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Abstract

Methods of synthesis and characterization of the bichromophores (4MBA and 4MBAS) comprising 4-methoxybenzo[b]thiophene
(4MBT) as donor angb-chloroacetophenone (PCA) as acceptor linked together by an olefinic (unsaturated in the former bichromophore
and saturated in the case of the latter one) bridge have been presented in this paper. The photophysics of these bichromophores ha
been extensively studied both by steady-state and laser flash photolysis techniques. An attempt was made to compare the monomolecula
photophysical properties of the bichromophores with the photophysics of the bimolecular systems where its constituent reacting partners
(same donor and acceptor molecules as within the bichromophores) being unlinked will react by diffusion-assisted process. Both from
the steady-state electronic absorption and fluorescence emission spectra it shows that the bichromophores exhibit charge transfer (CT)
complex both in the ground and excited states. This observation demonstrates that mutual orientation between the donor and the acceptol
moieties largely facilitates the formation of such complex. In intermolecular interactions it appears that a weak excited gir@let (S
complex of contact nature is formed, whereas in intramolecular systems (bichromophores 4AMBA and 4MBAS) relatively stronger excited
CT complexes of two typesis (folded) andrans (extended) isomers for 4MBA and two conformers (gauche and staggered) for AMBAS
are formed, as evidenced from steady-state and time-resolved measurements. Transient absorption measurements clearly demonstrate ft
occurrences of photoinduced intermolecular ET reactions, whereas in intramolecular system direct excitation of ground state CT by using
the third harmonic (355 nm) of a nanosecond Nd:YAG laser system produce ion-paiA(D) state both in the singlet and triplet states.
Transient absorption spectral measurements by laser flash photolysis technique reveal that energy wasting charge recombination proces:
within the bichromophore is largely precluded on changing the nature of the spacer from unsaturated to more flexible saturated one. The
necessity of incorporating two spacers (cyclophane type) instead of one to enhance the charge separation rate and to minimize the energy
wasting recombination process is hinted.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction systems[1-7]. In recent decades specially photoinduced
intramolecular ET has become an object of extensive study
Lately considerable efforts have been made to reveal the[8—12] In cases of flexible linkers like polymethylene spac-
new aspects of the inter- and intramolecular photoinduced ers which connect the donor and the acceptor moieties, it
electron transfer (ET) processes with organic molecular is believed that ET could occur if these two redox sites are
very close to each other, i.e., within van der Waals contact
" Corresponding author. Tek+91-033-473-4971/3073x266; distance$13,14], so that direct overlap petween the orbitals
fax: +91-033-473-2805. of the chromophores becomes responsible for through space
E-mail address:sptg@mahendra.iacs.res.in (T. Ganguly). interaction. For achieving this orbital overlap it is necessary
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2. Experimental
2.1. Materials

The synthesis and characterization of the bichromophores
4MBA and 4MBAS Fig. 1) have been discussed below in
details. The methods of synthesis of the donor 4MBT and

its characterization were described elsewHléte
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Fig. 1. Molecular structures of 4AMBT, PCA, 4MBA and 4MBAS.

that the flexible spacer would be folded. However, occur-
rence of ET was still observed in some ca§&s,16] of

rigid systems where the separation distance between the
donor and the acceptor is much larger (extended form) than
the van der Waals distance. In such circumstances ET re-
action is of the nature of through-bond interaction. In this
interaction the donor and the acceptor sites interact through
their mixing with thew or o bonds of the linkers. Mutual
orientations between the donor and the acceptor sites in
linked systems were found to play important role in facil-
itating ET reactiond17]. Though large amount of work
were performed on bichromophoric systems comprising
various donor and acceptor moieties connected by spacers
of different nature but systematic comparative studies on
intermolecular and intramolecular systems using the same
donor and acceptor moieties as reacting species are still
lacking. This prompts us to undertake this investigation with
a synthesized electron donor 4-methoxybenzo[b]thiophene
(4MBT) and electron acceptgrchloroacetophenone (PCA)
and the newly synthesized bichromophores, 4MBA and
4MBAS (Fig. 1) where the above donor and the acceptor
moieties are connected by an olefinic (unsaturated as well as
saturated) spacer. Investigations on both intermolecular and
intramolecular interactions, measured by steady-state and
laser flash photolysis techniques, were made to elucidate the
details of the ET reactions occurring in the present linked
donor—acceptor systems. An attempt was also made to quan-
tify the charge separation and energy wasting charge recom-
bination processes associated with ET reactions in cases of
both inter and intramolecular systems. In the present paper
the results from the above studies have been reported and
discussed.

