies of vibrations can be obtained upon evolution of
single tailored trajectories in a mode-by-mode fashion.[44] MC TA-SCIVR adopts
harmonic quantization for the initial conditions of the trajectory and a reference
wavepacket made of an appropriate combination of coherent states. This choice is
made to separate the signal of the investigated mode from all other signals as much
as possible. The technique provides exact frequency results when dealing with the
single or uncoupled harmonic oscillator, and a very good approximation in other
instances.

For calculations of IR spectra, we borrow the recipe of the MC-TA-SCIVR tech-
nique, but since no arbitrary wavepacket is present in Eq[I} we have to define a new
way to single out the investigated mode. This is done on the basis of the results
found in the previous Section and, in particular, we focus on Eq[I0} We know that

modes that are not IR active are characterized, within the dipole linearization ap-
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proximation, by a dipole derivative equal to zero. Therefore, our approach is to set
to zero the dipole derivatives of all modes but the i-th mode under investigation (in

the following we use label i for the mode to study and label j for all other modes)

o o it j=1

3 04; T (13)
0 it j#4

Eq[2| suggests that a sum over mode contributions has to be taken to get the IR
intensities. Ideally, one would like to have no contributions from modes other than
the i-th mode to the intensity associated with the fundamental transition involving
the ¢-th mode. So, modes strongly coupled to the ¢-th mode need to be quenched to
avoid spoiling the estimate of the relative transition intensities. We keep the choice
of initial conditions for the two trajectories as in Eq[I2] for the i-th mode, while we
use py = po = /w; for the other modes. However, we give no initial energy to the
lowest-frequency modes since they are usually related to large amplitude motions
involving the whole molecule, and no initial energy to modes close in frequency to
the i-th mode because they could be dynamically coupled to it.

The intensity of transitions is also determined by the real-valued exponential in
Eq[11] In the harmonic oscillator case, this term can be overlooked because we are
not interested in the absolute intensity of the IR transition. In the general molecular
case we are interested in relative intensities, and we make the approximation to
calculate the factors in Eq[I]] for the i-th mode only, while we neglect them for the
other modes. The rationale for this choice comes not only from the correspondence
to the harmonic oscillator case, but also from the observation that in this way we are
introducing a new sort of simplified divide-and-conquer technique, which is much
less elaborated than the one adopted for power spectra. For a molecule, the real-
valued exponential in the Lh.s. of Eq. decays in time because the trajectory
is not returning periodically to the equilibrium geometry, but it is often diverting
to other regions of the phase space. This phenomenon is statistically more and
more probable for larger and larger molecular systems. By limiting the real-valued
exponential to one mode at a time, we overcome the curse of dimensionality issue.

As for the vibrational frequencies, they are estimated by means of the complex

exponentials appearing in Eq[I] In the limit of large simulation times compared

9
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to the timescale of vibrations, each term appearing in the complex exponentiations
provides a shift of the calculated frequency. While in the harmonic oscillator case
the harmonic wy frequency is returned by the calculation, in the molecular case
deviations from the harmonic estimates are found. They are due to the topological
anharmonicity of the potential energy surface (PES) and quantum effects. They are
accounted for through the ¢, — ¢; difference (which is in general different from zero
for molecules) and through the fact that the complex action exponential and the
p:Q; terms do not compensate exactly anymore even if we start the two trajectories
from the equilibrium molecular geometry. For this reason, we calculate the complex
exponentials for all modes. We notice that this does not constitute an issue for
large dimensional systems since complex exponentials are bounded in magnitude
and cannot decay to zero.

The procedure we have illustrated is employed to calculate the absorption line-
shape of all molecules we investigate. From there, reminding the reader that we
work in the zero-temperature limit, it is easy to get the absorption (IR) spectrum
as

a(w, T —0)=wo(w, T —0). (14)

The relative values of a(w,T — 0) is what we plot in the results presented in the

next Section.

