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Two new intercalation compounds Fey o PS; (phen)o q (1)
(phen stands for 1, 10-phenanthroline including a part of 1,
10-phenanthroline H* ) and Fey g PS;(bipy)o.s (2) (bipy
stands for 2,2’-bipyridineH* ) were synthesized by the reac-
tion of the layered FePS; with 1, 10-pbenanthroline or 2, 2'-
bipyridine in the presence of anilinium chloride. They were
characterized by elemental analyses, powder X-ray diffraction
(XRD), infrared spectroscopy. The lattice spacing of the in-
tercalate was expanded by 0.90 nm for Fey ¢ PS; (phen)o o
and 0.57 nm for Fey g, PS; (bipy).3 withrespect to the pristine
FePS;, indicating that the ring plane of the guests is perpen-
dicular to the layer of the host. The UV-vis absorption spectra
of the filtrate in preparation of the intercalates indicate that 1,
10-phenanthroline or 2,2’-bipyridine also acts as a complexing
agent to remove intralamellar Fe** ions into the solution dur-
ing intercalation. The magnetic properties of 1 and 2 were
studied.

Keywords Intercalation, FePS;, 1,10-phenanthroline, 2,2'-
bipyridine, magnetic property

Introduction

Intercalation of organic species into layered inor-
ganic solids provides a useful approach to create ordered
organic-inorganic nanocomposite materials with novel
properties compared with the parent compounds.! The
transition metal phosphorus trisulfides MPS;, where M
stands for a metal in the 2 + oxidation state, are layered
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compounds made up of two dimensional arrays of the
M2* cations coordinated to P,S¢ bridging ligands. The
MPS; phases containing paramagnetic M2* ions (Mn2* ,
S=5/2; F&*, S =2; Ni**, S=1) show normal
two-dimensional antiferromagnetism with Neel tempera-
ture of 78 K, 120 K and 153 K, respectively.?* For
these lamellar MPS; compounds there are two types of in-
tercalation reactions. One is the redox intercalation simi-
lar to that of the metal dichalcogenides involving electron
donating from guest to host.> The other is a unique non-
redox intercalation reaction based on the cation exchange
between M?* ions of the host and the guest cations, in
which M?* ions can leave their intralamellar sites into
the solution, and the guest cations in the solution can be
taken up into the interlayer space to maintain the charge
balance.® After intercalation, the magnetic property of
some intercalates can be dramatically changed.”® In our
previous research, we reported a new intercalate Mng _gs-
PS;(bipy )o.s6 which exhibited spontaneous magnetization
with T, at about 40 K.!! In this paper, we present the
synthesis, structural characterization and magnetic prop-
erties of two new intercalates, Fep ooPS;(phen)o 4 and
Fep.53PS; (bipy)o.as.

Experimental

X-ray powder diffraction (XRD) patterns were ob-
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tained with Dmaxr A X-ray diffractometer using CuK|, ra-
diation (A = 0.15418 nm). Infrared spectrum was per-
formed on a Nicolet SX Fourier transform spectrometer.
UV-vis spectrum was conducted on Shimatzu UV-1206
spectrometer. Elemental analysis of carbon, hydrogen
and nitrogen was performed with a Carlorba-1106 micro-
analyzer. The content of iron was measured by the
method of ICP-AES with an Atomscan-2000 instrument,
and the magnetic property was studied by SQUID-magne-
tometer (MPMS, Quantum Design) .

Pure FePS; was synthesized as described by Tay-
lor.2 It was identified by means of XRD and indexed in a
monoclinic unit cell (space group C2/m, d = 0.6439
mm, a =0.5934 nm, b =1.0280 nm, ¢ =0.6722
nm, 8=107.16°) .12

The intercalates Fep.oo PS; (phen)os4 (1) and
Feg. 53 PS; (bipy)o.34 (2) were prepared by stimring the
mixture of FePS; (0.20 g, 1.1 mmol), anilinium chlo-
ride (0.50 g, 3.9 mmol) and 1, 10-phenanthroline
monohydrate (0.66 g, 3.3 mmol) or 2, 2'-bipyridine
(0.52 g, 3.3 mmol) in a Pyrex ampoule containing 10
mL of ethanol sealed under vacuum for two weeks at
about 657C, in which anilinium chloride played a key
role for this intercalation. The black powder was filtered
off, and washed with ethanol and water, and then dried
in air. Elemental analysis led to the formula Fey g PS;-
(phen)g 4 (Caled: Fe, 19.98; C, 23.49; H, 1.71;
N ,4.57.Found:Fe,19.55;C,23.92;H,1.53;N,
4.50) , andFeg g3 PS; ( bipy )g.34 ( Caled : Fe,20.43 ;
C, 17.99; H, 1.36; N, 4.22. Found: Fe, 19.20;
C, 17.64; H, 1.34; N, 3.99), respectively.