2.2. Synthesis of (a) 4MBA and (b) 4AMBAS
bichromophores

(@) To the well-stirred solution of 4MBT 1( 0.5g,

0.003mol) in dry THF, 1.5Mn-butyl lithium (3ml,
1.5equiv.) was added dropwise a78°C under inert
atmosphere. After stirring the reaction mixture at that
temperature for 30 min it was warmed up+80°C and
again cooled te-78°C, followed by addition of freshly
distilled N,N-dimethyl formamide (DMF) (0.438g,
0.006 mol). After allowing the reaction mixture to attain
room temperature and stirring for 12 h at that temper-
ature ammonium chloride solution (10 ml) and water
(50 ml), were added followed by extraction with diethyl
ether (3x 25ml). Washing the organic layer with wa-
ter drying (anhydrous N&0O,) and evaporation of the
solvent afforded the crude material, which purified by
column chromatography (ethyl acetate:light petroleum
(5:95) as eluent) to obtai? as a light yellow crys-
tal. Yield 62%; m.p. 88—90C (dichloromethane—light
petroleum).

NMR (60 MHz): 4 10 (1H, s GHO), 8 (1H, s, 3H),
7.5-7.3 (2H, m, 6- and ), 6.8 (1H, dd, 5H), 3.9 (3H,
S, —OCHg).

3(4'-chlorophenyl-3-[4-methoxy-2-benzo[b]thienyl]
-prop-2-ene-1-one

To the ethanolic solution (65ml) o2 and 4-chloro
acetophenone (0.3g, 0.002mol), 40% KOH solution
was added dropwise at Q. The reaction mixture was
stirred for 15min at that temperature and allowed to
attain room temperature and stirred overnight. A yellow
precipitate appeared and the reaction mixture was acidi-
fied with dilute HCI. Upon pouring into 100 ml ice-cold
water the separated solid was filtered which was washed
with water till free from acid and dried in open air.
Compound3 was obtained as yellow solid, yield: 56%,
m.p. 142-144C (dichloromethane—light petroleum)
NMR (300 MHz, CDC}): §y 8.02 [1H, d, 3H (trans),

J = 15Hz], 7.98 [1H, d, 3H (cis), J/ = 5.1 Hz], 7.97
(2H, d, 2- and 6-H, J = 8.4Hz), 7.7 (1H, s, 3H),
7.49 (2H, d, 3 and 8-H, J = 8.4Hz), 7.48 [1H, d,
2-H (cis), J = 5.1Hz], 7.4-7.37 (1H, m, "ZH), 7.35
(1H, dd, é-H, J = 8.1Hz), 7.28 [1H, d, ZH (transg),

J = 15Hz], 6.75 (1H, dd, 5H, J = 7.2 and 1.2 Hz),
3.97 (3H, s, —O€El3).
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Analytical calculation for GgH120,SCl: C, 65.74% deviation+4 ps). N/H> filled 100 kHz gated lamp is also
and H, 3.98%. Found C, 65.64% and H, 3.89%. available for nanosecond measurement as optional.

(b) Compound3 (0.1g, 3.04 mol) was hydrogenated in the Another type of picosecond single photon counting set-up
presence of 10% Pd—C (156 mg) in ethyl acetate (10 ml). was used to measure the fluorescence lifetime of 4AMBAS us-
Uptake of B ceased after 6 h. The mixture was filtered ing a coherent synchronously pumped, cavity dumped rho-
and washed with ethyl acetate. The filtrate was con- damine 6G dye laser (702-1) pumped by a coherent CW
centrated. The residue was purified by preparative TLC mode-locked Antares 76-S Nd:YAG laser. Details of the
(ethyl acetate:light petroleum (2:98) as eluent) to afford set-up were given elsewhej@].

4 as a colorless liquid. Yield: 50%. Laser flash photolysisThe laser flash photolysis exper-
NMR (300 MHz, CDC§): 6y 7.9 (2H, d, 2and 6-H, iments were done, to measure transient absorption spectra,
J = 87Hz), 7.4 (1H, d, 3 and %-H, J = 8.7Hz), using the third harmonic of a nanosecond Nd:YAG laser sys-
7.3 (AH, d, 7-H, J = 8.1Hz), 7.23 (1H, s, 3H), tem (355nm) from Quanta Ray (Spectra Physics, GCR-2,
7.2 (1H, dd, 6-H, J = 7.8Hz), 6.7 (1H, dd, %H, Applied Photophysics) with 8 ns pulse width, pulse energy
Jortho = 7.8 Hz), 3.9 (3H, s, —0H3), 3.4-3.3 (4H, m, 150 mJ/pulse. The laser was used in a right angled geom-

—CHy—CH2-). etry and a 1cm path length cell was used in the investiga-

Analytical calculation for GgH15SO,Cl: C, 65.34% tion. The signals were detected using a 250 W pulsed xenon

and H, 4.57%. Found C, 65.25% and 4.90%. lamp, Czerny Tuner monochromator and R-928 PMT. The

signals were captured in an Hewlett-Packard 54201A digi-

2.2.1. Other chemicals used and their purifications tizing oscilloscope. All the measurements were done by us-

PCA was purchased from Aldrich and distilled by short jng deareated solution made by 30 min argon purging in the

path distillation before use. solution. The kinetic analyses were carried out using the
Acetonitrile (ACN), n-heptane (NH), ethanol (EtOH), software described elsewhd[s].

tetrahydrofuran (THF) antl,N-dimethylformamide (DMF) Electrochemical measurements were performed with

purchased from E. Merck, Germany, of spectroscopic grade,a PAR model 370-4 electrochemistry system incorporat-
were purified according to standard procedure and tested,ing a model 174 A polarographic analyzer, model 175
before use, for the absence of any impurity emission in the yniversal programmer and model RE0074X-Y recorder.

wavelength regions studied. Three-electrode systems including SCE were used in the
measurements. Tetraethylammonium perchlorate (TEAP)
2.3. Spectroscopic apparatus in ACN was used as supporting electrolyte as befa8s.

