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The electron-impact energy loss spectrum of 1,3,5,7-cyclooctatetraene has been measured at electron
impact energies of 30, 50, and 75 eV, and scattering angles varying from 5° to 80°. Three transitions
with maxima at 3.05, 4.05, and 4.84 eV are identified as singlet — triplet excitations. The significance of
the lowest lying of these triplet states in the quenching process of dye laser solutions (in particular
rhodamine 6G) is discussed and an exciplex mechanism for triplet quenching is suggested. Singlet—singlet
transitions are observed at 4.43, 6.02, and 6.42 eV. These spin-allowed transitions have been observed
optically and are assigned as X 'd, —'4,, X '4,—'E, and X '4,—'E excitations. Three new, singlet —
singlet transitions are observed at 6.99, 8.41, and 9.05 eV and are tentatively assigned as the X '4,—'B,,

X'4,—'E, and X 'd, —'E, m—w* excitations. Several superexcited features between 10 and 15 eV have

been observed and are believed to involve excitations to autoionizing Rydberg states.

. INTRODUCTION

The 1, 3, 5, 7T-cyclooctatetraene (COT) molecule is an
example of a nonaromatic,1 cyclic, conjugated carbon~
carbon double bond system. The ground electronic
state, which has been studied by electron diffraction
techniques,?® was found to be nonplanar and “tub”
shaped. COT exhibits D,; symmetry which may be seen
from the following structure,?

where the C=C, C-C, and C-H bond lengths are 1. 340,
1.475, and 1.100 A, respectively, the C=C-C angle is
126.1°, the H-C=C angle is 117.6°, and « is 43.1°.

Due to its nonplanar structure COT is an interesting
molecule regarding o—y interactions, through-bond in-
teractions, and through-space interactions.*=" COT is
also an efficient triplet quencher for several dye laser
solutions®!% (e.g., rhodamine 6G and brilliant sulfafla-
vine). Moderate concentrations of this molecule (~1
x10-*M/liter) in ethanol not only increase pulse length
but increase the maximum pulse repetition rate of those
lasers and also permit cw operation of some of them.
One of the aims of the present investigation has been to
obtain high-quality electronic band shapes and accurate
locations of the intensity maxima for the low-lying sin-
glet - triplet transitions of COT by low-energy, vari-
able-angle, electron-impact spectroscopy. This infor-
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mation should aid in the understanding of the effect of
COT as a triplet quencher. A previous trapped electron
study'® has indicated the presence of several triplet ex-
cited states in the region from 3 to 4.5 eV and it was
further hoped that our experiments would provide more
detailed information and a better understanding of this
energy-loss region.

1. SUMMARY OF PREVIOUS STUDIES

COT has 56 electrons which, in the ground state, oc-
cupy the following set of 28 molecular orbitals*: five a,
two a,, three b;, four b,, and seven doubly degenerate
e orbitals. The ordering of the higher occupied molecu-
lar orbitals, from which low-lying excitations are ex-
pected is somewhat uncertain. Van-Catledge," using the
semiempirical INDO formalism, places the highest or-
bital of each symmetry, with increasing energy, in the
order, 4by(n), 3b,(c), 7e(n), and 5a;(r). Batich ef ql.*
have performed semiempirical MINDOQ/2 calculations
yielding a similar ordering. However, they feel that
the 35, orbital has an erroneously high energy and sup-
port this opinion by referring to the ab initio results of
Lehn and Wipf. The latter found, using several differ-
ent Gaussian-type orbital basis sets that the 35, orbital
has a lower energy yielding the ordering 3b;(c), 4bs(n),
Te(n), and 5a,(7). Electronic transitions are expected
to occur from these higher occupied orbitals to the fol-
lowing lower vacant molecular orbitals™: 3a,(n), 8e(r),
4b,(n), and 5b,(c). Table I summarizes the theoretical
results for transition energies. They are all semiem-
pirical, as no ab initio values have been published so
far. Unfortunately most calculations only consider sin-
glet —~ singlet transitions; results for singlet - triplet
excitations are limited. !

