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Abstract: A series of merocyanine dye dimers tethered at different sites with spacers ranging from 0 to 5
methylene groups and the corresponding monomer have been synthesized. The formation, structure, and excited-
state properties of the consequent merocyanine dye “aggregates” in solutions and in rigid glass have been
studied by UV/visible absorption spectra, steady-state fluorescence, and fluorescence lifetime measurements.
The dimers with 0 and 1 methylene spacers must exist in more-or-less extended conformations; consequently,
they show a very weak and distance-dependent “J"-type exciton coupling, evident in both absorption and
fluorescence spectra. For the dimers with 2, 3, and 5 methylene spacers, absorption spectra in nonpolar solvents
are consistent with a largely extended configuration and little or no evident exciton coupling. However, for
more polar solvents, a blue-shifted absorption spectrum is observed, suggesting a folded configuration resulting
in an “H” dimer. For the latter dimers, fluorescence spectra in a variety of solvents show a pronounced red-
shift, which is attributed to a folded “excimer”. As anticipated from its structure, the merocyanine monomer
shows a weak positive solvatochromic effect that may be correlated using theKeafilet 7* parameter.
Remarkably, both the “J” coupled dimer € 0) and the dimers having-5 methylene groups show a much
stronger solvatochromic behavior than the monomer. The strong solvatochromic effects in these tethered dimers
may be attributed to interchromophoric charge-transfer interactions in both ground and excited states.

Introduction which has been attributed to an extended configuration. This
coupling falls off with an increase in tether length but is

perceptible up to six methylene groups. In contrast, in polar
solvents, a predominantly blue-shifted spectrum is observed for
the “dimers”, which is attributed to an “H"-type or folded

I%onfiguration. Comparison of the fluorescence of the “J” dimers
in fluid nonpolar solvents with that in rigid sucrose octaacetate
(SOA) glass shows that the extended form rapidly converts to

Due to the wide applications of cyanine, squaraines, and
related dyes in color photography, photovoltaics, and other
imaging processes and their use in solid-state or interfacial
systems, their aggregation and their photophysical and photo-
chemical behavior have been the subject of considerable researc
interest. Most of the previous work on these dyes involved

investigation of moderate-to-large intermolecular aggregates o . !
9 g ggreg "a folded form upon excitation to the excited singlet of the “J”

including both red-shifted “J” aggregates and blue-shifted “H” di A tensi fth wdi h thesized
aggregates, and the relationship between aggregate structure IMer. AS an extension of these studies, we have Syntnesized a

size, and associated spectral featdréRelatively few experi- Series qf tethered merocyaniqe dye dime_rs 0 examing excitonic
mental studies have dealt with tethered dimers and their mterz?\_ctl_ons and photqphy5|_cal behavior and _thelr solvent
photophysicg:® however, recently some interesting results have SENSitivity in a system in which the corresponding monomer
been obtained for tethered squaraine dinfdrsthese systems, would be expected to exhibit moderate to strong solvatochromic
strong excitonic interactions are observed which are ascribedP€havior. The results obtained with this series of dimers show
to different configurations. In nonpolar solvents, a prominent POth some similarities and interesting differences from the

red-shifted spectral transition is observed (“J’-type coupling), previously investigated squaraines and other tethered dimers.
As might be anticipated from their lower oscillator strengths,
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Chart 1. Merocanine Dyes Used in This Study
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Scheme 1. Syntheses of Dimer-5 and Dimer-3
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lifetimes. In contrast to the squaraines, we observe prominent
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Scheme 2Syntheses of Dimer-0, Dimer-1, and Dimer-0
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Table 1. Crystallographic Data and Structure Refinement for the
Monomer Dye

empirical formula/weight GH17N304/327.34

crystal system/space group  monoclifi2(1)

cell constant a=7.0506(4) A
b =28.390(2) A8 = 109.2780(10)
c=8.0611(5) A

volumeZ 1523.1(2) B/4

crystal size 0.06¢< 0.08 x 0.32 mn?

6 range 1.43-23.26

index ranges —6<h=<7,-31<k=30,-8=<1<6
reflections collected 6184

independent reflections
refinement method
data/restraints/parameters
goodness-of-fitf?)

final Rindices

2128(int) = 0.0379]
full-matrix least-squaresFén
5876/1/371
1.105
R, = 0.0539 | > 20(1)]
WR, = 0.1224 [all data]

fluorescence from the folded forms of the merocyanine dimers
that closely resembles the excimer fluorescence observed from
tethered dipyrenyl alkanes and related compoudfésPerhaps

the most striking results of the present study are the findings of
strong solvatochromic effects on both absorption and fluores- 3
cence spectra of the folded and extended exciton coupled states.

Results

The structures of the monomer merocyanine dye and the
tethered dimers synthesized in this study are shown in Chart 1.
The syntheses of the different dyes are outlined in Schemes 1
and 2. Although it is usually difficult to grow single crystals of
merocyanine dyes suitable for structure analysis, we were able
to grow crystals of the monomer and obtain structural data,
summarized in Table 1 (a more detailed table is included as in Figure 1. The monomer has one molecule in an asymmetric
Supporting Information). The structure of the monomer is shown ynit, and the whole molecule is planar, with the benzoxazole
and barbiturate subunits trans to one another. The ethyl attached
at the nitrogen atom of the benzoxazole and the directly attached
alkenic proton point in the same direction. Bond lengths are

Figure 1. X-ray structure of the merocyanine monomer.

