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Abstract: Conformational changes in two hemicyanine-based bichromophores were demonstrated by varying
the polarity as well as temperature of the medium. Dramatic changes in the ground and excited singlet state
properties were observed upon folding of the bichromophores, due to the formation of intramolecular aggregates
of H-type. These aspects were studied, in detail, using steady-state absorption and time-resolved fluorescence
spectroscopy. Time-resolved fluorescence studies indicate that both the bichromophores exhibit a monoex-
ponential decay, with a short lifetime, in mixed toluer@H,Cl, solvents having lower proportions of toluene.
Interestingly, biexponential decay with short and long-lived species was observed at higher proportions of
toluene, due to the presence of unfolded and folded forms. Folding results in the intramolecular stacking of
the chromophores which restrict their torsional dynamics, leading to a longer lifetime. Upon laser excitation,
the folded form of the bichromophore undergoes rapid conformational changes, due to photoinduced thermal
dissociation.

Introduction phenylacetylene-based oligomers into ordered helical struétures
and (ii) the donot-acceptor interaction of aromatic groups,
leading to pleated structur@sConformational changes and
molecular motions in photoactive molecular and supramolecular
systems can be modulated by chemical, photochemical, or
electrochemical method<. Such changes when translated to
optical as well as electronic properties can form the basis of
switching deviced.We have now designed two nonconjugated
bichromophores (1 and 2 in Scheme 1), which can fold and
unfold by varying the solvent polarity or by the application of
xternal stimuli such as heat or light.

Earlier studies on nonconjugated bichromophores of cya-
nines!? squarained?® and porphyring* mainly deal with the

* Address correspondence to this author: (phone) 91-471-515249; (fax) interaction between the chromophores. In contrast with aromatic
91-471-490186; (e-mail) georgetk@md3.vsnl.net.in.

The design and study of molecular as well as supramolecular
photoactive systems have been actively pursued in recent years
due to their potential applications in optoelectronic deVices
(for e.g., molecular switchés? sensors, transducers, and
information processing and storage deviye®©f particular
interest is the design of molecular systems which undergo
conformational changes? analogous to the folding of pro-
teins10 Synthetic molecular systems and polymers which can
fold into well-defined conformation in solution (foldamébs
through noncovalent interactions, have been reported. These®
include (i) solvophobically driven conformational folding of

(1) () Lehn, J.-MSupramol. Photochem.: Concepts Perspetl 995 compounds which form moleculfar associates in t.helr ex'cllted
(b) Balzani, V.; Moggi, L.; Scandola, F. Bupramolecular Photochemistry ~ States (e.g., pyrefi®, chromophoric dyes have a unique ability
Balzani, V., Ed.; Reidel: Dordrecht, The Netherlands, 1987; p@é (c) to self-organize into aggregates in their ground state. Interaction

Molecular Electronics Jortner, J., Ratner, M., Eds.; Blackwell: Oxford, between the chromophores in their ground state has been fairly
UK, 1997.

(2) (a) Irie, M. Chem. Re. 200Q 100, 1685. (b) Credi, A.; Raymo, F.  Well explained by McRae and Kaskain terms of exciton
M.; Stoddart, J. FAngew. Chem., Int. E®00Q 39, 3348. coupling theory, in which the excited state of the dye aggregate

(3) (a) de Silva, A. P.; Gunaratne, H. Q. N.; Gunnlaugsson, T.; Huxley, gplits into two energy levels (Davydov splitting). The transition
A.J. M.; McCoy, C. P.; Rademacher, J. T.; Rice, Tdhem. Re. 1997, P gy ( Y P g)

97, 1515. (b) Fabbrizzi, L.; Poggi, AChem. Soc. Re 1995 24, 197. to the upper excited state is allowed in the case of face-to-face
(4) (a) de Silva, A. P.; McClenaghan, N. D. Am. Chem. So@00Q (7) (a) Kilbinger, A. F. M.; Schenning, A. P. H. J.; Goldoni, F.; Feast,

122 3965. (b) de Silva, A. P.; Dixon, I. M.; Gunaratne, H. Q. N.; W. J.; Meijer, E. W.J. Am. Chem. So@00Q 122 1820. (b) Gin, M. S;

Gunnlaugsson, T.; Maxwell, P. R. S.; Rice, T.EAm. Chem. Sod.999 Yokozawa, T.; Prince, R. B.; Moore, J. $. Am. Chem. Sod.999 121,

121, 1393. (c) Rathore, R.; Magueres, P. L.; Lindeman, S. V.; Kochi, J. K. 2643. (c) Prince, R. B.; Brunsveld, L.; Meijer, E. W.; Moore, JABgew.
Angew. Chem., Int. E@00Q 39, 809 (d) Ashton, P. R.; Balzani, V.; Becher, Chem., Int. Ed200Q 39, 228. (d) Nelson, J. C.; Saven, J. G.; Moore, J. S;
J.; Credi, A.; Fyfe, M. C. T.; Mattersteig, G.; Menzer, S.; Nielsen, M. B.;  Wolynes, P. GSciencel997, 277, 1793.