The optical absorption spectrum of COT 8 shows a
broad weak band extending from 4.00 to 4.77 eV with a
maximum at 4.39 eV assigned to be the X!4,~'4, ex-
citations.!® In addition, an intense band at 6.42 eV (the
upper transition energy limit of the experimental study)
is assigned as §!4,~'E, with another X!4,~!E excita-
tion producing a pronounced inflection at 6.05 eV. Cope
and Overberger!® also observed a weak transition at
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TABLE I, Summary of semiempirical theoretical calculations of transition energies.

Electronic Contributing zizi'l::::gf Calculated Energies (eV)

state configurations? ization Van-Catledge®  Allinger?® Allinger® Knoop!  Baird®
Not designated S§¢—T, 3.41 1.37
Not designated §¢—T, 3.78

Not designated Sy—T, 4.21

A, 5ay — 3a, F 4.08 3.76 5.48 4.92

g 5a; — 8e, Te — 3a, Alx,y) 5.88 5.56 6.71 6.60

!B, 3by — 3a, A(z) 6.00

B, 4by—3ay, 5ay—~4by F 6.26

) 5a, —8e, Te —3ay Alx,y) 6.34 6.63 7.76 6.78

14, 7e ~8e F 6.72

'B, 5a; —~4by, 4by;—~3a; F 7.07

A, 7e ~8e, 3b;— 5b, F 7.13

) 4b, —~8e, Te —4b, Alx,y) 7.43

g 4b, —~8e, Te —4b, Alx,y) 7.51

g, Te ~8e, 3b;— 3a, A(z) 7.67

3Singlet state contributing configurations are from Ref. 7 and represent excitation of a single electron from the first

orbital to the second orbital.

P4 stands for allowed and F for forbidden. The symbols x, ¥, in parentheses after the A indicate the polarization
of the corresponding transition. The O; axis is the C, symmetry axis of the COT molecule perpendicular to the
plane of four of its carbon atoms, and the other two axes are in the two molecular symmetry planes and are perpen-

dicular to O5.
“Reference 7.
%Reference 6.
®Reference 5.
fReference 13.

fReference 14 provides So— Ty energy for COT in planar configuration. This energy has been increased by the in-

version energy of the COT ring (0.18 eV) from Ref. 6.

5.06 eV, which wasn’t, however, detected in subsequent
optical studies.®® The trapped electron spectrum,*
which measures a quantity proportional to the integral
of the scattering cross section over a narrow energy
band above the threshold energy, shows a broad peak
from approximately 2.7 to 5.8 eV with several smaller
peaks superimposed upon it. Several stronger transi-
tions are observed between 5.8 and 10 eV. The features
observed between 3.4 and 4.2 eV were assigned in that
study to singlet —~ triplet transitions.

Ili. EXPERIMENTAL

The apparatus used in this study has previously been
described in detail.!™!® The low-energy, variable-an-
gle, electron-impact spectrometer consists basically of
an electron gun which injects a collimated beam of ther-
mionically emitted electrons into a hemispherical elec-
trostatic energy monochromator with a mean radius of
2.54 cm. The energy-selected electron beam scatters
off the target gas contained in a flexible bellows scat-
tering chamber, and the scattered electrons are energy-
analyzed by a second analyzer identical to the mono-
chromator. A Spiraltron (continuous dynode) electron
multiplier serves as the detector, and the output pulses
are amplified, shaped, and stored in a 1024-channel
multichannel scaler. In a typical experiment, the inci-

dent electron energy and scattering angle are both fixed,
and the energy-loss spectrum is scanned repeatedly,
usually for a period of 4-8 h. The energy-loss spec-
trum thus obtained is analogous to an optical absorption
spectrum, except that optically forbidden processes are
much more readily detected.'™® For each impact en-
ergy, the scattering angle is then changed and the pro-
cedure repeated.

The method of low -energy, variable-angle, electron-
impact spectroscopy has been used successfully to in-
vestigate spin-forbidden and other electric dipole-for-
bidden transitions in molecules.'""'® Information about
the nature of the excited electronic states observed in
an electron-impact spectrum can be obtained by studying
the dependence of the scattering intensity of each transi-
tion on impact energy and angle.'"'® Transitions which
in optical spectroscopy are both electric dipole and spin-
allowed, have, at impact energies of 15 eV or more
above threshold, electron impact differential cross sec-
tions (DCS’s) which are forward peaked, decreasing by
approximately 2 orders of magnitude as the scattering
angle varies from 10° to 80°.'7'!® In contrast, transi-
tions involving changes in the molecular spin quantum
number of unity, such as singlet - triplet excitations,
have a more isotropic DCS (varying by less than about
a factor of 3) over the angular range 10° to 80°, Such
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transitions occur by the mechanism of electron ex-
change.?® Spin-allowed but electric-dipole forbidden
processes are forward peaked, but often not as much

as fully allowed transitions.!”~!%?! Finally, for impact
energies about 15 eV or more above threshold, optically
forbidden processes, and in particular spin-forbidden
ones, become more intense with respect to optically al-
lowed ones as the impact energy is lowered.

