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Abstract

The study of the Aromatic Infrared Bands (AIBs) in astronomical environments has opened interesting
spectroscopic questions on the effect of anharmonicity on the infrared (IR) spectrum of hot polycyclic
aromatic hydrocarbons (PAHs) and related species in isolated conditions. The forthcoming James Webb
Space Telescope will unveil unprecedented spatial and spectral details in the AIB spectrum; significant
advancement is thus necessary now to model the infrared emission of PAHs, their presumed carriers, with
enough detail to exploit the information content of the AIBs. This requires including anharmonicity in
such models, and to do so systematically for all species included, requiring a difficult compromise between
accuracy and efficiency.

We performed a benchmark study to compare the performances of two methods in calculating anharmonic
spectra, comparing them to available experimental data. One is a full quantum method, AnharmoniCaOs,
relying on an ab initio potential, and the other relies on Molecular Dynamics simulations using a Density
Functional based Tight Binding potential. The first one is found to be very accurate and detailed, but it
becomes computationally very expensive for increasing temperature; the second is faster and can be used
for arbitrarily high temperatures, but is less accurate. Still, its results can be used to model the evolution
with temperature of isolated bands.

We propose a new recipe to model anharmonic AIB emission using minimal assumptions on the general
behaviour of band positions and widths with temperature, which can be defined by a small number of
empirical parameters. Modelling accuracy will depend critically on these empirical parameters, allowing for
an incremental improvement in model results, as better estimates become gradually available.

Keywords: Anharmonic Infrared Spectroscopy, Polycyclic Aromatic Hydrocarbons, Quantum
Chemistry, Molecular dynamics, Astrochemistry

1. Introduction species constitute the most plausible candidate car-
riers since they have IR bands which correspond at

Aromatic Infrared Bands (AIBs) are a set of least to first order to the AIBs and they can reach
high temperatures (1000 K or more) upon the ab-
sorption of a single UV photon due to their limited
number of degrees of freedom. Because of the ex-
treme isolation in space, the hot molecules can then

bright and ubiquitous emission bands, observed in
regions illuminated by stellar ultraviolet (UV) pho-
tons, from our galaxy all the way out to cosmo-
logical distances. Their main components fall at

~3.3, 6.2, 7.7, 8.6, 11.3, 12.7, and 16.4 um. PAH relax by slow infrared emission [1].
The coming James Webb Space Telescope (JWST)

will provide a wealth of new data on the AIBs and
*Corresponding author their spatial variation, gathering a mine of infor-
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mation about the chemical identity of the emitting
PAHs and their chemical evolution in various en-
vironments. However access to this mine will be
conditioned by our capacity to produce relevant
synthetic spectra with a model that can describe
the photophysics of a given PAH molecule in a
given UV-visible astrophysical radiation field [2].
For a comparison with astronomical spectra, such a
model needs to take into account anharmonic effects
while simulating the IR emission spectra. However
the effect of anharmonicity is usually included in
a simplistic way using an average band shift (typ-
ically ~10cm™!) and broadening (typically ~10-
30cm™1) (cf. for instance the tool available in the
AmesPAHdbIDLSuite in order to calculate an emis-
sion spectrum from a theoretical IR spectrum as
available in the NASA Ames PAH IR Spectroscopic
Database [3, 4]). So far, only a couple of models
have tried to go beyond these approximations while
simulating the cooling of hot PAHs to match astro-
nomical observations [5, 6, 7, 8. The first three
models were based on empirical parameters that
quantify the linear slopes derived from the evolution
of band positions with temperature in the spectra of
thermally excited PAHs [9]. The last model by Mu-
las et al. [8] was based only on theory and focused
on the case of the small molecules, namely naphtha-
lene (Cq1pHg) and anthracene (Ci4Hjg), for which
the matrix of anharmonic parameters of the Dun-
ham expansion expressing vibrational energy could
be calculated, and included in the Monte Carlo sim-
ulation. With the coming JWST, it appears very
timely to consider these effects in a more system-
atic way.

In the laboratory, several techniques were used to
quantify anharmonicity. The evolution of the IR
absorption spectra of neutral gas-phase PAHs at
high temperatures was studied using thermal ex-
citation in gas cells [10, 9]. In the case of PAH
ions, other techniques have to be used and Oomens
et al. [11] discussed the potential of IR multiple
photon dissociation (IRMPD) action spectroscopy
of trapped ions. Although IRMPD spectra contain
non-linearities and cannot be considered as repre-
sentative of IR absorption or emission spectra, they
carry information on the impact of anharmonicity
on band positions and widths. The technique can
be conveniently used for large PAH ions of astro-
physical interest [12] to provide at a first order IR
spectra of PAHs containing an internal energy com-
parable to that of astro-PAHs absorbing UV pho-
tons. Experiments recording the IR emission spec-

tra of small UV-excited PAHs were performed in
the early 1990s [13, 14, 15]. This work performed
on the 3.3 um band of small PAHs (up to pyrene in
the case of Shan et al. [14]) was extended to the full
mid-IR range thanks to the IR photon-counting ex-
periment developed in the Saykally’s group [16, 17].
These difficult experiments demonstrated the va-
lidity of the PAH emission model in astrophysical
environments. They illustrated that anharmonic ef-
fects redshift band positions and lead to broadened
and asymmetric band profiles. They constitute a
very valuable dataset, provided one can precisely
quantify the excitation and de-excitation conditions
(role of collisions?) in the experiments as discussed
in Cook et al. [17].

So far, the experimental measurements performed
on thermally excited gas-phase PAHs have provided
the easiest way to quantify anharmonicity for astro-
physical models [5, 7]. This is due to the fact that
the evolution with temperature of the band posi-
tions and widths was found to be linear in the stud-
ied range (~600-900K) allowing us to derive em-
pirical anharmonic parameters [9]. However these
measurements are limited both in the number of
species that could be studied but also in the data
that they can provide. A recent detailed study on
pyrene in pellets covered the full 14-723 K range
(18] and showed that the linear trend observed at
high temperatures is not effective all the way down
to low temperatures. Another disadvantage of high-
temperature gas-phase measurements is that the
bandwidths include a contribution from rotational
broadening that was removed in the model by Pech
et al. [7], considering that in astrophysical environ-
ments the vibrational and rotational temperatures
are not thermalized, with a typical value of the ro-
tation temperature of 100-150 K [19, 20, 21].

On the theoretical/modelling side, several models
were used/developed to quantify anharmonic effects
in the IR spectra of PAHs. They fall in two main
categories: one of the possible approaches is to use
Molecular Dynamics, based on some kind of ab ini-
tio engine (e.g. DFT or DFTB) for on the fly eval-
uation of the potential energy and electric dipole
(and/or higher electric/magnetic multipole) hyper-
surfaces. This method treats nuclear motion clas-
sically, thereby losing information on the discrete
structure of individual quantised vibrational states.
However, it does not make any a priori assumption
on selection rules, merely following the time evo-
lution of physical quantities and obtaining normal
frequencies, transition energies and intensities from



