
DOI: 10.1002/chem.200600037

Effect of Polarity and Structural Design on Molecular Photorefractive
Properties of Heteroaromatic-Based Push–Pull Dyes
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Introduction

The photorefractive (PR) effect refers to spatial modulation
of the refractive index of a material under nonuniform illu-
mination via space–charge field formation and electro-opti-
cal nonlinearity. It arises in materials combining photosensi-
tivity and conductivity when charge carriers, photogenerated
by a spatially modulated light intensity, separate and
become trapped to produce a nonuniform space–charge dis-
tribution which leads to the formation of an internal modu-
lated space–charge field (ESC). The interaction of ESC with
the materials modulates the refractive index to create a
phase grating, or hologram, which can diffract a light

beam.[1] Photorefractivity in organic amorphous materials is
achieved by combining appropriate functional molecules or
moieties to impart photosensitivity, conductivity, and elec-
tro-optical (EO) response.[2] This effect was first reported in
polymeric materials in 1991.[3] Typical EO chromophores are
push–pull systems consisting of a p-electron bridge end-
capped by p-electron-donor (D) and p-electron-acceptor
(A) groups (Scheme 1). In the case of an amorphous materi-
al, we can distinguish two cases: its glass-transition tempera-
ture Tg is either higher or is approximately equal to room
temperature (working temperature). In the former type
(high-Tg materials) phase-grating formation can be attribut-
ed to a linear electro-optical Pockels effect (c(2)).[4] Since the
isotropic material would yield no electro-optical effect, the
PR effect arises from materials which have been previously
poled by an external electric field. In the second case (low-
Tg materials) a second-order electro-optical Kerr effect (c(3))
is present in addition to the Pockels effect.[5] In low-Tg mate-
rials reorientation of the dipolar chromophores plays an im-
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Scheme 1. Resonance limit structures (NE=neutral ; ZW=zwitterionic)
of push–pull molecules (D=electron-donor group, A=electron-acceptor
group).
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portant role (orientational enhancement effect).[6] On the
basis of the microscopic interpretation of these two ef-
fects,[5,7] Equations (1) and (2) have been proposed as fig-
ures-of-merit to give a useful tool for predicting the PR per-
formances of EO chromophores

FL
w ¼ 1

M

�
9 mgbð�w;w,0Þ þ
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gdað�w;wÞ
kBT
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where kB is the Boltzmann constant, T the working tem-
perature, FL

w and FH
w are the figures of merit for low-Tg (T�

Tg) and high-Tg (T<Tg) PR materials, respectively, M is the
molar mass of the chromophores, mg the ground-state dipole
moment (the z axis is chosen to be parallel to mg), bACHTUNGTRENNUNG(�w;w,0)
the second-order polarizability, and da ACHTUNGTRENNUNG(�w;w) the anisotro-
py of the optical polarizability, which can be written in the
form of Equation (3) , where aii (i=x, y, z) are the diagonal
elements of the polarizability tensor.

da ¼ azz�1=2ðayy þ axxÞ ð3Þ

The molecular properties involved in Equations (1) and
(2) depend on the ground-state electronic distribution of the
EO chromophores. The ground state of a push–pull system,
as shown in Scheme 1, can be represented in terms of zwit-
terionic (ZW) and neutral (NE) limiting structures. The rel-
ative weight of the two limit forms depends on the electron
affinities of A and D, on the type of p-conjugated bridge,
and on the polarity er of the surrounding medium.[8,9] In the
last decade different parameters have been proposed (c2,
BLA, and MIX)[5,10] to describe the polarization of the
ground state and to show the relationship between electron-
ic distribution and ground-state properties. According to a
simple two-level model (TLM),[11] da ACHTUNGTRENNUNG(�w;w) and bACHTUNGTRENNUNG(�w;w,0)
vanish at the ZW limit (c2=1), where mg is maximized. In
contrast, daACHTUNGTRENNUNG(�w;w) finds its maximum at the so-called cya-
nine limit (c2=0.5), where b ACHTUNGTRENNUNG(�w;w,0) is again equal to
zero.[7]

While several contributions have reported on the relation-
ships between structural parameters and ground-state elec-
tronic distribution, leading to design principles for EO chro-
mophores,[1,5,8,12, 13] the effect of systematic variation of the
surrounding polarity on the PR figures of merit has been
scantly investigated, in spite of its important role in affecting
the ground-state parameters. In particular, we were attract-
ed by the idea of affecting the PR molecular efficiency
through a fine rearrangement of the ground-state electronic
distribution on varying the polarity of the surrounding
medium.

For our purposes we selected two series of azinium-based
derivatives that we have previously investigated for their
large tunability of molecular ground-state properties: 1) pyr-
idoneimines 1 and 2 and pyridonemethides 3 and 4 ;[14]

2) azinium dicyanomethanido zwitterions 5 and 6.[9,15, 16]

These two classes of push–pull dyes were particularly suita-
ble for the following reasons: 1) they were expected to have
different and variable NE or ZW characters (Scheme 2) and

thus affect the PR figures of merit in a significantly different
manner;[17] 2) aromatic and quinoid heterocycles usually
impart a larger degree of polarization of the p-conjugated
framework than a simple donor–acceptor polyene; 3) mole-
cules with large ground-state dipole moments are highly sen-
sitive to the surrounding medium.[9] These factors, combined
with the effect of the surrounding polarity, should lead to a
variety of different structural and electronic properties.