Raymo, F. M.; Stoddart, J. F.; Venturi, M.; Williams, D.Jl.Am. Chem. (8) (a) Lokey, R. S.; Iverson, B. INature1995 375, 303. (b) Zych, A.
S0c.1999 121, 3951. (e) Fernasndez-Acebes, A.; Lehn, JGWiem. Eur. J.; Iverson, B. LJ. Am. Chem. So@00Q 122 8898.
J. 1999 5, 3285. (f) Zahn, S.; Canary, J. Wngew. Chem., Int. Ed. Engl. (9) (a) Recker, J.; Tomcik, D. J.; Parquette, J.JRAm. Chem. Soc.
1998 37, 305. 200Q 122 10298. (b) Sakamoto, S.; Obataya, |.; Ueno, A.; Mihara, H.
(5) Krauss, R.; Weinig, H.; Seydack, M.; Bendig, J.; Koert,Alhgew. Chem. Commurn1999 1111. (c) Fletcher, N. C.; Ward, M. D.; Encinas,
Chem., Int. Ed200Q 39, 1835. S.; Armaroli, N.; Flamigni, L.; Barigelletti, FChem. Commuri999 2089.
(6) (a) Kawata, S.; Kawata, YChem. Re. 200Q 100, 1777. (b) Gryko, (d) Valeur, B.; Pouget, J.; Bourson, J.; Kaschke, M.; Ernsting, NJ.P.
D. T.; Clausen, C.; Roth, K. M.; Dontha, N.; Bocian, D. F.; Kuhr, W. G.; Phys. Chem1992 96, 6545.
Lindsey, J. SJ. Org. Chem200Q 65, 7345. (c) Li, J.; Gryko, D.; Dabke, (10) (a) Seebach, D.; Matthews, Ghem. Communl1999 2015. (b)

R. B.; Diers, J. R.; Bocian, D. F.; Kuhr, W. G.; Lindsey, JJSOrg. Chem. Gruebele, M.; Sabelko, J.; Ballew, R.; Ervin Atc. Chem. Re4.998 31,
200Q 65, 7379. (d) Brown, C. L.; Jonas, U.; Preece, J. A.; Ringsdorf, H.; 699.
Seitz, M.; Stoddart, J. R.angmuir200Q 16, 1924. (11) Gellman, S. HAcc. Chem. Red.998 31, 173.

10.1021/ja010199v CCC: $20.00 © 2001 American Chemical Society
Published on Web 07/24/2001



7860 J. Am. Chem. Soc., Vol. 123, No. 32, 2001 Zeena and Thomas

Scheme 1. Synthesis of the Bichromophorédsand 2
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Table 1. Absorption and Emission Properties of Compoufes
a) CICH,-[CH,0-CHy],-CH,Cl (n = 1, 2), K»CO;3, K1, n-butanol; b) DMF, POCls; in Dichloromethane
¢) 2-methylbenzothiazoliummethiodide, piperidine, dry methanol. absorption fluorescence
compd Amax M €, M7lcm™)  Avip, et Apa{emp  OfF
H;C
: \,N S 1 540 (104940) 2979 600 0.01
H;C A \@:© 2 540 (107000) 2979 600 0.0098
lu. © 3 553 (89563) 2283 597 0.018
3
3 2 Solutions were excited at 500 nm and emission monitored in the

region 526-700 nm for estimatingy; P error limit & 5%.

(parallel) dimers and to the lower state for head-to-tail (linear) their singlet excited-state properties, due to the formation of
dimers'® The former type of dimer is characterized by a ntramolecular aggregates.

hypsochromically shifted absorption band (H-aggregate) and the
latter one by a bathochromically shifted absorption band (J- Results and Discussion
aggregate), as compared to the isolated monomer. Recently,
some interesting observations have been made in the case OF]

noncanjugated dimers of a few merocyanirtand squaraine¥, were synthesized through the pathways shown in Scheme 1.

tethered by methylene groups. For both these systems, amSynthesis and spectroscopic characterization of the bichro-

extended conformation is preferred in nonpolar solvents and a . . : : )
. X mophores are given in the Experimental Section and the details
folded one in polar solvents, leading to J- and H-aggregates, . ! . . )
of the intermediate compounds are included in the Supporting

especiheh.Inconet o e Squatane et M 90 1t rmaton. Th modl compouiSheme 1) wes e
’ yp by following a reported procedufé.On the basis of théH

