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eiling giant birefringence in
organic–inorganic cocrystals†

Yang Li and Kang Min Ok *

Coplanar groups with large anisotropic polarizability are suitable as birefringence-active groups for

investigating compounds with significant birefringence. In this study, the organic coplanar raw reagent,

o-C5H5NO (4HP), was selected as an individual complement. Utilizing the cocrystal engineering strategy,

we successfully designed two cocrystals: [LiNO3$H2O$4HP]$4HP (Li-4HP2) and [Mg(NO3)2$6H2O]$(4HP)2
(Mg-4HP), and one by-product: LiNO3$H2O$4HP (Li-4HP), which were grown using a mild aqua-

solution method. The synergy of the coplanar groups of NO3
− and 4HP in the structures resulted in

unexpectedly large birefringence values of 0.376–0.522@546 nm. Furthermore, the compounds exhibit

large bandgaps (4.08–4.51 eV), short UV cutoff edges (275–278 nm), and favorable growth habits,

suggesting their potential as short-wave UV birefringent materials.
Introduction

Cocrystals are an important class of compounds with unique
properties, widely utilized in ferroelectricity, ambipolar charge
transport, photovoltaics, etc.1–5 In general, noncovalent inter-
actions assemble neutral molecules in a stoichiometric ratio to
construct the cocrystal, which is benecial for synthesizing the
cocrystal undermild conditions. In addition, the facile selection
of components could effectively design and tune the structure
and properties of the target cocrystal.6–8 Therefore, the cocrystal
engineering strategy has been proposed and widely applied to
investigate and grow large sized new nonlinear optical/
birefringent materials, including compounds in the AX$H3C3-
N3O3 family,9–11 KF$B(OH)3,12 RbCl$H2SeO3,13 (NH4HCOO)3[-
B(OH)3]2,14 KNO3$NH3SO3,15 KIO3$Te(OH)6,16 K2SO4$(SbF3)2,17

and K2SO4$HIO3.18

Birefringent crystals can modulate and control light polari-
zation, making them extensively utilized in laser-related
elds.19–23 Commercial birefringent materials, such as MgF2,
a-BaB2O4 (a-BBO), CaCO3, TiO2, and LiNbO3, play critical roles
across the deep ultraviolet (DUV) to near-infrared (NIR)
regions.24–28 However, distinct limitations, such as the phase
transition in a-BBO and the difficulty in growing high-quality
CaCO3 crystals, make exploring new birefringent materials
with substantial birefringence in the short-wave UV region an
urgent and signicant endeavor.
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Birefringence-active groups with large anisotropic polariz-
ability (Da) are the cornerstone for designing birefringent
materials.29 p-Conjugated groups with delocalized electrons
and cations with lone pair electrons exhibit large Da, making
them suitable birefringence-active groups.30–34 In contrast, the
nearly isotropic distribution of electronic clouds in halogens
results in rigid regular tetrahedral groups such as TO4 (T= B, Si,
P, S, etc.) having Da close to zero.35 Hence, p-conjugated
systems such as MO3 (M = B, C, and N) groups, and benzene-
like six-membered ring groups (B3O6) are among the hotspots
for investigating birefringent materials.36–40 Consequently,
classical birefringent materials including a-BBO,25 CaCO3,26 and
NaNO3 have been investigated.41 Among the MO3 (M= B, C, and
N) family, NO3 exhibits the shortest bond length, indicating
a more substantial overlap between N 2p and O 2p orbitals. This
overlap results in heightened pp–pp interactions, yielding the
largest Da within the MO3 family.42 Besides, B3O6, composed of
three BO3 units, attains a ‘1 + 1 + 1 > 3’ conguration, affirming
the suitability of six-membered rings as birefringence-active
groups.42

Recent research has expanded exploration from the tradi-
tional inorganic p-conjugated system to the organic system.43

Organic six-membered ring groups (6-MRs) have been identied
as excellent birefringence-active groups with considerably larger
Da, such as [HxC3N3O3]

