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The new vibrational and computational studies on bis(2-aminopiridinium) fumarate — fumaric acid (1:1)
complex have been made. The molecular geometry, vibrational frequencies and intensities of vibrational bands
have been interpreted with the aid of structure optimization based on density functional theory (B3LYP) method
with 6-311++G(d,p) basis set. The highly occupied—lowly unoccupied molecular orbital energies and chemical
reactivity of the molecule have been calculated with time-dependent density functional theory approach. Stability
energies of the molecule have been studied using natural bond orbital analysis. The predicted nonlinear optical
properties of the title compound are much greater that those of urea. In addition, the molecular electrostatic
potential surfaces and thermodynamic properties were calculated.
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1. Introduction

The crystal structure of 2-aminopyrimidine-fumaric
acid co-crystal was published by Goswami et al. [1]
with the unit cell parameters a 3.80, b 19.18,
¢ = 13.06 A and 8 = 96.89°. Later the crystal struc-
ture of the bis(2-aminopyridinium) fumarate — fumaric
acid (1:1) (2APF-F) was published and deposited in the
CSD database in 2002 by Ballabh et al. [2] and found
that the compound crystallized in monoclinic system
with P2;/c space group, the unit cell parameters are
as follows: a 1047, b = 4.95 A, ¢ = 19.21 A and
B8 102.14°. The carboxylate group of the 2APF-F
interacts with the aminopyridinium cation through the
pair of N—H...O hydrogen bonds and form an eight-
membered R3 (8) ring motif. This motif is one of the 24
most frequently observed bimolecular cyclic hydrogen-
bonded motifs in organic crystal structures. In 2013
Dong et al. [3] found the new polymorph of 2APF-F,
which crystallized in triclinic system in centrosymmetric
space group. In both polymorphs asymmetric units con-
sist of one 2-aminopirydinium cation, half a fumaric acid
molecule and half a fumarate dianion.

The fumaric acid is an organic dicarboxylic acid which
is widely found in nature and it is also a key intermedi-
ate in the biosynthesis of organic acids. The fumaric and
maleic acid are the simplest dicarboxylic acids exhibiting
a carbon—carbon double bond. Both acids have impor-
tant applications in polymer industry [4, 5] and also in
medicine [6-9] as anti-fungicides and antitumor agents.
Macoas et al. studied the spectroscopic and computa-
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tional studies of (E)- and (Z)-buthenedioic acids [10].
The heteroaromatic pharmaceuticals containing nitrogen
(like pyridine) are very popular in the resent days. The
aminopyridine molecules are mainly used as the start-
ing materials in the production of various drugs. The
aminopyridine and derivatives are used in the synthe-
sis of pharmaceuticals especially for antihistamines, anti-
inflammatories drugs. The Fourier transform infrared
(FT-IR) and the Raman spectra of pure 2-aminopyridine
were studied by Mohan and Ilangovan [11]. The fumaric
acid and 2-aminopyridine could be proton donor and/or
acceptor and are widely used in crystal engineering to
obtain the structures with rich hydrogen bonds network.
The excellent hydrogen bond network in this combination
makes it suitable for NLO applications [12]. The weak in-
termolecular interactions, like hydrogen bonds cause sig-
nificant changes in the vibrational spectra [13]|. In addi-
tion in the crystals are symmetrically spread molecules
which can cause some kinds of splitting [14]. These ef-
fects make the spectra of the solids differ from spectra of
liquids or gases. It is known that vibrational (IR and Ra-
man) spectroscopy would be a suitable method to study
hydrogen-bonded complexes in crystalline form.

In this communication, the detailed assignment of vi-
brational studies of 2APF-F is discussed by both theoret-
ical and experimental results. Density functional theory
(DFT) calculations are used in order to perform struc-
tural analysis of the title molecule. Additionally, the
non-linear optical properties, frontier orbitals, molecular
electrostatic potential, interaction energies (NBO) and
statistical thermodynamic properties have been investi-
gated using B3LYP method.

2. Experimental

The starting compounds, 2-aminopyridine (Merck,
>98%) and fumaric acid (Merck, >99%), were used with-
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out any further purification. Compounds were dissolved
in doubly distilled water in equimolar amounts. Then
the solution was purified with the aid of charcoal and
allowed to evaporate at room temperature. Crystals of
bis(2-aminopyridine) fumarate — fumaric acid (1:1) ap-
peared after a month.

3. Characterization

The X-ray diffraction data were collected on a four
circle KUMA KM-4 diffractometer equipped with a two-
dimensional area CCD detector. The graphite monochro-
matized Mo K, (A = 0.71073 A) and w-scan tech-
nique with Aw = 0.75° for one image were used for
data collection. Integration of the intensities, correction
for Lorentz and polarization effects was performed using
KUMA KM-4 CCD software [15]. The crystal structure
was solved by a direct method and subsequent differ-
ence Fourier syntheses of SHELXL-PLUS program sys-
tem [16] and the structure was refine by use of SHELXL
97 [17]. Anisotropic displacement parameters were in-
cluded for all non-hydrogen atoms. The spectroscopic
measurements were carried out at room temperature, in
the region 4000-80 cm™!. The powder infrared spectra
were measured using Bruker IFS-88 spectrometer with
resolution 2 cm ™!, signal /noise ratio were established by
32 scans. The samples in Nujol and Fluorolube suspen-
sions were used to eliminate the bands originating from
the oils. Powder Fourier transform Raman spectra were
taken with an FRA-106 attachment to the Bruker IFS-
88 spectrometer equipped with Ge detector cooled to lig-
uid nitrogen temperature. Nd*3:YAG air-cooled diode
pumped laser of power ca. 500 mW was used as an exci-
tation source. The incident laser excitation was 1064 nm.
The scattered light was collected at the angle 180° in the
region 3600-80 cm ™!, resolution 2 cm™!, 32 scans.

4. Computation details

The DFT has long been recognized as a better alter-
native tool in the study of organic, inorganic chemical
system. In the present study, DFT calculations were
performed by DFT-B3LYP method with 6-3114++G(d,p)
basis set using Gaussian 09 program [18], under the cal-
culation grant at WCSS (WCSS#106602). The single
crystal X-ray diffraction experimental results are given
as input to the Gaussian program to obtain the molec-
ular geometry. Vibrational frequencies were scaled by
0.9613 [19]. The assignment of the calculated normal
modes has been made on the basis of the correspond-
ing PEDs. The PEDs are computed with quantum me-
chanically calculated vibrational frequencies using VEDA
program [20]. The energy gap value between the high-
est occupied molecular orbital (HOMO) and lowest un-
occupied molecular orbital (LUMO) energies was also
calculated. The chemical reactivity was also calculated
by IEF-PCM method in one solvent-water (¢ = 78.39).
Electrostatic potential energy surface map is employed to

convey the varying intensities of the electrostatic poten-
tial energy values. The polarizability a, dipole moment
w and first order hyperpolarizability g are calculated us-
ing B3LYP/6-311++G (d,p) basis set on the basis of
the finite-field approach. The NBO analysis was per-
formed at the B3LYP/6-311++G(d,p) level of theory by
means of the NBO 3.1 [21] program within the Gaussian
09 package.

