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Abstract

The S1–S0 fluorescence excitation and dispersed fluorescence spectra of 2- and 1-methylanthracene are measured in a supersonic
free jet expansion. The barrier heights to internal rotation in the S0 and S1 states of 2-methylanthracene are determined to be 69 and
335 cm�1, respectively, by using a one-dimensional free-rotor model. A prominent 0–0 transition has been observed in the fluores-
cence excitation spectrum of 1-methylanthracene, but no methyl rotational bands have been detected in both the excitation and dis-
persed fluorescence spectra. The potential energy curves of the methyl rotation are obtained for 2- and 1-methylanthracene with
density functional theory (DFT) calculations and time-dependent (TD)-DFT calculations at the B3LYP/6-31 + G(d,p) level. The
barrier heights and the phase of the potential energy curve are very different between 2- and 1-methylanthracene and substantially
depend on the electronic state. These differences are consistently explained by a p*�r* hyperconjugation effect introduced by Nakai
and Kawai [Chem. Phys. Lett. 307 (1999) 272].
� 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The internal rotation of the methyl group in the S0
and S1 states and ground-state cation (D0) of many aro-
matic molecules has been extensively studied by measur-
ing the electronic spectra and pulsed-filed zero-kinetic
energy (PFI-ZEKE) photoelectron spectra in a super-
sonic molecular beam [1–13]. These studies reveal that
the internal rotational potential is very sensitive to the
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substituted position of the methyl group and the elec-
tronic state. The analysis of the internal rotational
potentials has provided insight into non-covalent inter-
action and the intramolecular vibrational energy redis-
tribution. It is crucial to determine the methyl
rotational potentials to discuss the non-covalent interac-
tion between the methyl group and the aromatic ring.
The origin of the rotational barrier to internal rotation
in the methyl-substituted aromatic molecules has been
theoretically investigated. The barrier heights are corre-
lated with the difference in the bond order of the C–C
bond and with that in the charge [14,15]. Such a theory
is useful for analyzing the methyl rotational potentials
of the S0 and D0 states, but inapplicable to the change
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in the barrier upon S1 S0 excitation [16]. Nakai and
coworkers [16–20] introduced a new model, which is
based on a p*�r* hyperconjugation (HC) effect be-
tween the p* orbital of the carbon atom and the r* orbi-
tal of the hydrogen atoms of the methyl group. This
model has been successfully used to explain the stability
of the lowest unoccupied molecular orbitals (LUMOs)
and the highest occupied molecular orbitals (HOMOs)
of several molecules such as substituted toluenes
[17,19,20] and 1- and 2-methylnaphthalene [18].

In this work, we focus on the difference in the internal
rotation of the methyl group in 2-methylanthracene
(2MA) and 1-methylanthracene (1MA). The methyl
rotation in 2MA was investigated by measuring the laser
fluorescence excitation (LIF) spectrum [21]. The barrier
to internal rotation was obtained for the S1 state. How-
ever, the barrier for the S0 state was predicted by calcu-
lating the Franck–Condon factors for the S1–S0
transition, while the rotational levels in the S0 state were
not determined. To our best of knowledge, there has
been no report on the electronic spectrum of 1MA. In
1MA the distance between a hydrogen atom of the
methyl group and the nearest CH hydrogen atom(s) is
much shorter than that in 2MA. The steric repulsion
may significantly influence the shape of the potential en-
ergy surface. The S1–S0 electronic spectra of the two
molecules have been measured in a supersonic free jet
expansion to investigate the effect of the non-covalent
interaction on the methyl rotational potential energy
surface. The stable geometries and potential energy
curves of methyl rotation for the S0 and S1 states have
been calculated with density functional theory (DFT)
and time-dependent (TD)-DFT calculations, respec-
tively. The shape of the internal rotational potential
curve remarkably depends on the substituted position
of the methyl group in the anthracene ring. The ori-
gin of the variations of the barrier heights and the phase
of the potential upon electronic excitation has been
discussed.
Fig. 1. LIF spectra of jet-cooled (a) 2MA and (b) 1MA. The
assignments for the rotational levels of 2MA are indicated in the figure.
2. Experiment

