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Abstract: A series of organic- and water-soluble distyrylbenzene-based two-photon absorption (TPA)
fluorophores containing dialkylamino donor groups at the termini was designed, synthesized, and
characterized. The central core was systematically substituted to modulate intramolecular charge transfer
(ICT). These molecules allow an examination of solvent effects on the TPA cross section (d) and on the
TPA action cross section. In toluene, the ¢ values follow the order of ICT strength. The effect of solvent on
0 is nonmonotonic: maximum ¢ was measured in an intermediate polarity solvent (THF) and was lowest
in water. We failed to find a correlation between the observed solvent effect and previous theoretical
predictions. Hydrogen bonding to the donor groups and aggregation of the optical units in water, which are
not included in calculational analysis, may be responsible for the discrepancies between experimental results

and theory.

Introduction

donor or acceptor groups, respectively, amdrepresents a

Emerging technologies such as memory storage, photody_n-cqnjugated bridge,_have shown ext_:eptional performance.
namic therapy, microfabrication techniques, and multiphoton Their TPA cross sections)( expressed in GM= 1 x 19_50
microscopy, have stimulated substantial research activity on cnﬁ-s-photowl-moleculel), which reflect the probability of
organic molecules that can simultaneously absorb two (or more)2PS0rption, have been reported to be greater than 1000 GM.
photonst~6 Structure-property relationships have emerged for 1€ magnitudes od depend on the degree of intramolecular
the molecular design of efficient two-photon absorption (TPA) charge transfer (ICT) upon excitatiof*
chromophores. The role of several factors, including the In contrast to the extensive investigation of molecular design
properties of ther-conjugated segment, the strength of donor strategie¥' and the successful application of the resulting
and/or acceptor substituents, molecular symmetry, and thechromophores;® the effect of the surrounding medium and
molecular dimensionality, have been examifet.In one specifically the role of solvent on TPA has not been fully
particularly successful strategy, molecules containing quasilinear

D—n—D or D—a—A—n—D structures, where D and A are
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elucidated?-14 Since solvent polarity influences the magnitude state polarization by imposing an external field, directed to favor
of ICT, it is expected to chang®in D—z—D and D-7—A— stabilization of charge transfer from the donor to the acceptor.
m—D chromophores. In this work, the TPA peakdmay and the differenceNuge) in
Understanding how aqueous media influence the linear dipole moments between the ground statg €é®d the lowest
spectroscopy and TPA17 of z-conjugated systems is of singlet excited state (Bwere observed at an intermediate value
importance for fully optimizing fluorescent tags used in two- of bond order alternation (BOAj between the neutral structure
photon fluorescence microscopy (TP#%#f biological samples, and the cyanine limit. The BOA can be considered to be related
such as living cell3® For optimum TPM signal-to-noise and to the degree of ground-state polarization in media of different
photostability, the two-photon action cross section, defined as polarity. According to this work, it is necessary to optimize the
no (wheren is the fluorescence quantum yield), should be combination between doneacceptor strength, solvent polarity,
maximized. The majority of fluorophores currently used are andsm-conjugation linker to maximizé for a given structure.

those previously developed for one-photon excitation methods  The solvent effect on the TPA of the puspull polyene
and displayyo values in the range of-150 GM162°We note structure NQ(C,H,),NH, was studied32In this set of calcula-
that water not only has a high dielectric constant, which tions, ¢ displayed a strong dependence on the geometrical
influences the ICT, but is capable of very effective hydrogen changes that take place as a function of the polarity of the
bonding and can therefore interact with the donor groups in medium. The calculated showed an initial pseudolinear
the ground and the excited states. Perturbations on the opticaldependence on solvent polarity, with higher values in more polar

properties otr-conjugated systems by water are poorly under- solvents, ultimately reaching saturation at the highest dielectric
stood, relative to organic solvents, in part because there haveconstants.

been fewer molecular candidates available for study. Recent  gqjyent effects on the conformational changes of a pyridinium
interest in using water-soluble conjugated polymers for the N-phenolate betaine dye and the resulting impacomere
optical amplification of fluorescent biosensors has improved the ¢gcylated using the semiempirical GRINDOL metH&iThe
synthetic methodologies for accessing these matéﬁié?s. TPA cross section in the gas phase is enhanced several times

Although extensive work (theoretical and experimental) has ¢ an interplanar angle (between the pyridinium and the
been devoted to understand the solvent dependence of lineaphenolate rings) close to 80as compared to the planar
spectroscopys; theoretical efforts to address solvent effects on gt cture. Moreover. thé values in water were found to be
the TPA of conjugated mole_cules hav_e b_een Iimited. Kogej et |ower than in the gas phase, and the dependence on the
al. studied donoracceptor stilbene derivatives using quantum- nterplanar angle was less pronounced. A decrease of oscillator
chemical calculations at the semiempirical leifelthe TPA  gyrength and an increase of the transition energy to the charge
evolution was evaluated as a function of the degree of ground- yansfer state were given as the cause for the decreasénof
water.

Another theoretical approach to study the solvent effects on
molecular geometry, electronic structures, and the TPA of
4-trans|p-(N,N-dibutylamino)p-stilbenylvinyl]pyridine was pub-

, o lished!* A typical D—z—A molecular structure was used in
(15) Woo, H. Y.; Hong, J. W.; Liu, B.; Mikhailovsky, A.; Korystov, D.; Bazan, .
G. C.J. Am. Chem. S02005 127, 820. ‘ these calculations. Thiecalculated from a two-state model and
(16) Magineanu, A.; Hofkens, J.; Cotlet, M.; Habuchi, S.; Stefan, A.; Qu, J.; the solvatochromism of the ICT state were found to be solvent-
Kohl, C.; Mullen, K.; Vercammen, J.; Engelborghs, Y.; Gensch, T; . . .
Schryver, F. C. DJ. Phys. Chem. B004 108 12242. dependent. A nonmonotonic behavior®dfvith respect to the
(17) Collini, E.; Ferrante, C.; Bozio, Rl. Phys. Chem. B005 109, 2. i i
(18) (@) Xu. C.: Webb, W. WJ. Opt. Soc. Am. B998 13, 481 (b) Xu, C.: pc_)larlty of the solvents was obs_,erved. Thevalue mcregses
Zipfel, W.; Shear, J. B.; Williams, R. M.; Webb, W. ViProc. Natl. Acad. with respect to the solvent polarity and reaches a maximum at
Sci. U.S.A1996 93, 10763. - i i i i
(19) (a) So, P. T. C.; Dong, C. Y.; Masters, B. R.; Berland, K.Ahnu. Re. 6 20.7. ltis nOt_ed that the maximumhis a_pprommately 2 .
Biomed. Eng200Q 02, 399. (b) Xu, C.; Williams, R. M.; Zipfel, W.; Webb, ~ times larger than in the gas phase and 1.3 times of the value in
w: \é\{égé‘;);"%gz'g%éggg Sense: () Huang, S.; Heikal, A. A.; Webb, W. the nonpolar solvent of cyclohexane. It was suggested that the
(20) Pond, a. J. K.; Tsutsumi, O.; Rumi, MH; Kwon, O.; Zojer, E. s, J.- presence of solvent results in an increase of the charge separation
L.; Marder, S. R.; Perry, J. WI. Am. Chem. So2004 126, 9291. : : :
(21) () Gaylord, B. S.. Wang, S.; Heeger, A. J.. Bazan, GJ.GAm. Chem. in both ground and ICT excned_ states a_nd that the elt_ectronlc
So0c.2001, 123 6417. (b) Wang, S.; Liu, B.; Gaylord, B. C,; Bazan, G. C.  structure change by the solvent is the main reason behindl the
Adv. Funct. Mater.2003 13, 463. (c) Liu, B.; Gaylord, B. S.; Wang, S.; .
Bazan, G. CJ. Am. Chem. S0@003 125, 6705. Increase.

