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Abstract. Organic single crystals of 2-picolinictrichloroacetate (PTCA) have been successfully grown by slow evaporation technique. The structural and optical characterization of the PTCA is analysed experimentally by Fourier
transform infrared and UV–visible spectroscopic technique and theoretical studies, by density functional theory method.
The charge transfer interactions leading to nonlinear properties taking place in the molecule have been studied by highest
energy occupied molecular orbital and lowest energy unoccupied molecular orbital analysis and natural bond orbital
analysis. Open-aperture Z-scan results on evaluating the nonlinear optical properties experimentally, confirm these
materials as good optical limiters. In addition, the PTCA exhibits a blue luminescence emission which shows that it is a
potential material for OLED device applications.
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Introduction

Demand for nonlinear optical (NLO) materials are skyscraping in the area of laser applications, which include
second-harmonic generation (SHG), mode-locking and
Q-switching [1]. Organic NLO crystals fulfill those needs
with their quick response, high NLO productivity and
high laser damage threshold compared to inorganic NLO
materials [2,3]. Consequently, organic single-crystal
compound, 2-picolinictrichloroacetate (PTCA), is chosen
for study. Titular compound is preferred as recent
researches on pyridine and pyridine derivatives exposed
their excellent optical, magnetic, medicinal and biological
properties [4].
The material synthesis, structural, spectral and thermal
properties of PTCA crystals have been reported earlier [5].
The present work focuses on experimental study and
quantum chemical calculations of PTCA crystal. The study
is bent upon to elucidating the correlation between the
molecular structure and the NLO property together with the
theoretical spectral simulations using the density functional
theoretical (DFT) computations. The natural bond orbital
(NBO) analysis explores the interaction between inter- and

intra-molecular charge transfers. The quantum chemical
molecular orbital parameters have been evaluated from
Frontier molecular orbitals analysis. Hirshfeld surface maps
and fingerprint graphs are plotted to understand the various
types of intermolecular interactions in the molecular crystal
package. The third-order non-linear absorption behaviour of
PTCA has been experimentally studied using open-aperture
Z-scan technique and theoretically by hyperpolarizabilities.

2.
2.1

Procedure
Preparation of the crystal

Commercially available 2-carboxypyridine and trichloroacetic acid are combined in equimolar ratio and dissolved in double distilled water. The solution is stirred well
using a temperature controlled magnetic stirrer to yield a
homogeneous mixture. Then as a result of evaporation of
the filtered solution at room temperature, transparent single
crystals have been harvested in 3 weeks time. Successive recrystallization and filtration account for the purity of the
crystal (figure 1).
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Figure 2.

Figure 1.

2.2

As-grown crystal of PTCA.

Computational details

All the theoretical calculations have been performed using
the GAUSSIAN 09W [6] program of DFT with B3LYP
method 6-311??G(d,p) as the basis set [7]. With the help
of the GAUSSVIEW 5.0 molecular visualization program
[8], the results of the molecule have been visualized.

3.
3.1

Results
Optimized geometry

The optimized geometries of PTCA with symbols and
numbering scheme for the atoms are shown in figure 2.
Table 1 lists main structural parameters of PTCA maximized at DFT/B3LYP/6-311??G(d,p) level. The global
minimum energy value measured by the DFT structure
optimization method is -5.3729106 kJ mol-1. The computed bond lengths show slightly higher readings than the
X-ray data, as the theoretical values correspond to the isolated molecules in gas-phase, whereas the experimental
results are correlated with the molecules in solid state [9].
The optimized structure reveals intermolecular hydrogen
bonding of the type N10-H22…O4 (2.941 Å), taken place
due to linkage of cations to anions forming ion pairs
through the H22N10 atom. Protonation effected between
COO- atoms and NH? group of hydrogen bonding is
confirmed by the increase in C11-N10 (1.361 Å) and C15N10 (1.340 Å) and C15-N10-C11 (123.0) bond angle. The
increase in N10-H22 (1.017 Å) reveals strong intramolecular hydrogen bonding N10-H22…O5 (2.964 Å). Despite
the differences, calculated geometric parameters show a

The optimized molecular structure of PTCA.

good approximation and hence can be used to calculate
other parameters reported below.