the numerical autocorrelation function of the ap-
propriate function. It therefore naturally obtains
also combination/overtone bands, provided one ac-
cumulates enough data through many, long enough
simulations. Achieving ergodicity at relatively low
energies can be challenging though, making this
method better suited for T2500 K. This method
was used with some success in the context of the
investigation of interstellar PAHs spectral proper-
ties [22, 23, 24, 25, 26, 27].
The second approach is that of a full quantum cal-
culation, the most successful of which, for PAHs,
was the Van Vleck formalism of 2" order pertur-
bation theory, with explicit variational treatment
of resonances, based on a 4*® order Taylor expan-
sion of the PES at a stable geometry and a 2°¢ or-
der Taylor expansion of the electric dipole (and/or
higher electric/magnetic multipole) moment [28].
The Taylor expansions are obtained via ab initio
calculations, e. g. with DF'T. This representation of
the PES and multipole moments makes this method
best suited for fairly rigid molecules and/or not too
high vibrational excitation, so that these approxi-
mations remain good for the vast majority of the
accessible phase space. This method is thus very
well suited for PAHs at not too high temperatures.
The main disadvantage is that adequately sampling
phase space with this method becomes computa-
tionally very expensive at moderately high temper-
atures, due to the huge number of resonating states,
resulting in huge effective Hamiltonians to be built
and diagonalised, and in a correspondingly huge
number of dipole matrix elements between their
eigenvectors to be computed. This method was suc-
cessfully applied to naphthalene [29, 30] and, more
recently to slightly larger PAHs [see e. g. 31, 32, 33].
We developed a quantum chemistry code, Anhar-
moniCaOs, to study the detailed anharmonic spec-
tra of PAHs with a fully quantum approach [34].
A first milestone for this code has been to model
the effects of anharmonicity at 0K, including the
effect on the position of the fundamental bands but
also the contribution of the overtone, combination,
and difference bands to the spectra. The results of
the code were compared to available experimental
absorption data on pyrene (Ci16H1g) and coronene
(Co4H12). While new experimental absorption data
in the gas-phase and at low temperatures are be-
coming available [35, 36, 31], this code can support
the interpretation of such experimental data and,
once calibrated and validated against them, extend
calculations to spectra which are more difficult to

measure in the laboratory, e.g. vibrational spectra
of ions and/or radicals, in absorption as well as in
emission. In this article the focus is to evaluate the
ability of this code in modelling absorption spectra
at higher temperatures. We expect that at tem-
peratures well above ~500 K, the system will spend
an increasingly larger part of its time in regions of
the potential energy surface far from the optimised
geometry, which cannot be anymore described by a
quartic scheme. In order to access anharmonicity
factors in such cases, we test the alternative ap-
proach given by molecular dynamics, in which the
IR spectrum is extracted from a Fourier transform
of the dipole autocorrelation function. As millions
of energy and forces calculations are mandatory for
such scheme, the potential energy will be computed
from a parameterized method, namely the Density
Functional based Tight Binding (DFTB), an ap-
proximated DFT scheme with a much lower com-
putational cost. This approach has already been
shown to provide reasonable qualitative and quan-
titative trends of anharmonicity factors for some
specific bands of PAH based systems [24, 25].

This article compiles the results which have been
obtained on the evolution of the IR absorption band
positions and widths for pyrene as derived from two
different modelling approaches, the ab initio Anhar-
moniCaOs code (henceforth DFT-AC) for the low
temperature range (up to ~500K) and the DFTB-
based MD simulations (henceforth DFTB-MD) for
the higher temperatures. The obtained results are
compared with available experimental data. This
is the first study of the kind dedicated to anhar-
monic effects in the IR spectra of PAHs in which
the performances of these two modelling methods
are assessed in relation with known experimental
data. We then assess which parameters can be de-
rived from these combined techniques for simplified
description of anharmonicity in astrophysical mod-
els, providing a schematic recipe. Finally we discuss
some perspectives in view of the forthcoming James
Webb Space Telescope.

2. Methodology

2.1. AnharmoniCaOs

To obtain anharmonic vibrational spectra of
pyrene at non-zero temperature, we made use of
the AnharmoniCaOs code, developed by some of
the authors as described in Mulas et al. [34]. In
brief, AnharmoniCaOs takes in input the harmonic



frequencies of all normal modes, the third and
fourth derivatives of the potential energy with re-
spect to normal coordinates, as well as the first and
second derivatives of the electric dipole moment,
and obtains anharmonic states and electric dipole-
permitted transitions. The Taylor expansions for
pyrene were taken from Mulas et al. [34]. Anhar-
moniCaOs then proceeds with a mixed variational-
perturbative approach using the Van Vleck for-
malism (GVPT2): resonant terms are considered
explicitly, building effective Hamiltonian matrices
and numerically solving them to obtain anharmonic
eigenstates, while non-resonant terms are dealt with
by perturbation theory. Anharmonic eigenstates
are represented as linear combinations of harmonic
states. Matrix elements of the electric dipole op-
erator are then obtained between the anharmonic
eigenstates obtained from the diagonalization of the
effective Hamiltonians.

The set of harmonic states included in each calcula-
tion is built around a given harmonic “start state”,
which results in the formation of truncated polyads
of states connected by resonances. For more de-
tails on the algorithms used to build and truncate
polyads, see Mulas et al. [34]. As a result of the way
polyads are built and truncated, one finds the an-
harmonic states with a significant component along
the initial “starting state”. States with the largest
projection along the “starting state” are numeri-
cally most accurate, while accuracy degrades as an-
harmonic states get farther and farther “away” (in
terms of projection) from the “starting state”. For
each of these calculations, therefore, only the an-
harmonic states closest to the “starting state” are
considered in building the spectra, with a weight
proportional to the squared modulus of their pro-
jection along the “starting state”.

If one were to repeat the calculation for all possible
“starting states”, one would obtain all anharmonic
states and transitions. However, the density of har-
monic states, for a polyatomic molecule, is an ex-
tremely steep function of vibrational energy, mak-
ing complete sampling of harmonic states unfeasible
above a relatively low energy. We therefore enumer-
ated harmonic states, in order of harmonic energy,
till we reached a predetermined maximum number.
From that harmonic energy on (~1200 cm™!), we
resorted to statistical sampling. We used the Wang-
Landau method [37, 38] to perform a random walk
on harmonic states, obtaining a nearly uniform
sampling in harmonic energy space of the “start-
ing states”. This does not result in a completely

uniform sampling in the anharmonic energy space
for the states obtained by AnharmoniCaOs; still,
this produces a very slowly varying sampling den-
sity in anharmonic energy space, ensuring that all
energy ranges randomly explored are evenly sam-
pled. This sampling method was successfully used,
e. g., by Basire et al. [30] to estimate the anhar-
monic density of states of naphthalene.

The collection of these AnharmoniCaOs runs pro-
duces anharmonic vibrational spectra as a function
of vibrational energy: the vibrational energy is dis-
cretised in a number of bins, each covering an in-
terval of 5 cm™!; individual spectra consisting of
transitions from an anharmonic state in that in-
terval are averaged, to estimate the spectrum of
molecules in thermal equilibrium at the correspond-
ing vibrational energy, in the microcanonical en-
semble; these spectra can then undergo a numeri-
cal Laplace transform to finally obtain anharmonic
vibrational spectra as a function of temperature in
the canonical ensemble, directly comparable with
laboratory experiments.

2.2. DFTB simulations

We have also computed the anharmonic spec-
tra for pyrene from a dynamical exploration of the
PES at various temperatures. Such dynamics re-
quires the computation of millions of single point
energies and gradients and could hardly be per-
formed at the ab initio level. A good compromise
relies on the use of Density Functional based Tight
Binding (DFTB)[39, 40], which presents a much
cheaper computational cost than DFT while pre-
serving a quantum description of the electronic sys-
tem and allowing for the calculation of the molec-
ular dipole fi(t) on the fly. In practice, we used
the DFTB scheme in its second order formulation
[41] implemented in deMonNano [42] with the MAT
set of parameters [43] combined with a correction
for atomic charges [44] that already showed its ef-
ficiency in the context of IR spectra calculations
[24, 23, 26, 27]. The IR spectra were obtained from
the Fourier transform of the auto-correlation dipole
moment using the formulation presented by [45] :

+o0
a@) x Wt [ e (@) gy e )
—0Q

where <> indicates a statistical average to remove
dependency on the initial conditions.

