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UV nonlinear optical (NLO) crystals producing short-wavelength lasers through the second harmonic
generation (SHG) process have great significance in the advanced laser field. However, high-performance
UV NLO crystals, especially in the UV solar-blind region, are still scarce. In this work, a UV solar-blind NLO
compound Rb[PO,(NH)3(CO),]-0.5H,O (RPNCO) is obtained through the ion-exchange reaction.
Remarkably, the RPNCO compound exhibits an excellent balance within a wide UV transparency window
(absorption edge at 220 nm), a strong SHG response (4.2 x KH,PO,), and suitable birefringence (An =
0.055@550 nm). Structural analyses and first-principles calculations reveal that the desirable optical pro-
perties of RPNCO are attributed to the confined n-conjugation effect of [PO,(NH)3(CO),] asymmetric
groups, in which the non-r-conjugated PO,(NH), tetrahedral group partially decouples the r-conjugated
interactions. We believe that this research work can help provide new ideas for the rational design of UV
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Introduction

Coherent lasers with nonlinear optical (NLO) crystals gener-
ated by direct all-solid-state technology are playing an impor-
tant role in many fields, as required by technological advances
and the development of modern laser devices.'™ In particular,
UV solar-blind NLO crystals with a transmission range of
200-280 nm are very important in frontier fields such as secur-
ity of communication networks, precision microfabrication,
and optical data storage.®*" Thus far, several characteristic
properties have been found to be essential for a good solar-
blind NLO crystal such as (1) excellent second harmonic gene-
ration (SHG) efficiency for laser conversion, (2) a wide bandgap
for the transference of SHG and incident lasers, and (3) suit-
able birefringence to eliminate the dispersion of SHG and inci-
dent lasers.">"* Moreover, it is tough to satisfy all these criteria
in a specific crystal at the same time since they are mutually
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exclusive. For example, the bandgap is generally inversely
related to the SHG efficiency of NLO crystals."* The micro-
scopic functional groups intrinsically regulate the optical pro-
perties of macroscopic crystalline materials based on the fun-
damental structure-property relationships. Depending on the
traditional functional groups, the design of new optical crystal-
line materials with better performance than the traditional
NLO crystals is still challenging for researchers. Hence, the
construction and exploration of NLO crystals consisting of
novel microscopic functional groups are necessary for the
development of laser technology.

Recently, researchers have reported several strategies to
effectively design novel NLO functional groups."*° Chen’s
group has proposed the confined n-conjugation principle. It
involves restriction by non-r-conjugated groups to reduce
n-conjugated interactions between the units, thereby increas-
ing the bandgap while maintaining a large optical anisotropy.
Based on this principle, introducing the carbonophosphate
group enhanced the birefringence value (0.121@532 nm) and
the bandgap (6.9 eV) simultaneously in the reported com-
pound Sr;Y[PO,][COs];. In the carbonophosphate structure,
n-conjugated [CO;]*” and non-m-conjugated [PO,]*” are not
directly linked.

We assume that when the n-conjugation unit and the non-
n-conjugated unit unite directly into a new group through
covalent bonds, the confined =n-conjugated effect will be
increased, thereby increasing the bandgap while maintaining
a large optical anisotropy. Guided by this idea, through the

This journal is © the Partner Organisations 2023


http://rsc.li/frontiers-inorganic
http://orcid.org/0000-0002-7673-7979
http://orcid.org/0000-0002-1190-684X
https://doi.org/10.1039/d3qi01226c
https://doi.org/10.1039/d3qi01226c
http://crossmark.crossref.org/dialog/?doi=10.1039/d3qi01226c&domain=pdf&date_stamp=2023-09-06
https://doi.org/10.1039/d3qi01226c
https://pubs.rsc.org/en/journals/journal/QI
https://pubs.rsc.org/en/journals/journal/QI?issueid=QI010018

Published on 09 August 2023. Downloaded on 4/6/2026 4:06:03 AM.

Inorganic Chemistry Frontiers

screening of known compounds, we selected and synthesized
RDb[PO,(NH);3(CO),]-0.5H,0 (RPNCO) with a non-centro-
symmetric (NCS) structure.>>* It is shown that RPNCO exhi-
bits a large SHG response of about 4.2 x KH,PO, (KDP), a
short absorption edge of about 220 nm, and a suitable bire-
fringence of about 0.055@550 nm.

