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Abstract: Aggregation of polar merocyanine dyes has been identified as an important problem in the
fabrication of organic materials for photonic applications. In this work, a series of merocyanine dyes is
synthesized, and their aggregation is investigated by a combination of several experimental techniques to
reveal structure—property relationships. These studies provide clear evidence for the formation of
centrosymmetric dimers for all investigated merocyanines in concentrated solution and in the solid state.
The thermodynamics of dimerization in liquid solution is studied by concentration-dependent permittivity
measurements, UV—vis spectroscopy, and electrooptical absorption experiments. A centrosymmetric dimer
structure with antiparallel ordering of the dipole moments is observed in solution by 2D NMR spectroscopy
as well as in the solid state by X-ray crystallography and interpreted in terms of dipolar and z— interactions.
The optical properties of the dimer aggregates are satisfactorily explained by an excitonic coupling model.
The effect of an external electric field on the dimerization equilibrium is considered and quantitatively
determined by electrooptical absorption measurements. Implications of the observed findings on the design
of nonlinear optical and photorefractive materials are discussed.

Introduction and poling of polymer-dissolved or polymer-attached dipolar

dyes by strong external electric fielei The latter method may

be applied to amorphous materials and thus allows particularly
convenient preparation of thin films with varying thicknesses

and geometries. Acentric second-order NLO materials with
nonpolar order have also been descrifééibut will not be

discussed in this paper.

Organic materials for nonlinear optical (NLEand photo-
refractive (PR3 applications rely on a noncentrosymmetric
ordering of dye molecules. A number of different techniques
have been utilized to achieve this ordering, including crystal-
lization in asymmetric space grouppreparation of asymmetric

thin films by Langmuir-Blodgett and self-assembly technigdes,
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Research on poled materials initially focused on the molecular large dipole moments are required to achieve noncentrosym-
figures-of-merit (FOMs) of the electrooptical chromophores, and metry by poling in external electric fields. On the other hand,
significant progress could be reached in understanding thethe dipole moments lead to strong intermolecular interaction
relationships between (non)linear polarizabilities and the struc- and to formation of inactive aggregates at higher dye loading.

tures of ther-conjugated systeni8:11 The molecular FOM for

A centrosymmetric structure of the dye aggregates in amorphous

second-order nonlinear optical materials was shown to dependmaterial&2122 was clearly suggested by the nature of the

on the dipole moment and the second-order polarizabiljfy
while the FOM of organic PR materials with low glass transition

electrostatic interactions but was not experimentally proven until
recently?324 A centrosymmetric (antiparallel) dimer structure

temperature was demonstrated to be governed mainly by thealso explained the discrepancies between the observed electro-
dipole moment and the anisotropy of the linear polarizability, optical effects of polymeric composite materials at high dye

da.’2 Due to the tunability of ther-system of merocyanines
from weakly dipolar (polyene-like) to highly dipolar (zwitter-

loading and the predicted effects based on molecular FOMs
experimentally determined from NLO experiments on dilute

ionic) chromophores, merocyanines were identified as the mostsolutions.

promising chromophore structures to optimize the respective

molecular FOM$213-15 |mportant research was also carried
out on alternative doneracceptor substitutea-systems such
as stilbenes® oligothiophened! and other dye&819

Similar problems were also encountered in the development
of organic PR materials which require dyes of even higher
dipolarity than second-order NLO applicatic#d*We recently
achieved significant improvements in the refractive index

In the process of device development, however, many modulation efficiencies of such materials based on merocyanine
materials based on well-designed chromophores with large dyes following design strategies suggested by the corresponding
dipole moments and excellent (hyper)polarizabilities failed to molecular FOM41525Despite the excellent PR performance,

provide the expected electrooptic respoffsEhis malfunction

there was also evidence for partial dye aggregation in materials

was clearly related to the high dye concentration required in based on the chromophoric system of dy&gATOP)1426

the polymeric composites and was attributed to the formation Notably, for dyesl, which exhibit an even higher molecular
of dye aggregates. In 1997, Dalton, Marks, and others succeededPR FOM due to a significantly larger dipole moment, aggrega-
in providing experimental evidence that electrostatic inter- tion prevented the realization of any reasonable material at all.
molecular interactions between the dye molecules accountedThe materials either crystallized or remained amorphous but

for the observed deficienci€2122 This work pinpointed the

did not show any PR response. These rather drastic deviations

ambiguous nature of the dipolarity of the dyes. On the one hand, from the FOM predictions triggered our interest in elucidating
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assumed that numerous work has not been published if aggregation led to

the structural and energetic origin of the strong intermolecular
interactions between the dye molecules. In a first step, we
investigated the highly dipolar dyds—m bearing substituents

of different bulkines$® Now we demonstrate that the observa-
tions for the highly dipolar dyeda—m may be generalized to

a common description of merocyanine dimerization by dipolar
interactions. A representative selection of merocyanine dyes has
been investigated to identify common structupgoperty
relationships using several experimental techniques, including
permittivity measurements, UWis spectroscopy, electrooptical
absorption measurements (EOAM), 2D NMR spectroscopy, and
X-ray crystallography. The optical properties of the dimer
aggregates are explained in terms of an excitonic coupling
model. We also present experimental results on the influence
of an external electric field on the dimerization equilibrium and
an interpretation of this effect. Implications of these findings
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Chart 1
R2
2
R { Ny~ ON
S
Bu—N N" "0
R R’
1a-m 2a: R' = By, R? = H, R3=Et 3

2b: R? = Ethex, R2 = H, R*=Bu
2c¢: R' = Bu, R2 = Et, R3=Et
2d: R'=R®=Bu, R2=H

Me\N A X CN
4a:R = iPr y
M 6
4b:R=Bu © 0N o
L1
CN R
5an=1R'=Bu
— — ‘n= 1=
Hex—N _ cN 5b:n=2, R'=Bu

5¢: n = 3, R! = Ethex

7

Scheme 1. Synthesis of Dyes 1la—m?

@ ., o o
NC\)J\H’R +Rzﬂ\/u\o/\ =

7 |
9a: R'=Dodec 10a: R2=Me < So*
9b: R'=Ethex |4 ~ 10b: R*=Pr N cio;
9c: R'=Hex 10c: R?=/Pr 12 13
9d: R'=Pr
9e: R'=iPr
9f: R'=sPent R?
9g: R'=Bu
o
HO” N0 0" N0 \
R’ R’ R® X
11a-i 15a-i 14a-i X =Br or CIO,
11,16 R! R2 R1 R2 14 R3 R4 R3 R#
a Hex Me f jpr jpr a  Hex H £  FEthex H
b:  Dodec Me g Ethex Pr b Bu H g Dodec iPr
¢ Ethex Me . spent Pr ¢ sBu H K pr iPr
d: Pr Pr i Bu Me d tBu H it Me H
e. iPr Pr e. Dodec H

1a-m

aConditions: (a) piperidine/NaOH, 10T, 20 h, yield 5-59%. (b) EtOH or 2-propanol, reflux, 10 h. (c)s&t CH.Cl,, room temperature 10 h, yield
51-62%. (d) AgO, room temperature 530 min, 90°C, 5-15 min. (e) A¢O, 90°C, 2—20 h, yield 32-90%. DPFA= N,N'-diphenylformamidine, Ethex
= rac-2-ethylhexyl,sPent= rac-1-methylbutyl. The substituents d&—m are defined in Table 1.

on the design and implementation of NLO and PR materials in the case ofL1f, which bears a secondary alkyl group & R

are discussed. the reaction was achieved only in the presence of a strong base

(e.g., NaOH) and in low yields (5%). 4-Picoline derivatives

1l4a—i were obtained by @ and 2 alkylation of12 or by
Synthesis.The structures of the dyes are presented in Chart nucleophilic amination ofl3. Reaction oflla—i with N,N'-

1. The structural variation of dyeka—m was accomplished  diphenylformamidine in acetic anhydride afforded enaminones

according to Scheme 1. Hydroxypyridorieka—i were obtained 15a-i,28 which could be reacted in situ with4a—i to give

by a sequence of condensation reactions in which first cyano- merocyanine dyeta—m (Table 1) in moderate to high yields.

acetic acid amide8a—g were prepared in situ from ethyl cyano- On a smaller scale, some variations of the sterical demand

acetate and the respective amine, and subsequent reaction withave also been applied for dyexa—d and 4ab, whose

acyl acetated0a—c afforded11a—i.?” This one-pot synthesis accessibility has already been describe#. Only for the

is straightforward and the yields are acceptable, as long as nointroduction of the ethyl groups at the 3,4 positions of the

Results

sterically demanding group is involved at positioh Rowever, thiophene unit did some additional synthetic steps become
(27) (a) Guareschi, JBer. Dtsch. Chem. Ges. Board 4 (Referate, Patente, (28) (a) Wiuthner, F.; Sens, R.; Etzbach, K.-H.; Seybold, &&gew. Chem.,
Nekrologe)1896 29, 654-656. (b) Bello, K. A.Dyes Pigm.1995 28, Int. Ed 1999 38 1649-1652. (b) Wuthner, F. Synthesis1999
83—-90. (c) Katritzky, A. R.; Rachwal, S.; Smith, T. Beterocycl. Chem. 2103-2113. (c) Wuthner, F.; Yao, S.; Wortmann, R. Inf. Rec.2000
1995 32, 1007-1010. 25, 69-86.
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Table 1. Absorption Maxima A, Dimerization Constants Kgim, Standard Gibbs Free Dimerization Energies AqimG°, Absorption Maxima of the
Monomer (M) and Dimer (D), and Excitonic Splittings for Dyes 1a—m from UV—Vis Dilution Studies at 20 °C in Dioxane#? (Standard

Concentration ¢°= 1 mol L™1)

dye starting material Rt R? R3 R* Aw/nm Ap2lnm Ap/nm Avpylecm™t Kgim/L mol~* =AginG°/kJ mol~t
la 14e, 11b Dodec Me Dodec H 569 492 c c 140 000 28.8
1b 141, 11c Ethex Me Ethex H 570 495 593 3300 47 000 26.2
1c 14a, 11a Hex Me Hex H 568 492 597 3600 110 000 28.2
1d 14b, 11a Hex Me Bu H 568 492 c c 120 000 28.5
le 14c, 11a Hex Me sBu H 567 495 c c 52 000 26.5

1f 14d, 11a Hex Me tBu H 566 494 589 3300 120 000 28.4
1g 14c, 11d Pr Pr sBu H 568 497 592 3200 18 000 23.9
1h 14c, 11le iPr Pr sBu H 570 500 602 3400 9700 22.4
1i 14c, 11f iPr iPr sBu H 571 504 603 3300 3600 19.9
1j 149, 11g Ethex Pr Dodec iPr 562 503 604 3300 1900 18.4
1k 14g, 11h sPent Pr Dodec iPr 564 506 612 3400 900 16.6
1l 14h, 11e iPr Pr Pr iPr d d d d d d

im 14i, 11i Bu Me Me H 567 489 c c 280 000 31.1

a Average from nonlinear regression analyses at four to six different wavelengths of the monomer and the dimer absorption bands. Standard deviations
are aboutt 0.2 kJ mot? for AgmG°. Each dye was studied at a minimum of eight different concentrations in cells of appropriate path length8@0.01
mm). ® sPent= rac-1-methylbutyl; Ethex= rac-2-ethylhexyl; Dodec=1-dodecyl;iPr = isopropyl;sBu = secbutyl. ¢ Second dimer band not founéiNot

evaluated because of limited solubility.

Scheme 2. Synthesis of Dye 2c@
Br Br —
b c T,
2/\§_i)_>/\—)_>/\———1—> £ 100
S s Br~ g7 TBr —
°
16 17 18 £
-}
9 . e) 2 2 507
B e /N @
Br~" g~ ~CHO N> g~ ~CHO
19 Bu -
aConditions: (a) EtMgBr, NiCldppp, E$O, reflux under Ar, 24 h, yield 700
70%. (b) NBS, CHQ and HOAc, 70°C, 4 h, yield 90%. (c) 1. BuLi; 2. A (nm)

DMF, yield 78%. (d) Ethylbutylamine, toluene-4-sulfonic acid, 2@ 20

h. (e) 11i, Ac20, 100°C, 1 h, yield 23%. Figure 1. Concentration-dependent optical absorption spectra ofidye

) ) ~indioxane. The arrows indicate the decrease of the intensity of the monomer
necessary, which are collected in Scheme 2. The synthesis ofoand and the appearance of a dimer band with increasing concentration

dyes3—8 has already been described elsewhere in the contextfrom 1.0x 100 3.0x 10-> M. The spectra of the monomer(—) and
the dimer (- - -) were calculated from the data at two different concentrations

of our previous work ?nghe electrical and optical properties of and the binding constant according to eq 3. Aimost identical spectral changes
these chromophoré4:1> were observed for all dyeka—m (see Supporting Information).

