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Researchers have focused on inorganic compounds to design deep ultraviolet (UV) nonlinear optical (NLO)
materials according to anionic group theory, such as COs2~, NO3~, 5042~ and PO,*~ anions. Here we
provide a new route to design an UV NLO material using a pure organic compound without any anions.
Compound PO(CH,CH,CFz)s 1, an UV NLO material, has light transmittance up to 83% in the UV spectral

202 region which is larger than most inorganic UV NLO materials. It also displays a wide transparent band,
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Accepted 24th January 2022 a SHG response of 0.30 x KH,PO,, and a cut-off edge below 200 nm. It displays ladder-like nonlinear
optical properties weakened by 1.4 times at around T., making compound 1 a potential temperature-

DOI: 10.1039/d1ra087682 controlled UV NLO material. Theoretical analyses reveal that the nonlinear optical properties are
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UV NLO crystals have been a hot spot of scientific research
because of their key role in modern laser technology.' UV NLO
materials should meet the following requirements, such as
a large nonlinear optical coefficient, phase matching (PM)
capability, a wide transparency band and a high light trans-
mittance, a strong resistance to light damage, large size crystals,
uniform refractive index and small scattering, being stable in
physical and chemical properties, being hard to be hygroscopic
and easy to be processed. In the past few decades, many
researchers have made great efforts to study and design
nonlinear optical materials according to anionic group theory.
Many researchers focused on inorganic compounds, and they
selected oxo anions, such as CO;>~, NO;~, SO,> and PO,>™ as
anions, because crystals containing these anions and ammo-
nium are not fragile, have high solubility in water, and they are
easy to grow to be bulk crystals. And monovalent cations = Li",
Na®, K%, Rb*, Cs*, NH," or divalent cations = Be*", Mg>*, Ca*",
Sr?*, Ba>" were selected as cations, because these cations do not
have d-d and f-f electron transitions in the ultraviolet region,
which is helpful for the ultraviolet ray to pass through.

KBBF is currently the only practically useable deep-UV
nonlinear optical crystal. However, KBBF material suffers
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primarily due to O-2p, P-2p and F-2p.

from its layered growth habits. Therefore, the study of high-
performance ultraviolet optical materials has been focused on
inorganic 1 conjugate systems, including borates, carbonates
and nitrates. Many UV NLO materials with good optical prop-
erties were found, such as fB-Rb,Al,B,0,,* NH,B,OF,’
Ca,B;00.,Fs,° ABCO;F (A = K, Rb, Cs; B = Ca, Sr)’ and
Re(NO3),OH (Re = La, Y, Gd).® In recent years, researchers have
turned their enthusiasm to non-m conjugate NLO materials,
which are considered as rich exploration systems.”** A case in
point is the phosphate which was found to have thermal,
chemical stability and strong rigid."* Thus, many UV NLO
phosphates with short UV-cutoff edges are also found, such as
Ba;P;0,,X (X = Cl, Br)," LiPbPO,,"” K,Mg,(P,0-); (ref. 18) and
Rb Mg,(P,05);."* For compound Rb,Mg,(P,05);, it has a deep-
UV absorption edge at 185 nm, 3.0 x KH,PO,, and its light
transmittance is up to 40%, undergoing a thermo-induced
reversible phase transition and a SHG enhancement up to 1.5
times. Furthermore, a SHG enhancement strategies have been
developed, such as constructing strong distortion and the
introduction of stereo chemical active d® or ns® single pair
cations.”™ In addition, sulfate is one of non-m conjugate
systems, anhydrous sulfate composed of non-m conjugate
elements SO, with UV penetration and phase matching were
found, such as (NH,),Na;Lig(SO,4); and NH,NaLi,(SO,),, of
which SHG response is 1.1 x KH,PO,, and it is transparent
down to the deep-UV region below 186 nm and its light trans-
mittance is up to only 30%.*

However, organic nonlinear optical materials have high
nonlinear optical coefficients with various structures. This kind
of crystal is easy to grow to be larger one and is particularly
suitable for nonlinear optical materials in the ultraviolet band.
However, this kind of report is scare. When organic molecules
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absorb ultraviolet or visible radiation, their outer electrons will
transition from the ground state to the excited state. There are
four main transition modes, such as 6 — o* n — o* 1w — ¥
n — 7* For organic UV NLO crystals, the following chemical
bonds are not included as far as possible, such as C=C, C=C
and C=0, which will produce 7 — 7* electron transition. The
following chemical bonds are not included as far as possible,
such as C=0, C=S and N=N, will undergo n — =* electron
transition. The following groups are not included as far as
possible, such as -NH,, -OH and -SH, which will produce n —
o* electron transition. Hence, we select a pure organic
compound PO(CH,CH,CF;);, as an UV NLO material. Fortu-
nately, it displays a SHG response of 0.30 x KH,PO,, the light
transmittance is up to 83% in the UV spectral region and its cut-
off edge is below 200 nm, an above room temperature reversible
phase transition, ladder-like nonlinear optical properties,
obtaining a large size of high-quality single crystal easily.

