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Azo-Azulene Derivatives as Second-Order Nonlinear Optical Chromophores
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Abstract: The molecular and solid state nonlinear optical (NLO) properties of
several (phenylazo)-azulenes are investigated. In particular, (4-nitrophenylazo)-
azulene (2b) exhibits a quadratic hyperpolarizability (B,..) of 80 x 1073 cm3esu

recorded at 1.907 um by the electric field-induced second-harmonic (EFISH)
technique. This molecular material, which crystallizes in the monoclinic noncentro-
symmetric space group Pc, exhibits an efficiency 420 times that of urea in second-
harmonic generation. The origin of the optical nonlinearity in azo-azulene is
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discussed in relation with crystal structures and semiempirical calculations within the
INDO/SOS formalism, and compared with that of the well known disperse red one

(DR1) organic dye.

Introduction

The elaboration of nonlinear optical (NLO) materials has
attracted considerable interest for the past two decades
because of their potential applications in optoelectronics,
telecommunications, and optical information processing. In
particular, donor —acceptor substituted m-conjugated organics
with low-lying charge transfer excited states have received
much attention for their large second-order NLO re-
sponse.l'2l Many of them have been investigated both
theoretically,®>4 and experimentally,’! in the substituted
stilbene series, which has been the most promicing family
until the mid nineties. However, several new organic deriv-
atives have recently appeared as very promicing alternative
structures. Among recent examples, thiophene-based stilbene
analogues have been reported to possess significantly en-
hanced optical nonlinearities,?> ° and push —pull arylethynyl
porphyrins,l and polyenes® leading to very large hyper-
polarizabilities have also been under investigations. These
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examples illustrate the fact that the search for new NLO
chromophores is still a very active research area, which now
encompasses newer generations of molecules, with electronic
properties of greater complexity than those of the substituted
benzene previously investigated.

For instance, azulene (1) is a non-benzenoid aromatic
molecule with a polar resonance structure (Scheme 1). One of
its characteristic features is the electron drift from the seven-
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Scheme 1.

membered ring toward the five-membered ring. This is in
accordance with an experimental dipole moment of about 0.8
D.I The five- and seven-membered rings of azulene carry
negative and positive charges, respectively. Therefore, the
five-membered ring can act as electron donor, and the seven-
membered ring as electron acceptor. Owing to this property,
azulene appears to be a versatile fragment which might be
used for the design of various NLO materials.

Several types of push—pull compounds can be imagined, in
which azulene will act as donor, as acceptor or as conjugated
bridge. The electron-acceptor character of azulene is support-
ed by the reaction with nucleophiles (at the seven-membered
ring),['”! or more recently by the use of an azulene derivative
as acceptor in charge-transfer complexes.'!l The electron-
donor character of azulene has been proven by the reaction
with electrophiles (at the five-membered ring),l”) by the
synthesis of charge-transfer complexes in which the azulene
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moiety acts as donor,['”l or by the stabilization of methylca-
tions.'¥ Semiempirical and ab initio calculations have shown
that azulene derivatives should exhibit NLO response com-
parable to those of paranitroaniline, and therefore should
deserve more investigations in materials chemistry.[']

Surprisingly, only few reports on azulene-based materials
with NLO properties have been published to date. The first
one in 1996 by Asato etal.
described compounds which
contain azulene or guiazulene
as electron donor groups and
dicyanovinyl or 1,3-diethyl-2-
thiobarbituric acid as electron-
acceptor groups.'™ In the sec-
ond one, we have recently re-
ported on the first observation
of second harmonic generation
(SHG) in microcrystalline sam-
ples of azulene-based chromo-
phores.' In particular, we
found that 6-methoxy-1-[2-(4-
nitrophenyl)ethenyl]-azulene
exhibits an efficiency 58 times that of urea in second-harmonic
generation. Recently, a ferrocene derivative connected by an
ethenyl bond to the seven-membered ring of azulene was
described.l'”? This compound exhibits a first-order hyper-
polarizability of 26 x 1073 cm®esu~!. No measurements of its
efficiency in solid state have been reported.

In the present contribution, we wish to report on second-
order NLO properties of azo-azulenes derivatives (2), a family
of compounds that can readily be obtained by reaction of
azulene (1) with the appropriate diazonium salt (Scheme 2).['8!

Scheme 3.
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Scheme 2.

This route provides the opportunity to expand the -
conjugated system to various donor and acceptor substituents,
and hence to tune the push-pull character of the chromo-
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phores. In particular, following the earlier report that azulene
could have the same donating strength than N,N-diethylani-
line,["] 2b may exhibit electronic properties related to those of
2-[N-ethyl-4-(4-nitrophenylazo)phenyl-amino]ethanol (DRI,
3), which has already been widely used as NLO chromo-
phore.’ This possibility is supported by the resonance
structures illustrated in Scheme 3. We present here an

HO
+ N=<:>=N\ _
3'

extensive study of 2b, in comparison with 3 and with the
related (phenylazo)-azulene (2a), and (4-methoxyphenyl-
azo)-azulene (2¢). The molecular hyperpolarizabilities are
investigated experimentally by spectroscopy and by the
electric field-induced second-harmonic (EFISH) technique, !
in combination with a quantum chemical analysis, within the
proven INDO/S-SOS formalism™ to describe the electronic
structure NLO property relationships. The relations between
molecular and bulk nonlinearity are discussed in relation with
the crystal structure for 2b. Finally, the possibility to use
azulene-based chromophores as radical anions is discussed.