As the equation is intended to be used to com-
pute the spectum at a given temperature, the sim-
ulations should be done in the canonical ensemble,



which in practice means using a thermostat. The
latter might however introduce errors as the pro-
cess of energy exchange between the system and the
thermostat involves frequencies which might pol-
lute the computed spectrum. To reduce such arti-
facts, we first perform, for each of the 6 investigated
temperatures between 600 and 1600 K, a canoni-
cal dynamics of 50 ps using a Nose Hoover chain
of thermostat [46, 47, 48] (5 thermostats with en-
ergy exchange frequency of 800 cm~! ). About 50
snapshots are selected along this dynamics and the
corresponding geometries and velocities are used to
generate the starting conditions for microcanoni-
cal simulations of 5ps each with timestep of 0.1 fs.
The IR spectrum is computed and averaged from
these last simulations without thermostats, the ini-
tial conditions sampling however the canonical dis-
tribution at a given temperature.

2.8. Spectra analysis

One of the aims of this work was to obtain,
from more or less complete theoretical calculations,
the evolution of band positions and bandwidths
as a function of temperature, for use in simplified
modelling of AIB emission in astronomical environ-
ments, comparing results from different theoretical
methods and experimental ones. This poses a fun-
damental problem: how to define in an unambigu-
ous way band positions and widths, reducing to a
minimum their dependence on subjective choices of
the scientist deriving them from the data. This
is particularly difficult for bands that result from
the blending of several components, which some-
times can be resolved only at low temperatures. We
therefore decided to define the centroid 7; of the
band i as the mathematical average of its position,
weighted by band intensity I(v), over a fiducial in-
terval [y, ymaxX] defined by the scientist for that
band, i. e.

max

i)
B V) _Tb/u

max

CdvvI(v), (2)

Vi = —pmax
f min dv I( i
vy
where I; is the integrated intensity of band 7. Simi-
larly, we define the bandwidth o; as the square root
of

max

1
i Jymin

These definitions are reminiscent of the definition
of the first two central momenta of a statistical dis-
tribution function. They are identically applicable

to DFT-AC spectra, DFTB-MD, and experimental
ones, making it possible to meaningfully compare
positions and widths, thus defined, obtained from
all three sets of data. It is also evident from the
equations defining them that they are independent
of the units the spectra are expressed in, and of
their normalisation. In particular, they apply both
to calibrated spectra in absolute units (e. g. km
mol~! cm) and to spectra in arbitrary units (e. g.
normalised to unity peak intensity). The integra-
tion intervals [v™B, yMax] for each band were de-
fined by visual inspection of the spectra, and are
the only remaining subjective choice. The ones we
adopted are given in Tables S1 and S2 in the sup-
plementary material.

3. Results

3.1. AnharmoniCaQOs results

The raw spectra resulting from AnharmoniCaOs
are “stick” spectra, each “stick” resulting from an
individual anharmonic transition and arbitrarily
(in principle infinitely) sharp, since Anharmoni-
CaOs does not include rotational structure. For
the results presented here, the resolution of the
calculations yields a “stick” width of 0.2 cm™!.
Figure 1 gives an overall comparison with available
experimental absorption spectra, both in solid
state and in gas-phase [18, 49]. For viewing conve-
nience, and easier comparison with experimental
data, in which bands are broadened either by
unresolved rotational structure (in gas-phase)
or by solid state effects, we convolved DFT-AC
spectra with Gaussian profiles with a FWHM of
~5 cm~!. Figure 1 compares theoretical DFT-AC
spectra with available experimental spectra at 300
and 523 K, all being normalised to the maximum
peak intensity. At this large scale, the agreement
between both types of spectra appears very good
both for positions and relative intensities. This
applies to fundamentals but also to combination
and overtone bands, permitting their individual
identification with fairly high accuracy.

Figure 2 zooms in on the spectral region around
the band at ~1583 cm™! and shows the DFT-AC
absorption spectrum computed at temperatures
ranging from 14 K to 523 K, in standard absolute
molar absorption intensity units (km mol™! cm).
Beside the fundamental band near 1583 cm™!,
even at low temperature one can clearly see many
additional combination bands. Relevant individual



bands in this spectral range were identified in
Mulas et al. [34]. They can be rather accurately
predicted thanks to the inclusion in Anharmon-
iCaOs of the second derivatives of the dipole
moment, and to the detailed treatment of reso-
nances. On the other hand, this detailed treatment
of resonances, which in case of several terms of the
dipole moment expansion contributing to the same
transition causes the code to merge several polyads
in a single, larger one, renders the calculation
increasingly heavy at higher excitation energies,
making it computationally expensive, while still
feasible, at very high temperatures. With rising
temperature, a huge number of additional hot
bands progressively appear, corresponding to
transitions arising from increasingly excited states.
These cluster mostly around the individual bands
already present at low T, with variable shifts
around them, resulting in a clear broadening and,
in some cases, shift of band centroids. Bands
which are close at low T tend to blend at high T,
making it difficult, or even impossible, to resolve
them beyond some temperature. In addition,
a multitude of very weak, resonance-activated
features appear, with increasing T, even farther
away from the main bands, correspondingly
causing a reduction in the intensity of the latter.
This results, qualitatively, in main bands losing a
fraction of their intensity at high T, which goes
into a featureless, broad plateau below them. In
theoretical spectra, this intensity is still present in
the spectrum, spread over a wider spectral range;
in experimental ones, even if present (and there is
no reason why it should not be), it is further spread
by rotational structure or solid-state effects, it
thus merges with the continuum, cannot be clearly
distinguished from it, and is thus easily partially
or completely subtracted away with it, being lost
to measurement.

Figure 3 zooms in on the band at ~844 cm ™1, for an
example of a spectral region with a well-resolved,
single fundamental band. With the exception
of the blending of initially resolved features, the
same behaviour described above is observed, with
hot bands appearing all around the fundamental,
producing a shift of the centroid of the resulting
band, as well as a broadening. In this case, as well,
we also observe the appearance, at the highest T,
of a “carpet” of very weak bands, “stealing” some
of the intensity of the fundamental and spreading
it over a broad plateau.

Figure 4 gives another example to illustrate the

remarkably large variability of bandwidths with
temperature. In this case, one band remains
relatively narrow with increasing T, while neigh-
bouring ones show a much larger broadening.
Figure 5 shows the evolution of the band profile for
some out of plane CH bending modes, as predicted
by DFT-AC for T ranging from 14 K to 523 K,
compared with the gas-phase spectrum at the clos-
est temperature, i. e. 573 K. The DFT-AC spectra
in this figure were convolved with a Gaussian as
for Figure 1. All absorption spectra in this figure
are shown in absolute units (km mol=! cm). The
band positions predicted by DFT-AC very clearly
tend to the ones in the gas-phase spectrum, which
is broadened by rotational structure not included
in AnharmoniCaQOs. The peak intensity predicted
for the band at ~741 cm™' clearly decreases with
temperature, as it is distributed over many hot
bands around it and many more, weakly resonant
features further away.

