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In this work, a potential semiorganic nonlinear optical candidate NH4B[p-(+)-(C4H405)]>-H,O (NBC) has
been studied using Density Functional Theory. The origin of the second harmonic generation (SHG)
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effect of NBC crystals for the NH4B[p-(4)-(C4H40s)]>-H,O molecular complex is explained by employing
a combination of the density of states, SHG density and molecular orbital analysis. It reveals a way in which
the organic and ammonium groups affect the SHG processes in a significantly different manner in the

crystals and the molecular complex. In particular, the role of hydrogen bonding interaction in influencing
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1. Introduction

Nonlinear optical (NLO) materials are extensively studied
because of their key role in laser technology and optical
communication. Many inorganic NLO materials have commer-
cial applications such as KDP (KH,PO,)," KTP (KTiPOs),”> LN
(LiNbO3),* BBO (B-BaB,0,)," LBO (LiB;0s),” KBBF (KBe,BO;F,),*’
AgGasS,,’AgGaSe,,’ ZnGeP,'® and LiBC, (B = Al, Ga, In; C = S, Se,
Te);"'? in addition, some rising stars in inorganic NLO materials
field, such as KBOC (K3BO1,Cl),"* BBOF (Ba,B;,0,,F),"* CsBSiO
(Cs,B4Si0s),"> CsZNBO (Cs3ZneBs0,1),'® KAB (K,ALB,0,)" and
BaMgBO;F,"® are potential applicants. In addition, organic NLO
materials attract attention due to their tailorability and remark-
able SHG efficiency, which are 1-2 orders of magnitude larger
than that of inorganic materials. The representative crystals DAST
(4-N,N-dimethylamino-4'-N"-methyl-stilbazolium tosylate)'*>°
and MMONS (3-methyl-4-methoxy-4'-nitrostilbene)*** exhibit
excellent SHG efficiency, which implies that they have significant
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the electronic structure and nonlinear optical properties is explicitly identified and explained.

potential applications in biological imaging,* all-optical switch-
ing** and logic devices,” etc. However, there exists a wide gap
between experimental research and commercial use due to their
limitations in physico-chemical stability.”® Because of the natural
advantage over organic and inorganic NLO materials, semi-
organic NLO crystals are expected to become superior candidates.
Thus, many types of semiorganic materials were synthesized and
applied.”**” For example, LFM (HCOOLI-H,0)*® shows 20 times
larger SHG response than that of KDP, and it has been used in
multiple frequency components in the 1980s. LAP (i-arginine
phosphate monohydrate) possesses a larger NLO response and
higher laser damage threshold than the inorganic crystal KDP,
and therefore it has been applied in ultrafast pulse and laser
doubling techniques.?*° Here, we are interested in boron-based
organic-inorganic hybrid compounds.

To design superior NLO compounds, a series of organic-
inorganic hybrid compounds with (C,;H,0s)-type fundamental
building units and alkali-metal or ammonium groups, such as
NaB(pL-C4H405),,>" NaB(1-C,H,05),,>> RbB(pL-C4H,05),-H,0
(RBC),** NH,B[p-(+)-C4H,05),-H,0 (NBC)** and CsB(pr-C,H,Os),-
H,0,*' were synthesized via a slow evaporation method. The
compounds, except for CsB(pL-C,H,0s),-H,0O, possess noncentro-
symmetric space group with the SHG intensities about 1-2 times
that of KDP. Investigating these organic-inorganic compounds will
provide references for designing new materials. Therefore, under-
standing the relationship between microscopic structure and
macroscopic optical properties is quite interesting®>° because
of two main reasons: first, introducing high hyperpolarizability
semiorganic molecules appears to be an effective method for
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obtaining new semiorganic NLO compounds, although this
strategy is insufficient to obtain noncentrosymmetric struc-
tures; second, the process of crystal engineering based on
molecular properties is unexplained; thus, a comprehensive
study of the microstructure-structure-property relationship is
still required to explore optimized materials.