2MA and 1MA were purchased from Wako Pure
Chemical Ind. Ltd., and were used without further puri-
fication. The experimental apparatus for the measure-
ment of the LIF and dispersed fluorescence (DF)
spectra was essentially the same as that reported previ-
ously [22,23]. Briefly, 2MA or 1MA was vaporized by
heating the solid sample in a nozzle housing to 100–
120 �C. Gas mixture of the vaporized molecules and he-
lium was expanded into a vacuum chamber with a
pulsed nozzle (General Valve Series 9, 0.5 mm orifice
diameter). The backing pressure was 200–300 kPa. An
excimer laser pumped dye laser system (Lumonics EX-
600 and HD-300) excited the molecules seeded in the he-
lium gas. LIF spectra were measured by monitoring to-
tal fluorescence with a photomultiplier tube
(Hamamatsu 1P28A). DF spectra were measured with
a monochromator equipped with a photomultiplier tube
(Hamamatsu R955). The electric current from the pho-
tomultiplier tubes was fed into a digital oscilloscope
(LeCroy 9310A) and processed by a PC.
3. Results

3.1. LIF and DF spectra

Fig. 1(a) and (b) display the S1 S0 (pp*) LIF spec-
tra of 2MA and 1MA around the electronic origin re-
gion. The S1–S0 origin of 2MA is observed at
27389 cm�1. Several methyl rotational bands are as-
signed in the figure. The procedure for assigning the
rotational levels is described in Section 3.2. The LIF
spectrum of 2MA is essentially the same as that reported
previously [21]. A strong band is observed at
27463 cm�1 in the LIF spectrum of 1MA. This band



Fig. 2. DF spectra of jet-cooled (a) 2MA and (b) 1MA. The
assignments for the rotational levels of 2MA are indicated in the figure.
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has been assigned to the S1–S0 origin (0–0 or 0a1–0a1) of
1MA. In the Dm = 0–300 cm�1 region no vibronic band
is detected.

Fig. 2(a) and (b) display the DF spectra of 2MA
and 1MA, obtained by exciting to various transitions.
The DF spectrum of 2MA was not reported in the pre-
vious study [21]. Fig. 2(b) shows the DF spectrum of
1MA measured by exciting the origin band. No
low-frequency bands are observed in the Dm = 0–
250 cm�1 region in Fig. 2(b). The LIF and DF spectra
of 1MA indicate that the transitions between the inter-
nal rotational levels are too weak to be observed. We
will discuss the reason for the non-observation of the
methyl rotational bands in the LIF and DF spectra
of 1MA in Section 3.3.
Table 1
Observed and calculated rotational states in S1 of 2MA

Dm/cm�1

Observed (This Work) Calculated (This Work)a Observ

0.0 0.0 0.0
2 1.6 2–3
40 40.2 40
56 55.5 56
67 67.3 67
94 96.2 95
143 141.3 145
199 197.2 198

a Obtained with parameters B = 5.12 cm�1 and V3 = 73 cm�1.
b Obtained with parameters B = 5.2 cm�1 and V3 = 70 cm�1 (Ref. [21]).
3.2. Internal rotational potential curves for 2MA

The internal rotational energy levels in the S0 and S1
states of 2MA are analyzed using a V3–V6 potential in a
one-dimensional rotor model [9,24]. The potential for
internal rotation is expressed by

V ðhÞ ¼ 1

2
V 3ð1� cos 3hÞ þ 1

2
V 6ð1� cos 6hÞ; ð1Þ

where h would be the torsional angle between the methyl
group and molecular plane. The Schrödinger equation is
given by

�B d2

dh2
þ V ðhÞ

� �
WmðhÞ ¼ EmWmðhÞ; ð2Þ

where B is the reduced internal rotational constant of
the methyl rotor around the methyl top axis. A basis
set of harmonic one dimensional free rotor wave func-
tions cos(mh) and sin(mh) is employed to determine
the eigenvalue of the Hamiltonian. For the calculation
50 basis functions (m = 0–5) are used for both even
and odd symmetry. The assignments for the rotational
levels in the S1 state of 2MA are essentially the same
as those reported previously [21], where a combination
of the rotational quantum number m (0,1,2, . . .) of a
one-dimensional free rotor with the symmetry species
r(a1,a2, e) of a permutation-inversion-symmetry group
G6 isomorphous with C3v are used to label the rotor
level.

The observed and calculated internal rotational levels
in the S1 and S0 states of 2MA are listed in Tables 1 and
2 together with the assignments. The observed and cal-
culated internal rotational levels and the assignments
for the S1 states in this work are in good agreement with
those reported by Lin et al. [21]. The rotational constant
B is determined to be 5.2 cm�1 both for the S0 and S1
states of 2MA, and the V3 barrier heights are 69 and
335 cm�1 for the S0 and S1 states, respectively. The V6

barrier is 0 cm�1 for the S0 and S1 states. The phase of
the internal rotational potential curve changes 60� upon
S1–S0 excitation. A value V3 = 69 cm�1 is in good agree-
Assignment

