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Exciton and vibronic effects in the spectroscopy of bianthracene

in supersonic beams
Lutfur R. Khundkar and Ahmed H. Zewail®

Arthur Amos Noyes Laboratory of Chemical Physics,” California Institute of Technology, Pasadena,

California 91125

(Received 1 October 1985; accepted 30 October 1985)

Excitation and dispersed fluorescence spectra of 9,9’-bianthracene in a supersonic expansion are
reported. The spectra are anthracene-like, indicating that the rings are weakly coupled. Exciton
effects are considered in the interpretation of the spectra. The torsional potential in S, is modeled
as a double-well (Gaussian perturbation on a one-dimensional harmonic oscillator) with barriers
to perpendicularity and planarity of ~30 and ~ 1100 cm ™!, respectively. The S, torsional
potential shows negative anharmonicity which is modeled as a quartic perturbation. Anthracenic
modes in S, and S, are also assigned. Finally, measurements of S, fluorescence lifetimes up to
~6000 cm ™~ excess energy in the excited state show no evidence of charge transfer.

I. INTRODUCTION

The anthracene molecule has been the focus of much
work in this laboratory using crossed picosecond lasers and
supersonic beams.” It has served as a model compound for
the study of basic photophysical phenomena—nonradiative
decays, intramolecular vibrational redistribution (IVR),
and the effects of coherent excitation.? The characterization
of these phenomena in substituted anthracenes is a natural
extension and should help augment our understanding of
them. In particular, the role of chain length of monosubsti-
tuted anthracenes in energy randomization has been ad-
dressed® and the manifestation of energy transfer in a bichro-
mophoric molecule 9-[3-(4-N,N dimethylaniline)propyl]
anthracene (ADMA) via the low frequency motions of the
linker has also been detailed.*

Another candidate for study under isolated conditions
is the ““double molecule’ 9-9’ bianthracene (BA). This mol-
ecule may be regarded as either a single molecule or as a
covalently bonded dimer (end to end) of anthracene. Con-
sidered as an entity, BA provides an opportunity for the
study of intramolecular torsional potentials and charge
transfer. It is known from previous work on BA in solutions®
and glasses® that the two anthryl moieties are perpendicular
to each other in the ground state. In nonpolar solvents, its
fluorescence is anthracene-like, implying that the two halves
have little or no interaction. On the other hand, emission
from BA in polar solvents is red shifted and structureless,
and believed to result from relaxation to a charge transfer
(CT) state.” The bathochromic fluorescence is inhibited in
rigid polar glasses, demonstrating the strong correlation of
torsional motion with electron transfer. A study of the tor-
sional motion in the absence of intermolecular forces will be
invaluable in identifying the role of the solvent in the charge
transfer process and the effect of the torsion on IVR in anth-
racene.

In an exciton model, the two anthracene rings may be
considered as nearest neighbors of 2 molecular crystal and

*) Camille and Henry Dreyfus Foundation Teacher-Scholar.
 Contribution No. 7306.
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BA may serve to illustrate excitation resonance interaction
between the transition dipoles of the dimer, and between
electronic and vibrational motions. The S, < S, anthracene
transition is aligned with the in-plane short axis. In BA, the
two dipole moments corresponding to excitation of either
anthracene ring are parallel and lie along the linking bond
(see Fig. 1). The electronic coupling between the dipoles is
invariant with respect to torsion about this bond and as a
result, inferences about the potential energy surface may be
drawn more readily from the spectra.

In this paper we present spectroscopic studies and pico-
second lifetime measurements of bianthracene (9,9'-bian-
thryl) in supersonic jets. We have recorded the S, excitation
spectrum from 374.4 to 345 nm and the dispersed fluores-
cence spectra of selected vibronic levels about the origin.
These results allow us to characterize the low energy region
of both the ground and excited state torsional potentials.
Along this coordinate, S, appears flat bottomed and S, has a

FIG. 1. Axis system and perspective of BA. The x and y axes bisect the
dihedral angles between the planes defined by the anthracene rings. The z
axis is coming out of the paper in the end-on view.

© 1986 American Institute of Physics



L. R. Khundkar and A. H. Zewail: Spectroscopy of bianthracene 1303

well-defined double minimum. The measured fluorescence
lifetimes as a function of the excess vibrational energy in S,
and the model potential together indicate that there is no
charge transfer in the isolated molecule at reasonable ener-
gies.
This article is organized in six subsections. After dis-
cussing the preliminary issues (symmetry, selection rules
notation, and normal modes), we present the excitation
spectrum and analyze the S, torsional mode. The assignment
of other S; modes is followed by a similar analysis of the
ground state. Finally, we discuss the relevance of the life-
times measured to IVR and charge transfer.