At the ambient temperature (296 K) steady-state elec-
tronic absorption and emission spectra of dilute solutions
(~10~*-10"mol dm3) of the samples were recorded us-
ing 1 cm path length rectangular quartz cells by means of an
absorption spectrophotometer (Shimadzu UV-Vis 2101PC)
and F-4500 fluorescence spectrophotometer (Hitachi), re-
spectively. A special dewar in which a long cylindrical quartz
tubing (cell) (3mm in diameter) could be introduced, was
used for low-temperature (77 K) measurements. The excita-
tion wavelength for emission of the electron donor (4MBT)
was selected at 307 nm, that of electron acceptor (PCA) at 0 Ox ReD (A~ &2
330 nm and that of 4MBA and 4MBAS at 351 nm positions AG = E1/3 (ﬁ) —Ey5 (T) — Ego— y—
both at the room and low temperatures. s (1)

Picosecond single photon counting techniquésiores-
cence decays of the bichromophore 4MBA having very low The first two parameters, half-wave oxidation potential of
lifetime were recorded using single photon counting set-up 4MBT and half-wave reduction potential of PCA, were mea-
(Millenia (5W) CW 532 nm pumped Tsunami Ti:sapphire sured in ACN solvent by cyclic voltammetry (details given
mode-locked laser with pico-option (720-850nm), SHG in Section 3. From the measured redox valudsifle J) it
and THG as the pump source from Spectra Physics USA) indicates that 4MBT serves as an electron donor in interac-
with pulsed width <2 ps with 250nm excitation. IBH tion with PCA which in turn behaves as an acceptor. The
5000U Fluorescence spectrophotometer used for picosecondourth term inEg. (1) which represents the Coulomb sta-
excitation and detection system with MCP-PMT:R3809U bilization parameter has been neglected in compuiG)
(160-850 nm), Polarizers, NIM timing electronics and as it possesses negligible contribution0(06 eV) in this
PC-based MCA with utility software and window-based highly polar environment. In such highly polar ACMs(~
data analysis software (IBH software library). Iterative sift 37.5) environment, large values ef AG? (>2 eV, Table )
of the fitted function as part of2 (error +6 ps, standard  demonstrate the thermodynamical possibility (energetically

3. Results and discussion

3.1. Determination of the redox potentials of the reacting
species, 4MBT and PCA, by using cyclic voltammetry and
computation of the driving energy chang&G°

Using Rehm-Weller relationEg. (1) [20,21] the Gibbs
free energy change\G°, associated with radical ion-pair
formation, was estimated
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Table 1
Redox potential values, values &ff ,, Gibbs free energiesAGP) for photoinduced ET reactions within the present donor and acceptor molecules in
non-polar NH and highly polar ACN solvents at the ambient temperature

Donor Acceptor EDS (DIDY) (V) EREP (ATIA) (V) E§q (eV) AGP (in ACN) (eV) AGP (in NH) (eV)
4AMBT PCA +0.4 -0.9 +1.3

4MBT? PCA +0.4 —-0.9 4.04 —2.74 —1.24

4MBT PCA2 +0.4 -0.9 3.75 —2.45 —0.95

aDenotes the excited singlet state. S

favorable) of the occurrence of highly exothermic photoin- of the individual components. This observation excludes the
duced ET reactiong2]. possibility of formation of any ground state charge trans-

In non-polar medium NH, as it is not possible to measure fer (CT) complex within the reactants at room tempera-
the redox potentials of the reacting species, an approximateture in both the solvents used. Even at large concentrations
value of AG® was computed, shown ifable 1, considering (~10-2 mol dm3) of the donor and acceptor, the same type
the solvation energies in this medium following the proce- of spectral superposition of the individual components were
dure adopted by earlier authgj@3,24] From these com-  appeared in the absorption spectra of the mixture, irrespec-
puted values ofAG?, it appears that photoinduced reaction tive of the polarity of the environments.

becomes less exothermic in non-polar medium. On the other hand, the electronic absorption spectra of the
bichromophore (4MBA) ig. 2) do not show the spectra of

3.2. Steady-state electronic absorption spectra of the the components but instead an overlapping of the two new

mixture of the electron donor 4MBT and the acceptor long wavelength bands of broad nature spanning between

PCA: comparison of these spectra with those observed in 330 and 420 nm in both polar ACN and non-polar NH fluid
the case of the synthesized bichromophores containing the solutions was found. These bands seem to be due to the two
above donor and acceptor systems connected by olefinic, CT bands, one resides at 351 nm and other situated at the
unsaturated and saturated, bridges 380 nm region. These CT bands are due to the presence of
two closely lying higher occupied molecularorbitals of

