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Abstract

The theoretical assignments of spectral peaks of liquid phase ortho-, meta-, and para-xylene recorded
with far-infrared (FIR) and THz spectroscopy in the spectral range between 50 cm™ and 550 cm™ is
done with density functional theory (DFT) calculations. As THz spectroscopic techniques drastically
evolved in recent years, the critical focus of this paper lies on the applicability of theoretical concepts,
used as computational standard in near- and mid-IR spectra, to the FIR-THz region. An evaluation of
the choice of functionals, basis sets, and appropriate scaling factors as well as the tractability of the
liquid phase in a polarizable continuum model is performed. Alongside a new analysis procedure
based on spectral Hard Modeling has been developed. DFT line spectra are fitted to experimental FIR
spectra where a quantitative track record allows for meaningful comparisons. With all these tools we
are able to reproduce experimental spectra in an optically appealing way and we can explain trends

for each spectrum as well as across the row of the isomers.
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1. Introduction

Spectroscopic investigations, ideally supported by theoretical calculations, reveal various properties
of the compound under study. The assignment of diverse functional groups to a molecule through
detection of their vibrations is done with infrared spectroscopy, typically at wavenumbers 400-
4000 cm’, i.e. in the mid-infrared (MIR). Nowadays a catalog of characteristic bands exists in that
energy range for various types of vibrations of diverse functional groups that can be used to assign IR

spectra [1].

The far-infrared (FIR) region of the electromagnetic spectrum is also relevant for molecular
spectroscopy. A few FIR absorption spectra of common chemicals together with the assignment of
their vibrational features are dating back to the 60s and 70s of the last century as, for example, in the
case for the xylene isomers [2]. Over the last two decades FIR spectroscopy experienced a
renaissance by the tremendous development of THz technology [3] leading to applications as
manifold as for the MIR region. The most targeted molecules by modern spectroscopic and computer

techniques turned out to be small biomolecules and peptides [4,5,6,7,8,9,10,11].

Observables in spectroscopy, i.e. the interaction of molecules with light, more than in any other
discipline in chemistry are connected to the quantum structure of a molecule. Hence, theoretical
calculation make a very important contribution to the interpretation of spectra. Theoretical IR
spectroscopy dates back to the discovery of the Schrédinger equation, when the quantum motion of
a Hook's law spring reflecting a vibrating diatomic molecule was solved analytically. With the
extension to many-atom molecules and methods to approximately solve quantum mechanical

equations a hand-in-hand development of IR theory and experiment was possible.

Two major theoretical routes are available to predict vibrational spectra. In real-time nuclear-
dynamics approaches as e.g. ab initio molecular dynamics [12], multidimensional quantum dynamics
[13], or vibrational quantum Monte Carlo methods [14], the vibrations of a molecule are calculated in
the time-domain and spectra are then deduced from the Fourier transformation of the changes of
the time-dependent wave function. Using these approaches requires typically extensive theoretical
derivation prior to computationally demanding calculations so that the established theoretical
standard is ab initio electronic structure theory available at lower computational cost, which is
straightforwardly usable from a number of widespread program packages. Here, highly correlated
wave function based methods such as configuration interaction or coupled cluster that give highly

accurate results may be used for small molecules. The most widespread intermediately accurate



alternative which is technologically applicable to even relatively large compounds in various phases is

density functional theory (DFT), which we use in this work.

DFT and other ab initio calculations yield all possible fundamental vibrations in the mid- and in the
far-infrared regime. Due to the much more widespread use of MIR in analytics, the quality of
calculations has been proven in numerous examples for that energy range. There is also a number of
recent studies in the FIR including theoretical investigations which report on the generally good
quality of DFT calculations in that energy range [4,6,7,8,10,11]. However, only few of them even
mention the necessity for a treatment of solvent effects and scaling of frequencies in liquid [4] or
crystalline samples [5,8] or comment on the reliability of the calculation of intensities compared to

frequencies [5].

This paper deals with the assignment of the far-infrared absorption bands of the recently measured
neat liquids ortho-, meta-, and para-xylene [15] for which we validate in detail the use of widespread
DFT in FIR. We discuss explicitly the treatment of the liquid phase in a theoretical solvation model
and the scaling of vibrational frequencies. We, moreover, develop a means for a quantitative
comparison among theoretical and experimental spectra by fitting theoretical spectral lines with the
spectral Hard Modeling approach known for the interpretation of experimental spectra of mixtures to

the experimental spectrum [16].

The experimental xylene spectra have been taken from an FIR study on hazardous liquids [15,17,18].
The liquids have been investigated by spectroscopic ellipsometry in attenuated total reflection (ATR)
geometry, a technique not available for gas phase measurements. In contrast to conventional
transmission measurements using IR transparent cuvettes this experimental approach provided us
with a Kramers-Kronig consistent pair of material parameters from which we directly obtained the
spectral extinction coefficient, k, for our study. Among the characterized liquids were the benzene
derivatives ortho-, meta-, and para-xylene whose spectra have been compared with less accurate and

less sensitive measurements from 1962 [2].