In the present experiments, the electron energy-loss
spectrum of COT vapor was studied at impact energies,
E,, of 30, 50, and 75 eV at scattering angles, 6, from
5° to 80°. Sample pressures in the scattering chamber
ranged from 2 to 4 mTorr, as indicated by an uncali-
brated Schulz-Phelps ionization gauge, while the elec-
tron beam current incident into the scattering chamber
was approximately 60 nA. The energy resolution, as
measured by the full width at half-maximum (FWHM) of
the elastically scattered peak was electron-optically set
in the range 0.10 to 0.13 eV. In these studies, two dif-
ferent samples of COT were used. One was obtained
from the Aldrich Chemical Co. and has a specified pu-
rity of 98%, while another one was suppliedby Professor
Rowland Pettit of the University of Texas at Austin.
Spectra obtained from both of these samples were iden-
tical. These samples were subjected to several liquid
nitrogen freeze-pump-thaw cycles prior to use. When
irradiated with a mercury vapor lamp COT is known to
undergo various photochemical reactions including pho-
toisomerization, decomposition into benzene and acety-
lene, and formation of styrene. 2 In order to minimize
the possibility of these undesirable reactions the sam-
ples were protected from room light.

IV. RESULTS AND DISCUSSION

Figure 1 shows the 2 to 7 eV energy loss region of the
COT electron impact spectrum at 30 eV impact energy
and scattering angles of 10° and 70°. DCS values at
impact energies of 30 and 50 eV are presented in Figs.
2 and 3. The elastic DCS’s in arbitrary units were de-
termined by multiplying the observed count rates by the
scattering volume correction®® appropriate for each
scattering angle and normalizing the results to an arbi-
trary value of 1.0 at §=40°. The reproducibility of
these elastic DCS values is about + 20%.

The sum of the DCS’s of the two transitions at 6,02
and 6.42 eV (designated S, and S;, respectively) was ob-
tained by multiplying the ratio of the area under the cor-
responding peak to that of the elastic peak (as previously
described)!®? by the elastic DCS at each §. In addition,
for scattering angles of 30° and below, the combined
DCS of these transitions was determined without refer--
ence to the elastic peak using the same procedure as for
the elastic DCS, except that the DCS at 20° was normal-
ized to the value obtained by the ratio (to the elastic
DCS) method at this angle. These two methods gave re-
sults within 6% of one another at 30°.

The DCS curves for the other inelastic features dis-
played in Figs. 2 and 3 were determined by the ratio
method using the elastic DCS as a reference for angles
of 20° and above, and the S, +S; DCS below 20°. The
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FIG. 1. Electron energy-loss spectrum of COT at (a) §=10°
and (b) 6=70°; 30 eV incident energy; 5X 1078 A incident beam
current; 4x10™ torr sample pressure reading from an uncal-
ibrated Schulz—Phelps gauge; resolution approximately
0.15 eV FWHM,

estimated uncertainty in the inelastic DCS’s is +35%.
The arbitrary units in Figs. 2 and 3 are the same for
all curves at a given impact energy but differ from those
of a different impact energy.

