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A Distinctive Example of the Cooperative Interplay of Structure and
Environment in Tuning of Intramolecular Charge Transfer in Second-Order

Nonlinear Optical Chromophores
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Abstract: The strongly enhanced coop-
erative influence of medium polarity
and organic structural design on the first
hyperpolarizability 5 of a novel family of
highly polarizable azinium-(CH=CH-
thienyl)-dicyanomethanido chromo-
phores 1-3 is described. The dyes can
be efficiently synthesized by regioselec-
tive protonation/alkylation of the corre-
sponding bidentate anion precursors.
Consecutive annelation of the pyridyl
ring of 1 (pyridine — quinoline — acri-
dine) and medium polarity effects are
responsible for an extraordinarily varia-
ble range of intramolecular charge
transfer (ICT), leading to a large set of

the ground and excited states present /3
values in a broad range, eventually
switching from negative to positive.
Our investigation is based on a combi-
nation of experimental (UV/Vis spec-
troscopy, multinuclear NMR spectrosco-
py, and electrooptical absorption meas-
urements) and computational (ab initio)
approaches. It is shown that: 1) § and uf3
are dramatically influenced, even by
orders of magnitude, by a complex,
non-monotonic interplay of structure
and medium action, which in turn affects

Keywords: ab initio calculations -
annelation - heterocyclic zwitterions

molecular ICT and bond length alterna-
tion (BLA), 2) the computations, vali-
dated by different experimental data,
are to be recommended as an extremely
useful tool in the search for a greatly
improved set of molecular nonlinear
optical (NLO) responses (in the case of
1-3 they show that such conditions may
be attained only in a narrow and limited
range of dielectric constants in which the
annelation effect operates most effi-
ciently), and 3) the search for the most
favorable molecular NLO response of a
highly polarizable chromophore both in
solution and in solid matrices should
simultaneously take into account not

n-electron distribution patterns. Ac-
cordingly, systems with remarkably dif-

B . optics
ferent zwitterionic/quinoid character in
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only the molecular design supplemented
by annelation effects but also the polar-
ity of the medium.

nonlinear

Introduction

The electronic and structural properties of organic push —pull
conjugated compounds are of considerable interest for non-
linear optical (NLO) applications in photonic and electrooptic
devices such as high-speed photonic switching and electro-
optic modulators.!! To generate highly efficient NLO-phores
with a large quadratic hyperpolarizability 5, extensive molec-
ular polarization of the m-electron structure is usually
provided by means of a strong interaction between end-
capped donor and acceptor groups. This situation gives rise to
a dominant intramolecular charge-transfer (ICT) transition
from the ground state (g) to their first excited state (e). The
sign and value of 5 have been correlated with the bond length
alternation (BLA)P! structural parameter, whereas other
authors have correlated f, through the two-state model, to
other expressions such as ¢?* and MIX. All three descriptors
are correlated between themselves.[ In the plot of 5 against
BLA it has been shown that in push—pull polyenes § moves
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from positive (BLA <0, neutral ground state) to negative
(BLA >0, dipolar ground state), with values passing through
zero (BLA =0, cyanine limit).0!

We have reported the synthesis of a novel series of
chromophoresl® A endowed with solvent-dependent, very
large, and negative uf values (Scheme 1).1 Indeed, the
solvent polarity has been shown both theoretically® and
experimentally® to have a great influence on ICT, and thus on
p. Changing the strength of the donor and the polarity of the
solvent 8 can even change the sign.

zwitterionic and aromatic

ZW

Me, N 0 ®
2 O \M/ <—»MezN

\O

neutral, aromatic
DANS

Scheme 1. Resonance between zwitterionic/aromatic —neutral/quinoid (system A) and neutral/aromatic — di-

polar/quinoid (DANS-like systems) limit forms.

Our molecular design approach was based on the following
main strategic choices:

1) Exploitation of m-excessive and n-deficient heteroaromat-
ic compounds!'” as key constituent donors and acceptors of
the push —pull NLO-phore.["!l Theoretical and experimen-
tal studies have demonstrated that m-excessive and m-
deficient heterocycles can efficiently function as primary!*!l
and/or auxiliary!” donor and acceptor groups in push-
pull dyes; furthermore, the reduced ring aromaticity
relative to benzene of the five-membered heterocycles
leads both to an increased transition moment and to
change in dipole moment.!'3]

2) In contrast to the most common approach in the litera-
ture (e.g., for 4-dimethylamino-4'-nitrostilbene DANS,
Scheme 1), the dipolar (zwitterionic) limit formula retains
aromaticity, whereas the neutral limit formula is qui-
noid.l'4l

We realized, however, that for the above zwitterions, both
the large solvatochromic response and the highly solvent-
dependent uf values, which increase as the solvent polarity
decreases, needed a rationale. This prompted us to investigate
the solvent response of the zwitterionic systems more closely,
and in this we were strongly supported by our recent
experimental findings that the solvent modulates!'] the extent
of ICT within a series of pyridine-based systems. We thus
decided to obtain uf3 values in a solvent possessing a dielectric
constant ¢ definitely lower than those of the previously
considered solvents (DMF and CHCI;). Preliminary experi-
ments convinced us that EFISH (electric-field-induced sec-
ond harmonic) generation!!! experiments were not viable
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because of the extremely low solubility of the zwitterions of
type A—that in all cases retain highly polar natures—in any
solvent of low polarity. The EOAM (electrooptical absorption
measurements) approachl'®!7 seemed practicable since the
measurements can be obtained at concentrations typical of
UV/Vis absorption spectroscopy. In addition, we felt it might
be profitable to carry out ab initio computations that, by
taking into account of the solvent effects, could mimic the
contributions of the dipolar and zwitterionic structures in the
different environments.

Since, on the whole, the com-
bination of BLA, which strictly
depends upon the m-electron
structure, and of the solvent
influences the change in the rel-
ative contributions of the two
neutral and dipolar limit forms
Q of the chromophore ground and

excited states, we decided, taking
the zwitterion 1a (see Scheme 2)
as a starting point, to extend the
N/) investigation to very similar sys-

— \e tems presenting in their struc-
0 tures other acceptor groups, but
ones with small or negligible
variation in their electron-with-
drawing capacities and that
would in turn be able to influence
the BLA on the basis of bond
localization only. We took the decision, unprecedented in the
literature, to use benzofusion (annelation effect)!'®! of the
acceptor pyridinium ring as a regulator of m-delocalization.
Accordingly, we prepared and characterized chromophores
1-3 and, to address solubility problems, also planned the
synthesis of the typeb N-decyl-substituted chromophores
(Scheme 2). Indeed, Scheme 3 shows that the bond lengths of
the bonds from the pyridyl-nitrogen atom to the position at
which the double bond in 1-3 is joined show considerable
alternation. Thus, consecutive annelation of pyridine with one
and then with two benzene rings in 1-3 can cause significant
bond alternation and would be expected to influence the
relative importance of the aromatic/quinoid character of the
azinium ring, thus affecting the entire m framework.

Scheme 2 clearly shows that, whereas the pyridine ring loses
aromaticity in the right-hand side formula, the acridinium ring
can better sustain a quinoid character thanks to the restored
full aromaticity of the two benzene side rings. The quinoli-
nium ring is somewhere in the middle. It is therefore to be
expected that in the ground state the importance of the ZW
form should sequentially decrease, and the Q form simulta-
neously increase, on going from pyridine to quinoline to
acridine. To the best of our knowledge the annelation effect
has never been used as a structural tool for affecting the
relative contribution of the two limit forms, but the acridine
ring was also never reported as an acceptor moiety in NLO
dyes. Indeed, the quinolinium ring has hardly appeared in the
NLO literaturel¢ 1l and in none of these cases did the
authors mention the annelation effect as a precise tool for
designing new dyes with optimized values of j.

www.chemeurj.org Chem. Eur. J. 2003, 9, 1991 -2007
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Scheme 2. Effect of annelation of the pyridine ring on the contribution of the zwitterionic/aromatic (ZW) and neutral/quinoid (Q) resonance structures in

the description of the ground state.
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Scheme 3. Bond lengths [A] in pyridine, quinoline, and acridine (averages
of different X-ray data reported in the literature for alkyl derivatives).

In short, for the detailed investigation of systems 1-3 we
will use a combination of a number of approaches, very
different in nature and targets: organic design and synthesis,
multinuclear NMR investigation to provide insights into
charge-mapping and bond length alternation, linear absorp-
tion, EOA measurements in 1,4-dioxane for comparison with
and discussion of previous measurements in solvents of higher
polarity, and computational (ab initio) investigation, with
effects of the medium always included. We will show that the
successive steps we propose herein—molecular design includ-
ing annelation effects and choice of the
medium—can provide an extremely varia-
ble (to the extent of orders of magnitude)
set of 5 values. We believe that the proce-
dure outlined herein provides an unprece-
dented novel methodology to access opti-
mized NLO properties.

