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Abstract

Intramolecular excimer emission is observed for cis-1,4-di(1-pyrenyl)decamethylcyclohexasilane in nonpolar sol-

vents. Time-resolved fluorescence spectroscopy and kinetic modelling indicate that the driving force of excimer for-

mation is very small, and that the process is governed by the flexibility of the silicon ring. In the polar solvent

acetonitrile, photoinduced electron transfer occurs, with the cyclohexasilane ring acting as electron donor and the

pyrenyl group as electron acceptor. � 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The study of interactions between photoactive
units can yield valuable information on the me-
dium between these units. Hence, attachment of
the textbook chromophore pyrene to oligosilanes
gives insight into the intriguing electronic and
conformational properties of these catenates of
silicon atoms. These oligosilanes are said to be
r-conjugated as their electronic transitions occur
in the near UV spectral region, they interact

with aromatic moieties via r–p mixing and have
relatively low ionization potentials [1,2]. Aryl
substituted linear oligosilanes have been found to
exhibit interesting properties such as TICT-like
dual fluorescence [3] and intramolecular excimer
emission [4,5]. In contrast, the electronic and
photophysical behaviour of derivatives of cyclic
oligosilanes is still undisclosed. Here we report
on the surprising photophysical properties of the
cyclohexasilane derivatives 1-pyrenylundecam-
ethylcyclohexasilane (1) and cis-1,4-di(1-pyre-
nyl)decamethylcyclohexasilane (2, Scheme 1).
X-ray diffraction has shown that in the crystal-
line state the cyclohexasilane ring of 2 possesses
a boat-like structure with the pyrenyl substitu-
ents adopting an equatorial or bisectional posi-
tion [6].
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2. Experimental

Details on the synthesis of 1 and 2 will be
published separately [6]. Steady-state UV and flu-
orescence spectra were recorded on Cary 1 and
Spex Fluorolog instruments, respectively [7].
Time-resolved fluorescence spectra were collected
on streak camera [8] or optical multichannel ana-
lyzer [9] systems described elsewhere. For all flu-
orescence measurements samples were degassed by
purging with argon for 15 min. Cyclic voltamme-
try was conducted with an EG&GPAR model 63A
potentiostat/galvanostat in acetonitrile following a
procedure described previously [7].

3. Results and discussion

UV spectra of 1 and 2 in cyclohexane are shown
in Fig. 1. Apart from intensity differences reflecting
the number of pyrenyl chromophores, the spectra
of 1 and 2 are essentially identical. They are
strongly related to the spectrum of pyrene, al-

though peaks are broadened and the 1La and Bb
transitions have shifted from 335 and 273 nm in
pyrene to 359 and 282 nm, respectively. These
shifts are indicative of substantial r–p mixing be-
tween the silicon ring and the pyrenyl moieties.
Interestingly, as inferred from the 1La band
position the r–p interaction is stronger than in
1-(1-pyrenyl)tridecamethylhexasilane (1La maxi-
mum 351 nm) and related mono- or dipyrenyl
substituted linear oligosilanes [4,5]. The strong
similarity of the UV spectra of 1 and 2 shows that
in 2 no ground state interaction between the two
pyrenyl substituents is operative. A significant
solvent effect on the spectra was not detected.
In cyclohexane, monosubstituted 1 exhibits

common pyrene-like fluorescence emission with a
maximum situated at 381 nm (Fig. 2). For the
dipyrenyl compound an additional broad and
weak band in the wavelength range 420–550 nm is
observed. Subtraction of the (normalized) spec-
trum of 1 from that of 2 gives a maximum of 458
nm for this band. No concentration effect on the
position and shape of the fluorescence spectrum of
2 (as well as of 1) was noticed in the range
10�7–10�4 mol l�1. Changing from cyclohexane to
medium polarity solvents such as diethyl ether
neither did have an effect on the fluorescence

Fig. 1. UV-spectra of di- and monopyrenyl substituted cyclo-

hexasilanes 1 (dashed) and 2 (solid) in cyclohexane. Maxima of

both spectra are essentially identical and are situated at 359,

343, 282 and 240–241 nm.

Fig. 2. Fluorescence spectra of 1 and 2: (dotted line) 1 in

cyclohexane; (dash-dotted line) 1 in acetonitrile; (solid line) 2 in

cyclohexane; (dashed line) 2 in acetonitrile. Note that the

spectra were normalized at their maximum and that the fluo-

rescence in acetonitrile is actually much weaker than in cyclo-

hexane. Concentrations were in the order of 10�6 mol l�1.

Excitation wavelength 355 nm.