Results and discussion

X-ray powder diffraction

The XRD results show that the 00l reflections of
pure FePS; are totally absent in the intercalates, and a
new series of 00! reflections are observed with the lattice
spacing increased to 1.549 nm for Fey goPS; (phen)g 4
and 1.210 nm for Fey g3PS;(bipy)o.34, corresponding to
a lattice expansion (Ad) of ca. 0.90 nm and 0.57 nm
compared with pure FePS;, respectively (Fig. 1). This
indicates that the pyridine ring plane is perpendicular to
the layer of the host. The reflection patterns of the inter-
calates could be readily indexed in the C2/m space

group closely related to that of pristine FePS;, in which
the calculated ¢, b and 8 values are almost identical
with those of pristine FePS; (Tables 1 and 2).
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Fig. 1 X-ray powder diffraction patterns of pure FePS;,
intercalates 1 and 2.

Table 1 Indexation of XRD of the intercalate

Fep ooPS; (phen)o a1
Spacing (nm)
Intensity

Obed. Caled. hid

1.5490 1.5560 001 vs
0.7755 0.7785 002 vs
0.5211 0.5190 003 m
0.3897 0.3892 004 m
0.3129 0.3114 005 w
0.2720 0.2722 133 w
0.2597 0.2595 006 w
0.2427 0.2420 224 w
0.2220 0.2224 007 W
0.1916 0.1917 300 w
0.1726 0.1727 332 w
0.1635 0.1636 029 w

Table 2 Lattice spacing (d) and calculated unit cell parameters

Compound d (nm) a (nm) & (nm) ¢ (nm) B (deg)
FePS; 0.6439 0.5934 1.0280 0.6722 107.16
1 1.549 0.6050 1.0090 1.6380 108.10

2 1.210 0.6076 1.0133 1.3292 113.36
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UV-vis and infrared spectra

The UV-vis absorption spectrum of the filirate in
preparation of the intercalate 1 exhibits almost the same
absorption to that of [ Fe(phen);]I, in ethanol with a
strong broad band around 510 nm, which is the charac-
teristic absorption of Fe(phen)3* indicating the occur-
rence of Fe(phen)3* in the filirate®® (Fig. 2). It is
clear that 1, 10-phenanthroline acts as a complexing a-
gent to remove intralamellar Fe>* jons into the solution
during the intercalation.

For Fey.ooPS;(phen)g 41, the intense bands of in-
frared spectrum containing three sharp absorptions at
606, 582 and 556 cm’ in the range 550—610 cm™ are
assigned to the v(PS;) asymmetric stretching band com-
ing from the splitting of 570 cm™ in pure FePS;, which

reflects the occurrence of intralamellar Fe?* ion vacan-
cies due to the departure of a fraction of intralamellar
Fe?* ions removed by 1, 10-phenanthroline into the solu-
tion during the intercalation.* There are numerous ab-
sorptions in the 700—2000 cm™ range that can be as-
signed to the guests. By comparison of the infrared spec-
tra of Fey ooPS; (phen)g 41, 1,10-phenanthroline mono-
hydrate’ and 1, 10-phenanthroline *+ HCIO,'®"" ( Table
3), the infrared spectrum of Fep ooPS; (phen)g s, com-
bines some characteristic absorption bands of the neutral
1, 10-phenanthroline and protonated phenanthroline
(phenH* ). This suggests that the inserted guests are
the neutral phenanthroline and the protonated phenan-
throline cations formed by proton exchange between
anilinium and phenanthroline in the solution.