As shown by the different expectations in the above calcula-
tions, there is no general agreement. Moreover, there are few
experimental data available to guide theoretical analysis of
solvent effectd®25 One exception concerns a study on the
molecular environment effects on TPA behavior of fluorene-
based heterocyclic chromophores using a nonlinear absorption

(12) Kogej, T.; Belionne, D.; Meyers, F.; Perry, J. W.; Marder, S. R’ dBse
J.-L. Chem. Phys. Lett1998 298 1.

(13) (a) Luo, Y.; Norman, P.; Macak, P.; Agren, Bl. Phys. Chem. R200Q
104, 4718. (b) Zalesny, R.; Bartkowiak, W.; Styrcz, S.; Leszczynski, J.
Phys. Chem. 2002 106, 4032.

(14) Wang, C.-K.; Zhao, K.; Su, Y.; Ren, Y.; Zhao, X.; Luo, ¥.Chem. Phys.
2003 119 1208.

(22) (a) Balanda, P. B.; Ramey, M. B.; Reynolds, JM&cromoleculed999
32, 3970. (b) Wang, S.; Gaylord, B. C.; Bazan, G.AZv. Mater. 2004
16, 2127. (c) Stork, M.; Gaylord, B. C.; Heeger, A. J.; Bazan, GAGQu.
Mater. 2002 14, 361. (d) Xia, C.; Locklin, J.; Youk, J. H.; Fulghum, T.;
Advincula, R. C.Langmuir2002 18, 955.

(23) (a) Reichardt, CChem. Re. 1994 94, 2319. (b) Reichardt, CSobents
and Solent Effects in Organic Chemisin2nd ed.; VCH Publishers:
Weinheim, 1988. (c) Coetzee, J. F.; Ritchie, C. Bolute-Sobent
Interactions Dekker: New York, 1969 and 1976; Vols. 1 and 2. (d)
Sheppard, S. ERev. Mod. Phys.1942 14, 303. (e) Lakowicz, J. R.
Principles of Fluorescence Spectrosco@nd ed.; Kluwer Academic/
Plenum Publishers: New York, 1999. (f) Buncel, E.; Rajagopah&.

(24) 7-Bond-order alternation within the vinylene segment in the structure of

Chem. Res199Q 23, 226. (g) Kosower, E. MJ. Am. Chem. S0d.958
80, 3253. (h) Buncel, E.; Rajagopal, $. Org. Chem1989 54, 798. (i)
Hubener, G.; Lambacher, A.; Fromherz, P.Phys. Chem. R003 107,
7896. (j) Gorman, A. A.; Hutchings, M. G.; Wood, P. D. Am. Chem.
Soc.1996 118 8497. (k) Masternak, A.; Wenska, G.; Milecki, J.; Skalski,
B.; Franzen, SJ. Phys. Chem. 005 109 759. (I) Yu, A.; Tolbert, C.
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14722 J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005

4-(dimethylamino)-4formylstilbene.

(25) (a) Rogers, J. E.; Slagle, J. E.; McLean, D. G.; Sutherland, R. L.; Sankaran,

B.; Kannan, R.; Tan, L.-S.; Fleitz, P. A. Phys. Chem. 2004 108 5514.

(b) Baur, J. W.; Alexander, M. D., Jr.; Banach, M.; Denny, L. R.; Reinhardt,
B. A.; Vaia, R. A.; Fleitz, P. A.; Kirkpatrick, S. MChem. Mater1999
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Scheme 1. Molecular Structures of Neutral and lonic 67% vyields. Potassiuntert-butoxide must be used for the
Distyrylbenzene Chromophores synthesis ofLON. The water-soluble chromophor8€—11C
X are obtained by treatment @&N—11N with condensed tri-
X ﬁ/—ﬁ methylamine in a THF/water mixture for 24 h. After addition
L\_\_\ Ri_Re y N of trimethylamine, a precipitate gradually forms as the reaction
N Q Vi O L\_\_\ proceeds, consistent with the formation of ionic groups via
R, Ry guaternization. To ensure that the reaction proceeds to comple-
f X tion, it is recommended that the precipitate be dissolved by
X adding water and an excess of trimethylamine. Removal of
Ry=H R;=H,OMe, CN or Ri=R;=F unreacted trimethylamine does not impose a problem, because
X =1, N"Me,l of its low boiling point.

o526 . . Both the neutral precursors and the water-soluble chro-
method=>In this work, the measured effective TPA cross  mgphores were characterized by mass spectrometry, elemental

section depends on the solvent used. The solvent dependencgnawsis, and NMR spectroscopy. The conjugated framework
of the effective TPA cross section proved to be associated with ayhibits characteristiéH NMR spectroscopy patterns: two

absorption by a solvent sensitive excited state. . doublets for the outer phenyl rings, two doublets of half the
_In this contribution, we provide a synthetic entry into jntensity for the vinyl protons, and a singlet (where appropriate)
distyrylbenzene chromophores of generatD-A—z—D struc- for the central phenyl ring. The trans stereochemistry of the

tures, which are soluble across a range of solvents (Scheme 1)gjefin linkages was established by the coupling constant of the
Different substituents were chosen to allow the molecules to vinylic protons in the!H NMR spectra § = ~16 Hz). After

be neutral, and soluble in nonpolar organic solvents, or Chargedvquaternization, the signal characteristic for th€H,l protons

and water-soluble. The internal ring was systematically substi- (~3.2 ppm in CDC4 for 8N, 10N, and11N; 2.7 ppm for9N in
tuted to modulate the electronic property of the core and the CeDe) disappeared, while new peaks appeared-at3 ppm
overall ICT from the terminal donor groups. TPA spectra for (—CHoN*(CHa)sl ") and~3.05 ppm CH,N*(CHa)sl ) for the
both the neutral and ionic chromophores in a range of solvents yater-soluble chromophores, indicatived89% quaternization.
are also presented and compared. The overall set of compoundgrther evidence of the identity &C—11C was obtained by
allows the examination of the solvent influence drand the electrospray ionization mass spectrometry (ESI-MS). Peaks

effect of ICT onzo. corresponding to the correct molecular mass were detected, and
Results and Discussion the elemental results are in agreement with the proposed
structures.