Scheme 1.
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spectra. However, as outlined below, in the polar
solvent acetonitrile the fluorescence behaviour is
different.
Global analysis of time-resolved fluorescence

data in cyclohexane, as recorded with a streak
camera system, revealed that the fluorescence of 1
decays with a single time constant of 35 ns over the
entire emission band. Fluorescence decays of 2 at
two wavelengths are shown in Fig. 3, while the
Decay Associated Spectra (DAS) are depicted in
Fig. 4a. According to the global analysis the decay
near 400 nm is biexponential with lifetimes of 14
and 50 ns. At 460–540 nm, the fluorescence still
decays with a 50 ns time constant, while the 14 ns
component has a negative amplitude and describes
the ingrowth of the fluorescence. Hence, the spe-
cies emitting at long wavelengths is formed out of
the species emitting at short wavelengths with this
apparent time constant. The observation that the
50 ns component describes the fluorescence decay
at both 402 and 465 nm suggests that an equilib-
rium is present between the species emitting at
these wavelengths.

All fluorescence data indicate that the broad
fluorescence band of 2 can be attributed to intra-
molecular excimer emission, i.e. the two pyrenyl
substituents form an excited state complex [10,11].
The formation of the excimer must involve a
conformational change of the silicon ring putting
both pyrenyl groups into an axial position (fold-
ing), which allows them to form the typical face-
to-face complex. It is noteworthy that such a
folding process can only be imagined to occur for a
cis-disubstituted cyclic compound; in a trans-iso-
mer formation of a face-to-face complex is not
possible. To the best of our knowledge intra-
molecular excimer formation has only been re-
ported for linear chain bichromophoric
compounds. The dipyrenyl substituted cyclohex-
asilane 2 thus represents the first intramolecular
excimer containing a cyclic spacer 1.
In comparison to most pyrene-based excimers

[4,5,11,13], the energy difference between the

(a)

(b)

Fig. 3. Fluorescence traces and global fits of 2 in cyclohexane

at 402 (a) and 465 (b) nm. The solid and dotted lines represent

the 14 and 50 ns components, respectively. The sum of the

contributions is given by the solid line through the measured

points. The insets show the residuals of the fits. Note that the

abscissa is linear up to 30 ns, and logarithmic above 30 ns.

(a)

(b)

Fig. 4. DAS (a) and Species Associated Spectra (SAS, b) of 2 in

cyclohexane obtained from a two-state model (Fig. 5) with the

rates k12 and k21 set equal ðDGEF ¼ 0Þ. Vertical bars indicate
estimated standard errors.

1 Intermolecular excimer emission has been reported for

pyrenyl-functionalized trans-1,2-substituted cyclohexanes [12].
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monomer and excimer fluorescence for 2 is
relatively small (4400 cm�1 instead of 5000–6000
cm�1). Along with the observation that relative to
the monomer emission the excimer emission is
weak, this suggests that the pyrenylmoieties can not
attain an optimal face-to-face geometry. The reason
for this can be a large pyrenyl–pyrenyl distance and/
or limited ring overlap. In a geometry with a boat
ring structure and axial substituents, the spatial
separation between the pyrenyl groups is approxi-
mately 4.0 �AA. This distance is not much larger than
the optimal excimer interchromophore distance of
3.4–3.5 �AA. It is therefore likely that the weak exci-
mer emission of relatively high energy is the result of
reduced overlap of the pyrenyl p-systems in 2.
In order to obtain a better understanding of the

dynamics and energetics of excimer formation, a
global target analysis [8,14] of the streak camera
fluorescence data of 2 was performed. The data
were fitted with a number of two-state equilibrium
models (Fig. 5), the various models differing in the
initial assumptions. In all fits, the excimer state
was assumed not to emit at wavelengths shorter
than 390 nm, which is justified by the difference
steady-state fluorescence spectrum of 2 and 1 de-
scribed above. For all models treated in the fol-
lowing, the quality of the fits was very good.
At first sight, an attractive option is to take k11

equal to the decay rate of 1. However, this ap-
proach yielded a markedly positive free energy of
excimer formation of DGEF ¼ þ25 meV, which
rules out that it is appropriate. In contrast, sound
results were obtained by assuming DGEF ¼ 0, i.e.
the driving force for excimer formation is zero.
This approach gave k11 ¼ 0:0190 ns�1, k12 ¼ k21 ¼
0:0254 ns�1, k22 ¼ 0:0208 ns�1 and a quantum

yield for excimer formation of UEF ¼ 0:57. Species
Associated Spectra (SAS) obtained with these rate
constants are fully plausible (Fig. 4b). The excimer
emission is characterized by a symmetric gaussian
with a maximum at 465 nm and a width of
3720 cm�1. The most negative DGEF, )29 meV,
was obtained in a model in which k11 was set to 0.
This approach, which also yielded satisfactory
SAS, can be regarded as a limiting case. It implies
that the driving force of excimer formation is small
in any case, and we consider the DGEF ¼ 0 model
to be representative. Other DGEF values are for
instance )177 meV for the intermolecular pyrene
excimer [15] and some )100 meV for 1,3-dipyre-
nylpropanes [16]. The small driving force for 2 is in
accordance with its weak steady state excimer
emission of relatively high energy.
It is also of interest to compare the rate of