(10) Hirayama, FJ. Chem. Physl965 42, 3163.
(11) Reynders, P.; Kuhnle, W.; Zachariasse, K.JAAm. Chem. Soc.
199Q 112 3940.
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Table 2. Absorption Maxima of Monomer and Dimer-0 in
Different Solvents

MONOMEemax dimer-0Amax

solvent Taft 7* nm kcal nm kcal
cyclohexane 0 437 65.4
triethylamine 0.14 439 65.1
diethyl ether 0.273 438 65.2
toluene 0.535 441 64.8
ethanol 0.54 440 65.0
Figure 2. Extended configuration of dimer-0 from molecular modeling.  tetrahydrofuran 0.576 440 65.0 470 60.9
methanol 0.586 467 61.2
CHCl; 0.76 443 64.6 472 60.4
CH.Cl, 0.802 442 64.7 471 60.7

dimethylformamide 0.875 442 64.7 473 60.4
dimethyl sulfoxide 1.000 444 64.4 475 60.2

aFrom ref 9.

0.12 4

0.09 4

0.06
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0.03 4

Figure 3. Folded configuration of dimer-2 from molecular modeling.

0.00 e

included as Supporting Information. Remarkably, the diene unit 360 400 440 480
connecting the benzoxazole and barbiturate rings shows nearly
identical bond lengths for all three-€C bonds (ca. 1.38 A),
and these are only slightly longer than those for an isolated Figure 4. Absorption spectra of the monomer in (a) cyclohexane, (b)
carbon-carbon double bond. If we assume that the merocyanine &thanol, (¢) CkClz, and (d)DMSO.
should exist in the ground state as a largely uncharged species
we would expect that the centraHC bond might be consider-
ably longer due to its largely single bond character. Using the
X-ray structural information for the monomer, a Monte Carlo
(MC)-simulated annealing using a modified MM2 force field
has been carried out for dimer-0, dimer-1, dimer-2, and dimer-3
(in the absence of solvent). The configurations corresponding
to the global energy minimum from these calculations are
extended (Figure 2), V-shaped, folded (Figure 3), and edge-to-
face, respectively.

UV/Visible Absorption and Solvatochromic Effect. Table
2 compares the absorption maxima of the monomer and dimer-
0. The monomer shows a maximum at ca. 440 nm and a
shoulder at ca. 417 nm (Figure 4), which are independent of
concentration over the range #6-10"7 M. When the solvent
is changed from nonpolar cyclohexane, to tetrahydrofuran
(THF), to ethanol (protic), to methylene chloride, and to very E,{monomer)= 65.4 kcal— 0.877*
polar dimethyl sulfoxide (DMSO), the absorption maximum R=0.92, N=10 (1) (1)
undergoes a modest red shift (43%44 nm). The merocyanine e

dyes are generally expected to havea* transition with weak  The apsorption energies from Table 2 have also been plotted
charge-transfer character in the ground state but con3|derablyagainst the Brookeyg values!4 and this plot gives only a fair

stronger charge separation in the excited state; consequently, R = 0.86) fit, even though thgr parameter is based on a
positive solvatochromic effect is anticipat&d?!® as is observed. merocyanine dye.

wyn i ing 16,17 Di 0 i
(12) Reichardt, CSobents and Salent Effect in Organic Chemistry (@) “J"-Type Exciton Coupling. . Dimer-0 is anticipated .
Verlag Chemie: New York, 1988; Chapter 6. to be an extended structure, with the two monomer units

(13) Shin, D. M.; Whitten, D. GJ. Phys. Chenil988 92, 2945. Schanze,  connected by a single bond. The predicted dihedral angle
K. S.; Mattox, T. F.; D. M.; Whitten, D. GJ. Org. Chem1983 48, 2808.

(14) Brooker, L. G. S.; Craig, A. C.; Heseltine, D. W.; Jenkins, P. W.; (15) Kamlet, M. J.; Abboud, J. L.; Taft, R. W. Am. Chem. Sod 977,
Lincoln, L. L. J. Am. Chem. S0d.965 87, 2443. 99, 6027.

Wavelength (nm)

The transition energies of several merocyanine dyes show
reasonable quantitative correlations with a number of empirical
solvent polarity parameters, such Bg30) and the Kamlet

Taft 7* paramete? 15 In the case of the latter, a plot of the
transition energy vs the empirical solvent polarity parameter
o* gives a linear plot with a negative slope-$) in the case
where there is more charge separation in the excited state than
in the ground staté& The Kamlet-Taft treatment is attractive
since it allows the separation of “polarity” from other solvent
solute interactions, such as hydrogen bonding. When the
absorption maxima of the monomer dye used in this study are
plotted versus the KamlefTaft 7* solvent polarity parameté?

a reasonable linear plot with a relatively small slope (for a
merocyanine) is obtained by fitting eq 1 using a least-squares
regression method:
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Figure 5. Absorption spectra of dimer-0 in different solvents: (a)scH  Figure 6. Absorption spectra of dimer-2 in different solvents: (a)
OH, (b) 50 vol % CHCN/H;0, (c) CHCl,, and (d) DMSO. CHClIs, (b) CHClI;, (c) G:HsOH, and (d) DMSO.
0.09 - .

between the two planes of the monomer units of dimer-0 in its
lowest energy configuration is 28.Based on the Monte Carlo
calculations. On the basis of the anticipated extended config-
uration of dimer-0, the anticipated exciton coupling is expected
to be a “J’-type splitting, characterized by a more intense long- 0.06
wavelength transition and a less intense short-wavelength band.
Compared to the monomer, dimer-0 shows a splitting with two
bands in its absorption spectrum (Figure 5) in a series of organic
solvents having an intensity ratio of ca. R{dA420).18 These
bands both show a red shift as the solvent polarity increases in
the series THF, methanol, methylene chloride, dimethyl sul-
foxide (Figure 5). As in the case of the monomer, the
solvatochromic effect of the dimer-0 may be correlated quan-
titatively with the Kamlet-Taft 7* parameter, and the relation-
ship shown in eq 2 is obtained.

