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Dispersed emission and time of flight mass spectra are presented for jet-cooled toluene, and o-,
m-, and p-xylene. The spectra exhibit features, typically within 100 cm ™" of the S, =S, origins,
which are assigned to transitions associated with the internal rotation of the ring methyl
groups. A model is developed which treats this methyl motion as that of a one-dimensional
rigid rotor. The spacings of the peaks in the spectra are used to solve for the rotational constant
B of the methyl rotor, and for the size and shape of the #-fold barrier to rotation (i.e., 5, ¥,
etc.) within this model. For toluene and p-xylene, the barrier is found to be small in both the
ground (S,) (Vs~10cm™") and excited (S,) (¥s~25 cm™") electronic states. For m-xylene,
the ground state is again found to have a low barrier (¥;~25 cm™'), but the excited state has
a potential barrier of ¥, = 81 cm™', ¥, = — 30 cm™ . The barrier to rotation of the ring
methyl groups is observed to be the highest for o-xylene. In this case the ground state is found
to have a rather large barrier ¥V, = 425 cm ™', ¥, = 18 cm ™' which changes to ¥, ~ 166 cm~’,

Vi~ —25cm™', and ¥3~0cm™" in the excited state. The ¥} term represents a potential
cross term between the two methyl rotors. The use of a kinetic energy cross term with a
weighting coefficient of 0.72 in the Hamiltonian is also required for an accurate description of
the excited state of this isomer. Empirical force field (EFF) calculations are performed for
toluene and the three xylenes using a molecular orbital-molecular mechanics (MOMM)
algorithm. The EFF-MOMM calculations are in essential agreement with the spectroscopic

results and the one-dimensional rigid rotor model.

|. INTRODUCTION

An increased knowledge of the torsional vibrations of
molecules which are “nonrigid”—that is, capable of passing
from one conformation to another—is desirable for several
reasons. Little is known, for example, about the form or the
magnitude of substituent-substituent and substituent—aro-
matic ring interactions in multiply substituted aromatic sys-
tems. Such information is necessary in order to predict the
structures and dynamics of stable conformers.' Knowledge
of the internal rotations of electronically excited nonrigid
molecules is sparse despite their increased importance with
respect to the chemistries of excited state molecules. In gen-
eral, a clearer understanding of the potential energy surfaces
of nonrigid molecules will lead to an improved understand-
ing of their chemistry.>?

Laser supersonic molecular jet spectroscopy offers a
suitable means for studying internal rotations in nonrigid
molecules since it combines the advantages of low sample
temperature, minimized medium effects, and high spectral
resolution. For example, recent laser molecular jet studies by
Lubman et al.* on the o-, m-, and p-dihydroxybenzenes and
by Ito ef al.’> on meta-substituted phenols and S-napthol
demonstrate that the technique can resolve cis and trans
isomers of substituted hydroxylated aromatics. In these in-
vestigations, features corresponding to the S, S, origin
bands of such isomers are separated by tens to hundreds of
wave numbers.
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In another study by Ito et al.,® laser molecular jet spec-
troscopy was used to observe and characterize transitions
within the S, .S, origin band associated with the internal
rotational levels of the methyl group in o0-, m-, and p-fluoro-
toluene. They were able to establish differences in the poten-
tial barrier to rotation of the methyl group between the
ground and excited states of all three molecules; in the case
of o-fluorotoluene, a large change in the equilibrium orienta-
tion of the methyl group in the excited state relative to the
ground state was determined.

We have used laser molecular jet spectroscopy to study
the internal rotational levels of the methyl rotors in toluene
and o-, m-, and p-xylene and present our findings here. The
principal goal of this study is the demonstration that the
techniques employed provide reliable information which
agrees well with other studies performed on these molecules.
In the succeeding paper,” we apply these techniques to a
study of the n-propyltoluenes. Collectively, these molecules
form an important basis for initiating new studies on more
complex nonrigid species such as substituted aromatic heter-
ocycles for which chromophore-substituent interactions are
anticipated to be more involved and more important.

H. EXPERIMENTAL PROCEDURES

The time-of-flight mass spectrometer (TOFMS)
chamber has been described previously.® TOFMS experi-
ments utilize an R. M. Jordan pulsed valve. Helium is used
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as the carrier gas except where specified, with backing pres-
sures of 50-100 psig. All experiments are performed at room
temperature.

Dispersed emission (DE) experiments are carried out
in a fluorescence excitation (FE) chamber described pre-
viously.? f/4 optics are used to collect and focus the emission
onto the slits of an f//8 2051 GCA McPherson 1 m scanning
monochromator with a dispersion of 2.78 A/mm in third
order of a 1200 groove/mm 1.0 um blazed grating. Expan-
sion of the gas into the chamber is achieved with a Quanta
Ray PSV-2 pulsed valve with a 500 z pinhole located ~ 1 cm
from the laser beam. Samples are placed inside the head of
the valve and heated to 70 °C to achieve a greater concentra-
tion in the jet. Helium is used as the carrier gas at a pressure
of ~50 psig.

lll. CALCULATIONS

The energy levels and wave functions for the motion of a
one-dimensional hindered rigid rotor can be obtained by
solving for the eigenvalues and eigenvectors of the Schro-
dinger equation:

2
|- §¢2+V(¢)]w () = E,¥,($) (D
in which
Vig)=1/2 Z V,(1 —cosng), (2)

