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Designed Metal-Free Quasi-1D Crystals with Giant

Birefringence
Yang Li,!! Jihyun Lee,®! and Kang Min Ok*[@!

Birefringence, a vital property of anisotropic crystals, is
indispensable for advanced optical technologies. Quasi-
1D structures, with their inherent structural anisotropy,
offer fertile ground for discovering materials with excep-
tional optical anisotropy. In this work, we report four
metal-free quasi-1D crystals—(CsHgNO) ™ (NOs) (4HPN),
(CsHgNO) ™ (HC,0,4) (4HPO), (C4N3Hs)™(NOs) (2APMN), and
(C4N3Hs) " (HC,04)-H,0 (2APMO)—designed to feature pseudo-
chain structures and grown as centimeter-scale crystals via a

1. Introduction

Low-dimensional structures with inherent structural anisotropy
have attracted significant attention for their potential applica-
tions in electronics, optoelectronics, and ion storage systems.!"™!
Among these, birefringence—an optical property arising from
anisotropy—is a key feature in the quest for new optical
materials.!>"*! Larger birefringence enables more effective split-
ting of ordinary and extraordinary rays, paving the way for minia-
turization of optical devices and expanding their use in laser
technologies."™™! However, the birefringence values of most
reported (quasi-) 2D materials are relatively small, prompting
researchers to focus on (quasi-) 1D systems.[+6]

Recent studies have uncovered quasi-ID materials with
exceptionally high birefringence values, such as fibrous red
phosphorus  (0.642@475 nm), BaTiS; (0.76), 17(CsH4sNO,)~
(0.778@550 nm), and ZrS; (0.76@500 nm).[”-20! Despite this
progress, the development of UV birefringent materials remains
challenging. Ideal candidates should possess properties such as
a large bandgap (> 3.10 eV), high birefringence (~0.4 or higher),
ease of crystal growth, and environmental friendliness.?"%!
However, commercial UV birefringent materials are often lim-
ited by low birefringence values (<0.3), difficulties in growing
large crystals, and their inability to meet the demands of
applications.[24-2°]
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facile aqueous-solution method. These crystals display wide
bandgaps (3.40-4.48 eV) and exceptional birefringence, with
calculated values up to 0.555@546 nm and an experimental
maximum of 0.597@546 nm for 4HPN. The giant birefringence
stems from their quasi-1D architectures, high-spatial density, and
optimal arrangement of the birefringence-active groups (BAGs).
This study highlights the promise of metal-free quasi-1D mate-
rials for next-generation miniaturized polarization optics and
laser-driven applications.

To date, several newly reported UV birefringent materials
exhibit birefringence values greater than 0.4.7-3! However,
in metal-containing compounds, pollution arising from metal
extraction, processing, and disposal—along with higher costs
and challenges in crystal growth—highlights the urgent
need for environmentally friendly birefringent materials
with favorable growth habits, high birefringence, and low
cost.3437]

Beyond dimensionality, birefringence is influenced by fac-
tors such as anisotropic polarizability (A«), spatial density (p),
and the distribution of birefringence-active groups (BAGs).!3-42!
Groups with anisotropic electron clouds, such as w-conjugated
groups, second-order Jahn-Teller active cations (e.g., Nb°,
Mo®*, Pb?*, Sb3*), and highly deformable d"© transition metal
cations (e.g., Zn*", Cd?*, Hg*"), tend to exhibit higher A«
values.3%1 However, to prioritize environmental safety and
cost-effectiveness, metal-free quasi-1D systems are of particular
interest.

The organic -conjugated molecule 4-hydroxypyridine (4HP)
is an excellent BAG owing to its large Aw«, making it a
promising building block for birefringent materials, as demon-
strated experimentally.l3383951 |t can form corner-sharing struc-
tures with various atoms (e.g., Li, Zn, Sb) through oxygen
atom or link with other hydrogen acceptors through hydrogen
bonds. In pseudo-3D [Mg(NO;),-6H,0](4HP), (Mg—4HP), hydro-
gen bonding results in the formation of [4HP-NOs"] dimers
with small dihedral angles.*®! However, the birefringence-inert
[Mg(H,0)s]** obscures this dimer, generating infinite quasi-1D
chains.