Figure 6 shows some more bands simulated by
DFT-AC for the same temperature range. Again,
these spectra were convolved with a Gaussian as
for Figures 1 and 5. They are shown in absolute
units (km mol~! c¢m). Many of the bands present
significant resolved structure at low temperature,
which is progressively lost as T increases. All of
them show the general behaviour we described
above.

3.2. DFTB Molecular dynamics results

The DFTB spectrum computed at the harmonic
level at 0K is a stick spectrum, whereas the spec-
tra obtained at finite temperature from DFTB-MD
simulations present broadenings, shifts and merg-
ing of bands. The latters appear naturally, incor-
porating the anharmonic effects of the full DFTB
PES without truncation of the latter at a given or-
der. Thermal effects result from MD explorations,
and not from an a posteriori convolution of these
spectra with gaussian or lorentzian functions. One
should however remember that the frequency reso-
lution scales as the reciprocal of the total duration
of the MD segments used to numerically evaluate
equation 1. In this work the frequency resolution is
1.7 cm ™.

As an example, the spectrum computed at 523 K
is shown on Figure 7 together with the highest tem-
perature spectrum (523 K) obtained by DFT-AC.
As a first look, the two spectra present the following

common features: a wide band around 3000 cm™!;
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Figure 2: Stick spectra of pyrene from 1620 to 1530 cm~! at 14, 300, 423 and 523 K computed using DFT-AC.
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Figure 3: Stick spectra of pyrene from 870 to 820 cm™! at 14, 300, 423 and 523 K computed using DFT-AC.
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Gross pos.(pm) Integration range (cm™!) Integrated intensities (km - mol™ *em)

Gas 570 K[49] DFT-AC

0K[34] 300K 523K
33 [2850-3250] 140(i10) 99 78.0 62.0
5.2 [1900-1950] 5 (£0.5) 9.0 12.3 7.6
5.3 [1830-1880] 8 (£0.1) 5.5 48 5.0
5.6 [1780-1830] 8 (£0.7) 8.8 8.7 6.9
5.7 [1715-1760] (iO 2) 2.7 5.0 45
5.9 [1677-1704] 1.9 2.6 2.4
6.0 [1655-1677] 2.5 (40.2) 2.7 2.2 2.2
6.1 [1630-1655] - 2.8 2.5 2.5
6.2 [1560-1620] 11.4 (£1.2) 17.3 18.3 15.4
6.6 [1531-1552] - 2.6 1.7 1.2
6.8 [1467-1525] - 3.7 6.6 4.9
7.0 [1405-1430] 11.4 (+£0.1) 8.8 10.1 8.5
7.7 [1300-1327] 4 (£0.1) 5.2 4.4 3.8
8.0 [1224-1245] 1.9 (£0.3) 2.6 2.4 2.1
8.4 [1165-1200] 10.5 (£0.1) 13.7 13.8 10.2
9.1 [1074-1100] 5.4 (+1.2) 5.4 5.7 35
10.0 (988-1003] 2.2 (+£0.6) 1.7 1.6 1.6
11.8 824-863) 100 (+6) 101 103.6 77.9
13.4 [730-750] 20.8 (+1.4) 15.2 13.2 5.9
14.0 (695-725] 46 (£1) 453 40.7 36.7
18.5 [526-550] 2.3 2.3 1.4
20.0 [487-501] 2.7 3.0 1.6
20.5 [474-487] 1.9 15 1.9
29.0 335-354] 1.4 1.6 1.5
50.0 [185-212] 9.7 10.9 5.7

Table 1: Integrated intensities of the bands computed using DFT-AC at 0, 300 and 523 K together with the gas-phase experi-
mental ones
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two well defined bands below 1000 cm~! and a for-
est of bands between 1000 and 2000 cm™!. The
main differences rely on the band intensities, in par-
ticular for the DFTB bands at 3000 and 720 cm ™!
which have, respectively, higher and lower intensi-
ties when compared to their equivalent in the DFT-
AC model. We remark here that, with respect to
bands positions, relative bands intensities are much
more challenging to reproduce by an approximated
model and this remains true for ab initio schemes.
As a consequence, it is more difficult to reproduce
the spectral evolution of a specific band located in
a region of high vibrational states density. In such
a region, when the temperature increases, many
bands will blend in a single, unresolved spectral
feature. The large errors, due to DFTB, in the
estimated intensities of individual, unresolved com-
ponents will then severely affect the predicted evo-
lution of the profile and position of the resulting
blended feature.

DFT and DFTB spectra computed at the har-
monic levels allowed us to identify the nature of
the bands on the basis of vibrational modes visu-
alisation, the DFT and DFTB normal modes be-
ing similar. Table S3 in Supplementary information
lists all harmonic normal modes resulting from the
DFT vs DFTB calculations, matching all of them
after visual inspection of the corresponding nuclear
motions. This is an intermediate step to determine
which band at the DFT-AC level can be compared
with which band at the DFTB-MD level, but the
actual comparison hereafter is never done at this
harmonic level. Since some bands, in DFTB-MD
spectra, become so shallow to be hardly distinguish-
able from the continuum, making the measurement
of their position and width unreliable, we focus here
on the evolution of band position and width for four
relevant bands: bands 1 and 11 which are the two
most intense ones; band 14 which is a satellite of
band 11 whose evolution with temperature allowed
for unambiguous derivation of band position and
width and, finally, band 2 as representative of a
more complex spectral region. The band positions
for these 4 bands at 0K (harmonic) and 600 K are
reported in table 2. When compared to experimen-
tal values and keeping in mind the level of theory,
the DFTB-MD band positions at 600 K are in rela-
tively good agreement with experimental results for
bands 1, 3 and 14, presenting relative errors of 5.1 |
3.1 and 2.6 %, a larger error of 15 % being observed
for band 2. It can also be seen that the differences
between DFT and DFTB band positions for tem-
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peratures around 600 K are already present at the
harmonic level: bands 1, 11 and 13 being redshifted
in the DF'TB spectra with respect to DFT spectra,
the opposite being observed for band 2. Figure 8
shows the evolution with temperature of the most
intense band, namely band 11, at the DFT-AC and
DFTB-MD levels. It shows that, despite the fact
that the absolute band positions differ between the
two models, the trend, i.e. a redshift and broad-
ening when increasing the temperature, seems to
be consistent, encouraging the use of the DFTB-
MD model to compute the bands evolution at high
temperatures rather than their absolute positions.

3.3. Anharmonic parameters

Analysing the DFT-AC spectra as described in
Sect. 2.3, we identified bands, or band groups,
which could be followed for the whole temperature
range spanned by DFT-AC calculations, and de-
termined their T-dependent centroids and widths.
The same procedure was applied for the DFTB-MD
spectra.

Figure 9 reports together the DFT-AC and
DFTB-MD positions for the four specific bands se-
lected in Section 3.2. DFT-AC and DFTB-MD po-
sitions for all other bands are given in Figures S1
and S2 in the Supplementary Information, respec-
tively. DFTB-MD positions in Figure 9 are rigidly
shifted to smoothly join DFT-AC values at 523 K.
Three panels in the same figure also report data
from available laboratory measurements [9]. Ta-
ble 3 reports the slopes x’ of the evolution of band
positions vs. temperature for T ranges in which
they behave linearly.