5. Results and discussion

5.1. Structural analysis

The obtained crystal crystallizes in the monoclinic sys-
tem with P2, /c space group. The lattice constants are:
a = 10.387(18) A, b = 4.926(10), ¢ = 19.148(19), o =
v =90° 5 =101.61(10)°. Other crystallographic param-
eters are collected in Table I. Atoms numbering scheme is

Crystallographic data of 2APF-F crystal TABLE 1
[10] [11] Exp.
Formula CoH1oN204 | C18H20N4Os | CoH19N204
M 210.19 420.38 210.19
crystal system | monoclinic triclinic monoclinic
space group P2, /c P-1 P2, /c
a [A] 10.467(3) 3.816(7) 10.387(18)
b [A] 4.947(2) 9.606(3) 4.926(10)
c |A] 19.211(3) 13.360(4) 19.148(19)
a [°] 90 94.287(15) 90
B 1°] 102.14 91.743(14) | 101.61(10)
¥ [°] 90 91.716(14) 90
vV A% 972.5(5) 488.02(3) 957.5(2)
Z 4 1 4
T [K] 293 298 210(2)

Fig. 1.

Molecular structure of 2APF-F: (a) experimen-
tal (b) theoretical.
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Selected molecular structure parameters. TABLE II

| Exp. [1] | B3LYP/6-311++G(d.p)

Bond length [A]
03-C8 1.271(2) 1.272
C8-04 1.249(2) 1.250
C8-C9 1.497(2) 1.506
C9-H10 | 0.94(2) 1.085
C9-C9B | 1.315(2) 1.335
H2-02 1.04(3) 1.083
02-C1 1.314(2) 1.342
C1-01 1.210(2) 1.210
C1-C2 1.492(2) 1.483
C2-H1 0.95(2) 0.969
C2-C2B | 1.303(2) 1.333
HO-N2 0.92(2) 1.005
H6-N2 0.89(2) 1.044
N2-C3 1.328(2) 1.338
N1-H5 0.93(2) 1.114
C7-N1 1.361(2) 1.352
N1-C3 1.353(2) 1.357
C7-C6 1.354(3) 1.370
C6-C5 1.399(3) 1.409
C5-C4 1.358(3) 1.374
C3-C4 1.415(2) 1.419
C7-H4 1.02(2) 1.082
C6-H7 0.94(2) 1.080
C5-H3 0.95(2) 1.083
C4-H8 0.98(2) 1.082

Max. difference® [A] 0.184 N1-H5

Bond angles [°C]
03 C8 04 | 1235(1) 126.35
04-C8-C9 | 118.9(1) 118.76
C8-C9-C9B | 123.6(1) 122.29
H10-C9-C8 | 115(1) 116.40
H2-02-C1 | 114(2) 107.90
02-C1-01 | 124.7(1) 123.04
C1-C2-C2A | 123(2) 120.94
H1-C2-C1 | 115(1) 118.00
H6-N2-H9 | 123(2) 119.66
H9-N2-C3 | 118(1) 119.08
N2-C3-C4 | 123.4(1) 123.90
N1-C3-C4 117.4(1) 118.01
H8 C4-C5 | 125(1) 121.39
C5-C4-C3 | 120.1(2) 119.75

Max. difference® [°] 6.1 H2-02-C1

¢ Maximum differences between the bond lengths and an-

gles computed using theoretical methods and those ob-

tained from X-ray diffraction.
presented in Fig. la. The asymmetric unit cell of [2APF-
F] contains one 2-aminopyridine cation, half of the fu-
marate dianion and half acid molecule — both are located
in the centers of symmetry. The structure is stabilized
by hydrogen bonding. Hydrogen bond in 2APF-F crystal
structure is shown in Fig. 2. Crystal structure revealed
that the dianion is involved in complementary dimeric hy-
drogen bonding interactions with two 2-aminopyridinium

Fig. 2.

Hydrogen bonds in 2APF-F crystal structure.

cations and such assemblies are held together by N—
H...O hydrogen bonding in a staircase fashion. Dianions
and the acid molecules form hydrogen bonds O-H...O
thereby form chains extending along a (C3(6) consider-
ing the dianion or C9(8) considering the free acid, graph
set representation). The 2-aminopyridinium cations sit
in between the chains through N-H...O and C-H...O
hydrogen bonds (R3(8) and R%(8) graph set representa-
tion). In this way a 2D hydrogen bonded sheet along the
ac-plane is made.

TABLE III
Hydrogen bonds of 2APF-F. d [A], Z [°].

D-H---A d(H---A) | d(D---A) | Z(D-H---A)
02-H2---03° 1.58 2.61 175.0
N1-H5---03 1.84 2.77 174.8
N2-H9--- 04 1.99 2.86 164.6
N2-H6- - - 02° 2.03 2.94 166.0
C7-H4.--01° 2.18 3.18 167.8

“—r+1,y—0.5—2+0.5; ":—z,y — 0.5, —2 + 0.5;
¢—zx+1,y+05,—2+0.5

The optimized geometrical parameters of bis(2-
aminopyridine) fumarate — fumaric acid (1:1) are ob-
tained using B3LYP /6-311++G(d,p) method and the re-
sults are listed in Table II. The atomic numbering scheme
of the theoretical molecular structure of the studied com-
pound is shown in Fig. 1b. As seen from Table II, most
of the bond lengths are insignificantly longer than the ex-
perimental values and the bond angles are slightly smaller
from experimental ones. It should be noted that ex-
perimental results belong to solid phase and theoretical
computations belong to the gas phase. The comparison
reveals that there are no big differences between these
two structures. Table III lists the hydrogen bonds of
2APF-F. The N-H...O, O-H...O and C-H... O hydro-
gen bonds are formed between cations and dianions, di-
anions and fumaric acid molecules. In the optimized ge-
ometry only intramolecular hydrogen bonds are created
between 2-aminopyridine cation and fumarate dianion.
The biggest difference in bond lengths ~ 0.184 A is found
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in H5—N1 bond between the experimental and the pre-
dicted value. The biggest difference for the bond angles
is found as 6.1°at H2-O2-C1. The biggest differences of
bond lengths and bond angles mainly occur in the groups
involved in the hydrogen bonds, which can be also eas-
ily understood by taking into account the intermolecular
interactions present in the crystal.