:glc?eﬁo:g;m rgf c:?teergcggnf:re ggg?r;ame \/Svﬁtjk? Iiﬁlrgrnc?l(;\rgrci)(; NMR studies, it is concluded thatand2 adopt an “all-trans”
mophores, reported N nly: W P geometry, which minimizes the steric interactions in the
interactions, and it is possible to design bistable systems by bichromophores

modulating their optical properties. In the present study, we UV/Vis Absorption and Conformational Switching. The

report the dynamics of foldingunfolding processes of two absorption spectra of bichromophdrand model compoung

nr:)ncqnjug_ated blchroTopht(?]r_es contatln_ln_g h(re]mgcyanlnlt_a unltg, in dichloromethane and methanol are presented in Figure 1. The
(hemicyanines are polymethines containing heterocyclic an spectral properties df—3 in dichloromethane are summarized

nonheterocyclic groups on either end) linked together by a poly- in Table 1. Both the bichromophores exhibit a broad band

(ethylene glycol) chain (Scheme 1). The conformational switch- centered around 540 nm in GEl, The absorbance of this band
ing in these molecular systems led to substantial changes infollows Beer Lambert law and the spectral shape remains
(12) (@) Lu, L Lachicotte, R. J.- Penner, T. L.; Peristein, J.. Whitten, ynaffecteql with concentra_tion, rulilng out the possibility of strong
D. G.J. Am. Chem. S0d999 121, 8146. (b) Ushakov, E. N.; Gromov, S.  intra- or intermolecular interactions. Thus, the broad band,
P.; Fedorova, O. A,; Pershina, Y. V.; Alfimov, M. V.; Barigelletti, F.;  absorbing around 540 nm, may correspond to the monomeric
mgma'l%”'v\('-;biz'zzsﬂvF\é]JAﬂ‘yé-hggeg%fgggéolaz &13%32% ((Cd)) 'éaﬁ%?gg\}; form of the bichromophores. Similar results were obtained for
A l% Zakharova, G. V.; Gorner, H.; Sogulyaev, Y. A.; Mushkalo, I. L.; model compoun@ and bichromophores, in polar solvents such
Tolmachev, A. 1.J. Phys. Chem1995 99, 886. as CHC}, CHsCN, CH;OH, etc. The origin of this structureless
(13) Liang, K.; Frahat, M. S.; Perlstein, J.; Law, K. Y.; Whitten, D. G.  absorption band is attributed to a doraicceptor charge-transfer
J. Am. Chem. $04.997 119, 830. (CT) transition (Supporting Information). Recent X-ray diffrac-

(14) (a) Harriman, A.; Heitz, V.; Sauvage, J. P.Phys. Chem1993 . . .
97, 5940. (b) Tamiaki, H.; Holzwarth, A. R.; Miyatake, T.; Tanikaga, R.; tion studies® as well as absorption spectral studfésave also

Synthesis.Bichromophored and2, containing two units of
emicyanines ((aminostyryl)benzothiazolium chromophores),

Shaffner, K.Angew. Chem., Int. Ed. Engl99§ 35, 772. suggested an intramolecular charge-transfer resonance between
(15) Forster, TAngew. Chem., Int. Ed. Endl969 8, 333.
(16) (a) Rae, E. G. M.; Kasha, M. Ihhe Molecular Exciton Model, in (17) Hamer, F. MJ. Chem. Socl1956 1480.
Physical Processes in Radiation Biologgugenstein, L., Mason, R., (18) Alfimov, M. V.; Churakov, A. V.; Federov, Y. V.; Federova, O.
Rosenberg, B., Eds.; Academic Press: New York, 1964; pp423 (b) A.; Gromov, P.; Hester, R. E.; Howard, J. A. K.; Kuzmina, L. G.; Ledneyv,

Valdes-Aguilera, O.; Neckers, D. Gcc. Chem. Red.989 22, 171. K.; Moore, J. N.J. Chem. Soc., Perkin. Trans.1®97, 2249.
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a 0.16 Scheme 2.(A) Pictorial Representation of the Aggregation
of Bichromophore (Type 1, card pack arrangement; Type 2,
intramolecular folding) and (B) an lllustration of the

012 Folding—Unfolding Process of Bichromophores Based on the

Photophysical Studies

[-*]

=1 A !

= 2

= 0.08 (‘o o]

£ o PO = ==

2 &) n=1 ! én,

< 0.04 n=2

----- \ s
0.00 . 4 L
400 500 600 or
Wavelength, nm I%
b a Type 1; aggregation number > 2 Type 2; aggregation number = 1
L b
0.06 ¢ B -
i)
8 d s on I °1
2 0.04} Y/Y CHy SN CH; CH;-Ng
2 bv/A 5 s
[ 4 —_— — —
2 5
ﬁ 0.02}
-N N,
HCop N~ CHs HC oo CH;
0.00 . : - 76 07
400 450 500 550 600
Folded Unfolded

Wavelength, nm

Filgure 2C-: H(agI Visilble abeorEtiofn”Sp?tha df at 25°C iI” mix_edH indicating that an equilibrium process is involved. Similar results
toluene-CH;Cl, solvents of the following proportions (toluene:& are observed for the bichromoph@¢Supporting Information).

