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Abstract
The 5-nitro-2-furaldehyde diacetate (NFD) single crystals were grown by slow evaporation solution growth technique. By 
single crystal XRD analysis it was found that, NFD single crystal belongs to monoclinic crystal system. Powder XRD spec-
trum revealed the crystallinity of the sample. Fourier transform infrared red spectral analysis gave idea regarding the vibra-
tions of functional groups. The transparency of the crystal in the visible region is clearly depicted in the UV–Vis spectrum. 
Thermo gravimetric/differential scanning calorimetric analysis showed the thermal stability and Vicker’s microhardness test 
showed the mechanical stability of the crystal. From the scanning electron microscopic images, the crystal morphology was 
analysed. By Kurtz–Perry powder technique, the second harmonic generation efficiency of the NFD crystal is obtained as 
15 times greater than that of standard potassium dihydrogen phosphate (KDP) and the laser damage threshold value of the 
crystal is 4.2 GW/cm2, which implies that the sample has got better laser damage withstanding capacity. The studies revealed 
that, the title compound is a potential candidate for opto-electronic applications.

1 Introduction

Organic nonlinear optical materials with larger optical sus-
ceptibility, capability to withstand laser damage, ultrafast 
response etc., captured constant attention of the researchers 
because of their wide range of application in electro-optic 
modulation, optical switching, optical parametric oscilla-
tion, high speed information processing and optical data 
storage [1–4]. Scientists have been working in this area for 
the last few decades, in search of photonic materials with 
notable nonlinear response. In addition to this, wider trans-
parency range, higher laser damage threshold, lower absorp-
tion cutoff etc. are some other requirements for better NLO 
response. The presence of extended � bond system attached 
to the aromatic groups with strong donor and acceptor 

groups causes delocalization of electrons [5]. The modern 
world urges highly capable gadgets. The NLO materials with 
enhanced second harmonic generation (SHG) efficiency is 
an inevitable component of such devices. Hence the demand 
for the synthesis and growth of new potential NLO materials 
is increasing day by day.

It was reported that certain aromatic heterocyclic com-
pounds with delocalized π electrons are exhibiting good 
second order nonlinearity [5–8]. In the present work, sin-
gle crystals of an aromatic heterocyclic organic compound 
5-nitro-2-furaldehyde diacetate (NFD) were grown by con-
ventional method with ethanol as the solvent. For the better 
understanding of the structure and properties of the crystal 
single crystal XRD, powder XRD, UV–Vis, FTIR, thermal 
analysis, microhardness, SEM, laser damage threshold and 
SHG efficiency were studied and discussed.

2  Materials and methods

2.1  Crystal growth

The powder NFD (AR grade) was dissolved in ethanol to 
grow NFD single crystals and stirred continuously for 4 h 
at room temperature to ensure homogeneity of the solution. 
In order to remove impurities the solution was filtered using 
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Whatmann filter paper and transferred to a crystal growth 
vessel allowing the crystal to grow by slow evaporation, at 
room temperature. The mouth of the vessel was covered with 
porous polythene sheet, for controlling the rate of evapo-
ration. Optically good quality NFD crystals (4 × 2 × 2 mm) 
were formed within two weeks by slow evaporation solution 
growth technique (Fig. 1).

2.2  Characterisation techniques

Single crystal XRD analysis was done using Bruker Kappa 
Apex II diffractometer and the powder crystal XRD using 
BRUKER AXS-D 8 advance X-ray diffractometer (wave-
length = 1.54 Å) with copper target. The Varian, Carry 5000 
spectrometer enabled the UV–Vis spectral analysis in the 
range 200–1000 nm. Perkin Elmer, Diamond TG/DTA ana-
lyzer was used for the thermal analysis. The FTIR spectral 
analysis was carried out with the help of Thermo Nicolet, 
Avatar 370. JEOL Model JSM-6390LV was the instrument 
used to record SEM images. In order to do the hardness 
studies, CLEMEX Microhardness Tester was made use of.

3  Results and discussion

3.1  Single crystal XRD

The crystal structure and lattice parameters of the sample 
were confirmed with the help of single crystal X-ray diffrac-
tion. They are in good agreement with the reported values 
[9]. Figure 2 represents the molecular structure of NFD. The 
data obtained from the analysis are shown in Table 1.

