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Time resolved phosphorescence of Dibromobenzophenone (DBBP) choleic acid crystal was observed at 4.2 K
as functions of excitation energy and delay time. The experimental results reveal that the energy transfer
efficiency is dependent on the excitation energy, i.e. the density of acceptors sites. As the excitation energy or
delay time increases, the resonance phosphorescence does not broaden and shift gradually, rather a broad
luminescence band develops about 290 cm™ to lower energy of the resonance phosphorescence. The
observation implies that energy transfer from high to low energy sites in this system is controlled by emission
of phonons or vibrons. The data of time resolved experiments were analyzed in terms of a mechanism involving
direct donor-acceptor excitation transport by exchange coupling. It was concluded that an isotropic two-
dimensional exchange interaction topology is consistent with energy transfer in this system.
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Introduction

Optical luminescence method is one of the most common
biological tools to monitor the changes in intracellular ion
concentrations.'* Luminescence imaging from a indicator
dye injected into a cell provides important insights into the
concentration and spatial location of ions throughout single
cells. Each dye must be chosen carefully for its ability to
provide accurate and reliable information from within a cell.
Elements such as toxicity to the cell, self-quenching,
intracellular separation, protein binding, and leakage of the
dye from the cell frequently complicate the interpretation of
the results and must be considered.”® The minimization of
the problems listed above are achieved with employing inert
and bio-friendly matrix. A fluorescent indicator dye is
entrapped within a protective matrix. The matrix should
allow ions to diffuse easily and bind with the indicator but
prevents release of indicator dyes into the cell, thus
preventing perturbed interactions between the dyes and the
cellular contents. Still the entire size should be sufficiently
small so as to be minimally invasive and permit rapid
response times. Polymers have been used as a typical matrix
material.”!! It, however, has distinct disadvantages; limit the
number of ions allowed to diffuse and/or cause biological
perturbations.

Deoxycholic acid (DCA) is isolated from the bile of
animals and forms inclusion compounds by dissolving other
molecules. These inclusion compounds, called choleic acids,
can be formed with wide variety of guest, polar or non polar,
e.g. aliphatic, aromatic, and alicyclic hydrocarbons, alcohols,
ketons, fatty acids, esters, ethers, phenols, azodyes. nitriles,
peroxides, and amines.'>™* The choleic acid crystals have
well defined structures and stoichiometries and sufficiently
small disorder that even atoms of the guest molecules can be
located by x-ray crystallography.'>!” Because of this
remarkable chemical property, DCA may serve as a host

molecule for inert and bio-friendly matrix that has excellent
ion selectivity.

Optical properties of choleic acid crystals have been
studied previously.'® Phosphorescence spectra of 4-methyl-
benzophenone choleic acid (MBPCA) crystals have been
obtained. At lower MBP concentration, the sample appear to
consist of choleic acid crystals partially filled with guest, i.e.
not all the guest sites are occupied by MBP. This charac-
teristic makes possible to study energy transfer as a function
of guest concentration. It, however, was found that energy
transfer did not occur at any concentration for the case of
MBPCA. The slow rate of energy transfer in MBPCA is
likely due to the large intermolecular distance between
molecules imposed by the crystal lattice. In order to study
further energy transfer in choleic acid, it is necessary to use
guest molecules that have a higher intrinsic energy transfer
rate. It has been observed that the sensitized phosphore-
scence of guest molecules containing a heavy atom are
substantially stronger than the sensitized phosphorescence of
guest molecules of the same moiety without a heavy atom.!*->
The sensitized phosphorescence of 4,4'-dibromobenzophe-
none (DBBP) and 1,4-dibromonaphthalene (DBN) as a
dopants in a DCA matrix were observed as a function of the
guest concentration.” Direct donor-acceptor triplet excitation
energy transfer were characterized with these molecules by
using DBBP as the energy donor and DBN as the energy
acceptor. The experimental results showed that energy
transfer rate increased as the guest concentration increased.