3.2

Vibrational spectral analysis

The structural units of the PTCA are confirmed by Fourier
transform infrared (FTIR) spectroscopy through the KBr
pellet technique. The FTIR spectrum of the grown PTCA
crystals records the frequency region to be 4000–400 cm-1
using Perkin–Elmer spectrometer. The vibrational analysis
is performed using DFT method B3LYP/6-311??G(d,p)
level basis set. The calculated and measured wavenumbers
and their assignments are tabulated in table 2. The simulated and observed FTIR spectra are presented in figure 3.
Broad N–H stretch is visible in the region 3300–2500 cm-1.
C–H stretch at 3056 cm-1 is superimposed upon N–H
stretch, which is calculated at 3195 cm-1. The fine structure
on the lower frequency side of the broad N–H band suggests
the overtone and combination of bands at longer wavelength. The normal C=O stretch around 1709 cm-1 of the
carboxylic acid is recorded at 1698 cm-1. The C–O–H in
plane bend observed at 1449 cm-1 agrees with the calculated wavenumber 1423 cm-1. Also, aromatic C–H in plane
bending at 1130 cm-1 and N–H out of plane bending at
670 cm-1 are in good agreement with the computed results.

3.3

Natural bond orbital analysis

In order to elucidate the inter- and intra-molecular charge
transfer interactions and electron delocalization within the
molecule, the NBO analysis is performed on PTCA at
DFT/B3LYP with 6-311??G(d,p) basis set. The NBO
analysis shows hydrogen bond interaction between oxygen lone pairs and (C–H) and (N–H) r* anti-bonding
orbitals. The stabilization energies coupled with the
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Optimized parameters of PTCA by B3LYP level with 6-311??G(d,p) basis set.
Values (Å)

Values ()

Values ()

Bond length

Calc.

Exp.a

Bond angle

Calc.

Exp.a

Dihedral angle

Calc.

Exp.a

H17-C12
Cl3-C7
C12-C13
C12-C11
C13-C14
O9-H21
O9-C16
Cl1-C7
C7-C6
Cl2-C7
C14-C15
C11-C16
C11-N10
O4-C6
C16-O8
N10-C15
N10-H22
C15-H20
O5-C6

1.079
1.791
1.408
1.369
1.376
0.969
1.338
1.808
1.594
1.807
1.405
1.488
1.361
1.258
1.207
1.340
1.017
1.076
1.231

0.975
1.752
1.383
1.373
1.379
0.953
1.306
1.775
1.564
1.770
1.371
1.500
1.348
1.249
1.203
1.328
0.855
0.937
1.226

C6-C7-Cl3
C6-C7-Cl2
C6-C7-Cl1
Cl1-C7-Cl3
Cl3-C7-C13
Cl2-C7-Cl3
Cl1-C7-Cl2
Cl2-C7-C13
C16-O9-H21
C11-N10-C15
C11-N10-H22
C15-N10-H22
C12-C11-C16
N10-C11-C12
N10-C11-C16
C13-C12-H17
C13-C12-H17
C11-C12-C13
C12-C13-H18
C14-C13-H18
C12-C13-C14
C13-C14-H19
C13-C14-C15
C15-C14-H19
N10-C15-C14
C14-C15-H20
N10-C15-H20
O9-C16-C11
O8-C16-O9
O8-C16-C11

112.2
109.1
108.7
108.7
112.2
108.7
109.1
109.1
108.04
123.0
115.8
120.2
126.4
119.8
113.7
121.8
119.6
118.5
119.5
120.1
120.2
121.8
119.4
118.6
118.2
123.3
117.3
112.8
124.8
122.2

