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INTRODUCTION

In recent years, organic materials with aromatic rings
generally consist of a m-electron conjugated structure that
exhibit significant nonlinear optical activity, which makes its
wide applications in opto electronic and photonic applications
[1]. Aniline is one such aromatic amine consists of a phenyl
group attached to an amino group widely produced for a variety
of industrial and commercial purposes, including dyestuff,
pesticide and pharmaceuticals manufacturing. The derivatives
of aniline usually form inter- or intra-molecular hydrogen
bonding in solid state or with solvent in solutions due to its
interesting polarity (electron donor) of amino group. Aniline
and its derivatives have been widely used as starting materials
for chemicals, pharmaceuticals, dyes, electro-optical, biolo-
gical, materials science and many other industrial processes
[2-4]. Many researchers have studied the properties of pure as
well as doped aniline and its derivatives [5-9].

Carboxylic acid is an indispensable compound for living
organism which has strong coordination with various transition
metal ions such as Cu(II), Co(IT), Ni(I) efc. and makes it appli-
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The comprehensive elucidation of the crystal structure, vibrational and Hirshfeld surface analysis of new crystalline product anilinium |
malonate C¢HsNH;*. C;H;0, are presented in this communication. Single crystals of anilinium malonate have been grown by the method |
of slow evaporation at room temperature. Single crystal XRD study has been carried out to study the structural properties of the grown
crystal and it reveals that the crystal crystallizes in the monoclinic system with centrosymmetric space group P2(1)/n. |
Room temperature powder infrared and Raman spectra of the aniline malonic acid molecular complex (1:1) were carried out. All the |
characteristic frequencies present in the crystal gives the notable vibrational effect. Hirshfeld surface analysis has been carried out to |
know the intercontact between the atoms in the structure of the grown crystal. |
|

Keywords: Crystal structure, Vibrational studies, Hydrogen bond, Hirshfeld analysis.

cability in many biological systems [10,11]. Two carboxylic
group present in the malonic acid can act as chelating ligand
form complex with transition metals may lead to fascinating
structures [12,13]. Also this carboxylic group can act as a mag-
netic centre for coupling either ferromagnetic or antiferro-
magnetic materials [14]. The crystal structure of anilinium 3,4-
dihydroxy benzoate, anilinium dihydrogen phosphate was
reported earlier [15,16]. In the present communication, we
have attempted to grow aniline with malonic acid (Fig. 1) and
the grown crystals have been subjected to structural and spectro-
scopic characterization techniques. In addition to that we have
carried out the Hirshfeld surface analysis to know the inter-
contact between the obtained crystalline products.

EXPERIMENTAL

High purity AR grade samples of aniline and malonic acid
were taken in 1:1 molar ratio. At first, aniline was dissolved in
double distilled water and the solution was allowed to stir well.
To the clear solution of aniline, the dissolved malonic acid
solution was added gently and stirred continuously for 6 h to
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Fig. 1. Photograph of anilinium malonate
get the homogenous solution. Then the solution was filtered

and allowed to evaporate at room temperature, which yielded
whitish crystals within a period of 25-30 days (Scheme-I).

NH,;"
+ CH,0, —» @ + CH;05”

Scheme-I: Synthetic route of anilinium malonate compound

NH,

RESULTS AND DISCUSSION

X-ray data collection and structure description: Single
crystal X-ray diffraction data of anilinium malonate were

H20 Ho1

collected using KUMA KM-4 diffractometer of two-dimen-
sional area CCD detector using graphite monochromatic MoK,
radiation (A =0.71073 A) with @ scan [17]. Good quality anilinium
malonate single crystal was used. The crystal structure was
solved by a direct method with subsequent difference in Fourier
syntheses of SHELXTL-PLUS program system [ 18] and SHELXL
97 is used for the structure refinement [ 19]. Successive refine-
ments based on F lead to a reliability factor of R = 0.066. An-
isotropic displacement parameters were included for all non
hydrogen atoms. The ORTEP representation of the molecule
with 30 % probability ellipsoids for non-hydrogen atoms and
the packing of the molecule in unit cell of the crystal are
depicted in Figs. 2 and 3, respectively. Fig. 4 represents the
molecular packing of the anilinium malonate forming two
dimensional networks. Figs. 5 and 6 show only the hydrogen
bond interactions formed in the grown crystal and malonic
acid molecules. Fig. 7 shows the chains of malonate anions
running along crystallographic Y direction formed through
O14-H10--O15aand O19-H13---O17f hydrogen bonds. Fig. 8
represents the chains of malonate anions running along crystallo-
graphic Y direction formed through O12-H7---O21d, 024-
H16:---010, O6-H4---O3 and O1-H1---O7c hydrogen bonds.
Single crystal X-ray diffraction data reveals that the grown
anilinium malonate crystal crystallizes in monoclinic crystal
system with centrosymmetric space group P2(1)/n. The lattice
parameters are calculated to be a = 14.203(3) A b= 9.220(2)
A,c=21.294(4) A, o.=y=90° and B = 95.59(3)°. The volume
of the unit cell is calculated to be = 1404.0(4) (A)3. The asym-
metric unit of anilinium malonate consists of six anilinium
cation and six malonate anion with unit cell contains 12
molecules. In the independent part of the elementary cell there
are six crystallographically independent aniline cations and
malonate anions. In the aniline malonate crystal in the ele-
mental cell there are six crystallographically non-covalent

Fig. 2. ORTEP plot of anilinium malonate with the atom numbering (Scheme. Displacement ellipsoids are drawn at 30 % probability level)