It is of interest to observe the energy transfer in choleic
acid crystals as a function of time in order to determine the
spatial distribution of guest molecules in the matrix. Time
resolved phosphorescence spectra of DBBP choleic acid
were obtained at 4.2 K as functions of mechanism involving
different excitation energy and delay time. The experimental
data were analyzed in terms of direct excitation transport by
exchange coupling using the theoretical concepts.
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Experimental Section

DBBP was obtained from ICN Pharmaceuticals and
purified by multiple recrystallization (3x) from ethanol, and
zone refined for 100 passes. DCA obtained from Sigma was
purified by multiple recrystallization (4x) from acetonitrile
and dried in a vacuum desiccator in order to prevent the
formation of an inclusion compound with the solvent. To
obtain DBBP choleic acid crystals, an excess of DBBP was
mixed with DCA using methanol as a solvent. Crystalli-
zation occurred by slow cooling followed by slow evapo-
ration of solvents. After crystallization, the excess DBBP
was removed by rinsing with solvent. The stoichiometric
ratio of DBBP to DCA were determined to be 2:1 by
integration of proton NMR spectra of the solution made by
dissolving the crystals. These spectra also revealed that the
supernatant solvent was not occluded in the crystals along
with DBBP. The samples were immersed in liquid helium in
an optical dewar to achieve a temperature of 4.2 K.

A schematic diagram of the experimental apparatus is
shown in Figure 1. The choleic acid crystals were mounted
between a quartz plate for phosphorescence spectra mea-
surement. The S; state was excited by 280 nm radiation from
a 75 W xenon arc-lamp passed through a monochromator
(Jarrel Ash) and glass filter (Corning 7-54). The subsequent
steady state phosphorescence was collected through a glass
filter (Schott GG 450) to avoid scattered light from excita-
tion, and was monitored with a double spectrometer (Spex
1302) and a photomultiplier tube (EMI 9805/474). The
photosignal was amplified using a current amplifier at a gain
of 10® and with a typical time constant of 1 second. As the
excitation source for the Ty <« S, transition, a pulsed
nitrogen laser (Molectron UV400) and a tunable dye laser
(Molectron DL400) were used. The nitrogen laser delivers
output pulse of 10 ns in duration, a 0.3 A in spectral width,
and 10 mW peak power, with tunable repetition rate in the
range of 10-100 Hz. A boxcar integrator (PAR 162 with
model 164 gated integrator modules) was used for time-
resolved photosignal acquisition. The same spectrometer

h

" Helium
! \ Dewar
N; Laser i ‘\
1 I \
! ! ‘\ Sample
I
! Lo
i | \ P
Dye Lla_s'e'r“_:'"/ \‘ ,/% i Current
| Vid o I
| \\ > e ’7 Amplifier
H ! N
1
! Double Boxcar
! Spectrometer [

? Photodiode (
trigger ‘ Computer }—‘ ADC |
signal

Figure 1. Schematic diagram of instrumentation arrangement.
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and photomultiplier tube were used for the time resolved
measurement. Light from the dye laser incident on a photo-
diode was used to trigger the boxcar. The time response of
the electronics was tested with a pulse generator. It was
found that the response time of the boxcar integrator,
including RC filter on the input, was faster than 1 us. The
spectra were collected using an analog to digital converter
(ADC) and stored on the computer for further analysis.

Experimental Results

A steady state phosphorescence spectra, obtained at 4.2 K,
of DBBP choleic acid is shown in Figure 2. The excitation
was at 280 nm. In aromatic carbonyl molecules, the quantum
yield of intersystem crossing from the lowest excited state to
the lowest excited triplet state is very high, dominating over
other decay processes.”* The excited triplet state of DBBP
choleic acid is populated by intersystem crossing. The 0-0
peak of DBBP choleic acid phosphorescence is located at
4300 A, which is a 600 cm™ red shift relative to the case of
DBBP crystalline. The spectral bandwidth of the 0-0
transition of DBBP choleic acid is approximately 280 ¢cm™
(fwhi), which is close to that of crystalline DBBP. No
luminescence was detected for DBBP crystalline or pure
DCA under the conditions of the experiment. This obser-
vation demonstrates that only DBBP choleic acid exists, not
DBBP crystalline.

Figure 3 shows time sampled spectra in the regions of the
first vibronic band of the phosphorescence of DBBP choleic
acid crystals at 4.2 K as a function of excitation energy.
Excitation wavelength are on and above the high energy
edge of the 0-0 phosphorescence band. In each case the
spectrum was sampled after a 10 us delay using a 5 us
sampling time. In order to avoid interference with scattered
light due to the laser, the first vibronic band of the emission
was monitored. At the low excitation energy (4200 A), two
relatively sharp (fwhi ~ 40 cm™) resonant emission lines
are observed. As the excitation energy increases, a broad
(fwhi ~ 340 cm™) luminescence band of increasing inten-
sity develops about 290 cm™' to lower energy of the resonant
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Figure 2. Steady-state phosphorescence obtained at 4.2 K for
DBBP choleic acid crystal.
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Figure 3. First vibronic band of DBBP choleic acid phosphore-
scence at 4.2 K as a function of excitation energy (delay time: 10
s, sampling time: 5 us).