ed (Ref. [21]) Calculated (Ref. [21])b

0.0 0a1
1.7 1e
39.3 2e
55.5 3a2
66.4 3a1
96.3 4e
142.2 5e
199.0 6a1



Table 2
Observed and calculated rotational states in S0 of 2MA

Dm/cm�1 Assignment

Observed Calculateda

0.0 0.0 0a1
119 119.2 2e
197 197.2 3a1
210 210.1 4e

a Obtained with parameters B = 5.12 cm�1, V3 = 292 cm�1, and
V6 = 35 cm�1.
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ment with the reported value (70 cm�1) [21]. We calcu-
lated the Franck–Condon factors for the S1–S0 transi-
tion to determine the phase change between the
internal rotational potentials of the S1 and S0 states.
The calculated intensities for the absorption and emis-
sion are compared in Fig. 3. The best fits are obtained
when the phase of the internal rotational potential curve
changes 60� upon S1–S0 excitation.

The internal rotational potential energy curves could
not been determined for 1MA from the experimental
data, because the intensity of the S1–S0 transition is con-
centrated on the origin and the transitions in the another
rotational levels are two weak to be detected.
Fig. 3. Comparison of the observed and calculated intensities for the S1–S
observed and calculated intensities are drawn with the shaded and white ba
3.3. Theoretical internal rotational potential curves

Calculations were performed with a GAUSSIAN pro-
gram package [25] for the S0 and S1 states, respectively.
Optimization was first carried out for the S0 state with
DFT calculations at the B3LYP/6-31 + G(d,p) level.
In 1MA and 2MA, the stable conformations obtained
from first optimization were defined as the rotational
angle h = 0�, where one of the C–H bonds of the methyl
group is in the plane of the anthracene ring and one of
the CH bonds of the methyl group eclipses the C–C
bond in the anthracene ring as drawn in Fig. 4. Geom-
etry optimization was performed at each rotational an-
gle to obtain the energy curves for the methyl rotation.
The rotational angle was varied from 0� to 120� at 10�
intervals. Single point energy calculations were carried
out for the S1 state of the three molecules by TD-DFT
calculations at the B3LYP/6-31 + G(d,p) level, where
the optimized structures for the S0 state are used.

Fig. 5 shows the rotational potential energy curves
for the S0 and S1 state of 2MA and 1MA, as a function
of the rotational angle (h) together with the orbital ener-
gies. The calculated phase change is consistent with the
experimental result. The calculated potential barrier
0 absorption and emission between the internal rotational states. The
rs, respectively.



Fig. 4. Top and side views are drawn for the optimized conformations
of the methyl group in the S0 states of 2MA and 1MA.

Table 3
Calculated potential barrier heights to internal rotation of the methyl
group in methylanthacenes in units of cm�1a

Molecule S0 S1

V3 V6 V3 V6

2MA 302 ± 1 �10 ± 1 �215 ± 1 �7 ± 1
1MA 790 ± 4 �13 ± 4 477 ± 5 �6 ± 5

a The errors are obtained by the least squares fitting as the standard
deviation.
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heights to internal rotation of the methyl group in 2MA
and 1MA are summarized in Table 3. The V3 barriers
for the S0 and S1 states are calculated to be 302 and
�215 cm�1, respectively. The V3 barrier of 302 cm�1

for the S0 state is in agreement with the experimental va-
lue of 335 cm�1. The calculated V3 barrier of �215 cm�1

is larger than the experimental value of 69 cm�1, how-
ever the calculated V3 barriers are qualitatively in agree-
ment with the relation jV3(S0) > jV3(S1)j obtained from
experiment.

The potential energy curves for 1MA indicate that no
phase shift occurs upon S1–S0 excitation. Therefore, the
intensity of the transition must be concentrated on the
0–0 transition. The observation of the prominent 0–0
transition is consistent with the calculated potential en-
ergy curves. The calculated V3 barrier heights for the S0
and S1 states are 790 and 477 cm�1, respectively. These
Fig. 5. Calculated potential energy curves for the S0 and S1 states (upper figu
lines are the fitting curves obtained by the least square method. The error-b
barrier heights are substantially higher than the corre-
sponding ones for 2MA.
4. Discussion

We have observed the LIF and DF spectra of 2MA
and 1MA. We obtained the experimental potential en-
ergy curves of the methyl rotation in the S0 and S1 states
for 2MA. No methyl rotational bands have been ob-
served in the LIF and DF spectra of 1MA. This result
is consistent with the theoretical potential energy curves
of the methyl rotation for the S0 and S1 states, where no
phase shift is seen between the two potential energy
curves.

