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The spectroscopic properties of corannulene and cyclopentacorannulene are examined by use of
absorption and steady-state fluorescence measurements. A red shift in the emission maxima of
cyclopentacorannulene is noted with respect to the emission maxima in the corannulene spectrum.
Similar differences in the absorption spectra of both molecules are also observed. Reasons for the
dissimilarities in the absorption and emission spectra of these molecules are discussed. The fluo-
rescence quantum yields and lifetimes of the molecules measured in organic solvents are reported.
The fluorescence quantum yield and lifetime of cyclopentacorannulene are lower than those of
corannulene. This difference is attributed to the highly strained and nonplanar structure of cyclo-
pentacorannulene. The effectiveness of nitromethane as a quencher of corannulene and cyclopen-
tacorannulene fluorescence is examined. In contrast to previously reported results, the fluorescence
of these molecules is quenched by nitromethane. Fluorescence quenching of the molecules has

been attributed to complex formation in the ground state, i.e., static quenching.
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INTRODUCTION

In spite of numerous reports on the spectroscopic
characterization of large polycyclic aromatic hydrocar-
bons (PAHs),"-'» only a few studies report on the pho-
tophysical properties of curved, nonpolar PAHs such as
the corannulenes (COR).!'® The inspiration for investi-
gating the COR in the present work arose from this lack
of data as well as increased interests in fullerenes. Ful-
lerenes or buckyballs, are composed of as may as 60 to
70 carbon atoms and have intrigued scientists, largely
because of their novel cage geometry, high stability, and
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interesting reactivities.('®-'> Therefore, the fluorescence
and phosphorescence spectra and excited state properties
of fullerenes have been studied extensively.?®
Corannulene (COR) and cyclopentacorannulene
(CCOR) can be classified as curved, nonalternant
bowl-shaped PAHs that are structurally represented on
the surface of one side of buckminsterfullerene. The
shaded area in the buckminsterfullerene structure (Fig.
1) depicts the corannulenes examined in this paper. The
curvature of these molecules is the result of molecular
distortion or strain due mainly to the presence of a cen-
tral five-membered ring surrounded by five fused six-
membered rings. The parent compound COR (1) was
first synthesized in the mid 1960s@ and is a prime ex-
ample of a nonplanar molecule possessing considerable
aromatic character.?? Despite their significant curvature,
however, COR undergoes rapid bowl-to-bowl inversion
in solution, during which the molecule passes through
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an ‘‘intermediate’” planar, conformation.®?¥ In fact,
some researchers suggest that COR can invert as many
as 200,000 times per s at room temperature.®® The in-
version process can be inhibited on the NMR time scale
by incorporation of another fused five-membered ring to
form CCOR (2).

Cyclopentacorannulene is a derivative of corannu-
lene that was first synthesized within the last few years
and is composed of two additional carbon atoms to form
a cyclopentene ring fused to two of the outer six-mem-
bered rings.®® These additional carbons effectively ex-
tend the depth and rigidity of the bowl and reduce its
ability to invert in solution. The additional carbons also
extend molecular conjugation, introduce asymmetry, and
add geometrical tension to the corannulene framework.
The incorporation of an ethylene bridge into PAH struc-
tures can also change relative energies of the electronic
excited states. For example, the energy gap between the
S, and the S, states increases from 1400 cm™! for pyrene
to 7000 cm! for cyclopenta[cd]pyrene.®” This large en-
ergy gap has been reported to influence the photophys-
ical processes of these molecules. These include unusual
phenomena such as dual fluorescence and intersystem
crossing from the upper excited states.?”-2 Hence, flu-
orescence measurements may prove to be useful as a
comparison tool for examining the spectroscopic behav-
ior of COR and CCOR.

In this work, the absorption and fluorescence prop-
erties of corannulene and cyclopentacorannulene in or-
ganic solvents are characterized and compared. The
influence of the fluorescence quencher, nitromethane, on
the fluorescence intensity of the corannulenes is also ex-
amined.

EXPERIMENTAL

Materials

All solvents were HPLC, AR, or spectroquality
grade and were purchased from either Mallincrodt or
EM Science. Nitromethane (97%) and 9,10-diphenylan-
thracene (98%) were purchased from Aldrich Chemicals
(Milwaukee, WI). Corannulene and cyclopentacorannu-
lene were synthesized in the laboratory of one of us
(PWR) and were recrystallized once from ethanol. The
synthetic procedures for the corannulenes are reported
elsewhere.®

The purity of COR and CCOR was analyzed by use
of GC/MS. It was found that corannulene was >99%
pure. However, trace amounts of COR (5-10%) were
found to be present in CCOR sample as an impurity.
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Fig. 1. Structures (shaded area) of corannulene (1) and

cyclopentacorannulene (2).