Results and Discussion

Design and general features of azo-azulenes: Contrary to 1-[2-
(phenyl)ethenyl]-azulenes (4) derivatives, which require a
2-step synthesis in dry atmosphere and are usually obtained as
a mixture of E:Z isomers,['! 1-(4-Y-phenyl-azo)-azulenes (2)
are readily obtained in one step, by the reaction of azulene (1)
with the appropriate diazonium salt in ethanol, in presence of
sodium acetate, at room temperature, as previously repor-
ted!®! (Scheme 2). This route, which turns out to be suitable
for linking azulene to phenyls bearing various donors and
acceptors substituents, allows a modulation of the electronic
properties of the chromophores. On the other hand, it is well
known that the nature of the conjugation path also contrib-
utes to the extend of the NLO response.?! 2 In particular,
theoretical studies have predicted that azobenzenes should
exhibit larger hyperpolarizabilities than stilbenes analogues in
some cases,?'dl even if this fact is usually not observed
experimentally.? Therefore replacing the ethenylene frag-
ment in 4 by azo groups might offer attracting opportunities
not only from the synthetic point of view, but also for NLO
purpose. It is interesting to note that, although these readily
available compounds have long been known,!'$° before
second-order NLO properties were first reported in 1961,
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our study is the first NLO investigation of azo-azulene. By
contrast, the related compound 3, has been widely used for
about fifteen years, especially in poled polymer matrix.*!
Azulenic derivatives possess additional features that can
attract some interest depending on the NLO applications. It is
well known that second-order NLO chromophores have to be
embodied into noncentrosymmetric environment if the mo-
lecular hyperpolarizability (3) has to give rise to an observ-
able bulk susceptibility (y®).?l The most traditional approach
which guarantees stable acentric organizations of NLO
chromophores in the solid state is based on the possibility of
growing large noncentrosymmetric single crystals.?’! Azulenic
derivatives frequently possess low dipole moments,!'“®] and it
is usually assumed that they are more likely to crystallise in a
non-centrosymmetric fashion, although this idea is somewhat
controversial.?’l The dipole moments of the compounds
investigated in the present study are gathered in Table 1. As

Table 1. Decomposition temperature (7, in °C), redox potentials (E in V
versus SCE), and dipole moments (u in D) of azo-azulenes.

Compound (-Y) T, E.q E, 7 ull

2a (-H) 245 126 1.07 2.63
2b (-NO,) 235 —0.86 1.16 7.20
2¢ (-OCH,) 275 ~129 0.94 227

[a] Peak potentials. [b] Data from ref. [28b].

anticipated, 2b exhibits a reduced dipole than 3 (7.2 D vs
8.7 D), which is indicative of possible uses of the crystal
growth methodology for the design of SHG efficient material
containing azulene moieties (vide infra). However, in the case
of 2b versus 3, a difference of 1.5 D is probably not large
enough to be the only reason to account for such different
crystal environment.

Among other interesting physico-chemical features, azu-
lenic derivatives frequently exhibit an excellent thermal
stability,'] which is an important prerequisite for many
applications. Following this idea, the use of azulene as a
donor group could give rise to thermally stable NLO
chromophores. In addition, enhanced thermal stabilities of
the azobenzene derivatives versus the stilbene analogues has
also be reported.”) The values given in Table 1 indicate a
good range of stability for 2 (235-275°C).

Description of the structures: Figures 1, 2, and 3 illustrate the
atomic numbering scheme employed for molecules 2b, 2¢,
and 3, respectively. The X-ray structure analyses of 2b reveals
two molecules present in a non centrosymmetric crystal cell
(monoclinic space group Pc), which refer to one another by a
glide mirror. The molecule is quasi planar, with a largest
deviation of 0.131 A observed at O(2). The structure of 2¢
consists of four discrete molecules embodied in a centrosym-
metric environement. Two molecules are present in the
asymmetric unit cell (molecules 1 and 2). The angle between
the mean plan of molecules 1 (largest deviation of 0.174 A at
C(15)) and 2 (largest deviation of 0.043 A at C(33)) is equal to
80.0°. The asymmetric unit cell of 3 is made of two molecules
of dye with an additionnal molecule of water. The largest
deviation from planarity is 0.158 A at O(12) for molecule 1,
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Figure 1. Atom labeling scheme, and thermal vibration ellipsoids for 2b.
H atoms are omitted for clarity.

Figure 2. Atom labeling scheme, and thermal vibration ellipsoids for 2¢
molecule 1 (top) and molecule 2 (bottom). H atoms are omitted for clarity.

)
C135 C136

Figure 3. Atom labeling scheme, and thermal vibration ellipsoids for 3
molecule 1 (top) and molecule 2 (bottom). H atoms are omitted for clarity.

and 0.113 A at O(21) for molecule 2. The angle between the
dyes is equal to 46.5°. The majority of the azobenzene
containing structures reported in the litterature show signifi-
cant twist of at least one of the phenyl rings within the
azobenzene frame." This situation is not observed here, with
angles between the phenyl and the azulene mean plans equal
to 4.5°, 8.8° and 1.8° for 2b and 2¢ (molecule 1 and 2),
respectively. These values are in the same range of magnitude
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of the 3.1° and 5.7° measured between the two aromatic rings
of 3 (molecule 1 and molecule 2, respectively). Selected bond
lengths are given in Table 2. A shortening of the two C—N
bond, with averages of 1.405(3), 1.407(4), 1.404(4) A for 2b

Table 2. Selected bond lengths (A) for 2b, 2¢, and 3.

