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The hyperpolarizabilities of 2-amino-5-nitropyridine-L-(+)-tartrate (ANPT) clusters that rep-
resent parts of the ANPT crystal have been calculated by a finite-field method using the
semi-empirical AM1 Hamiltonian. Calculated results for several kinds of clusters have in-
dicated that the hyperpolarizability in the crystal was strongly enhanced by two kinds of
intermolecular interactions. One was the pyridinium-pyridinium interaction, and the other was
the pyridinium-tartrate interaction. The former was dominantly contributed by the interaction
among the pyridinium ions lying along their amino-to-nitro axis. The latter was the interaction
between the hydrogen-bonded ions, and was suggested to include the intermolecular charge
transfer. The enhanced hyperpolarizability was approximately three times as large as that
without the interactions.

Keywords: Hyperpolarizability; finite-field method; AM1 calculation; intermolecular interac-
tion, intermolecular charge transfer; molecular salt

1. INTRODUCTION

Nonlinear optical (NLO) materials have been intensively studied to develop
optical devices, for example a frequency doubling device [1]. In particular,
much attention has been paid to crystal materials with high second-har-
monic generation (SHG) activity. Though several organic crystals with high
SHG activity have been found so far, for example 2-methyl-4-nitroaniline
(MNA) [2], their mechanical properties and processibility are insufficient as
materials of the devices. The research for new organic crystals applicable to
the devices is still in progress.
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Molecular salts have been studied to search the applicable
crystal [3-7], because salts are generally harder than molecular crystals.
In these studies, it has been reported that 2-amino-5-nitropyridine-L-(+)-
tartrate (ANPT) shows a large NLO coefficient, dy, =41 pm/V, and a high
degree of hardness, the Vickers hardness = 63 [7]. The aim of this study is
to clarify an origin of the large d,, of the ANPT using molecular orbital
calculations.

In the case of a conjugated molecule having both a donor group and an
acceptor group, an intramolecular charge transfer leads to a large hyper-
polarizability (f) [8-10]. Such molecules are called the charge-transfer
molecules[8], and most organic crystals reported to show large NLO coef-
ficients are composed of them.

2-Amino-5-nitropyridine, which is a raw material of the ANPT, is one
of the charge-transfer molecules. However, an electronic structure of 2-
amino-5-nitropyridinium ion in the ANPT is different from that of the
2-amino-5-nitropyridine, and the pyridinium ion is probably different
from the charge-transfer molecules. L-(+)-Tartrate ion is also different
from the charge-transfer molecules. Therefore the ANPT is expected to
belong to a new type of a SHG crystal showing a large NLO coefficient.
For this meaning, it is important to study the origin of the large d,, of the
ANPT.

There have been some reports that an intermolecular interaction affects f
[11-19]. For example, |8,,| of a urea crystal has been calculated to be
enhanced from 44 to 74 a.u. due to the intermolecular interaction [11]. In
the case of solutions, f of some molecules are enhanced by more than one
order of magnitude owing to the interactions [12]. f of the ANPT is also
expected to be strongly enhanced by the interactions, because there are
strong intermolecular interactions in the ANPT[6,7]. Thus the inter-
molecular interactions should be considered in calculating the f of the
ANPT.

The effects of the intermolecular interactions on f§ have been studied
using three kinds of models: an external uniform electric field[12-14], a
varying field using Coulombian point-charges located around a molecule[11],
and a cluster of molecules[15—19]. Among the three of them, the last model
can lead to the most precise results. In the model, several molecules are
considered as a cluster in one calculation, and the interactions among these
molecules can be taken into account. If the size of the cluster is large
enough, calculated interactions can approximate those in the crystal.

To our knowledge, no cluster model with sufficiently large size was ap-
plied to a NLO crystal, because the calculation for a large cluster needs
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huge computation power. Recently, progress in computer technology en-
abled the computation of a fairly large cluster. This paper presents cal-
culated § of clusters, whose sizes are considered to be large enough to give
information on the interactions in a crystal.

2. CRYSTAL STRUCTURE OF ANPT

The crystal structure of the ANPT has been determined by two groups
independently [6, 7]. The structures reported by two groups agree in experi-
mental errors, indicating validity of the estimations. In this paper, the geo-
metrical parameters reported in ref. 7 were used in the calculations.

The ANPT crystal has a monoclinic unit cell (@=0.7611nm, b=
0.9202 nm, ¢ =0.8241 nm and B =96.48"), and belongs to the space group
P2,. The unit cell consists of two 2-amino-5-nitropyridinium ions and two
monohydrogentartrate ions. The pyridinium ions align approximately with
their amino-to-nitro axis parallel to the two-fold screw axis, namely the b
axis [6, 7].