We felt that surrounding-polarity effects could be proper-
ly investigated by considering an adequate set of solvents
covering a polarity range as large as possible. To this end,
we selected the following solvents from low to high dielec-
tric constant: 1,4-dioxane (er=2.2), CHCl3 (er=4.8), acetone
(er=20.7), and DMSO (er=46.7). These solvents are widely
used for organic EO chromophores. The electro-optical ab-
sorption (EOA) approach[7,18] seemed an appropriate choice
to experimentally access all of the molecular parameters ap-
pearing in the aforementioned figures of merit. However,
the inherent limitations to apolar or low-polarity solvents
prompted us to use a judicious combination of experiments
(optical and electro-optical absorption spectroscopy) and
computations (ab initio quantum chemical calculations) to
thoroughly investigate the dependence of the PR perform-
ances of chromophores 1–6 on structural effects and sur-
rounding polarity.

Scheme 2. Neutral (NE) and zwitterionic (ZW) resonance limit structures
of dyes 1–4 (A), and 5 and 6 (B).
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Results and Discussion

Optical investigation : The optical absorption spectra of
push–pull molecules are often characterized by a strong ab-
sorption band at low energy corresponding to intramolecu-
lar charge transfer (CT) between the donor and the acceptor
moieties. According to the TLM and adopting the Taylor
convention[19] Equations (4) and (5) can be derived, where
da0 and b0 are the TLM approximations for da ACHTUNGTRENNUNG(�0;0) and b-
ACHTUNGTRENNUNG(�0;0,0), respectively, Dm and meg the change of the dipole
moment and the electronic transition dipole moment on
electronic excitation from the ground to the excited state,
and leg is the wavelength of the optical excitation associated
with the CT transition. All of these properties can be ob-
tained by careful analysis of the CT band.[5a,9] Furthermore,
the resonance structures of the chromophores and the maxi-
mal hypothetical dipole change Dmmax (defined as the differ-
ence in dipole moments of the pure ZW and NE structures)

can be described in terms of the resonance parameter c2 ac-
cording to Equations (6) and (7).[7]

da0 ¼
2 m2

egleg

hc
ð4Þ

b0 ¼
6ðmeglegÞ2Dm

ðhcÞ2
ð5Þ

c2 ¼ 1
2
½1�Dmð4m2

eg þ Dm2Þ�1=2� ð6Þ

Dmmax ¼
Dm

1�2 c2
ð7Þ

UV/Vis spectroscopy : All of the chromophores show an in-
tense CT band in the visible region of the spectrum.
Tables 1 and 2 (see also Supporting Information) collect
UV/Vis data (leg, e ; CT band) and the derived electronic
properties (meg, da0) as a function of er. See Supporting In-
formation for UV/Vis absorption spectra of 1–4, 5a, and 6a
in solvents of different polarity.

Compounds 1–4 show positive solvatochromism. The ad-
dition of a second nitro group in the phenyl rings of 2 and 4
leads to a bathochromic shift in comparison to mononitro
derivatives 1 and 3, in accordance with an increase in elec-
tron-acceptor strength. The increase in solvent polarity acts
to mitigate the difference between p-nitrophenyl and 2,4-di-
nitrophenyl electron affinities. In the comparison between
the N-bridged and the corresponding methino derivatives (1
vs. 3 and 2 vs. 4) a considerable shift of the CT band to
longer wavelength and a hyperchromic effect are observed.

Table 1. Solvatochromic data (leg/nm) of the CT band for the chromo-
phores 1–4, 5a, and 6a in selected solvents.

1,4-Dioxane CHCl3 Acetone DMSO Dñ [cm�1] [a]

(er) ACHTUNGTRENNUNG(2.2) ACHTUNGTRENNUNG(4.8) ACHTUNGTRENNUNG(20.7) ACHTUNGTRENNUNG(46.7)

1 409 413 432 458 2380
2 423 432 449 467 1730
3 520 539 550 590 1600
4 559 580 579 595 440
5a 709 706 645 621 �1940
6a 762 765 737 718 �860

[a] Dñ= ñ ACHTUNGTRENNUNG(CHCl3)�ñ ACHTUNGTRENNUNG(DMSO): positive Dñ values mean positive solvato-
chromism.