Results

Synthesis of chromophores

phore 3 is reported in Scheme 5. Bromo derivatives 7 and 8
are new compounds. Compound 7 was prepared by a
Horner — Wittig reaction between the diethyl[(5-bromothien-
2-yl)methyl]phosphonate anion and 4-formylquinoline in
THF. Condensation of 4-methylacridine (9) with 5-bromo-2-
formylthiophene in AcONa/AcOH solution afforded 8 as a
mixture of the £ and Z geometric isomers. This result is
surprising in view of the large steric hindrance experienced by
the cis diastereoisomer. Isomers (F)-8 and (Z)-8 can conven-
iently be separated by column chromatography.

In a previous paper® we described the preparation of
sodium salt 4. Similarly, 5 and 6 were synthesized from the
parent bromothiophenes 7 and 8, respectively, by treatment
with malonodinitrile sodium salt in dimethoxyethane, with
tetrakis(triphenylphosphine)palladium(o) as catalyst. Note
that both (E)-8 and (Z)-8 diastereoisomers react with
malonodinitrile sodium salt to afford the same product (E)-
6 (Scheme 6). It is likely that each bromo isomer gives the

O\/\(Sj/ichNgD /IY 1a
\ /
*1b

Scheme 4. Synthesis of pyridine chromophores 1a and 1b and quinolme chromophores 2aand2b:

The synthesis of chromophores 1 and 2 are
reported in Scheme 4 and that of chromo-

Chem. Eur. J. 2003, 9, 19912007 www.chemeurj.org
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i) HCI, DMSO3 ii) CF;SO;C,(H,;, acetone, RT; iii) NaH, THF, reflux; iv) CH,(CN),, NaH, DME,
[Pd(PPh;),], RT; v) CF;SO;C,H,,, K,CO;, CH;CN, A.
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Scheme 5. Synthesis of the acridine derivative 3a and failure to prepare 3b: i) AcOH, ZnCl,, 200°C; ii) AcOH,
AcONa, 130°C; iii) CH,(CN),, NaH, DME, [Pd(PPh;),], RT; iv) HCl, DMSO; v) CF;SO;C,H,,, different

conditions.

Scheme 6. Preparation of the E diastereoisomer of the acridine-based
sodium salt 6 from both the E and the Z forms of the precursor bromo
derivative 8: i) CH,(CN),, NaH, DME, [Pd(PPh;),], RT.

corresponding sodium salt and that (Z)-6 only subsequently
isomerizes to (E)-6.

Finally, the last synthetic step to prepare dyes 1-3 was
designed on the basis of our previous experience on bidentate
anions. All chromophores 1a—3a were conveniently prepared
in high yields (> 80 % ) by regioselective nitrogen protonation
of anions 4-6 with 10% hydrochloric acid. Among the N-
alkyl substituents we made use of a medium-length chain to
improve the solubility of the final zwitterions 1-3. The
sodium salts 46 exhibit different behavior toward alkylation
with alkyl triflates. In fact, while the reaction between 4 and
CF;SO;C\(H,; took place efficiently and in high yield,
compound 5 reacted less easily and 6 did not at all. Compound
1b was prepared in acetone, but sodium salt 5 afforded 2a
under the same conditions. Probably the quinoline nitrogen
atom is less reactive and so the alkyl triflate has time to react
with acetone to form triflic acid, which protonates 5 to give
2a. To avoid this inconvenience, the alkylation reaction was
carried out in acetonitrile and in the presence of K,COj.
Compound 2b was isolated in pure form after column
chromatography. All attempts to prepare 3b with different
alkylation reagents and/or under different experimental
conditions failed. However, the fact that 3b was not available
does not constitute a problem: compound 3a is fortunately
soluble enough and the optical properties of the series 1/2 (a)
are indistinguishable from those of series 1/2 (b).

Solvatochromic data

Both the ground and the excited states of molecules 1-3 can
be represented as linear combinations of the zwitterionic
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(ZW) and quinoid (Q) limit
resonance formulas, and the
solvatochromic effect—defined
as the dependence of the dyes’
UV/Vis absorption spectra on
solvent polarity—is a useful
method for investigating their
nature. Depending on chromo-
phore structure and solvent po-
larity,? one of the two limit
formulas will be more suitable
to describe the chemical bond-
ing of the real molecule in the
two states (Scheme 7).

Each of the chromophores
1-3 presents a strong charge-

w Q

Scheme 7. Zwitterionic/aromatic (ZW) and neutral/quinoid (Q) resonance
structures of chromophores 1-3.

transfer (CT) band in the visible region of the spectrum.
Table 1 lists absorption data (4,,,,) relative to the CT band in
selected solvents (the corresponding spectra can be found in
the Supporting Information; Figures S1-S5). Maximum
wavelength values listed in Table 1 are taken at the local
maximum of the lowest energy band, on the assumption that
this band should refer to the monomeric species.?!l A recent
investigation into the aggregation of merocyanine dyes has
shown that the band of lowest energy can be ascribed to the
monomers, with subsidiary vibronic maxima or shoulders at
shorter wavelengths; dye aggregates are hypsochromically
shifted with respect to the monomer./??l

If the molecular ground state is better described by ZW, the
charge-transfer direction is from the negatively charged
dicyanomethanido moiety to the N-alkylazinium group. The
other possibility, envisioned when Q is the better ground state
descriptor, is from the aminoquinoid group to the dicyano-
vinyl acceptor. The first situation gives rise to a negative
solvatochromic response, which becomes positive in the latter
case.

Table 1. Solvatochromic datal®! (4, [nm] of the charge-transfer band) for
the chromophores 1a—3a, 1b, and 2b in selected solvents.

Compound DMSO Acetone THF CHCLP Dioxanel! Al

() (467)  (207)  (7.6) (4.8) 22)

la 608 635 676 684 709 —101
1b 619 645 686 702 708 -89
2a 697 723 739 746 748 -51
2b 714 738 758 765 763 —49
3a 787 678 672 658 630 + 157

[a] AL =2, (DMSO) — 1,,..«(dioxane); positive A1 values mean positive
solvatochromism. [b] The lowest energy transition was considered.

www.chemeurj.org Chem. Eur. J. 2003, 9, 1991 -2007
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Multinuclear NMR investigation

13C and N NMR data: Theoretical studies have shown the
strict correlation between molecular NLO activity and charge
distribution on the donor, spacer, and acceptor chromophore
groups.®> 21 We had previously proposed,?* and confirmed, !
the validity of empirical w-electron/shift relationships [Eq. (1)
and Eq. (2)] to correlate the variation of the m electron
density on sp? carbon and nitrogen atoms with variation of the
corresponding chemical shift.

AS(13C) = — 160Ag" )

AS(N) = —366.34Aqy" 0)

The C and "N NMR shifts (Figure 1) therefore allow a
map of charge distribution on the chromophore structure in
solution to be drawn and could, for the first time, provide a
useful experimental correlation between m-charge and NLO
activity.

H NMR data: 3/(H,H) coupling constants are particularly
sensitive to H-C-C-H bond lengths, angles, and carbon
hybridization: in short, to molecular structure.”" 2 Combined
theoretical and NMR investigations on cyanine, merocyanine,
and polyenes dyes have shown a clear correlation between the
coupling constant of trans vicinal protons in the conjugated
chain and the corresponding C—C bond order.?”) In addition,
solvent-dependent NMR studies conducted on push-pull
polyenes suggested that the ground-state structure can be
significantly affected by solvent polarity.t 2% Therefore, the

13486 157.39

coupling constants of dyes 1-3 in general, and 3J of the -
bridge in particular, would be expected to vary on going from
a ZW to a Q limit structure (Scheme 8).

Scheme 8. Use of the 3J(H,H) coupling constant of the central ethenylic
unit of chromophores 1-3 to monitor the different contributions of the
zwitterionic/aromatic (ZW) and neutral/quinoid (Q) resonance structures
to the description of the ground state.

Proton NMR spectra of compounds 1b, 2b, and 3a were
recorded in solvents of different polarities. We chose deu-
terated dimethyl sulfoxide, chloroform, and dioxane: their
corresponding protonated analogues have dielectric constant
¢ values of 46.7, 4.80, and 2.21, respectively. By this approach it
is possible to analyze: 1) whether the ground state chemical
representation of dyes 1-3 is closer either to the ZW or to the
Q structure in that particular environment, and 2)the
sensitivity of each structure to solvent polarity.

Figure 2 shows 'H NMR spectra of 1b in these three
solvents. Table 2 lists 3J/(H,H) values for the chromophores
under investigation in selected solvents. Considering the same
chromophore system, and therefore looking at Table 2 along
the rows, it can be noted that a decrease in solvent polarity is

concomitant with a decrease in

13492 157.88 the 3J(H,H) coupling constant.

