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The photophysical properties and the nature of the photoinduced electron transfer (PET) reactions within a
synthesized anisole (Athioindoxyl (T) dyad system (24MBTQO) have been studied by electrochemical, steady-
state, and time-resolved spectroscopic techniques. Computations on the dyad were performed both in gas
phase as well as solvent environment by TD-DFT method with B3LYP density function. The geometry
optimization calculation of 24MBTO was done by-811G(d,p) basis function set implemented in the Gaussian
package. The theoretical values of singlet vertical excitation energies were found to correlate well with the
experimentally observed ones. The electrochemical measurements indicate the possibility of occurrence of
PET reactions within 24MBTO between the linked redox centers A and T. Both steady-state and time-resolved
spectroscopic measurements on the novel synthesized 24MBTO dyad demonstrate the formations of the two
types of isomeric species: Z- and E- forms, resulted from the charge separation reactions. From the detailed
studies it reveals that the present thioaurone may behave as a versatile photoswitchable system. It has been
hinted that the loss process (charge recombination) within 24MBTO could possibly be prevented by
incorporating it within the hydrophobic cavity @cyclodextrin 3CD).

1. Introduction which one of the key requirements for the artificial photosyn-
) thesis has been achieved.
Photoinduced electron transfer (PET$ one of the most In the present investigation, electrochemical, steady-state, and

important processes in photosynthesis, photoimaging, optoeleCyime.resolved spectroscopic measurements were made on the
tronic, and other microelectronic devices. Investigations on PET poye| synthesized dyad 2-(4-methoxy-benzylidene)-béajzo[
processé&s " within the well-defined artificial photosynthetic  thiophen-3-one (24MBTO) where anisole (A) and thioindoxyl
systems may lead to further insights into the mechanisms of (T) are connected by an unsaturated linker (Figure 1). From
natural photosynthesis. Lately, comparative stifiesre made  the present detailed studies on 24MBTO, observations of two
between intermolecular and intramolecular ET reactions within different isomers (E- and Z-types, Figure 1a) were made both
4-methoxy benzdgthiophene (4MBT) donor ang-chloroac- in the ground and excited electronic states resulted from the
etophenone (PCA) acceptor by using steady-state and laser-flaslgharge separation reactions within the donor A and the acceptor
photolysis techniques, and these studies were extended inT. Both the steady-state and time-resolved spectroscopic
p-cyclodextrin fCD)?” microenvironment. The primary aim of  investigations were carried out in the highly polag & 37.5)

this research is to build efficient artificial photosynthetic devices solvent acetonitrile (ACN) anCD microenvironment to reveal
(model donor-acceptor-linked bichromophoric and multichro-  the nature and structures of these isomers formed within the
mophoric systems) where charge separation reactions will occurlinked system. By using time-dependent density functional
relatively much faster than the charge recombination process.theory (TD-DFT) with B3LYP/6-311G(d,p) method, we com-

It has been shown that the survival duration of charge separatedputed optimized geometry in the ground state of 24MBTO along
species before recombination depends somewhat on the naturaith vertical excitation energies both in the gas phase and ACN
of the linkage, saturated or unsaturated. This duration could beenvironment by IEEPCM model. The computed data have been
significantly enhanced by incorporating the whole bichromo- compared with the experimentally observed values. The results
phore within the nonpolar cavity giCD?’. Thus, this cyclo- obtained from the present studies are described in this paper.

dextrin microenvironment could serve as a suitable medium in
2. Experimental Section
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o an IBH Fluorocube apparatus. The emission was collected at a
(@) magic angle polarization using a Hamamatsu MCP photomul-
. tiplier (5000U-09). The time correlated single photon counting

(TCSPC) setup consists of an Ortec 9327 CFD and a Tennelec
TC 863 TAC. The data are collected with a PCA3 card (Oxford)
as a multichannel analyzer. The typical fwhm of the system
response using a liquid scatterer is about 80 ps. The fluorescence

