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ABSTRACT

The growth and characterization of a new nonlinear organic crystal, 3-
pyridinecarboxamide (3PCA) isreported. The growth of single crystals of
3PCA was accomplished by the slow evaporation solution growth method.
The X-ray diffraction analysis confirms the crystal structure. The Kurtz
powder second harmonic generation (SHG) test showed potential for optical
SHG TheUV cut-off transmission wasidentified from the UV—Vis absorption
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spectra. The mechanical response of the crystal has been studied using
Vickers microhardness technique. The elastic stiffness constant (C,) were
calculated for different loads using Wooster’s empirical formula. The gap
between highest occupied molecular orbital and the lowest unoccupied
molecul ar orbital is calculated, which isuseful for estimating the efficiency

of second harmonic generation.

INTRODUCTION

Nonlinear opticsisconcerned with theinteraction
of eectromagneticfieldswith variousmediato produce
new el ectromagnetic fieldsatered in phase, frequency
or amplitudefromtheincident fields. Theinvestigations
on materia swith potential for large second-order non-
linear optical (SONLO) applications are very much
emphasized in view of thekey-role played by themin
thefregquency conversion processrequired for the pro-
ductionof new laser output coveringultraviolet and blue-
green region. Recently extensiveresearchisgoingon
materia swith the capabl e of efficient frequency con-
versonof infrared (IR) radiation tovisbleand ultravio-
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let (UV) waveengths. Especidly, thosematerias which
can generate highly efficient second harmonicbluelight
using laser diodes, are of great interest for gpplications
including optica computing, optica informeation process-
ing, optical disk datastorage, medical diagnostics, etc.
Materialswithlargenonlinear coefficients, and appro-
priate refractive index (or birefringence) for phase
matching, very low absorption, good optical quality,
hardness and ability to take high polish, low two pho-
ton absorption coefficient and high laser damagethresh-
old areneeded in order to realize many of theseappli-
cationsg??. Intherecent pagt, extensiveinvestigations
arebeing carried out on organic NLO®® materid sdue
totheir high SHG efficiency, synthetic flexibility and
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better laser damagethreshold compared with inorganic
materias. Theoriginof nonlinearity inthesemateridsis
duetothepresenceof del ocalized dectron systemscon-
necting donor and acceptor groups, which enhancetheir
asymmetric polarizability. Thisreportisfocused onthe
growth of crysta sof 3-pyridinecarboxamide (3PCA) and
asotostudy themechanical responseof thecrystd using
Vickersmicrohardnesstechnique. Thedastic stiffness
constant (C,,) werecal cul ated for different loadsusing
Woogter’s empirical formula. The gap between highest
occupied molecular orbital and thelowest unoccupied
molecular orbital iscal culated, whichisuseful for esti-
mati ng the efficiency of second harmonic generation.

SOLUBILITY STUDIES

Thecommercidly available 3-pyridinecarboxamide
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(3PCA) (C,H,N,O) wasfurther purified by repeated
recrystallization process. In order to obtain singlecrys-
talsof high quality, purification of starting material was
found to bean important step. Therecrystallized salt
wasthe charge material for the growth of 3PCA. To
grow bulk crystalsfrom solution by dow evaporation
technique, itisdesirableto sdlect asolventinwhichitis
moderately soluble. The size of acrystal dependson
theamount of material availablein the solution, which
inturnisdecided by thesolubility of thematerial inthat
solvent. Hence, we have determined the solubility as
deionized water!”. Solubility in delonized water was
found good and the crystalsgrown werefound to have
better shape and transparency. Good transparent single
crystalswere obtained after aweek. Figure 1 shows
the grown crystal of 3PCA at different solvents (a)
deionised water (b) alcohal (c) ethyleneand (d) meth-
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Figurel: Grown crystal of 3PCA with different solvents(a) deionised water (b) alcohol (c) ethyleneand (d) methylene.
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Full Poper =
ylenewith an optimized solution pH vaueof 3.5.

