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Two-dimensional charge-transfer molecules based on N,N-dialkyl-2,4-dinitro-1,5-
diaminobenzene have been synthesized. 'H and "*C-NMR spectroscopy, elemental analysis
and mass spectroscopy were used to elucidate their chemical structures. The physical and
non-linear optical properties of this new family of dyes containing alkyl chain; C;H;, CgH;3,
CgH47, CqoH21, C44H23 and CygH3; are discussed, taking into account the possible role of alkyl
chain length. These two-dimensional molecules have a significantly large off-diagonal

B component in contrast to one-dimensional molecules. These compounds showed no
powder second-harmonic generation (SHG) at 1.064 um being centrosymmetric, however,
their poled guest-host systems with poly(methyl methacrylate) and co-crystals with
p-nitroaniline were SHG active. Powder SHG as high as 37 times that of urea was observed
from N,N-dihexyl-2,4-dinitro-1,5-diaminobenzene with its mixture with p-nitroaniline.
Second-harmonic generation of N,N'-dioctadecyl-2,4-dinitro-1,5-diaminobenzene (DIODD)
was studied as Langmuir-Boldgett monolayers. The Langmiur-Blodgett monolayer of a 1:
1 mixture of DIODD and arachidic acid showed second-order non-linear optical coefficients
di; and d;5 of 11 x 1072 and 3.85 x 10 ° esu, respectively, at a tilt angle of 60°. For the first
time, a relationship between the microscopic polarizabilities and the molecular orientation

of two-dimensional charge-transfer molecules has been established. In the light of the
present experimental and theoretical data analysis, the potential of two-dimensional
charge-transfer molecules for second-order non-linear optics is discussed. © 7998 Kluwer

Academic Publishers

1. Introduction

Organic non-linear optical materials are of consider-
able interest because of their potential applications in
second- and third-order non-linear optics that include
harmonic generation, electro-optical modulators,
memory, optical switches, interconnects, and other
photonic devices [1-9]. From the symmetry point of
view, it is known that a necessary criterion for a ma-
terial to exhibit second-harmonic generation is that
it must lack a centre of symmetry. Unfortunately,
the majority of organic molecules crystallize in cen-
trosymmetric space groups. To introduce non-cen-
trosymmetry, a number of strategies such as hydrogen
bonding, steric hindrance, chirality, electrical poling,

*Author to whom all correspondence should be addressed.

0022-2461 © 1998 Kluwer Academic Publishers

dye—polymer blending, co-crystallization, lambda (A)-
type molecules, organometallic structures, etc., have
been proposed [4,5,10,11]. Another important tool
for inducing SHG activity is the Langmuir—Boldgett
(LB) technique, as it underlies most of the functions in
forming acentric structure. In this connection, the
molecular architecture of organic species provides the
basis of new non-linear optical materials. In organic
materials, second-order non-linear optical effects orig-
inate from a m-electron conjugated system consisting
of electron acceptor and electron donor functional-
ities. The derivatives of p-nitroaniline represent such
a model system. We have designed and developed a
series of N,N’-dialkyl-2,4-dinitro-1,5-diaminobenzenes.
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These derivatives have a two-dimensional charge
transfer (2-D CT) structure, contrary to p-
nitroaniline which is a one-dimensional charge-
transfer (1-D CT) molecule. These two-dimensional
charge-transfer molecules also possess the large
hyperpolarizabilities. Previous studies on the SHG
properties have been focused mainly to classical one-
dimensional charge-transfer molecules, either in their
bulk state or Langmuir-Blodgett films that include
merocyanines, azobenzenes, amidonitrostilbenes,
phenylhydrazone dyes, styrylpyridinium salts, diazos-
tilbenes, and polyenes [12-17]. We for the first time
addressed that two-dimensional charge-transfer mol-
ecules so being equally important for second-order
non-linear optics. One of the interesting features of
two-dimensional charge-transfer molecules is that
their off-diagonal p component (B,,,) is several-fold
larger than the diagonal components [18,19]. If we
consider the case of LB films of one-dimensional
charge-transfer molecules, they exhibit optimum sec-
ond-harmonic generation efficiency when the LB mol-
ecules are aligned normal to the substrate. However,
the LB molecules having bulky alkyl groups, inherent-
ly tend to incline from normal to the substrate causing
the magnitude of optical non-linearities to decrease
from the optimum values. In order to overcome this
problem, we have developed a series of two-dimen-
sional charge-transfer dyes that exhibit large SHG
from LB monolayers even though the LB molecules
are inclined from normal to the substrate. It has
been demonstrated that SHG activity of poled poly-
mers can be stabilized when two-dimensional charge-
transfer molecules are utilized, because they behave
very differently than those of one-dimensional
charge-transfer molecules. Our theoretical and experi-
mental studies show that two-dimensional charge-
transfer molecules have a great potential for frequency
doubling.

In this paper, we report the chemical synthesis
and analytical characterization of N,N’-dialkyl-2,4-
dinitro-1,5-diaminobenzenes. The influence of alkyl
chain length (C,H,,;; where nis 3, 6, 8, 10, 11 and 18)
on the physical properties is discussed. The results
of 'H and '*C-NMR spectroscopic studies of N,N'-
dialkyl-2,4-dinitro-1,5-diaminobenzenes are present-
ed. These two-dimensional charge-transfer molecules
show no SHG in bulk state, however, their guest-host
systems with poly(methyl methacrylate) PMMA and
p-nitroaniline are SHG active. Guest-host systems
of two-dimensional charge-transfer molecules with
PMMA exhibit SHG in the poled state, while instan-
taneous SHG is observed from p-nitroaniline mixtures
without applying any electric poling. We have earlier
described the theoretical modelling of the two-dimen-
sional charge-transfer molecules and poled PMMA
films. Interestingly, we have found that two-dimen-
sional charge-transfer molecule N,N’-dioctadecyl-2,4-
dinitro-1,5-diaminobenzenes (DIODD) shows large
SHG in Langmuir—Boldgett monolayers. For the first
time, a relationship between the microscopic polariz-
abilities and molecular orientation of two-dimen-
sional charge-transfer molecules is reported to add
a new direction to the molecular designing of LB films
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for SHG. Furthermore, the first hyperpolarizability ()
calculations performed as a function of the tilt angle
demonstrated that the second-order optical non-lin-
earity in two-dimensional charge-transfer molecules is
optimized when the molecule is inclined at a tilt angle
of 56° from normal to the substrate, unlike one-dimen-
sional charge-transfer molecules.