(3−x)− (x = 0–3) and C3N6H7
+.44–47 As

a result, organic 6-MR compounds with substantial birefrin-
gence have been reported.48–50

However, although NO3
− and organic 6-MRs have attractive

Da, these groups will red-shi the bandgaps, posing an obstacle
to their potential application in the UV region. Therefore, it is
still necessary to introduce alkali and alkaline earth metal
cations without d–d/f–f electron transitions to enlarge the
bandgap.
Chem. Sci., 2024, 15, 10193–10199 | 10193

http://crossmark.crossref.org/dialog/?doi=10.1039/d4sc02569e&domain=pdf&date_stamp=2024-06-28
http://orcid.org/0000-0002-5741-1711
http://orcid.org/0000-0002-7195-9089
https://doi.org/10.1039/d4sc02569e
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc02569e
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015026


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
7/

20
26

 4
:3

5:
49

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Strong covalent cations including Li+ and Mg2+ draw our
attention due to the benets of enlarging bandgaps. Besides,
they can easily form hydrate cations in the water solution
system: for example, Mg2+ tends to form the hydrated
[Mg(H2O)6]

2+, which could serve as a good hydrogen bonding
donor to govern the distribution of NO3

− and oxygen hetero-
cycle groups and construct the cocrystal.

Inspired by the above ideas, we decided to explore the Li/Mg-
NO3-4HP system for hybrid organic–inorganic cocrystals with
giant birefringence. Using the cocrystal approach, LiNO3$H2-
O$4HP (Li-4HP), [LiNO3$H2O$4HP]$4HP (Li-4HP2), and
[Mg(NO3)2$6H2O]$(4HP)2 (Mg-4HP) were grown via the mild
slow evaporation method. They exhibit short UV cutoff edges
(275–278 nm) and giant birefringence (0.376–0.522@546 nm),
thus being promising short-wave UV birefringent crystals. Li-
4HP2 demonstrates a giant birefringence of 0.522@546 nm,
which is the largest among those reported for inorganic–organic
hybrid cocrystals in the short-wave UV region. This study serves
an exemplary illustration of successful exploration into novel
short-wave UV birefringent crystals with giant birefringence and
wide bandgaps using the cocrystal approach.

Experimental section

Single crystals of compounds Li-4HP, Li-4HP2, and Mg-4HP
were grown via the aqua-solution method at room tempera-
ture. LiNO3 (Sigma, 10 mmol) and 4HP (TCI, >99%, 10 mmol)
were used for Li-4HP, with the 4HP amount increased to
20 mmol for Li-4HP2. A mixture of Mg(NO3)2$6H2O (DAE-
JUNG, 98%, 10 mmol) and 4HP (20 mmol) was used for Mg-
4HP. Aer one week, colorless bulk crystals of Li-4HP2 and
Mg-4HP (with sizes up to 2 × 1 × 0.5 cm3) and millimeter-level
needle-like crystals of Li-4HP were obtained. These crystals
were washed with distilled water for subsequent measure-
ments. The polycrystalline samples were prepared by directly
grinding the as-grown crystals and checked using powder X-
ray diffraction.

The powder X-ray diffraction data were collected via the Mini
Flex 600 diffractometer using Cu Ka (l = 1.54406 Å) radiation with
40 kV and 15mA at room temperature. The sample was scanned in
the 2q range of 5–70° at a scan speed of 10° min−1 and a scan step
width of 0.02°. The measured diffraction pattern of the title
compoundsmatched well with the simulated one (Fig. S1 and S4†).