112.8
111.3
108.8
108.3
112.8
108.8
108.7
108.6
111.2
109.5
122.8
117.3
119.5
125.7
119.3
114.9
122.1
118.9
188.8
120.8
117.9
120.1
119.3
119.1
121.4
119.6
124.2
116.0
112.1
126.9
120.8

H17-C12-C13-H18
H17-C12-C13-C14
C11-C12-C13-H18
C11-C12-C13-C14
H17-C12-C11-C16
H17-C12-C11-N10
C13-C12-C11-C16
C13-C12-C11-N10
H18-C13-C14-H19
H18-C13-C14-C15
C12-C13-C14-H19
C12-C13-C14-C15
H21-O9-C16-C11
H21-O9-C16-O8
Cl3-C7-C13-O5
Cl3-C7-C13-O9
Cl1-C7-C13-O5
Cl1-C7-C13-O9
Cl2-C7-C13-O5
Cl2-C7-C13-O9
C13-C14-C15-N10
C13-C14-C15-H20
H19-C14-C15-N10
H19-C14-C15-H20
C12-C11-C16-O9
C12-C11-C16-O8
N10-C11-C16-O9
N10-C11-C16-O8
C12-C11-N10-C15
C12-C11-N10-H22
C16-C11-N10-C15
C16-C11-N10-H22
C11-N10-C15-C14
C11-N10-C15-H20
H22-N10-C15-C14
H22-N10-C15-H20

-1.9386
176.618
179.184
-2.2587
0.0205
179.6756
179.9237
-1.4212
1.3026
178.3029
-177.246
-0.2466
-177.871
2.5905
1.4662
-178.751
-118.885
60.8961
122.1532
-58.0648
6.4420
-174.588
-176.459
-8.3128
-2.0120
177.540
178.314
-2.1331
8.1167
177.2117
-172.186
-3.0913
-10.5471
-179.416
-179.175
11.9549

0.2699
-179.755
-178.432
1.5422
-0.4100
-179.458
178.335
-0.7131
-1.6947
179.113
178.329
-0.8627
179.196
-1.6142
20.1208
-162.327
-98.7592
78.7929
142.8358
-39.6121
-0.6669
178.2775
-179.841
-0.8973
0.3159
-178.930
-179.400
0.1547
-0.8495
173.046
-179.997
-6.1015
1.5527
-177.475
-172.220
8.7509

a

Values taken from ref. [9].

Table 2. Computed vibrational wavenumbers and fundamental
band position assignments of PTCA.
Calculated
wavenumber
(cm-1)
3525
3195
1698
1632
1423
1326
1203
1150
919
836
733
680
501
a

Experimental
wavenumbera
(cm-1)
3449
3056
1709
1610
1449
1307
1209
1130
911
823
725
670
512

Values taken from ref. [9].

Vibrational assignments
N–H stretching vibration
C–H stretching vibration
C=O stretching vibration
C–C in-ring stretching vibration
C–O–H bending
C–H in-plane bending
C–H out-of-plane bending

N–H out-of-plane bending
C–C–C bending
Figure 3.
PTCA.

(a) Simulated IR spectra and (b) FTIR spectra of
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Table 3. Second-order perturbation theory analysis of Fock matrix in NBO basis, including the stabilization energies using DFT at
B3LYP/6-311??G(d,p) level.
Donor (i)

ED (i)

Acceptor (j)

ED (j)

E(2)a, kcal mol-1

E(j)-E(i)b, a.u.

F(i,j)c, a.u.

n2(O4)

1.76589

n3(O4)
n2(O5)

1.63936
1.82100

p(N10–C15)
p(C11–C12)

1.83345
1.67927

p(C13–C14)

1.65861

n2(O8)

1.84616

n2(O9)
p*(O8–C16)
p*(N10–C15)

1.81254
0.24683
0.46254

r*(C6–C7)
p*(N10–C15)
p*(O5–C6)
r*(O4–C6)
r*(C6–C7)
p*(C11–C12)
p*(O8–C16)
p*(N10–C15)
p*(C11–C12)
r*(O9–C16)
r*(C11–C16)
r*(O9–C16)
r*(C11–C16)
p*(O8–C16)
p*(C11–C12)
p*(C11–C12)
p*(C13–C14)