IIT. RESULTS AND DISCUSSION

We apply our e-SC-IR method to a set of molecules of increasing complexity.
When available we compare our results with quantum mechanical exact ones or
experiments. In some cases the reference is given by SC-IR calculations based on
converged integrations. All calculations are performed on analytical PESs starting
from the initial conditions illustrated in the previous Section. In all the simulations
we present, the two trajectories needed by each mode simulation are evolved with
time steps of 10 a.u. for a total of 2500 steps (about 0.6 ps). This simulation
time is sufficiently long to allow for several vibrational periods of the molecule.
For the propagation of all the trajectories, a fourth-order symplectic integrator is

employed.[61] Dipole derivatives at the equilibrium geometry for molecules other

10
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than water have been calculated ab initio by means of the NWChem software,[62]

the same way as we did in Refl60L

A. Water

Figure [1] shows a comparison of the e-SC IR results for the non-rotating water
molecule to SC IR results (taken from Refl60), the double harmonic approximation,
and discrete value representation (DVR) results, the latter being considered exact
quantum mechanical calculations. The employed PES is the one by Thiel et al.[63]
and the dipole derivatives are calculated using the dipole surface by Tennyson et
al.[64] In each e-SC-IR simulation focused on one of the stretches the other stretch-
ing mode is initially given zero energy. e-SC IR is shown not only to outperform
the double harmonic approximation estimates, but also to reproduce reliably all
main features, including the frequency anharmonicity, the relative order of intensi-
ties, and the presence of overtones and combination bands. Stretch intensities are
slightly overestimated and the symmetric stretch frequency is slightly red shifted,
but deviations from the exact results are expected since the simulation is based
on a single pair of trajectories. However, this peculiar characteristic of e-SC IR
allows one to better resolve the individual peaks. This is evident looking at the
two stretches, which are resolved in the e-SC-IR calculation, while they show up as
a single band in the SC-IR simulation. Furthermore, the intensity of the bending
overtone is now more realistically estimated. The increased resolution is the effect
of employing as single pair of targeted trajectories (in the case of e-SC IR) instead
of a large set of pairs of trajectories initiated from a distribution of initial conditions
(in the case of SC IR). Since each pair of trajectories provides a slightly different
estimate of frequencies and intensities, it is evident that SC IR is characterized by
wider peaks as the result of the sum of the spectral contributions of the different

pairs of trajectories employed.

11



Publishing

AIP

T

.

a)
(01,0

0.8

=
(<]
1

(0,0,1]
i — e-5C IR

(1,0.0) "\_, — SCIR
d) | DVR

IR int. / arb. w.

=
=
T

s 0002 -
J\ | == Dopuble harm.
02— ] |

u31-5|:| 3225
i | (2,08)
1,1,0
i) i sl ﬂ. i Fﬂ’ﬂl'ﬂ} L_ a | [I :I | i ﬁl
a 1500 30400 4500 6000 7500

Frequency / cm’’

Figure 1: (a) e-SC-IR spectrum of the non-rotating water molecule. The bending
and stretch signals are compared to the SC-IR spectrum (red), quantum mechanical
DVR results (orange), and double harmonic estimates (dashed green lines) in insets

(b) and (c), respectively. Inset (d): Bending overtone.

Table [ reports the frequency and intensity values found with different methods
including DVR from a previous work[56] (for DVR the intensity of the bending over-
tone is not available). As expected, e-SC IR provides a less accurate approximation

than SC-IR results but the main features of the spectrum are reliably reproduced.

12
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Table I: IR absorption frequencies (cm™') and relative intensities (arb. units) of the
non-rotating water molecule. Triplets (v, 1, 1,) indicate the quanta of excitation

of symmetric stretch, bending, and asymmetric stretch, respectively.

DVR SC IR e-SC IR
Mode w 1 w I w I
(0,1,0) 1587 1 1591 1 1587 1
(1,0,0) 3715 0.363 3715 0.367 3697 0.400
(0,0,1) 3803 0.456 3804 0.475 3800 0.584
(0,2,0) 3138 - 3166 0.006 3213 0.002

B. Formaldehyde

The study of formaldehyde is undertaken in a similar way to that of water. We
employ a pre-existing analytical PES by Martin et al.[65] and generate the SC-IR
spectrum by means of 100,000 pairs of trajectories. We set a threshold of 10~*
on the monodromy matrix determinant, so trajectories for which the monodromy
matrix determinant differs from 1 more than 10~* are discarded. In this way we find
that 89% of the trajectories must be discarded and do not contribute to the SC-IR
spectrum. For the e-SC-IR simulation, we set the initial energy of one of the two
CH stretches to zero when the other is under investigation. The two CH stretches
of formaldehyde are labeled as mode 5 and mode 6.