All starting reagents and solvents employed for synthesis
were purchased from Energy Company (Shanghai, China) and
without further purified before using. Compound 1 recrystal-
lizes from a hot acetonitrile according to the ref. 23, formed as
the fine needle-shaped crystals, melt point 193-195 °C. The
infrared spectrum data were collected in the range of 4000-
400 cm ™' on a Tensor 27 OPUS FT-IR spectrometer (Bruker)
with solid KBr pellets (Fig. S17).

Compound 1 was measured at temperature ranging from 285
to 380 K by differential scanning calorimetry (DSC) measure-
ments. According to Fig. 1, a pair of abnormal peaks in DSC
curves at 338/327 K upon heating/cooling are observed. It shows
that a reversible phase transition occurs. Room temperature
phase (RTP) is marked below 327 K. Correspondingly, high
temperature phase (HTP) is marked above 338 K for conve-
nience. It is very simple to calculate the entropy change AS of
this system according to second law of thermodynamics AS =
3Q/T, which is to be about 8.338 ] mol™" K™'. As we know, the
Boltzmann formula AS = R In(N) illustrates the relationship
between the possible number of disturbing ways of the atoms or
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Fig. 1 DSC curves of compound 1 shown in the temperature range
from 285 to 380 K.
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molecular of a thermodynamic system and the entropy change
AS. The N value is calculated to be 2.73 by the equation of
Boltzmann, illustrating there is a structural phase transition.
And it will be confirmed by the X-ray single crystal diffraction
analysis.

In the same phase, all physical properties are essentially
uniform. And phase transition is a physical process of transi-
tion. For revealing structural phase transition in detail, crystal
structural data of compound 1 was gathered at two different
temperatures 296(2) and 363.15 K by using variable-
temperature X-ray single-crystal diffraction analysis.**** The
crystal structure of compound 1 was determined at room
temperature (RTP), which belongs to trigonal system with space
group R3c at 296(2) K, with cell parameters of a = 15.35(5) A, b =
15.35(5), ¢ = 10.08(5) A, V = 2057.46(17) A*, y = 120° and Z = 6
(Table S1f). Its asymmetric unit contains one phosphorus
center, three [CH,CH,CF;] groups and one oxygen atom,
forming a triangular cone geometry, as shown in Fig. 2a and
S2.1 The six symmetry elements (E, 3%, 37, ¢, ¢, ¢) can be
observed according to the International Tables for Crystallog-
raphy A. The central phosphorus atom is seated in a 3; screw
axis, being connected with three [CH,CH,CF;] groups and an
oxygen atom of P=0 double bond. The phosphorus atom has
a distorted tetrahedral coordination, where C-P-C bond angles
of adjacent C atoms is 105.82(12)° and P-C bond distances is
1.803(3) A and P=0 bond distances is 1.496(4) A. The F-C-F
angles of adjacent F atoms vary from 103.10(4)° to 107.30(4)°
and bond distances between carbon atoms and fluorine atoms
vary from 1.322(5) to 1.336(5) A (Table S2,T Fig. 2b and c).

When the same single crystal was heated to be at 363.15 K,
cell parameters of compound 1 change a little with a = 15.54(7)
A, b=15.54(7)A, c = 10.13(7) A, y = 120°, V = 2118.40(2) A* and
Z = 6 (Table S17), adopts the same space group R3c. Each
phosphorus atom, still lying in the 3; screw axis, is connected
with three [CH,CH,CF;] groups and one oxygen atom, forming
a triangular cone geometry. The phosphorus atoms still have
a distorted tetrahedral coordination, where C-P-C angles of
adjacent C atoms is 106.21(16)° and P-C bond distance is
1.797(3) A and P=0 bond distances is 1.488(5) A. The F-C-F
angles of adjacent F atoms vary from 100.10(6)° to 106.00(5)°
and bond distances between carbon atoms and fluorine atoms
vary from 1.298(7) to 1.343(8) A (Table S31).

