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The excited state dynamics of the photomerocyanine (PMC) form originating from spirobenzopyran and
the bi-functional photochromic compound spirobenzopyran–azobenzene (SpAz), containing typical pho-
tochromic molecules of spirobenzopyran (Sp) and azobenzene (Az), were investigated using picosecond
vailable online 29 September 2010
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time-resolved fluorescence measurements in solution at 200 and 285 K and in a PMMA polymer film
at 298 K. While the fluorescence lifetimes of PMC were about twice as long as those of SpAz under all
experimental conditions, both lifetimes showed similar strong dependence on viscosity rather than tem-
perature. These results suggest that non-radiative decay to an intermediate state could be accompanied
by a significant conformational change. The effect of the Az moiety in this relaxation process is also
discussed. It is unlikely that an energy transfer from the PMC moiety to the Az moiety occurs. It was

oiet
xcited-state dynamics concluded that the PMC m

. Introduction

Light-induced reversible transformation between two isomers
ith different absorption spectra is referred to as photochromism

1]. Photochromic compounds have attracted much attention
ecause of their potential for broad use in reversible informa-
ion memory media [2]. Recent interest has also focused on
i-functional photochromic compounds that contain two pho-
ochromic moieties linked by specific spacers [3]. When each

oiety can isomerize independently upon selective excitation at
ifferent wavelengths, four photoisomers could be arbitrarily intro-
uced. This has the advantage of having increased digital codes in
single molecule. Our previous study examined a bi-functional

hotochromic compound, spirobenzopyran–azobenzene (SpAz),
ontaining typical photochromic molecules of spirobenzopyran
Sp) and azobenzene (Az). We reported that the steady-state
bsorption spectral changes in SpAz by selecting specific irradiation
avelengths (300, 360 and 400 nm) indicated the production of

hree different photoisomers [3f,g]. Fig. 1 shows the photochromic
eactions of Sp and SpAz irradiated by 360 nm light. In the case

f UV-irradiated spiropyran, the spirocarbon–oxygen (C–O) bond
f the colorless spiro isomer (SP-form) is broken, and subsequent
somerization leads to a colored open isomer referred to as the
hotomerocyanine isomer (PMC-form) [4]. The Az molecule can

∗ Corresponding author. Tel.: +81 75 724 7809.
E-mail address: kinashi@kit.ac.jp (K. Kinashi).

010-6030/$ – see front matter © 2010 Published by Elsevier B.V.
oi:10.1016/j.jphotochem.2010.09.013
y in the bi-functional SpAz is independent from the Az moiety.
© 2010 Published by Elsevier B.V.

undergo trans–cis-photoisomerization under UV light irradiation
[5]. Therefore, when SpAz is irradiated by 360 nm light, both the Sp
and Az moieties isomerize as SP-transAz-form → PMC-cisAz-form
(PMCAz). It is well known that the PMC-form effectively returns to
the SP-form by either thermal or light excitation [6]. Many stud-
ies have been carried out to investigate the excited state dynamics
of the PMC-form by measuring time-resolved fluorescence [7] and
transient absorption [8] under various solvent conditions. It was
also found that some of observed spectroscopic behaviors could
be attributed to isomerization among rotational isomers around
the methine bridge, such as the trans–trans–cis (TTC) form and the
trans–trans–trans (TTT) form in the excited state [8a–g]. In fluo-
rescence measurements of PMC and PMCAz in toluene, we noticed
that the fluorescent intensity of PMC was much larger than that of
PMCAz, where 360 nm light was used not only for isomerization
from the SP-form to the PMC-form, but also to excite the photo-
product PMC-form. The same measurement was carried out for
mixing a solution of PMC and Az, resulting in almost the same
fluorescent intensity as with PMC. Two explanations for this obser-
vation have been proposed. One is that excited states of PMC and
PMCAz might have slightly different relaxation processes. The other
is that in the case of PMCAz intra-molecular energy transfer from
PMC to Az moieties can occur.
In this study, the excited state dynamics were studied by time-
resolved fluorescence measurements on a picosecond time scale in
order to discuss the photochemical properties of PMC and PMCAz.
The fluorescence lifetimes of PMC were compared with those of
PMCAz in toluene at 200 K and 285 K, and in PMMA film at 298 K.

dx.doi.org/10.1016/j.jphotochem.2010.09.013
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:kinashi@kit.ac.jp
dx.doi.org/10.1016/j.jphotochem.2010.09.013
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ig. 1. Photochromic reactions from Sp to PMC and SpAz to PMCAz upon 360 nm
otational isomer, the trans–trans–cis (TTC) form, around the methine bridge is des

his is the first attempt to explore how the bulky Az can influence
he excited state dynamics of PMC in a bi-functional photochromic
ompound.