0.03

Absorbance

360

Ema)(dimer-O)z 62.2 kcal— 2.027* Wavelength(nm)
R=0.90, N=6 (2) Figure 7. Absorption spectra of dimer-3 in different solvents: (a) SOA
glass, (b) CHGJ, (c) CHCl,, (d) CHCN, (e) CHOH, and (f) 80 vol
Due to the low solubility of dimer-0, we were only able to obtain % H;O/CH;CN.
a correlation with solvents having* values larger than 0.5.

Remarkably, dimer-0 shows a greater sensitivity to solvent spectrum of dimer-3 shows a pronounced variation with solvent
polarity than the monomer. which is independent of concentration at low concentrations (ca.
For dimer-1 and dimer-2 (Figure 6), the two monomers are 1076 M) (Figure 7). In rigid SOA glass, chloroform, and
connected at ¢ by one and two methylene groups, respectively, methylene chloride, the spectral shape and position for dimer-3
and their absorption spectra in chloroform or rigid sucrose are similar to those of the monomer, except that a slightly wider
octaacetate (SOA) glass are very similar to that of the monomer,and more pronounced shoulder is observed. This implies that
except for small red shifts for the dimers of ca. 10 and 8 nm, any intramolecular exciton interaction is very weak in these
respectively. These may be attributed to a progressively weakernonpolar solvents and that the chromophores are probably quite
“J’-type exciton-coupling through longer distances; the direction far apart. As the solvent polarity increases, a blue-shifted band
of the observed shifts is consistent with the predominant appears (ca. 415 nm) in addition to the band at 440 nm
configuration in these solvents being an extended one. Theassociated with “monomer” or extended dimer, and in aceto-
behavior observed here is similar to that observed for squarainenitrile its intensity is almost the same as the monomer in
dimers with flexible tether8;however, the fall-off in splitting intensity. In methanol and ethanol, the blue-shifted band
with distance (length of tether) is much more rapid for the becomes stronger than the monomeric peak (ca. 440 nm). Based

merocyanines. on similar spectral shifts for the tethered squarafitbg short-

(b) “H”-Type Exciton Coupling. Dimers-3 and -5 have the  wavelength band may be attributed to a folded “H"-type difer.
merocyanines connected at the nitrogens in the benzoxazole ringrhese shifts are also similar to those observed for “H”
by three and five Chlgroups, respectively. The absorption aggregates for other merocyanine dyés.

(16) Hochstrasser, R. M.; Kasha, Mhotochem. Photobioll964 3, I_n Wa‘Fer_aceFPnitrile mixtures, the. relative .intenSity (blue-
317. shifted “exciton” band vs monomeric band) increases as the

(17) Herz, A. H.Photogr. Sci. Eng1974 18, 323. percentage of water increases. In the extreme case, when the

(18) There is also a shoulder on the short-wavelength side of the more
intense “red” band which resembles the shoulder observed for dilute  (19) We expect, in a “well folded” cofacial structure, that the excitonic
solutions of the monomer. None of the spectra shown in Figuresdre splitting (allowed-forbidden character) may be more pronounced than in
concentration-dependent. the somewhat bent structures.
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Figure 8. Excitation spectra: at{m = 530 nm) and bAem = 475 nm) of dimer-3 in CHG| and its emission spectra £¢( = 445 nm) and d A
= 420 nm). Inset: The fluorescence spectra of the monomer in CAGI = 475 nm andlex = 420 nm).

Table 3. Absorption Data of Dimer-3 and Dimer-5 (10M) .
a c d f
Amaxt Amax2  @bsorbance ratio 1,00+ ¢
dye molecule solvent (nm) (AmaxdAmaxd
dimer-3 CHCI, 442,422 1.41
CH:CN 440, 416 0.99 2075
CH3;0OH H,O/CH;CN 440, 414 0.74 g
(1/1 vol) 441, 411 0.57 £
dimer-5 CHCI, 442,424 1.37 °
CHsCN 438, 418 1.11 1 0.50 —
CH:OH 440, 416 0.93 g
H,O/CH;,CN 439, 415 0.87 5
(1/1 vol) =
0.25
percentage of bD is =80%, the dominant band is the exciton
band, with a low absorbance due to the low solubility of dimer-3 w0

in the mixture (when the solution was heated, the absorbance
increases to close to that of other aqueous mixtures).

Dimer-5, with five CH groups as the spacer, shows spectra
similar to those of dimer-3 in the same solvents at cas\ Figure 9. Emission spectra of dimer-3.4 = 420 nm) in (a) SOA
and shows a spectral change pattern similar to that of dimer-309'ass(')$g) C(':"@’ (€) CHC, (d) CHCN, (e) CHOH, and (f) 80 vol
as solvent properties change (Table 3). The “H”-type exciton /6 HO/CHCN.
splitting shows a very small decrease as the chain length
increases from three to five carbon units, and there is no
evidence for “J’-type exciton coupling for either dimer-3 or
dimer-5 in any solvent.

