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Cocrystals were prepared from 2-amino-5-nitropyridine (2A5NP) and achiral

benzenesulfonic acids (Ar-SO3H), which were designed for second-order

nonlinear optical materials. Both components are commonly crystallized in

1:1 ionic forms of 2A5NPH
þ .Ar�SO3

�
. The cocrystal of 2A5NP with 2-nitroben-

zenesulfonic acid belongs to acentric space group Pc, in which 2A5NPH
þ

cat-

ion and anion are alternately stacked in an almost parallel and superimposed

manner to form column and layer structures. The cocrystal of 2A5NP with

3-nitrobenzenesulfonic acid is crystallized into chiral space group P212121.

The 2A5NPH
þ

cation and anion are also alternately stacked with some

dihedral angle to form column structures. These organic–organic cocrystals

are controlled by the aromatic–aromatic interactions as well as multidirec-

tional ionic and hydrogen bondings between the 2A5NPH
þ

cations and

Ar � SO�
3 anions. Second-harmonic generation (SHG) powers of the crystals

measured by second-harmonic generation with evanescent wave (SHEW) tech-

nique were, however, smaller than that of area. The reasons for small SHG

powers are discussed based on the molecular arrangements.

Keywords: aminonitropyridine-benzenesulfonic acids; crystal structures; organic–organic

cocrystals; second-order nonlinear optical cocrystals; SHG powers
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INTRODUCTION

Chiral and noncentrosymmetric crystals formed from achiral organic
compounds are useful for second-order nonlinear optical (NLO) mate-
rials [1–5]. Our study for the preparation of chiral and noncentrosym-
metric cocrystals by combining two different achiral molecules has
revealed that the cocrystal approach provides higher possibilities for
crystal structure design rather than single component approach
[6–8]. Organic–inorganic cocrystals of 2-amino-5-nitropyridine
(2A5NP) 1 with inorganic acids such as phosphoric acid have been
published for NLO materials by Masse and coworkers [9]. Recently
we have prepared several organic–organic cocrystals of 1 with achiral
benzenesulfonic acids and found to be quite large second-harmonic
generation (SHG) power of the cocrystal with p-phenolsulfonic acid
[10]. The organic–organic cocrystal approach by using 2A5NP and
benzenesulfonic acids confirmed the validity for design of second-or-
der NLO materials. Herein, we report new cocrystals of 1 with other
achiral benzenesulfonic acids a–d (Ar-SO3H) (Scheme 1).

SCHEME 1
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EXPERIMENTAL

Preparation of Cocrystals

An equimolar mixture of 2-amino-5-nitropyridine 1 (2 mmol) and o-nitro-
benzenesulfonic acid a (2 mmol) was dissolved in a mixed solvent
(20 ml) of methanol and 2M HCL (20:1) with gentle heating followed by
evaporation to give cocrystal 1a. The other three cocrystals 1b–1d were
also prepared by the same procedure. Several mm sizes of single crystals
were also obtained by slow evaporation at room temperature. The crystals
were characterized by the measurements of melting point (mp) and IR and
X-ray crystallographic analysis.

1a: light yellow plate crystals; mp 206–207�C; IR (KBr) 1025, 1143, 3225,
3294 cm�1.

1b: colorless plate crystals; mp 172–173�C; IR (KBr) 1037, 1129, 3129,
3328 cm�1.

1c: colorless plate crystals; mp 155–156�C; IR (KBr) 1042, 1130, 3127,
3330 cm�1.

1d: colorless plate crystals; mp 192–198�C; IR (KBr) 1347, 1525, 3084,
3265 cm�1.

