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A new organic—inorganic hybrid lithium m-phenylenediamine sulfate (LPS), Li>(CgH;9N3)(SO4),,
was synthesized under aqueous solution conditions. The X-ray powder diffraction study determined
that the title compound crystallized in a monoclinic system at 300 K, with unit-cell parameters a =
7.8689(6) A, b=6.6353(5) A, ¢=11.8322(10) A, f=109.385(3) °, V=582.77(8) A>. Indexing of
the diffraction patterns collected from 100 to 600 K reveals that LPS has no structural phase transition
within the measured temperature range, and the volume expansion coefficient is approximately 2.79 x
107> K", The crystal structure was solved based on the single-crystal diffraction data with space
group P2,/m. Lithium and SO3 ™ are found to form quasi-two-dimensional anti-fluorite [LiSO,] layers
stacking along the c-axis, with m-phenylenediamine molecules inserted in the anti-fluorite layers and
forming hydrogen bonds to the SO3 . This explains a moderate anisotropic expansion in LPS. © The
Author(s), 2021. Published by Cambridge University Press on behalf of International Centre for
Diffraction Data. [doi:10.1017/S0885715621000221]
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I. INTRODUCTION

In recent years, organic—inorganic hybrids have gained
worldwide research interests due to their potential applications
in catalysis (Llabresixamena et al., 2007), storage (Rosi et al.,
2003), sensing (Yanai et al., 2011), ion conduction (Hurd
et al., 2009), nonlinear optics (Wang et al., 2012), piezoelec-
tric, and ferroelectrics (Liao et al., 2019). Among organic—
inorganic hybrids, the perovskite structure (Li et al., 2017)
composed of metal cations, protonated organic amine, and
acid ions form a genre that is characterized by low cost in syn-
thesis and great diversity in chemical composition or structure.
The rich choice of cations, anions, and organic amine mole-
cules of proper size and configuration in a specific ratio allows
one to synthesize a variety of hybrid organic—inorganic perov-
skites (HOIPs) with different polyhedra stacking from zero to
three dimensions (Saparov and Mitzi, 2016; Ju et al., 2018;
Chen et al., 2020; Hu et al., 2020). These HOIPs usually
exhibit lower symmetry in structure but can be viewed as
derivatives of perovskite regardless of the way cation polyhe-
drons are stacked. In comparison with HOIPs, organic—inor-
ganic hybrids with other structural types are not so common
and have been much less reported.

It is known that many inorganic compounds crystallize in
ThCr,Si, (Ban and Sikirica, 1965) structural type. In this
structure, each chromium atom is connected to four silicon
atoms to form [CrSiy] tetrahedrons, and adjacent tetrahedrons
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are connected in an edge sharing way to form anti-fluorite
layers. The thorium atoms are intercalated in the anti-fluorite
layers. In this work, we report the synthesis and structure of
a new organic—inorganic hybrid lithium m-phenylenediamine
sulfate (LPS), Liy(CcH;oN,)(SOy4),, with a regular layered
structure. LPS can be regarded as a variant of ThCr,Si, with
a lower symmetry, where thorium, chromium, and silicon
atoms are replaced by protonated m-phenylenediamine, lith-
ium, and sulfate ions, respectively. Our findings lead to a
new structural system of organic—inorganic hybrid with anti-
fluorite type layers.

Il. EXPERIMENTAL

Single crystals of LPS were prepared by mixing stoichio-
metric ratios of lithium sulfate (60 mmol) and m-phenylenedi-
amine sulfate (60 mmol) into de-ionized water (160 ml) in a
200 ml beaker to get a clear solution. After evaporation of
the solvent at 80 °C, colorless crystals were obtained from
the beaker.

Powder X-ray diffraction (PXRD) data were collected
from 100 to 600 K on a Rigaku SmartLab diffractometer
with CuKe radiation (40 kV, 30 mA) and a germanium mono-
chromator in a reflection mode (20 =5-80°, step=0.01° 286,
and scan speed = 1° min™"). The sample for PXRD was pre-
pared by grinding the single crystals for 15 min to eliminate
the grain-size effect. The powder was carefully scraped flat
by a piece of glass to minimize the preferred orientation. To
determine the crystal structure, a crystal of size 0.015 x
0.128 x 0.181 mm® was selected for the single-crystal X-ray
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TABLE I. PXRD data of lithium m-phenylenediamine sulfate at 300 K.

