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A new nonlinear optical hybrid crystal 1,4-Diazbicyclo[222]octane oxonium tri-nitrates (DOTN), of the
dimension 4×12×1 mm3. The crystal was grown using water as solvent at room temperature and crystal
structure was determined by X-Ray diﬀraction respectively, this title compound was shown to crystallize in noncentrosymmetric trigonal system with space group P31c. The recorded FTIR spectrum has proven the presence
of various functional groups in the grown crystal as well as the formation of DOTN. Besides, the thermal
stability and melting temperature of the DOTN crystal were identiﬁed from the TG/DSC analysis. The suitability
of this material for optical application was studied by non-linear optical (NLO) and UV–visible absorption
techniques. Furthermore, the nonlinear optical property was analyzed by Kurtz-Perry powder technique and
was 3.4 times than that of KDP (potassium dihydrogen phosphate) single crystals. The ﬁrst hyperpolarizability
of nitrate was determined by Second Harmonic light Scattering.

1. Introduction
Nonlinear optics has been given increasing attention due to its wide
application in electronics, data storage technology and optical communication [1]. These applications require the presence of extraordinary
physical properties, such as NLO which is the key element for future
technologies in physical optics [2]. Firstly, the research works have
concentrated on inorganic materials such as KDP, lithium niobate
(LiNbO3) and its analogues [3]. However, inorganic crystals face a
‘trade-oﬀ’ problem between the amplitude of the optical nonlinearity
and response time [4–7]. Recently, organic materials with delocalized
conjugated π-electrons have gained much attention due to their large
NLO properties and good response. Although these materials have the
capacity to double the frequency of incident light and have important
commercial applications due to high second-order nonlinear coeﬃcients, their transparency domain has been reduced. Likewise, they
suﬀer from problems such as low thermal stability, mechanical
weakness, etc. [8–11].
Presently, inorganic and organic materials are being swapped by
hybrid compounds. The latter, share the properties of both inorganic
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and organic materials. Recent interest has been focused on the metal
complexes of organic compounds due to their large non-linearity [12].
The approach of combining the high nonlinear optical coeﬃcients of
the organic molecules with the good physical properties of the
inorganic ones has been very successful, in recent years. Hence, current
research is interested in semi-organic materials due to their exceptional
nonlinearity, high resistance to laser induced damage and good
mechanical stability [13]. Actually, the amines, mineral acids and salts
have also been proven to be attractive materials in optoelectronic
applications as they contain a proton-donating acid group and protonaccepting amino group [14]. The amino acids and inorganic acids
complexes are promising materials for the optical second harmonic
generation (SHG), as they tend to combine the beneﬁts of the organic
amino acid and the inorganic acid [15].
Heteroaromatic derivatives are a group of organic compounds that
have demonstrated their unique properties in the ﬁeld of the non linear
optics because of the delocalized cloud of π electrons [16–18]. 1,4diazabicyclo[2.2.2]octane (dabco) is a nucleophilic amine commonly
used in the catalytic ﬁeld [19,20] and it is a very useful organic
molecule in building phase transition crystals because of its extremely
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symmetric form that tends to pursue order-disorder transformations in
crystals and its multiple roles in formation of hydrogen bonds by acting
either H donor or acceptor or both [21–25].
In this paper, we have reported the studies of the synthesis, crystal
structure and physical properties of DOTN which is a hybrid crystal
with excellent nonlinear coeﬃcient. The crystal was grown using water
as solvent at room temperature and crystal structure was determined
by X-Ray diﬀraction respectively. It was found to be of a noncentrosymmetric space group P31c, which is required for the physical
property. The optical and thermal stability as well as the second
harmonic generation properties of DOTN were also reported in this
research work.