Table 1. Correlation of excitation and phosphorescence wave-
lengths”

Jere desO-1)  Awi Au(0-1)  Awug
(A) (A) (em™) (A) (em™)
4180 4565 1700 4640 290
4190 4570 1700 4640 290
4195 4575 1700 - -
4200 4580 1700 - -

“Aexe 18 the excitation wavelength, 4., is the vibronic resonance
phosphorescence shifted by an amount A, A« is the relaxed
phosphorescence shifted by an amount A v, (Stokes shift) from Aes.

phosphorescence. The resonant emission lines shift with
changes in the excitation energy as expected. Table 1 shows
the mean position of the doublet, A, and the peak position
and Stoke shift of the relaxed emission, 4. The time delay
of 10 us between excitation and observation assures that the
sharp features are resonance phosphorescence and are not
caused by Raman scattering. In addition, the decreasing
intensity of the sharp features with increasing excitation
energy is not characteristic of Raman scattering. The Raman
intensity should increase due to the * nonresonant
frequency dependence and due to resonant contribution from
the T} < Sy absorption.

Time-resolved phosphorescence spectra of DBBP choleic
acid at 4.2 K for different delay times following excitation
are shown in Figure 4. The excitation energy was 4200 A. At
a short delay time, e.g. 10 us, as monitored above, two sharp
resonant emission lines on a broad background are observed.
At longer delay times, a broad phosphorescence band
develops to lower energy. The intensity of the broad band
increases and the intensity of the sharp lines decreases as a

Bull. Korean Chem. Soc. 2007, Vol. 28, No. 12 2411

500us

300us

50us

10us

a0

4520 4600 4680
Wavelength ( A)

Figure 4. Time-resolved phosphorescence spectra of DBBP
choleic acid at 4.2 K for different delay times with excitation at
4200 A. The delay time is specified, the sampling time is 5 zs.
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Figure 5. Plot of Inp(¥) vs Int for DBBP choleic acid at 4.2 K.

function of the increasing delay time. The position and width
of the broad band appear to be independent of the delay
time.

Discussion

Upon excitation, the molecules are divided into three
classifications: donor-(molecules requiring an excitation
energy equal to the initial excitation energy), acceptor-
(molecules requiring an excitation energy lower than the
initial excitation energy), and barrier- (molecules requiring
an excitation energy higher than the intial excitation energy).
The number of donors, acceptors, and barriers depends on
the initial excitation energy used. As the excitation energy
increases, the density of acceptor site increases. This
increase would enhance the energy transfer rate from donors
to acceptors because the distance between donors and
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acceptors decreases. The experimental results in Figures 3
reveal a strong dependence of the spectral diffusion rate on
the excitation energy. At the low excitation energy (4200 A),
two relatively sharp (fwhi ~ 40 cm™) resonant emission
lines are observed. As the excitation energy increases
resonance phosphorescence does not broaden and shift
gradually; rather a broad luminescence peak develops about
290 cm™ to the red. This jump indicates that energy transfer
from high to low energy sites in this system is controlled by
emission of phonons or vibrons and not by the density of
electronic acceptor sites. When a donor transfer energy to a
lower energy acceptor, the excess energy must be dissipated
by phonons, which are intermolecular vibrations, or by
vibrons, which are intramolecular vibrations. The rate of
energy transfer depends upon the density of electronic
acceptor states and on the coupling with the phonons and
vibrons, as well as on the electronic interaction. Here the
term coupling includes the density of phonon and vibron
states as well as the strength of the interaction. The density
of electronic acceptor states decreases with increasing red
shift from the donor. Consequently if this density of states
controls the rate, the resonance line will gradually broaden
and shift to lower energy. On the other hand, if the phonons
and vibrons control the rate, the resonance line will lose
intensity and a lower energy band will gain intensity
following the time of excitation. The separation between the
resonance line and the relaxed band is characteristic of the
phonon and/or vibron frequencies that provides significant
coupling and high density of states.