folding of 2 with that of other intramolecular ex-
cimers. Unfortunately, detailed kinetic models as
presented above are not always available. How-
ever, as formation of the excimer in the examples
below is essentially quantitative the reciprocal of
the fluorescence risetime provides a proper esti-
mate of the excimer formation rate. Suitable
reference data are rates of 0:27 ns�1 for 1,3-di(1-
pyrenyl)propane in hexane [17], and about 0:5 ns�1

for dipyrenyl substituted linear tri- and tetrasilane
in isooctane [5]. Thus, excimer formation in 2 is an
order of magnitude slower than in other intramo-
lecular excimers. This is not surprising since a cy-
clic system has less possibilities for conformational
changes than a linear chain, i.e. the pre-exponen-
tial factor in the Arrhenius equation is smaller. The
activation energy is not important in accounting
for the slower kinetics, since energy barriers for
geometry changes of cyclohexasilanes are similar
to those of n-alkanes [18,19]. Nevertheless, this
flexibility of the silicon ring must play an impor-
tant role in the formation of the excimer. The re-
sult that k12 ¼ k21 can be interpreted by assuming
that the silicon ring is undergoing conformational
changes at this rate, thereby moving the pyrenyl
substituents in and out of a position in which they
give excimer emission. In this respect, the situation
is different from the folding process of cyclic sys-
tems in the charge separated excited state of elec-
tron donor–acceptor molecules [8,14,20,21], which

Fig. 5. Two-state equilibrium model used in the global target

analysis of the time-resolved fluorescence of 2 in cyclohexane.

The upper and lower state represent the locally excited pyrene

and excimer state, respectively.
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is driven by the coulombic attraction of oppositely
charged chromophores. As conformational barri-
ers in cyclohexasilanes are much lower than those
in cyclohexanes it would be interesting to investi-
gate whether dipyrenyl substituted cyclohexanes
are also able to undergo intramolecular excimer
formation.
Although significant changes in the fluorescence

spectrum of 1 and 2 did not occur when changing
from cyclohexane to solvents of medium polarity,
in acetonitrile a different behaviour is observed
(Fig. 2). For both 1 and 2 a broad structureless
fluorescence is seen, with maxima at 438 (1) and
431 (2) nm. In both cases, the local emission is
almost completely quenched and the fluorescence
intensity is much smaller than in nonpolar sol-
vents. Fluorescence lifetimes are short (sfl6 2 ns),
and no time-dependent shifts occur (results not
shown). A concentration effect was not observed.
Since the broad emission is also present for 1 in-
tramolecular excimer formation can not be in-
volved. It then appears that the broad emission in
acetonitrile originates from a rðSi–SiÞ ! 2pp�

charge separated (CS) state, which is formed by
photoinduced electron transfer from the cyclo-
hexasilane ring to the pyrenyl moiety. Similar in-
tramolecular exciplex phenomena have been
reported for phenylpentamethyldisilanes and py-
renyl substituted linear hexasilanes [3–5].
The formation of a rðSi–SiÞ ! 2pp� CS state in

acetonitrile is supported by the redox potentials of
1 as determined by cyclic voltammetry. An irre-
versible reduction wave at )2.13 V vs. SCE is
observed for the pyrenyl acceptor, while the
Si6Me11 moiety exhibits irreversible oxidation
waves at +0.95 and +1.19 eV vs. SCE. These oxi-
dation potentials are significantly lowered with
respect to the oxidation potentials of dodecam-
ethylcyclohexasilane, for which values of +1.31
and +1.65 V vs. SCE were measured. This is again
indicative of substantial r–p mixing. The redox
potentials can be used to obtain the free energy of
charge separation DGCS via [22]

DGCS ¼ eðEox1=2 � Ered1=2Þ � E00 �
e2

4pe0esRDA

� e2

8pe0

1

rdþ

�
þ 1

ra�

�
1

35:9

�
� 1

es

�
:

A zero–zero excitation energy of E00 ¼ 3:21 eV
and a donor–acceptor distance of RDA ¼ 6:6 �AA,
taken from the crystal structure of 2 [6], were used.
Effective radical cat- and anion radii rdþ (5.3 �AA)
and ra� (4.0 �AA) were obtained by r ¼ ð3Vm=4pÞ1=3,
with the molecular volumes Vm adapted from the
crystal structures of dodecamethylcyclohexasilane
[23] and pyrene [24]. Application of these data
reveals that in acetonitrile (dielectric constant
es ¼ 35:9) charge separation is allowed since
DGCS ¼ �0:16 eV. In contrast, in cyclohexane
(es ¼ 2:02) it is forbidden by 0.24 eV, which is in
agreement with the fluorescence data. Thus, in
addition to surprising intramolecular excimer
emission, intramolecular exciplex emission can
also be observed for 2.
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