2b

C(4)-N(2) 1.424(3)
N(2)-N(3) 1.277(3)
N(3)—-C(7) 1.387(3)
2¢

C(4)-N(2) 1.424(4)
N(2)-N(3) 1.280(3)
N(3)—-C(7) 1.390(4)
C(24)-N(22) 1.419(4)
N(22)-N(23) 1.288(3)
N(23)—-C(27) 1.389(4)
3

C(14)-N(12) 1.425(3)
N(12)-N(13) 1.262(3)
N(13)—C(131) 1.400(3)
C(24)-N(22) 1.460(4)
N(22)-N(23) 1.241(3)
N(23)—C(231) 1.416(4)

and 2¢ (molecule 1 and molecule 2), respectively, are
indicative of significant conjugation of the whole m system.
These bond lengths are shorter than the 1.412(3) A and
1.438(4) A found for 3 (molecule 1 and 2, respectively). In
addition, the Table reveals an increase of the N—N bond
lengths, in the azulenic derivatives versus those of 3. All these
features allow the possibility of long range electron delocal-
ization.

Optical spectroscopy: The absorption spectra of 2b and 3
recorded in dioxane are compared in Figure 4. Both exhibit an
intense band at 460 nm (¢ =31700M~!' cm~!) and 474 nm (e =
31000m~'cm™!) for 2b and 3, respectively. The absorption

£ x10* (M'em™)

300 350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4. Electronic spectrum for 2b recorded in dioxane, 3 (dotted line) is
given as a reference.

maxima (4,,,,) recorded in solvent of different polarities are
given in Table 3. The data clearly indicate that 2b and 3
exhibit a strong solvatochromism, with 4,,,, values lying in the
same range of magnitude (450-500 nm) depending on the
solvent. Solvatochromism is usually indicative of a change in
dipole moments (Au) upon electronic excitations. According
to the well known and widely used “two-level model” 22311
the hyperpolarizability (§) of “push—pull” m-organic chro-
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Table 3. Absorption maxima (4,,,, in nm) of the low energy charge transfer
transitions for 2a-c¢ and 3 in solvents of different polarities.

2a 2b 2¢ 3
cyclohexane 417 450 425 454
CCl, 422 458 429 458
dioxane 422 460 428 474
ethyl acetate 420 462 424 480
THF 423 464 428 488
toluene 424 468 430 464
CH,(Cl, 424 472 428 482
DMF 426 474 430 502
chloroform 424 478 429 472
MeOH 421 480 425 465
EtOH 422 482 425 465
CH,CN 421 486 426 466
acetone 421 487 423 466
DMSO 428 506 434 483

mophores is well described in term of a ground and an excited
state having charge transfer character, and is related to the
energy of the optical transition (E), its oscillator strength (f),
and the difference between ground and excited state dipole
moment (Au) through the relation:

_3elhfAp E*
T TmE (B = Qho))(E - (ho))

@

in which hw is the energy of the incident laser beam.
Equation (1) shows that large solvatochromism is strongly
indicative of a large hyperpolarizability. Solvatochromism
analysis (see Experimental Section) gives Au values of 3.1 and
5.2 D for 2b and 3, respectively. Therefore, assuming a two-
level description of the NLO response, comparable intensi-
ties, A, and solvatochromic shifts evidenced for 2b and 3
suggest the same  magnitude for both chromophores.
These observations can be compared with the INDO
derived spectroscopic properties gathered in Table 4. In the
case of 3, the calculation indicates a single intense absorption

Table 4. Comparison of experimental (in dioxane) and INDO derived
spectroscopic data (A, in nm, ¢ in M~ em™, oscillator strength (f) and Au
in D) for 2b and 3.

Experimental INDO
Anax € Au Anax Au
2b 460 31700 31 1-3 445 0.77 4.7
1—4 440 0.45 1.7

3 474 31000 52 molecule 1 402 1.24 13.7

molecule 2 379 1.12 14.7

maxima located at 402 nm (f=1.24) and 379 nm (f=1.12) for
molecule 1 and 2, respectively, a difference which is due to
different molecular geometries. Molecule 2 is slightly twisted
(5.7°) versus molecule 1 (3.1°), a situation which can reduce
the overlap and hence the intensity (f) and the wavelength of
the electronic transition. In the case of 2b, two intense and
closely located transitions at 445 nm (1 — 3) and 440 nm (1 —
4) can account for the experimental band observed at 460 nm.
The sum of their intensity lies in the range of magnitude of
that calculated for 3, in agreement with the experimental
extinction coefficients. We make the assumption that the
calculated spectra (4., and intensities) roughly fit the
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experimental data, in order to relate the NLO response and
the INDO-based electronic properties in the next Section.
However, it must be noticed that the agreement between
calculated and experimental Au value is not excellent for
compound 3. Although the origin of this difference has not
been carefully analysed, it has to be reminded here that
experimental estimations of Au by mean of solvatochromic
shifts may not be fully reliable in some cases.*?l In particular,
this method implies the knowledge of the Onsager radius, a
parameter hard to define for these compounds (see Exper-
imental Section).

Molecular hyperpolarizabilities: The hyperpolarizabilities of
2a-c were measured by the EFISH technique. In this
technique, the noncentrosymmetry of the solution is induced
by dipolar orientation of the chromophores by a pulse of high
voltage, yielding a signal proportional to the square of I, the
third-order nonlinear coefficient. I and  are related by the
relation:

T = NPP LB JSKT) ?