Dimerization Studies for Dyes 1a-m in Dioxane. Aggrega- o . ) )
tion of dyes in liquid solution is most widely studied by optical the initial (monomeric) dye concentration, aad=cw/Cou) is

spectroscopic methods. For the dyes discussed in this paper, dhe fraction of the monomeric dye in solution. The average
significant spectral change could be observed upon variation (&pparent) molar absorptivity of the dye in solution may be
of the concentration in the range from£@o 102 mol/L using expressed in the form

cells with path lengths between 0.001 and 5 cm. The-Wig _

spectra in dioxane in diluted solution (10M) can be ascribed €= eyot (1= aep @)

to the monomeric (_jyes with the most intensive charge-trgn_sferwhereeM andep are the molar absorptivities of a free and the
(.CT) pand qccurnng at longest wavelength and sub3|d|§ry dimer-bound monomeric unit, respectively. Combining eqs 1
vibronic maxima or shoulders at shorter wavelengths. With 2, we obtain eq 3:

increasing concentration, the intensity of the CT band is reduced,

and a concomitantly appegring hypsochromically shifte_d new /8KdimC0M F1-1
band reveals the aggregation of the dyes. Over a considerable €= (e —€p) T € 3)
4Kd' COM \Em D. D
m

range of concentrations, well-defined isosbestic points occur in
the conpentratmn series of abSOI’pt.I\./I'[Y curves (Figure 1) Qnd Nonlinear regression analysis of the apparent molar absorptivity
clearly indicate the presence of equilibria between two species, . - .
i.e., monomeric (M) and dimeric (D) dyes. This allows us to of the dye as a function of dye concentration at certain
o yes. wavelengths based on eq 3 yields the dimerization constants

formulate a simple dimerization model according to Kdim and allows calculation of the monomer and dimer spectra.
o _ The dimerization constants and the related Gibbs dimerization
_ b _1-«a .
Kim=—"3=" Q) energies,
Cv~  20°Cyy
whereKgm denotes the dimerization constant for 2WMD, cy
and cp are the concentrations of monomer and dinugy, is for 1a—m are collected in Table 1.
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Table 2. Absorption Maxima A, Dimerization Constants Kgim, and 1.00

Standard Gibbs Free Dimerization Energies AgimG°® for Dye la
from UV—Vis Dilution Studies at 20 °C in Various Solvents?@

(Standard Concentration ¢® = 1 mol L) 0754

Al Aol Apd  AVpul Keim! =AgnG°l
solvent & nm nm nm cm~t L mol~! kJ mol~* 2

CCly 2.24 593 506 b b 2100000 41.1 s 050

dioxane 222 569 492 b b 140 000 28.8 8

benzene 227 582 505 604 3200 72000 27.2 0.254 a

TCE® 3.39 581 501 602 3300 18 000 23.9

CHCl; 481 558 489 558 2500 520 15.2

BuAc® 5.07 555 491 554 2300 1000 16.9 0.00

THF 752 551 493 550 2100 65 10.2 1o 8 5 4 5 0
DCE® 10.42 548 492 561 2500 12 6.1 log ¢

Figure 2. Fraction of monomerdmonome) Calculated from UV-vis data

a Average from nonlinear regression analyses at four to six different - ; f .
J 9 A at certain wavelengthdl) in various solvents and results of the nonlinear

wavelengths of the monomer and the dimer absorption Ba®econd dimer

band not found® TCE = trichloroethylene; BuAc= butyl acetate; DCE= regression analysis) based on eq 3 for dyka: (a) in tetrachloromethane
dichloroethaned The same value was obtained in an NMR diluton &t 594 nm, (b) in dioxane at 505 nm, (c) in trichloroethylene at 505 nm, (d)
experiment in CDG based on the Change 8fl chemical shifts. in chloroform at 500 nm, (e) n butyl acetate at 500 nm, (f) n tetrahydl’o-

furane at 495 nm, (g) in dichloroethane at 505 rms concentration in

: I liter.
The values oKgm and AgimG°® are apparently influenced by moles per et

the introduction of sterically demanding alkyl groups. In general,
only a small influence on the binding energy is exerted by
substituents Rand R that are attached at the peripheral edges
of the dyes {a—f,m). On the other hand, for the more central
substituent R at the pyridone acceptor heterocycle, g
value is reduced by about 1 order of magnitude with a simple
n-propy! substituent in place of methyldh), and a further
factor of 2 was possible with the sterically more demanding 10+
isopropyl group 1i). Another quite efficient way to reduce the
propensity for dimerization was the introduction of isopropyl 0.0030 0.0032 0.0034
substituents at the 2,6 positions of the pyridine donor heterocycle p
(2j—1). Upon combined application of these “high impact” VT (K™)
substituents Rand R, a dimerization constant of 900 Mwas Figure 3. Van't Hoff plot for the temperature dependence of the
L . dimerization constant afain dioxane solution.

observed follk, which is 2 orders of magnitude lower than the
value for1la, corresponding to half of the value of the Gibbs
dimerization energy.

Solvent-Dependent Dimerization Studies of Dye 1&5ol-
vent polarity may be expressed by physical properties such as
the relative permittivitye,, the dipole momenjgy and the
refractive indexh or by empirically derived polarity scales such
as the ones of Dimroth and Reichar&(30)) or Kamlet and
Taft (:r*_).29 Very often thgse scales are used to cqrrelat_e energy —RTIN Ky = AgH® — TAG S (5)
properties based on linear free energy relationships. The

dimerization of the merocyanine dyes is characterized by a free UV—vis experiments, where the dimerization constats,
dimerization energy which should be highly dependent on the were determined at five different temperatures by nonlinear

polar?ty qf the solvent if dipqlar i.nte.ractions make the main regression analysis as outlined above. The plot %R versus
contribution. Therefore, the dimerization constants were evalu- T-1shows a linear relationship with correlation coefficient

ated forlain a number of solvents with different polarities 0.997 (Figure 3). The standard dimerization enthalpy and
(Table 2 and Figure 2; for spectra refer to the Supporting entropy were determined to Bei,H° = —39.8+ 1.7 kJ mot*

Information). . _ _ . andAginS = —37.9+ 5.5 J mof! K™%, indicating an enthalpy-
The occurrence of dimer bands and isobestic points in the 4.\ an dimerization process.

concentration-dependent spectra indicates the formation of iari-ation Studies for Dyes 2-8 in Dioxane. The

dimers in all solvents but within quite different concentration dimerization model was equally applicable to describe the

ranges. As expected, the dimerization process turns out to be.gantration dependence of the bwis spectra of dye8—8.

very sensitive to the polarity of the solvent that is expressed in ,, examples are shown in Figures 4 and 5 for the dfes
terms of the relative permittivitys,, in Table 2. In the most 5,47 \yhich again exhibit hypsochromically shifted dimer bands
polar SOJY?m' dichloroethane (DCE), a dimerization constant 5 \ye|l-defined isosbestic points. A similar behavior was found
of 12 M™% is obtained, Wh7'Ch 1? 6 orders of magnitude lower for all other dyes of this study (Figure 6), the spectra of which
than the value of 2< 10 ,M n th'e. least polar solvent, e displayed in the Supporting Information. In all cases,
tetrachloromethane. Accordingly, significantly higher concentra- ;o ri-ation constants and Gibbs dimerization energies could
(29) Reichardt, C., EdSobents and Selent Effects in Organic Chemistry, 2 be derived from e_qs _14'_'_:r0m the values given _in Table 3_’
VCH: Weinheim, 1990. we conclude that, in addition to the already mentioned sterical

124

im
Ll

114

In K,

tions than in tetrachloromethane are necessary to observe

aggregate formation in polar environments such as DCE.
Temperature-Dependent Dimerization Studies for Dye 1la

in Dioxane. The enthalpy and entropy contributions to the Gibbs

dimerization energy of dyé&a were obtained by means of a

van't Hoff plot according to eq 5 from temperature-dependent
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Figure 4. Concentration-dependent optical absorption spectra of5tlye

7
in dioxane. The arrows indicate changes of the monomer and the dimer g

bands upon increasing concentration from .05 to 2.7 x 1074 M.
The spectra of the monomer{—, Ay = 565 nm) and the dimer (- - 4p1
= 512 nm,ip2 = 590 nm) were calculated as described in Figure 1.
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Figure 5. Concentration-dependent optical absorption spectra of7dge

Table 3. Ground- and Excited-State Dipole Moments ug and ua
from EOAM and Absorption Maxima A, Dimerization Constants
Kgim, and Standard Gibbs Free Dimerization Energies AgimG°® from
UV—Vis for Dyes 2—8 in Dioxane at 20 °C (Standard
Concentration ¢® = 1 mol L™1)

11070y f107% Ayl Aol Apd  AVpl Kaim®/ =A4inG°/
dye Ccm Ccm nm nmm nam cm! L mol~* kJ mol~*
im 57 42 567 489 b b 280 000 31.1
2a 47 53 535 503 551 1700 75 10.5
3 52 45 633 559 b b 47 000 26.2
4a 43 49 520 c c c <5 <4
5a 44 47 462 429 493 3000 460 15.2
5b 47 56 565 512 590 2600 1100 17.4
5c 50 83 660 590 661 1800 3700 20.4
40 31 515 476 b b 110 11.6
50 45 494 448 487 1800 160 12.6
64 48 671 554 b b 8000 000 39

a Average from nonlinear regression analyses at four to six different
wavelengths of the monomer and the dimer absorption b&riscond
dimer band not found: For dyes4ab, no aggregation could be observed
in the solvents dioxane and tetrachloromethane up to a concentration of
2 x 102 mol L7,

of the interacting molecular surfaces (related to van der Waals
interactions) may also contribute to this effect. Remarkably, the
dyes2a, 5b and4ab have the same acceptor unit and similar
dipole moments but show significantly different interaction
energies. It seems reasonable to suspect that the bent shape of
2amakes the antiparallel alignment of two dye molecules less
efficient compared to that in the linear dgb (see also the
crystal structure ofc). The fact that no aggregation could be
observed for dyedab within the concentration range accessible
with our instrumentation can be rationalized by the high steric

dioxane. The arrows indicate changes of the monomer and the dimer bandsdemand of the 3;3dimethylmethylene unit of the electron-

upon increasing concentration from 110~ to 2.6x 10-3 M. The spectra
of the monomer ¢-, Ay = 494 nm) and the dimer (- - Ap1 = 448 nm,
Ap2 = 487 nm) were calculated as described in Figure 1.

1.00
0.75
§ 0.50
[<
£
3
0.25
a e A\ e \
0.00 . . . ;
-10 -8 -6 -4 -2 0
log ¢

Figure 6. Fraction of monomeric dye—8 calculated from experimental
data at certain wavelengthl) and the calculated lines) based on the
dimerization constants given in Table 3: @)t 690 nm, (b)la at 505
nm, (c)3 at 590 nm, (dbcat 635 nm, (epb at 510 nm, (f)5aat 430 nm,
(g) 6 at 475 nm, (hRaat 505 nm, and (iy at 455 nm;c = concentration
in moles per liter.

factors, a significant influence can be attributed to the dipolar
nature of the dyes and the length of theconjugated system.
The progressive increase of binding constants féolm1c and

donating indoline heterocycle.

Structural Characterization in Solution by 2D NMR
Spectroscopy.In a closely packed dimer, spatial proximities
between nearby protons of the two individual molecules should
lead to faster spin relaxation rates, owing to dipolar through-
space couplings which can be studied by nuclear Overhauser
effect (NOE) spectroscopy. Since the signal intensity of the NOE
becomes very low in the intermediate mass range, in our case
(the masses of the dimers are around 1000 g/mol) the rotating-
frame Overhauser enhancement spectroscopy (ROESY) tech-
nique was applied. For these experiments, high concentrations
of predominantly dimerized molecules (which require high
binding constants) as well as protons with distinct chemical
shifts are desirable, which suggested dipeas a good candidate.
First, full assignment of the protons and carbons of the
monomeric dyelb was accomplished by two-dimensional
homonuclear HMQC and HMBC measurements in TdgF-
where the dye has a very low binding constant and insignificant
amounts of dimers are present even at high concentration. The
through-space connectivities were then determined by ROESY
in dioxaneds at a concentration of 5 mM, where the dimeriza-
tion is almost complete~96%, calculated fronKgim = 4.7 x
10* M~1) and in CDC}, where monomeric dyes prevail due to
the lower dimerization constant. In CDLho intermolecular

to 8is evidently due to the increase of the dipole moment causedcross coupling could be found, and all ROE signals could be
by more and more electron-withdrawing acceptor heterocycles. assigned to intramolecular through-space couplings. In contrast,