Similarly, Figure 10 shows bandwidths deter-
mined from DFT-AC and DFTB-MD for the four
selected bands, others being given in Figures S3
and S4 of the Supplementary Information. Labo-
ratory measurements are included for three bands
[9]. Since the latter were performed in gas-phase in
thermal equilibrium, they also include a significant
contribution from rotational structure, which is
included neither in DFT-AC nor in DFTB-MD
modelling. We therefore estimated the rotational
contribution to bandwidth, computing rotational
profiles for pyrene at the temperatures of the
laboratory data points. For our purposes, we used
a simple rigid rotor model, with rotational con-
stants taken from Malloci et al. [50]. Indeed, from
high resolution vibrational spectra, with resolved
rotational structure, it appears that variations of
rotational constants of pyrene with vibrational
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Table 2: Calculated band positions of four representative IR bands of pyrene. Experimental values are listed from the work of
Chakraborty et al. [18] for the low temperature part and Joblin et al. [49] for the high temperature measurements

Theory Experiment
DFT DFTB

Harmonic AnharmoniCaOs Harmonic MD Solid[18]  Gas[49]

Temp 0K 0K 300K 523 K 0K 600 K 300K 570K
Band1 3164.6 3040.0 3040.9  3040.5 2960.3 2897.3 - 3052.0
Band2 1635.4 1600.0  1585.3  1585.8 1856.3 1842.2 - 1597.0

Band11 860.5 843.0 844.4 843.9 818.4 814.1 840.0 840.0

Band13 755.6 739.0 741.1 739.7 725.1 721.7 749.4 740.0

quantum numbers, as well as due to centrifugal
distortion, are negligible [51]. To estimate the ro-
tational width, we applied Equations 2 and 3 given
in Section 2.3 to the simulated rotational envelopes
of a-, b-, and c-type pyrene bands (pyrene is an
asymmetric rotor). The rotational contribution to
bandwidth is estimated to range from ~6.5 cm™!
at 573K to ~8 cm™! at 873K for band 11 (an out
of plane vibrational mode, fully c-type), and from
~5.4 cm™! at 573K to ~6.7 cm™! at 873K for
band 1 (in plane C-H stretches, with similar contri-
bution from a- and b-type bands). To estimate the
contribution of vibrational anharmonicity to the
bandwidths measured in gas-phase, we followed
the approach of Pech et al. [7], subtracting the
estimated rotational contribution. The resulting
“corrected” laboratory data points are reported in
Figure 10. No shift was applied to DFTB-MD data
points in Figure 10. Table 4 shows the slopes x” of
bandwidths, similarly to Table 3 for band positions.

4. Discussion

The DFT-AC approach, privileging accuracy
over computational costs, leads to consider larger
and larger sets of resonating states, making it less
practical and difficult to use on a systematic ba-
sis on many species up to very high temperatures.
Moreover, the use of truncated Taylor expansions
around the equilibrium position for the PES and
electric dipole is expected to become less and less
accurate at high temperature. The limit of its
validity is difficult to estimate since it is mode
dependant and complex to define, as it depends
on the PES shape. In the combined scheme pre-
sented in this work, the case of high temperatures
is treated by decreasing the level of theory from
DFT to DFTB in order to enable the computation
of IR spectra in a molecular dynamics (MD) scheme
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capturing all anharmonic effects, i.e. beyond the
quartic expansion of the PES. In switching from a
fully quantum treatment to classical MD, we lose
all information about the discrete structure of hot
bands. On the other hand, we gain, in principle, an
efficient method that actually gets more efficient
with increasing temperatures, since increasing an-
harmonicity helps to quickly reach ergodic redistri-
bution of vibrational energy. On the other hand, in
switching from full DFT to DFTB one loses quite
some accuracy both on the PES, impacting on pre-
dicted absolute band positions, and on the dipole
moment surface, resulting in much less accurate
band intensities. Comparing in Fig. 7 the DFT-AC
spectrum at the 523 K with the DFTB-MD one at
the same temperature, we can see that the overall
spectral pattern is similar but band positions given
by DFTB-MD are clearly shifted with respect to
DFT-AC, which is instead in very good agreement
with experimental absorption spectra (see Table 2).
We can see that a bit less than half of the listed
bands appear to lose intensity with increasing tem-
perature, in the calculated spectra. This is due to
the effect, that we described in Section 3, of some of
the intensity of main bands being “spread” over an
increasingly large number of very weak bands, form-
ing a broad plateau below them which, at 523 K,
merges in a sort of featureless continuum. The
weakest of these hot bands are not even recorded
by the code, falling below the intensity threshold
to save them. This artifact results in the total in-
tegrated intensity over the whole vibrational spec-
trum to decrease by almost 20% between 14 K and
523 K.

Concerning the evolution of band positions
and widths with temperature, we note first that
we cannot give a “rule of the thumb” in the
temperature interval explored by our DFT-AC
calculations which would be valid for all bands in
a given energy range: there are e. g. some notable
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Figure 9: Evolution of band positions with temperature obtained from DFT-AC (filled circles), DFTB-MD (empty circles)
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Table 3: Empirical anharmonicity factors (x’ in 1072cm™'K~1!) of the major IR bands of pyrene derived from the linear fitting
of the band positions in different temperature ranges (Fig.9 and Figs. S1 and S2 in supplementary material) calculated using
DFT-AC and DFTB-MD methods. Experimental values are listed from the condensed-phase measurements by Chakraborty
et al. [18] and the gas-phase measurements by Joblin et al. [9]

No Theory Expt.
Position AC MD Solid Gas
pm cm~! Fit range X/ Fitrange x}yp Fit range Xhec[18] Fit range  Xgas
(K) () (K) (K)

1 3.3 30409 300-523 —0.1 600-1600 —6.4 - - 573 - 873 —2.5
2 6.3 1585.3 373-523 —-0.3 600-1600 —6.8 - -
3 6.8 14724 300 -523 —1.2 600-1600 —5.2 300 - 723 —-1.3
4 7.0 14289 300-523 —0.2 600-1600 —5.2 300- 723 —1.4 573 -673 —1.1
5 7.6 1309.9 300-523 —0.3 600-1600 —4.2 200-723 —1.3+0.25
6 8.1 1239.2 250-523 —1.1 600- 1600 —1.5 14 - 723 —0.4+£0.4
7 8.5 1183.4 323 -523 —0.9 - - 150 - 723 —-0.7 £0.15 573-873 —0.9
8 9.2 1090.1 250 - 523 —1.3 - - 150 - 723 —0.5+£0.15 573-673 —0.2
9 10.1 994.9 300 - 523  —0.2 - - 150 - 723 —0.4 £0.4
10 104 963.5 473 - 523 —0.1 - - 150 - 723 —-1.4
11 11.8 844.4 373-523 —-0.5 600-1600 —1.6 150 - 723 —1.1 573 -873 —14
12 122 817.8 300-523 —1.6 - - 150 - 723 —0.2
13 13.5 741.1 300 - 523 —0.7 - - 150 - 723 —1.5 £ 0.15 573-723 —-1.1
14 14.1 711.6 300-523 —-0.4 600-1600 —0.9 150 - 723 —0.8 573-723 —1.1
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Figure 10: Evolution of bandwidths with temperature obtained from DFT-AC (filled circles), DFTB-MD (empty circles)
calculations. Bandwidths from laboratory data [9] are shown as they are (filled squares), and after subtraction of the estimated
contribution due to molecular rotation in thermal equilibrium (black stars, see text for details). Bands are labelled following

Table 2

Table 4: Empirical anharmonicity factors (x” in 102 cm~'K~1!) of the major IR bands of pyrene derived from the linear
fitting of the bandwidths in different temperature ranges (Fig.10 and Figs S3 and S4 in supplementary material) calculated
using DFT-AC and DFTB-MD methods. For DFT-AC we also report two reference values of the bandwidth at 14 and 300 K.
Experimental values of x”/ are listed from the condensed-phase measurements by Chakraborty et al. [18] and the gas-phase
measurements by Joblin et al. [9]. “WR” and “WOR” labels the empirical anharmonicity factors respectively as derived from
the gas-phase data or after subtraction of the estimated thermal rotational broadening (see text for details).