POWDER X-RAY
DIFFRACTIONANALYSIS

TheXRD daathecrystd still possessesmonodlinic
symmetry with the space group P2,/ ., awell-known
centrosymmetric spacegroup thussatisfying therequire-
mentsfor second-order NLO activity. Thelattice pa-
rameter vauesof thecrystal havebeen caculated using
least-squaresfit method and they arefoundto bea=
3.931A,b=15.607A, ¢=9.472A, 0=y=90°, $=98.63°
respectively asgiveninthe TABLE 1. Thecrystallo-
graphic dataobtained in the present study werefound
to bein good agreement with the datareportedin lit-
erature®. Thechemical structureof 3PCA wasdepicted
inFigure?2.

TABLE 1: Crysallographic dataof 3PCA

Crystal data Parameters
Formula CsHeNLO
Weight 122.13
Crystal system Monoclinic
Space group P21l/c
a 3.931A
b 15.607 A
c 9.472 A
a=y 90°
§ 98.63°
Dx 1.122 g/lem®
v 560.8 A*
z 4
Dy 1.4463 g/cm’®
Dm 1.398 g/lem’®
Colour Colorless

Figure2: Chemical structureof 3PCA

OPTICAL STUDIES

Theoptical transmittance spectrum of 2mm thick-
ness polished 3PCA crystal wasrecorded using Perkin
Elmer Lamda 35 spectrophotometer and isshownin
Figure 3. Normally aromatic compound absorbslight
in UV region and the highly conjugated aromatic mol -
eculesabsorblight inthevisibleregion. Thelower cut-
off wavelengthisfound a 220 nm. Thisisassgnedton
tox* trangition and it may be attributed to the excita-
tion of chargefromthearomaticringasothistrangtion
giveswhitecolour to thegrown crystal. High transmit-
tanceisobserved at the Nd: aYAG laser fundamental
and second harmonic wavelength whichindicatesthat
thegrown crystal iswell suited for frequency conver-
sion of 1064 nm laser radiation. The optical transpar-
ency characteristic of thegrown crystal isan attractive
for opto-electronic applications® since these com-
pounds do not absorb radiation in thevisibleregion of
the el ectronic spectrum. An absorption pesk observed
at 190 nmisdueto the presence of amidegroup n—n*
trangtion.
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Figure3: UV-Vis spectrum of 3PCA

ENERGY BAND GAP

Thevariation of (ahv)? versusincident photon en-
ergy (hv) usingthe Taucd? rel ationin thefundamental
absorption region was plotted and isshown in Figure
4. The optical band gap energy (E ) wasestimated by
extrapol ation of thelinear portion of the curveto apoint
(ahv)? = 0. Using thismethod, the optical energy band
gap of thecrystal isfound as5.8 €V. Thishigh value of
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band gap energy and the lower cut-off wavelength of
thecrystd assert the suitability of thecrystd for photo-
nic and optical applicationg™.
18 o
164
14-
12-

10 -

Square of Alpha*h*v
T

-2 T T T T T

1 2 3 4 5
E=hv
Figure4: Thevariation of (¢hv)?and incident photon ener gy
(hv) of 3PCA
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MICRO HARDNESS STUDIES

Micro hardness measurements*>*4 were carried
out using Leitz Weitzler hardnesstester fitted witha
diamond indentor. All theindentation measurements
were carried out on thefreshly cleaved samples. The
indentation was made by varying theload from 25 to
200 gm and the time of indentation was kept at 5 sec.
Theindented impressionswere approximately square.
Thecrystal surfaceswereindented at different sites.
Diagond lengthsof theindented impressonweremea:
sured using cdibrated micrometer attached tothe eye-
piece of the microscope. Severa indentations were
made on each sample. Theaveragevalueof thediago-
nal lengths of indentation mark was used to calculate
the hardness. The Microhardnessiscalculated using
theexpression, H = 1.8544P/d* Kg mm?,where, Pis
theappliedloadin Kgand d theaveragediagona length
of theVickersimpressionin mm after unloading. Itis
observed that theincreasein hardnesswith applied | oad.
Although hardness has been defined in severd ways, it
isnow generally accepted that it isthe resistance of -
fered to dislocation motion. Thereareseveral contri-
butionsto theres stance to the did ocation motion and
they can beclassified into twotypes(i) theintrinsicre-
sistance which depends on somestructureinsensitive