The crystal structures were determined via a Bruker D8 QUEST
diffractometer with a Mo Ka radiation source (l = 0.71073 Å) at
the Advanced Bio-Interface Core Research Facility at Sogang
University at room temperature. The SAINT and SADABS
programs were used for data reduction and absorption correction,
respectively.51 TheOLEX2 package was used to solve and rene the
structure.52 Solved structures were checked using PLATON to
avoid any missing higher symmetry.53 Crystallographic data,
structure renement information, atomic coordinates, equivalent
isotropic displacement parameters, selected bond lengths, and
bond angle are listed in the ESI (Tables S1–S5).†

Infrared (IR) spectra were recorded using a Thermo Scientic
Nicolet iS50 FT-IR spectrometer. The ground sample was placed
on the diamond attenuated total reectance crystal (Fig. S2†).
10194 | Chem. Sci., 2024, 15, 10193–10199
The ultraviolet-visible-near infrared (UV-vis-NIR) trans-
mittance spectrum for Mg-4HP was obtained using a Shimadzu
SolidSpec-3700 DUV spectrophotometer at room temperature in
the 200–1600 nm wavelength range. The UV-vis diffuse-
reectance spectra for Li-4HP, Li-4HP2 and Mg-4HP, and 4HP
were recorded on a Lambda 1050 scan UV-vis spectrophotom-
eter at room temperature, covering the spectral range of 200–
800 nm.

Thermogravimetric analysis (TGA) was conducted using
a SCINCO TGA-N 1000 thermal analyzer. The ground poly-
crystalline samples were loaded into alumina crucibles and
heated to 900 °C at a rate of 10 °C min−1 under owing air
(Fig. S3†).

Single crystals of Li-4HP2 (0.0469 g) and Mg-4HP (1.1771 g),
and a polycrystalline sample of Li-4HP (0.6125 g) were used to
quantify the change in weight aer exposure to air over seven
days. The ambient temperature and humidity were maintained
at 25 ± 5 °C and 36 ± 5%, respectively.

The polarizability anisotropy for NO3
− and 4HP was calcu-

lated using Gaussian 09 at the B3LYP/6-31G level and analyzed
by Multiwfn.54,55 CP2K (version 2022.1) was applied to calculate
the electron localization function (ELF) at the B3LYP/6-311G*
level (Fig. S5†).56 The CASTEP package (version 23.1) was
utilized for the rst-principles calculations based on density-
functional theory.57 Band structure, density of states, and
optical properties were calculated using the Perdew–Burke–
Ernzerhof (PBE) generalized gradient approximation (GGA) and
the norm-conserving pseudopotential (NCP).58–61 The valence
electrons (cutoff energy) of the pseudo-potential used are as
follows: H 1s1 (650 eV), C 2s22p2 (680 eV), N 2s22p3 (700 eV), O
2s22p4 (750 eV), Li 2s1 (450 eV), and Mg 2s22p63s2 (900 eV). A
plane-wave cut-off energy of 990 eV for Mg-4HP and
Mg(NO3)2$6H2O, and 830 eV for Li-4HP and Li-4HP2 were
chosen. A dense k-point sampling of less than 0.04 Å−1 was
adopted for geometry optimization and calculation of optical
properties (Fig. S6–S7†). Other parameters were set at the ultra-
ne level as default.

Results and discussion

Li-4HP crystallizes in the monoclinic space group, P21/n (no. 14)
with unit cell parameters of a = 8.821(8) Å, b = 10.477(9) Å, c =
9.205(9) Å, b = 110.89(3)°, and V = 794.8 Å3. Li+ is ve-
coordinated with oxygen atoms and generated the
[LiO4H2O]

7− polyhedra. The [LiO4H2O]
7− polyhedra are corner-

sharing the O1 atom with 4HP, edge-sharing the O3 and O4
atoms with NO3, and edge-sharing the O1–O1 with the adjacent
[LiO4H2O]

7− polyhedra to form the [LiNO3$H2O$4HP]2 dimer
(Fig. 1a). In the dimer, the distances between Li and O, and
between N and O, are in the ranges of 1.940 to 2.552 Å and 1.244
to 1.252 Å, respectively. The dihedral angle between 4HP and
NO3