No Theory Expt.
Position AC MD Solid Gas
pm cm~!  Bandwidth Fit range X% Fitrange x};p Fit range  xjo.[18] Fit range Xgas
14K 300K (K) (K) (K) (K) WR  WOR
1 3.3 3040.9 9.9 18.1 300 - 523 2.2 600 - 1600 1.2 - - 573 - 873 3.4 3.4
2 6.3 1585.3 5.6 6.3 373 - 523 0.2 600 - 1600 0.9 - -
3 6.8 1472.4 6.5 10.7 300 - 523 1.5 600 - 1600 0.3 250 - 723 1.5
4 7.0 1428.9 4.0 6.3 300 - 523 0.7 600 - 1600 0.5 300 - 723 -
5 7.6 1309.9 2.0 6.3 300 - 523 1.3 600 - 1600 0.5 - -
6 8.1 1239.2 1.3 6.9 250 - 523 1.6 600 - 1600 0.8 200 -723 0.9 +0.3
7 8.5 1183.4 4.2 7.6 323 - 523 1.5 - - 523 - 723 1.1 573 - 873 1.5 1.2
8 9.2 1090.1 4.6 8.3 250 - 523 1.4 - - 200-723 1.1+04
9 10.1 994.9 4.1 5.9 300 - 523 0.5 - - 250 - 723 1.0+ 0.4
10 104 963.5 1.6 9.8 473 - 523 2.0 - -
11 11.8 844.4 1.8 7.1 373 - 523 0.7 600 - 1600 0.4 573 - 873 2.6 2.1
12 12.2 817.8 3.4 8.3 300 - 523 2.0 - -
13 13.5 741.1 3.5 8.3 300 - 523 1.5 - -
14 14.1 711.6 1.7 5.1 300 - 523 0.5 600 - 1600 0.4
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cases of bands that remain much sharper (more
than an order of magnitude) than neighbouring
ones. One such example is apparent in Figure 4.
Clearly, in these cases, none of the vibrational
modes that can be populated at ~523 K have an
important anharmonic coupling with that band, at
least up to 523 K.

A second observation is that the behaviour of
band positions and widths (Figures 9 and 10)
appears not linear at low temperatures in the
spectra obtained via a fully quantum anharmonic
calculation, in agreement with available laboratory
data [18]. This can be rationalised by considering
that, at any given temperature T, vibrational
states whose frequency is much larger than kT /h
are not populated, and thus do not participate
at all in the structure of hot bands collectively
producing band broadening and shift. If a vibra-
tional mode has significant anharmonic coupling
with a given band, it will produce a rather abrupt
change in the evolution of the band when the
temperature becomes sufficient to populate it.
In a temperature range in which all modes with
large anharmonic coupling with a band are already
populated, and no new important modes come
into play, band position and width instead evolve
linearly with temperature. This accounts for the
observed behaviour in Figures 9, 10, and figures in
the Supplementary Information, which appears to
resemble broken lines. It also explains why, at high
enough temperatures, all trends appear linear, as
observed in experimental data [9, 18].

Classical molecular dynamics cannot account for
some modes being completely depopulated at low
temperature, since they do not consider quantised
states and include vibrations of arbitrarily small
amplitude, forbidden by quantum mechanics. As
a result, these simulations always predict a linear
behaviour of band positions and widths, regardless
of temperature. This behaviour is expected to
approach the quantum one when vibrational
energies are large enough.

5. The combined view for astrophysical ap-
plications

Addressing the vibrational spectral evolution
over a wide temperature range, extending up to
~1500-2000 K is a challenging task, but it is nec-
essary to properly model PAH emission bands, in-
cluding the effects of anharmonicity, in astronom-
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ical environments. While we benchmark our theo-
retical methods against absorption spectra, we em-
phasize that our findings are perfectly applicable
to the expected behaviour of band positions and
spectral profiles in emission. In fact, emission spec-
tra at a given temperature can be obtained from
absorption spectra at the same temperature using
Kirchoff’s law. And since Planck’s blackbody func-
tion is relatively slowly varying on the scale of the
width of any PAH band, band position, width, and
spectral profile can be considered to be identical,
for the same band, with negligible error, between
absorption and emission.

Our combined view using DFT-AC and DFTB-
MD is restricted to quantify the evolution with
temperature of band positions and widths regard-
less of their absolute positions and intensities. The
data reported in Figures 9 and 10 (and Figures S1,
S2, S3, and S4 in Supplementary Information)
show that both positions and widths follow differ-
ent trends in different temperature ranges. This
is in agreement with what was observed in labo-
ratory experiments [18]. Band positions are fairly
stable below ~300K, and have an approximately
linear asymptotic behaviour at high temperatures.
As to bandwidths, they also have an approximately
linear asymptotic behaviour at high temperatures,
and some of them are relatively stable, like posi-
tions, below ~300 K, while others keep decreasing
down to very low temperatures, but with a different
slope. There are no “one size fits all” simple rules
that can be used to predict anharmonic band po-
sitions and widths for all bands: the behaviour of
individual bands must be investigated, by theoreti-
cal and/or laboratory experiments. Current models
using a fixed shift with respect to 0 K calculations,
and/or fixed “standard” band widths to compute
the emission of “astronomical” PAHs do not seem
therefore appropriate. Their inaccuracy is masked,
when comparing with astronomical observations, by
the unresolved contribution of many different (un-
known) individual molecules to astronomical AIBs,
that does not allow one to separate the contribution
of anharmonicity from those of chemical diversity
and rotational broadening. On the other hand, the
inaccuracy becomes apparent if one applies mod-
els to cases in which laboratory data of individual
molecules are available, as we did here.

Mackie et al. [52], proposed a simplified scheme for
the calculation of simulated PAH emission spectra
for comparison with AIBs, based on detailed the-
oretical modelling of cascade spectra that hinted



that most bands did not show apparent shifts at
different excitation energies, and suggested that in
most cases only variations in bandwidths needed
to be included for astronomical purposes. How-
ever, this conclusion appears difficult to reconcile
with the linear shift of all band positions at high
temperatures observed in laboratory spectra, and
reproduced by theoretical modelling in the present
work.

We therefore review our options, in view of their

application to astronomical simulations, to assess
the respective merits and drawbacks of the com-
plementary theoreticals frameworks we presented.
When compared to laboratory data, we found that
at frequencies higher than 1300 cm ™", the values of
x' from DFTB-MD appear to be systematically a
factor ~3 times, whereas they are well in line with
experimental data for the bands below 1300 cm™".
This is consistent with the previous findings of Joal-
land et al. [24] and Simon et al. [25]. On the oppo-
site, except for a couple of bands, DFT-AC some-
what underestimates the x’ values.
The absolute agreement of bandwidths computed
by DFT-AC with corrected laboratory data points
is surprising (cf. Figure 10). In the case of
band 11, the slope of the experimental points is
markedly larger than the slope of DFT-AC points
at lower temperature, hinting that it may change
just around ~550K. A closer examination of Fig-
ure 3, indeed, shows several strong hot bands be-
ginning to appear around the main band at around
~500 K. Their increased relative contribution to the
band is thus likely to cause a jump in the band-
width. The comparison in Figure 10 finally shows
that DFTB-MD overestimates bandwidths at the
highest frequencies. Table 4 shows that the values
of x"" deduced from DFTB-MD results, even if qual-
itatively consistent with experiment, appear less ac-
curate than DFT-AC in the very few cases in which
comparison is possible. More experimental data
would be needed to draw firm conclusions on this.
The overall picture is consistent with DFTB-MD
behaving worse with unresolved band clusters pos-
sibly involving resonances and better with isolated
bands, which is the case for pyrene at low frequen-
cies. A tentative explanation (see Section 3.2) is
that when several unresolved transitions contribute
to an unresolved band, the large intensity errors
due to DFTB reflects in a large error in the average
position resulting from their blend.