Another interesting series of dyes is given with—c that also

two new cross-peaks appeared in the ROE spectrum in dioxane,

exhibit a gradual increase of the binding constant concomitantly i.e., Hh—Hg and Hs—Hy, respectively (Figure 7). For those two

with the extension of the conjugated system. In addition to

pairs of protons, the intermolecular distances in a centro-

increased dipole interactions within this series, the enlargementsymmetric dimer according to Figure 8 are 2.6 and 2.9 A (based
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B Figure 9. ORTEP drawing of the structure @f in the crystal with atomic
numbering and selected bond distances. Hydrogen atoms were omitted for
, clarity.
i
438 Table 4. Selected Bond Distances for 1l in the Crystal?
e e e atom1l  atom2  bond length (A) atoml  atom2  bond length (A)
m
PP 84 7.6 C13 N1 1.383(3) C6 C7 1.411(4)
Figure 7. Selected area of the ROESY NMR spectrumégd® mMsolution C12 C13 1.357(4) C7 c8 1.383(4)
of dye 1b in dioxaneds at 300 K. C1 N1 1.387(3) C8 C9 1.431(4)
C1 c2 1.368(4) C6 C10 1.450(4)
Cc2 C3 1.402(4) 02 Cc9 1.234(3)
C3 C12 1.407(4) N2 Cc9 1.390(4)
C3 C4 1.435(4) N2 C10 1.416(4)
c4 C5 1.354(4) o1 C10 1.236(4)
C5 C6 1.441(4)
aEsd’s in parentheses refer to the last digit.
Chart 2
— — (0]

o

Figure 8. Structural model for the dimeric unitb), in solution based on
the NMR studies and AM1 geometry-optimized molecules. The arrows central C4-C5 bond, almost the distance of &C double bond
indicate spatial proximities as evidenced by ROESY cross coupling peaks
(only half of which are shown in Figure 7). All alkyl substituents were

replaced by methyl for simplicity.

on AM1-optimized moleculé8), which are well within the range

a structure similar to the one illustrated in Figure 8.
Structural Characterization in the Solid State by X-ray
Crystallography. Further evidence for the formation of dimeric

aggregates is provided by structure determination of dyes in With a estimated degree of 81.8% for the zwitterionic fGfm.
the solid state by X-ray crystallography. Although it is often Thezwitterionic character of the structure is also corroborated
difficult to grow single crystals of sterically crowded and/or
highly dipolar dyes, crystals of dyeH and 2c suitable for
crystallographic structure analysis could be obtained by slow (Table 2).
crystallization from a hexane/ethanol solution at low tempera-
ture. The ORTEP view of the molecular structurelbis shown

substituents, an almost undisturbagconjugated system is
observed which is nearly coplanar (twisting angle of 11

between the mean planes of the pyridone and the pyridine rings)

and reveals significant bond length equilibration within the
conjugated path. Thus, with a bond length of 1.35 A for the

(30) CAChe for Windows, version 3.2; Oxford Molecular Group, Inc., USA,
1999; see http://www.oxmol.com

Me—N

21

is maintained (standard single-bond and double-bond values 1.46
and 1.34 A, respectively},indicating a significant displacement

of electron density (or charge transfer) from the donor to the
acceptor part, corresponding to a large contribution of the
of ROESY experiments, whereas the intramolecular distanceszwitterionic resonance structure in this merocyanine dye. This
between these protons within the same molecule (5.0 and 6.5conclusion is also supported by the other bond lengths given in
A) are far beyond the sensitivity of this technique. These results Table 4. For comparison, the well-known Brooker dy¢24-
strongly indicate the existence of centrosymmetric dimers with [1-methyl-4-(1H)-pyridylidene]ethylidengcyclohexa-2,5-dien-
1-one @1, Chart 2), which has a similar conjugated backbone
and a length of the central bond of 1.35 A in the solid state, is
considered as the prototype of a zwitterionic merocyanine dye,

by the negative solvatochromism of d¢e,33i.e., red shift of
the monomer absorption band with decreasing solvent polarity

The observed arrangement of the dyes in the crystal is fully
consistent with the solution 2D NMR experiments. As can be
in Figure 9. Despite of the considerable number of bulky seen from Figure 10, even in the presence of three bulky
isopropyl substituents, a centrosymmetric unit of two dyes is
formed which are now, however, considerably slipped apart to

(31) Sutton, L. E. InTables of Interatomic Distances and Configuration in
Molecules and lons, Special Publication No; Mtchell, A. D., Somerfield,
A. E., Cross, L. C., Eds.; The Chemical Society: London, 1965.

(32) De Ridder, D. J. A.; Heijdenrijk, D.; Schenk, H.; Dommisse, R. A.; Lemiere,
G. L.; Lepoivre, J. A.; Alderweireldt, F. AActa Crystallogr.199Q C46

2197-2199.

(33) For the solvatochromic properties of dyes of tyie see ref 39.
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Figure 11. ORTEP drawing of the structure 8t in the crystal with atomic
numbering and selected bond distances. Hydrogen atoms were omitted for
clarity.

Figure 10. Molecular packing ofll in the crystal. (a) View at thbc plane
showing the packing of the dyes in columns with a close and a more distant
neighbor. (b) Top view of the dimeric unit.

accommodate the bulky side chains. Owing to this displacement,
the two neighboringr-conjugated systems may approach close
to the smallest possible van der Waals distance between two
m-systems, i.e., 3.5 A. This face-to-face arrangement leads to a
densely packed dimer that optimizes not only the dispersion
interactions but also the electrostatic energy because of the
antiparallel orientation of the highly dipolar dye molecules. The
isopropyl groups of the pyridone rings are located over the
methine chain of the neighboring dye, and the two isopropyl
groups at the pyridine donor heterocycles find enough space as
a result of the displacement. Compared to the geometry of the
sterically less critical dimerl), in solution, we note that the
two (negatively charged) pyridone acceptor groups lay on top
of each other in the dimeric unitll),, which should be
energetically less favorable and may account for the reducedFigure 12. Molecular packing of2c in the crystal. (a) View at thab
interaction energy of dyesl in solution. p!ane sho_vving packing of _the dyes in_colu_mns _With a close and a more
A second interesting structural motif, the packing of the distant neighbor. (b) Top view of the dimeric unit.
dimeric units in the crystal, is revealed in Figure 10a. Thus, Table 5. Selected Bond Lengths for 2c in the Crystal?

the dimers pack in an antiparallel fashion alongadfsis, which aoml  aom2  bond length (A) aoml  aom2  bond length ()
furthz_ar minimizes thc_a electrostatic energy despite the now ~—~; N1 1.340(5) c6 c7 1.416(5)
considerably larger distance between theystems £5.6 A). Cc1 s1 1.728(4) c7 cs 1.368(6)
The reasons for the larger distance may be attributed to the alkyl C1 c2 1.434(5) C8 Cc9 1.447(5)
chains, which have to point away from the contact surface of c2 cs3 1.371(5) Cc6 c10 1.448(5)

S ) (ox] C4 1.447(5) 02 c9 1.226(5)
the densely packed dimeric unit to allow for the close contact g, ca 1.749(4) N2 c9 1.395(5)
of 3.5 A. As a consequence, the distance to the second neighbor c4 C5 1.370(6) N2 C10 1.400(5)
has to be increased. Such structural features might also explain €5 C6 1.423(5) 01 C10 1.229(4)

why we did not find any evidence for more extended aggregates

than dimers in the concentration-dependentt¥is experiments

for the whole series of merocyanine dyes. 5). The central C4C5 bond length of the methine bridge is
Structural and packing features similar to those Ibiare now 1.37 A, which is larger than ifl but still shorter than the

observed for the less polar and sterically less crowded mero-1.42 A of the C5-C6 bond. Other features which support the

cyanine dye2c. As shown in Figures 11 and 12¢ exhibits a high conjugation between the donor and the acceptor parts are

coplanarz-conjugated system with a twisting angle of onfy 7 the short N+C1 bond length of 1.34 A, the 3jybridization

between the mean planes of the thiophene and the pyridoneof the dimethylamino nitrogen (dihedral angles of T9fdr

rings, and the observed bond length alternations again indicateC19-N1—-C1-C2 and 9.4 for C17— N1-C1-C2), and the

a high contribution of a zwitterionic resonance structure (Table quinonoid geometry of the thiophene ring, which exhibits longer

aEsd’s in parentheses refer to the last digit.
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Figure 13. DSC trace of dyelc showing the heat flows within the first Figure 14. Dipole moment measurements of dyis(4) and4b (W) in

X iy S P 5 A
heating cycle at 10 K mirf. The heat of the melting transition at 166 dioxane withY = (& — 1)f(er + 2) — (n* — L)/(n* + 2). The solid lines
amounts 39 J g. show the calculations according to eq 6 under the assumption of ideal non-

interacting dye2b (ugw = 47 x 10730 Cm) and4b (ugw = 43 x 1030
) ) Cm). The dashed line shows the calculation according to eq 7, where the
carbon-carbon distances for the,£Cy formal single bonds  dimerization to a centrosymmetric dimétdn» = 30 ML) was considered.

and a shorter distance for thg-©Cs formal double bond, i.e.,
1.43, 1.37, and 1.45 A for GiC2, C2-C3, and C3-C4, behavior may tentatively be attributed to the high interaction
respectively. energies in the dimeric units which do not easily slip to another
In the unit cell of dye2c (Figure 12), again centrosymmetric ~ arrangement to form a densely packed crystal. At higher
dimers of2c are packed face-to-face, as observed for tye temperature, the mobility of the dyes increases due to the large
Owing to the lower sterical congestion comparedlicthe two negative entropy associated with dimerization (see above), and
7-systems may now approach at a distance as close as 3.40 Aa more ideal crystal packing is achieved, as indicated by the
and the thiophene donor and pyridone acceptor heterocycles arénorphological transitions in Figure 13.
positioned on top of each other, which supposedly is the most ~Dipole Moment Measurements.The centrosymmetric ar-
ideal packing, which was also found in solution NMR studies rangement of the dyes in the crystalline states implies a zero
for the dimer of dyelb. On the other hand, the top view of the ~dipole moment of the dimers in contrast to the large dipole
dimer (Figure 12b) also reveals some constraints for these bentmoments of the monomeric dyes. As a consequence, the
shaped monomethine dyes that cannot perfectly superimpose2Pparent dipole moment of the dye solution should also change
the wholes-conjugated chain on top of each other, in contrast With increasing concentration due to aggregation. This could
to their linear dimethine counterparts. This restriction probably Pe quantitatively verified by dipole moment measurements for

accounts for the lower binding constants2a-c in solution. ~ four selected dyes with varying dimerization constants. In
In the dimeric unit of the crystal, all but one alkyl substituent Ccontrast to the EOAM method discussed below, the most
point away from the center of the dimer. As fdt, this common method for dipole moment elucidation is based on

arrangement allows for a close contact of the tesystems dielectric and refractive index measurements according to
within the dimer at a distance of only 3.40 A but demands a Debye’s theory. In the simplest analysis according to Guggen-
larger distance (4.60 A) to the next neighbor. While this distance heim and Smith, the changes in the dielectric constant and the
is out of the range ofr—x interactions, the antiparallel refractive index of solutions of a polar solute (i.e., the dye) in
arrangement again suggests electrostatic forces to be of primary@ honpolar solvent are measured within a condenser cell and a
importance for the packing of the dyes in the solid state. refractometer, respectively, and evaluated according to eq 6 by
Finally, a remarkable propensity of these merocyanine dyes linear regression analysigIn this equation¢ denotes the molar

to form amorphous solids or microcrystalline powders was )
observed. This was already mentioned above in the context of -1 _ n“—1 _ AN pg o+ t 6
the difficulties experienced for obtaining suitable crystals for €+T2 242 KT const. ©
single-crystal X-ray diffraction. Differential scanning calori-

metric (DSC) studies for several of the dyes in this study showed concentration of the solute; the dielectric constant of the

a complex phase behavior, a typical example) (being solution,n the refractive index of the solutiokg the Boltzmann
displayed in Figure 13. Two morphological transitions occur at constantNa Avogadro’s number, andy the dipole moment of
about 100 and 150C before the compound melts at 160. the solute. For nonaggregated (i.e., noninteracting) dyes, a linear

For a significant number of merocyanine dyes, cooling with relationship is typically observed if the left side of eq 6 is plotted
rates of 10 K min' does not lead to recrystallization but to  against the concentration of the solute, and from the slope the
formation of amorphous solids. The propensity for glass prefactor of the right side is deduced. Such a linear behavior
formation was utilized in our prior work on organic photo- was indeed observed for dytb (Figure 14, squares), with a
refractive materials based on merocyanine d¥esd4 with correlation coefficient = 0.999 and a calculated dipole moment
indoline and aminothiophene donor grodps? This peculiar of 43 x 10739 Cm (=13 D) that exactly corresponds to the result
obtained by EOAM (Table 3). In contrast, in the case of
aggregating dyes, a concentration-dependent deviation toward

(34) (a) Wirthner, F.; Yao, S.; Schilling, J.; Wortmann, R.; Redi-Abshiro, M.;
Mecher, E.; Gallego-Gomez, F.; Meerholz, K. Am. Chem. SoQ001,
123 2810-2814. (b) Mecher, E.; Gallego-Gomez, F.; Behle, C.;
Meerholz, K.; Wortmann, R.; Yao, S.; Sautter, A.;'Wthner, F.Proc. SPIE (35) (a) Guggenheim, E. Alrans. Faraday Sod 949 45, 714-720. (b) Janini,
200Q 4104 118-129. . M.; Katrib, A. H.J. Chem. Educ1983 60, 1087-1088.
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Figure 15. Dipole moment measurements of dyHs () and1j (a) in
dioxane with Y= (e — L)/(e; + 2) — (n? — 1)/(n? + 2). The lines show
the calculations according to eqs 6 and 7 witfy = 57 x 10730 Cm for
non-interacting dyes—<) and aggregating dyes with a dimerization constant
of 4.7 x 10* M~1 (- - -), respectively.

smaller values (i.e., saturation behavior) is observed, and smaller

dipole moments are calculated by linear regression analysis.
Thus, for the weakly aggregating dge (Figure 14, triangles),

the dipole moment calculated according to eq 6 from the
concentration-dependent increaseandn is only 40 x 1030

Cm, compared to the EOAM value of 47 10°3° Cm. Even
more significant are the deviations in the case of the strongly
aggregating dyedb (Figure 15, squares) antj (Figure 15,
triangles), where the concentration-dependent increaseanfl

n afforded valuesig = 17 x 10730 Cm for 1b andug = 40 x
10730 Cm for 1j that fall far below the EOAM dipole moment

of this chromophoreuy = 57 x 10730 Cm, Table 3). However,
considering the dimerization constants given in Table 1, one
can calculate that dyeld are largely dimerized throughout the
whole concentration range of the given experiment, whereas
the amount of dimerization continuously increasesXowith

ascribed to the occurrence of another type of aggregate for this
dye at higher concentration with a dipole moment different from
zero.