The principal dielectric axes of the ANPT are related to the orientation of
the pyridinium ions[7] as follows (see Fig. 2(b) in ref. 7); the Y and Z axes
are approximately parallel to the pyridinium plane, and the Z axis is
approximately parallel to the amino-to-nitro axis, where the principal re-
fractive indices are obtained under the condition n,>n,>n,. This relation
represents that the = electrons of the pyridinium ions contribute dominantly
to the polarizability, like neutral charge-transfer molecules, such as MNA.
Accordingly, it is supposed that these 7 electrons also contribute dominant-
ly to B, and that the maximum component of the f tensor is f,,,.

In the ANPT crystal, ions are strongly connected by intermolecular
hydrogen-bonds (see Fig. 1 (a) in ref. 6 and Fig. 2 (b) in ref. 7). Each
tartrate ion has both a carboxylate group and a carboxyl group. The
former group is hydrogen-bonded to a carboxyl group in a neighbouring
tartrate ion, while the latter group is hydrogen-bonded to a carboxylate
group in another neighboring tartrate ion. These hydrogen-bonds build
helical chains of tartrate ions. Moreover, there are also two kinds of
hydrogen-bonds connecting each pyridinium ion with a neighboring tar-
trate ion. One is between a hydrogen atom attached to a nitrogen atom in
a pyridine ring and a carboxyl group in the tartrate ion. The other is
between an amino group in the pyridinium ion and a hydroxyl group in
the tartrate ion. These intermolecular hydrogen-bonds are presumed to
have effects on f.
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3. METHODS

3.1. Computational Details

Spin-restricted calculations were performed by the MOPAC 6.0 program
[20—21] using the semi-empirical AM1 Hamiltonian, whose parameters are
optimized to reproduce experimental values of molecular properties, for
example heats of formation and dipole moments[22]. The experimental
values used in the parametrization can be accurately reproduced by ab
initio calculations when electron correlation is considered. Therefore, to the
extent of the approximation used in the AM1 method, the AMI1 calcula-
tions are considered to give the results including electron correlation even if
the calculations do not include electron correlation explicitly.

Static § were calculated by a finite-field method implemented in the
MOPAC program [23]. Atomic charges in the presence of an external elec-
tric field were also calculated. The strength of the external electric field was
the same as that used in the calculation of §.

ANPT clusters, namely the calculated models of the ANPT crystal, were
composed of hydrogen-bonded pyridinium-tartrate ion pairs. Geometries of
the ANPT clusters were extracted from the ANPT crystal structure deter-
mined by X-ray structure analysis[7]. f of several kinds of clusters were
compared with each other, and effects of intermolecular interactions were
examined.

Moreover, § of pyridinium clusters, which corresponded to pyridinium-
ion parts of the ANPT crystal, were calculated to estimate the contribution
of the pyridinium ions. Tartrate clusters, which corresponded to tartrate-ion
parts of the ANPT crystal, were also calculated. Total charges of the py-
ridinium clusters were equated with the numbers of the pyridinium ions,
because total charge of each pyridinium ion was 1 in the calculation of the
ANPT cluster. For similar reason, total charges of the tartrate clusters were
set to be negative, and absolute values of them were equated with the
numbers of the tartrate ions.

Though calculations of anions are generally more difficult than those of
netural molecules, the AM1 method has been reported to be applicable to
anions as well as netural molecules and cations[22]. In the AM1 calcula-
tions of anions, serious problems arise only when the charge on an atom
approaches — 1{22]. In the case of the present study, the smallest atomic
charge was — (.62, which was the charge on oxygen of a carboxylate group.
Accordingly, the AM1 method is considered to be applicable to calculations
of the ANPT, which includes both anions and cations.



Downloaded by [Tomsk State University of Control Systems and Radio] at 08:59 18 February 2013

NONLINEAR OPTICAL SUSCEPTIBILITY OF ANPT 279

In the calculation of § using the finite-field method, total energy of the
system is calculated in the presence of an external electric field. The total
energy includes the interaction between the field and the dipolemoment of
the system. A dipolemoment of a charged cluster depends on a choice of
origin of the coordinate system. On the other hand, the calculated f§ is
independent of the choice, because the f is related to the change of the
dipolemoment induced by the field.