X-Ray Crystallographic Analysis

X-ray data of the crystals 1a–1d were collected on a Rigaku RAXIS RAPID
imaging plate with Cu Ka radiation to a maximum 2h of 136.5�. A total of
30� 5.00� oscillation images were collected, each being exposed for
15 min. The reflection data were corrected for Lorentz polarization effects
and secondary extinction. The structure was solved by direct methods
and expanded using Fourier techniques. The nonhydrogen atoms were
refined anisotropically, and hydrogen atoms were not refined. The final
cycle of full-matrix least-squares refinement was based on all reflections
(2h < 136.5�) and variable parameters, and it converged with unweighted
and weighted agreement factors of: R ¼ RjjFoj � jFcjj=RjFoj for I > 2:0rðIÞ
and Rw ¼ fRwðF2

o � F2
c Þ

2= RwðF2
oÞ

2g1=2: All calculations were performed
by using teXsan crystallographic software. The crystal data were deposited
at the Cambridge Crystallographic Data Centre. The deposition numbers
are CCDC 218552–218555 for 1a–1d, respectively.

SHG Property

SHG powers of the crystals 1a and 1b were measured in powder form by
total reflection method using a hemicylindrical prism (BK7 glass), based
on second-harmonic generation with evanescent wave (SHEW) technique
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[11]. The fundamental wave (k ¼ 1200 nm) was used with the fixed inci-
dent angle of 60�. The dependence of laser powers on the signals at
600 nm were measured and compared with well-known urea [12],
m-nitroaniline (mNA) [13], and 4-(N,N-dimethylamino)-3-acetamidonitro-
benzene (DAN) [14] as standard SHG crystals.

RESULTS AND DISCUSSION

The key molecule is 2-amino-5-nitropyridine 1, which has a nitro group as
an electron donor and an amino group as an electron acceptor to induce
NLO character. Furthermore, the pyridine nitrogen acts as a cationic bind-
ing site, the nitro group as a hydrogen acceptor, and the amino group as a
hydrogen donor. The achiral benzenesulfonic acids a–d were selected as
strong anionic connectors.

X-Ray crystallographic analysis of the crystals 1a and 1b confirmed the
noncentrosymmetric and chiral nature due to belonging to space groups of
Pc and P212121, respectively. In contrast, other two crystals 1c and 1d were
achiral due to each space group of P21=n, which means that they are inher-
ently NLO inactive. The details of crystal data are summarized in Table 1.
In all four crystals, both components are crystallized in 1:1 ratio of
2A3NPHþ cation and Ar-SO3

� anion. The ionic species are formed by
the transformation of the proton of sulfonate acid group of a–d to the nitro-
gen atom of pyridine of 1. The ionic character induces the fairly high melt-
ing points. Three kinds of intermolecular bondings are commonly formed
between the cation and anion in all four crystals. One is the pyridinium salt
bridge (PyNþ�H... �Oa�S) between the pyridium cation and the sulfonate
anion. Other two are the hydrogen bonds (N�Ha

...�Ob�S and
N�Hb

...�Oc�S) between the NH2 group of 2A5NPHþ cation and the
Ar�SO3

� anion. The distances of salt bridges and hydrogen bonds are in
the range of 1.8 to 1.9 Å and 1.9 to 2.1 Å, respectively (Table 2).

Figure 1 shows the molecular arrangement in the noncentrosymmetric
crystal 1a. The cationic and anionic species of 1 and a are alternately
stacked to form two independent columns A and B in the asymmetric unit
(Figures 1(a) and 1(b)). The pyridine ring of 1 and the benzene ring of a in
the A and B columns are almost completely superimposed and arranged in
a nearly parallel manner with the dihedral angels of 4.5(6)� and 4.3(6)�,
respectively. In each column of A and B, separate layers of 2A5NPHþ

cations and sulfonate anions are formed along the a axis (Figures 1(c)
and 1(d)). Further, the pyridine rings between A and B columns crossed
each other with the dihedral angle of 50.0(6)�, and the benzene rings also
with 41.9(6)�. Pyridinium salt bridge (PyNþ�H... �Oa�S) and hydrogen
bond (N�Ha

...� Ob�S) are formed between the neighboring A and B

80 H. Koshima et al.
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columns (Figures 1(a) and 1(b)), and another hydrogen bond
(N�Hb

