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Complex modulus of materials consists of loss and storage
parts. Molecular motions in the condensed phase are
governed by loss modulus in the viscosity-controlled regime
and by storage modulus in the modulus-controlled regime.
There are numerous reports on viscosity dependence of
photoisomerizion processes, while elasticity dependence has
drawn relatively less attention.? In this work, we investi-
gated the rigidity influence on the excited-state dynamics of
9-dicyanovinyljulolidine (DCVIJ) in poly(ethylene glycol)
(PEG)-poly(acrylic acid) (PAA) blends. DCVJ, undergoing
an internal twisting motion in the excited state, has been
used as a medium rigidity probe.! Figure 1 depicts the
molecular structure of DCVJ in which the internal twisting
in the excited state occurs around the double bond between
julolidine and dicyano moieties.! The excited-state rate
process of DCVJ has been known to be barrierless with a flat
potential.> PEG-PAA blends form favorable intermolecular
complexes.* By changing the weight ratio of PEG/PAA, it is
expected that the blends provide a broad range of the
Young’s modulus of medium.’

PEG (MW 2,000) and PAA (MW 240,000) were bought
from Sigma-Aldrich and used as received for polymer
blends. Each polymer blend film containing DCVJ (Sigma-
Aldrich) was made by spin casting on a cleaned cover glass.
The water solvents left in the film were eliminated in an
oven at 90 °C for 24 h. The thickness of polymer films is
about 1.2 um and the concentration of DCVJ was ca. 2 pM.
The nanoindentation measurements were performed with an
atomic force microscope (Park Systems, XE-100). A silicon
tip (910-NCHR, Nanosensor) was used to obtain the loading
curves which have information on the Young’s modulus.
The force constant of the cantilever is 42 N/m with the

Figure 1. The molecular structure of DCVJ.

resonance frequency of 330 kHz. For a thin film supported

on a hard substance, the Dimitriadis model rather than the

original Hertz model has a better description to fit the force-

indentation curve:*’
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where F'is the loading force, E is the Young’s modulus, & is
the indentation depth, « is the tip half-angle, R is the tip
radius, and / is the sample thickness. The fluorescence
lifetimes of DCVJ were measured by time-correlated single
photon counting (TCSPC). A picosecond diode laser (Pico-
quant, PDL-800B) operating at a wavelength of 467 nm at
10 MHz was used to excite samples mounted on an inverted
confocal microscope (Nikon, TE2000-S). The fluorescence
photons were collected and processed with a fast TCSPC
board (B&H, SPC 830), and fluorescence lifetimes were
extracted from the measured decay curves by a nonlinear
least square fit with deconvolution.

According to Eq. (1), the loading force varies nonlinearly
with the indentation depth. Figure 2(a) shows the AFM
nanoindentation results of PEG-PAA blend samples,
together with the fit by the Dimitriadis model. The tip was
specified as having an apex radius of 10 nm and the half
angle of 20°. The v value of 0.3 was used for PEG-PAA
blends. The sample thickness measured by AFM indepen-
dently was used for the fit. In the force range from 0 to 6 uN,
the obtained E values of PEG-PAA blends were 0.03, 0.08,
0.13,0.41, 0.95, 1.87,2.97, 3.50, and 4.24 GPa for 0, 10, 25,
40, 55, 70, 85, 95, and 100 wt % of PAA in PEG. Figure 2(b)
shows the fluorescence decays of 4-DASPI in PEG-PAA
blends. None of these data show a single exponential, due to
the structural heterogeneities of the medium. Therefore, the
decay data were fitted to a double exponential form and the
average lifetimes were obtained using <t> = ajti/Xa;, where
a; and t; are the amplitude and lifetime components,
respectively. The obtained <t> values were 0.27, 0.33, 0.47,
0.62, 0.89, 1.25, 1.44, 1.57, and 1.67 ns for 0, 10, 25, 40, 55,
70, 85, 95, and 100 wt % of PAA in PEG.
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Figure 2. (a) The AFM loading data of PEO-PAA blends and the
solid lines from the Dimitriadis model. (b) The fluorescence decay
curves of DCVJ in PEG-PAA blends.

The average fluorescence lifetime is associated with the
rate constant of the twisting motion by

1
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where £, is the radiative rate constant, and £, is the sum of
the nonradiative rate constants responsible for internal
conversion, intersystem crossing, and twisting. If the twist-
ing motion dominates other nonradiative decay processes,
then the rate constant for the twisting motion, k;, is given

asl,S
b=k, 3)

(1)

The ki of DCVJ was calculated using the radiative rate
constant of 2.8 x 10* s7'.° Figure 3 shows the twisting rate
constant as a function of the Young’s modulus of the PEG-
PAA blends. The fit is given by fractional dependence of the
lifetime on the elastic modulus, k; = ¢E*, with the o and p
values of 0.71 (ns™") and 0.43, respectively. The fit is satis-
factory, indicating that the Young’s modulus of matrix
governs the excited state dynamics of DCVJ in the PEG-
PAA polymer blends. The fluorescence lifetimes of DCVIJ
have been measured in various polymers and were related to
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Figure 3. The rate constant for the internal rotation of DCVJ vs.
the Young’s modulus of polymer blends.

the Young’s moduli which were taken in literature." How-
ever, it is more desirable to measure directly the Young’s
modulus of matrix in which the photoisomerizing dye is
embedded. In this work, the E values of the matrices were
measured by AFM and used to explain the dynamics of
DCVIJ in the medium. Another advantage using a blend is
that the Young’s modulus can be tuned continuously by
varying the relative ratio of the polymers.

In conclusion, we have investigated the excited-state
motion of DCVJ in the polymer blends of poly(ethylene
glycol) (PEO) and poly(acrylic acid) (PAA) that form a
favorable interpolymer complex through hydrogen bonding.
The Young’s modulus of PEG-PAA blends were measured
by AFM nanoindentation and the fluorescence lifetime of
the dye by TCSPC. The fluorescence lifetime of DCVJ was
strongly correlated to the Young’s modulus of medium. We
have found that the rate constant for the internal motion of
DCV]J exhibits fractional dependence on the elasticity.
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