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Abstract

For the first time, a molecular symmetry group (MSG) analysis has been undertaken in the
investigation of the electronic spectroscopy of p-xylene (p-dimethylbenzene). Torsional and
vibration-torsional (vibtor) levels in the S1 state and ground state of the cation of p-xylene (p-
dimethylbenzene) are investigated using resonance-enhanced multiphoton ionization
(REMPI) and zero-kinetic-energy (ZEKE) spectroscopy. In the present work, we concentrate
on the 0-350 cm™ region, where there are a number of torsional and vibtor bands and we
discuss the assignment of this region. In an accompanying paper [Tuttle et al. J. Chem. Phys.
XXX, xxxxxx (2016)], we examine the 350-600 cm™ region where vibtor levels are observed as
part of a Fermi resonance. The similarity of much of the observed spectral activity to that in
the related substituted benzenes, toluene and para-fluorotoluene, is striking, despite the
different symmetries. The discussion necessitates a consideration of the MSG of p-xylene,
which has been designated G7,, but we shall also designate [3,3]D2n and we include the
symmetry operations, character table and direct product table for this. We also discuss the
symmetries of the internal rotor (torsional) levels and the selection rules for the particular

electronic transition of p-xylene investigated here.



I. INTRODUCTION

The prevalence of molecules that contain methyl groups, and their role in understanding
photophysical phenomena, has led to fundamental studies on simple molecules. The body of
work from the group of Parmenter and coworkers (see Ref. 1 and other work by the same
group) is noteworthy, where a significant amount of work has been undertaken comparing
the molecules p-difluorobenzene (pDFB) and p-fluorotoluene (pFT). This work has been given
a modern twist by the group of Reid using time-resolved photoelectron spectroscopy (tr-PES)

(see Ref. 2 and other work by the same group), with whom we have collaborated.3*

In previous work, our group has studied toluene, using resonance-enhanced multiphoton
ionization (REMPI) and zero-kinetic-energy (ZEKE) spectroscopy,”® as has the group of
Lawrance,” using two-dimensional laser-induced fluorescence (2D-LIF). Recently, this work
was furthered by Lawrance and coworkers,®® with the role of methyl groups in coupling to
vibrational levels being emphasised. This is related to the concept of intramolecular
vibrational redistribution (IVR), or more generally intramolecular energy redistribution. These
coupling processes are important since they can govern the rapid dispersal of internal energy
within a molecule following photoexcitation, giving it enhanced photostability — particularly
pertinent to biomolecules.'®*! Thus, an understanding of the role of torsions in such
mechanisms requires knowledge of the torsional and vibration-torsional (vibtor) level
structure in different molecules. In particular, the assignment of the vibrations (atomic
motion) will underpin models of how interactions with torsional motion occurs. In previous
work, our group has also studied the pFT molecule;**?'3 as has the group of Lawrance,**%
some of which was in collaboration with ourselves. In addition, we shall make passing
comment on previous fluorescence work on pFT,%17.18 ZEKE spectroscopy on toluene by Lu

et al.’® and ZEKE spectroscopy on pFT by Takazawa et al.?® and ourselves.'13

In the present work, we examine the S; <~ So electronic transition in p-xylene (pXyl), which
has two methyl groups that are located on opposite sides of a phenyl ring, using REMPI and
ZEKE spectroscopy. We shall discuss the 0—-350 cm™ region in detail, guided by the above-
cited previous work on toluene and pFT, in terms of both transitions between internal rotor
levels in the two states, and those involving interactions between low-lying vibrational and

torsional levels —the vibtor levels mentioned above. We shall initially remark on the similarity



of the structure < 100 cm™ that arises from the “pure” torsional bands for toluene, pFT and
pXyl, then further remark on how similar the structure is up to 200 cm™ for pFT and pXyl,
which is attributable to torsional and vibtor bands. These similarities, and the departure

therefrom for the structure above 200 cm™, will be noted and discussed.

As noted in ref. 9, vibration-torsional interactions will pervade the higher energy levels of
each electronic state and so combination levels involving such vibtor levels must be
considered when assigning the rest of the spectrum. In an accompanying paper, we shall
consider the 350—-600 cm region of the spectrum of pXyl, where it will be seen that, although

dominated by vibrational bands, vibtor levels also appear in this region.?!

We note that other workers have studied the electronic spectrum of pXyl .2%23:24.25.26,27,28,23,30
There have also been studies on the cation that have involved intermediate vibronic
excitation steps: REMPI combined with photoelectron spectroscopy (REMPI-PES)?>; ZEKE
spectroscopy;3! and mass-analyzed threshold ionization (MATI) spectroscopic studies.?%2°32
The latter studies have a much higher resolution than both an earlier photoionization study,33
and Hel photoelectron work that at best only showed partially-resolved and unassigned
vibrational bands.343%3637 We shall only discuss pertinent aspects of the previous studies at

appropriate points of the present paper.

Il. THEORETICAL BACKGROUND
A. Single rotor

Molecules containing methyl groups undergo some internal motions that may be considered
as torsions. These are also often termed (hindered) internal rotations and these terms are
used largely interchangeably in the literature, depending on the context and emphasis. In
Appendix A we outline the key points regarding the energy levels and labelling of single-rotor
molecules3® such as toluene3*° and pFT, which belong to the G1, molecular symmetry group
(MSG).#+42 (The atom numbering is presented in Figure 1.) In particular, we provide the
rationale as to why, even under jet-cooled conditions such as used in the present work, both
the m = 0 and m = 1 torsional levels are populated. These ideas underpin those for a two-

rotor system — the focus of the present work — which is developed in the next subsection.



B. Two-rotor systems
1. Background and Previous Work

Although there has been a wealth of detailed studies on the spectroscopy of molecules with
two methyl rotors,®®#! this has largely been concentrated on microwave spectroscopy and as
such the pXyl molecule has received little attention, since it has no permanent dipole
moment. That said, there also seem to have been no detailed infrared studies of pXyl
examining the torsional levels, although there have been such studies for other dimethyl
molecules.**** For non-centrosymmetric molecules, many articles are available that cover the
background theory of such systems, sometimes alongside a description of a computational
program (see Groner® for a recent review of these). In principle, the detailed theory required
to study the energy levels in pXyl is available, in papers such as that by Swalen and Costain,*®
Groner and Durig*® and books such as that by Wollrab3® and the key treatise in the area by
Bunker and Jensen*! (see also ref. 42), but we are unaware of any detailed development and

application of the theory to a specific analysis of the spectroscopy of p-xylene.

We note that Breen et al.?3 have studied the S1 <— So electronic transition in the three different
xylenes and considered (in overview) the effect of the two rotors in discussing the assignment
of their spectrum. They concluded that, at their resolution, the methyl rotors are essentially
non-interacting, and this was expected to be particularly true for pXyl where they are the
most distant. Although noting that the true levels would have a definite symmetry in the full
MSG for pXyl, Breen et al.?? assigned the structure seen in the case of pXyl in terms of the
same levels as seen in the single-rotor case, toluene; however, they assigned some levels in
terms of independent excitation of each methyl group. We make two comments on this
assignment: first, the pXyl torsional levels will in fact each correspond to linear combinations
of the single-rotor levels, in order to be of a definite symmetry in the MSG of pXyl; and
secondly, as we shall see below, the expected intensities and also comparison of the present
work with the corresponding spectrum of pFT, implies that some of the previous assignments

for pXyl are incorrect.



2. Axis systems

We define the axis systems employed, in Figure 2, with the numbering given in Figure 1. For
benzene, the molecule lies in the xy plane, with the z axis coincident with the Cs symmetry
axis. For a Dn molecule, the z axis will pass through the fluorine atoms of pDFB, but the
protocol for selecting the x and y axes are not so definitive. We follow the axis system
employed by Knight and Kable,*” who located the molecule in the yz plane. (A similar issue
arises with a Gy molecule and, where discussed, to be consistent with our previous work, we
also locate the molecule in the yz plane, with the z axis passing through the unique substituent
atom (or group) and the centre of the phenyl ring.) With these axis conventions, in the Den
point group for benzene, the S; state is designated A!Ba,, the S; state is B1Biy, and the S; state
is C'E1y. These will be pertinent to a discussion of Herzberg-Teller (HT) vibronic coupling
effects that will be presented later. For the G12 MSG, the a axis (coincident with the z axis)
passes through the ipso and para carbon atoms of the phenyl ring as well as the carbon of the
methyl group, and the phenyl ring lies in the ab (yz) plane; the c (x) axis is thus perpendicular

to the phenyl ring.
3. Molecular symmetry group of p-xylene

The MSG of pXyl is of order 72*3 and has been referred to as G7,, but it does not yet appear
to have been applied to its spectroscopy. It has been mentioned in the literature, such as in
the paper by Groner and Durig*® (where it was denoted & x & x V, or C3yT-DanF—C3yT, where
the T refers to the CHs groups (torsions), and the F to the framework to which these are
attached); additionally, some guidance as to the construction of the Gz, character table has
been given.*484% We also note that Smeyers and coworkers have considered symmetry
effects on the potential energy and conformational behaviour of two-rotor (and higher-rotor)

molecules.>%515253

Most molecular symmetry analyses begin with the Pl operators of feasible motions to derive
the commutation relations between the operators and to establish the MSG and its character
table. Itis then possible to determine I*, the irreducible representation dictating the selection
rules for electric dipole transitions and to reduce the representation of the nuclear spin
functions. The description of everything else in spectroscopic problems requires the definition

of rotational and internal (large-amplitude and vibrational) coordinates. We begin with the



definition of the nuclear position vectors as functions of Eulerian angles and internal
coordinates and determine the substitutions of the coordinates and that lead to permutation-
inversion (Pl) operators of feasible motions. Hence, to derive the MSG of pXyl, the molecule
is placed into a molecule-fixed Cartesian (frame) axis system. In this axis system, see Figure

1(b), the frame position vectors of the H atoms in the phenyl group are given by:

X}, = D(Im, jm,0) D(0,9,0) Ry, 1,j=1,2 (1)
While the positions of the methyl group H atoms are defined as:

X}, = D(jm, jm,0) [R + D(t; + kw, 6,0) Ry]

w=2n)/3, j=1,2; k=0,1,2 (modulo 3)

(2)

Ry, R and Rx are vectors whose b- and c-components are zero; the a-components are the
distances of: a phenyl H atom from the origin; a methyl C-atom from the origin; and a methyl
H atom from its corresponding methyl C atom, respectively. (The position vectors of the C
atoms are not required to derive the symmetry operators, since they can be inferred from
those of the H atoms; their positions can be found by replacing Ry by Rc in Eqg. (1), which
generates the position vectors of the C atoms a, b, ¢, and d; further, setting Rx to the null
vector in eq. (2) defines the locations of the methyl C atoms; and changing R to R in that last
expression generates the positions of the ipso and para phenyl C atoms.) The rotation

matrices D are defined according to:

D(a,B,y) = D(a,0,0) D(0,5,0) D(0,0,y)
cosa —sina 0\ /cosfp 0 sinf\ /cosy —siny 0
= <sina cos a 0) 0 1 0 ) siny cosy 0>
0 0 1/ \=sinff 0 cospf 0 0 1
(3)

In the space-fixed axes system, the Cartesian coordinate vectors are given by:

Xjm = D(a, B,v) X},



(4)

Where ¢, fand y are the Eulerian angles defining the rotation of the molecule in space. The
S matrix that is used by many (see, for example, Hougen)**>* is related to the D matrix as

follows:

S_l()(,e, QU) = D((p' 9')()
(5)

It is easy to show that the five generating operators Ci, C3, D, S and T, which are defined in
Tables | and Il, are symmetry operations which lead to permuted position vectors and
corresponding Pl operators. (Note that S and D have also been used for rotation matrices
above — the context makes it clear to what we are referring in each case.) All the generating

operators commute with each other, except for:
[S,Gl=G and [T,G] = Gy

(6)

Specifically, D commutes with any of the other operators C;, S, and T. The molecular symmetry
group can therefore be denoted [3,3]D21 = [3,3]Cav x {E, D}. In this notation,*® [3,3]G stands
for the semidirect product (Cs x C3)AG, where Cs is the cyclic group of order 3; x and A are the
symbols for a direct product and semidirect product, respectively; and G is the symbol for a
point group. {E, D} is the group of order 2 containing the elements E and D. The group [3,3]Cov
has been called C3,” x C3,* in some work,>®°7 5 x s in others,**>® and Gs in some publications
on acetone-like molecules.”® While the Pl groups, each denoted Gss, for acetone and
dimethylacetylene are isomorphic their application to vibronic states®® necessitates the
extended PI group Gss' = G72 “double group” for dimethylacetylene, but not for acetone. In

fact, [3,3]Dan for pXyl is isomorphic to G2 but, in this case, it is not a “double group”.

The character table of [3,3]D2x is given in Table lll. The labels of the [3,3]Dzn irreducible
representations consist of the two symmetry numbers o1 and o; for each of the individual
internal rotors. To this are appended a g or u subscript for positive or negative character
under operator D and superscripted signs s1 and sz, which represent the behaviour under T

and/or U (=TS), respectively, as follows: for 00 levels both signs will be present (both



characters are +1); for 11 levels there will be a single sign, s1 (the character of T is 2, while
that for U is 0); for 12 levels there will be a single sign, s, (the character of U is +2, while that

for Tis 0); and for 01 levels there will be no such sign (both characters are 0).

Also, included in Table Il is a column that contains irreducible representation labels that are
based on the labels of Gss in ref. 41, since G72 = G3s x {E, D}; we shall use these “G7,” labels
when discussing the assignment of the spectra later on. The Pl operators of G7; are identified

with those of [3,3]D2n in Table Il.
The transformation properties of the free internal rotor functions
|mym,) = (2m)~t et™T1eiM2®2 (< integers [mi], |ma| < oo
(7)

are shown in Table IV. The symmetry operators T, U, and S transform the functions |mim>)
into |mamz), |-m2-m1) and |-m1-m2), respectively. The set of these four functions is labelled by
{m1m2}. When |m1| = [m2], the set contains only two functions, and for |m1| = |[m2| =0, the
set has only one function. In Table IV, m1 and m, have been expressed with the symmetry

numbers as:
m1 =3m+o1 and ms> = 3n+03
o1=m1 (modulo3) and 02 = my (modulo 3)

(8)
The appropriate linear combinations for each irreducible representation are given in Table V.