5.2. Vibrational analysis

The optimized structural parameters were used to
compute the vibrational frequencies of 2APF-F by us-
ing B3LYP/6-311++G(d,p) method. The experimental
vibrational spectra for normal and deuterated crystals
are shown in Figs. 3 and 4, respectively. The total num-
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Fig. 4. Experimental (a) and deuterated analogue (b)
FT-Raman spectrum of 2APF-F.

ber of vibrations of 2APF-F consists of 96 external vi-
bration (vibration of crystal lattice) and 504 internal
vibrations. Table IV summarizes the internal and ex-
ternal vibrations. According to the selection rules, 252

TABLE IV

Fundamental external and internal vibrational analysis
of 2APF-F.

Con Ext. Int. Select. rules
T.,| T|R|D|C]|]A]|IR Raman

Ay 12 (1224|7230 TT.YY.22.TY

By 12 112 | 24| 72 | 30 T2.Yz

Ay 1 11 |12 |24 | 72 | 30 z

B, 2 1101224 |72 |30 | x.y

T, — acoustic; T — translational; R — librations; D —
fumarate dianion C;; C — 2-aminopyridine cation Cy;
A — fumaric acid C;.
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Fig. 5. Theoretical FT-IR and FT-Raman spectrum of

2APF-F.

internal vibrations should be observed in the IR spec-
trum and 252 on the Raman spectra. As shown on
the IR and Raman spectra the number of vibration it
is much smaller. This may be the result of applying vi-
brations of similar energies. The bands observed in the
region 4000-200 cm~! arise from the vibrations of pro-
tons in the hydrogen bonds, the internal vibrations of 2-
aminopyridine cations, fumarate anions and fumaric acid.
The bands below 200 cm ™! arise from the lattice vibra-
tions of the crystal. Theoretical FT-IR and FT Raman
spectra (Fig. 5) are interpreted by means of PEDs using
VEDA program [20]. The observed FTIR, FT-Raman
and calculated frequencies determined by BSLYP method
with 6-3114++G(d.p) basis set along with relative intensi-
ties, probable assignments and potential energy distribu-
tion (PED) are listed in Table V. The Raman intensities
derived from the computed Raman activities using the
equation

IR = C(’Uo — Ui)4’l)i_13i_15i,

where v = 9398.5 ecm™! (1064 nm), B; = 1 —
exp(—hv;c/kT), v; is the frequency of normal mode
[em™1], S; is the Raman activity of the normal mode, h
— the Planck constant [eV/s|, & — the Boltzmann con-
stant [eV /K], ¢ — speed of light [em/s|, T — temperature
in K — 298.15 K [22].
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TABLE V

The observed FTIR, FT-R(aman) [cm ™| and calculated frequencies determined by B3LYP method with 6-311++G(d.p)
basis set along with relative intensities. probable assignments and potential energy distribution (PED). A — bis(2-
aminopyridine) fumarate — fumaric acid (1:1), B — deutered bis(2-aminopyridine) fumarate — fumaric acid (1:1),
C — scaled calculated wavenumbers [cm], D — IR intensity, E — Raman activity.

A B .
FTIR FTR FTIR FTR C D E PED [%] Assignment
3609 | 41.36 |192.56 | O2-H2(91) OH stretch
3608 | 169.51 | 63.32 | O2A-H2A(91) OH stretch
3532| 169.51 | 63.32 | N2-H6(59), N2-H9(41) NH; asym.
stretch
3121 m | 3127 w 3102 | 79.63 | 97.26 | C4-H8, C6-H7, C5-H3, C7-H4(93) |CH (arom.)
stretch
3100 m | 3103s [3077| 0.55 |245.51|C4-H8, C6-H7, C5-H3, C7-H4(91) |CH (arom.)
stretch
3093 m 3087 w | 3089 s [3075| 2.65 | 66.73 | C4-H8, C6-H7, C5-H3, C7-H4(99) |CH (arom.)
stretch
3070 w 3073| 1.31 |[159.39|C2-H1, C2A-H1A(99) CH stretch
3069 | 1.19 0.28 |C2-H1, C2A-H1A(99) CH stretch
3060 | 0.04 |133.37|C4-H8, C6-H7, C5-H3, C7-H4(92) |CH (arom.)
stretch
3058 | 1.62 | 67.39 | C9-H10, C9A-H10A(99) CH stretch
3055 m | 3056 s 3056 s [3054| 1.22 15.59 | C9-H10, C9A-H10A(99) CH stretch
3036 m 3035 s CH stretch
2860 | 2862.33 | 174.99 | N2-H9, N2-H6(97) NH; sym stretch
2600 b m 2636 vw OH- - - O stretch
1950 b m OD- - - O stretch
1900 b m 1919 | 3786.38 | 67.86 | N1-H5(65), O3-H5(10) NH- - - O stretch
1728 | 128.82 | 76.74 | 01-C1, O1A-C1A(84) C=0 stretch
1700vw | 1706 m 1702 m [1708| 740.06 | 35.07 | O1-C1, O1A-C1A(83) C=0 stretch
1698 s 1695 | 268.83 | 5.11 | 03-H5(33), O1-H3(20), N1-C3, N2- | NH. - - O stretch
C3, N1-C7(12)
1675 vs | 1660 vs | 1669 s | 1659 vs C-N stretch
1649 vs 1645 1.09 | 227.7 |H1-C2-C1, HIA-C2A-C4(15), C7-|C=C (arom.)
C4(67), C1-C2, C1A-C2A(11) stretch
1643 | 170.83 | 6.24 | H9-N2-H6(53), H6-N2-C3(23) NH; bending in
plane
1638 vs | 1636 s 1635 m [1629| 5.26 |155.17|H10-C9-C9A, HI10A-C9A-CI9(15), | C=C stretch
C9-C9A(67), C8-C9, C8A-CIA(10)
1593 vs | 1595 m |1605 | 100.52 | 8.43 |C4-C5, C5-C6, C7-C6(45) C=C (arom.)
stretch
1553 m | 1557 m | 1552 vs C=C stretch
1538 s 1535 vs | 1633 w NH; bending in
plane
1531 w [ 1523 | 1.79 19.51 | C4-C5, C5-C6, C7-C6(28), C4-C5-| C=C (arom.)
C6, C7-C6-C5(13), N1-C7-C6, N2-|stretch + NC
C3-C8, C3-N1-C7(14) bend
1492 s 1492 m 1496 vw | 1502 | 729.4 30.7 | C3-C8, O3A-C8A, 04-C8, 0O4A-|COO~ asym
C8A(21), C7-N1, C3-N1(10) stretch
1382 s 1383 s 1384 m | 1487| 371.42 | 27.16 | 03-C8, 04-C8, 03A-C8A, 04A-|COO~ sym
C8A(36), C9-C8, C8A-CIA(11) stretch
1459 m | 1460 w | 1454 | 3.53 8.1 |H3-C5-C6, H4-CC7-C6, H7-C6-C7, | HC (arom.) bend
H8-C4-C5(19)
1436 m | 1433 vw 1400 m | 1411| 20.16 7.15 | H3-C5-C6, H4-CCT7-C6, H7-C6-C7, | HC bending
H8-C4-C5(28), N1-C3, N1-C7, N2-
C3(22)
1368 vs 1376 s C-0 stretch
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TABLE V (cont.)