This work emphasizes exploring the origin of the SHG effect.
Here, the NBC crystal linked through hydrogen bonding in
molecules, as a new material having the weakest interaction
between molecules in the series of materials previously men-
tioned, was studied as a demonstration. Because of the weak
interaction, the molecular design could be expected to be the
crystal design. In addition, the research of the SHG effect
source for NBC is beneficial for providing some inspiration to
design new NLO crystals. In this work, we first introduce the
crystal structure and properties followed by a microscopic
analysis for understanding the origin of the SHG effect both
at the crystal and molecular level, which is presented in terms
of the density of states and SHG density*® by a plane-wave
pseudopotential method of density functional theory (DFT).
Finally, the difference of the SHG origin between the crystal and
molecular complex is discussed, and the influence of hydrogen
bonding interaction on the electronic structure and optical
properties are further elaborated.

2. Calculation methods

To explore the origin of the SHG effect in NBC crystals, the
electronic structure and the optical property calculations were
performed using the DFT method implemented in the CASTEP
package.”’ The local-density approximation (LDA) was adopted
using Ceperley and Alder-Perdew and Zunger (CA-PZ) func-
tional*>*? for studying the exchange-correlated interactions.
Norm-conserving pseudopotentials**™” were set, and valence
electrons were provided by the package used. The number of
plane waves included in the study was determined by a cutoff
energy of 830 eV, and the numerical integration of the Brillouin
zone was performed using a 3 x 6 x 2 Monkhorst-Pack k-point
sampling.*® The real part ¢; and the imaginary parts ¢, of the
dielectric function were calculated within the CASTEP package.
The expression of the imaginary parts ¢, is as follows:

*5(ES — EY — ho)

2¢2 .
ea(he) = IS |(wilu- )
k.

xe

where v and ¢ are valance band (VB) and conduction band (CB)
indices, respectively. u represents the polarization of the elec-
tric field, o is the frequency of incident light, V is the volume of
cell, and 7 is the position operator, which is expressed as
momentum matrix to satisfy the crystalline boundary condition
used in the CASTEP package. The real and imaginary parts are
linked by a Kramers-Kronig transformation,*® and the real part
can be obtained from this transformation. The linear optical
properties can be defined based on the dielectric functions.
Moreover, SHG coefficients were calculated at a zero-
frequency limit by the length-gauge formalism derived by
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Aversa and Sipe.>® The static second-order nonlinear suscept-

ibilities x&zﬂ)}. can be reduced as follows:

#sih = 75(VE) + 75,(VH) + 77} (ewo bands), (2
where o, 3, and y are Cartesian components, ;(f/}},(VE), y&z/;)(VH) and
Xéz/gy(two—bands) denote the contributions from virtual-electron (VE),

virtual-hole (VH) and two-band processes to Xf,;.,, respectively.

3. Results and discussion
3.1. Crystal structure

NBC holds the space group Pna2,; with lattice parameters
a = 11.4846 A, b = 5.3543 A, and ¢ = 21.0791 A. The
[B(p-(+)-C4H4O0s),]” groups (Fig. 1(a)) can be treated as the
fundamental building units (FBUs), which can be described
as two malic acid molecules linked by a BO, tetrahedron. Then,
NH," groups and H,0 molecules connect the [B(p-(+)-C4H,05),]
groups with N-H:--O and O-H:--O hydrogen bonds, respec-
tively, (Fig. 1(b)).

Each B atom is bonded to four O atoms to form BO, units,
and each BO, tetrahedron is bridged by two malate groups in
the cis-position. The B-O distance ranges from 1.416 to 1.519 A
with O-B-O angle ranging from 103.9° to 114.5°. The length of
N-H---O hydrogen bonds ranges from 1.889 to 2.556 A and
O-H.- - -0 hydrogen bonds length ranges from 1.805 to 1.978 A.
The minimum of N-H- - -O hydrogen bonding angle is 142.703°,
and the maximum is 169.837°. For O-H- - -O, the bond angle
shows two values, 169.588° and 176.286°.