Bis the rotational constant (#*/21), I is the moment of iner-
tia of the rotor, and ¢ is the torsion angle. The hindering
potential term (2) is simply a Fourier cosine expansion of
the general potential: in the case of methyl rotors, the terms
in the expansion must be multiples of three, thatis n = 3, 6,
9, ... . The potential form for toluene can be written as

V(g) =1Vs(1 — cos 6¢) . (3
The solution to Eq. (1) for an unhindered rigid rotor

[V(¢) = 0] is of the form
U (§) = —etimt (4)
27
and
E,=m’B. (5

Expansion of the hindered [ V(¢) #0] rotor eigenfunctions
of Eq. (1) by 21 free rotor eigenfunctions [Eq. (4)] (m =0,
+ 1, ..., + 10) provides a suitable basis set within which to
diagonalize the Hamiltonian matrix appropriate to Eq. (1).
Parameters V¢ and B are adjusted to fit the experimental
data for toluene.

A molecule with two methyl rotors (e.g., xylene) is
slightly more complex and the Hamiltonian for the double
rigid rotor takes the form

%(W)—[— ( a 3  a*

a¢2+x % 3 +¥)+V(¢,r)],
(6)

in which y is a parameter for the magnitude of the cross
kinetic energy term. The potential energy term V(¢,r) is
composed of individual rotor terms in addition to cross or
interference terms depending on the difference between the

two angles. Again the Fourier cosine expansion of the poten-
tial is appropriate. One can then write

Vigr) = 3 1/2{¥,(2 — cos nt — cos ng)

+ ¥V [cos(nr — ng) ~2]}. (7
Specifically, the cross potential term has the expanded form
3V, (cos nTcos ng + sin nrsinng — 2) . (8)

This development follows closely the results of Ref. 9(a). A
more complete discussion of these cross potential terms can
be found in Ref. 9(b).

The free double rotor [¥V(#,7) = y = 0] wave function
appropriate for 57°(¢,7) [Eq. (6)] is

o 6 = ey .

The eigenvalues and eigenvectors of the hindered dou-
ble rigid rotor Hamiltonian Eq. (6) are solved for within a
basis set of 625 of these functions, ¢, ,,, .

The xylene isomers are treated within this model em-
ploying parameters B, y, Vs, ¥, V5, and V' ; : the experimen-
tal xylene isomer spectra are fit by variation of these param-
eter values.

The energy levels for internal rotation of the methyl ro-
tor are labeled according to the m quantum number of a one-
dimensional rotor. The symmetry of the Hamiltonian is giv-
en by the appropriate molecular symmetry group,'®'! which
in the case of toluene, for example, is G,,. The integral

('pclec con 'Me l ¢con' ¢elec'>

is nonzero for the following methyl rotor transitions within
the 03 band of the '4  —'4 | electronic transition:

AjeA], AjAS, E'<E/’,

A7eA7, AJeA], "«>E",

A4, AjeA?l, E'-E",
AjeAd), AjeAs.

Transitions between levels of 4 and E symmetries are
forbidden, as are the transitions 4 (A4 and 4 ;A4 {.

The dependence of the energy of each internal rotational
level on the model Hamiltonian parameters ¥, and Vj is
illustrated in Fig. 1 for a single methyl rotor, and in Fig. 2 for
a molecule containing two noninteracting methyl rotors.
Figure 1 illustrates that a change in the V; potential shifts the
levels more rapidly than does a change in V. A free rotor
will have a transition between the le” and 2¢’ levels at ~ 15
cm™!, and a transition between the Oz} and 3a; levels at
~45 cm™ !, If the TOFMS shows peaks near 15 and 50
cm™ !, the methyl rotor is probably close to being a free ro-
tor, since V; =~ V4=0 (free rotor) is the only region of pa-
rameter space for which a match to the spectral features
occurs at 15 and 50 cm™". This is also true for the double
rotor case (Fig. 2).

If the barrier to rotation of the methyl rotor is un-
changed in an S;«>S, transition, the Og; —0a{ and le” — le”
transitions will be coincident in energy and only one peak,
representing both transitions, will be found at the origin. If
the barrier to rotation changes, however, the Oa; —0a; and
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FIG. 1. Energies of the internal rotational levels of the methyl rotor in to-
luene with B = 5.2 cm ™' as a function of (a) a ¥, potential barrier, and (b)
a ¥V, potential barrier. For both cases, the symmetry labels for the rotational
levels are, in order of increasing energy, at 5 cm ™' of potential barrier, Oa],
le”, 2¢, 3a3, 3ay, 4¢, 5¢”, 6a;, 6a;, Te”.

le” — le” transitions will occur at slightly different energies
(depending on the magnitude of the change) and the origin
of the spectrum will appear as a doublet. For a double rotor
system with different barriers in the S, and S, states, the
origin will appear as a triplet. Thus the nature of the poten-
tial well for internal rotation of the methyl group may often
be ascertained from an initial examination of the spectrum.
Empirical force field (EFF) calculations are performed
for toluene and the three xylenes using the molecular orbi-
tal-molecular mechanics (MOMM-85) algorithm of Kao ez
al."? This force field has been specifically parametrized for
aromatic ring systems and is known to reproduce experi-
mental geometries and energies. MOMM has also been used
to correlate steric energies with the rates of certain aromatic
ring reactions.® These ground state calculations are per-
formed using complete geometry optimization to estimate
the potential energy barriers to rotation about the C,,maic—
C, and C,-C; bonds, i.e., about the torsions (C,,,,—C
C.~Cg) and (C,i,—C,~Cs-C, ), respectively.