In Figure [2| some general features of the e-SC-IR method already present for
water are found for formaldehyde too: The agreement between e-SC-IR spectra and
SC-IR ones in both frequencies and intensities is pretty good, and e-SC IR is able to
provide a better resolved spectrum, which is especially evident in the case of mode

5 and mode 6.

13
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Figure 2: IR spectrum of the non-rotating formaldehyde molecule. e-SC IR (blue)
is compared to the SC-IR spectrum (red).

Table [[I] reports vibrational frequencies and intensities for formaldehyde. All
modes of formaldehyde are IR active, but mode 1 has a very weak intensity as
pointed out by the e-SC-IR calculation. Frequencies obtained with the e-SC-IR
calculations are close to the QM ones and intensities reproduce the SC-IR results
with good accuracy. Once more, we do notice that by means of e-SC IR we are able
to resolve the two CH stretches, and their frequencies are in very good agreement

with the reference DVR results.

14
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Table II: IR absorption frequencies (cm™!) and relative intensities (arb. units) of
the non-rotating formaldehyde molecule. QM values are taken from Ref. [66. The

subscript in the mode number indicates the quanta of excitation.

QM SC IR e-SC IR

Transition w w 1 w 1

1 1171 - - 1149 ~ 1075

21 1253 1252 0.113 1233 0.117

31 1509 1513 0.104 1484 0.136

49 1750 1749 1 1759 1

51 2783 - - 2787 0.118

61 2842 2843 0.101 2857 0.133

49 3480 3479 0.033 3495 0.031

C. Methane

We keep increasing the complexity of the molecular system to investigate, and
move to study the IR spectrum of methane. Methane is characterized by some IR
inactive modes but also by triply degenerate modes. The pre-existing PES we employ
is the one by Lee et al.[67] In a previous paper,[68] we reported SC-IR calculations
on the same PES based on 500,000 pairs of trajectories, about 92% of which were
rejected according to a monodromy matrix determinant threshold of 10~*. Those
SC-IR results are used here for comparison. In our e-SC-IR calculations, which are
reported in Figure [3] the modes that are degenerate to the one under investigation
are given zero initial energy. Once more, there is very good accuracy in frequencies
between the SC-IR spectrum and the e-SC-IR one. The e-SC-IR approach somewhat
underestimates the intensity of the first fundamental transition, but general features
are maintained at a much lower computational cost. Furthermore, e-SC IR has the

nice feature of providing narrower signals.
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Figure 3: IR spectrum of the non-rotating methane molecule. e-SC IR (blue) is

compared to the SC-IR spectrum (red).

Table [[T]] gives a detailed overview of the results for the methane molecule. We
notice the presence of a combination band above 4000 cm™: Its intensity is one order

of magnitude higher for SC IR than for e-SC IR, as shown in the inset of Figure [3

Table III: IR absorption frequencies (cm™') and relative intensities (arb. units) of
the non-rotating methane molecule. QM results are taken from Ref. [69, and SC-IR

results from Ref. [68. The subscript in the mode number(s) indicates the quanta of

excitation.
QM SC IR e-SC IR
Transition w w 1 w 1
1 1313 1296 0.420 1283 0.268
21 1534 IR inactive
31 2949 IR wnactive
44 3053 3049 1 3040 1
1144 - 4252 0.027 4226 0.002
49 - 5977 0.081 5992 0.040
16



Publishing

AIP

T

D. Trans-Ethanol

Trans-ethanol is the global minimum of the ethanol molecule and it is character-
ized by 21 vibrational degrees of freedom. In our calculations we employ a PES at
CCSD(T)-F12a/aug-cc-pVDZ level of theory and built by Nandi et al.[70] already
adopted for semiclassical and VSCF power spectrum calculations.[28] In particular,
the semiclassical power spectrum was able to correctly detect the Fermi resonance
between the CH, symmetric stretch and the overtone of the CH, wagging.