N is the number of chromophore per unit volume, f2¢, f* and f°
are Lorentz local field factors. If the cubic hyperpolarizability
(y) is neglected, EFISH, combined with the measure of the
dipole moment () leads to ..., the vector component of the
Bijx tensor along the dipole moment direction. The EFISH
data are gathered in Table 5. It must be reminded here from
Equation (1), that § (and hence fS,..) are dependent on the
energy of the incident laser beam. On the other hand,
(3e*n fAu)2mE? is the static hyperpolarizability 3, inde-
pendent on the laser. This is the parameter of interest to take
into account for the comparison of the intrinsic optical
nonlinearity of the molecules. B is equal to 57 x
100 cmdesu! for 2b, a value close to the 47 x
1073 cm—Sesu~! measured for 3. It must be observed that
the agreement between experimental and INDO data is
satisfactory for 2b and c.

A chemical quantum analysis can provide a rationale for
the understanding of the origin of the NLO response of 2b
versus that of 3. The INDO calculated hyperpolarizabilities
are reported in Table 5. The data indicates the 8 enhancement

when the second harmonic is close to the absorption maxima,
in agreement with Equation (1). It must be observed that
INDO-SOS calculation indicates the same magnitude for the
NLO response of both compounds, the hyperpolarizability of
2b (43.6 x 107 cm’ esu™') being slightly higher than the
averaged value calculated for 3 (40.6 x 107*° cm’esu™), in
agreement with the experimental data. This qualitative
agreement makes the analysis of the calculations reliable.
Within the framework of the SOS perturbation theory, the
molecular hyperpolarizability can be related to all excited
states of the molecule and can be partitioned into two
contributions, so called two-level (8,..) and three-level
(Bsiever) terms.Bl Analysis of term contributions to the
molecular hyperpolarizability of 2b and 3 indicates that
two-level terms dominate the nonlinearity. Table 6 indicates
the main electronic transitions involved in S, for com-
pounds 2 and 3. In the case of 2b, it can mainly be related to
the dominant 1 — 3 transition, which contribute 45 % to the
nonlinearity, while the single 1—5 transition account for
about 90 % of the f3,,., of 3. Therefore, understanding these
transitions provides qualitative understanding of 3. The
charge transfer associated with these transitions are compared
in Figure 5. It clearly appear that the five-membered ring of
the azulene moiety acts as the donor in 2 b.

Figure 5. Differences in electronic populations between the ground state
and the excited state for the main transitions involved in the NLO response
of 2b (1 — 3 transition) and 3 (1 — 5 transition). The white (black)
contributions are indicative of an increase (decrease) of electron density in
the charge transfer process.

Table 5. INDO-SOS NLO response (Biours Batevers and B in 10730 cm’esu~!) at various wavelengths (incident laser beam), compared with experimental S,

and SHG powder efficiences (12”) versus that of urea for 2a—c¢ and 3.

Calculated hyperpolarizabilities

Experimental datal®

B 1,064 ymy B1.907 umy By Buee Bowee P

total 2 level vec total 2 level vec total 2 level vec 1.907 pm 1.356 pm 1.907 pm
2a 36.0 26.7 23 17.4 16.5 13.2 16.0 142 —12.7 7.1 —5.4 6.5
2b 2522 3283 2422 68.9 104.0 62.8 50.0 80.8 —43.6 80 — 57 420
2¢ < 5.4kl —< 4.1 0
molecule 1 329 242 45 18.9 19.0 11.3 172 18.1 —10.3
molecule 2 333 29.2 44 210 26.5 14.2 18.7 226 —12.6
3 1251
molecule 1 153.6 2437 151.0  63.7 122.0 624 477 98.3 — 46.6
molecule 2 96.2 162.7 92.9 46.1 93.6 44.7 358 71.9 —34.7

[a] Experimental 3 obtaines using 2-level description, with ) = B[1 — (24nax/A,)*][1 — (Amay/A,,)?]- [b] Data from ref. [27]. [c] Limited accuracy due to weak
EFISH signal.
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Table 6. Energies (4,,, in nm), oscillator strengths (f), dipole moment changes between ground and excited state (Au in D), contribution in the f3,,.,., and
composition of the main two transitions involved in the NLO responses of 2 and 3.

Compound Transition Amax f Au State (%)l Composition® of CI expansion
2a 1-8 267 0.62 7.1 30 —0.489 45 _4510.479,41 .44 — 0.413 ,43_46
1-9 250 0.50 7.4 21 —0.411 4144 — 0408 4> .44 — 0.393,5_45
2b 1-3 445 0.77 4.7 45 —0.714,51 5o — 0.438 45_.5>1+0.371 4554
1—-4 440 0.45 1.7 9 0.579,45_50 — 0.540,51_.5 — 0.485 45 .54
2c¢
molecule 1 1—4 423 0.88 1.86 27 —0.795,49_50 — 0.359,.49 51
1-9 255 0.71 10.0 26 0.523,45_51 — 0.482,45_.50 — 0.379 49 5
molecule 2 1-9 257 0.69 11.35 29 —0.626,45_5140.400,45_5010.375 49 .5
1—4 430 0.82 1.55 22 —0.806,49_.50 — 0.396,45_59
3
molecule 1 1-5 403 1.24 13.74 92 0.818,60-.6110.477 60 .2
1-9 267 0.18 17.1 5 —0.801 5961 — 0.389,60 .61
molecule 2 1-5 352 1.12 14.7 87 —0.762,6061 — 0.562,60 .2
159 262 022 25 8 0.718,59 50— 0.4T4 40 g,

[a] State % =P, c(;)/ZiBy—c()- [b] Orbital 43 is the HOMO and 44 the LUMO for 2a, orbital 51 is the HOMO and 52 is the LUMO for 2b, orbital 49 is the
HOMO and 50 the LUMO for 2¢, orbital 60 is the HOMO and 61 the LUMO for 3.