To address this limitation, we tailored the structure by
removing the birefringence-inert [Mg(H,0)sI*" group, thereby
constructing a metal-free quasi-1D chain of [(4HP)*-(NOs)1. This
approach maintains the small dihedral angles and enhances
the spatial density of BAGs, achieving high birefringence, low
cost, and ease of large-crystal growth. Inspired by this, we also
explored 2-aminopyrimidine (2APM) and HC,0,7, which exhibit
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Figure 1. Ball-and-stick models of Mg—4HP (a), a selected region of Mg—4HP (c), and 4HPN (C, black; N, purple; O, red; H, white; Mg, green). (b), (d), and
(e) show the corresponding topological diagrams ([IMg(H,0)s]**, pink; 4HP/4HP*, green; NOs", purple). The highlighted blue region represents the

[4HP-NO3] and [4HP*:NOs'] dimers.

larger A« values than 4HP and NO;°, as candidates for new
metal-free quasi-1D birefringent materials.

Herein, we successfully designed and synthesized four quasi-
1D compounds: (4HP)*(NOs)" (4HPN), (4HP)*(HC,04)" (4HPO),
(APM)*(NO3)” (2APMN), and (2APM)*(HC,0.)-H,O0 (2APMO).
These compounds were grown as centimeter-scale crystals using
a mild aqueous-solution method with high yields (>95%, based
on 4HP or 2APM). All four materials demonstrated giant bire-
fringence, with 4HPN achieving an experimental birefringence of
0.597@ 546 nm.

2. Results and Discussion

4HPN crystallizes in the polar space group, Pl. While prepar-
ing this manuscript, we noted that the giant birefringence of
the 4HPN crystal was just reported by Chen and colleagues.’”?
The asymmetric unit contains two 4HP* cations and two NO5
anions. Through N—H- - -O hydrogen bonding, pseudo—-chains of
[4HPT-NOs] are formed along a specific orientation (Figure 1).
The bond distances between C—O (dc.o), C—C (dc.c), and C—N
(dc_n) atoms within 4HP* fall in the ranges of 1.327(4)-1.330(4),
1.358(5)-1.409(4), and 1.343(4)-1.358(4) A, respectively. In the case
of NO5", the N—O bond lengths range from 1.247(4) to 1.330(4) A.
The dihedral angles between NO;™ and 4HP™ range from 171 to
11.62°, favorably contributing to birefringence.

4HPO crystallizes in the monoclinic crystal system, with
space group P2;/c and unit cell parameters: a = 5.6877(6) A b
=20.879(2) A, c = 6.9765(8) A, B = 112.450(3)°, and Z = 4. The
HC,0,4™ anion adopts an end-to-end configuration, forming infi-
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nite quasi-1D [HC,047], chains along the g-axis. The C—C and
C—O bond lengths in HGO, are 1.556(3) and 1.209(2)-1.308(2)
A, respectively. Interestingly, the 4HP* cations attach to these
[HC,047], chains via O1—H1---02 hydrogen bonds, generating
neutral [4HP*-HC,0,47], chains (Figures S2 b,c). Within 4HP™, the
C—0, C—N, and C—C bond lengths are 1.325(2), 1.345(2)-1.346(2),
and 1.359(2)-1.403(2) A, respectively. The dihedral angle between
HC,0,” and 4HP™ is 23.56°, partially offsetting their contribution
to birefringence.