The symmetry characteristics of the rotational basis functions are derived from their
properties in the molecular symmetry group [3,3]D2h. Since pXyl is an asymmetric rotor, we
can express them in terms of the parities (e for even, o for odd) of the KK labels of an
asymmetric rotor. Functions with parities ee, eo, oo and oe transform like 004 (A1’), 004™*
(A2"), 00, (A3"), and 00, (A4"), respectively. The electric dipole moment is of course a
function of the internal rotation angles 7 and . The transformation properties of the

simplest periodic functions are listed in Table VI for G72 and will be made use of later.



4. Nuclear Spin States and Jet Cooling

In Appendix A, we outline why it is that even under the coldest jet-cooled conditions, we still
expect significant populations in the m =0 and m = 1 torsional levels for a single-rotor system,
because of satisfying the Pauli principle when nuclear spin states are considered. A similar
situation arises in the case of pXyl, and this is developed in Appendix B. The conclusion is that
now we expect four torsional levels to be populated under jet-cooled conditions: {0,0}, {0,1},
{1,1} and {1,-1}. As a consequence, excitations from S; <— Sp can involve any of these four

levels.

5. Labelling the {m1,m;} states

Because of the degeneracies of the various levels, a single {m1, m,} label can be used for
various combinations of pairs of m;, m; quantum numbers (see Tables IV and V, discussion
above and Appendix C.) In addition, to be able to compare assignments between one-rotor
and two-rotor systems, it will prove useful to have alternative labels for the {0, m} states for
m = 0 modulo 3 (m # 0) levels. These are {0,3(+)}* and {0,3(+)} and {0,3(-)} and {0,3(-)},
which are +/- combinations of the m = 3(+) and m = 3(-) levels on each rotor — see Appendix

C.

6. Hamiltonian for coupled equivalent internal rotors

As usual, the Hamiltonian is the sum of operators for the kinetic energy, T, and the potential

energy, V:
H=T+V
(9)

The kinetic energy for a two-rotor system, without the contributions from the coupling with

overall rotation, may be written as (see Eq. (5c) in ref. 60)

T= (pi P3) (15 I;) (52)



(10)

The symbols p; and p}‘ represent the internal angular momentum operator for rotor j and its

complex conjugate, respectively. For methyl internal rotors, the quantities F and F” are

essentially constant and are obtained from:
F=U,-1)d
F'=-I'd

d = (h/812c)/[I' (I, — 21")]

(11)

where Iy is the smallest principal moment of inertia for overall rotation of the whole molecule
and /' is the moment of inertia of one methyl group about its internal rotation axis.
Approximate values of these parameters, obtained from calculated equilibrium (“Re”)
structures from B3LYP/aug-cc-pVTZ and TD-B3LYP/aug-cc-pVTZ optimized structures of pXyl*!
are (in cm™), F=5.591 and F' = -0.194 for the Sostate and F = 5.547 and F' = -0.184 for Si.

Neglecting higher orders in the internal angular momenta, the kinetic energy is then given by

T=F (Pf + P%) + 2F'p1p;

(12)
The potential function can be written as a 2-dimensional Fourier series
2V(tq,75) = z Vi) eUtietkn
jk
(13)

The generating symmetry operators C; and C, (see Tables | and Il) require thatjand k are signed integer
multiples of 3. The other generating operators of Table Il, together with the condition that V(n,

n) be real, lead to the following relations between the coefficients, Vj«:

Vie = ViD= V2 o =V o =Vij = Vg

10



(14)

These relations also mean that the coefficients, V; k., are real and, moreover, that they may

be non-zero only for j+k = even. Therefore, the potential function may be rewritten:

2V (74,73) = Voo + 2 Zj=3,3[I/j,jCOS(j(T1 +1,)) + Vi-j cos(j(t1 — 12))]

’

+2 Yjz63 2{6;6_]'4_6,6 Vjklcos(jtq + kty) + cos(kty + jT5)]
(15)

In this equation, the summation index j increases in steps of 3 whereas k increases in steps of
6. Besides the trivial constant, Vo0, the lowest order coefficients in this potential function are

V3,3, V33 and Ve0. A simplified expression may therefore be written:

V(Tl, Tz) = (V3’3 + V3'_3) CosS 37:1 CoSs 37:2
—(V3,3 — V3,_3) sin 374 sin 37, + Vg (cos 671 + cos 67;)
(16)

A potential function described by this equation with a dominant Vs, coefficient has 36 minima
and 36 maxima over a range of 2t of both variables. The minima and maxima (which occur in
pairs) in the -nt/3 < 11, 2 < 11/3 range are listed in Table VII for Veo > 0, together with their
energies and descriptions. The energy minima occur for conformations in which one C-H bond
of each methyl group are in the ac plane (the methyl groups are staggered (ss) with respect
to the benzene ring). One pair of these is labelled Ca(b) because it has Cau(b) point group
symmetry with the C, axis coinciding with the b axis). The other pair of minima is labelled
Cx(c). The structures at the maxima of the potential have one C—H bond of each methyl group
eclipsing the benzene ring (ee). They are labelled Cu(b) or Ca(c). The energies of minima,
maxima and saddle points are given in terms of the potential coefficients, also their relative

energy with respect to conformation C.x(b). This structure is the one shown in Figure 1, which

11



is the calculated minimum energy structure in the electronic ground state So.2! If the Can(b)
structure corresponds to the global minimum (in So), V3,3 must be smaller than V3_3. Structure
Cav(c) corresponds to the structure of the S; state. For the Cuy(c) structure to be the global

minimum (in the S; state), V3,3 must be larger than V3 s.

Figure 3 contains contour plots of potentials which have global minima at the Can(b) and Cav(c)
conformations. In both plots, the horizontal axis (11) and vertical axis (12) run from -11/3 to
+11/3. The global minima and maxima of the potential are in the centre of the dark purple and

dark orange areas, respectively.

The potential coefficients, V33, V3.3 and Ve, cause the first order splittings of levels that
belong to the {0,3} set of free internal rotor functions. Table VIII displays the matrix with the
interaction matrix elements, with the resulting energies of the symmetrized functions being

given in Table IX. These results will be discussed later.
7. Vibrational Labels

In the same way that the vibrations of monosubstituted benzenes are significantly different
from those of benzene,®! the presence of a second substituent also modifies the vibrations
significantly, both in form as well as wavenumber, so that they are different from those of
both benzene and the monosubstituted species. We have recently examined the vibrations
of para-disubstituted benzenes® and in the present work we shall use the D; nomenclature

described therein for the vibrational labels.

lll. EXPERIMENTAL

The REMPI apparatus employed has been described previously in detail elsewhere,®® with
small modifications having been incorporated in order to perform the two-colour ZEKE
experiments, which have also been described,®* and so only a brief description is given here.
The excitation laser was a dye laser (Sirah Cobra-Stretch) operating with C540A and was
pumped with the third harmonic (355 nm) of a Surelite Il Nd:YAG laser. The ionization laser
was a dye laser (Sirah Cobra-Stretch) operating with DCM pumped with the second harmonic

(532 nm) of a Surelite | Nd:YAG laser. The fundamental frequencies produced by each dye

12



laser were frequency doubled using beta-barium borate (BBO) and potassium dihydrogen

phosphate (KDP) crystals for the pump and probe lasers, respectively.

The vapour above room temperature p-xylene (99.5% purity, Sigma-Aldrich) was seeded in
~1.5 bar of Ar and the gaseous mixture passed through a General Valve pulsed nozzle (750
um, 10 Hz, opening time of 180-210 us) to create a free jet expansion. The focused,
frequency-doubled outputs of the two dye lasers were overlapped spatially and temporally
and passed through a vacuum chamber coaxially and counterpropagating. Here they
intersected the free jet expansion between two biased electrical grids located in the
extraction region of a time-of-flight mass spectrometer, which was employed in the REMPI
experiments. These grids were also used in the ZEKE experiments by application of pulsed
voltages, giving typical fields (F) of ~10 V cm?, after a delay of up to 2 us, where this delay was
minimized while avoiding introducing excess noise from the prompt electron signal. Because
of the well-known decay of the lower-lying Rydberg states accessed in the pulsed-field
ionization process,®> bands had widths of ~5-7 cm™, even when \F relationships would

suggest the widths should be significantly greater.

IV. RESULTS AND DISCUSSION
A. REMPI Spectrum - Overview

The 0-350 cm™ region of the (1+1) REMPI spectrum of pXyl is presented in Figure 4, where it
is compared with the corresponding spectra of pFT and toluene having been previously
published in Refs. 13 and 5, respectively. The spectra are presented on a relative wavenumber
scale, with the wavenumbers of the origin transitions noted in the figure caption. If we treat
the methyl groups as point masses, as noted above, then pXyl may be considered in the Dz
point group, and the resulting transition may be denoted A !By, < X'Ag; for molecules with
Cav point group symmetry, then the transition is A 1B, «— X'A1. The transition observed here
for pXyl is hence the corresponding transition observed in our recent REMPI work on
monohalobenzenes®® 678 toluene,>® and pFT3!3 (in the latter two cases, if the methyl group

is again taken to be a point mass).

13



As may be seen from Figure 4(c), the first ~ 350 cm™ of the spectrum of pXyl above the intense
origin band consists of a series of weak features. The lowest wavenumber weak features have
been discussed by Breen et al.?® in terms of torsions only; but, by analogy with the recent
work by Gascooke et al. on toluene,® and recent work by them and us on pFT,'314% (see also
the work of Zhao'®), we also expect some contribution from low-wavenumber vibrations via
vibration-torsional coupling in this region of the spectrum. We note that Ebata et al.?? saw
very few features in this wavenumber region and indeed there were very few features in their
wider-range spectrum and none below 600 cm™. In contrast, Gunzer and Grotemeyer?®2°
observed a number of low-wavenumber bands, but only assigned these to generic “methyl
torsions”; a few others to higher wavenumber were assigned to vibrations using Wilson
notation and a discussion of this region is contained in our accompanying paper.?!
Additionally, they observed torsional bands in their MATI spectrum, plus some unassigned
features, which we shall also remark upon below. Blease et al.?* observed a few torsional
transitions, but these were only generically assigned; they also gave assignments for four of
the vibrational bands in this region, again which we shall comment in the accompanying
paper.?! They noted some other features in their REMPI spectrum that were unassigned and
we shall comment on some of these below. The REMPI spectrum presented in ref. 24 appears
to be the best quality of those previously reported (albeit with little comment regarding the
assignment therein) and is in excellent agreement with that presented in Figure 4(c) of the

present work.

With regards to the cation, the resolution and/or signal-to-noise in Walter et al.’s REMPI-PES
study?®> was not sufficient to see any torsional bands. Gunzer and Grotemeyer?® observed
some torsional bands in their MATI spectrum, but these were only assigned in a generic way.
On the other hand, Held et al.3! provided detailed assighments for ZEKE bands that they
observed when exciting via the S; origin, in terms of transitions on one or both methyl groups.
Similar to our comments above regarding the S1 <— So spectrum of Breen et al.,?3 we are not
convinced that the picture presented is entirely correct for the full molecular symmetry group

and indeed will reassign a number of bands later in the present paper.

In the following, we shall discuss the assignment of the main REMPI features by reference to

the activity we see in the ZEKE spectra when we excite through various S; levels that are each

14



the terminating states of various REMPI transitions; we shall also find it useful to make

analogy with the corresponding spectra of toluene and pFT.

On occasion, we were able to identify some bands in the REMPI spectra of pXyl attributable
to complexation of pXyl with Ar via their changing relative intensities with conditions, the
observation of the parent cation in the mass spectrum, and by comparison with the work of
Lu et al.®® We do not believe any of the spectra presented herein are contaminated to any

significant extent by bands arising from complexes.
B. “Pure” Torsional Transitions

In Figure 4 we show the 0-350 cm™ region of the REMPI spectra of toluene, pFT and pXyl. In
the case of toluene, the assignment of the region < 100 cm™ has been discussed by Walker et
al.3% and more recently by Virgo et al.?° with a particular emphasis on explaining the relative
intensities of the symmetry-forbidden bands. The explanation for these was based on

electronic-torsional coupling via a Fourier expansion of the transition dipole moment in terms
of the torsional angle. It was deduced that the m3g+) transition should be the most intense of
the non-Franck-Condon bands and other Am = 3 transitions should be seen, explaining the
presence of the m# and m{ bands (noting that m can be signed). This explanation did not,
however, explain the appearance of the very weak m3g_) transition, which was suggested as
arising from torsion-rotation coupling, with this considered in detail by Virgo et al.,*® where
simulations gave close-to-quantitative agreement with experiment, and revealed the
dependence of the intensity of the m3g_) feature on the magnitude of Vs and the rotational

temperature. (Here the m?2 notation indicates a transition from m = a in the So statetom = b

in the S; state.)

The assignment of the spectrum of toluene was largely confirmed by ZEKE experiments'®
based upon expected selection rules and the more general analogue of the Av = 0 vibrational
propensity rule, which we designate the “A(v,m) = 0" propensity rule, referring to preferential
excitation of the same vibrational and torsional character in the cation as in the intermediate
S1level. Inref. 9, Gascooke et al. showed that essentially the same assignment of the torsional
features in the S1 <— Sp transition resulted when considering vibration-torsion coupled levels,

but that the values of the effective rotational constants and Vs barrier heights were different
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— very starkly so for Vs. In the absence of any significant perturbation of the potential by the
presence of the fluorine atom in pFT, and with the comments above concerning the excitation
of the non-interacting methyl torsions in pXyl, we would expect the appearance of the REMPI
spectra for the three molecules, toluene, pFT and pXyl to be very similar in this region. In fact,
as may be seen from Figure 4, the regions < 100 cm™ do indeed look very similar in all three
spectra, indicating that the assignments are expected to correspond. It is then noteworthy
that also in the region 100-200 cm™, the spectra of pFT and pXyl agree very closely, while that
of toluene is somewhat different; in the below, we shall attribute this to an almost identical
value of Dy in the S; state of pFT and pXyl, while the value of the lowest wavenumber
vibration in toluene is somewhat different. In the region 200-350 cm™ it may be seen that
the spectra of pFT and pXyl now also differ — this will be attributed to the different value of
Digin the S; state of the two molecules. (Note from Refs 13 and 62 that the D2pand D1g modes
are both related to the My vibration, and so it is less straightforward to compare between

the mono- and disubstituted molecules in these cases.)