By contrast, 2a and 2 ¢ are modest chromophores. Interest-
ingly, the experimental and calculated magnitudes of f,..
(Table 5) significantly disagree, although it clearly appears
that the NLO responses are deeply reduced versus that of 2b
and 3. We may tentatively relate this discrepancy to the fact
that the dipole moments of 2a and 2¢ are deeply reduced
(Table 1) and no longer parallel to . Large experimental
uncertainties can arise from small EFISH signals (propor-
tional to u). This effect becomes dramatic at 1.064 um where 8
and u are almost orthogonal, which leads to almost vanishing
B (Table 5). Moreover, the modest INDO accuracy on the
angle value between f and u can affect the magnitude of S,
especially as the angle value is large. The fact that calculations
are based on solid state molecular structures, whereas
molecules in solution can adopt another geometry may also
explain the discrepancy between theory and experiments.
However, it clearly appears either from experimental or
calculated data that the NLO response of 2a and 2c¢ is far
reduced versus that of 2b and 3. Although no transition
clearly dominate their NLO response, as indicated in Table 6,
the origin of the charge transfers (and hence f) can
unambigously be found in the azulene moiety itself. This is
evidenced in Figure 6, in which the directions and magnitudes
of  are compared for the four chromophores. While 2b and 3
exhibit the same features with a strong charge transfer

2a 2b

o oy
et O
2c 3

Figure 6. Orientation of  for 2a—c and 3.
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involving the whole m-electron system, 2a and 2c¢ exhibit
electronic properties dominated by the azulene fragment.
Consequently, such chromophores should exhibit similar and
rather modest A, solvatochromic shift (Table 3) and f
(Table 5), whatever the donating strength of the phenyl
substituent would be.

Bulk efficiencies in second-harmonic generation: In molec-
ular materials, the susceptibility tensor (3®) which determines
the second-order response is related to the underlying
molecular hyperpolarizability tensor (). The above section
has shown that 2b possesses a large f, in the range of
magnitude of that of the well known molecular structure 3.
However, the main bottleneck to the development of
molecular second-order NLO material is the compulsory
noncentrosymmetric environment of the chromophores if the
molecular hyperpolarizability is to contribute to an observ-
able bulk nonlinear susceptibility.®! It is generally assumed
that traditionnal push-pull chromophores, such as 14-
disubstituted benzene and 4,4'-disubstituted stilbene, have
large dipole moments and approximately linear shapes, which
cause most of them to crystallize in centrosymmetric space
groups. One strategy employed to encourage noncentrosym-
metric crystallization of neutral organic chromophores is to
increase their geometrical asymmetry by introducing a sub-
stituent in the ortho or meta position of one of the aromatic
rings. Thus, whereas crystals of 4-nitroaniline are centrosym-
metric, 2-methyl-4-nitroaniline crystallize in the noncentro-
symmetric space group Cc.’* 35 Another strategy is to lower
the ground state dipole moment, without cancelling the
intramolecular charge transfer. 3-Methyl-4-nitropyridine-1-
oxide was the first organic material that exemplifies with
success this strategy.’®! Along these lines, it seems that the
substituted azulenes investigated in the present study should
offer more chance for noncentrosymmetric crystallization, by
virtue of their bent shape and reduced dipole moment.
However, the development of single-crystal NLO materials is
hamped by the absence of general rules for predicting crystal
structure from molecular structure, and the zero efficiency of
2¢ (Table 5) proves the limitations of this methodology.
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Nevertheless, the noncentrosymmetric crystal structure of 2b
allows an investigation of the relations between microscopic
and macroscopic second-order optical nonlinearities for this
material.

Following Zyss approach,? the hyperpolarizability tensor
(components By in the molecular frame) is related to the
corresponding crystalline first-order nonlinearity y® (compo-
nents djj in crystalline frame) through the following relation:

dyk(—2wi0,0) = NfP° f f@ Zcos(Li) cos(J) cos(K k)i

N is the number of chromophores per unit volume, 2%, ¥, and
® are Lorentz local-field factors. The summation is per-
formed over all molecules in the unit cell, and the cosine
product terms represent the rotation from the molecular
reference frame into the crystal frame. 2b crystallizes in space
group Pc (monoclinic point group 2). Assuming a simplified
one-dimensional description of the molecular nonlinear
tensor of the molecules, § has only one non vanishing
coefficient along the charge transfer axis x of the molecule
(namely S,,,). This model leads to

dz77= Ny c0S*0

dyxx = N cOSOsin?0

where the Lorentz local-field factors have been assumed
equal to 1. All other components of the tensor are negligible
(0 is defined as the angle between the main intramolecular
charge transfer axis Ox and the glide mirror of the crystal). The
optimization of d,,, can be achieved with §=0°, while the
angular factor weighting f,,, in the expression of dyxx is
maximized and equal to 0.385 for 8 =54.74°. The orientation
of §in the crystal cell is shown in Figure 7. 6 reaches a value of

Figure 7. CAMERON view of 2b showing the angle (6 =15.1°) between
and the glide mirror (dotted line) of the cell.