Electrooptical Absorption Measurements.The dipole mo-
ments of the monomeric dyes were determined by electrooptical
absorption measurement (EOAM) in dioxatiedn advantage
of this technigue is that it can be used at high dilution (typically
about 10° M), where the majority of the merocyanine dyes
did not show notable dimerization. In an EOAM experiment,
one detects the influence of an external electric field on the
optical densitya = ec, of the solution. The measurements are
carried out for two polarizations of the incident liglt € 0°,
90°, i.e., parallel and perpendicular to the applied field) and
for several wavenumberg within the absorption band. The
effect of the electric field on the optical density may be described
as second order in the field by the quantity®2

a7 - a(f) 1

NG B

9)

whereaf = ¢FcF is the optical density of the solution in the
presence of the fiel&E. Usually the dye concentration is not
field dependent, so thaF = c. The field induces then only a
change of the molar decadic absorption coefficierithe two
main contributions to this change are due to the electrodichroism
caused by partial alignment of the dipolar dye molecules and
to the band shift caused by charge redistribution in the externally
applied field. These effects can be quantitatively determined
by a numerical band shape analysiand yields among other
information the ground state (g) and excited state (a) dipole
momentsyug andu,, of the dyes. The values are summarized in
Table 3.

In case of chemical equilibria, there may be also an electric
field effect on the concentration, as has been shown by Liptay

increasing concentration, as suggested by the saturation behaviogt al3” This effect may be expected to be particularly strong if
of the curve (Figure 15, triangles). Clearly, in such a situation, the reacting species strongly differ in their dipole moments, as
eq 6, which was derived under the assumption of noninteractingis the case here with the monomeric and dimeric merocyanine
solute molecules, is not applicable. Taking into account the dyes. The field dependence of the concentration is an isotropic
equilibrium of two species, a monomer with the dipole moment effect that-to second order in the fietddoes not depend on
obtained by EOAM and a dimer with a zero dipole moment, the polarization of the incident light. Taking into account field-
calculations according to the suitably modified eq 7 reproduced dependent concentrations, eq 9 becomes
the experimental data for the two dy#s and2b (dashed lines
in Figures 14 and 15) fairly well: eE(d),T/) —e() 1 1 8%
() E* 20HF°

For more than one absorbing species, eq 10 has to be generalized
by summation over all absorbing reactants. For the dimerization
In this equationﬂg2 denotes the averaged square of the dipole equilibrium eq 1, the field dependence of the concentrations
moment,uqu, 1go the ground-state dipole moments, ang may be expressed by the field dependence of the dimerization
cp the concentrations of the monomeric (M) and the dimeric constant that is given by

(D) species. The monomer concentration was obtained using
eq 1 and the dimerization constant given in Table 1 according
to

L(p.¥) = (10)

1
ﬂgz = %(CM/’LQMZ + ZCDlugDZ) (7)

KdimE = Kgim exp(_AdimGE/ RT) (11)
whereKgimE is the dimerization constant within the field and
AqimGE the field-dependent contribution to the Gibbs enthalpy

A/ 8Kd|mCOM + 1 -

4Kdim

1

8)

Cu =

(36) (a) Liptay, W. InExcited States, Vol. 1. Dipole Moments and Polarizabilities
of Molecules in Excited Electronic Statelsim, E. C., Ed.; Academic
Press: New York, 1974; pp 12229. (b) Wortmann, R.; Elich, K.; Lebus,
S.; Liptay, W.; Borowicz, P.; Grabowska, A. Phys. Chem1992 96,
9724-9730. (c) Bublitz, G. U.; Boxer, S. G\nnu. Re. Phys. Cheml997,

48, 213-242.

(37) Liptay, W.; Rehm, T.; Wehning, D.; Schanne, L.; Baumann, W.; Lang,

W. Z. Naturforsch. A1982 37, 1427-1448.

The good fit results obtained with this model for dydsand

2b further support the idea of centrosymmetric dimer formation
in solution. Only for 1j were slight deviations from this
simple model observed in the fitting, which may tentatively be
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501 T dimer band. The results ate, = 3800 x 102°m? V2 and
40 i 13000 Lo, = —2300x 1072°m? V2 Applying egs 13 and 14 with a
5 jo dmer dipole moment ofugy = 57 x 1073° C m and Lorentz local
2 304 [ 2000 § field factors ofL = 1.4, we obtairLg, = 2300x 10720m2 V2
k| P B andLg, = —1700 x 10720 m? V=2, which are in reasonable
"Eg 204 ‘ § agreement with the experimental values.
o . ’ 41000 ‘®
B 104 . . .
S Discussion
0 LI MRATES 0 , , .
w7 The results obtained for merocyanine dyes8 provide a
-10 . fairly complete and general picture of the dimerization of these
15000 17500 20000 22500 25000 dyes in solution as well as their packing in the solid state. In
wavenumber (cm™) the following discussion, we interpret the intermolecular forces
Figure 16. Optical absorptione(#)/cm® mol~t (— — —, right scale) and that direct the dimerization process and discuss the solvent
elec_trooptical absorption signalJa(fz)/l(TlOcrrﬁve;2 molflicif chromophore dependence as well as the changes of the absorption spectra
im in dioxane at a concentration of 5:0 10°° mol L%, T = 298 K. upon dimerization. In the last section we will discuss the

Electrooptical data points are shown for parall€: (¢ = 0°) and . . . .
perpendicular polarizatior®¢ ¢ = 90°) of the incident light relative to implications of the results to nonlinear optical and photo-

applied electric field and multilinear regression curves in the regions of refractive applications that rely on the orientation of dipolar
monomer and dimer bands. dyes in an external electric field.

We begin the discussion from a structural point of view and
of the reaction. The latter quantity may be estimated according With a comment on why such a common aggregation process
to the theory by Liptay’ which yields after minor modifications ~ has been rarely observed in solution before, despite the vivid

and assuming a vanishing dipole moment of the dimer the interestin merocyanines for decades, in both the chemistry and
following expression: the applications of these dyes in new technologies. One reason

is probably the typically low solubility of simple merocyanines
that bear only small substituents such as hydrogen or methyl.
Such dyes form very stable crystal lattices and accordingly
dissolve only in “good” solvents that provide strong dipolar and
wherelL is a Lorentz local field factor. With eqs 1 and 8, it ~dispersion interactions with the dye molecules. However, in such

follows for the relative field dependencies of the concentrations Solvents no aggregation takes place within the typical concentra-

L2u 2E? (12)

in the monomer and dimer band to second order: tion range of optical spectroscopy.
On the other hand, centrosymmetric arrangements of dyes
1 ¥t Com — Cw LzﬂgMz including merocyanines have been found in a number of

(13) crystallographic studies on organic NLO chromophores with
large ground-state dipole mome#tsélt is indeed believed that

> E s 2 the centrosymmetric packing of dipolar dyes is the most

L _1 9"cp - _ Cwm L s g (14) common structural motif in the solid state and does account

% 2cy gE? 2(2com — ) 3szT2 for the failure of most organic crystals to exhibit second-order

nonlinear optical effects which require noncentrosymmetric

whereL,, andLg, have been introduced as abbreviations and ordering. The crystal structure of the intensively investigated
cu has been defined in eq 8. Equations 13 and 14 show that theZWitterionic merocyanine dy21 was recently resolved by De
external field increases the monomer concentration at the Ridder et af? As for 1l and 2, a pairwise centrosymmetric
expense of the dimer concentration. packing of the dyes is observed at a distance typicat-ofr

For the strongly polar dy&m, we indeed were able to observe ~ contacts (3.49 A in the central part of the molecule). Due to
such an electric field effect on the concentration. This dye the highinterest in this dye in nonlinear optics, many derivatives
dimerizes Sufﬁcien“y even at the low concentrations of the have been synthesized, and its zwitterionic character has been
EOAM experiment, and its U¥vis absorption spectrum clearly ~ €stablished in solution and confirmed by quantum chemical
shows monomer and dimer maxima Corresponding to a dimer- Calculati0n33.9 Upon CocryStaIIization of two diﬁerently sub-
ization constant oKgm = 280 000 ML The electrooptical stituted derivatives of this dye and a third hydrogen-bond-
Spectrum oftm taken at a concentration 06M =590x 10 donating phen0|, Bosshard et al. achieved acentric, hlghly NLO
M and a temperature of = 298 K is displayed in Figure 16.  active structures which, however, still preserve an antiparallel
Large electrooptical signals are observed in the region of the (38) For some examples, see: (@) Cole, 3. C.. Howard, 3. A. K. Cross, G. H.:
monomeric band due to the large monomer dipole moment and™" szaplewski, MActa Crystaliogr.1995 C51 715-718. (b) Kagawa, H.;
the corresponding electrodichroic effect. In contrast, the signals gﬁgﬁqwa'\hxgr'fgéﬂﬁagaé gzz*fglégt;’ﬂ (/;: ,\*jgltlz “Q;? gaﬁyaﬁe?r,n:: INSh':z’ K.
are much lower in the region of the dimer absorption band due Ashwell, G. 'J,J__ Mol. Cryst. Lig. Cryst,1ggg4 107,'133-149. (d)
to its small or vanishing dipole moment. Closer inspection shows %fflfn?ee)fgs?g 't:)e mé@“gggﬂ';@pggeerwﬁgm’e 'thEdBEQggg %Igﬁg
that the electrooptical signals are even negative within the dimer Tetr'ahedron{gg’g 54, 8469-8480. T T ’

i i i ibuti (39) (a) Gruda, I.; Bolduc, FJ. Org. Chem.1984 49, 3300-3305. (b)

band, in accordfance with an expected negative contrlbut!on from Niedbalska, M.: Gruda, (Can. J. Cheml990 68 691-695. (c) Morley
the concentration term (cf. eqs 10 and 14). Polarization- J. O.; Morley, R. M.; Docherty, R.; Charlton, M. H. Am. Chem. Soc.
dependent EOAM experiments allow us to separate the two 1997 119 10192-10202. (d) Morley, J. O.; Morley, R. M.; Fittod, Am.

i N . Chem. Soc1998 120, 11479-11488. (e) A. L. Lacroix, P. G.; Daran,
terms on the right-hand side of eq 10 within the monomer and J.-C.; Cassoux, iNew J. Chem199§ 1085-1091.

L = — =
M 20y 9E? 2(2com — Cw) 3sz-|-2
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orientation of neighboring dyes whose hyperpolarizabilities are,
however, not identical anymofé.

Intermolecular Interactions. Control of intermolecular
forces is of central importance in several disciplines in
chemistry, including solid-state chemistry, supramolecular
chemistry, and medicinal chemistry. Very often, special termi-

Scheme 3. Model for a Centrosymmetric Dimer of Two Dipolar
Dyes?

+ﬁ———>—

AL

e Z 1 7

nologies are applied to characterize the respective interactions 2R s the distance between the twesystems and is the slip angle

such as hydrogen-bonding;—x stacking, or the hydrophobic
effect because of difficulties in separating the different contribu-
tions arising from electrostatic interactions, orbital interactions,
and dispersion force®:*142 Especially the nature ofr—x
interactions (orr—sr aggregation,t—x stacking) has been
debated for a long time, and quadrupolar interactions (i.e., a
negative potential energy surface above theystem and a
positive o-framework) or dispersion interactions have been
favored as the major contributot3.On the other hand, the
aggregation ofr-systems in water, which is ubiquitously found
in nature in DNA, protein, and binding of drugs to these
molecules but also for small aromatit®r self-assembly of
charged cyanirfé and merocyanine dye8,seems to require a
different explanation. In this special solvent, the driving force
for aggregation seems to arise mainly due to the so-called
hydrophobic effect, which is controlled by changes within the
microstructure of water around the solute and exhibits a large
entropic contributiort?

In the following, we will show that none of these complica-

that results from the translational offset.