Cly): (a) 0:100, (b) 70:30, (c) 75:25, and (d) 95:5. (b) Visible absorption . d . derived f b hi i .
spectra ofl at various temperatures in a (4:1) mixture of toluene and ~ CYanines and squaraines derived from benzothiazolium units

CH.Cl, (a) 15, (b) 20, (c) 24, (d) 28, (e) 32, (f) 36, and (g) 3B. are known to form face to face or parallel dimers (H-aggregates),
characterized by the appearance of a blue-shifted absorption
band?° In the present case, the new high-energy band, observed

the nitrogen atoms in hemicyanine dyes. The half-width of the at 420 nm, may be assigned to an H-aggregate, arising from
absorption bandif) of 3 in CH,Cl, is 2200 cnt! and a the parallel stacking of the hemicyanine chromophores, on the
spectral broadening was observed with increase in polarity of basis of analogy. Parallel stacking is possible in two different
the solvent (Supporting Information). There are several bonds Ways: (i) through an intermolecular interaction between two
in hemicyanines, which may undergo torsional motions. It is OF more bichromophores (aggregation numbe?) in a card
suggested that the torsional motions, coupled with solvent Pack arrangement or (i) through an intramolecular interaction
reorganization may lead to spectral broadening of hemicyanines,between two hemicyanine units of the bichromophore, as a result
in polar solvent$%> Compared td, both the bichromophores ~ ©f folding of the molecule (aggregation number 1). A

1 and2 exhibit a broad absorption band anghis not influenced ~ Simplified representation of these possibilities is shown in
by solvent polarity ¢1/» ~ 3000 cnT?). The chromophoric units Scheme 2A. Add]tlonal mformaﬂop concerning th.e nature qf
in 1 and2 are linked together by a flexible poly(oxoethylene) stackmg was obtained by investigating _the aggregation properties
chain. Depending on the nature of the solvent, the poly- Of the bichromophores. The aggregation numbers (¥igure
(oxoethylene) bridging unit can adopt various conformatfns, 3) and2 were determined by studying thg effect of concentration
which may result in weak through-space interactions between ©f the bichromophores on the absorption spectrum. Monomer
the two hemicyanine units, iband2. These factors along with ~ @nd aggregate bands are well separated and the spectral overlap
the torsional motions of the hemicyanines may lead to the & the absorption maximum is negligible (Figures 2 and 3). The
broadening of the absorption spectrum. extinction coefficients ofl and2 were estimated at their peak

Addition of varying amounts of toluene to a solutionloin maxima in a 7:3 mixture of toluene and G&l; (aggregation

CH.Cl led t radual h hromic shift in its absorption is not observed in this solvent composition at Z5). The
212 1ed 10 a gradual hypsochromic S S absOrplion -, centrations of the monomer and aggregate were estithated
band (Figure 2a). Interestingly, on increasing the toluene content

. . . . i . and they followed a linear dependence for both the bichro-
in a solution ofl in CH,Cl, (25 °C), a decrease in the intensity h The plot of | | t
of the monomer band was observed, accompanied by themOp ores. The plot of logimonomer] versus loglaggregate] was

. .~ ~found to be linear and the aggregation number was estimated
formation of a sharp band at 420 nm (traces “c” and “d” in g9reg

Figure 2a). The intensity of the 420 nm band is markedly higher  (20) (a) Seifert, J. L.; Corner, R. E.; Kushon, S. A.; Wang, M.; Armitage,

at lower temperatures (Figure 2b). A complete reversal to the B-A-J. Am. Chem. S04999 121, 2987. (b) Khairutdinov, R. F; Serpone,
P (Fig ) P N. J. Phys. Chem. B997, 101, 2602. (c) Das, S.; Thomas, K. G.; Thomas,

monomeric form was observed with an increase in temperature,i "y’ madhavan, V.; Liu, D.; Kamat, P. V.; George, M. ¥.Phys. Chem.
1996 100, 17310.

(19) (a) Thomas, K. J.; Thomas, K. G.; Manojkumar, T. K.; Das, S.; (21) The equilibrium constant&(= [F]/[UF]) were estimated from the
George, M. VProc. Ind. Acad. Sci. (Chem. Sc1994 106, 1375. (b) Cao, concentrations of the unfolded form ([UF absorbance of UE/of UF)
X.; McHale, J. L J. Chem Phys1998 109 1901. and the folded form ([F}= total concentration- [UF]).
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intermolecular dimerization constants of merocyanines, which