H © 139.50 127.97 34.35
=
nd ’ JJ Cg//

15459 113 04

1a

136.72

Figure 1. BCand N (italics) NMR data in DMSO at 27 °C for compounds 1a—3a, 1b and 2b; nd means that the

signal was not detected.
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This result suggests the conclu-
sion that the double-bond char-
acter of the st bridge is reduced,
indicative of an increased con-
tribution of the quinoid limit
formula. This change is larger
for the pyridine-based system
(A’J(H,H)=1.51 Hz) than for
the quinoline- (AYJ(HH)=
131 Hz) and acridine-based
(AJ(H,H)=1.07 Hz) systems.
Alternatively, when the same
solvent is considered, */(H,H)
(1) >3(HH) (2) >3/(HH) (3),
showing that the pyridine-
based system 1 is always more
zwitterionic than 2, while 3 has
the most quinoid character in
all solvents.

A further remarkable result
is that a drastic change in the
chemical shifts is recorded on
going from DMSO to less polar
solvents. Pyridine protons shift
upfield by about 1 ppm on go-
ing from DMSO to CDCly/di-
oxane, meaning that they move
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j‘]:%

and 3a and to analyze the

[D¢]DMSO resonance structures of the
295K chromophores in terms of the
Q and ZW limit contributions.

The EOA technique meas-

!
CioHon @
10121 } oN
S e
X = CN

1= 14.02
B . \J’L

ures the influence of the square
of an external electric field on
the molar decadic absorption
coefficient according to Equa-
tion (3), where &£ is the absorp-
tion coefficient in the presence
of the electric field E.

cDCl,
315K

ef(p7) =e(P+L($NE+...]  (3)

The relative change induced
by the field L is a function of
the wavenumber 7 = 1/4 and the
angle ¢ between the polariza-
tion vector of the incident light
and the applied field. Typically
the EOA spectrum is recorded
for two polarizations ¢ =0° and

[Dg]Dioxane
295 K

T T T T T T T T T T T T

8.8 8.4 8.0 7.6 7.2 6.8 6.4
8/ppm

Figure 2. '"H NMR spectra of 1b in [D]DMSO, CDCl;, and [Dg|dioxane at 25°C (aromatic region).

Table 2. Solvent-dependent 'H NMR coupling constants [Hz] of the
central ethenylic unit in systems 1-3.02

Compound Dioxane CHCl, DMSO
1b 13.61 14.02 15.12
2b 12.99 13.42 14.33
3a 12.69 12.78 13.76

[a] Measured at 298 K.

from a typical pyridinium salt environment to a more quinoid-
like structure. In addition, while the DMSO spectrum exhibits
very sharp signals, the dioxane and CDCIl; spectra are
somewhat broader. This result can be explained by assuming
completely free rotation about the C—C bonds adjacent to the
C=C in a zwitterionic-like structure (DMSO), whereas an
equilibrium between different rotamers can be envisioned in a
quinoid-like structure (CDCl;, dioxane). Another possibility
could be due to the formation of molecular aggregates, a
known phenomenon®! more likely in nonpolar or weakly
polar solvents. A similar trend, but more attenuated, can be
observed for all of the other chromophores.

Electrooptical and nonlinear-optical properties

Optical absorption spectra of donor—acceptor-substituted
systems typically show a single intense charge-transfer (CT)
transition at low energy. A powerful experimental technique
with which to characterize these CT transitions is electro-
optical absorption (EOA) spectroscopy.l' 1”1 In this work we
have utilized this technique to determine the ground and
excited state dipole moments of the chromophores 1b, 2b,

1996 ——
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90°, and multilinear regression
analysis in terms of the optical
absorption spectrum and its
first derivative yields a set of
regression coefficients D, E, F
and G, from which the ground state dipole moment x, and the
dipole difference Au between the ground state (g) and the
excited state (e) may be calculated.’”) An important addi-
tional quantity is the magnitude of the transition dipole
moment y.,, which may be determined from the integrated
absorption spectrum. It has been demonstrated in a series of
paperst 3!l that knowledge of Ay, u,, and of the wavelength of
optical excitation (4.,) of the CT transition obtained from UV/
Vis and EOA spectra allows the static second order polar-
izability f, [Eq. (4) ] and the anisotropy of the first order
polarizability da, of the dye to be estimated in a two-level
model [Eq. (5)].

6u2,Apd?
g, = MerlhAey 4
Bo (he’ )
22
P —— 5)
(he)

Furthermore, EOA results allow us to analyze the reso-
nance structure of the chromophores in a simple CT model,
which describes the ground and excited states as linear
combinations of the Q and ZW limit structures on the basis of
the resonance parameter ¢2. According to this simple model,
donor—acceptor-substituted m-conjugated chain molecules
may be classified from polyene-type (c?>a0) through neutro-
cyanines (“cyanine limit”, ¢>~0.5) to zwitterionic systems
(c?*~1). The implications of this classification for the opti-
mization of chromophores for nonlinear-optical and photo-
refractive applications have been discussed in a number of
publications.® A further parameter of this model is the
maximal hypothetical dipole change Au,,..: the difference of

www.chemeurj.org Chem. Eur. J. 2003, 9, 1991 -2007
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the dipole moments of the Q and the ZW structures. The
model parameters ¢ and Aun, can be estimated from
Equation (6) and Equation (7)

A=1/2[1 - Au(dui, +A?) 2 (6)
A#max = Aﬂ/(l - 262) (7)

Figures S6 and S7 in the Supporting Information and
Figure 3 display the EOA spectra of 1b, 2b, and 3a,

respectively, and Table 3 summarizes all EOA results. Be-
cause of partial aggregation (dimer formation) of 1b and 2b in

T Le/v 710%em® Vimol™ &/v /em® mol™ T

2000
4
34
5] - 1000
14
0 0
1
14
2] - .

T T T T T T v T v
10000 12000 14000 16000 18000 20000 22000

v /em™ -
Figure 3. Optical (¢/%) and electro-optical absorption spectra (Le/7v) of 3a
in dioxane, 7=298 K. Data points for parallel (0: ¢ =0°) and perpendic-

ular polarisation (e: ¢ =90°) of the incident light relative to applied
electric field and multilinear regression curves.

Table 3. Results of electrooptical absorption measurements in dioxane
(T=298 K) and derived nonlinear-optical properties of 1b, 2b, and 3a.

Parameter units Compound

1b 2b 3a
D [1072°V2m?] 7820 + 530 3660 + 430 300 +£90
E [1072°V2m?] 118500+3100 804002700 26500 =+ 540
F  [10*CV-'m?] —2780+620 1170 £ 580 7090 +390
G [10*CV'm?] —2860+620 1780 + 580 7430 +390
Aeg  [nm] 708 763 630
€ [m?mol ] - - 3410
Ueg  [107°Cm] 37.0 36.8 31.6
t,  [107Cm] 66.7+1.1 562+1.1 327+05
Au  [107*°Cm] —-89+1.1 55415 46.7+1.9
U, [1073°Cm] 57.8+1.8 61.7+1.8 79.3+1.8
Aay [10-9CV-'m?] 98 104 69
fo [10°°CV2md) —-92+15 66+18 338+14
c? 0.56 £0.01 0.46 £0.01 0.20+£0.01
Al [107Cm] 745402 73.84+0.2 78.6+1.1

dioxane at the concentration of the EOA measurement, only
the lowest energy vibronic band of the spectra were taken into
account in the regression analysis. These bands originate from
the nonaggregated monomer forms of the chromophores,
while the higher energy bands strongly overlap with the dimer
absorption. For the same reason, the absorption and EOA
spectra of 1b and 2b are displayed in Figures S6 and S7 in the
Supporting Information in relative units only. Compound 3a
did not show dimer formation in dioxane solution, providing
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further evidence of its reduced dipolar nature relative to 1b
and 2b. The spectra of 3a are therefore displayed in conven-
tional absolute units (Figure 3) and the regression could be
extended over the complete CT band. The ground state dipole
moments were calculated as usual® from E—6D (cf.
Table 3) in the case of 3a and from E—2D for 1b and 2b,
taking contributions from electric field-induced dimer disso-
ciation®! into account. Dipole differences were calculated
from the average values of regression coefficients Fand G.P

Generally, the EOA spectra of the chromophores are
governed by two effects. The first is the electrodichroic effect
caused by orientation of the chromophores in the externally
applied electric field. This effect is measured by the regression
coefficient E. In all cases, strongly positive electrodichroism is
observed: that is, the absorption for parallel polarization (¢ =
0°) of the incident light field relative to the externally applied
field increases, while decreasing for the orthogonal polar-
ization (¢ =90°). This allows the conclusion that the ground
state dipole moment u, and the transition dipole moment g,
are essentially parallel and oriented along the conjugated
chain of the chromophores. The second effect is the band shift
effect (Stark effect) of the CT band in the electric field due to
the change in the dipole moment Au upon electronic
excitation. The largest shift of the EOA spectrum relative to
the optical absorption spectrum is clearly observed for 3a
(Figure 3), indicating a large value of Au, while the shifts in
the spectra of 1b and 2b (see Figures S6 and S7 in the
Supporting Information) are much smaller.