= Fyl] Peper

physical parameter of the crystal and (ii) adisorder
parameter which depends on the concentration of the
imperfections

Thenon-liner variation of microhardnessisdueto
the presence of imperfections. Theseimperfectionscan
bevacancies, impurity-vacancy pairs, didocations, low
anglegrain boundariesetc. The plot of hardness(H )
versusload for thetitlecrystd isshownin Figure5.
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Figure5: Plot of H versusload of 3PCA

ELASTIC STIFFNESSCONSTANT

Theédlastic stiffness constant (C,,) was calcul ated
for different |oadsusingWooster’s empirical formula™
C,=H,™. TheC values are shownin TABLE. 2.
Thisvauegivesanideaabout thetightnessof bonding
between neighboring atoms. Thehigh vaueshowsthat
the binding forces between theatomswere quite strong.
It was calcul ated for theloads from 25gm to 200gm.
ThePlot of H, versusElastic Stiffness Constant for the
titlecrysta isshowninFigure®6.

TABLE 2: Elastic stiffnessconstant

Load (g) Cu (10"Pa)
25 9.8116
50 1.5043
100 21.9706
200 24.4128
KURTZ POWDER SHGTEST

A Q-switched Nd: YAG laser beam of wavelength
1064 nmwith aninput power of 2.5 mJand pulsewidth
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Figure6: Plot of H versusload of elastic stiffness constant

8 nswith arepetition rateof 10 Hz isused toilluminat-
ing the powdered sample. Thegrown crystal ispow-
dered with auniform particlesizeof 125-150 um, and
then packed inamicrocapillary of uniform boreand
exposed to the laser radiation*>¢, The SHG conver-
sion efficiency isfound to be 3timesgreater value of
the KDP (9 mV). Thisincreased value may be dueto
the presence of amideinthegrown material.

HYPERPOLARIZABILITY
CALCULATION

For cal culating the hyperpol arizability, the geom-
etry of theinvestigated compound istreated asan iso-
lated molecule. The optimization hasbeen carried out
using DFT(6-31++G(d,p)) Method. Thegeometriesare
fully optimized without any congtraint with the help of
anaytical gradient procedure implemented within
Gaussain98W program!*8, Theel ectric dipolemoment
and dispersion freefirst-order hyperpolarizability are
calculated using finitefield method. Thefinitefield
method offersastraight forward approach to the cal-
culation of hyperpolarizability. The 3-21(d,p) basisset
givesremarkably good geometriesfor suchasmall ba
sissetandinfactitisused for the geometry optimiza-
tion of some high accuracy energy methods.

Thenonlinear propertiesof anisolated moleculein
anelectricfield E (o) can berepresented by the Taylor
expanson of thetota dipolemoment mi induced by the
fidd

Taken at zerofield,

. __[ 0°E }
Dipolemoment Mi oFoF; |,

OFi
Components of hyperpolarizability tensor:

_ | @E
P = [aFiaFjaFkL

These componentsareto bedistorted by an exter-
nal dectricfield. Thevaueof tota static polarizability
and hyperpol arizability areobtained from thefollowing
equation,