...�Oc�S) between the neighboring B columns (Figures 1(c) and
1(d)). The conformations of 2A5NPHþ species in A and B columns are
almost flat because the dihedral angles of the pyridine ring and nitro group
are only 5.0(6)� and 3.7(4)�, and those of pyridine ring and amino group
are 12.1(4)� and 4.9(4)�, respectively. On the other hand, the phenyl rings
and the nitro groups of sulfonic anions are nearly perpendicular with the
dihedral angles of 78.5(4)� and 78.4(4)�, respectively. These shapes of

TABLE 2 Intermolecular Distances and Angles (D�H...O) of the Salt Bridges and

Hydrogen Bondings in the Cocrystals

1a 1b 1c 1d

Interactions Å deg Å deg Å deg Å deg

PyNþ�H...� Oa�S 1.90 (2.83) 170 1.83 (2.72) 164 1.81 (2.90) 171 1.83 (2.72) 169

N�Ha
...� Ob�S 1.96 (2.86) 170 1.92 (2.84) 170 1.92 (2.86) 165 1.99 (2.81) 166

N�Hb
...� Oc�S 1.95 (2.81) 151 2.07 (2.88) 165 1.95 (2.84) 168 2.00 (2.87) 175

PyNþ�H...� Oa�S 1.89 (2.83) 169 1.89 (2.95) 170

N�Ha
...� Ob�S 1.92 (2.81) 154 2.05 (2.98) 173

N�Hb
...� Oc�S 1.96 (2.87) 167 1.93 (2.82) 172

The value in the parenthesis present the distance between the N and O atom.

TABLE 1 Crystal Data of the Cocrystals

1a 1b 1c 1d

Formula C11H10O7N4S C11H10O7N4S C11H9O7N4SCl C11H11O5N3S

M 342.28 342.28 376.3 297.29

Crystal color light yellow colorless colorless colorless

Crystal habit platelet platelet platelet platelet

Crystal size=mm 0.5� 0.1� 0.3 0.7� 0.6� 0.1 0.5� 0.3� 0.1 0.5� 0.2� 0.1

Crystal syst. monoclinic orthorhombic monoclinic monoclinic

Space group Pc (#7) P212121 (#19) P21=n (#14) P21=n (#14)

a=Å 7.0476(8) 7.9442(8) 14.4536(8) 6.8079(8)

b=Å 12.745(4) 27.130(3) 8.9367(4) 7.2019(6)

c=Å 15.092(3) 6.7390(8) 23.903(3) 26.801(4)

b=deg 89.172(5) 90.0 100.408(5) 92.684(4)

Cell vol=Å3 1355.5(5) 1452.4(3) 3036.3(3) 1312.6(3)

Calcd. density=g cm�3 1.677 1.565 1.648 1.504

Z 4 4 8 4

Data/params. 4599=416 2167=210 5295=434 2280=191

R 0.067 0.054 0.061 0.038

Rw 0.187 0.226 0.165 0.048
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cationic and anionic species reflect the parallel stacking arrangement in the
crystal.

Figure 2 shows the molecular arrangement in the chiral crystal 1b. The
2A5NPHþ cation and the sulfonate anion are alternately stacked to form
four columns along the a axis. The pyridine ring of 1 and the benzene ring
of b are nearly superimposed with some dihedral angle (148.4(1)�) due to
the large SO3

� anion. A cation is connected to a neighboring anion in the
same unit cell through the pyridinium salt bridge (PyNþ�H... � Oa�S) and
the hydrogen bond (N�Ha

...� Ob�S), and the cation is also connected to

FIGURE 1 Molecular arrangements along (a) the a axis and (b) the c axis and on

the bc plane of (c) A pairs and (d) B pairs in 1a.
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another anion in the next unit cell through the hydrogen bond
(N�Hb