862 Anjalin et al. Asian J. Chem.

015

a1

6c
C2{c29

H30

0l 07e
Fig. 4. Molecular packing of anilinium malonate forming two dimensional networks
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Fig. 5. Hydrogen bonds system formed in anilinium malonate. Only the atoms participated in hydrogen bonds are shown for clarity
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Fig. 6. Hydrogen bonds formed between malonic acid molecules

cations of protonated aniline. Only some of them participate
in unconventional hydrogen bonds type C-H---w interaction.
The structure is stabilized by hydrogen bonds, where the proton
donors are the nitrogen atoms of the amino groups and the
proton acceptors are oxygen atoms of carboxylate group’s i.e.
an intramolecular O-H---O hydrogen bond occurs in each
anion. In the crystal, O-H---O and N-H---O hydrogen bonds
link the cations and anions into a three dimensional array. The
structure is further consolidated by weak C-H---O interactions.

In aniline cation, all the H atoms attached to the C atoms
were positioned geometrically with C-H bond length of 0.920
A whereas C-H bond length in malonate anion is 0.961 A. It
indicates the C-H bond length of aniline is lesser than malonic
acid molecule. In turn C-O bond lengths of malonic acid falls
into 4 classes viz. 1.243, 1.269, 1.221 and 1.307 A which clearly
indicates that the bond length of C-O (C1-O1) in carboxyl
group where protonation occurs have increased bond length
of 1.307 A. All O-C-O angles of malonate anion have the bond
angle of about 123°. The hydrogen atom in carboxyl group of
malonaic acid protonated with aniline molecule carry the bond
angle of 129.35° whereas the other hydrogen atom carboxyl
group have the bond angle of 114.84°. All these parameters
confirm the occurrence of protonation between the aniline and
malonic acid molecules. The geometric parameters of the
anilinium as well as malonate molecule are comparable with
those determined by earlier researcher [15,16,20]. Table-1
provides the crystal data and structure refinement parameters
of the anilinium malonate. Interatomic distances and angles
values in aniline cations and malonate anions are standard for
these molecules. The geometric parameters of hydrogen bonds
formed in the anilinium malonate crystal are shown in Table-
2 with symmetry codes. Selected bond distances and bond
angles are compiled in Table-3. Atomic displacement para-
meters, fractional atomic coordinates and isotropic or equi-
valent isotropic displacement parameters (A2) are listed in
Tables 4 and 5.

Powder X-ray diffraction studies: MERCURY 3.8 [21]
software tool was used to investigate and analyze the crystal
structure. By giving crystallographic information file as the
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Fig. 7. Chains of malonate anions running along crystallographicY direction formed through O14-H10---:O15a and O19-H13---O17f hydrogen
bonds

X

Fig. 8. Chains of malonate anions running along crystallographic Y direction formed through O12-H7---021d, 024-H16---0O10, O6-H4---O3
and O1-H1---O7c hydrogen bonds
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TABLE-1
CRYSTAL DATA AND STRUCTURE
REFINEMENT FOR ANILINIUM MALONATE

Empirical formula
Formula weight (g mol ™)
Temperature (K)
Wavelength (A)

Crystal system

Space group

N<<= ™>™Q © o»

Dcalc (Mg m—})

Absorption coefficient (mm™)
F(000)

Crystal size (mm)

Theta range for data collection (°)
Index ranges

Completeness to O

Refinement method
Data/restraints/parameters
Goodness of fit on F*

Extinction coefficient

Largest differences peak and hole
(e.A)

C,H,,NO,
197.19

293(2)

0.71073 A

Monoclinic

P2(1)/n

14.203(3)A

9.2202)A

21.294(4) A

90°

95.59(3)°

90°

2775.2(10) (A’

12

1.416

0.112

1248

0.36 x 0.28 x 0.24
4.24-46.23

h=-17 — 18; k =18—12;
1=-42-25

100 %

Full-matrix least squares on F*
10639/0/392

0.942

0.0099(3)

0.17 and-0.20

input powder X-ray diffraction pattern of the grown crystal can
be generated which would be used to identify the crystalline

nature of the grown crystal. Fig. 9 depicts the generated powder
X-ray diffraction pattern of anilinium malonate. The results
of the powder X-ray diffraction are analyzed with the help of
Mercury 3.8 software. Debye-Scherrer’s formula is used to
determine the crystallite size (D) which is given as

KA
D=—2"
(BI/Z cos e) (l)

where K =0.89; A = 1.5405 A and B, is the peak width of the
reflection at half intensity. The maximum intensity peak occurs
at 20 = 22°. The average value of the crystallite size of anili-
nium malonate is found to be 13.962 pm.

10000+
9000+
8000+
70004

(101)

(30-3)

10 20 30 40 50

Fig. 9. Simulated powder X-ray diffraction pattern of anilinium malonate

Vibrational spectroscopic analysis: The Raman and
infrared spectra of the grown crystal have been carried out to
identify the functional groups present in the sample. An infra-
red spectroscopy is an excellent tool for the investigation of

TABLE-2 X
HYDROGEN BOND GEOMETRY (A, °)
DoH-A Distance (10\) Angle (°)
D-H H--A D--A D--A