This paper is organized as follows: Sec. 2 gives the introduction of the theoretical background on
quantum mechanics (2.1) and the spectral Hard Model (2.2), whereas sections 3.1 and 3.2 comprise
the respective computational details. The results and discussion section contains aspects on the
choice of density functionals (4.1), the treatment of the liquid phase (4.2), and the use of scaling
factors for wavenumbers (4.3). After this we switch to the findings on the xylenes themselves
regarding their geometries (4.4), spectra (4.5), and trends of vibrational properties among the group

of molecules (4.6). All of this is summarized in the conclusions (Sec. 5).



2. Theory
2.1 Computational Chemistry

Quantum-mechanical calculations of vibrational spectra are performed on the equilibrium geometry

R= R“f of a molecule in its electronic ground state i.e. in the minimum V, of the potential V(R) .

Any displacement of atoms along the normal modes increases V(R) which is approximately given

through an n-dimensional harmonic oscillator equation
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The square matrix of the second derivatives of the potential which has the dimensionality of all

coordinate displacements R is termed the Hessian matrix or, if mass weighted, the force constant
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Its eigenvalues A, for any normal vibrational mode convert straightforwardly to the normal mode

frequencies

and hence to the wavenumbers V» of discrete vibrational states in the calculated line spectrum.

Corresponding line intensities T,2, which are proportional to the oscillator strength, are obtained
when the first and second vibrational wave functions y,"™® and y,"® are explicitly known, hence one
needs to fully solve the nuclear Schrédinger equation for a vibration using the potential of Eq. (1).

Then T.2 is calculated as the squared expectation value of the dipole moment changing with all atomic

-

displacements R unified in the normal coordinate Q, for the fundamental 0 - 1 transition [19,20]:

Q p,'d in
Q (4)
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Contrary to a theoretical spectrum, the measured spectral extinction coefficient displays a convoluted

band spectrum due to Doppler broadening, radiation damping, and collision broadening. For a band



of the mode n, which is assumed to be clearly separated energetically from other bands, the band

area A, is obtained from the integration over the extinction coefficient k W) ,i.e.

A”:J‘Bandk({,)d{" (5)

A, is a measure of the intensity of a vibrational transition. In the case of several overlying bands those
are deconvoluted in a peak-picking approach by fitting several Gaussian, Voigt, or Lorentzian
functions to the respective peak. Integrating individually over the fit functions the A, are determined
and the wavenumbers ¥ are read from the positions of the maxima.

The quality of peak positions ¥» depends on the theoretical method chosen. The well-studied
deficiencies e.g. of DFT methods in combination with a specific basis set requires the application of
an empirically based scaling routine to shift calculated peaks towards corrected positions prior to

comparison with experiment [21].

For the numerical comparison of experimental and theoretical spectra, A,and T,2can actually both be
linearly converted into the same oscillator strength, or relative intensities I, = T/T?masx = A/Amax are
compared. For a more common visual comparison theoretical peaks are typically simply overlaid with
the best fitting Gaussian or Lorentzian curves of constant widths in the order of 5 cm™ that accounts

for peak broadening in the experiment.

Once the peak assignment has been finished the understanding and interpretation of spectra are

facilitated as the calculations provide a visualization of all vibrational motions.

2.2 Spectral Hard Modeling

For the validation of quantum-mechanically calculated infrared data with the experimentally
recorded spectra, an approach of spectral Hard Modeling was applied. Amongst the related methods
it has found the widest applicability for predicting concentrations from spectra of mixtures [16].
Nevertheless, the structure of this Hard Model is expected to be equally valuable for the reported

work to compare measured pure component spectra and their calculated counterparts.

The spectral Hard Model is a mathematical representation of a spectrum derived from fundamental
physics: the model S of a mixture spectrum is composed of k peaks originating from the i different

components in the mixture. This structural information is maintained in the Hard Model

S=Z,. Wizk Vi,k(v)’



a sum of peak-shaped curves
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weighted by the component weight w;. For readability we neglected in Eq. (7) the indices k on all peak

parameters 6={c,[,7} and the location of the peak maximum (peak position) w. Vis typically of

(pseudo-)Voigt type, which means a sum of a Gaussian Part (left term) contributing with 0=p=1

and a Lorentzian part (right term). Moreover, « is the peak amplitude and y the half width at half

maximum (HWHM).

The i subsets of k peak-curves representing the pure component spectra are referred to as
Component Models. Since all model parameters are physical quantities, the parametrization of the
model can account for discrepancies between calculations (Secs. 2.1. and 3.1.) and measurements
[15], i.e. scaling, peak shifts or peak shape changes. Typically, the spectral Hard Model for a mixture is
obtained by merging component models that were derived from the respective pure component

spectra by means of auto-fitting the constituent peaks [22].

When fitting a spectral Hard Model to an experimental spectrum, the spectral residuum over the
entire spectral range is minimized by a least-squares approach. Unlike Classical Least-Squares
approaches for spectral analysis, spectral Hard Models bear the flexibility to account for non-
idealities like peak shifts or shape changes by automated manipulation of the peak-position and
peak-shape parameters 6. Relative peak intensities within a component model can be forced to be
constant by a constant-peak-area boundary condition. Consequently, the overall appearance of a
component spectrum will then be maintained, and only the scaling factor of the entire component
model (— the scalar “component weight” w;) — carries the quantitative information useful for the

prediction of concentrations [23].