FTIR

FT-R

FTIR

FT-R

PED [%]

Assignment

1340 m

1282 s

1261 s

1192 m

1172 s

1075 vw

1030 w

987 m

963 m

1337 m

1264 s

1237 m

1162 m
1140 m

1080 w

1031 m

989 w

976 w

1340 vs

1194 s

1178 s

1068s

995 w

976 s

967 s

1319 s

1269 m

1248 m

1162 w
1149 w

1108 vw

1055 w

996 w

975 w

946 vw

1342

1337

1323

1311

1300

1247

1241

1237

1202

1199

1186
1135

1120

1106

1091

1071

1045

1010

983

981

980

939

933

44.38

1010.66

327.02

6.12

61.18

18.38

142.6

0.12

153.48

50.15

44.71
24.5

17.12

1.02

587.14

44.38

10.38

3.47

25.24

16.87

40.96

286.68

2.18

26.5

13.86

0.07

3.3

15.8

1.55

43.63

15.85

0.06

0.33

8.23
20.41

13.73

8.71

0.2

42.66

9.33

14.01

0.03

0.09

0.64

15.17

1.33

C4-C5, C6-C5, C7-C6(19), H3-C5-
C6, HA-CC7-C6, H7-C6-C7, HB8-C4-
C53(18), N1-C3, N1-C7, N2-C3(16)
03-C8, 04-C8, O03A-C8A, O4A-
C8A(27)

C1-02, 02A-C1A(20), C1-C2, ClA-
C2A(18), H1-C2-C1, H1A-C2A-C2(16),
H2-02-C1(16), H2A-O2A-C1A(10)
H1-C2-C1, HIA-C2A-C2(19), H2A-
02A-C1A(17), C2A-C2(12), 02-Cl,
O2A-C1A(17)

H3-C5-C6, H4-C7-C6, H7-C6-C7, Hs-
C4-C5(22), C4-C5, C6-C5, CT-C6(14),
H6-N2-C3(14), N1-C3, N1-C7, N2-
C3(10)

N1-C3, N1-C7, N2-C3(29), H10-C9-
C9A, HI0A-CIA-C8A(21), H3-C5-C6,
H4-C7-C6, H7-C6-C7, H8-C4-C5(15)
H10-C9-C9A, H10A-C9A-C8A(48), N1-
€3, N1-C7, N2-C3(13)
H2-C2-C1, HIA-C2A-C2(50),
02A-C1A(13), H2-02-C1(12)
H2-C2-C1, HIA-C2A-C2(51), H2-02-
C1(19), H2A-O2A-C1A(19)
04-C8-O7-H5(42), 03-H5-N1-C3(29),
H5-N1-C7-C6(22), C8-03-H5-N1(18)
H10-C9-C9A, H10A-C9A-C8A(79)
H3-C5-C6, H4-C7-C6, H7-C6-C7, Hs-
C4-C5(73), C4-C5, C6-C5, C7-C6(14)
02-C1, O2A-C1A(49), H2-02-C1(18),
H2A-02A-C1A(12)

H3-C5-C6, H4-C7-C6, H7-C6-C7, Hs-
C4-C5(28), C4-C5, C6-C5, C7-C6(17),
H6-N2-C3(14)

02-C1, 02A-C1A(41), H1-C2-C1, H1A-
C2A-C2(27), H2A-02A-C1A(13)
03-C8, 04-C8, O4A-C8A, O3A-
C8A(49), 03-C8, 04-C8, O4A-C8A,
O3A-C8A(34)

H6-N2-C3(33), H3-C5-C6, H4-CT-
C6, H7C6-C7, H8-C4-C5(13), HO-
N2-H6(13), NI1-C7-C6, N2-C3-C4,
C3-N1-C7(10)

C4-C5, C6-C5, CT-C6(57)

H2A-

H1-C2-C1-01, HIA-C2A-C2-C1(61),
H3-C5-C6-C7, H4-C7-C6-C5, H7-C6-
C7-N1, H8-C4-C5-C6(20)
H3-C5-C6-C7, H4-C7-C6-C5, H7-C6-
C7-N1, H8-C4-C5-C6(59), H1-C2-Cl-
01, H1IA-C2A-C2-C1(33)
H10-C9-C9A-C8A,  HI10A-CYA-C8A-
O3A(95)

N1-C7-C6, N2-C3-C4, C3-N1-C7(27),
C4-C5-C6, C7-C6-C5(20)
H3-C5-C6-C7, H4-C7-C6-C5,
C7-N1, H8-C4-C5-C6(77)

H7C6-

CC bending

C-O stretch

C-C in
bending

plane

C-H in plane
bending (sciss.)

CH bending

C-H in plane
bending (sciss.)
C-H in plane
bending (rocking)
NH- - - O bend

CH bend in plane

CH (arom.)
plane bending
OH in
bending

CH (arom.)
plane bending

in
plane
in
O-H in

bending

COO~
bending

plane

in plane

NH in
bending

plane

CC (arom.)
stretch

CH out of plane
bending

CH out of plane
bending

CH bending
plane

C-N in
bending

in

plane
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TABLE V (cont.)