ipso ™

IV. RESULTS AND DISCUSSION
A. Toluene

Figure 3 shows the TOFMS of jet-cooled toluene for the
03 region of the first excited singlet state S;. The origin is

100
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FIG. 2. Energies of the internal rotational levels of p-xylene (double rotor
case) with B = 5.2 cm ™' as a function of (2) a V; potential barrier, and (b)
a ¥, potential barrier. For both cases, the symmetry labels for the rotational
levels are, in order of increasing energy at 5 cm™' of potential barrier,
0a;0a;, Oa)le”, le"1e”, Oaj2e’, le"2¢', 2¢'2¢’, Oa;3ay, Oa;3ay, le"3ay,
le"3ay, 2e'3a5, 2¢'3ay, Oa; 4¢', 1e"4¢', 3a5,3a;, 3ay3ay, and 3a3al.
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FIG. 3. One-color TOFMS of the 03 region of toluene. The origin occurs at

37477.5 cm™'. The weaker features to the blue of the origin are due to
methyl torsions. Specific assignments are given in Table I1.

Wrwuww—

oo st

J. Chem. Phys., Vol. 87, No. 4, 15 August 1987



1920 Breen et a/.: Nonrigid aromatic molecules, |

seen to occur at 37 477.5 cm ~ ' with weaker features at 16.2,
54.0,and 77.5 cm ™~ to higher energy. Contrary to the results
reported by Ito ez al.,'* none of these weak features varies in
intensity upon changing the helium backing pressure from
20-130 psig. The use of argon, nitrogen, and 1% CF, in 100
psig of helium as carrier gases also did not alter the intensi-
ties of these features.

Figure 4 shows the dispersed emission spectrum of jet-
cooled toluene excited at 37 477.5 cm ™. A series of weak
features, spaced at 17, 49, 80, and 128 cm ! to the red of the
origin, is apparent.

The TOFMS and DE spectrum for toluene are fit by the
energy levels listed in Table I, using model parameters
B=52cm™!and V5= 10 cm™~" in the ground state, and
B =5.2and ¥, = 25 cm ™' in the excited state. The calculat-
ed zero-point energies for S, and S, are 4.9 and 12.1 cm ™},
respectively. The features in the TOFMS at 16.2, 54.0, and
77.5 cm™"' closely match the energies for the le” —2¢',
Oa; —3ay, and le” —4e¢’ transitions. The Oa{ — 3a; transi-
tion is not observed in agreement with the group theoretical-
ly derived selection rules stated above.

Table 11 lists the allowed transitions, and their calculat-
ed and observed energies, for the ground and first excited
states of toluene. The spacings of the features observed in the
DE spectrum closely match the calculated energies listed in
Table II. The low barrier of V5= 10 cm™" in the ground
state is consistent with microwave studies performed by Ru-
dolph et al." on toluene in which a barrier to rotation of the
methyl rotor of 4.9 cm ™! was reported.

Given the above assignments, the features at 16.2 and
77.5 cm ™! in the TOFMS are hot bands and might therefore
be expected to show a temperature effect. The (a) and (e)
methyl rotor states, however, possess different nuclear spin
states for which interconversion is strongly forbidden, and
thus the hot band features at 16.2 and 77.5 cm ™! can never

T T
017 43 80 128 em

Akt

L L] ¥ T

37500 37400 37300 37200
WAVENUMBERS (em~!)

FIG. 4. DE spectrum of the 03 region of toluene (resolution of 15cm™")
obtained by pumping the origin at 37 477.5 cm—!. The weak features to
lower energy of the origin are again due to methyl torsions. Specific assign-
ments are given in Table II.

TABLE L Internal rotational levels for toluene in the S, and S, states.

Ground state S, Excited state S,°

Level Energy (cm™') Level Energy (cm™")
0a; 0 0a; 0

le” 5.19 le” 5.15

2¢' 20.78 2 20.60

3ay 45.56 3ay 40.97

3ay 48.06 3ay 53.47

4¢’ 83.23 4¢ 84.24

Se” 128.80 Se” 130.73

*B=52cm~", ¥,=0cm™", ¥,= 10cm™".
*B=52cm ', V;=0cm™ ', ¥V, =25cm™".

be cooled completely from the spectrum. Two different types
of toluene molecules exist in the cooled beam: those in the
Oa; and those in the le” internal rotational states.

The low barrier to rotation about the C;,,,—C, bond in
S, as determined by the TOFMS and DE study is also found
in the EFF calculations. Indeed, the MOMM steric energies
for the different C,,,,—C, rotomers of toluene are essentially
the same within 0.02 kcal/mol (~7 cm™!), indicative of a
free rotor system.

In summary the methyl rotor experiences only a small
(~17 ecm™!) increase in the barrier to rotation when
toluene is excited from S, to S|, and is essentially freely rotat-
ing in both states.

B. p-Xylene

The TOFMS of jet-cooled p-xylene is presented in Fig.
5. While the origin occurs at 36 732.8 cm ™" the spectrum is
similar to that observed for toluene (Fig. 3) in that features
arefound at 15.5, 54.3,and 78.1 cm ™" to higher energy of the
origin band. Additional weak features not present in the to-
luene spectrum occur at 40.5, 72.0, and 109.5 cm ™", As in
toluene, none of the peak intensities show any dependence
on the backing pressure of the nozzle (20-140 psig He).

The energy levels for the combined total internal rota-

TABLE II. Energies of allowed transitions between internal rotational lev-
els in the S, and S, states for toluene.