2APMN crystallizes in the monoclinic crystal system (C2/c
space group).l”* The 2APM™* cations form both bidentate and
monodentate hydrogen bonds with adjacent NO;™ anions via
H---N—O hydrogen bonding interactions, resulting in infin-
ity neutral [2APM*-NO;, pseudo-chains along the b-axis
(Figures S2d,e). Similar to 4HPN, the NO;™ anion in this struc-
ture also adopts a configuration with one shorter and two
longer N—O bond lengths, ranging from 1217(5) to 1.254(5) A.
In the 2APM* cation, the C—N and C—C bond lengths are
1.307(6)-1.360(5) and 1.346(7)-1.412(7) A, respectively. The dihedral
angles among NO;—NOs;, 2APM*-2APM*, and 2APM*-NO;"
are 0.45-12.11°, 0.18-0.58°, and 5.60-6.41°, respectively.

2APMO crystallizes in the triclinic crystal system (P-1 space
group).® The 2APM™* cations form bidentate and monoden-
tate hydrogen bonds with adjacent HC,0, anions via H---0—C
hydrogen bonding interactions, leading to infinity neutral
[2APMT-HC,0,47], pseudo-single-chains along the a-axis.

Besides, H,O molecules serve as both hydrogen-bond
donors and acceptors, assembling the pseudo-single chains into
step-shaped pseudo-single chains of [(2APM*-HC,04 -H,0),],
(Figures S2f-g). The dihedral angles among HC,0,-HGC0,,

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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2APMT-2APM™, and 2APM™-HC,0,  are 0-0.05°, 0°, and 2.49-
2.50°, respectively. Hydrogen bonding and -7 interactions
were visualized using the IGMH method, as shown in Figure S6.

The Infrared (IR) spectra further confirmed their structures
(Figure 57).°5°%1 The ultraviolet-visible (UV-vis) diffuse reflectance
spectra (Figure S8a) and UV-near infrared (NIR) transmittance
spectra (Figure S8b) reveal their UV cutoff edges of 252, 300,
341, and 340 nm for 4HPN, 4HPO, 2APMN, and 2APMO, respec-
tively. The corresponding experimental bandgaps are 4.48, 4.13,
3.65, and 3.40 eV, as shown in Figure S9. The underestimated
bandgaps are attributed to the discontinuity of the exchange-
correlation energy.’’?8 The difference between the experimen-
tal and calculated bandgaps is applied as a “scissor” opera-
tor to analyze the birefringence. The absorption band around
300 nm in 4HPN is induced by NOs", consistent with previous
reports.>9-61

Powder second-harmonic generation (SHG) measurements
for polycrystalline 4HPN indicate type-l phase-matching behav-
ior, with a significant SHG response of 2 x KDP, comparable to
recently reported work (Figure 510).5

Thermogravimetric analysis (TGA) curves show that 4HPN,
4HPO, 2APMN, and 2APMO remain stable up to 200, 200,
150, and 75 °C, respectively (Figure S11). Notably, 4HPN, 4HPO,
and 2APMN exhibit excellent stability, retaining their integrity
even after over 2 years of exposure to air. In contrast, 2APMO
shows efflorescence due to the loss of lattice H,O molecules.
Moreover, a straightforward approach to enhancing thermal
stability is to select covalent bonds that connect these BAGs
effectively.[62-64]

The calculated bandgaps (using GGA/PBE-TS) for 4HPN,
4HPO, 2APMN, and 2APMO are 3.73, 3.35, 278, and 2.97 eV,
respectively (Figure S12). To achieve more accurate bandgap
predictions, the HSE06 hybrid functional was applied, yield-
ing bandgaps of 4.54 and 4.24 eV for 4HPN and 4HPO, which
align well with the experimental values of 4.48 and 4.13 eV,
respectively.

As shown in Figure S13, the density of states (DOS) analysis
indicates that both the organic cations and anions contribute
significantly to the optical properties of these compounds. The
calculated birefringence values for these quasi-ID metal-free
compounds are remarkable, with 0.555, 0.500, 0.541, and 0.533
at 546 nm for 4HPN, 4HPO, 2APMN, and 2APMO, respectively
(Figure S14).