We now consider the time evolution of spectral diffusion
shown in Figure 4. The excitation is generated at the donor
sites by the T; <« Sy absorption, and the acceptor population
results only from the energy transfer processes. At t= 0, the
number of donor sites NA0) = Ny, and the excitation density
of the acceptor sites NA0) = 0. The decay of the excited state
population of donor and acceptor molecules can be
described by simple kinetics.

dN,
— = kN, = Z W(r)N, (1)
J
dN,
= ~kN, =X W(r)N, @)
dt c

where N, is the number of donor molecules excited, & is the
unimolecular decay rate, and W(r;) is the rate of energy
transfer from the donors to the acceptors at distance .. N,
represents the population of acceptors due to excitation
transfer from donors. For the case of triplet energy transfer,
the excitation transport generally is governed by the
exchange interaction. The distance dependence of the energy
transfer rate between a donor and an acceptor at distance r
then is given as®

W(r) = kexp[y(d—r)] ©)

where d is the critical transfer distance, and y which
characterizes the range of the exchange interaction, depends
on the overlap of the donor phosphorescence and the
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acceptor absorption spectra. Under the condition of low
donor concentration, donor-donor interactions are neglected.
Also any possibility of back transfer can be excluded at low
temperature.

The donor depopulation function for energy transfer to the
acceptor by exchange coupling for all configurations is***’

@) =TI[1 —p(1 —exp[-kt exp{y(d-r)}])]  (4)

where p is the probability of a site being occupied by an
acceptor. By taking the logarithm and replacing the
summation by an integral using continuum approximation
for D-dimensional lattice,”’” equation (4) becomes

— d
In®(1) = ~Vppy “pgp(kte’) (5)
with

D—1

gp(u) =D ["[1 —exp(-ue )" dy ©)

where Vp is the volume of a unit sphere in a space of D-
dimension and o is the density of sites. The function gp(u) is
given by**

@i(u)=Inu+0.57722 (7)
g (1) = (In u)” + 1.15443In u +1.9871 (®)
gs(u) = (In u)’ + 1.73165(In u)” + 5.93434Inu +5.44487 (9)

By solving the equation (1) and (2), using the equation (4),
the donor and acceptor populations are

N() = Nye " (1) (10)
N,(1) = Noe “'[1 - ()] (11)

Because the intensity of luminescence is proportional to
the population, the ratio of the donor intensity to the total
intensity at time # can be written as

_ L
p(1) = O+ L0 (1) (12)
From egs. (5) and (12),
Inp(t) ==V p,py " pgp(kee™) (13)

Equations (13) and (7)-(9) show that a plot of Inp(7) as a
function of In(#) will produce a straight line, a quadratic, or a
cubic function for one-, two-, and three-dimensions respec-
tively. In Figure 5, In p(7) versus In(7) is plotted for a sample
of DBBP choleic acid crystals at 4.2 K. A least-square
technique was used to fit the data to a second-order
polynomial, the solid curve, consistent with equations (8)
and (13). From the agreement between the experimental
points and the polynomial function, we may conclude that an
isotropic two-dimensional exchange interaction topology is
consistent with spectral diffusion in this system. Although
the crystal structure of DBBP choleic acid is not known,
similar choleic acid'* have unit cell dimension of 27 x 14 x
14 A3, with a nearest neighbor guest-guest distance of 14 A3
along the b axis. For the case of DBBP doped into polymer
matrix,” energy transfer takes place at the average distance
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of 19.4 A which was found from a computer simulation
using assumed structure. Considering time resolved experi-
mental results and intermolecular distance between mole-
cules imposed by crystal lattice, it therefore appears that two
dimensional exchange interaction topology is consistent
with spectral diffusion of triplet excitation energy in DBBP
choleic acid crystals.

Conclusions

Steady state phosphorescence at 4.2 K is monitored for
DBBP choleic acid crystals. The excited triplet state of
DBBP choleic acid is populated by intersystem crossing.
The 0-0 peak is 600 cm™ red shift relative to the case of
DBBP crystalline. The spectral bandwidth is 280 cm™" (fwhi)
which is close to that of crystalline DBBP. No luminescence
was detected for DBBP crystalline or pure DCA.

Phosphorescence of Dibromobenzophenone (DBBP) cho-
leic acid crystal demonstrated a strong dependence of the
spectral diffusion rate on excitation energy and delay time.
Time resolved phosphorescence of DBBP choleic acid
crystal was observed at 4.2 K as a function of excitation
energy. The results reveal that the energy transfer efficiency
is dependent on the number of acceptors. As the excitation
energy increases, the resonance phosphorescence does not
broaden and shift gradually, rather a broad luminescence
band develops 290 cm™ to lower energy of the resonance
phosphorescence. The observation implies that not the
density of electronic acceptor states, but the emission of
phonons or vibrons controls the energy transfer.

Time evolution of spectral diffusion was observed as a
function of delay time. The data were analyzed in terms of a
mechanism involving direct donor-acceptor excitation trans-
port by exchange coupling. Consequently, it was concluded
that an isotropic two-dimensional exchange interaction
topology is consistent with energy transfer in this system.
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