Observed
Transition (S,—-S,) Calculated E (cm™") E(cm™!') by DE
0a; —0a; 0 0
0a; - 3a 48.06 49
le" —1e” 0 0
le” - 2¢ 15.63 17
le” —=4¢ 78.08 80
le” - 5¢” 123.65 128
Observed
Transition (S,—S,) Calculated £ (cm™') E (cm™') by TOFMS
0a! —0d; 0 0
0a; —3a 53.47 54.0
le" - 1e” 0 0
le" -2 15.41 16.2
le" »4¢' 79.05 715

J. Chem. Phys., Vol. 87, No. 4, 15 August 1987
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LJ i L LB ¥
15.5 405 543 78. 109.5 em™!
720

O -

36750 36850
WAVENUMBERS (cm™)

FIG. 5. One-color TOFMS of the 03 region of p-xylene. The origin occurs at
36 732.8 cm ™~ . The weak features to higher energy of the origin are due to
methyl torsions. Note that several features in the spectrum coincide with
those observed for toluene (Fig. 3), suggesting similarities in the potentials
for methyl rotation in both molecules. Peak assignments are given in Table
Iv.

tional states of both methyl rotors in p-xylene are obtained
by treating the rotors as noninteracting. The resultant ener-
gy levels, listed in Table III, simply represent all possible
combinations of internal rotational states of a one-dimen-
sional rotor with itself. Thus, for example, the excited state
energy levels in Table ITI represent the combination of states
of two rotors which individually behave as the toluene meth-
yl rotor does in its .S, state.

The simplest method for symmetry labeling the energy

TABLE III. Internal rotational levels for p-xylene in the S; and S, states.

Ground state S;* Excited state S,"

Level Energy (cm™') Level Energy (cm™"')
0a;0a; 0 0a;0a; 0
Oa; le” 5.19 Oajle” 5.15
le"1e” 10.39 le"le” 10.30
Oaj 2¢’ 20.78 Qaj2e’ 20.60
le"2e' 25.98 le"2e 25.75
2¢'2¢’ 41.57 0} 3a; 41.00
0} 3a; 45.56 2'2¢ 41.20
0} 3a; 48.06 le"3ay 46.15
le"3ay 50.76 0a; 3a} 53.47
te"3ay 53.26 le"3ay 58.62
2¢'3ay 66.34 2¢'3ay 61.60
2e'3ay 68.84 2¢'3ay 74.07
0 4¢' 83.23 3a33a; 82.00
le"4¢’ 88.43 Oa;4¢’ 84.24
3730} 9112 le"ae 89.39
3a)3ay 93.62 3ay3ay 94.57
3ay3ay 96.12 2e'4e’ 104.84
2e'4e’ 104.02 3a73ar 106.94

*B=52cm~,¥V,=0cm™', Vg=10cm~".
"B=52em~ ", ¥V;=0cm~ ", ¥y=25cm™".

levels for p-xylene is to consider the internal rotational states
of each rotor separately, and thus use the symmetry labels
and selection rules for toluene. A p-xylene molecule with one
rotor in its Oa; state and the other in its le” state is thereby
said to be in the Oajle” state. The molecular symmetry
group for p-xylene is G;,, and the fourfold degenerate Oa; le”
energy level is labeled 1G in the molecular symmetry group.
A 0a;0a; — le"0a; transition is thus an 4, -G transition,
which is symmetry forbidden. The Oa; le” form of symmetry
labeling is used here because it clarifies the levels of each
individual methyl rotor and reveals which transitions take
place on which methyl rotor. The approximation of separate
noninteracting rotors is assumed for this discussion.

Since a two rotor system (e.g., xylenes) has many more
levels than a one rotor system (e.g., toluene), the TOFMS of
p-xylene should have many more features than that of to-
luene. Table IV lists the allowed transitions, their calculated
and observed energies, and the fitted parameters. The ap-
proximation of two completely uncoupled, independent ro-
tors for p-xylene appears to be a good one since this model
matches the observed spectrum well. Each methyl rotor in-
dividually experiences a potential barrier of ¥, = 10 cm ™!
and Vg = 25 cm™ ' in the S, and S, states, respectively, as in
toluene. The calculated zero point energies for S, and S, are
the same as for toluene (4.9 and 12.1 cm ™!, respectively).
This is largely consistent with previous results which indi-
cate that the rotors in p-xylene are nearly free.'®

EFF calculations performed on p-xylene show that both
the heats of formation (AH ?) and steric energies can be
directly related to the AH ? and steric energies of benzene
and toluene by linear free energy relationships, i.e., by addi-
tivity of energies.'” This supports the notion that the methyl
groups of p-xylene are noninteractive.

C. m-Xylene

Figure 6 shows the TOFMS of jet-cooled m-xylene. In
contrast to the other compounds presented thus far, m-xy-
lene displays an intense triplet feature at the origin region,
with components at 36 949.3, 36 952.6, and 36 956.3cm™ .

TABLEIV. Energies of allowed transitions between internal rotational lev-
els in the S, and S, states of p-xylene.