The highest occupied crystal orbital (HOCO) and lowest
unoccupied crystal orbital (LUCO) of 4HPN (Figures 2a-b) reveal
that the HOCO is primarily dominated by NOs", while the LUCO
is mainly governed by 4HP*. The localized orbital locator-m
(LOL-7r) diagrams (Figures 2c and S15) illustrate that the out-
of-plane delocalized 7 electrons are perpendicular to the in-
plane coplanar groups. This configuration creates a significant
anisotropic difference in electron density between the out-of-
plane and in-plane regions, ultimately leading to pronounced
optical anisotropy (birefringence). The electron localization func-
tion (ELF) diagrams confirm that both the 6-membered ring
(6-MR) cations (4HP* and 2APM™) and the anions (HC,0,™ and
NOs") exhibit strong m-conjugated structural features, which
are the primary contributors to the observed birefringence
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(Figures 2d and S16). Interestingly, in the 2APMO, H,0 molecules

also make a measurable contribution to birefringence.

The proper 4HPN and two additional crystals, 4HPO and
2APMO, with their (001) planes, were selected to measure bire-
fringence using the polarized microscope method (Figures 3, S17
and S19). The optical path differences were measured as 4.170,
7.117, and 8.463 um for 4HPN, 4HPO, and 2APMO, respec-
tively. The corresponding birefringence values at 546 nm are
4.170/6.98 = 0.597 for 4HPN, 7.117/23.75 = 0.300 for 4HPO (in
the (001) plane), and 8.463/21.274 = 0.398 for 2APMO (in the
(001) plane). These experimental birefringence values are in
close agreement with the calculated values of 0.555@546 nm
for 4HPN, 0.315@546 nm for 4HPO in the (001) plane, and
0.418@546 nm for 2APMO in the (001) plane (Figures S14, S18,
and S20).

The giant birefringence of the metal-free 4HPN far exceeds
that of commercial birefringent materials such as «-BaB,0,,
CaC0;, and YVO,, and is comparable to the metal-free birefrin-
gent material NH,4(H,CsN;03)2H,0 (Exp. 0.54@550 nm).[24-2634]
Moreover, this value surpasses those of other reported
4HP-based compounds, such as the template Mg—4HP,
[LINO;'H,0°4HP]-4HP  (Li—4HP2), (4HP),ZnCl, (ZnCl,—4HP),
(CsHsNO)(Sb,0OF,), and most UV 6-MRs-based compounds,
including (C3NgH;),[BsOsF4(OH)] and Cs3CI(HC3N;S3). 129303238391
As revealed in Figure 4, these four compounds keep good
balance of giant birefringence, wide bandgaps, and ease of
large-crystal growth, thus promising UV birefringent crystals for
further application.[6>=7°!

The remarkable birefringence (>0.5@546 nm) observed in
these four compounds prompted a deeper investigation into
origins through theoretical calculations and structural analysis.
Structurally, three key factors contribute to the large birefrin-
gence:

1. Quasi-chain structures: These exhibit significant anisotropy
between the in-chain/plane and out-of-chain/plane, which
enhances birefringence.

2. Smaller dihedral angles: Reduced dihedral angles between
coplanar cations and anions significantly contribute to bire-
fringence.

3. Higher spatial density of BAGs: Increased spatial density is
essential for achieving giant birefringence.

To explore these factors in detail, the template compound
Mg—4HP and 4HPN were selected for comparison. In both
structures, NO3;™ and 4HP/4HP* serve as BAGs with compara-
ble dihedral angles (1.45-14.88° for Mg—4HP and 1.71-11.62° for
4HPN). However, the spatial density of BAGs plays a dominant
role in the significant birefringence difference. By replacing the
birefringence-inert [Mg(H,0)s]*" groups, the spatial density of
NO;~ and 4HP in 4HPN increases by approximately 51.5% (from
4.02 x 1073/A3 in Mg—4HP to 6.09 x 1073/A3 in 4HPN). This
enhancement correlates well with the observed birefringence
increase from 0376 to 0.597@546 nm, representing a 58.8%
improvement.