3.2  Powder XRD

The powder XRD pattern of the NFD crystals is depicted 
in the Fig. 3. The razor sharp and well designated peaks at 
certain 2� values, that are distinctive property of the XRD 
spectrum, reveal the crystalline nature of the sample.

Using Hall-Williamson relation, �cos� =
K�

�
+ �sin� 

(where � is the full width of the half maximum, � is the 
Bragg diffraction angle, K is the Scherrer constant, � is the 
X-ray wavelength and � is the crystal size), the strain devel-
oped in the crystal lattice can be calculated from the graph 
drawn between sinθ and βcosθ (Fig. 4). The value of strain 
implies the kind of point defect in the crystal.

The strain is found to be 4.70511 which is a positive 
value. The larger positive value of strain indicates the 

Fig. 1  Grown NFD crystal

Fig. 2  Molecular structure of NFD

Table 1  Single crystal XRD data

Empirical formula C
9
H

9
NO

7

Formula weight 243.171
Temperature (K) 290 (2)
Wavelength (Kα, Å) 0.71075
Crystal system, space group Monoclinic, P21
Unit cell dimensions (Å, º) a = 8.067 (3)

b = 16.053 (8)
c = 10.879(4)
β = 99.391 (3)

Volume Å3 1395.893 (9)
Z
Calculated density (Mg/m3)

4
1.157

Crystal size mm 0.10 × 0.10 × 0.15
Theta range for data collection (°) 2–50.0
Refinement method Full-matrix least-squares
R value 0.079
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presence of interstitial type of defect in the NFD crystal. 
Due to this kind of defect, the lattice around the defect core 
contracts and hence strain is developed in the crystal lattice 
[10, 11]. From the Scherrer’s formula, particle size = Kλ/
βcosθ where λ is the X-ray wavelength, grain size is calcu-
lated as 38.12 nm.

3.3  UV–Vis–NIR spectroscopy

UV–Vis spectrum is capable of giving ideas regarding 
the nonlinear response of the crystals. Here NFD crystals 
do have a wider transparency region from 350 to 800 nm 
(Fig. 5) that includes the whole visible region. This shows 
that the material can be made use in the optoelectronic 
device fabrication and second harmonic generation. The 
optical band gap energy of the crystal can be calculated 
from UV–Vis spectrum, by using the equation Eg = hC∕�max 
where h is the Planck’s constant, C is the velocity of light 

and �max is the wavelength corresponding to the maximum 
absorption. The calculated value of Eg is 4.37 eV for the 
NFD crystals.

3.4  FTIR spectrum

The FTIR spectrum (Fig. 6) obtained is compared with that 
of the reported standard spectra of functional groups [12]. 
The Table 2 shows the tentative assignments corresponding 
to different wave numbers.

3.5  Thermal analysis

The Fig. 7 illustrates the TGA and DSC curves of the NFD 
crystals. Up to 180 °C the material is found to be thermally 
stable and also lacks phase transition. The large weight 
loss between 180 and 280 °C in the TGA curve indicates 
the decomposition of the sample. The endothermic peak 
in the DSC curve at 278.64 °C corresponds to the melt-
ing point of the crystal. The sharpness of the peak denotes 

0 10 20 30 40 50 60 70 80
-500

0

500

1000

1500

2000

2500

3000
In

te
ns

ity
 (C

ou
nt

)

Angle (2-Theta °)

Fig. 3  Powder XRD spectrum

Fig. 4  βcosθ versus sinθ plot of NFD
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Fig. 5  UV–Vis spectrum of NFD

Table 2  Tentative assignments corresponding to wave numbers

Wave number Tentative assignments

3480 O–H stretching
3190 N–H stretching
2860 =C–H stretching
1760 C=O stretching
1540 CH

3
 asymmetric deformation

1340 NO
2
 symmetric stretching

1210 C–N stretching
1060 C–O stretching
951 C–H out of plane deformation
812 C–C skeletal stretching
544 C– C–N deformation
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the good crystalline nature of NFD [13]. The endothermic 
peak in the DSC curve coincides with the fall in the TGA 
curve at 250 °C which shows that, the sample melts while 
decomposing.