Table 2. Experimental[a] and computed[b] ground-state dipole moment mg, polarizability anisotropy da0, and first hyperpolarizability b0 of compounds 1–6
in selected media.[c]

Gas phase 1,4-dioxane CHCl3 Acetone DMSO
(er) ACHTUNGTRENNUNG(1.0) ACHTUNGTRENNUNG(2.2) ACHTUNGTRENNUNG(4.8) ACHTUNGTRENNUNG(20.7) ACHTUNGTRENNUNG(46.7)

mg da0 b0 mg da0 b0 mg da0 b0 mg da0 b0 mg da0 b0

1 exptl 28.6 17 56 19 22 –[d]

comp 39.8 24 4 44.9 29 8 49.1 34 14 53.4 39 22 54.4 40 24
ACHTUNGTRENNUNG(41.6) ACHTUNGTRENNUNG(36) ACHTUNGTRENNUNG(47.7) ACHTUNGTRENNUNG(44) ACHTUNGTRENNUNG(52.9) ACHTUNGTRENNUNG(52) ACHTUNGTRENNUNG(58.4) ACHTUNGTRENNUNG(60) ACHTUNGTRENNUNG(59.6) (62)

2 exptl 27.6 15 45 –[d] 22 26
comp 40.8 20 2 48.7 26 5 55.3 31 9 62.1 37 15 63.6 38 16

ACHTUNGTRENNUNG(44.9) ACHTUNGTRENNUNG(30) ACHTUNGTRENNUNG(53.2) ACHTUNGTRENNUNG(39) ACHTUNGTRENNUNG(60.3) ACHTUNGTRENNUNG(46) ACHTUNGTRENNUNG(67.8) ACHTUNGTRENNUNG(55) ACHTUNGTRENNUNG(69.4) ACHTUNGTRENNUNG(57)
3 exptl 27.2 37 146 –[d] 45 55

comp 35.0 32 18 40.3 41 33 44.8 48 52 49.8 57 80 51.0 59 88
ACHTUNGTRENNUNG(40.5) ACHTUNGTRENNUNG(51) ACHTUNGTRENNUNG(48.6) ACHTUNGTRENNUNG(67) ACHTUNGTRENNUNG(55.8) ACHTUNGTRENNUNG(82) ACHTUNGTRENNUNG(63.8) ACHTUNGTRENNUNG(98) ACHTUNGTRENNUNG(65.6) ACHTUNGTRENNUNG(101)

4 exptl 28.2 37 87 –[d] 45 48
comp 39.2 30 18 46.1 39 32 52.8 47 48 61.4 58 63 63.7 61 64

ACHTUNGTRENNUNG(46.5) ACHTUNGTRENNUNG(47) ACHTUNGTRENNUNG(57.3) ACHTUNGTRENNUNG(62) ACHTUNGTRENNUNG(67.2) ACHTUNGTRENNUNG(76) ACHTUNGTRENNUNG(78.1) ACHTUNGTRENNUNG(89) ACHTUNGTRENNUNG(80.5) ACHTUNGTRENNUNG(91)
5[e] exptl[f] 66.7 98 �92 113 93 76

comp[g] 61.4 81 25 90.5 124 �45 152.8 87 �310 177.4 65 �131 181.0 63 �113
ACHTUNGTRENNUNG(67.8) ACHTUNGTRENNUNG(104) ACHTUNGTRENNUNG(94.1) ACHTUNGTRENNUNG(142) ACHTUNGTRENNUNG(125.2) ACHTUNGTRENNUNG(166) ACHTUNGTRENNUNG(162.4) ACHTUNGTRENNUNG(145) ACHTUNGTRENNUNG(169.5) ACHTUNGTRENNUNG(136)

6[e] exptl[f] 56.2 104 66 144 131 118
comp[g] 55.4 84 33 80.8 131 46 158.8 93 �339 186.4 70 �120 190.9 68 �98

ACHTUNGTRENNUNG(62.7) ACHTUNGTRENNUNG(115) ACHTUNGTRENNUNG(91.8) ACHTUNGTRENNUNG(169) ACHTUNGTRENNUNG(131.3) ACHTUNGTRENNUNG(202) ACHTUNGTRENNUNG(178.7) ACHTUNGTRENNUNG(154) ACHTUNGTRENNUNG(186.9) ACHTUNGTRENNUNG(144)

[a] From optical and electro-optical absorption measurements. [b] From RHF/6-31G*//RHF/6-31G* and B3LYP/6-31G*//B3LYP/6-31G* (in parentheses)
ab initio calculations; 1–4 : C1 symmetry; 5b and 6b : Cs symmetry. [c] mg/10�30 C m; da0/10�40 C V�1 m2; b0=b0,vec/10�50 C V�2 m3; data were calculated ac-
cording to the Taylor convention.[9] [d] Experimental data not available. [e] Experimental and computed RHF/6-31G*//RHF/6-31G* mg and b0 values are
from ref. [9]. [f] Derivatives a. [g] Derivatives b.
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The induced shift is much larger than that caused by the ad-
dition of the second nitro group.

The increased conjugation of the p spacer (CH=CH unit
and thiophene ring) and the different strength of the accept-
or group (dicyanomethanido moiety) lead to a bathochromic
shift of the CT band in 5a and 6a with respect to dyes 1–4.
We have previously shown[9] that these chromophores have
a dual nature in terms of ground-state polarization. An NE
ground-state character predominates in low-polarity sol-
vents, whereas the ZW limiting form better describes the
electronic distribution in high-polarity solvents. The effect
of the annelation (benzo fusion of the acceptor azinium ring
from 5a to 6a) shifts the er point where predominant NE
character switches to predominant ZW character (erL).