2. Experimental procedure

2.1. Synthesis
N,N'-Dialkyl-2,4-dinitro-1,5-diaminobenzenes ~ were
synthesized by the following method (synthesis
Scheme I). In first step, 1,5-dihalo-2,4-dinitrobenzenes
were obtained by the nitration (HNO3;/H,SO,) of
meta-dihalobenzene. In the second step, N,N'-dialkyl-
2,4-dinitro-1,5-diaminobenzenes were prepared by
an elimination-substitution reaction of 1,5-dihalo-
2,4-dinitrobenzenes with corresponding alkylamines.
2,4-Dinitro-1,5-diaminobenzene was obtained in a two-
step reaction: first nitration of m-difluorobenzene
gives 1,5-difluoro-2,4-dinitrobenzene and secondly,
the final product 2,4-dinitro-1,5-diaminobenzene was
obtained by passing ammonia gas through an ethy-
lene glycol solution of 1,5-difluoro-2,4-dinitrobenzene.
The derivatives containing alkyl chains of propyl
(CsH~), hexyl (C¢H;3) and octyl (CgH;4) were ob-
tained in ethylene glycol; alkyl chain of decyl (C;oH,;)
and undecyl (C;{H,3) in N,N’-dimethylformamide
(DMF) and alkyl chain of octadecyl (C;sHj3-) also in
DMF using Na,COj; as a catalyst. The reaction tem-
perature was maintained between 120 and 140 °C for
a period of about 20h. All of these materials were
purified by column chromatography using silica gel as
a stationary phase and chloroform/hexane (3/1) eluent
followed by recrystallization in absolute methanol.
The yield depends on an individual reaction and gen-
erally can be counted in the range of 40%—75%.

2.2. Spectroscopic characterization

The melting points of the compounds were deter-
mined by differential scanning calorimetery (DSC)
technique at a heating rate of 20°Cmin~' on
a Rikagu system (model TGA-DSC CNS8085EI,
Rikagu Denki Co. Japan). The molecular weight of the
compounds was measured by ionized method using
a Jeol mass spectrometer (model JMS-HX100/JMA-
DAS5000). '"H and '*C-NMR spectra were recorded at

room temperature (ca. 30°C) by a Jeol GX-270
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nuclear magnetic resonance spectrometer (270 MHz
for 'H and 67.5 MHz for '*C). The selective decoup-
ling experiments were performed on a Jeol FX-200
spectrometer (200 MHz for 'H and 50 MHz for '3 C).
For 'H and '3C-NMR measurements, the concentra-
tions of the samples were approximately 5% and 20%
by weight (wt/vol) in deuteriochlorofom (CDCly), re-
spectively. In the case of '"H NMR, the chemical shifts
were calibrated in reference to tetramethylsilane
(TMS; 0.0 p.p.m.) whereas for '*C-NMR, calibration
was done from deuteriochloroform by converting
them to a TMS scale (CDCls; 77.0 p.p.m.).

2.3. Second-order NLO measurements

To establish a structure—property relationship, the
first hyperpolarizabilities of a variety of two-dimen-
sional charge-transfer model compounds were cal-
culated according to the finite field method using the
Molecular Orbital Package (MOPAC) AM1 [20].
A Nd-YAG Q-switched laser operating at a 1.064 um
fundamental wavelength with a pulse of 10ns and
a repetition rate of 10 Hz was used for the powder
SHG and second-order non-linear susceptibility
¥?( — 2m; ®, ®) measurements. The LB films depos-
ited on both sides of the substrate were illuminated
and light was transmitted on the other side. The fun-
damental beam was filtered by an infrared cut-filter.
The resulting p-polarized second-harmonic intensities
were measured over a range of angle of incidence
( £+ 60°) and were detected with a photomultiplier. The
refractive index of the LB films was measured on
Y-type multilayers (14 layers) deposited on a naturally
oxidized silicon substrate by the ellipsometry tech-
nique using argon and He—Ne lasers.

3. Results and discussion

3.1. Materials characterization

Table I lists the physical properties of N,N'-dialkyl-
2,4-dinitro-1,5-diaminobenzenes. The elemental anal-

ysis data of all the compounds are in good agreement
with the calculated ones. The molecular weights ob-
tained by the ionized method using mass spectroscopy
were in excellent agreement with the formula weights.
2,4-dinitro-1,5-difluorobenzene and 2.4-dinitro-1,5-
dichlorobenzene have melting points of 82-83 and
103-105 °C, respectively. 2,4-Dinitro-1,5-diaminoben-
zene which has no alkyl chain, shows a melting point
of about 298 °C due to the strong hydrogen bonding
between amino and nitro groups (Fig. 1). The melting
point decreases to 155 °C for an alkyl chain of C3H,
because the substitution of the alkyl chain breaks
the hydrogen bonding which lowers the thermal
stability. Later the melting point is dependent on
alkyl chain length and it increases as the alkyl
chain increases. Presumably, this behaviour originates
from the crystallization of alkyl chains. These com-
pounds exhibit absorption maxima in the range
of 410-420 nm and have a cut-off wavelength of
about 470 nm.

Fig. 2 shows the 'H-NMR spectrum of N,N'-
dihexyl-2,4-dinitro-1,5-diaminobenzene recorded in
deuteriochloroform. The proton assignment is depic-
ted on the spectrum. The aromatic proton on Cg ap-
pears at 5.69 p.p.m., while one on C; appears at 9.29
p-p-m. The amino protons are located at 8.37 p.p.m.
The o, B and y methylene protons of the alkyl group
appear at 3.32, 1.85 and 1.52 p.p.m. respectively. All
other methylene protons (4 protons) are centred at
1.43 p.p.m. The terminal methyl protons occur at 0.97
p.p-m. The '"H-NMR spectrum supports the chemical
structures of N,N’-dihexyl-4,6-dinitro-1,5-diamino-
benzene. The chemical shifts of other compounds are
listed in Table II and the quantitative results are in
excellent agreement. We also found that if one of the
aminoalkyl chains is replaced by a halogen such as
fluorine or chlorine, the chemical shifts are signifi-
cantly affected. In particular, an aromatic proton on
Ce(Hb) has a significant effect. For example, the Hb
proton of N-decyl-2,4-dinitro-5-chloroaminobenzene