260135 (O) dobs (A) (I/IO)UbS (%) h k l 29(:;11(: (0) dcalc (A) A26 (o)
7.903 11.178 80 0 0 1 7.900 11.1829 0.003
15.852 5.5862 9 0 0 2 15.849 5.5872 0.003
16.351 5.4169 18 1 0 1 16.355 5.4156 —0.004
21.146 4.1980 100 1 1 1 21.148 4.1977 —0.002
22.540 3.9416 20 -2 0 1 22.549 3.9400 —0.009
23.878 3.7237 30 0 0 3 23.876 3.7239 0.001
26.274 3.3892 9 -2 1 1 26.277 3.3888 —0.003
26.537 3.3562 30 1 1 2 26.541 3.3557 —0.004
26.812 3.3224 45 0 2 0 26.813 3.3223 —0.001
27.480 3.2431 4 2 1 0 27.479 3.2433 0.002
27.680 3.2202 14 2 0 1 27.679 3.2203 0.001
27.998 3.1844 4 0 2 1 27.997 3.1844 0.000
31.572 2.83150 25 1 2 1 31.573 2.8315 0.000
32.024 2.79259 16 0 0 4 32.024 2.7925 —0.001
33.065 2.70696 16 2 0 2 33.067 2.7068 —0.002
34.343 2.60915 3 -3 0 1 34.353 2.6084 —0.010
37.967 2.36797 6 1 0 4 37.970 2.3678 —0.002
38.926 2.31184 4 2 2 1 38.923 2.3120 0.003
39.518 2.27859 5 2 0 3 39.515 2.2787 0.003
39.774 2.26448 4 3 0 1 39.772 2.2646 0.002
40.349 2.23352 9 0 0 5 40.343 2.2339 0.006
44.112 2.05134 8 -3 2 1 44.111 2.0514 0.001
45.655 1.98552 6 3 2 0 45.652 1.9857 0.003
47.048 1.92992 6 -2 3 1 47.039 1.9303 0.010
48.214 1.88596 6 1 1 5 48.218 1.8858 —0.004
52.522 1.74096 7 4 0 1 52.511 1.7413 0.010
55.282 1.66038 4 0 4 0 55.268 1.6608 0.013
57.747 1.59523 5 0 0 7 57.738 1.5955 0.009
The wavelength used to convert 26 to d-spacing is 1.54059 A.

TABLE II.  Temperature dependence of cell parameter for lithium m-phenylenediamine sulfate.

Temperature (K) aA) b A) c (A) B Volume (A%) Density (g cm™>) M(20)* F(20)°
100 7.8676(8) 6.6234(3) 11.8191(8) 109.398(7) 580.94 1.808 98.4 116.7
150 7.8699(8) 6.6268(6) 11.8240(14) 109.417(10) 581.58 1.806 100.9 132.3
200 7.8712(8) 6.6325(6) 11.8263(11) 109.403(10) 582.34 1.803 76.0 107.9
250 7.8754(9) 6.6370(6) 11.8328(13) 109.410(10) 583.34 1.800 100.9 129.1
300 7.8759(9) 6.6417(4) 11.8378(12) 109.393(10) 584.09 1.798 79.3 108.2
350 7.8812(5) 6.6461(5) 11.8471(11) 109.412(7) 585.27 1.794 93.0 125.2
400 7.8840(5) 6.6501(5) 11.8549(5) 109.429(7) 586.16 1.792 115.8 151.1
450 7.8850(9) 6.6526(6) 11.8584(15) 109.442(20) 586.57 1.790 83.7 114.1
500 7.8853(8) 6.6549(5) 11.8590(11) 109.391(9) 587.01 1.789 68.3 97.2
550 7.8887(6) 6.6582(6) 11.8670(12) 109.402(9) 587.91 1.786 66.6 91.1
600 7.8927(6) 6.6637(7) 11.8775(13) 109.402(9) 589.22 1.782 80.7 96.6

M(20) = Q»0/2& Na.
PE(20)=N/IA26Noss.

diffraction study. Data were collected using a Bruker D8
VENTURE PHOTO II diffractometer with multilayer mirror
monochromatized MoKa (A =0.71073 A) radiation at room
temperature. Unit-cell refinement and data merging were per-
formed using the APEX3 program, and an absorption correc-
tion was applied using the multi-scans method.