Table 1
The crystal data and the structure refinement of DOTN material.
Crystal data

b (Å)
c (Å)
F(000)
V (Å3)
Z
Crystal size (mm3)
Color

C6H14N2 (NO3)3.H3O
319.24
Trigonal
P31c
10.0304 (5)
7.1558 (5)
10.0304 (5)
7.1558 (5)
336
623.48
2
0.400×0.120×0.100
Colorless

Intensity data collection
Diﬀractometer
Wavelength
Absorption corrections
Temperature (K)
θ range for data collection (deg)
Range of h, k, l
Reﬂections measured
Independent reﬂections [I > 2σ (I)]

Kappa Apex II
λ (Kα)=0.71069 Å
Multi-scan
150
1.9≤θ≤30.009
−14≤h≤8; −10≤k≤9; −10≤1≤7
2375
968

Structure reﬁnement
Computer programs
Reﬁnement
Electron density residuals (e. Å−3)
Goodness-of-ﬁt on F2
Flack parameter
wR2 (%)
R1 (%)
Cambridge Crystallographic Data Centre (CSD)

ShelxT et Shelxl
based of F2
−0.19 < Δρ < 0.24
1.004
0.00 (1)
8.68
3.55
CCDC 1406643

Chemical formula
Formula weight (g mol−1)
Crystal system
Space group
a (Å)

2. Experimental details
2.1. Growth of DOTN single crystals
The low temperature solution growth technique was used for the
growth of DOTN which is widely used for the growth of inorganic and
organic single crystals to get more transparent single crystals. The
starting compounds, namely,1,4-diazabicyclo[2.2.2]octane (Sigma
Aldrich, 99%) and nitric acid (Sigma Aldrich, 96%) were used without further puriﬁcation. The single crystals of DOTN were successfully
grown from slow evaporation solution growth technique at room
temperature in the non-stoichiometric ratio, with deionized water as
solvent. The saturated solution of DOTN was obtained by dissolving the
charge material into the puriﬁed water with continuous stirring of the
solution using an immersible magnetic stirrer at room temperature.
DOTN was synthesized according to the following chemical reaction.
H2O

C6H12N2 + 3 HNO3⟹C6H14N2 . (NO3)3 . H3O+
After 15 days of growth, the colorless single crystal of the dimension
of 12×9×4 mm3 was obtained by slow evaporation technique. The
photograph of the as grown crystal of DOTN is shown in Fig. 1. The
crystal had good compositional stability and showed no degradation
when keep in the open air for several months.

electronic densities, which are calculated by a Fourier diﬀerence. The
XRD study has revealed that the single crystal belongs to trigonal
system, with a space group of P31c with the lattice parameters
a=10.0304(5) Å, b=10.0304(5) Å, c=7.1558(5) Å and V=623.48(8) Å3.
The crystal data and structure reﬁnement of the DOTN material are
given in Table 1. The fractional atomic coordinates and isotropic or
equivalent isotropic displacement parameters are summarized in
Table 2. For further details of the structure identiﬁcation, they are
available from the Cambridge crystallographic data centre (CSD) CCDC
1406643.

2.2. Single crystal X-ray diﬀraction
The single crystal of DOTN compound was mounted on a Kapton
loop using a Paratone N oil. An APEX II CCD BRUKER detector and a
graphite Mo-Kα monochromator was used to obtain the data. All
measurements were taken at 150 K and a reﬁnement method was used
for solving the structure. The structure resolution was accomplished
using the SHELXT-2014 [26] program and the reﬁnement was done
with the SHELXL-2014 program [27]. The structure solution and the
reﬁnement were achieved with the PLATON software. During the
reﬁnement steps, all atoms- except hydrogens- were reﬁned anisotropically. The position of the hydrogens was determined using residual

Table 2
Fractional atomic coordinates and isotropic or equivalent isotropic displacement
parameters (Å2).