TABLE I Elemental analysis, molecular weights and melting points of N,N’-dialkyl-2,4-dinitro-1,5-diaminobenzenes

le : : Ry

O,N NO;
R, =R, Elemental analysis Molecular Melting point
weight (°C)
C (%) N (%) H (%) C (%)

NH, Found 33.80 21.26 1.98 30.68 198 298-300
Calc. 36.36 28.28 3.03 3232

NH—(CH,),~CH,; Found 50.53 19.64 6.56 22.15 282 153-155
Calc. 51.06 19.85 6.40 22.69

NH—(CH,)s—CH,; Found 58.55 15.17 8.34 18.21 367 57-58
Calc. 59.01 15.30 8.29 17.48

NH—(CH,),—CH3 Found 61.72 13.03 9.22 16.11 423 83-84
Calc. 62.55 13.27 9.00 15.169

NH—(CH,)o—CH,; Found 64.96 11.60 10.00 14.10 479 88-89
Calc. 65.26 11.71 9.62 13.38

NH—CH,),,—CH3 Found 64.14 10.80 9.69 13.33 507 91-92
Calc. 66.40 11.06 9.88 12.65

NH—(CH,),;,—CH3; Found 71.11 7.92 11.19 10.46 703 105-107
Calc. 71.17 7.97 11.11 9.11
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400 TABLE II 'H-NMR chemical shifts of N,N'-dialkyl-2,4-dinitro-
1,5-diaminobenzenes
b
H
Ry Ry
300 ¢
O;N NO;
H
_ a
e
= c d e f g-h i
.g R, =R, = NH-CH,-CH,-CH,—<(CH,),~CH3;
2 200
=)
£
= Alkyl chain  Proton assignment
S length
a b c d e f g-h i
C;H, 9.25 5.675 8.362 3.317 1.862 1.156
100 CeHys 9292 5.694 8378 3.319 1.855 1.539 1415 0.970
CgHy- 9.286 5.682 8.368 3.315 1.840 1.502 1.359 0.931
CioH,y 9.226 5.622 8.306 3.315 1.761 1.458 1.256 0.880
Cy1Hss 9.218 5.618 8.302 3.309 1.777 1.473 1.249 0.878
CygH34 9.298 5.694 8.382 3.317 1.818 1.477 1.312 0.934
R, =Cl 9.198 6.565 8.501 3.315 1.752 1.452 1.295 0.898
o 1 1 L RZZCIOHZI
0 5 10 15 20

Number of alkyl groups

Figure 1 Melting-point dependence on the alkyl chain length for
DADB derivatives.

appears at 6.56 p.p.m. while that of N,N’-didecyl-2,
4-dinitro-1,5-diaminobenzene appears at 5.62 p.p.m.

Fig. 3 shows the !3C-NMR spectrum of N,N'-
dihexyl-2,4-dinitro-1,5-diaminobenzene. The carbon
assignments were obtained by empirical calculations

as well as by the selective decoupling experiments. For
the assignment of aromatic carbons, a rough estima-
tion from the empirical formula was derived by
a method already reported in the literature [21]. For
calculating **C chemical shifts of the alkyl chain, first
the chemical shifts were determined by the Lindeman
and Adams equation [22] and then a substituents
effect was added by the method of Savitsky and
Namikawa [23]. The calculated chemical shifts are

b
i h 9 f e d ¢ H ¢ d e f g h i
CH; - CH, - CH, — CH, - CH, - CH, -HN NH-CH, - CH,— CH,~ CH,- CH,- CH,
O,N NO,
H
a
-
- B
CDCl,
—
| — — L H0 ™S
— —A
ke A ! Aj o
a c b d e fh i
IR A o o e L o B e e e L e e o e e o I R B
10 9 8 7 6 5 4 3 2 1 0
(p.p.m.)

Figure 2 "H-NMR spectrum of N,N-dihexyl-2,4-dinitro-1,5-diaminobenzene recoded in deuteriochloroform at room temperature.
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Figure 3 '3 C-NMR spectrum of N,N’-dihexyl-2,4-dinitro-1,5-diaminobenzene recoded in deuteriochloroform at room temperature.

TABLE III '*C-NMR chemical shifts of N,N’-dihexyl-2,4,- TABLE IV !3C-NMR chemical shifts of N,N'-dialkyl-2,4,-
dinitro-1,5-diaminobenzene obtained by experimental analysis and dinitro-1,5-diaminobenzene compounds
calculated empirically®™° .
Ry . R
Carbon atom Experimental Calculated
values values 3
O,N 3 NO,
Cy 103.70 90.018 5 6 7 . g 9 10
Cy 148.40 148.570 R = —-CH,—CH,-CH,<CH,),~CH,—~CH,~CH}
C; 126.30 129.425
(on 122.70 123.985
Cs 53.36 48.353 Carbon R; =R, = NHR
Cs 30.25 28.409 o
C7 2795 26729 C3H7 C6H13 C81_11’7 CIOHZI C11H23 C18H37
Cg 32.15 31.389
Co 22.65 22.481 C, 90.09 9001 9000  90.00  90.18 90.29
Cio 13.86 13.909 C, 148.61 148.57 14849 14852 14870  148.83
C; 129.50 12942  129.24 129.34  129.42 129.50
*Chemical shifts of benzene carbon atoms were calculated using C. 124.00 12398 12389 12393 124.18 124.33
a method reported in the literature. Cs 4508 43.35 43.35 43.33 43.41 43.47
®Chemical shifts of alkyl chain carbons were evaluated using Linde- Cs 21.80 28.40 2845 28.44 28.56 28.65
man and Adams’ equation. c, 11.60 2672 2706 2706  27.11 27.17
°The adding substituent effect by Satitsky and Namikawa’s para- C, 29.20 2925 29.29 29.32
meter. 29.11 29.47 29.49 29.37
29.55 29.54
29.58 29.60
within the scatter of experimental error (Table III). 29.72
The signal assignment of the alkyl chain was con- Cs 3138 3172 3183 3189 3197
g g _ y : Co 2248 2258 2261 2264 2269
firmed by selective decoupling measurements. The sig- Cio 13.90 14.01 14.03 14.00 14.01
nals of methyl, methylene next to methyl (C,,), and
o-methylene (C,) carbons are easily separable, because
they have different chemical shifts from the others.
The signals of Cy, C, and C; were determined by the N,N’-dialkyl-4,6-dinitro-1,3-diaminobenzenes  con-