OCHs decays were deconvoluted using IBH DAS6 software.
o 0 2.4. Computational Methods.The geometry optimization
(j:&:iQ\ calculation of 24MBTO was done by-@11G(d,pj® 3! basis
function set implemented in the Gaussian pack&déolecular
A % M coordinates were obtained from minimum energy geometry
using Chemoffice molecular modeling software. For vertical
S s E. ISOMER excitation energy of electronic spectra, the TD-DFT method was
used with the B3LYP function. Calculations are carried out for
the vacuum/gas phase and ACN environment. The solvation
BICHROMOPHORE (24MBTO) effect was simulated by the TD-DFT excitation energy and using
continuum model IEFPCM (polarization continuum model) for
excited-state energy. For singly excited electronic spectra,
configuration interactions (Cl) were carried out by ¥010
occupied and unoccupied molecular orbital.
2.5. Electrochemical MeasurementsThe redox potentials
of the reactants A and T were measured in ACN solvent by
cyclic voltammetric method using the PAR model VersaStat |l
electrochemistry system. Three electrode systems including Ag/
AgCl as standard were used in the measurements. Tetraethyl-
ammonium perchlorate (TEAP) was used as the supporting

OCH;

ANISOLE (A) THICINDOXYL (T)

electrolyte.
Figure 1. (a) Structures of 24MBTO. (b)-6311G(d,p) optimized y
geometry of 24MBTO. 10,18: Oxygen; 7: sulfur-6,8,9,11-17,19: . .
carbon; 26-31: hydrogen. 3. Results and Discussion
was converted intao-methylsulfanyl N,N-diethyl amide by 3.1. (i) Electrochemical Measurementsrom the measure-

refluxing with NaH in THF and then stirring with methyliodide. ments of the oxidation potential of AH1.24 V) and reduction
When this o-methylsulfanyl tertiary amide was treated with potential of T (-1.04 V), it appears that there is a possibility
anisaldehyde (1.2 equiv) in the presence of 2.5 equiv of LDA of occurrence of photoinduced electron-transfer reactions be-
at 0 °C, usual acidic work up afforded 2-(4-methoxy-ben- tween the electron-donor A and the acceptor T when either of
zylidene)-benzdflthiophen-3-one as a dark-yellow solid having the reactants are excited. The thermodynamic parametey
mp 145°C; IR (KBr) vmax 1670.2, 1560.3, 1596.9, 1512.1, determined from the well-known Rehrweller relation® was
1448.4,1286.4,1296.1, 1311.5, 1182.3, 1056.9, 1070.4, 1020.3found to be—1.12 eV (exergonic) in ACN medium. Thus,
1263.3, 821.6, 734.8, 677.0, 532.3¢m*H NMR (CDClz, 300 24MBTO, where A and T have been connected by a linker,
MHz,) Oppm: 7.95-7.92 (2H, m), 7.69-7.65 (2H, m), 7.59 may serve as a good dyad system. The detailed photophysical
7.49 (2H, m), 7.3+7.26 (1H, m), 7.026.99 (2H, m), 3.87 investigations, by steady-state and time-resolved spectroscopic
(3H, s, OCH}); *3C NMR (CDCk, 75 MHz,) ppmi 188.4, 161.1, techniques, on this system are described below.
145.8, 135.7, 134.8, 133.6, 132.9, 132.9, 130.6, 127.6, 126.9, (ii) Measurement of U¥Vis Spectraln ACN solution and
125.3, 123.7, 114.4, 114.4, 55.3. at the ambient temperature, the YVis spectra of the mixture
2.2. Other Chemicals Used.The solvent ACN (SRL) of of the donor A and the acceptor T appear to be just a
spectroscopic grade was distilled under a vacuum following the superimposition of the corresponding spectra of each reactant
standard procedure and tested before use to detect any impuritfFigure 2). This indicates the lack of formation of any
emission in the concerned wavelength regiB€D (Aldrich) intermolecular charge-transfer (CT) complex within the above
and methanol (MeOH) (E Merck, Germany) of spectroscopic reacting species in the ground state. The similar observations
grade were used as received. Water was deionized using avere made when the concentrations of both the donor A and
Millipore Milli-Q system. The solutions were prepared by the acceptor T were varied from105 to x10°2 mol dn 2.
dissolving the appropriate amount €D in water. Because  But the nature of the U¥vis absorption spectra changes
of the low solubility in water, 24MBTO was dissolved in pure significantly when these two reacting species are connected by

MeOH and added to the water solutiong€D; this is a well- an unsaturated olefinic linker, i.e., in the case of the present
known procedure implemented in earlier ca&e8.The final bichromophore, 2-(4-methoxy-benzylidene)-bemhithiophen-
methanol concentration in a mixture wa2%(v/v). 3-one (24MBTO), where A is attached with bentifiiophen-

