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Abstract

Temperature-annealing-cycling hole spectra are introduced to examine the hole burning kinetics of dye and dye-
oligonucleotide in polymer films. When a chromophore binds to a large group of oligonucleotide, the burning efficiency
decreases and the electron—phonon coupling strength increases.

1. Introduction

Nonphotochemical hole-burning (NPHB) spec-
troscopy of chromophores in amorphous glasses
has been extensively applied to investigate the
chromophore—glass interaction at low temperature
[1-3]. Recently, Chang and co-workers [4] have
demonstrated that temperature-annealing-cycling
(TAC) hole spectra can provide the information on
electron—phonon coupling and the distribution of
Stokes energy shift. The TAC hole spectra are
taken as follows: a hole-burned (HB) spectrum is
obtained at burning temperature (T), after a hole
is produced. Then the temperature is raised to the
annealing temperature (T,), the annealing spectrum
is taken at T,. Furthermore, the temperature is
cooled back to the cycling temperature (T), the
cycling spectrum is recorded at T.. It is noted that
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T. = Ty. They have found that the integrated hole
area is reduced while raising the temperature to T ,.
However, part of the holes is recovered when the
system is cooled back to the temperature at T,
where T, = T,. The irreversible part of the hole
filling at high temperature results from the struc-
tural relaxation [5]. The reversible change of the
hole area is attributed to linear electron—phonon
coupling [4-7]. In addition, they proposed that the
difference of hole area between annealing and cycl-
ing spectra provides the distribution of Stokes en-
ergy shift [4].

The purpose of this work is to examine how
chemical binding of a chromophore to a large
group of oligonucleotide of guanosine affects hole
burning kinetics. We have studied TAC hole
spectra of 5-(and 6-) carboxy-X-rhodamine N-hy-
droxy succinimidyl ester (RhSE) and the RhSE
molecule with binding to an oligonucleotide of ten
bases of guanosine (RhSE-10G) doped in polyvinyl
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alcohol (PVOH) films. It has been found that the
burning efficiency in RhSE-10G/PVOH is lower
than that in RhSE/PVOH. In addition, our results
suggest that the strength of electron—phonon coup-
ling is larger in the system of RhSE-10G/PVOH
than that of RhSE/PVOH.

2. Experimental

The experimental setup and the method for
sample preparation have been described elsewhere
[4,8]. Hole was burned by using Ar* laser pump-
ing a ring dye laser (Coherent 899-01) with a width
of ~ 1 ¢cm™" and the photon flux of < 40 mW/cm?
for several minutes. The spot size of the burning
beam was ~1mm and that of the reading beam
was ~200pum. Extreme care was taken to ensure
that the cross-section of the probe beam at the
sample should be inside the area of the burn laser.
The absorption spectra were obtained by using
a home-made double beam spectrometer with the
resolution of ~0.3 A. The samples were mounted
on a brass plate with several drilled holes of
~ 1 mm diameter, which were put into a Janis dew-
er and were cooled by passing cold helium gas over
it. The deviation of the temperature is + 0.5K at
low temperature. All spectra were taken after the
temperature stabilized for > 30 min because of the
low thermal conductivity of polymer samples.

3. Results and discussion

Fig. 1 shows typical TAC spectra of RhSE/
PVOH and RhSE-10G/PVOH. The burning times
are 3 and 10 min for RhSE/PVOH and RhSE-
10G/PVOH with a flux of ~12 mW/cm? at
Ap & 5812 A, respectively. A sharp ZPH accom-
panied by an asymmetric pseudophonon side band
hole (PSBH) with tailing on the low energy side is
observed in both HB spectra. In addition, a shallow
hole located at ~3 nm to the red of the ZPH is
observed in Fig, 1. The dotted lines present the fit to
the experimental data. The details of the simulation
approach can be found elsewhere [8]. In brief, the
method consists of separately calculating three
Gaussian line shapes including a ZPH, a PSBH,
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Fig. 1. Typical temperature-annealing-cycling hole spectra of
RhSE/PVOH (a)—(c) and RhSE-10G/PVOH (d)—(f). The dotted
lines present the fit to the experimental data by using the widths
of a ZPH, a PSBH, and a shallow hole as (0.6, 6.5, 7) A for
spectra (a)~(c), (0.8, 6.5, 7)A for (b); (0.7,9, 12)A for (d), (f), (0.8, 9,
12) A for (e).

and a shallow hole. It is found that the width of
ZPH in the cycling spectra is approximately identi-
cal to that in the HB spectra. However, the width of
ZPH in the annealing spectra is slightly broader at
higher temperatures for both systems. Unfortunate-
ly, we are unable to determine the homogeneous
line width in our present investigation. Neverthe-
less, the reversible hole width in the TAC spectra
implies that the spectral diffusion is unlikely to be
the dominant hole broadening mechanism because
the local structure randomized by the spectral dif-
fusion is an irreversible process [9].