selective decoupling technique. By decoupling protons
located at 1.85, 1.52 and 1.43 p.p.m., signals at 30.25,
27.95, 32.15 and 22.65 p.p.m., respectively become
stronger than other carbons. Therefore, signals at
30.25 p.p.m. can be assigned to Cy and 27.95 p.p.m. to
C,. The carbons at 32.15 and 22.65 p.p.m. have con-
nectivity to protons located at 1.43 p.p.m. The signal
at 32.15 p.p.m. can be assigned to Cs, hence the signal
at 22.65 p.p.m. is attributed to C,. Table IV lists the
carbon chemical shifts obtained experimentally for

taining alkyl chains of C;H-, C¢H 3, CgHy7, CioH>1,
C,1H,3, and C;gHj3-. The chemical shifts are in good
agreement and the assignments of carbons have
been followed from N,N’-dihexyl-2,4-dinitro-1,5-dia-
minobenzene. We have successfully assigned carbons
up to alkyl chain length C4H;;. As the alkyl chain
increases, the overlapping of peaks takes place which
hinders location of the exact position. Only six car-
bons of alkyl chains ranging C¢H;3 and C;gHj-
are easily detectable because their chemical shifts lie
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in a very close proximity. On the other hand, it is
also possible to isolate carbon signals of alkyl chain
length C;oH,4, in N-alkyl-2,4-dinitro-3-chloroamino-
benzene. In disubstituted derivatives, the introduction
of an alkyl chain at C; makes it difficult to separate
carbons beyond CgH-.

3.2. Second-order non-linear optical
properties

Table V lists the B values of two-dimensional charge-
transfer molecules calculated by using the MOPAC-
AM1 method. Fig. 4 shows the charge-transfer
interactions for one-dimensional molecules p-NA
and two-dimensional molecule 2.4-dinitro-1,5-dia-
minobenzene. The p-NA has one charge-transfer path-
way. The latter has amino groups located at para as
well as ortho-positions to the nitro groups, therefore
dominantly para and quasi-ortho interactions lead
to a two-dimensional charge-transfer character. It
has four charge-transfer pathways. Theoretical calcu-
lations demonstrated that the largest f component for
2,4-dinitro-1,5-diaminobenzene is By, whilst B, is
the largest for the p-NA molecule. The main difference
in B tensors arises from the large off-diagonal com-
ponents for 2,4-dinitro-1,5-diaminobenzene to the
B.xx for p-NA. The B components of other two-dimen-
sional charge-transfer materials; 1,5-difluoro-2,4-
dinitrobenzene,1,5-dichloro-2,4-dinitrobenzene, N,N'-
dimethyl-2,4-dinitro-1,5-diaminobenzene, and N,N’-
diethyl-2,4-dinitro-1,5-diaminobenzene can be com-
pared. It is apparent that the replacement of halogens
by amino groups causes a change in the sign of B as
well as a significant increment in B value due to a two-

NH,
O,N
(a)
H,N NH,
O,N NO,

(b)

Figure 4 Charge-transfer interactions in (a) One- and (b) two-di-
mensional systems. (a) 4-nitroaniline (p-NA) (b) 1,5-diamino-2,4-
dinitrobenzene.

dimensional charge-transfer interaction. Further-
more, the B increases with increasing the length of the
alkyl hydrocarbon chain; however, numerical data
given here for only methyl and ethyl substituents
showed a modest difference. In an other study, we
observed that for N-alkyl-2,4-dinitro-5-fluoroanilines,
the B value increases with increasing alkyl chain
length [24]. For example, the B value of N-methyl-
2,4-dinitro-5-fluoroaniline was found to be about
two-fold larger than that of N-propyl-2,4-dinitro-
5-fluoroaniline. N,N’-diethyl-2,4-dinitro-1,5-diamino-
benzene shows a B value of 10.64 x 1073 esu, slightly
smaller than the p-NA molecule. The magnitude of the

TABLE V Polarizabilities, hyperpolarizabilities and dipole moments (1) of model compounds 1,5-difluoro-2,5-dinitrobenzene, 1,5-dichloro-
24-dinitrobenzene, N,N’-dimethyl-2,4-dinitro-1,5-diaminobenzene, and N,N’-diethyl-2,4-dinitro-1,5-diaminobenzene calculated by using the
MOPAC-AM1 method [20]. The dialkyl derivatives of DADB are representative of the two-dimensional charge-transfer molecules. The
electron-donating amino or alkylamino groups are located at para as well as ortho-positions to the electron-accepting nitro groups, therefore
dominantly para and quasi-ortho interactions lead to a two-dimensional charge-transfer character. The orientationally averaged hyper-

polarizability is given by By = Birxx + Bayy + Prz=

X y
NO,
X z
NO; X
B Molecular hyperpolarizability (10~ 3 esu)
components
X =Cl X=F X = NH, X = NH-CH; X = NH-CH,-CH;
B 1.036 1.937 —3.114 —3.096 —2.792
Buyy — 4.556 9.873 9.873 12.195 13.640
Bizz —0.180 —0.125 0.034 0.230 —0.206
By 0491 0300 0327 0.461 0.367
Byxx —0.060 0.014 —0.038 —0.101 —0.101
Byzz —0.063 0.008 —0.019 0.002 —0.118
B..- —0.007 —0.011 0.009 —0.014 —0.050
Boxx 0.034 0.014 —0.031 0.002 0.007
Beyy 0.028 0.017 —0.620 —0.015 —0.034
i —3.70 — 1.69 6.793 8.869 10.642
o (10723 esu) 2.896 2.543 3.071 3.646 4.108
v (1073 esu) 6.825 0.077 2971 19.53
i (Debye) 4777 3.956 7.36 7.878 8253
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B value of two-dimensional molecules is the same as of
p-NA [25,26]. 2,4-Dinitro-1,5-diaminobenzene ana-
logues are particularly important from the viewpoint
of their large off-diagonal B,,, component which is
three to five times larger than that of the diagonal
Bxxx component. For other two-dimensional charge-
transfer molecules such as MANN, B,,, as large as 32
times that of the B, component has been observed.
Interestingly the ratio between f,,, and S, compo-
nents grows to 396 for the OANN molecule [27].
From the same calculations, B, is six times that of
the B,,, component for the p-NA molecule, respective-
ly, because of its one-dimensional charge-transfer
character. Cheng et al. [25] reported a B value of
9.2x1073° esu and Kondo et al. [26] a value of
12.6 x 10~ *% esu for p-NA. The B values of two-dimen-
sional charge-transfer molecules with shorter alkyl
chain are of the same magnitude.