15.1°, which corresponds to angular factors of 0.901 and 0.065
for d;,, and d;xx, respectively. Assuming the calculated
value of 68.9 x 1073 cm’esu~! and the crystallographic deter-
mination of N=3.15x10"cm3 lead to dy,;=19.6—
108 cm?esu! and dyxx=1.41x 1078 cm?esu~!. These data
indicate a large quadratic NLO response for the crystal
Consequently, the SHG efficiency of 2b has been found to be
420 times that of urea (Table 5), a very large value for this new
class of materials.

Electrochemical properties of azulene-based chromophores:
Beside NLO properties, azulene derivatives possess electronic
features of greater complexity than those of the earliest
benzene derivatives, such as the possibility of forming radical
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anions, which could be used in the design of organic metals.['!]
In order to further understand the electrochemical properties
of these molecular materials, we have drawn the frontier
orbitals of 2b and 2¢ in Figure 8. Interestingly, it can be

LUMO g LUMO \
HOMO \

HOMO
Figure 8. Comparison of the frontier orbitals for 2b (left) and 2¢ (right).

observed that most of the electron density of the highest
occupied molecular orbital (HOMO) is carried by the azulene
fragment, in both cases. Therefore, the HOMO of 2b and 2¢
exhibit the same features. This is consistent with oxydation
potentials lying in the same range of magnitude (Table 1)
whatever the nature of the substituted phenyl is. By contrast,
the lowest unoccupied molecular orbitals (LUMO) of both
materials are very different. In 2b, most of the electron
density is located on the nitrophenyl substituent, in relation
with the withdrawing effect of NO,. This observation results
in a shift of the reduction potentials to higher values for this
material (Table 1).

The possibility to isolate stable radical anions is illustrated
in Figure 9 for 2b. Two reduction processes are observed at

I/ arbitrary unit

-1500 -1000 -500 0
E/mV

Figure 9. Cyclic voltammogram of 2b in acetonitrile.

—0.86V (E;) and —124V (E,). They exhibit satisfactory
reversibilities (E.q — E,,=88mV and 71 mV for E; and E,,
respectively). The stability of the radical anion depends on the
comproportionation constant (K.,,), calculated for the equi-
librium

Keon
2b+(2b)> == 2(2b)

the redox potential being as follows: E,— E,=0.059 log
(Keon)- A potential difference of 0.38 V leads to large
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comproportionation constant (K, =2.75 x 10°), which indi-
cates that radicals such as 2b could be isolated and charac-
terized. Interestingly, it has recently been mentioned that
radicals might offer intriguing candidates for NLO pur-
pose.F-% This might stimulate further challenging researches
using azulene-based radicals as NLO materials with extended
electronic properties.

Conclusion

After having focused on relatively simple NLO systems with
particular emphasis on the paranitroaniline family, chemists
have increasingly extended the field of their investigations
over the last few years. We have presented here the second-
order NLO properties of azo-azulene derivatives. At the
molecular level, 2b exhibits a 57 x 107° cm’esu™' S, value a
little higher than that of the well known “Disperse Red 1” (3)
chromophore. Interrestingly, 2b crystallizes in the noncen-
trosymmetric space group Pc which results in a SHG
efficiency 420 times that of urea.

Over the last two decades, intense activity has demonstrat-
ed at both molecular and crystalline levels the relevance of
organic media for quadratic nonlinear optics. Azulene-based
materials which have received very limited attention in
nonlinear optics are a family of readily available compounds,
which offer additional electronic features (e.g. reversible
redox properties) which could make them attracting candi-
dates as multi-functional molecular devices.

Experimental Section

Reagents and equipment: Disperse Red 1 (3), azulene (1), and aromatic
amines for coupling reactions were used as commercial samples. Basic
alumina (activity B II-III, Brockmann) was used for column chromatog-
raphy. TLC analysis was carried out on Merck Aluminoxid 60 F,s,
aluminum plates. The proton and carbon spectra were recorded on a
Bruker AC-F 200 NMR spectrometer. Mass spectra were recorded on a
SQMD 1000-Carlo Erba 5300 Mega Series mass spectrometer with
capillary column, at 70eV. Electronic spectra were recorded on a
Hewlett—Packard 8452 A spectrophotometer. Thermal measurements
were performed by TG/DTA analysis on a Setaram-TGDTA92 thermo-
analyser. The experiments were conducted under nitrogen on 5 mg of
sample (rate of heating: 10°C per min). The decomposition temperature
(T4) was assigned as the intercept of the leading edge of the decomposition
endotherm with the base line of the DTA scan./?-
Azulene-1-azobenzene (2a) and azulene-1-azo(4-methoxybenzene) (2c¢):
A solution of aryldiazonium chloride was prepared at 0°C, by adding
sodium nitrite (37 mg, 0.54 mmol) to a solution of aromatic amine
hydrochloride (0.54 mmol) and concentrated HCI (0.9 mL) dissolved in
water (2 mL). This solution was slowly added, with stirring, to a mixture of
azulene (72 mg, 0.44 mmol) and sodium acetate (170 mg) in ethanol
(10 mL) at room temperature. After 10 more minutes stirring, the reaction
mixture was extracted with CH,Cl,. The organic solution was washed with
5% aqueous ammonia then with water, and dried (Na,SO,). The solvent
was evaporated and the residue was purified by column chromatography
with n-pentane/CH,Cl, 5:1 on alumina. The product (dark-brown crystals)
was then crystallised from n-hexane.

