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Intramolecular Excimer Formation Processes of
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The steady-state emission and fluorescence lifetimes of 1,3-dipyrenylpropane were measured in silicate sol-gel and
xerogel matrices. In sol solution, the fluorescence emission spectra of monomer and excimer resembie those in hydro-
carbon solvents. In gel and xerogel condition, however, the fluorescence spectra exhibit significant change, largely
confirming the intramolecular motions in gel pores are influenced by microviscosity. The rate constants for intramole-
cular excimer formation were obtained from the measured fluorescence lifetimes and the rate processes for excimer
forming in silicate sol-gel are described by a simple kinetic scheme.

Introduction

Organic molecules or polymers embedded in amorphous
silica glass have drawn considerable attention during past
few years as a new promising material! They have a poten-
tial application in solar energy converter, solid-state laser
dyes, and photonic devices. The organic/inorganic composites
can not be prepared with high temperature glass melting
technique, because the organic dopants decompose at much
lower temperature than the melting point of inorganics. For
this purpose, the sol-gel method, 2 room temperature proces-
sing technique, is usually employed to disperse guest organic
molecules within the network of silica glass?

To prepare organic/inorganic composite materials of high
quality, it is necessary to understand the physical properties

of organic dopants in microscopic sol-gel environment. The

photophysical and photochemical properties of organic mole-
cules in the inorganic matrices are expected to be quite dif-
ferent from those in organic solvents. For this purpose, many
organic chromophores such as naphthalene, pyrene, and or-
ganic dyes have been studied in silica glass using absorption,
fluorescence excitation and emission, and fluorescence aniso-
tropy techniques®~® The host matrix has been recently ex-
tended to other materials such as alumina, titania and zir-
conia.”~ 1

Pyrene has been widely used as a fluorescence probe to



Intramolecular Excimer Formation

investigate microenvironmental effects* The pyrene forms
excimer in highly concentrated solution, and these processes
have been studied in solution,’® high pressure fluid,* and
sol-gel matrix’® by several groups. Dipyrenylalkanes, Py-
(CH,),-Py, were also chosen for excimer formation processes.
This dyad model compound forms excimer intramolecularly,
'so low concentration can be used for the photophysical
study. ¥ Therefore, it can serve as an ideal system to study
dynamical behaviors of organic dopants in sol-gel-xerogel en-
vironment,

In this work, we used the 1,3-dypyrenylpropane (DPP) to
study excimer formation during sol-gel processing. The fluo-
rescence spectra of monomer and excimer were measured
as a function of sol-gel aging time to extract information
on environmental effects such as polarity and microviscosity.
Fluorescence lifetimes were also measured to study intramo-
lecular formation processes in sol-gel-xerogel transition. Rate
constants for intramolecular formation were obtained from
the measured experimental data. Comparing with solution
phase results, dynamical aspects on intramolecular formation
processes in silicate sol-gel are discussed in depth, based
on a suitable kinetic scheme.

Experimental

1,3-bis(1-pyrenyl)propane used in this study was of the
highest purity available. It was supplied by Molecular Probe
Inc. Pyrene from Aldrich Co. was purified by recrystalization
several times before use. Spectroscopic grade ethanol and
tetraethylorthosilicate (TEOS) were used without further pu-
rification and the water was deionized and distilled. The
initial solution was prepared from 185 mL of tetraethylor-
thosilicate, 9.0 mL of water and 23.5 mL of ethanol containing
DPP. HCl was used for acid hydrolysis. The concentration
of DPP in sol solution was maintained less than 1.0X1073
M to prohibit intermolecular excimer formation. The mixture
was put into a polystyrene cuvette, sealed with parafiim, and
spectroscopic measurements were carried out as a function
of aging time.

The fluorescence spectra and the emission lifetimes of the
sample were measured at room temperature using the
time-correlated single photon counting system from Edinbu-
rgh Analytical Instruments Co. The instrument response fun-
ction of the system is about 1.0 ns. The excitation wavelength
was 330 nm and the emission collection wavelength was 375
nm for monomer and 460 nm for excimer.