. Experimental

Time-resolved fluorescence spectra and decay profiles of the
MC-form were measured using a picosecond streak camera
ystem (Hamamatsu C4334). As an excitation light source, a
egeneratively amplified Ti:sapphire laser system (Spectra Physics
urricane; 100 fs pulse width, 1 mJ per pulse at 800 nm and repe-

ition rate of 1 kHz) with two optical parametric amplifiers (OPAs)
Spectra Physics OPA 800C) was used. The fourth harmonic outputs
f the idler and signal waves from two OPAs, 4ωi (545 nm), were
elected for excitation to the first and higher electronic excited
tates of the PMC-form, respectively. These excitation lasers passed
hrough an interference filter to reduce unnecessary components
n the OPA output and through a neutral density filter to attenu-
te the laser power before a sample cell. The fluorescence obtained
as passed through a high-pass dielectric multilayer filter to cut the

aser scatter and focused into a 150 mm monochromator (Acton) for
etection by the streak camera. Unfortunately, the time-resolved
uorescence spectra in toluene at 200 K yielded an ambiguous
hange due to imperfect reduction in the shorter wavelength region
f scattered lights by the excitation laser into a cryostat. The synthe-
is of Sp and SpAz has been described previously [3f,g]. Compounds
ere dissolved in toluene (conc. 3.5 × 10−5 M) of the highest spec-

roscopic grade (Nacalai Tesque) without further purification. The
MC-form was obtained by irradiation of 360 nm output from a Xe
amp with an optical filter (300 W; Asahi spectra MAX-301). For
pAz, this irradiation also caused a trans to cis isomerization of the
z moiety with high efficiency. Since the PMC-form in toluene is
asily returned to the initial SP-form due to poor thermal stability

fter several minutes at 298 K, two types of temperature-controlled
xperiments were performed. In the first, a sample cell (fused sil-
ca, 1 mm path length) was placed in a cryostat (Oxford OptistadDN)
et at 200 K using liquid nitrogen, wherein it was able to maintain
he PMC-form coloration during the fluorescence lifetime measure-
tion, and their back reactions. As the structure of the PMC-form, the most stable
.

ment. In the other experimental setup, a sample flow system using
a PTFE diaphragm pump (Cole-Parmer Instrument Co.) with a cold
ice-NaCl bath was applied. The surface temperature of the sample
cells was set slightly above the dew point (ca. 285 K) so as not to
hold mist conditions. After a sample bottle and pump, two flow
cells, with 1 cm path length for the Xe lamp (360 nm) and 1 mm for
the excitation laser, were connected with a Teflon tube. Off-focus
lamp irradiation was started 10 min before measuring the time-
resolved fluorescence to ensure sufficient PMC-form was present
and this was continued through the end of the measurement. In
order to compare the dynamics in solution, samples in PMMA films
containing 4 wt% Sp or SpAz at 298 K were also examined. Three
minutes of irradiation with 360 nm light of the PMC-form with
a lifetime of 100 min at 298 K was determined to be sufficient to
measure the fluorescence lifetime.

3. Results and discussion

3.1. Steady-state absorption and fluorescence properties

Fig. 2 shows the UV–visible absorption spectral changes for
Sp, Az, and SpAz in toluene before and after 360 nm light irradi-
ation. It can be seen that the spectrum for SpAz is almost equal to
the sum of the Sp and Az spectra. The spectral changes and band
assignments are indicated in our previous reports [3f,g]. Briefly,
the absorption intensity at 350 nm decreased, and that at 450 nm
increased as a result of photoisomerization from trans- to cis-form
by UV light irradiation (Fig. 2b). In the case of Sp and SpAz, newly
appeared broad absorption bands centered at 585 and 610 nm are
assigned to the PMC-form (Fig. 2a and c). The intensity of their
corresponding UV bands is partly reduced. This indicates that the
PMC-form also has an absorption band of around 360 nm. When
PMC and PMCAz in toluene were excited with 545 nm light, pale-

red emission (� = 580–700 nm for PMC, � = 600–730 nm for PMCAz)
was observed as shown in Fig. 2d. When the PMC-form was excited
with 360 nm light, fluorescence spectra were shaped similar to that
with 545 nm excitation, and almost no peak shift was observed.
The steady state absorption and fluorescence spectra in toluene at
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Fig. 2. Absorption spectral change of (a) Sp, (b) Az and (c) SpAz in toluene (conc.
3.5 × 10−5 M); initial state (solid line) and the photostationary state (broken line)
u
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that the rate constant of the non-radiative process could be directly
influenced, not by the thermal barrier but by the viscosity of the
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T

pon 360 nm excitation. (d) Fluorescence spectra of PMC and PMCAz upon 360 nm
solid line) and 545 nm (broken line) excitations at 285 K.