Azulene-1-azobenzene (2a): Yield: 82 mg, 81%; m.p.: 120°C (lit.: 120—
121°C).%1 MS (m/z): 232 [M]*; '"H NMR (CD,ClL): 6=9.36 (d, J=
9.8 Hz, 1H, H)), 8.39 (d, /=9.3 Hz, 1H, H,), 8.30 (d, J=4.6 Hz, 1H,
H,), 797 (m, 2H, C¢Hs), 7.80 (t,/ =9.8 Hz, 1H, Hs)), 7.54 (m, 2H, C¢Hs),
746 (d, J=4.3 Hz, 1H, H)), 745 (m, 2H, Hs 5), C¢Hs), 7.37 (t, /=9.7 Hz,
1H, Hs.7); *C NMR (CDCly): 6 =154.1, 143.9, 143.8, 139.5, 138.7, 138.5,

2606 ——

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

1355, 129.2, 129.0, 126.5, 126.4, 125.2, 122.2, 119.9; 'H NMR (CDCl;) and
BC NMR (CDCl,) are in agreement with the ones previously reported.*!)
CsH,N,: caled C 82.73, H 5.21, N 12.06; found C 82.65, H 5.30, N 12.05.

Azulene-1-azo-(4'-methoxybenzene) (2¢): Yield: 98 mg, 84 %; m.p.: 98°C
(lit.: 96 °C);['8a21 MS (m/z): 262 [M]*; '"H NMR (CD,Cl,): 6=9.31 (d, J=
9.8 Hz, 1H, Hg,), 835 (d, /=9.3 Hz, 1H, H,), 8.28 (d, J=4.5Hz, 1H,
H,)), 797 (d, J=8.9 Hz, 2H, CgH,), 7.75 (t, J=9.9 Hz, 1H, Hs), 744 (d,
J=49Hz, 1H, Hy), 743 (t, J=9.7Hz, Hs), 7.32 (t, J=9.7Hz, 1H,
H;s 5),7.05(d,J=8.9 Hz,2H, C¢H,), 3.90 (s, 3H, CH;); *C NMR (CDCl,):
160.8, 148.5,143.9, 143.5,139.4,138.3, 137.9, 135.5, 126.1, 125.9, 125.1, 123.8,
119.7,114.2, 55.6; C;H,,N,O: caled C 77.82, H 5.38, N 10.68; found C 77.77,
H 5.40, N 10.61.

Azulene-1-azo-(4'-nitrobenze) (2b): 4-Nitroaniline (9 mg, 0.5 mmol) were
dissolved in a mixture of concentrated H,SO, (1 mL) and a drop of water.
The mixture was heated for 5 min to ensure complete dissolution of the
amine, then cooled at 0°C. A solution containing sodium nitrite (35 mg,
0.5 mmol) in water (0.5 mLI was slowly added to the reaction mixture, and
the solution was allowed to stand at room temperature for 5 min. The
solution of the resulting diazonium salt was then slowly added under
stirring to a cooled suspension (0 °C) containing azulene (64 mg, 0.5 mmol)
and sodium acetate (2 g) in ethanol (5 mL. The mixture was stirred for
10 min at room temperature, then the organic compound was separated
between CH,Cl, and a 20% aqueous solution of sodium carbonate. The
organic layer was dried (Na,SO,) then the solvent evaporated. The crude
residue was purified by column chromatography with CH,Cl, on alumina.
After evaporation of the solvent, crystallisation was induced by adding a
small amount of pentane, and gave dark-brown crystals (120 mg, 87 % ).
M.p.: 205°C (lit. 204°C).lI MS (m/z): 277 [M]*; "TH NMR (CD,CL): 6 =
9.38 (d, /=9.8 Hz, 1H, Hg)), 8.44 (d, J=93Hz, 1H, H), 835 (d, /=
9.1 Hz, 2H, C¢H,), 8.30 (d, J=4.7 Hz, 1H, H,,)), 8.06 (d, /=9.1 Hz, 2H,
C¢H,), 788 (t, /=9.9 Hz, 1H, Hg), 7.60 (t, /=9.7 Hz, 1H, Hs 7)), 749 (d,
J=43Hz, 1H, Hg), 748 (t,/=9.6 Hz, 1H, H5 ;)); "CNMR (CDCl;): 6 =
157.8, 1472, 145.3, 144.6, 140.7, 140.2, 139.0, 135.7, 128.2, 125.5, 124.8, 122.5,
121.3; C,¢H;;N;0,: caled C 69.31, H 4.00, N 15.15; found C 69.01, H 4.13, N
15.02.

X-ray crystallography: The data were collected on a Stoe Imaging Plate
Diffraction System (IPDS) equipped with an Oxford cryosystems cooler
device, with a tube power of 2 kW for 2b and 3, and 1.5 kW for 2¢. The
crystal to detector distance was 80 mm. Owing to rather low ux values,
0.014, 0.016, and 0.027 for 2b, 2¢, and 3, respectively, no absorption
corrections were considered. The structures were solved by direct methods
(Shelxs-86)1 and refined by least-square procedures. Crystallographic
data for 2b, 2¢, and 3 are summarized in Table 7. The weighting Scheme
used in the last refinement cycles was w =w'[1 — (AF/60(F,)*]* where w' =
1/Z"A,T,(x) with 5 coefficients A, for the Chebyshev polynomial A,T,(x),
where x was F/F,(max). The calculations were carried out with the
CRYSTALS package programs!®! running on a PC. The drawings of the
molecular structures were obtained with the help of CAMERON.[*)l The
atomic scattering factors were taken from International Tables for X-ray
Crystallography.*

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-127823 -
127825. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk).

