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Strong Enhancement of Second Harmonic Generation 

in the Nonlinear Optical Crystals: 2-Amino-3-

nitropyridinium Halides (Cl, Br, I) 
Tianliang Chen,a Zhihua Sun,abc Xitao Liu,c Jinyun Wang,a Yuelan Zhou,d 
Chengmin Ji,a Shuquan Zhang,ab Lina Li,a Junhua Luo,*aband Zhong-Ning Chena 
Three nonlinear optical (NLO) crystals of 2-amino-3-nitropyridinium halides (Cl, Br, I), which 

are assembled by anchoring the organic NLO chromophores into the halide anion frameworks 

through multicenter hydrogen bonds, have been successfully grown. Their optical 

transmittance window and cut-off wavelength have been investigated by the UV-visible-NIR 

studies. The Kurtz and Perry powder measurements disclose a large enhancement of their NLO 

activities, that is, second harmonic generation (SHG) efficiencies of 2-amino-3-

nitropyridinium iodide are 1.5 times that of KDP, while, the corresponding values for the 

compounds of 2-amino-3-nitropyridinium chloride and 2-amino-3-nitropyridinium bromide are 

about 15 and 10 times, respectively. Further structure analyses and theoretical calculation 

reveal that such a distinct difference of the NLO behaviours results from their diverse coplanar 

alignments and dipole-dipole superposition, which is supposed to originate from the discrepant 

size of halide anions. It is believed that the enhancement of NLO response would point out a 

potential pathway to design new functional materials in the family of organic chromophores. 

 

 

 

 

 

 

 

Introduction 

Nonlinear optical (NLO) materials have attracted great 

attentions owing to their promising photonic applications in the 

field of optical information processing, optical switching, 

frequency conversion and terahertz (THz) wave generation, 

etc.1-3 Generally, significant second-order NLO responses can 

be easily achieved in the compounds of chromophores. For 

compounds with large macroscopic NLO susceptibility (χ(2)) , 

one of the most essential characteristics for the chromophore is 

large molecular first-order hyperpolarizability, typically 

obtained in the planar delocalized π-electron systems. In 

inorganic materials, anionic groups with a π-conjugated system 

and a planar structure are only [BO3]
3-, [NO3]

-, and [CO3]
2-, 

although some searchers have explored new materials with 

enhanced NLO activities by choosing the suitable size cation to 

induce the planar anionic group into the coplanar and parallel 

alignment.4-6 Compared to inorganic NLO compounds, organic 

materials possess attractive advantages, including structure 

variety, high electronic susceptibility, and relative ease of 

device processing and so forth.7-9 In order to obtain large 

macroscopic NLO efficiency, many methods have been used to 

enhance the molecular first-order hyperpolarizability, such as 

the increasing of the length for conjugated π-electron systems 

and the designing of dual charge-transfer chromophores 

(octupolar, star-shaped, Λ-shaped, Χ-shaped, Y-shaped, U-

shaped, H-shaped and so on).10-16 However, the achievement of 

large macroscopic susceptibilities remains a challenge, because 

of the possible non-optimal packing and even anti-parallel 

dipole arrangement of those chromophores in the crystals. 

Fortunately, these unfavourable arrangements can be 

considerably prevented by introducing inorganic anions, which 

can hinder mutual dipolar interactions between chromophores, 

and form supramolecular organic-inorganic hybrids.17-19 

Compared to pure organic or inorganic materials, one of the 

most interesting aspects for organic-inorganic hybrids is that 

their properties are strongly dependent on the included 

inorganic anion groups, which provide more opportunities for 

fine-tuning these NLO optical properties by the reasonable 

choice of anion groups to control the organic chromphore 

cations in optimal packing.20-23 Although the rational assembly 

of the organic-inorganic NLO hybrids with dipolar NLO 

chromophores and suitable anions has been explored,20-23 few 

researches are reported about the influences on the NLO 
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efficiencies, caused by the different anions in the same main 

group.  