− is 85.06° (Fig. S8†). This nearly vertical arrangement
benets the dimer further by connecting adjacent [LiNO3$H2-
O$4HP]2 dimers through hydrogen bonds of O/N–H/O,
generating pseudo-layers of {[LiNO3$H2O$4HP]2}

0 in the ac
plane (Fig. 1b). The dihedral angle between adjacent pseudo-
layers (A and B) is 87.88°. These pseudo-layers further stack
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Ball-and-stick representations of (a) the [LiNO3$H2O$4HP]2
dimer and pseudo-layers of {[LiNO3$H2O$4HP]2}

0 viewed along (b) the
b-axis and (c) c-axis for Li-4HP. (d and e) The additional neutral 4HP
separates the [LiNO3$H2O$4HP]2 dimers and generates a pseudo-
three-dimensional structure of Li-4HP2 (black, C; purple, N; red, O;
white, H; green, Li).

Fig. 2 Ball-and-stick and polyhedral representations of (a) Mg-4HP
viewed along the b-axis (black, C; purple, N; red, O; blue, Mg; white, H).
(b) [Mg(H2O)6]

2+, (c) NO3
−, and (d) 4HP groups are highlighted.

Fig. 3 UV-vis diffuse reflectance spectra for Li-4HP, Li-4HP2, Mg-
4HP and 4HP. (Inset): As-grown crystals ofMg-4HP (left) and Li-4HP2
(right).
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along the b-axis with an ABAB arrangement, generating the nal
pseudo-two-dimensional structure (Fig. 1c).

Li-4HP2 crystallizes in the triclinic space group, P�1 (no. 2)
with unit cell parameters of a= 8.2120(6) Å, b= 8.9624(6) Å, c =
9.9320(7) Å, a = 82.101(2)°, b = 106.673(2)°, g = 70.184(2)°, and
V = 638.59 Å3. As depicted in the formula, it is composed of the
[LiNO3$H2O$4HP]2 dimer and one additional 4HP (Fig. 1a and
d). With the additional 4HP introduced into the lattice, the
dihedral angle between 4HP and NO3

− in the [LiNO3$H2-
O$4HP]2 dimer was decreased from 85.06° to 32.03° (Fig. S8†).
Among the [LiNO3$H2O$4HP]2 dimer, the bond lengths of Li–O
range from 1.935 to 2.333 Å, and the distances between N and O
atoms range from 1.246 to 1.252 Å. It should be noticed that in
Li-4HP2, adjacent [LiNO3$H2O$4HP]2 dimers are assembled,
generating the pseudo-layers of {[LiNO3$H2O$4HP]2}

0. However,
in Li-4HP2, the additional neutral 4HP separates these
[LiNO3$H2O$4HP]2 dimers and generates the nal pseudo-
three-dimensional structure (Fig. 1e). Interestingly, the 4HP is
nearly parallel to the distribution of the structure, indicating
that the individual 4HP plays a key role in governing the
arrangements of coplanar groups in Li-4HP2.

Mg-4HP crystallizes in the monoclinic space group, I2/a (no.
15) with unit cell parameters of a = 24.6517(11) Å, b = 6.4107(3)
Å, c = 26.2782(12) Å, b = 106.673(2)°, and V = 3978.27 Å3. An
asymmetric unit consists of one [Mg(H2O)6]

2+ octahedron, two
NO3

− groups, and 4HP groups, which agrees with the chemical
formula (Fig. 2b–d). The Mg–O distances range from 2.032 to
2.080 Å, and the corresponding distortion (Dd) is 0.089. Thus,
weak distortion makes little contribution to the birefringence.
The distances between N and O atoms in the NO3

− groups range
from 1.221 to 1.259 Å. The bond lengths of C–O and C–N fall
into the range of 1.278 to 1.282 Å and 1.333 to 1.345 Å,
respectively, matching well with reported compounds.
Hydrogen bonds of O–H/O were observed among the
[Mg(H2O)6]

2+ octahedron, coplanar NO3
− and 4HP groups.

