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ABSTRACT: Single crystals of guanidinium hydrogen L-aspartate (GULAS), a salt of 
guanidine derivative, have been grown by slow-cooling method and characterised by 
infrared (IR) spectroscopy, powder and single-crystal x-ray powder diffraction (XRD). 
From the vibrational spectral analysis, the spectral band assignment is carried out to 
identify the various functional groups in GULAS. After arriving at the equilibrium 
geometry, the analysis of intramolecular charge transfer interactions using natural bond 
orbital (NBO) method, first order hyperpolarisability, molecular electrostatic potential 
and frontier molecular orbitals have been carried out using density functional theory. The 
second-order NLO response is also studied using Kurtz and Perry powder method. 
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1. INTRODUCTION

Second harmonic generation (SHG) is one of the most interesting phenomena 
observed in non-centrosymmetric crystals and is widely utilised for optical 
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Figure 2: As-grown GULAS single crystal.

3. STRUCTURAL ANALYSIS

3.1 X–ray Diffraction Studies

The GULAS crystals are transparent and non-hygroscopic, with well-developed 
facial morphology (Figure 2). The single crystal XRD study shows that it crystallises 
in the orthorhombic crystal system with the lattice parameters as shown in Table 1. 

Table 1: Orthorhombic lattice parameters of GULAS obtained from single crystal XRD.

S. No. a ( Å) b (Å) c (Å) Reference

1. 5.067 9.509 16.822 Present Work

2. 5.073 9.513 16.842 17

The optimised geometrical parameters such as bond lengths and bond angles 
obtained at B3LYP/6-311G (d,p) level are given in Table 2. 
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Table 2: Experimental and theoretical geometric data for GULAS at B3LYP/6-311G (d,p) 
level. 

Bond length (Å) XRD Bond angles  (º) XRD

Guanidinium ion19

C16-N17 1.3604 1.325 N17-C16-N20 119.86 121.1

C16-N20 1.3395 1.312 N20-C16-N23 118.7039 118.8

C16-N23 1.3336 1.330 N17-C16-N23 121.4309 120

N17-H18 1.0034 0.94

N17- H19 1.003 1.03

N20-H21 1.025 1

N20-H22 1.0093 1.09

N23-H24 1.004 0.85

N23-H25 1.0529 0.65

 L-aspartate ion18

C1-C2 1.5352 1.537 C13-O14-015 125.7721 126.7

C2-C3 1.5383 1.526 C2-C3-C13 110.97 114.4

C3-C13 1.5402 1.526 C1-C2-C3 112.8789 112.5

C13-O14 1.263 1.252 C1-C2-O7 113.2218 118.9

C13-O15 1.3089 1.2572

C3-H5 1.0938 0.95

C3-H6 1.0889 1.02

C2-H4 1.095 0.95

C2-N9 1.486 1.492

N9-H10 1.0112 0.91

N9-H11 1.0139 0.94

The calculated theoretical values are in good agreement with the corresponding 
experimentally reported values.17,19 Powder X-Ray diffraction pattern of GULAS 
is given in Figure 3.
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Figure 3: Powder x-ray diffraction pattern of GULAS.

3.2 Vibrational Analysis 

Vibrational analysis of GULAS is made on the basis of aspartate and guanidinium 
groups.  The recorded FTIR spectrum of GULAS is shown in Figure 4.

 
Figure 4: FTIR spectrum of GULAS.

The FTIR band observed at 3397 cm–1 is assigned as vibration due to NH2 
asymmetric stretch of guanidine group. The in-plane O-H deformation vibration 
usually appears as a strong band in the region 1440–1200 cm–1. The strong band at 
1348 cm–1 in the IR spectrum corresponds to the vibrations due to C-O-H in-plane 
bending. As the carboxylic group vibrations due to the C=O stretching are usually 
expected in the range 1725–1655 cm–1,20,21 the band appearing at 1674 cm–1 for 
GULAS is assigned to the C=O stretching vibrations. At 1007 and 892 cm–1, the 
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vibrations respectively correspond to CH2scis and CH2rock. Few other in-plane and 
out of plane bending vibrations are assigned as shown in Table 3. 

Table 3: Observed and calculated wave numbers (cm–1) for GULAS at B3LYP/6-311G 
(d,p) level. 

Wavenumber  (cm–1)
Assignments

FTIR Calculated

3397 3312 NH2 asymmetric stretch

3097 3099 C-H stretching vibrations

1674 1769 C=O asymmetric stretch

1578 1572 COO stretching vibration

1490 1425 C-H in plane bending vibration

1348 1394 O-H in plane deformation vibration

1301 1304 C-N-H bending vibrations

1226 1229 C-N-H bending vibrations

1156 1181 C-N-H bending vibrations

1061 1051 CC in- plane bending vibration

1007 1011 CC in- plane bending vibration

892 894 CH2scis

844 850 CH2rock

823 804 C-H out of plane bending vibration

751 729 CC out of plane bending vibration

619 639 CC out of plane bending vibration

582 585 CC out of plane bending vibration

532 539 CN-out-of-plane bending modes

It is to be noted that the theoretically computed band values agrees well with the 
experimental result.