...� Oc�S) (Figure 2(a)), forming binding zones along the a and c

axis. At the opposite side of the binding zones, the nitro groups of cation
and anion that are not participating in any hydrogen bondings aggregate
in mutual repulsion and abstraction to form nitro group zones along the
a and c axis. The intermolecular N---O, N---N, and O---O distanes are
2.97–3.52, 3.49, and 2.89–3.34 Å, respectively. The pyridine plane and the
nitro group of the 2A5NPHþ cation, and the phenyl plane and the nitro

FIGURE 2 Molecular arrangements on (a) the bc plane and (b) ab plane in 1b.
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group of anion are in some torsional conformations with the dihedral angles
of 138.34(6)� and 8.8(1)�, respectively.

It is interesting that the small structural difference between o- and m-
substituted position of nitro group in the a and b molecules leads to the
different molecular arrangements between 1a and 1b. Achiral cocrystals
1c and 1d have also alternate stacking structures of 2A5NPHþ cations
and benzenesulfonate anions. However, the ionic species are arranged
centrosymmetrically in the lattice. Namely, in the case of organic–organic
cocrystals 1a–1d, the p–p interaction between the pyridine and phenyl
moieties, as well as the multidimensional ionic and hydrogen bonds, control
the crystal structures to lead to the alternate stacking of 2A5NPHþ cations
and Ar�SO3

� anions and the formation of column and layer structures. On
the other hand, in the organic–inorganic crystals, the inorganic anions such
as nitrate, dichromate, and phosphate lacking of aromatic moieties play the
role of controlling the crystal structures by the multidimensional hydrogen
bonds [9].

Finally, SHG powers of the crystals 1a and 1b were measured in powder
form by SHEW technique [11]. Fixed incident angle of 60� was used, and
total reflection at 600 nm was measured. Because the refraction indices
of 1a and 1b are probably similar due to the analogous component mole-
cules, angle dependence of the SHG strength was not measured and para-
meter fitting was not applied. Relative SHG values to well-known urea [12],
mNA [12], and DAN [13] are shown in Table 3. The SHG powers of 1a and
1b are smaller than that of urea. Absorption spectra of powdered crystals
of 1a and 1b were measured by reflection method using barium sulfate as a
reference. The cutoff wavelengths determined from the absorption edges
were around 435 and 414 nm, favorable to NLO materials.

The small SHG powers of 1a and 1b should reflect the packing arrange-
ments of 2A5NPHþ cation as a SHG chromophore. As we previously
reported [10], in the large SHG cocrystal of 1 with p-phenolsulfonic acid,
herringbone structure of 2A5NPHþ moieties was formed to induce the
charge transfer enhancement. Hence, it is important for the generation
of large SHG powers to be arranged into independent columnar structure

TABLE 3 SHG Powers of the Cocrystals

Relative SHG power to

Cocrystal Urea m-nitroaniline DAN Cutoff wavelength (nm)

1a 0.76 0.20 0.08 435

1b 0.38 0.10 0.04 414
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such as herringbone network of 2A5NPHþ moieties. However, in the case
of crystal 1a, the pyridine and phenyl moieties of 1 and a are almost
completely superimposed along the c axis to hinder the interaction among
the 2A5NPHþ moieties (Figures 1(a) and 1(b)). In the crystal 1b, the
alternate and nearly superimposed stackings of 2A5NPHþ cations and
sulfonate anions also may disturb the charge transfer enhancement of
2A5NPHþ moieties to result in the low SHG power (Figure 2). Furthe-
more, the electron-withdrawing nitro group of a and b may lead to decrease
the SHG character. In this series of cocrystals, alternated stacking
structure of 2A5NPHþ cation and sulfonate anion is commonly formed
because of the p–p interaction of pyridine and phenyl moieties. In the prep-
aration of cocrystals, combination with benzenesulfonic acid derivatives
having larger substituted groups may actualize small superimposition of
pyridine and phenyl moieties due to the steric hindrance, to lead to the
formation of independent columnar structure of 2A5NPHþ cation and
sulfonate anion.
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