Observed
Transition (S;—S,) Calculated £ (cm~') E (cm™!') by TOFMS
0a; 0a; —0a;0a; 0 0
0a;0a; -0a; 3a” 53.47 54.3
0a;0a; —3a73a? 106.94 109.5
le"0a; — 1"0a; ~0.04 0
1¢"0a; —2¢'0a; 15.41 15.5
1¢"0a; — 1e"3a” 53.43 54.3
le"0a; —2e'3ay 68.88 72.0
le"0a} —4¢'0a; 79.05 78.1
le"le” - le" 1e” —0.09 0
le"le” -»2e'le” 15.36 15.5
le"le" —2e'2¢ 30.81 X
le"le" »4¢e'le” 79.00 78.1
le"le” —4¢'2¢e’ 94.45 e

J. Chem. Phys., Vol. 87, No. 4, 15 August 1987
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FIG. 6. One-color TOFMS of the 03 region of m-xylene. The origin occurs
at 36 956.3 cm™". The two features at 3.7 and 7.0 cm ™! to lower energy of
the origin are due to methyl torsions, and their positions are indicative of
differences in the potential barrier to methyl rotation in.S, and S, The weak
features to higher energy of the origin are also due to methyl torsions. As-
signments are given in Table VI(b).

A number of additional features, several of which appear to
be doublets, are seen to higher energy of the 03 triplet.

The DE spectra obtained by exciting each of the compo-
nents of the origin triplet are presented in Figs. 7(a)-7(c).
While the spectra in Figs. 7(a) and 7(b) both reveal transi-
tions near 16 and 80 cm ™~ to the red of their respective ori-
gins, Fig. 7(c) displays peaks only at ~54 and 102 cm ™'
from the origin. m-Xylene is again a double rotor system, so
that the same symmetry lables used for the internal rota-
tional levels of p-xylene are used here. The methyl rotors are
once again assumed to be noninteracting. The features at 54
and 102 cm~! in Fig. 7(c) are assigned to be the
0a;0a; —»0a;3a; and Oaj0a; —3ay3ay transitions, respec-
tively, and the transition at 36 956.3 cm ™' in the TOFMS
(Fig. 6) is therefore taken to be the true origin
(0a;0a; —0a;0a; ) of the TOFMS spectrum.

The different nuclear spin states associated with the a
and ¢ levels result in hot bands which cannot be depopulated
by normal cooling techniques. For the xylenes, the molecu-
lar jet contains three different types of molecules which can-
not interconvert; those in the 0a;0a], 1le”"0a;, and le”le"
internal rotational levels. The relative statistical weights for
these states are 1:2:1, respectively. This ratio coincides with
the observed relative intensities in Fig. 6.

The energy levels for internal rotation of the methyl ro-
tors in the ground state of m-xylene are listed in Table V.
Table VI(a) lists the allowed calculated and observed DE
transition energies for the ground state. The fit is good indi-
cating that the methyl rotors in the ground state are subject
to a low barrier to rotation (B=5.2cm™}, ¥;=0cm™},
Ve =25 cm™", zero-point energy = 12.1 cm™"), which is
again consistent with earlier results on this molecule.'®

To consider methyl rotation in the S, excited state, the
TOFMS must be completely understood. Several facts be-
come apparent upon examination of Fig. 6. First, the fea-
tures at 36 949.3 and 36 952.6 cm ™! are red shifted by 7 and

I ¥ 1
0 20 87 e¢m™!
(a)
36950 36850
T
017 5072 cm
(b)
FIG. 7. DE spectra of the 05 re-
gion of m-xylene (resolution
11.4cm™') obtained by pump-
ing at (a) 36949.3cm™!, (b)
369526 cm™', and (c)
36956.3 cm™'. Assignments
uww are given in Table VI(a).
36950 36850
0 54 102
(c) |
36950 36850

WAVENUMBERS (cm ™)

3.7 ecm™!, respectively, from the origin at 36 956.3 cm ™.

This requires that the energy level spacings between the
0a;0a;, 1e"0a;, and le”le” levels in the excited state be
smaller than in the ground state; this can only happen if the
barrier to rotation of the methyl group increases in S, with
respect t0.S;. Second, the absence of a peak near ~54cm ™,
corresponding to the Oa; 0a; —Oa; 3a; transition of a nearly
free rotor also suggests the presence of a sizable barrier to

rotation in .S,.
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TABLE V. Internal rotational levels for m-xylene in the S; and S, states.

Ground state Sp* Excited state S,°
Level Energy (cm~') Level Energy (cm™!)
0a;0a; 0 0Oa;0a; 0
Oajle” 5.15 0Oajle” 1.66
le”1le” 10.30 1e"1e” 3.31
Oa;2¢ 20.60 0aj2e 37.64
le"2¢ 25.75 le"2¢' 39.30
0a; 3ay 41.00 Qa;3ay 48.87
2¢'2¢’ 41.20 le"3a} 50.53
1e”3a; 46.15 0a; 3ay 74.77
0Oa; 3ay 53.47 2¢'2¢’ 75.28
le”3ay 58.62 le”3ay 76.43
2¢'3ay 61.60 2¢'3ay 86.51
2¢'3ay 74.07 3a33a; 97.74
3ay3ay 82.00 Oa;4¢’ 99.32
Oa;j4e 84.24 le"4¢e’ 100.98
le"4e' 89.39 2¢'3ay 112.41
3ay3ay 94.57 3ay3a; 123.64
2e'4e’ 104.84 2e'4e’ 136.96
3ay3ay 106.94 Oaj 5e” 144.87
le"5e” 146.53
3ay4e’ 148.19
3a;3ay 149.54
3ayde’ 174.09
2¢'5e” 182.51

*B=52cm™ L, V,;=0cm™ ', Vy=25cm™".
B=52cm™ ", ¥V,=8lecm™", Vy= —30cm~".