In addition, Fig. 1 shows that the burning effi-
ciency of RhSE-10G/PVOH is less than that of
RhSE/PVOH. It is noted that the peak center of the
low energy absorption band is shifted from
~574 nm in RhSE/PVOH to ~580 nm in RhSE-
10G/PVOH. The optical density of RhSE-
10G/PVOH is approximately twice stronger than
that of RhSE/PVOH at 5812 A [4]. However, even
under the high fluence condition the hole depth of
ZPH in the spectra of RhSE/PVOH is more than
twice that of RhSE-10G/PVOH. Lower burning
efficiency in RhSE-10G/PVOH suggests that the
oligonucleotide binding to the RhSE molecule is
involved in the processes of hole formation.
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Nakanishi and co-workers [10] have studied the
HB spectra of nile blue doped in PVOH and cross-
linked PVOH derivatives. They found that the
depth of ZPH decreases as a function of the length
of the cross-linker introduced to the PVOH back-
bone. The decrease of the hole depth is attributed to
the change of the TLSs distribution around the dye
entrapped in the void space induced by the cross-
linking. In this work, the large size of oligonucle-
otide could enlarge the void around the chromo-
phore in the polymer matrix. As a result, the effec-
tive density of TLSs around the chromophore can
be reduced upon the optical excitation.
Furthermore, Fig. 1 presents that the integrated
hole area is reduced while raising the temperature
to T,. However, part of the holes is recovered when
the system is cooled back to the burning temper-
ature at T, where T, = T,,. Possible mechanisms
for the hole filling involve spontaneous filling and
thermally activated processes. We have measured
the integrated hole area of ZPH as a function of
waiting time to examine the spontaneous hole fill-
ing. Fig. 2 shows the plots of hole area as a function
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Fig. 2. The plots of the hole areas as a function of waiting time
under the burning temperature condition ((J, + ) for the first
3.5h, and the annealing temperature condition (CI, + ) for the
last 5 h, and the cycling temperature condition (O, + ) . In the
burning condition, two set of data (O, +) are obtained at
Ty = 6 K. The annealing spectra are measured right after the
HB spectra, respectively, where: (J: raise sample to T, = 20K
and read at 20K; + : raise sample to T, = 25K and read at
25 K. However, the cycling spectra are obtained independently,
where: O: cools sample from T, =11 K to T, = T, = 6 K and
read at 6 K; + :coolsamplefrom T, =21 Kto T, =T, =6K
and read at 6 K.

of waiting time for RhSE/PVOH obtained under
various conditions. Under the burning temperature
conditions at T, = 6K, the ZPH is reduced by
~15% of hole area in the first hour, and then the
reduction of the hole area is insignificant. Under
the annealing temperature condition, the integrated
areas of ZPHs are nearly identical within experi-
mental error for four hours waiting time. Under the
cycling temperature condition, the areas of ZPHs
are also approximately identical for more than
three hours waiting time. It indicates that the
change of the hole area in the TAC spectra is
mainly attributed to the thermally activated hole
filling process.

In our previous work [4], we have demonstrated
that the difference of hole reduction between an-
nealing and cycling spectra can be described by the
linear electron—phonon coupling. The theory of the
linear electron—phonon coupling suggests that the
integrated intensity of the ZPH is temperature-de-
pendent because of the spectral redistribution of
the thermal occupation of the phonon state [2, 11].
Therefore, the ratio of Ipy(T,) /Izpu(T.) as a func-
tion of temperature should follow the relationship
of [4]