2-Amino-5-nitropyridine, containing two electron-acceptors 

(NO2 and NH+) and one donor (amino group), has been 

artificially engineered into optimal arrangement to gain large 

macroscopic efficiencies in NLO materials by introducing 

zigzag chains or thick anionic walls.24-32 As the isomer of the 2-

amino-5-nitropyridine, 2-amino-3-nitropyridine (2A3NP) can 

easily be anchored into different anion host matrix by short and 

multiple hydrogen-bonds, while less NLO compounds based on 

it have been built compared to 2-amino-5-nitropyridium 

compounds.33-35 Herein, we choose 2A3NP to construct NLO 

materials with the simple halide anions (Cl, Br and I). Single-

crystal structures, thermal stabilities and optical properties were 

systematically investigated for these compounds. Further 

structure analyses and theoretical calculation reveal that their 

diverse coplanar alignments caused by the discrepant sizes of 

halide anions lead to such a distinct difference of the NLO 

responses. It points out a potential way to explore and design 

novel NLO material with enhanced NLO properties based on 

organic chromophores. 

 

Experimental Section 

All the chemical reagents were purchased as high purity (AR 

grade) and used without any further purification. 2-Amino-3-

nitropyridinium chloride (2A3NPCl) was synthesized by 

dissolving 2A3NP in hydrochloric acid (HCl) solution with the 

molar ratio of 1:3 (0.01:0.03 mol) for 2A3NP and HCl at room 

temperature. The same preparation method was performed for 

2-amino-3-nitropyridinium bromide (2A3NPBr) and iodide 

(2A3NPI) compounds. Crystals of 2A3NPCl, 2A3NPBr and 

2A3NPI were grown up to 7× 8 × 3 mm3, 10 × 10 × 2 mm3 and 

5 × 5 × 2 mm3 (Figure S1, Supporting Information) by slow 

evaporation method, respectively. 

Data collections for single crystal structures were corrected 

for Lorentz and polarization factors as well as for absorption by 

multi-scan method. All structures were solved by the direct 

methods and refined by full-matrix least-squares fitting on F2 

by SHELX TL software package.36 All non-hydrogen atoms 

were refined anisotropically, and the positions of hydrogen 

atoms were generated geometrically. Crystallographic data and 

structural refinements for the two compounds are summarized 

in Table 1. 

The purity of these crystals had been determinated by PXRD 

performed on a MiniFlexⅡX-ray diffraction instrument (Figure 

S2). Thermogravimetric (TG) and differential thermal analysis 

(DTA) measurements were carried out on a NETZSCH STA 

449C with the heating rate of 10 ºC/min under nitrogen 

atmosphere (Figure S3). NLO properties were studied by 

Kurtz-Perry powder SHG test using an Nd: YAG laser (1064 

nm) with input pulse of 450 mV. The micro-crystals of these 

three compounds and KDP standard sample with the same size 

of 250-310 µm were used to test their NLO efficiency. The 

three compounds with sizes in the range of 25-210 µm, sieved 

by a series of mesh, were utilized to perform the phase-

matching experiment. The density functional theory (DFT) was 

used to optimize the corresponding crystal structures in order to 

calculate the first-order hyperpolarizability tensors by the 

hybrid functional B3LYP with the 6-311+ G (d) mode and the 

finite field method. 

Table 1. Summary of crystallographic data for all three complexes 

 
2A3NPCl 34 2A3NPBr 2A3NPI 

Formula C5H6N3O2Cl C5H6N3O2Br C5H6N3O2I 

Formula w.t. 175.58 220.03 267.03 

Crystal system Monoclinic Orthorhombic Orthorhombic 

Space group P21 Cmc21 P212121 

a/Å 6.496(1) 6.(10) 6.702(3) 

b/Å 9.040(4) 13.15(2) 9.243(4) 

c/Å 7.263(1) 9.269(14) 13.476(5) 

α/° 90 90 90 

β/° 116.6(9) 90 90 

γ/° 90 90 90 

V/Å3 381.3(3) 824(2) 834.8(6) 

ρcalc/gcm-3 1.529 1.774 2.125 

T(K) 293 293 173 

Z 2 4 4 

µ(mm-1) 2.417 4.946 3.793 

F (000) 180 432 504 

θrange (°) 3-30 3.10-27.30 2.67-27.45 

Gof on F2 - 1.081 1.250 

R1(I>2σ(I)) 0.026 0.0487 0.0240 

wR2 (all data) - 0.1469 0.0997 

 

Results and discussion  

Crystal Structure Analysis. 