The appearance of the potential energy barrier to
internal rotation in the aromatic molecules such as
substituted toluenes and methylnaphthalenes has been
consistently explained by the p*�r* HC effect [16–20].
According to Nakai and Kawamura, the p*�r* HC ap-
res) and orbital energies (lower figures) of (a) 2MA and (b) 1MA. Solid
ars show the deviation of the DFT calculations from fitting curve.
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pears between an unoccupied p* orbital of the benzene
ring and an unoccupied C–Hr* orbital in the LUMO.
A similar HC effect occurs between an occupied p orbi-
tal and an unoccupied r* orbital of the C–H bond in the
HOMO. This effect is named p�r* HC [18]. These two
HC effects are different from the conventional HC effect,
in which the HC appears between an occupied p orbital
of the benzene ring and an occupied r orbital of the C–
H bond of the methyl group. For example, in 1-methyln-
aphathalene the p*�r* HC causes a slightly bonding
interaction between ortho carbon atom and out-of-plane

hydrogen atoms of the methyl group and dominates
the barrier change by the S1–S0 excitation [18].

We have examined the occurrence of the p*�r* HC
or p*�r* HC effect in the three methylanthracenes by
calculating the HOMOs and LUMOs. The orbital en-
ergy curves of the HOMO and LUMO for the two
methylanthracenes are illustrated in Fig. 5. Fig. 6(a)
and (b) show the energy variations DE in the S1 S0
excitation and the difference in the orbital energy
(eLUMO � eHOMO) for the two anthracenes as a function
of the rotational angle. The energy variations of the
LUMO and HOMO for 2MA and 1MA, correlate well
with those of DE. This means that the HOMO and/or
LUMO contain the main factor for variations of the
rotational energy barriers upon S1 S0 excitation, as
is the case for 1- and 2-methylnaphthalene [18].
Fig. 6. Energy variations DE in the S1 S0 excitation and the
difference in the orbital energy eLUMO � eHOMO for (a) 2MA and (b)
1MA as a function of the rotational angle h. Solid lines are the fitting
curves obtained by the least square method. The error-bars show the
deviation of the DFT calculations from fitting curve.
In 2MA, the V3 barriers in the S0 and S1 states are in
good agreement with the variations of the energies of the
HOMO and LUMO. However, the calculated energies
for the S0 and S1 states of 1MA are considerably larger
than those for the HOMO and LUMO. This may be due
to an additional contribution of a steric repulsion of the
methyl group and the C–H3 hydrogen (Fig. 4).

We have examined the p*�r* HC effect on the shape
of the internal rotational potential energy curves of the
two methylanthracenes. Fig. 7(a) and (b) display the
HOMOs and LUMOs of 2MA and 1MA. The sign of
the coefficient of the wave functions of the r* MO of
the C–H bond of the methyl group and that of the
p*MO or pMO in the anthracene ring is important. In
2MA, the p�r* HC may occur at h = 0� in the HOMO,
while p*�r* HC may appear at h = 60� in the LUMO.
Thus, the energy of the HOMO and LUMO should be
stabilized at h = 0� and h = 60�, respectively.

The HOMOs and LUMOs of 1MA in Fig. 7(b) show
that the p�r* and p*�r* HC may occur at h = 0� in
the HOMO and LUMO, respectively, and the potential
energy may stabilize at h = 0� in the both orbitals. The
Fig. 7. Highest occupied molecular orbital (HOMO) and lowest
unoccupied orbital (LUMA) of (a) 2MA and (b) 1MA at h = 0� and
h = 60�. The dark vs. light shading corresponding to different sign of
the wave functions. The arrows indicate the occurrence of the p–r* or
p*–r* HC effect.
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signs of C–H3 r*MO and C2–C3 p*MO are the same at
h = 60� in the LUMO, however an efficient p*–r* HC
effect will not occur since the overlapping of the
p*MO and r*MO is expected to be small.
5. Conclusions

The internal rotation of the methyl group in 2MA
and 1MA has been investigated with electronic spectros-
copy in the gas phase and theoretical calculations. The
methyl rotational potential curves for the S0 and S1
states of 2MA are determined from the experimental
spectra.

The observation of the strong S1–S0 origin and the
absence of internal rotational bands in the LIF and
DF spectra of 1MA are in agreement with the calculated
potential energy curves of the methyl rotation for the S0
and S1 states, where no phase shift occurs upon S1 S0
excitation. The shape of the calculated potential energy
curves in the S0 and S1 states of 2MA and 1MA are in
agreement with those of the HOMO and LUMO of
the corresponding molecule. The phase of the S0 and
S1 potential energy curves of 2MA and 1MA are consis-
tently explained by considering the p*�r* or p�r* HC
effect, while the contribution of the steric repulsion is
insignificant to determine the internal rotational poten-
tial of 1MA.
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