The absorption spectra of the donor 4MBT in the pres- benzothiophene and to the lowest vacarbital of PCA.
ence of the electron acceptor PCA were measured in NH The similar observations of the presence of the two CT bands
(es ~ 2.07) and highly polar ACNgs ~ 37.5) (Fig. 2) fluid were made earlief12] in cases of some bichromophoric
solutions. In both non-polar NH and highly polar ACN me- systems containing derivatives of carbazole as donor part
dia it was found that the spectra of the mixture of 4MBT and fluorenone as acceptors and the corresponding oligomers
and PCA are just the superposition of the absorption bandsbearing the bichromophores as pendant groups.

0.8
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Fig. 2. Steady-state electronic absorption spectra of AMBE(5.9x 10-°> mol dm~3, curve 1), PCAC = 2.9x10~* mol dm3, curve 2), mixture (curve 3)
of 4MBT (C = 5.9x10~°moldm3) and PCA ¢ = 2.9x 10~* mol dn3), Steady-state electronic absorption spectra of 4MBA=(1.8x 10~° mol dm 3,
curve 4) in ACN fluid solution at 296 K. = 1 cm. Inset: steady-state electronic absorption spectra of 4MBAS in ACN fluid solution at 236 Kcm.
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In the case of the other bichromophore 4MBAS, however,
both the absorption spectra of the donor and the acceptor
part are apparent but additionally a long wavelength (low
energy) tail extending down to 410 nm was observed (shown
in inset of Fig. 2). This tail seems to originate from the
ground state CT interaction between the 4MBT donor and
the PCA acceptor.

Thus, significant changes occur in the absorption spectra
of the donor 4MBT when it connects with the acceptor
PCA by an unsaturated (olefinic) or saturated bridge. As
only in case of intramolecular interactions formation of
ground state CT complex was apparent, it appears that a
particular conformation may exist in the bichromophore
through the mutual alignment of the donor and accep-
tor moieties and it facilitates the formation of the ground
state CT.

3.3. Steady-state and time-resolved fluorescence spectra
at the ambient temperature

(a) Intermolecular studiedt was reported earlier that both  (b)

in non-polar NH and polar ACN solvents the fluores-
cence lifetime of 4MBT is about-0.17 ns[6]. In the
present study, with gradual increase of concentration of
the acceptor PCA the intensity of entire fluorescence
emission band of 4MBT was found to diminish regu-
larly both in non-polar NH and polar ACN fluid solu-
tions (Fig. 3). PCA itself does not emit fluorescence both
at the ambient temperature and at 77 K. Here the con-
centration of quencher PCA was chosen to be very low
(concmax ~ 10~* mol dm3) so that relative to that of
the donor 4MBT, its absorbance will be negligible at the
excitation wavelength~307 nm). In this way possibil-

ity of the occurrence of inner filtering effect could be

avoided. As lack of formation of ground state complex
was apparent from the absorption spectra of the donor
and the acceptor and their mixture, the possibility of the
presence of static mode could reasonably be ruled out
as one of the possible sources for the observed fluores-
cence quenching phenomena. Nevertheless, we would
consider, as possible sources of quenching, two mech-
anisms of reactivity: (1) singlet—singlet energy transfer
from electronically excited 4MBT to PCA, (2) photoin-
duced ET. There is a large spectral overlap between the
PCA absorption spectrum and the fluorescence emis-
sion of 4AMBT. We could conclude that energy transfer
from the § state of 4MBT to PCA is thermodynami-
cally possible and is a possible quenching pathway in
competition with ET quenching process.

In ACN fluid solution, a long wavelength broad band
of very weak intensity peaking nearly at 518 nm was
found to develop gradually at the expense of the fluo-
rescence emission intensity of 4AMBT in the presence of
PCA (Fig. 3.

Intramolecular studieswhen we excite specifically the
donor part of the bichromophore (4MBA) using the
excitation wavelength 307 nm it was surprisingly ob-
served that the fluorescence band of the 4MBT, span-
ning between 320 and 350 nm, completely quenched but
a long wavelength band of large intensity peaking at
about 518 nm, in cases of both 4AMBA and 4MBAS, ap-
pear fFig. 3. A band, though very weak in nature, was
found at the same energy position, as discussed above,
when the donor molecule was found to undergo inter-
molecular interactions with the electron acceptor PCA.
Moreover on direct excitation of the CT absorption band
of the bichromophore (4MBA) situated at 351 nm and
4MBAS at 400 nm region a fluorescence band of con-

500 T T T T T T T T T
// \ “‘\m\\
400 = / \ ‘ 1
3 \
300 - / \ .

200 J

100

Relative Intensity

=N

400 450
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Wavelength/nm

Fig. 3. Fluorescence emission spectra of 4MBIx(= 307 nm) € = 2.2 x 10->moldm™3) in ACN fluid solution at 296K in the presence of PCA
(curves 0, 1 and 2). Concentration of PCA (moldiin (0) 0; (1) 12 x 10~%; (2) 54 x 10~4. Curve 3: fluorescence emission spectra of 4MBA
(C = 1.8 x 10->moldn3) in ACN fluid solution at 296 K. Inset: fluorescence emission spectra of 4MBAS- (105 mol dm23) in ACN fluid solution

at 296 K.
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Fig. 4. Fluorescence decay curve associated with lamp profile showing the biexponential decay of @MBAJ x 10-% moldm 3, Aem = 518nm) in

ACN fluid solution at 296 K with corresponding residual.

siderable intensity at the same energy position 518 nm sition) in ACN fluid solution. The biexponential nature of

was found.