Quantitative evaluation of the regression coefficients shows
that the ground state dipole moment increases strongly in the
sequence 3a, 2b, and 1b (Table 3), while the dipole difference
decreases and even becomes negative in the case of 1b. This
may be interpreted in terms of larger ZW contributions to the
electronic ground states in 2b and 1b. The calculated
resonance parameter ¢> shows that 1b has the largest ZW
character (56 %) and at the same time the largest ground state
dipole moment. The ZW character of 2b is considerably
reduced (46 %), and 3b is already largely Q-like (only 20 %
ZW character). The resonance parameter c? correlates
linearly with the ground state dipole moment, with slope
94 x 107 Cm and intercept at 14 x 10 Cm. The slope
agrees reasonably with the value of Au,,, and the intercept
with the dipole moment of two cyano groups attached to a
weakly polarized  system. Thanks to the close similarity of
the topologies of the three chromophores, the dipole differ-
ence Au,,. calculated in the CT model should be similar for all
of them. In fact, the estimated values of Au,,,, are found to be
almost identical for all chromophores, a result that nicely
corroborates the model assumptions.

Ab initio computations

Need for computational approaches to provide a rationale for
the experimental results and to assess predictability: The
inversion of sign in the solvatochromic response on going
from the pyridine and quinoline derivatives 1 and 2 to the
acridine derivative 3 (Table 1), the large solvent-dependent
'"H NMR chemical shift variations of the pyridine-based
system 1b (Figure 2), and the dependence of the coupling
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constant value of the central ethenylic unit on structural
(pyridine — quinoline —acridine) and medium (dioxane—
CHCIl;-DMSO) effects (Table 2) represent unequivocal ex-
perimental evidence of the high tuneability of the m-electron
structure of the class of azinium-[-C=C-thienyl]dicyanome-
thanido dyes 1-3. Evidence that this result should be
successfully translatable into structure- and medium-based
fine control is suggested by the set of the 5, experimental
values obtained from EOA measurements in dioxane (Ta-
ble 3) and by the very different NLO EFISH data obtained for
system 1 when the solvent is shifted to CHCIl; and DMF
(Table 4).1 Unfortunately, lack of NLO EFISH measure-
ments for systems 2 and 3, due to low solubility, and
experimental difficulties in use of the EOAM technique in
polar solvents, prevented us from obtaining a full set of
experimental NLO values as a function of structure and
solvent.

All these results are functions of the complex interplay of
structural (BLA) and solvent effects. Experimentally based
discrimination between the two contributions appears com-
plex. We thus reverted to computational approaches and
decided to perform a full and detailed ab initio investigation
of the structural, electronic and NLO properties of systems
1-3, considering both structural and solvent effects. Our goal
is: a) to rationalize and complement available experimental
data with a set of additional important parameters, b) to
extend the investigation to media in which experimental
measurements are not viable or reliable, including several
solvents of different polarity and the gas phase. Agreement of
experimental and computed results should, when both are
available, allow us to produce a reliable picture of the effect of
structure and medium on molecular properties, and conclu-
sions based on the combination of different experimental
techniques and ab initio study would be legitimate.

Computational details: Computational investigation was
carried out for molecules 1¢—3e¢, taken as representative
models of the compounds studied in this work, and on the
assumption that the different substitution at the pyridine-like
nitrogen (H versus Me, alkyl chain) would not affect the x-
electron structure and NLO properties of the molecules.
Results are therefore directly correlated with experimental
data obtained for the species presented in the previous
section. All ab initio computations used the GAUSSIAN 983

program packages.?¥ Because of the considerable size of the
molecules under investigation and the high computational
requirements due to the inclusion of the solvent effect (see
below), we carried out full geometry optimizations and
frequency computations at the Restricted Hartree —Fock
(RHF) level of theory, using 6-31G* as a basis set and
adopting C,; symmetry for all the species. Test density func-
tional theory (DFT) calculations did not produce significantly
different conclusions.’s The higher computational cost and
the belief that the accuracy of the HF approach would not be
much improved by higher levels of theory for the purposes of
our work discouraged us from pursuing different approaches.
Conversely, for the reasons outlined in the previous section
pertaining to the experimentally inaccessible full range of
solvent polarities, we paid considerable attention to obtaining
clues on the interaction of polarizable systems, such as 1-3,
with different media by means of calculations. Thus, struc-
tures, electronic parameters and  values were computed,
taking the solvent effect into account by adoption of
Onsager’s self-consistent reaction field (SCRF) approach,B!
as available in the Gaussian package. In this model the
chromophores are inserted in a spherical cavity in a contin-
uum of solvent molecules: the solute radius and the dielectric
constant ¢ of the solvent are the input parameters for Onsager
SCRF computations.?”!

Ab initio ground state geometric and electronic computed
parameters: To investigate the dependence of molecular
parameters on solvent effects we have performed geometry
optimization and charge computations with several solvent
dielectric constants, ranging from 1.0 (gas phase) to 46.7
(DMSO). In this way, we were able to compute all the
relevant molecular parameters in solvents of very different
natures, going from apolar to highly polar media. However,
for direct comparison with experimentally determined (NMR
and f) data, most of the values presented refer to the gas
phase and to the following solvents: dioxane (¢ =2.21), CHCl,
(¢ =4.80), DMF (¢ =36.70), and DMSO (& =46.70).
Optimized structures of compounds 1¢—3c¢ in the gas phase
and in DMSO, dioxane and CHCl;, including relevant bond
length values, are presented in Figure 4, Figure S5, and
Figures S8 and S9 (see the Supporting Information), respec-
tively. Table S10 (in the Supporting Information) gives
absolute energy values (atomic units) and frequency analysis

Table 4. Experimentally measured and computed! dipole moments and first hyperpolarizabilities of compounds 1-3.

System Gas phase Dioxanel® CHCl, DMF
) 22) (4.8) (36.7)
“g[C] /)’O[d] llﬁole] Hglc] ﬂold] ,uﬂ()[e] Hg[C] ﬁO[d] #ﬂo[e] ug[C] ﬁg[d] /,{ﬁ[][e]
1 exptl 20.0 —62 —1240 — 699011 — 2000111
caled &8 184 17 310 27.1 -30 — 810 458 —-210  —9600 54.1 —-78 —4200
(203) (282) (37.5) (50.8)
2 exptl 16.9 44 750
caled 16.6 22 360 242 31 750 47.6 —230 —11000 56.9 —-69  —3900
3 exptl 9.8 230 2230
caled 14.3 29 420 19.8 89 1760 48.1 —280 —13500 585 —-62 —3600

[a] RHF/6-31G*//RHF/6-31G*; C, symmetry point group; compounds 1c¢—3e¢. [b] Experimentally determined values from electrooptical absorption
measurements on 1b, 2b, and 3a. [c] in Debye. [d] Values according to the phenomenological convention (ref. [44]); 10~ esu. [e] Values according to the
phenomenological convention (ref. [44]); 10~ esu. [f] EFISH measurements for compound 1¢ (ref. [7]). [g] B3LYP/6 -31G*//B3LYP/6-31G* computed

values in parentheses.
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Figure 4. Optimized structures of chromophores 1¢—3c¢ in the gas phase.

results (number of imaginary frequencies) for the computed
structures. Frequency analysis found one imaginary frequency
for the pyridine derivative 1e¢, corresponding to the N-methyl
rotation. Two and three imaginary frequencies were found for
the quinoline and acridine derivatives 2 ¢ and 3¢, respectively.
In both cases the lowest imaginary frequency is due to the
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methyl rotation. In the case of
2¢ and 3¢, frequency analysis
therefore showed that the C;
geometry does not represent a
local minimum. However, we
have also assumed for these
compounds that computation-
al data relative to the C, ge-
ometry would be sufficiently
accurate for our purposes.’!
The results clearly reveal
not only that the structures of
the three compounds are dra-
matically affected by the po-
larity of the surrounding me-
dia, but also that the predom-
inant character (ZW versus Q)
is not maintained throughout
the range of polarity consid-
ered. In particular, the natures
of the three systems are pre-
dominantly quinoid in the gas
phase, whereas in the highly
polar DMSO the zwitterionic
character is strongly predom-
inant. An intermediate situa-
tion is found for less polar
solvents, such as dioxane and
CHCl,, in which, however, the
contribution of the zwitterion-
ic form is always predominant.
Because of the benzoconden-
sation of the azine ring on
going from the pyridine to
the quinoline and acridine de-
rivative, the contribution of
the quinoid limit form increas-
es in all of the solvents on
1.137A going from 1c¢ to 3c.
A detailed quantitative in-
1434A vestigation on the solvent-de-
pendent ICT was performed
by computation of natural
charges (natural population
analysis (NPA))B-41 in the
gas phase and in different
solvents, site by site (Figure 6).
To focus attention better on
acceptor —donor properties of
the terminal moieties and on
the extent of ICT, Figure 6
shows natural charges grouped
by acceptor (azinium), donor
(thienyldicyanomethanido), and bridging ethene units. In this
way, we wanted quantitatively to probe the contribution of the
two limit formulas to the description of the ground state in
terms of natural charges residing on the two end groups.
Namely, it was found that the negative total charge on the
donor group (dicyanomethanido moiety) increases on going
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Figure 5. Optimized structures of chromophores 1¢-3¢ in DMSO.

from the poorly polar dioxane to the highly polar DMF and
DMSO, consistently with an increased contribution of the ZW
form in the latter two solvents. Total charges correspondingly
became more positive on the acceptor group (azine moiety).
It should be noted that the charge is almost symmetrically

ﬁ\'ec = (/Axﬂx+ﬂyﬁ)‘+‘uz[7)z )/ ‘/4 ‘

ﬂlol = (ﬁi"’ﬂfr"'ﬂg)m
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Bi=Biirt (13) ZiotBia+-BrintBrewi)
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shared between the two side
units, with no significant in-
volvement of the central dou-
ble bond, which remains sub-
stantially neutral.