2.3. Spectroscopic ApparatusAt the ambient temperature  3-one ring by an unsaturated bond. An observed broad long
(296 K), steady-state UVvis and fluorescence emission spectra wavelength absorption band spanning between 375 and 500 nm
of dilute solutions (10*—10-6 mol dn3) of the samples were  (Figure 3) appears to be responsible for the formation of the
recorded using 1-cm path length rectangular quartz cells by ground-state intramolecular CT complex of A and T, the two
means of an absorption spectrophotometer (Shimadzu\U¥ redox partners present within 24MBTO. This observation
2101PC) and F-4500 fluorescence spectrophotometer (Hitachi),demonstrates that the mutual orientation between the linked
respectively. For lifetime measurements, the sample was exciteddonor and acceptor moieties may facilitate the formation of such
at 405 nm using a picosecond diode laser (IBH Nanoled-07) in ground-state complex. Further, NMR studies confirm that the
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Figure 2. Steady-state electronic absorption spectra in ACN of (1) A;
(2) T; (3) mixture of A and T at the ambient temperature.
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Figure 3. Steady-state electronic absorption spectra in ACN of A
(dashed line), T (dotted line), and 24MBTO (solid line) at the ambient
temperature.

structure of this complex is similar to that of Z-type isomer of
24MBTO (Figure 1a).

(iii) Ground-State Calculations: Molecular Geometry and
Ground-State Dipole Momer(a) Molecular Geometry. The
geometry optimization calculation of 24MBTO was done by
B3LYP/6-31G(d,p) basis function set implemented in the

J. Phys. Chem. A, Vol. 110, No. 17, 2008667

TABLE 1: Computed Values of Ground State Bond Lengths
and Bond Angles of 24MBTO

ground-state bond length (A)

vacuum ACN
C8-C11 1.332 1.332
Cl1-C12 1.458 1.458
ground-state bond angle (degree)

vacuum ACN
C9-C8-C11 121.2 121.2
C8-C11-C12 131.7 131.7
Cl1-Cl2-C17 117.9 117.9
C11-C12-C13 124.6 124.6
S7-C8-C11 128.4 128.4

TABLE 2: Ground State Dipole Moment of 24MBTO in
Vacuum and ACN Medium

ground-state dipole moment (Debye)
ACN
5.2832

vacuum
4.1427

1.34 A and for C1+C12, itis 1.458 A compared to the standard
value of G-C single bond of 1.54 A.

The bond length of the bichromophore is slightly less than
the standard value for G811 and highly decreased in case
of C11-C12. This is the effect of torsional vibration of the
different bonds and also electronic charge localization.

All are the predicted features of the through-bond coupling.
Contraction of bonds signifies the donor and acceptor are not
in ionic conditions. The coupling produces the delocalized
orbitals; because of the mixing of the different symmetric and
antisymmetric orbitals, the bond has a decrease in bond length.
It is seen that the bond length and bond angles of the spacer
part are not changing appreciably for a vacuum and in an ACN
environment. This signifies that the atomic charges are redis-
tributed to compensate the changes in bond lengths and bond
angles.

(b) Dipole Moment. Asymmetric molecules generally have
a dipole moment in the ground electronic state. Dipole moments
for 24MBTO are calculated from the stable geometry for the
ground state both in a vacuum and ACN solution by using the
TD-DFT calculation. The values of dipole moments of 24MBTO
in the vacuum are 4.1 and 5.3 D in ACN medium (Table 2).
The increase of dipole moment signifies that significant CT
between the donor (A) and the acceptor (T) parts of the molecule
occurs, resulting in formation of loose-structured charge-
separated species in highly polar ACN environment.

(c) Total Atomic Charge. From the optimized geometry of

Gaussian package. The simulation optimizes bond length, bondthe molecule 24MBTO by the TD-DFT method, the total atomic
angles, and dihedral angles. Some selected bond length and bondharge distributions are computed and presented in Table 3. The
angles of the spacer part of the bichromophore molecule spacer part comprises a double bond betweenCHBL and a
24MBTO are shown in Table 1. From the ground-state calcula- single bond between CHC12. From Table 3 it is observed

tion it was revealed that the bichromophore IGassymmetry

that in C8 the charge is shifted from0.331032 to—0.334693

with planar structure (Figure 1b). From the optimized geometry and for C11 it is shifted from 0.037452 to 0.036217 and for

computation of 24MBTO, it shows that the molecular structure C12 it is shifted from—0.091260 to—0.099374 for change in

of this bichromophore closely resembles that of its Z-isomeric the environment from vacuum to ACN due to ground-state

form (Figure 1b). Thus, the predictions made from the theoretical interatomic CT. In the case of C12, the magnitude of the charge
considerations related to the ground-state geometry of 24MBTO shift is prominent, which is in accordance to the experimental
and the experimental findings from NMR measurements are in observation of formation of the ground-state intramolecular CT

well agreement.