Experimental section
Synthesis

RPNCO single crystals were synthesized by the ion exchange
method. First, Na[PO,(NH);(CO),] powder was prepared by a
simple low-temperature solution method according to previous
reports.>"*> 1.04 g of Rb,CO; (4.5 mmol, Adamas, 99%) and
5.29 g of ion exchange resin were thoroughly mixed in 20 mL
of deionized water at room temperature. Then the mixed solu-
tion was loaded onto the ion exchange column. The ion
exchange resin was then thoroughly rinsed with deionized
water to eliminate excess H'. Following that, 5 mL of Na
[PO,(NH);(CO),] (0.187 g, 1 mmol) solution was put onto the
column by itself. The solution was collected and then evapor-
ated at room temperature. After a few weeks, colorless block-
shaped RbPCNO single crystals were successfully grown. The
obtained RbPCNO microcrystals were dissolved in deionized
water, and single crystals several millimeters in size were
obtained by solution volatilization (Fig. $17).>*

Results and discussion

The mapping of elemental scanning electron microscope ana-
lysis shows that elements Rb, P, O, N, and C are uniformly
present on a single crystal of the title compound RPNCO
(Fig. 1a). The purity of the RPNCO compound has been con-
firmed using the powder X-ray diffraction (PXRD) pattern
through the good matching with the simulated PXRD pattern
(Fig. 1b). The surface of the reported single crystal RPNCO
remained nearly unaltered after exposure to air at room temp-
erature for two weeks (Fig. S27). Single crystals of RPNCO that
were left for more than two weeks were milled and subjected
to PXRD tests, which showed a good match with the original
PXRD pattern of the compound (Fig. S31), indicating that the
compound has good stability in air. The presence of elements
Rb, P, C, N, and O in RPNCO was confirmed by energy-disper-
sive X-ray spectroscopy (EDX) (Fig. S47).

Single-crystal X-ray diffraction (SCXRD) analysis was per-
formed to illustrate the structure of the title compound
RPNCO. RPNCO crystallizes in the NCS monoclinic space
group Cc (No. 9) consisting of the following crystallographic
parameters: a = 6.6882(2) A, b = 32.5229(10) A, ¢ = 6.8991(2) A,
B =94.173(2)°, Z = 4, and V = 1496.71(8) A’ (crystallographic
details of the title compounds are shown in Tables S1-S57).
The asymmetric unit is composed of two Rb" cations, two
independent [PO,(NH);(CO),]” moieties, and one crystalline
H,0 molecule. A non-t-conjugated [PO,(NH,)] tetrahedron
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Fig.1 (a) The mapping of elemental scanning electron microscope
analysis. (b) The experimental and calculated PXRD patterns for RPNCO.
(c) The [PO,(NH)3(CO),]~ building block containing a six-membered
ring. (d) The representation of the crystal structure of RPNCO along the
a-axis.

connects to two n-conjugated planar triangle moieties through
covalent bonds and forms the six-membered anionic
[PO,(NH);(CO),]” ring (Fig. 1c). The hydrogen bonding net-
works are built through the connection of the
[PO,(NH);(CO),]” moiety, resulting in a three-dimensional
framework (Fig. 1d). Rb cations and H,0 molecules occupy the
holes of the framework to keep the steadiness of the structure.
The hydrogen bonding distances are 2.773-2.920 A (see
Table S6%). It is noteworthy that the anionic six-membered
[PO,(NH);(CO),]” groups in the structure show four various
orientations. Among them, two groups of [PO,(NH);(CO),]™ are
uniformly aligned in the same direction, whereas the other
two groups are situated in different directions. The reported
structural arrangement may not be the best orientation to
generate a large SHG efficiency based on the anionic group
theory.>

The differential thermal and thermogravimetric analyses
suggested that the thermal stability of RPNCO is maintained
up to 422 K (Fig. S51). The endothermic peak suggests that the
compound loses weight above this temperature due to the
release of the crystalline H,O molecules. The weight loss of
RPNCO for the first step of the curve is 3.47%, which coincides
with the calculated value of crystalline H,O molecules (3.49%).
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The UV-Vis-NIR transmission spectrum for RPNCO was col-
lected at wavelengths 200-800 nm. The absorption edge of
RPNCO resides at the wavelength 220 nm of the UV solar blind
region, and the corresponding bandgap is 5.64 eV (Fig. 2a).
Fig. 2b shows the RPNCO single crystal used for the trans-
mission spectrum test.