The polarizability anisotropy da0 and the transition dipole
moment meg significantly depend on er. The trends followed
by the two classes of chromophores are opposite. The meg

value decreases for 5a and 6a on increasing the polarity of
the solvent, whereas it slightly increases for 1–4. The same
trend is observed for the da0 values. A considerable drop in
the da0 values of 5a and 6a is recorded on going from
CHCl3 to more polar solvents.

Electro-optical and nonlinear optical properties : EOA spec-
troscopy is a powerful experimental technique that can be
used for characterizing the CT band of a push–pull mole-
cule.[7,18] In an EOA experiment one measures the effect of
an externally applied electric field on the molar decadic ab-
sorption coefficient e. The absorption coefficient in the pres-
ence of the field eE is a even function of the applied field E
and is traditionally approximated to Equation (8).

eEð�,~nÞ ¼ eð~nÞ½1 þ Lð�,~nÞE2 þ . . .� ð8Þ

The relative change induced by the field L is a function of
the wavenumber 1/l and of the angle f between the plane
of polarization of the incident light and the applied electric
field. A multilinear regression analysis of the band shape
and of the band shift (usually represented in the form Le/ñ)
in terms of the first and second derivatives of the optical ab-
sorption spectrum yields a set of regression coefficients D,
E, F, G, H, and I from which the ground-state dipole
moment mg and the dipole difference Dm can be calculat-
ed.[20]

Figure 1 shows EOA spectra
recorded in 1,4-dioxane and
multilinear fittings for 0 and 908
of polarization of the incident
light for azomethine derivative
2 and methine derivative 4,
taken as examples (spectra of
corresponding mononitro deriv-
atives are shown in the Sup-
porting Information). Results of
the EOA measurements and
values of the derived molecular
properties of 1–4 are listed in

Table 3. Dipole differences were calculated from the aver-
age values of the regression coefficients F and G, whereas
the ground-state dipole moment was obtained from the dif-
ference E�6D.[20] The b0 values, calculated from data of
Table 3 according to Equation (5), are collected in Table 2.

Figure 1. Optical (e/ñ) and electro-optical absorption spectra (Le/ñ) of 2
(A) and 4 (B) in 1,4-dioxane, T=298 K. Data points for parallel (*: f=

08) and perpendicular (*: f=908) polarization of the incident light rela-
tive to the applied electric field and multilinear regression curves.

Table 3. Results of EOA measurements in 1,4-dioxane (T=298 K) for dyes 1–4 : multilinear fitting coefficients
and derived molecular properties.

Para-
meter

Units 1 2 3 4

D 10�20 V�2 m2 790	40 1630	180 1080	70 1500	60
E 10�20 V�2 m2 27 000	210 30480	1090 26660	400 30 610	370
F 10�40 C V�1 m2 8660	160 7070	980 8320	230 4790	230
G 10�40 C V�1 m2 9480	160 8700	980 8020	230 4860	230
mg 10�30 C m 28.6	0.2 27.6	1.0 27.2	0.4 28.2	0.3
Dm 10�30 C m 54.1	0.7 46.2	4.2 50.0	1.1 28.0	1.0
Dmmax 10�30 C m 67.5	0.6 59.7	3.3 73.0	0.8 58.3	0.5
c2 0.10	0.00 0.11	0.01 0.16	0.01 0.26	0.01
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A similar EOA characterization for compounds 5a and 6a
was previously reported by us.[9]

The addition of the second nitro substituent in 2 and 4
could be responsible for the appearance of a second CT
transition polarized perpendicularly to mg, as already ob-
served for 3,5-dinitroaniline.[7,21] The CT band of 4 in 1,4-di-
oxane shows asymmetry in the higher energy slope, which
could arise from overlapping of two transitions. The multi-
linear fitting of the EOA spectra of 4 (Figure 1 B) was then
limited to the longer wavelength region of the CT band, to
avoid mixing of the two molecular excited states. For 2 a
similar analysis is precluded, as the local transitions and the
CT band are close in energy.

The EOA spectrum is regulated by two effects: the elec-
trodichroic and Stark effects. The former is caused by reor-
ientation of the chromophores in the externally applied
electric field and can be measured through the regression
coefficient E. A positive (E>0) electrodichroism is ob-
served when the absorption increases for parallel polariza-
tion (f=08) and decreases for orthogonal polarization (f=

908). This happens when mg and meg are essentially parallel.
The second effect is the band shift of the CT band in the
presence of the electric field. It only occurs when the optical
excitation is accompanied by a change in dipole moment. A
bathochromic shift relative to the absorption spectrum
shows an increase in the molecular dipole moment on going
from ground to excited state (Dm>0).