O4F-H4FC---02C 0.978(7) 1.550(7) 2.5233(10) 173.0(6)
02B-H2BA---O3A 1.010(10) 1.529(11) 2.5259(9) 167.9(13)
02D-H2DD---O3D" 0.993(8) 1.535(8) 2.5270(9) 177.8(8)
O3E-H3EE--O1E" 0.989(8) 1.556(8) 2.5415(10) 174.0(09)
O4C-H4CF---O1F" 1.018(8) 1.524(8) 2.5417(9) 178.0(8)
O1A-H1AB--O3B" 0.968(7) 1.648(8) 2.5836(9) 161.3(8)
NI1I-H11I.--O3F" 0.928(6) 1.822(6) 2.7329(11) 166.3(6)
N1J-H12J---O4E" 0.915(7) 1.885(7) 2.7693(11) 162.1(6)
N1H-H11H.-03C! 0.991(8) 1.788(8) 2.7749(11) 173.5(8)
NI1G-H13G---O1B 0.973(8) 1.889(8) 2.7850(11) 151.9(7)
NI1K-H11K.--O1D 0.928(8) 1.902(8) 2.8046(11) 163.5(7)
N1G-H12G--0O4B! 0.997(8) 1.838(8) 2.8166(11) 166.5(7)
NIL-H11L---O2A" 0.952(7) 1.888(7) 2.8232(11) 167.0(6)
NI1H-H13H:---O4F 0.942(6) 2.109(7) 2.8341(10) 132.8(6)
NI1I-H12I.--O2F" 0.958(7) 1.910(7) 2.8510(11) 166.8(7)
NI1L-H12L---O4A 0.923(9) 2.021(9) 2.8946(11) 157.3(8)
N1K-H12K---04D' 1.020(7) 1.901(7) 2.9081(11) 168.7(6)
N1H-H13H---04D' 0.942(6) 2.303(7) 2.9209(12) 122.6(5)
NIL-H13L.-O2E" 0.980(7) 1.971(7) 2.9264(13) 164.1(6)
NI1H-H12H---O1C 0.911(8) 2.052(8) 2.9339(11) 162.5(8)
N1I-H13I.--04C! 0.937(7) 2.402(8) 2.9796(10) 119.7(7)
N1G-H11G---O1A 0.968(8) 2.502(9) 2.9949(10) 111.5(7)
NI1J-H13J---O4B" 0.906(8) 2.236(9) 3.0208(12) 144.7(8)
N1K-H13K--O2F" 0.940(8) 2.103(8) 3.0223(13) 165.4(7)

Symmetry codes: (i) x,14y,z; (i) 2-x,1/24y,1-z; (iii) 2-x,-1/2+y,1-z; (iv) X,y,-1+z; (V) 1-X,-1/2+y,1-z; (vi) 1-x,1/2+y,1-z; (vii) X,-1+y,z; (viii) 1-X,-