From the above observations, it shows that 518 nm band
should be the CT emission band whose formation is largely

facilitated in intramolecular system comprising the donor

and the acceptor moieties. Thus itis inferred that both inthe ; ; ) — p, () exp<_—t> + Bo()) exp<_—t)
72

ground and excited singlet {Bstates, a particular confor-

the fluorescence emission of this bichromophore was clearly
observed from the decay analysis usly (2) In this equa-
tion, light emission has been described as a superposition of
two exponential decays

(2)

71

mation through mutual orientation of the donor and acceptor wheret; andz, are the fluorescence lifetimes associated

sites is responsible for formation of CT complex.

In non-polar NH solvent, both the bichromophores do
not exhibit any fluorescence emission at 296 K. However to
elucidate the solvent effect the fluorescence of 4AMBA was
studied in the different mixtures, containing the different
proportions of the two solvents of THE{~ 7) and DMF
(es ~ 36.7), in which fraction of more polar solvent DMF
was gradually increased. As THF does not dissolve in ACN,
the mixture of THF/DMF was used. The intensity of fluo-
rescence of 4MBA (nearly same concentration in all mix-
tures) gradually develops with the increase of the polarity of

with the normalized pre-exponential factdds and By, re-
spectively.

The fractional contributionEq. (3) f;(;) of each com-
ponent to the total steady-state intensity is defind@a.26]

B;t;

i) = ——F— 3
fi SHCED) 3)
and the computed fractional contributiorfs &nd f2) are
found to be 0.7 (forr1) and 0.3 (forty), respectively, for
the present bichromophoric system.

From these two lifetimesz{ ~ 1 andt, ~ 2.6 ns, error

the resulting mixture of the two solvents accompanied by a 46 ps) and their fractional contributionf (f,) it is inferred

continuous red-shift. These observations further corroboratethat there should be two different species involved in flu-
our views that the fluorescence of the bichromophore 4AMBA orescence emission of the bichromophore 4MBA. In high
mainly originates from the CT state. The similar trend was probability, these two species should be due to, the presence
observed in the case of the other bichromophore 4MBAS of two geometrical isomersjs- andtrans-forms, of 4MBA.
used in the present investigation. Thus the excited CT band is composed of mainly overlap-
From these observations it was inferred that the architec- ping of the two emission spectra: one duects (folded)
tures of the bichromophoric molecules play an important and the other fotranstype (extended) geometry of 4MBA
role in non-radiative depletion mechanism of the excited (Fig. 5. It is known that in the ground stateansisomer
states of its reacting componenisg. 4 reproduces the flu-  mainly exists as it is thermodynamically more stable isomer
orescence decay curve of 4AMBAdm ~ 518 nm, peak po-  [27].



M. Maiti et al./Journal of Photochemistry and Photobiology A: Chemistry 152 (2002) 41-52 a7

PCA under alkaline conditions to afford the bichromophoric

OMe

AMBT chalcone in 56% yield, which was characterized from an-

\ T alytical and spectroscopic data. THd NMR spectrum of

s c=c_c OCI H the compound 4MBA revealed the presence of lmighand
b |(|) transgeometrical isomers, with the preponderance of the
H latter. The coupling constants of the olefinic protons present

as characteristic doublets are 5cis{) and 15 {rans) Hz,

respectively.

Staggered On irradiation of thistransisomer an excited species
would be produced which is usually lower in energy than that
of the correspondingis-isomer (folded conformation). On

AMBT monitoring the wavelength at far longer wavelength region,

cl
Me .
i.e., say at 590 nm of CT fluorescence band, not much change
FCA in the lifetime values were noticed but interestinjlyasso-
/ ciated withz1) reduces to 0.2 anid (fractional contribution
= 0
b

trans-form of 4AMBA PCA

H of r) becomes 0.8. It is to be noted that excitation spec-
H tra corresponding to lower and higher wavelength regions
of the emission spectra exactly corresponds to its absorption
cis-formof 4MBA Gauche spectra. This indicates that there is no possibility of impu-
rity emission overlapped with the emission of the molecule
Isomers of 4MBA Conformers of 4MBAS studied. Thus the parameters associated with fluorescence