Fluorescence.The emission spectra and excitation spectra
of the monomer in chloroform are shown in Figure 8 (ca:10
M). The emission spectra are independent of excitation wave-
lengths, and the excitation spectra do not change with emission
wavelengths. The emission maxima show small red shifts with
increasing solvent polarity, corresponding to the shifts in the

T T T T T 1
450 500 550 600 650 700

Wavelength(nm)

spectrum obtained by monitoring the fluorescence at 460 nm
resembles that for the monomer (inset, Figure 8) and also tracks
quite closely the absorption spectrum (Figure 7). The intensity
of the broad band at 530 nm is much higher when the sample
is excited at 420 nm, which corresponds quite closely to the
maximum of the blue-shifted “H” exciton band observed for
dimer-3 in more polar solvents. The excitation spectrum
monitoring the fluorescence at 530 nm resembles the absorption
spectrum of dimer-3 in more polar solvents (Figure 7), such as
absorption spectra. Similar fluorescence spectra are obtained“e'.[ha.ml' The broad, s_tru_ctureless nature of the Iong-wavelfn’gth
emission and the excitation corresponding to the folded “H-

in the same solvents for dimer-0 and dimer-1; here again,theret nfiquration t that this emission mav be attributed
is no wavelength dependence of either fluorescence or excitation.Y P€ configuration suggest that this emission may be attribute

Although the same general trend of red shifts in emission qu a foldled exun:g%r-llke state, similar to that associated with
maximum is observed for monomer, dimer-0, and dimer-1, due |prreny Sropan : the f ¢ £ di 3i
to the breadth of the fluorescence maxima for all three Igure S compares he fiuorescence spectra or dimer-s in a

compounds, no sensible quantitative correlation of solvatochro- SEries of different solvents. In SOA, whu:_h may b.e regarded as
mic effects could be made. a rigid, nonpolar solvent, the only emission that is observed is

Excimer Formation. The emission and excitation spectra of Ehe sharp bar;\d at ce;: 455d nrg] Wh'gh corr?)efsporrlllds ?une crllosely
dimer-3 in chloroform (ca. 16 M) are compared in Figure 8. 0 MONOMEr. As mentioned above, dimer-3 In chloroform Shows

The fluorescence spectrum consists of a sharp band at 460 nn{:\ft})SOl’pthﬂ very §|mlllarttotrt]h<':1t ;or monomer gl:jt alsogb.otg(t)kke
and a broader band at 530 nm; the relative intensity of the two sharp emission, simiiar to that of monomer and dimer-3in ’
bands is dependent on the excitation wavelength. The excitation (20) Birks, J. B.Nature 1967, 214, 1187.
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Table 5. Quantum Yields of the Monomer and Dimer Dyes in

10 a g c b Different Degassed Solvents
’ ' excitation
wavelength
o84 dye solvent (nm) o Pmon Pex
@ monomer CHG  4200r430 0.0064 0.0064
2 o6l CH;CN 4200r430 0.0024 0.0024
o SOAP 4200r430 0.23 0.23
& dimer-5 CHC} 420 0.019
'g oad i 430 0.016
s ] DMSO  4200r430 0.028
z dimer-3 CHC} 420 0.012 0.0041 0.0079
0241 430 0.010 0.0043 0.0059
] DMSO 420 0.026 0.0029 0.023
' 430 0.024 0.0039 0.020
0.0 € dimer-2 CHC} 420 0r430 0.011 0.011
L T T T T T 1 DMSO 420 0.083 0.010 0.073
450 500 550 600 650 700 750 430 0.071 0.011 0.060
Wavelength(nm) dimer-1 CHC& 420 or 430 0.013
) o ) ) DMSO  4200r430 0.014
Figure 10. Emission spectralgx = 420 nm) of the dimers in DMSO: dimer-0 CHC} 420 0.14
(a) dimer-1, (b) dimer-2, (c) dimer-3, (d) dimer-5, and (e) emission 460 0.12
spectra of dimer-2 in a solid state. DMSO 420 0.050
460 0.039
Table 4. Stabilization Energy of Dimer-2, Dimer-3, and Dimer-5 SOA 420 0.65
stabilization energy (cr) 460 0.39
dimer in DMSO in methanol a ¢ is the quantum yield with 5% error, cwhich could consist of
- two parts: quantum yield of the monomer-like specigsof) and that
dimer-2 5000 of the excimer ¢e). ® The dimer-5, dimer-3, dimer-2, and dimer-1 show
dimer-3 3200 5300 similar quantum yields (0.150.20) similar to that of the monomer in
dimer-5 900 5000 SOA glass.

5000 (minor)

Fluorescence Quantum Yields and Lifetime Measure-

and _the br_oad, red-shifted b_and at 530. nm. In methylgne ments. The fluorescence quantum yields and lifetimes of the
chloride, which shows only a slight broadening of the absorption . . s .
monomer and the various dimers in different solvents are listed

spectrum and a small blue shift compared to monomer or in Tables 5 and 6, respectively. The fluorescence lifetimes of
dimer-3 in SOA and chloroform, the major emission upon ’ P Y-

excitation in the “monomer” transition is the broad “excimer” the monomer n fluid solvents are n the range 20 ps, and
band. The “excimer” emission becomes predominant when f[he qugntqm yield (less than 1%) IS very IO.W’ pmb?‘b'y dug to
dimer-3 is excited in acetonitrile and shows a red-shift compared |somer|_za_t|oﬁ and/or torS|or_1aI_mot|ons Wh'c.h prowde_ re_1p|d
to methylene chloride and chloroform. In protic solvents such Nonradiative decas: The emission quantum yield and lifetime
as methanol or 80% 4/CH:CN, the excimer band becomes of t_he_monomer are mt_:lependent of excitation wavelength and
even broader and is further red-shifted to 6820 nm. The emission wavelength in all solvents. Both the fluorescence
red shift in the “excimer” emission maxima of dimer-3 with  lifetime and the quantum efficiency are enhanced dramatically
increase in solvent polarity (excluding chloroform and methylene When the monomer is “solubilized” in rigid SOA glass,
chloride, as discussed below) may be correlated with the reinforcing the idea that conformational changes are responsible
Kamlet-Talft z* solvent polarity parameteé15a linear plot is for the short lifetimes in fluid medi& Compared with the
obtained by fitting eq 3 with a least-squares regression method.monomer, dimer-0 shows a higher fluorescence efficiency in
] fluid solvents and a longer fluorescence lifetime (at least in the
Enad{dimer)=55.0 kcal— 2.287*, R=0.93, N=5 (3) one common solvent studied) as well as an increased fluores-
cence quantum efficiency. Similar to the monomer, there is a