8 5.6 are mainly driven by electrostatic dipetéipole interactiongsa
0.12¢ The free energy for the formatié® (—AG,sc) of the intramo-
58 lecular aggregates dfand2 was estimated as 0.35 and 3.1 kJ
go 6.0 mol~%, respectively. The low value of the equilibrium constant
5 and free energy of formation of the homoaggregates are
g 0.08r S 52 advantageous in the present case, since they permit the inter-
5 §" conversion in a smaller temperature range<25 °C). Forma-
2 . ) . ) tion of intermolecular aggregates 8fwas not observed under
_§ .el.(z)a [m-gilsome-§]4 6.2 identical conditions.
< 0.04 & Steady-State Emission PropertiesRecent investigatiod$
of the excited state properties of hemicyanine dyes suggest that
(i) the singlet excited state of the chromophore deactivates
mainly through bond twisting (rotamerigfb and rigidization
0'020' * 450 560 550 660 . 650 by structural modificatior?4 prevent the nonradiative deactiva-
tion and (i) the substitution of the dialkylamino group in
Wavelength, nm hemicyanines markedly reduces the traois isomerizatiorf*d
Figure 3. Visible absorption spectra df at different concentrations 1 1€ model compound in CH;Cl; has a broad emission
(0.56-2.84 uM) in a 17:3 mixture of toluene and GBI, at 25°C. spectrum with a maximum centered around 597 nm. The
The inset shows the plot of log [aggregate] vs log [monomer]. quantum yield of fluorescence (0.018 in &E, at 25°C) was

found to be independent of the excitation wavelength. Viscosity-
as 1, from the slope. A representative example is shown in the dependent studies @findicate that the singlet excited state of
inset of Figure 3. These results indicate the formation of the chromophore deactivates through competing radiative and
intramolecular aggregates of Type Il (Scheme 2A), wherein the nonradiative channels (Supporting Information). In the present
bichromophoric system undergoes a folding process. Thus, ascase an enhancement in the fluorescence quantum yle)d (
shown in Scheme 2B the bichromophores can exist in two and lifetime ¢s) was observed foi3 in viscous medium.
extreme conformations, folded and unfolded, depending on the Rigidization of the molecule in viscous medium may retard the
polarity and temperature. The sharp band with absorption at honradiative decay channels such as bond twisting in the excited
420 nm probably corresponds to a folded conformation. The State.

long wavelength band observed in the 4800 nm region Conformational switching of and2 was studied by steady
corresponds to an unfolded geometry where the bichromophoresstate and time-resolved fluorescence techniques. The unfolded
can exist in several disordered conformations. forms of both bichromophores in GBI, emit around 600 nm

Solvent-dependent conformational changes in poly(oxoeth- (Table 1), with almost identical quantum yieldBy(~ 0.01). A
ylene) linkers were investigated by theoretical as well as substantial lowering of emission yield was observed for both
experimental method$:221t is reported that the carbertarbon bichromophores on increasing the toluene content. The relative
bond of the—OCH,CH,O— unit exists predominantly in the  emission intensities ol (excited at the isosbestic point) in
gauche conformation in a high polar medium, but shifts to the mixtures of dichloromethane and toluene are shown in Figure
trans conformation in a low polar mediu#hSolvent-dependent 4. Lowering of the emission yield is attributed to the formation
conformational changes in poly(oxoethylene)-linked binuclear of intramolecular aggregates, resulting from the folding of the
complexes were investigated recently by probing the photoin- bichromophores. The folded form of the bichromophores (in a
duced energy transféf.In polar solvents, the unfolded con- 19:1 mixture of toluene and GiEly) was further selectively
formation of bichromophores may be more stable due to the excited at 420 nm, where the unfolded form does not absorb.
presence of the gauche conformation. The polarity-dependentAn emission spectrum having a similar spectral shape as that
conformational changes of the bridging unit and the solvopho- of the unfolded form with an extremely low yiele{( < 1074
bicity of the dye in nonpolar medium help in the folding bf was observed in the case of the folded formd a@nd2. It has
and 2, overcoming the Coulombic repulsion between the been reported that intermolecular aggregates of cyanine dyes
chromophores. Solvophobically driven folding processes were possess lower fluorescence yields and longer singlet lifetimes
recently reported for substituted phenylacetylene oligofaerd than their corresponding monoméf8.0n the basis of the
merocyanine dimer®2.2%|n the present case, both the molec- exciton theory, the transition to the upper energy level is allowed
ular systems prefer a well-ordered folded conformation in for the H-aggregates, which rapidly deactivate to the lower
nonpolar medium with parallel stacking of the chromophores energy level via internal conversion. The emission from the
(Scheme 2B), since such an arrangement can minimize the polatower energy level is theoretically forbidd€rand hence the
chromophoric surface exposed to the nonpolar solvent. singlet excited state of the bichromophoric aggregate gets