The annelation effect, expe-
rienced on going from the
pyridine 1c to the quinoline
2c¢ and the acridine derivative
3¢, operates, in terms of
charge distribution, in the di-
rection of increasing quinoid
character. Indeed, annelation
promotes charge transfer from
the donor to the acceptor site,
as can be seen from the de-
crease in negative and positive
total charge on the donor and
acceptor moiety, respectively.
A levelling off of annelation-
induced charge variation is
observed at higher polarities,
as a consequence of a predom-
inant frozen (less flexible)
zwitterionic structure. These
results are discussed, in con-
junction with all other studies,
in the following section.

Ab initio computed solvent-
dependent first hyperpolariza-
bilities: Computed static (zero
frequency) first hyperpolariz-
ability S, values and uf3, values
are collected in Table 4 for a
number of different media,
together with experimentally
ascertained values. Computed
B, values were obtained at the
HF level by the coupled per-
turbed Hartree — Fock (CPHF)
method,*! by use of the rou-
tine available in the Gaussian
program. From the calculated
values of the ten independent
components Sy (ij.k=x,y.z)
of the first hyperpolarizability
tensor, we obtained S, and
P Vvalues from Equa-
tions (8)—(10) I through
the adoption of Kleinman
symmetry relations.[*]

ik=xyz (8)
©)
(10)
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Figure 6. Computed solvent-dependent natural charge distributions of compounds 1¢—3e¢. Acceptor (left bar), ethenyl unit (mid bar), and donor (right bar)

group charges are shown for each compound in each medium.

The S, values are identical to the f3,, values when the
intramolecular charge transfer is collinear to the molecular
ground-state dipole moment. We have checked that the two 8
values are very similar to each other and consequently only
the f,.. values are presented. According to the “phenomeno-
logical” convention used in EFISH experimental measure-
ments,*l calculated f3 values were multiplied by a factor of 0.5
to make them directly comparable with experimentally
determined values.

Discussion

Structural control of ICT: The extent of the solvatochromic
response of these dyes in solution (Table 1) is the first
indication of their high molecular polarizability. The Al
(DMSO — dioxane) sign inversion on going from the pyr-
idine- to the acridine-based systems confirms the influence of
molecular design at the acceptor level on fine control over the
n-electron distribution on the whole chromophore structure.
In this case we manipulate the aromaticity of the pyridinium/
annelated pyridinium rings to control the m-electron-with-
drawal strength of the end-heterocycle ring acceptor and
therefore the extent of the charge transfer from the donor
group. In fact, in the azine series (pyridine, quinoline and
acridine)—as in the benzenoid one (benzene, naphthalene
and anthracene)—the aromaticity of the central ring decreas-
es through annelation. The result is a modulation of ground
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state dipole moments, affecting opticall'® absorption in
solution.

5N and *C NMR experiments were performed in DMSO.
Table 5 lists the sum of carbon chemical shifts on the ethenyl
(C=C) and thienyldicyanomethanido (T(CN),) fragments and
in the whole donor-spacer unit (Tot.). Chemical shifts can be
converted into m-electron densities (Ag™) on the carbon
framework by use of Equation (1). Values are reported as
variations with respect to the system 1, taken as a reference.
Note that only the donor-spacer fragment was considered in
this computation, since it remains unchanged along the whole
series of chromophores. Therefore, on moving from the
pyridine-based systems la/b to the corresponding quinoline
2a/b and acridine 3a derivatives, total g™ variations (Ag™ Tot)
can be ascribed only to intramolecular charge transfer

Table 5. Sum (29) of the 3C shifts [ppm] of 1-3 on the ethenyl (C=C) and
thienyldicyanomethanido (T(CN),) molecular fragments and variation of
the local m-electron densities Ag™ on going from 1a/b to the corresponding
2a/b and 3a systems.

Compound 20(*C NMR) Ag

C=C T(CN), Tot C=C T(CN), Tot
la 2479 8147 1062.6 0.00 0.00 0.00
1b 2473 8164 1078.7 0.00 0.00 0.00
2a 2444 8343 1063.7 0.02 -0.12 —-0.10
2b 2440 8351 1079.1 0.02 -0.12 —-0.10
3a 2529 8343 1087.1 -0.03 -0.12 —0.15

[a] Calculated according to Equation (1); negative values correspond to a
decrease of m-electron density
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promoted by pyridine annelation. From this study two
important conclusions can be drawn. First, N-protonated (a
derivatives) and N-alkylated (b derivatives) systems exhibit
identical Ag™ values (1a— 2a and 1b — 2b). Thus, st-molec-
ular polarization is substantially independent of H/alkyl o
substitution at the azine nitrogen atom and makes it
legitimate to compare the NLO properties of differently o-
functionalized derivatives at the azine nitrogen. Second, on
going from the pyridine to the quinoline and then to the
acridine dye there is a slight decrease (—0.10 and —0.15,
respectively) in the m-electron density on the donor site. This

experimental evidence is nicely in
accord with the greater accepting

those presented here. Both *C NMR and computation have
shown the rigidity of the m-structure in highly polar solvents
such as DMSO. However, things change dramatically when
solvent polarity starts to decrease. A first hint of this behavior
is the drastic change in the 'H NMR chemical shifts and
H-C=C-H coupling constants in 1-3 as a function of solvent
polarity.

An interesting complementary way to visualize the strongly
solvent-dependent molecular properties is to plot the com-
puted ground state dipole moment u values against the
solvent’s dielectric constant ¢ (Figure 7a). Two regions of ¢

70 -
properties of acridinium and qui- Y 65
nolinium relative .t(.) the pyrldml— 60 - _ "
um group. In addition, this result 55 + e+ e+ —————
is even more important in view of 50 1
the fact that DMSO is certainly 457 500
not the best solvent in which to o) z:: 45.0
evaluate this trend, since its high 2 . ‘3“5’;’
polarity pushes all the three chro- R 300
mophores toward their zwitter- 20 4 250
ionic limit. Under such conditions, 15 200
the m-framework along the ICT 10 i;z |
direction is almost identical in all 5 -
of the chromophores, and so the 0 T T ; T y T y y y "
charge distribution on the donor 0 s 10 s 20 » %0 % 40 “ . %0
site is similar in the three species. by 2500 5
Unfortunately, poor chromo- o
phore solubility in solvents of 2500 4
low dielectric constant, in which e —— —3
higher overall sensitivities would 50001
be expected, prevented us from R 7500 1 e
performing multinuclear NMR % -10000 2500 |
experiments in CHCl; and diox- %-12500 ] 000
ane. § -15000 4 -10000
The above behavior is in full 47500 | By
agreement with the predications 20000 | -17500
of ab initio computation. From ;gggg
the computed absolute m-electron 225004 100 200 300 400 500
densities in DMSQO, it is possible -25000 o : o 15 2 o 0 a5 0 s A
to derive the Ag™ values for the - .
(C=C)-thienyldicyanomethanido o) 2500
fragment, if molecule 1c is taken o
as the reference system. The com-
puted Ag™ values are indeed very 25001
small (Ag™ < 0.004 electrons) and -5000 -
differences in the three systems 7500
are negligible. In short, the high 2 0000
solvent polarity of DMSO freezes =)
the chromophore m-electron dis- m:? 12000
tribution in an almost completely -15000 1
charge-separated (ZW) structure. -17500 -
-20000 A
Environmental control of ICT:
-22500 . . ' T . . . . ; s

Medium polarity proves to be a
very efficient tool with which to
steer the molecular response for
highly polarizable systems such as
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Figure 7. Plots of computed u (a) and static uf3, (b) against dielectric constant ¢ of the surrounding medium,
and up, against (¢ — 1)/(2e+1) (c) for 1c (o), 2¢ (@), and 3¢ (A).
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values with different effects are then identified: 1) a large
range (7 < € < 47) of dielectric constants in which u values of
chromophores 1-3 are very large and do not vary signifi-
cantly either with structure or with solvent polarity; this is in
agreement with predominantly zwitterionic character in the
systems, and 2) a much smaller € range (1 < & <7) in which the
dipole moments decrease dramatically; here the contribution
of the quinoid structure increases for all the systems, in
particular for the acridine-based derivative 3a.