lifetimes demonstrate that 2.6 ns species dominates at longer

wavelength region and should correspondrams isomer

and 1 ns should be responsible due to presenaésdbrm

of 4AMBA. An attempt was made to resolve the excited CT
The synthesis of the bichromophore 4MBA was achieved band Fig. 3) by a peak-fit software progranfig. 6). From

in three steps from 4MBT6]. The latter was deprotonated in  the computer-assisted resolution of the band it shows that the

the 2-position withn-butyl lithium (THF/—78°C). Quench- fitted curve corresponds very wekify. 6) with the experi-

ing the deprotonated species withN-dimethylformamide mental spectrum when the latter is resolved into two bands,

under standard conditions afforded 4MBT-2-carbaldehyde one being at 515 nntis-geometry as discussed above) and

in 62% yield. The compound was characterized from micro- the other resides at 564 nm regidraqs-form). It would be

analytical and spectroscopic data. The aldehyde reacted withrelevant to point out here that in intermolecular studies, as

Fig. 5. Molecular structures of possible isomers of 4MBA and possible
conformers of 4AMBAS.

1.0 F

0.6

Normalized intensity

02

0.0 . —
400 440 480 520 560 600 640 680

Wavelength /nm
Fig. 6. Computer-assisted (by using peak-fit software) resolution of the steady-state CT fluorescence emission spectra ofFdBAcofrve 3) into

two components (discussion is made in the text). Of the two spectra labeled O, the solid one is the fitted curve and is the sum of two curves 1 and 2,
the other one is the experimental spectrum.
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reported above, with gradual addition of PCA, very slow ' ' ' - ' ' ' -
guenching of 4MBT fluorescence was noticed accompanied

by the development of a very weak band peaking at around
518 nm region. This long wavelength emission should orig-
inate from contact CT complex. However very weak band
prevents us from measuring the fluorescence decay of this
species but it corroborates our views, made from the dif-
ferent measurements discussed above that the CT fluores- 8
cence band of the bichromophore 4MBA, peaking at around <
518 nm, should originate from thes-form of the bichro-
mophore 4MBA, because in the folded geometry the donor
and the acceptor moieties would be very close to each other

to facilitate contact type CT interactions.

In the case of the other bichromophore 4MBAS, mea-
surements of CT fluorescence lifetimes demonstrate the
formation of the two different species (biexponential fit
was found to be the best one as evidenced from Igast
value) having lifetimes 1.7 and 3.5ns. However since in Fig. 7. Transient absorption spectra of PCA (excitation wavelength
this bichromophoref{ig. 1) where the donor and the accep- _J570ck, B Bee et 0 e presence of he donor
tor moieties are connect.eq.by a saturatgd methylgne space}wIBT (conc ~ 2.2 x 102 moldn&) at delay tinﬁ’e: 1) 085S )
(~CH—CH,-), the possibility of formations of different 5 o. (3)50us; (4) 10us.
isomers ¢is- and trans) does not arise. It may therefore
be inferred that the two different species are the two dif-
ferent conformations of the bichromophore, viz. “gauche”
(reacting partners are close) and “staggered” (partners are
far apart) Fig. 5. Catalytic hydrogenation o8 in the
presence of Pd-C (10%) resulted in the compodnith
50% vyield. The donor and acceptor moieties in this com-
pound are linked by a saturated spacer. Hydrogenation
in the presence of perchloric acid would have reduced
the carbonyl function into another —GH group. How-
ever this would have reduced the acceptor properties of
the moiety, hence we desisted from this. As evident from
the spectroscopic studies (see above), existence of this
compound in gauche and staggered conformations was
discernible. (b)

0.03

0.02

0.01

0.00
360

1
420 450
Wavelength/nm

1
390

the band of dissociated anions (PCpor the anions of
the solvent separated species which is formed according
to the reaction mechanism below:

Na+ PCA — Na" + PCA~

The bands at 370 and 440 nm are due to the cation of ben-
zothiophene as already reported in case of similar ben-
zothiophene moleculg8].

With increase of delay from 0.5 to 3u& significant
changes observed in the transient spectra reveal that an-
ions decay at much faster rate than the cationic species.
Intramolecular investigation The transient absorption
spectra of the bichromophores 4MBA and 4MBAS have
been measured by direct excitation, by using the third
harmonic of the Nd: YAG laser system, of the ground state
CT complex situates at 355 nm region. A broad transient

3.4. Transient absorption measurements

(a) Intermolecular investigationsTo see experimentally

whether photoinduced ET reactions are really occurring
within the present D—A systems in ACN solvent, pulsed
laser excitation at 355 nm, using Nd:YAG laser system,
was used to excite specifically the acceptor PCA moiety
used in the present study. This was done to avoid the
possibility of occurrences of interfering energy transfer
processes, if any, within the present reacting system.
Upon 355nm laser pulse excitation of the mixture
of 4AMBT and PCA in ACN fluid solution the transient
species at around 370, 440, and 480 rhig(7) are ob-
served. To assign the 480 nm band metallic sodium (Na)
experiment was performed on the steady-state electronic
absorption spectra of PCA. One new band near at 480 nm
other than that of PCA bands appeared which slowly
disappear within 5min in the presence of molecular oxy-
gen. This shows the band near 480 nm corresponds to