The novelty of the presented work lies in using the Hard Modeling approach for fitting calculated
spectra to experimentally obtained ones. Therefore, the calculated line spectra are converted into a
Hard Model S (Eq. (6)) of only a single component i and fitted as such. As the calculations are based
merely on ideality assumptions, the result of the Hard Model fit is expected to represent non-
idealities in the experimental spectrum, including peak shifts (position changes) or the degree of
peak deformation (shape changes) e.g. through molecular interactions. The application of a Hard

Model fit to deconvolve the measured spectrum is beneficial over a simple peak picking approach



which locally identifies peak-shaped maxima in the spectrum. Only in the Hard Model approach the

overall peak pattern can be maintained, especially the relative intensities.

3. Computations
3.1. Computational Chemistry

The optimized gas and liquid phase geometries of ortho-, meta-, and para-xylene as well as their
theoretical vibrational spectra have been obtained from density functional theory calculations as
implemented in the quantum chemistry software package ORCA [24]. A few functionals of different
levels of integrity, namely the GGA functional BP86 [25,26,27], the hybrid functionals PW6B95 [28]
and TPSSO [29], and the double-hybrid functional B2PLYP [30] that had been reported to be well
suited for the determination of properties [31] and vibrations [32] of organic molecules, have been
tested for the three xylenes. The basis sets used were TZVP [33] and def2-TZVP [33,34] as a quality
below triple-zeta is considered to be insufficient and calculations with that basis set size are
affordable for the small-sized target molecules. We made use of the Rl approximation [35,36,37,38]
together with consistent auxiliary basis sets [39] which is for all hybrid functionals realized through
the RIJCOSX formalism [40,41,42]. Furthermore, we used the D3 dispersion correction [43,44].
Besides functionals and basis sets we finally compared the performance of tight convergence criteria
for the self-consistent field and the geometry together with a denser integration grid against a less
dense grid in combination with the looser default convergence criteria. As measurements have been
done in the liquid phase of the respective pure xylene we finally benchmark the use of the continuum
solvation model (COSMO) implemented in ORCA [45]. For o-, m-, or p-xylene the dielectric constants

2.57,2.374, and 2.2 as well as the refractive indices 1.5054, 1.49722, and 1.4958 were applied.

The wavenumbers ¥» of the harmonic normal modes in cm™ obtained from the frequency
calculations were scaled with empirical factors for the respective method and basis set to account for
the anharmonicity and ensemble effects so that they best reproduce the experimentally obtained
fundamental frequencies. Scaling factors used here in combination with the def2-TZVP basis set were
0.9953 for BP86, 0.9505 for TPSSO, and 0.9623 for B2PLYP [32]. No scaling factor is published for
PW6B95 with the def2-TZVP basis set, therefore we used 0.945 for the 6-31+G(d,p) basis instead [46].



3.2. Spectral Hard Modeling

For spectral Hard Modeling we made use of the IHM implementation in the analysis software
PEAXACT (version 4.0, S-PACT GmbH). All experimental spectra were pretreated prior to Hard Model
fitting by selecting upper and lower wavenumber boundaries as well as a baseline correction as
indicated in Tab. 1. The spectral range 395 — 375 cm™ is affected by the window material and was

hence excluded from the analysis [15].

The initial parameters of the Hard Model are derived from the calculation, i.e. peak positions and
relative amplitudes l.,. Only about five to seven peaks with relative amplitudes of > 1% of the
maximum peak are considered, which is in the typical range of the spectral residuum after the model
fit to the spectrum. The peak-shape parameters of Eq. (7) — half-width at half maximum (HWHM) ¥
and the shape parameters (Gaussian Part f8) — are set to typical infrared values of y =5cm™ and S

= 0.7. Hence, the calculated relative intensities are represented in the peak amplitude only.

In a second step, the most appropriate parameter constraints for the component fit procedure were
selected. Since the fundamental wavelength scaling applied to the calculated DFT spectra was
observed to partially overcompensate deficiencies of the harmonic wavenumbers of the unscaled
spectrum, component shifts (affecting the peak set of a component model as a whole) of up to 15 cm’
! were allowed. Additional shifts of individual peaks were allowed to be up to 10 cm™. In order to
account for any type of peak shape, the shape parameter § was set free between a purely Gaussian
(p=1) and a purely Lorentzian shape (£=0). HWHM and peak amplitude were allowed to vary by 80 %
with respect to the absolute initial value. Both interdepend through the constant area boundary

condition.
Thirdly, the parameters to be set free in the fit step had to be selected. We considered three options:

1. Maintaining relative peak intensities (areas) and allowing all peak parameters to change

within the boundaries listed in Tab. 2.

2. Setting free the relative peak intensities, and allowing parameter changes within the

boundaries listed in Tab. 2.

3. Setting free all parameters, but using the initial values as starting points for the fit (peak

picking).

For comparison with the experiment, the spectral Hard Model was used for peak detection in the

measured spectrum. Model peaks of pseudo-Voigt nature were freely fitted to the measured spectra.



Insignificant peaks obviously representing noise or accounting for asymmetry in a peak were removed
from the list, and the remaining significant peaks were again least-squares fitted to the measured

spectrum.

In order to include an evaluation of the calculated T? intensities, only option 1 turned out to be
appropriate for our purposes. Option 3 practically gives no difference with a fully free fit to the

spectrum, as we applied it for peak identification.