This is also an appropriate point to note that the D3 vibration also should appear in this region
of the spectrum, and the corresponding vibration, M3, has been clearly seen in the spectra
of toluene,>’ and Ds3o seen for pFT (where it is coincident with the DiaD2o combination
band)'3% - see Figure 4. However, no such band is present for pXyl, and such a band is also
absent in the LIF spectrum of pDFB in ref. 47 (where it is denoted Mulliken mode 22). This is
explainable in terms of point group symmetry: in a Don molecule, D3 is of bay symmetry and
hence forbidden by both Franck-Condon and Herzberg-Teller (HT) coupling arguments, which
cause b3z modes to be allowed; on the other hand, in G,y symmetry, it has b, symmetry and

so is HT-allowed.
C. Vibrations, Symmetry and Selection Rules

If we assume a complete separation of electronic, vibrational and torsional motion in pXyl,
then we expect the Av = 0 propensity rule to hold (since the geometries of the So, S1 and Do*
states of substituted benzenes are very similar) and, separately, a A{mi, m2} = 0 propensity
rule to hold (since the torsional potentials of the three states are expected to be quite similar),
where both m; remain unchanged. We use the notation A{m1, my} = £ (§ # 0) to denote a

change in either one (but not both) of the m; quantum numbers; in cases where we wish a
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change to refer to the sum of those of both quantum numbers, we shall use A(m1 + mz). The
most intense bands are hence expected to be associated with transitions that are in line with
the torsional and vibrational propensity rules; however, non-totally-symmetric vibrations are
also expected via HT coupling. Also, some torsional transitions are seen which do not conform
to the A{m1, m;} = 0 propensity rule and these arise from electronic-torsional coupling, as
mentioned above in the case of single-rotor molecules. Finally, following on from the
discussion given in refs. 8 and 9 for toluene, and refs. 13 and 14 for pFT, we may expect to

see transitions involving vibration-torsional (vibtor) levels.
1. Transitions involving torsions and the dependence on electronic-torsional coupling

Since the dipole moment, and hence the electric transition dipole moment, will be a function
of the two torsional angles, 1 and 1, its variation can induce torsional activity during an
electronic transition, and we shall now examine this. For a single rotor system, it has been
argued that the more robust method of examining this is via a Fourier expansion of the dipole
moment as a function of the torsional angle — see ref. 39. We outline this in Appendix D, and

extend the ideas here to the two-rotor case.

For a two-rotor system the electric dipole transition moment (EDTM) for a pure torsional

transition can be written as:

n= ({m1"m2'} |1 (q; 71, T) Yo (q, T1, T2)) [{M], M3 })
(17)

The m{ represent the internal rotor quantum numbers in the upper electronic state, and m/”
represent those in the lower electronic state, but remembering that each eigenstate must
transform as a definite symmetry species of [3,3]D2n and so involve both rotors; u is the
electric dipole moment operator; 71 and 7 are the torsional angles of the two methyl groups
and g represents the electronic coordinates. With the defined axis system (see Figure 2), the
components of g transform as T, Ty, and T, and hence in G72 these symmetries are A4/,
Ai"and A,", respectively — see Table IV. Since the symmetries of the S1 and Sp electronic states

are A:1" and A1/, respectively (see Table X for the Gi12 — G72 correspondence), the middle

17



integral will transform as a4”, a1" and a>' for each of a4, g and u , respectively. The next
stage is to identify the symmetries of the terms in the Fourier expansion; these will be various
combinations of sine and cosine terms of each of 37 and 67. Owing to the propensity rules,
we would only expect the A{m1, m;} = 0 or 3 transitions to have appreciable intensity in our
spectra, with overall A(m1 + m;) = 6 transitions expected to be weak, with the latter including

cross terms; any higher-order changes are expected to be exceptionally weak.

The dependence of the dipole moment of two-rotor molecules on the torsional angles has
been described as a two-dimensional Fourier series.3*>! We use a complex representation like
Eqg. (13) for the potential function to expand the dipole moment functions. However, the
dipole moment components in general are not totally symmetric functions like the potential
function; therefore, the relationships between the coefficients of the series are not identical
to those that are valid for the coefficients of the potential function (Eq. (14)). Taking the
potential function as an example, the relations between the coefficients need to be modified

depending on the symmetry species as follows:

V:

— j+k+w _ * — — —
ik = Vix(=1) =V k=512 V_jk=51Vgj=5V_p

(18)

where w = (1 — s3)/2 and s1, 2, and s3, are the characters of the desired irreducible
representation under the operators T, U and D, respectively.

Without going into further details, only the important lowest order terms are listed here for
the components of the transition dipole moment. The symmetry species of the transition
dipole moment components are obtained as the direct product of the species of T4 (g =a, b

or ¢) and of the species of the electronic wavefunctions of the Sp and S; states.

”n

as" : u?(n, ©)=Cy%cos3n-cos3n)

a1’ : u®(n, ©)=Co+ C33°cos37mcos3nm + C33°sin3misin3 o
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ay': u(n, ©) = C33°%(sin3 rcos3 -cos3 r1sin3 1)

(19)

where the subscripts on the coefficients are analogous to those of the single rotor case, and
the superscripts denote the cosine/sine nature of the terms, in an obvious fashion. We expect
A{m1,m;} = 0 transitions to be b-type and the most intense, followed by the a-type A(m1,m,)
= 3 ones, which can gain intensity via electronic-torsion (Herzberg-Teller) intensity stealing
(see below). Transitions that have A(mi1+m:) = 6 (b-type and c-type) are expected to be weak

and any higher-order transitions, are expected to be very weak.

Earlier, we noted that we would expect the four lowest internal rotor levels, {0,0}, {0,1}, {1,1}
and {1,-1} (hereafter referred to as the “cold” levels) still to be populated in the Sp state after
free jet expansion (since they are each associated with different symmetry nuclear spin
functions), and consequently transitions can occur out of any of these. We now consider
which internal rotor levels are expected to be accessed via direct or electronic-torsion-
induced excitation from these four “cold” levels; we indicate in bold those transitions that are

expected to have significant intensity.

For {m1"”,m;"} = {0,0}, the symmetry is a1’, and so the states with lowest allowed values of m’

that give an overall totally symmetric EDTM are:
a-type: {0,3} ={0,3(+)}

b-type: {0,0}, {3,3}", {3,-3}*, {0,6}"" = {0,6(+)}"
c-type: {3,-3}, {0,6} * ={0,6(-)}

For {m1",m;"} = {0,1}, the symmetry is g” and so possible values of m’ that give an overall
totally symmetric EDTM) must have symmetries g’ and g”, and are (recalling that the notation

includes other signed values of m;j_see Table V):

a_type: {O;Z}r {'311}1 {311}1 {014}; {3r_5} and {'31'5}
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b-type: {0,1}, {3,-2}, {-3,-2}, {-3,4}, {0,5}, {3,4}
c-type: {0,1}, {3,-2}, {-3,-2}, {-3,4}, {0,5}, {3,4}

For {m1",m;"} = {1,1}, the symmetry is e3’ and so possible values of m’ that give an overall

totally symmetric EDTM must have symmetries es”, e3’ and es’ and are:
a-type: {1,-2}, {1,4}, {-2,-5}

b-type: {1,1}, {-2,-2}, {4,-2}, {1,-5}, {4,4}

c-type: {4,-2}, {1,-5}

For {m1"”,m;"} = {1,-1}, the symmetry is e1’ and so the possible values of m’ (that give an

overall totally symmetric EDTM) are:
a-type: {1,2}, {1,-4}, {-5,2}

b-type: {1,-1}, {2,-2}, {4,2}, {1,5}, {4,-4}
c-type: {1,-1}, {2,-2}, {4,2}, {1,5}, {4,-4}

Thus, we expect to see transitions involving the bolded levels above as the most distinct in
our REMPI spectra. Other transitions might be observed as the result of (a generalized form
of) Fermi resonance; the latter would also lead to perturbed band positions. When recording
ZEKE spectra, we would, of course, be selecting a particular S1 level, and so this will determine
what ZEKE bands are expected, with the Av =0, A(m1+m3) = 0 bands expected to be the most
intense, and A(mi+mz) = 3 bands also being expected; bands with changes in vibration
guantum number may also be observed depending on the geometry change during the Do*

< Sy transition.
2. Torsional transitions and Herzberg-Teller coupling

As is well known, in substituted benzene molecules, “symmetry or Franck-Condon forbidden”
vibrations can appear and, in molecules such as toluene and pFT, also “forbidden” torsions
may be observed. These arise as a result of intensity stealing via Herzberg-Teller (vibronic)
coupling, and its analogue for torsions, in a similar manner to the well-known case of benzene.

Employing point group symmetry, the relevant state in benzene is the C1E1, state, with ey
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vibrations mediating the vibronic coupling for the AlB,, state; in Dan the relevant state is the
BBy, state, with bsg vibrations mediating intensity stealing from a higher Ay state, which is
derived from the benzene C state. As mentioned above, in the cases of toluene and pFT, there
has been shown to be an analogous electronic-torsion intensity stealing mechanism, and this
leads to the 3(+) torsion being active in the S1 «— So transition, arising from a m’ < m"
transition of 3(+) <— 0. Using MSG symmetry, the a1” vibrations and torsions of the S1 (*A1”)
state gain intensity via intensity stealing from a higher 'A;’ state, again which is derived from
the benzene C state. More generally, Am = 3 transitions gain intensity via this mechanism and
hence it is also possible to see 4 «<— 1 and 2 « 1 transitions (again, recalling that the m are
signed). Also, possible to see but much more weakly, are Am = 6 transitions and even weaker

still for higher changes of Am = 3n (n = integer).

In the case of pXyl, similar considerations hold. First we note that in [3,3]D2n the S1 < So
transition can be denoted AA:” < X!A:', and the relevant excited electronic state to which
electronic-torsion coupling needs to occur when exciting from {0,0} has A4’ symmetry (again
this will be derived from the benzene C state); thus, we expect as” symmetry torsions to be
active via this mechanism, which Table IV reveals to be {0,3} -, which (see Section II.B.5 and
Appendix C) may be written as {0, 3(+)}. In a similar way, exciting from {0,1}, which has g"
symmetry, requires g’ torsions, and so we expect {0,2}, {-3,1}, {3,1} and {0,4} amongst others,
to be active; exciting via {1,1}, which has e3’ symmetry, requires es” torsions, and so we expect
{1,-2} and {1,4} to be active; and finally, exciting via {1,-1}, which has e1’ symmetry, requires
ey torsions and hence we expect {1,2}, {1,-4} to be active. Note that we have only considered

A(m1+m3) = £ 3 transitions, as these are expected to be the most intense.
3. Vibration-torsion (vibtor) states

Finally, we note that vibtor levels have been seen in toluene and pFT and it is expected that
such levels will be seen for pXyl. For a vibtor level to be FC-active when exciting from the {0,0}
torsional level, we expect the direct product of the vibrational symmetry and the torsional
symmetry to be totally symmetric, A1, for pXyl; however, there will also be transitions from
the other still-populated torsional levels, and these will need to be considered when assigning
the spectrum. First, we need to determine what the equivalent of the D,n symmetries are in

G72; the correspondence between these, using the axis systems shown in Figures 1 and 2, are

21



given in Table X. Then, in Table XI we tabulate the symmetries of the vibtor levels that arise
when each of the torsional levels interact with each of the three lowest energy vibrations,
Dyo0, D1g and D14. As may be seen, as well as bands from the “pure” {0,0} (intense) and {0,6(+)}"
(weak) torsions when exciting from {0,0} in the So state, we may also expect to see symmetry-
allowed transitions to Do {0,3(-)}, D19{0,3(-)}* and D14 {0, 6(-)}* for the S1 <~ So excitation. The
fact that two different {0, 3(-)} levels are associated with the Do and D19 vibrations in the FC-
allowed vibtor levels arises as a result of the different symmetries of these vibrations under
D>n (and hence G72); in pFT both Do m = 3(-) and D19 m = 3(-) levels were seen with reasonable
intensity, with both of these vibrations interacting with the same torsional level under the
lower-order MSG. Additionally, there will also be corresponding transitions from the {0,1},
{1,1} and {1,-1} levels, which will access different upper vibtor levels in each case and these

will be discussed at appropriate points below.

It will also be the case that vibtor levels of the same symmetry can interact with each other
and with “pure” torsional levels that have the corresponding symmetry. As has been shown
for toluene®® and pFT,3'%1> these interactions can shift levels in wavenumber and hence
cause transitions not to be in the expected position. We shall comment on this below for
some of the transitions observed, but will not report a full analysis of this in the present paper.
We expect vibtor transitions involving the same vibrational change, but different “cold”
torsional levels to be at relatively similar transitions energies; however, these will be at
different energies owing to the different upper levels accessed and perhaps also as a result
of different symmetry levels interacting differently with other vibtor levels. The latter

suggests that we may observe splitting of bands, if this effect is sizeable.

In Figure 4 we show expanded views of the pertinent region of the low-wavenumber regions
of the REMPI spectra of toluene, pFT and pXyl. It is striking that the region below 100 cm™ is
very similar in all three spectra, but even more striking is the very similar appearance of the
spectra of pFT and pXyl below 200 cm™. The assignments of the toluene spectrum come from
refs. 9 and 39 and those for pFT come from refs. 13, 14 and 15. The assignments for pXyl are
from the present work and will be discussed in more detail below. For now, we note that the
assignments for pXyl are very similar to pFT, in that the same values of the m quantum
numbers are associated with bands at similar wavenumbers; however, because of the

different (higher) symmetry of pXyl arising from the two methyl groups, the levels are not the
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same and loosely consist of various symmetric and asymmetric combinations of the

corresponding single-rotor levels.

In the subsections below, we shall deal with each REMPI band in turn, discussing its
assignment in terms of the allowed symmetries of the Si internal rotor levels that can be
accessed from the cold {m1, m;} levels (see Appendix B). Thus, we need to consider population
of S internal rotor levels when exciting from each of the {0,0}, {0,1}, {1,1} and {1,-1} levels
taking into account the symmetries of the components of the transition dipole moment (see
Section IV.C.1). In all cases, it transpires that more than one S internal rotor level will be
populated. We will treat various REMPI bands together and, in each case, show the relevant
section of the REMPI spectrum, together with ZEKE spectra that have been recorded. In a
number of cases, ZEKE spectra are recorded at wavenumbers corresponding to different parts

of a REMPI feature to establish if there are distinct overlapping contributions.