band peaking at about 480 nm was observed with single
lifetime (~2ws) (Fig. 8. This 480 nm absorption band
should be the band of radical anionic species (PLA

as evidenced from the intermolecular flash photolysis
investigations as discussed above. The appearance of
a shoulder at around 440 nm indicates the presence of
the cationic species of the donor 4MBT. Similar to the
observations made in the intermolecular studies, the tran-
sient absorption spectra of the bichromophore gradually
diminishes with increase of delay timeps) between

the exciting and analyzing pulses. The formation of the
excited singlet CT complex(Dt—A~) state was con-
firmed by its fluorescence (steady-state measurements)
but it could not be ascertained in the transient absorption
spectra with our present experimental setup due to lack
of picosecond delays but from the transient measure-
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Fig. 8. Transient absorption spectra of 4MBA (excitation wave-
length ~355nm, laser pulse energy~150mJ/pulse) in ACN
(C = 1.4 x 10~>mol dm3) at the ambient temperature at delay time: (1)
0.5us; (2) 1.0us; (3) 3.0us; (4) 5us; (5) 10us.

ments formation of the long-lived (ips time domain)
triplet 3(D* - .. A™) state was apparent.

(c) Estimation of the yield of loose-structured charge sepa-
rated species#r) in case of the bichromophoreshe

time profiles of the absorbance of the acceptor PCA an-

ion in ACN at 480 nm observed from intermolecular in-
vestigation and absorbance of the bichromophore 4MBA
and 4MBAS at the same energy position, which is pre-
dominantly due to PCA anion, are reproducedrigs. 9
and 10

The decays of the bichromophores Hiig. 10 show
the unimolecular first-order decays. This indicates that

480 nm band observed in cases of 4AMBA and 4MBAS
should be assigned to a mixture of contact ion-pair (CIP)
of the acceptor anion. To examine the photoconducting
properties of the bichromophores the two rate parame-
ters: rates of ion-pair formation (charge separation rate),
kcs (which has been computed from semi-classical ap-
proximation of Marcus shown irEq. (6) vide infra)
and charge recombination within contact ion-p&igr
were estimated. The method of determining the latter
rate parameter from the decay of anion and cation is
shown below. The knowledge of these two parameters
are necessary since the overall photogeneration efficiency
depends upon the field induced separation of charge
carriers competing with the geminate recombination.
The decay of the absorbance at 480 nm observed in
the transient absorption spectra of the bichromophores
is represented by a single exponentigly. (4) is for
the folded conformation where the donor and acceptor
moieties would be close to each other and first-order
charge recombination process would occur within the
ion-pair and formation of loose-structured charge sepa-
rated species. The ion-pair lifetimejf), defined as in
Egs. (4) and (5) [12]

tip = (kcr + kesD t (4)
#RrR = kcsTTip )

kcr and kcst denote the charge recombination and
loose-structured charge separated (equivalent to charge
dissociation in intermolecular cases) rates, respectively.
In intramolecular ET process, i.e., for the case of the
bichromophores no ionic dissociation is possible but loose
structures of them could be formed in highly polar solvent
ACN where there will be no contact between the donor
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5 0.02

0.01

0.0 2.0x10°

6.0x10°
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Fig. 9. The time profile of the absorbanc&A) of the anion radical of the acceptor PCA in the presence of 4MBT at 480 nm.
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Fig. 10. The time profile of the absorbancAA) of the bichromophore (4MBA) at 480 nm. Inset: the time profile of the absorbanég ¢f the
bichromophore (4MBAS) at 480 nm.

and acceptor moieties. Following Verhoe@8—-32]we
could define the loose structure as charge separated state
(CST) and the corresponding rate has been named as
kcsT in case of the bichromophores. In bichromophores
where photoinduced ET occurs intramoleculagy, is
the yield of the loose-structured charge separated species.
This ¢r is defined as the ratio of the concentration of
loose-structured charge separated species, formed at the
long delay time £10us) to the concentrations of the
contact ion-pair complex formed initially & 0) by for-
ward ET reactions. This parameter is equivalent to the
yield of the dissociated ion radical or solvent separated
ion pair (SSIP) formation in intermolecular systems de-
fined as before. In intramolecular system is evaluated
experimentally{12] by taking the ratio of the absorbance
due to loose-structured charge-separated species formed
at the long delay time used and the initial value es-
timated by extrapolating the ion-absorbancerte= 0
in Fig. 10

The tip, ¢r, kcr andkcst values obtained from the
transient absorption decay of the bichromophores 4MBA
and 4MBAS are shown ifable 2 All the above pa-

Marcus semiclassical treatment approximat{@2] as
shown below:

ess/
fos = < J!

ool | n

The meaning of the symbols have been described else-
where[12].