Synthesis and Characterization.Scheme 2 provides the
synthetic entry into the molecules in Scheme 1. Using a modified
literature method, the reaction of aniline with 6-chlorohexanol
in n-butanol provided in 60% yield?” Further treatment of
with phosphorus oxychloride in DMF introduces the aldehyde
group and afford#l,N-bis(6-chlorohexyl)-4-aminobenzaldehyde
(2) in 75% yield. With the motivation of activating halogen/
amine substitution, chloride/iodide exchange is accomplished
via a Finkelstein-type reaction to affohiN-bis(6-iodohexyl)-
4-aminobenzaldehyd@&)in 80% yield. In the'H NMR spectra,
the peak at-3.55 ppm from the methylene adjacent to chloride
disappeared and a new peak appeared at approximately 3.2 pp
originating from the methylene adjacent to iodide. The core
phosphonated—7 are known in the literatufé3! and were
prepared by treatment of the corresponding bromomethyl
compounds with excess triethyl phosphite in DMF.

Coupling 2 equiv of aldehyd&with phosphonate4—7 under
Horner—-Emmons-Wittig coupling conditions using sodium
hydride or potassiurtert-butoxide in THF at room temperature
affords the precursor neutral chromophoB82—11N in 35—

Linear Absorption and Photoluminescence Spectroscopy.
Table 1 summarizes the linear absorption and photolumines-
cence (PL) spectra f@—10 in different solvents.

Absorption spectra of toluene solutions containiighowed
degradation under ambient illumination. For example, the
absorption maximum decreased by approximately 20% after
solutions were left standing on a lab bench for 30 min
(Supporting Information). This instability prevented us from
making careful measurements of photoluminescence quantum
yields and TPA. In nonpolar solvents such as toluene, the neutral

hromophores8N—10N display maxima and peak shapes
(Figure 1) that are typical for this type of molecdfe’? The
absorption maxima range from 409 nm ®N to 485 nm for
the cyano-substitutedlON, while the corresponding emission
changes from 449 nm f@N to 526 nm forlON. Introduction
of methoxy groups into the central core produces a red-shift of
18 nm in the absorption and 26 nm in the emission, relative to
8N. For each chromophore, the PL spectra show a progressive
red-shift and a loss of vibronic structure, together with a decrease
in 1, as the solvent polarity increases, consistent with the strong
(26) (a) He, G. S.: Lin, T.-C.; Dai, J.; Prasad, P. N.: Kannan, R.; Dombroskie, |CT character of the solvent relaxed emissive state (Tabi&*t).
é:;CI;_EEY???(’:.I;?'Pﬁgsgg?blf'l_\ls.;‘]k(a:gﬁgnﬁ, F;Q?’%gg} ézgsga (Lb}g,%yf The PL of10N is the most sensitive to solvent effects, with
Chem. B2002 106, 11081. the Aem shifting from 526 nm in toluene to 636 nm in DMSO
(27) Moon, K.-J.; Shim, H.-K,; Lee, K.-S.; Zieba, J.; Prasad, PMsdcromol-

ecules1996 29, 861.
(28) Lee, J.-K.; Schrock, R. R.; Baigent, D. R.; Friend, RM&cromolecules (32) (a) Pond, S. J. K.; Rumi, M.; Levin, M. D.; Parker, T. C.; Beljonne, D.;

1995 28, 1966. Day, M. W.; Breas, J.-L.; Marder, S. R.; Perry, J. \0.. Phys. Chem. A
(29) Eldo, J.; Ajayaghosh, AChem. Mater2002 14, 410. 2002 106, 11470. (b) Renak, M. L.; Bartholomew, G. P.; Wang, S. J,;
(30) Wenseleers, W.; Stellacci, F.; Meyer-Friedrichsen, T.; Mangel, T.; Bauer, Ricatto, P. J.; Lachicotte, R. J. Bazan, GJCAm. Chem. S0d.999 121,
C. A,; Pond, S. J. K.; Marder, S, R.; Perry, J. WPhys. Chem. B002 7787. (c) Wang, S. J.; Oldham, W. J.; Hudack, R. A.; Bazan, G. 8m.
106, 6853. Chem. Soc200Q 122 5695.
(31) (a) Filler, R.; Cantrell, G. L.; Wolanin, D.; Naqgvi, S. M. Fluor. Chem. (33) (a) Fayed, T. AJ. Photochem. Photobiol. A Cherh999 121, 17. (b)
1986 30, 399. (b) Sarker, A. M.; Strehmel, B.; Neckers, D. Ii@acro- Mongin, O.; Porfs, L.; Moreaux, L.; Mertz, J.; Blanchard-Desce, ®kg.
moleculesl999 32, 7409. Lett. 2002 4, 719.
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Scheme 2. Synthetic Procedure for Accessing Neutral and Water-Soluble TPA Chromophores?
OH

R 2 R

L
oHe—_ )N
3 L\_\ﬁl

Ri_Re 4Ry, Ry=H
- Ry, N2
3 + /_QJPO(OB)Z 5: R, =H, R, = OMe
(EtO),0P 6:R;=H,R,=CN

Rz Ry 7:Ry,Ry=F

8N: R1, R2 =H
9N: Ry = H, R, = OMe
10N: R;=H, R, =CN
11N: Ry, R2=F

N*Me,l”

8C: R1, Rz =H
9C: R, =H, R, = OMe
10C: Ry=H, Ry=CN
11C: Ry, Ry =F

N*Mesl”

IMe; N

aReagents and conditions: (i) 6-chloro-1-hexamdiitanol, KCQOs, reflux, 4 days; (i) POGIDMF, 100°C, 2 h; (iii) Nal/dry acetone, reflux, 2 days;
(iv) NaH (or t-BuOK) in dry THF, room temperature; (v) NMeTHF/H,O, room temperature, 24 h.

Table 1. Summary of Absorption and Photoluminescence Spectroscopies in Different Solvents

toluene THF DMSO water
Aabs (€max)? Lem (17)° Aabs (€max) Aem (17) Aabs (€ma) Jem (1) Aabs (€max) Zem (17)

8N 409 (7.5) 449 (0.93) 409 (8.6) 461 (0.77) 418 (7.8) 506 (0.63)

8C 418 (6.2) 506 (0.59) 406 (3.9) 558 (0.27)
N 427 (6.5) 475 (0.92) 428 (6.5) 479 (0.92) 439 (6.3) 515 (0.52)

9C 439 (5.3) 515 (0.55) 423 (4.9) 567 (0.40)
10N 485 (6.5) 526 (0.58) 483 (7.0) 559 (0.63) 497 (6.5) 636 (0.19)

10C 495 (4.9) 635 (0.22) 469 (3.8) -

aMolar absorption coefficient atps(10*mol~1-cm~1).  Quantum yields were measured relative to 9,10-diphenylanthracene in cyclohexane and fluorescein
in water at pH~11.