The excimer emission for the different dimers shows an . . .
. . o . big increase in both fluorescence lifetime (see below) and
interesting structure dependence. The emission spectra of dimers

with different spacers in DMSO are shown in Figure 10. Not efficiency when'dimer-o Is stuqied in SOA. In fagt, all of the
surprisingly, dimer-1, which cannot fold, shows only monomer- d'“.‘?rs ;ynthesmed (except dllmer-O) show similar quantum
like emission. Dimer-2 shows a predominant excimer band at efﬁmenme; (0.150.20), only slightly lower _than that of the
600 nm in addition to a weak emission corresponding to monomer in SOA. In heterogeneous environments S.UCh as
monomer, while only excimer emission is observed for dimer-2 Pilayer vesicles or SOA glasses, where a number of different
in the solid state. For dimer-3, the excimer band is less red- SOlute states with differing emission properties may be popu-
shifted, and both monomer and excimer emission are observed 2t€d, the use of the usual multiexponential decay model for
In the case of dimer-5, the emission is more complex, with the decay data may not be justifi€dAn appropriate model
maxima at 483 nm, partially overlapped with the monomer- describing such a system is one that attributes a range of
like emission, and a less prominent red-shifted emission spreadlifetimes to a single emitting species corresponding to a
over the range 536700 nm. The stabilization energy of the Nnonequilibrium population of chromophores. Such a method was
excimers in DMSO and in methanol (Table 4), which is the - - - - )
spectroscopic energy difference between the monomer emission, (300 SEET R SR B Tl S e evidence for
and excimer emission maxintayaries from 5000 to 900 cm twisted excited states as intermediates in merocyanine isomerization (e.g.:

for dimer-2 and dimer-5, respectively. Harriman, A.J. Photochem. Photobiol. A: Chert992 65, 79).
(23) Whitten, D. G.; Farahat, M. S.; Gaillard E. R. Photochem.
(21) Jenekhe, S. A.; Osaheni, J. 8ciencel994 265 (5),765. Photobiol 1997, 65 (1), 23.
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Table 6. Lifetimes of the Monomer, Dimer-5, Dimer-3, Dimer-2, Discussion
Dimer-1, and Dimer-0 in Degassed Solvent and in Solid SOA Glass . . .
(Excitation Wavelength= 420 nm) The merocyanine monomer and corresponding suite of
Y tethered dimers were selected for the anticipated contrast to the
emission . . . . o
wavelength 7,  B1B2 squaraines previously studied that these might offer, and it is
dye solvent (nm) (nsp (nsp (%) e relevant to compare the behaviors observed for the two series
monomer CHGJ 460 0r530 0.02 of linked dye dimers. For the merocyanine series, some of the
CH:CN 4600r530 0.005 important anticipated differences from the squaraines may be
SOA° 4600r530 0.16 090 35/65 14 seen by comparing differences between the two monomers.
dimer-3 ~ CHC}{ 460 0.03 4.6 Thus, the merocyanine has a lower exctinction coefficient and
DMSO i%% %'.%?5 6.5 lo/81 11 a consequent lower tr.ans'ition mqment, W.hiCh Woulq be expected
530 002 58 13/87 28 to Iee}d to a lower excitonic coupling for d|mers havmg_the same
SOAC 460 0.10 1.1 40/60 1.0 spacing. However, since the merocyanine was anticipated to
530 0.11 1.2  48/52 0.99 have a substantial dipole moment in the ground state and an
dimer-5  CHC{ 460 003 21 8515 1.9 even greater charge separation in its lowest excited singlet state,
530 0.03 17  22/78 097  additional possibilities for interactions in both ground and
DMSO 54??8 8.'822 sz 25/715 16 excited states of the tethered dimers might be expected. The
SOA®  4600r530 0.15 1.7 35/65 0.98 Merocyanine dyes consist of an electron-donating group (D)
dimer-2 CHC} 4600r530 0.03 linked to an electron-accepting group (A) through conjugation.
DMSO 460 0.01 The ground-state electronic structure of the dyes lies somewhere
con 228 8-% 3-36 igﬁg‘(‘) ig between that of the polyene form and that of the polymethine
530 019 11 4585 11 form, depending on solvent polarity.
dimer-1 CHC 460 or 530 0.02
oMSO 460 0.03 o e
530 0.02 o ¢
SOA® 460 0r530 0.20 0.65 90/10 1.7 @: >=/=>—N. ° -~ D) / >—N?=O
dimer-0  CHCh  4600r530 0.3 35 N o CHs N o CHs
DMSO 460 0r530 0.03 CeMs Catts
SOA® 460 011 1.2 3862 21 “Polvenc" ) .
530 027 15 19/81 1.2 Y Polymethine

aThe short lifetime (5-30 ps), close to the instrument response (60 As pointed out in the Results section, there is a general red

ps), fitting by A + B1 exp(t/71) + B2 exp(-t/t), is not precise, the - L . L -
measurement is subject to considerable error, and only the order ofShlft with increase in solvent polarity in the absorption spectra

magnitude can be approximatédThe long lifetime (0.16-7.5ns) has ~ Of monomer and dimer-0, which is anticipated for positive
an error oft1 on the second significant numbéf he lifetime is mean solvatochromic dyes in which electronic excitation is ac-

lifetime from a distribution of lifetimes by simulation analysis of the Companied by a pronounced increase in Charge Separation_ The
fluorescence decay. finding of very little bond alternation in the diene unit linking
the two halves of the merocyanine supports the idea of some
charge-transfer interactions already present in the ground state;
the small negative slope for the plot &fax vs 7* (—s = 0.87)
indicates that there is increased charge transfer in the excited
state.