Based on our modelling, and on available labo-
ratory data, we therefore suggest the following rel-
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atively simplified recipe for fast, efficient, yet suf-
ficiently accurate astronomical modelling of PAH
emission, in the framework of the thermal approxi-
mation:

e below 300K assume band positions to
be approximately constant; interpolate lin-
early bandwidths between reference values at
~300K and very low temperature (like our
14 K data points); use as a reference the values
(given in Tables 3 and 4 for pyrene) obtained
from either laboratory data or detailed simu-
lation at these temperatures;

e above 300 K assume band positions and widths
evolve following a linear trend, whose slopes x’
and x” can be obtained by the best available
data: experimental, detailed modelling (such
as e. g. DFT-AC here or SPECTRO [32]),
molecular dynamics based on full DFT or bet-
ter, molecular dynamics based on faster ap-
proximate methods (such as DFTB used here);
this choice should be an educated guess on a
case-by-case basis, since e. g. DFTB-MD ap-
pears to provide fairly good results for strong,
isolated bands, and conversely bad ones where
band clusters merge;

e estimate the statistical thermal distribution of
the given PAH as a result of the radiation field
it is subjected to [see e. g. 6], and obtain the
resulting spectrum as an appropriate weighted
average of spectra at each temperature esti-
mated following the two above points.

We are in the process of developing such a model, in
view of the forthcoming data from the James Webb
Space Telescope.

6. Conclusions

The difficulty to directly measure in laboratory
experiments the vibrational emission of isolated
PAHs excited by the absorption of UV photons,
in order to study astronomical AIBs, has led to
develop models to simulate the IR cooling cascades
of PAHs including anharmonic effects [5, 6, 7).
Such modelling must be as simple as possible, to be
applicable in a systematic way, yet include enough
details to achieve sufficient accuracy. These details,
the inputs of the models, must be as thoroughly
validated against experiments as possible, testing
them against all available laboratory data.



Now, with the James Webb Space Telescope
expected to be coming online in the near future,
the concept of “sufficient accuracy” related to PAH
emission models needs to be revisited, especially if
we want to extract the maximum information from
the unprecedented level of spectral and spatial
details it will make available. This is the right time
to extend models to really include anharmonicity
in a systematic way. Mackie et al. [52] showed
that they can perform detailed calculations, using
a method similar to our AnharmoniCaOs. How-
ever, as with AnharmoniCaOs, fully modelling
anharmonic PAH emission is a computationally
expensive undertaking for every single molecule,
which does not make it easily applicable in a
systematic way to existing PAH databases [50, 3],
in view of using them to interpret the detailed,
subtle spectral structures that JWST data will
unveil. On the other hand, cruder approximations,
such as disregarding the dependence of band
positions on excitation, even at the very high
vibrational temperatures reached by an isolated
PAH after the absorption of an UV photon, appear
incompatible with already available laboratory
data, as we have shown here. We thus propose here
a recipe for an intermediate level of detail, which
would be computationally less expensive than an
all-out full-quantum anharmonic calculation, and
thus more suitable for systematic use. This recipe
consists on assuming that we can describe band
positions and widths as broken lines, with a first
linear section defined by a data point at very
low temperature and one at ~300K, and another
linear trend, defined by asymptotic slopes x’ and
X", at higher temperatures, in agreement with
all available experimental data. We showed that
we can have several ways to access Y’ and x” for
all bands of a given species, and we can combine
them to incrementally improve modelling, going
from the cheapest and less accurate DFTB-MD,
to the more expensive fully quantum treatment of
DFT-AC or similar codes [e.g. Spectro 32], to the
most accurate, but limited in number of studied
species, direct gas-phase laboratory measurement.
The natural development of this work will be
to fill in anharmonic calculations (or suitable
laboratory measurements), at least at ~14K and
~300K, of absolute band positions and widths,
and of X’ and x” values, in a systematic way, for
species in available PAH spectral databases [50, 3].
We are already in the process of developing an
anharmonic PAH emission model that makes use
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of this information to improve the accuracy of its
predictions. In parallel, with the natural increase of
available computational resources, we will extend
DFT-AC calculations to higher temperatures, to
check whether we already achieved the asymptotic
regime at ~523 K and/or at what temperature the
accuracy of the quartic expansion of the PES it
employs begins to break down.

The ultimate test will be to compare the simu-
lated spectra from anharmonic AIB models with
direct measurements of UV-excited PAH infrared
emission. These are very complex experiments and
no progress could be achieved since the pioneering
experiments of the 1990s [13, 14, 15, 16, 17].
While awaiting for further experimental results,
the coming JWST data is a strong motivation on
its own to proceed with this modelling effort.
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Table S1: Integration range for deriving band positions in spectra generated by

AnharmoniCaOs package

No AnharmoniCaOs
Position at 300 K Range
1 3040 3060-3020
2 1585 1605-1656
3 1473 1493-1453
4 1424 1444-1404
5 1311 1331-1291
6 1241 1261-1221
7 1180 1200-1160
8 1089 1109-1069
9 996 1016-976
10 964 984-944
11 843 863-823
12 816 836-796
13 739 760-730
14 710 730-690

Table S2: Integration range for deriving band positions in spectra generated by

deMonNano package

Band position Temperature (K)
at 300K 200 300 400 600 800 1000 1200 1400 1600
723.7 740 - 715 740 - 715 740 - 712 740 - 709 740 - 706 740 - 703 740 - 700 740 - 697 740 - 696
814.1 830 - 770 830 -770 830-770  830-770  830- 770 830 -770 830 - 770 830 -770 830 -770
1089.2 1098 - 1084 1095 - 1081 1092 - 1078 1090 - 1073 1088 - 1068 1084 - 1062 1082 - 1058 1080 - 1053 1078 - 1051
1333.1 1354 - 1323 1354 - 1321 1354 - 1319 1354 - 1312 1354 - 1308 1354 - 1304 1354 - 1298 1354 - 1291 1354 - 1291
1465.8 1481 - 1462 1476 - 1454 1468 - 1453 1458 - 1436 1453 - 1430 1446 - 1425 1440 - 1414 1430 - 1400 1430 - 1400
1628.5 1643 - 1624 1640 - 1612 1637 - 1604 1631 - 1597 1623 - 1583 1617 - 1567 1603 - 1552 1591 - 1552 1580 - 1540
1585.5 1597 - 1582 1592 - 1576 1590 - 1572 1583 - 1566 1568 - 1533 1566 - 1522 1561 - 1517 1547 -1506 1539 - 1500
1842.4 1862 - 1840 1858 - 1829 1855 - 1826  1847- 1779 1835- 1779 1829- 1769 1813 - 1740 1804 - 1736 1804 - 1714
2923.9 3000 -2700 3000 - 2700 3000 - 2700 3000 - 2700 3000 - 2700 3000 - 2700 3000 - 2700 3000 - 2700 3000 - 2700




Table S3: List of harmonic frequencies of pyrene using DFT, DFTB and anhar-

monic frequencies calculated using AnharmoniCaOs package at 0 K.