0
1,2-dichloroethane
|
-104 |
'T’\ chloroform tetrahydrofurane |
2 ” |
b
- -204 utylacetate ‘
X b A
E.') enzene trichloroethylene ‘
E -30+4 dioxane ‘
< }
I
401 cg ‘
i
I
"50 T T T T T 1
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Figure 17. Dependence of the Gibbs dimerization energylafon the

solvent permittivity according to eq 15 and nonlinear regression analysis
excluding the data for benzene and dioxane.

tions arises for the merocyanine dyes discussed in this paperfunctiop. The sgcond gontribution is- due the electrostatic
and that indeed a very simple electrostatic model accounts forintéraction of two interacting monomer dipole moments (Scheme

all our observations. We will first analyze the effect of the
solvent on the dimerization equilibrium of dyle. In a simple
model, two major contributions to the dimerization energy may
be identified. The first contribution arises from
the interaction of the monomer dipole momeunt, with the
reaction field in the solvent, leading to lowering of the energies
of the two monomers relative to the dipoleless dimer. The
standard theory of solvatochromidti® treats such effects by
approximating the solvent as a dielectric continuum and
expressing the polarity on basis of the Kirkwee@nsager

(40) (a) Pan, F.; Wong, S.; Gramlich, V.; Bosshard, C.ntég, P.J. Am. Chem.
Soc.1996 118 6315-6316. (b) Wong, M. S.; Pan, F.; Gramlich, V.;
Bosshard, C.; Guter, P.Adv. Mater. 1997, 9, 554-557.

(41) (a) Israelachvili, J. N.Intermolecular and Surface Force2nd ed.;
Academic Press: London, 1991. (b) NMar-Dethlefs, K.; Hobza, RChem.
Rev. 200Q 100, 143-167. (c) Reed, A. E.; Curtiss, L. A.; Weinhold, F.
Chem. Re. 1988 88, 899-926. (d) Morokuma, KAcc. Chem. Red.977,
10, 294-300.

(42) (a) Schneider, H.-J.; Yatsimirsky, A. KPrinciples and Methods in
Supramolecular Chemistry. Wiley & Sons: Chichester, 2000. (b) Steed,
J. W.; Atwood, J. L.Supramolecular ChemisgyJ. Wiley & Sons:
Chichester, 2000.

(43) (a) Hunter, C. A.; Sanders, J. K. Nl. Am. Chem. S0d.99Q 112 5525-
5534. (b) Hunter, C. AChem. Soc. Re 1994 101-109. (c) Hobza, P.;
Selzle, H.; Schlag, E. WJ. Am. Chem. Sod 994 116, 3500-3506. (d)
Williams, J. H.Acc. Chem. Red.993 26, 593-598.

(44) (a) Jorgensen, W. L.; Severance, DJLAm. Chem. So&99Q 112 4768-
4774, (b) Smithrud, D. B.; Diederich, B. Am. Chem. Sod99Q 112
339-343.

(45) (a) Jelley, ENature 1936 138 1009. (b) Scheibe, &Z. Angew. Chem.
1936 49, 563. (c) Herz, A. HAdv. Colloid Interface Scil977 8, 237—
298. (d) Mdbius, D.Adv. Mater. 1995 7, 437—444. (e) Dane, L.J. Am.
Chem. Soc1995 117, 12855-12860. (f) Von Berlepsch, H.; Btcher,
C.; Déhne, L.J. Phys. Chem. BR00Q 104, 8792-8799.

(46) (a) Nakahara, H.; Fukuda, K.; Mius, D.; Kuhn, HJ. Phys. Cheni986
90, 6144-6148. (b) Mizutani, F.; lijima, S.; Tsuda, KBull. Chem. Soc.
Jpn. 1982 55, 1295-1299. (c) Kussler, M.; Balli, HHelv. Chim. Acta
1989 72, 17-28.

(47) (a) Murphy, K. P.; Privalov, P. L.; Gill, S. ciencel99Q 247, 559-561.
(b) Breslow, R.Acc. Chem. Red.991, 24, 159-164. (c) Lemieux, R. U.
Acc. Chem. Red.996 29, 373-380.

(48) Baumann, WPhysical Methods of Chemistryol. 3B Rossiter, B. W.,
Hamilton, J. F., Eds.; Wiley: New York, 1989; p 45.
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3) that may be calculated from electrostatic theory within a
dielectric with permittivitye,. The two contributions may be
added to yield the following estimate of the Gibbs dimerization
energy:

o 2NA {(Er - 1)(€r + 2) 2
AdimG - 3\ O¢ oM
4ﬂeoa r
NA 1) 2
= 1-3coda)sinta (15
AmORg(er i )sifa (15)

where a is the Onsager radius of the solvent cavity of the
monomer, and the structural parameters of the dimer, the
distanceR and anglen, have been defined in Scheme 3. The
first contribution stabilizes the monomer and the second
contribution stabilizes the dimer side of the equilibrium. A fit
of the Gibbs dimerization energies fba with two permittivity-
dependent functions according to the model eq 15 is shown in
Figure 17. An excellent approximation is obtained, which is
indeed far better than the fit to any empirical solvent séale,
such asE1(30), Z, or o*.

The excellent fit is indeed remarkable if we consider that the
six solvents tetrachloromethane, trichloroethene, chloroform,
butyl acetate, THF, and 1,2-dichloromethane taken into account
in this regression exhibit very different features with regard to
dispersion interactions (e.g., the chlorinated solvents are here
expected to provide much stronger interaction energies) and
hydrogen bonding (e.g., THF and butyl acetate are strong
hydrogen bond acceptors, whereas chloroform is a weak
hydrogen bond donor). However, their influence on electrostatic
interactions may be reasonably expressed by means of their
macroscopic permittivity, eq 15. In contrast, the microscopic
solvent polarity of dioxane and benzene is not correctly
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bridge-heterocycle motif of most of the other dyes of our
study. Thus, for dye®a—d, the monomethine bridge leads to
a bent-shaped chromophore. For such a chromophore, a perfect
organization of the whole-conjugated system on top of each
other is possible in a parallel fashion, but not in an antiparallel
one (compare crystal structure 26, Figure 10). Accordingly,
the contact is not ideal erspeaking in terms of the model of
eq 15-the anglea between the two dyes becomes smaller,
which should lead to a reduced interaction energy. As for
indoline dyes4, also for this class of dyes interesting applica-
tions arose in the context of photorefractive materials that are
0 1 2 3 4 again rationalized on the basis of their reduced propensity for
ﬂgMZ (1077 C* m?) aggregatior?* This allowed high dye loadings and high degrees
] ) o . _of poling that led to the most efficient photorefractive gratings
Figure 18. Dependence of the Gibbs dimerization energies measured in

dioxane on the dipole moments of the dye moleculmsC{) and linear knowr.] so far. The reduced d'me.r'zat'on energy Qf dyes
regression analysis for the solid data points.( tentatively related to the fact thdtis the only dye without a

heterocyclic acceptor. Further studies on such dyes are required

described by, due to the substantial quadrupole moments of to get a more detailed picture of these structurally different
the solvent molecule®.In the absence of any dipole moment, chromophores.

quadrup0|e moments become important and may have a Excitonic Coupling. We flna”y analyze the dimer spectra
significant impact on the dimerization of dyl. Therefore, with respect to the monomer spectra. The interaction of the two
these two solvents were excluded from the analysis. The subchromophores in the dimer may be understood within an
excellent fit observed for the remaining solvents strongly excitonic coupling model based on the point dipole approxima-
supports the electrostatic model of the dimerization process tion.>! This model predicts a splitting of the excited energy levels
formulated above. From the fit function, eq 15, the Gibbs of magnitude

dimerization energy may be extrapolateddgmG°® = —90 kJ

04

-104

-20

-30

404

mol~1in the gas phase(= 1) and a s_lip_angle oft =63 is hcAT,, = hc(i — i)
calculated that is close to the value indicated by 2D NMR. Ay Apy
Neglecting the angular dependence of the interaction energy, o u 2
one expects that the dimerization energy according to eq 15 = 2oy (1—3cog0)sirta (16)
should be a function of the dipole moment. The dependence of dreo R
AgimG® on ugum? for merocyanined—8 (data of Tables 1 and o ) .
2) in the same solvent dioxane is displayed in Figure 18. for two identical subchromophores at distafiti] the arrange-

Indeed, most noncrowded merocyanine dyes (solid squares)Ment of Scheme 3, whepegu is the transition dipole moment
lie on a straight line through the origin of the coordinate system. of one monomer unit. The model also predicts that the transition
The deviation of a few dyes (open squares) from this behavior t0 the energetically higher level is intense, with the integrated
may be explained as follows. Dyds,b exhibit a significantly absorption being twice as large as the one of the monomer band.
lower dimerization energy because of the strong sterical effect The transition to the lower level, on the other hand, should be
of the 3,3-dimethylmethylene unit in the central part of the forbidden in the case of an ideal antiparallel arrangement. The
chromophore. To achieve the same reduction of the dimerizationPredictions of this model are indeed confirmed by the dimer
energy with regard to the line in Figure 18, tedious synthetic Spectra derived from the dilution studies (Figures 1, 4, and 5,
efforts were required for the chromophoric systémwhich and Figures +20 in the Supporting Information). The intense
resulted finally in the least aggregating dye of this serids, ~ dimer band is always observed at shorter wavelenigi than
This finding underlines the importance of the 3,3-dimethyl- the monomer band af;. Due to slight deviations from the ideal
indoline electron donor unit (also called Fischer's base) in antiparallel arrangement, the energetically lower transition gains
academic as well as industrial cyanine and merocyanine dyeweak intensity and may be observed at longer wavelergth,
chemistry, which is obviously due not only to its strong electron- This allows calculation of the excitonic splittingpzy, yielding
donating capability but also to its resistance against aggregation.values in the range 326600 cnt* for dyes1 in Table 1.
These properties are prerequisites for obtaining dyes with With the experimentally determined transition dipole moment
excellent solubility and color brilliance, even at high concentra- #agv = 33 x 1073 C m and a splitting energy of about 3200
tion, in plastics, on textiles, and in other metf&° Two further cm™1, one estimates with eq 16 an angle= 60°, which is in
chromophoric systemg and 7, exhibit a considerable lower ~ good agreement with the value obtained from eq 15. From the
dimerization energy, as suggested by the line. Obviously, their data of Table 2, one concludes that the solvent influence on
structure deviates from the simple heterocyaémethine the excitonic splitting is small. A slight tendency to reduced
splittings in more polar solvents may be recognized and
(49) (@ Raue, Rulimanm's Encyclopedia of Industrial Chemistry, vol. 16— tentatively ascribed to a looser structure (larger average value

pp 487-529. (b) Tyutyulkov, N.; Fabian, J.; Mehlhorn, A.; Dietz, F.;  Of the distancdR) of the dimers in polar environments. Table 3
Tadjer, A.Polymethine DyesSt. Kliment Ohridski University Press: Sofia,

1991.

(50) Grund, C.; Reichelt, H.; Schmidt, A. J.;"Whiner, F.; Sens, R.; Beckmann, (51) (a) Liptay, W.; Wortmann, R.; Schaffrin, H.; Burkhard, O.; Reitinger, W.;
S. PCT Int. Appl. WO 98/23688, June 4, 19%8hem. Abstr1998 129, Detzer, N.Chem. Phys1993 120, 429-438. (b) Kasha, M.; Rawls, H.
29100. R.; EI-Bayoumi, M. A.Pure Appl. Chem1965 11, 371-392.
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ISchemT ;1. Model I2or glle C_on|1:|t_3eltci‘tiloréI betvc\jleF?nI_Extgmal and]c sociation may significantly contribute to the photorefractive
nternal Forces in the Electric-Field-Induce oling Process o H H
Dipolar Dyes in Amorphous Composite Materials response of organic materials.