lll. RESULTS

The PXRD data for LPS at 300 K are given in Table I,
which is also contained in the Powder Diffraction File
(Gates-Rector and Blanton, 2019), as entry 00-070-1250.
All reflections were indexed successfully using the
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DICVOL14 program (Louér and Boultif, 2014) on a primitive
monoclinic system unit cell, with unit-cell parameters a =
7.87599) A, b=6.6417(4) A, ¢c=11.8378(12) A, p=
109.393(10)°, and V=584.09 A* at room temperature. A
maximum absolute error of 0.013° 26 was set as the A26
limit for indexing a given observed diffraction line. All
k-values in the (0kO) peaks are even, indicating the existence
of a 2y-screw axis along the b-axis. Further check of the sym-
metry by using CHEKCELL (Laugier and Bochu, 2002) sug-
gests P2;/m (No. 11) as the possible space group, which is
consistent with the systematic absences and with the crystal
density. The unit-cell parameters of compound LPS were
refined with the program NBS*AIDS83 (Mighell et al.,
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Figure 1. Experimental PXRD patterns at different temperature and

simulated ones from the room-temperature crystal structure. Inset:

photograph of the crystal of LPS.

1981). The crystal data, density, and figures of merit M20 (de
Wolff, 1968) and F20 (Smith and Snyder, 1979) are compiled
in Table II.

Powder patterns taken at different temperatures (Figure 1)
suggest that LPS has no structural phase transition from 100 to
600 K. The temperature dependences of cell parameters are
shown in Figure 2, and the volume expansion of LPS from
100 to 600 K is approximately linear with a coefficient
2.79x 107> K~! (Figure 2). The cell parameters a, b, and ¢
have anisotropic expansion coefficients, which are 6.38 x
107°K™1,1.22x 107> K", and 9.88 x 107 K, respectively,
while S is approximately temperature independent.

The crystal structure was solved by direct methods based
on the single-crystal diffraction data collected at room temper-
ature, and the structure is refined by the full-matrix method
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TABLE III.  Crystallographic data for lithium m-phenylenediamine sulfate.
Formula Liz(C6H10N2)(SO4)2

Formula weight 316.16 g mol ™!

Temperature 293(2) K

Crystal system Monoclinic

Space group P2i/m

a=7.8689(6) Ab =6.6353(5) Af=109.385(3)°
c=11.8322(10) A

Unit-cell dimensions

Volume (A%) 582.77(8)
z 2
Density (calculated) 1.802 g cm™?
F(000) 246
Theta range for data 2.744-28.331°
collection
Index ranges —-9<h<10-8<k<8-15<LI<L15
Independent reflections 1568

1.105
R1=0.0319, wR2 =0.0885
R1=0.0361, wR2 =0.0922

Goodness-of-fit on F?
R indices [I >2sigma(I)]
R indices (all data)

based on F> using the SHELXTL software package
(Sheldrick, 2008). All non-hydrogen atoms were refined
anisotropically, and the H atoms were placed at ideal positions
and refined using a “riding” model with Uiy, =1.2 Ucq (C) or
Uiso=1.5U,q (N). The crystallographic data for lithium
m-phenylenediamine sulfate are listed in Table II, the frac-
tional atomic coordinates and equivalent isotropic displace-
ment parameters are given in Table III. It is confirmed that
the compound crystallizes in space group P2,/m with formula
unit Z=2. Both sulfate groups and m-phenylenediamine mol-
ecules are intact and are fully ordered in the compound
(Figure 3). Different from the six coordination of metals in
HOIPs, each lithium ion in LPS is connected to four SO42’
forming a slightly distorted tetrahedron with Li—O bond
lengths from 1.958 to 1.995 A and O-Li-O bond angles
from 106.49° to 120.03°. Such distorted [Li(SO4)4]
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Figure 2. Change of (a) cell parameters, (b) 3, and (c) volume with temperature. The error bars in (a) and (c) are too small to be displayed.
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tetrahedrons are also observed in Li,SOy4 (Albright, 1933). TABLE IV. Fractional atomic coordinates and equivalent isotropic
The lithium and SO4*>~ form quasi-two-dimensional anti- displacement parameters for lithium m-phenylenediamine sulfate.

fluorite layers parallel to the ab plane [Figures 3(d) and 3(e)],
and the interlayer distance is 11.161 A (c-sin ). Hydrogen
atoms on amino group in m-phenylenediamine are connected ~ S! 0.87997(7) 0.2500 0.85046(4) 0.01325(15)