In the structural aspect of these series of organic-inorganic
hybrid compounds, the alkali metal atom radius affecting the
alignment of FBUs may be an important factor for crystal
structure. By the comparison of these compounds it can be
concluded that the basic anion [B(p-(+)-C4H,Os),]” has similar
structure and different arrangement mode due to the difference
in cations. Interestingly, the RbB(pL-C4H,05),-H,0O compound
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Fig. 1 Structure of NBC. Pink colour denotes the oxygen atom, black
color represents the carbon atom, dark blue indicates nitrogen and light
blue represents the hydrogen atom; (a) FBU: the [B(p-(+)-C4H405)5]
group. (b) Hydrogen bonding among FBUs: the green bond presents the
O-H---O and the light green presents N-H---O. (c) Crystal structure
viewed in the [010] face.
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is the isostructure of NBC but the compound CsB(p1-C,H,05),-
H,O0 is centrosymmetric, which demonstrates the influence of
alkali-metal cations on structural modification.

3.2. Optical properties

The calculated band structure (Fig. S1, ESIt) shows an indirect
band gap of 4.58 eV for NBC with the bottom of CBs located at I"
point and the top of VBs at U point. This calculated band gap is
slightly less than the experimental value of 5.28 eV, which is
reasonable because the band gap is generally underestimated
in the band structure calculation with DFT in both LDA and
GGA of Kohn Sham implementation.’*>* The wide band gap
indicates that NBC is a potential crystal in the UV region.
Considering that optical properties are studied based on the
electronic structure calculation, a corrected scissor defined as
the difference between experimental and calculated results is
required for the calculation of optical properties.

Here, the dielectric function is discussed to enrich the study of
properties and further confirm the reliability of the calculation.
There are three nonzero dielectric functions (g, ¢, &) in X, Y, Z
directions for NBC because it crystallizes in mm2 point group,
which belongs to low symmetry crystal systems. The real part of
&(w) in the limit of infinite wavelength is equal to the square of
refractive index n, and the imaginary part reflects the transition
between the occupied and unoccupied bands. The frequency-
dependent dielectric functions along three principal dielectric axes
of NBC in Fig. 2 clearly show anisotropic behavior along different
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Fig. 2 Dielectric function and absorption spectrum of the NBC crystal.
(a)The real parts of dielectric function, (b) the imaginary part of dielectric
function and (c) the absorption spectrum.
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dielectric axes. The calculated static dielectric constants
Re[¢* (@ = 0)], Re[¢” (0)], and Re[¢® (0)] are 2.481, 2.483 and 2.714,
respectively, which characterize the dielectric response in the static
electric field. The tendency of the imaginary part of dielectric
function indicates that electronic transitions arising from VBs to
CBs are responsible for the intrinsic UV absorption o. As shown in
Fig. 2(c), several peaks are apparently attributed to electronic
transitions within the sub-bands. Moreover, the optical absorption
coefficient spectrum shows the calculated absorption edge similar
to the experimental edge of 235 nm, which indicates the reliability
of DFT calculations.

NBC is a biaxial crystal and the corresponding relationship
between the dielectric and the crystallographic axes are X — g,
Y — b, Z — c. The computed refractive indices n1, n2 and n3
are 1.515, 1.516 and 1.608 at 1064 nm, respectively. The
birefringence of the NBC ranges approximately from 0.092 to
0.093 in the region from the UV-Vis to 1064 nm. This birefrin-
gence is comparable to those of the well-known crystals such as
BBO, urea and LN with birefringence values of 0.1125, 0.1019
and 0.076 at 1064 nm, respectively.