All of the chromophores show positive electrodichroism.
The monodimensional approximation is valid and the TLM
can be safely applied. With the only exception of 5a (0.0<
erL<2.2),[9] a bathochromic shift of the EOA spectra with re-
spect to the conventional UV/Vis spectra is observed in 1,4-
dioxane. This result is consistent with a predominant NE
character of their ground states. Considering values from
Table 3 and c2 values of 5a and 6a (0.56 and 0.46, respec-
tively),[9] an extended range of ground-state electronic distri-
bution (0.11<c2<0.56) is observed for 1–6 in 1,4-dioxane as
a consequence of the variety in bridging units, donor groups,
and annelation. The ground-state polarization is more af-
fected by the change in the bridging unit (1 vs. 3 and 2 vs. 4)
than by the addition of the second nitro group. The impor-
tant effect of the nature of the bridge is transferred to the
derived b0 values. The first hyperpolarizability increases ap-
proximately by a factor of three on going from 1 to 3 and by
a factor of two from 2 to 4. Compound 3 has the largest
value in 1,4-dioxane. Compounds 5a and 6a, the c2 values of
which are closer to the cyanine limit than those of chromo-
phores 1–4, show the highest da0 values. This result is a con-
sequence of the strong increase in ground-state dipole
moment on going from 1–4 to 5a and 6a (Tables 2 and 3);
this effect is directly correlated to the increase in ZW char-
acter, that is, a c2 value closer to 1. In contrast, both the ad-
dition of a second nitro group (from 1 to 2 and from 3 to 4)
and the change of the bridging unit from methino (3 and 4)
to azomethino (1 and 2), which had a significant role in af-
fecting the ground-state polarization (c2), have a negligible
effect on mg (within the experimental error, 	5 %). Quite

unexpected is the fact that the estimated Dmmax values for di-
nitrophenyl derivatives 2 and 4 are lower than those of their
mononitro counterparts.

Quantum-chemical modeling

Need for a computational approach : Owing to the strong
electric field required for EOA measurements, spectra are
recordable only in solvents with low dielectric constants to
avoid dielectric breakdown. This limit prevents the study of
b0 and mg in solvents covering a wide range of polarity. Thus,
a detailed experimental investigation of the effect of solvent
polarity on the PR molecular parameters is precluded.

We have previously investigated the dependence of the
first hyperpolarizability b0 on the surrounding polarity
through ab initio quantum mechanical computations on
compounds 5a and 6a at the restricted Hartree–Fock
(RHF) level of theory with 6-31G* basis set and inclusion of
the solvent effect by using OnsagerMs self-consistent reac-
tion-field (SCRF) model.[9] Since the applied computational
framework proved to be a powerful tool for investigating
the effect of medium polarity on the molecular nonlinear
optical (NLO) properties of push–pull molecules, we fol-
lowed a similar approach with the aim of extending the in-
vestigation of mg and b0 to solvents in which the experimen-
tal data are not available.

Computational details : Structural and electronic properties
of dyes 1–6 were investigated by computations. Derivatives
5b and 6b were taken as models for molecules 5a and 6a,
respectively.[9] All ab initio computations used the Gaussi-
an98[22] program package.[23] Full geometry optimizations
and frequency analyses were performed at the RHF and
DFT[24] levels of theory with 6-31G* basis set.[25] Compounds
5b and 6b were computed within Cs symmetry constraints;
Cs and C1 symmetries were considered for dyes 1–4. Solvent
effects on structures, electronic parameters, da0, and b0 were
included by using OnsagerMs SCRF approach,[26] as available
in the Gaussian package. Since a spherical cavity is not the
best approximation for elongated chromophores, we also
checked the effect of the Tomasi polarized continuum
model (PCM)[27] and of the self-consistent isodensity polar-
ized continuum model (SCI-PCM,[28] as implemented in the
Gaussian 98 package) on the prediction of the ground-state
dipole moment of 3 and 5b. Data for 3 show that OnsagerMs
SCRF model leads to a slight overestimation of mg at high er

values in comparison to the other models (Supporting Infor-
mation). For derivative 5b the implementation of PCM and
SCI-PCM solvent cavities did not satisfy convergence crite-
ria during geometry optimization. Owing to the significant
computational cost of including different solvent models
and the opportunity to have a set of consistent data for all
of the compounds, we chose to limit the investigation of the
SCRF solvent effect to the Onsager model.[29] The use of the
SCRF approach to model with accuracy and efficiency the
effects of solvent polarity on structure and NLO molecular
properties has been recently reported.[9,30] Huyskens et al.
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investigated the effect of specific solute–solvent interactions
on the NLO properties of N,N-dimethyl-p-nitroaniline and
found that the formation of hydrogen bonds in solvents such
as CHCl3 or CH2Cl2 (but not DMSO) increases the first hy-
perpolarizability b.[31] We believe that similar hydrogen-
bonding interactions between CHCl3, which is among the
solvents considered in the present work, and the imine ni-
trogen atom of compounds 1 and 2 are unlikely on the basis
of our previous 15N NMR investigation.[14] Indeed, the 15N
chemical shift of the imine nitrogen atom of 1 in CHCl3 is
even slightly shifted to high field (234 ppm relative to liquid
NH3) with respect to the corresponding value in DMSO
(236 ppm). On the basis of this, explicit effects from solvent
molecules have been neglected.