To make sure in usingg. (6)in the present situation
the non-adiabaticity of the ET process has been tested

by Eq. (7)

4
h2rs(R)ksT

1/2 00
) VR)IZY (
j=0

(AGO + As(R) + jhv)?
Ms(R)kgT

(6)

—S

e 'n
A = 47|V (R)|?
7|V (R)| BT

(7)

As the value ofA was found to be«1, the ET reac-
tions within the present systems should proceed through
non-adiabatic process arkth. (6) could be safely used

in computingkcs.

rameters were also measured from the cationic decayTable 2
(using 440 nm wavelength of the transient absorption The values of the charge separation rates) (computed fromEg. (6)),

rates of charge recombinatiolkcg) and formation of loose-structured

charge-separated specidgdt) in ACN for the bichromophores 4MBA

L L . . and 4MBAS, values of yieldgpr, of loose-structured charge-separated

recombination within the 1on-pair complex. species (the measurements were made at the ambient temperature) and
In bichromophoric systems 4MBA and 4MBA&gR Tip (@pproximately equal to the charge recombination lifetime within the

values computed from the cationic decays are found to ion-pair complex)

spectra). As contribution dkcst is very small relative
to kcr, the observedi, shows approximately the charge

be similar to those obtained from the analysis on the system ks (s1)  ¢r?  ker (51  kest (5D 7p (19)
decay of anionic specie3dble 2. (£0.01)
The rate of formation of ion-pair (forward ET or s4mBa 7.7 x 18 001 50x 10° 48x 108 211

charge separation ratejcs, which occurs at the early 4MBAS 7.7x 10° 0.16 2.0x 10° 3.0x 10* 481

sfcage of the _delays used in the measurement (_)f tran- 2|n intramolecular system as no ionic dissociation is possible this yield
sient absorption spectra was determined by using the should correspond to loose-structured charge separated species (CST).
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Fig. 11. Dependence of first-order ET rate constdais) on the distance of separatioiR)(for the D—A pairs in ACN fluid solution at 296 K
(AGO ~ —2.45eV).

In case of the bichromophores tlkges values were
computed assumin® (distance of separation between
the donor and the acceptor moieties) be equal to the
contact distance between the donor and acceptor. In
support of this proposition it could be stated thaks
values, computed at the different magnitudesRpide-
crease significantly aR increases beyond the contact
distance Fig. 11). As the above experimental findings
demonstrate that in bichromophore 4MBgis-form
is dominating overtrans one and in 4MBAS more
flexible spacer has been used the valueRothould
logically be assumed to be very close to the contact
distance.

The values okcs andkcgr for the intramolecular (in
the cases of the bichromophores 4MBA and 4MBAS)
ET processes are shown Trable 2 The values of the

The decay shown irFig. 9, observed from the case
of the intermolecular interactions, does not correspond
to the true first-order decay (first-order fitting looks bad
from correlation coefficient value). Possibly charge re-
combination occurs not only within contact ion-pair but
also fully dissociated cations and anions formed in highly
polar ACN due to intermolecular interactions recombine
slowly, by second-order diffusion process, after charge
dissociation. The decay becomes complicated. However,
as the knowledge of the rate parametkes and kcr
is very much important in testing the photoconducting
properties of the bichromophores we were interested in
the decay analysis of tHeéig. 10only which corresponds
to these intramolecular systems.

rates of charge recombination process (back ET) within 4. Concluding remarks

the contact ion-pair complekcr, which are obeying the
first-order kinetics, in case of the two bichromophores

From the above results derived from both steady-state and

(AMBA and 4MBAS) are the order of 261 (Table 2.
Similar slow recombination rates within contact ion-pair
complex are also observed by Fukuzumi et[8B] for

time-resolved spectroscopic measurements it reveals that
mutual orientation between the donor and the acceptor moi-
eties in a linked system exhibits significant role in facili-
back ET of first-order kinetics in case of many other tating the CT complex both in the ground and electronic
bichromophoric or multichromophoric systems. From excited states. In intermolecular interactions the formation
the table it is apparent that when nature of the spacer inof excited singlet (§ CT complex of contact nature has
the bichromophores is changed from unsaturated (in casebeen suggested. However in intramolecular cases, two dis-
of 4AMBA) to more flexible saturated (in 4AMBAS) one by tinct excited state isomers/conformers were apparent from
which the redox centers are connected together, the ratethe steady-state and time dependence behaviors of the com-
of energy wasting proces&cr decreases considerably plexes. Laser flash photolysis measurements indicate that en-
relative tokcs and consequentlgr increases. It seems  ergy wasting charge recombination process could be largely
mutual conformations of the chromophoric units in the prevented in a bichromophoric system when its constituent
bichromophores have great influence on the formation redox sites are connected by a flexible methylene spacer
of charge separated species and consequently the enrather than an unsaturated linkage. Possibly the energy wast-
ergy wasting back ET (charge recombination) process is ing process (CR) could be further minimized if a little re-
largely impeded specially in the case of 4AMBAS where striction in the flexibility of the spacer be imposed. This
the donor and the acceptor moieties are connected by acould be done by incorporating the two spacers instead of
flexible saturated spacer. one (cyclophane type) between the donor and the acceptor
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