3.6  Microhardness studies

A well polished surface of the NFD single crystal is selected 
for the indentation. The microhardness test is carried out 
using Vicker’s microhardness tester with diamond pyramidal 
indenter at room temperature with an indentation time 10 s 
for loads 10, 25, 50,100 and 150 g. When a load of 100 g was 
applied, microcracks appeared on the surface of the crystal 
due to the mechanical stress developed in it (Fig. 8) [14].

Vicker’s hardness number Hv = 1.854P∕d2 kg∕mm2 is a 
kind of hardness measure, where P is the applied load in 
gram and d is the diagonal length of indentation in mm [15]. 
From Fig. 9 it is evident that, the VHN value increases with 
load. This verdict is in agreement with the reverse indenta-
tion size effect(ISE) [16].

Figure 10 represents the Mayer’s plot, from which the 
work hardening coefficient or Mayer’s index ‘n’ is calcu-
lated by finding the slope of the graph. It has got a value 
2.48.

Onistch [17] and Haneman proposed that, if 1 < n < 1.6 
the materials are moderately hard and if n > 1.6 the mate-
rials are soft. So the NFD crystals belong to softer material 
category.

3.7  SEM

The Fig. 11 shows the SEM images of the NFD crystals 
that has smoother morphology. Distinct grain boundaries 
and some valleys are visible in the images.

500 1000 1500 2000 2500 3000 3500 4000
0

20

40

60

80

100
Tr

an
sm

itt
an

ce

Wave number(cm-1)

Fig. 6  FTIR spectrum
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Fig. 7  TGA–DSC

Fig. 8  Image of indentation mark and cracks on the NFD crystal for a 
load of 100 g
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Fig. 9  VHN versus load graph
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3.8  SHG studies

SHG efficiency of the NFD crystal was analysed by Kurtz 
and Perry powder technique [18]. It has an SHG output 
15 times greater than that of standard KDP. Nonlinear 
response of a sample depends up on its structural proper-
ties. If the charge transfer across the NLO chromosphere 
of a material is larger, larger will be the SHG output [19]. 
The electrostatic and directed nature of H-bonds also can 
improve the SHG efficiency of a material [20, 21]. The 
polarizability of π electrons is another factor that can 
affect nonlinearity. Here the larger SHG output of NFD 
is due to the presence of delocalized π electrons and inter-
molecular H-bonding.

3.9  Structure–property relationship

O
O

O
O

CH3

CH3

O

N+
O
-

O

NFD consists of a furan ring which is a heterocyclic organic 
compound with five membered aromatic ring of four car-
bon atoms and one oxygen atom. It also contains two ace-
toxy groups.  NO2 attached to the furan ring acts as electron 
acceptor group and  CH3 in the acetoxy group acts as an 
electron donor. Delocalisation of π electrons between the 
donor and acceptor occurs through the heterocyclic ring 
furan similarly as in benzene ring and this delocalization 
causes the optical nonlinearity of the molecule [5, 22, 23].

3.10  Laser damage threshold

It is very important to understand the laser damage with-
standing capacity of an NLO material, since the nonlinear 
optics always deals with the interaction of intense light with 
matter. A continuous pulse of Nd:YAG laser (1064 nm) with 
pulse width 20 ns was allowed to fall on one of the smoother 
surfaces of the NFD crystal of thickness 4 mm. Above 
350 mJ, the crystal surface got damaged. That energy was 
noted and the surface power density was calculated using 
the relation,
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Fig. 10  Mayer’s plot

Fig. 11  SEM images



16079Journal of Materials Science: Materials in Electronics (2018) 29:16074–16079 

1 3

E is the input energy density in mJ, � is the pulse width in 
ns and r is the radius of the circular spot on the crystal in mm 
[24–26]. The laser damage threshold value thus obtained is 
4.2 GW/cm2.

4  Conclusion

Good quality NFD single crystals grown by slow evaporation 
solution growth technique have excellent crystalline nature, 
broader transparency range and belong to softer material 
category with hardness coefficient 2.48. The presence of dif-
ferent functional groups in the sample were confirmed by the 
FTIR studies. The thermal analysis proves that, the sample 
is stable up to 220 °C, and it melts at 278.64 °C. The SEM 
images show the smoother morphology of the crystal. Sec-
ond harmonic generation efficiency of the sample is found 
to be 15 times higher than that of standard KDP and it has 
the capacity to withstand laser damages with an LDT value 
4.2 GW/cm2. The studies revealed that, the title compound is 
a potential candidate for opto-electronic applications.
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