Atom X y VA Uiso

to oxygen atoms of SO,4>~ through hydrogen bonds. In this 52 0.52961(7) 0.2500 0.14956(4) 0.01327(15)
. . . . Lil 0.7627(4) 0.0003(4) 0.0253(2) 0.0199(5)
way, organic molecules lie between [LiSO,] layers, with o1 03427(2) 0.2500 0.06401(14) 0.01953)
their benzene rings perpendicular to the b-axis. Similar ), 0.62426(15)  0.06856(18)  0.13026(10) 0.0210(3)
structures were recently found in FeSe-based superconductors 03 0.99403(15)  0.06859(18)  0.86967(10) 0.0212(3)
such as Nag 30(C,HgN»)g.77Fe>Se; (Jin et al., 2017), Nag 35(C; 04 0.7788(2) 0.2500 0.93613(15) 0.0196(3)
H,N3)g 426Fe,Se; (Fan et al., 2018), and Li(C,HgN,),Fe,Se, 05 0.7532(2) 0.2500 0.72740(15) 0.0251(4)
(Zhao et al., 2019), in which alkali metals and organic mole- 06 0.5259(2) 0.2500 0.27253(15) 0.0247(4)
cules are co-inserted in between anti-fluorite FeSe layers. It Eé g'iggfgi g;ggg 8%?3282 8'8125&3
sho.uld.be noted that athough prot.ona.ted m-phenylenedi- cl 0.0591(3) 0.2500 0.5000(2) 0.0242(5)
amine is a polar cation with an electric dipole moment along 0.0820(3) 0.2500 0.6071(2) 0.0213(5)
the center of two nitrogen atoms and benzene ring, the two 3 —0.0251(3) 0.2500 0.3929(2) 0.0213(5)
m-phenylenediamine molecules in the unit cell of LPS have  c4 0.1515(3) 0.2500 0.39390(19) 0.0161(4)
opposite electric dipole moments (along [100] and [100]), C5 0.2576(3) 0.2500 0.6060(2) 0.0158(4)
maintaining a net-zero moment in the whole structure. There f{? 8'?32(3) ggggg 8'2888(2) Oé)(])gg(“)
are one-dimensional channels between the m-phenylenedi- 0 0.0504 0.2500 0.6794 0,026

amine and extending along the a-axis. The size of the channels 3

o o —0.1199 0.2500 0.3205 0.026

is around 7.8 Ax3.3 A, which may be used to selectively H4 0.4143 0.2500 0.5000 0.020

filter out some small molecules (Tables IV and V). H5 0.2985 0.2500 0.2905 0.028

Ho6 0.1309 0.1405 0.2376 0.028

H7 0.1309 0.3595 0.2376 0.028

1IV. CONCLUSION H8 0.5080 0.2500 0.7095 0.028

L. . . H9 0.3933 0.3595 0.7625 0.028

The lithium m-phenylenediamine sulfate was prepared H10 03933 0.1405 0.7625 0.028

under aqueous solution conditions. The incorporation of
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TABLE V. Selected bond lengths (A) and bond angles (°) for lithium
m-phenylenediamine sulfate.

Bond lengths Bond angles

Lil-O1 1.995(3) O1-Lil-02 107.91(16)
Lil-02 1.958(4) 0O1-Lil1-03 106.77(14)
Lil-03 1.959(3) O1-Lil-04 120.03(13)
Lil-O4 1.991(3) 02-Li1-03 106.49(12)
02-Lil-04 106.88(15)

03-Lil-04 108.04(16)

protonated organic amines, Li* metal cations with four SO,4>~
successfully stabilized a compound with organic amines
intercalated in-between anti-fluorite type layers. The crystal
structure was determined from the X-ray single-crystal diffrac-
tion data. The title compound possesses a layered monoclinic
structure without phase transition between 100 to 600 K,
and the volume expansion coefficient is determined to be
2.79 x 107 K~! based on the PXRD data.

V. DEPOSITED DATA

The Crystallographic Information  System files
Lir(CcHoN2)(SOy),-1.cif (for the PXRD data) and
Lir(CgH [ oN3)(SO4),-2.cif (for the single-crystal data) were
deposited with the ICDD. The data files can be requested at
info@icdd.com.
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