Results and Discussion

Steady-State Emission Spectra. Figure 1 shows the
fluorescence emission spectra of DPP in TEOS solution, re-
corded as a function of aging time. The emission spectra
were taken almost every day, but only five data are shown
in the figure for clarity. The spectrum in sol solution is vir-
tually the same as that in normal organic solvents: It shows
structured emission bands in 360-430 nm due to the mono-
mer emission and structureless broad emission band in 430-
600 nm due to the excited dimer. As the aging proceeds,
a dramatic change occurs around 43 days. The change is
not only the decrease of excimer emission intensity, but also
the decrease of the first vibronic band (377 nm) of the mono-
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Figure 1. Fluorescence spectra of 1,3-Dipyrenylpropane in sol-

gel system as a function of aging time (days).

Table 1. The ratio of Luama/Teme and Ii/ls of 1,3-Dipyrenylpro-

panein silicate sol-to-gels

aging time (days) NI | — Ivis
0 5.33 158

30 533 1.58

35 532 158

40 468 1.33

42 3.02 125

43 250 1.07

mer emission.

Because there is some volume contraction as the matrices
turn to the gel stage, the relative intensity ratio of the mono-
mer and excimer emissions were chosen to compare each
data set rather than the absolute intensity. Table 1 shows
the ratio of the integrated intensity of monomer and excimer
fluorescence, eime/Inomome, a8 @ function of the aging time.
The decrease of the intensity ratio upon gelation indicates
that the excimer formation slows down, because the environ-
ment becomes more rigid. Considering fludity of the solution,
the gelation point, a transition from sol to gel, is expected
to occur around 25 days. The fact that the emission spectra
do not change sharply in this region implies that the micro-
environment for DPP is similar between sol and gel. In other
words, there are sufficient solvents enclosing DPP even if
gel is formed. If the matrix changes from gel to xerogel,
most solvents are ejected from gel pores in this stage and
pyrenes are in contact with the silica oxide network, which
will affect the electronic (or vibronic) states of chromophores
rather strongly. In this regard, the significant change on 43
days is attributable to gel to xerogel transition.

Pyrene momomer fluorescence usually shows five distinct
peaks in the emission spectrum. The first vibronic band (i
band) occuring at 373 nm is forbidden in origin, but partially
allowed in solution and enhanced by solvent polarity. The
intensity ratio I)/I; (or k) is indicative of microscopic polar
enviornment of the flurescnece probe, which is known as
the Ham effect.!? The I; band of DPP in sol-gel solution
is red-shifted to 377 nm. Up to the gelation point the ratio
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Figure 2, Typical intensity-time profiles of monomer and exci-
mer of 1,3-dipyrenyl propane in sol solution. The excitation wa-
velength is 337 nm and fluorescence emission was collected at
373 nm for monomer and at 492 nm for excimer.
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Table 2. The values of lifetime decay of 1,3-Dipyrenylpropane
as a function of aging times

aging monomer decay excimer decay
time relative ™ relative  tgi, tM2 T3

(days)  amplitude (ns) amplitude (ns)

0 0.99 7 —0485 7

001 38 0.346 39

0.170 23

30 0.99 8 —0485 7

0.01 38 0.346 40

0.170 23

35 0.99 8 -0.485 8

0.01 40 0.346 40

0.170 25

40 0.98 9 —0434 8

0.02 56 0.215 57

0.350 37

42 0.98 11 —05 11

0.02 78 0.170 72

0.330 44

43 0.96 13 —0458 12

0.04 82 0.099 106

0.443 48

exhibits a small change, but as long as the xerogel is formed,
the f; band virtually diminishes after 45 days. The polarity
experienced by DPP seems to decrease gradually as the ge-
lation is processed further, and the first vibronic transition
is almost forbidden, when the matrix becomes xerogel.
Lifetime Measurements and Kinetic Analysis. To
understand excimer dynamics more fully, we carried out the
time-resolved fluorescence study on DPP in TEOS solution.
Figure 2 is the intensity-time decay profile of DPP in TEOS
sol, and Table 2 contains all the data taken during the sol-
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gel-xerogel transition,
The monomer decay fits double exponential, while the ex-
cimer decay fits triple exponential: '

IO=A, exp(—t/n)+4, exp(~t/mn (D)
()=A:" exp(—tfep)+A;" exp(—t/te)+As exp(—tftgy)
)

The amplitude sign of two terms in the monomer emission
decay is positive, while that in the excimer decay consist
of one negative (4,) and two positives (4,' and A,"). The
T, therefore, should be regarded as a rise time. In the
excimer rise and decay, A,+A; is equal to —A4, within the
experimental error.