Il. EXPERIMENTAL

Excitation spectra were obtained from a pulsed jet appa-
ratus* using a Nd*>~YAG second-harmonic pumped tuna-
ble dye laser (5 ns pulses at 15 Hz) as the optical source. The
dye-laser output was frequency doubled with a KDP crystal
and the phase matching angle continuously optimized by a
microprocessor controlled feedback system during a fre-
quency scan. The sample was heated to ~ 190 °C to attain a
vapor pressure that would give rise to an appreciable signal
from the weaker transitions. Optimum cooling was obtained
with 50 psi He (backing pressure) expanding through a 300
1 aperture. Ambient pressure in the expansion chamber was
on the order of 10~* Torr. The distance from the laser to the
nozzle was maintained at 1.5 cm. The fluorescence signal
was collected with f/1 optics, filtered through cutoff and
bandpass filters, and detected with a photomultiplier tube
(EMI 6256B). A second PMT was used to monitor the laser
intensity. The fluorescence signal was normalized to the la-
ser intensity using a dual channel boxcar averager (EG&G-
PAR 162/164). The boxcar output was digitized by a vol-
tage-to-frequency converter and stored on floppy disks.

Dispersed fluorescence spectra and S, lifetime measure-
ments were done with a continuous-jet system.? Backing
pressures of 40 psi He were used with a nominal 100 u jet
aperture. The chamber pressure was maintained at 10™°
Torr by a 12 in. bore ring-jet booster pump. The sample was
heated to ~200°C. The seeded beam was excited by the
frequency-doubled output of an actively mode-locked Ar*
pumped cavity dumped tunable dye laser. The laser to noz-
zle distance was maintained at 3 mm to ensure collision-free
conditions in the region of interaction. Fluorescence was col-
lected with a £ /1 lens system and focused on the entrance slit
of amicroprocessor controlled £ /6.9, 0.5 m monochromator.
The dispersed fluorescence was detected beyond it with a
fast photomultiplier. The signal was used for single-photon
counting and the data recorded on a PDP 11/23 minicom-
puter. For measuring lifetimes, the slits were opened to their
maximum width (3000 4£) and a 50 A slice (typically cen-
tered at 3950 A ) of the total fluorescence profile was collect-
ed. The dispersed fluorescence spectra were recorded using
narrowed slits (typically 100 g or less).

The dye laser and monochromater wavelength scales
were calibrated against known Ne lines observed in a Fe-Ne
discharge lamp (see Ref. 4 for further details). The vibra-
tional modes observed in the excitation spectra are reported
toan accuracy of ~ 1 cm ™. Assignments from the dispersed

fluorescence spectra are reported to an accuracy of ~5
cm ™. No vacuum corrections have been made. The relative
intensities in the resolved fluorescence spectra have not been
corrected for the spectral response of the PMT.

The fluorescence decay curves were fit to single expon-
entials and the quality of the fits were uniformly excellent as
judged by the reduced y? values.

BA was synthesized by the procedure described by
many authors.® Briefly, 9-10 anthraquinone (Aldrich) was
suspended in glacial acetic acid. A 2:1 mixture of tin and zinc
dust (Matheson) by weight was added to the suspension,
and the mixture heated under strong reflux while concen-
trated HC] was added dropwise. Once the reaction was com-
plete, the mixture was cooled and the crystals separated by
filtration. These were recrystallized first from toluene, and
then from acetic anhydride. Recrystallization from pyridine
gave a second compound which was not easily removed by
subsequent recrystallization from other solvents. Further
purification was achieved by repeated crystallization from
chloroform. The melting point of the final product (pale
yellow) was 312-313 °C (uncalibrated ). The purity was cor-
roborated by GC which indicated >98% pure component.
The mass spectrum showed a parent peak at 354 m/e. An
elemental analysis was also consistent with a molecular for-
mula C,gH ;.

_ lll. RESULTS AND DISCUSSION

A. Preliminaries
1. Symmetries, selection rules, and notation

In the past we have employed the Pariser® axis system
for anthracene? in which z is the anthracene out-of-plane
axis, p is the short in-plane axis, and x is the long in-plane
axis. The two anthracene halves of BA are mutually perpen-
dicular in the ground electronic state, and the anthracene
short axis is a unique C, rotation axis, conventionally desig-

‘nated z. The two other rotation axes for BA bisect the angle

between the planes of each ring (Fig. 1). The correlation
between the two molecular symmetry groups'® must take
into account local perturbations (site symmetry)!! and is
detailed in Table I. We shall use our previous notation for
anthracene and D,, symmetry representations for BA, with
due attention to the different axis systems. In anthracene,

TABLE I. Correlation table for electronic states. D, (P) is for D,, in Par-
iser notation where the short in-plane axis is the y axis. D,, (M) isfor D,,, in
Mulliken notation where that axis is the z axis. In both C,, and D,,, the
unique (z) rotation axis contains the 9,9'C-C bond.