Turning to the dimeric merocyanines, it is useful to first
consider what might be anticipated in terms of possible excitonic
interactions. All of the “tethers” linking the merocyanine
chromophores provide some flexibility in terms of the arrange-
ment between chromophores; in terms of potential excitonic
interactions, according to the point dipole approximation, two
limiting arrangements are most interesting: a folded and an
extended configuratioff. Both of these configurations may not

used to fit the fluorescence decay of the monomer and various
dimers in SOA glass, and it was found that the decay curves of
the monomer and dimers in SOA glass can be fitted nicely with

two lifetime distributions: the shorter one is 6:Q2.3 ns, and

the longer one is 12 ns.

As mentioned above, the emission spectra of dimers-2, -3,
and -5 in fluid environments exhibit both monomer-like (460
nm) and excimer emission; therefore, two lifetimes and quantum
yields are expected. Due to the overlap of the monomer and
excimer bands of dimer-5, no attempt was made to evaluate
the individual quantum efficiencies, and only the overall
quantum vyield is listed. The overall quantum yield is higher
when the sample is excited at 420 nm than that at 430 nm,
because the blue-shifted exciton band is situated around 420
nm. For dimer-3 in fluid media, a species of a short lifetime
(10—30 ps) close to that of monomer was found when the . T ]
sample was monitored at an emission wavelength of 460 nm,
while a much longer-lived species (ca. 6 ns) is found at an
emission wavelength of 530 nm; therefore, the short-lived “Folded” “Extended”
species may be assigned to a monomer-like or extended dimer
state, while the Iong-lived species is the excimer. The quantum pe possib|e for each dimer in the series, and they may or may
yield is higher in polar solvents such as acetonitrile due to the not be able to interconvert, depending upon the individual dimer
predominance of excimer emission; the quantum yield is much - - - -
lovier in solvents such as chioroform, where monomer-like 971 e mereeyenine dmers, seiere foded confuratons wre
emission is dominant. minimum. Two limiting face-to-face configurations (one with the cho-

Oxygen was found to have no effect on the fluorescence mophores aligned parallel and one with them antiparallel) are possible and
intensity and lifetimes of both monomer and dimers. This is in "éasonable on energetic grounds. It is not possible to determine which

. . e configuration or configurations may exists for either the ground or the
accord with their short fluorescence lifetimes of no longer than eycited (excimer) state. For purposes of illustration, we assume a “parallel”
a few nanoseconds. folded arrangement.
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structure. For those dimers that can assume an extendecdf 28° (Figure 2); while there should be little charge transfer
configuration, this configuration may be anticipated to be more between the two merocyanine units in the ground state, it seems
stable in the ground state for solutions with nonpolar solvents quite likely that extensive charge delocalization may occur in
due to the lack of gauche or eclipsed conformations in the tether,the excited state. This could lower the energy of the excited
provided there are no or weak dipoles. The extended or nearlystate and partially account for the observed red shift. That this
extended configuration (open “V” shape, for example) should may be important is also suggested by the relatively large
give rise to a “J’-type excitonic coupling, characterized by a (compared to the monomer) positive solvatochromic sensitivity
split in the monomer long-wavelength transition (if polarized of the absorption spectrum of dimer-0. The value of the slope
along the long axis), leading to lower energy (more allowed) (—s) of 2 is more than twice that of the monomer.

and higher energy (less allowed) t.r ansitions compargd to those The similarity of the absorption and fluorescence spectra of
of the monomer. Since our calculations indicate that dimers SUChdimer-l and dimer-2 to those of the monomer in nonpolar

as dimer-2 or dimer-3 are not likely fully extended and the solvents and SOA is consistent with these dimers existing in a

coupling may fall c_>ff, itis reasonable that both qug- anc_i short- more-or-less extended configuration in the ground state, in which
wavelength transitions may be of comparable intensity. The oo L2 .
there is little or no excitonic coupling between the two

folded configuration may be favored in cases where there is . . L - .
. . merocyanine units. The finding that dimer-2 exhibits dual
attraction between the two chromophores (for example dipole . . L
fluorescence in solvents of moderate to high polarity is

dipole attraction) or in solvents where strong solvesulvent - : . . .

interactions favor a minimization of the solute area to be consistent with a folded form of the dimer playing an important

solvated (solvophobic effectd).A completely folded config- role in these situations, quite analogous to the behavior of the
; tethered squaraines with two or more methylene units in the

uration should result in an “H"-type excitonic coupling, also h he ab - ¢ di 2 in diff |
characterized by a split in the monomer transition, resulting in '€ther- The absorption spectra of dimer-2 in different solvents

a lower energy (forbidden) and a higher energy (more allowed) suggest that there may be relatively little ground-state population

transition? Although the cartoon above shows limiting extended of folded forms in chloroform or less polar solvents. In solvents
and folded configurations, a variety of additional configurations SUch @s DMSO, where there is dual emission, the fluorescence
may be possible when the tether is long and flexible and lifetime and the quantum efficiency corresponding to the

depending upon the site of the tether and other properties of Monomer are very similar to those m_easured in chlproform,
the solute and solvent. where only “monomer” fluorescence is observed. Given the