Hydrogen bonding interactions between N2–H2 in 4HP and
© 2024 The Author(s). Published by the Royal Society of Chemistry
O13–N3 from NO3
− were observed, generating the

[(NO3)$(4HP)]− dimer. The NO3
− and 4HP are nearly parallel in

the dimer, and the dihedral angles range from 1.45 to 14.88°
(Fig. S9†). The hydrogen bonds further assemble this dimer and
the [Mg(H2O)6]

2+ octahedron, constructing the nal pseudo-
three-dimensional structure (Fig. 2a).

The IR spectra in Fig. S2† reveal the characteristic vibrations
of 4HP (yC]O at 1645 cm−1, yN–H at 3230 cm−1), MgO6 (yMg–O at
824 and 1402 cm−1), H2O (peak at 3411 cm−1), and NO3 (peaks
at 850, 769 and 715 cm−1), respectively.62–64

UV-vis diffuse reectance spectra suggest that the
compounds Li-4HP, Li-4HP2, Mg-4HP, and 4HP possess short
UV cutoff edges of 276, 278, 275, and 291 nm, respectively
(Fig. 3). A polished crystal of compoundMg-4HP with a suitable
size was selected to measure the UV-vis-NIR transmittance
spectrum (Fig. S10†). At 275 nm, the transmittance remains at
0.02%, which corresponds well to the diffuse reectance result.
The corresponding bandgaps are 4.08, 4.15, 4.51, and 3.95 eV
for compounds Li-4HP, Li-4HP2,Mg-4HP, and 4HP, respectively
Chem. Sci., 2024, 15, 10193–10199 | 10195
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Fig. 4 Calculated (experimental) birefringence values for Li-4HP, Li-
4HP2, and Mg-4HP (@546 nm) compared with reported values for
other birefringent crystals.

Fig. 5 (a) Thickness of a Li-4HP2 crystal and (b–d) a Li-4HP2 crystal
observed under cross-polarized light, achieving complete extinction
under a polarizing microscope.
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(Fig. S11†). Therefore, these three compounds, with broad
bandgaps, could potentially be birefringent crystals applicable
in the short-wave UV region.

The thermal stability data indicate that during the heating of
Li-4HP, Li-4HP2, andMg-4HP from 25 to 900 °C, they lose water
molecules in the rst step (for Li-4HP, cal. 9.9%, exp. 9.9%; for
Li-4HP2, cal. 6.5%, exp. 6.5%; for Mg-4HP, cal. 24.2%, exp,
22.8%). The subsequent step for Li-4HP and Li-4HP2 involves
the loss of CO2, H2O, and N2, forming Li2CO3. The subsequent
step involves the loss of the organic molecule 4HP and nitrate,
nally generating the corresponding oxides, Li2O (for Li-4HP,
cal. 8.2%, exp. 6.8%; for Li-4HP2, cal. 6.2%, exp. 7.4%) andMgO
(for Mg-4HP, cal. 9.2%, exp. 11.7%) (Fig. S3†).

Aer exposure to air for seven days, Li-4HP, Li-4HP2, andMg-
4HP exhibited almost no change in mass. In addition, PXRD
patterns measured aer exposure to air for a week conrm that
all the reported samples have good air stability under ambient
temperature and humidity conditions (Fig. S4†). The band
structures indicate that Li-4HP, Li-4HP2, and Mg-4HP belong to
the class of direct bandgap compounds. The calculated bandg-
aps are 3.41, 3.47, and 3.11 eV, respectively, which are smaller
than the experimental bandgaps (Fig. S6†). The differences were
applied as scissor corrections to analyze the optical properties. In
all three compounds, the upper regions of the valence band (VB)
are mainly occupied by the C/N/O 2p states, with a small
contribution from the H 1s states. The bottom of the conduction
band (CB) consists of C/N/O 2p and Li 2p states (Li-4HP and Li-
4HP2), respectively. These results suggest that the organic group
of 4HP primarily determines the optical properties of these
compounds (Fig. S7†). As revealed by the electron localization
function (ELF) diagrams in Fig. S5,† delocalized p bonds were
observed in the NO3

− and 4HP of both Li-4HP, Li-4HP2, andMg-
4HP. The synergistic effect of NO3

− and 4HP endows these
compounds with giant optical anisotropy, as expected.