In order to confirm reliability of the calculation of f, d5, was estimated from
calculated 8, and compared with the observed value. d;; is given by [24]

X Buc (1)

d33 =

1 nl +2 an§w+2
v 3 3

where V is the volume of the unit cell, n, is the refractive index at a
fundamental wavelength, n,, is the refractive index at a second-harmonic
wavelength, and f, is f,,, of the unit cell.

zzz

3.2. Models of ANPT

Four kinds of ANPT clusters, which are shown in Figure 1 and denoted
as A, B, C and D, were used for the calculations. The model 4, consists
of a pyridinium-tartrate ion pair that are hydrogen-bonded with each
other. Other models correspond to expansion of A,. The models 4,, 45
and A, correspond to alignments of two, three and four sets of A,,
respectively (A, is shown in Fig. 1). The expanding direction of these
models is the [010] direction, which is nearly parallel to the amino-to-
nitro axis.

The model X;(X = B, C, D; i =1 — 3) corresponds to expansion of 4;. The
expanding direction for B, is the [100] direction, while that for C; and D, is
parallel to the Y axis, which is perpendicular to the b axis and parallel to
the plane of pyridine ring. The essential difference between C; and D, is a
position of the tartrate ions. The tartrate ions in C,; are hydrogen-bonded
with each other, whereas those in D, are not.

The structures of these models can be easily understand by noting
positions of the pyridinium ions. The pyridinium ions in A;(i=1—4)
align along the [010] direction with their pyridine rings lying in a plane.
The pyridinium ions in B, (i = 1 — 3) make two stacked alignments, which
are superposed in the view along the [100] direction, as shown in Figure 1
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Dj

FIGURE la Calculated cluster models viewed along the [100] direction.

for B,. On the other hand, the pyridinium ions in C; and D, (i=1-3)
make two parallel alignments with all of their pyridine rings lying in a
plane.

When the calculated § of several models are compared with each other,
the effects of the intermolecular interactions on B can be examined. In the
case of the models 4,, 4,, A, and A,, the interactions among the molecules
lying along the [010] direction can be examined. Likewise, the comparison
among X,, X, and X, (X =B,C,D) can give such information. On the
other hand, the comparison between A4; and X,;(X = B, C, D) can give infor-
mation for the interactions among the molecules lying along its expanding
direction, namely the [100] direction for B,, and the direction parallel to the
Y axis for C; and D,. Moreover, the comparison between C; and D, can also
give information for the intermolecular hydrogen-bond between the tartrate
ions.
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FIGURE 1b Calculated cluster models viewed along the [100] direction.

4. RESULTS AND DISCUSSION

4.1. Hyperpolarizabilities of 1solated Molecules

First, B, without intermolecular interactions were calculated for the 2-

zzz

amino-5-nitropyridinium ion and the L-(+)-tartrate ion. For comparison,
those of 2-methyl-4-nitroaniline (MNA) and 2-amino-5-nitropyridine
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(2A5NPy) were also calculated. Results are listed in Table . Geometries of
calculated ions were the same as those in the ANPT crystal, while geomet-
ries of MNA and 2ASNPy, were optimized in the molecular orbital calcula-
tions. In the case of MNA and 2A5SNPy, Z axis was taken to be paraliel to
the amino-to-nitro axis, similarly to the pyridinium ion.

The f,,, of 2A5SNPy was approximately equal to that of MNA, as was
expected from their structural similarity. On the other hand, the §,,, of the
pyridinium ion was much smaller than that of 2ASNPy. This result suggests
that there is no effective charge-transfer between amino and nitro groups in
the pyridinium ion. The B, of the tartrate ion was nearly a half of the
pyridinium ion.

4.2, Hyperpolarizabilities of ANPT Clusters

The calculated f,,, of clusters are summarized in Table II, where f,\py
denotes f,,, per the unit cell, and f;, and f;, denote the contribution of the
pyridinium ions and the tartrate ions in the f,ypr, respectively. The f,, and
the fB;, were estimated by the calculations for the pyridinium clusters and
the tartrate clusters, respectively. The §,,, was the maximum component in
the f tensor, as was supposed in chapter 2. Other components of the g
tensor were smaller than 11% of §,,,.

Baner of A, A5, A3 and A, were increasing in this order with model’s
expansion. Such increase could be also found for other series of models; for
example, f,\pr Of B, was larger than that of B,, and that of B, was still
larger. These results represent that f,,pr is strongly enhanced by the inter-
actions among the ions lying along the [010] direction. Due to these inter-
actions, f,\pr Of A, was enhanced from 6.1 x 1073? esu, which was the
value of A,, to 9.2 x 1073° esu. The difference in B, p; between A, and A4,
was small, and was smaller than the difference between 4, and A;. There-
fore, the increase of the A, series seems to be nearly saturated in 4,.