For understanding the ground-state CT complex formation

absorption band in the polar ACN medium.
(d) Electronic Spectrum. From the computation (Table 4a) it

mechanism and to show the donor and acceptor moiety effectis assigned that the HOMO is localized at molecular orbital no.
on the spacer interaction, the bond length and bond angles are70 and LUMO is localized at molecular orbital no. 71. The first
tabulated in Table 1. It is seen that the side-bond length of the transition arise at 406 nm in a vacuum and at 411 nm in ACN
spacer, C8&C11, is 1.332 A compared to the standard value of environment by the two transitions from molecular orbital no.
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TABLE 3: Total Atomic Charge Calculations of 24MBTO T T T T T - T T T
atomno.  atomtype  ground-state gas  ground-state ACN . . .

1 c ~0.104971 ~0.110727 3 ham 7 500 N
2 C —0.060863 —0.065940 2L i o ]
3 C —0.093766 —0.098737 400425 450222
4 C —0.190253 —0.196788
5 C —0.089742 —0.086604 %
6 C 0.013045 0.001557 5
7 S 0.247841 0.247089 € sl 4
8 C —0.331032 —0.334693 © 200 425 450 475
9 C 0.290547 0.290071 2 Wavelength / nm
10 o) -0.317121 —0.349135 <
11 C 0.037452 0.036217 12
12 C —0.091260 —0.099374 4r
13 C —0.041066 —0.053175
14 C —0.140048 —0.142573
15 C 0.194482 0.194025
16 C —0.084527 —0.094427 o b . . . -
17 C —0.051191 —0.059275 450 500 550 600 650
18 (6] —0.360895 —0.367013 Wavelength / nm
19 c —0.124241 —0.132941 Figure 4. Steady-state fluorescence emission spectra of 24MBTO in
20 H 0.101713 0.116842 ACN at the ambient temperature when the excitation wavelengths used
g : 83822;2 832238 in (_1) 438 nm and (2) 345 nm. (Inset) Steady_-state fluorescence
23 H 0'103121 0'101794 excitation spectra of the two fluorescence emission bands, produced
o1 H 0.121295 0118725 by exciting with 438 nm, at 500 and 600 nm.
25 H 0.103833 0.110699
26 H 0.102831 0.125784 Z-type and E-type resulted from CT reactions. Although ground-
27 H 0.106007 0.115396 state NMR study indicates that in the ground state, mainly the
28 H 0.095329 0.107925 Z-isomer exists, upon excitation of the Z-form by UV light, it
29 H 0.115594 0.125686 appears that some Z-forming species may be transformed into
30 H 0.115609 0.125587 . . .
31 H 0.134933 0.140872 the E-isomeric form. The augmentation of the longer wavelength

emission band at 600 nm is observed at the expense of 500-nm
emission due to the change of the location of excitation from

69 — 71 and 70— 71 or HOMO-1 to LUMO and HOMG- ) . , .
the lower-energy region{438 nm) of stable Z-isomeric species

LUMO with oscillator strength 0.0286 and 0.0294, respectively, ) )
in a vacuum and in an ACN environment. The results are [© higher one £345 nm) of the absorption band of 24MBTO.