A. Triplet states

The lowest observed feature in the COT spectrum
(Fig. 1) has an apparent onset at approximately 2.2 eV
and an intensity maximum at 3.05+0.05 eV. The DCS
values for this transition at 50 eV impact energy do not
vary by more than a factor of 3 over the angular range
20° to 80°., At 10° this feature is quite weak and con-
tributions from the tails of adjacent transitions make it
impossible to obtain an accurate DCS value. At an im-
pact energy of 30 eV the DCS of this 3.05 eV electronic
band varies by less than a factor of 2 over the angular
range 10° to 80°. This behavior is indicative of a sin-
glet — triplet transition and we designate it as Sy~ 7.
The lowest singlet — singlet transition occurring with a
maximum intensity at 4.43 eV, is assigned as X 'A,
~14, (see Sec. IV.B) The Sy~ T; transition probably
corresponds, therefore, to the X 'A; ~ A, excitation.
The lowest singlet - triplet transition reported by
Knoop et al. ,13 using a trapped electron technique, at
3.4 eV is not in good agreement with our studies.
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FIG. 2. Differential cross sections as a function of ¢ at an
incident energy of 30 eV for elastic scattering (+) and for
transitions to the following states: Ty(0), (Ty+T3+S5;) X10(¢),
and S, +S3(8).

In addition to the X !4, ~'4,(S,~S,) transition occur-
ring at 4.43 eV, which is apparent at low scattering an-
gles (Figs. la and 4), two other excitations are ob-
served in this energy-loss region at larger scattering
angles, occurring at 4.05 and 4.84 eV. These transi-
tions are not visible at 10° and 20° (Figs. 1a and 4) due
to the high intensity of the X 'A,~ 'A, transition. How-
ever, at scattering angles of 40° and higher the DCS of
this singlet ~ singlet transition has decreased so sig-
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FIG. 3. Same as Fig. 2 for an incident energy of 50 eV. The
elastic DCS has been multiplied by 0.1 before plotting.
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FIG. 4. Electron energy-loss spectrum of COT at 6=10°,

50 eV incident beam energy; 7 X107 A incident beam current;
3x107 torr sample pressure reading from an uncalibrated
Schulz-Phelps gauge; resolution approximately 0.15 eV
FWHM. '

nificantly that it is not clearly discernible, thereby
making the transitions at 4.84 and 4. 05 eV fully visible.
These three transitions overlap each other appreciably
and it is not possible to obtain accurate individual DCS
values. Instead, the aggregate DCS for the energy-loss
region from 3.4 to 5.4 eV has been plotted in Figs. 2
and 3 as the curve labeled (T,+ T3 +S;). At 50 eV im-
pact energy this DCS decreases by less than a factor of
2 over the angular range 30° to 80° (compared to the

S, +S; DCS which decreases by a factor of 8 over the
same angular range). Between 20° and 30° the 50 eV
(T2+ T3+S1) DCS decreases by a factor of approximately
4. This yields a total variation of about a factor of 5
over the angular range 20° to 80°, If only 50% of the
aggregate intensity at 20° is due to the X 4, ~ !4, exci-
tation, the two other transitions vary by a factor of 2.5
over the angular region 20° to 80°. This variation is
most likely due to a singlet -~ triplet transition. The
50% contribution of the X 'A,~'A, is probably an under-
estimate, since the transitions at 4.05 and 4.84 eV are
no longer distinguishable at the 20° scattering angle.

When the impact energy is lowered to 30 eV, the con-
tributions of the transitions at 4.05 and 4.84 eV are
more pronounced, the aggregate DCS varying by less
than a factor of 2 over the angular range 20° to 80°. On
the basis of these data it is possible to identify the tran-
sitions at 4.05 and 4.84 eV as singlet ~ triplet excita-
tions and designate them Sy~ T, and Sy~ T,. These re-
sults are again not in good agreement with the trapped
electron spectrum of Knoop et al.!* As shown in Table
II, they report additional triplet states at 3.7, 3,9,
and 4.1 eV, while a singlet state was reportedly ob-
served at 4.82 eV.

B. Singlet states

Figure 4 shows the COT spectrum at 50 eV impact
energy and a scattering angle of 10°. At this energy
and angle the contribution of singlet - triplet transitions
to the spectrum should be small and the observed tran~
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TABLE II. Summary of experimental observations of transition energies.

Energy of transition (eV)

Possible

Nature of transition upper state Optical?® Trapped electron® Present study®

Singlet — triplet or 34, aee 3.4 3.05

Singlet — triplet or 95 ) 3.7 4.05

Singlet —triplet SE res 3.9 4,84

Singlet — triplet see v 4.1 soe

Symmetry forbidden 4, 4.39 4.4 4.43
singlet — singlet

Electric dipole allowed 'E 6.05% 5.88 6.024
singlet — singlet

Electric dipole allowed g 6.42 6.42
singlet — singlet

Electric dipole allowed B 6.99
singlet — singlet

Electric dipole allowed g 8.41
singlet — singlet

Electric dipole allowed g 9.05
singlet — singlet

Superexcited state Rydberg State 10.2

Superexcited state 10,6

Superexcited state 11.3

Superexcited state 12.2

Superexcited state 14.2

3Reference 6.
PReference 13.