Therefore, the CCOR was purified by use of reversed-
phase HPLC. The liquid chromatographic system con-
sisted of a Bio-Rad Model 2700 solvent delivery system
equipped with an automatic sampling system (20-ml
sample loop) and a Bio-Rad Bio-Dimension UV/Vis
monitor set at 254 nm. A Zorbax C8 column (4.6 mm
X 15 c¢cm, Dupont Chromatography) and an 80% ace-
tonitrile/water mobile phase at a flow rate of 1.0 ml/min
were used. The chromatogram of CCOR consisted of a
large peak with a retention time of 6 min and a smaller
peak at 5 min. These peaks were assigned to CCOR and
COR, respectively. The COR peak was identified by run-
ning a pure COR sample. Other small impurity peaks
appeared in the chromatogram but were well separated
from the major peak. Fractions (0.5 ml) were collected
by use of a Bio-Rad fraction collector. The solvent was
then evaporated to obtain a solid sample.

Method

Solution Preparation A 5.0 X 10~* M stock solu-
tion of COR in cyclohexane was prepared. A small ali-
quot of the stock solution was pipetted in 10-ml vials,
and the cyclohexane was evaporated to dryness by use
of extradry nitrogen. The contents of the vial were then
diluted with appropriate volume of solvent to obtain a
1.0 X 107% M solution of the corannulene. The absorp-
tion and fluorescence spectra of CCOR were measured
by using the dilute solution obtained directly from the
HPLC column. The solvent was evaporated and redis-
solved in appropriate solvent. The solutions containing
quencher were prepared using purified samples of COR
and CCOR. For quenching studies of CCOR, the effluent
collected from the column was used as a stock solution.
The concentration range of quencher was 0.0 to 0.2 M.

Measurement of Fluorescence Quantum Yield and
Lifetime. Fluorescence quantum yields were measured
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Fig. 2. Absorption spectrum of cyclopentacorannulene in cyclohexane.
(Inset) Absorption spectrum of corannulene in cyclohexane; [coran-
nulene] = 1.0 X 10~ M.

using 9,10-diphenylanthracene in ethanol as a fluores-
cence standard (® = 1.0).®Y The absorbance of the sam-
ple solution at the excitation wavelength was maintained
at <0.05. Fluorescence lifetimes were measured by us-
ing a PTI Inc LS-100 luminescence spectrometer. A
flash lamp using a N, and He gas mixture was used as
an excitation source. A dilute solution of colloidal starch
was used as a scatterer to estimate the lamp profile. The
316-nm emission of N, was used for excitation. The de-
cay curves were obtained by the use of the time corre-
lated single-photon counting (TC-SPC) method. To
obtain decay curves, 2 X 10* counts were collected at
the peak channel. Each data set was collected in 512
channels. The data were analyzed using a multiexponen-
tial decay analysis program. The goodness of fit between
experimental and computed decay curves was evaluated
by use of the reduced x* value (0.9-1.2) and by the
randomness of the weighted residuals and the autocor-
relation function. The measurements were repeated, if
necessary, to obtain a good data set.

Apparatus

Absorption measurements were performed on a
double-beam Shimadzu UV-3101PC UV-vis—NIR scan-
ning spectrophotometer. All absorption scans were blank
subtracted by use of the solvent. Steady-state fluores-
cence spectra were obtained on a Perkin Elmer Model
LS-50 spectrofluorometer at room temperature. Samples
were measured in a 1-cm? quartz cell by use of excitation
and emission slit widths of 8.6 and 1.7 nm, respectively,
unless otherwise noted.
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RESULTS AND DISCUSSION

Absorption Spectra

The absorption spectra of COR and CCOR, as mea-
sured in cyclohexane solvent, are shown in Fig. 2. The
absorption spectrum of corannulene is characterized by
a weak band at 285 nm and an intense band system at
250 nm. The essential separation between the intense
peak at 250 nm and the band at 285 nm suggests that
the electronic transitions involved are associated with
two independent energy levels. The molar absorptivities
were determined from a calibration plot of absorbance
versus corannulene concentration.-Values of 33,000 and
80,000 cm~' M~! for the peaks at 285 and 250 nm, re-
spectively, were obtained and are consistent with values
reported in the literature.?9