1/2+y,2-z
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TABLE-3
SELECTED BOND DISTANCES (A) AND BOND ANGLES (°) OF ANILINIUM MALONATE
Atom Bond distance (A) Atom Bond distance (A) Atom Bond distance (A)
Ol1A-C1A 1.309 NI1D-H1D1 0.920 C6E-C5E 1.3822
O1A-HOI1A 0.982 N1D-H1D2 0.920 C6E-H6E 0.9200
03A-C3A 1.273 N1D-H1D3 0.920 C5E-HSE 0.9200
04A-C3A 1.247 C1D-C6D 1.375 NIF-CIF 1.4525
02A-C1A 1.223 C1D-C2D 1.368 NI1F-H1F1 0.9200
Cl1A-C2A 1.499 C6D-C5D 1.384 NI1F-H1F2 0.9200
C3A-C2A 1.524 C6D-H6D 0.920 NIF-H1F3 0.9200
C2A-H2A1 0.960 C4D-C5D 1.371 CI1F-C2F 1.3707
C2A-H2A2 0.960 C4D-C3D 1.376 C1F-C6F 1.3743
O1B-C1B 1.259 C4D-H4D 0.920 CI1F-NIF 1.453
03B-C3B 1.301 C5D-H5D 0.920 C6F-C1F 1.374
03B-HO3B 0.995 C2D-C3D 1.383 C6F-C5F 1.391
04B-C3B 1.221 C2D-H2D 0.920 C6F-H6F 0.920
02B-C1B 1.254 C3D-H3D 0.920 C3F-C4F 1.365
C3B-C2B 1.504 NI1E-CIE 1.468 C3F-C2F 1.384
C1B-C2B 1.529 NI1E-H1EI1 0.920 C3F-H3F 0.920
C2B-H2B1 0.960 NIE-HI1E2 0.920 C5F-C4F 1.371
C2B-H2B2 0.960 NI1E-H1E3 0.920 C5F-C6F 1.390
Ol1C-CIC 1.307 CI1E-C6E 1.376 C5F-H5F 0.920
OIC-HO1C 0.985 CI1E-C2E 1.382 C4F-H4F 0.920
03C-C3C 1.268 C2E-C3E 1.378 C2F-C1F 1.370
04C-C3C 1.243 C2E-H2E 0.920 C2F-C3F 1.384
02C-CIC 1.221 C4E-C5E 1.369 C2F-H2F 0.920
Clc-Cc2C 1.505 C4E-C3E 1.373
C3C-C2C 1.521 C4E-H4E 0.920
C2C-H2C1 0.960 C3E-H3E 0.920
C2C-H2C2 0.960 NID-CID 1.468
Atom Bond angle (°) Atom Bond angle (°) Atom Bond angle (°)
Cl1A-O1A-HO1A 1144 C3C-C2C-H2C1 108.7 C3E-C2E-H2E 120.4
02A-C1A-O1A 123.7 C1C-C2C-H2C2 108.7 CI1E-C2E-H2E 120.4
02A-C1A-C2A 121.9 C3C-C2C-H2C2 108.7 C5E-C4E-C3E 120.1
O1A-C1A-C2A 114.4 H2C1-C2C-H2C2 107.6 CS5SE-C4E-H4E 120.0
04A-C3A-0O3A 124.6 C1D-N1D-HID1 109.5 C3E-C4E-H4E 120.0
0O4A-C3A-C2A 117.9 CID-N1D-H1D2 109.5 C4E-C3E-C2E 120.4
03A-C3A-C2A 117.3 HIDI1-N1D-H1D2 109.5 C4E-C3E-H3E 119.8
Cl1A-C2A-C3A 114.3 HIDI1-N1D-H1D3 109.5 C2E-C3E-H3E 119.8
CIlA-C2A-H2A1 108.7 C6D-C1D-C2D 120.9 CI1E-C6E-C5E 119.1
C3A-C2A-H2A1 108.7 C6D-C1D-N1D 119.8 C1E-C6E-H6E 120.4
Cl1A-C2A-H2A2 108.7 C2D-C1D-N1D 119.2 CS5E-C6E-H6E 120.4
C3A-C2A-H2A2 108.7 CI1D-C6D-C5D 119.2 C4E-CSE-C6E 120.5
H2A1-C2A-H2A2 107.6 C5D-C6D-H6D 120.4 C4E-CSE-H5E 119.8
C3B-03B-H03B 115.1 C5D-C4D-C3D 120.2 C6E-CSE-HSE 119.8
04B-C3B-03B 123.7 C5D-C4D-H4D 119.9 CI1F-NI1F-H1F1 109.5
04B-C3B-C2B 121.6 C3D-C4D-H4D 119.9 CIF-N1F-H1F2 109.5
03B-C3B-C2B 114.6 C4D-C5D-C6D 120.2 HIF1-N1F-H1F2 109.5
02B-C1B-0O1B 125.1 C4D-C5D-H5D 119.9 CI1F-N1F-H1F3 109.5
02B-C1B-C2B 116.8 C6D-C5D-HSD 119.9 H1F1-N1F-HIF3 109.5
O1B-C1B-C2B 117.9 C1D-C2D-C3D 119.6 HIF2-N1F-H1F3 109.5
C3B-C2B-CIB 114.9 C1D-C2D-H2D 120.2 C2F-C1F-C6F 121.2
C3B-C2B-H2B1 108.5 C3D-C2D-H2D 120.2 C2F-C1F-N1F 119.8
C1B-C2B-H2B1 108.5 C4D-C3D-C2D 119.6 C6F-C1F-N1F 118.9
C3B-C2B-H2B2 108.5 C4D-C3D-H3D 120.2 C1F-C6F-C5F 118.7
C1B-C2B-H2B2 108.5 C2D-C3D-H3D 120.2 C1F-C6F-H6F 120.6
H2B1-C2B-H2B2 107.5 CIE-N1E-H1E1 109.5 C5F-C6F-H6F 120.6
C1C-0O1C-HOl1C 114.8 CI1E-N1E-HI1E2 109.5 C4F-C3F-C2F 120.4
02C-CIC-01C 123.7 HIEI-N1E-H1E2 109.5 C4F-C3F-H3F 119.8
02C-Cic-c2C 121.9 CIE-N1E-H1E3 109.5 C2F-C3F-H3F 119.8
ol1C-Ccl1c-c2C 114.2 HIEI-N1E-H1E3 109.5 C4F-C5F-C6F 120.4
04C-C3C-03C 124.5 HIE2-N1E-H1E3 109.5 C4F-C5F-HSF 119.8
04C-C3C-C2C 118.2 C6E-C1E-C2E 120.7 C6F-C5F-H5F 119.8
03C-C3Cc-C2C 117.2 C6E-CIE-N1E 120.7 C3F-C4F-C5F 120.0
Clc-Cc2c-c3Cc 114.1 C2E-CIE-N1E 118.5 C3F-C4F-H4F 120.0

C1C-C2C-H2C1 108.7 C3E-C2E-CIE 119.2 C5F-C4F-H4F 120.0
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TABLE-4
ATOMIC DISPLACEMENT PARAMETERS (A?)