somehow in correlation with the experimentally observed ones. 1 NiS observation demonstrates that the longer wavelength CT
The next transition arises at 373 nm in a vacuum and 361 &mission band resided at 600-nm region should not be due to
nm in ACN by 68— 71 molecular orbital transition with a very Z-isomers but is mostly due to another isomeric form, E-types.
negligible oscillator strength. There is a possibility that in the ground state these species
The next transition arises at 339 nm in a vacuum and at 348 being conformationally unstable relative to the Z-isomer absorb
nm in an ACN environment by the two transitions from at the higher-energy region. Thus, the experimental findings
molecular orbital no. 69— 71 and 70— 71 with oscillator reveal that in the lowest excited-singlet state, E-isomeric species
strength 0.0393 and 0.0394, respectively, in a vacuum and inPecomes more stable (emits at the longer wavelength side) than
ACN environment. The results are in good agreement with the the other Z-isomeric species, unlike the situation in the ground
experimentally observed transition of 345 nm. state where the latter isomers appear to possess a more-stable
The next prominent transition arises at 271 nm in a vacuum configuration. o
by the three transitions from molecular orbital no.-6671, 67 Thus, from the above observations it appears that the present
— 71, and 70— 72 with oscillator strength 0.0340 and in ACN  thioaurone may behave as a photoswitchable system because,
environment by the two transitions from molecular orbital no. due to excitation in the region of 43@50 nm, where only
66— 71 and 70— 72 with oscillator strength 0.0365. The peak Z-isomeric species largely predominates, the 600-nm emission
is very prominent in the theoretically observed molecular band, presumably due to E-isomeric species, also develops along
spectra. with the 500-nm fluorescence band of the Z-isomer. Moreover,
The other prominent transition arises at 259 nm in a vacuum the fluorescence excitation spectra of the two fluorescence bands
by the four transitions from molecular orbital no. 6671, 67 at 500 and 600 nm were measured and reproduced in the insets
— 71, 70— 73, and 70— 74 with oscillator strength 0.0202 of the Figure 4. The observed similar excitation spectra, which
and 256 nm in ACN environment by the five transitions from correspond well to the U¥vis spectra of CT absorption band
molecular orbital no. 65> 71, 67— 71, 67— 72, 70— 73, resided within the 400460-nm region, demonstrate that both
and 70— 74 with oscillator strength 0.0236. The results are in the emitting species have the one ground-state precursor (z-
good agreement with the experimentally observed transition of isomer). Under photoirradiation or photoexcitation, some ground-

256 nm.

3.2. Measurement of Steady-State Fluorescence Emission
Spectra.On direct excitation of the CT absorption baigy(~
438 nm) of 24MBTO in ACN, an overlapping of the two

state Z-forms convert into excited-state E-isomeric species.
However, the geometry and vertical transition calculations

were also carried out for E-isomer to find out its vertical

excitation using the calculated heat of formation and entropy

fluorescence emission spectra, one peaking at 500 nm andterm as was done (discussed above) in the case of the other
another one at around 600 nm, was found (Figure 4). Theseisomer, Z. The values are shown in Table 4b. From the table,
observations demonstrate that the two emissions may possiblyit is apparent that in ACN environment, only Z-isomers prevail
be due to the formations of two different types of isomers: in the 410-nm band region of the absorption spectra, whereas
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TABLE 4 2
(a) Theoretical and experimental data for 24MBTO in a vacuum and ACN solvent
vacuum ACN
C.l expansion wavelength C.l expansion wavelength
excitation coefficient (nm) f excitation coefficient (nm) f
69— 71 0.19190 405.82 0.0286 6971 0.20786 410.78 0.0294
70— 71 0.57382 70~ 71 0.56656 (438)
68— 71 0.66781 373.41 0.0000 6871 0.67031 361.33 0.0000
69— 71 0.62564 338.73 0.0393 6971 0.61927 347.64 0.0394
70— 71 —0.16725 70— 71 —0.18473 (345)
66— 71 0.55664 286.33 0.0046 6771 0.63838 292.16 0.0029
67— 71 —0.10116 70— 72 —0.12734
70— 72 —0.28456 70— 73 0.17192
70— 73 0.27281 70~ 74 —0.14545
67— 71 0.45713 278.02 0.0050 6671 0.54869 278.82 0.0019
69— 72 —0.13737 6771 —0.11519
70— 72 —0.40205 69— 72 —0.13467
70— 74 0.19493 70~ 72 —0.26567
70— 74 0.12541
66— 71 0.26026 270.55 0.0340 6671 0.29431 270.65 0.0365
67— 71 0.39859 70~ 72 0.57338
70— 72 0.42513
69— 75 0.15006 260.36 0.0001 6975 0.16803 257.97 0.0000
70— 75 0.66715 76~ 75 0.66347
66— 71 0.27200 259.11 0.0202 6571 0.11913 256.60 0.0236
67— 71 —0.11241 6771 —0.19594 (256.00)
70— 73 —0.54376 6772 —0.11410
70— 74 0.18852 70~ 73 0.48069
70— 74 —0.36433
65— 71 0.14845 255.90 0.0002 6571 0.40438 255.45 0.0015
69— 72 0.12027 76~ 73 0.24407
70— 73 0.19803 70~ 74 0.44828
70— 74 0.58986
65— 71 0.62781 249.13 0.0096 6571 0.48837 252.09 0.0057
70— 74 —0.11123 69— 72 —0.14908
70— 73 —0.30634
70— 74 —0.26245
(b) Comparison of the theoretical data between Z- and E-isomers both in gas phase and ACN environment
vacuum/gas phase (Z-isomer) ACN environment (Z-isomer) ACN environment (E-isomer)
wavelength oscillator wavelength oscillator wavelength oscillator
excitation (nm) strength excitation (nm) strength excitation (nm) strength
69— 71 405.82 0.0286 69~ 71 410.78 0.0294 69~ 71
70— 71 70— 71 (438% 70— 71
68— 71 373.41 0.0000 68- 71 361.33 0.0000 67 71 396.93 0.0013
68— 71
69— 71
69— 71 338.73 0.0393 69-71 347.64 0.0394 67 71 353.84 0.0335
70— 71 70— 71 (345% 68— 71
69— 71
70— 71
66— 71 286.33 0.0046 6771 292.16 0.0029 67 71 307.15 0.0007
67— 71 70— 72 68— 71
70— 72 70— 73 70— 73
70— 73 70— 74
67— 71 278.02 0.0050 66> 71 278.82 0.0019 66> 71 286.67 0.0016
69— 72 67— 71 69— 72
70— 72 69— 72 70— 72
70— 74 70— 72 70— 74
70— 74
a“f” denotes oscillator strength Experimental values in ACN medium.
nearly equal contributions of Z- and E-isomers (simitaalues) Z-isomer, leads to formations of both the emission bands at