Table V lists the energy levels for internal rotation in the
S, excited state for B=52 cm™!, ¥V, =81 cm™', and
V¢ = — 30 cm™'. The calculated zero-point energy is 13.1
cm ™. Table VI(b) lists the allowed transitions and calculat-
ed and observed TOFMS transition energies. The fit of the
calculated values to the spectrum is quite good and again
justifies the assumption that the two methyl groups are non-
interacting.

As is the case for p-xylene, EFF calculations performed
on m-xylene indicate additivity in both energy (AH 9 and
SE) and structure, when data for benzene and toluene are
compared with data for m-xylene. This again suggests that
the two methyl groups of m-xylene are acting independently
of each other'’ in S, and supports the experimental conclu-
sion.

D. o-Xylene

The TOFMS of jet-cooled o-xylene is depicted in Fig. 8.
The outstanding feature of this spectrum, apart from the
single origin at 37 313.3 cm ™, is the large featureless ex-
panse from the origin to 37 421.3 cm™’, at which energy
several weak features begin to appear. The lack of features
within the first 100 cm ™' of the origin is indicative of a
strongly hindered methy! rotor. Steric hindrance should not
be unexpected in the o-xylene molecule.

The close proximity of the methyl rotors in o-xylene
further requires the consideration of both kinetic and poten-
tial cross terms between the methyl rotors in the Hamilto-
nian. Indeed, the spectrum in Fig. 8 cannot be fit using sim-

TABLE VI. Energies of allowed transitions between internal rotational lev-
els in the S, and S, state of m-xylene.

(A)
Observed
Transition (S;—~S,) Calculated E (cm™") E (cm™') by DE
0Oa; 0a; —0a;0a; 0 0
0a;0a; —0a; 3ay 53.47 54
0a;0a; —3a}3ay 106.94 102
1e"0a; — 1e"0aj 0 0
le”0a; —2e'0a; 15.45 17
1e"0a; —1e"3a} 53.47 50
le"0a; —2e'3ay 68.92 72
1e”0a; —0a'4e; 79.09
le"1e” - 1e" 1e” 0 0
le"1e” —2¢e" e’ 15.45 20
le"le" —2e2¢' 30.90 e
le"1e” — le"4e’ 79.09 87
le"le” - 2¢'de’ 94.54 87
(B)
Observed
Transition (S,—S5,) Calculated E (cm™') E (cm™') by TOFMS
0Oa; 0a; —0a;0a;} 0 0
0a;0a} —0a; 3ay 74.77 75.2
0a;0a; —3ay3a; 149.54 e
1e"0a; — 1¢"0a; —3.49 —37
1e"0aj —2¢'0a; 3249 32.6
le"0a; —1e"3ay 71.28 70.2
le"0a; —2¢'3ay 107.26 e
le”0a; —4¢'0a; 94.17 91.3
1e*0a; —5¢"0a; 139.72 132.9
le”0a; —4¢'3a; 168.94 164.4
le*le” - le"1le” —6.99 -170
le"le" —»2¢'le” 29.00 29.0
le*le” —»2e'2¢ 64.98 e
le"le” —»4e'le” 90.68 87.5
le"le” »4e'2¢’ 126.66 e
le"le" = 5¢"1e” 136.23 1419
le”1e” —5¢"2¢’ 172.21 169.0
2¢'0a’ —2e'0a’ 17.04 16.9
0 m'la'" 25 2161 3089 om!
37500 37‘;00 375’&00 37500

WAVENUMBERS (em™!)

FIG. 8. One-color TOFMS of the 0] region of o-xylene. The origin occurs at
37 313.3 cm ™. Note the absence of peaks within the first 100 cm ™~ of the
origin. Such spacing between the 03 transition and the first methyl torsional
modes is indicative of a large (> 100 cm™') potential barrier to methyl
rotation in the excited state S,. Peak assignments are given in Table
VIII(b).
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ply ¥; and ¥ potential terms. A large ¥ potential would be
physically inappropriate to describe the potential that the
methyl rotors experience, while a large V; potential creates
tightly bunched groups of levels (only a few wave numbers
apart) with large (~50-100 cm™') spacings between
groups. A V; potential large enough to shift, for example, the
3a}0a; level to ~ 125 cm ™' would not place any other levels
near 110cm™".

If the band at 125 cm ™' in the TOFMS is due to the
0a;0aj —»0a{ 3a] transition (since this peak is the most in-
tense and the Oa; Oa; —0a; 3a{ is observed in toluene and p-
xylene to be the most intense), then a V' potential cross
term which splits the doubly degenerate Oa; 3a; level is re-
quired to place accessible energy levels near 110 cm™'. A
parameter set with B=155 cm™', V,; =166 cm™!, V}
= —25cm™', and y = 0.72 yields the levels listed in Table
VII for the S state of o-xylene. A zero-point energy of 101.9
cm™~! is obtained. Table VIII lists the calculated and ob-
served transition energies for §,. The use of cross kinetic and
potential terms for S, is reasonable given the close proximity
of the methyl groups: this is the only molecule in the series
for which a coupled rotor model is required to account for
the experimental observations.

The DE spectrum exciting the origin band of o-xylene is
presented in Fig. 9. As in the TOFMS, the wide spacings
between the peaks in the spectrum dictate a large potential
barrier to methyl rotation. The feature at 250 cm™"' is as-

TABLE VILI. Internal rotational levels of 0-xylene in the S; and .S, states.