Ground-state energies and geometries : Absolute energies
and frequency analysis [number of imaginary frequencies
(NIMAG)] of the computed structures for selected solvent–
cavity polarities are summarized in the Supporting Informa-
tion. Computed C1 geometries of 1–4 were characterized as
minima (zero imaginary frequencies) in each solvent. In
contrast, up to three imaginary frequencies were calculated
for Cs optimized structures. An analysis of these imaginary
frequencies revealed that the lowest ones were associated
with rotation of the N-methyl or 2-nitro group, whereas the
highest one was due to a significant deviation from planari-

ty. Only one imaginary frequency, corresponding to rotation
of the N-methyl group, was computed at the B3LYP level
for 5b and 6b (up to three imaginary frequencies were
found for RHF/6-31G* computed Cs structures).[9] On this
basis, we conclude that the Cs optimized structures of 5b
and 6b are true minima. We therefore used optimized C1

structures of 1–4 and Cs structures of 5b and 6b in the sub-
sequent analysis of data and discussion.

The RHF/6-31G* optimized structures of 1, 3, and 5b in
the gas phase and DMSO are shown in Figure 2. The effects
of the addition of a second nitro group in 2 and 4 and benzo
fusion of the azine ring in 6b are of secondary importance
with respect to the effect of varying the bridging unit or the
donor moiety. Selected geometrical parameters (dihedral
angles between the two aromatic rings in 1–4 and azine–
bridge bond lengths in 1–4, 5b, and 6b) are listed in the
Supporting Information. The most evident feature in C1 op-
timized structures of 1 and 3 is a significant deviation from
planarity. As expected, such deviation increases in 2 and 4
due to the addition of a second nitro group in the position
ortho to the bridge. As solvent polarity increases, geometries
tend to flatten and the azine–bridge bond elongates, as a
consequence of increased ZW character. Such bond elonga-
tion is particularly evident for compounds 5b and 6b (DFT
computed bond lengths increase from 1.39 N in the gas
phase to 1.46–1.47 N in DMSO).

Figure 2. Optimized ground-state geometries (RHF/6-31G*) in the gas phase (A) and DMSO (B). Structures of 5b are taken from reference [9].
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Dipole moment, polarizability anisotropy, and hyperpolariza-
bility : Table 2 lists computed RHF/6-31G* and B3LYP/6-
31G* ground-state dipole moments, polarizability anisotro-
py, and first hyperpolarizability for 1–4 (C1 symmetry) and
5b and 6b (CS symmetry). Ground-state dipole moments
and static polarizability anisotropies were obtained from the
computed tensor components according to Equations (9)
and (3), respectively. Computed static first hyperpolarizabili-
ties were obtained by the coupled perturbed Hartree–Fock
(CPHF)[32] method. Starting from the computed values of
the static ten independent components [bijk (i, j, k=x, y, z)]
and adopting Kleinman symmetry relations, we calculated
b0,vec (the component along the dipole axis) and b0,tot accord-
ing to Equations (10)–(12).[33, 34] Calculated b0 values were
corrected according to the Taylor convention used in the
EOA measurements to be consistent with the experimental
data.[35] The predicted b0,vec values for derivatives 5b and 6b
have been previously reported[9] and were used in the pres-
ent work in order to predict the trend of the static figures of
merit (FL

0 and FH
0 ). Plots of RHF/6-31G*[36] computed pa-

rameters of selected compounds 1, 3, and 5b as a function
of solvent-cavity polarity are shown in Figure 3.

mg ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2
x þ m2

y þ m2
z

q
ð9Þ

bi ¼ biii þ
1
3

X
i 6¼k

ðbikk þ bkik þ bkkiÞ i,k ¼ x,y,z ð10Þ

b0,vec ¼
mxbx þ myby þ mzbz

jmgj
ð11Þ

b0,tot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2
x þ b2

y þ b2
z

q
ð12Þ

As expected, the ground-state dipole moment increases
monotonically as a function of solvent-cavity polarity and
levels off at large values of er. The increase in mg is in agree-
ment with a more important contribution of the ZW limiting
form. The trend observed for the polarizability anisotropy
and hyperpolarizability is different if one considers dyes 1
and 3 or dye 5b. A monotonic behavior of da0 and b0,vec

against er is observed for the first two dyes. The largest
value is reached at the right end of the graph, corresponding
to high surrounding polarity. In contrast, the predicted trend
of da0 and b0 for 5b is not monotonic, as a consequence of
the fact that in some polarity regions the NE form predomi-
nates, whereas in others the ZW character is more impor-
tant.[9] In general, computed b0,vec and b0,tot values are simi-
lar. A difference between the two values is computed for
dyes 2 and 4 (e.g., 5 O 10�50 vs. 8 O 10�50 C V�2 m3 and 32 O
10�50 vs. 37 O 10�50 C V�2 m3 in 1,4-dioxane for 2 and 4, re-
spectively) as a consequence of deviation from the monodi-
mensional approximation, likely due to the presence of a
second nitro substituent. However, the computed trends of
b0,vec and b0,tot being very similar, only b0,vec values (from now
on simply called b0) were considered in the following discus-
sion of NLO properties. Solvent-dependent computed

angles between the vector mg and the tensor b, reduced to a
first-rank tensor, are listed in the Supporting Information.