°The accuracy of the transition energies below 9.1 eV is +0,05 eV and those for the superex-

cited states is +0.1 eV.
dFeature appears as a shoulder.

sitions may be considered to be essentially singlet
—~ singlet excitations.

Batich et al.* found that a parameterization of the
molecular orbital energies based on a simple Hiickel
model agreed quite well with the observed photoelectron
spectrum. This is surprising because not only does the
HMO model assume complete o~7 Separation in this
nonplanar system but it also neglects through—space
interactions between the opposite 7 orbitals. Batich
et al.* believe that the satisfactory parameterization
of their experimental results “is due to compensation of
through-space interactions across the ring by through-
bond interactions with the lower lying ¢ orbitals.” We
have attempted to analyze the singlet -~ singlet excita-
tion spectrum of COT in a similar manner.

The orbital ordering resulting from a Hiickel calcula-
tion among the 8 pr orbitals is shown in Fig. 5. In ad-
dition the highest energy occupied ¢ orbital, is also in-
cluded. Energy spacings have been labeled «, B, v,
and § as indicated in the figure. An approximate spac-
ing of levels may be obtained from the photoelectron
spectrum® (vertical IP’s 8.47, 9.78, 11.15, and 11.55
eV) by applying Koopmans’ theorem.® Using the ion-
ization potentials of that spectrum we obtain for g, v,
and 6 the values 1.31, 1.37, and 0.40 eV, respectively.

We also set o equal to the vertical excitation energy of
the X A, ~'A, transition, 4.43 eV. Considering only
the symmetry-allowed transitions the following excita-
tions are expected (orbital occupancy changes are given
in parentheses): two transitions of the type

X 'A,(4b37¢%5a%) ~ 'E(4b37¢*5a18¢" and 4b37e'5ai3a3) at
5.69 eV, one X 14,~ 'B,(4b7e'54%8¢") at 7.00 eV, and

4b, () —

8e '(_:rr) b4 unaccupied

3a,(7) B orbitals
_________ A e e e

Sa,6r) T

7e’(1r) —_—— -é— occupied

4b,(m) _;._ orbitals

3b|(0’)

FIG. 5. COT valence orbital ordering. Orbitals below the
dashed line are occupied in the ground state. The greek

letters represent the energy spacing between the adjacent or-

bital levels. The ordering of occupied orbitals matches

ab initio calculations of Lehn and Wipf while energy spacing is
obtained via Koopman’s theorem. The ordering and spacing
of the virtual orbitals was obtained from a Hiickel calculation
and the energy spacing of the occupied orbitals. ®=4.43 eV
(XA, —'4, transition energy), =1.31 eV, v=1.37 eV, and
6=0.40 eV,

J. Chem. Phys., Vol. 69, No. 8, 15 October 1978

Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



R. P. Frueholz and A. Kuppermann: Electronic spectroscopy of 1,3,5,7-cyclooctatetraene

two X 'A,~ 'E transitions (4b37¢°5a38¢" and 4b%7¢'5a%4b})
at 8.37 eV. In addition the degenerate sets of E states
at 5.69 and 8. 37 eV would be expected to interact and
split thereby breaking their degeneracy.?*%" We now
associate these transitions with the observed spectrum.

Figure 4 shows the X '4,~ !4, transition at 4.43 eV
and a strong absorption beginning at about 5.5 eV. A
strong feature can be seen with an intensity maximum
at 6.42 eV, having a shoulder at 6.02 eV. These values
are in good agreement with previously reported optical
results.® We believe the shoulder and peak correspond
to the lower split set of E states. This assignment, be-
sides qualitatively agreeing with the Hiickel parameter-
ization, is in good agreement with the semiempirical
calculation of Van-Catledge’ who reports excitation en-
ergies of 5.88 and 6.34 eV. The transitions at 6.02 and
6.42 eV (designated S, and S;) overlap heavily with each
other and individual DCS’s could not be obtained. The
aggregate DCS for these transitions decreases by a fac-
tor of about 130 at 50 eV impact energy as the scattering
angle increases from 10° to 80°, while the relative in-
tensities of the two E states remain approximately the
same. At 30 eV impact energy a factor of 34 decrease
in the DCS is observed over the same angular range.
The sharply forward peaked behavior of this DCS is
characteristic of the symmetry-allowed singlet - sin-
glet nature of these transitions,7~1?