The results of the component fit allow relating T? intensities obtained from quantum-chemical
calculations with the measured peak areas A, through the component weight as a scaling factor. It
must, however, be stated that a quantitative correlation between calculated and experimental
intensities is not applicable, since the extinction coefficient is an experiment-specific measure and
not an absolute one. The spectral parameters can be assessed by comparing their initial value derived

from the calculation and their experimental value obtained from the fit.

4. Results and Discussion
4.1. Choice of Density Functional Method

Preliminary to the detailed discussion on the xylene FIR spectra themselves we want to justify our
choice of DFT method which we consider as starting point for future calculations of the less common

FIR spectra of liquids [15], polymers [47], and nanoparticles [48] that we measure in our group.

The major criteria for the choice of DFT functional are the differences AV among theoretical gas
phase wavenumbers and their experimental counterparts which are usually in considerable
agreement. Minor criteria are the relative peak intensities and the structural differences of the
considered isomer with different flavors of a given DFT method, i.e. different basis sets or
convergence criteria. Contrary to wavenumbers the peak intensities were found to differ among
experiment and theory strongly by up to a factor of two, which was somewhat expected, as
intensities are difficult to determine accurately either experimentally, as they correlate with the peak
area which may be convoluted with neighboring peaks, or with DFT and a triple-zeta basis set

[4,49,50].

First of all we selected the DFT functionals BP86, B2PLYP, PWP86, and TPSSO with different amounts
of hybridization that are known to perform well in the calculation of infrared spectra [32].
Calculations were done on a sample basis. In this first round of calculations we compared different

methods only and therefore used the TZVP basis set, moderately low convergence criteria, and



scarcer integration grids, throughout. The obtained wavenumbers were scaled by the fundamental
scaling factors given in Sec. 3.1. Comparison with the experimentally obtained wavenumbers showed,
that TPSSO on average gave the smallest root mean squares deviations of 9.36 cm™ closely followed
up by BP86 with 11.58 cm™. Deviations with B2PLYP and PW6B95 were higher with 17.31 cm™ and
26.81 cm™, respectively. In all four cases experimental values were systematically underestimated.
The relative peak intensities were fully reproduced in the case of PW6B95 only, and to a good extend

in the cases of BP86 and TPSSO.

With the second set of benchmark calculations we found that the use of a denser integration grid
along with tighter convergence criteria for the SCF and the geometry optimization itself gave identical
root mean squares deviations within at most 1 cm™. The third benchmark was a comparison among
the TZVP and the def2-TZVP basis set that resulted in a considerable reduction of the root mean
squares deviations by about 5 cm™ when using def2-TZVP. Hence, the method of choice is D3
corrected TPSSO/def2-TZVP with tight convergence requirements. Its root mean square (RMS) errors

are detailed in the following sections with view on the liquid phase (Sec. 4.2.) and scaling (Sec. 4.3.).

4.2. Calculation of the Liquid Phase

Since the measurements are not done in the gas phase but rather in the liquid phase, we seek to
include solvation into the calculations in the sense that one xylene molecule is embedded in a
solution of same isomer xylenes. One possibility would have been through an explicit, but costly,
guantum treatment of the surrounding solvent molecules. But for a pure non-polar liquid as any of
the xylenes, we consider the continuum solvent model COSMO reliable [45]. RMS errors of
wavenumbers with and without COSMO are presented in Tab. 3. The spectra are qualitatively
identical and the wavenumbers with and without solvent do not differ much, which can be explained
by the xylenes' geometries (cf. Sec. 4.4.) that are very similar in neat liquid and in the gas phase. All
bond and dihedral angles are identical and bonds are only slightly elongated by 0.001 A in the liquid

phase.

For p-xylene the RMS slightly increases, because the wavenumber of the lowest-intensity peak
underestimates the experimental value by nearly 15 cm™ with the solvation model compared to less
than 1 cm™ in the gas phase. Otherwise, the RMS errors decrease. Therefore we conclude that the

solvation model is appropriate for the treatment of liquid xylene.
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4.3. Scaling Factors

Scaling factors serve the purpose of bringing the theoretical frequencies obtained from harmonic
normal coordinates closer to experimental fundamental frequencies comprising the anharmonicity
and phase of a molecule at finite temperature and pressure [21]. For our calculation of FIR spectra
we, however, recognized that most FIR wavenumbers get over-corrected by this scaling commonly
used for MIR spectra, i.e. that the unscaled frequencies which tend to be slightly too large are
systematically underestimated through scaling. We discuss here, why scaling factors should

nevertheless be considered for the FIR spectra.

One aspect is that we recognize that our calculated and scaled MIR spectra are in excellent
agreement with experimental MIR spectra from the literature [51,52,53]. This is not surprising as
scaling factors have been optimized for this energy range, i.e. scaling factors do not over-correct. To
account for these differences in the performance of scaling factors in the FIR and MIR regions we

propose the use non-uniform scaling factors.

Another aspect is that for the FIR region, even with the available scaling factors employed which
generally result in the underestimation of individual wavenumbers, the overall RMS errors, shown in
Tab. 4, do show a lower average deviation of the theoretical wavenumbers from the experimentally

obtained ones.