were observed in the 347-nm region of the absorption band. 500 and 600 nm, of which the latter one is due to formation of
This is actually what we observed experimentally. As is apparent E-isomeric species by photoswitchable effect. The larger emis-
from Figure 4, the augmentation of the fluorescence band at sion intensity at 500 nm indicates that even after photoexcitation
600 nm, which is responsible for the E-isomeric species, occursto the lowest excited singlet state, a significant fraction of the
due to a change of excitation from the 438- to 345-nm position. Z-form still remains.

It is to be mentioned here that excitation using 438-nm In case of Z-isomer, the sum of electronic and thermal
wavelength (Figure 4), which situates in the region of the enthalpies is-1165.508292 Hartree per particle and entropy is
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Figure 5. Steady-state fluorescence emission spectra of 24MBTO in aqueous medium 6i@Dteft) and with a large concentration- 102
mol dn13) of ACD (right).

117.686 cal/mol. Kelvin. Whereas, for E-isomer the sum of 1 % ~438 nm
electronic and thermal enthalpies4165.500240 hartree per 5F e
particle and entropy is 124.773 cal/mol K. Thus, from the
calculations of heat of formation and entropy term, the ground-
state equilibrium constant between Z- and E-isomers is com- 4
puted to be 143.6. Therefore, it is assigned that the percentage,,
of Z-isomer is 99.31% in the ground state. Thus, the theoretical 5
predictions correlate well with the experimental findings from
NMR as well as steady-state spectroscopic studies that Z-isomersc
predominate in the ground state.

Further Investigations on the Excited Isomeric Species Using
BCD Microervironment.In agueous medium, 24MBTO exhibits
similar overlapping of the two emission bands residing nearly
at the same energy regions, as was observed in ACN environ- 1
ment. The shorter wavelength emission that appears to be due
to the Z-isomeric species was found to be enhanced with

1. Temperature~ 305K
2. Temperature~ 321K -
3. Temperature~ 332K
4. Temperature~ 342K

en
©

Relative

increasing concentrations gCD (Figure 5). From the figure 0 . L . 1 . L
it is apparent that at a large concentratiorL0~2 mol dn13) 500 550 600 650
of SCD, the 600-nm band completely disappears and only the Wavelength /nm