Ground state S,* Excited state S,"

Level Energy (cm™') Level Energy (cm™")
0a; Oa; 0 0Oa;0a; 0
Oa; le” 0.00 Oa; le” 0.15
le"le” 0.01 le"le” 0.30
Oa; 2¢' 134.54 le"2e' 60.71
le"2¢ 134.55 le”2¢e' 60.74
Oai 3a} 134.78 Oayi2¢’ 62.30
le"3ay 134.78 Oa; 3a; 64.07
Oa; 3a} 246.21 le"2¢' 87.91
le”3ay 246.22 le”2e’ 88.31
0a; 4¢ 249.82 le"3ay 89.55
le"4e’ 249.83 0a}3ay 91.12
2¢'2¢’ 269.09 Oa; 3ay 108.04
2¢'3ay 269.32 le"3ay 111.76
3ay3ay 269.55 le”4e’ 119.58
Oa; Se” 329.64 le"4e’ 120.12
le"Se” 329.65 0a; 3a? 124.83
Qa; 6a; 354.55 Oaj 4¢’ 133.65
le”6a; 354.56 :
2¢'3ay 380.76 Oa; 6a; 215.37
3ay3ay 380.99 0Oaj 6a; 216.50
0Oa; 6a; 383.30 0Oa; 6a; 218.16
le"6a; 383.30 le"6a; 219.01
0a; 6a; 219.83
le”6a; 221.07
*B=52cm~ ", V;=425cm~, V=18 cm~".
*B=52cm™ ", V;=166cm~, V= —25cm~, ¥V, =0cm L,y =072

cm™ !,

TABLE VIII. Energies of allowed transitions between internal rotational
levels in the S, and S, states of o-xylene.

(A)
Observed

Transition (§,-S,) Calculated E (cm™") E(cm™') by DE
0a;0a; —0a;0a; 0 0
0a;0a; —0ay3ay 246.21 249
0a’0a; —0a; 6a; 354.55 -
0a; 0a; —0aj 6a; 383.30

0a} le” —0a; 1e” 0.00 0
0Oa; le” —0aj 2¢' 134.54 134
Oa; le”" - 3a7le” 246.22 249
Oa; le" —0aj4e’ 249.82 249
0a} le” —0a; Se” 329.64 327
Oajle” —6a;le” 354.56 e
0c; le” — 3a}2e’ 380.76

0aj le” —6a; le” 383.30

le"le" —le"1e” 0.00 0
le"le” - 1e"2¢' 134.55 134
le"1e" - 1e"4¢’ 249.83 249
le"le" —2¢e'2¢' 269.09 e
le"le” —1e"5¢" 329.65 327

(B)
Observed

Transition (S,—S;) Calculated E (cm™') E (cm™') by TOFMS
0a; 0a; —0a,0a; 0.00 0.0
0aj le” —0aj le” 0.15 0.0
le"le” —~1e"1e" 0.29 0.0
le"le” - 1e"2¢' 60.70 e
le”le” - 1e"2¢' 60.73

Oa; le” —0a; 2¢’ 62.30

le"le” —1e"2e’ 82.90

le"le" - 1e"2¢’ 88.30
0a; 02’ —0a, 3a} 108.04 108.0
0a; 1e" - 3a} le" 111.76 111.0
le"le” - 1e"4¢’ 119.57
le"le" —»1e"4e’ 120.11 s
0a;0a; —0a; 3a? 124.83 125.0
0a; le” —0a; 4¢’ 133.65
0a; 0a; - 0a’ 6a; 215.37

0a; 0a; —0a; 6a; 216.50
0a;0a; —0a’ 6a; 218.16 216.1
Oaj le” —6a; le” 219.01
Oa; 0a; —0aj 6a; 219.83

Oaj le” —6a; le” 221.07

signed to be in part due to the Oa;0Oa; —0a} 3ay transition,
and thus the barrier in the ground state is even larger than
that for the excited state. A potential barrier of V, = 425
cm~'and Vs =18 cm™!, with B = 5.2 cm™! gives energy
levels (see Table VII) which correspond well with the peaks
in Fig. 9. The resultant zero-point energy is 144.0cm~"'. The
observed and calculated transition energies are listed in Ta-
ble VIII(a). Neither a potential cross term ¥} nor a cross
kinetic energy term y is needed to fit the o-xylene DE spec-
trum. The molecular orbitals on the methyl groups in the S,
excited state are larger, more diffuse, and have a larger elec-
tron density than those in the ground state: the two methyl
groups must therefore interact much more strongly in the
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WAVENUMBERS (cm 1)

FIG. 9. DE spectrum of the 03 region of o-xylene (resolution 15.2 cm™")
obtained by pumping the origin at 37 313.3 cm~!. The wide spacings
between peaks in the spectrum is indicative of a large ( > 100cm™') poten-
tial barrier to methyl rotation in the ground state S,. Peak assignments are
given in Table VIII(a).

excited state than in the ground state. The approximation of
two noninteracting methyl rotors appears to fail for the S,
state of o-xylene but may still be considered reasonable for
the ground state.