This very large sensitivity of the m-structure in the 1 <e <7
range is confirmed by the solvatochromic response of 1b in
bulk. Host —guest films of 1b were prepared with matrices of
different dielectric constants. Loading of 1b was kept very low
(<0.5wt%) to prevent formation of aggregates and micro-
domains and to avoid substantial changes in ¢ on going from
the pure matrix to the blend. In particular, we chose host
polymer matrices with low dielectric constants, to match the
region in which the molecular polarization of dyes 1-3 is
significantly affected. Some of these templates—such as
PMMA, polyimides, and sol —gel glasses—have been exten-
sively used in the preparation of active electrooptic materi-
als.™ The solid-state solvatochromic data for 1b are collected
in Table 6. The solvatochromic shift of dye 1b from the low-
polar polystyrene (¢ =2.5-2.6; Table 6, entry 8) to the high-
polar siliceous matrix (¢ > 6; entry 1) is extremely large (A4,
as high as —132 nm). This surprisingly high solvatochromic
shift, even larger than that found in solution (Al = —
89 nm), is probably due to the peculiar nature of the siliceous
matrix, in which multiple and strong intermolecular inter-
actions occur between the highly polar dye and the pore
surface, exposing hydroxy functionalities.[*"]

Table 6. Solvatochromic data (4, [nm] of the charge-transfer band) for
the chromophore 1b in selected film matrices.

Entry Matrix € Amax [0M]
1 siliceous >6 592
2 poly(p-hydroxystyrene) [a] 616
3 poly(ethyleneglycol) 3.6-4.0 628
4 1b0] fal 648
5 PMMA 32-35 676
6 polymaleimide 3.1-33 680
7 poly(vinylbenzyl chloride) 2.7-2.9 702
8 polystyrene 25-26 724

[a] Unknown. [b] As free standing neat film obtained by spin coating.

Finally, Table 7 shows computed ethenyl bond lengths of
the central spacer unit in dioxane, chloroform, and DMSO for
compounds 1-3. A progressive elongation of this bond in the
series of chromophores is observed when the solvent polarity
is concomitantly increased. This data demonstrate the varia-

Table 7. Solvent-dependent computed C—C bond lengths [A] of the
central ethenylic unit in systems 1-3.12

Compound Dioxane CHCl, DMSO
1c 1.404 1.348 1.337
2¢ 1.417 1.347 1.337
3¢ 1.435 1.349 1.340

[a] Calculated at the RHF/6-31G*//RHF/6-31G* level; C, symmetry
point group.
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ble contribution of the Q and ZW limit formulas to dyes’
descriptions, with an increased/decreased contribution of the
ZW/Q structure in higher polar solvents. This result is fully
supported experimentally by the 3/ behavior of this bond in
such solvents.

Nonlinear optical molecular response: Table 4 collects both
experimentally determined (EFISH and EOAM) and com-
puted u, B, and upf, values for 1-3 in different media. The
excellent agreement found between the computed and the
available experimental uf, results, also taking account of the
implicit errors arising from measurements and computational
approximations, is remarkable and allow us to view the
computed values in solvents for which NLO experimental
data are not accessible as realistic.

The overall picture that emerges from the combination of
experimentally determined and computational investigation
leads to important and, in some ways, amazing and unexpect-
ed conclusions.

First, chromophore NLO f, responses are low and positive
in media of very low dielectric constant (gas phase) while
being low and negative in solvents of high dielectric constant
(DMF). Note that 43, (DMF) is indeed much higher than uf3,
(gas) but that most of the contribution comes from the higher
u values. Indeed, these results are to be expected because both
limit situations are characterized by a molecular m-structure
frozen in either the quinoid or the zwitterionic limit formula.
In accordance with the two-state model, these situations lead
to the lowest second-order NLO activity. In this context (at
these extreme situations) annelation of the pyridine acceptor
has very little influence on the extent of the charge transfer
and the molecular properties are environmentally controlled.
These data are in line with the solvatochromic and NMR
results.

Second, completely different behavior is observed when
media possessing suitable dielectric constants (2 < &€ < 7), such
as chloroform and dioxane solvents, are considered. We have
already shown how they greatly affect the molecular dipole
moments. In this case the description of the dyes’ ground or
excited states is a “loose” combination of both Q and ZW
limit formulas, which can easily be perturbed. In this situation,
slight structural modifications and/or minute & variations
greatly affect the nonlinear optical response. In dioxane,
simply through annelation of the pyridine ring, x4, changes
from negative (ca. — 1200 for 1b) to positive (ca. + 800 for 2b)
to highly positive (ca. +2200 for 3a). Moving from dioxane to
chloroform (A¢ = 2.6) the nonlinear optical figure of merit uf,
increases by a factor of ten. However, to stress the overall
sensitivity of 1-3 second-order NLO responses with medium
polarity, Figure 7b and Figure S11 (in the Supporting Infor-
mation) show plots of uf, and f,, respectively, against e.
Alternatively, the permittivity dependence of uf3, in terms of
the function (¢ — 1)/(2¢+1), which controls the magnitude of
the reaction field,® is illustrated in Figure 7c.

These graphs clearly show the highly strategic role of the
polarity of the surrounding media in determining the NLO
molecular response. It should be noted how, upon changing
the value of the dielectric constant &, uf3, values can not only
change sign, but more importantly, vary by orders of
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magnitude. For instance, |uf,| of acridine derivatives is
predicted to change from zero to 2.2 x 10~ esu (a value that
would be one of the largest ever reported in the literature)
within a range of only 0.4 ¢ units (from 3.4 to 3.8)!

Conclusion

In this study a combination of organic synthesis, multinuclear
("H, BC, N) NMR study, optical absorption spectroscopy,
nonlinear optical measurements, and ab initio computations
have been applied to the design, preparation, and character-
ization of a novel family of push —pull chromophores 1—3, in
which fine control over molecular properties is based on
structural and media effects.

The chromophore design of the electron-poor central
pyridine ring as a m-acceptor unit conjugated with the
dicyanomethanido donor, based on the different aromaticity
achieved through annelation, provides a set of structures that
exhibits either similar or differentiated properties, depending
on the surrounding media. In fact, the ground and excited
states of these systems can be described as linear combina-
tions of two limit formulas, ZW and Q, the relative weights of
which significantly affect the molecular performance in terms
of linear and nonlinear optical responses.

This study demonstrates that dyes 1-3 are undoubtedly
highly polarizable structures. On the basis of multinuclear
NMR analysis and solvatochromic data, all of the systems 1-3
are primarily zwitterionic over a large range of high dielectric
constants, while the quinoid contribution increases as ¢
decreases. Eventually, they are completely quinoid for ¢ < 2.
These results are confirmed both by nonlinear optical
measurements in dioxane, chloroform and DMF and by
computations. Bond-localized quinoid arrangements must be
a realistic structural prerequisite: their evolution into charge-
separated structures by ICT must be made possible by
favorable interaction with polar media. Computations are
invaluable in suggesting proper environments for adjusting
the ICT and should allow improvement, even of orders of
magnitude, of the first hyperpolarizability performance of
highly polarizable NLO-phores.

In short, dyes 1-3 give access to large second-order
molecular NLO activities, which can only be reached, how-
ever, if medium polarity effects are carefully taken into
consideration. An excellent NLO response in solution might
vanish when the active chromophore is dispersed in a matrix
with unsuitable dielectric properties. Vice versa, a mediocre
NLO response for a newly designed chromophore could be
the result of an unfortunate choice of solvent, as dictated by
instrumental availability or solubility properties; the same
chromophore might prove to perform very well under
appropriately chosen environmental (solvent, matrix) condi-
tions. The commonly established procedure for NLO com-
pounds to report  values in one solvent only, may in certain
cases be insufficient to draw definite conclusions on the
overall chromophore performance and the prospect of differ-
ent design strategies.
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Experimental Section

General: 'H NMR spectra were recorded at 300 and 500 MHz. UV/Vis
spectra were recorded with a Varian Cary 1 E spectrophotometer. Mass
spectra were determined at an ionizing voltage of 70 eV. Anhydrous
solvents were prepared by continuous distillation over sodium sand, in the
presence of benzophenone and under nitrogen or argon, until the blue
color of sodium ketyl was permanent. Anhydrous N,N-dimethylformamide
(DMF) was supplied by Fluka. Acetone was dried over Na,SO, for a few
days. Diisopropylamine was heated at reflux over CaH, for 4 h and distilled
under nitrogen prior to use. Extracts were dried over Na,SO, (4 h). Melting
points are uncorrected.

Electrooptical absorption measurements (EOAM): The EOAM character-
ization of the NLO-phores was carried out by previously described
methods.!"* 3! Electrooptical absorption spectra were recorded in dioxane,
which was purified and carefully dried prior to use by distillation from Na/
K under argon. Supplementary optical absorption spectra required for
evaluation of the EOAM spectra were determined with a Perkin-Elmer
Lambda 900 spectrophotometer.