Fig. 2 (a) Packing diagram of compound 1 at 296 K. (b) Selected bond
distance and angle diagram of compound 1 (296(2) K). (c) Selected
bond distance and angle diagram of compound 1 (363.15 K).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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With temperature rising, cell volume increases by 1.03 times
as much as obtained at 363.15 K. The length of the three edges
of the cell becomes longer, and the three bond angles of the
cell remain unchanged. And bond distances and bond angles
change a little. The P-C bond distances is from 1.803(3) to
1.797(3) A and P=0 bond distances is from 1.496(4) to
1.488(5) A when phase change happens. Although space group
keeps the same in different phases, it still reveals that an
isomorphic phase transition occurs in the crystal (Table S1,+
Fig. 1). The same six symmetry elements (E, 3", 37, ¢, ¢, ¢) can
be observed in the HTP. The motion of atoms or the whole
molecule under the heat stimuli is the mainly reason of the
phase transition.

Enhanced/weakened nonlinear optical effect can be applied
in the laser field to adjust the frequency of light. The nonline-
arity is typically observed only at very high light intensity lasers,
such as I = 1064 nm output from Nd:YAG lasers. Nonlinear
optics measurements can effectively detect the inversion
symmetry in the crystal, so it is used to verify space group of
compound 1.*” The response of SHG signal of compound 1 over
time were measured. According to Fig. 3 inserted, compound 1
has a SHG activity. Compared to the KDP, the SHG value of
compound 1 is 0.30 times as much as the SHG value of KDP. The
SHG value of compound 1 changes over time, it means
compound 1 possesses polar space group at room temperature.
At this stage, we measured nonlinear optics signal of compound
1 as a function of temperature. As shown in Fig. 3, SHG value
keeps stable with a value of about 0.30 at temperature ranging
from 285 to 325 K. But SHG intensity value changes abruptly at
around 338 K. Above 345 K, SHG value decreases to 0.20. SHG
value keeps stable with a value of about 0.20 at temperature
ranging from 345 to 380 K. SHG value is not zero, which is
consistent with the non-centrosymmetric space group R3c. The
SHG anomalies are in conformity with the thermal anomalies of
DSC measurement and X-ray single-crystal diffraction
measurement (Fig. 3). Because SHG intensity of compound 1
can be adjusted by changing temperature even in the solid state,

0.35
. Heating = s
5
« 0.30
)
=
n
c
Q
2
£ 0.251
(&)
I
n

0.20

300 320 340 360 380
Temperature(K)

Fig. 3 Temperature-dependent SHG intensity of compound 1 upon
heating. And the inserted figure is oscilloscope traces of SHG signals of
compound 1.
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compound 1 has a potential application in temperature-
controlled NLO materials.

The powder SHG signals of the different size crystals of
compound 1 measured with a laser at 1064 nm are shown in
Fig. 4 according to the rule proposed by Kurtz and Perry
method. KDP samples were used as the reference for SHG
measurement. The SHG intensity of compound 1 increases
steadily with the increase of the particle size, which reveals that
compound 1 is phase-matchable in UV region. The relative SHG
intensities in the UV region for compound 1 is approximately
0.1 times that of KDP when the particle size is 250 pm. The
powder SHG measurement indicates that compound 1 has
a remarkable SHG conversion efficiency in UV region. The value
is lower than some inorganic-organic NLO materials, such as
[CeH1uN,],SbCl; (0.30 x KH,PO,),”® [Et;P(CH,),Cl][Cd(dca);]
(0.16 x KH,PO,),* [R-3-hydroxy-pyrrolodinium],SbBrs (0.12 x
KH,PO,).*®