N1
N2
H2
N3
H3
C1
H1A
H1B
C2
H2A
H2B
O1
O2
O3
O4
H4

x

y

z

Uiso*/Ueq

0.3460 (2)
0.3333
0.3333
0.3333
0.3333
0.1804 (3)
0.161 (4)
0.104 (4)
0.1970 (3)
0.110 (4)
0.213 (4)
0.2542 (2)
0.3027 (2)
0.48106 (18)
0.0000
−0.005 (6)

0.2167 (2)
0.6667
0.6667
0.6667
0.6667
0.5404 (3)
0.452 (4)
0.572 (3)
0.5208 (3)
0.508 (4)
0.437 (3)
0.2464 (2)
0.0835 (2)
0.3242 (2)
0.0000
−0.094 (6)

0.2672 (3)
0.4167 (5)
0.538 (9)
0.0683 (5)
−0.060 (9)
0.3484 (4)
0.417 (5)
0.373 (5)
0.1389 (4)
0.074 (5)
0.112 (5)
0.3550 (3)
0.2150 (3)
0.2387 (3)
0.4353 (5)
0.392 (8)

0.0166 (4)
0.0140 (6)
0.017*
0.0146 (6)
0.018*
0.0163 (4)
0.020*
0.020*
0.0176 (4)
0.021*
0.021*
0.0268 (5)
0.0268 (5)
0.0207 (4)
0.0212 (7)
0.070 (16)*

*
Corresponding to the hydrogen atoms (H) mentioned in the table which are reﬁned
isotrpically.

Fig. 1. Photograph of as-grown DOTN crystal.
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Fig. 3. UV–vis absorption spectrum.

Fig. 2. FTIR spectrum of DOTN crystal.

wavelength of DOTN crystal is at 280 nm and therefore wide transmission window exists in visible region, which plays very useful role in
nonlinear application of optical material. Optical band gap (Eg) value
was calculated from the graph of (αhυ)2 vs hυ [28], where α is the
absorption coeﬃcient and E = hυ is the energy of the photon. The band
gap was estimated as 4.47 eV by extrapolating the linear portion near
the onset of transmission edge to the energy axis (Fig. 3). The absence
of absorption bands in the visible region and the wide band gap of the
grown crystal are incredibly suitable for photonic and optical applications [29].

2.3. FT-IR studies
The FT-IR studies were carried out with freshly crushed samples
mixed with KBr and palletized using a hydraulic press. The spectra
were recorded in the range of 500–4000 cm−1 using the BRUKER IFS–
66V spectrometer. Fig. 2 shows FTIR spectrum of the grown DOTN
crystal.
The peak appearing at 3152 cm−1 is due to O–H vibration, which
indicates the presence of oxonium in the crystal lattice. Furthermore,
the peaks appear at 2782 cm−1 and 1571 cm−1, indicating the symmetric and bending vibrations of NH+. The peaks appearing at
2890 cm−1 and 1427 cm−1 are due to the symmetric and bending C–
H stretching frequency. The asymmetric and symmetric stretching
frequency for NO−3 ion is observed at 1650 cm−1 and 1461 cm−1. The
peak detected at 1228 cm−1 is assigned to the symmetric stretching
frequency of C–N group vibrations. Table 3 shows the frequency
assignment of DOTN crystal.

2.5. Thermal analysis
Generally, thermal analysis gives information about dehydration,
enthalpy, mass change, melting, decomposition, phase analysis etc. The
TG/DSC of DOTN has been recorded by using PerkinElmer Diamond
TG/DSC instrument. A platinum crucible was used to heat the sample.
This thermal analysis was conducted in an atmosphere of nitrogen at a
heating rate of 10 °C/min in the temperature range of 40–400 °C. The
initial mass of the analyzed material subjected to the analysis was 9 mg.
The TG/DSC is shown in Fig. 4. TG curve revealed that there are twosteps weight losses. The ﬁrst decomposition, from 87 to 115 °C, is due
to the loss of the Hydronium molecule (experimental weight loss: 7.3%
and theoretical weight loss: 5.95%). The second stage which starts at
about 155 °C and ends above 178 °C, is assigned to the destruction of
the organic entities (experimental loss: 39% and theoretical loss:
35.37%) and the volatilization of the compound. This phenomenon is
accompanied by two sharp endothermic and exothermic peaks observed on the DSC curve at about 113 and 173 °C, respectively.