Materials: 4-Pyridinecarbaldehyde, 4-quinolinecarbaldehyde, and 2-bro-
mothiophene were commercially available. 1-(4-Pyridyl)-2-{2-[5-(dicyano-
methanido)thienyl]}ethene sodium salt and decyl triflate were prepared by
known procedures. ]

Film preparation: A solution of 1b (0.1 mg) in THF (0.1 mL) was added to
a solution obtained from polymeric samples (entries 2, 3, 5-—8, Table 6,
~15 mg) dissolved by sonication in either THF or CHCI; (1 mL). The
mixture was sonicated for 2 min and then spin-coated (1500-2000 rpm,
10s) onto sodium lime glass substrates (Fisher). A 1b film (entry 4,
Table 6) was prepared by spin-coating a solution of 1b (5 mg) in CHCl,
(1 mL). Siliceous film (entry 1, Table 6) was prepared from a mixture of 1b
(0.2 mg) and Si;O;Clg (0.01 mL) in THF (1 mL). After spin-coating, the
film was dried under vacuum for 10 min and rinsed twice with diluted
ammonium hydroxide solution (2%) and finally with water. UV/Vis
spectra were immediately recorded after film preparation.

1-(4-1 H-Pyridinium)-2-{2-[ 5-(dicyanomethanido)thienyl]}ethene (1a):
Aqueous HCl (10%) was added dropwise to a suspension of 1-(4-
pyridyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (0.185 g,
0.68 mmol) in H,O (5 mL) until pH 1 was reached. After the mixture had
been stirred at room temperature for 30 min, the blue precipitate was
collected, washed with water, and dried under vacuum at 80 °C to afford the
pure product (0.140g, 0.56 mmol, 82.4%): m.p. 234-235°C(DMF);
'H NMR ([D¢]DMSO, 25°C, TMS): 6=14.2 (broad, 1H), 8.40 (d,
3J(H,H) =7.0Hz, 2H), 7.97 (d, *J(H,H) =15.1 Hz, 1H), 7.75 (d, 2H), 7.19
(d, 3(H,H)=4.2 Hz, 1H), 6.34 (d, 1H), 6.25 (d, 1H); elemental analysis
caled (%) for C,HoN;S - 0.5H,0 (260.3): C 64.58, H 3.87, N 16.14; found: C
65.01, H 4.02, N 15.61.

1-(4-1-Decylpyridinium)-2-[2-[5-(dicyanomethanido) thienylJethene (1b):
Decyl triflate (0.21 g, 0.74 mmol) in dry acetone (1 mL) was added
dropwise to a suspension of 1-(4-pyridyl)-2-{2-[5-(dicyanomethanido)thie-
nyl]}ethene sodium salt (0.19 g, 0.70 mmol) in the same solvent (4 mL). The
color of the solution changed immediately from orange to blue. After the
mixture had been stirred overnight at room temperature, the precipitate
was collected and washed with EtOH and water to give the practically pure
product (0.141 g, 0.36 mmol, 51.4%) as a blue solid: m.p. 225-226°C
(EtOH); '"H NMR ([D,]DMSO, 25°C, TMS): 6 =8.45 (d, *J(H,H) =7.1 Hz,
2H), 799 (d, 3J(H,H) =15.1 Hz, 1H), 7.75 (d, 2H), 7.20 (d, 3/(H,H) =4.2,
1H), 6.35 (d, 1H), 6.25 (d, 1H), 4.25 (t, 3/(H,H) =72 Hz, 2H), 1.81 (m,
2H), 1.18-1.35 (m, 14H), 0.84 ppm (t, *J(H,H) = 6.9 Hz, 3H); elemental
analysis caled (% ) for C,yH,oN5S - 0.5H,0 (400.6): C 71.95, H 7.56, N 10.49;
found: C 71.95, H 7.16, N 10.07.

1-(4-1 H-Quinolinium)-2-[2-[5-(dicyanomethanido)thienylJethene  (2a):
Aqueous HCl (10%) was added dropwise to a suspension of 1-(4-
quinolyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (0.21 g,
0.645 mmol) in H,O (7 mL) until pH 1 was reached. After the mixture had
been stirred for 30 min at room temperature, the blue precipitate was
collected, washed with water and dried under vacuum to afford the pure
product (0.16 g, 0.52 mmol, 82.3%): m.p. >240°C; '"H NMR ([D¢]DMSO,
25°C, TMS): 6=14.10 (s, 1H), 8.62 (d, 3/(H,H) =8.6 Hz, 1H), 8.51 (d,
3J(HH) = 6.5 Hz, 1H), 8.26 (d, */(H,H) =14.3 Hz, 1H), 7.93 (t, *J(H.H) =
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78 Hz, 1H), 7.86 (d, *J(H,H) = 8.4 Hz, 1 H), 781 (d, 1 H), 768 (1, 1H), 746
(d, 3J(H,H)=4.2Hz, 1H), 6.99 (d, 1H), 6.45ppm (d, 1H); elemental
analysis caled (%) for CgH;N5S-2H,0 (337.4): C 64.07, H 4.49, N 12.45;
found: C 64.41, H 4.27, N 12.88.

1-(4-1-Decylquinolinium)-2-{2-[ 5-(dicyanomethanido)thienyl]}ethene
(2b): Decyl triflate (0.49 g, 1.71 mmol) in dry acetonitrile (30 mL) was
added dropwise to a suspension of 1-(4-quinolyl)-2-{2-[5-(dicyanometha-
nido)thienyl]}ethene sodium salt (0.50 g, 1.55 mmol) and K,CO; (0.64 g,
4.65 mmol) in the same solvent (30 mL). The color of the solution changed
immediately from orange to green. After the mixture had been heated at
reflux for 2 h, the solvent was evaporated and the residue was chromato-
graphed on alumina (neutral, acetone/CHCl; 1:1) to afford the pure
product (0.09¢g, 020mmol, 13.1%): m.p. 156-158°C; 'H NMR
([D¢]DMSO, 25°C, TMS): 6=38.69 (d, 3J(H,H)=8.8 Hz, 1H), 8.55 (d,
3J(HH) = 7.05 Hz, 1H), 8.29 (d, */(H,H) = 14.2 Hz, 1H), 8.11 (d, 1 H), 7.98
(t, 3J(HH)=74 Hz, 1H), 777 (d, 1H), 770 (t, 1H), 749 (d, 3J(H,H) =
4.3 Hz,1H),7.01 (d, 1H), 6.50 (d, 1 H), 4.57 (t,°J(H,H) = 7.22, 1H), 1.82 (m,
2H), 1.40-1.10 (m, 14H), 0.84 ppm (t, J(H,H)=6.5, 3H); elemental
analysis caled (%) for C,sH; N;S (441.7): C 76.27, H 7.50, N 9.20; found:
C76.18, H 6.98, N 9.38.

1-(4-Quinolyl)-2-[5-(dicyanomethanido)thien-2-ylJethene  sodium salt
(5): Malononitrile (0.35 g, 5.30 mmol) was added portionwise to an ice-
cooled suspension of sodium hydride (0.25 g, 60% in oil, 6.25 mmol) in
anhydrous 1,2-dimethoxyethane (27 mL), and the mixture was stirred
under nitrogen atmosphere at room temperature for 30 min. 1-(4-Quinol-
yl1)-2-(5-bromothien-2-yl)ethene (0.64 g, 2.22 mmol) and tetrakis(triphe-
nylphosphine)palladium(o) (0.25 g, 0.22 mmol) were added to the above
solution, and the mixture was stirred overnight at room temperature. The
solvent was removed under reduced pressure and the resulting gummy
solid was taken up with benzene (3 x 10 mL) and hexane (30 mL), and
finally washed with H,O (2 x 8 mL) to give the product as a red-brown
solid (0.67 g, 2.07 mmol, 93.2%), which was used in the next step without
further purification: m.p. >240°C; "H NMR ([D4]DMSO, 25°C, TMS): 6 =
8.72 (d, 3J(H,H)=4.8 Hz, 1H), 8.33 (d, *J(H,H) = 8.3 Hz, 1H), 7.95 (d,
3J(HH) =8.5 Hz, 1H), 7.72 (t, 1H), 7.68 (d, 1 H), 7.66 (d, *J(H,H) = 11.8 Hz,
1H), 7.57 (t,1H), 7.04 (d, 1H), 7.03 (d, 1H), 6.09 ppm (d, *J(H,H) =3.8 Hz,
1H).