Figure 1(a) shows the molecular arrangement of 2A3NPCl, 

which shows that each chlorine anion is connected with three 

2A3NP cations by two strong hydrogen bonds N−H···Cl 

[N···Cl = 3.017 and 3.364 Å] and weak long hydrogen bonds 

C−H···Cl [C···Cl = 3.486 and 3.492 Å]. An alternating anion-

cation chain is perfect parallelment along the polar axis (Figure 

S4), which is in favor of the charge transfer. Moreover, each 

chain is linked by the hydrogen bonds N2−H2···O2 [N2···O2 = 

3.039 Å], which confirms the 2A3NP cation and chlorine anion 

to pack in the perfect two-dimensional layer structure. These 

perfect planes are parallel to the crystallographic plane defined 

by the b and (2a + c). Furthermore, the dihedral angle between 

the planes of the NO2 group and the pyridine ring is 0.3º. 

However, there are no obvious hydrogen bonds established 

between adjacent layers. 

Page 2 of 7Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3  

 

(a) 

 

(b) 
Figure 1. (a) Molecular arrangements on the (b, c) plane and (b) (a, c) plane in 

2A3NPCl 

Figure 2(a) shows the molecular arrangement of 2A3NPBr. 

Similar to that of 2A3NPCl, each bromide ion is connected 

with three 2A3NP cations with N−H···Br hydrogen-bonds and 

much weak interactioins of C−H···Br in which the 2A3NP 

cations are aligned in the same direction. An extremely similar 

anion-cation chain is formed along its c-axis, utilizing the 

strong hydrogen bonds of N2−H2A···O2 (dN···O = 3.007Å) as 

the cohesion to form the perfect two-dimentional layer 

arrangement. Further, the dihedral angle between the plane of 

the NO2 group and the pyridine ring is 0º. Different from that of 

2A3NPCl, these perfect planes are parallel to the (b, c) plane, as 

shown in Figure 2(b). The distance between adjacent layers is 

3.38 Å, indicating no hydrogen bonding interactions between 

the layers. 

 

(a) 

 

(b) 
Figure 2. (a) Molecular arrangements on the (b, c) plane, (b) (a, c) plane in 

2A3NPBr [N···Br = 3.179 and 3.518 Å], [C···Br = 3.591 and 3.617 Å] 

Figure 3 shows the molecular arrangement of 2A3NPI 

crystal. As shown in figure 3(a), two pair cation-anions chains 

A and B are alternately stacked along b-axis interconnected 

through hydrogen bonds N2−H2B···I1. The 2A3NP cations of 

A and B chain are alternately stacked with a dihedral angle of 

35.196° along the c axis. The 2A3NP cations are alternately 

stacked with a dihedral angle of 64.94° along b-axis. The above 

arrangement of the 2A3NP cations will lead to less favorable 

dipole-dipole superposition. The dihedral angle of the nitro 

group with respect to the planar heterocycle is 17.539°. Figure 

3b shows the molecular arrangements on the (b, c) plane of A 

pairs. Each iodide ionic is linked with three 2A3NP cations by 

the hydrogen bonds N1−H1···I1 (N1···I1 = 3.462Å), 

N2−H2A···I (N2···I = 3.635 Å), C3−H4···I1 (C3···I1 = 

3.879Å) and C5−H5···I1 (C5···I1 = 3.808 Å) to form two 

dimensional corrugated layer structure. Furthermore, the 

2A3NP cations and iodide anions are not aligned as shown in 

figure 3b, which will be not in favour of the charge transfer. 

Therefore, unlike 2A3NP cations described in 2A3NPCl and 

2A3NPBr, the 2A3NP cations in 2A3NPI are not coplanar 

aligned. 

 

(a) 

 
(b) 

Figure 3 (a) Molecular arrangements on the (b, c) plane, (b) (a, c) plane in 2A3NPI. 