A .
FTIR | 7T | FTIR | FTR C D E PED [%] Assignment
924 m 929 | 0.12 7.04 | C1-C2, C1A-C2A(41), H1-C2-C1, C1A- | CC bending
C2A-C2(17), HIA-C2A-C2(10)
927/ 33.95 | 32.21 | CO-C8, C9A-C8A(36), 03-C8, O4-|CC bending
C8, O3A-C8A, O4A-C8A(16), CIA-CO-
C8(12)
920 | 72.37 | 49.65 | C9-C8, CI9A-C8A(59), 03-C8, 04-C8, | CC stretch
0O3A-C8A, O4A-C8A(23)
908 w 908 w [896| 0.1 7.32 |H1-C2-C1-02, HI1A-C2A-C2-C1(72),|HC=CH out of
C2A-C2-C1-01(13), O1A-C2A-O2A- | plane bending
C1A(10)
891 w 888| 0.34 | 6.91 |H10-C9-C9A-C8A,  H10A-C9A-C9- | HC=CH out of
C8(63), C9-04-03-C8(19) plane bending
886 m | 891 w |882| 6.18 | 0.19 |C1-C2, C1A-C2A(61), 02-Cl, O2A-|C-O bending
C1A(28)
874 w 868 w | 867| 34.63 | 0.54 | HO-N2-H6-04(64), H6-N2-C3-N1(14) |NH bending out
of plane
853 vw | 855 vs C-0 bending
834 vw | 835 vs |831| 8.1 35.74 | C4-C5-C6, CT7-C6-C5(21), N1-C7, N1- | CN bending
€3, N2-C3(20), N1-C7-C6, N2-C3-C4,
C3-N1-C7(11)
805 m | 805 vw | 806 w 821 13.12 | 0.36 |H3-C5-C6-C7, H4-C7-C6-C5, H7C6-| C=C (arom.)
C7-N1, H8-C4-C5-C6(82) bending
779's | 780 vw | 785 m | 783 vw | 761 | 63.79 | 0.04 | O1A-C2A-02A-C1A(43), 02-C2-O1-|COOH out of
C1(44), C1A-C2A-C2-C1(10) plane bending
733 m 759 m 752 95.85 | 0.12 |H3-C5-C6-C7, H4-C7-C6-C5, HT7C6-|C=C (arom.)
C7-N1, H8-C4-C5-C6(67), N2-N1-C4- | bending
C3(15)
723 w 746 | 4.48 | 0.01 | O4A-COA-O3A-C8A(32), (9-04-03-|COO~ out of
C8(37) plane bending
710 vw 700| 4.3 | 0.18 |N2-N1-C4-C3(25), N1-C7-C6-C5, C3-|NC bending
N1-C7-C6(23), H3-C5-C6-C7, HA-CT-
C6-C5, H7C6-CT7-N1, H8-C4-C5-C6(13)
703 m 708 | 44.05 | 40.04 | 04-B8-03, O4A-C8A-O3A(55), 04-BS- | COO~ in plane
03, 04A-C8A-O3A(11) bending
691 m 685 s O-H...O out of
plane bending
667 | 0.7 2.6 |02-C2-01-C1(30), O1A-C2A-0O2A-|COOH out of
C1A(29), H2A-O2A-C1A-C2A(18), | plane bending
H2-02-C1-C2(14)
639 m 649| 0.14 | 12.74 | O1A-C1A-02A(30), 02-C1, O2A-|COOH in plane
C1A(22), 02-C1-01(19) bend
627 m | 625 m | 613 s | 618 m | 608 |159.34| 17.18 | C4-C5-C6, C7-C6-C5(24), N1-C7-C6, | C=C (arom.)
N2-C3-C4, C3-N1-C7(31) bend
597| 2.24 | 1.16 | O4A-C9A-O3A-C8A(47), (C9-04-03-|C-O out-of plane
C8(25), H10-C9-CIA-CSA, H10A-C9A- | bending
C9-C8(11)
591 | 70.74 | 130.07 | O4-C8-03, O4A-C8A-O3A(64), O4-C8- | COO™ wagging
03, O4A-C8A-0O3A(13)
582(196.79| 0.03 | H2A-02A-C1A-C2A(51), H2-02-Cl-| C-O bending
C2(45)
5585 | 559 m 581| 90.03 | 0.23 |O1A-C1A-02A(40),  02-C1-O1(23),| OH out of plane
C2-C1-01(16) bending
550 m 543 | 79.38 | 9.16 | C9-C8-03(29), 03A-C8A-CIA(16), N1-| C-C  in  plane
C7-C6, N2-C3-C4, C3-N1-C7(11) bending
543 w | 545 m | 539 | 24.23 | 2.26 |N1-C7, N1-C3, C3-N2(19), NI1-C7-|ring bending in
C6, N2-C3-C4, C3-N1-C7(17), C9-C8- | plane
03(12)
532| 0.79 | 1.76 |H2-02-C1-C2(39), H2A-02A-C1A-| O-H out-of-plane

C2A(29), 02-C2-02-C1(12), OIA-
C2A-02A-C1A(10)

bending
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TABLE V (cont.)

A B .
FTIR | FTR [FOIR | FIR cC| D E PED [%] Assignment
525 m 523|48.55|0.12 | O2A-C1A-C2A(34),  C2-C1-01(21),|C-C in plane

02-C1-01(18), C2A-C2-C1(10) bending
510 w 511 [28.51]0.03 | N1-C7-C6-C5(27), C4-C5-C6-C7(22), | ring out-of-plane
N2-N1-C4-C3(16) bending
433 m | 434 m |434 w 41929.37 | 3.61 | N1-C7-C6(24), O3A-C8A-CIA(16) NH, in plane
bending
407 | 36.97 | 6.31 | O3A-C8A-CIA(20), C8-C9(13), N1-C7- | COO™ bending
C6(11), C9-C8-03(10)
392 vw | 396 vw 391 w | 393 | 1.04 |0.64 | C4-C5-C6-C7(53), N1-C7-C6-C5(38)
374(98.69 | 0.49 | H6-N2-C3-N1(30), C4-C5-C6-C7(18) | C-N out-of-plane
bending
355 0.33 | 1.2 | 02A-C1A-01A(33),  02-C1-01(19),
(C2-C1-01(18), C1-C2(16)
200 vw 280 w | 289 | 45 |8.58 | C9A-C9-C8(24), C8-03-H5(14), O3A-
C8A-CI9A(11)
241 m 261| 0.12 |3.26 | C1-C2(18), C2A-C2-C1(23), C2-Cl-
01(17), C1A-C2A-C2(22)
195 m 198 | 0.67 | 0.37 | N1-C7-C6-C5(38), (C4-C5-C6-C7(17), | lattice vibrations
N2-N1-C4-C3(10)
182 m 191|64.29 | 1.3 | O3-H5(38), CIA-C9-C8(14) lattice vibrations
153 | 5.75 | 0.22 | C8A-CIA-C9-C8(66), O4A-CIA-O3A- |lattice vibrations
C8A(10)
147110.82 | 1.88 | C8-03-H5(24), C8A-CIA-CI(33), O3A- | lattice vibrations
C8A-CI9A(12)
139 0.04 | 0.06 | CIA-C2A-C2-C1(74) lattice vibrations
137 w | 132 vs 131 vs| 135 | 0.02 | 1.06 | 02A-C1A-C2A-C2(44), C2A-C2-Cl-
01(27), C1A-C2A-C2-C1(12)
122 w 123 | 2.8 ]0.03|C2A-C2-C1(38), C2-C1-01(10) lattice vibrations
115 1.15 | 0.52 | COA-C9-C8-04(54), C4-C5-C6-C7(13) | lattice vibrations
107 vs 104 vs | 102 | 13.64 | 3.01 | H5-N1-C7(34), O3-H5-N1(27), H5- | lattice vibrations
03(12), C8-03-H5(11)
99 w 87 s 85s | 83 | 0.85 |5.22 | H5-N1-C7-C6(32), 03A-C8A-C9A- | lattice vibrations
C9(12)