The optical transmittance spectrum of PO(CH,CH,CF;); was
directly measured on its single-crystal sample without polish-
ing, which was collected on a Lambda 900 UV/vis/NIR Spec-
trometer from 200 to 800 nm at room temperature (Fig. S3). As
shown in Fig. 5a, compound 1 is transparent down to the UV
region, the light transmittance is up to 83% which is more than
most of inorganic UV NLO materials. And its cutoff edge of
compound 1 is below 200 nm, which is comparable to other
inorganic UV NLO materials, such as KSrCO;F ( 200 nm),* -
Rb,Al,B,0; (<190 nm),” and non-m-conjugated BazP;0;,Cl (180
nm),"* RbNaMgP,0, (185 nm).** The light transmittance of
compound 1 in the UV region is better than most of inorganic
nonlinear optical crystals, such as NH;B,O¢F (<13%),"
KLi(HC;3N;03)-2H,0 (<60%),> AZn,BO;X, (A = K, Rb, NH,; X =
Cl, Br) (<60%),* Ca,Na;(CO;);F (<40%)* RbNaMgP,0, (<40%),*
NH,NaLi,(SO,), (<30%)°® and NaZnCOj3(OH) (<40%)’ (Table
S41). The light transmittance of compound 1 is slightly lower
than NH,Be,BO;F, (90%), Ba;P;0,,Cl (85%) and Ba,P;0,,Cl
(90%).** The ultraviolet-visible-near-infrared (UV-vis-NIR)
diffuse reflectance spectrum of compound was collected on
a UV-3600 UV/vis/NIR spectrophotometer from 200 to 700 nm at
room temperature, as shown in Fig. 5b. It shows that the
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Fig. 4 Measured SHG intensity of compound 1 and KDP versus
particle size.
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Fig.5 UV transmittance spectrum and UV-vis-NIR diffuse reflectance
spectrum of compound 1.

reflectance is 9.46% at 200 nm and it exhibits a wide trans-
parency window in the UV region.

To disclose the microscopic mechanism for the thermo-
induced SHG changes of compound 1, the first-principles
calculations by the plane-wave pseudopotential method imple-
mented in the CASTEP package were carried out.**** As shown
in Fig. S4,t the electronic band structures are both direct-gap,
and their bandgap values are 5.982 eV (corresponding to 200
nm), confirming the wide UV transparent range of compound 1.
These results indicated that the crystal could be applied in the
UV region. Meanwhile, compound 1 have similar energy band
structural characteristics in the RTP and HTP. It also suggests
that the difference of SHG effect between HTP and RTP is not
determined by the band gap.

Since the optical properties mainly depend on the states
close to the Fermi level, the upper region of the valence band
(VB) and the bottom of the conduction band (CB) need to be
analyzed. The total and partial densities of states (DOS and
PDOS) for compound 1 in RTP and HTP are shown in Fig. 6. For
compound 1 in RTP and HTP, the VB maximum is occupied by
O-2p, C-2p and H-1s orbitals and the CB minimum is predom-
inantly contributed from P-2p, C-2p and H-1s orbitals with
slight hybridization with O-2p and F-2p orbitals. From the PDOS
calculations, it could be concluded that the nonlinear optical
properties of compound 1 in RTP and HTP are primarily due to
the atom of O-2p, P-2p and F-2p. Compared to other high-
performance ultraviolet optical materials, their oxo anions
made a major contribution to the SHG effect, while O-2p, P-2p
and F-2p in compound 1 made a major contribution to SHG
effect. Similarly, for inorganic compound Rb,Mg,(P,0-)3,"® it
undergoes a thermo-induced reversible phase transition and
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a SHG enhancement up to 1.5 times. However, its dominant
NLO-active groups are due to its anion part according to theo-
retical analyses.

In order to better understand the structural mechanism of
SHG change, we further calculated the dipole moments in the
unit cell of RTP and HTP with a simple bond-valence approach
proposed by Poeppelmeier.>* According to the total and partial
densities of states calculation results, O-2p, P-2p and F-2p are
the dominant NLO-active groups for compound 1, so the whole
molecular dipole moments are quantified. Detailed calculation
results are given in the ESI (Tables S5 and S6t). As a result,
vector summation of the whole unit gave a dipole moment of
300.35 D for RTP, but it gave a smaller value of 273.17 D for
HTP. It can be rationalized that the weakened SHG from RTP to
HTP is ascribed to the less collective alignment of the whole
molecular along the polar axis. It is worth noting that the
changes of dipole moment in compound 1 are caused by heat-
ing, which is different from traditional SHG weakened
materials.

In summary, we put forward a new route to design UV NLO
material using a pure organic compound without any anions,
which is different from the traditional inorganic UV NLO
materials according to anionic group theory. The organic
compound PO(CH,CH,CF;);, its light transmittance is up to
83% which is larger than most of inorganic UV NLO materials. It
also displays a wide transparent band, a SHG response of 0.30 x
KH,PO,, cut-off edge below 200 nm. The change of SHG
responses specificity makes compound 1 as a potential
temperature-controlled UV NLO material. Theoretical analyses
reveal that the nonlinear optical properties are primarily due to
the whole molecular, different from inorganic UV NLO mate-
rials dominated by their oxo anions parts.
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