(Table 1 and Figure 2). In these-br—A—x—D systems, the The absorption and emission spectra8@¥—10C in water
cyano functionality is the stronger acceptor group, gives rise to are shown in Figure 3. Perturbations by the central ring acceptor
more pronounced ICT in the excited state, and produces largerfunctionalities are similar to those observed for theseries.
changes by solvent stabilization. The Aaps values in water are slightly blue-shifted, relative to

(32) Absorp - | ive 1o solvent polarity (Table 1), Th those in toluene, in structurally related pairs [(in n&N/8C,
sorption maxima are less sensitive to solvent polarity (Table 1). The . .
ICT ex%ited state is polar, with a large dipole momgnt dug to a substantial 409/406;,9N/9C, 427/ 423;10N/10C, 485/469]. This blue-shift

charge redistribution, and is expected to be sensitive to solvent polarity. i ifi i i i
Direct transition from the ground state to the ICT state may be forbidden. may be attributed to a modified geometry with pamally restricted

The less sensitive absorption maxima to the solvent polarity suggest that delocalization due to the hydrophobic nature of the conjugated

the ICT state is derived following relaxation of the initially formed Franck : :
Condon excited state (ref 39a). See. (a) Leinhos, Uhre, W backbone. It is also possible that water can perturb the donor

Zachariasse, K. Al. Phys. Cheml 991, 95, 2013. (b) Strehmel, B.; Sarkér, i i i
A. M.; Malpert, J. H.; Strehmel, V.; Seifert, H.; Neckers, D. £.Am. Str_ength of the mtmgen atom via hydrOgen bondmg and
Chem. Soc1999 121, 1226. ultimately the ICT proces®235The PL spectra are broad and
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of each sample.

510°
Hexane
410° | Toluene
THE
Acetone
Acetonitrile
2 310° | —— DMSO
g
[
L
= 5
4 210°
o
110° |
o L
450 500 550 600 650 700 750 800

Wavelength (nm)

Figure 2. PL spectra ofLON in different solvents. The areas under the
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Figure 3. Normalized absorption and PL spectra8E—10C in water.
Emission scans were collected by exciting at fhgs of each sample.
Compoundl10C has no detectable emission in water.

featureless and are further red-shifted from the absorption spectra

in the charged compoundA¥aps-em = 6709 cn1 for 8C, 6004
cm~1 for 9C), compared to their neutral counterparts in toluene
(Avaps-em= 2178 cn1 for 8N, 2367 cn1! for 9N). Compounds
8N and8C havey values of 0.93 and 0.27 in toluene and water,

(35) Halpern, A. M.; Ruggles, C. J.; Zhang, X. Am. Chem. S0d.987 109,
3748.
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Emission scans were collected by exciting at the absorption maxibgsim (

respectively. With the cyano-substituted paiOk/10C), one
observes a more dramatic change. For compoli in
toluene,y = 0.58, but10C shows no detectable emission in
water with our instrumentatiof.We also note that in a solvent

of intermediate polarity (DMSO), there are no measurable
differences in the linear spectroscopy for structurally related
neutral (N) and chargedQ) pairs. The charged end groups do
not appear to be interacting with the electronic structure of the
chromophores and do not modify spectral properties (Supporting
Information).

Acceptor group strengths were probed through a study of the
oxidation potential of the chromophores using cyclic voltam-
metry (CV). The measured electrochemiEglt/y are 240 mV
for 8N, 140 mV for 9N, and 410 mV forlON, relative to a
Ag/AgNQO; reference (Figure 4). CV measurements were carried
out in 0.1 M n-BuNPFs solution in THF at a scan rate of 100
mV/s. Coupling this information to the data in Table 1, we note
that# in water (0.27 for8C, 0.40 for9C and no emission for
10C) is inversely proportional to the strength of the acceptor
group (LOC > 8C > 9C).

In Figure 5, the absorption and emission spectr&8©fin
water are given as a function of HCI concentration. Table 2
contains a summary of similar experiments ¢ and 10C.

With increasing [HCI], the nitrogen atoms at the termini of the
chromophore are protonated and three different species are
expected: unprotonated, monoprotonated, and doubly proto-
nated. The absorption spectra of solutions8&fwith HCI at
intermediate levels of [HCI] were deconvoluted using a general
equilibrium analysis techniqi®,and the absorption from the
monoprotonated species was observed to Haye= 370 nm
(Supporting Information). The PL spectra, however, contain
contributions from only the neutral and the doubly protonated
species. Indeed, the effectiveof the solution decreases first

(36) The ICT often produces PL quenching by charge separation after excitation,
increasing the rates of the radiationless decay processes. Several mechanisms
for the ICT-related quenching were suggested. See: (a) Schuddeboom, W.;
Jonker, S. A.; Warman, J. M.; Leinhos, U.; Knle, W.; Zachariasse, K.

A. J. Phys. Chem1992 96, 10809. (b) Jager, W. F.; Volkers, A. A.;
Neckers, D. CMacromoleculed995 28, 8153. (c) Lipinski, J.; Chojnacki,

H.; Grabowski, Z. R.; Rotkiewicz, KChem. Phys. Let.98Q 70, 449. (d)
Catala, J.; Daz, C.; Lpez, V.; Peez, P.; Claramunt, R. Ml. Phys. Chem.
1996 100, 18392. (e) Baumann, W.; Bischof, H.; Tling, J.-C.; Brittinger,

C.; Rettig, W.; Rotkiewicz, KJ. Photochem. Photobiol.:AChem.1992

63, 49. In addition, PL quenching by specific solutolvent interaction
such as hydrogen bonding should be considered in water. The excited-
state complex via hydrogen bonding may activate radiationless depopulation
channels, for example, energy dissipation through the vibrations connected
with hydrogen bonding. See: (f) Herbich, J.; WalukChem. Phys1994

188 247. (g) Kumar, C. V.; Tolosa, L. MJ. Photochem. Photobiol.: A
Chem 1994 78, 63.
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110° nm) 409 and 720 forN, 427 and 725 foBN, 485 and 815 for
5 10% 9N] and depends on the effective conjugation and the ICT over
the entire moleculé?!tIncreasing the acceptor strength of the
610° core results in an enhanced ICT from dialkyl-
< a1t amino donor units to the core, givirkdN the largest. Thed
E value of9N is lowest due to methoxy being the poorest acceptor.
@ 210° Figure 7 shows the TPA spectra 8N and8C in different
'g 0 solvents. The spectra display similar band shapeapgand
variations ind [(in GM) 910 in toluene, 1540 in THF, 1200 in
210° acetone;~900 GM in DMSO, and 330 GM in water]. Plotting
410" 0 vs dielectric constant shows a nonmonotonic dependence
. . . . . (Figure 8). We note here that a similar trend was obtained for

-0.2 0.2

E vs. AglAgNOa )
Figure 4. Cyclic voltammograms o8N—10N (1 mg/mL concentration)

relative to Ag/AgNQ in 0.1 M n-BuNPFs in THF at a scan rate of 100
mV/s.