The SHG efficiency for the polycrystalline samples of the NCS
polar crystal RPNCO was measured at the wavelength 1064 nm
using the Kurtz-Perry method.*® With the increase of particle
size, the SHG intensity increases, which indicates a phase-match-
able behavior of RPNCO (Fig. 2c). Furthermore, comparison of
the SHG intensity shows that RPNCO has a SHG intensity of
about 4.2 x KDP in the 74-124 pm particle size range (Fig. 2d). It
is noted that the SHG efficiency of the reported RPNCO is rela-
tively higher than that of previously reported compounds contain-
ing n-conjugated rings, such as Ys5(C;N;03)(OH);, (2.5 x KDP) and
Ybs(C3N;03)(OH);, (3.8 x KDP),*” CsAIB;O¢F (2.0 x KDP)*®
CsZn,B;0, (1.5 x KDP),*® (CsHeON)'(H,PO,)” (3.0 x KDP),""
NaRby 54Cs0.16HC3N303-2H,0 (3.0 x KDP),*® (C4HN,) (H,PO;)”
(2.0 x KDP),** and K;CgN,0;-2H,0 (4.0 x KDP).**

The birefringence value of RPNCO was estimated using a
polarizing microscope. Fast and slow polarized lights were
observed after passing light with a wavelength of 550 nm into
an anisotropic single crystal. The retardation R, obtained as R
=d x (ng — ng) = d x An,*® is produced by fast and slow polar-
ized light while propagating along the crystal, where d, An, ng,
and ng represent the thickness, birefringence, and refractive
index for fast and slow polarized light, respectively. The
RPNCO crystal exhibits its original interference color as a
third-order pink under orthogonally polarized light (Fig. 3a).
The color of the crystal turns black in the Berek compensator,
which indicates the achievement of extinction (Fig. 3b). The
crystal oriented in the (010) plane was determined by SCXRD
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Fig. 2 (a) The transmittance spectrum of the RPNCO crystal. (b) The
RPNCO single crystal used for the test of the transmittance spectrum (c)
Presentation of SHG efficiency with the size of the particle for RPNCO
at a wavelength of 1064 nm. (d) SHG efficiency of RPNCO at 1064 nm.
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Fig. 3 (a) The original interference color of the RPNCO single crystal
observed in orthogonally polarized light. (b) Attainment of extinction for
the crystal. (c) The crystal orientation of the selected RPNCO plate
determined by SCXRD. (d) The wavelength and calculated refractive
indices relationship for RPNCO.

(Fig. 3¢). The observed optical path difference is 1662.47 nm at
a wavelength of 550 nm and the thickness of the single crystal
is 30.50 um (Fig. S61). The measured birefringence of RPNCO
in the (010) plane is An_1g)exp = 0.055@550 nm. According to
first-principles calculations, the static refractive indices of
RPNCO at wavelength 550 nm are n, = 1.459, n;, = 1.459, and n,
= 1.516. Hence, the calculated birefringence (0.057@550 nm)
in the ac-plane has a good match to the experimental value
(0.055@550 nm) (Fig. 3d). It has been mentioned that the
measured birefringence of RPNCO is remarkably higher than
that of several reported UV NLO crystals,**?® like KDP**
(0.042@532 nm) and LiB;05>* (0.043@532 nm).
First-principles calculations were used to explain the optical
performance and structure correlation of RPNCO.***” Since
GGA can better describe the optical properties and HSE06 is
more accurate in describing the eigenvalues of electronic
states, two different methods were used to calculate the
bandgap.*®**° The bandgap of RPNCO was calculated using
GGA, indicating that it has an indirect bandgap of 4.72 eV
(Fig. S77). Due to the discontinuity of the local density approxi-
mation exchange-correlation potential, the description of
eigenvalues of electronic states in the GGA is not good
enough,*® but the predicted value is in general agreement with
the experimental result (5.64 eV). Further calculation using
HSE06 shows an indirect bandgap of 6.39 eV (Fig. S871), which
is in good agreement with the experimental result. The con-
stituent elements for RPNCO are represented in the density of
states (DOS) and partial DOS diagram (Fig. 4a). The upper part
of the valence band near the forbidden band is occupied by
O-2p and N-2p orbitals, whereas the O-2p, N-2p, and C-2p
states are found at the lower part of the conduction bands. In
particular, the apparent overlap between the P-2p, O-2p, N-2p
and C-2p orbitals far from the Fermi level represents strong
covalent bonding interactions in the [PO,(NH),] and [CO(NH),]