One of the interesting features of these bichromophores istrapped in a low emissive state. Schematic representation of
their ability to undergo temperature-dependent conformational the energy level of the unfolded and the folded forms of the
changes. The foldingunfolding process in bichromophores is ~bichromophores is proposed in Scheme 3. The effect of addition
highly sensitive to the temperature of the medium (for e.g., of toluene on the quantum yield of fluorescenc8afi CHxCl,
Figure 2b) and the interconversions are possible in a smalleris shown in the inset of Figure 4 for comparison. A slight
temperature range. The equilibrium constar€ss¢) for the increase inpr was observed foB on increasing the proportions
formation of in_tramolecular aggregatesband_Zthrough the 23) (@) Warthner, F.. Yao, SAngew. Chem.. Int. E2000 39, 1978
folding are estimated as 1.2 and 3.5, respectively. These values(b) Standard free energy changeG = —RTINK. ' ‘

are orders of magnitude lower than those reported for the = "(24) (a) Ephardt, H.; Fromherz, B. Phys. Chem1989 93, 7717. (b)
Kim, J.; Lee, M.J. Phys. Chen999 103 3378. (c) Rocker, C.; Heilemann,

(22) Bjorling, M.; Karlstrom, G.; Linse, PJ. Phys. Chem1991, 95, A.; Fromherz, PJ. Phys. Cheml996 100, 12172. (d) Gorner, H.; Gruen,
6706. H. J. Photochem1985 28, 329.
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Figure 4. Emission spectra cf at 25°C in mixtures of toluene and Figure 5. Excitation spectra ol (6 4M) in mixtures c_)f toluene and
CH.Cl, (toluene:CHCL,): (a) 3:7, (b) 1:1, and (c) 4:1. The solutions ~ CH2Clz (toluene:CHCL,): (a) 17:3 and (b) 1:1. The inset shows the
were excited at the isosbestic point (450 nm). The inset shows the effecteXcitation spectra 8 (6 «M) in the same solvent mixtures (emission
of addition of toluene on the quantum vyield of fluorescence3 dr monitored at 580 nm fot and3).

CH.Cl,. The solutions were isoabsorptive at the excitation wavelength

(500 nm). 100 100
Scheme 3.Schematic Representation of the Energy Levels 80 80
of the Unfolded and Folded Forms of the Bichromophores ;
A 60 60 0/
3 T, % L { T 70
T2 % S “
20 20
hv T hv T 0 0
50 60 70 80 90
% toluene
A 4 v

Figure 6. Relative distribution of the folded and unfolded formslof

at 20°C, on addition of toluene to a solution afin CH,Cl,.
Unfolded Folded
Table 2. Fluorescence Lifetimés® and Fractional Contributiof8

of toluene and is attributed to the decrease in polarity of the of 2 in Mixed Toluene-CH,Cl, Solvents at 20C

medium. The lack of strongs dependency o8 in mixtures of toluene:CHCl, 71, NS 1, %) T2, NS fr2, %)

toluene-CH,Cl, further supports the formation of intramolecular 1 0.37 (100)

H-aggregates of the bichromophores. 31 0.33 (56) 3.08 (44)
The origin of the emission of the folded and unfolded forms 17:3 0.33 (35) 3.76 (65)

was confirmed by recording the excitation spectra of the 19:1 0.76 (21) 4.20 (79)

blchromoph_ore_s as a function of solvent_ composﬁpn (Figure a;andt,. ® The quality of the fit is judged by means of the usual
5). The excitation spectrum df recorded in a 1:1 mixture of  gtatistical parameters suchy@{1.10-1.29); error limit=5%. ¢ Excited
toluene and ChCl; (25 °C), possesses a broad band around at 440 nm and emission followed at 600 rfiry, andy.. ¢ Fractional
540 nm, which closely matches with the absorption character- contributions ofl are presented in Figure 6.

istics of the unfolded bichromophore (Figure 2a). In a 17:3

mixture of toIL_Je_ne and Ci€l, the excitation spectrum df of 1 and2 was achieved by investigating the singlet lifetimes
(trace a) exhibits a band at 420 nm, apart from the long function of solvent composition and temperature. Both the
wavelength band, and matches with the corresponding absorp-afS afunctio i P mp Ny
tion spectrum in spectral shape (Figure 2). The intensity of the t_)lchromophores exhlblte_d monoexponential decay with ‘?‘Sho”
long wavelength band is higher in the excitation spectrum due lifetime (~350 ps) in mixed tquerreCHZColz solvents, with
to the higher emission yield of the monomer, compared to the [OWer proportions of toluene<(50%) at 20°C. Interestingly,
aggregated form. These results further confirm that the emission20th the bichromophores exhibited biexponential decay, with a
of the folded form originates from the 420 nm band and that of Short-lived ¢:) and long-lived ¢z) component (Figure 6 and
the unfolded form originates from the 540 nm band. The Table 2) on increasing the proportions of toluerer(%) at
excitation spectrum o8, in both the solvent mixtures, is shown 20 °C. Gradual increase in singlet lifetimes was observed, for
in the inset of Figure 5 for comparison and the 420 nm band is both forms, with a decrease in the temperature of the medium
absent. (Table 3). Biexponential behavior, observed for both bichro-
Fluorescence Lifetimes. Characterization of the singlet mophores in ChCl, containing a high composition of toluene,
excited states of the folded form as well as the unfolded form is due to the presence of folded and unfolded forms. The short-
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Table 3. Fluorescence Lifetimés® and Fractional Contributiofls a
of 1® as a Function of Temperature

temp €C)