1-(4-Quinolyl)-2-(5-bromothien-2-yl)ethene (7): A mixture of 5-bromo-2-
chloromethylthiophene” (4.60 g, 21.76 mmol) and triethylphosphite
(3.60 g, 21.76 mmol) was heated at reflux at 110°C for 6 h. The resulting
oil was heated at 200°C and at 1 mmHg in a Kugelrohr apparatus to distil
low-boiling components, leaving the diethyl 5-bromothien-2-ylmethane-
phosphonate (6.02 g, 19.22 mmol, 88 % ) as a light red, oily residue; this was
used for subsequent steps without further purification. 'H NMR (CDCl;,
25°C, TMS): 6 =6.88 (d, *J(H,H) =3.7 Hz, 1H), 6.71 (tt, */(P,H) = 1.0 Hz,
3J(HHH) = 3.7Hz, 1H), 4.07 (dq, *J(PH)=8.22Hz, 6H), 3.26 (dd,
2J(P,H)=20.7 Hz, 2H), 1.28 ppm (t, *J(H,H) =7.1 Hz, 9H).

A suspension of sodium hydride in oil (60 % by weight; 0.16 g, correspond-
ing to 0.27 g, 6.96 mmol) was thoroughly washed with anhydrous hexane
and then suspended in anhydrous THF (15 mL). A solution of diethyl
S-bromothien-2-ylmethanephosphonate (1.99 g, 6.36 mmol) in THF (5 mL)
was added under nitrogen to this suspension, followed by the addition of a
solution of 4-quinolylcarbaldehyde (1.00 g, 6.36 mmol) in the same solvent
(5 mL). The mixture was cautiously heated on an oil-bath at 50 °C until the
evolution of hydrogen had ceased, and then at reflux for 2 h. The mixture
was poured onto ice (100 mL) and the aqueous phase was extracted with
ether (4 x 50 mL). The ethereal phases were combined, washed with water
and dried over Na,SO,, and the solvent was finally evaporated to afford a
dark oil (1.97 g). The pure product was obtained after column chromatog-
raphy (silica gel, ether) as a light yellow solid (1.041 g, 3.29 mmol, 51.7%):
m.p. 113-114°C (after sublimation); '"H NMR ([D¢]DMSO, 25°C, TMS):
0=28.87(d,*J(H,H)=4.7 Hz,1H), 8.42 (d,*J(H,H) = 79 Hz, 1H), 8.03 (d,
*J(H,H) =79 Hz, 1H), 7.81 (d, 1H), 7.79 (t, *J(H,H) = 6.9 Hz, 1H), 7.73 (s,
2H), 7.66 (t, 1H), 7.32 (d, *J(H,H) =3.8 Hz, 1H), 728 (d, 1H); elemental
analysis calcd (%) for C;sH,(BrNS (316.2): C 56.98, H 3.19, N 4.43; found:
C 5731, H 3.42, N.4.67

1-(4-10 H-A cridinium)-2-{2-[5-(dicyanomethanido)thienyl]}ethene  (3a):
Aqueous HCI (10%) was added dropwise to a suspension of 1-(9-
acridyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (191 g,
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5.10 mmol) in H,O (50 mL) until pH 1 was reached. After the mixture
had been stirred at room temperature for 30 min, the blue precipitate
was collected, washed with water, and dried under vacuum at 80°C to
afford the pure product (1.49 g, 4.22 mmol, 82.9%). m.p. >300°C(DMF);
'H NMR ([D¢]DMSO, 25°C, TMS): 6=12.2 (broad, 1H), 827 (d,
3J(HH)=83Hz, 2H), 801 (d, %(HH)=135Hz, 1H), 784 (d,
3J(HH)=4.9 Hz, 1H), 7.71 (t, 3J(H,H) =7.6 Hz, 2H), 7.52 (d, ¥(H,H) =
8.2 Hz, 2H), 7.35 (t,J(H,H) = 7.6 Hz, 2H), 7.16 (d, *J(H,H) = 13.7 Hz, 1 H),
6.88 ppm (d, 3/(H,H)=4.9 Hz, 1H); elemental analysis caled (%) for
C,H5N;S (351.4): C 75.19, H 3.73, N 11.96, S 9.12; found: C 75.03, H 3.81,
N 11.51, S 8.60.

1-(9-Acridyl)-2-{2-[5-(dicyanomethanido)thienyl]}ethene sodium salt (6):
A solution of malononitrile (0.15 g, 2.2 mmol) in 1,2-dimethoxyethane
(4 mL) was added to an ice-cooled suspension of sodium hydride (0,18 g,
60 % in mineral oil, 4.5 mmol) in the same solvent (10 mL), and the mixture
was stirred at room temperature under nitrogen for 1 h. 1-(9-Acridyl)-2-(5-
bromothien-2-yl)ethene (0.41 g, 1.1 mmol) and tetrakis(triphenylphosphi-
ne)palladium(0) (0.14 g, 0.1 mmol) were added, and the reaction mixture
was stirred overnight at room temperature. The solvent was remove under
reduced pressure, and the solid was taken up with dry benzene (25 mL) and
washed with water (5mL) to give the product as a purple solid (0.41 g;
1.1 mmol; 97 %). m.p. >240°C; '"H NMR ([D¢]DMSO, 25°C, TMS): 6 =
8.39 (d, 3/(H,H)=8.7 Hz, 2H), 8.09 (d, *J(H,H)=8.6 Hz, 2H), 7.81 (t,
3J(H,H) =7.6 Hz, 2H), 7.58 (t, 3/(H,H) =7.7 Hz, 2H), 7.26 (s, 2H), 7.03 (d,
3J(H,H) =3.9 Hz, 1H), 6.10 ppm (d, 3J(H,H) =3.9 Hz, 1H).

1-(9-Acridyl)-2-(5-bromothien-2-yl)ethene (8): A mixture of sodium ace-
tate (8.17 g, 99.6 mmol), acetic acid (98 %, 28 mL), and 9-methylacridine
(1.63 g, 8.5mmol) was heated at 80°C for few minutes. 5-Bromo-2-
thiophenecarbaldehyde (3.22 g, 170 mmol) was then added, and the
reaction mixture was heated at reflux for 8 h. After cooling, the reaction
mixture was poured into iced water (140 mL), and ammonium hydroxide
(25%) was added until pH 14 was reached. The basic solution was
extracted with ethyl acetate (5 x 65 mL) and the organic phase was washed
twice with water and dried over Na,SO,, and the solvent was evaporated to
give the crude product (4.05 g), which was purified by column chromatog-
raphy on silica gel (dichloromethane/diethyl ether 20:1). Two isomers were
isolated: cis isomer (0.21 g, 0.6 mmol, 6.6 % ): m.p. 134-135°C; '"H NMR
(CDCl;, 25°C, TMS): 0=8.28 (d, *(HH)=88Hz, 2H), 815 (d,
3J(H,H) =8.6 Hz, 2H), 7.76-7.82 (m, 2H), 7.45-7.53 (m, 2H), 728 (d,
3J(HH)=121Hz, 1H), 699 (d, *J(HH)=12.1Hz, 1H), 6.70 (d,
3J(HH)=3.9Hz, 1H), 6.64 ppm (d, *(HH)=3.9Hz, 1H); MS (EI,
70 eV): miz (%): 367 (52) [M]*; trans isomer (1.10 g, 3.0 mmol, 35.5%):
m.p. 197-200°C (AcOEt); 'H NMR (CDCl;, 25°C, TMS) 6 =827 (d,
3J(H,H) =8.8 Hz, 2H), 8.24 (d, *J(H,H) = 8.7 Hz, 2H), 7.74-7.82 (m, 2H),
763 (d, 3J(H,H)=16.3 Hz, 1H), 7.51-7.58 (m, 2H), 7.07 (d, 3J(H,H)=
16.3 Hz, 1H), 7.05 (d, *J(H,H)=3.9 Hz, 1H), 6.94 ppm (d, *J(H.H) =
3.9 Hz, 1H); MS (EIL 70 eV): m/z (%): 367 (100) [M]*; elemental analysis
caled (%) for CoH;,BrNS (366.3): C 62.30, H 3.30, N 3.82; found: C 61.80,
H 3.26, N 3.69.

9-Methylacridine (9): A mixture of diphenylamine (13.25 g, 78.3 mmol),
acetic acid (60 %, 8 mL), and ZnCl, (22.91 g, 168.1 mmol) was heated at
170°C for 17 h. After cooling, the solid was taken up with warm water (2 x
50 mL), which was discarded, and then extracted with hot water (4 x
60 mL). The aqueous phases were combined, NH,OH (30 %) was added,
and the basic solution was extracted with ethyl acetate (3 x 200 mL). The
organic phase was washed with water (100 mL) and dried over Na,SO,, and
the solvent was evaporated to give the product as a yellow solid (4.01 g,
20.8 mmol, 26.5%). m.p. 114°C (lit.*¥! 114-115°C); 'H NMR (CDCl,,
25°C, TMS): 6 =8.22 (d, *J(H,H) =8.8 Hz, 2H), 8.19 (d, *J(H,H) = 8.6 Hz,
2H), 7.71 (t,3J(H,H) = 7.4 Hz, 2H), 7.50 (t, *J(H,H) = 7.5 Hz, 2H), 3.06 ppm
(s, 3H).
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