TABLEI Calculated hyperpolarizabilities g of isolated

molecules

molecule B, [107*°esu]
2-methyl-4-nitroaniline® 5.2
2-amino-5-nitropyridine® 54
2-amino-5-nitropyridinium ion 1.1

L-(+ )-tartrate ion 0.5

*Geometry is optimized in a molecular orbital calculation.
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TABLEIl Calculated hyperpolarizabilities § of various
models in 1073 esu. B,pr denotes B, per unit cell. B, and By,
correspond to contributions of the pyridinum and tartrate mol-
ecules in f,npr, respectively

model Baner Bry Bra
A, 6.1 2.1 0.9
A, 19 38 1.1
A, 8.7 47 1.2
A, 92 52 12
B, 6.3 23 1.1
B, 8.8 44 1.2
B, 10.1 58 1.2
C, 5.7 1.9 0.8
C, 1.7 35 0.7
C, 84 44 0.7
D, 6.0 20 1.1
D, 78 3.7 12
D, 8.6 4.6 1.2

Baner of By, B, and B, were larger than those of A;, A, and A,, respect-
ively. This result shows that f,,,r is also enhanced by the interactions
among the ions lying along the [100] direction. f,\pr of 4; (i =1,2,3) was
approximately equal to those of C, and D, This suggests that the interac-
tions among the ions lying along the Yaxis have very small effects on B,\pr-

The maximum value of f,xpr Was 10.1 x 10739 esu of Bj. This value is
considered to be a best approximation of f,ypr in this study, because B,
represents both large effects of the intermolecular interactions. The real
value is expected to be somewhat larger than that value.

The relationship among B, of various models was similar to the case of
Bunpr- The interactions among the ions lying along the [010] direction
indicated a dominant effect on f;,. These interactions enhanced fp, from
2.1 x 1073% esu (4,) to 5.2 x 10739 esu (4,). This enhancement agrees with
the calculated results of linear p-nitroaniline dimers[16], though the py-
ridinium ion is not the charge-transfer molecule. f,, was also enhanced by
the interactions among the pyridinium ions lying along the [100] direction.
Because of these interactions, B, of B, was larger than that of 4; by
0.9 x 1073 esu. On the other hand, B, of C; and D; (i = 1,2, 3) were nearly
equal to that of A4,

Since B, of A, was estimated for an isolated pyridinium ion, the value
(2.1 x 10730 esu) represents the contribution of the pyridinium ion without
the intermolecular interaction. f,, of By is considered to be a best approxi-
mation of B, in this study, becuase B, represents both large effects of the
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pyridinium-pytidinium interactions. f,, of By was larger than that of 4, by
ca. 4 x 10739 esu, which is considered to be the contribution of the pyridin-
ium-pyridinium interactions in the 8,\pr.

Br. of A; (0.9 x 107 3° esu) represents the contribution of the tartrate ion
without the intermolecular interaction, because it was estimated for an
isolated tartrate ion. B, was reduced by the interaction between hydrogen-
bonded tartrate ions, while B,ypr and B, were strongly enhanced by the
intermolecular interactions, as described above. Due to that interaction, f;,
of C, was smaller than that of 4, by 0.2 x 10739 esu. Since the difference in
B, between A; and any model was very small, the contribution of the
tartrate-tartrate interactions is considered to be negligibly small.

By, of A, was ca. twice as large as B, of A;. In this case, the intermolecu-
lar interactions have no effect on both f, and f.. The intermolecular
interactions increased the difference between f,, and B,,. In the case of C,,
Be, Was ca. six times as large as f,.

The addition of B, and B, for 4, (3.0 x 107*° esu) represents B,ypy
without the intermolecular interaction. The addition of B, and B, was
smaller than B,pr by ca. 3 x 10739 esu for each model. This value is due to
the contribution of the pyridinium-tartrate interactions. Considering that
each model consists of the hydrogen-bonded pyridinium-tartrate ion pairs,
the pyridinium-tartrate interactions contributing to f,.pr are the interac-
tions between hydrogen-bonded ions.