0.4 06 08

[2.2]paracyclophene-based TPA chromophdbes.

Figure 9 shows that, in water, the TPA &€ and9C show
similar Atpa and band structure, relative to the measurements
of the neutral counterparts in organic solvents. Howevergthe
values are considerably lower (Table 3). Thef 10C could
not be determined with our technique becad$¥C is not

and subsequently increases with increasing [HCI], suggestingfluorescent in water. We also note that in a solvent of

that the monoprotonated species has a very lpvor is
nonfluorescent. When [HCE 1072 M, conditions where only

intermediate polarity (DMSO), the TPA spectra of theand
C series are similar. The charged or neutral terminal groups

the doubly protonated species of each chromophore is expectedherefore are not a major consideration.

to be present (i.eBCH,™, 9CH,*, and10CH,"), one observes
blue-shiftediapsandiem values (Table 2) and an increase;in
Analogous spectral shifts were made with metal ion sensing
two-photon fluorophore%’

Comparison of the data in Tables 1 and 2 shows that there is
a difference in the order of the absorption and emission maxima

for the doubly protonated chromophores, relative to the unpro-

tonated counterparts. In the doubly protonated species, the

Our measurements are best accommodated by the theoretical
calculations by Wang et al¥, where a maximumd was
anticipated in a solvent of intermediate polarity. The enhance-
ment ofd was explained in terms of increased charge separation
assisted by solvent, and they suggested that the resulting change
in electronic structure provides the main perturbationdon
However, there are still substantial deviations between the

measured quantities and these calculations, which suggest that

internal ring becomes the electron rich fragment, and we expectOther factors need to be considered, such as sefdivent

a net charge transfer to the outer aromatic fragments bearing

the ammonium groups. The donating ability of the groups is
MeO > H > CN, which corresponds to the order Mps
Furthermore10Cis not fluorescent in water, but strong emission
from 10CH,?" is observed. Overall, linear optical properties,
such astaps Aem, andsn, are strongly perturbed by protonation
on the terminal nitrogen atoms, which may be considered an
extreme case of hydrogen bonding in water. As will be discusse
later, hydrogen bonding can also be expected to modify overall
ICT, leading to a change of TPA.

Two-Photon Absorption Spectroscopy.TPA spectra were
obtained by using the two-photon induced fluorescence (TPIF)
measurement technique with femtosecond laser pulses, a
described previously in the literatuf@!82Complete details can
be found in the Supporting Information. The TPA spectra of
8N—10N in toluene are presented in Figure 6 and are sum-
marized in Table 3. The TPA maximum wavelengthsp) and
the peakd for 8N in toluene (720 nm and 910 GM, respectively)
are similar to those previously reported for 1,4-big(4,N-
dibutylamino)styryl)benzene (730 nm and 995 G®¥t)yhich
indicates negligible influence by the terminal iodide groups. The
TPA spectra oPN and 10N are also in good agreement with

previous measurements of the corresponding structures beariné38)

dibutylamino substituent&32

It is interesting to note the effect of the core substituedits (
—H; 9N, —OMe; 10N, —CN) on Atpa andd. In toluene, the
maximumo observed are 910 GM at 720 nm 8N, 890 GM
at 725 nm forON, and 1710 GM at 815 nm fdkON. The trend
in Atpa values (toluene) is similar to that observed ggs[(in

14726 J. AM. CHEM. SOC. = VOL. 127, NO. 42, 2005

interactions and solubility differences. Low solubility and
hydrophobic interactions can lead to aggregation or structure
changes (for example, by distortion), with a corresponding
modification of linear and nonlinear optical respon%e¥.
Fluorescence and near-field scanning optical microscopy (NSOM)
studies of conjugated polymer aggregates show different sol-
vatochromism, relative to amorphous polymer regithad-

d ditionally, strong enhancement (30-fold)@from a J aggregate

of a porphyrin-type molecule in water was also obseri/ed.
Evidence for structural changes and aggregation in the molecular
systems described in this paper can be obtained from a
comparison of the linear absorption spectra of kheeries in
toluene with those of th€ series in water, which are broad,

ﬁack vibronic structure, and have blue-shiftégs values that

are concentration-dependent (Supporting Information).
Water can also influence the electronic structure efi>-
A—m—D chromophores via hydrogen bonding and a corre-

(37) We observed a similar trend on the solvent dependence of the measured

TPA cross section of the structure that contains two fragmen&thafid

together via the [2.2]paracyclophane core: 1290 GM in toluene, 2180 GM

in THF, 1300 GM in DMSO, and 370 GM in water. For the synthesis of

these compounds see: (a) Bartholomew, G. P.; Rumi, M.; Pond, S. J. K;

Perry J. W.; Tretiak, S.; Bazan, G. €.Am. Chem. So2004 126, 11529.

(b) Bartholomew, G. P.; Bazan, G. @.Am. Chem. So@002 124, 5183.

(a) Siddiqui, S.; Spano, F. ©Chem. Phys. Lettl999 308 99. (b) Song,

Q.; Evans, C. E.; Bohn, P. W. Phys. Chenml993 97, 13736. (c) Evans,

C. E.; Song, Q.; Bohn, P. W.. Phys. Chenil993 97, 12302. (d) Manas,

E. S.; Spano, F. CJ. Chem. Phys1998 109 8087.

(39) The absorption 08N in toluene is invariant in the 16—10-* M range.
For 8C in water, one observes a blue-shift Ams with increasing 8CJ,
which indicates different levels of aggregation (See Supporting Information).

(40) (a) Nguyen, T.-Q.; Martel, R.; Avouris, P.; Bushey, M. L.; Brus, L.;
Nuckolls, C.J. Am. Chem. So2004 126, 5234. (b) Nguyen, T.-Q.;
Schwartz, B. J.; Schaller, R. D.; Johnson, J. C.; Lee, L. F.; Haber, L. H.;
Saykally, R. JJ. Phys. Chem. R001, 105 5153.
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Figure 5. Absorption and emission spectra 8 ([8C] = 2 x 1076 M) as a function of HCI concentration in water. The areas under the spectra are
proportional tos.