Dy. (P) Dzh (M) b C, « Dy,
A, A, - A, — A,B,
By, B, — B, «— E
B,, B,, — A, «— A,,B,
By, B, — B, «— E
A, A, — A, — A,,B,
B, B,, — B, «— E
B, B,, - 4, e A4,,B,
B, B, — B, - E

J. Chein. Phys., Vol. 84, No. 3, 1 Fabruary 1986
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TABLE II. Correlation table for the mixing of anthracene modes in BA.
D,, (P) and D,, (M) have the same definitions as in Table L.

D, (Py D,M) G, Dy, D,
a, a, a, (in-phase) a, a
by, by, (out-of-phase) b, b,
a, a, a, (in-phase) b, a
by, by, (out-of-phase) a, b,
by, by, b, (in-phase) e b,
by, by, (out-of-phase) e b,
by, by, b, (in-phase) e b,
by, b,,, (out-of-phase) e b,

the transition dipole moment for S, < S, lies along the y axis
and corresponds to the 'B ;, < 'A [~ (7#*) transition.>® In
BA, the !B ;; state for each anthryl moiety splits into B, and
A, components (D,; ), the latter of which is optically disal-
lowed from S, (vide infra).

Assuming that in its equilibrium geometry the two anth-
racenic halves of BA have the '4 ¢ geometry of anthracene,
the inertia tensor can be easily diagonalized. The algebra
may be avoided by invoking symmetry arguments. In either
D, or D,, the three mutually perpendicular C, rotation axes
are the three principle axes of the molecule (Fig. 1). For any
dihedral angle 26 the three principle moments of inertia'? as
functions of the twist angle are

o) I, = 6.51X 10(542 + 22.6 cos 6 + 471 cos? §),
Ip) I, =6.51X 10~%(542 + 22.6 sin & + 471 sin 9),
(I,) I, =3.64 X107 erg s°.

In the perpendicular configuration (6 = 45°), BA is an acci-
dental symmetric (prolate) top with rotational constants
A=231and B=C=163 MHz.

2. Anthracenic modes

We separate the treatment of normal modes into those
derived from motions of the rings (anthracenic) and may
therefore be correlated with anthracene normal modes and
those resulting from the relative motion of the two ring sys-

X 38

TABLE III. The symmetry representations of the internal modes of BA in
different point groups. For simplicity, we first describe the motions in D,,
(planar BA) and then correlate them to D, and D,,.

Du Dz). (M) Dzh(P) Dz
C-Cstretch a, a, a, a
Torsion b, a, a, a
Sym. bend* e b,, b,, b,
Asym. bend* e by, by, b,
Sym. rock® e by, b, b,
Asym. rock® e b, by, b,
* In-plane.
®Out-of-plane.

tems. The two sets of anthracenic vibrations in BA will mix
to form pairs of in-phase and out-of-phase vibrations. The
symmetry representations may be derived from consider-
ations of the corresponding motions in the site symmetry
group (C,, ) and are listed in Table II. For instance, a, vibra-
tions (a, in C,,) are split into a, and b, modes (D,,;). The
amount of splitting depends on the interaction between the
rings and may be different for each mode. Even for the an-
thracene a, modes, this splitting may not be directly observ-
able in electronic excitation since the b, component is opti-
cally inactive. We suggest that the splitting is relatively small
on account of the very similar frequencies observed for these
modes in BA and anthracene. Results in solution studies
indicate that the two rings interact only weakly. A small
splitting is also consistent with results for biphenyl'> where
the phenyl rings are planar.

Distortions from D,, symmetry have been calculated®®
for BA in the excited state. The symmetry species of the
anthracenic modes D, show that the in-phase combinations
of anthracene @, modes become allowed in this geometry,
and we may expect weak bands corresponding to them in the
spectra of BA.

3. Internal modes

The 9,9' C-Cbond in BA gives rise to six vibrations that
are unique to the molecule. The origin of these motions lies

ok “ L

P

———
345 349 353 357

— T AT e T
361 365 365 367.5 370

WAVELENGTH (NM)

R
372.5 375

FIG. 2. The excitation spectrum of BA from 3744 to 3450 A (see the text for details). Note the break in the energy axis and the change in the intensity
scale. The sharp feature at 3610.7 A is the origin transition of anthracene present as impurity.
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in the degrees of freedom that are restricted by this bond. A
description of their motion along with the symmetries for
different BA geometries is presented in Table III. The g, C~
C stretching mode is likely to have a frequency comparable
to anthracene ring motions ( 2 1000 cm™~!) and may not be
readily identified. ,

In the twisted geometry, the torsional mode transforms
toa (D,) and becomes symmetry allowed. To emphasize the
nature of this mode which exhibits long progressions in all
spectra, we label it 7.