Atom Ull1 022 U33 U23 U13 U12
Ol1A 0.0362(4) 0.0272(4) 0.0481(5) 0.0036(4) 0.0002(4) 0.0024(4)
O3A 0.0363(4) 0.0295(4) 0.0509(5) 0.0001(4) 0.0139(4) 0.0004(4)
O4A 0.0471(5) 0.0265(4) 0.0484(5) 0.0007(4) 0.0052(4) 0.0068(4)
02A 0.0491(5) 0.0343(5) 0.0503(5) -0.0114(4) -0.0050(4) 0.0015(4)
CIA 0.0324(6) 0.0249(6) 0.0353(6) 0.0003(5) 0.0083(5) -0.0038(5)
C3A 0.0345(6) 0.0268(6) 0.0302(6) -0.0038(5) -0.0025(5) 0.0009(5)
C2A 0.0313(6) 0.0302(6) 0.0381(6) -0.0029(5) 0.0073(5) -0.0009(5)
O1B 0.0368(4) 0.0301(4) 0.0547(5) -0.0011(4) 0.0134(4) 0.0003(4)
03B 0.0341(4) 0.0276(4) 0.0540(5) 0.0024(4) -0.0042(4) -0.0020(4)
04B 0.0533(5) 0.0313(5) 0.0540(5) 0.0114(4) 20.0141(4) 0.0041(4)
02B 0.0422(5) 0.0261(4) 0.0594(6) -0.0026(4) 0.0051(4) -0.0057(4)
C3B 0.0325(6) 0.0249(6) 0.0339(6) -0.0045(5) 0.0061(5) 0.0032(5)
CIB 0.0305(6) 0.0244(6) 0.0315(6) 0.0023(5) -0.0041(5) 0.0016(5)
C2B 0.0308(6) 0.0245(6) 0.0386(6) 0.0012(5) 0.0063(5) 0.0005(5)
0o1C 0.0364(4) 0.0282(4) 0.0498(5) -0.0045(4) 0.0025(4) 0.0021(4)
03C 0.0473(5) 0.0292(4) 0.0614(6) 0.0001(4) 0.0235(4) 0.0019(4)
04C 0.0479(5) 0.0279(4) 0.0545(5) 0.0036(4) 0.0065(4) 0.0082(4)
02C 0.0534(5) 0.0327(5) 0.0464(5) -0.0104(4) -0.0054(4) -0.0020(4)
cic 0.0344(6) 0.0264(6) 0.0317(6) 0.0008(5) 0.0096(5) -0.0053(5)
C3C 0.0315(6) 0.0284(6) 0.0323(6) -0.0014(5) -0.0043(5) -0.0018(5)
c2C 0.0315(6) 0.0285(6) 0.0360(6) -0.0006(5) 0.0057(5) -0.0005(5)
NID 0.0342(5) 0.0356(6) 0.0582(7) -0.0140(5) -0.0043(5) 0.0032(5)
C1D 0.0309(6) 0.0303(6) 0.0357(6) -0.0065(5) 0.0038(5) -0.0004(5)
C6D 0.0434(7) 0.0283(6) 0.0410(7) -0.0026(6) 0.0023(6) 0.0004(6)
C4D 0.0444(7) 0.0517(8) 0.0361(7) -0.0048(6) -0.0057(6) -0.0019(7)
C5D 0.0473(7) 0.0355(7) 0.0471(8) -0.0090(6) 0.0002(6) -0.0103(6)
2D 0.0424(7) 0.0308(7) 0.0567(8) 0.0038(6) 0.0046(6) -0.0070(6)
C3D 0.0552(8) 0.0431(8) 0.0465(8) 0.0114(7) 0.0010(7) 0.0032(7)
NI1E 0.0369(5) 0.0311(5) 0.0536(6) -0.0064(5) -0.0054(5) 0.0033(5)
CIE 0.0342(6) 0.0245(6) 0.0399(7) -0.0021(5) -0.0019(5) -0.0034(5)
C2E 0.0408(7) 0.0403(7) 0.0356(7) 0.0027(6) 0.0039(6) -0.0015(6)
C4E 0.0593(8) 0.0410(7) 0.0532(8) 0.0044(7) -0.0189(7) -0.0107(7)
C3E 0.0360(7) 0.0480(8) 0.0611(9) 0.0103(7) -0.0008(6) -0.0057(6)
C6E 0.0474(8) 0.0508(8) 0.0505(8) -0.0089(7) 0.0151(6) 0.0004(7)
C5E 0.0829(10) 0.0578(9) 0.0323(7) -0.0093(7) 0.0010(7) -0.0063(8)
NI1F 0.0400(6) 0.0367(6) 0.0550(6) -0.0128(5) -0.0070(5) 0.0075(5)
CIF 0.0307(6) 0.0362(7) 0.0351(6) 0.0028(6) 0.0026(5) 0.0051(5)
C6F 0.0436(7) 0.0333(7) 0.0446(7) -0.0008(6) 0.0069(6) -0.0031(6)
C3F 0.0425(7) 0.0766(10) 0.0468(8) 0.0011(8) -0.0027(6) -0.0093(8)
CSF 0.0650(9) 0.0449(8) 0.0424(8) 0.0098(6) 0.0133(7) 0.0210(7)
C4F 0.0446(7) 0.0799(10) 0.0356(7) 0.0022(7) -0.0005(6) 0.0186(8)
C2F 0.0442(7) 0.0496(8) 0.0465(8) -0.0079(7) 0.0018(6) 0.0089(7)

the hydrogen bonds in the crystal. Thus, the vibrational spectra 1.0

can be helpful in the elucidation of the role of such a kind of

interaction in the structure of the crystals exhibiting nonlinear

optical properties. The vibrational measurements were carried 08

out at room temperature. Infrared spectra were taken with a N

Bruker IFS-88 spectrometer in the region 4000-80 cm™. The S 0.6 ®

resolution was set up to 2 cm™, signal/noise ratio was establi- 3 3

shed by 32 scans, weak apodisation. Powder Fourier transform é 8

Raman (FT Raman) spectra were taken with an FRA-106 g 04

attachment to the Bruker IFS-88 spectrometer equipped with g

Ge detector cooled to liquid nitrogen temperature. Nd**: YAG a

air-cooled diode pumped laser of power about 200 mW was 02 -

used as an exciting source. The incident laser excitation is .o

1064 nm. The scattered light was collected at the angle of 0.0 N 3 %

180° in the region 3600-80 cm™, resolution 2 cm™, 256 scans. §N

The measured spectra are shown in Figs. 10 and 11. The wave- 4000 3500 3000 2500 2000 1600140012001000 800 600 400

numbers of the bands and their relative intensities for infrared Wavenumber (cm’)