We first note that excitations involving totally-symmetric vibrational levels will consist of four
associated internal rotor transitions in each case, i.e. the A{m1, m;} = 0 transitions from the
four “cold” internal rotor levels just noted; these will all appear almost completely overlapped
in our spectra as the transition energies are all expected to be within 1 cm™ of each other.
We shall also see that various non-totally symmetric vibrations will be seen via HT coupling

and vibtor transitions will be seen, again involving non-totally-symmetric vibrations.
(a) Excitation via {0,0}, {0,1}, {1,1}, {1,-1}

In Figure 5(a) we show an expanded view of the pertinent region of the REMPI spectrum
where the “pure” torsional excitations are located. We indicate the bands whose
wavenumbers correspond to the excitation positions we employed to record ZEKE spectra. In
Figure 5(b) we show the ZEKE spectrum when exciting via the origin transition focusing on the
torsional region. Being a transition involving the totally-symmetric zero-point vibrational
energy levels, the most intense REMPI feature will consist of the four overlapped bands
associated with the four “cold” torsional levels and as a consequence, the ZEKE spectrum will
also consist of transitions from these four levels into various levels of the cation; the most
intense will be the four A{m1, m;} =0 transitions which will appear as a single overlapped ZEKE
feature as the torsional potentials in the S1 and Do* states are expected to be very similar. The

wavenumber of this band defines the adiabatic ionization energy (see ref. 21).
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(b) Excitation via {0,2}, {1,2} and {1,-2}"

We recorded a ZEKE spectrum via the REMPI band at 0° + 16 cm™ and this is shown in Figure
5(c). It may be seen to consist of a main band at 15 cm™, with a shoulder corresponding to
the origin position. The REMPI band is expected to consist of three overlapped transitions:
{0,2} < {0,1}, {1,-2} « {1,1} and {1,2} <« {1,-1} and hence each of the S; levels could be the
starting level for a ZEKE transition. We expect the A{m1, m;} = 0 transitions to be the most
intense, but we may also see other transitions induced by electronic-torsional coupling. By
considering the symmetry of each of these, plus the symmetry of the dipole moment integral
we find that the {0,1} < {0,2} and {1,1} < {1,-2} transitions can be induced via electronic-
torsional coupling and hence these could both be contributing to the weak ZEKE band at the
origin. There are also some very weak bands to higher wavenumber, which could arise from

transitions to other levels, induced by electronic-torsional coupling.
(c) Excitation via {0, 3(-)}  and {0, 3(+)}"

We then consider the ZEKE spectra when exciting through the m = 3 levels, which are shown
in Figures 5(d) and 5(e). The question arises as to which {0,3} levels could be accessed in the
S1 state, as there are four such of these. First, we note that in pFT*3, consistent with toluene,®
it has been concluded that the more intense band was associated with the 3(+) level and arose
as a result of a transition from m"” = 0 via electronic-torsional coupling in the S; state, similar
to that in toluene3*%% and as summarized above. For pXyl the S1 *A;” state in G72, and so the
expected torsional level that arises from corresponding coupling when exciting from the {0,0}

So level is {0,3} -, which can be written as {0,3(+)}, as noted above (see also Appendix C).

A lower wavenumber, and significantly less intense, band in the REMPI and 2D-LIF spectra of
toluene have been seen and assigned as arising from the 3(-) state,>”8193%40 attributed to
torsional-rotational coupling. 3%4° We noted that this band in the spectrum of pFT had the
same symmetry as the cation, which is 2A,” for pXyl, since the corresponding band for the
cation was seen in the ZEKE spectrum recorded via the origin and arose via electronic-
torsional coupling with the first excited cation electronic state.’? If the same mechanisms hold
here for pXyl, then the expected level is {0,3} * = {0,3(-)} and could be contributing to the
REMPI band at 40 cm™. Although weak, the ZEKE spectrum recorded via the 40 cm™ band,

Figure 5(d), consists of what looks like a single A{m1,m>} = 0 band, with any other features
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being too weak to see. On the other hand, exciting from the {0,1} level in the Sp state would
allow the {3,1} and {-3,1} levels to be accessed and so transitions to these could be
contributing to the REMPI feature. Further, these transitions can steal intensity via a
generalized form of HT coupling, and so perhaps are likely to be the main contributors to this
feature. Contributions from the {1,-1} level in the So state are also possible, but would give

rise to features that will be coincident with those from the {1,1} state, within our resolution.

The spectrum obtained when exciting through the {0,3(+)} level at 53 cm™, Figure 5(e), again
appears to consist of an intense feature assumed to be the A{m1, m,} = 0 transition, but with
a weak A{m1, my} = -3 feature visible for the origin. Further, since the two features are clearly
distinct in the S1 state for pXyl, this suggests a clear assignment of two ZEKE bands, and places
the {0,3(-)} band below the {0,3(+)} band in the cation. This assignment order is consistent
with that of the m = 3 levels in pFT presented in ref. 16 and also in our recent conclusions for
pFT.13 Additionally, this conclusion suggests that the assignment of the m = 3 region of the
toluene ZEKE spectrum by Lu et al.’® is incorrect, with the band profile therein being affected

by a rotational envelope effect — see reference 13 for a more-detailed discussion.

Earlier (Section 11.B.6) we discussed the main torsional potential terms that are expected for
pXyl and showed the interaction matrix for the four {0,3} functions. The eigenfunctions in G7,
are found by diagonalizing this and Table IX shows the resultant eigenfunctions (see also Table
V and Section II.B.6) and energies, where Eos is the free internal rotor energy. Looking at the
REMPI spectra in Figure 4(c) and noting the discussion above, then we see that there is a good
correspondence between the positions of the m = 3(+) bands in toluene and pFT and the
corresponding {0,3(+)}'band in pXyl. If the 40 cm™ band were solely arising from transitions to
and {0,3(-)} from the {0,0} level, then the fact that it is in almost the same position as the 3(-)
band in toluene would suggest that the interactions are similar. This is surprising as the
interactions in toluene involve the My vibration, which is higher in wavenumber than the Dy
vibration in pXyl that would be involved here. Assigning this band solely to the {3,1} and {-3,
1} levels does not help as the D20 {0,1} level could be interacting and so affecting the position.
Currently, we note this correspondence in the position of the m;= 3 bands in pXyl with those
in toluene and pFT is interesting and seems to arise from coincidences in the overall

magnitudes of the interactions in the various molecules.
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From the results in Table IX, we can see that the V50 term plays the equivalent role of Vs in
single-rotor systems and splits the pair of {0,3(+)}" and {0,3(+)} states from the {0,3(-)}* and
{0,3(-)¥ pair; while within each pair, the (V33tV33) term will cause a splitting between the
pairs of {0,3(+)}* and {0,3(-)}* states. The indications from the spectra, comparing the < 200
cm regions of pFT and pXyl, is that the Ve term is the largest, and the (V33%V3,3) terms are
relatively small. Further, if the 40 cm™ REMPI band contains contributions from the
{0,3(-)} level, then this lies below the {0,3(+)} one; then the expectation is that the Ve term
is negative with the present axis system and definition of the torsional angle. Of course,
caution is required since the 40 cm™ band may contain more than one contribution and also
we know that vibration-torsion interactions are likely to be present, and this will affect
spectral positions. If the relative energies of enough levels are measured, however, a more
accurate picture of the energy levels should be possible via a full vibration-torsional

perturbation analysis.?%1>

(d) Excitation via {0,4}, {1,4} and {1,-4} -

Between 68 and 82 cm™ there is a broad REMPI band that appears to consist of at least two
features. This wavenumber region is expected for the location of bands associated with
transitions involving m; = 4 on one of the rotors. The symmetry of the TDM suggests that three
transitions could be contributing to this feature: {0,4} <— {0,1}, {1,4} < {1,1} and {1,-4} <«
{1,-1}. Given the band profile, we recorded spectra at three different wavenumbers in the
profile corresponding to 0° + 72 cm™®, 0% + 76 cm™ and 0° + 79 cm™; these three spectra are
shown in Figure 6. Some caution is required in interpreting spectra recorded within a single
REMPI band as the sampling of different tranches of the rotational profile can lead to

differently shaped ZEKE bands.!3

In the present case we can see that exciting at 72 cm™ gives rise to a main ZEKE band at 77
cm?, together with a weak band at the origin and another weak band at 104 cm™; exciting at
76 cm™ gives rise to a band that appears to show a double maximum at 77 and 80 cm?,
together with weak bands at 103 cm™ and the origin; finally, when exciting at 79 cm, the

band at 77 cm™! may be seen, together with a possible shoulder at 86 cm™. Thus, with the
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caveat above regarding rotational profiles, there are indications that the REMPI feature may

have more than one contribution.

The weak band at the origin arises from the {0,1} < {0,4} and {1,1} < {1,4} transitions, while
the strong band arises from A{m1, m;} = 0 transitions involving all three populated S1 torsional
levels. Although electronic-torsional coupling can lead to levels with m; = 5 being accessed,
the band at 105 cm™ seems too low in wavenumber for this. Based on our experience with
pFT and spectra to be discussed below, we expect to see bands associated with the D, band.
Indeed the Dy {0,1} level has the correct symmetry to interact with the {0,4} level (both are
g’ symmetry) and this is also consistent with the wavenumber expected for the Dy vibration
(on the basis of quantum chemical calculations presented in ref. 21, and other spectra
presented later). Additionally, a second contribution to this band is possible from interaction
of the Do {1,1} level with the {1,4} level (both are es” symmetry). It is difficult, based on the
available spectra, to disentangle the effect of rotational envelope changes and differing
contributions to the different bands/band profiles, observed when exciting through the
features in the REMPI spectrum at 68—82 cm™. Interaction with the different D2 torsional
levels would give a further mechanism for such band profile changes and/or splitting from
differing interactions between the (pairs of) different symmetry levels. We can say that
interactions between the states mentioned above would tend to lead to the {0,4} and {1,4}
levels moving down in wavenumber, but the {1,-4} level remaining in position — this then
provides a possible mechanism for the broadening/splitting that is seen in the 68—-82 cm™

feature.

4. Excitation at wavenumbers 100-120 cm™*

We now move on to the REMPI feature at ~ 110-120 cm, see Figure 7(a), which is relatively
broad and so may consist of more than one band. Its wavenumber suggests possible
contributions from m; =0, 1 levels associated with Do as well as levels that have m1 =0, 1 and
mz =5. We have recorded ZEKE spectra at three positions, A, B and C as marked in Figure 7(a)
and these spectra are shown in Figures 7(b)—(d). The indications from these spectra are that
there are three contributions to the REMPI band, with the low wavenumber edge (A) giving
rise to a ZEKE band at ~ 102 cm, the centre of the band (B) giving rise to the ZEKE band at

113 cm™ and the high-wavenumber side (C) giving rise to the ZEKE band at 122 cm™.
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First, we note that we did not see any significant variation of the REMPI feature with backing
pressure and so rule out a contribution from any hot bands. When exciting at position A (at
~108 cm), the spectrum in Figure 7(b) shows what looks like two clear, but overlapping
bands, one at 102 cm?, which we assume is the same band seen when exciting via the m;= 4
levels (see Figure 6), i.e. accessing D20 {0,1} in the cation, and a more intense band at 111 cm™.
Essentially the same two ZEKE features, but with intensity changes, are observed when
exciting at position B (at ~110 cm™); however, when exciting at position C (at 114 cm™), a very
different spectrum is seen, Figure 7(d), with a single ZEKE band at 122 cm™. Very similar
behaviour was observed for pFT*2 and so we expect an assighment in line with this where m
= 5 levels were accessed, as well as vibtor levels involving Dyo. First, we note that when
exciting from the various cold {m1, m;} levels, symmetry dictates that we can access the {0,5},
{1,-5}, {1,-5}* and {1,5}* S1 levels, which are all expected at transition wavenumbers that will
be essentially coincident at our resolution. These have symmetries of g”, es’, e3' and e/,
respectively, and each of these has the same symmetry as D2 {0,2}, D20 {1,-2}*, D20 {1,-2} and
Do {1,2}*, respectively. The latter are all expected at about the same unperturbed transition
wavenumber and at approximately the same separation from the respective m; =5 levels,
from which they are all related by a Av = 1, A{m1, mz} = 3 change; hence, although there may
be small differences in the coupling terms, we may reasonably expect a fairly similar
interaction between the respective pairs of states and hence resulting eigenfunctions that

have approximately the same transition wavenumbers and separations.

To summarize, the ZEKE band at 102 cm™ is associated with the Dy {0,1}...{0,4} eigenstate,
which is of g’ symmetry with a dominant contribution at position A, and this eigenstate does
not interact with the other levels within the REMPI feature. At position B, there is a small
contribution from the high-wavenumber edge of the Dy {0,1}...{0,4} eigenstate, but the
major contribution is from eigenstates arising from transitions involving the Dy {0,2}...{0,5},
D20 {1,-2}*...{1,-5}, D20 {1,-2}..{1,-5} and D2 {1,2}*...{1,5}* eigenstates, which lead to the 111
cm™? band. At position C (114 cm™), we expect the “partner” eigenfunction contributions:

{0,5}...D20{0,2}, {1,-5}...D20 {1,-2}}, {1,-5}*...D20 {1,-2} and {1,5}"...D20 {1,2}".

Given the above interactions, it is initially surprising that both the 111 cm™ and 122 cm™ ZEKE

bands do not appear in each spectrum when exciting at both positions B and C; however, this
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may be rationalized if both the torsional potential and Dy vibrational wavenumber in the S;
and Do* states are very similar. Under such a scenario the interactions between the pertinent
levels in both electronic states would be very similar and hence transitions would be largely

“diagonal” —i.e. between the same eigenstates with almost the same make-up in each state.
5. Comparison with previous work

As mentioned above, Breen et al.?3 reported a REMPI spectrum of pXyl in the range 0-110
cm. Assignments of the bands were given in terms of excitations of independent torsions of
the two methyl groups, with some involving two Am; = 3 changes, one on each rotor, i.e. A(m
+ my) = 6; as we have noted above, we anticipate such transitions to be extremely weak.
Further, inspection of Figure 4 shows that essentially the same features are seen in the
spectra of pFT (a single-rotor system) and pXyl (a two-rotor system); and, in the range 0-85
cm, essentially the same features are seen in the REMPI spectra of these two molecules and
toluene. We therefore conclude that assignments in ref. 23 that involve more than one Am =

3 transition in pXyl are likely incorrect, and we have reassigned those here.