b — broad, vs — very strong, s — strong, m — medium, w — weak, vw — very weak

5.3. Fumarate dianion and fumaric acid vibrations

The 2APF-F crystal consists of both dianionic and
neutral molecule of fumaric acid. C—H stretching vibra-
tions are observed in the region 3102-3060 cm~!. The
CH stretching vibrations in the calculated spectrum are
observed at 3073, 3069, 3058 and 3054 cm~!. In the ex-
perimental IR and Raman spectra this band occurs at
3055 and 3056 cm ™! with medium and strong intensity
respectively. The C=C stretching vibrations are observed
in the region 1645-1530 cm~!. The stretching C=C vi-
brations are seen at 1638 cm~! for IR and 1636 cm™!
for the Raman spectrum. Theoretically this vibration
is calculated at 1629 cm~! with strong intensity. The
band at 1162 cm~! with medium intensity in the Ra-
man is assigned to CH in plane bending vibrations. The
corresponding IR counterpart lies at 1172 cm~! with
strong intensity. Theoretically this peak is calculated
at 1186 cm~!. The band at 1411 cm~! in the theoret-
ical spectrum can be assign to H-C bending vibration.
The theoretically calculated OH stretching mode for free

(not bonding) carboxylic group is at 3609 cm~t. The
experimental value for this mode is at 2600 cm ™! in IR
spectrum and not observed in the Raman spectrum. The
stretching C=0 band is observed in IR and the Raman
spectra at 1700 cm ™! with their calculated values at 1728
and 1708 cm™!, respectively. The bands corresponding
to C-O stretching mode appear at 1368 cm ™! in IR spec-
trum and 1337 ecm ™~ (very strong) for theoretical Raman
spectra. The C-O bending bands are observed at IR and
Raman spectra at 853 cm~!. Calculated wavenumber
of this vibration is at 882 cm~!. The Raman band at
558 cm~!with the calculated value at 581 cm~! comes
from out of plane bending vibration of OH group. The
asymmetric and symmetric stretching modes of COO~™
group are respectively observed at 1492 and 1382 cm™!.
Their calculated counterparts are at 1502 (asymmetric)
and 1487 cm™! (symmetric). The bending modes of
COO™ group are not observed in experimental spectra,
but are visible on calculated spectrum at 708, 591, and
407 cm— .
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5.4. 2-aminopyridine vibrations

Vibrations of 2-aminopyridine cation can be divided
into vibrations of NHs group, NH stretching and bend-
ing vibrations and vibrations of the aromatic ring. Both
amino groups are involved in creation of hydrogen bonds
with fumarate dianion. The NHs groups in the aminopy-
ridine are classified to asymmetric stretching, symmetric
stretching, in-plane and out-of plane bending mode of
vibrations. The calculated frequencies of NHy stretching
(respectively asymmetrical and symmetrical) vibrations
are lying at 3532 and 2860 cm~!. The band observed at
1643 cm™! in theoretical IR spectra is assigned to NHa
in-plane bending vibration and in the experimental spec-
trum this peak is observed at 1550 cm™! with strong
intensity. The NHs in plane rocking modes are observed
at 430 cm~! in IR and Raman spectra, and calculated
at 419 ecm~!. The wagging NH; bands are observed at
733 cm ! in IR spectra, at 752 cm ™! in calculated spectra
and in the Raman spectra are not observed. Stretching
vibration of NH group is observed at 1900 cm~! and be-
cause of N1-H5. .. O3 hydrogen bond the band is broad.
The band corresponding to C-N stretching vibrations is
calculated at 1695 cm~!. Experimentally this peak oc-
curs at 1675 cm ™! in the IR spectra and at 1660 cm ™! in
the Raman spectra. The bands from C-N bending vibra-
tions are observed at 550 cm ™! (in plane bending) and at
374 cm~! (out of plane). The ring out of plane C-N vi-
brations can be seen at 392 cm ™! in IR spectrum and at
396 cm~! in Raman spectrum. Calculated counterparts
are at 511 and 393 cm™!.

5.5. H-bonds vibrations

In the title crystal are five hydrogen bonds of N-—
H...O, O-H...O and C-H...O type. The N-H...O
types cover the range 2.77-2.94 A, the O-H...O hydro-
gen bond is the strongest one in the crystal and the dis-
tance between donor and acceptor is equal to 2.61 A.
The weakest hydrogen bond in the crystal is C-H...O
type (3.18 A). The two broad bands from O-H and N-H
stretching vibrations are observed in IR spectra in the
range 35002000 cm~'. In the optimized geometry are
only two hydrogen bonds of N-H. .. O type. The band de-
rived from O—H. .. O stretching vibration in the IR spec-
trum is at 2600 cm~! and is not observed in the theoret-
ical spectrum. The N-H. .. O stretching vibration occurs
at 1900 cm~! with strong intensity. Upon deuteration,
these bands are moved to 1950 and about 1600 cm™*,
respectively. The N-H...O out of plane bending vibra-
tion occurs at 1190 ecm~!. The IR band at 691 cm™!
is assigned to O—H. .. O out of plane bending vibrations,
and its counterpart at deuterated analogue spectrum is
at 685 cm 1.