These results indicate that large birefringence primarily orig-
inates from the high-spatial density of BAGs. However, the
contribution of individual components is not yet fully under-
stood. To address this, we applied a previously established model

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Figure 2. HOCO (a) and LUCO (b) orbitals, LOL-7 (c), and ELF (d) diagrams for selected regions of 4HPN.

Figure 3. Selected 4HPN crystal observed under cross-polarized light, showing complete extinction under a polarizing microscope (a, ¢, d), along with its
thickness measurement (b).

to semi-quantitatively evaluate their contributions. Based on  culated birefringence values of 0.555, 0.500, 0.541, and 0.533
this model, the deduced birefringence values at 546 nm are  (Figure 5).

0.562, 0.526, 0.560, and 0.486 for 4HPN, 4HPO, 2APMN, and The slightly larger deviation observed for 2APMO suggests
2APMO, respectively. These values align closely with the cal-  that the contribution from H,O cannot be ignored, as revealed
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Figure 4. Selected birefringent materials (>0.4) compared with commercial
birefringent materials.

An (@546 nm)

0.555

0.526

0.500
0.546

0.533

0.462

0.376
0.193

J

Mg-4HP ZnCl,-4HP ZnCl-4HP Li-4HP2  4HPN

4HPO  2APMN 2APMO

Figure 5. Deduced and calculated birefringence (@546 nm) of previously
reported 4HP-based birefringent crystals and the compounds studied in
this work. Blue: NOs", Red: 4HP/4HP™; Gray: HC;047; Brown: 2APM™. White
values represent the deduced contributions to birefringence, while black
values indicate the calculated birefringence. Li—4HP2 refers to
[LiNO3°H,0"4HP]-4HP, ZnCl,—4HP to (4HP),ZnCl,, and ZnCl;—4HP to
(8HP*),(ZnCl,%).

by the ELF diagrams. In addition, among compounds with the
same spatial density of BAGs, organic cations with larger Aw
contribute more significantly to birefringence.

3. Conclusions

In summary, four tailor-made quasi-1D metal-free compounds,
4HPN, 4HPO, 2APMN, and 2APMO, were successfully designed
and grown as centimeter-sized crystals under mild aqueous-
solution conditions. These compounds consist of 6-MR cations
(4HP™ and 2APM™) and m-conjugated anions (HC,0,” and NOs’)
with high-spatial densities of BAGs. Benefiting from their quasi-
1D structures, nearly parallel alignment of components, and
high-spatial density of BAGs, these compounds exhibit giant
birefringence values ranging from 0.500 to 0.597@546 nm. Fur-
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ther analysis confirms that the 6-MR cations (4HP™ and 2APM™)
play a dominant role in generating the large birefringence, as
expected. With their ease of growth into large crystals, wide
bandgaps, and high birefringence, 4HPN, 4HPO, 2APMN, and
2APMO emerge as promising candidates for UV-birefringent
materials. This work also provides valuable insights into the
design of novel metal-free quasi-1D compounds with exceptional
birefringence.

4. Experimental Section

Single crystal growth: 4-Hydroxypyridine (4HP) (TCl, >99%), 2APM
(ACROS, 98%), H,C,0,4 (Alfa Aesar, 98%), and HNO; (SAMCHUN, w.t.
60.0%) were used as received. A total of 0.951 g of 4HP (2APM)
was dissolved in 50 mL of distilled water in a plastic beaker. For
4HPN (2APMN), 5 mL of HNO; was added, while for 4HPO (2APMO),
0.602 g of H,C,0,4 was used. These solutions were slowly evaporated
at room temperature for 1 week, resulting in centemeter-sized crys-
tals, which were washed with distilled water. Polycrystalline samples
were prepared by grinding the as-grown crystals and analyzed using
powder X-ray diffraction.