absorption and Raman scattering experiments are provided in Fig. 10. FT-IR spectra of as grown anilinium malonate crystal
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TABLE-5
FRACTIONAL ATOMIC COORDINATES AND ISOTROPIC OR EQUIVALENT ISOTROPIC DISPLACEMENT PARAMETERS (A%
Atom X Y z Ulso Atom X Y z Uiso
or equi or equi
Ol1A 0.0403 0.1482 0.9721 0.0375 C2D 0.4940 0.05977 0.8976 0.0433
O3A 0.0467 0.4263 0.9015 0.0383 H2D 0.4602 -0.0252 0.8926 0.0500
O4A -0.0656 0.5733 0.9313 0.0406 C3D 0.5741 0.0669 0.9401 0.0485
02A -0.0748 0.0948 0.8966 0.0452 H3D 0.5941 -0.0135 0.9632 0.0500
Cl1A -0.0385 0.1768 0.9371 0.0305 NI1E 0.7193 0.1787 0.4836 0.0412
C3A -0.0298 0.4509 0.9261 0.0309 HI1E1 0.6640 0.1697 0.5025 0.0500
C2A -0.0816 0.3207 0.9504 0.0330 H1E2 0.7259 0.1005 0.4576 0.0500
H2A1 -0.0830 0.3306 0.9953 0.0500 H1E3 0.7177 0.2628 0.4603 0.0500
H2A2 -0.1459 0.3219 0.9317 0.050 CIE 0.7997 0.1837 0.5324 0.0332
O1B 0.8671 0.0721 0.0621 0.0399 C2E 0.8901 0.1692 0.5142 0.0389
O3B 0.8647 0.3542 0.1325 0.0392 H2E 0.8993 0.1575 0.4724 0.0500
04B 0.7432 0.4078 0.0626 0.0475 C4E 0.9524 0.1910 0.6220 0.0527
02B 0.7506 -0.0706 0.0889 0.0426 H4E 1.0036 0.1938 0.6521 0.0500
C3B 0.7839 0.3252 0.1009 0.0302 C3E 0.9662 0.1728 0.5596 0.0487
CIB 0.7906 0.0501 0.0859 0.0293 H3E 1.0266 0.1629 0.5480 0.050
C2B 0.7432 0.1795 0.1150 0.0311 C6E 0.7853 0.2005 0.5950 0.0489
H2B1 0.6772 0.1793 0.1000 0.0500 H6E 0.7251 0.2086 0.6070 0.0500
H2B2 0.7479 0.1668 0.1600 0.0500 C5E 0.8627 0.2049 0.6396 0.0580
0o1C 0.7121 0.1465 0.3097 0.0383 H5E 0.8539 0.2173 0.6816 0.0500
03C 0.7089 0.4232 0.2305 0.0448 NI1F 1.0281 0.1790 0.1479 0.0447
04C 0.6032 0.5742 0.2650 0.0433 H1F1 0.9674 0.1729 0.1594 0.0500
02C 0.5918 0.0998 0.2374 0.0449 H1F2 1.0465 0.0900 0.1340 0.0500
C1C 0.6320 0.1790 0.2774 0.0304 H1F3 1.0300 0.2461 0.1161 0.0500
C3C 0.6377 0.4513 0.2601 0.0312 CIF 0.4083 0.7237 0.2979 0.0340
c2C 0.5931 0.3253 0.2926 0.0318 C6F -0.0839 0.6383 0.7745 0.0403
H2C1 0.6026 0.3400 0.3374 0.0500 H6F -0.0392 0.5751 0.7928 0.0500
H2C2 0.5262 0.3258 0.2806 0.0500 C3F 0.7183 0.3273 0.7801 0.0558
N1D N 0.3817 0.1697 0.8169 0.0432 H3F 0.7633 0.3904 0.7983 0.0500
H1D1 0.3279 0.1752 0.8376 0.0500 C5F 0.6451 0.0960 0.7771 0.0502
H1D2 0.3826 0.0829 0.7957 0.0500 H5F 0.6406 0.0044 0.7936 0.0500
H1D3 0.3822 0.2450 0.7886 0.0500 C4F 0.7123 0.1903 0.8037 0.0537
C1D 0.4653 0.1797 0.8630 0.0323 H4F 0.7534 0.1612 0.8375 0.0500
C6D 0.5141 0.3079 0.8703 0.0377 C2F -0.1572 -0.1279 0.7707 0.0469
H6D 0.4941 0.3882 0.8471 0.0500 H2F -0.1606 -0.0350 0.7862 0.0500
C4D 0.6237 0.1949 0.9474 0.0440 HOIA 0.0720 0.0589 0.9605 0.0770
H4D 0.6771 0.2000 0.9755 0.0500 HO1C 0.7425 0.0573 0.2962 0.0850
C5D 0.5938 0.3150 0.9131 0.0436 HO3B 0.8963 0.4440 0.1194 0.1020
H5D 0.6269 0.4006 0.9185 0.0500 — — — — —

Table-6. The infrared bands observed in the measured region

0.6 4000-400 cm™ and Raman bands observed in the region 4000-

50 cm™ arise from internal vibrations of anilinium cations,

0.5
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Fig. 11. FT- Raman spectra of as grown anilinium malonate crystal

malonate anions, the vibrations of hydrogen bonds and from
the vibrations of lattice.