5.6. Frontier molecular orbital analysis

Frontier molecular orbital (HOMO-LUMO) analysis
has been done to determine the molecular reactivity and
the ability of a molecule to absorb light. It also plays

an important role in electrical, optical properties, UV-
Vis spectra and chemical reactions [23-26]. Also, the
HOMO-LUMO energy gap is used to determine molec-
ular electrical transport properties [25]. The calculated
HOMO-LUMO for 2APF-F by B3LYP/6-311G(d,p) ba-
sis set is shown in Fig. 6. It is seen from Fig. 6 that
electrons for HOMO are delocalized mainly on the 2-
aminopyridinium ring and on the carboxylate group (this
group is hydrogen bonded with cation). However for
the LUMO electrons are delocalized on the whole fu-
maric acid molecule. For the LUMO+1 electrons are
delocalized practically on the whole molecule of bis(2-
aminopyridinium) fumarate fumaric acid 1:1 and for the
HOMO-1 electrons are delocalized on the anion and
partly on the nitrogen of 2-aminopyridinium cation. En-
ergy gap between HOMO and LUMO equals 3.53 eV
which show that the charge transfer occurs in 2APF-
F molecule [26]. The chemical reactivity descriptors of
molecules such as chemical potential 11, electronegativity
X, chemical hardness 1 and softness S are defined as fol-
lows:

-4 1
77_ 2 ) 5_27],

(I +4)  U+4
- 2 ’ n= 2 )

where I and A are the ionization potential and elec-
tron affinity of the molecules, respectively. The ion-
ization energy and electron affinity can be expressed
through HOMO and LUMO energies as I = —FEgoMmo
and A = —FEpymo- It is widely known that chemical
hardness and softness are useful properties to measure
the molecular stability and reactivity. A soft molecule
has a small HOMO-LUMO gap and is more reactive than
hard molecule which has a bigger energy gap.

Eunip-=-22388 ¢V
LUMO+H
SECOND EXCITED Y
STATE
Fuono=—3 4420V
LMo ° j "? ¢ —
N N ‘ ] LUMO
FIRST EXCITED STATE }’ N FIRST EXCITED STATE

LLLLLL Fyuo™ ~35298 ¢V |
Bt Euune= ~37896 ¢V

Biono-tiowon = ~+1530 ¥

3
]

L2
Exoyo=-6.9718 ¢V Jl” g‘f’. }
HOMO  GROUND STATE 99 ®
.‘ 'Y
+

3' Exop=-123166V
e “»I’j o HOMO-1
0 Loy
S J

Frontier orbital analysis of 2APF-F.

Fig. 6.

In order to study the chemical reactivity and stability
of 2APF-F, the chemical hardness, softness, electroneg-
ativity and chemical potential have been calculated and
the results are presented in Table VI. To investigate the
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TABLE VI

The calculated frontier orbital energies, ionization
potential, electron affinity, hardness, softness, elec-
tronegativity, chemical potential for 2APF-F.

Gas phase (¢ =1) | Water (e = 78.39)
a B a B
Fuaomo -6.97 -6.97 —6.77 —6.77
FErumo -3.44 -4.73 —2.95 —5.42
I 6.97 6.97 6.77 6.77
A 3.44 4.73 2.95 5.42
n 1.76 1.11 1.91 0.67
S 0.28 0.44 0.26 0.73
X 5.20 5.85 4.86 6.09
i 520 | 585 | 486 | 6.09

solvent effect for the chemical reactivity descriptors based
on B3LYP/6-311++G(d,p) model and PCM method, one
kind of solvent is used — water (¢ = 78.39).

According to Table VI, energy gap between HOMO
and LUMO orbitals for the dissolved particle is bigger
than in the gas phase and increases from 3.53 eV to
3.82 eV. The chemical hardness increase and the soft-
ness decrease in the solution phase. The molecule in the
gas phase is more reactive than in solution phase.

5.7. Determination of molecular electrostatic potential

The possible sites for electrophilic and nucleophilic re-
actions as well as hydrogen bonding interactions [27, 28]
are determined by the molecular electrostatic potential
(MEP). The MEP is a plot of electrostatic potential sur-
face, i.e. plot of electrostatic potential mapped on the
constant electron density surface. To predict reactive
sites for nucleophilic and electrophilic attack for 2APF-F
the MEP at the B3LYP/6-311++G(d,p) optimized ge-
ometry was calculated. Figure 7 shows the 3D plot of

|

potential  map

electrostatic

Fig. 7. Molecular
of 2APF-F.

2APF-F molecule with uniform total energy distribution.
The electrostatic potential of the molecule is in the range
—7.951 x 1072 (deep red) to +7.951 x 1072 (deep blue)
where blue color indicates the strongest attraction and
red indicates the strongest repulsion. The MEP map

shows that the negative potential sites are on the oxygen
atoms and positive potential sites are around hydrogen
atoms from carboxylic group. These sites give informa-
tion concerning the region from where the compound can
have the intermolecular interaction.

5.8. NBO analysis

To investigate intermolecular interactions, the NBO
analysis was carried out for the title compound. For each
donor NBO(4) and acceptor (j), the stabilization energy
E®) associated to electron delocalization between donor
and acceptor is estimated as

2
L
€ —€&j
where ¢; is the donor orbital occupancy, ¢;,¢; are diago-
nal elements (orbital energies) and Fj;; is the off-diagonal
NBO Fock matrix element. The results of second-order
perturbation theory analysis are collected in Table VII.

TABLE VII

Second-order perturbation theory analysis of the Fock
matrix in NBO, calculated at B3LYP/6-311++G(d,p).

Donor orb. ¢ | Acceptor orb. j E® € — & Fii
LP(1) O27 | BD*(1) O52-H56 | 5.51 1.02 0.09
LP(2) O27 | BD*(1) O52-H56 | 15.21 | 0.68 0.13
LP(3) 027 | BD*(1) O52-H56 | 1.06 0.63 0.03
LP(1) O27 | BD*(1) N13-H22 | 4.60 1.26 0.96
LP(2) O27 | BD*(1) N13-H22 | 1.84 0.91 0.05
LP(3) 027 | BD*(1) N13-H22 | 0.10 0.86 0.01
LP (1) O28 | BD*(1) N14-H23 | 1.02 1.36 0.04
LP (2) 028 | BD*(1) N14-H23 | 2.54 | 0.94 0.06
LP (3) O28 | BD*(1) N14-H23 | 0.43 0.93 0.02
LP (1) O28 | BD*(1) N38-H50 | 0.93 1.24 0.04
LP (2) 028 | BD*(1) N38-H50 | 1.09 0.82 0.03
LP (3) 028 | BD*(1) N38-H50 | 1.94 | 0.81 0.04
LP (1) O51 | BD*(1) C19-H21 | 1.20 1.23 0.04
LP (2) O51 | BD*(1) C19-H21 | 0.49 0.80 0.02
L — energy of hyper conjugative interac-
tions [kcal/mol]; &; — e; — energy difference [a.u.]

between donor and acceptor ¢ and j NBO orbitals; Fj;
— the Fock matrix element [a.u.] between ¢ and j NBO
orbitals.