At 6.99 eV another transition is observed. This ex-
citation may be tentatively assigned as the X 4, ~ B,
transition predicted by our Hiickel parameterization to
occur at 7.0 eV. This energy does not agree too well
with Van-Catledge’s’ calculated value of 7. 67 eV for
X'Ay~'B, transition. This transition could alternately
be assigned as a 5a,~4s Rydberg transition with a rea-
sonable term value of 11900 cm™.2® It should be noted
though, that we see no evidence of the 5a,~ 3s member
of this series which would be expected near 5.2 eV,*
or other transitions which could be assigned as higher
members of this Rydberg series.

Two fairly intense transitions are observed at 8.41
eV and 9. 05 eV, the latter being superexcited since it
lies above the lowest I. P. of 8,47 eV. These transi-
tions may be tentatively assigned as the two E states
which we predicted above to lie at 8.5 eV by the Hiickel
parameterization. Complete DCS values were not ob-
tained for these transitions; however, as would be ex-
pected for symmetry-allowed singlet — singlet transi-
tions, their electronic band shapes relative to the lower
E states change very little with respect to angle. The
tentative nature of these latter assignments should be
emphasized, as the corresponding transition energies
calculated by Van-Catledge are 7.43 and 7.51 eV. The
difference between these calculations and the experi-
mental values could be due either to increasing inac-
curacies in the semiempirical method as one moves to
higher energies or to misassignments of the observed
transitions. There is also the possibility that these two
transitions are members of Rydberg series converging
to ionization potentials higher than 8,47 eV. However,
they do not appear to fall into any well-defined series.

3619

In some of our spectra we observe a very weak tran-
sition at 7.4 eV which could be related to the X !4,
~!B,(1— m*) excitation. However, this transition may
well be the (3624b%7e?5a% ~ 3b14b57e*5053a3) X *A,~ 'B,, o
- 7 * excitation which is predicted to have a transition
energy of 7.51 eV by the Hiickel parameterization.
Several other weak transition are observed with excita-
tion energies above 10 eV. These transitions may be
Rydberg superexcited states and their excitation ener-
gies are given in Table II.

V. COT'S ROLE IN DYE LASER QUENCHING

Flashlamp-pumped or cw dye laser operation has been
found to be inhibited by the intersystem crossing of dye
molecules from singlet to triplet manifolds.®®3® Once
the lowest triplet state of the dye is populated, triplet
~ triplet excitations can occur. It has been suggested
that this process quenches lasing in a few microsec-
onds.*3' For this reason, triplet state quenchers such
as COT are added to the dye solution. They usually in-
crease both the laser pulse length and its maximum
pulse repetition rate.!* Inthe case of rhodamine 6G
(R6G) the maximum triplet - triplet absorption occurs
at approximately 2.0 eV 33 which is in the region of
laser emission of this dye.3

Using ESR techniques, Yamashita and Kashiwagi'?
found that at 77 °K COT effectively depopulated R6G’s
lowest triplet state. Dempster et ql.%* found the exper-
imental rate constant for quenching, K, of R6G by
COT in ethanol solutions to be (7+1)x10°M™! sec™'. The
exact mechanism of quenching, whether through direct
triplet - triplet energy transfer of via complex (exci-
plex) formation, is unknown. Our results furnish in-
formation about this mechanism.