The notation for the assignment of bands is the same as
we have used for anthracene.? The labels J K ... indicate
transitions between combinations of vibronic modes J,X,...
with m,m’... quanta in the excited state and »,n'... quanta in
the ground state. We do not assign labels to the modes of BA
(except the torsion), but identify them with the correspond-
ing anthracene mode where possible.

B. Spectroscopy of the excited state surface of BA

The excitation spectrum of BA (374.5-345 nm) is pre-
sented in Fig. 2 and the assignments of the bands are listed in
Table IV. The 03 transition is assigned to the weak band at
3733.5 A (26 785 cm™!). This is in good agreement with the
origin transitions of other mono-substituted anthracenes**
(9-methyl- at 3710.2, 9-hexyl- at 3730.3 and ADMA at
3747.7 A). The band positions are characteristic of anthra-
cene, but the oscillator strength in this molecule appears to
be mostly in the origin region.

1. Exciton states

The first order electronic interaction in BA may be de-
scribed using the exciton model of molecular crystals.!!
With one resonant photon excitation to share between the
two anthracene rings, the zero-order levels shift (site or sol-
vent shift), and split (exciton or Davydov splitting) into
states whose symmetries may be predicted from their repre-
sentations in the site symmetry group. The exciton splitting
of BA states corresponding to the 'B ;. (D,,) state of an-
thracene may be estimated using the point dipole model. '
Since the two dipoles are parallel in this case, the interaction
Vissimply ¥ = — (2M?/R 3), where M is the magnitude of
the transition moment of the monomer, and R is the distance
between the centers of charge. In this very simple (and per-
haps naive) approximation, the dimer (BA) exciton split-
ting is ~2200 cm™~"."® The two states correlate to a B, and
an A, state, the latter being forbidden in one-photon optical
transitions and higher in energy on account of the sign of the
interaction. As only one of the exciton states is allowed, the
excitation spectrum will be dominated by progressions in the
torsional mode and BA modes corresponding to the in-phase
combinations of the totally symmetric modes of anthracene
in a single electronic manifold. .

The origin of BA is 910 cm ™! to the red of the 03 transi-
tion in anthracene. This shift has three components: the ef-
fect of chemical substitution, the solvent shift, and the exci-
ton splitting. The relative importance of these terms cannot
be quantified in this study since we do not observe the 4,
exciton state. On this account, the comparison with the sub-

TABLE IV. Bands observed in the excitation spectrum of BA. The relative
frequencies are in cm ' and the reported intensities are normalized to the
strongest transition.

Relative Relative Anthracene
frequency intensity Assignment modes
26 785 82 o0
15.5 524 7
24.3 55 He complex*
27.8 100 75
39.5 53.9 75
55.8 6.8 ™
74.0 0.8 e
98.7 03 27°
156.1 3.8
171.7 14
172.8 0.8
184.2 0.4
330.5 1.4 3154+ 72
3423 33 315474
354.0 1.2 315+ 75
394.3 1.0 394 385(12))
4102 55 394 + 72
422.2 12.5 394 + 74
433.8 5.3 394 + 75
449 0.8 394 + 72
524.3 1.1
526.9 1.4 ?
529.8 2.5 ?
538.9 1.5 ?
543.6 1.4 ?
7222 0.3
734.3 0.4 755(101)?
752.5 0.3
756.5 0.2
786.2 0.2 786 =2x%394 766(123)
802 0.3 786 + 72
814.4 0.8 786 + 4
823.7 0.6
825.6 04 786 + 75
855.6 0.2
870.5 0.3
873 0.3
876 0.3 860 + 727
883 04
888 0.6 860 + 747
927 0.3 ?
1161 04 1158 + 1147727 1168(7/8%)
1176 1.1 115872 + 114774 1184(7})
1187 1.6 115873 + 114775
1200 0.5 115875 + 11477
1280 03 1277?
1291 0.4
1296 0.7 1277 + 47
1300?
1319 0.6
1326 09 1300 + 737
1328 0.9
1336 0.9
1351 0.6 1352 + 13627
1362 0.6
1381 1.3 1360 + 72 1380(65)
1391 1.4 1360 + 74
1397 1.4 1369 + 74
1430 . 1.3 1430 + 1414727 1420(5))
1448 2.1 143072 + 141474 1420(5))
1450 20
1459 2.7 1430 4 74

J. Chem. Phys., Vol. 84, No. 3, i February 1986
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TABLE IV. (continued)

Relative Relative Anthracene
frequency intensity Assignment modes
1468 1.8 1430 + 75
- 1504 1501(4})
1532 1.0 1504 + 74
1 605 0.8
1729 0.5 1300 + 394747
1786 0.5 1350 + 394742
1853 0.8 1430 + 39474 1801(5112})

" We tentatively assign this band as a He complex (see the text).
®? indicates the assignment is tentative. Spectral congestion and/or low in-
tensities make a conclusive assignment impossible.

stituted anthracenes may be misleading. If we were to corre-
late the trend in bathochromicity with the size of the sub-
stituent, we would expect the origin of BA to lie between
3730 and 3748 A.