4.4. Comparison of Molecular Geometries

The geometries obtained with D3-TPSS0/def2-TZVP(COSMO) are shown in Fig. 1 with bond distances
indicated. Among the different xylene isomers comparable bond lengths (e.g. of aromatic or external
C — C bonds) do not differ by more than 0.001 A. Likewise comparable bond angles (e.g. within the
aromatic ring) are similar for all isomers. The nearly ideal planarity of the three isomers is determined
from one methyl-C over two benzene C to the other methyl-C atom. It sinks from 0.6° to perfectly
planar 0.0° when going from o- to p-xylene, because in o-xylene (Fig. 1 (a)) the two methyl groups
seek to avoid each other by the two in-plane C-H bonds of the methyl groups pointing away from
each other leading to a C,, symmetry and by being slightly bent out of the molecular plane. As
reported in the literature the o-xylene methyl groups are in an inverse orientation, where in-plane C-
H bonds point outward in a slightly distorted geometry [54,55,56,57]. Contrary to that, in m-xylene
(Fig. 1 (b)) the nearly in-plane C-H bonds of the two methyl groups are oriented in the same direction,

leading to a Cs symmetry, with one pointing slightly up and the other down. Finally, in p-xylene (Fig. 1

11



(c)) the two methyl groups take on an anti-orientation in a Newman projection from one methyl-C

over the neighboring ring C to the other such pairs and thus leading to a C,, molecular symmetry.

4.5. Discussion of the FIR Xylene Spectra
4.5.1. o-Xylene

In Fig. 2 the experimental FIR extinction coefficient spectrum [15] of o-xylene is displayed as blue line
in the ranges 510-395 cm™ and 375-70 cm™. In the same figure vertical yellow bars represent the
theoretical T? line spectrum and a red line its Hard Model fit S described in Sec. 3.2. The peak
positions ¥ , their shifts AV with the Hard Model fit, and relative intensities |, = T2/T%ma for theory
and | = A/A.. for experiment are listed in Tab. 5 for the three data sets and an experimental
reference [2]. Moreover, a description of the vibration is given which is likewise represented as
visualization in Fig. 2. Further we assigned the symmetries of the Ca point group that apply to each

vibration to compare with the assignment of Green, Kynaston and Gebbie [2].

For o-xylene the DFT calculation reveals seven peaks with non-zero T? values. Six of them are used in
the Hard Model fit (cf. Tab. 5) excluding the range of 375-395 cm™ as the experimental spectrum is
dominated here by background signals. Four of them can be seen in our experimental data, five have

been reported in an older experiment from the 1960s [2].

The two strongest peaks at about 255 (255) cm™ and 435 (433) cm™ in our [15] (the older [2])
experimental data have their counterparts in the calculated spectrum at the moderately deviating
wavenumbers of 248 cm™ and 430 cm™ and with the same intensity ordering. By inspecting the
animations of the calculated vibrations shown in Fig. 2 we assign the first one to a wagging motion of
both methyl groups, which results in b; symmetry. This is in contrast to an assignment of a;,
symmetry reported in the earlier publication [2], however their symmetry assignment was done
when no animation was available. The second mode appearing at higher wavenumbers is in
agreement with the older assignment and corresponds to a b; symmetric bending motion of methyl
groups. Here, both carbon atoms neighboring the methyl groups are bent out of the ring plane with
the effect of both methyl groups being bent towards the aromatic ring in a symmetric fashion. Both
motions go along with an oscillation of the molecule's dipole moment out of the molecular plane

which is the largest among all discussed vibrations.

A pair of peaks having comparably lower intensities appears at theoretical frequencies 390 cm™ and

288 cm™ which comprises rocking (b,) and scissoring (a;) motions of both methyl groups. Here the

12



dipole moment only changes within the molecular plane which accounts for the low intensity. In
addition, the contributing background signals complicate the peak assignment leading to the
disagreement between the theoretical peak at 288 cm™, our experimental and the older experimental
data by about 9 and 37 cm™, respectively. For the case of the 390 cm™ peak the difference to the two
experiments is equal, 14-15 cm™, although in the older experiment the symmetry was assigned

differently.

Another group of peaks appears in the Hard Model fit (theory) spectrum at 110 (104) cm™ and 144
(151) cm™ and corresponds to the same- and inverse-direction torsion motion of the two methyl
groups having a, and b; symmetry, respectively. The latter is symmetry allowed, indicates a moderate
change of dipole moment and was hence found in two older experiments [2,58], however with
deviating wavenumber of 180 cm™. There a symmetry assignment was not made. Note at this point
that the discussed torsion peaks might in cases be infrared active only in liquid but not in gas phase
spectra. This would be caused by neighboring molecules hindering the free methyl rotation thus
leading to a significant increase of the rotational barrier compared to the one found in the gas phase
[59,60]. Here we confirm what was found by others [58]: in o-xylene the hindered rotation is a local
effect of the isolated molecule, because the torsional peak is also present in the qualitatively similar
gas phase spectrum from our calculation (the experiment [58]) at 153 cm™ (162 + 5 cm™). Moreover,
our gas phase calculations of several o-xylene conformers reveal that the barrier height is about ten

times larger than the vibrational energy.

At the lowest energy range recorded distortions of the carbon skeleton start to appear as the b, ring
stretching motion, which is in the Hard Model fit (theoretically) at low (medium) intensity and at

position 509 (487) cm™.