The relationship between wavelength and the birefringence
is depicted in Fig. S12 and S13.† The calculated birefringence
values for Li-4HP, Li-4HP2, and Mg-4HP are 0.387, 0.546, and
0.376 (0.227 on the (100) plane), respectively. Crystals of Li-4HP,
Li-4HP2, andMg-4HP (on the (100) plane) were measured using
a cross-polarizing microscope. The optical path differences (R)
at 546 nm are 3.620, 8.265, 1.799 mm, with thicknesses of 10,
15.823, and 7.951 mm (Fig. 5, S14 and S15†). Derived from the
formula: R = d × Dn, the birefringence at 546 nm is calculated
as 0.362, 0.522, and 0.226, closely matching the calculated
values of 0.387, 0.546, and 0.227. Themeasured birefringence of
Mg-4HP is limited because the only natural crystal plane suit-
able for measurement is the (100) crystal plane, and thus it does
not reach the largest birefringence of 0.376@546 nm. However,
the measured value of 0.226@546 nm still ts the calculated
birefringence on the (100) crystal plane well. Such giant bire-
fringence is signicantly larger than those of commercial bire-
fringent materials such as a-BaB2O4 (0.122 @532 nm) and YVO4

(0.225 @633 nm) (Fig. 4).25,65 Besides, Li-4HP2 exceeds other
reported organic–inorganic hybrid cocrystals in the short-wave
UV region. For example, ANO3$H3C3N3O3 (A = K and Rb) has
values ranging from 0.243 to 0.268 @546.1 nm,66 AX$(H3C3N3-
O3)x (A = alkali metal cations, X = Cl/Br/I, x = 1–2) ranges from
10196 | Chem. Sci., 2024, 15, 10193–10199
0.071 to 0.28 @800 nm,9,11,67,68 and KHC2O4$(H3BO3) has a value
of 0.164@1064 nm.69 Li-4HP2 also surpasses most 6-MR
compounds, including 4HPP (0.25@1064 nm),48 b-(C3N6H7)2-
Cl2$H2O (0.38@550 nm),70 (C3N6H7)2SiF6$H2O (0.152@550 nm),
and recently reported C5H6NOSb2OF4 (0.513@546 nm).71,72

To gain a deeper understanding of the origin of the giant
optical anisotropy in Mg-4HP, the raw reagent Mg(NO3)2$6H2O
(ICSD 80446) was selected as a reference. In the structures of
Mg(NO3)2$6H2O and Mg-4HP, both coplanar groups (NO3

− and
4HP) are nearly ideally distributed, but with different spatial
densities in the lattice (Fig. S18 and S19†). According to DFT
calculations, the predicted birefringence of Mg(NO3)2$6H2O is
0.198@546 nm, whileMg-4HP exhibits a larger birefringence of
0.376@546 nm, despite the spatial density of NO3

− (4.02 × 10−3

Å−3) being nearly half that in Mg-4HP (7.82 × 10−3 Å−3). This
indicates that the 4HP group primarily contributes to the larger
birefringence observed in Mg-4HP.