ﬂtot = [( ﬂxxx +ﬂxyy +ﬂxzz)2+( ﬂyyy +ﬂyzz +ﬂyxx)2

(B * B + Boy)Y 2

Inthe presence of an applied electricfied, first or-
der hyperpolarizability isathird rank tensor that can be
described by a3x3x3 matrix. The components of the
3D matrix can bereduced to 10 components because
of theKleinman symmetry™d. Thematrix canbegiven
inthelower tetrahedral format. It isobviousthat the
lower part of the 3x3x3 matrix is a tetrahedral. The
calculation of NLO propertieswith highaccuracy is
challenging and requirescons deration of many differ-
ent issues. Compuitationd techniquesarebecomingvau-
ableindesigning, modeling and screeningnovel NLO
materials. Thecdculated va ueof hyperpol arizability for
thetitlecompoundis0.818586x 10®esu, whichisnearly
4timesthat of urea (0.20920x10-* esu). Thishighest
vaueof hyperpolarizability may be dueto the presence
of electro-negative nitro group and = bonds. Thecal-
culated valuesof dipolemoment and hyperpolarizability
values are tabulated in TABLE 3. The 3, direction
showshiggest vaueof hyperpolarizability whichingsts
that the delocalization of e ectron cloudis morethat
directionthan other directions. TheNLO responsescan
be understood by examining the energetic of frontier
molecular orbitas. Figure 7aand Figure 7b showsthe
highest occupied moleculeorbital (HOMO) and low-
est unoccupied moleculeorbital (LUMO) of 3PCA.
There is an inverse relationship between
hyperpolarizability and HOM O-LUMO.

HOM O energy =-0.298 a.u
LUMO energy =0.208a.u

HOM O-LUMO energy gap=0.506 a.u
The Representation of theorbital involvedinthe

oE
Componentsof polarizability tensor: %ij = -{—}
0
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Figure7: HOM O and LUM O repr esentation of 3PCA

TABLE 3 : The dipole moment (n) and first-order
hyperpolarizibility (p) of 3PCA derived from DFT calculation

Broce 0.204492
Buy 0.0565447
Buyy -0.013891
By -0.0026034
Baxx -0.75063
Buyz 0.105752
Bayy -0.17586
Byaz -0.21523
By 0.0221795
Bazz 0.111822
B 0.818586
iy 1491223686
y 0.0000627771
1w 2.227837147
M 1928502945

electronic transition for () HOMO-4 (b) LUMO+1
(c) LUMO+14 (d) HOMO-0 (e) HOMO-2 (f)
LUMO+4 (g) HOMO-3 (h) HOMO-1 (i) LUMO+16
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Figure 8 : Representation of the orbital involved in the
electronic transition for HOMO-4 (b) LUMO+1 (c)
LUMO+14(d)HOM O-0(eHOM O-2(f) LUM O+4(g) HOM O-
3(hyHOMO-1(i) LUMO+16
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areshownintheFigure8.

ELECTRONICEXCITATION
MECHANISM

The static polarizability valug?*? is proportional
totheopticd intensity and inversdly proportiond tothe
cube of trangition energy. With thisconcept, larger os-
cillator strength (f ) and Apy, withlower trangitionen-
ergy (Egn) isfavourableto obtainlargefirst static polar-
izability values. Electronic excitation energies, oscilla-
tor strength and nature of the respective excited states
werecd culated by the closed-shell singlet calculation
method and aresummarizedin TABLE 4.

TABLE 4 : Computed absor ption wavelength (xng), energy
(Eng), oscillator strength (f,) and itsmajor contribution.

Eng o

n hng Major contribution
H-4->L+1(30%)
H-3->L+1(21%)
H-4->1L+14(9%)
H-4->L+19(5%)
H-0->L+1(71%)
H-1->L+4(10%)
H-2->L+4(32%)
H-2->L+1(11%)
H-3->L+4(11%)
H-2->L+16(6%)
(Assignment; H=HOM O, L=LUMO, L +1=LUM O+1, €tc.)

1 2282 543 0.0009

2 1994 6.22 0.1948

3 1976 627 0.0147

CONCLUSION

Good quality crystalsof 3-pyridinecarboxamide
(3PCA) were grown from aqueous sol ution by slow
evaporation technique at room temperature. Theopti-
cal transmittance window, lower cut off wavel ength,
band gap of thetitlecrystal hasbeenidentified by UV-
VIS-NIR studies. The results of the response of the
mechanica behaviour of thecrystd will havesgnificant
effect onmachining thecrystd for devicepurpose. Den-
sity functiona theory ca culationswere performed for
thetitlenonlinear optical crystd to evaluatethefirst or-
der hyperpolarizability value. The cal culated va ue of
hyperpolarizability for the title compound is
0.818586x10*°esu, whichisnearly 4 timesthat of urea
(0.20920x10-* esu). This could be a new series of
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prospective crystalsfor second-order NLO applica-
tionssuch aselectro optic or frequency doubler of con-
ventiond diodelasers.
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