The SHG response with experimental powder using the
Kurtz-Perry method for NBC is 1.5 times that of KDP,** and
the corresponding effective second-order nonlinear coefficient
is about 1.2 times that of KDP. The calculated coefficients
at zero frequency limit are |d;5| = 0.33 KDP (d3¢ for KDP =
0.39 pm V'), |dy4| = 0.27 KDP, and |ds;3| = 0.88 KDP. To
investigate the origin of the NLO effect, the microstructure-
electronic structure-property relationship was studied. Here-
after, the coefficient d;5 has been chosen as a representative
because the d;s, d,4, and ds; have similar properties.

3.3. Origin of the SHG response

The study of electronic structure is very helpful to understand
structural configurations and to explore the mechanism of the
SHG response for the NBC. Partial density of states (PDOS) near
the Fermi energy level was displayed because the optical
properties of a crystal in the UV and visible spectra were mainly
determined by the states close to the band gap. Furthermore,
based on the metal properties of ammonium, NH," is treated as
an independent unit for further discussions. As shown in
Fig. 6(a), the s and p orbitals of the NH," group are located in
the region ranging from —10 to —5 eV and the region above
6 eV. Both the top of the VB and the bottom of the CB are
mainly occupied by O 2p orbitals, C 2p orbitals and slightly
occupied by H 1s orbitals of hydrogen atoms, except for those of
ammonium. It is clarified that the orbitals of oxygen and
carbon atoms are the dominant factors in electronic transition,
which is considered to be the intrinsic reason for the SHG
response. It indicates that ammonium has no significant direct
impact on the SHG effect.

To reveal the contribution of different atoms in the SHG
process in real space, the SHG density of the NBC has been
analyzed under band resolve framework.>®> Importantly, the
contributions of different transitions to the SHG effects are
calculated (Table S1, ESIt). The contribution of the virtual
electron (VE) processes to the SHG effects are 104.88%,
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164.32%, and 56.29% for d;s, d,4, and ds3, respectively, whereas
the virtual hole (VH) contributes —4.88%, —64.32% and 43.71%
to dys, dy4 and ds3, respectively. It shows that the VE processes
make dominant contributions toward the SHG effect.

Fig. 3 shows the density of the SHG effect in unoccupied and
occupied states of VE processes, which exhibits the dominant
contribution toward the SHG coefficient in real space. For
unoccupied states, Group I of [-C(7)OOH] and Group IV of
[-C(3)00-] offer positive contributions to the SHG response,
whereas Group II of [-C(4)00-] and Group III of [-C(2)OOH]
have negative contributions. In addition, the superposition of
Groups I and II consisting of [B(C,H,O5),]~ connected by B(1) is
the main contributor to the SHG effect. For occupied states,
Group IV of the [-C(7)OOH] group and H,O molecule have
positive contributions. It is clear from the abovementioned
discussion, the [B(p-(+)-C4H,05),]” group plays a dominant role
in the SHG effect whereas NH," has no direct contribution to
the SHG effect.

As we have previously mentioned in the SHG densities, the SHG
effect for crystal is a localized effect and is consequently attributed
to the contribution from some fundamental units; thus, the
NH,B[p-(+)-C4H,405],-H,0 molecular complex, which consists of a
B[p-(+)-C4H,05],~ group and its nearest neighbor the H,O mole-
cule and NH," forming the lowest energy complex as the repeating
unit of the NBC crystal (as shown in Fig. S2, ESIf), is studied to
explore the origin of the SHG effect. In addition, the NLO effect at
the molecular level is usually believed to be based on the charge
transfer mechanism,”® and molecular orbitals are regarded as
powerful tools to indicate possible charge transfer. Thus, the
molecular orbitals of NH,B[p-(+)-C;H,05],-H,O molecular complex
from the DFT method implemented by Gaussian09 package®” at
B3LYP/6-31+G(d,p) level are used to demonstrate charge transfer in
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Fig. 3 SHG densities of dy5 tensor component. (a) VE unoccupied, and (b)
VE occupied. The value near zero is not shown in the figure to reveal the
main influence group.
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closely related atoms. Moreover, the SHG density of the molecular
complex was also calculated using the same condition as in the
case of crystal to show the source of the SHG.