Table 3  Comparison of the IR absorptions (cm™) of intercalate Fey oPS;(phen) 4 with those of phen H,0' and phen+ HCIO,'® 7
as well as comparison of the IR absorptions (cm™) of intercalate Fey g3PS;(bipy)g 34 with that of bipy*HCI'®

Assignment phen*H,0 phen- HCIO, Fey ooPS;(phen)o.si  Fep.53PS3(bipy)o.s bipy* HCl
ring stretching 1615m 1618w 1615w
1601s 1600s
1585w 1599w 1592m 1575m 1578m
1544s 1539m 1525m 1530m
15028 1502m 1507w 1498w 1500s
1492m 1473s 1494w
1468m 1470w
1439 1452
14225 1419s 1419s 14325
1370w 1371w
1345w 1340w 1340w 1408w 1410w
1319w 1315
1270m
H in planar 1217w 1228w 1235w 1230w 1230s
deformation 1213w 1215m
1186w 1192w 1185w 1168m 1172m
1137m 1145m 1142m 1155m 1165sh
1092m 1088s 1089m 1080m 1105w
1065s 1070m
1024s 1010w
1005w
H out of planar 940w 980w
bend 853vs
840s 875w
779m 847s 839s
738vs 782m 766w 764s 760vs
724m 730w 725m
717s 715s
670w 660w
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Fig. 2 UV-vis spectra of [Fe(phen);]1; in ethanol (A) and
the filtrate in preparation of intercalate 1 (B).

The similar results of UV-vis and infrared spectra
are obtained for Fey g3PS3(bipy)o.34. The infrared spec-
trum of Fey g3PS; (bipy)o.34 exhibits the similar charac-
teristic infrared absorption band to that of bipy + HCI'®
(Table 3). It indicates that the guest of insertion in this
intercalate is mono-protonated bipyridine, which is con-
sistent with the view of the charge neutrality of the inter-
calate.

Magnetic properties

The magnetic properties of the two intercalates were
studied with SQUID magnetometer. The antiferromag-
netic transition at 120 K in pure FePS; no longer exists
for both the intercalates. Fig. 3 shows the plot of y1 vs.
T and the magnetization curve at several temperatures of
Feg ooPS3(phen)g 4 (1). Fig. 4 shows the temperature
dependence of magnetic moment (in the unit of Bohr
magneton) , and the inset of the figure displays the molar
susceptibility and the inverse of the molar susceptibility
versus temperature of intercalate 1. From the curve of yr
vs. T in Fig. 3, the yr value decreases from 300 K to
100 K indicating that the interaction is antiferromagnetic
one in the paramagnetic range. This behavior is con-
firmed by the inverse of the paramagnetic susceptibility
of intercalate 1 displayed as a function of temperature
(shown in above inset of Fig. 4), where the solid line
shows the Curie-Weissbehavior between 100 K and 300
K and the Weiss constant is about — 100 K. And then it
exhibits upward increase at 100 K (Fig. 3) as if it is

ferromagnetic transition around this temperature. Howev-
er, the temperature dependence of magnetic moment
(Fig. 4) shows that the increase of magnetization is too
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Fig. 3 Plot of yr vs. T of intercalate 1. The inset shows the
field dependence of magnetization at different temper-

atures.
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Fig. 4 Temperature dependence of magnetic moment (in the
unit of Bohr magneton) of intercalate 1. The inset
shows a temperature dependence of mole magnetic
susceptibility (below) and a plot of inverse of mag-
netic susceptibility (above) versus temperature.
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small (about 0.004 pp/mol at 1000 Oe) to state that
this is a ferromagnetic phase transition (In general, the
magnetic moment in the order of 1 p3/mol is observable
for ferromagnetic order). In addition, the magnetization
curve at several temperatures also does not suggest the
ferromagnetic order at low temperatures (the inset of
Fig. 3). This exotic magnetic behavior possibly derives
from the spin glass transition produced by the competi-
tion between original antiferromagneric interaction and
ferromagnetic interaction induced by intercalation around
the peak temperature. The further study is necessary and
in progress. Below 75 K the yy value decreases rapidly,
indicating the occurrence of strong antiferromagnetic in-
teraction.