500-nm fluorescence emission exists. This shows that, due to
encapsulation of the bichromophore witifi&D, the formation
of inclusion complex of Z-form with8CD is largely facilitated.
This experimental observation demonstrates_ that the geometrica\engths (region of E-isomer) (Figure 6). This is in accord to
constraints imposed _by the nonpolar cavity ALD Oﬂ.the our expectation, as the E -isomer is energetically more stable
photpgenerated species (both Z- and E- forms) faC|I_|ta_te the in the excited state, whereas in the ground state, the stability of
survival of the Z-form only. As from the theoretical predictions, 7 _t5rm is much higher.
it appears that the structure of the Z-isomeric species is more- 3.4. Effect of pH on the IsomersThe investigations on the
or-less elqngateql (not folded typ.e,.Figure 1b);thus, this specieseﬁect of pH on the CT emission of 24MBTO vyield very
could easily be incorporated within tH#CD cavity. Though jniaresting results. Upon gradually increasing or decreasing the
the exact molecular structure of the E-isomeric form is not very pH of the environment, only one isomer, which emits in the
clear from the present stage of investigat_ion, it could be ghorter wavelength region600 nm, Z-isomer), dominates. A
conjectured that E-form may possess relatively folded type yaysible interpretation is that with gradual addition of acid,
geometry and, thus, becomes unable to form any inclusion the carbonyl group in the thioindoxyl part of 24MBTO is
complex with SCD. Thus, for the formation of inclusion  rotonated. As a result, the double bond linker existing between
complex, E-isomeric species should be converted into the morea ang T reduces to a more flexible single bond, causing free
elongated Z-form. rotation of the donor and acceptor moieties. As a result, various
3.3. Temperature Effect on the Stability of Two Isomers. conformations might result. Nevertheless, from the experimental
With a gradual increase of temperature from 305 to 342 K, the findings, it appears that there is a preponderance of the Z-form
fluorescence intensity of 24MBTO in ACN at the lower (Figure 7a); with a gradual decrease of pH, the 500-nm band
wavelength region (corresponding to Z-isomer) decreases,becomes more and more prominent relative to the 600-nm
whereas marginal change in intensity was found in the fluo- emission band, which has been assigned due to the formation
rescence band system residing in the domain of higher wave-of E-isomeric species.

Figure 6. Steady-state fluorescence emission spectra of 24MBTO in
ACN (Zex =~ 438 nm) at the different temperatures.
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Figure 7. (a) Changes observed in the steady-state fluorescence emission spectra of the two isomeric species of 24MBTO (Z- and E-) in ACN due
to a lowering of the pH of the environment (acidic region). (b) Changes observed in the steady-state fluorescence emission spectra of the two
isomeric species (Z- and E-) of 24MBTO in ACN due to an increase in the pH of the environment (alkaline region).
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TABLE 5: Fluorescence Lifetime Values of 24MBTO along observed in ACN. As is apparent from the steady-state spectra
with the Fractional Contributions ( ;)2 in Different Media at (Figure 5), at the 550-nm region, nearly equal fractional
the Ambient Temperature contributions 0.5, Table 5) of the two species were found
medium AedfnMP T/ns  wlns fi f from lifetime measurements. The situation drastically changes
ACN 500 1.4 in the presence gfCD, where the decay at 550 nm exhibits
550 1.6 clearly single exponential and the analysis of which yields 0.5
6220 1614 62?0 0-0022 06938 ns, which corresponds to the lower component observed in
agueous . . . . H H
aqueoush SCD* 550 05 aqueous medium, and the longer one completely disappears.

The time-resolved measurements reveal that in the presence of
2fi = an/Zar; (a ~ normalized preexponential factor, see text). BCD, the Z-isomeric species prevails. Thus, time-resolved

® Excitation wavelength: 405 nmi¢n ~ monitoring wavelengths).  spectroscopic results corroborate significantly with the views
¢ Decay becomes single exponential and analysis yields only the lower made from the steady-state measurements

component{0.5 ns) of the two lifetimes observed in aqueous medium Th h d dii ) ved .
without ACD. us, the present steady-state and time-resolved spectroscopic

measurements demonstrate that under photoirradiation, revers-

The similar observations of survival of Z-form only were iblé E/Z isomerization occurs. The similar situation was
made in alkaline medium also (Figure 7b). As it was proposed Observed in cases of a chiral polyamidoamine side chain
in the case of acidic medium, the transformation of the double dendritic polyestef® The present observations indicate that
bond linker existing within 24MBTO between T and A moieties 24MBTO bichromophoric system may behave as a versatile
to a more flexible single one facilitates with an increase of Photoswitchable systefit.Moreover, the relative yields of the
alkalinity of the surrounding medium, and the relatively free WO photoproducts (Z and E isomers), resulting from charge-
rotations of the donor and acceptor moieties produce larger Separation reactions, could be controlled by changing the
amount of Z-isomers, relative to the other isomeric species E, temperature, pH, and nature of the surrounding medium.
in the excited singlet S1. Although in the excited singlet state E-isomeric form is found