71, NS 6{1, %)

T2, NS 6{2, %)

175

0.51 (25)
0.41 (38)
0.42 (49)
0.33 (51)
0.27 (72)

4.23 (75)
3.69 (62)
3.72 (51)
3.15 (49)
3.06 (28)

0.01

=)

<

[
0.0

0.2 04 06
Time, ms

S o0.00

ar;and,. ° The quality of the fit is judged by means of the usual
statistical parameters such;&g0.88—-1.16); error limit+5%. ¢ Excited
at 440 nm and emission followed at 600 ntry; andy,. € 75% (v/v)
toluene/CHCl,.

-0.01

lived species is assigned as the unfolded form and the long-
lived component as the folded form of the bichromophore.
Intramolecular folding ofl and 2 may result in the parallel
stacking of the two chromophores, which can restrict the
torsional dynamics of the hemicyanines, leading to longer
lifetimes?°2 Similar results were obtained for the model
compound in viscous medium, in which the singlet excited state
exhibits a longer lifetime, due to restricted motion (Supporting
Information). ] o

The interconversion between the folded and unfolded forms
was further investigated by plotting their fractional contributions
of lifetimes as a function of solvent polarity (Figure 6) and
temperature. The population of the long-lived species increased = 0.000 N
substantially for both the bichromophores on (i) increasing the <«
toluene content (Figure 6) and (ii) decreasing the temperature
of the medium (Table 3). A complete reversal in the fractional
contribution of lifetimes was observed on increasing the
temperature of the medium. o

Laser Flash Photolysis StudiesWe have examined the 0.005 L——1 . L ey
photoprocesses in the folded and unfolded forms of bichro-  ~°*
mophores employing the laser flash photolysis technique. The 350 40 450 500 550 600 650
folded form was excited using an excimer pumped dye laser Wavelength, nm
(420 nm) and the unfolded form using a Nd:YAG laser (532 figyre 7. (a) Transient absorption spectrum measured following laser
nm). pulse excitation (532 nm~120 mJ/pulse) of the unfolded form af

In polar solvents, such as methanol, both bichromophoresin a 1:1 mixture of toluene and GBl,. The inset shows the transient
exist in the unfolded form and no transient was observed in the decay at 420 nm. (b) Transient absorption spectrum measured following
nanosecond time scale. Interestingly, a transient absorption wagaser pulse excitation (420 nnv10 mJ/pulse) of the folded form df
observed around 420 nm far in a 1:1 mixture of toluene and  in a 9:1 mixture of toluene and GBl..
CH.CI, (Figure 7a). The transient decay at 420 nm (inset of
Figure 7a) consists of a major short-liveki & 1.07 x 10*

400 500 600
Wavelength, nm

0.005

depletion of the ground state of the folded form. The band
s 1) and a minor long-lived componeri;(= 6.32 x 10°s™%). observed at 456600 nm corresponds to the ground-state
The major component is quenched by, Gerrocene, and absorption of the unfolded form and it does not decay up to
B-carotenéS On the basis of these results and the similarity of 100us (100us is the highest detection limit of our equipment).
spectral behavior to those reported for other hemicyarfitfes, The ground state absorption spectra recorded before and after
the major transient species is assigned as a triplet. In less polathe laser flash photolysis remained unchanged, indicating that
solvents, the bichromophores may be existing as a contact ionthe refolding process is completely reversible and occurs in the
pair and the heavy atom induced intersystem crossing leads totime scale longer than 100s. Intermolecular aggregates of
the formation of a triplet. A transient species with similar cyanines were reported to disrupt under laser excitation through
properties, observed on addition ofto a methanolic solution ~ photoinduced thermal dissociatié?, whereas in the case of
of bichromophore, further confirmed the heavy atom induced Squaraines a photodissociation mechaffighas been suggested.
triplet formation. The yield of the minor componekg)is less In the present case, laser excitation of the folded formis ad
than 10% and hence no attempt was made to establish itswell as2 may cause a local temperature jump, leading to the
identity. unfolding of bichromophores.