Figure 4] demonstrates the ability of our extended SC-IR technique to describe
with good accuracy the spectral features of ethanol over a large range of frequencies.
For the calculations, we give initial zero energy to the first two lowest-frequency

! and to the modes closest

modes, which have harmonic estimates under 300 c¢cm”
in frequency to the one under consideration, most likely coupled to it. For the
fingerprint region, we sorted modes 4-5, 6-8, 9-10, and 11-15 into distinct groups of
dynamically coupled modes, while for the higher-frequency region, we divided the
CH, stretches (modes 16-17) from the CHj stretches (modes 18-20).

We stress that the comparison to the reported IR experiment is not intended to
be strictly quantitative (at least when looking at intensities) because the experiment
we have available also includes rotational features. Intensities (even if not directly
comparable) are anyway in reasonable agreement with the experiment. The three
main bands making up the IR spectrum of trans-ethanol are correctly reproduced.
We notice that the lowest-frequency band presents more distinct features compared
to the wider-peaked IR ro-vibrational spectrum. Combination bands and overtones
are present close to 2000 cm™, and the anticipated Fermi resonance is clearly visible,
with the overtone of the CHy wagging responsible for the first peak of the CH band
at around 2800 cm™ and the CH, symmetric stretch associated to the second peak
of the CH band at 2881 cm™. Finally, the OH stretch is well isolated and its
intensity is presumably overestimated, but not exaggeratedly, by our single-pair-
trajectory calculation. Overall, our e-SC-IR spectrum appears to be much closer to
the experimental results than the IR spectrum obtained through a recent machine-
learning-based study.|71] In that study the same experimental reference was adopted.

Table [[V] points out the general good agreement between the e-SC-IR frequency

17



Publishing

AIP

T

.

= EXp.

Ww\f

2250 3?50
Freguency / cm

IR intensity
Ausualu) Hj

Figure 4: IR spectrum of the non-rotating trans-ethanol molecule. Experimental

ro-vibrational spectrum (green) and e-SC-IR spectrum (blue).

estimates and those obtained from the experiment and a previous adiabatically
switched semiclassical initial value representation (AS SCIVR) calculation. We ob-
tained mode frequencies and intensities by looking at the specific single-mode simu-
lations, i.e. before summing all individual spectra to get the final e-SC-IR spectrum
shown in Figure ] This is what we mean by “single-mode estimate” in Table [[V]
Single-mode spectra are reported for all molecules in the Supplementary Material
file. There are four instances of spectral features that appear split. While the
2803/2881 cm™ pair clearly identifies the already discussed Fermi resonance, the
other three cases are due to the decoupling of the low-frequency, large-amplitude
modes introduced by our initial zero-energy conditions. This choice is made to bet-
ter represent high frequency features, and it is successful in this goal, but it may
influence the fingerprint region of the IR spectrum. However, the two estimated
frequencies for the three just mentioned cases, as reported in Table [[V], are in the
ball-park of the experimental and AS-SCIVR values and in-between the two e-SC-
IR values. Finally, we notice an exchange in the sorting of spectral signals within
the CH-stretch band involving mode 17 and mode 18. This may happen due to

dynamical effects, especially when the calculation is based on a few trajectories.
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Table IV: IR absorption frequencies (cm™!) and relative intensities (arb. units)
of the non-rotating trans-ethanol molecule. Experimental results are taken from

Refl72. Results labeled as AS SCIVR are found in Ref28.