Table 2. Summary of Absorption and Photoluminescence Spectra
at [HCI] = 102 M and [8C—10C] = 106 M 1600 [ —6— toluene
—&—THF
/‘{abs(nm) Aem (nm) n — 1400 —f— acetone
8CH?+ 355 406 0.36 P T DumsoeN)
9CH2* 379 461 0.57 = 1200 | e ter
10CH2*+ 346 420 0.45 g
B 1000
2000 ;j'; 800
w
3
. g 600 [
o «
g 1500 a 400 +
= =
o 200 -+
E  — —
vy 1000 0 el 1 1 1 1 1
@ 700 720 740 760 780 800 820
W
e Wavelength (nm)
o Figure 7. Solvent dependence of the measured TPA spectBa(8N in
E 500 toluene, THF, acetone, and DMSO a8@ in DMSO and water).
F 1 T I I T I T 1
THF
= 1600 | _
0 =
o
720 760 800 840 880 -E-
Wavelength (nm) S 1200 - .
%}
Figure 6. Two-photon absorption spectra 8N—10N in toluene. 3
Table 3. Summary of TPA Spectroscopy g
solvent Jraps (nM) Jrea® () Omax (GM)? 70 (GM)° 3 800 toluene 7
8N toluene 409 720 910 846 <
8C water 406 720 330 89 o
9N toluene 427 725 890 819 L i
9C water 423 730 360 144 § water
10N toluene 485 815 1710 992 =
10C water 469
| 1 | | 1 | 1 |
aWavelength of two-photon absorption maximuhT.PA cross section o 0 10 20 30 40 50 B0 70 a0

at Arpa. ¢ Two-photon absorption action cross section.
) ) ) Dielectric Constant (g)

sponding decrease of the ICT. Complexation via hydrogen ) ) ) )
bonding between an electronically excited amine and water is gﬂféﬁe‘?’TmFa}X;Tgt?nzaaAngr%s,\jssgcggg i‘f Sﬁ,é‘zl)vzga F\’A(,’;?gg &N in
well-known and has been mentioned previo#$A25The exact
mechanism for the substantial dropdfn water is, however, mention molecular design guidelines for the efficient TPM
not clear at present stage and awaits detailed theoreticalfluorophores for biological systems. The combingiivalues
treatments that consider a comprehensive set of variablesare 89 GM for8C and 144 GM for9C, respectively. However,
involved in the experimental measurements. the molecular framework 0f0C, which has the highesti in

Despite the medium effect uncertainties, it is valuable to toluene, is not a useful structure to consider for TPM applica-
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400 previously** Mass spectrometry and elemental analysis were performed
by UC Santa Barbara Mass Spectrometry Laboratory and Elemental
— 350 Analysis Center. 1,4-Bis(diethylphosphonatemethyl)benZehd-bis-
= (diethylphosphonatemethyl)-2,5-dimethoxybenz&nd,,4-bis(dieth-
g 300 ylphosphonatemethyl)-2,5-dicyanobenzéhand 1,4-bis(diethylphos-
g phonatemethyl)-2,3,5,6-tetrafluorobenz&neere synthesized according
E 250 j§ to literature precedent.
3 200 N,N-Bis(6-hydroxyhexyl)aniline (1).A mixture of 9.3 g (100 mmol)
o of freshly distilled aniline, 30.0 g (220 mmol) of 6-chloro-1-hexanol,
3 and 30.4 g (220 mmol) potassium carbonate was heated in 50 mL of
6 150 n-butanol under reflux for 4 days. After cooling, the remaining solids
<€ 100 were filtered off, and the solvent was removed under reduced pressure
& to afford the crude product. Purification by silica gel chromatography
50 (ethyl acetate/hexare 2:1) yielded 17.6 g (60%) of as a colorless
oil. 'H NMR (400 MHz, CDC}): 6 7.18 (m, 2H), 6.61 (m, 3H), 3.91
0 | ) | (t, J = 6.4 Hz, 4H), 3.67 (tJ = 6.4 Hz, 4H), 1.96-1.77 (m, 4H),
700 750 800 850 000 1.70-1.53 (m, 4H), 1.56-1.31 (m, 8H).3C NMR (100 MHz,
CDCly): 6 148.19, 129.31, 115.33, 111.86, 62.79, 51.06, 32.78, 27.30,
Wavelength (nm) 27.05, 25.76. HRMS (El)m/z = 293.2360 (M), A = 1.7 ppm.
Figure 9. Two-photon absorption spectra 8€ and9C in water. N,N-Bis(6-chlorohexyl)-4-aminobenzaldehyde (2).Phosphorus

oxychloride (17.5 g, 114 mmol) was added dropwise to 40 mL of dry
tions in water, because of its negligible As previously DMF at 0°C. After 30 min, 11.1 g (38 mmol) of in 20 mL of DMF
demonstrated with [2.2]paracyclophane TPA chromoph¥res, was added to the above solution. The resulting mixture was heated to
acceptors and/or donors of intermediate strength are more likely100°C for 2 h. After cooling to 40C, the resulting mixture was poured

to lead to enhancego. into 200 mL of ice water. The pH of the mixture was adjusted to 7 by
addition of saturated potassium acetate aqueous solution. The mixture
Conclusion was extracted with dichloromethane, and the combined organic phase

was washed with water and dried over MgSOhe solvent was

In s_ummary, we provide a synthetic entry to a series of evaporated and the crude product was purified by silica gel chroma-
organic-soluble and water-soluble TPA chromophores based ongraphy (chloroform/hexane 3:2) to afford2 (10.2 g, 75%) as a

the distyrylbenzene framework. Introduction of alkyl halide |ight yellow oil. 1H NMR (400 MHz, CDC}): 6 9.71 (s, 1H), 7.71 (d,
terminal units in neutral precursors and subsequent quaternizas = 8.4 Hz, 2H), 6.65 (dJ = 8.4 Hz, 2H), 3.55 (t,) = 6.6 Hz, 4H),

tion using trimethylamine affords water-soluble TPM fluoro- 3.36 (t,J= 7.2 Hz, 4H), 1.89-1.81 (m, 4H), 1.641.60 (m, 4H), 1.48
phores. The neutral and charged molecules allowed us t01.36 (m, 8H)%C NMR (100 MHz, CDC}): 4 190.18, 152.66, 132.46,
measure the effect of the solvent polarity ®as a function of 124.87,110.90, 51.14, 45.17, 32.73, 27.23, 26.88, 26.51. HRMS (El):
acceptor strength. We observed a maximdiim THF, which m'z = 357.1617 (M), A = 2.6 ppm. Anal. Calcd for GH2sCI2NO:

is of intermediate polarity. In watey shows a substantial . 63.68; H, 8.16; N, 3.91. Found: C, 63.33; H, 8.05; N, 3.97.
decrease. The solvent dependence of TPA in thetBA— N,N-Bis(6 -iodohexyl)-4-aminobenzaldehyde (3)A mixture of 2
7—D distyrylbenzene structure is nonmonotonic when plotted (8:9 g, 14.7 mmol) and 37.5 g (250 mmol) of sodium iodide was
against the solvent dielectric constant, and we failed to find an dissolved in 200 mL of dry acetone and hegted u.nder reflux fpr 2 days.
exact match against previous theoretical expectations. ClosestThe solventiwas evaporated and the result!ng mixture was dl.Iuted with
agreement was with the predictions by Wafe suggest that 300 mL of dlchloromet_hane and washed Wlth water several times. The
future theoretical work should consider specific sottgelvent organic phase was dried over Mg$®_1_d f”tere.(?' After removal of