[—] E Ko /iy Conclusion
The dimerization of polar merocyanine dyes in liquid solution

[—]
was investigated by a combination of several experimental

collects the observed splittings of the other dyes that lie in the techniques. The formation of centrosymmetric dimer aggregates
range 1706-3000 cni, the lower values (compared to dyes was concluded from the occurrence of a hypsochromically
1) being mainly caused by the smaller transition dipole moments. shifted band in the UV*vis spectra of these chromophores. The

Relevance for Nonlinear Optical Applications of Mero- concentration and temperature dependence of this band with a
cyanine Dyes.Dipolar aggregation of merocyanine dyes is clear isobestic point indicated dimerization and allowed deter-
clearly detrimental for the performance of nonlinear optical and mination of Gibbs dimerization energies, enthalpies, and
photorefractive materials. The experimental and theoretical entropies. The optical band shape of the dimer band was
analyses above demonstrated how the dimerization can beexplained by an excitonic coupling model assuming antiparallel
studied quantitatively in liquid solution and how structural ordering of two slightly shifted subchromophore dipole mo-
variations of the chromophores can be utilized to minimize ments. This structure was further corroborated by concentration-
aggregation. One cannot generally expect that dimerization dependent permittivity measurements, by 2D NMR spectroscopy
constants determined in liquid solution can be used to estimatein liquid solution, and by X-ray crystallography in the solid
the degree of dimerization in polymers or other glassy solids. state. The competition between internal diped#pole and
However, an estimation of the order of magnitude of the effects external dipole-electric field interactions on the dimerization
in these materials may be feasible. For example, for a poly- equilibrium was quantitatively investigated by electrooptical
vinylcarbazole (PVK)-based PR polymer with the chromophore absorption measurements. This effect of an electric field on the
2d (called ATOP-1 in our papers on PR materi&®j¢it was dimerization was also estimated for photorefractive organic
found that for a chromophore content of 40%, about 45% of materials, and it was demonstrated that it may contribute
the chromophore was present in the form of aggregated dimers significantly to their nonlinear optical response.
and the polarity of PVK was shown to be close to that of D¥IF.
With the known dimerization constant 26, Kgim = 1200 M1 Experimental Section

i i o —1; i
'n_CC|4' one may then estlmazéﬂm ~ 1M inthe PR materlall Solvents and reagents were purchased from Merck unless stated
with eq 15. A2d content of 40% corresponds to a concentration ,ihenwise and purified and dried according to standard proceéfures.

of cow ~ 1 M, and it follows from eq 8 thaty ~ 0.5 M, so Ethyl isobutyryl acetatd0%* 2,6-diisopropyl-4-methylpyrylium per-
about 50% of2d chromphores would be predicted to be present chiorate salts1355 1-alkyl-4-methylpyridinium bromidel4a—c,ef,5

in the form of dimers, which is in reasonable agreement with and tert-butyl-4-methylpyridinium perchloratd4c®” were prepared
the experiment. according to literature proceduretlac, were donated by BASF.

Another interesting estimation may be performed with eqs TYPically these hydroxypyridone compoundia—i and pyridinium
13 and 14, which express the relative field dependence of thesaltsl4a—i were used in crude form with the purity determined from
monomer éind dimer concentrations. The competition betweenNMR analysis. Dyesm, 2—8 were prepared as described earlier and
. . . . . L o urified until C,H,N microanalytical data with a deviatier0.3% were
internal dipole interactions leading to dimerization and external P . 0

) i SoE : obtainedt*1528Column chromatography was performed on Merck Silica
forces leading to dissociation is illustrated in Scheme 4. For g4 (mesh size 0:20.5 mm). NMR spectra were recorded at room

2d, we haqutg'M = 44 x 1073°C m (ref 34), and _Witl"CM and ~ temperature on Bruker AC 200, DRX 400, and AMX 500 instruments.
Com as given in the example above, one obtains an electric- Chemical shifts are given in parts per million downfield from TMS as
field-induced concentration change Aty = 0.05 M at an internal standard. All melting points were measured with aHB&MP-
externally applied electric field of = 60 V um™. This is a 20 and are uncorrected. The solvents used for-ui¢ dilution studies
quite strong shift of the dimerization equilibrium and of major were spectrophotometric grade, purchased from Merck and Aldrich,
importance for understanding the PR response (as well as secon@nd used as received. Dioxane for dipole moment measurements was
harmonic generatioP3 of materials based on highly dipolar ~Purified by refluxing over sodium under an argon atmosphere and
dyes. Since the dimer and monomer differ in their absorption distilled before use. Specific details are given in the text.

) . . . . - General Procedure for the Synthesis of 1,4-Dialkyl-2,6-dioxo-
spectra, they also differ in their polarizability, and as a - L

. L . . 1,2,3,6-tetrahydropyridine-3-carbonitriles 11. Ethyl cyanoacetate

consequence there will be an electric-field-induced increase of

e . (11.31 g, 0.1 mol) was added dropwise to the respective alkylamine
the refractive indexAn caused by the field dependence of the (5 25 mol) within 15 min, and stirring was continued at room

dimerization. The absorption maximum of the monomer and temperature for 2448 h to give cyanoacetic acid amidgs-g. 5-Keto
dimer of 2d in the polymer were found to be about 550 and acetic acid esters0a—c (0.1 mol) and piperidine (10 mL) [and NaOH
515 nm, respectivel§t-34 Applying dispersion relations for the (0.1 mol, 32% aqueous solution) in special cases, i.e., for the synthesis
linear polarizability and the Clausiudvosotti equation for the
; i i in_fialdi i (53) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. Rurification of Laboratory

refractive index, one estimates an electric-field |r_1duc_ed index Chemicals Pergamon Press: Oxford, 1980; p 77.
changeAn of the order of 0.001 caused by the field-induced (54) Jackman, M.; Klenk, M.; Fishburn, B.; Tullar, B. F.; Archer, B.Am.
Acy at the field strength and conditions specified above. These ., Shem: Soc1948 70, 28842885,

M ¢ . oh g o p - o ~>~ (55) Balaban, A. T.; Nenitzescu, C. Dustus Liebigs Ann. Cheri959 625,
considerations indicate that electric-field-induced dimer dis- 74-82.

(56) (a) Coleman, B. D.; Fuoss, R. M. Am. Chem. Sod955 77, 5472
5476. (b) Morley, J. O.; Morley, R. M.; Docherty, R.; Charlton, M. H.

(52) A more extended discussion of this topic will be given elsewhere. For earlier Am. Chem. Soc997 119 10192-10202.
work on the influence of dye aggregation on NLO properties of functional (57) Katritzky, A. R.; Rubio, O.; Szajda, M.; Nowak-Wydra, B.Chem. Res.
polymers, see ref 9. (S) 1984 234-235.
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of 11ef,h] were added, and the mixture was stirred at 2a0for 20

(CHa)2), 1.14 (3H, t,J = 7.4 Hz, CH). Anal. Calcd for GsH27NCIO4:

h. The solvent was evaporated, and the pH value was adjusted to 1C, 56.15; H, 8.49; N, 4.37. Found: C, 56.49; H, 8.20; N, 4.30.

with 32% aqueous HCI. After precipitation at room temperature or in
the refrigerator, the product was filtered off and washed with water
and ether to give a material of sufficient purity $0%) for further
reaction.
1-Dodecyl-4-methyl-2,6-dioxo-1,2,3,6-tetrahydropyridine-3-car-
bonitrile (11b). Purity, about 98%; yield, 59%. Recrystallization from
ethyl acetate gave analytically putdb, mp 164-165 °C. 'H NMR
(200 MHz, DMSO): 6 5.62 (1H, s, 5-H), 3.88 (2H, t] = 7.4 Hz,
NCH,), 2.21 (3H, s, 4-Ch), 1.52 (2H, m, CH), 1.23 (18H, m, CH),
0.85 (3H, t,J = 6.4 Hz, CH). Anal. Calcd for GoH3oNO,: C, 71.66;
H, 9.50; N, 8.80. Found: C, 71.90; H, 9.70; N, 8.95.
1,4-Dipropyl-2,6-dioxo-1,2,3,6-tetrahydropyridine-3-carbonitrile
(11d). Purity, about 99%; vyield, 37%. Recrystallization from ethyl
acetate/ethanol gave putéd, mp 20:-202°C. 'H NMR (200 MHz,
DMSO): 6 5.62 (1H, s, 5-H), 3.86 (2H, 1] = 7.4 Hz, NCH), 2.48
(2H, t,J = 7.6 Hz, 4-CH), 1.67-1.47 (4H, m, CH)), 1.23-0.81 (6H,
m, CHs). Anal. Calcd for GoH16N2O,: C, 65.30; H, 7.37; N, 12.67.
Found: C, 65.45; H, 7.37; N, 12.62.
1-Isopropyl-4-propyl-2,6-dioxo-1,2,3,6-tetrahydropyridine-3-car-
bonitrile (11e). Purity, about 90%; yield, 29%. Recrystallization from
ethyl acetate/ethanol gave putée mp 213-214°C. 'H NMR (200
MHz, DMSO): ¢ 5.59 (1H, s, 5-H), 5.28 (1H, m, NCH), 2.46 (2H, t,
J = 7.6 Hz, 4-CH), 1.57 (2H, m, CH)), 1.40 (6H, d,J = 7.1 Hz,
(CHs)2), 0.92 (3H, t,J = 7.2 Hz, CH). Anal. Calcd for GzH16N20x:

C, 65.43; H, 7.32; N, 12.72. Found: C, 65.45; H, 7.37; N, 12.62.
1,4-Diisopropyl-2,6-dioxo-1,2,3,6-tetrahydropyridine-3-carboni-
trile (11f). Purity, about 90%; yield, 5%. Recrystallization from ethyl

acetate/ethanol gave putéf, mp 226-227°C. 'H NMR (500 MHz,
DMSO): ¢ 5.58 (1H, s, 5-H), 5.25 (1H, br, NCH), 2.90 (1H, m, 4-CH),
1.38 (6H, d,J = 7.0 Hz, (CH),), 1.14 (6H, d.J = 6.9 Hz, (CH),).
Anal. Calcd for GoH16N2O2: C, 65.43; H, 7.32; N, 12.72. Found: C,
65.45; H, 7.36; N, 12.50.
1-(2-Ethylhexyl)-4-propyl-2,6-dioxo-1,2,3,6-tetrahydropyridine-
3-carbonitrile (11g). Purity, about 90%; yield, 23%. Recrystallization
from ethyl acetate/ethanol gave purkg mp 138-139°C. *H NMR
(200 MHz, DMSO): ¢ 5.62 (1H, s, 5-H), 3.83 (2H, d] = 7.4 Hz,
NCH;,), 2.49 (2H, m, 4-Ch), 1.78 (1H, m, CH), 1.58 (2H, m, G
1.22 (8H, m, CH), 0.87 (9H, m, CH). Anal. Calcd for G7H26N20x:

C, 70.31; H, 9.02; N, 9.65. Found: C, 70.22; H, 9.01; N, 9.69.
1-(1-Methylbutyl)-4-propyl-2,6-dioxo-1,2,3,6-tetrahydropyridine-
3-carbonitrile (11h). Purity, about 90%; yield, 19%. Recrystallization

from ethyl acetate gave pur2h, mp 176-177 °C. 'H NMR (500
MHz, DMSO): ¢ 5.55 (1H, s, 5-H), 5.26 (1H, br, NCH), 2.45 (2H, m,
4-CHp), 1.82 (1H, br, CH)), 1.65 (1H, m, CH), 1.56 (2H, m, CH),
1.36 (3H, dJ = 5.1 Hz, CH), 1.14 (2H, m, CH), 0.91 (3H, tJ= 7.4
Hz, CHs), 0.83 (3H, t,J = 7.4 Hz, CH). Anal. Calcd for G4H20N205:
C, 67.72; H, 8.12; N, 11.28. Found: C, 67.91; H, 7.98; N, 11.31.
General Procedure for the Synthesis of 1-Alkyl-2,6-diisopropyl-
4-methylpyridinium Perchlorate Salts 14g,h.To a stirred suspension
of 2,6-diisopropyl-4-methylpyrylium perchlorate (5.25 g, 0.02 mol) and
the respective alkylamine (0.022 mol) in dry dichloromethane (150 mL)
was added triethylamine (6.1 g, 0.06 mol) dropwise in 15 min. The

1-Dodecyl-2,6-diisopropyl-4-methylpyridinium Perchlorate (149).
Purity, about 75%; yield, 62%; used without further purificatiéi.
NMR (400 Hz, CDC}): 6 7.53 (2H, s, pyridine-3,5-H), 4.50 (2H, 1,
= 8.4 Hz, NCH), 3.41 (2H, m, CH), 2.62 (3H, s, 4-G} 1.80 (2H,

m, CH), 1.47 (12H, d,J = 6.4 Hz, (CH),), 1.25 (18H, m, CH), 0.87
(3H, t,J = 6.4 Hz, CH).

Synthesis of 1-Hexyl-4-methyl-2,6-dioxo-5-phenyliminomethyl-
ene-1,2,5,6-tetrahydropyridine-3-carbonitrile (15a)Hexyl pyridone
11a(11.70 g, 50 mmol) andN,N-diphenylformamidine (9.82 g, 50
mmol) in dry AcO (40 mL) were stirred at room temperature until the
mixture solidified. To complete the reaction, the mixture was heated
at 80-90 °C for 15 min. The precipitate obtained upon cooling was
filtered off, washed with MeOH, and dried in vacuo to give plBa
(14.2 g, 84%), mp 181182°C.*H NMR (200 MHz, CDC}): ¢ 13.13
(1H, d,J = 13.8 Hz, NH), 8.19 (1H, d) = 12.8 Hz, methine-H), 7.48
(2H, m, phenyl-H), 7.29 (3H, m, phenyl-H), 3.98 (2HJt= 7.4 Hz,
NCH,), 2.53 (3H, s, pyridone-4-C§i 1.60 (2H, m, CH), 1.33 (6H,

m, CH,), 0.89 (3H, t,J = 6.9 Hz, CH). Anal. Calcd for GoH23N30,:
C, 71.19; H, 6.87; N, 12.45. Found: C, 70.98; H, 6.86; N, 12.45.