Structural and solvent-polarity control of ground-state pa-
rameters : The combination of different experimental and
computational studies gained important insights into the
effect of chemical units (donors, acceptors, and spacers) and
solvent polarity on relevant ground-state and NLO parame-
ters. In particular, it was possible to correlate the trend of

Figure 3. RHF/6-31G* computed ground-state dipole moment mg (A), po-
larizability anisotropy da0 (B), and first hyperpolarizability b0,vec (C) of
compounds 1 (*, C1 symmetry), 3 (&, C1 symmetry), and 5b (~, Cs sym-
metry). The lines are guides for the eyes. Arrows indicate the y axis cor-
responding to the plot.
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the variation of mg, da0, and b0 to the chemical nature of the
building blocks and to the polarity of the surrounding
medium, which in turn determined the contribution of the
NE and ZW limit formulas to the description of the chro-
mophoreMs ground state. In general, computed mg and da0

values were somewhat larger and b0 smaller than experi-
mental data. We determined that the Onsager model leads
to an overestimation of the computed mg values (Supporting
Information). It is likely that the discrepancy found for da0

and b0 is partially caused by the used solvation model and
the implemented levels of theory. However, the computed
trends found for mg, da0, and b0 as a function of structural
modification and surrounding polarity agree well with the
experimental evidence. On this basis, the predicted values of
b0 and mg in media where experimental data are not accessi-
ble may be considered highly reliable. Experimental polariz-
ability anisotropies were available in different solvents, and
a good agreement with computational data has been found.
The increase of da0 in dyes 1–4 at larger polarities is in
agreement with a predominant NE character. Their geomet-
rical and electronic structure varies along a path going from
the polyene to the cyanine limit. In contrast, dyes 5 and 6
show a decrease of their da0 in polar surroundings, due to a
predominant ZW character. Their geometric and electronic
structure varies along a path going from a cyanine-like
structure to the zwitterionic limit.

The different behaviors found against er find confirmation
in the CT band-shape analysis. As the polarity of the
medium is increased the CT band becomes sharper for dyes
1–4 and broader for 5 and 6. Overlapping UV/Vis spectra of
2 in different media are shown in the Supporting Informa-
tion. This result is in full agreement with the previous con-
clusions, that is, dyes 1–4 move towards the cyanine limit as
polarity increases, whereas 5 and 6 move away from it.
Close to the cyanine limit a “charge-resonant” character of
the electronic transition becomes important, and the differ-
ence between ground- and excited-state geometries tends to
a minimum, which results in sharpening of the band.[5a,7,37]

Photorefractive molecular sensitivity: structural and solvent
effects : FL

0 and FH
0 values, calculated from experimental and

computed data by applying Equations (1) and (2), are col-
lected in Table 4. Plots of the computed static low- and
high-Tg figures of merit as a function of solvent polarity for
representative compounds 1, 3, and 5 are shown in Figure 4.

The FL
0 value increases as a function of the surrounding

polarity for all of the dyes. Such a growth is monotonic for 1
and 3, and FL

0 levels off only in very polar solvents. Some-
what different is the behavior of 5, for which a plateau is
reached also in weakly polar media and the strongest varia-
tion is computed for a small range of er corresponding to the
switch from NE to ZW character. The variation of low-Tg

PR performance of 5 covers approximately one order of
magnitude.

The dependence of FH
0 on medium polarity strongly re-

flects that found for b0 as a direct consequence of the defini-
tion of this parameter [Eq. (2)]. Accordingly, a monotonic
increase is observed for 1 and 3, with a plateau at high po-
larities similar to what is found for FL

0 . The predicted en-
hancement of the high-Tg performance of 3 is close to one
order of magnitude. The FH

0 value of 5 peaks at intermediate
polarities, with an enhancement with respect to smallest
values by nearly two orders of magnitude. The PR perform-
ance levels off at the two polarity extremes. Therefore a
very restricted range of medium polarity corresponds to op-
timized performance for this type of systems.

Conclusion

Complementary experimental and computational tools have
been used to gain new insights into the PR molecular prop-
erties of push–pull dipolar chromophores in terms of struc-
tural and medium-polarity effects. This method has been ap-
plied to two classes of heteroaromatic-based dyes, rather dif-
ferent in structural and electronic properties. Dyes 1–4 are
predominantly NE, whereas compounds 5 and 6 are pre-

Table 4. Experimental[a] and computed[b] figures of merit of high- (FH
0 ) and low-Tg (FL

0 ) PR materials for compounds 1–6 in selected media.[c]

Gas phase 1,4-Dioxane CHCl3 Acetone DMSO
(er) ACHTUNGTRENNUNG(1.0) ACHTUNGTRENNUNG(2.2) ACHTUNGTRENNUNG(4.8) ACHTUNGTRENNUNG(20.7) ACHTUNGTRENNUNG(46.7)