The substitution of the alkyl chain contributes to
increasing the electron donating activity of amino
groups. Furthermore, as the alkyl chain length in-
creases up to C,gHj3-, it facilitates in developing Lan-
gmuir-Blodgett monolayers on the water subphase.
All of these compounds except N,N’-dioctyl-2,4-
dinitro-1,5-diaminobenzene crystallize in centrosym-
metric space groups because they exhibit no powder
SHG activity. N,N’-dioctyl-2,4-dinitro-1,5-diamino-
benzene shows very weak powder SHG activity in the
bulk state. This compound posseses polymorphism,
because its SHG activity disappears after sometime,
presumably due to the transformation to another
phase which makes it SHG inactive. Table VI lists the
melting points and powder SHG activity of 17 differ-

ent materials based on N-alkyl-2,4-dinitro-5-fluoro-
anilines and N,N’-dialkyl-2,4-dinitro-1,5-diaminoben-
zenes when mixed with p-NA in a 1:3 ratio (dye:
p-NA). The mixed crystals of these compounds with
p-NA were prepared either in chloroform or acetone.
SHG activity of these p-NA mixed compounds are low
and only compound 13 shows powder SHG of 37
times that of urea for 1.01 mixture. Compounds 4 and
14 show powder SHG of 2.0 and 2.26 times that of
urea. As can be seen, SHG activity also depends upon
the dye—p-NA ratio, for example, the SHG activities of
compound 14 are 2.26, 2.65, 20.8 and 0.03 times larger
than that of urea for 1:4, 1:3, 1:0.1 and 1:10 ratios,
respectively. For compound 13, the powder SHG cha-
nges by more than an order of magnitude. A simple
factor that contributes to the difference in SHG activ-
ity may be the effect of crystallite size which has
a profound effect on powder SHG measurements.
SHG activity originates from the co-crystallization of
two-dimensional molecules with p-NA which intro-
duces a non-centrosymmetric structure. Okamoto
et al. [28,29] reported very large powder SHG for the
composites of p-NA and its N-alkyl derivatives. For
example, the mixtures of p-NA with N-isopropyl-4-
nitroaniline in a weight ratio of 0:1,1:1,1:0.1,1:0.2
and 1:0.5 showed powder SHG of 1.5, 250, 163, 280
and 416 times larger than that of urea, respectively.
Our studies on a 2:1 mixture of N-9-octadecenyl-4-
nitroaniline to p-NA also showed a powder SHG of
135 times larger than urea. Our results also support
that the co-crystallization of two-dimensional charge-
transfer molecules with p-NA is another avenue
for introducing SHG activity. SHG coefficient of

TABLE VI A series of alkyl derivatives of 2,5-dinitrobenzene and their powder SHG from a p-nitroaniline mixture (dye: p-NA 1:3 ratio)

X Y
O,N NO;
No X Y Melting point SHG (x Urea)
)
1 F F 82-83 -
2 Cl Cl 103-105 -
3 NH, NH, 298-300
4 Cl NH-(CH,)y—CH3 57-59 2.0
5 Cl NH-(CH,);;—CH3 66-68 1.7
6 F NH—-(CH,),,-CHj; 59-60 0.15
7 F NH-(CH,);s—CH3 63-64 0.10
8 F NH-—(CH,),~CH, 6466 0.02
9 al NH-(CH,),,~CH, 67-69 0.02
10 NH-CH; NH-CH; - -
11 NH-CH,-CH, NH-CH,-CH, - -
12 NH-(CH,),~CH; NH-(CH,),~CH; 153-155 0.03
13 NH-(CH,)s—CH3 NH-(CH,)s—CH3 58-60 0.8
36.78 (1:0.1)
0.16 (1:10)
14 NH-(CH,),~CH, NH-(CH,),—CH, 84-86 2.26 (1:4)
2.65(1:3)
20.8 (1:0.1)
0.03 (1:10)
15 NH-—(CH,)s—CH, NH-—(CH,)s—CH, 89-90 0.02
16 NH-(CH,),,~CH, NH-(CH,),,~CH, 91-92 0.00
17 NH-(CH,),,~CH, NH-(CH,),,~CH, 106-107 0.43
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TABLE VII Refractive indices and NLO coefficients of dyes dis-
persed in a PMMA matrix

Compound Dye weight (%) Refractive indexes NLO

no. in PMMA —— coefficients

0.523um  1.064pum (pmV 1)

4 16.62 1.53 1.484 dy3 =27
dy; =0.88
6 16.32 1.507 1.497 dy3 =2.64
ds; =0.70
7 15.61 1.51 1.49 d33 = 1.80
dy; =0.84

12 16.66 1.498 1.488 33 =24
dy; =0.31
13 16.62 1.513 1.482 dy3 =378
dy; =112
14 16.60 1.50 1.48 d33; =145
d3; =0.28

two-dimensional charge-transfer molecules were also
investigated by forming guest-host systems with
PMMA. We found that all of these materials are SHG
active in a poled guest—host system. The host molecu-
les induce an alignment of guest molecules (dye) in
a fashion that generates non-centrosymmetric crystal
structures which leads to the appearance of an SHG
signal. Table VII lists the refractive indices and NLO
coefficients of dyes dispersed in a PMMA matrix.
Two-dimensional charge-transfer molecules show
d33 coefficient as high as 3.78 pm V™' for poled
guest—host systems.