Our data show that the two monomer components (T,
and ta») are the same as two excimer decay components
(vg1 and tg2). Two monomer decay components indicate that
there are two conformers which form excimer through two
independent pathways.

Many kinetic schemes have been proposed for intramole-
cular excimer formation, and they are usually dependent
upon model compounds. The excimer stabilization energy
for pyrene dimer is ¢g. 7.8 kcal/mol which is more than
ten times higher than thermal energy at room temperature,
so there is little chance for which the excimer dissociates
in the excited state during excimer lifetime. This greatly
simplifies the kinetic schemes for pyrene intramolecular ex-
cimers. Ghiggino ¢f al.™® measured the fluorescence lifetime
of DPP in hydrocarbon solvents and proposed the following
scheme;

conformer a
* Ka '
fa (Py (CHy) 5Py )4 f. (Py (CH:) 1Py)
conformer b
ke +
fy Py (CH,) Py ) b fo (Py {CH,) sP)’)

where f; and £, are the fraction of molecules in the ground
state for conformers of type @ and type b, respectively. &,

-and %, are the rate constants for excimer formation of confo-

rmer ¢ and conformer b. ki (ki) and kpu (%re) are nonradia-
tive and ratiative decay constants for monomer (excimer).
A Kinetic analysis produces the following monomer and exci-
mer fluorescence decay profiles accomodating all the para-
meters shown in the scheme,

hn)=ken [fa exp(—t/mu)+f exp(—t/tu2)] @

kq

o=k [/ 1/tgs—1/tea

exp(—¢/tey)
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Table 3. The values of rate constants of 1,3-Dipyrenylpropane
as a function of aging times

aging tme . 0h s ke (10°s™Y) ks 1051 &y (10°s™)
(days)
0 18 43 125 10
30 16 43 109 i
35 15 40 110 10
40 12 27 99 5
2 7 23 83 6
3 4 21 7 8
+j},——k“——“ exp(—t/tep)
].f'CE;;_].I"CE_z
ARt B exp(—ted] @
“Vrgs— 1wy 7 Vtes— 1/t =

If we define kM and kD as kM:k|M+kFM and kEzkrE“Fk]?E,
the following relations hold

1tgy =k, +ky ®)

Ve =ks+ky ®
1Vtes=ks ')
fith=1

Table 3 shows ku, #e. k. and k. &y values which were ob-
tained by measuring the fluorescence lifetimes of pyrene
molecule at the each aging condition. _

The experimental results for excimer decay gives the or-
der of 1/tg1>1/te3> 1/tes, Which makes the first term nega-
tive and the others positive in equation (4).

The relative population of type a to type b is more than
95% for all the aging condition. This indicates that type a
configuration is much more energetically stable. Interestingly
in hydrocarbon solvents, somewhat lower fraction (92%) has
been observed. It is expected that the sol-gel solution stabili-
zes type a configuration more favorably compared with hyd-
rocarbon solvents.

Intramolecular Excimer Formation Dynamics. In
Table 3, the fluorescence decay constants of pyrene and py-
rene excimer which were measured separately increase as
a function of the aging time. This is just due to oxygen
quenching, correlated with solvent viscosity. The rate consta-
nts show that the dynamic quenching process acts more effi-
ciently for pyrene than for excimer. It has been known that
the macroscopic viscosity change for sol to gel transition ex-
ceeds more than two orders of magnitudes® The excimer
formation process is a diffusional process, so the solvent vis-
cosity affects the excimer formaticn from the monomer
moieties. Our results show that the intramolecular formation
dynamics of DPP entrapped in gel pores are governed by
microscopic viscosity and polarity. The excimer formation
rate constant %k, is about ten times faster than %, These
values are in close agreement with the solution phase
dat&1516 .