According to the frontier molecular orbitals (FMO) theory,
HOMO (highest occupied molecular orbital) and LUMO (lowest
unoccupied molecular orbital) are very important to optical proper-
ties. The frontier molecular orbitals of the NH,B[p-(+)-C4H,Os],-
H,O0 molecular complex was investigated to demonstrate the
influence of orbitals on the SHG effect. As shown in Fig. 4, it is

LUMO+1

Fig. 4 Frontier molecular orbitals (FMOs) of the NH4B[p-(+)-C4H4Os],-
H>O molecular complex.
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(b)
Fig. 5 SHG density of the NH4B[p-(+)-C4H4Os],-H,O molecular complex
in NBC: (a) the VE unoccupied states, (b) the VE occupied states.
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illustrated that both HOMO and HOMO — 1 are occupied by two
adjacent five-membered rings consisting of one BO, group and
two carbon chains; LUMO is localized on the NH," group and
LUMO + 1 is localized on the nearby organic part (-CH,COOH)
that includes a carboxyl and a CH, group. As a result, a conclusion
has been drawn that the charge transfer from the [B(C,H405),]  to
the ammonium is crucial for the SHG effect, which demonstrates
that the contribution from both the organic and the ammonium
part to molecular properties cannot be neglected. SHG densities of
the NH,B[p-(+)-C4H,05),-H,O molecular complex has also been
calculated (Fig. 5); the molecular complex was placed in a 25 X
25 x 30 A vacuum box to avoid interaction between two neighbor-
ing images. It is shown that the active parts in the occupied states
and unoccupied states in the SHG densities is similar to that of its
HOMO, HOMO — 1 and LUMO, LUMO + 1 molecular orbitals,
which again confirms that both the [B(C;H40s),]” and NH," play
significant roles toward molecular optical properties. Clearly, this
result is different from the conclusion of the crystalline calculation
that shows ammonium has no contribution to the NLO effect.
From the SHG density, the contribution of ammonium appears in
unoccupied states for microscopic units but not for crystal. More-
over, [-C(3)00-] and [-C(4)0O-] groups have an apparent
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contribution to crystal unoccupied states but only a slight con-
tribution in the molecular complex case.

On comparing the crystalline with the molecular complex,
we can find that the hydrogen bonding distribution is clearly
different. The crystal is formed by linking molecules with
hydrogen bonding. Therefore, hydrogen bonding interaction
may be a key factor that leads to the difference between the
molecular complex and the crystal. To clarify the influence of
hydrogen bonding, the molecular complex and the crystal was
compared to show the influence of hydrogen bonding.
[-C(3)00-] and [-C(4)OO-] groups were treated as a unit
because of their similar tendency in the SHG densities. As
shown in Fig. 6, ammonium has apparent differences in CBs of
the crystal and NH,B[p-(+)-C4H,05],-H,O molecular complex. In
crystal, ammonium has almost no contribution to the density
of states (DOS) at the bottom of CBs. Whereas for the molecular
complex, a remarkable peak is derived from s and p orbitals
of ammonium at the bottom of CBs. During the formation of
the crystal, the hydrogen bonding interaction between coordi-
nated oxygen atoms and ammonium weakens the contribution
of ammonium orbitals near the bottom of the CBs. On the contrary,
the formation of hydrogen bonds between H,O molecules and