3.3. Langmuir-Blodgett films

Fig. 5 shows the chemical structure of N,N’-di-
octadecyl-2,4-dinitro-1,5-diaminobenzene (DIODD).
A Miyata-type moving-wall LB trough (Nippon Laser
Electronics, Japan) was used in this study. The sur-
factants used in film deposition were DIODD
(M,, = 703.10), and arachidic acid (M,, = 312.54, To-
kyo Kasei Co.). The surfactants of concentration of
10~ 2 m were spread from a chloroform solution on the
deionized water surface containing 1 x 10~ * m CdCl,
at 20 °C. The pH of the aqueous subphase was 6.0. The
substrates used in film deposition were thoroughly
cleaned glass slides which were made hydrophilic by
the plasma technique. The alternate monolayers of
a 1:1 mixture of DIODD with arachidic acid and
pure arachidic acid were deposited at a surface pres-
sure of 15 and 25 mN m ™%, respectively, by vertically
dipping the substrate through the air—water interface
at a rate of Smmmin~* at 20°C. The pressure-area
isotherm (n—A4 curves) of a monolayer at the air—water
interface was determined at a barrier speed of
20mmmin~!. For SHG measurements, the LB
monolayers were deposited on both sides of a fused
silica substrate.

Fig. 6 shows the pressure—area isotherms for mono-
layers of pure DIODD, and 1:1 and 1:3 mixtures of
DIODD and arachidic acid, respectively. Condensed
DIODD monolayers containing Cd*>" ions can be
formed at a surface pressure higher than 15mNm ™!
but deposition of multilayers was not possible due to
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O,N NO,

Figure 5 Chemical structure of the DIODD molecule (in the text).
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Figure 6 Pressure-area isotherms of monolayers of (a) pure
DIODD; (b) 1:1 mixture and (c) 1:3 mixture of DIODD with
arachidic acid, respectively. The solution spread with chloroform
on deionized water subphase containing 10~*m CdCl, at 20°C.

pH = 6.0, barrier spead = 20mmmin~!, surface pressure
15SmNm™%

the instability of the monolayers. The monolayer of
pure DIODD shows an expanded region (Fig. 6a). The
surface area of a DIODD monolayer was estimated to
be 0.49 nm?/molecule from the space-filling model.
Our DIODD molecule to some extent is somewhat
similar to the LB molecules reported by Decher et al.
[14] and Bubeck et al. [15]. Our results are in good
agreement.

The LB films of pure DIODD were unstable,
presumably because of the weak hydrophilic bonding
of the electron-accepting nitro groups. Therefore, to



TABLE VIII Characteristics of Langmuir-Blodgett films of
pure DIODD and its admixtures with arachidic acid (DIODD to
arachidic ratio in the admixture)

Composition  Surface area LB films features
(nm?/molecule)
Stability  X-ray SHG
diffraction

Pure DIODD  0.495 X X X
3:1 0.31 X X X
1:1 0.30 Moderate Good Yes
1:3 0.25 Good Very good X

X represents “None”.

improve the stability of LB films, admixtures with the
cadmium salt of arachidic acid were used. As expected,
a 1:1 mixture of DIODD and arachidic acid forms
a stable condensed monolayer (Fig. 6b) that has en-
tirely different isotherm features compared with a pure
DIODD monolayer. Interestingly, the LB films of 1: 3
mixture of DIODD and arachidic acid were found to
be even more stable and good in appearance (Fig. 6¢).
The formation of stable monolayers is assisted by the
carboxylic group of arachidic acid because of increase
in hydrophilicity. The monolayers of 1: 1 as well as of
1:3 mixtures can be easily transferred from the LB
trough on to a glass substrate. The monolayers of an
1:1 mixture show the limiting surface area of about
0.30 nm?/molecule. Table VIII lists the characteristics
of LB films of pure DIODD and on mixing with
arachidic acid. Arachidic acid molecules are probably
randomly arranged in the admixture LB monolayer.
When compressed, the DIODD as well as arachidic
acid molecules stand at the air-water interface and
their long alkyl chains are oriented in the perpendicu-
lar direction to the air—water interface.

The refractive index of the LB films at different
wavelengths was estimated by using the Sellmeier’s
equation. The refractive index of LB films does not
change remarkably as a function of the incident angle.
The ellipsometric measurements gave the following
refractive index values of the DIODD LB monolayers:

n, = 148 at 1.064um
(fundamental wavelength, )

Ny = 1.57 at 0.532 um
(second-harmonic wavelength, A/2).

The pure DIODD powder does not exhibit any
SHG signal being centrosymmetric. Second-harmonic
generation signals could be detected for a LB mono-
layer. Second-harmonic generation experiments per-
formed at a wavelength of 1.064 um show an SHG
signal from the LB monolayer of a 1:1 mixture of
DIODD and arachidic acid. The SHG signals are
reproducible, and therefore are considered to orig-
inate from the DIODD LB monolayer. The SHG
signals could only be detected for a 1:1 mixture,
whereas neither 1:3 nor 3:1 mixtures showed any
signal. It is rather difficult to explain why SHG was
not observed for LB films containing arachidic acid
and NLO chromophore at ratios of 1:3 and 3:1.
A second-harmonic fringing pattern originates from

dispersion of the refractive index of the substrate. This
introduces a dephasing factor between harmonic
waves generated at the front and back sides of the
substrate [ 14, 15]. Second-order non-linear optical co-
efficients were calculated by fitting the fringing pattern
according to a method developed by Kajzar and co-
workers [30-32]. The SHG signals detected were
calibrated against standard quartz (d;; = 1.2x107°
esu) [33]. The second-order non-linear optical coeffic-
ient d; of the monolayer corresponds to 11 x 10~°
esu. The d,; component is 3.85x 10~ ° esu, which is
about one-third that of the d;; coefficient. From the
following correlation

(2)
X1JK

= 2dpg(— 20,0, 0) (1)

the X(lzf . and x(123)3 values correspond to 22.0x 10~ °
and 6.70 x 10~° esu, respectively. The second-order
optical non-linear susceptibilities can be calculated
theoretically from the molecular-oriented gas model
[34].

diig = mefmf2w6111(—2m; , @)<COSB\|1> (2)

where N is the number density of the molecule, f,, and
f>. are the local field factors, and the brackets denote
averaging over the angle \. This equation represents
a structural relationship between microscopic and
macroscopic tensor which characterize the non-lin-
earities of molecules having donor-acceptor interac-
tions. The average molecular hyperpolarizability is
related to the overall molecular orientation and its
tensors can be expressed by [34]