. . . . ... the solvent, the crude product was purified by silica gel chromatography
|nter§ctlons, such as hydrogen bonding, Whlch_can SubStant'alIy(chloroform/hexanec 3:2) to afford3 (10.7 g, 80%) as a light brown
modify the ICT states._ The effect of_protonauon, an _extreme oil. H NMR (400 MHz, CDC}): 6 9.70 (s, 1H), 7.69 (dJ = 8.4 Hz,
case of hydrogen bonding, on absorption and photoluminescence) 663 (d,J = 8.4 Hz, 2H), 3.34 (t] = 7.6 Hz, 4H), 3.19 (t] =
spectra highlights chemical effects. Additionally, changes in the .8 Hz, 4H), 1.86-1.81 (m, 4H), 1.641.60 (m, 4H), 1.471.33 (m,
chromophore geometry and/or multichromophore aggregation gH). 13c NMR (100 MHz, CDCY): ¢ 190.07, 152.54, 132.32, 124.73,
are likely of importance. Finally, we note that to obtain optimum 110.82, 51.03, 33.38, 30.34, 27.06, 26.04, 7.19. EI-MS: 541)(M
two-photon action cross sections in water, the ICT strength must 344 (M™-CsHsql). Anal. Calcd for GeHzdl.2NO: C, 42.16; H, 5.40; N,

be moderated to retain high quantum efficiencies. 2.59. Found: C, 41.91; H, 5.23; N, 2.63.
General Procedure for the Synthesis of the Neutral Chro-
Experimental Section mophores.A solution containing 1 mmol of the phophonatk b, 6,

or 7) and 2.5 mmol of the aldehyd&was prepared in dry THF. To
the above mixture was added 2 mmol of base (sodium hydride or
potassiuntert-butoxide). The resulting suspension was stirred overnight
at room temperature. The resulting mixture was diluted with 200 mL
of dichloromethane and washed with brine. The organic layer was dried
over MgSQ, and the solvent was evaporated. The crude material was

General Details. Chemicals were purchased from Aldrich Co.,
except 2,5-dimethylterephthalonitrile, which was purchased from TCI
America and were used without further purificatiéH- and*3C NMR
spectra were collected on a Varian Unity 400 MHz (or 200 MHz)
spectrometer. The UVvis absorption spectra were recorded on a
Shimadzu UV-2401 PC diode-array spectrometer. Photoluminescence
spectra were obtained on a PTI Quantum Master fluorometer equipped

with a Xenon lamp excitation source. Fluorescence quantum yields were (41) |(<a) Greenrl(an;, g- Ig-;'\famtlt{eléI.CD.HV\/I-: HayAeSéGi: R; dPhFiz”ict'ﬁ' R.T;
. . . essener, Y. A. R. R.; Morattl, 5. C.; Holmes, A. B.; Friend, R.Gmnem.
measured relative to fluoresceip£ 0.92) and 9,10-diphenylanthracene Phys. Lett1995 241 89. (b) Maciejewski, A.; Steer, R. B. Photochem.

(n = 0.91) and verified using the referenceless technique described 1986 35, 59. (c) Meech, S. R.; Phillips, DJ. Photochem1983 23, 193.
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purified by silica gel chromatography (dichloromethane/hexargel)
to afford the precursor chromophor@sl—11N in yields in the range
of 35—67%.
1,4-Bis(4-(N,N-bis(6'-iodohexyl)amino)styryl)benzene (8N)The
pure 8N was obtained in 39% yield as a yellow solitH NMR (400
MHz, CDCL): ¢ 7.45 (s, 4H), 7.39 (d) = 8.8 Hz, 4H), 7.04 (dJ =
15.6 Hz, 2H), 6.89 (dJ = 15.6 Hz, 2H), 6.63 (dJ = 8.8 Hz, 4H),
3.30 (t,J = 7.6 Hz, 8H), 3.22 (tJ = 6.4 Hz, 8H), 1.89-1.82 (m, 8H),
1.64-1.57 (m, 8H), 1.49-1.43 (m, 8H), 1.424-1.35 (m, 8H)13C NMR
(100 MHz, CDC¥): 6 147.73,136.87,128.32,127.97, 126.41, 125.14,
123.89, 111.97, 51.15, 33.66, 30.59, 27.39, 26.32, 7.41. Anal. Calcd
for CseHealsN2: C, 47.93; H, 5.60; N, 2.43. Found: C, 48.15; H, 5.47;
N, 2.60.
1,4-Bis(4-(N,N-bis(6"-iodohexyl)amino)styryl)-2,5-dimethoxyben-
zene (9N).The pure9N was obtained in 46% vyield as a yellow solid.
H NMR (400 MHz, GDg): ¢ 7.92 (d,J = 16.0 Hz, 2H), 7.65 (dJ =
8.8 Hz, 4H), 7.42 (dJ = 16.0 Hz, 2H), 7.28 (s, 2H), 6.65 (d,= 8.8
Hz, 4H), 3.50 (s, 6H), 3.01 (] = 7.4 Hz, 8H), 2.73 (tJ = 6.8 Hz,
8H), 1.43 (m, 8H), 1.36 (m, 8H), 1.07 (m, 8H), 0.96 (m, 8HC NMR
(100 MHz, GDg): ¢ 152.53, 148.50, 129.69, 129.01, 127.77, 127.30,
120.19, 113.16, 109.50, 56.39, 51.67, 34.19, 31.06, 28.02, 26.78, 7.32
Anal. Calcd for GgHeslaN2O2: C, 47.54; H, 5.65; N, 2.31. Found: C,
47.24; H, 5.75; N, 2.41.
1,4-Bis(4-(N,N-bis(6'-iodohexyl)amino)styryl)-2,5-dicyanoben-
zene (10N).The purelON was obtained in 35% yield as a red solid.
IH NMR (400 MHz, CDCH): 6 7.96 (s, 2H), 7.45 (dJ = 8.8 Hz,
4H), 7.20 (dJ = 16.0 Hz, 2H), 7.11 (dJ = 16.0 Hz, 2H), 6.63 (dJ
= 8.8 Hz, 4H), 3.33 (tJ = 7.6 Hz, 8H), 3.22 (tJ = 6.8 Hz, 8H), 1.84
(m, 8H), 1.63 (m, 8H), 1.46 (m, 8H), 1.39 (m, 8HFfC NMR (100
MHz, CDCkL): 6 140.04, 138.83, 129.27, 129.13, 123.21, 117.50,
116.86, 114.24, 111.86, 51.17, 33.65, 30.60, 27.40, 26.32, 7.31. Anal.
Calcd for GgHealaN4: C, 47.94; H, 5.20; N, 4.66. Found: C, 48.37;
H, 5.30; N, 4.72.
1,4-Bis(4-(N,N-bis(6"-iodohexyl)amino)styryl)-2,3,5,6-tetrafluo-
robenzene (11N).Compoundl1N was obtained in 67% yield as an
orange solid*H NMR (400 MHz, CDC}): 6 7.42 (d,J = 8.8 Hz,
4H), 7.40 (d,J = 16.4 Hz, 2H), 6.85 (dJ = 16.4 Hz, 2H), 6.62 (dJ
= 8.8 Hz, 4H), 3.32 (tJ = 7.6 Hz, 8H), 3.21 (tJ = 6.8 Hz, 8H),
1.89-1.82 (m, 8H), 1.641.57 (m, 8H), 1.49-1.43 (m, 8H), 1.4%
1.35 (m, 8H).23C NMR (100 MHz, CDC}): & 148.56, 144.74 (d),
136.59, 128.61, 124.52, 114.79 (m), 111.82, 109.32, 51.14, 33.65, 30.58
27.38, 26.31, 7.33. Anal. Calcd foraéleoFalsN2: C, 45.12; H, 4.94;
N, 2.29. Found: C, 45.74; H, 4.96; N, 2.32.
General Procedure for the Synthesis of the Water-Soluble
Chromophores. The neutral precursor chromophor&NE11N, 200
mg) were dissolved in 30 mL of THF and the solution was cooled to
—78 °C with dry ice/acetone bath. A large excess of condensed
trimethylamine ¢2 mL) was added to the solution. The solution was
allowed to warm to room temperature for 12 h and 20 mL of water
was added to dissolve the precipitated compounds. Another portion
(~2 mL) of condensed trimethylamine was added-&@B8 °C, and the
mixture was stirred for another 12 h for the complete quaternization.
After removal of the solvents and an excess of trimethylamine under
vacuum, the residue was dissolved in water and filtered. Evaporation