n ——~m 5| ] T NH,_s
i N ] ST
| —— 00 'and ) s . ——C-Q(IandII)_s
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Fig. 6 PDOS of the NBC crystal and the NH4B[p-(+)-C4H4Os],-H,O molecular complex. (a) PDOS of crystal and (b) PDOS of the NH4B[p-(+)-C4H4Os],-
H>O molecular complex; the C-O (I and ) represents carbon and oxygen atoms in Group | and Group Il defined in Fig. 3, C-O (other) represents carbon
and oxygen atoms except for those in group | and Il, and the H atoms in the fifth panel represent hydrogen atoms except for the hydrogen atoms in
ammonium. The left dotted line is the boundary of the VB and the right one is the boundary of the CB. Notice the difference between (a) and (b) in the top

three panels.
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terminal oxygen atoms in Group I and II makes p orbitals of
both O and C atoms in CB to appear in the same energy region.
The N-H:---O and O-H:--O hydrogen bonding in the NBC
crystal changes the electronic distribution and may be an
important factor in determining the origin of the SHG for the
NBC crystal.

To further prove the importance of hydrogen bonding in the
NBC crystal, molecular complexes with and without surround-
ing hydrogen bonds were investigated. The hydrogen bonding
interaction was considered by linking ammonium and water
molecules to the organic group, which is treated as the group
with hydrogen bonds (Fig. S3, ESIf) and the group of B[p-
(+)-C4H,05), (Fig. 1(a)) is treated as the group without hydrogen
bonds. The molecular complexes were placed in 25 x 25 x 30 A
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vacuum boxes to avoid interaction between the two neighbor-
ing images. The calculated SHG densities of the group with and
without hydrogen bonds are compared with the SHG densities
of the NBC crystal.

According to the SHG densities of the NBC crystal (Fig. 7(e)
and (f)), Group I and Group IV dominate the contribution of
unoccupied states, whereas the O(8) and O(9) atoms are crucial
for the contribution of occupied states. Fig. 7(a) and (c) show
that the hydrogen bonding interaction makes Group I and
Group IV of the molecular complex recover their predominant
status and play the most important role similar to crystal.
Moreover, Fig. 7(b) and (d) indicate that the hydrogen bonding
interaction makes both O(8) and O(9) to have a significant
contribution and weaken the contribution of O(1), O(4), O(6)

- / - 3.148
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- 7.871e-1
© , @ L
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Fig. 7 SHG densities of the molecular complex with and without hydrogen bonds and that of the NBC crystal. (a) and (b) present the VE unoccupied
states and VE occupied states for the dis component of the SHG densities of the molecular complex without the hydrogen bond, respectively; (c) and (d)
present the VE unoccupied states and VE occupied states for the djs component of the molecular complex with hydrogen bonds, respectively; (e) and (f)
present the VE unoccupied states and VE occupied states for the di5 component of the NBC crystal, respectively.
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and O(7) in occupied states, which is closer to the tendency
of its crystalline counterpart. Based on the abovementioned
analysis, the SHG densities of the complex with hydrogen bonds
show a tendency much more similar to the crystal than that of
the complex without hydrogen bonds. Therefore, hydrogen
bonding interaction is the key factor that leads to a difference
in the source of the SHG effect between the molecular complex
and the crystal.

4. Conclusions

In conclusion, the properties of an organic-inorganic hybrid
nonlinear optical material NBC are calculated by employing the
plane-wave pseudopotential DFT method in the CASTEP pack-
age. The electronic structure and FMOs have been investigated
to explore the origin of NLO properties. In the exploration of
the origin of the SHG in the NBC, three conclusions are drawn:
(1) for the NBC crystal, the [B(p-(+)-C4H,05),] group is domi-
nant, and ammonium has no significant direct contribution to
NLO properties; (2) the repeating unit NH,B[p-(+)-C,H,05],-H,0
molecular complex was studied, and the result has shown that
such isolated organic fragments have a different NLO-active
substructure compared to that in the crystal; (3) hydrogen
bonding has significant indirect influence on the SHG effect
for the NBC crystal by changing the electronic distribution of
the atoms involved in hydrogen bonding.
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