4.5.2. m-Xylene

The spectra of m-xylene are displayed in Fig. 3 in the ranges 547-395 cm™ and 375-70 cm™. The color
coding is the same as in Sec. 4.5.1., and spectral parameters are summarized in Tab. 6. The calculated
m-xylene spectrum has a total number of ten peaks and experimentally eight of these can be
resolved. It resembles the o-xylene spectrum in most respects which is originating from the fact that
both isomers have the same type of vibrations that are all symmetry allowed in the Cs symmetry of
m-xylene. One of the highest-intensity peaks is again corresponding to the bending motion of the
aromatic ring where both carbon atoms neighboring the methyl groups move to the same direction

out of the molecular plane at 432 (436) cm™ in the Hard Model fit and in experiment (DFT
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calculation). Note that the intensity ordering of calculated and experimental bands is deviating from
each other here, so that the peak is only second highest in the experiment. Despite its high intensity

and very similar position as in o-xylene it had not been detected in the 1960s [2].

The most intense experimental peak with second-highest intensity in the calculation, appearing at
204 (195) cm™ is of a” symmetry and corresponds to a wagging vibration like in o-xylene, i.e. a
concerted motion of the two methyl groups out of the molecular plane to the same side. Our
wavenumber and intensity are in good agreement with earlier works, except that the authors there

assigned a; symmetry to the peak assuming another than the Cs point group [2].

The counterpart to this out-of-plane vibration with both methyl groups moving to opposite directions
(twisting motion) also has a” symmetry and is detected in the DFT calculation at 231 cm™ and with
very low intensity due to a lower change of dipole moment. In the Hard Model fit it is assigned in the

experimental spectrum to 226 cm™.

Again, two low-intensity peaks at similar frequency as in o-xylene can be assigned to a“ in-plane
bending motions of the two methyl groups either to the opposite (scissoring) or the same (rocking)
direction. The former appears in the experiment (theory) at 277 (260) cm™. The assignment is
complica ted for such low-intensity peaks and deviations are about 17 cm™. But the old and the new
experimental data are in perfect agreement including the mirror plane symmetry of the vibration.
The peak of the latter is detected at a theoretical wavenumber of 376 cm™ which is experimentally

overlaid by noise. It deviates by about 26 cm™ from our recent and the old experimental value [2].

A pair of low-intensity methyl group torsion peaks appears at 85 (86) cm™and 133 (120) cm™in the
Hard Model fit (theory) that had not been reported before. In contrast to o-xylene, here either of the
methyl groups is undergoing torsional motion while the other is not moving. Both are non-symmetric
vibrations. However, both a torsion of the two methyl groups into opposite or the same direction
would be symmetry allowed for Cs m-xylene (both a”). The combination of these symmetric torsions
causes the appearance of the observed two peaks at similar intensity. Due to the above symmetry

and combination considerations we assign {a”} in curly brackets.

Finally a number of high-wavenumber peaks belong to the spectrum that originate from vibrations of
the aromatic ring skeleton of a’, a”, and a’ symmetry. The fit of the spectral Hard Model based on the
theoretical wavenumbers and intensities is challenging in this range. The three theoretical peaks, one
at 497 cm™ with high and two at 511 and 521 cm™ with significantly lower intensity do not properly
match the peaks identified in the experiment at 489, 513 and 535 cm™ with very similar intensities.

The fit of the Hard Model to the spectrum under the constraint of fixed relative peak intensities

14



(option 1 in Sec. 3.2) results in peaks at 511 cm™ (high intensity) and 528 and 537 cm™ (low intensity),
which is indeed minimizing the spectral residuals in this range, but which cannot properly explain the

experimental peaks.

4.5.3. p-Xylene

The p-xylene spectra in the ranges 550-395 cm™ and 375-50 cm™ are found in Fig. 4 using the same
color coding as previously described (Secs. 4.5.1. and 4.5.2.). The corresponding spectral parameters

are collected in Tab. 7.

P-xylene has considerably different spectroscopic properties than o- and m-xylene but also it has
different C,, symmetry. The number of only two infrared-allowed IRREPs leads to an overall decreased
number of peaks. Fitting was done for a total number of five theoretically predicted peaks, three of
which are found experimentally with a significant intensity. Only a single lower-intensity in-plane
bending motion of a, symmetry is present in the experiment (calculation) at 292 (278) cm™ with a
barely changing dipole moment. Moreover, there is only a single b, out-of-plane bending motion
which appears in the theoretical spectrum at 78 cm™. It has admixes of an a,-symmetric torsion of
both methyl groups into the same direction. Another peak that belongs purely to that torsional
motion appears at 149 (160) cm™. It was the only peak reported in the earlier experiment at 166 cm™
[2] with bs, symmetry, based on the D,, symmetry of the carbon skeleton only and having very strong
intensity, whereas our findings suggest it not to be intense. The methyl-group torsion into the inverse
direction does not appear in the spectrum as it does not change the dipole moment of p-xylene (b,

symmetry).

Only for the case of bending motion of the aromatic ring we find more peaks in p-xylene than for
other isomers. One of these is an a,-symmetric bending motion of C—H bonds against the four non-
methylated C-atoms of the aromatic ring that was previously not observed. It is calculated to be at
404 cm™ and is weak, so that experimental detection at the given wavenumber was impossible, the
Hard Model fits the peak to 412 cm™. The other strong peak found at 484 (472 cm™) corresponds to
the bending motion of the same four carbon atoms all to the same side of the molecular plane with
b, symmetry. There is no reference for this peak, because it lies beyond the detection range of the

1960s experiment.
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4.6. Global Trends in the Row of Xylenes

A global view across the three xylene isomers helps to further understand for which of the vibrations
the theoretical approach and the measurement differ most. With further comparison of the xylene
FIR spectra a few generalities appear. Due to the same C,, symmetry of the carbon skeleton only, the
spectra of o- and m-xylene (total m-xylene has Cs symmetry) are composed of basically the same
vibrations at slightly shifted energies, whereas p-xylene with other mirror planes in its C,, molecular
symmetry has a noticeably different spectrum comprising fewer peaks. Nonetheless, all these

isomers share a unique pattern of characteristic vibrations at typical group frequencies.