Dexter® has proposed a theoretical model for triplet
- triplet energy transfer rates in crystals due to ex-
change interactions. The transition probability rate for
energy transfer between the neighboring donor and ac-
ceptor in a crystal P§! is given by

P = Zﬁ’i 2 [1E)FB)aE, (1)

where Z2 is relaied to the Coulombic exchange integrals
for the molecules, f;(E) is the normalized phosphores-
cence intensity distribution function of the donor (R6G),
and F(E) is the normalized singlet - triplet absorption
intensity distribution function of the acceptor (COT).
The value of (27/h)Z 2 may be estimated® to be approxi-
mately 1.0 Y erg/sec. Y is a dimensionless constant
related to the nodal characteristics of the wavefunction
and is much smaller than unity. Gas phase studies by
Schmidt and Lee,* involving m-bonded molecules indi-
cate that the rate of triplet - triplet energy transfer is
indeed proportional to the energy overlap of the donor
molecule’s phosphorescence spectrum with the Sy~ 7,
absorption spectrum of the acceptor molecule. This
overlap can be obtained either from direct or O,-in-
duced optical absorption measurements or from elec -
tron-impact spectroscopy.'® This is consistent with
Dexter’s theoretical prediction for a crystal environ-
ment.
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In attempting to estimate P§ and subsequently the
transition probability rate for solutions, P53, use may
be made of our electron impact band shape for the S,

- T, transition in COT. The phosphorescence spec-
trum of R6G has been studied by Marling® but has not
been published; its phosphorescence maximum occurs
at 1.9 eV.'? To estimate the spectral overlap we have
assumed that the shape of the phosphorescence band is
the same as that of the fluorescene intensity distribution
of the lowest excited singlet state of R6G,® with its
maximum shifted to 1.9 eV. The resulting overlap in-
tegral has the value of approximately 3x 108 erg™,
yielding a P value of 3x10% ¥ sec™.

From this theoretical value of Pg;, we wish to obtain
a rate constant for quenching in solution which can be
compared to the experimentally observed one. PJ; may
be related to PS5 by

PRt =pPail - ([s]/([A]+[sD)T, 2)

where » is the total number of solvent plus quencher
molecules surrounding each donor molecule in solution,
[A] is the concentration of the acceptor and [s] that of
the solvent. The factor multiplying P$ is an estimate
of the fraction of the time that the donor has at least one
acceptor molecule next to it in solution. Because the
solvent is in great excess we may simplify (2) to

PR = pEulAl/[s]. (3)
P! is related to the triplet quenching rate equation by
- (1/[D)@[D)/dt)= P& = K[A], (4)

where [D] is the concentration of excited triplet donor.
Using Eqs. (3) and (4), the theoretical rate constant is
given by K,,= P&n[s]". For the R6G-COT system in
ethanol this results in a K, value of 6x10® y M~ sec™
(where n was estimated to be approximately 40 on the
basis of size considerations).

Remembering that ¥« 1, the theoretical rate constant
is significantly smaller than the experimental rate con-
stant of 7x10® M sec™. While our method of estima-
tion is admittedly crude, we feel that the difference in
the orders of magnitude of the theoretical and experi-
mental rate constants for quenching suffices to indicate
the existence of another quenching mechanism beside
direct triplet — triplet energy transfer. A reasonable
second mechanism appears to be complex (or exciplex)
formation.®® The intimate interactions between mole-
cules during the complex formation with the concurrent
distortion of molecular geometries and possible changes
in excited state energies provide another reasonable
quenching mechanism. It is also interesting to compare
the experimental triple quenching rate constant with the
theoretical diffusion-limited value *® K, of 8.8x10°
M- sec™! obtained from the viscosity of ethanol. K, is
about ten times greater than K., which implies that
each encounter of a triplet R6G molecule with a COT
molecule does not result in deactivation of the R6G.

VI. SUMMARY AND CONCLUSIONS

The transition energies determined in this study are
summarized in the last column of Table II. Optically

R. P. Frueholz and A. Kuppermann: Electronic spectroscopy of 1,3,5,7-cyclooctatetraene

undetected excitations to three low-lying triplet states
were observed at 3.05, 4.05, and 4.84 eV (positions of
band intensity maxima). The lowest of these overlaps
with the lowest triplet phosphorescence band of rhoda-
mine 6G suggesting that it plays an important role in
quenching the rhodamine 6G triplet. A theoretical esti-
mate of the rate constant for this quenching by direct
triplet - triplet energy transfer leads to a value too low
to account for the experimentally observed one, sug-
gesting that exciplex formation may play an important
role in the quenching mechanism. Several singlet

— singlet transitions have been observed in the energy-
loss region of 4 to 10 eV. The excitations above 7 eV
have not been previously detected. Several superexcited
states were identified in the 10 to 15 eV energy-loss re-

gion.
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