FL
0 FH

0 FL
0 FH

0 FL
0 FH

0 FL
0 FH

0 FL
0 FH

0

1 exptl 0.35 0.70
comp 0.82 0.07 1.27 0.16 1.76 0.29 2.40 0.50 2.56 0.56

2 exptl 0.25 0.45
comp 0.59 0.03 1.09 0.08 1.72 0.18 2.54 0.34 2.76 0.38

3 exptl 0.74 1.74
comp 0.87 0.27 1.46 0.58 2.14 1.02 3.16 1.75 3.43 1.96

4 exptl 0.60 0.90
comp 0.84 0.27 1.50 0.55 2.42 0.93 4.01 1.41 4.52 1.49

5 exptl[d] 5.24 �1.57
comp[e,f] 3.84 0.39 12.50 �1.03 24.15 �12.11 24.78 �5.94 25.22 �5.23

6 exptl[d] 3.67 0.84
comp[e, f] 2.86 0.42 9.47 0.85 24.79 �12.18 26.27 �5.05 27.03 �4.22

[a] From optical and electro-optical absorption measurements. [b] From RHF/6-31G*//RHF/6-31G* ab initio calculations; 1–4 : C1 symmetry; 5b and 6b :
Cs symmetry. [c] FH

0 /10�76 C2 V�2 m4 kg�1 mol; FL
0 /10�74 C2 V�2 m4 kg�1 mol); data were calculated according to the Taylor convention.[9] . [d] Derivatives a.

[e] Derivatives b. [f] To be directly comparable with experimental data, evaluations of figures of merit from computations on derivatives b took into ac-
count the same alkyl chains as in derivatives a.
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dominantly ZW, with the NE/ZW relative contribution vary-
ing as a function of solvent polarity. A precise combination
of donor, acceptor, and spacer groups was carefully selected
to give rise to a number of molecules with variable structur-
al and electronic features. Together with the figures of merit
for low- and high-Tg PR materials, all the relevant ground-
state and NLO molecular parameters have been experimen-
tally determined and computationally investigated. The
computational study at the RHF and DFT levels of theory
was able to circumvent the limits of the spectroscopic meas-
urements dictated by the restricted choice of a solvent com-
patible with the strong external electric field. Predicted
trends were always in good agreement with the experimen-
tal data and thus provided a rather thorough picture of the
PR molecular sensitivity in terms of structural and solvent-
polarity effects.

This study has established for the first time the strategic
role of the polarity of the surrounding medium in determin-
ing PR molecular performance. The effect of the polarity, in
combination with structural effects, is so remarkable that
the induced change in low- and high-Tg PR response spans
around one or two orders of magnitude, depending on the

molecular system. The intrinsic
PR activity of a given com-
pound may be spoiled by an un-
fortunate or arbitrary choice of
medium (solvent or solid
matrix). On the other hand
careful selection of the host
matrix may lead to optimized
performances, with enhance-
ments by orders of magnitude,
and this suggests that careful
tuning of the medium polarity
can be used as a new powerful
tool for maximizing the molecu-
lar PR response. In particular,
the large sensitivity of a system
such as 5 in the 2.5<er<10
range (Figure 4) can be trans-
lated to the bulk by choosing
host matrices such as polyma-
leimide (er=3.1–3.3), poly-
(methyl methacrylate) (er=3.2–
3.5), poly(ethylene glycol) (er=

3.6–4.0), or sol–gel glasses (er>

6), the polarity of which should
be optimal according to the
predicted trend of the PR
figure of merit for high-Tg ma-
terials. It is quite intriguing that
a combination of molecular
design and host-matrix engi-
neering can be systematically
used for generation of new
high-performance PR materials.

Experimental Section

Materials : Compounds 1–4,[14] 5a,[16] and 6a[9] were prepared and purified
according to literature protocols.

UV/Vis absorption measurements : UV/Vis spectra were recorded with a
UV/Vis/NIR Jasco V 570 spectrophotometer at room temperature
(298 K). Quartz cuvettes of different thickness (1 and 10 cm) were used.
Data were collected every 0.5 nm with a recording speed of
400 nm min�1. All of the solvents used for conventional UV/Vis measure-
ments were carefully dried and purified according to literature proce-
dures.[38]

Electro-optical absorption measurements : The EOA characterization was
carried out following previously described methods.[7, 19] p-Amino-p’-nitro-
biphenyl was used as a calibrating reference. All measurements were per-
formed at 298 K, recording the EOA signal every 10 nm with an integra-
tion time of 0.8–1 min (depending on the quality of the signal). All EOA
spectra were recorded in anhydrous 1,4-dioxane, prepared by distillation
from Na/K alloy under argon prior to use. Supplementary optical absorp-
tion spectra required for the evaluation of the EOA spectra were record-
ed in 1,4-dioxane with a Perkin-Elmer Lambda 900 spectrophotometer at
298 K (scan speed of 100 nm min�1, 3 cm quartz glass cuvette).

Figure 4. RHF/6-31G* computed static figure of merit for low-Tg (A) and high-Tg (B) PR materials of com-
pounds 1 (*, C1 symmetry), 3 (&, C1 symmetry), and 5 (~, Cs symmetry). The lines are guides for the eyes.
Arrows indicate the y axis corresponding to the plot.
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