Exp. AS SCIVR e-SC IR
Mode w w w* I

4 801 - 803 0.051

5 892 - 887 0.085

6 1027 - 1033 0.492

7 1090 1088 1087 1

8 1166 1148 1169 0.431

9 1241 1242 1263 0.046

10 1275 1271 1257 0.011

11 1367 1363 1384 0.001

12 1450 1420 1317/1444 0.817/0.344
13 1455 1440 1422/1498 0.007/0.007
14 1480 1456 1425 0.049

15 1500 1481 1469/1540 0.003/0.001
16 2888 2881 2803 /2881** 0.215/0.130
17 2901 2888 2962 0.790

18 2922 2933 2870 0.192

19 2987 2983 2979 0.102

20 2992 2986 2990 0.617

21 3676 3676 3680 0.683

* Single-mode estimate

** Fermi resonance
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E. Glycinel

The last molecular system we investigate is glycine in its more stable conformer,
known as Conformer I. This system has attracted interest for both its spectroscopic
and kinetic features.[27), [73H76] Here we focus on the high-frequency region of the
IR spectrum, the one made of the two CH-stretches, the two NH-stretches, and the
OH stretch. Glycine is a quite floppy molecule with several conformers separated by
small barriers.[77H79] One experimental IR spectrum of isolated glycine at very low
temperature is available, [80] and two of us were already involved in the determination
of the IR spectrum of glycine by means of a previously developed and elaborated
method based on the calculation of semiclassical power spectra.[59]

The experimental spectrum presents a sharp OH-stretch peak and broader and
much less intense features for the CH- and NH-stretches. Around 3200 cm™, it
also shows a peak which has been assigned to the OH-stretch of Glycine Conformer
I1.[80] For the e-SC-IR calculation, we employ a pre-existing PES by Conte et al.|79]
at DFT/B3LYP /aug-cc-pVDZ level of theory and give initial zero energy to the
three lowest-frequency modes of glycine. Additionally, when we deal with one of
the CH stretches, we give no initial energy to the other one. The same applies to
the NH stretches. We report the e-SC-IR spectrum in Figlsl We notice that the
OH stretch signal is red-shifted by about 40 cm™ compared to the experiment and
broadened due to the contribution of the neighboring NH stretches. The red shift
is related to the quenching of the low-frequency modes, which is anyway necessary,
according to our method, for a sensible computation of intensities. The CH band
covers the same frequency range as the experimental signal, with the two separate
stretches clearly visible in our calculation. Furthermore, at around 3200 cm™, an
absorption signal is present and it comes uniquely from our OH-stretch calculation.
A possible explanation is that during the dynamics there is a partial interconversion
to Conformer II (the energy of the trajectories is much above the interconversion
barrier), and this is revealed in the calculated IR spectrum when considering the
dynamics of the OH-stretch mode. The e-SC-IR spectrum is calculated based on the
differences originated by two trajectories, and this feature allows the calculation to

point out conformational differences experienced during the dynamics better than
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Figure 5: IR spectrum of the non-rotating glycine I molecule. Experimental IR
spectrum (gray) and e-SC-IR spectrum (blue). OH-stretch intensities of the

experimental and e-SC-IR spectra are matched.

in the case of a power spectrum obtained from a single trajectory, which, due to the
short trajectory time (about 0.6 ps), is given not enough time to visit Conformer II.

Table [V] reports experimental data and the corresponding frequencies and inten-
sities estimated by means of three different theoretical approaches, i.e., the previous
semiclassical approach based on MC-TA SCIVR, the generalized second-order per-
turbation theory method (GVPT2), and our e-SC-IR approach. First of all, we
notice that, apart from the case of the OH stretch, it is not easy to determine a
precise frequency and intensity for the experimental spectrum, probably due to the
presence of a residual small amount of rotational energy in spite of the low tem-
perature at which the spectrum has been recorded. Therefore, in the case of the
CH-stretches, we have chosen to provide an estimate of the range of experimental
frequencies in which the two CH stretches are found. We notice that one advan-
tage of our e-SC-IR method is that single modes are better resolved, and this is true
also compared to the previous MC-TA-SCIVR-based calculation. Frequencies of CH
stretches and NH stretches are in very good agreement with the experiment, and
their intensities are reasonable too. For the experimental spectral feature at about
3200 cm™, assigned to glycine Conformer II, we report that our e-SC-IR dynamics-

based frequency estimate is much closer than the VPT2 one to the experiment.
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Table V: IR absorption frequencies (cm™!) and relative intensities (arb. units) of
the non-rotating glycine I molecule. The absorption intensity of the OH stretch is
set to 0.25 (the experimental value) for all approaches reported. The e-SC-IR signal
matching Conf II is obtained from dynamics started from Conf I. Experimental

results are taken from Ref. 80, and GVPT2 from Ref. [74.