The absorption spectra of CCOR (Fig. 2, inset) ex-
tends over a broader wavelength region and is charac-
terized by an intense band at 235 nm, two smaller peaks
at 285 and 300 nm, and a shoulder at 330 nm. The molar
absorptivities of CCOR could not be measured because
the exact concentration of the solution was unknown. It
is interesting to note that the longer wavelength region
appears to be more vibronically structured than the band
at shorter wavelength. Absorption at the longer wave-
lengths can be attributed to the additional w-electrons
incorporated into the fused cyclopentene ring. A similar
phenomenon has been observed for a comparison be-
tween the spectra of naphthalene® and acenaphthal-
ene.®2 A blue shift in the highest-absorptivity band
relative to the highest band for the corannulene absorp-
tion is also noted. This band appears at 235 nm for
CCOR and at 250 nm for COR, suggesting that a larger
energy difference occurs between the corresponding en-
ergy levels for CCOR compared to COR. Similar effects
were observed when an ethylene bridge was incorpo-
rated into the naphthalene®®*?*% or pyrene®” molecule.

Steady-State Fluorescence Spectra

The fluorescence spectrum for COR (Fig. 3) con-
sists of an unresolved doublet at 417 and 432 nm and
two shoulder bands at 395 and 460 nm. The spectrum
is very similar to the spectra in n-hexadecane, butyla-
cetate, dichloromethane, and dimethylsulfoxide reported
by Tucker et al.'® The bowl-to-bowl inversion of cor-
annulene at room temperature has been reported to be
approximately on the submicrosecond time scale.®29
Since the fluorescence lifetime of aromatic molecules is
normally on the nanosecond time scale, COR is not ex-
pected to undergo a full inversion during the emission
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Fig. 3. Fluorescence spectra of purified samples of (A) cyclopenta-
corannulene and (B) corannulene. Excitation wavelength = 285 nm.

process. Hence, the fluorescence spectrum of COR in
Fig. 3 represents an average of the rapidly inverting
PAH.

Figure 3 also depicts the fluorescence spectrum of
a sample of CCOR that was purified by the use of
HPLC. The CCOR spectrum appears in the same wave-
length region as the corannulene spectrum. However, the
emission maxima of CCOR appear at 410, 429, and 455
nm (shoulder) and are red-shifted with respect to the
emission maxima in COR. This phenomenon reflects the
extended molecular conjugation in the CCOR molecule
resulting from the additional fused cyclopentene ring.
The structured fluorescence spectrum suggests that the
geometry of the molecule does not change upon elec-
tronic excitation. Thus, the molecule is more rigid as
compared to corannulene in both the S, and the S, states.

The photophysical data for the corannulenes, in-
cluding radiative and nonradiative rate constants, are
listed in Table 1. The k, and %, values were obtained,
respectively, from the equations k, = ®/7;and k, (1 —
®))/1,. The fluorescence quantum yield of cyclopenta-
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corannulene was measured in ethanol and a value of 0.01
was estimated. This value is relatively low compared to
that of corannulene (0.07) in the same solvent. The k,,
values of the compounds, within the limit of experimen-
tal error, are essentially identical. However, the radiative
rate constant of CCOR is lower than that of COR. Thus,
the low fluorescence quantum yield value of the former
compound is due to the lower radiative rate constant
relative to that of the latter. As stated earlier, the low ®;
value of cyclopentacorannulene is consistent with a de-
crease in fluorescence quantum yields for some parent
PAHs after incorporation of the cyclopentene ring.*-2
These results may seem unlikely considering the inher-
ent increase in molecular rigidity of acenaphthalene de-
rivatives compared to the respective parent compounds.
However, molecular rigidity is apparently counterbal-
anced by the distortion or strain further induced in these
molecules by the additional cyclopentene ring, which
may give rise to the lower quantum yield for CCOR.
The very high strain in CCOR structure is further man-
ifested in its low k, value. The nonplanar strained ring
structure of the molecule may cause a reduction of os-
cillator strength (f) and hence the radiative rate constant,
k.. The estimates of the photophysical properties clearly
explain the higher bowl depth of CCOR (1.05 A) in
comparison to that of COR (0.89 A).co

Fluorescence Quenching

Fluorescence signals of many PAHs can be elimi-
nated or suppressed in the presence of fluorescence
quenching agents. For this reason, fluorescence quench-
ing has been proposed to be a useful tool in the sepa-
ration of structurally similar PAHs by HPLC.@V
Nitromethane, for example, is a documented quencher
of many select alternant PAHs.@Y Other studies report
that notromethane quenches the fluorescence of fewer
nonalternant acenaphthalene derivatives.'® Quenching
studies using nitromethane have been performed in polar
solvents, including acetonitrile and aqueous—acetonitrile
solvent mixtures. It has been reported that the fluores-
cence intensity of COR in neat acetonitrile is not
quenched by nitromethane. In the present work, we
found that nitromethane significantly decreases the flu-
orescence intensity of CCOR in an 80% acetoni-
trile/water solutions. Figure 4 shows the Stern—Volmer
plots for COR as well as CCOR. At low quencher con-
centrations (0.0-0.1 M), the fluorescence quenching of
both fluorophores can be described by a simple Stern—
Volmer relationship:®2