For Fey g3 PS; (bipy)o.34(2), the temperature de-
pendence of the magnetic susceptibility at an applied
magnetic field of 1 KOe is shown in Fig. 5. In the inset
of the figure, the inverse of the paramagnetic suscepti-
bility versus temperature is displayed, in which the solid
line also shows the Curie-Weiss behavior between around
120 K and 300 K. The slope of the straight line is ahout
0.32 emu™ *mol* K, close to the value of expected for
Fe** ions (8/[g2S(S +1)]1=0.30if g =2.1),
which is consistent with localized iron ions with localized
2 spins coupled antiferromagnetically.’® However, below
120 K it deviates from the Curie-Weiss law, which per-
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Fig. 5 Temperature dependence of magnetic susceptibility of
intercalate 2. The inset shows the plot of inverse of
magnetic susceptibility versus temperature.

haps derives from the strengthened short-range localized
couple interaction.

Above all, it is obvious that their magnetic proper-
ties are different either from their corresponding interca-
lates of MnPS;, Mny_,PS;(G)4, (G = bipy, phen),or
from their similar intercalates of pyridine—FePS;,
methyl viologen—FePS; and N-methylpyridinium—
FePS;,' all of which exhibit spontaneous magnetization
at low temperature, or from the pristine FePS; that shows
antiferromagpetic behavior with 7'y at around 120 K.*
What are the main factors to affect the magnetic proper-
ties of the intercalates? One is the occurrence of the in-
tralayer Fe?* ion vacancies in the intercalates that di-
lutes the couple interaction of the Fe?* ions. Thus, the
Neel temperature of Fey g9PS; (phen)g 41 is much lower
than that of pristine FePS;, and Fey g3PS;(bipy)g.34 only
shows paramagnetic behavior owing to the greater content
of the Fe?* ion vacancies. The other possible factor is
the structure of the intercalates. It is known that FePS;
and MnPS; have the different magnetic structure. For
MnPS; any Mn®* ion is antiferromagnetically coupled
with its three nearest neighbors, but in FePS; each Fe?*
ion is ferromagnetically coupled with two of the three
nearest neighbors, and antiferromagnetically with the
third.* Thus, for some MnPS; intercalates the bulk mag-
netization originates from the destroying their antiferro-
magnetic balance of MnPS; layers after intercalation.”
For the intercalates of FePS; such as pyridine, methyl
viologen and N-methylpyridinium the bulk magnetization
possibly derives from the interaction between the elec-
tron-accepting guest and the sulfur atoms of the host that
causes a slight geometry change favoring the ferromagpet-
ic interaction at the expense of the antiferromagnetic
ones.'® Tt should be noted that the lattice expansion
(Ad) of the intercalates such as pyridine—FePS;,
methyl viologen—FePS; and N-methylpyridinium—
FePS; is about 0.34—0.35 nm, indicating the pyridine
ring plane is parallel to the layer of the host, which fa-
vors the overlapping between the w-electron orbital of
pyridine ring and the sulfur atoms. But in the interca-
lates of Fep 09 PS; (phen)g 4 and Feg g3 PS; (bipy)o.34,
the pyridine ring plane is perpendicular to the layer,
which does not favor the overlapping of the n-electron or-
bital of pyridine ring and the sulfur atoms. Therefore, it
can be tentatively suggested that the orientation of the
guest may affect the magnetic property of the interca-
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lates. The further study on the relationship between the
orientation of the guest and the magnetic property of the
intercalates is still in progress.

Conclusions

Two new intercalates, Fey ooPS;(phen)q 4 (1) and
Fep.5aPS3(bipy)o.34 (2) , are synthesized. X-ray powder
diffraction results reveal that they are complete interca-
lates and well crystallized products. All reflections can
be readily indexed as a monoclinic unit cell. As the re-
sult of intercalation, the lattice expansion (Ad) of 0.90
nm for Fey 9oPS; (phen)q 41 and 0.57 nm for Fey g3 PS;-
(bipy)o.34 with respect to the pure FePS; indicates that
the ring plane of the guest is perpendicular to the layer
of the host. Infrared spectra provide the evidences to
support the presence of the phenanthroline and protonat-
ed phenanthroline or protonated bipyridine between lay-
ers, and UV-vis spectra indicate that phenanthroline or
bipyridine also has acted as a complexing agent during
the intercalation. The magnetic measurements with
SQUID-magnetometer indicate that Feg g9 PS; ( phen)g 4
shows paramagnetism above 100 K, an exotic magnetic
transition around 100 K and antiferromagnetic transition
at Ty of 75 K, but Fey g3PS;(bipy)g.34 exhibits param-
agnetism above 100 K.
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