             
           (a)                            (b)                             (c) 
Figure 4. Alignment of the 2A3NP cations in three compounds. Similar 

frameworks are observed in both 2A3NPCl and 2A3NPBr, while 2A3NPI shows a 

quite different structure.  

Very interestingly, our above structural investigations show 

that there are distinctive different arrangements for these three 

compounds: (1) all 2A3NP cations are coparallel in (b, c) plane 
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and arranged in aligned fashion bonded through strong 

hydrogen bond N1−H1···X (Cl, Br) along the polar axis 

resulting in directional arrangement of the dipole moment for 

2A3NPCl and 2A3NPBr; (2) all 2A3NP cations are arranged in 

different orientations and thus noncoplanar arrangement which 

leads to non-favourable dipole moment arrangements in 

2A3NPI as in figure 3(a). Once the structures are examined 

more closely, one can find that the halogen ion play important 

roles in determining arrangements in the three compounds. 

We suppose that such an above phenomenon might originate 

from the different ionic radii of the halide anions. On the one 

hand, possessing smaller ionic radii resulting in smaller van der 

Waals radius for Cl and Br, each halide anion (Cl-, Br-) was 

only connected with three 2A3NP cations through two strong 

hydrogen bonding N−H···X (Cl-, Br-) and two weak 

interactions C−H···X (Cl-, Br-) which are both paralleled to (b, 

c) plane (Figure 4(a) and 4(b)), leading to the coplanar and 

orientational arrangement of their dipole moments. However, 

due to the larger van der Waals radius of I in 2A3NPI, the more 

complicated interaction environment, where each iodide was 

linked with four 2A3NP cations by three strong hydrogen 

bondings N−H···I and two weak interactions C−H···I (Figure 

4(c)), results in noncoplanar and non-favourable arrangement of 

dipole moment. On the other hand, 2A3NPI has the similar 

structure parameters as 2A3NPBr but differs only in the 

identity of the counter-ion. The volume of the unit cell is 

unexpectedly less by 10 Å for the iodide case, even though I- 

ion has a larger ionic radius (2.20 Å) than bromide (1.96 Å). If 

2A3NPI has the same packing arrangement as 2A3NPBr, there 

would lead to the over-jostling of 2A3NP cations, resulting in 

unstable status of the whole system for 2A3NPI. Subsequently, 

the 2A3NP cations will be rearranged to obtain more stable 

structure in 2A3NPI and there will be markedly distinction in 

molecular packing of 2A3NPI compared to 2A3NPBr. 

Furthermore, in order to further confirm the above hypothesis, 

the bond length and angles of hydrogen bonds (strong hydrogen 

bond N1−H1···I) of the assumed molecular arrangement in 

2A3NPI which is the same as the 2A3NPBr, were calculated by 

functional B3LYP with the 6-311+ G (d) mode. As we can see 

in Table S1, if the molecular arrangement of 2A3NPI is similar 

with that of 2A3NPBr, the dI-N2 in the assumed molecular 

arrangement of 2A3NPI is 3.91 Å, which is longer than the dI-N2 

3.63 Å in 2A3NPI, indicating that there are weaker cation-

anion interaction which would lead to an unstable system in 

2A3NPI. Hence, such a non-favourable molecular arrangement 

in 2A3NPI may reduce the energy of the whole system and thus 

keep it into more stable status. It is supposed that these different 

arrangements would originate from the different size of the 

halogen ions, which not only optimize their crystal packing, 

such as a coplanar aligned in both 2A3NPCl and 2A3NPBr, but 

also exert great effects on their bulk second-order NLO 

properties, which needs further investigations. 