dried under vacuum to afford the final water-soluble chromophores
8C—11C. The product yields are close to 90%.
1,4-Bis(4-(N,N-bis(6"-(N,N,N-trimethylammonium)hexyl)amino)-
styryl)benzene tetraiodide (8C)was obtained as a yellow solid
(yield: 92%).'H NMR (400 MHz, DMSO-d): o 7.48 (s, 4H), 7.39
(d,J=9.2 Hz, 4H), 7.09 (dJ = 16.4 Hz, 2H), 6.90 (dJ = 16.4 Hz,
2H), 6.64 (d,J = 9.2 Hz, 4H), 3.28 (m, 16H), 3.04 (s, 36H) 1.68 (m,
8H), 1.55 (m, 8H), 1.34 (m, 16H}3C NMR (100 MHz, DMSO-@):
0147.35, 136.22, 128.10, 127.70, 124.06, 112.75, 111.51, 65.23, 52.16,
49.93, 26.68, 25.96, 25.77, 22.10. Anal. Calcd fegHGodsNe: C,
50.15; H, 7.26; N, 6.05. Found: C, 50.07; H, 7.17; N, 6.14.
1,4-Bis(4-(N,N-bis(6"-(N,N,N-trimethylammonium)hexyl)amino)-
styryl)-2,5-dimethoxybenzene tetraiodide (9C)was obtained as a
yellow solid (yield: 89%).*H NMR (400 MHz, DMSO¢g): ¢ 7.37
(d,J = 8.8 Hz, 4H), 7.21 (s, 2H), 7.15 (d,= 16.4 Hz, 2H), 7.10 (d,
J = 16.4 Hz, 2H), 6.65 (dJ = 8.8 Hz, 4H), 3.87 (s, 6H), 3.29 (m,
16H), 3.05 (s, 36H), 1.68 (m, 8H), 1.55 (m, 8H), 1.34 (m, 16X
NMR (100 MHz, DMSO¢k): ¢ 150.52, 147.31, 140.27, 128.61, 127.64,
125.55, 124.54, 117.19, 111.56, 65.24, 56.19, 52.16, 49.93, 26.68, 25.96,
25.76, 22.10. Anal. Calcd for dH10d4NeO2: C, 49.73; H, 7.23; N,

’5.80. Found: C, 50.10; H, 7.12; N, 5.68.

1,4-Bis(4-(N,N-bis(6"-(N,N,N-trimethylammonium)hexyl)amino)-
styryl)-2,5-dicyanobenzene tetraiodide (10C)vas obtained as a dark
red solid (yield: 87%)*H NMR (400 MHz, DMSO¢): 6 8.41 (s,
2H), 7.58 (d,J = 16.4 Hz, 2H), 7.43 (dJ = 8.8 Hz, 4H), 6.97 (d)
= 16.4 Hz, 2H), 6.71 (dJ = 8.8 Hz, 4H), 3.33 (m, 16H), 3.07 (s,
36H), 1.68 (m, 8H), 1.59 (m, 8H), 1.34 (m, 16H)C NMR (100 MHz,
DMSO-ds): 6 148.57,137.98, 135.10, 128.89, 122.52, 117.10, 115.47,
113.01, 111.55, 65.21, 52.16, 49.91, 44.23, 26.64, 25.89, 25.73, 22.08.
Anal. Calcd for GoHoslaNg: C, 50.08; H, 6.86; N, 7.79. Found: C,
49.42; H, 6.95; N, 7.56.
1,4-Bis(4-(N,N-bis(6"-(N,N,N-trimethylammonium)hexyl)amino)-
styryl)-2,3,5,6-tetrafluorobenzene tetraiodide (11Cyvas obtained as
an orange solid (yield: 90%)H NMR (400 MHz, DMSO¢): 6 7.45
(d, J= 8.8 Hz, 4H), 7.33 (dJ = 16.8 Hz, 2H), 6.79 (dJ = 16.8 Hz,
2H), 6.67 (d,J = 8.8 Hz, 4H), 3.31 (m, 16H), 3.05 (s, 36H), 1.67 (m,
8H), 1.55 (m, 8H), 1.33 (m, 16H}3C NMR (100 MHz, DMSO¢):
0 148.44, 143.73 (d), 137.01, 128.69, 112.92, 114.15, 111.45, 107.44,
65.21, 52.16, 26.64, 25.90, 25.73, 22.08. Anal. Calcd fesHGx

FaluNs: C, 47.68; H, 6.62; N, 5.75. Found: C, 47.53; H, 6.30; N, 5.58.
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