0.16071
1.76589
0.35315
0.05485
0.35315
0.25128
0.24683
0.46254
0.25128
0.08837
0.07068
0.08837
0.07068
0.24683
0.25128
0.25128
0.20932

20.79
27.15
95.01
18.56
26.43
20.44
18.05
11.72
17.28
33.97
16.56
31.53
18.31
49.92
85.48
29.55
50.45

0.56
0.19
0.27
0.79
0.52
0.39
0.28
0.24
0.31
0.23
0.29
0.63
0.68
0.34
0.02
0.06
0.06

0.018
0.069
0.144
0.111
0.105
0.081
0.065
0.049
0.067
0.081
0.063
0.128
0.101
0.115
0.073
0.062
0.088

a

E(2) means energy of hyperconjugative interactions.
Energy difference between donor and acceptor i and j NBO orbitals.
c
F(i,j) is the Fock matrix element between i and j NBO orbitals.
b

hyperconjugative interactions for n2(O4)?r*(C15-H20),
n2(O8)?r*(N10-H22) are obtained as 0.63 and 0.99 kcal
mol-1, respectively (table 3), which quantify the extent of
intramolecular N–H…O and intermolecular C–H…O
hydrogen bonding. The most important intramolecular
interaction (n–p*) energy related to the resonance in the
molecules are electron donating from n2(O4) atom to
anti-bonding acceptor p*(N10-C15) atom, whose energy
is 95.01 kcal mol-1 resulting in hyperconjugation interactions from n(O) to N–C bond. The second-order perturbation energies of p*(O8-C16) to p*(C11-C12),
p*(N10-C15) to p*(C11-C12) and p*(N10-C15) to
p*(C13-C14) are 85.48, 29.55 and 50.45 kcal mol-1,
respectively. These interactions make the pyridine ring of
PTCA stable. The strong negative and positive charges on
the atoms of PTCA molecule demonstrate the electrostatic attraction or repulsion between the atoms (table 4).
It results in significant contribution to the inter- and intramolecular charge transfer interactions, leading to the
stabilization of the molecule [10] (figure 4).

negative potential region in molecular electrostatic potential
(MEP) plot confirms the low chemical reactivity of the
molecule and the presence of partial negative potential
region (yellow colour) indicates the electron-rich region,
which is the favourable site for electrophilic reactivity.

3.5

Frontier molecular orbital analysis

The energy gap of highest energy occupied molecular
orbital and lowest energy unoccupied molecular orbital
(HOMO–LUMO) explains the charge transfer interactions
within the conformers. The HOMO and LUMO energies of
PTCA, as calculated by DFT/B3LYP/6-311??G(d,p)
method, are as follows:
HOMO energy; EHOMO ¼ 6:59 eV
LUMO energy; ELUMO ¼ 3:45 eV
HOMOLUMO energy gap [11],
DEGAP ¼ ELUMO  EHOMO ¼ 3:14 eV.

3.4

Molecular electrostatic potential

The electrostatic potential values at the surface are represented in different colours. The colour code of these maps
ranges between -8.081e-2 (deepest red) and ?8.081e-2
(deepest blue) (figure 5). The light blue indicates the slight
electron-deficient region, while the yellow portion shows
the slight electron-rich region. As depicted in figure 5 on
PTCA, the regions having negative charges are around the
Cl1, Cl2, Cl3, O4 and O5 atoms. The absence of maximum

The plots of HOMO and LUMO are shown in figure 6.
The computed larger value of HOMO–LUMO energy gap
(3.14 eV) in PTCA confirms higher kinetic stability and
lower chemical reactivity of the molecule. The 3.14 eV gap
falls within the UV region, so the molecule is colourless.
The global reactivity descriptors, such as ionization potential (I), electron affinity (A), electrophilicity index (x),
chemical hardness (g), softness (S), chemical potential (l)
and charge transfer (DNmax), have been calculated using the
energy of HOMO and LUMO (table 5). The hardness value