85 K and PMMA film at 298 K are quite similar. It is noteworthy

hat the fluorescence intensity of PMC was much larger than that of
MCAz, however the absolute fluorescence quantum yield of PMC
˚ = 0.10) was almost same as that of PMCAz (˚ = 0.087) [9].

ig. 3. Fluorescence decay profiles of PMC and PMCAz on 545 nm excitation in (a) toluene
esponse. The solid lines represent the best fit to the data by convolution of instrument re
n Table 1. The listed time constants indicate two significant features.

able 1
he best-fit time constants and average lifetimes of the decay profiles of the S1 state for P

Sample Solvent of matrix Temperature (K) �ex
a (nm)

PMC Toluene 285 545
Toluene 200 545
PMMA 298 545

PMCAz Toluene 285 545
Toluene 200 545
PMMA 298 545

a �ex is the excitation wavelength.
b �1 and �2 are the first and second components of the decay profiles, respectively.
c 〈�〉 is the average lifetime including both components.
otobiology A: Chemistry 217 (2011) 35–39 37

3.2. Time-resolved fluorescence measurements

Fig. 3 shows typical examples of fluorescence decay profiles
for PMC and PMCAz upon 545 nm excitation under three different
experimental conditions. The profiles were obtained by accumula-
tion over a 20 nm range around the peak of the fluorescence spectra.
These profiles were fitted to mono- or bi-exponential convoluted
with the instrument response.

The experimental conditions such as irradiation wavelength,
temperature and matrix were also changed, and the detailed
excited state dynamics was investigated. The best-fit time con-
stants and average lifetimes of the profiles in various conditions
are summarized in Table 1. One characteristic of profiles is that the
average time constants in toluene at 285 K (Fig. 3a) are approxi-
mately 10–15 times faster than those at 200 K (Fig. 3b), and those
in PMMA film at 298 K (Fig. 3c). The large difference in time con-
stants in toluene at 200 K and 285 K appeared to be ascribable to
temperature-dependent vibrational and rotational isomer distribu-
tions, where the PMC-form, which has several rotational isomers
centered on the methine bridge, are considered herein with TTC
(Fig. 1) being the most stable conformation [10]. Additionally, the
lifetimes in toluene at 200 K and in PMMA at 298 K show the same
behavior. Therefore, the lifetimes derived from the excited state
greatly depend on the matrix conditions. According to literature
[11], the viscosity of toluene at 200 K (ca. 3.0 × 10−3 Pa s) is almost
5 times larger than that at 285 K (ca. 6.5 × 10−4 Pa s). This indicates
medium. The increased lifetimes are thus related to the increased
viscosity of the medium. The other interesting characteristic is the
approximately 2 times faster fluorescence decays of PMCAz com-

at 285 K, (b) toluene at 200 K, and (c) PMMA film at 298 K along with the instrument
sponse with mono- or bi-exponential. The best fit time constants are summarized

MC and PMCAz in toluene and PMMA films.

�fl (nm) �1
b (ps) �2

b (ps) 〈�〉c (ps)

640–660 60 ± 6 (39.2%) 320 ± 9 (60.8%) 218
640–660 2370 ± 15 (100%) – –
640–660 2417 ± 29 (100%) – –
640–680 63 ± 3 (93.5%) 899 ± 72 (6.5%) 117
640–680 1787 ± 16 (100%) – –
640–680 1292 ± 18 (100%) – –
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ig. 4. Time-resolved fluorescence spectra were accumulated in the same time inte
re observed in the early stages.

ared to those of PMC under all experimental conditions, with the
ontributions of longer components (�2) being less than 10%. In the
ase of PMC, the contribution of longer components is extremely
arge, >50%. Bi-exponential fluorescence decays in toluene at 285 K
uggest that the intermediate state might be in equilibrium with the
xcited singlet state of the PMC-form. Thus, a metastable interme-
iate state would also reform into the initial lowest excited singlet
tate (S1) of the PMC-form. As a result, the lifetime of the longer
omponent could be attributed to fluorescence from reformed S1.
s a result, the fluorescence decay fitted the mono-exponential in

oluene at 200 K and in PMMA film at 298 K. The results indicate
hat the excited state dynamics are controlled by the solvent vis-
osity rather than the internal distributions. However, the excited
tate dynamics of PMCAz are complicated, hence it was impos-
ible to explain these based on only the decay profiles since the
ifetime, which is constructed from several independent rate con-
tants, does not depend on the fluorescence intensity or external
nvironment. Here, we propose a new non-radiative decay path-
ay to an intermediate state via the excited state with a rate of

im.
In general, the fluorescence lifetime, �fl, is expressed as the sum

f the various rate relaxation paths, as below [12],

fl = 1
(kfl + kic + kisc + kim)