We are in general agreement with the assignment of the origin, but which we assign to the
four essentially coincident A{m1,m;} = 0 transitions involving {0,0}, {1,0}, {1,1} and {1,-1}. In
ref. 23, this was assigned to three of the same transitions, albeit referring to two (essentially
degenerate) transitions involving the (1,0) and (0,1) methyl-localized states. Related
comments apply to their assignment of pairs of m? and m{ transitions, which we assign to
three coincident transitions in each case. We loosely concur with their assignment of the
mggﬂ transition, which we designate as a transition to {0,3(+)}. It is peculiar that they noted
a weak band at 40.5 cm™ in their spectrum in Figure 6 of their work, while also calculating the
position of the m = 3(-) state at 41 cm™, but did not assign that weak band, which we attribute
here to transitions that have one m; = 3 level. Two bands whose assignment we do not agree
with are those of the feature at 72 cm%, assigned as [2, 3(+)] < (1,0) in ref. 23, or the one at
110 cm, assigned as [3(+), 3(+)] < (0, 0) therein. In the case of the 72 cm™ band the
assignment of ref. 23 involves a A(m1 + m2) =6 transition, and hence we would expect this to
be extremely weak; we have discussed the assignment of this feature via ZEKE spectra

recorded at three different wavenumbers. In the case of the 110 cm™ band: again, we first

note that the assignment of ref. 23 involves a A(m1 + m;) = 6 transition and hence would be
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expected to be very weak; secondly, we see a corresponding feature in the single-rotor pFT
spectrum at essentially the same position; and thirdly, we would expect a ZEKE band at ~ 94
cm when exciting at the corresponding wavenumber, if the assighment of ref. 23 were
correct, while in actuality, the main bands are at 113 cm™ and 121 cm™. In summary, our
assignments are based on a more complete consideration of the molecular symmetry of the
system; the expected intensities of the transitions in terms of A(mi+m) changes; the
observation of corresponding features in the single-rotor pFT and two-rotor pXyl cases; and
the observed ZEKE bands. As a consequence, we feel the present assignments are more

reliable.

The only other previous work that has addressed the assignment of the “pure” torsional
transitions for pXyl upon photoionization is the MATI study of Held et al.,3* who only recorded
a spectrum via the origin. We essentially agree with their assignment of the origin band as a
composite of transitions involving m;= 0,1 levels of the two rotors (see comments above), but
our discussion is more complete in molecular symmetry terms and we conclude there are four
such transitions. We also essentially agree with the assignments of the band at ~ 15 cm™ in
terms of transitions between cold {m1, m,} levels in Sp involving mi = 0 and 1, to S; levels
involving m; = 2, but again we take full account of molecular symmetry. We disagree with the
assignment of the ~43 cm™ band as involving the m = 3(+) levels, as discussed above, where
we have assigned this to a transition to the {0, 3(-)} level. We also disagree with the
assignment of the ~112 cm™ band, which Held et al.3! assign to a hot-band transition involving
an m; = 2 level in the S; state, while we have noted above that we assign this to various

transitions involving cold So levels and S1 m; = 5 and vibtor levels of Dag.
6. Excitation via other vibtor levels involving Do

In Figure 8(a) we indicate the REMPI transitions that involve the various other vibtor levels of
the Do vibration. In Figure 8(b)—(f), we show the ZEKE spectra obtained when exciting through
these various intermediate levels. The deduction that these correspond to vibtor levels
involving the Dy vibration is consistent with the calculated vibrational wavenumbers, and

also consistent with expectations based on toluene® and pFT.1314
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For an overall totally-symmetric vibtor level, we require the Dy vibration to combine with a
torsion of a2” symmetry, and so wavenumber considerations lead to this being {0,3(-)} — see

Table XI. Hence, when exciting from the So {0,0} level, we can access the D2 {0,3(-)} level on
symmetry grounds (via a generalized form of the Franck-Condon principle). However, we
should also consider transitions from the other cold {mi, m,} levels and looking at the
symmetries of the four such levels with m; =0 or 1 and m; having a value of 3 (or equivalent),
we see that the S1 Do {3,1} and Dy {-3, 1} levels are accessible from the So {0,1} level. The
REMPI band at 135 cm™ is then assigned to these two transitions. As a consequence, we
expect the intense feature at 146 cm™ in the ZEKE spectrum in Figure 8(b) to be three
overlapped A(v,m) = 0 bands, and so correspond to transitions to Do {0,3(-)}, D20 {3,1} and
Dyo {-3,1}. We use A(v,m) = 0 to represent a combination of the Av =0 and A{mi, my} =0
transitions. Close inspection of this REMPI feature reveals that it has the appearance of a
double band, and so we recorded spectra at excitation wavenumbers corresponding to the

two maxima, at 03 +135 cm™ and 03 +138 cm™.

When exciting at 135 cm, a rich ZEKE spectrum is seen with the intense A(v,m) = 0 band at
146 cm™, which is assigned to the cation Do {0, 3(-)} band; to higher wavenumber is the
expected D11D;0 {0,3(-)} combination band — combinations of the main A(v,m) = 0 band with
the D11 vibration are seen in the ZEKE spectra of many substituted benzenes. Also common in
the case of pFT,2'3 were combination bands with the non-totally-symmetric vibrations Dio
and D14; here we see the latter at 487 cm™?, but do not discern the former, likely owing to the
signal-to-noise. Another common observation in pFT'3 was the observation of Av=-1and Am
= -3 bands; corresponding bands are indeed seen here at 46 cm™ from overlapped transitions
to {03(-)}, {3,1}and {-3,1} and to D20 {0,0} and D20 {0,1} at 97 cmL. Transitions to other totally-
symmetric bands appear at: 204 cm™ — assigned to a transition to 2D, — see below; 617 cm™
—assigned as a transition to 2D19D20 {0,3(-)}; and 188 cm™, tentatively assigned as a transition
to {0, 6(+)}*. A band is observed at 288 cm™* which currently remains unassigned, but may be
due to a state that has arisen from an interaction that gives it unexpected intensity in a

perturbed position.

When exciting at 0° + 138 cm™ we see a weaker spectrum, but the two most intense bands

appear at almost the same wavenumber as in the spectrum exciting at 0° + 135 cm™. Other,
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weaker bands are essentially absent although there is a band at 204 cm™, which can be
associated with 2D,0. Thus, there is no conclusive evidence that the 135 and 138 cm™ REMPI
bands are associated with different S; levels, but we note that in this region we can expect
transitions from the “cold” So torsional levels to levels involving Dy and levels with m; = 3.
Hence, as well as the Do {0, 3(-)} level, we may also expect to see the D {3,1} and Do {-3,1}
levels accessed from Sp {0,1}, which will have g” symmetry (Table XI). In the absence of any
interactions between other levels, these three transitions will be expected at almost an
identical wavenumber, but since they have different symmetry, then this could be an
explanation for the observed splitting of the band. The most obvious cause of this would be
an analogue of an interaction seen in toluene and pFT, where the m = 6(+) level interacted
with the Do m = 3(-) level, with possible involvement for pFT from the 2Dy level, all of which
were totally-symmetric levels. There is also the possibility that vibtor levels involving D19 could
be involved in other cases (see below). In the case of pXyl interactions, the corresponding
interactions would be between D2 {0,3(-)}, {0,6(+)}" and 2Dy, specifically 2D, {0,0}. That
these may be interacting could be supported by the observation of both a band at ~ 188 cm™,
which could be attributable to {0,6(+)}* and a band a 204 cm™, which seems likely to be 2D2o
{0,0}. Given the position of the Do ZEKE band mentioned above, it does seem that the
overtone level is at a lower wavenumber than might be expected. Further, comparison
between the spectra of pFT and pXyl indicates that although the D2 {0,3(-)} level, and (see
below) vibtor level(s) involving D20 and m; = 4, are in almost identical positions for the two
molecules, the 2D,0 band has moved to lower wavenumber. Given that the levels to lower
wavenumber all appear in approximately the same position — indicting very similar non-
perturbed and perturbed positions and, hence, very similar overall interactions — then the
suggestion is that the 2Dy level has been pushed down in wavenumber via interaction with a
higher-wavenumber level, with the D19 {0,3(-)}* level appearing to be the most likely. We note
that all of the D19 vibtor levels in pXyl are to lower wavenumber than those in pFT, in line with
the expected lowering in the D1g wavenumber between the two molecules (see calculated
vibrational wavenumbers in ref. 21). Thus, interactions between 2D;0 {0,0} and D19 {0,3(-)}*
will be more significant in pXyl than the corresponding interaction in pFT. If this is the cause
of the splitting, then for this to lead to the split features at 135 and 138 cm, it suggests a

stronger interaction between the ai1’ levels relative to the g"” ones.
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This assighment disagrees with that of Held et al.,3* who assigned the ZEKE band (only a single
band was mentioned) at ~146 cm™ to a transition commencing at m = 3(+) level, which was
thought to be accessed via a hot band transition; however, it seems unlikely in a jet-cooled
experiment that excitation of any levels involving m = 3(+) in the So state will be observed,
and so this assignment cannot be correct. The same band (at 144 cm™) was reported by
Gunzer and Grotemeyer?® using MATI spectroscopy and assigned as an unspecified methyl
torsion transition; again, an assignment with which we do not concur. Blease et al.?* saw a

band in their REMPI spectra at 136 cm™ but this was unassigned.

There is a weak REMPI band at 153 cm™ and excitation through this band yields a single A(v,m)
= 0 ZEKE band at 156 cm™ — see Figure 8(d). Our best assignment for the REMPI band is to a
vibtor level involving Do and a level with m; = 3, with a transition to the Dy {0,3(+)} being
allowed via a generalized form of Herzberg coupling, being of a,’ symmetry. The assignment
of the REMPI band to a transition to D2 {0,3(+)}" is consistent with a very weak Do m = 3(+)

feature seen in the 2D-LIF spectrum of pFT.

To slightly higher energy in the REMPI spectrum is a band at 173 cm™ that can be assigned as
the Dy {0,4} < {0,1} transition; again, ionization through this level, see Figure 8(e), leads to
the expected A(v,m) = 0 band in the ZEKE spectrum in a position (176 cm™) that leads to
straightforward assignment to the corresponding cation D2o m={0,4} vibtor level. In addition,
to higher wavenumber (618 cm™) we observe the combination band with D13, this is different
to the 617 cm™ band discussed above via the Dy {0,3(-)}. We also see a ZEKE band at 155
cm?, which is almost at the same wavenumber as the just-assigned band corresponding to a
transition to D2o {0,3(+)}" (see above), and assignment to this level does not seem to fit on
symmetry grounds, and this is currently only a tentative assignment of this feature.
Unfortunately, the signal-to-noise is not good enough to discern the Av =-1 or A{im1, m2} =-3
bands corresponding to the main ZEKE feature, which were common features in the pFT ZEKE

spectra,’? but the assighment of the A(v,m) = 0 band is relatively straightforward.

In Figure 8(f) the ZEKE spectrum obtained when exciting at 211 cm is presented, which shows
just two bands, one at 203 cm™ and one at 643 cm™. An assignment of the ZEKE bands to the
2D;0 and D11 + 2Dy “pure” vibrational bands is facile, leading to the assignment of the REMPI

transition as 203. (Recalling that four vibtor transitions involving the “cold” torsional levels
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will be coincident for all “pure” totally-symmetric vibrational bands.) Blease et al.?* also saw

a band in their REMPI spectra at 211 cm™! but this was unassigned.

A weak band at 338 cm™ appears to be present in this ZEKE spectrum, and this would be
consistent with an assignment to 143. The presence of this (symmetry-forbidden) band in

ZEKE spectra of toluene® and pFT*3 has been reported previously.
7. Excitation via vibtor levels involving D19

We now move onto the next higher pair of bands in the REMPI spectrum, which are
highlighted in Figure 9(a), the second of these appears to be a split band (see expanded trace
in insert to Figure 9(a)). We have recorded ZEKE spectra via the lowest band at 227 cm™
(Figure 9(b)) and at two positions of the split band, at 254 cm™ and 255 cm™ Figs 9(c) and 9(d).
The latter two spectra show the same single feature across the wavenumber range scanned,
similar to what was seen in the corresponding case for Dyo. For the lower wavenumber level,
only the region around the expected A(v,m) = 0 band was scanned, since the corresponding
REMPI feature was very weak; a ZEKE band at 248 cm™ was observed. Together with the
calculated vibrational wavenumbers, the REMPI band could be assigned as a transition Dig
{0,2} < {0,1}, which are both of g” symmetry; this then assigns the 248 cm™ ZEKE band to the
cation D19 {0,2} level. Although A{m1, m2} =-3 and Av = -1 bands would be expected, no such

bands could be discerned, owing to the poor signal-to-noise.

To assign the apparently split REMPI band at 254 cm™, we note that it is expected to be a
transition to a vibtor level involving the D19 vibration, with its intensity suggesting it is totally
symmetric. By analogy with a similarly observed band in pFT, and considering the symmetry
of the D19 vibration and corresponding vibtor levels (see Table Xl), we assign the transition as
D19 {0,3(-)}* < {0,0}. With the assumption of the “A(v,m) = 0” propensity rule the ZEKE band
at 279 cm! may be assigned as arising from the cation D19 {0,3(-)}* level. These values indicate
a cation D19 vibrational wavenumber of ~233-236 cm™ and a corresponding S value of 211-
214 cm; these values are both in good agreement with calculated values.?! Again, no A{m;,

m3} =-3 and Av = -1 bands could be discerned with the achieved signal-to-noise.