Bull Mater Sci (2020)43:272
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Table 4. Natural population analysis of PTCA calculated with
DFT/B3LYP/6-311??G(d,p) method.
Atoms

Natural charge

Cl1
Cl2
Cl3
O4
O5
C6
C7
O8
O9
N10
C11
C12
C13
C14
C15
C16
H17
H18
H19
H20
H21
H22
Total

0.01743
0.01981
0.03812
-0.70406
-0.70172
0.74571
-0.23762
-0.58049
-0.65983
-0.45967
0.14429
-0.17075
-0.11541
-0.19154
0.18254
0.77685
0.24599
0.22463
0.23760
0.24721
0.49777
0.44314
0.00000

Figure 5.

Molecular electrostatic potential of PTCA.

Figure 6.

HOMO–LUMO plot of PTCA.

Table 5. Calculated quantum chemical molecular orbital properties for PTCA at DFT/B3LYP/6-311??G(d,p) method.
Figure 4.

Mulliken atomic charges and plots of PTCA.

and negative chemical potential indicate that the molecule
is stable [12].

3.6

Hirshfeld surface analysis

The 3D image in Hirshfeld surface analysis depicts
internuclear distances and angles, whereas 2D fingerprint
plot shows the existence of different types of intermolecular interactions [13,14]. The Hirshfild surfaces of
the PTCA are given in figure 7 and it explains the

Parameters
Ionization potential (I)
Electron affinity (A)
Chemical hardness (g)
Chemical potential (l)
Electrophilicity index (x)
Softness (S)
Charge transfer (DNmax)

B3LYP/6-311??G(d,p)
-6.59 eV
-3.45 eV
1.57 eV
-1.57eV
0.785 eV
0.6369 eV-1
1

surfaces that has been mapped over dnorm, de, di and
curvedness (3D plots). The surface representing the deep
red coloured circular depressions indicates hydrogen
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Hirshfeld surfaces for dnorm, di, de and curvedness for the PTCA molecule.

bonding contacts (figure 7). O…H/H…O intermolecular
interactions (30.4%) are represented by a two sharp spike
in the 2D fingerprint plot region (figure 8). The O…H
interactions represented by the left long sharp spike in the
donor region (16.5%) shows the hydrogen atom interacting with carboxylate groups of two compounds. The
H…O interactions are indicated by a right long spike
(13.9%) in the acceptor region. It specifies carboxyl
oxygen atom acts as an acceptor to the hydrogen atom of
the NH? group [15,16]. The relative contributions of the
H…H, C…H, H…Cl, Cl…Cl and C…C contacts are 5, 3.8,
25, 13 and 1%, respectively.

3.7

NLO studies first-order hyperpolarizability

The values of ao and b components of Gaussian 09 output
are reported in atomic units (a.u.), the calculated values
should be converted into electrostatic units (e.s.u.). The
polarizability and first hyperpolarizability of PTCA are
3.759 9 10-25 and 2.7965 9 10-28 esu, respectively. The
first hyperpolarizability of the PTCA is greater than that of
urea (b of urea is 0.3728 9 10-30 esu obtained by HF/6311G(d,p) method), which confirm PTCA as best material
for NLO applications.

3.8

UV–Vis–NIR spectral analysis

The absorption spectrum of PTCA crystal is displayed in
figure 9. It shows the maximum absorption peak at 260 nm,
which corresponds to p–p* transition. Using the recorded
absorption spectra, the linear optical constants of PTCA are
calculated and the variation in optical constants as a function of photon energy is plotted (figure 10a–d). From figure 10a the bandgap of PTCA crystal is jotted down to be
4.25 eV, which indicates the grown crystal possessing large
transmittance and permits it to be a suitable candidate for
optoelectronic applications.
From the optical constants, the calculated values of
refractive index (n), electric susceptibility (vC), real (er)
and imaginary (ei) dielectric constants at k = 800 nm are
1.48, 0.175, 2.198 and 7.275 9 10-6, respectively. These
values suggest that the PTCA material has profound NLO
efficiency.