2. Assignment of the torsional mode in S,

The recorded excitation spectrum (26 680-26 800
cm™') shown in Fig. 3(a) shows a remarkable symmetry in
the band spacings and intensity profile. This region was ex-

EXPERIMENTAL

LR B B e B S e S LN S B ML L B L B S BLRLS ML AL AL |

SIMULATION

f;t

-60 -40 -20 0] 20 40 60 80 100
WAVENUMBERS

FIG. 3. A comparison between the observed excitation spectrum in the ori-
gin region and the spectrum predicted by the model potential. The top curve
is the experimental spectrum. The simulated curve (bottom) assumes Lor-
entzian line shapes (FWHM ~ 1.0 cm ™', chosen arbitrarily). The peaks
are proportional to the calculated FC factors for transitions from the v* = 0
level.

amined under different excitation conditions, varying pres-
sure and carrier gases to exclude hot bands and complex
bands. Using N,, Ne, or Ar in the expansions, we have ob-
served the presence of clusters at pressures large enough to
guarantee satisfactory cooling. The optimum choice was He
in agreement with results for ADMA .* The five most promi-
nent bands appear in all recorded spectra and are assigned to
excitation from a vibrationless BA molecule. We therefore
assign the first weak band that can be positively identified
with a “cold” transition as the 03 of BA (see later discus-
sion).

The most striking aspect of this spectrum is the symme-
try in the band spacing and intensity profile. The difference
in energy between consecutive bands exhibits a well-defined
minimum as a function of vibrational energy. Such behavior
is characteristic of linear-bent transitions'® and implies the
existence of a double minimum in the excited state potential
energy surface. The height of the local maximum which sep-
arates the two minima generally corresponds to the smallest
value of the energy difference between consecutive even (or
odd) vibrational states.'® With the assignment of the 0§ as
given above, this height must be ~ 30 cm ™. It is important
to note that the proper selection ruleis Av = + 2n wherenis
zero or a positive integer. This is a consequence of the fact
that the parity operator for reflection in the torsional coordi-
nate about the ground-state equilibrium position is the par-
ity operator for the excited state potential as well. Thus only
wave functions having the same eigenvalue (i.e., + 1 or

—~ 1) can have nonvanishing FC overlap.'” With this in
mind, the assignments of the observed bands are made as in
Table IV.

The torsional Hamiltonian for BA may be written as’®!?

h 2 a 2
arl, da?
where « is the torsional angle and 7, is the moment of inertia
of one anthryl moiety about the axis of rotation (C, ). For
small amplitude oscillations or a high barrier (¥,), the po-
tential term is approximately a harmonic oscillator. Adding
a Gaussian perturbation onto this to represent a double-min-
imum potential,?® we write the reduced Hamiltonian as

2 172 2
Ho(§) = —( Vo ) g —(§2+Ae-"f’)],

Hp(a) = —

arr,) L ae?
where
44T2V M 174
E= __hzi[_} .a

is the standard mass-weighted coordinate. The energy levels
and wave functions of this Hamiltonian can be obtained nu-
merically by first converting the differential operator into a
tridiagonal band matrix and then finding its eigenvalues and
eigenvectors.?! The results of this numerical procedure were
used to predict the band spacings. A linear least squares fit
between the experimental intervals and these predictions
yields a slope which is the fundamental frequency and a sta-
tistic y%, the sum of deviations squared. 4 and B were varied
independently to generate a local map of the distribution of
X2(4,B). A contour map of this distribution was used to
choose a pair of values (4 *,B *) that minimized y°. The exci-

J. Chem. Phiys., Voi. 84, No. 3, 1 February 1666
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TABLE V. A comparison of observed and predicted excitation bands near
the origin. The calculated bands considers transitions involving up to three
quanta in the ground state torsional mode only.

Observed bands Predicted transitions
(em™!) (cm™!) " Assignment
—29.0 —29.1 2
— 234 .
~202
— 182
—139 —142 7!
— 47
00 00 2
20 20 7
11.0 10.6 ~
155 15.8 2
17.1 7
24.3 He complex®
26.7 )
278 21.9 e
32.8 330 I
39.5 39.7 e
459 45 7
50.3 50.5 '
55.8 55.8 7
74.0 74.1 70

“These values were used to choose the S, potential.
®See Table IV.

tation bands predicted using this best-fit potential are com-
pared to the experimental results in Table V. The potential is
shown in Fig. 4. Assuming the ground-state potential de-
scribed below, we obtain FC factors for the torsional pro-
gression in S, by numerical integration of the product of the
generated wave functions. The excellent agreement between
predicted and observed intensities (Fig. 3) for these bands
lends strong support to the assignment of this progression.