Fo/F =1 + Ky[Q] M
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Table I. Photophysical Properties of Corannulene and Cyclopentacorannulene in Ethanol

Property Corannulene Cyclopentacorannulene
(COR) (CCOR)
Fluorescence maxima, A, (nm) 423 455 (s)
4 429
395 (s) 410
Fluorescence quantum yield (®)) 0.070 (x0.001) 0.010 (x0.001)y
Fluorescence lifetime, 7, (ns) 10.3 9.60
Radiative rate constant, k, (s™!) 6.80 X 10¢ 1.04 X 10¢
Nonradiative rate constant, &, (s™") 9.03 X 107 10.3 X 107

2 The underlined wavelengths represent emission maxima; (s) shoulder,
¢ The uncertainties listed represent the average deviation.

15
1.08
12| & 1086 <
~, 104
102
1.00 .
1 1 L
9 0.03 0.06 0.09 0.12
< [Q1/M
u.° >
6 »
3 -
O CoR
4 4 CCOR
0 1 1 i L 1
0.00 0.04 0.08 0.12 0.16 0.20 0.24

[Q]/m

Fig. 4. Stern—Volmer plots for the fluorescence quenching of coran-
nulene and cyclopentacorannulene by nitromethane in 80% acetoni-
trile/water solutions. (Inset) Stern—Volmer plot showing the change in
the fluorescence lifetime of corannulene as a function of the concen-
tration of nitromethane in acetonitrile.

where F, and F are the fluorescence intensities in the
presence and absence of quencher, Q, respectively, and
Ky is the Stern—Volmer constant. The K, values ob-
tained from the slope of the plots, within the limit of
experimental error, are identical (18.4 and 18.0 M-, re-
spectively, for corannulene and cyclopentacorannulene).
Thus, both fluorophores are equally quenched by nitro-
methane. However, at higher concentrations, the plots
curve upward. Normally, this would suggest the exis-
tence of both static and dynamic quenching processes.
To examine further the nature of the quenching mech-
anism, we have measured the fluorescence lifetime of
corannulene in acetonitrile—water (80:20) mixed solvent

containing various concentrations of nitromethane. The
lifetime decreased from 9.6 ns in pure solvent to 9.0 ns
in the presence of 120 mM nitromethane. Such a small
decrease in lifetime even at a relatively high concentra-
tion of nitromethane suggests that the contribution of the
dynamic quenching mechanism is negligible as com-
pared to static quenching. The Stern—Volmer plot ob-
tained by use of these lifetime data is shown in Fig. 4
(inset). The dynamic quenching constant, K, is given
by the slope and is estimated to be 0.55 M~'. The
quenching constant, k,, calculated from the equation K,
= k.7, (where 1, is the fluorescence lifetime in the ab-
sence of quencher) is equal to 5.7 X 107 M~! s~!, which
is much lower than the diffusion-controlled rate constant
(kg ~ 10'%). Thus, the fluorescence of both molecules is
quenched mainly by a static mechanism. This is consis-
tent with the reported results that corannulene forms a
light-colored charge—transfer complex with picric acid
and trinitrobenzene in the S, state.®®» The upward cur-
vature of the Stern—Volmer plots may be due to a second
type of static quenching, which probably occurs as a
result of close contact between the quencher and the
fluorophore at high concentrations.

CONCLUSIONS

An examination of the absorption and fluorescence
spectra of corannulenes has indicated that incorporation
of the ethylene bridge to form cyclopentacorannulene
alters the photophysical properties of the parent com-
pound, corannulene. We have observed a lower fluores-
cence quantum yield and a red shift in the emission
spectra for cyclopentacorannulene. In addition, we have
also noted a more vibronically structured emission spec-
trum of the latter molecule. The radiative rate constant
of cyclopentacorannulene is much lower than that of cor-
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annulene. Although the molecules examined in this
study are classified as nonalternant PAHs, the fluores-
cence of both molecules is equally quenched by nitro-
methane and the quenching is essentially static, which
likely involves the formation of a charge—transfer-type
complex with a nitromethane molecule(s) in the S state.
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