General Procedure for the Synthesis of Dyes Tam. A pyridone
11a—i (4 mmol) andN,N-diphenylformamidine (4 mmol) in A© (4
mL) were stirred at room temperature until the mixture solidified. The
mixture was heated at 8®0 °C for 15 min to complete the reaction.
After the reaction mixture cooled to room temperature, a pyridinium
saltl4a—i (4 mmol) and KOAc (4 mmol) were added, and the mixture
was heated at 98C for another 2 h. The solution was concentrated in
vacuo, and the crude product was purified by column chromatography
on silica using dichloromethane/methanol 95:5 or ethyl acetate/toluene
1:1 as eluent. Recrystallization from acetic acid, toluene, or ethanol/
hexane gave pure dyds—m.

1-Dodecyl-4-methyl-2,6-dioxo-5-[2-(1-dodecyl-1-hydropyridin-4-
ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile (1a).
Yield, 90%; mp 154-156 °C. 'H NMR (200 MHz, CDC}): o 7.74
(1H, d,J = 15.3 Hz, methine-H), 7.63 (2H, d,= 6.9 Hz, pyridine-
2,6-H), 7.47 (1H, dJ = 14.8 Hz, methine-H), 7.20 (2H, d,= 6.9
Hz, pyridine-3,5-H), 4.19 (2H, tJ = 7.4 Hz, pyridine-NCH), 3.94
(2H, t, J = 7.6 Hz, pyridone-NCh), 2.27 (3H, s, pyridone-4-Cji
1.90 (2H, m, CH), 1.63 (2H, m, CH)), 1.29 (36H, m, CH), 0.87 (6H,
m, CHs). Anal. Calcd for GgHsgN3O2: C, 77.37; H, 10.08; N, 7.12.
Found: C, 77.23; H, 10.10; N: 7.12.

1-(2-Ethylhexyl)-4-methyl-2,6-dioxo-5-[2-(1-(2-ethylhexyl)-1-hy-
dropyridin-4-ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-3-car-
bonitrile (1b). Yield, 89%; mp 177179 °C. *H NMR (200 MHz,
CDCl): 6 7.74 (1H, d,J = 14.8 Hz, methine-H), 7.59 (1H, d,=
14.8 Hz, methine-H), 7.57 (2H, d,= 8.4 Hz, pyridine-2,6-H), 7.24
(2H, d,J = 8.4 Hz, pyridine-3,5-H), 4.05 (2H, d,= 7.4 Hz, pyridine-
NCH,), 3.91 (2H, m, pyridone-NC}), 2.32 (3H, s, pyridone-4-C§ji
1.81 (2H, m, CH), 1.461.29 (16H, m, CH), 0.98-0.85 (12H, m, CH).
15C NMR (125 MHz, THFéds; HMQC, HMBC): ¢ 164.3 (G=0), 163.6
(C=0), 157.8 (q, pyridine-4-C), 156.0 (C), 141.9 (pyridine-2,6-CH),
141.0 (methine-CH), 120.2 (pyridine-3,5-CH), 119.4 (CN), 113.4
(methine-CH), 107.0 (C), 89.7 (C), 62.8 (pyridine-NgH!3.3 (NCH),

resulting solution was stirred for 20 h at room temperature and then 41.7 (CH), 38.6 (CH), 31.9 (Ch), 30.8 (CH), 29.7 (CH), 29.2 (CH),
poured into a separatory funnel, where it was washed with aqueous25.8 (CH), 24.9 (CH), 24.1 (CH), 23.8 (CH), 18.5 (CH), 14.5 (CH),

HCI (10%, 20 mL) and water (40 mL). The organic phase was dried

14.3 (CH), 11.1 (CH), 10.6 (CH). Anal. Calcd for GoHaaN:O2: C,

over anhydrous sodium sulfate and concentrated in a rotary evaporator75.43; H, 9.07; N, 8.80. Found: C, 75.12; H, 8.80; N, 8.84.

until almost all solvent was removed. Diethyl ether was added (40 mL),

1-Hexyl-4-methyl-2,6-dioxo-5-[2-(1-hexyl-1-hydropyridin-4-yl-

and the precipitated pyridinium salt was separated by filtration and idene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile  (1c).

dried to give the crude product.
1-Propyl-2,6-diisopropyl-4-methylpyridinium Perchlorate (14h).

Purity, about 95%; yield, 51%. Recrystallization from EtOH afforded

pure1l4h, mp 156-151°C.H NMR (200 MHz, CDC}): d 7.56 (2H,

s, pyridine-3,5-H), 4.49 (2H, ] = 8.6 Hz, NCH), 3.44 (2H, m, CH),

2.63 (3H, s, 4-CH), 1.85 (2H, m, CH)), 1.47 (12H, d,J = 6.4 Hz,

Yield, 90%; mp 165-166 °C. 'H NMR (200 MHz, CDC}): 6 7.75
(1H, d,J = 14.8 Hz, methine-H), 7.62 (2H, d,= 6. 9 Hz, pyridine-
2,6-H), 7.50 (1H, dJ = 14.8 Hz, methine-H), 7.21 (2H, d,= 6. 9
Hz, pyridine-3,5-H), 4.18 (2H, tJ = 7.6 Hz, pyridine-NCH), 3.95
(2H, t, J = 7.6 Hz, pyridone-NCh), 2.29 (3H, s, pyridone-4-Cij
1.91 (2H, m, CH), 1.59 (2H, m, CH)), 1.34 (12H, m, Ch)), 0.89 (6H,
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m, 2CH;). Anal. Calcd for GgHzsNsO2: C, 74.07; H, 8.37; N, 9.97.
Found: C, 74.08; H, 8.41; N, 9.95.
1-Hexyl-4-methyl-2,6-dioxo-5-[2-(1-butyl-1-hydropyridin-4-yl-
idene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile  (1d).
Yield, 64%; mp 103-104 °C. 'H NMR (200 MHz, CDC}): 6 7.74
(1H, d,J = 14.8 Hz, methine-H), 7.64 (2H, d,= 7.4 Hz, pyridine-
2,6-H), 7.48 (1H, dJ = 14.8 Hz, methine-H), 7.20 (2H, d,= 7.4
Hz, pyridine-3,5-H), 4.19 (2H, tJ = 7.4 Hz, pyridine-NCH), 3.95
(2H, t, J = 7.6 Hz, pyridone-NCh), 2.28 (3H, s, pyridone-4-Ci)i
1.90 (2H, m, CH)), 1.63 (2H, m, CH), 1.33-1.51 (m, 8H, CH), 1.00
(3H,t,J=7.1 Hz, CH), 0.88 (3H, t,J = 6.9 Hz, CH). Anal. Calcd

for CogH31N302: C, 73.25; H, 7.94; N, 10.68. Found: C, 73.00; H,

7.88; N, 10.55.
1-Hexyl-4-methyl-2,6-dioxo-5-[2-(1-isobutyl-1-hydropyridin-4-
ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile (1e).
Yield, 75%; mp 207209 °C. 'H NMR (200 MHz, CDC}): 6 7.78
(1H, d,J = 14.8 Hz, methine-H), 7.75 (2H, d,= 6.9 Hz, pyridine-
2,6-H), 7.59 (1H, dJ = 14.8 Hz, methine-H), 7.30 (2H, d,= 6.9
Hz, pyridine-3,5-H), 4.13 (1H, m, pyridine-NCH), 3.95 (2HJ)t= 7.6
Hz, pyridone-NCH), 2.37 (3H, s, pyridone-4-C§ 1.93 (2H, m, CH)),
1.60-1.69 (5H, m, CHand CH), 1.32 (6H, m, CH), 0.84-0.99 (6H,
m, CHs). Anal. Calcd for GsH3iN3O,: C, 73.25; H, 7.94; N, 10.68.
Found: C, 73.18; H, 8.01; N, 10.60.
1-Hexyl-4-methyl-2,6-dioxo-5-[2-(1tert-butyl-1-hydropyridin-4-
ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile (1f).
Yield, 79%; mp 253-254°C. 'H NMR (200 MHz, DMSO): 6 8.66
(2H, d,J = 7.1 Hz, pyridine-2,6-H), 7.81 (1H, d,= 15.3 Hz, methine-
H), 7.79 (2H, d,J = 7.1 Hz, pyridine-3,5-H), 7.72 (1H, d = 15.0
Hz, methine-H), 3.81 (2H, t) = 7.3 Hz, pyridone-NCH), 2.41 (3H,
s, pyridone-4-Ch), 1.67 (9H, s, (Ch)s), 1.46 (2H, m, CH)), 1.26 (6H,
m, CH,), 0.86 (3H, t,J = 6.4 Hz, CH). Anal. Calcd for G4H31N3Ox:
C, 73.25; H, 7.94; N, 10.68. Found: C, 73.17; H, 7.90; N, 10.62.
1,4-Dipropyl-2,6-dioxo-5-[2-(1secbutyl-1-hydropyridin-4-yl-
idene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile  (1g).
Yield, 32%; mp 254-256 °C. *H NMR (200 MHz, CDC}): 6 8.03
(2H, d,J = 7.4 Hz, pyridine-2,6-H), 7.89 (1H, d,= 14.8 Hz, methine-
H), 7.70 (1H, d,J = 14.8 Hz, methine-H), 7.44 (2H, d,= 6.9 Hz,

pyridine-3,5-H), 4.31 (1H, m, pyridine-NCH), 3.96 (2H, m, pyridone-

NCH,), 2.81 (2H, t,J = 7.6 Hz, pyridone-4-Ch), 1.96 (2H, m, CH),
1.57-1.87 (7H, m, CH and CH), 1.06 (3H, t,J = 7.4 Hz, CH),
0.89-0.99 (6H, m, CH). Anal. Calcd for GaH2oNszO2: C, 72.79; H,
7.70; N, 11.07. Found: C, 72.73; H, 7.67; N, 11.02.
1-Isopropyl-4-propyl-2,6-dioxo-5-[2-(1secbutyl-1-hydropyridin-
4-ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile (1h).
Yield, 56%; mp 274-275°C. 'H NMR (200 MHz, CDC}): 6 7.93
(2H, d,J = 6.4 Hz, pyridine-2,6-H), 7.83 (1H, d,= 14.8 Hz, methine-
H), 7.69 (1H, d,J = 14.3 Hz, methine-H), 7.40 (2H, d,= 6.9 Hz,

pyridine-3,5-H), 5.37 (1H, m, pyridone-NCH), 4.26 (1H, m, pyridine-

NCH), 2.78 (2H, tJ = 7.6 Hz, pyridone-4-Ch), 1.93 (2H, m, CH),
1.62-1.72 (5H, m, CH and CH), 1.48 (6H, m, (CH),), 1.06 (3H, t,
J = 7.1 Hz, CH), 0.94 (3H, t,J = 7.4 Hz, CH). Anal. Calcd for

Co3HaoN:20y: C, 72.79; H, 7.70; N, 11.07. Found: C, 72.59; H, 7.65;

N, 10.97.
1,4-Diisopropyl-2,6-dioxo-5-[2-(1secbutyl-1-hydropyridin-4-
ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-3-carbonitrile (1i).
Yield, 55%; mp 123+123°C. 'H NMR (200 MHz, CDC}): 6 7.97
(1H, d,J = 14.3 Hz, methine-H), 7.89 (2H, d,= 7.4 Hz, pyridine-
2,6-H), 7.83 (1H, dJ = 14.8 Hz, methine-H), 7.40 (2H, d,= 6.9

Hz, pyridine-3,5-H), 5.37 (1H, m, pyridone-NCH), 4.25 (1H, m,

pyridine-NCH), 3.55 (1H, m, pyridone-4-CH), 1.92 (2H, m, §H..62
(3H, d,J = 6.4 Hz, CH), 1.47 (12H, m, (CH),), 0.94 (3H, tJ = 7.4
Hz, CHs). Anal. Calcd for GsH2oN3O2: C, 72.79; H, 7.70; N, 11.07.
Found: C, 72.50; H, 7.77; N, 10.77.
1-(2-Ethylhexyl)-4-propyl-2,6-dioxo-5-[2-(1-dodecyl-2,6-diisopro-
pyl-1-hydropyridin-4-ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-

3-carbonitrile (1j). Isolated by freeze-drying from dioxane; yield, 63%;
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mp 105-108 °C. *H NMR (200 MHz, CDC}): 6 7.80 (1H, d,J =
14.8 Hz, methine-H), 7.68 (1H, d,= 14.8 Hz, methine-H), 7.21 (2H,
s, pyridine-H), 4.11 (2H, tJ = 8.1 Hz, pyridine-NCH), 3.95 (2H, m,
pyridone-NCH), 3.18 (2H, m, CH), 2.84 (2H, t1 = 7.9 Hz, pyridone-
4-CH,), 1.94 (1H, m, CH), 1.70 (4H, m, G 1.41 (12H,dJ=6.4
Hz, (CHs),), 1.27 (26H, m, CH), 1.08 (3H, t.J = 7.1 Hz, CH), 0.87
(9H, m, CH). HRMS (El, 70 eV): M 646.5305 (calcd 646.5312).
Anal. Calcd for G,He7N3zO2: C, 78.09; H, 10.45; N, 6.50. Found: C,
77.40; H, 10.45; N, 6.30.