The potential parameters allow one to calculate the S,
equilibrium torsional angle as 78°, and the small barrier to
perpendicularity as 38 cm .22 The fundamental frequency
of 12.3 cm ™! corresponds to a barrier to planarity of 1100
cm ™! in the excited state. This barrier to planarity is lower
than what may be intuitive. Severe repulsive forces will be
encountered in forcing the 1,8 and 1',8' H atoms into the
same region of space. The core repulsion will be accommo-
dated by distortions of the molecular framework which may
account for such a low value.

The observation of a small barrier at @ = 90° is consis-
tent with PPP? and force-field calculations.” Our value for
the equilibrium torsional displacement is in excellent agree-
ment with their calculated values of 78° and ~ 70", respec-
tively. The origin of this barrier may be traced to configura-
tion interaction between the exciton states and the
energetically higher charge-resonance states. In more phys-
ical terms, the barrier to perpendicularity is a manifestation
of the balance between charge-resonance (CR) interactions
and nonbonded repulsions. As the two parts twist toward a
planar geometry, the overlap of 7 orbitals increases and the
CR increases, leading to a lowering of the electronic energy.
The same motion brings the four H atoms closer together
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and the steric repulsion destabilizes the state.

The common model for a torsional potential is a trun-
cated sum of cosines with periodicities dictated by the sym-
metry of the problem. The double-well potential may also be
modeled as'®?

Viorsion = Y, Vn(1—cos NO).
N=24

Other approaches to this problem in the context of inversion
or quasilinear transitions have used Gaussian barriers or
higher order polynomials. We have chosen to use a Gaussian
perturbation because this allows us to vary the curvature of
the potential in the region of interest (i.e., where the ob-
served bands are) without increasing the number of param-
eters in the fit.

Another more insidious problem involves the assign-
ment of the 0 transition. Suppose the assigned transition is
in reality the 72" one (the others will be 72" *+?", etc.). The
trend in the intensity distribution indicates that the 72" 2
band may be too weak to be observed. There are a few weak
transitions to the red of 3733.5 A, but none can be clearly
identified as being derived from the vibrationless level in S,.
Under slightly warmer excitation conditions, this region of
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the spectrum is swamped by transitions from vibrationally
excited BA, but the possibility of there being other cold tran-
sitions obscured by these bands cannot be ruled out. We have
also carried out similar calculations assuming that the first
line in our spectrum was the 7§ transition. The potential
obtained in this case reproduces the excitation spectrum
equally well. The barrier at 90° is 76 cm —*, and the equilibri-
um torsional angle is 75°. The new fundamental frequency is
14.3 cm ™, corresponding to a barrier to planarity of 1400
cm™,

Yamasaki et al. have very recently communicated their
preliminary results from a similar spectroscopic study of
BA.?* A comparison of our spectra with theirs shows our
expansion conditions afford significantly better vibrational
cooling; many of the weak features in their spectra are due to
hot bands. The differences between the model potentials can
be explained by the choice of the true 03 transition. Yama-
saki et al. estimate a value of 26 686 cm ™! and we assign an
experimentally observed band as the origin, with some quali-
fication. The intensity profile about the origin suggests that
the direct observation of the S origin will be next to impossi-
ble if 26 686 cm ! is the true 0.

3. Assignment of other S, modes

We attempt to assign observed bands in the excitation
spectrum by comparison with published spectra of anthra-
cenes.>? Figure 2 shows very few bands with significant in-
tensity. The two sets of bands at 315 and 394 cm—! show
intensity and interval patterns identical to the origin region.
The assignment of these bands are therefore readily made.
The first overtone of the 394 cm ' fundamental is observed
at 786 cm ™! and the relative intensities follow a regular FC
pattern.

Above 1100 cm ™! the spectrum shows evidence of con-
gestion. None of the discernible bands exhibit the 00 pat-
tern, but appear to be two or more such patterns overlapped.
Assuming that the vibrational substructure of these bands
do in fact follow the intensity distribution seen near the ori-
gin, the peak of each of them should be assigned as a combi-
nation of some transition and 73. Using this argument, we
identify most of the fundamentals in BA that correspond to
a, fundamentals in anthracene S;.