3.3 Analysis of Fukui Indices 

The Fukui functions (f(r)) are often used as indices to the local reactivity aiding to 
analyse the active atomic sites. The Fukui functions (f (r)) measure the change in 
the electron density of an N electron system upon addition (f+(r)) or removal (f−(r)) 
of an electron. Atom condensed Fukui functions using the Mulliken population 
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analysis (MPA) and the finite difference (FD) approximations approach introduced 
by Yang and Mortier22 were calculated using the equations:

fk
n = ( ) ( )Nq q N1k k+ -  for nucleophilic attack (1)

fk
e = ( ) ( )Nq q N 1k k- -  for electrophilic attack and (2)

fk
r = ( )( ( ))Nq q N2
1

1 1k k+ - -  for radical attack   (3)

where ( )Nq 1k + , ( )Nqk  and ( )Nq 1k -  are the electron densities of the (N+1), 
N and (N–1) electron systems, respectively, and measure its electrophilic and 
nucleophilic tendencies respectively. The Fukui indices calculated for GULAS are 
listed in Table 4.

Table 4: Condensed Fukui functions for GULAS.

Atom ( )Nq 1k + ( )Nqk ( )Nq 1k - fk
n fk

e fk
r

C 1 0.459903 0.604904 0.669064 –0.145001 –0.064160 –0.104581

C 2 –0.207824 –0.225117 –0.218745 0.017293 –0.006372 0.005460

C 3 –0.398827 –0.439682 –0.450314 0.040855 0.010632 0.025744

H 4 0.138195 0.266375 0.273019 –0.128180 –0.006644 –0.067412

H 5 0.141355 0.201600 0.264566 –0.060245 –0.062966 –0.061606

H 6 0.154588 0.188184 0.232351 –0.033596 –0.044167 –0.038882

O 7 –0.649075 –0.543581 –0.504698 –0.105494 –0.038883 –0.072189

O 8 –0.658377 –0.432675 –0.470598 –0.225702 0.037923 –0.093890

N 9 –0.754045 –0.787299 –0.766058 0.033254 –0.021241 0.016007

H 10 0.293349 0.322035 0.350404 –0.028686 –0.028369 –0.028528

H 11 0.252554 0.312608 0.337172 –0.060054 –0.024564 –0.042309

H 12 0.333880 0.396555 0.422158 –0.062675 –0.025603 –0.044139

C 13 0.446871 0.483096 0.551720 –0.036225 –0.068624 –0.052425

O 14 –0.517634 –0.481659 –0.238603 –0.035975 –0.243056 –0.139516

(continued on next page)
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Atom ( )Nq 1k + ( )Nqk ( )Nq 1k - fk
n fk

e fk
r

O 15 –0.620100 –0.622037 –0.338633 0.001937 –0.283404 –0.140734

C 16 0.818316 0.963463 1.047818 –0.145147 –0.084355 –0.114751

N 17 –0.778347 –0.810132 –0.825022 0.031785 0.014890 0.048338

H 18 0.350941 0.354811 0.372589 –0.003870 –0.017778 –0.010824

H 19 0.276992 0.345518 0.373069 –0.068526 –0.027551 –0.048039

N 20 –0.733381 –0.765063 –0.812716 0.031682 0.047653 0.039668

H 21 0.333420 0.375533 0.405838 –0.042113 –0.030305 –0.036209

H 22 0.347009 0.349684 0.361156 –0.002675 –0.011472 –0.007073

N 23 -0.756823 –0.783467 –0.810675 0.026644 0.027208 0.026926

H 24 0.288218 0.324401 0.364193 –0.036183 –0.039792 –0.037988

H 25 0.368842 0.401946 0.410944 –0.033104 –0.008998 –0.021051

The most susceptible sites for nucleophilic and electrophilic attacks are identified 
by these Fukui indices. The charge distributions point out that N20 is the preferred 
active site for reaction with nucleophilic species and C3 with electrophilic species. 
The pictorial representations of these indices are shown in Figure 5.

Table 4: (continued)
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Figure 5: The pictorial representations of Fukui indices of GULAS.
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as delocalisation corrections to the zeroth-order natural Lewis structure. For each 
donor NBO (i) and acceptor NBO (j) with delocalisation i → j E(2)  is estimated as:

( , )
E E q

F i j( )
ij i

j i

2
2

T f f-= =  (11)

where qi is the donor orbital occupancy jf  and if  are diagonal elements orbital 
energies and F (i, j)  is the off diagonal NBO Fock matrix element. The larger E(2)  
value, the more intensive is the interaction between electron donors and acceptors, 
i.e., the more donation tendency from electron donors to electron acceptors and the 
greater the extent of conjugation of the whole system. DFT level computation is 
used to investigate the various second-order interactions between the filled orbitals 
of one subsystem and vacant orbitals of another subsystem, which is a measure of 
the delocalisation or hyper-conjugation.

Table 6:  NBO analysis of second order perturbation theory of Fock matrix of GULAS at 
B3LYP/6-311G (d,p) level.