If we compare the properties of dimers-0, -1, and -2 with extremely short fluorescence lifetime, it seems unreasonable to

those of the monomer and the roughly corresponding series of2SSUme that inter_cc_mver'_sion from an extended to a folded form
methylene-linked squarain@sye observe some similarities as  0CCUrs in competition Wlth quorgscgnce and most.reasonable
well as pronounced differences. In fluid nonpolar solvents and that the observed “excimer” emission may be attributed to a
in SOA, the most prominent effect for the series of merocyanines STall amount of folded dimer-2 present in the solution. The
is the splitting and red shift in the absorption spectum of dimer-0 Much higher quantum efficiency for fluorescence observed for
compared to the monomer. Dimer-0 shows a “J’-type splitting dimer-2 is most reasonably attributed to the much longer lifetime
(ca. 30 nm, depending slightly on solvent) in the long- ©f the excimer.

wavelength transition and a corresponding red shift in its The behavior of dimers-3 and -5 is also consistent with
fluorescence. Dimers-1 and -2 show almost no changes frominterconversion between extended and folded forms, with a
the monomer in absorption. This may be compared to the steady increase in the population of the folded form as solvent
squaraine series, where (while we haveme 0 dimer) we polarity and/or solventsolvent hydrogen bonding increase.
observe a shift of 24 nm fan = 2, and a perceptible splitting  Here again, “excimer” fluorescence, which presumably arises
persists ton = 7. Since the extinction coefficient of the primarily from folded ground-state configurations, is the most
merocyanine €1 x 1 in chloroform) is lower than that of  prominent emission in polar solvents, and the lifetime of the
the squaraine monomer8 x 10° in chloroform) and exciton  excimer is much longer than that for the monomer. As indicated
theory predicts that the coupling should be in proportion to the in the Results section, the excimer emission from dimer-5 is
cube of the interaction distance and the square of the transitioncomplex, and it is not possible, at this time, to offer a simple
moment of the interacting chromophof&st is not surprising  analysis for its complexity. On the other hand, the excimer
that the "J” exciton splitting is much smaller for the merocyanine  emissjon from dimer-3 seems somewhat simpler and perhaps
dimers than for the squaraines. In fact, if we examine the easjer to understand. Since the blue-shifted absorption of dimer-3
splitting observed for dimer-0 compared to that for the monomer, at s attributed to the folded “H” configuration shows relatively

it is not clear that it is really correct to ascribe it solely 0 jiyje solvent sensitivity, it may be assumed that the folded
excitonic interactions. First, while the two “halves” of dimer-0 o4 nd-state structure does not change appreciably as the solvent
are surely in a somewhat extended configuration in all solvents, ;¢ changed. On the other hand, the corresponding “excimer”

it is reasonable to question how mgch conjugation t'hgre IS fluorescence shows a strong solvatochromic effect with a slope
between the two halves. For the MC simulated global minimum (-9 of 2.3, the highest value observed in this study. The

of dimer-0, we obtain a dihedral angle between the two halves observation that the excimer emission is nearly structureless in

(25) If the configuration results in strong factace or edgeedge _aII solvents (_F|gure 9) suggests that it is truly excimer-like and
interactions, we may anticipate that the difference between the “allowed” involves emission to an unbound ground state. A reasonable
(short wavelength) and “forbidden” components of the split bands may be jnterpretation for the solvatochromic behavior of the excimer

very great. Thus, for example, with the intermolecular “H” aggregates of « » ; ;
squaraines, we are able only to detect the short-wavelength band influorescence as well as the strong “Stokes” shift observed is

absorption, while for corresponding aggregates of stilbenes, only the short-that the excimer may have a much smaller interchromophore
wavelength transition is readily observable in absorption but emission clearly separation than does the folded ground state. Here again, as
originates from a “hidden” lower energy “forbidden” state. . . . '
(26) McRae, E. G.; Kasha, Mhysical Process in Radiation Biology ~ WaS suggested for the extended configuration of dimer-0, there
Academic Press: New York, 1964; p 17. exists the attractive possibility that charge transfer (or charge
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delocalization) across the two chomophores occurs as shownexperiment to search for the apparent global minimum and nearby local

below?4 minima. The method is similar to that used earlier in predicting the
geometries of tethered squaraine dyasd for determining packing
patterns for Langmuir monolaye?%.Starting geometries for the

o+ 5- simulation consisted of an energy-minimized “stretched out dimer”.
Bond lengths and bond angles for each half of the dimer were taken
o+ o “ from the X-ray structure. The simulations consisted of cooling the

starting geometry from 4000 to 300 K in 10% increments, with rotation
Ground State Excited State about all single bonds as variables. At each temperature, each single
bond was randomly rotated an angtel0°. The nonbonded and
In this case, especially with the relatively small spacer present electrostatic energy of the dimer was then computed using a modified
in dimer-3, the ground state may have a relatively larger MM2 force field3° Structures were saved or rejected on the basis of
separation due to dipotadipole repulsions (and other steric  the Boltzmann criteria until the final temperature was reached. The
considerations), while interchromophore charge resonance carfoWest energy structure at the final temperature was then saved as a
result in increased attraction and hence reduced Separatioﬂocal minimum. The _coollng cycle was then repeated, starting with the
(within 3—4 A)1in the excimer. It is interesting to note that saved strlucture,_untll 700 strutl:lture_s were collected. luti q
the strong solvatochromic behavior observed for the dimero- Crystal Growing, Data Collection, Structure Solution, an

. di " ith the behavi Refinement. A bright yellow plate of the monomer dye, grown from
cyanine propane (dimer-3) is in strong contrast with the behavior concentrated solution of GBI, by slow evaporation, of approximately

observed for analogous propyl-tethered aromatic dimers and mayp o6 x 0.08 x 0.32 mn# was mounted on a glass fiber. All aspects of
be attributed specifically to the fact that the merocyanine data collection were performed on a standard Siemens SMART CCD
chromophore has strong donor and acceptor sites, whosearea detector using Modradiation ¢ = 0.710 73 A) at 193 K. The
reactivity is enhanced following photoexcitation. Thus, the unitcell parameters were determined by a least-squares analysis of 2751
classical attribution of excimer stabilizat##’to a combination reflections. The intensity measurements were then performed using
of dominant excitation resonance with very minor charge @-scans (maximum@of 56.6). Instrument and crystal stability was
resonance contributions may be reversed in this case, with theverified by monitoring three check reflections every 100 data points.