Exp. Ref. 59 GVPT2 e-SC IR
Mode w I w I w I Wsing/Wsum I
20 2880-2935 0.04 2900 0.07 2938 0.09 2938/2949 0.06
21 2880-2935 0.04 2900 0.07 2929 0.04 2871/2869 0.09
22 3410 0.03 3345 0.03 3387 0.01 3357/3398 0.08
23 3450 0.01 3430 0.01 3407 0.02 3459/3480 0.005
24 3560 0.25 3563 0.25 3568 0.25 3519/3523 0.25
Conf IT 3180-3200 0.04 - - 3235 0.10** 3166-3230 0.04

* Single-mode estimate

** Estimated from Fig. 3 of Ref. [74

IV. SUMMARY AND CONCLUSIONS

We have presented the e-SC-IR technique based on the semiclassical evolution of
just one pair of trajectories per vibrational mode under investigation. The approach
has been shown to reproduce faithfully the IR spectral features of small and larger
size molecules. The latter were not treatable by means of the recently developed time
averaged SC-IR technique. e-SC IR is a development of SC IR characterized by the
possibility to deal with larger sized molecular systems. This descends not only from
the fact that simulations are based on a single pair of trajectories per mode, but also
from the peculiar treatment of the overlap involving coherent states, which has been
derived from the exact harmonic oscillator case. Rather complicated features like
combination bands, overtones, and Fermi resonances are well described with some
deviations from benchmark values, which are acceptable due to the gained computa-
tional affordability of the approach: In principle, vibrational modes of any system,
including solvated ones, are obtainable at the cost of two semiclassical trajectories
per mode.

We remark some improvements provided by our e-SC-IR calculations compared

to results obtained by means of other techniques. For instance, a recent machine-
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learning-based calculation for the IR spectrum of trans-ethanol has appeared in
the literature,[71] providing a less accurate IR spectrum than ours, especially when
looking at absorption intensities. In the case of glycine we were able to resolve
the two CH stretches, and to point out a signal assigned to a different conformer
by exploiting the dynamics underlying our approach and the possibility to sample
geometries distorted compared to the initial equilibrium one, including other con-
formers. Our e-SC-IR method has been worked out in the zero-temperature limit.
While future research will also be devoted to including finite-temperature effects,
we remind the reader that even at room temperature most of the population is in
the ground vibrational state, especially in the case of molecules lacking very low
frequency modes. Finally, we stress that our lineshape is directly obtained from the
dynamics without using any ad hoc Laurentzian artifact. Therefore, it is remark-
able that the general shape of complex bands is reproduced reasonably well by our
e-SC-IR method. When dealing with large dimensional systems, sometimes it could
be difficult to distinguish between real spectral signals and “aliases”, which are due
to the discrete sampling of the dynamics. A way to overcome this issue is to employ
the Pad\’{e} approach to Fourier transform, so the time-dependent function to be
Fourier transformed is represented continously and the “aliases” are no longer found.

Further future developments will concern the application of the method to ab ini-
tio on-the-fly molecular dynamics and the investigation of some possible technical
improvements to increase the accuracy of the approach. For instance, we will inves-
tigate the possibility to keep the real exponentiation of Eq. time-independent,
but with inclusion of a dependence on the harmonic frequencies of the modes not
being investigated. This can be achieved by the calculation of an average harmonic
energy along the trajectory. Another possible improvement concerns Egs. [3| and
[], since they could be evaluated by substituting the single ground-state harmonic
wavefunction with a semiclassical wavefunction expanded onto a basis of harmonic
vibrational functions. Finally, the initial conditions for the pair of trajectories could
be obtained by means of an adiabatic switching technique, similarly to what is done
in the AS-SCIVR technique for power spectra, which should warrant better accu-

racy and precision (i.e. narrower spectral features). Overall, our future work will
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be aimed at employing this new technique to calculate the IR spectra of large di-
mensional systems, which are usually not treatable by other quantum mechanical

approaches.

Supplementary Material

Single-mode spectra for all molecules investigated are reported in the Supplemen-

tary Material file.
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