4. Comparison with other systems

The free-jet spectroscopy of a similar bonded dimer
1,1'binaphthyl (BN) has been reported by Jonkman and
Wiersma.”® The S, ('L, ) state in naphthalene is long axis
polarized. The site symmetry group of the dimer C, and both
exciton states are observed. In BN, torsion about the 1,1’
bond results in a change in the excitation exchange interac-
tion, which has been measured as ~ 60 cm ™. Vibronic mix-
ing between S, and the more strongly allowed S, (L, ) states
is thought to induce intensity in the exciton states.

The spectroscopy of BA is simpler. The exciton interac-
tion is independent of torsion and there are no low-lying
states with large oscillator strength to participate in vibronic
mixing.> We cannot identify the origin of the forbidden exci-
ton state, but we are able to assign the anthracene-like spec-

tra assuming only one optically active exciton state.

Low frequency fundamentals showing long progres-
sions in optical transitions have been observed in the spectra
of aryl substituted aromatics such as ADMA,* BN%, bi-
phenyl,?® and 9-phenylanthracene.?® In all cases except the
first, the progression has been attributed to transitions
between single-well and double-minimum potentials along
the torsional coordinate in different surfaces. This is quite
similar to the analysis presented here.
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FIG. 5. Fluorescence spectra obtained after excitation to different bands of
the torsional progression. The monochromator resolution was ~10cm™".
The alternating intensity is due to changing FC factors.
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C. Spectroscopy of the ground state surface

The dispersed fluorescence spectra obtained on excita-
tion to the various bands in the origin region are shown in
Fig. 5 and bands with significant intensity are listed in Table
VI with their tentative assignments. Prominent features in
these spectra are (1) a long progression in the torsional
mode, (2) bands closely corresponding to anthracene S, vi-
brations observed in 03 fluorescence in anthracene, and (3)
progressions of combinations of the torsional mode with the
anthracenic fundamentals.

1. Assignment of the S, torsional mode

The progression of bands in the fluorescence spectrum
shows negative anharmonicity, implying that the S, poten-
tial is flat-bottomed with steep sides. This is consistent with
calculated potentials. Symmetry arguments preclude all odd
powers of £ in the potential. In a first approximation, the
problem may be treated as a quartic perturbation on a har-

TABLE VI. Assignment of the dispersed fluorescence spectra of various
torsional levels in S,. The intensities are normalized to the strongest tradi-
tion in each spectrum.

Relative intensities
Relative
energy © 1 # £ Assignment Anthracene
0 100 100 87 100 To
29 93 100 74 T,
61 20 81 T4
90 38 4 Ts
122 10 44 s
157 14 3 28 10
195 24 4 33
231 7 17 17 ? 2327
272 15 14 20
305 20 5 7 16
345 9 5 17 10
400 14 16 { 400)% + 74 390(129)
428 28 18 20 ( 400)S +7,
463 7 12 15 (4000 +7,
505 15 17
552 12 21
594 18 3 71 18
636 20 5 12 7 624(119)?
682 20 7 18 13
725 15 5 19 18
770 10 14 19 753(109)?
810 10 10 17
863 37 10
1172 14 11 (1170)} + 7, 1165( 8})
1210 10 13 (11708 + 1,
1265 15 16 14 (1265)% + 74 1263( 79)
1204 18 15 (1265)% + 1,
1378 19 12 16 (1378)) + 7, 1403( 6°)
1411 17 13 (1318)% + 7,
1435 24 18 18 13 (14350 + 7, 1486( 5%)
1461 23 23 22 (14350 + 1,
1495 5 16 (1435)% + 7,
1574 21 12 15 (1574)% + 7, 1566( 49)
1603 20 19 19 (1574 + 7,
1631 6 15 (1574) + 76
1661 15 16 (1574)% + 7,

monic oscillator. The first order correction to the energies
gives us an expression®’

2
E, =hv(n+5)+;ﬁ(—h-) S rn+1)
mvy

for the energy identified with the quantum number of the
unperturbed problem. A Birge-Sponer fit gives a value of
0.21 cm ! for the anharmonic correction and 13.5 cm~? for
the fundamental frequency. The potential energy as a func-
tion of the twist angle is shown in Fig. 4. The assignment of
the torsional progression is based on the Av = + 2n selec-
tion rule described earlier.