Spectroscopy: The changes in dipole moment between ground and excited
states (Au) were obtained from solvatochromism through the Lippert—
Mataga Equation (3).1%)

Ver = Per+Ci(n? —1)/2n°+1)+C,[ (D — 1)I(D+2) — (n? — 1)I(n*4+2)]  (3)

where 7 is the frequency (cm™') of the optical transition in a particular
solvent, 7§ is the frequency in the gas phase, D and n are the dielectric
constant and refraction index of the solvent, and C; and C, are constants.
The constant C, can be determined from least-square fit of Equation (2) to
the charge transfer band in different solvent and allows the determination
of Au through Equation (4):

C, = 2uMulhed )

0947-6539/00/0614-2606 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 14



Azo-Azulene Derivatives

2599-2608

Table 7. Crystal data collections and refinements.

classical method based on the Gug-
genheim theory.””) Further details of

b 2¢ 3 the experimental methodology and
Crystal data data analysis are reported else-
chemical formula C,.H;1N;0, Cy,HxN, O, C;,Hy N0, where.*]
molecular weight 2773 524.6 646.7 Theoretical methods: The all-valence
crystal system monoclinic monoclinic tri_clinic INDO (intermediate neglect of differ-
space group Pc P2i/n P1 encial overlap) method,’" in connec-
a [A] 6.4003(6) 15.999(2) 7.539(1) tion with the sum-over-state (SOS)
b [A] 3.7733(3) 6.318(1) 11.365(1) formalism,’2 was employed. Details
c[A] 26.454(3) 27.870(3) 19.358(3) of the computationally efficient IN-
a [deg] 83.58(2) DO/SOS based method for describing
B [deg] 95.79(1) 104.99(1) 83.77(2) second-order molecular optical non-
Y [df?g] 73.81(1) linearities have been reported else-
VIAY 635.6 2722.6 1578.0 where.[) Calculation was performed
p(caled) [g em™] 1.45 128 1.36 using the INDO/1 Hamiltonian incor-
u(Moy,) [em™] 0.917 0.75 0.919 porated in the commercially available
crystal size [mm] 0.32 x 0.15 x 0.07 0.15 x 0.15 x 0.40 0.37 x 0.37 x 0.17 MSI software package INSIGHT II
T [K] 160 160 140 (4.0.0). The monoexcited configura-
Data collection tion interaction (MECI) approxima-
radiation Moy (A =0.71069 A) Mok, Mog, tion was employed to describe the
scan mode ¢ ¢ ¢ excited states. The 100 energy transi-
26 range 46<20<484 45<20<483 4<20<484 tions between the ten highest occupied
absorption correction none none none molecular orbitals and the ten lowest
measured reflections 4131 13952 12972 unoccupied ones were chosen to un-
independant reflections 1891 4754 4766 dergo CI mixing. Structural parame-
observed reflections 1616 2397 3127 ters used for the INDO calculations
criteria I>30(1) 1>20(1) I1>30(1) were taken from the present crystal
Refinement study for 2b, 2¢ (molecule 1), and 3.
refinement on F F F Electrochemistry:  Electrochemical
Rl 0.038 0.054 0.046 measurements were carried out in an
Rwl 0.044 0.053 0.053 airtight three-electrodes cell connect-
no of parameters used 191 362 425 ed to a vacuum argon/N, line, using the
H atoms treatment calculated calculated calculated interrupt method to minimize the un-
weighting scheme Chebychev Chebychev Chebychev compensated resistance (iR) drop. Cy-
coeff. ar 2.21 1.72 1.62 clic voltammetry was recorded in ace-
—-1.36 0.173 —-0.739 tonitrile, with Bu,N*BF,~ as support-
217 1.78 1.24 ing electrolyte (0.1mL~!). The working
—0.663 0.014 —0.477 electrode was platinum, and a saturat-
0.552 0.551 0.242 ed calomel electrode (SCE) was used
AP [6 A7) 0.93 0.83 0.59 as a reference. The scan rate was
APpin € A7 -0.83 -0.74 —-0.23 100 mVs~t. Electrolysis was per-

[a] R=Z(] | F| = [Fl)/Z(|F, ]). [b] Rw=Zw(| Fy| — |F.| /Ew(F,)*]"™

where h and ¢ are the Planck’s constant and the speed of the light,
respectively, and a is the Onsager radius, estimated to be equal to 4.7 A and
5.5 A (for 2b and 3, respectively) from the solute molar volume“! and the

crystal data available. However, the evaluation of Au by the Lippert—
Mataga treatment rises several problems, which have been discussed in
the literature.l”! Therefore, this approach may not be fully reliable.

NLO properties

Powder efficiencies: The measurements of second harmonic generation

(SHG) intensity were carried out by the Kurtz-Perry powder technique,!
using a picosecond Nd/YAG pulsed (10 Hz) laser operating at 4 = 1.064 ym.

formed at —1000 mV using platinum
foil as a working electrode.
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