3.5. Fluorescence Lifetime Measurements In ACN Me- [0 be relatively more stable than the Z-isomer, by usifi£®
dium. The fluorescence lifetime measurements of 24MBTQ Microenvironment, most of the E-isomeric species have been
were made by exciting altex ~ 405 nm (corresponding to the converted into its Z-form through formation of inclusion

CT band), and fluorescence decays were measured by monitor_complexes, as the Igtter _species is structurally elongated in
ing at Zem ~ 500, 550, and 600 nm. From the lifetime nature. Such elongation will keep the donor and acceptor parts

measurements (values are shown in Table 5), the singleat a far-apart pqsitiqn an.d.re'frain them from overllapping with

fluorescence decay of 24MBTO was observed when monitored 8¢ other. This will minimize the energy wasting process
at Jem ~ 500 (the region of Z-isomers) and 550 nm. In both charge recombination occuring within this encapsulated product.
cases, the values of the lifetimes are close enoughq ns), )

so it should correspond to one isomer (the Z-form). But when €oncluding Remarks

the fluorescence decay was monitoredigh ~ 600 nm (the Both steady-state and time-resolved measurements on the

region of mostly E-isomeric species), the decay becomes poye| synthesized 24MBTO demonstrate that both in the ground
biexponential, the analysis of which yields the two lifetime 5,4 excited electronic states. two types of isomer, E- and

components, 1.1 ng{) and 6 ns{;), among which the longer  7_torms, are formed as a result of the charge separation
component has the major contributida 4 0.94, Table 5). AS  eactions. Though in the ground-state Z-form is found to be
this lifetime (2), appears to be present only in the emission 1 stable from energetic consideration, interestingly, the
band of the longer wavelength region; this should logically be gy ited-state measurements reveal the formations of more stable
due to the E- isomer, which was found to be more stable in the £_jsomeric species along with Z-isomers in the electronic excited
excited state relative to the Z-isomer from steady-state measuresate. Thus, under photoirradiation, reversible Z/E isomerization
ments. Another lifetimer, (~1.1 ns) is very similar to the  occyrs, as was observed in cases of a chiral polyamidoamine
lifetime observed when monitoring in the domain of Z-isomer  gjge chain dendritic polyester. These observations demonstrate
(around 500-nm region) only. As expected, at the 600-NM 4t the present thioaurone system may behave as a versatile
region, the fractional contrlbutléi"ri"-5 of this Z-species becomes photoswitchable system. The relative yields of the two photo-
very small { ~ 0.06) and the dominant contributiofa ¢ 0.94, products (Z- and E-isomers) could be controlled by changing
Table 5) of the other isomeric species (E-form6 ns) is the temperature, pH, and the nature of the surrounding medium.
apparent from lifetime measurements. In SCD microenvironment, most of the E-isomeric species have
Further Investigations on Fluorescence Lifetimes Us#@D been converted into its Z-form through formation of inclusion
Microervironment.It was discussed in Section 3.2 that steady- complexes, as the latter species is structurally elongated in
state fluorescence measurements demonstrate that in aqueousature. Such elongation will keep the two redox centers, donor
medium, 24MBTO exhibits similar overlapping of the two and acceptor parts, at a far-apart position. The geometrical
emission bands residing nearly at the same energy regions agonstraints imposed by the cavity refrain the two redox parts
was observed in ACN environment. The fluorescence emission from overlapping with each other. This will minimize the energy
band resided at the shorter wavelength regiesQ0 nm), which  wasting or loss process charge recombination to occur within
appears to be due to the Z-isomeric species that was found tothis encapsulated product.
be enhanced in the presences@D (Figure 5). Time-resolved
spectroscopic investigations made in aqueous medium, both in  Acknowledgment. We thankfully acknowledge the coopera-
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