Returning to the split nature of the band at 254 cm™, we note that exciting from the So {0,1}

level could access the D19 {3,1}, D19 {-3,1} and {0,4} levels, all of which have g” symmetry and
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all of which are expected to have very similar transition energies as for the D19 {0,3(-)}* <
{0,0} transition. In addition, there are corresponding vibtor transitions involving the Do which
will have the same symmetry. Hence, in line with comments made above, the splitting in the
254 cm™ and 135-138 cm® bands could be in line with interactions between the two sets of
Dyo and Dig vibtor levels, with the two different symmetries having a slightly different
interaction. Another plausible explanation is that interactions with the 2D;0 {0,0} and 2Dy
{0,1} levels is causing the splitting, with the interaction with the D19 levels being the stronger,
so causing the 2D, band to lower in wavenumber; we note that there is no obvious splitting
in the 2Dy band, however, and so it seems likely there are multiple vibronic interactions

occurring across the 130-260 cm? region.

The band at 254 cm™ was observed by Blease et al.,?* but not assigned.

V. SUMMARY AND CONCLUDING REMARKS

For the first time the spectroscopy of pXyl has been considered in detail using a molecular
symmetry group approach. This indicates that the REMPI spectrum consists of a number of
overlapping bands, which arise from different torsional levels that cannot be collisionally
cooled in a supersonic free jet expansion owing to the different nuclear spin symmetries. This
means that in ZEKE experiments, we are exciting from more than one intermediate S; level
each time. Despite this complication, it is found that the assignment of the REMPI and ZEKE
spectra are achievable and that these are very much in line with the assighments of pFT*3141>
and toluene.”®? In particular, we have highlighted the similarity of the REMPI spectra in the
“pure” torsional region, 0-100 cm?, for all three molecules, toluene, pFT and pXyl, which
provides confirmation of the expected similar torsional potentials. More remarkable was the
close agreement between the spectra for pFT and pXyl in the region 100-200 cm™, which is
where we expect to find vibtor levels involving the Dy vibration.!>41> The suggestion is,
therefore, that the Dy vibrational wavenumber is very similar in both molecules, in

21 3s are the low wavenumber vibration-

agreement with quantum chemical calculations,
torsional interactions. Above 200 cm™ there are deviations in the two spectra, which is in line
with this region being associated with vibtor levels that involve the D19 vibration, which is

expected to lower in wavenumber?! in pXyl. The unexpected shift in the position of the band
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associated with 2Dy (given that vibtor levels involving this vibration had not shifted
significantly) suggested interaction with the higher D19 {0,3(-)}* vibtor level; further, a splitting
of the D20 {0,3(-)} band and a similar splitting in the D19 {0,3(-)}* band suggest that these bands
consist of different interacting levels, consistent with both a1" and g” contributions from the

different cold torsions, and that these are also involved in interactions in this region.

The close agreement also extends to the ZEKE spectra with regard to the activity seen in pFT*3
and for pXyl in the present paper. To emphasise this, in Figure 10 we show the 0-600 cm™
regions of the ZEKE spectra of pFT and pXyl when exciting through the origin band. As may be
seen, the level of agreement of the activity seen in the two cases, bearing in mind the slightly
different notation required for the torsional levels in the two molecules, is striking. Using
point group symmetry, we see an intense origin and D11 band in both cases, but also sizeable
bands arising from non-totally symmetric vibrations, D14 (a2, au) and D19 (b1, b2g). We also see
weak bands from D2g and D»g (b2, b3g) for both molecules, but only a weak D3g (b2) band in the
case of pFT, with this vibration being of by, symmetry in the case of pXyl. Further comments

on the vibrational activity will be provided in ref. 21.

In line with initial discussion by Parmenter and coworkers,! and more recently by Lawrance
and coworkers,®? it is becoming clear that vibration-torsion coupling pervades the spectra of
methyl-substituted molecules and so provides a mechanism by which accelerated internal
energy flow is possible. What will be interesting to determine, is the effect of the presence of
a second methyl rotor and (longer term) whether the position of this second methyl is
important or not in enhancing coupling and so accelerating IVR in the higher wavenumber
levels. In the low-wavenumber region examined here, these effects are not so evident but we
are currently analysing REMPI and ZEKE spectra of pFT and pXyl in the higher-wavenumber
region. In the accompanying paper,?! we show that similar couplings of vibrations and vibtor
levels occur in the 400-440 cm™ region as seen for pFT!3, but it is clear that the details can
vary from molecule to molecule as levels shift in and out of resonance, owing to structural

changes in the molecules.
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See supplementary material for the direct product table for the G7> molecular symmetry

group.
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APPENDIX A. ENERGY LEVELS AND NUCLEAR SPIN STATES FOR A SINGLE ROTOR SYSTEM
1. Energy levels

Molecules containing methyl groups undergo some internal motions that may be considered
as torsions. These are also often termed (hindered) internal rotations and these terms are

used largely interchangeably in the literature, depending on the context and emphasis.

For a methyl group attached to an infinite mass, the energies, Ewr, of the internal

rotor/torsional levels are given by
Etor = mZF (Al)

where m is the torsional quantum number for an unhindered rotor and is integral, and each
level (except for m = 0) is doubly degenerate; 38 F is the rotational constant of the methyl
group. In a real molecule, torsion of the methyl group must be counteracted by rotation of
the rest of the molecule in the opposite direction, and this slightly changes the rotational
constant. This may simply be accounted for by noting that F is an effective rotational constant
associated with the torsional motion and includes both the motion of the methyl group and
the contrarotary motion of the phenyl ring. Once we have hindered rotation, such as in the
molecules toluene and pFT, the m = 3 and m = 6 levels lose their degeneracy and, following
Gascooke et al.,® the internal rotor states are now represented by quantum numbers, m. If m
is not a multiple of 3, then the levels are still doubly degenerate, but each component could
be separately referred to with a +/- sign. If m is a multiple of 3, then new eigenstates are
formed, which can be represented® as m = 3(+) and m = 3(-), with the sign indicating the
specific linear combination of the original m = +3 and m = -3 states. These m levels are

solutions to the hindered rotor Schrédinger equation:

[TN(T) + V(T)](plm (T) = Eim¢im(r)'m = O, il, iz
(A.2)
Here 7 is the torsional angle and V(1) is the potential energy function; if V(1) is expressed as

a Fourier series of terms with coefficients, V,,3° the first non-trivial term is Vs for molecules

such as toluene and pFT, representing the six-fold symmetric potential energy function of the
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hindered rotation of the methyl group. The sign of Vs determines the ordering of the 3(+) and
3(-) levels, and we use the standard definition of 7, such that Ve >0 corresponds to an eclipsed
geometry, with one of the methyl C—H bonds in the same plane as the phenyl ring. 3° The
corresponding eigenfunctions, ¢;,, (t), have definite symmetries in the appropriate
molecular symmetry group (MSG).4**? For toluene and for pFT, the MSG is usually termed G,
which is isomorphic to the point group Ds3n; however, for consistency with the present work,
we note that the MSG for toluene and pFT can also be termed [3]C,,, indicating the MSG
formed from a threefold rotor attached to a C,v point group framework. The character table
for G1z is presented in Table Xll, where the symmetry operations have been expressed in
terms of permutation-inversion (Pl) operations involving the hydrogen atoms only, which are
sufficient to define the group; the behaviour of the C atoms may be deduced from the
hydrogen operations. The numbering for the hydrogen atoms is given in Figure 1(a) for
toluene; in the case of pFT, the fluorine does not add nor detract from the symmetry and so
the same character table and Pl operations are sufficient to define its symmetry. We note

that this table is based on Table A-24 of ref. 41, with the same principal axis system.

For toluene and other para-disubstituted benzene molecules with a single rotor, 340 we
expect to see Am = 0 transitions (i.e. ones where the torsion quantum number m does not
change during the transition) as the most intense torsional transitions, followed by Am = 3
and then Am = 6 ones and so on. These rules arise from a consideration of an expansion of
the transition dipole moment in terms of the torsion angle of a rapidly converging Fourier
series and a consideration of the symmetries of each term3%%° (see below); i.e. they result
from electronic-torsional coupling, which may be viewed as a generalized form of Herzberg-

Teller coupling. 3°

In a simple perturbation treatment, the splitting between the m = 3(+) and m= 3(-) levels is
equal to Vs/2, centred about the unperturbed position, with the ordering of the two levels
determined by the sign of V6. However, the reanalysis of the low-wavenumber region of the
spectrum of toluene®? in terms of vibration-torsion coupled levels has led to reassessments
of the barriers to internal rotation, lowering the value dramatically in the S1 state of toluene
and resulting in a change in sign for the Sp state; there is thus the expectation that such

interactions also occur in pXyl. This is important, since additional transitions may be seen and
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observed transitions could be at shifted positions with respect to those determined by the

unperturbed torsional potential and/or unperturbed vibrational levels.
2. Nuclear Spin States

At this point it is pertinent to note that it is often stated (see ref. 23, for example) that the
two lowest, m = 0 and m = 1 levels have nuclear spin wavefunctions of different symmetries
(a and e), and these cannot interconvert in a supersonic jet expansion; as a consequence,
both m =0 and m =1 levels are still populated in such experiments. However, the reasoning
behind the above statement, which does not refer to complete Gi12 symmetry labels, is not
usually presented in detail, with that of Walker et al. 3° being the most instructive. Since we
shall also need to look at this issue for pXyl, we first examine the nuclear spin issue in detail

for single-rotor cases such as toluene and pFT.

We describe the construction of Table Xlll, which shows the allowed symmetries of the
various wavefunctions that combine to give an overall allowed I'tot, which is the symmetry of
the overall, or total wavefunction, ®t.*>*? This overall wavefunction includes the symmetry
of the electronic motion, the vibrations, torsions and rotations and the nuclear spin functions.
We shall include the electronic motion, vibrations and rotations together as e, considering
the electronic and different nuclear motions as separable, and then consider the torsions ( ¢or)

and nuclear spin functions (¢hs) separately; thus:

Dot = ¢evr @or ¢ns

(A.3)

First, w0t must be antisymmetric with respect to interchange of odd numbers of pairs of H
atoms, and symmetric with respect to even numbers. For the following discussion, the reader
is referred to Table XII, which is the character table for the [3]C2y MSG, applicable to molecules
such as toluene and pFT (adapted from the Gi, table in ref. 41). We see that the only two
allowed symmetries for ®:ot are A1’ and A2, by considering the operations (123) and (ab)(cd),

which both are permutations of even numbers of pairs of hydrogens.
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Second, toluene is an asymmetric rotor and hence has sets of rotational levels whose
symmetries depend on the KiK. labels that fall into even (e) and odd (o) combinations: ee, eo,
oe, oo. These can be shown to have symmetries Ai/, Ay, Ai" and A)"”, respectively. We
additionally note that in our experiments and analysis we are: (i) working under jet-cooled
conditions and hence only the vibrational ground state, (i.e where all of the vibrational
quantum numbers are zero, which has an overall symmetry of a1’) has significant population;
(ii) assuming the Born-Oppenheimer approximation (where electronic and nuclear motions
are separable); (iii) assuming the torsional motion is separable from the vibrational motions,
and each of these are separable from rotational motion; and (iv) exciting from the Sy state
which has A" symmetry. These considerations mean that the symmetries of @er will be the

same as the symmetries of the asymmetric rotor functions.

Third, the symmetries of the lowest m levels in Gi1; are known3%4% and are given in Figure 2;
sometimes, the symmetries have been used with the value of m to label the torsional levels
in earlier work. We note that since neither ger nor I'tor has either e’ or e” symmetry functions,
then for cases where ¢or has these symmetries, then ¢s must also have one of the e'/e”
symmetries to give a total symmetry, I'tor, of A1’ and Ay'. Lastly, the symmetries of the ¢hs can

be derived as:
80A1+0A, +48 A" +0A,"+40F +24 E”

This leads to the following spin weights for @evr¢hor functions when combined with the

appropriate ¢hs:
80 for A1', A2’ and E’, 48 for A1, A,” and E”

Table Xlll is therefore constructed by entering the four gevr symmetries and for each of these
noting which combinations of ¢or and ¢hs yield an overall T'iot that is one of A1’ or A)'. We
designate a required ¢ns that is not available in square brackets. We see from Table XllI that,
for example, m = 2 (e') levels that have ¢ = €” and ¢ = 01" or a2, respectively, can be
collisionally cooled to m =1 (e”) levels that also have ¢ = €” but devr = a1’ or a7, respectively;
similar arguments hold for m = 2 levels with e’ ¢ns functions. Further, we see that it is not
possible for m = 2 levels to cool to the m = 0 level, as there are no appropriate ¢.r e'/e"” states,

and these would be needed to produce an acceptable 1ot overall.
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We can also see, for example, that m= 3(+) (a1") levels with ¢ = a1” and @ = a1’ or a2/,
respectively, can be collisionally cooled to m = 0 (a1') levels also with ¢ns = a1” and @evr = 01"
or ay"”, respectively (and vice versa). Further, we see that it is not possible for m = 3(+) levels
to cool to the m = 1 level, as there are no appropriate ¢.r = e'/e” states, which would be
needed to produce an acceptable It overall; again, similar arguments hold for other levels.
Variations on these arguments hold for higher m levels, but note also that pre-supersonic jet
expansion thermal populations would be low in these cases. In conclusion, therefore, each of
the higher (thermally populated) m levels can collapse into one of the m =0and m =1 levels
via collisional cooling in the free jet expansion conditions of our experiments. Below we shall
discuss similar arguments for a two-rotor system such as pXyl where the situation is slightly

more complicated.
APPENDIX B. NUCLEAR SPIN STATES FOR A TWO-ROTOR SYSTEM

The spin statistical weights of the rovibronic-internal rotor states were determined for pXyl
consisting of the following isotopes '*C and 'H. The ten H atoms give rise to 21° = 1024 H-
spin functions which belong to the irreducible representations as shown in Table IV and noted
below. The sum of the products of the numbers in the column labelled #NS, each combined

with the dimension of the respective irreducible representation, is 1024.