We have calculated FC factors for each of the fluores-
cence spectra shown in Fig. 5 using the S; wave functions
obtained previously. The intensity distributions are predict-
ed quite well, especially below 100 cm~!. As a consistency
check for our model, we have simulated excitation spectra
for different temperatures. Comparison with spectra ob-
tained under warm expansions (Fig. 6 and Table V) shows
that our model can explain these adequately.
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FIG. 6. Experimental vs simulated excitation spectra in warm expansions.
A vibrational temperature of 12 K was assumed for the simulation. The
experimental spectrum was obtained with He as carrier gas and 10 psi back-
ing pressure. The weak band at 24 cm ~! above the assigned 03 is not present
in the simulations. This feature is pressure dependent and has been assigned
as a complex band.
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5. Assignment of other S, modes

Since the 7§ is the strongest line in the excitation spec-
trum, we expect it to show fluorescence very similar to a
typically 0° spectrum. In particular, # = O will have the lar-
gest overlap for transitions from 7* to combinations of the
typea,,, (ais any normal mode) and the torsional progres-
sion will be the shortest. We have used this criteria and the
known values of S, monomer vibrations? to assign BA fun-
damentals. Subsequently, the assignments of the other spec-
tra were made by assuming that the combinations observed
involve the same 7, as seen in the progression of the pure
torsion.

The 400, 1170, 1265, and 1574 cm ™~ ! modes are assigned
with confidence. The bands at 1378 and 1435 cm ™" are as-
signed by correspondence with S, modes. The differences in
frequencies of these modes in .S, and S, are smaller than in
anthracene.The mode corresponding to v,, in anthracene
appears to be strongly mixed with the higher torsional quan-
ta of v,,. This is indicated by the change in the torsional band
spacings from ~ 30 cm ™! near the origin to ~45cm™'in the
set (594, 636, 682, 725, 770, and 810). The intensity profile
across this set changes in a regular manner as the quantum
number of the initially excited state changes from 2 through
8.

D. SVL fluorescence lifetimes, IVR, and charge transfer

The fluorescence decay rates following single vibronic
level (SVL) excitation in BA have been recorded and the
data plotted in Fig. 7. Two basic types of behavior have been
identified. At low energy, the rates increase with energy,
although this dependence is irregular for certain modes, par-
ticularly within the low frequency progression about the 0J.
At higher energies, the rates become nearly constant with
vibrational energy (saturation effect) and do not exhibit

L. R. Khundkar and A. H. Zewail: Spectroscopy of bianthracene

mode selectivity. The saturation lifetime is about 7 ns and
occurs at a threshold energy of about 300 cm ™.

In an earlier paper,® we investigated this saturation be-
havior in a series of anthracene derivatives, arriving at the
following set of data for the saturation lifetime and threshold
energy; anthracene (6 ns, 1800 cm '), 9-methylanthracene
(9 ns, 1000 cm™!), 9-hexylanthracene (10 ns, 400 cm™')
and ADMA (10 ns, 400 cm ™). The saturation effect in the
fluorescence lifetimes is indicative of a nonradiative decay
channel with a small electronic energy gap.2?® In anthracene
and its derivatives, this presumably involves intersystem
crossing (ISC) from S, to near lying triplet levels. As dis-
cussed elsewhere, the threshold energy for rate saturation
correlates with increased IVR.

Charge transfer in an isolated molecule is manifested by
broadened, red-shifted fluorescence and can be monitored
by time-resolved measurements of resonance or CT fluores-
cence. The formation of a stable charge-transfer complex
will be observable as a new channel for nonradiative decay.*
The rates vs excess energy show no evidence of such a chan-
nel up to ~6000 cm™! in §,. This indicates that CT is in-
duced by solvent interactions as suggested by Rettig and
Zander.” This is not surprising since direct orbital overlap is
small in BA and the symmetry of the molecule dictates that
the driving force is small.

IV. CONCLUSIONS

Our beam results and analysis show that the S, torsional
potential has a barrier to perpendicularity of ~38 cm™".
The torsional frequency is 12.3 cm ™! and the equilibrium
torsional angle is 78°. This is a minimum value of the twist
from the perpendicular geometry. With a different choice of
the assignment of the 03, the barrier at 8 = 90° and the fun-
damental frequency will increase and the equilibrium geom-
etry will deviate more from the perpendicular. The ground
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9 8.12- § FIG. 7. Fluorescence rates as a func-
.é L tion of excess energy in S,. The satura-
4 tion effect resembles the trend in an-
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z 1 & The lack of any new channels of rapid
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state potential along this coordinate has a flattened bottom
and exhibits negative anharmonicity (0.21 cm™!) but no
barrier at 90°. Thus the ground state equilibrium geometry is
perpendicular. The torsional frequency is 13.5 cm ™%, corre-
sponding to a barrier to planarity of ~1500 cm™".

We have identified most of the a, modes of anthracene
in the S, and S; manifolds of BA. There is a close resem-
blance of the results shown here to anthracene excitation and
fluorescence spectra and this behavior is indicative of small
interaction between the two anthracene rings. Experimental
results from similar studies in nonpolar environments have
indicated the same conclusion.

No charge transfer fluorescence emission is observed in
the isolated molecule independent of the excess energy in S,
unlike the results in ADMA. This is taken to verify that
charge transfer can occur only with solvent stabilization.
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