2.4. UV–vis spectral analysis
The UV transmission spectra are very signiﬁcant for any optical
material since a nonlinear optical material is of a practical use only if it
has an extensive transparency window. Indeed, UV–vis studies provide
important information about the structure of DOTN because the
absorption of UV and visible light involves the promotion of the
electrons in σ and π orbitals from the ground state to higher energy
states. Within this framework, the UV–vis transmission spectrum is
studied by Perkin Elmer lambda 35 UV–vis spectrophotometer. Cut
and polished crystal with 1 mm thickness was used for UV–vis studies.
Fig. 3 shows the optical transmission spectrum of the DOTN crystal.
The crystal shows good transmittance of more than 37% in the visible
region. This huge transparence makes the crystal suitable for nonlinear
applications. This is an advantage of the use of amines, where the
absence of strongly conjugated bonds leads to wide transparency
ranges in the visible and UV spectral regions. The lower cut-oﬀ
Table 3
Assignment of IR band frequencies (cm−1) observed for DOTN.
Band frequencies for DOTN (cm−1)

Assignment

917
1228
1400
1427
1461
1571
1650
2782
2980
3152

O–H out of plane bending
C–N symmetric stretching
O–H in plane bending
C–H stretching
NO3− symmetric stretching
N+–H bending of NH2
NO−
3 asymmetric stretching
N+–H symmetric stretching
C–H symmetric stretching
O–H symmetric stretching
Fig. 4. TGA and DSC thermograms of the DOTN crystal.
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H3O+. The latter are inserted between the organic (cationic) and
mineral (anionic) groups, which provide stability and cohesion of the
structure.
3.1.1. The cationic group
The cationic part is consisted of two molecules, DABCO
((C6H14N2)2+) and hydronium (H3O+): In the asymmetric unit, 1/3 of
the molecule of DABCO was observed, and the remaining 2/3 were
generated by a 3-fold axis with symmetry (−x+y, −x+1, and z -y+1, x-y
+1, z). These organic cations interposed between the channels of
nitrates develop in zigzag and parallel to the (a, c) plane with the
mean axis a=0 (Fig. 6). The N-C distances are equal to 1.505 (3) and
1.501 (3) Å. There are alternating short and long links, which may be
due to the electron delocalization of a π-conjugated system. The values
of the average distances of C-C and C-H are equal to 1.532 and 0.95 Å,
respectively. Similarly, the angle C-N-C and N-C-C are successively
around 109 and 107°. The distances and angles in the DABCO cycle are
similar to those encountered in other studied structures [30]. The
hydronium environment consists of three nitrate molecules that are
bound by C3 symmetry. The interaction among these molecules is
provided by several hydrogen bonds.
3.1.2. The anionic group
In the nitrate anion NO−3 , the N-O distances and O-N-O angles
accord well with the already-described structures in the reviewed
literature [15]. It is clearly seen that the nitrate anions are developed
along the a-axis in two altered levels: zigzagging with a mean b-axis =3/
4 and regular with b=1/3 (Fig. 6). The detailed geometry of the nitrate
entities shows that the N1–O2 [1.2381(0) Å] and N1–O3 bond
[1.2565(1) Å], bond lengths are signiﬁcantly shorter than the N1–O1
[1.2671(0) Å], which is in accordance with the relatively strong
interaction involving the O1 atom with the hydronium molecule O4–
H4···O1 [2.576 (2) Å]. On the other hand, the nitrate group acts as a
hydrogen-bond acceptor from ﬁve neighboring DABCO cations through
a weak C–H…O and N–H…O interactions, and therefore ensures the
anion–cation connection along the a- and c-axes.

Fig. 5. The asymmetric unit of the DOTN compound.