As with G2 (see Appendix A.2) and with the same assumptions noted there, we construct
Table XIV, which shows the allowed symmetries of the various wavefunctions that give an
overall allowed I'tot, Which is the symmetry of the total wavefunction, ®. First, as we
discussed for [3]C2y above, we note that ®w: must be antisymmetric with respect to
interchange of odd numbers of pairs of H atoms, and symmetric with respect to even
numbers. Because the *H nuclei are fermions, it may be seen here that ®it must be symmetric
and antisymmetric with respect to the symmetry operators, D and T, respectively. Thus, the
allowed symmetry species for the total wavefunction are 00g * (A2’) and 00 -~ (A4'),
respectively — where the labels in parentheses are the G7; labels noted above. Second, the
symmetries of gevr Will be the same as the symmetries of the asymmetric rotor functions,
noted above and given in Table IV. Third, we know that the symmetries of the four lowest
{m1, my}levels are: {0,0} (a1'); {0,1} (g"); {1,1} (e3); and {1,-1} (e1") — see Table IV. In completing

Table XIV we note that since ger does not have any of the e/, e/, g’ or g” symmetry functions,
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and that nor does T, then for cases where ¢or has these symmetries, then ¢s must also
have one of the appropriate e1/, 7', e1”, e2”, g’ or g" symmetries. Lastly, we note that the

symmetries of the ¢ns can be derived as (see Table IV):

88 A1' +72 A4' + 24 E3' +16 E4' +24 El' + 16 Ez' +80G' +48 Al” +48 A4" +12 Ea" +12 E4" +12
E1" +12 Ez" +48 G"

We start by entering the four permitted g symmetries and for each of these consider which
combinations of ¢or and ¢ns yield an overall 't that is one of A2’ and As’. We designate a

required ¢hs that is not available in square brackets.

First, we consider the lowest {m1, m} levels that might be expect from combinations of m; =
0 and 1: the {0,0}, {0,1} and {1,1} levels. These may be seen to have different nuclear spin
symmetries and hence cannot interconvert in a supersonic jet expansion — they will all
therefore survive and be present in our experiment. However, we can also see that the {1,-1}
level cannot be cooled to any of these three levels, and hence also survives the expansion in
our experiments: it has e1’ torsional symmetry and the permitted nuclear spin symmetries are
all different from those of the other three states. On the other hand, the {0,2} level (g’
torsional symmetry) can be cooled to the {0,1} level, with a change in rotational level
symmetry, while the {0,3}** level (a1” torsional symmetry) also does not appear to be able to
cool to a lower level, and this is true for some other levels; however, it is likely that only the
four lowest levels will be present in the experiment to any significant extent, since pre-

supersonic jet expansion thermal population of levels with m; > 2 will be small.

APPENDIX C.
1. Comments about the {mi,my} states

We have already noted that when one of m1 and my is divisible by 3, and the other not, such
as {0,1}, the four functions are exactly degenerate and such a set belongs to one of the 01 (G)
symmetry species. In such levels, the molecule exists in all four of the separate levels
simultaneously unless further interactions are brought to bear. To take the specific case of

{0,1}, which contains |0,1>, |0,-1>, |1,0> and |-1,0>, one may loosely think of the individual
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components as being associated with each methyl group rotating with one quantum of
excitation in either direction; however, in reality, actual eigenstates are isoenergetic linear
combinations of all of these and both methyl groups are thus rotating, as demanded by the

molecular symmetry of the molecule.

When both mi1 and m, are multiples of 3, such as |0,3> or |0,6>, the allowed kinetic and
potential energy terms create interactions between all members of the set, splitting them up
into four energetically-separate levels; to first order their eigenfunctions are linear
combinations of all members of the set that can be classified by the characters of the linear
combination under the operators T, U and S. These four linear combinations transform like

the 00g (A/) or the 00, (A/") species (i = 1-4).

If neither m1 or m; are divisible by 3, such as |1,4> or |1,-4>, kinetic and potential energy
terms create interactions within the set, but only such that the energy splits into 2 different
levels, each doubly degenerate. Each wavefunction can be classified with respect to the
character under the operators T or U; to first order, they are linear combinations of just 2 of
the 4 functions in the set. The two pairs of eigenfunctions transform as Ei' or E"(i = 1-4).

Specific combinations are given in Table V for the various sets given in Table IV.
Here are 3 illustrative examples:

For the set {1,4} where o1 = 1, o» = 1, the functions (]|1,4> + |4,1>)/\/2 and (|-4,-1> +
|-1,-4>)/\/2 are the degenerate functions belonging to the 11, (E3") species, whereas

(11,4> - |4,1>)/N2 and (|-4,-1> - |-1,-4>)/N2 belong to 11, (E4").

For the set {1,-4} where o1 = 1, 03 = 2, the functions (|1,-4> + |4,-1>)/\/2 and (]-4,1> +
|-1,4>)/\2 are the degenerate functions belonging to 12.* (E1”) species, whereas

(11,-4> - |4,-1>)/N2 and (|-4,1> - |-1,4>)N2 belong to 12, (E2").

As an example of how these ideas can be extended, for the set {1,7}, one may just substitute
4 by 7 in A) above. The only difference is that the functions now belong to 11.* (E3') or

114 (E4'), because |m1|+|m;z| is now even.
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2. {0, m} states for m = 0 modulo 3 (m =0)

To draw a comparison with the single-rotor states, it will prove insightful to express the {0,
3}, states for the two-rotor system in a different way to that given in Table IV. If we consider

m = 3, then, from Table V, there are four {0,3} states:
0,3} = 21(0,3)+(3,0)+(0,-3)+(-3,0)]
0,3} =2 [(0,3)+(3,0)-(-3,0)-(0,-3)]
0,3} == [(0,3)-3,01+(-3,0)-(0,-3)]

0,3 = [(0,3)-(3,0)-(-3,0)+(0,-3)]

(C.1)
If we label the rotor states based on each of the two methyl groups, 1 and 2, as:
3(+)1, 3(-)a, 3(+)2and 3(-)z
with
3(+)1 = 51(3,0)+(-3,0)]
3(-)1 = 51(3,0-(-3,0)]
3(+)2 = 5 [(0,3)+(0,-3)]
3()2 = 5(0,3)-(0,-3)]
(C.2)

Then it is easy to see that, subject to normalization, the following relations hold:
{0,3}=3(+)1 + 3(+)2
{0,3} = 3(-)1 + 3(-)2

{0,3}"=3(-)2-3(-h1
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{0,3}=3(+)2- 3(+)
(C.3)

So, the first and fourth levels are +/- linear combinations of 3(+) levels on each centre, which
we can denote {0,3(+)}* and {0,3(+)}, respectively; while the second and third levels are +/-
linear combinations of 3(-) levels on each centre, which we can denote {0,3(-)}* and {0,3(-)},
respectively. An analogous analysis can be performed for the various {0,6} levels. This

notation will be useful for comparing to the single-rotor examples later in the present work.

APPENDIX D. SELECTION RULES FOR A ONE-ROTOR SYSTEM

For a single rotor, the electric dipole transition moment (EDTM) for a pure torsional transition

can be written as:

p = (m'|[(Y1(q; D plpo(q, ))m")

(D.1)

where m' represents the internal rotor quantum number in the upper electronic state; m”
represents that in the lower electronic state; u is the electric dipole moment operator; zis
the torsional angle; and g represents the electronic coordinates. With the defined axis system
(see Figure 2), the components of g transform as Ty, Ty, and T, and hence in Giz this is as A1/,
Ai"and A;" (see Table Xll). The G12 symmetries of the S1 and Sp electronic states are A1” and
A1, respectively, and so the middle integral will transform as a1”, a1' and a>' for a, up and w,
respectively. The next stage is to identify the symmetries of the first few terms in the Fourier
transform; these will be sine and cosine terms of 37and 6 7and the symmetries of these are
given in Table XV. The Fourier transform will have coefficients associated with each term, C.

Equating each trigonometric term with each dipole moment component by symmetry we get:
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(1) = Gcos3 7 (a1” symmetry)

1P(7) = Co + CsPcos6 7 (a1’ symmetry)

(1) = CeSsin6 7 (a2’ symmetry)
(D.2)

For m” = 0, the symmetry is a1’, and so possible values of m’ that give an overall totally
symmetric EDTM are: a-type, m = 3(+); b-type: 0, 6(+); and c-type: 6(-). We expect Am =0
transitions to be driven by the Co term and be strong, those driven by Cs terms (Am = 3) to be
moderately intense, and those driven by Cs terms to be weak. (Those driven by higher terms
will be exceptionally weak and not observable in our spectra.) The m = 3(+) band gains
intensity via electronic-torsional interaction, which is analogous to HT vibronic interaction;
this interaction corresponds to that which allows b; vibrations to steal intensity from a higher-

lying A1 symmetry state in the spectra of C,, point group symmetry substituted benzenes.

For m” = 1, the symmetry is e” and so possible values of m’ that give an overall totally
symmetric EDTM are: a-type: m' = 2, 4; b-type: 1,5; and c-type: m’' =1,5. The Am =0 transition
to m’' = 1 will be intense, the Am = 3 transition to m’' = 2 (remembering m is signed) will be

weak, and the Am = 6 transition to m’ = 5 will be very weak.

For the X24," (Do*) <~ A'A1” (S1) transition, the symmetries of the electronic states now mean
that the “middle” integral will have symmetries a2” x (a1', a1”, a2") x a1” = a2’, a2” and a1”,
corresponding to a-, b- and c-type transitions, respectively. This means that, when exciting
from the m"” =0 level (and disregarding the symmetry of the departing Rydberg electron), we
can access the 6(-), 3(-) and 3(+) states, respectively (see left-hand side of Figure 2) through
an electronic-torsional coupling mechanism. The second and third of these will be weak, while
the first will be very weak, being a Am= 6 transition. However, it is possible for the Am =3
transitions to steal oscillator strength from higher lying electronic states, analogous to the HT
intensity stealing mechanisms of vibrations, see below. Hence the relative intensity of
3(+)/3(-) in photoelectron/ZEKE spectra depends on the proximity of higher states of the
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correct symmetry from which intensity can be stolen — see the discussion in our recent pFT
ZEKE paper.? It should be noted that only the 3(+) level may be observed through electronic-
torsion coupling in the Si state since there is no component of the TDM of the correct

symmetry for the 3(-) state to appear. *®
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Table I: Generating symmetry operators and their effects on space-fixed position vectors °

Operator G G T S D
Order 3 3 2 2 2
a-> a a a+n a+n a
B> B B - - p
i V4 Y -y -y Y+
> - 7 15 -7 -7
7 () - 7 -7 n-T
X > Xi, Xi, X331 -Xj Xj3-1
X1k = X1 k-1 Xk Xok X1« Xk
Xok = Xok Xok-1 X1k X2« Xok
Equiva.lent RO RO Ry R RS
rotation
Pl operator (123) (456) (14)(25)(36)(ac)(bd)  (23)(56)* (ab)(cd)

2 The labels 1,2,3 of the methyl H atoms in the permutation inversion operator notation correspond
to k=3, 2,1forj=2.Similarly, the labels 4, 5, 6 correspond to k=3, 2, 1 forj=1. For the H atoms

on the benzene ring, a, b, ¢, and d correspond to (j, /) = (2,1), (2,2), (1,2) and (1,1), respectively.
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Table Il: Equivalent permutation inversion (Pl) operators of the class representative operators of

group [3,3]1Dzh.

Operator? Equivalent Pl operator® Operator? Equivalent Pl operator®
E E D (ab)(cd)

GG (123)(465) C.G'D (123)(465)(ab)(cd)

GG (123)(456) G:GD (123)(456)(ab)(cd)

Ci (123) C:D (123)(ab)(cd)

T (14)(25)(36)(ac)(bd) D (14)(25)(36)(ad)(bc)
CGT (153426)(ac)(bd) C.GTD (153426)(ad)(bc)

u (14)(26)(35)(ac)(bd)* ub (14)(26)(35)(ad)(bc)*
GG (163425)(ac)(bd)* C:G'UD (163425)(ad)(bc)*

S (23)(56)* SD (23)(56) (ab)(cd)*

aSee Table Il for the effect of the generating symmetry operators on the space-fixed axes.

b The letters and numbers refer to Figure 1(b). The Pl symbols show only the effects on the

H atoms which is sufficient to define the MS group.
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Table Ill: Character table of the molecular symmetry group [3,3]D2n (G72)?

GG'D GGD CDb TD CGGTD UD GG'UD SD

D

T GGT U GG'U S

C1C2_l GG G

E

b
G7n

Ay

As'

A

A4

Es5'

E,'

Ey'

E)'

GI
Al"

A3II

AZ"

A4"

E3II

E4"

El"

EZ"

GII

[313]D2h
H#e

Oog++

00,

00,

00,”

11,

11,

12,

124
01,

00u++

00."

00,

00,”

11.*

11,

12,7

12,
01,

TS=ST

aU=

b Gy, species labels adapted from labels of Gss (Table A-28 in Ref. 41) since G7, = Gss x {E, D}

¢ # is the number of operators in the class
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Table IV: Transformation properties of nuclear spin (NS) functions, free internal rotor functions, asymmetric rotor functions (ASR) and the electric vibronic
dipole moment terms.

[3,3]D2n | G2 #NS 2 Free internal rotor functions ® ¢ d
m#n m+n [m1,m,} set of lowest energy ©

00** A 88 {3m,3n}** even {0,0}, {3m,-3m}*, 3m,3m}* {0,0}; {3,3}; {3,-3}*; {0,6}* ee
004" As' 0 {3m,3n}*" even {3m,3m¥ {3,3};{0,6}" r*
00g* A, 0 {3m,3n}* even {3m,-3m}* {3,-3}; {0,6}* eo, Jg
00g~ As' 72 {3m,3n}" even {0,6} - Ta
11, E5' 24 {3m+1,3n+1}** even {3m+1,3m+1} {1,1}; {-2,-2}; {4,-2}*; {1,-5}; {4,4}

114 Es' 16 {3m+1,3n+1}** even {4,-2};{1,-5}

12, E' 24 | {3m+1,3n+2}* odd {3m+1,3m+2} {1,-1}; {-2,2}; {4,2F; {1,5)*; {4,-4}

12, E' 16 {3m+1,3n+2}*  odd {4,2}; {1,5}

01, G' 80 {3m,3n+1} odd {0,2}; {-3,1}; {3,1}; {0,4}; {3,-5}; {-3,-5}

00, A" 48 {3m,3n}™ odd {0,3} Th
00,"" As" 0 {3m,3n}* odd {0,3}"- 00, Jp
00, * A" 0 {3m,3n}* odd {0,3}* Te
00y~ A" 48 {3m,3n}" odd {0,3} oe, Jc
11,° E5" 12 {3m+1,3n+1}**  odd {3m+1,3m+1} {1,-2¥; {1,4}; {-2,-5}*

11, E," 12 | {3m+1,3n+1}* odd {1,-2};{1,4F; {-2,-5}
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12, E." 12 {3m+1,3n+2}** even {3m+1,3m+2}
12, E" 12 {3m+1,3n+2}* even

01, G" 48 {3m,3n+1} even

{1,2); {1,-4); {-5,2)
{112}-; {11_4}7 {_5'2}-

{0,1}; {3,-2}; {-3,-2}; {-3,4}; {0,5}; {3,4}

2 #NS indicates the number of nuclear spin functions of each symmetry type.

b Each of the different types of functions is defined in Table VI.