Optical Properties Studies 

Transmission spectra for three crystals performed in the 

wavelength range from 450 to 1500 nm are presented in Figure 

5, which shows that the UV-Vis transparency cutoff 

wavelengths of as-grown 2A3NPCl, 2A3NPBr and 2A3NPI 

crystals occur at 432, 436 and 490 nm, respectively. The 

absence of absorption in the region below 1400 nm makes all of 

them possible to be used as NLO materials. 37 SHG properties 

of 2A3NPCl, 2A3NPBr and 2A3NPI crystals were also studied 

following the Kurtz and Perry powder technique.38 Relative 

powder SHG intensities of 2A3NPCl, 2A3NPBr, and 2A3NPI 

are about 15, 10 and 1.5 times that of KDP as shown in Figure 

6(a). Furthermore, the SHG  intensities for 2A3NPCl, 

2A3NPBr and 2A3NPI powders as a function of particle size 

indicate that their SHG intensities increase with particle sizes 

and approach almost saturated with particle size up to 200 µm, 

confirming their phase-matchable properties of Type I (see 

Figure 6b). Here, we discuss that the large differences of their 

NLO properties would be ascribled to the intrinsic difference of 

their crystal structures. In both 2A3NPCl and 2A3NPBr, their 

coplanar alignments of the 2A3NP cation along the same 

direction will be favorable to dipole-dipole superposition and 

lead to a complete additivity of the molecular β tensor 

components for the macroscopic χ (2) susceptibility; while for 

2A3NPI, it can be seen that 2A3NP cations are arranged not 

only without coplanarity, but also with less favorable dipole-

dipole superposition, which remarkably hinder the charge-

transfer interaction, weakening its macroscopic optical 

nonlinearities 

 
Figure 5. Transmission spectra performed on the crystal samples of 2A3NPCl, 

2A3NPBr and 2A3NPI.  

 

(a) 
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 (b) 
Figure 6(a) Oscilloscope traces of the SHG signals of KDP, 2A3NPCl, 2A3NPBr and 

2A3NPI at the same particle size of 150–210 μm; (b) Phase-matching curves, i.e., 

particle size versus SHG response, for 2A3NPCl, 2A3NPBr and 2A3NPI. 

Theoretical Calculation of First Hyperpolarizability 

In order to probe the microscope nonlinearity of 2-amino-3-

nitropyridinium halide salts, we calculated the first 

hyperpolarizability tensors of the geometry optimizations of 

these molecular structures by density functional theory (DFT), 

using the hybrid functional B3LYP with the 6-311+G (d) mode. 

During the determination of (x, y, z) directions in the Cartesian 

coordinate system, z-axis is pointed along the molecular polar 

axis and y-axis is fixed at the vertical direction. Therefore, 

2A3NPX (X =Cl, Br and I) lies in yz plane, which may result in 

the largest components βijk in this plane. The results of the first-

order hyperpolarizability βijk, and the angle (θp) between the 

vector part of the maximum first hyperpolarizability βmax and 

the dipole moment (µ) are listed in Table 3. For 2A3NPCl, the 

component βzzz dominates the βtot 

( 2 1/2=tot iβ β∑（ ） , ( ) 3i iii ijj jij jjiβ β β β β= + ∑ + + ) 