B_IJK = Z cos 0y; cos eijOS eKkBijk (3)

where cos 0y; are the scalar products I-i of unit vectors
along film axis I and molecular axis i. We have derived
the angular dependence of molecular hyperpolariza-
bility B of the two-dimensional charge transfer mol-
ecules where components such as P, must be
considered because it is the largest f component con-
trary to one-dimensional charge transfer molecules in
which B, component is the largest. Here the x axis of
the molecule is directed along a dipole moment and
the y axis is perpendicular to the dipole moment
within the molecular plane. We found that in two-
dimensional charge-transfer molecules, the f,,, com-
ponent is always larger by a factor of three to five than
that of the B, component. To analyse the experi-
mental data, we derived the following equations for
the B components of two-dimensional charge-transfer
molecules. The relationships X, Y, Z and x, y, z are
written as follows, where x is the charge-transfer axis
and the y axis is perpendicular to the charge-transfer
axis and in the benzene ring. Where x of the molecule
is inclined at an angle 0 to the film normal, the y axis
lies at some azimuthal angle, ¢, with respect to the film
axis 2 as shown in Fig. 7, and the azimuthal angles, ¢,
vary from one molecule to the other. The average
molecular hyperpolarizability B in the film frame of
reference is obtained by averaging over all molecular
orientations, again using the standard transformation
equations. Here, we assume that all azimuthal angles
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Figure 7 Coordinate axes for hyperpolarizability calculations de-
fined for a two-dimensional charge-transfer molecular system. X,
Y and Z are the LB film axes and x, y, and z are the molecular axes.
0 defines the tilt angle to the film normal and ¢ defines the azi-
muthal angle which represents the angle between Z and the projec-
tion of x to the Z-Y plane.

are equally probable. Finally, B;;, and B;;3 are
represented by [26,35,36]

Bii1 = €05°0 By + 3c0sO sin’0 By,
+ 3c0s’0sind By, + sin’0 B, (4)
Biss = 0.5c080 sin®0B,y, + (0.5c0s0
+ sin*0cosb) By,, + 0.5cos0 B,..
+ (cos?0sind + 0.5sin0) B,
+ 0.5sin0cos0 B,,, + 0.5sin6 B,.. (5)

Using these equations, average molecular hyper-
polarizabilities B; {; and By 33 were calculated for
the molecular tilt angle, 0, ranging from 0°-90°. To
analyze the experimental data, we calculated the mo-
lecular hyperpolarizabilities, B, of a variety of model
compounds of DIODD. The model compounds used
in the study were 2,4-dinitro-1,5-diaminobenzene,
N,N’-dimethyl-2,4-dinitro-1,5-diamino-benzene, and
N,N’-diethyl-2,4-dinitro-1,5-diaminobenzene. In these
molecules, electron-donating amino or alkylamino
groups are located at para as well as ortho-positions to
the electron accepting nitro groups, therefore domi-
nantly para and quasi-ortho interactions lead to a two-
dimentional charge-transfer character. Table V lists
the molecular hyperpolarizability of model com-
pounds having different alkyl chain lengths calculated
by using the MOPAC AM1 method [20]. The B value
increases as the number of carbon atoms increases in
the alkyl chain and reaches values even higher than
the B values of the p-nitroaniline molecule. In addi-
tion, like one-dimensional charge-transfer molecules,
the molecular hyperpolarizabilities of two-dimen-
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sional charge-transfer molecules can be increased re-
markably by introducing long m-conjugation in the
molecules, for example by incorporating stilbene,
azobenzene, and benzylidene units and as a result
large second-order optical non-linearities can be ob-
tained by applying the molecular designing approach
[26]. In the case of alkyl chains, the enhancement of
molecular hyperpolarizability for the dialkylamino
group is saturated when the alkyl chain exceeds a cer-
tain length [37,38] and a similar trend has been ob-
served in the results from our theoretical calculations.
Therefore, N,N’-diethyl-2,4-dinitro-1,5-diaminoben-
zene was used as a model compound for the DIODD.
The average hyperpolarizabilities f; { ; and B; 33 of
the model compound calculated by the Molecular
Orbital Package (MOPAC) AM1 were 152 x 1073
and 5.3 x 1073% esu, respectively, at a tilt angle of
60°. Theoretical calculations of second-order optical
non-linear susceptibilities were performed by using
a molecular-oriented gas model in Equation 7. The
second-order optical non-linearities were calculated
theoretically for the DIODD, where N, the number
of molecules per unit volume is 5.9 x 10°molcm 3
and f, and f5,, the local field factors at the funda-
mental and harmonic, correspond to 1.951 and 1.488,
respectively. The calculated d;; and d;3; components
are  260x107°% (3%, =520x10""esu) and
9.15x 10~ % esu, (x4 5 = 18.3 x 10~ ? esu), respectively
and have a ratio 1:0.34, very similar to our experi-
mental results. By using these data, molecular hyper-
polarizability can be calculated as a function of tilt
angle according to Equations 4 and 5. The microscop-
ic molecular hyperpolarizability is strongly affected by
the variation of the molecular tilt angle, ¢, as shown in
Fig. 8. The molecular hyperpolarizability shows
a maxima at an angle of 56°. In the case of one-
dimensional charge-transfer molecules, for optimizing
the %%}, component, a polar molecule must align
normal to the substrate (i.e. at an angle of 90°), other-
wise the magnitude of ¥{?) ; decreases from the max-
imum value. On the other hand, the situation is
entirely different for the two-dimensional charge-
transfer molecule, even if the molecule is inclined from
the normal to the substrate, the large %}, could
be obtained. Interestingly, the maximum d;; and
dy3 values of 26.5x 10 % esu (¥} 1 = 53 x10™? esu)
and 10 x 10~ % esu (3?4 3 = 20 x 10~ ? esu), respective-
ly, are obtained at a tilt angle of 56°. By fitting the
ratio between B, ;; and B; 3 3 obtained from the ex-
perimental data to the theoretical values, the tilt angle
of the charge-transfer axis of an LB molecule can be
estimated. Our results demonstrate that the average
tilt angle between the charge-transfer axis of the
DIODD molecule and the normal to the substrate is
about 60°. The magnitude of theoretically calculated
second-order optical non-linearities is in good agree-
ment with the experimental results, which also con-
firms the validity of Equations 4 and 5. The tilt angle
differs only by 4° indicating that the orientation of the
DIODD molecules on the substrate is very close to the
desired optimal molecular orientation. Therefore,
our experimental and theoretical data analysis
provides a basis for the best molecular orientation
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Figure 8 Molecular tilt-angle dependence of the molecular hyper-
polarizabilities (B, ;; and B;33) for a two-dimensional charge-
transfer molecule showing a relationship between second-order
optical non-linearity and molecular orientation.

of a two-dimensional charge-transfer molecule for
optimizing second-order optical non-linearity in LB
monolayers.