1-(1-Methylbutyl)-4-propyl-2,6-dioxo-5-[2-(1-dodecyl-2,6-diiso-
propyl-1-hydropyridin-4-ylidene)ethylidene]-1,2,5,6-tetrahydro-
pyridine-3-carbonitrile (1k). Yield, 52%; mp 166-162°C. *H NMR
(500 MHz, CDC4): 6 7.75 (1H, d,J = 14.7 Hz, methine-H), 7.68
(1H, d,J = 14.7 Hz, methine-H), 7.19 (2H, s, pyridine-H), 5.23 (1H,
m, pyridone-NCH), 4.11 (2H, m, pyridine-NGH 3.16 (2H, m, CH),
2.81 (2H, m, pyridone-4-C), 2.10 (1H, br, CH), 1.94 (1H, m, CH),
1.70 (4H, m, CH), 1.47 (3H, m, CH), 1.40 (12H, d,J = 6.5 Hz,
(CHs)2), 1.27 (20H, m, CH), 1.08 (3H, t,J = 7.35 Hz, CH), 0.88
(6H, m, CH). Anal. Calcd for GeHeiNsO2: C, 77.56; H, 10.18; N,
6.96. Found: C, 77.94; H, 10.49; N, 7.00.

1-Isopropyl-4-propyl-2,6-dioxo-5-[2-(1-propyl-2,6-diisopropyl-1-
hydropyridin-4-ylidene)ethylidene]-1,2,5,6-tetrahydropyridine-3-
carbonitrile (11). Yield, 67%; mp 277278°C. *H NMR (200 MHz,
CDCly): 6 7.77 (1H, d,J = 14.8 Hz, methine-H), 7.67 (1H, d,=
14.8 Hz, methine-H), 7.19 (2H, s, pyridine-H), 5.40 (1H, m, pyridone-
NCH), 4.08 (2H, t,J = 8.4 Hz, pyridine-NCH), 3.16 (2H, m, CH),
2.81 (2H, t,J = 7.6 Hz, pyridone-4-Ch), 1.71 (4H, m, CH), 1.51
(6H, d,J = 6.9 Hz, CH), 1.41 (12H, dJ = 6.9 Hz, (CH),), 1.15~
1.05 (6H, m, CH). Anal. Calcd for GgH3dN3O2: C, 74.80; H, 8.74;
N, 9.35. Found: C, 74.68; H, 8.88; N, 9.30.

3,4-Diethylthiophene (17) At room temperature and under an argon
atmosphere, 0.1 mol of ethylmagnesium bromide in 30 mL of ether
was added dropwise into a mixture of 9.40 g (0.039 mol) of
3,4-dibromothiophend6, 217 mg (0.4 mmol) of NiGhppp, and 15
mL of anhydrous ether, and the mixture was refluxed for 24 h. The
resulting solution was hydrolyzed with 40 mlf & N HCI and 100
mL of ice—water. The organic layer and ether extracts from the aqueous
layer were combined, washed with water, and dried oveSRa After
evaporation of the solvent, vacuum distillation afforded 3.8 g 0ht
80 °C/11 mbar (ref 58: 70C/12 Torr); yield, 70%.

2,5-Dibromo-3,4-diethylthiophene (18).To 17.0 g (0.12 mol)
of 3,4-diethylthiophenel7 in 200 mL of a 50:50 (v/v) mixture of
chloroform and acetic acid was added 47.0 g (0.26 moN-dfomo-
succinimide (NBS). The mixture was stirred at room temperature for
1 h and at 70C for another 4 h. The mixture was poured into-ice
water and extracted with dichloromethane. The combined organic
extracts were washed with water, 10% NaH{tWice), and again with
water and dried over N80,. Removal of the solvent afforded 32.05
g of 18 at a purity of 95% (from NMR); yield, 90%H NMR (200
MHz, CDCk): 6 = 2.59 (q, 4H,J = 7.6 Hz, CH), 1.11 (t, 3H,J =
7.6 Hz, CH).

2-Bromo-3,4-diethyl-5-formylthiophene (19). A 2.56-mL (6.0
mmol) portion of a 15% solution of butyllithium in hexane was slowly
(1 h) added to 1.68 g (95%, 5.7 mmol) of 3,4-diethyl-2,5-dibromo-
thiophenel8 in 20 mL of dry ether under argon atmosphere-at0
°C and warmed to- 50 °C. Next, 0.52 mL (7.2 mmol) of DMF was
added dropwise and the mixture allowed to warm to room temperature
overnight. The mixture was poured into 1 mL of 12 M HCI in iece
water and extracted with ether. The organic layers were combined,
washed with water, and dried over }$£,. Removal of the solvent
left 1.22 g (purity 90% from NMR); yield, 78%. Recrystallization from
toluene/hexane afforded put®, mp 58-59 °C. *H NMR (200 MHz,
CDCl): 6 9.93 (1H, s, CHO), 2.93 (2H, gl = 7.6 Hz, CH), 2.62

(58) Boelens, H.; Branksma, IRecl. Tra. Chim. Pays-Ba4972 91, 141—
144.
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(2H, q,J = 7.6 Hz, CH), 1.26 (3H, t,J = 7.6 Hz, CH), 1.14 (3H, t, The structure was solved by direct methods (program XM¥93and
J = 7.6 Hz, CH). Anal. Calcd for GH1:BrOS: C, 43.74; H, 4.49; S, refined onF? using the full-matrix least-squares method of SHELXL

12.97. Found: C, 43.67; H, 4.44; S, 13.09. 975% No absorption correction (0.071 m#) was done. Hydrogen
1-Butyl-5-[5-N-butyl- N-ethylamino)-3,4-diethylthiophen-2-yl- atoms were obtained from a final difference Fourier map and included
methylene]-4-methyl-2,6-dioxo-1,2,5,6-tetrahydropyridine-3-carbo- in the refinement. Non-hydrogen atoms were assigned anisotropic and

nitrile (2c). A 1.24-g (90% purity, 4.5 mmol) amount of thiophene hydrogen atoms isotropic temperature factors, converging to aRinal
carbaldehydd9, 1.51 g (15.0 mmol) of ethylbutylamine, and 0.1 g of  factor of 0.0522 and a weighteRifactor of 0.1188\{y = 1/[0¥(Fs?) +
toluene-4-sulfonic acid were mixed and stirred at a bath temperature (0.0642)?)], whereP = (F2 + 2 F?)/3.

of 100°C for 20 h. The mixture was cooled, and 25 mL of water was Crystal Structure Determination of Dye 2c. Green shining prism
added. The organic layer and dichloromethane extracts were combinedcrystals of dye2c were grown slowly in an ethanol/hexane dye solution
washed with water, and dried over Mg&O@he solvent was removed,  at—18°C. The crystal investigated by XRD (crystal size 04D.22
and the residue was dried under vacuum to give cA@d&his material x 0.46 mm) belongs to the monoclinic system with cell dimensions of
was mixed with 0.93 g (4.5 mmol) dfliand 6 mL of acetic anhydride ~ a = 8.574(1) A,b = 23.833(2) A,c = 12.382(1) A, = 98.27(1},
and heated at 108C for 1 h. Evaporation of the solvent, purification  andV = 2503.8(3) &. The space group B2; (IT No. 4) andZ = 4.

by chromatography (silica, dichloromethane/methanol 96:4), and re- The empirical formula is &H37/N30,S, the molar mass i, = 455.65,
crystallization from ethanol/hexane afforded 0.47 g of a red solid; yield, and the calculated density iscaca = 1.209 g cm®. The three-

23%; mp 146-147°C. *H NMR (200 MHz, CDC}): ¢ 7.77 (1H, s, dimensional X-ray data were collected at 173 K with graphite-
methine-H), 3.98 (2H, tJ = 7.63 Hz, NCH), 3.75-3.56 (4H, m, monochromated Mo K radiation ¢ = 71.073 pm) in the range from
NCHy), 2.79 (2H, m, CH), 2.62 (2H, m, CH), 2.49 (3H, s, ChH), 26min = 0.34 t0 20max = 24.15, using a STOE-IPDS diffractometer.
1.73 (2H, m, CH), 1.60 (2H, m, CH), 1.55-1.33 (10H, m, CH), The intensity data of 18 814 reflections were collected, with 7865 unique
1.01-0.88 (6H, m, CH). Anal. Calcd for GgH37/N3O,S (455.7): C, reflections (with|I°] > 20]19]), and were used in the analysis (residual
68.53; H, 8.18; N, 9.22; S, 7.04. Found: C, 68.37; H, 8.08; N, 9.21; S, electron density+0.493/0.373 e A3). The structure was solved by
6.79. direct methods (program XMY9%F and refined orf? using the full-
UV—Vis Absorption Studies. The UV—vis absorption spectra matrix least-squares method of SHELXL 97No absorption correction
were recorded at 20C with a Perkin-Elmer Lambda 40P UwWis was done (0.156 mm). Hydrogen atoms were included in the

spectrometer, using matched silica cells of 06610 cm path length refinement by using a riding model. Non-hydrogens atoms were
to cover a suitable concentration range. The spectral bandwidth andassigned anisotropic and hydrogen atoms isotropic temperature factors,
the scan speed were 1.0 nm and 60 or 120 nm/min. The stock solutionsconverging to a finaR factor of 0.0485 and a weighted factor of
of each compound were accurately prepared, and dilutions of these0.1131 (v = 1/[0*(Fo?) + (0.0642P)?)], whereP = (F,*> + 2F?)/3.
stocks were used for absorption measurements over a concentration 2D NMR Spectroscopy. Measurements were made in standard
range taking into account solubility and absorbance. In the case of 5-mm NMR tubes at 300 K. Prior to two-dimensional NMR measure-
temperature-dependent studies, the temperature was controlled with anents, the samples were degassed by bubbling with dry argon for at
deviation of£0.1 °C within the cell by circulating a mixture of water/  least 30 min. Two-dimensional ROE spectra were recorded with a
ethylene glycol 1:1 from a Braun Melsungen thermomix 1440 thermo- standard pulse sequence over a sweep width of 3205 Hz using 2048
regulator. data points in thé, dimension and 512 increments in thelimension
Dipole Moment Studies.The solutions were prepared by accurately ~ with different mixing timesrym: = 400 ms andry,, = 300 ms. A total
weighing appropriate amounts of solute in 50-mL volumetric flasks of 160 scans were collected for eatglincrement to achieve sufficient
and then adding solvent to reach the 50-mL mark. The dielectric sensitivity and resolution, and the repetition delay was 3.0 s. The spectra
constants of the solutions were measured by a WTW Dipolmeter DMO1 were acquired at low mixing times (300 ms) to differentiate between
using a thermostated MFL1 cylindrical condenser cell. The refractive ROE connectivities and chemical exchange peaks. A spectral width of
indices were determined by the use of a Bausch and Lomb Abbe-3L 6097 Hz was used in both dimensions, containing 2048 and 256 data
refractometer. The temperature of the experiment was 25001 °C. points.
The temperature control for both the dipole meter and the refractometer  Differential Scanning Calorimetry (DSC). DSC measurements
was achieved by circulating a mixture of water/ethyleneglycol 1:1 from were performed on a Perkin-Elmer DSC 7 instrument with heating and
a thermoregulator, MGW LAUDA RM6. cooling rates of 10 K mint.

Electrooptical Absorption Measurements (EOAM). EOAM ex- .
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crystals of dyell were grown slowly in an ethanol/hexane dye solution

at—18°C. The crystal investigated by XRD (crystal size 019.23 Supporting Information Available: Concentration-dependent

x 0.69 mm) belongs to the triclinic system with cell dimensians UV—vis spectra for dyed—8 in dioxane andla in various
9.660(2) A,b = 11.339(2) A,c = 13.084(2) A,o. = 71.00(2}, § = solvents; tables of atomic positional parameters, bond distances,
78.85(2y, y = 78.94(2), andV = 1316.6(4) R. The space group is  bond angles, anisotropic thermal parameters, hydrogen atom
P1 (IT No. 2) andZ = 2. The empirical formula is §HagNz0,, the positions, and data collection parameters of the single-crystal

molar mass i$/, = 449.62, and the calculated densityisca= 1.134 X-ray structure determinations af and2c (PDF). This material

g cnt 2. The three-dimensional X-ray data were collected at 220 K js available free of charge via the Internet at http:/pubs.acs.org.
with graphite-monochromated Modkradiation ¢ = 71.073 pm) using

a STOE-IPDS diffractometer, in the rangé,2 = 1.61° t0 20/max = JA020168F
24.07, scan modus rotation. The intensity data of 8368 independent (59) (a) Debaerd Ker XMY93 P University of Ulm. G

. H : a epaeraemaeker, rogramuniversity o m, Germany,
reflexes were collected; 3876 unique reflectiofi§| (> 20]1°) were 1993. (b) Sheldrick, G. MSHELXL-97 Program for the Refinement of

used in the analysis (residual electron densif;151/~0.265 e A 3). Crystal Structures; Univeristy of Gtingen, Germany, 1997.
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