The two lowest frequency vibrations appear below 170 cm™ in the calculated spectra (liquid and gas
phase) and one of them also in the experimental one. They are torsions of the two methyl groups
with slightly varying pattern. Focusing on the agreement among theoretical prediction and measured
spectrum we observe by the Hard Model fit that peak positions differ on average by AV =7.2 cm™.
We want to state here that discrepancies between calculated and experimental peaks are due to the
relatively low intensities of the methyl-torsion peaks, which make particularly the assignment of the
experimental peaks with the Hard Model fit in presence of the spectral background ambiguous. The
largest deviation is AV =12.4 cm™ for the higher wavenumber peak of m-xylene. In contrast, the p-
xylene peaks differ least, particularly the low energy peak at 77 cm™ of an overlay of a methyl-group

torsion and a wagging motion.

The peaks in the range of 230-250 cm™ correspond to out-of-plane bending motions of the two
methyl groups, which are completely symmetry forbidden in p-xylene. In the C, symmetry the
twisting vibration is not symmetry allowed, and in the Cs symmetry the related peak appears with
very low intensity. In contrast, the wagging peak is the most intense one in the experimental spectra
of o- and m-xylene, but not in the calculation of p-xylene. Their wavenumbers are theoretically
moderately underestimated by about AV = 7.3 cm™ for o-xylene and by AV = 8.6 cm™ for the m-
isomer. We connect the trend for underestimation to the empirical frequency shift, which we find to

over-correct theoretically calculated wavenumbers.

Two low-intensity in-plane bending motions of both methyl groups follow in the wavenumber range
of 250-420 cm™. Only in the case of p-xylene one of them is symmetry forbidden. Due to the very low
intensities of these peaks assignment is typically complicated and leads to deviations in the order of
AV =10 cm™. This happens particularly in the high-wavenumber range around 400 cm™ of the

experimental data used due to the experimental noise.
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In the detected spectral range ¥ >400 cm™ one or two bending motions of the aromatic ring in the
molecular plane appear. Experimental and theoretical peak positions are in good agreement with
deviations of about 5-10 cm™ for all xylenes. On the one hand this goes back to the facilitated
assignment of this first- or second-highest intensity peak, for which the relative intensities in theory
and experiment agree well (o- and p-isomer). On the other hand the scaling factors (Sec. 4.3.) are
well-suited in this range of higher wavenumbers. Lower-intensity ring stretches are assigned less

accurately.

In conclusion, in all xylene spectra we find the same characteristic vibrations appear at similar
wavenumbers and intensities. Experimental intensity ordering is occasionally not reproduced by the

theory, but wavenumbers are typically reproduced within about 10 cm™.

5. Conclusion

Far-infrared spectra of neat liquids of the three xylene isomers recorded by ellipsometry in
attenuated total reflection mode were analyzed by means of density functional theory calculations.
As the FIR range is much less well investigated than the MIR range, the critical focus lies on the
applicability of computational concepts typically used as a standard in calculations of MIR spectra.
The choice of functionals and basis sets, the treatment of solvent effects through polarizable
continuum models, and the account for anharmonicity through scaling factors were evaluated. For
better visual comparisons with experimental spectral data beyond the commonly used uniform line
broadening we have developed a new analysis procedure based on spectral Hard Modeling. Its core
piece is the fit of calculated line spectra to experimental FIR spectra with a quantitative track record
on the modifications. With the DFT and Hard Modeling protocol developed we are able to reproduce

and explain the experimental spectra and discuss trends among the three isomers of xylene.
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Figure Captions

Figure 1: Geometries of o-xylene (a), m-xylene (b), and p-xylene (c) in the liquid phase obtained with
TPSSO/def2-TZVP, tight convergence criteria, and usage of molecular symmetry as described in the

text. The bond lengths are given in A.

Figure 2: Stacked plot of the experimental FIR extinction coefficient spectrum of o-xylene (bottom,
blue, k), theoretically calculated line spectrum (middle, yellow, T?), and Hard Model fit of the
theoretical peaks onto the spectrum (top, red, S). Note that the theoretical intensities are T? values in
km/mol rescaled by a factor of 0.01 to be on the same order of magnitude as the extinction

coefficients. For each peak the corresponding vibration is indicated qualitatively.

Figure 3: Stacked plot of the experimental FIR extinction coefficient spectrum of m-xylene (bottom,
blue, k), theoretically calculated line spectrum (middle, yellow, T?), and Hard Model fit of the
theoretical peaks onto the spectrum (top, red, S). Note that the theoretical intensities are T? values in
km/mol rescaled by a factor of 0.01 to be on the same order of magnitude as the extinction

coefficients. For each peak the corresponding vibration is indicated qualitatively.