: ; ; No measurable decay was detected. The space group was as¥gned
latter playin very important an rh minant role. N g o 5 )
atter playing a very important and perhaps dominant role on the basis of intensity statistics. The structure was solved using direct

methods and refined agairstusing the SHELXTL/PC v5.04 software
suite3! All non-hydrogen atoms were refined anisotropically, and the
Instrumentation and Methods. *H NMR spectra were recorded on  hydrogen atoms were included in calculated positions, using a standard
a General Electric QE 300-MHz spectrometer. FAB mass spectra wereriding model and thermal parameters proportional to the non-hydrogen
obtained at the Center for Mass Spectrometry at the University of atom to which they were attached. The final refinement converged with
Nebraska in Lincoln, NE. HPLC was performed on a Hewlett-Packard the residualsvR, = 0.1181 (based oR?) for all data andR, = 0.0539
liquid chromatograph series 1050 with a variable-wavelength absor- (based orF) for data withl >20(l). Additional details of data collection
bance detector and a Rannin 150-nxm4.6-mm silica gel column. and refinement parameters can be found in Table 1. Full details
UV/vis absorption spectra were measured on a Perkin-Elmer Lambdaincluding atomic positions and anisotropic displacement parameters are
19 spectrophotometer. Fluorescence emission and excitation spectrancluded in the Supporting Information.
were recorded on a Spex Fluorolog-2 spectrofluorimeter and were  Synthesis.All starting materials and liquids were reagent grade or
corrected. Solid-state spectra were obtained as a fine dispersion in abetter and were used as received except where indicated otherwise.
KBr pellet. Fluorescence quantum yields were determined by com-  (3) Synthesis of Dimer-5 According to Scheme 1. (i) 22
parison with a standard, coumarin 6, in ethanol (0778). Dimethyl-3,3-pentamethylendibenzoxazolium lodidesTo a round-
Fluorescence Lifetime Measurements.Time-correlated single-  pottom flask were added 8 mL (68 mmol) of 2-methylbenzoxazole and
photon-counting experiments were carried out on an instrument 1 5 mL (12 mmol) of 1,5-diiodopentane, stabilized by copper particles.
consisting of a mode-locked Nd:YLF laser (Quantronix) operating at The mixture was heated at 10810 °C for 20 h to give a yellowish
76 MHz as the primary laser source. The second harmonic (KTP crystal) precipitate. Acetonitrile (20 mL) was added to the solid precipitate,
of the Nd:YLF laser was used to synchronously pump a dye laser which was filtered and washed with GEN (3 x 10 mL). A yellowish
(Coherent 700), circulating Rhodamine 6G in ethylene glycol as the solid (4.0 g, 56%) was obtainetH NMR (300 MHz/CROD): 6 8.20~
gain medium. The pulse width of the dye laser was typically 8 ps, as 7.77 (m, 8H, aromatic), 4.674.62 (t,J = 7.2 Hz, 4H, N-CH), 3.16
determined by autocorrelation, and was cavity-dumped at a rate of 1.9(s, 6H, CH), 2.13-2.05 (q,J = 7.2 Hz, 4H, N-C-CH), 1.78 (m, 2H,
MHz. The dye laser was tuned to the desired excitation wavelength N-C-C-CH).
(420 nm). Emission from the sample was collected by two convex iy 2 o'.(2-Anilidovinyl)-3,3-pentamethylenedibenzoxazolium lo-
lenses, focused at the entrance slit of a Spex 1681 monochromator (0.2%jige. In a mortar, 1.0 g (1.7 mmol) of 22limethyl-3,3-pentameth-
m), and detected by a multichannel plate detector. The single-photony|anedibenzoxazolium iodides and 1.0 g (5.1 mmol)NoK!-diphe-
pulses from the detector were amplified and used as the start signal,yjformamidine were mixed well by pounding, and the mixed solid
for a time-to-amplitude converter (TAC), while the signal from a \yas heated with stirring at 15057 °C for 5 min under a dry
photodiode, detecting a small fraction of the dye output, was used as gimosphere. The solution was cooled to give a reddish solid. The solid
the stop signal for the TAC. The start and stop signals for the TAC a5 dissolved in ethanol (50 mL), and diethyl ether (500 mL) was
were conditioned before entering the TAC by passing through tWo aqded to precipitate the product, which was filtered. The crude product
separate channels of a constant fraction discriminator (CFD). The outputyyas dissolved in hot ethanol (30 mL), and diethyl ether (3 mL) was
of the TAC was connected to a multichannel analyzer (MCA) interface aqded the cold ethanol solution to induce a precipitate. A yellow solid
board inside a PC. The MCA was controlled by software from (g g 60%) was obtainedH NMR (300 MHz/CD:OD): 6 8.88—
Edinburgh Instruments. The same software was used to deconvoluteg 70 (d,J = 12 Hz, 2H