¢ ee, eo, 00, oe are the parities of the asymmetric rotor eigenfunction, K,K..

4 Transformation of translational and rotational degrees of freedom designated by T ,and Jus, respectively; I* = species of electric dipole transitions in

space-fixed axes system.

¢ {m1,m,} set with lowest energies for this spin function
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Table V: Syntax for internal rotor function combinations as employed in Table V

Syntax | Number of degenerate functions Linear combination
{ab}™ 1 Fab + foa+ fob-a + f-a-b)/2
{ab}" 1 (o + foa = fob-a = f-a-b)/2
{ab}* 1 (Fab = foa+ fob-a = f-a-b)/2
{ab}" 1 (o = foa = fob-a + f-a-b)/2
{ab}” 2 fap + fo.) /N2 (Foba + foa) /N2
{ab}" 2 Fap = o) IN2 (fob-a = f-a-0)/V2
{ab}* 2 ap + fob-a) /N2, (foa + foa-b)/V2
{ab}* 2 Fap = fob-a)/V2 (foa = f-a-b)/V2
{a.b} 1 fai foar fobr-ar f-arb

{aa}’ 1 (faa + fra-a) /N2

{aa} 1 (faa = f-a-a)/V2

{a-a} 2 farar f-aa

{a-a} 1 (fara * f-aa)/V2

{a-a} 1 (fara = fraa)/V2

{a.a} 2 faw f-a-a
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Table VI: Symmetries of Trigonometric Functions for the G7; MSG

A{m1, my} Trig. function symmetry
Gn

3 cos3 71+ cos3n a1
sin371 +sin3n as”

cos3 7 - cos3n as”
sin37 - sin3n a”

6 cos371cos3n ar’
sin3nsin3 a:’

sin371cos3m + cos3msin3n as’
sin371cos3 72 - cos3nsin3n ay’

cosb 71 + cOs6» ar’

sin6 71 + Sin6 2 as’

cosb 7 - Cosbn a4

Sinér - sinbn a)’
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Table VII: Energies of local minima and maxima of potential functions with Vg0 > 0

Conformation® T, T2 T, T2 Type of turning point Energy Relative Energy
Position 1 | Position 2
Cu(b) ee 0,0 n/3, /3 maximum 2Veo+ Va3 + Vs 3 A4V + 2V33
Canlc) ee 0, /3 /3,0 maximum 2Veo-V33- V33 4Veo-2V3.3
CzV(C) SS 7'[/6, -77.'/6 -7'[/6, IT/6 minimum -2V5,o + V3,3 - V3,.3 2V3,3 - 2V3,.3
Can(b) ss n/6, /6 | -n/6,-n/6 minimum 2Veo-Vas+ Vs 3 0
0, /6 7T, 211/6 saddle point 0 2Veo+ Va3 - V33
+1/6,0 /6,

2 See text for descriptions of conformation



Table VIII: Hamiltonian matrix for the energy levels of the {0,3} set of internal rotor

functions
|0,3> |3,0> |-3,0> |0,-3>
|0,3> Eo3 V3,3/2 V3,3/2 V6,0/2
|3,0> V3,3/2 Eo3 V6,0/2 V3,3/2
|-3,0> V3,3/2 Ve,0/2 Eos V3,-3/2
|0,-3> Ve,0/2 V3,3/2 V3,3/2 Eos
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Table IX: Results for the energies of symmetrized functions for the matrix in Table X

Function

Energy

|013> + | 3r0> + | _3r0> + | 01_3> = {013}++ = {013(+)}+

1
Eos + > (V33+Vs,3) + Ve of2

[0,3> - [3,0> - [-3,0> + |0,-3> = {0,3}" = {0,3(+)F

1
Eos - > (V3-3+V33) + Veo/2

|013> + |3IO> - |-310> - |01_3> = {013}+_ = {013(-)}+

1
Eoz + > (V3,-3-V3,3) — Veo/2

|0;3> - |3;0> + |'3;0> - |O/'3> = {0,3}_+ = {013(_)}>

1
Eos - > (V3,-3-V3,3) — Veo/2
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TABLE X: Correspondence between symmetry classes for the D, point group and the
[3,31D2n MSG; in the case of the latter, the corresponding Gz, labels are given, as are the
corresponding ones for Gi2

Don [3,31D2n G72 G2
ag 005" A At
big 00, A7 Ay
au 00," As' A’
by 00,4~ A4l Al
12, £y E
12, E; E
11," Es' £
11, Eq E
01, G' A1'+A) + E'
bau 00, A" A"
b3y 00, A" A"
bae 00.~ A A
bsg 00,~ AL Ay
12, Ey" E"
12, E" E"
11,* E5" E"
11,7 Es" E"
01, G" E"
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TABLE XI: Symmetries of torsions and vibtor levels involving the lowest three vibrations.

{m1,ma} | Pure or Ai' | D2o(A2") | D1 (As") | D1a (A3')
{0,0} a) ay” as” as'
{0,1} 9" g g 9"
{1,1} es’ es’ es” es’
{1,-1} e’ er” e e’
{0,2} g g" g" g
{1,2) el e’ e’ e
{1,2} e e’ er’ e
{1,-2} es” es es’ es”
{1,-2} e, es’ es es"
{0,3(+)F a," ay as’ as”
{0,3(+)} as” a3’ P ay”
{0,3(-)} as” a4 al ai”
{0,3(-)F a’ ar’ as as"”
3,1} g g" g" g
{-3,1} g’ g’ g’ g
{0,4} g’ g" g" g
{14y es” es es' es”
{14 es" es’ ed es"
{1,-4} e 2 e’ e”
{1,-4f e;" e e e
{0,5} 9" g g 9"
{1,57 el er” e;" e’
{1,5Y e’ e;” er” el
{1,-5} es’ es” es” es’
{1,-5} eq es” es’ es

{0,6(+)} ar’ ay’ as” as'

{0,6(+)F as’ as” a ax’

{0,6(-)} a3’ as” a1 ai’

{0,6(-)} a)’ a," as” as
{6,1} 9" g g g"
61} | o g g g




Table XII: Character table of the MS group [3]Cay (G12) adapted from

such as toluene and pFT — See Figure 1(a)

ref. 41 for molecules

[3]Cy E (123) (23)* (ab)(cd) (123)(ab)(cd) (23)(ab)(cd)* a
b E G S D GiD SD
¢ 1 2 3 1 2 3
d RO RO R R, R, Ry
Al 1 1 1 1 1 1 Tq, ee
A" 1 1 1 -1 -1 -1 Ty, Jc, 0€
A 1 1 -1 1 1 -1 Ja, €0, I'*
A" 1 1 -1 -1 -1 1 Te, Jb, 00
13 2 -1 0 2 -1 0
E" 2 -1 0 -2 1 0

3 Transformation of translational and rotational degrees of freedom designated by Ty ,and Jose,

respectively; I = species of electric dipole transitions in space-fixed axes system. ee, eo, 00, oe are

the parities of K,K,, the asymmetric rotor eigenfunction label.

b Equivalent operator in [3,3]D2n / G72, with the molecule-fixed axis system identical to that used for

Gra.

¢ Number of operators in class.

4 Equivalent rotation.
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Table Xl (for Appendix A): Wavefunction symmetry combinations that give an allowed
overall symmetry for @t in G12

¢evr ¢(or ¢nsa 1—‘tot
A1' 01, 01, A1’
01" 01"
ay’ [a2']
ar’ [a2']
e e
e” e"”
ai’ [a)'] A
oy’ [a2']
02’ 01’
ay”’ a,”
e e
e’ e’
A ai’ [a)'] Ay
ay” [a)"]
ay’ a)’
Gz" (71"
e e
e” e
ai’ ai’ A
01" (71"
dz’ [02']
a” [a)"]
e e
e” e”
Al/' 01' 01" A]_/
a,” a,’
ay [a:']
ay” [a2']
e e’
e” e’
ai’ [ay"] A
a"” [a2']
az’ 01"
02" 01’
e e
e’ e
A" ai’ [ay"] Al
a"” [a2']
Gz' 01"
02” 01’
e e
e” e
(11' 01" Az’
01” 01’
a, [a2"]
ay” [a2']
e e
e” e

9Square brackets indicate that these symmetries do not exist and so the corresponding
combination of gevr and 4or is not allowed.



Table XIV: Wavefunction symmetry combinations that give an allowed overall symmetry for

Drot in [3,3]D2n

¢evr ¢tor ¢nsa Tiot
Al ai’ [a,'] A’
gN gfl
63' 84’
21, 61,
g g
a,” [a2"]
01, 04, A4’
gH g"
63' 84’
61' 82’
g g
al” 04"
Az' 01, 01' Az/
g// g!I
6’3, 6’3'
61’ 61’
g g
al// al"
ai’ [a3'] Ad
gN g/l
6’3, 6’3'
61’ 62’
g g
al” [03"]
A" ar’ [a5"] Ay
gN g’
eaf eg/l
e17 eZH
gl g/l
ar” [as]
01' alu A4/
g/V g/
eg! 83"
e17 elﬂ
gl gVI
01” al’
ASN 01' G4H Az/
g/V g/
63' e4//
el’ ezll
gl gVI
01” 04/
ay’ [a;"] Al
gH gl
33' e4rl
el’ eln
gl g"
01” [GZ’]

aSquare brackets indicate a combination of @ and @or that is not allowed.
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Table XV (for Appendix B): Symmetries of Trigonometric Functions for the G12 MSG

Am | Trig. function | symmetry
G2
3 sin37 a)’
cos37 a1
6 sin6r ay’
cos67 ar’
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Figure Captions

Figure 1: Numbering of the atoms in (a) toluene and (b) p-xylene. These numberings are
employed in denoting the effect of the permutation-inversion operations — see text.

Figure 2: Schematics of the axis systems used in the present work are presented at the top of
the figure. Below this, on the left-hand side are the correlations between the symmetry
classes of the point groups Den and Cay, and then with those of the Gi2 molecular symmetry
group, which can also be denoted [3]Cyv. On the right-hand side, are the correlations between
the symmetry classes of the point groups Den and Dn and then with those of the G72 molecular
symmetry group, which can also be denoted [3,3]D;n. The {m1,m>} levels are not added to this
figure to avoid overcrowding, but their symmetries can be found in Table V. Note that there
are no equivalent classes of the various e and g molecular symmetry classes in the point
groups.

Figure 3: Contour plots of potential surfaces with global minima at the Cu(b) and Ca(c)
conformations. Dark purple: global minima; dark orange: local maxima. Cax(b) plot: Ve,0 = 25,
V33 =15, V3.3 = 1. Cov(c) plot: Veo = 25, V33 =15, V3.3 = 1. Cav(c). The horizontal axis (11) and
vertical axis (72) run from -1t/3 to +m/3 — the numbers are arbitrary energy units.

Figure 4: REMPI spectra of (a) toluene, (b) pFT and (c) pXyl in the range 0-350 cm™. The
wavenumber scale is relative to the respective origins, which are located at 37476.8 cm™,>
36859.9 cm™,13 and 36724 cm™ (present work). The assighments of the bands are given as
transitions that involve just torsional or a combination of vibration and torsional quantum
numbers. Owing to different nuclear spin state symmetries, various initial torsional levels are
populated in our free jet expansion (see text), while only the zero-point vibrational level is
expected to be populated significantly. For clarity, the lower torsional levels are omitted for
pXyl. The assignments in many cases rely on the ZEKE spectra recorded via different
intermediate levels, which are presented in subsequent figures and discussed in the text.
Hence a number of transitions appear at the same wavenumber, but for clarity these are not
all marked here: for example, the origin band, marked 0° will consist of two Am = 0 excitations
from m” = 0 and 1 for toluene and pFT; while for pXyl, the origin band will consist of four
A{m1,m>} = 0 transitions from So levels {0,0}, {0,1}, {1,1} and {1,-1} — see text.

Figure 5: (a) REMPI spectrum of pXyl highlighting the “pure” torsions below 100 cm™. Traces
(b)—(e) show the ZEKE spectra recorded when exciting through the S1 origin band and different
S1 levels as indicated. Assignments are discussed in the text. For clarity, only the terminating
torsional levels are shown on the REMPI spectrum.

Figure 6: (a) REMPI spectrum of pXyl emphasising the REMPI feature at ~76 cm™. Owing to
the profile, different excitation wavenumbers were employed. Traces (b)—(d) show the ZEKE
spectra recorded at these points, and their assignment is discussed in the text. For clarity,
only the terminating torsional levels are shown on the REMPI spectrum.
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Figure 7: (a) REMPI spectrum of pXyl emphasising the REMPI feature at ~110 cm™. Owing to
the profile, different excitation wavenumbers were employed as shown in the insert in (a),
with the main trace indicating the position of the band in the REMPI spectrum. Traces (b)—(d)
show the ZEKE spectra recorded at these points, and their assignment is discussed in the text.

Figure 8: (a) REMPI spectrum of pXyl emphasising levels involving the Dy vibration. Traces
(b)—(e) show the ZEKE spectra recorded using the indicated Si level as the excitation step. The
intermediate levels are shown on the right-hand side of each trace, and just the terminating
levels of the ionization step are indicated on each band.

Figure 9: (a) REMPI spectrum of pXyl emphasising levels involving the D1igvibration; the insert
shows an expansion of the band at ~ 254 cm™, which appears to be split — see text. Traces (b),
(c) and (d) show the ZEKE spectra recorded using the indicated S level as the excitation step.
The intermediate levels are shown on the right-hand side of each trace, and just the
terminating levels of the ionization step are indicated on each band.

Figure 10: Expanded views and assighments of the 0—-600 cm™ regions of the ZEKE spectra of
(a) pXyl and (b) pFT, obtained when exciting via the S1 origin band. The vertical scale has been
expanded compared to traces for pXyl shown in other spectra. The similarity between the
spectral activity and assignments is noteworthy.
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Figure 1
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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