N-H vibrations: Infrared spectra of N-H stretching
frequencies in the region 3100-2800 cm™ and multiple combi-
nation bands in the 2900-2000 cm™ which are the prominent
IR bands of protonated amine salts of aniline derivatives [22].
In the region 3500- 2200 cm™ there are overlapping of peaks
due to O-H stretching of -COOH and N-H stretching of NH3".
The infrared absorption at 3197 cm™ with strong intensity is
assigned to NH;* asymmetric stretching of anilinium cation.
The broad Raman peak with weak intensity at 1634 cm™ is ascribed
to NH;" in-plane bending vibration. The strong infrared peak at
482 cm' is attributed to NH;" out-plane bending vibration [9]

C-H vibrations: NH and CH stretching frequencies are
expected to occur in the higher frequency region [23]. There
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TABLE-6
WAVENUMBERS (cm') AND RELATIVE INTENSITIES OF
THE BANDS OBSERVED IN THE POWDER INFRARED AND
RAMAN SPECTRA OF THE ANILINIUM MALONATE

FT-IR FT-Raman Band assignment
3197s NH; symmetric stretching
3060s 3072w C-H stretching (benzene)
2902sb 2991vw O-H stretching
2853s 2953w N-H:--O stretching
2732s N-H---O stretching
2329m O-H stretching

2240m O-H stretching
2152m O-H stretching
1961ms COOrasymmetric stretching
1678sb 1666vwb C=0 asymmetric stretching
1634vwb NH; in-plane bending
1584vsb C-C stretching
1497vs C-C stretching
1487vs C-C stretching
1384vs C-0O, C-O-H bending
1337s 1397vwb C-0O, C-O-H bending
1261vs 1259vw C-C-H in-plane bending
1210s CH, wagging, C-O-H stretching
1165ssh 1176w C-N stretching
1078ms C-O stretching
1069ms C-C-H in-plane bending
1028s 1033vw O-H in-plane bending
1005s 1007vs C-C stretch + C-C-C in plane bend
1002s C-C stretch + C-C-C in plane bend
938w CH, wagging, C-O-H stretching
909mb 914vwb C-0, C-C stretching
884w C-C-O in plane bending+ C-O stretching
835w 833vw C-H out plane bending
787s 784w C-N stretching
722w C-H out plane bending

687s C-C-C out plane bending

615w 619vw O-H out-plane bending
603m O-C-O in-plane bending
530w 518vw In plane ring deformation, NH; torsion
482s NHj; out-plane bending
460m C-N out plane bending
411m 408vw OH bending
244vwb C-C-C-N torsion
144msh C-C-C in-plane bending vibration
119vw O-H stretching
100vw 94ssh O-H stretching

are multiple weak bands in the region 3100-3000 cm™ due to
aromatic C-H stretching vibrations in aromatic compounds
[24-26] and this weak in intensity is due to the decrease of
dipole moment caused by the reduction of negative charge
on the carbon atoms. This reduction occurs because of the
electrons withdrawing on the carbon atoms by the substituent
due to the decrease of inductive effect, which in turn is caused
by the increased chain length of the substituent [27]. In general,
C-H in-plane and out-plane-bending vibrations are expected to
be observed in the range 1300-1000 cm™ and 1000-750 cm’!
respectively. The strong infrared peak at 1210 cm™ is attributed
to C-H out plane bending vibration. Medium infrared peak at
938 cm™ is assigned to C-H out plane bending vibration. The
weak infrared peaks 835 and 722 cm™ are assigned to C-H in-
plane bending vibration [28].

C-C vibrations: Two strong infrared bands at 1005 and
1002 ¢cm™ with strong Raman counterpart at 1007 cm™ are

attributed to C-C stretching as well as C-C-C in-plane bending
vibration of benzene ring in anilinium cation [9,29]. The ring
stretching C-C-H mode of vibration in aniline usually occurs
at 1306 cm™. This peak appears at 1260 cm™ in infrared spectrum
with strong intensity and its Raman counterpart occurs at 1259
cm’' with weak intensity may be due to self-association with
intermolecular interactions. The strong infrared peaks at 1584,
1497 & 1487 cm™ are ascribed to C-C stretching vibration of
aniline ring. The medium strong infrared peak at 1069 cm’
and 687 cm™ is attributed to C-C-H in-plane bending vibration
and out-plane bending vibration respectively. The very weak
Raman peak at 244 cm™ is attributed to C-C-C-N torsional
vibration [24].

C-N vibrations: It is difficult to assign C-N stretching since
mixing of several bands is possible in this region. Silverstein
et al. [30] assigned the C-N stretching absorption in the region
1382-1266 cm™ for aromatic amines. Upon ionization of aniline,
the C-N bond significantly shortens due to an increased conju-
gation between the planar NH, group and the ring. The medium
infrared and Raman peak at 1165/1176 cm™ is assigned to
C-N stretching. The medium IR peak at 787 cm™ with Raman
peak at 784 cm™ is assigned to C-N in-plane bending vibration
whereas C-N out-of-plane bending is observed at 460 cm™ in
Raman spectra.

COO™ and COOH vibrations: The carboxyl group of
organic compounds with strong infrared absorption are usually
observed in the region 1850-1650 cm™. Protonation strongly
influence the intensity of carbonyl C=0 stretching band in the
1735-1675 cm™ region.The strong infrared peak at 1678 cm’!
is due to asymmetric stretching of carbonyl groups. Its
corresponding Raman counterpart observed at 1666 cm™ with
weak intensity. Usually this peak is observed at 1730 cm™. The
reduction in this frequency clearly confirm the occurence of
proton transfer from the carboxylic acid to the amine mole-
cules. In addition to that, the carboxylic group vibrations, C-O
stretching, v(C-O) and in-plane C-O-H bending are expected
to appear in the range 1150-1450 cm™. The strong infrared
peaks at 1384 and 1337 cm™ is attributed to C-O-H bending
vibration. Its Raman counterpart occurs at 1397 cm™ with weak
intensity. Generally, the v(C-O) stretching occurs at higher
frequencies than in-plane C-OH bending. Based on the above
fact, a medium infrared peak at 1078 cm™ is assigned to C-O
stretching vibration of malonic acid [31,32]. The medium
intensity infrared peak at 603 cm™ is due to O-C-O in-plane
bending vibration.