Laser pulse excitation of the folded form of bichromophores
results in their unfolding. The transient spectrum of the folded Conclusions
form of the bichromophoré in a 9:1 mixture of toluene and
CH.Cl,, observed immediately after the laser pulse, is shown
in Figure 7b. The unfolding process is prompt and we could
not observe it in the nanosecond time scale. The transient formed
was not quenched by OThe negative absorbance observed in
the spectral region of 375450 nm is due to the laser-induced

The newly designed hemicyanine-based bichromophores
possess a unique property of foldingnfolding and their
interconversion was achieved by varying the polarity of the
medium or temperature. Both the bichromophores prefer a well-
defined folded conformation in nonpolar medium and the
solvent-dependent conformational changes of the poly(oxoet-
hylene) linker group as well as the solvophobicity of the

(25) Carmichael, I.; Hug, G. LJ. Phys. Chem. Ref. Date986 15, 1.
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chromophores in nonpolar solvents drive the folding process, Bichromophore 1. Elution of the column using a mixture (2:5) of
overcoming the Coulombic repulsion. The laser flash excitation methanol and chloroform gave 0.2 g (43%)1oés a solid. Mp 217

of the folded form results in fast conformational changes due 218°C dec; IR (KBr)vmax 1776, 1739, 1668, 1534, 1457, 1392, 1273,
to photoinduced thermal dissociation. The conformational 1183, 815, 758 cmt; *H NMR (CDCl; + DMSO-de) 6 8.23 (d,J =
switching in such bichromophores could lead to the design of ;57;2 :jZJ’ EHg'Safz(‘i’]HT ?'3? &Z;2$Z§77ng4 éﬁ)jgz(w”i;';;

a novel type of molecular switching devices. Also, similar | s ' L R A o

iratedies of ch horic interacti b loved for 2 2H). 749 (dJ = 15.33 Hz, 2H), 6.79 (d) = 8.6 Hz, 4H), 4.17
strategies of chromophoric interactions can be employed for (s "s/y"3 5 3 9 (m. 12H). 3.04 (s, 6HJ*C NMR (CDCh - DMSO-

probing conformational changes in macromolecular systems.de) 6 153.62, 151.23, 141.44, 133.99, 128.84. 127.15, 126.84, 123.98,
. . 121.85, 114.87, 112.25, 107.55, 105.22, 98.27, 96.09, 71.07, 68.53,

Experimental Section 52.13, 29.65; HRMS calcd for gHsN0:Sl2 [M — 1]T 803.1950,

All melting points are uncorrected and were determined on an found 803.1964 (FAB high-resolution mass spectroscopy).

Aldrich melting point apparatus. IR spectra were recorded on a Perkin-  Bichromophore 2. Elution of the column using a mixture (1:9) of

Elmer Model 882 IR spectrometer and the YVisible spectra on a methanol and chloroform gave 0.22 g (45%adds a solid. Mp 143

Shimadzu UV-3101PC UVvis—NIR scanning spectrophotometél 145°C dec; IR (KBr)vmax 1587, 1534, 1519, 1435, 1389, 1343, 1268,

and *3C NMR spectra were recorded on a Bruker DPX-300 MHz 1183, 1116, 1031, 985, 813, 758, 717, 638, 519%AH NMR (CDCl

spectrometer. Emission spectra were recorded on a SPECTRACQ+ DMSO-ds) 6 8.27(d,J = 7.83 Hz, 2H), 8.07(d) = 8.37 Hz, 2H),

spectrofluorimeter and corrected using the program supplied by the 7.96 (d,J = 15.26 Hz, 2H), 7.85 (d) = 8.54 Hz, 4H), 7.74 (1) =

manufacturer. The quantum yield of fluorescence was determined by 7.77 Hz, 2H),7.64 (tJ = 7.61 Hz, 2H), 7.54 (d) = 15.32 Hz, 2H),

a relative method using optically dilute solutions of the dyes (OD of .83 (d,J = 8.73 Hz, 4H), 4.20 (s, 6H), 3:23.9 (m, 16H), 3.07 (s,

0.1 at the excitation wavelength) using Rhodamine 6G in ethabol ( 6H): 23C NMR (CDCk + DMSO-ds) 6 171.65, 153.29, 150.38, 142.33,

= 0.9) as standard. Fluorescence lifetimes were measured using @33.33,129.29, 127.85, 127.22, 124.22,121.93, 116.36, 112.45, 106.55,

Tsunami Spectra Physics single photon counting system. A Ti Sapphire 104.79, 70.48, 70.39, 68.36, 51.68, 36.08; HRMS calcd fgHGN -

laser, having a fundamental wavelength of 880 nm, was used as anQ,s,l, 847.2213 [M— I]*, found 847.2186 (FAB high-resolution mass
excitation source. The average output power is 680 mW with a pump spectroscopy).

power of 4.5 W. The pulse width of the laser+® ps. The flexible
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General Method for Synthesis of Bichromophores (1 and 2)A Supporting Information Available: Details of the synthesis
mixture of 2-methylbenzothiazoliummethiodide (1 mmol) and the of the intermediate compounds-8, aggregation properties of
appropriateN-methyl(-formyl)aniline-tethered glycol (0.5 mmol) was 2, and the absorption and emission propertie3 (PDF). This
refluxed in methanol (50 mL) in the presence of piperidine (2 drops) material is available free of charge via the Internet at
for 72 h under argon atmosphere. The solvent was removed underhttp://pubs.acs.org.
reduced pressure and the crude product was chromatographed over
neutral alumina. JA010199V