It is proposed that there exist two stable conformers in
the ground state DPP in sol-gel-xerogel matrices. As shown
in Figure 3, most conformers are in type a configuration
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py

Figure 3. Schematics for type a and type b configuration of
1,3-dipyrenylpropane.

from which the intramolecular formation is more facile, pos-
sibly due to low activation enérgy, or shorter distance bet-
ween two pyrene moieties in DPP. This is a different aspect
compared to solution phase data. This may be explainable
by considering the fact that DPP interaction with TEOS or
silicate matirix favors the type a configuration.

In conclusion, we first studied the intramolecular excimer
formation dynamics of dipyrenylpropane in silicate sol-gel
solution. It is shown that the solvent polarity decreases as
the aging proceeds, while the microviscosity in DPP experie-
nces little change. There exist two stable conformers in the
ground electronic state, which give distinct rate constants
for excimer forming. The population of the confomer respon-
sible for slow excimer formation is only a few percent. The
excimer formation dynamics are simliar to the solution phase
environment, except that the intramolecular formation proce-
sses in silicate matrix are significantly affected by microenvi-
ronment.
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Two redox processes of methyl viologen (+2/+, +/0) in acetonitrile were investigated by using channel electrode
voltammetric and in situ electrochemical ESR methods. Two separated unequal plateau currents of the first (+2/+)
and second (4 /0) redox processes of the viologen were observed in the channe) electrode voltammograms and showed
a cube-root depedndence on the electrolyte flow rate, respectively. The simple Levich analysis resulted in two different
diffusion coefficients of D.,=2.2X107° cm?/s and D+ =30X10"% cm?/s from the limiting currents. In situ electroche-
inica!l ESR studies were performed for the monocation radicals generated at the potentials of the two plateau currents
in the electrolyte flow range 1.3x107'2 o 22.7X 10-3 cm¥/s. Backward implicit finite difference method was employed
to simulate the electrochemical kinetic probiem of two sequential electron transfers (MV*H+ee=2 MV*, MV'+e

k
= MV*) coupled with reversible comproportionation (l\/[\f”-l—lkfi\i"’ﬁr 9MV*). %, was found to be greater than 108

M-t sl

Introduction

As part of continuing studies of understanding the ther-
modynamic aspects of and electrochemical kinetic effects by
asymmetric surfactant viologens in organized molecular asse-
mblies,'* we have investigated the following two reductive
electrochemical processes of viologens (V*?) coupled with
comproportionation in acetonitrile solutions by using channel
electrodes.

Vit~ = V* Elue M
Vite =V Evi 2)
Vo4 Vi =2 2Vt K 3)

Since the formal potentials of reactions (1) and (2), Eio
and E.,, are separated by several tenths of a volt with
Eio+ less negative than E’ v, the thermodynamically spon-
taneons comproportionation between V° and V*? produces
the singly-reduced radical cation, which shows a strong ESR
signal, at the potential corresponding to the overall 2e re-
duction of V*2. Thus electrochemical method combined with
ESR spectroscopy will be a method of choice to approach

4

to solve the kinetic problem.

The channel electrode? which " utilizes the well-defined
flow pattern inside the channel and the efficient numerical
method of backward implicit finite difference (BIFD) for the
geometry of channel flow cells, has been proved to be a
useful hydrodynamic electrode for the mechanistic investiga-
tion of the electrode reactions which involve homogeneous
chemical reactions. It consists of an electrode embedded in
the wall of a rectangular duct through which electrolyte solu-
tion is flowed, as shown in Figure 1.

In situ electrochemical ESR method using the channel ele-
ctrode has been successfully applied to tackel an irreversible
comproportionation system by Compton.! The present work
is to consider reversible comproportionation reaction by
using channel electrode voltammetric and in sttu electroche-
mical ESR methods experimentally and theoretically.

Comproportionation kinetics of methyl viologen has been
studied by several different groups previously>’ Our results
agree with the reaction scheme (1)-(3) and large compropor-
tionation rate constant (&) reported by others, and nonidenti-
cal plateau currents of the first and second redox processes
and unequal diffusion coefficients of the viologen dication