3. Results and discussion
3.1. Description of the structure
The structural determination of DOTN compound has established
the structural model in which the asymmetric unit (Fig. 5) consists of
an organic cation (C6H14N2)2+ diprotonated, three inorganic anions
NO−3 and H3O+ molecule. These entities are linked by hydrogen bonds
and π-π interactions involving a crystal structure in a three-dimensional network. Fig. 6 shows the projection of the crystal structure of
DOTN in the (a, b) plane. The anionic group composed of nitrates
developed in wire along the [001] direction alternately with the cationic
group consisting of organic cations (C6H14N2)2+ and hydronium ions

3.1.3. The hydrogen bonds
The structure of the solid solution C6H14N2,(NO3)3·H3O is stabilized by diﬀerent intermolecular hydrogen bonds (strong and weak)
and electrostatic interactions of Van der Waals. Fig. 7 and Table 4 show
the three oxygen atoms O1, O2 and O3 of the nitrate ion that are
involved in several interactions (O…N, O…C and O…O) with organic
cations and hydronium H3O+ ion. All these bonds are generated by C3
symmetry. Indeed, the interactions DABCO-NO−3 are ﬁrstly weak
hydrogen bonds N2-H2···O3=2.935(3) and N3-H3···O3=2.978(3) Å,
and secondly weak C–H…O intermolecular interactions whose donor–
acceptor distance ranges from 3.245 (3) to 3.421 (3) Å. The hydronium
molecules play an important role in the three-dimensional network of
hydrogen bonding. In fact, the H3O+ ion is intercalated between
nitrates groups forming six bonds with nitrates groups [31]. These
bonds are generated by the C3 symmetry from two bonds: H4–O4 •••
O1=2.576 (2) and O4–H4 ••• O2=3.141 (3) Å. The ﬁrst link is a strong
hydrogen bond that may play an important role in the electrical
conduction as well as ferroelectricity by the appearance of spontaneous
polarization as a function of electric ﬁeld E. The second type of link is a
simple electrostatic interaction Van der Waals which ensures the
stability of the crystalline structure.
4. Nonlinear studies
4.1. Second harmonic generation (SHG)
The SHG eﬃciency of DOTN was measured by the use of modiﬁed
Kurtz and Perry technique [32,33]. In fact, in this method the crystal
was ﬁnely ground into powder of known grain size of 90 µm and

Fig. 6. The projection of the crystal structure of DOTN in the (a, b) plane.
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Fig. 7. Packing of the title compound illustrating the hydrogen bonding of the nitrate anion and the protonated DABCO nitrogen.
Table 4
Hydrogen-bond geometry.

Table 5
SHG powder intensity values for DOTN and other well-characterized materials.

D—H···A

D—H

H···A

D···A

N2—H2···O3iii
N2—H2···O3iv
N2—H2···O3v
N3—H3···O3vi
N3—H3···O3vii
N3—H3···O3viii
C1—H1A···O2iii
C1—H1B···O1i
C1—H1B···O3i
C2—H2B···N1vi
O4—H4···O1ix
O4—H4···O2ix
O4—H4···N1ix

0.87
0.87
0.87
0.92
0.92
0.92
0.95
0.98
0.98
0.95
0.97
0.97
0.97

2.32
2.32
2.32
2.32
2.32
2.32
2.49
2.51
2.58
2.64
1.62
2.47
2.36

2.935
2.935
2.935
2.978
2.978
2.978
3.345
3.421
3.374
3.245
2.576
3.141
3.267

(6)
(6)
(6)
(6)
(6)
(6)
(4)
(3)
(3)
(3)
(5)
(5)
(5)

(4)
(4)
(4)
(4)
(4)
(4)
(4)
(3)
(3)
(3)
(5)
(5)
(5)

(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(3)
(2)
(3)
(2)

D—H···A

Materials

I2w /IKDP2w

128.3 (12)
128.3 (13)
128.3 (12)
128.3 (12)
128.3 (12)
128.3 (12)
150 (3)
156 (2)
138 (3)
122 (3)
171 (5)
126 (4)
155 (4)

DOTN
[Mg2(btc)(CH3COO)(C4H9NO)3]n
[Cd(anp)2Br2·H2O]n
KDP
Urea
α-SiO2
[Cd2(4,4′-bipy)2(H2O)3(SO4)2·3H2O]n
l-Tryptophan p-nitrophenol (LTPNP)
Dibromo bis (L-proline) Cd (II)