Figure 4: Stacked plot of the experimental FIR extinction coefficient spectrum of p-xylene (bottom,
blue, k), theoretically calculated line spectrum (middle, yellow, T?), and Hard Model fit of the
theoretical peaks onto the spectrum (top, red, S). Note that the theoretical intensities are T? values in
km/mol rescaled by a factor of 0.01 to be on the same order of magnitude as the extinction

coefficients. For each peak the corresponding vibration is indicated qualitatively.
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Table 1: Pretreatment of experimental spectra.

isomer Fitting regions (cm™) Baseline correction
o-xylene (510-395) + (375 -70) Rubber band subtraction
m-xylene (547 —395) + (375 -70) Straight line subtraction
p-xylene (550 —-395) + (375 - 50) Rubber band subtraction




Table 2: Fit constraint settings for spectral Hard Model fit (Eq. (6)).

Parameter name Symbol Initial value Constraint Coupling of constraints
Component shift Ocm™ +15cm™  Set free.

Peak position 0] Theory (o) +10cm™  Set free.

Peak amplitude a Theory (T?) +80% Coupled to HWHM.

HWHM Y 5cm? +80% Coupled to amplitude.
Gaussian part B 0.7 0..1 Set free.

Peak area Calculated from T2 Relative areas kept constant.
Component w; Used as a scaling factor between T2 and measured spectrum.
weight
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Table 3: RMS errors of scaled wavenumbers ¥ in gas and liquid phase given in cm™.

gas phase liquid phase
o-xylene 7.42 6.42
m-xylene 15.05 10.63
p-xylene 10.12 11.18
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Table 4: RMS errors of scaled and unscaled wavenumbers ~ given in cm™.

scaled unscaled
o-xylene 6.42 12.67
m-xylene 10.63 12.75
p-xylene 11.18 16.09



Table 5: Theoretical (Theo), Hard Model fit (HM), and present (Expt) [15] and reference (Ref) [2]
experimental peak positions ¥ in (cm™), relative intensities l,e; = T?/Tmex = A/Amas Wavenumber shifts
AV | and corresponding vibrations of o-xylene in C,, symmetry. The reference intensities abbreviate
with v=very, s=strong, m=medium, and w=weak. Symmetries of the vibrations have been assigned

with Schoenfliefs symbols.

3 Theo |TheoreI J HM A\N, HM 5 Expt IExptreI 3 Ref |Refrel Vibration
103.7 0.01 109.4 5.7 85.4 0.08 - - sym Me torsion, a,
150.8 0.08 143.8 -7.0 - - 180 w anti Me torsion, b,

247.6 1.00 254.9 7.3 2549 1.00 255 vs—a;, Me wagging, b;
288.1 0.04 279.5 -8.6 - - 325 w Me scissoring, a;
390.3 0.06 - - 405.3 0.06 404 m-b; Merocking, b,
429.8 0.64 435.2 5.4 4351 0.51 433 s-b; ring bending, b,

487.4 0.13 508.7 21.3 - - - - ring stretch, b,
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Table 6: Theoretical (Theo), Hard Model fit (HM), and present (Expt) [15] and reference (Ref) [2]

experimental peak positions ¥ in (cm™), relative intensities l,e; = T?/Tmex = A/Amas Wavenumber shifts

AV | and corresponding vibrations of m-xylene in Cs symmetry. The reference intensities abbreviate

with v=very, s=strong, and m=medium. Symmetries of the vibrations have been assigned with

Schoenfliefs symbols.

 Theo |Theo | v M AV M v Bt 1 v Ref I*"  Vibration

86.4 0.07 85.1 -1.3 85.2 0.07 - - single Me torsion, {a”}
120.5 0.08 1329 12.4 - - - - single Me torsion, {a”}
1949 0.79 203.5 8.6 203.5 1.00 204 vs-a; Me wagging, a”

231.2 0.02 225.7 -5.5 - - - - Me twisting, a”

259.6 0.11 276.2 16.6 277.0 0.07 278 s-a; Mescissoring, a’
376.1 0.05 - - 403.4 0.07 402 m-b, Me rocking, a’

436.4 1.00 432.2 -4.2 432.3 0.52 - - ring bending, a”
496.6 0.11 511.6 15.0 488.7 0.03 - - ring stretch, a’

511.2 0.01 528.6 17.4 513.1 0.04 - - ring bending, a”

521.3 0.01 5374 16.0 5345 0.03 - - ring stretch, a’
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Table 7: Theoretical (Theo), Hard Model fit (HM), and present (Expt) [15] and reference (Ref) [2]

experimental peak positions ¥ in (cm™), relative intensities l,e; = T?/Tmex = A/Amas Wavenumber shifts

AV | and corresponding vibrations of p-xylene in C., symmetry. The reference intensities abbreviate

with v=very and s=strong. Symmetries of the vibrations have been assigned with Schoenfliefs symbols.

v Theo  Theo | v i Av Mg Bet et v Ref 1"  Vibration

77.7 0.08 78.8 1.1 - - - - syn Me torsion + Me
wagging, a, + b,

159.5 0.05 156.2 -3.3 149.0 0.43 166 vs - by, syn Me torsion, a,

278.0 0.03 291.8 13.8 291.6 0.06 - - Me scissoring, a,

404.2 0.01 412.2 8.0 - - - - ring bending, a,

471.7 1.00 4835 11.8 4835 1.00 - - ring bending, b,
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