component reaching to 71.8%; for 2A3NPBr, the component 

βyyy dominates the βtot component reaching to 86%. In the other 

direction, the particular components are almost equal to zero for 

2A3NPCl and 2A3NPBr. The above distribution of the 

components βijk can be attributed to unidirectional charge-

transfer by the hydrogen bond between the 2A3NP cation and 

the halide anion (Cl- and Br-); while for 2A3NPI, these 

components are scattered in all directions. It can be also seen 

that the value of the maximum first hyperpolarizability βmax is 

2A3NPBr ＞2A3NPCl ＞  2A3NPI, while, the experimental 

value of their NLO efficiency is 2A3NPCl ＞2A3NPBr ＞ 

2A3NPI. There is a contradiction between experimental 

macroscopic NLO efficiency and theoretical maximum first 

hyperpolarizability βmax for 2A3NPCl and 2A3NPBr. The 

reason for the higher SHG efficiency of 2A3NPCl crystals 

compared to 2A3NPBr crystals can be related to polar 

alignment of the chromophores in the crystalline lattice. In 

order to clearly determine polar alignment of the chromophores 

in the crystalline state, we calculated the angle between the 

direction of the maximum first hyperpolarizability βmax and the 

dipole moment µ. The direction of the maximum first 

hyperpolarizability βmax of 2A3NPCl molecule is aligned at a 

small angle of θp = 23.4º  with the polar b-axis, which is 

considerably smaller than that for 2A3NPBr molecule with a 

large θp = 75.2 with the polar c-axis. Therefore, 2A3NPCl 

crystal has a highly polar alignment with a high order parameter 

cos3(θp) = 0.773, which is larger than that of 2A3NPBr crystal 

with a low order parameter cos3(θp) = 0.017.39 Herein, even 

though the molecular nonlinearity is only half of that for 

2A3NPBr crystals, 2A3NPCl can also exhibit a larger 

macroscopic NLO efficiency. For 2A3NPI, the non-coplanar 

arrangement and small molecular nonlinearity lead to the 

remarkable weakening of the NLO efficiency.  

 Table 3. Calculated the first-order hyperpolarizability β (× 10−30esu) and 
crystal second-order susceptibilities χ (2) from molecules. 

 2A3NPCl 2A3NPBr 2A3NPI 

βxxx 0 0 -0.53 

βxxy -0.23 -0.05 1.87 

βxyy 0.01 0.01 -1.20 

βyyy 2.58 32.23 0.42 

βzxx -0.22 -0.27 3.02 

βxyz -0.01 0 -1.12 

βzyy -3.96 6.95 0.59 

βxzz 0 0 -0.94 

βyzz 2.71 4.24 -0.35 

βzzz -12.54 2.24 -1.34 

βmax 14.30 34.94 1.41 

βtot 17.47 37.49 4.01 

θp 23.4º 75.2 º 7.0 º 

N 1.58 0.73 0.72 

L 1.42 1.19 1.25 

(2)χ  34.36 30.66 6.78 

χ(2)(ex) 48 (3) 32(2) 4.8 (1) 

Unit: N for 1021 cm3, χ (2) for 10-9 esu. 

Now we make comparisons between the theoretical and 

experimental NLO susceptibility. The NLO susceptibility of the 

bulk material can be estimated by following equation: 40-41 

(2)
abc ( 2 , , ) ( 2 , , )abcNLχ ω ω ω β ω ω ω− = −  

Here, N can be calculated with N = 1/Vcell (Vcell is the 

volume of the unit cell of the crystal). L is the local field 

correction factor calculated from 2
L f f fa cb

ω ω ω= , and 

the 2 2 2 3 3 3-4f n Na
ω π αω ω= + =（ ） （ ） , with the assumption of the 

Lorent-z-Lorenz local field, in which nω is the refractive index 

and αω is the first-order microscopic polarizability.42-43 Here we 

make an approximation of α2ω = αω in calculation of L factor. 

The calculated value of ‖χ(2)‖is listed in Table 3 at an input 

wavelength of 1064 nm. The experimental value of χ (2) (exp) 

can be calculated with χ (2) (exp) = b × χ (2) (KDP) (χ(2)(KDP)= 

2d36), where b is their NLO efficiency times that of KDP. The 

selected value d36 of KDP is the average value 1.6×10-9 esu, 

and thus, the experimental value χ(2) (ex) are 48(3)×10-9, 
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32(2)×10-9 and 4.8(1)×10-9 esu, for 2A3NPCl, 2A3NPBr and 

2A3NPI, respectively. The calculated values almost agree with 

the experimental values.  

Conclusions 

In the present work, we have grown three NLO crystals built by 

the simple halogen anion with the 2-amino-3-nitropyridine 

nonlinear chromosphores to assemble different framework 

acentric structures by multicenter hydrogen bonds. The SHG 

measurements indicate that the 2A3NPCl, 2A3NPBr and 

2A3NPI are all phase-matchable materials with the NLO 

activities of about 15, 10 and 1.5 times that of KDP. The 

difference of their NLO efficiency was caused by the diverse 

coplanar alignments and dipole-dipole superposition directed 

by the discrepant size of the halide anions. We therefore 

proposed that the moderate size of halogen anions could 

promote coplanar arrangement of the 2A3NP cation and dipole-

dipole superposition to induce the enhancement of the 

macroscopic second-order optical nonlinearity, which would 

provide a clue for exploring new NLO materials with enhanced 

second harmonic generations. 
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