Sym No DFT DFTB
Freq Int Freq Int
(em™1) (km mol™!) (em~!) (km mol™!)

A, V1 3182.2 0.000 2965.8 0.000
B, s 3182.0 37.998 2965.7 42.585
A, Vs 3172.8 0.000 2960.4 0.000
Bow s 31727 42.847 2960.3 56.295
By, vs 3165.5 0.000 2958.0 0.000
Bow s 3165.0 12.674 2958.0 36.845
By, vr 3157.7 0.002 2953.7 1.515
A, Vg 3157.5 0.000 2953.8 0.000
Bz, v 3154.6 0.000 2949.6 0.000
Bi. 10 3154.4 1.229 2949.7 7.515
A, v 1661.0 0.000 1863.7 0.000
Boyw  vi2 1635.8 2.257 1856.3 9.175
Bi, vis 1626.5 13.181 1836.5 2.487
B3y 114 1618.3 0.000 1814.9 0.000
Ay s 1587.8 0.000 1797.1 0.000
B3y Vg 1528.9 0.000 1710.2 0.000
Bow 117 1508.5 3.199 1699.9 0.001
Bi,  vis 1478.9 0.993 1644.5 6.832
By,  vi9 1456.5 8.010 1576.1 0.588
Bayw v 1453.4 3.197 1598.4 4.313
B3y va1 1433.0 0.000 1506.9 0.000
Ay v 1420.8 0.000 1601.9 0.000
Bsg  va3 1393.9 0.000 1561.4 0.000
Ay vy 1347.3 0.000 1465.7 0.000

Continued on next page




Table S3 — continued from previous page

Sym No DFT DFTB
Freq Int Freq Int
(em™1) (km mol™1)  (em~!) (km mol~!)

Boyw o5 1338.3 4.911 1477.1 2.971
Biu  ves 1264.3 2.261 1335.9 25.189
Bsg vor 1260.7 0.000 1319.1 0.000
Ay o 1256.9 0.000 1390.9 0.000
Boy v 1226.2 0.020 1318.9 9.862
Baw w30 1202.2 14.025 1236.3 0.235
Bsg,  vs1 1194.9 0.000 1241.6 0.000
Ay v 1164.9 0.000 1203.4 0.000
Boy  vss 1160.4 0.276 1200.3 1.192
B3y, Va4 1122.9 0.000 1178.2 0.000
Biu vss 1109.2 7.048 1177.7 3.461
Ay vsg 1085.6 0.000 1169.1 0.000
Bi. 37 1011.5 1.791 1094.2 1.120
Boy 3 990.7 0.000 967.3 0.000
A, v 985.1 0.000 962.3 0.000
B3, v 983.8 1.367 953.8 0.035
Boy  va 977.0 0.000 953.2 0.000
Bow  vao 975.4 0.003 1077.6 2.143
Big was 920.6 0.000 886.3 0.000
Ay vy 908.2 0.000 879.3 0.000
B3, w5 860.0 111.896 818.4 12.359
Bog  vas 859.2 0.000 809.5 0.000
Biw var 830.3 4.584 868.0 0.156
Big vag 815.4 0.000 788.3 0.000
Ay vy 811.3 0.000 839.3 0.000

Continued on next page




Table S3 — continued from previous page

Sym No DFT DFTB
Freq Int Freq Int
(em™1) (km mol™1)  (em~!) (km mol~!)
Bog s 783.6 0.000 762.3 0.000
Bs, s 755.1 17.533 725.1 1.641
Bsg  vs2 745.2 0.000 778.0 0.000
B3, vss 725.6 44.795 702.1 0.291
Biw  Us4 700.8 0.029 725.8 0.620
A, uss 689.7 0.000 669.9 0.000
Ay wse 593.2 0.000 670.9 0.000
Bay vy 586.5 0.000 566.7 0.000
Bau  Uss 549.2 2.552 563.6 0.830
Biy s 533.9 0.000 511.3 0.000
Bog  ¥so 511.7 0.000 490.5 0.000
B3y w61 504.2 0.000 513.7 0.000
Biw  vee 503.7 2.984 524.6 0.918
B3, ves 496.3 2.118 474.9 0.147
Bsg,  ves 459.7 0.000 471.1 0.000
Ay ves 409.6 0.000 418.4 0.000
A, wes 399.9 0.000 383.1 0.000
Bow w7 356.5 1.678 362.3 0.141
Bog Vs 259.7 0.000 253.8 0.000
Big  vey 246.9 0.000 240.2 0.000
B3, vro 210.2 10.595 208.7 0.075
A, vn 149.9 0.0 149.7 0.000
B3, vr2 97.2 0.635 97.6 0.002




1. Tllustration of the variation of band positions with temperature ob-

tained from AnharmoniCaOs (DFT) and deMonNano (MD) sim-

ulation
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Figure S1: Evolution of band positions with temperature obtained from AnharmoniCaOs. The
linear trend of the band position with temperature is applicable only for the high temperature
range. Therefore only the points from and beyond 300 K have been considered for the fitting.
Band position at 300 K are marked in each panel of the figure.
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Figure S1: Evolution of band positions with temperature obtained from AnharmoniCaOs. The
linear trend of the band position with temperature is applicable only for the high temperature
range. Therefore only the points from and beyond 300 K have been considered for the fitting.

Band position at 300 K are marked in each panel of the figure. (Continued from the previous

page)
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Figure S2: Evolution of band positions with temperature obtained from MD (demonNano)

simulation. This method is dedicated to simulate the band positions at high temperature.

Therefore only the points from and beyond 600 K have been considered for the fitting. Band

position at 300 K are marked in each panel of the figure.
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Figure S2: Evolution of band positions with temperature obtained from MD (demonNano)
simulation. This method is dedicated to simulate the band positions at high temperature.
Therefore only the points from and beyond 600 K have been considered for the fitting. Band

position at 300 K are marked in each panel of the figure. (Continued from the previous page)

2. Illustration of the variation of bandwidths with temperature ob-
tained from AnharmoniCaOs (DFT) and deMonNano (MD) sim-

ulation
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Figure S3: Evolution of bandwidths with temperature obtained from AnharmoniCaOs. The
linear trend of the band position with temperature is applicable only for the high temperature
range. Therefore only the points from and beyond 300 K have been considered for the fitting.
Band position at 300 K are marked in each panel of the figure.
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Figure S3: Evolution of bandwidths with temperature obtained from AnharmoniCaOs. The

linear trend of the band position with temperature is applicable only for the high temperature

range. Therefore only the points from and beyond 300 K have been considered for the fitting.

Band position at 300 K are marked in each panel of the figure. (Continued from the previous

page)
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Figure S4: Evolution of bandwidths with temperature obtained from MD (demonNano) simu-
lation. This method is dedicated to simulate the band positions at high temperature. There-
fore only the points from and beyond 600 K have been considered for the fitting. Band position
at 300 K are marked in each panel of the figure.
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Figure S4: Evolution of bandwidths with temperature obtained from MD (demonNano) simu-
lation. This method is dedicated to simulate the band positions at high temperature. There-
fore only the points from and beyond 600 K have been considered for the fitting. Band position
at 300 K are marked in each panel of the figure. (Continued from the previous page)
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