EFF calculations on o0-xylene confirm the above conclu-
sions for S,. Interconversion from one “gear clashed” con-
formation 1 (Fig. 10) to another has a definite energy barrier

FIG. 10. MOMMS-85 calculated steric energy contour for methyl group ro-
tation [about ¢ and 7, where ¢ and 7 = torsion (C;pso' —Cigpo—Co—Ha ) cf. 1)
in o-xylene. The maximum in the center of the figure corresponds to hydro-
gen atoms from each methyl group lying in the plane of the ring pointed
directly at each other. The minima in the figure occur at each corner and
correspond to a hydrogen atom of each methyl group pointing away from
the other methyl group, and beingin the plane of the ring. The lowest energy
pathways which connect the minima are along the borders of the figure,
indicating that the interconversion from one minimum to another can be
accomplished in a noncoupled motion.

with a maximum energy conformation 2, in contrast with the
situation for rotation of the methyl group to toluene (and in
m- and p-xylenes) for which the EFF calculations predicted
free rotation without any definitive energy maximum. As
can be seen from Fig. 10, interconversion of one stable con-
formation into another can best occur with an uncoupled
motion of one methyl rotor relative to the other, i.e., move-
ment around the periphery of the energy maximum in Fig.
10.'® Recent ab initio MO calculations on toluene and o-
xylene, ' published following completion of our studies, con-
firm these MOMM-85 calculations. In addition, the experi-
mental and theoretically calculated heat of formation of
m- and p-xylene is ~0.3 kcal/mol less than that of o-xy-
lene,” and the steric energies show that o-xylene is more
strained as well. Thus, EFF calculations predict that the
methyl rotational motion in o-xylene is somewhat different
than that for toluene and m- and p-xylenes, consistent with
the experimental observations.

The resuits for o-xylene compare well with those ob-
tained by analyses of NMR,2!"*> microwave,” and heat ca-
pacity'®?*?* data for this molecule. These studies generally
conclude or assume that the methyl rotors are uncoupled in
S, with a potential barrier height of 500-700 cm ™. For §,,
room temperature optical absorption data?® analyzed in a
similar manner to those discussed above imply a barrier of
200-300 cm™! for uncoupled methyl groups. The coupling
of the methyl groups could not be evaluated in these previous
studies.

V. SUMMARY AND CONCLUSION

The results of this work demonstrate that the steric ef-
fects of methyl rotors are small for methyl-ring interactions
as well as for methyl-methyl interactions for nonadjacent
methyl groups. In toluene, a very small rotational barrier is
encountered in both Sy and S,. For the xylenes, the heights of
the methyl rotor potential barriers decrease in the order
ortho > meta > para and can be attributed simply to the in-
creased steric hindrance between rotors in the series. In addi-
tion, the systems studied reveal an increase in the barrier to
rotation upon electronic excitation, although the notion of
“barrier height” may be complicated by cross kinetic and

J. Chem. Phys., Vol. 87, No. 4, 15 August 1987



1926 Breen et a/.: Nonrigid aromatic molecules. |

potential terms in the Hamiltonian. This heightened steric
effect in S, can be explained by the larger, more diffuse mo-
lecular orbitals in the excited state (both on the ring and on
the methyl groups, in general) which make the methyl
groups more susceptible to steric hindrance. Hyperconjuga-
tion may also play a role in the excited state steric barrier to
rotation: the ring structure may be extended to involve the
methyl carbons in the excited state.

The approximation of noninteracting methyl rotors
seems to be valid for all three xylene isomers in the ground
state and for meta and para isomers in the excited S, state.
Both potential and kinetic cross terms are necessary to de-
scribe the dynamics of the methyl rotors in the S, state of o-
xylene. In this last case, the inclusion of both potential and
kinetic cross terms in the Hamiltonian represents a tendency
towards “cogwheeling” or “gearing” of the rotors.'?’ Such
coupling has been postulated to occur for o-xylene in the
ground electronic state, although experimental evidence
that the rotors are coupled in that state is missing. Our re-
sults indicate that coupling between the rotors is negligible
for the S, state but do reveal a strong coupling of the two
methyl rotors in .S, of o-xylene.

For all four molecules studied, in both the TOFMS and
DE spectra, the intensities of the torsional features fall off
rapidly from the origin. This implies that the best Franck—
Condon overlap lies on or near the origin and that little
change in the equilibrium orientation of the methyl groups
occurs upon electronic excitation. (This contrasts with the
fluorotoluenes for which, for example, the ortho isomer at
equilibrium experiences a 60° methyl group rotation upon
excitation.®) We have therefore foregone a detailed analysis
of the transition intensities observed.

Some general intensity propensity rules are readily de-
rived from our data on toluene and the xylenes: (1) the most
intense transitions in the spectra, aside from the origin tran-
sitions, involve the rotor transition Oa; — 3ay; and (2) dou-
ble rotor transitions (OajOaj —3aj3ay) are inherently
weak.

The approach of treating the methyl group as a one-
dimensional rigid rotor and of fitting the resulting internal
rotational states to observed features in the TOFMS and DE
spectra of toluene and the xylenes works well. For each spe-
cies, physically realistic values of a limited number of param-
eters are used to produce calculated spectra which closely
match those observed experimentally. Comparison of the
potential barrier parameters obtained in this manner with
those obtained by other means reveals that the integrated
techniques employed in this work can produce accurate val-
ues of these parameters. Even in instances for which vari-
ation of many parameters is required to fit the data, implying
that the chosen set of parameter values may not be unique, a
clear picture of the torsional interaction is still generated, as
evidenced by the o-xylene fits. Thus, this method may be
utilized to study more complex systems for which intersub-

stituent interactions may be more complicated. This is dem-
onstrated in the succeeding paper for the n-propyltoluenes.’

Finally, the EFF-MOMM calculations give results con-
sistent with the ground state barriers and rotational models
and appear to be qualitatively reliable.
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