This journal is © the Partner Organisations 2023
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Fig. 4 Theoretical calculations of RPNCO. (a) DOS and partial DOS of
RPNCO. (b) The occupied = bonds in [C3NzOsl*~ (left) and
[PO,(NH)3(CO),]™ (right). (c and d) Two-dimensional ELF pattern through
a six-membered [PO,(NH)3(CO),] group. Herein, the isovalue increases
from blue to red, and the maximum ELF value is scaled to 1. (e) The
HOMO map of RPNCO. (f) The LUMO map of RPNCO. The atoms H, C,
N, P, O, and Rb are denoted using pale yellow, brown, blue, orange,
pink, and green balls, respectively.

units of the [PO,(NH)3(CO),]” groups. Thus, the anionic
[PO,(NH);(CO),]~ groups should be responsible for RPNCO’s
enlarged bandgap, linear optical properties (i.e. birefringence)
and second-order NLO properties (i.e. SHG), since the tran-
sition within electronic states near the Fermi level is sharply
related to the optical properties.

The electron localization function (ELF) demonstrates the
direct visualization of the contributions of Rb*, H,O mole-
cules, and [PO,(NH)3(CO),]” anions in RPNCO (Fig. 4c and d).
Typical ELF values for covalent bonding are in the range of
0.6-1.0.*" Strong covalent bonds can be found in the O=P-O
bond of the tetrahedral [PO,(NH),] and planar triangle [CO
(NH),]. Moreover, the strong charge density around the
[PO,(NH);(CO),]” group exhibits a typical signature of a con-
fined m-conjugated system. The highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO) of RPNCO were calculated to deeply understand the
structure-optical properties relationship at the microscopic
level (Fig. 4e and f). The HOMO are mostly N-2p and O-2p
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orbitals (Fig. 4e), and the LUMO contain unoccupied n-orbitals
of O-2p, N-2p, and C-2p states (Fig. 4f). Moreover, to compare
the conjugation, the occupied r-orbitals for [C3N;05]*” and
[PO,(NH);(CO),]” groups were calculated (Fig. 4b). Highly delo-
calized m-conjugations are found in the [C;N;05]” group. In
comparison, the [PO,(NH);(CO),]” group has only c-bonds on
the [PO,(NH),| tetrahedra and no z-electron clouds. It is
observed that the n-conjugation system interactions are partly
decoupled through the tetrahedral [PO,(NH),] group, and all
n-conjugations are confined in [PO,(NH);(CO),]” groups.
Therefore, we can conclude that the confined n-conjugation
effect gives RPNCO a wider bandgap, which better balances
the relationship between SHG, the transparency window, and
the birefringence of the crystal.

Conclusions

In summary, we obtained an NLO crystal RPNCO by an ion-
exchange method, which reveals significant optical properties
such as a broader bandgap of 5.64 eV, a strong SHG response
of ca. 4.2 x KDP, and suitable birefringence of ca.
0.055@550 nm. The SHG performance of the title compound
is better than that of most of the reported compounds contain-
ing conjugated rings. Its birefringence surpasses that of com-
mercial birefringent crystals with short absorption edges.
From calculations based on first principles, we can conclude
that the confined z-conjugation effect gives RPNCO a strong
SHG response and suitable birefringence while maintaining a
wide bandgap, which balances the three properties well. More
importantly, guided by the general principle of confined
n-conjugation, the [PO,(NH);(CO),] groups could provide a
new choice for the future design of high-performance NLO
crystals in the UV solar-blind region.
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