here kfl, kic, and kisc are the rate constants of fluorescence,
nternal conversion, and intersystem crossing, respectively. These
ubstance-specific rate constants are not influenced by solvent
emperature and viscosity. On the other hand, the introduced kim
as assumed to be a precursor, dependent on solvent temperature

nd viscosity, of the ring closure reaction known as an effective
elaxation for the isomers centered at the methane bridge. A num-
er of studies on this intermediate state have been carried out.
obley et al. proposed a “perpendicular state” as the intermedi-
te state, where perpendicular is an analogy to loosening the C C
ond in the ethylene bridge [8b]. This intermediate state is proba-
ly cis or twisted at the central methine bond, because the methine
ond can easily twist with low activation energy [8b–d]. From
he above equation, kim assumes that the intermediate in ther-

al equilibrium depends on the external environment involving
ree volume or viscosity of the medium that imposes a rotational
estriction on the central methine bond. Thus, the fluorescence

ifetimes in toluene at 200 and 285 K suggest that fluorescence
nd non-radiative processes are competing in the S1 state. Inter-
stingly, the obtained fluorescence decay profiles of PMC are in
lose agreement with previously reported data [7,8b,c]. The previ-
us reports also indicate that a higher fluorescence quantum yield
or PMC and PMCAz in PMMA films upon 545 nm excitation. Clear spectral changes

was observed at a lower temperature [13]. Therefore, the proposed
intermediate state would be formed via a non-radiative process
which involves significant structural relaxation because the signif-
icant contribution to the longer component for PMC indicates that
S1 of PMC could be more easily set in equilibrium with the inter-
mediate state than PMCAz. In other words, it was suggested that
the structural relaxation of PMCAz was prevented in both matri-
ces by the bulky Az moiety and the viscosity of the medium, and
consequently, the inhibitory factor for the relaxation of PMC is
only the viscosity of the medium. In addition, the intermediate
state was identified using the time-resolved fluorescence spectra
measurements of PMC and PMCAz in the PMMA films, as shown
in Fig. 4. The time resolved fluorescence spectra of PMC shows a
long-wavelength spectral shift within about 0–2.0 ns. Experimen-
tal proof for the existence of several PMC-forms was obtained by the
photochemical reaction carried out in rigid media at low temper-
atures [12]. Therefore, the red-shifted fluorescence was generated
from some geometric arrangements of the PMC-form. The inter-
mediate state then thermally relaxes to the excited state of the
other conformations. The conformation of the PMC-form possesses
a central chain of three carbon–carbon bonds. Thus, by the three
associated dihedral angles, eight geometric arrangements of this
chain may be recognized (23 = 8 possible conformations). As for the
reason for decreasing static fluorescent intensity of PMCAz, the con-
tribution of kic became larger than that of PMC since the excited
state of PMCAz was thermally unstable owing to the bulky Az moi-
ety. Also, energy transfer from the PMC moiety to the Az moiety in
PMCAz is another possible reason for the different intensities of the
static fluorescence spectra. The independence of the PMC moiety in
PMCAz was also investigated. Since the absorption band of the Az
moiety is in the region <500 nm, the energy of 545 nm light cannot
be absorbed by the Az moiety. However, 360 nm light has sufficient
energy to transfer to the Az moiety. Thus, the lifetimes for PMCAz at
360 nm excitation were compared to that at 545 nm excitation. The
results were �1 = 61 ps (92%) and �2 = 724 ps (8%) for 360 nm excita-
tion (cis-Az moiety) and �1 = 63 ps (94%) and �2 = 899 ps (6%) for the
545 nm excitation (trans-Az moiety). Similar values were obtained
for the main component (�1). From this result, it is unlikely that an
energy transfer from the PMC moiety to the Az moiety could occur.
Therefore, it was concluded that the PMC moiety is independent
from the Az moiety.
4. Conclusions

Fluorescence dynamics of PMC and PMCAz were examined
under three different sets of experimental conditions. The fluores-
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ence lifetimes heavily depended on the viscosity of the medium.
he results suggest that the non-radiative process from S1 of the
MC-form is closely related to structural relaxation. Comparison
f the lifetimes of PMC and PMCAz indicated significant dynamics.
he non-radiative process from the S1 of the PMC-form to the inter-
ediate state in PMCAz occurred more easily than that in PMC. One

ossible consideration is that the bulky Az moiety in PMCAz seems
o inhibit the non-radiative process. Moreover, it is unlikely that
nergy transfer from PMC moiety to Az moiety could occur.

It is concluded that SpAz has four clear digital codes and that
here is potential for using it for the fabrication of multi-addressable
ystems and molecular switching for optical memories.
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