TIzen(Ta)/Izen(T ) = exp[ —28oA(T)] (1)

while T,—-0. S, is the coupling constant at
T = 0K and #(T) is the thermal occupation num-
bers at mean phonon frequency of w, A(T) = [exp
(hw,/ ksT) — 1] . The experimental results of the
counterpart of Izpy(T,)/Izpu(T.) for both systems
are shown in Fig. 3. The solid curves in
Fig. 3 represent the numerical fitting of Eq. (1)
to the experimental data. The magnitude of
w, ~ 28 cm™ ' inferred from the frequency differ-
ence between ZPH and PSBH shows no significant
difference between these two systems. We further
determine the electron-phonon coupling para-
meter by varying the magnitude of S, to simulate
our experimental results. It is found that the magni-
tude of S, is ~0.7 for RhSE/PVOH and ~ 1.0 for
RhSE-10G/PVOH. The agreement between the fits
and our experimental data indicates that the
difference of hole area between annealing and
cycling spectra is attributed to the linear electron—
phonon coupling. Our results suggest that the
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Fig. 3. The plots of the ratio of I zpy(T,)/Izpu( T.) as a function of
annealing temperature for (a) RhSE/PVOH and (b) RhSE-
10G/PVOH. The solid lines are the fit of Eq. (1) to the experi-
mental data.

electron—phonon coupling strength of RhSE-
10G/PVOH is larger than that of RhSE/PVOH.

Saiken and co-workers [12] have found that in
the systems of rhodamine-640 doped in different
polymers the electron—phonon coupling is stronger
if the side group on the polymer chain is larger and
stiffer. They proposed that the electron—phonon
coupling depends upon the size of the free volume
around the chromophore in the polymers. In our
work, the large oligonucleotide binding to the chro-
mophore may provide larger free volume around
the chromophore in the polymer matrices. The lar-
ger the free volume in the polymer provides more
freedom for the guest molecule. It could optimize
the coupling strength. Further examination on the
free volume behavior will be performed by measur-
ing the dephasing of these two systems. The larger
the free volume is, the faster dephasing should be
observed [13].

Other possible mechanisms involved for the lar-
ger S in the system of RhSE-10G/PVOH are the
dipole—dipole interaction and additional phonon
coupling modes. The linear electron—phonon coup-
ling of S, is given by Sy = X;S; = Z;mw;q?/2h,
where q; is the displacement of the equilibrium

position upon a phototransition. The larger magni-
tude of S, in RhSE-10G/PVOH could imply that
a larger displacement between ground and excited
states is involved. The larger displacement may be
attributed to a larger change of dipole moment
upon the optical excitation. If RhSE is on a base
stacked configuration, this could introduce charge-
transfer character into S, [14]. Consequently, a lar-
ger change on dipole moment is produced and
a stronger electron-phonon coupling behavior is
presented in the spectra of RhSE-10G/PVOH. Un-
fortunately, the structural configuration of RhSE-
10G complex is not clear at this moment.

Since S, consists of all the coupling between the
phonon modes and the excited chromophore, addi-
tional phonon modes due to the ten bases of gua-
nosine may also enlarge the magnitude of S,,. It is
known that the phonon side band is due to the
coupling of phonon modes. Fig. 1 shows that the
shape of the PSBH in RhSE-10G/PVOH is broader
than that in RhSE/PVOH. In addition, we have
proposed that the difference of hole area between
annealing and cycling spectra can provide the
phonon distribution of coupling modes [4]. Our
results show that the difference between annealing
and cycling spectra of RhSE-10G/PVOH is larger
than that of RhSE/PVOH in the temperature re-
gime of 10-17K. It is suggested that additional
lower phonon modes are coupled to the excited
chromophore.

4. Conclusions

In summary, we have applied temperature-an-
nealing-cycling hole spectra to investigate how the
large group of oligonucleotide binding to a chro-
mophore affects the hole-burning kinetics. It is
found that binding an oligonucleotide to a chromo-
phore decreases the hole-burning efficiency, but
increases the electron—phonon coupling strength.
The former phenomenon can be described by the
reduction of the effective density of TLSs around
the RhSE due to the larger free volume created via
the larger size of oligonucleotide. The latter feature
is temporarily described by three proposed mecha-
nisms. The larger free volume in the polymer matrix
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allows the guest molecule to move for optimizing
the electron—phonon coupling. The stacked config-
uration of RhSE-10G may enhance the dipole—
dipole interaction. Additional lower phonon modes
due to the oligonucleotide may couple to the excit-
ed chromophore to enlarge the electron—phonon
coupling. Further examination on these mecha-
nisms is in progress.
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