Herein, we establish a model to illustrate the contribution to
birefringence from each coplanar group more intuitively. It is
well known that the birefringence is related to the density,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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polarizability, and spatial arrangement of the birefringence-
active groups. In other words, Dn is proportional to r × Da ×

cos q, where q is the dihedral angle between the birefringence-
active groups. To simplify this model, we assume that the
large birefringence is solely attributed to the coplanar groups of
NO3

− and 4HP, and the contribution from [Mg(H2O)6]
2+ and

[LiO4H2O]
7− polyhedra is almost negligible due to their small

Da. In Mg(NO3)2$6H2O, NO3
− is the sole birefringence-active

group with a nearly parallel arrangement in the lattice. There-
fore, it can be used as a benchmark to estimate the contribution
to birefringence from the NO3

− and 4HP groups in Mg-4HP. A
rough calculation of the contribution to birefringence (@546
nm) from NO3

− inMg-4HP is approximately 0.198/7.82× 4.02=
0.102, indicating that 4HP contributes the remaining 0.274.
Interestingly, in Mg-4HP, the ratio of Dn (4HP) to Dn (NO3

−) is
2.69, which aligns well with the polarizability results of Da

(4HP) to Da (NO3
−) = 2.72. This observation highlights the

synergistic effect of 4HP and NO3
− in endowing the large bire-

fringence of Mg-4HP. Guided by this idea, the deduced contri-
bution to birefringence (@546 nm) from 4HP and NO3

− is 0.427
and 0.060, and thus the deduced birefringence is 0.487, also
very close to the measured value of 0.522 (Fig. 6). The slightly
larger margin of error for Li-4HP2 should be related to under-
estimating the distorted Da (NO3

−) and not taking the contri-
bution from the distorted [LiO4H2O]

7− polyhedra into account.
However, this simplied model can still be used to reveal the
contribution to birefringence from each coplanar group.

The above model indicates that the giant birefringence of Li-
4HP2 derives from the synergetic effect of the high spatial
Fig. 6 (a) Polarizability anisotropy (Da) of NO3
− and 4HP. (b) Spatial

density (r) of coplanar birefringence-active functional building blocks
(FBBs) in each compound (blue, NO3

−; red, 4HP, MgNO is
Mg(NO3)2$6H2O). (c) Calculated and deduced birefringence (@546
nm) from each coplanar birefringence-active FBB.

© 2024 The Author(s). Published by the Royal Society of Chemistry
density of 4HP and NO3
− groups. Interestingly, both Li-4HP2

and Mg-4HP are 4HP-NO3
−-based cocrystals, with 4HP

primarily affecting the birefringence. However, the spatial
density of 4HP is increased by nearly 35.8% (from 4.02 in Mg-
4HP to 6.26 × 10−3 Å−3 in Li-4HP2), attributed to the following
two reasons: First, in the solution system, Mg2+ tends to form
the isolated [Mg(H2O)6]

2+ octahedra, where the six water mole-
cules dilute the spatial density of 4HP in the structure. Second,
[Mg(H2O)6]

2+ octahedra can only weakly connect surrounding
4HP and NO3

− groups via hydrogen bonds, further diluting the
spatial density of 4HP. In contrast, in Li-4HP2, Li+ connects the
4HP and NO3

− via stronger covalent Li–O bonds, resulting in
a tighter interaction. In addition, the edge-sharing connection
in the [LiNO3$H2O$4HP]2 dimer further increases the spatial
density of 4HP in Li-4HP2.

Conclusions

In conclusion, we successfully synthesized two inorganic–organic
hybrid cocrystals, Li-4HP2, and Mg-4HP, alongside a by-product,
Li-4HP, utilizing a mild aqueous method, resulting in the growth
of large crystals. These compounds exhibit substantial bandgaps
ranging from 4.08 to 4.51 eV and demonstrate short UV cutoff
edges between 275 and 278 nm. The nearly parallel distribution
and higher spatial density of coplanar groups contribute to
Li-4HP2 displaying a remarkable birefringence of 0.522@546 nm.
Our rst-principles calculations reveal that the organic 4HP, with
its large polarizability, signicantly enhances the birefringence
observed. Coupled with their ease of growth, short UV cutoff
edges, large bandgaps, and impressive birefringence, these
compounds emerge as promising candidates for short-wave UV
birefringent materials. This study serves as a successful illustra-
tion of exploring novel birefringent materials with enhanced
birefringence within the cocrystal system.
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