3.4
5
2.1
1
1.8
0.26
0.27
4
2.25

Under study
[34]
[35]

[36]
[37]
[13]

powder samples were taken and densely ﬁlled between two glass slides.
Powdered potassium dihydrogene phosphate of identical size 90 µm
was used as a reference material as it is a well-known inorganic
nonlinear optical material. A Q-switched Nd: YAG laser with 1064 nm
was used as an optical source and focused on the sample. The pulse
width of 8 ns and pulse rate of 10 Hz were used.
The second harmonic signal was collected in 90° geometry using

Symmetry codes: (iii) y, x, z+1/2; (iv) −x+1, −x+y+1, z+1/2; (v) x−y, −y+1, z+1/2; (vi) y,
x, z−1/2; (vii) −x+1, −x+y+1, z−1/2; (viii) x−y, −y+1, z−1/2; (i) −x+y, −x+1, z; (ix) −x
+y, −x, z.

Fig. 8. Power dependence of I2ω vs. Iω for DOTN and KDP.
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Fig. 9. Power dependence of I2ω vs. Iω for nitrate and water.

5. Conclusion

monochromator and photomultiplier tube setup. The SHG eﬃciency
was 3.4 times that of standard KDP (Fig. 8). The result was compared
with other non linear optical materials is shown in Table 5.

The synthesis of this new material has been realized at room
temperature by the combination of DABCO and the nitric acid. This
combination has allowed us to obtain a new C6H14N2,(NO3)3·H3O
phase. The FTIR spectrum analysis has signiﬁcantly shown the
presence of diﬀerent groups such as NO−3 , OH– and NH+, which
conﬁrms the protonation of the amine in the two sites. The structural
determination using the X-Ray analysis of DOTN compound has
established the structural model in which the asymmetric unit consists
of an organic diprotonated cation (C6H14N2)2+, three inorganic anions
and H3O+ molecule. These entities are linked by hydrogen bonds and
π-π interactions involving a crystal structure in a three-dimensional
network. The SHG eﬃciency of the compounds under study shows an
eﬃciency of 3.4 times more than that of the reference crystal KDP.
DOTN structure arrangement promotes an important NLO response.
This can be explained by the presence of electronic delocalization along
the organic-inorganic entities, without neglecting the probable impact
of the nitrate ion; especially possession of a high hyperpolarizability in
free state (β(nitrate)=1.39×10−30 esu). Emphasis was put on the inorganic group of the nitrate which can induce this high hyperpolarisability. High NLO makes this hybrid compound usable in high power
applications such as optoelectronic ﬁelds.

4.2. Harmonic light scattering (HLS)
The ﬁrst hyperpolarizability (β) of the nitrates solved in water was
measured by the second harmonic light scattering (SHLS) technique
[38]. A 1064 nm fundamental wavelength of a Q-switched Nd: YAG
laser was focused on the sample by a convex lens of 0.2 m in focal
length. The scattered second harmonic photons (I2ω) were collected at
a 90◦ geometry using a photomultiplier tube after ﬁltering out the
fundamental wave and the signal was processed in a storage oscilloscope. The ﬁrst hyperpolarizability (β) of a molecule dissolved in a
solvent was related to the SH scattered light intensity (I2ω) by:

I2ω = G(NSolventβ2 Solvent + NSoluteβ2 Solute)I² ω

(1)

where Nsolvent and Nsolute are the values of densities of the solvent
and solute molecules, respectively, G is an instrument factor, and Iω is
the intensity of the incident beam.
The intensity of the second harmonic light was plotted against the
incident laser light intensity to conﬁrm the occurrence of the secondorder process (Fig. 9).
The ﬁrst hyperpolarizability of the sample was determined by the
external solvent method [39]. From the slopes, the beta value was
calculated as 1.39×10−30 esu by using the following formula:

βsample =

PsoluteCsolvent
× βsolvent – 1
PsolventCsolute

Conﬂicts of interest
The authors declare no competing ﬁnancial interest.
Appendix A. Supporting information
Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.jpcs.2017.02.011.

(2)
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