Donor(i) Acceptor(j) E(2)
Kcal/mol

E(j)–E(i)
a.u

F(i,j)
a.u

n2 (O15) σ*( C3 – C13) 13.69 0.65 0.085

n2 ( O15) σ *( C13 – O14) 8.53 0.77 0.074

n2 ( O15) σ *( C13 – O14) 3.81 0.34 0.034

n3 ( O15) σ *( C13 – O14) 4.34 0.73 0.054

n3 ( O15) π*( C 13 – O14) 69.43 0.29 0.129

n3 ( O15) σ *( C13 – O15) 19.56 0.67 0.110

n1 ( N17) σ *( C16 – N23) 51.58 0.25 0.110

n1 ( N20) σ *(C 16 – N 23) 98.87 0.22 0.138

n1 ( N20) σ *(N 20 – H22) 5.67 0.68 0.060

As seen from Table 6, the strong interactions can be observed in guanidinium 
and aspartate moieties. In the guanidinium ion the lone pair n1( N20) presents 
the electron-transfer potentials of 98.87kcal/mol to σ*(C16 – N23). In aspartate 
moiety, the electrons of n3 (O15) can be redistributed into π*(C13 – O14) with the 
potential of 69.43 kcal/mol. These two interactions stabilise the GULAS due to the 
highest stabilisation energies.
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3.8 Thermodynamic Properties

On the basis of vibrational analysis, the statistically thermodynamic functions such 
as heat capacity (C0

p,m), entropy (S0
m), and enthalpy changes (H0

m ) for GULAS 
were obtained from the theoretical harmonic frequencies and listed in Table 7.

Table 7: Thermo dynamical parameters of GULAS at B3LYP/6-311G (d,p) level.

T (K) S (J/mol.K) Cp (J/mol.K) ΔH (kJ/mol)

100.00 342.85 107.29 7.25

200.00 436.11 169.00 21.06

298.15 514.60 227.33 40.54

300.00 516.01 228.39 40.96

400.00 589.20 281.77 66.54

500.00 657.08 326.78 97.04

600.00 720.02 363.60 131.62

700.00 778.41 393.77 169.53

800.00 832.68 418.88 210.20

900.00 883.27 440.09 253.18

1000.00 930.61 458.24 298.12

From this table, it can be observed that these thermodynamic functions are 
increasing with temperature ranging from 100 to 1000 K due to the fact that the 
molecular vibrational intensities increase with temperature and shown in Figure 9.

Figure 9: Thermodynamical parameters of GULAS.
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3.9 Powder SHG Measurement 

The study of nonlinear optical conversion efficiency has been carried out using 
the modified experimental setup of Kurtz and Perry.24 A Q-switched Nd:YAG laser 
beam of wavelength 1,064 nm, with an input power of 2.8 mJ, and pulse width of 
8 ns with a repetition rate of 10 Hz was used. The grown single crystal of GULAS 
was powdered with a uniform particle size and then packed in a microcapillary 
of uniform bore and exposed to laser radiations. The output from the sample was 
monochromated to collect the intensity of 532 nm component. The generation of 
the second harmonics was confirmed by the emission of green light. A sample 
of potassium dihydrogen phosphate (KDP), also powdered to the same particle 
size as the experimental sample, was used as a reference material in the present 
measurement. The SHG conversion efficiency of GULAS is found to be about 0.5 
times that of KDP (Table 8). 

Table 8: SHG signal energy output.

Input power
mJ/pulse

KDP
mV

GULAS
V

2.8 18 0.094

This may be due to the molecular structure of GULAS in which the main bonds 
stem from hydrogen bridges between nitrogen atoms of the guanidinium group to 
oxygen atoms of aspartate group. The Ν. . . H . . .O distances vary from 2.82 to 
2.91 Å with the aspartate. Further, there exists one N . . . H . . . O bond [2.91Å] 
between the nitrogen atom of each aspartate ion and an oxygen atom of another 
aspartate ion are  the reasons for the  SHG efficiency possessed by this material. 

4. CONCLUSION 

Single crystal of GULAS has been grown. The optimised geometrical parameters 
were studied. Vibrational spectral analysis has been carried out using FTIR and 
DFT methods. The Fukui indices analysis points out that N20 is the preferred 
active site for reaction with nucleophilic species and C3 with electrophilic species 
through the analysis of Fukui indices. The theoretically calculated small HOMO–
LUMO gap explains the extent of intramolecular charge transfer interactions. 
From the calculated values of DFT based global reactivity descriptors the charge 
transfer increases under the influence of the electric field. The MESP analysis 
predicts that the negative regions are mainly localised on oxygen atoms of CO2 
and carboxylic groups and maximum positive region is localised on the carbon 
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and hydrogen atoms. NBO analysis confirms the presence of hydrogen bonding 
and investigates the stability as well as the intervening orbital interactions. The 
thermodynamic parameters are increasing with temperature ranging from 100 to 
1000 K. The second-order NLO response was evaluated with the Kurtz and Perry 
powder method to test its SHG efficiency.
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