It is seen that the biggest contribution to the stabi-
lization energy of the system is due to O2*—H2%...03
hydrogen bond. The stabilization energy between lone
electrons pair on the 027 oxygen atom of the car-
boxylate group and the antibonding orbital o(O52-H56)
equals 21.78 kcal/mol [29, 30]. The second accord-
ing to the bond strength is the N1-H5... O3 hydrogen
bond with the stabilization energy equals 6.54 kcal /mol.
The remaining two hydrogen bonds of N-H...O type
are weaker, the interaction energy between lone pairs
n(028) and antibonding orbital o(N14-H23) is equal to
3.99 kcal/mol, while the stabilization energy for N2-
H9...04" hydrogen bond equals 3.96 kcal/mol. As it
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could be expected, on the basis of crystallographic data,
the weakest bond in the studied system is unconventional
hydrogen bond of C-H...O type between m-electrons of
2-aminopyridinium ring and oxygen atom lone pair of
neutral molecule of fumaric acid. The stabilization en-
ergy of this bond equals 1.69 kcal/mol and corresponds
to weak hydrogen bond. Crystallographic data and the
results of NBO calculations are in good agreement. It
is worthwhile mentioned that the results of theoretical
calculations could not reflect the current situation in real
crystal as for simulations one can choose several neigh-
boring molecules only which are additionally located at
the vacuum. Therefore the effects originating from crys-
tal packing phenomena, i.e. intermolecular interactions,
are neglected.

5.9. NLO properties

It is well known that the importance of polarizability
and hyperpolarizability of a molecular system is depen-
dent on the electronic communication of two different
parts of a molecule. Nonlinear activity of any materi-
als provides the key functions from applications point
of views for frequency shifting, optical modulation, op-
tical switching etc. for developing technologies in the
area of communication, optical processing and intercon-
nection [31, 32]. The dipole moment pu, polarizability a
and the first hyperpolarizability 5 were calculated with
the level of BBLYP/6-311++G(d,p) basis set on the ba-
sis of the finite field approach. The complete equations
for calculating the magnitude of total static dipole mo-
ment i, the mean polarizability «g, the anisotropy of the
polarizability A« and mean first polarizability 5y, using
the z,y,z components are obtained from the Gaussian
output as follows:

Az X + gy + Q2
;  OQiot = 3

3
ﬂtot = ((/B’I"I't + 5ryy + ﬂzzz)2 + (5yyy + ﬂyzz + 63/7%)2

+(/Bzzz + ﬁzxw + ﬁzyy)2) Yz

)1/2

fisor = (12 + po + 112

TABLE VIII

Calculated dipole moments — u, polarizabil-
ity — « and the first hyperpolarizability — 3
components, all [a.u.], for the title compound.

o —4.84 Brze  1156.63

Ly -1.42 Baay 537.93

p.  0.70 Beyy 14433
ot 5.10 By 25.02
Oep 29444 Boe.  —348.14
gy 8.33 Bay= -86.43
ay, 18054 Byy= 3911
0ps  25.27 Buss 9.76
ay.  —13.59 Byas 6.28
a.. 17214 Be:  —26.96
ator 215.71 Brot 1470.65

The calculated dipole moment, the polarizability and
first hyperpolarizability are listed in Table VIII. Since
the values of the polarizability (ayot) and hyperpolar-
izability (Biot) of the Gaussian 03 output are reported
in atomic units (a.u.), the calculated values have been
converted into electrostatic units (esu) (o: 1 au. =
0.148x 10~ ?* esu and 3: 1 a.u. = 8.639x 10733 esu). The
calculated values of electric dipole moment, polarizability
and the first hyperpolarizability of 2APF-F are 5.1003 D,
31.9252 A3 and 1.27 x 10722 ¢cm® esu~!. The large value
of first hyperpolarizability, which is more than 16 times
greater than urea (0.78 x 1073 ¢cm® esu™!) may be asso-
ciated with the large number of 7w conjugated bonds and
intramolecular hydrogen bonds [33].

5.10. Thermodynamic properties

On the basis of vibrational analysis and statistical ther-
modynamics, the standard thermodynamic functions:
constant volume heat capacity C,, entropy S, and en-
thalpy H were obtained at BSLYP/6-311++G(d,p) level
and listed in Table IX. Table IX shows that the standard
heat capacities, entropies, and enthalpies increase at any
temperature from 200.00 to 500.00 K, because the inten-
sities of molecular vibration increase with the increasing
temperature.

TABLE IX

Thermodynamic properties at different temperatures at
B3LYP/6-311++G(d,p).

T [K] |Cy [cal/(mol K)]|S [cal/(mol K)|| H [kcal/mol]
200 63.04 167.61 169.88
250 73.44 183.21 173.40

298.15 83.50 197.38 177.27
300 83.88 197.91 177.43
350 93.94 211.91 181.98
400 103.33 225.34 187.01
450 111.91 238.25 192.49
500 119.66 250.66 198.39

The correlations between these thermodynamic prop-
erties and temperatures T are as follows:

CY . = 13.596 + 0.2687 — 10~*T? (R? = 0.9999),
Sp, =100.02 + 0.36367 — 10~ *T? (R* = 1),
HC =160.44 + 0.279T — 107472 (R? = 1).

6. Conclusion

Optimized geometry of bis(2-aminopyridinium) fu-
marate — fumaric acid (1:1) [2APF-F] has been ob-
tained. Comparison of the crystal structure and the the-
oretically calculated geometry show small differences in
bond lengths and atomic angles values. In spite of the dif-
ferences observed in the geometric parameters, the gen-
eral agreement is good and the calculated results sup-
port the solid-state structure. Several infrared and Ra-
man modes have been identified and assigned for the title
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crystal. The theoretical and observed frequencies have
been compared and several stretching and deformation
modes confirm the presence of intermolecular hydrogen
bonding in the title crystal. The present work is, there-
fore, an attempt to present a critical review of the data
on which infra-red spectral correlations are based indi-
cating the classes of compounds which have been stud-
ied in each case the factors which can influence the fre-
quencies or intensities of the characteristic bands. The
TD-DFT calculations on the molecule provided deep in-
sight into their electronic structure and properties. The
HOMO-LUMO energy gap supports the charge trans-
fer interaction within the molecule. NBO charges clearly
show that the hydrogen atoms which are involved in N—
H...O bonds have a positive charge compared with other
hydrogen atom in the molecule. The positive and nega-
tive potential sites in the molecular electrostatic potential
surface confirm the existence of N-H... O, O-H...O and
N-H...N intermolecular interactions in the solid state.
The large value of first hyperpolarizability suggests that
the studied molecule 2APF-F is a good candidate for
higher order nonlinear optical applications.
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