Characterization: Powder X-ray diffraction data were collected
using a MiniFlex 600 diffractometer with Cu Ko radiation (A =
154406 A), operating at 40 kV and 15 mA at room temperature. The
sample was scanned in the 26 range of 5-70° with a scan speed of
5 °/minute and a step size of 0.02°. The measured diffraction pat-
terns of the compounds matched well with the simulated results
(Figure S1).

Crystals of suitable size were selected for structure determina-
tion using a Bruker D8 QUEST diffractometer with a Mo Ka-radiation
source (A = 0.71073 A) at the Advanced Bio-Interface Core Research
Facility, Sogang University. For 4HPN, 4HPO, 2APMN, and 2APMO,
single-crystal data were collected at 109 K, 120 K, 260 K, and 244 K,
respectively.”” Data reduction and absorption correction were per-
formed using the SAINT and SADABS programs, respectively.”?! The
structure were solved and refined using the OLEX2 package,?! and
the solved structures were checked for missing higher symmetry
using PLATON.! Crystallographic data, structure refinement details,
atomic coordinates, equivalent isotropic displacement parameters,
and selected bond lengths and angles are provided in the Support-
ing Information (Tables S1-S6).

IR spectra were recorded in the range of 500-4000 cm~' using a
Thermo Scientific Nicolet iS50 FT-IR spectrometer. The ground sam-
ples were placed on a diamond attenuated total reflectance crystal
(Figure S7).

The UV-vis diffuse-reflectance spectra of 4HPN, 2APMN, and
2APMO were recorded using a Lambda 1050 scan UV-vis spec-
trophotometer at room temperature over the wavelength range of
200-800 nm (Figure S8a). The reflection spectra were converted to
absorbance date using the Kubelka-Munk function (Figure $9).7!
UV-vis-NIR transmittance spectra for unpolished brittle 4HPO and
2APMN crystals were measured using a Shimadzu SolidSpec-3700
DUV spectrophotometer at room temperature, covering the wave-
length range of 200-1600 (Figure S8b).

Experimental birefringence measurements were conducted
using a ZEISS Axiolab5 polarizing microscope equipped with a
Berek compensator at 546 nm (Figures 3, S17, and S19). Crystal
orientation was determined with a Bruker D8 QUEST diffractometer.
However, due to the small size of the selected 4HPN crystal used
for birefringence measurements, the harvested diffraction spots
were insufficient to precisely determine its orientation.

© 2025 The Author(s). Chemistry — A European Journal published by Wiley-VCH GmbH
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Powder SHG measurements of 4HPN were performed using a
modified Kurtz-Perry NLO system with a DAWA Q-switched Nd:YAG
laser emitting 1064 nm radiation.”®! The crystals were finely ground
and sieved into various particle-size ranges: 0-20, 20-45, 45-63, 63—
75, 75-90, 90-125, 125-150, 150-200, and 200-250 pm. KH,PO, (KDP)
was used as the reference standard (Figure S10).

TGA was carried out using a SCINCO TGA-N 1000 thermal ana-
lyzer. Ground polycrystalline samples were loaded into alumina
crucibles and heated up to 900 °C at a rate of 10 °C min~' under
flowing Ar gas (Figure S11).

The CASTEP package (version 24.1) was used for first-principles
calculations based on density-functional theory.””! Band structures,
DOS, and optical properties were calculated using the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)
with the TS correction (GGA/PBE-TS) and the norm-conserving pseu-
dopotential (NCP).”®] A plane-wave cut-off energy of 830 eV was
selected, and a dense k-point sampling with a resolution of less than
0.04 A" was adopted. Other parameters were set to the ultra-fine
level by default. Polarizability anisotropy was calculated using Gaus-
sian 09 at the B3LYP/6-31G (D3-BJ) level and analyzed with Multiwfn
(Table $8).79-8" CP2K (version 2024.1) was used to calculate the ELF,
the LOL-7, Independent Gradient Model based on Hirshfeld parti-
tion (IGMH) analyses, and the HOCO and LUCO at the B3LYP/6-31G*
(D3-BJ) level (Figures S6, S12-S16, S18, and $20).8%!
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