3.9

Fluorescence studies

The optical application of PTCA has been validated by the
fluorescence studies. The fluorescence spectrum is captured
using PERKIN ELMER/LS 45 Fluorescence spectrophotometer in the range of 320–800 nm and is depicted in
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2D fingerprint plots showing various intermolecular contacts in the PTCA.

figure 11. Due to p–p* transition, emission peak is noticed
at 513 nm in the spectrum, implying that PTCA crystals
have a blue fluorescence emission prevalently to be useful
in the OLED devices.

3.10

Z-scan measurements

The Z-scan is a widely accepted technique for characterization of NLO by the scientific community. The third-order
NLO properties of the PTCA crystal are investigated using
a He–Ne laser (5 mW) of wavelength at 633 nm as a source.
It is very simple and highly sensitive, but relatively the most
accurate method to determine nonlinear index of refraction
(n0), nonlinear absorption coefficient (b) and third-order
NLO susceptibility (v(3)) by closed- and open-aperture
mode, respectively [17]. The closed- and open-aperture
normalized transmittance as a function of sample position Z
have been measured for PTCA crystal and are exemplified
in figure 12a and b. In closed-aperture pattern (figure 12a),
the peak followed by the valley intensity is vividly visible,

Figure 9.

The optical absorption spectrum of PTCA crystal.

signifying that the sign of the refraction nonlinearity is
negative, i.e., the feasibility of self-defocusing effect [18].
Figure 12b exhibits a decrease in transmission with increase
in the input intensity, illustrative of the presence of reverse
saturable absorption (excited state absorption) with a
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(a–d) Variation of optical constants as a function of photon energy.

properties of the grown crystal testify it a promising
material for optical-limiting applications.

4.

Figure 11.

Fluorescence emission of PTCA crystal.

positive nonlinear absorption coefficient enabling the
material for optical limiting applications [19–21]. Table 6
tabularizes the experimental details and the results of the
Z-scan technique for PTCA crystal. The excellent NLO

Conclusions

Single crystal of PTCA has been grown by slow evaporation
technique. The computed spectroscopic parameters are in
good agreement with the experimental data results. The
NBO analysis reveals the possible intramolecular charge
transfer interactions and stability in PTCA. The MEP study
confirms PTCA as an electron-rich species and explains its
electrophilic nature. The hardness value and negative
chemical potential from HOMO–LUMO indicates that the
title molecule is stable. The Hirshfeld surface analysis of
PTCA interprets the percentage of strong and weak intermolecular interactions in the crystalline state. UV–visible
studies disclose that the title compound is transparent in the
entire visible region. Also, optical constants like bandgap
(Eg = 4.25 eV), refractive index (n = 1.48), reflectance and
extinction coefficient are evaluated from UV–Vis–NIR
spectrum. Z-scan technique points out reverse saturated
absorption optical process observed in the titular crystal.

Bull Mater Sci (2020)43:272
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(a) Self-focusing (closed-aperture) and (b) open-aperture mode Z-scan plot of PTCA crystal.

Table 6. Obtained NLO parameter from open- and closedaperture Z-scan measurement data for PTCA crystal.
Parameters
Nonlinear refractive index (n2)
Nonlinear absorption coefficient
(b)
Real part of the third-order
susceptibility [Re(v3)]
Imaginary part of the third-order
susceptibility [Im(v3)]
Third-order NLO susceptibility
(v3)

Measured values for PTCA
crystal
3.03 9 10-10 (cm2 W-1)
8.47 9 10-06 (cm W-1)
6.05 9 10-08 (cm2 W-1)
5.03 9 10-07 (cm W-1)
5.06275 9 10-07 (esu)

The fluorescence emission analysis confirms the emission of
PTCA is in the blue region. The vibrational, UV–visible
absorption, NBO and Z-scan studies suggest PTCA as an
attractive material for optical-limiting applications.
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