O-H vibrations: The vibrations of various carboxylic
acids like malonic acid, succinic acid, adipic acid are discussed
by Tarakeshwar and Manogaran [33]. Kidric et al. [34] inves-
tigated the intramolecular hydrogen bonding interactions in
aniline hydrogen malonates. Based on the geometrical para-
meters of hydrogen atoms, there are 24 hydrogen bonds of
N-H---O, O-H---O types cover different ranges of lengths with
different average value of length. The N-H:--O types cover the
range of 2.7329-3.0223 A with the average value of 2.8776
A. The O-H---O types cover the range 2.5233-2.5836 A with
the average value equal to 2.5535 A. The net effect of all the
hydrogen bonds is to form a three dimensional network. The
vibrational frequencies of N-H--O stretching occurs at 2853
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and 2732 cm™ in infrared spectra with strong intensity and
2953 cm™ in Raman spectra with weak intensity. The OH group
vibrations are more sensitive to the environment. The broad
peak with strong intensity at 2902 cm™ in infrared spectrum
and weak intensity peak at 2991 cm™ is assigned to O-H stret-
ching. The strong IR peak at 1028 cm™ and weak Raman peak
at 1033 cm™ is also assigned to O-H stretching of carboxyl
group [24]. The infrared peak at 2329 cm™ and Raman peaks
at 2240 and 2152 cm™ with medium intensity are assigned to
O-H stretching of malonic acid. The weak IR/Raman peak at
615/619 cm™ is assigned to O-H out-plane bending of malonic
acid [33].

Hirshfeld surface analysis: Hirshfeld surface analysis
provides the visualization of intermolecular interactions in
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molecular crystals [35] and used to get the 3D Hirshfeld
surfaces and 2D finger plots of the obtained crystal. By taking
electron distribution as a sum of spherical atom electron
densities, Hirshfeld surfaces are constructed [36]. The norma-
lized contact distance dnom based on the distance from a point
on the surface to the nearest nucleus outside the surface, d. is
the distance from a point on the surface to the nearest nucleus
inside the surface, d; enables the identification of the regions
of particular importance to the intermolecular interactions. The
intermolecular contacts in the crystal lattice is provided by
the combination of d. and d; in the form of two-dimensional
fingerprint plot [37]. CRYSTAL EXPLORER3.1 software
program generates the Hirshfeld surfaces mapped with duom
and two dimensional fingerprint plots [38]. The normalized
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Fig. 12. Relative contributions to the percentage of Hirshfeld surface area for the various intermolecular contacts in anilinium malonate crystal
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Curvature

Fig. 13. Hirshfeld surface analysis d;, d., dsom, shape index and curvedness of anilinium malonate

vdw

contact distance dyom = d; - 1;""/1' ™ + d. - 1" /1" where r;
and r."" are the van der Waals radii of the atoms. The inter-
molecular contact is shoreter than r' if d,. is negative and
longer if dyom is positive. The red-white-blue colour in Hirshfeld
surface map represents the shortest intermolecular contact,
contact around r'® separation and longer intermolecular contact
distance respectively. The 2D fingerlpot is a combination of
d. and d; provides the summary of intermolecular contacts in
the crystal and are in complement to the Hirshfeld surfaces
[37]. The shape index and curvedness are the two coloured
properties can also be specified based on the local curvature
of the surface.

The intermolecular interactions of the title compound are
quantified using Hirshfeld surface analysis. Like Fourier trans-
form infrared spectrum, Hirshfeld surfaces also unique for a
particular crystal structure. Finger print (Fig. 12) indicates the
contributions of inter contacts to the Hirshfeld surfaces, C-C
(1.3 %), C-H (16.4 %), C-0O (0.5 %), O-C (0.2 %), O---H (23.3
%), 0-0 (0.3 %), O-H (44.8 %). These inter-contacts are
highlighted by conventional mapping of du.m On molecular
Hirshfeld surfaces as shown in Fig. 12. The red spots over the
surface indicate the intercontacts involved in the hydrogen
bonds. Further, intercontacts are plotted with fingerprint plots.
The mapping of d;, d., duom, shape index and curvedness are
shown in Fig. 13. dyom ranges from (-0.005 to 0.000 A); shape
index ranges from (-1.00 to 1.000 A) curvedness ranges from
(-4.000 to 0.400 A) d. (0.590 to 2.796 A) d; (0.5882 to 2.756
A).

Conclusion

Anilinium malonate crystals have been grown by slow
solvent evaporation technique and crystallize in the centrosy-
mmetric space group of monoclinic system (P2(1)/n). Single
crystallographic X-ray diffraction analysis provided an under-

standing of the structural features of anilinium malonate
crystal. The vibrational spectroscopic analysis elucidates the
presence of various functional groups in the aniline and malonic
acid crystalline product. The strong inter- and intramolecular
interactions give notable vibrational effect. Further theore-
tically obtained powder X-ray diffraction pattern calculates
the crystal size as 13.962 pm from Debye Sherrer formula.
The Hirshfeld surface analysis with finger plots and electro-
static potential map shed more light on the percentage of inter-
molecular contacts and distribution of electrostatic potential
of the title compound.

Supplementary material: Full crystallographic data (cif
file) relating to the crystal structure have been deposited with
Cambridge Crystallagraphic Data centre as CCDC 1875493.
Copies of this information can be obtained free of charge from
the Cambridge Crystallagraphic Data Centre, 12 Union Road,
Cambridge CB2 1Ez. UK (Tel: +44(0) 1223 762911; email:
deposit@ccdc.cam.ac.uk:http://www.ccdc.cam.ac.uk).
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