It was summarized that f,,,; was found to be approximated by the sum
of three contributions as follows:

ﬂANPT = iBANP’l‘o + ﬁPy—Py + lBPy—Ta

where B,pr i Banpr Without the intermolecular interactions, By, _,, is the
contribution of the pyridinium-pyridinium interactions, and B, _r, is that of
the pyridinium-tartrate interactions. f,xpr° Bp,_p, and Bp,_;, Were estimated
to be 3, 4 and 3 x 10730 esu, respectively.

4.3. Atomic Charges In the Presence of Electric Field

The discussion in above sections shows that B,y is mainly influenced by
two kinds of interactions, namely the pyridinium-pyridinium interaction
and the pyridinium-tartrate interaction. To investigate the interactions
more precisely, atomic charges with an external electric field along the
nitro-to-amino direction were calculated.
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In the case of the pyridinium clusters, the total charge of each ion with
the field was estimated to be 1, which was the same as that without the field.
This result shows that there is no intermolecular charge transfer between
the pyridinium ions induced by the field. On the other hand, in the case of
the ANPT clusters, the total charge of each pyridinium ion with the field
was decreased from that without the field, and the total charge of each
tartrate ion was increased. These changes in the total charges of ions can be
seen in Figure 2, which shows the calculated charge deviations of 4, in-
duced by the field. Totals of the charge deviations in the pyridinium ion and
the tartrate ion were negative and positive, respectively. These results imply
that there is charge transfer between the pyridinium and tartrate ions.

Subsequently, an addition of the charge deviation induced by the field
along the amino-to-nitro direction and the deviation induced by the oppo-
site field was calculated for each atom. The additions are considered to
represent the nonlinear response against the field. For example, in the case
of MNA, electrons can move from the amino group to the nitro group more
easily than in the opposite direction. This anisotropy causes the total of the
additions in the nitro group to be negative, and the total in the amino
group to be positive.

Figure 3 shows the calculated additions for A4,. Total of the additions in
the pyridinium ion was negative, and that in the tartrate ion was positive.
This result suggests that the charge transfer from the pyridinium ion to the

FIGURE 2 Charge deviations of the model 4, induced by an electric field along the nitro-to-
amino direction. Open and filled circles correspond to positive and negative quantity of the
deviations, respectively.



Downloaded by [Tomsk State University of Control Systems and Radio] at 08:59 18 February 2013

286 M. TSUCHIMORI et al.

FIGURE 3 Addition of the charge deviations induced by an electric field along the amino-to-
nitro direction and that induced by opposite field for the model A,. Open and filled circles
correspond to positive and negative quantity of the additions, respectively.

tartrate ion can happen more easily than that in the opposite direction, and
that the charge transfer contributes to f,ypr.

4.4. Calculation of d,,

d,; of the ANPT was calculated using equation (1) from calculated S, ob-
served unit-cell volume (573.5 x 1073°m3) and refractive indices (1.730 at 1064
nm, 1.835 at 532 nm) [7]. B,npr Of B; was used as f.. The resultant d,, was
obtained as 18 pm/V. This value is ca. a half of the observed d,, (41 pm/V) [7].
The discrepancy between calculated and observed d,, is considered to be arisen
dominantly from the following reasons; the calculated Sy, corresponds to f,, at
an infinite wavelength, while the fundamental wavelength of the observation is
1064 nm. B at 1064 nm is expected to be larger than the f at the infinite
wavelength. § of p-nitroaniline at 1060 nm has been reported to be ca. 1.8 times
as large as f at 1907 nm [25], which seems to be nearly equal to f§ at an infinite
wavelength. If dispersion of § of ANPT is similar to that of p-nitroaniline, the
Baner calculated in this study agrees well with the observed d;.

5. CONCLUSION

In the ANPT crystal, the alignments of the pyridinium ions are sandwiched
between the layers of the tartrate ions [6,7]. Though f of the tartrate ions
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are much smaller than those of the pyridinium ions, the tartrate ions seem
to play an important role to form the crystal structure. Moreover, the
tartrate ions were revealed in this study to contribute to § through the
pyridinium-tartrate interactions, which were suggested to include the inter-
molecular charge-transfer. The calculated strong enhancement of § indicates
that the crystal structure of ANPT is efficient in enhancing f§, and that such
enhancement is the origin of the large nonlinear-optical susceptibility.

Molecular salts have large probability to cause strong enhancement of f,
because intermolecular interactions are strong in them. The contribution of
the intermolecular charge-transfer to f seems to be characteristic of molecu-
lar salts. In the case of 2-amino-5-nitropyridine, the calculation shows that
the ionization reduces f. Molecular salts composed of molecules whose f
are enlarged by ionization are expected to represent larger SHG coefficients
than ANPT.
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