The LB monolayers of amphiphilic phenylhyd-
razone and styrylpyridinium compounds exhibit
¥'?) 1 in the range of 9.0-350 x 10~ esu, depending
upon the nature of the different functional groups
[15]. The X(12)1 1 and x(lz)g, 3 of pure 2-docosylamino-5-
nitropyridine as 3.2x 107 and 4.28 x 10~ esu, re-
spectively, have been reported [14]. The magnitude of
the non-linear optical coefficients of DIODD falls
within the range of the highly conjugated phenylhyd-
razone compounds recently reported by Bubeck et al.
[15] taking into account the density of DIODD mol-
ecules. In a 1:1 mixture of DIODD with arachidic
acid, the dilution of the chromophore leads to rather
smaller non-linear optical coefficients. The DIODD
molecule shows a cut-off wavelength of 470 nm, which
is far from the resonant region, therefore, our
x? values are a purely non-resonant parameter. The
B value of the DIODD molecule is about three orders
of magnitude smaller than that of styrylpyridinium
salts and phenylhydrazone dyes as a consequence,
a relatively smaller second-order non-linear suscepti-
bility x'® can be anticipated compared to the long
n-conjugated charge-transfer LB molecules. There-
fore, the ¥® values of the DIODD molecule are
reasonably large. Other two-dimensional charge-
transfer molecules consisting of long m-conjugated
systems show much larger molecular hyperpolariz-
abilities. For example, a two-dimensional charge-
transfer molecule 1,3-diamino-4,6-bis(2,4'-dinitro-
phenyl)benzene shows very large By = — 9.40 x 107°°
and B, = —47.36x107°° esu as reported by
Watanabe et al. [18]. The non-linear optical proper-
ties of two-dimensional charge-transfer molecules
which possess large off-diagonal f component on mix-
ing with conventional polymer matrices show little
decay after the dipolar orientation relaxation. There-
fore, two-dimensional charge-transfer molecules pos-
sessing off-diagonal B components are a new class of

non-linear optical materials for LB films as well as
for non-linear poled polymers. In a recent study by
the authors, when an octadecylamino chain in
the DIODD molecule was substituted by a fluorine
atom, the new amphiphile N-octadecyl-2,4-dinitro-5-
fluoroaniline (ODDFA) attains an one-dimensional
charge-transfer character [24]. The ODDFA itself
forms stable monolayers on the water surface and
their monolayers can be easily transferred on to
a solid substrate. The Langmuir-Blodgett monolayer
of pure ODDFA exhibits d;; and d;3 coefficients
of 19x107° and 6.7x107° esu, respectively, at
a tilt angle of 40°. Therefore, this chemical modifi-
cation assists in designing suitable molecules for
Langmuir—Blodgett films.

The structural features of the LB molecules indicate
that the bulky alkyl chain molecules tend to incline
from the normal axis of the substrate. While using
one-dimensional charge-transfer LB molecules to op-
timize optical non-linearity, polar molecules must
align normal to the substrate (at an angle of 90°),
otherwise the magnitude of optical non-linearity de-
creases from the maximum. On the other hand, in the
case of two-dimensional charge-transfer molecules, if
the LB molecules incline from the normal axis of the
substrate, large second-order non-linear optical coeffi-
cients can be obtained. Therefore, these results indi-
cate a new direction in the molecular design of LB
mono- and multilayers for obtaining large second-
order optical non-linearities utilizing off-diagonal
b component.

4. Conclusion
This comparative study of N,N’-dialkyl-4,6-dintro-
1,3-diaminobenzenes has demonstrated that the alkyl
chain length plays a major role in determining phys-
ical properties. The *C-NMR spectroscopy technique
assists in assigning the carbons of alkyl chain lengths
up to CgH;; in N,N’-dialkyl-2,4-dinitro-1,5-dia-
minobenzenes and up to C;oH,; in N-alkyl-4,6-
dinitro-3-halo-diaminobenzenes. The experimental
NMR data are in good agreement with empirical
calculations. Two-dimensional charge-transfer mol-
ecules offer a new direction in the molecular design of
novel materials for non-linear optics.
Two-dimensional charge-transfer molecules form
an important class of organic non-linear optical ma-
terials for second-harmonic generation. The molecular
hyperpolarizability, B, of two-dimensional charge-
transfer molecules is of the same magnitude as of
one-dimensional charge-transfer molecules most com-
monly considered for applications in non-linear op-
tics. Our studies show for the first time that large
second-order optical non-linearities ¥*(—2w; ®, ®)
can be achieved in two-dimensional charge-transfer
LB films at a tilt angle of about 56°, and in such cases,
they seem more effective than that of one-dimensional
charge-transfer molecules. One of the advantages
offered by the two-dimensional charge-transfer mol-
ecules over one-dimensional charge-transfer LB mol-
ecules is their ability to maintain optimum second-
order non-linear susceptibility even if they are inclined

3709



from normal to the substrate. The molecular hyper-
polarizability, B, value increases as the number of
carbon atoms increases in the alkyl chain, and reaches
even higher than the B values of the standard one-
dimensional charge-transfer molecule of p-nitroani-
line. In addition, the molecular hyperpolarizabilities
of two-dimensional charge-transfer molecules can be
further increased by introducing longer m-conjugation
such as stilbene, azobenzene, and benzylidene units
and, as a result, significantly large second-order op-
tical non-linearities y'*(—2w; , ®) can be obtained.
Studies of other analogous two-dimensional charge-
transfer molecules of interest would further stimulate
research in this field and it should not be long before
the potential applications of this novel class of non-
linear optical materials will be realized.
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