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Abstract Inthis paper we report the synthesis and magnetic
properties of an inorganic—organic hybrid, Mng g4PS;(BEDT-
TTF)p 35 (BEDT-TTF = bis(ethylenedithio) tetrathiafulva-
lene), which is obtained by the intercalation of pre-intercalation
compound Mng 9oPS;(Phen)q 3, (Phen = 1,10-phenanthro-
line) with (BEDT-TTF),l. The lattice spacing expansion
(Ad) of 4.0 A compared with the pristine MnPS; indicates
that the molecular plane of BEDT-TTF is arranged parallel to
the host layer. From the magnetic measurements it was found
that two magnetic phase transitions occur. Above 50 K it
shows paramagnetism in well agreement with Curie—Weiss
law. Around 40 K it exhibits spin-glass transition and at 5 K
a ferrimagnetic phase transition occurs, which is confirmed
by M—H at different temperatures.

Keywords Intercalation - BEDT-TTF -
Layered MnPS; - Magnetic property

Introduction

The organic—inorganic hybrid nanocomposite is a kind of the
most attractive functional materials due to the promising
application in many fields [1], and intercalation provides an
effective approach to design and synthesize these hybrid
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materials [2, 3]. Via intercalation organic species can be
arranged in well-ordered orientation through the interlayered
space limitation of the layered inorganic solids to produce
the low-dimensional functional materials and even multi-
functional materials [4, 5]. For example, the insertion of 4'-
dimethylamino-N-methylstilbazolium (DAMS) into MnPS3
had produced a multifunctional material simultaneously
showing the large second-order nonlinear optical property
and spontaneous magnetization below 40 K [6].

Due to the interesting electronic and magnetic proper-
ties, MPS; intercalation compounds have attracted a
considerable attention in the past decades [7]. Several
transition metal hexathiodiphosphates, MPS; (M = Mn, Fe
etc.) are layered anti-ferromagnetic compounds [8], and
they possess a unique non-redox intercalation reaction
based on the cation-exchange between the intralamellar
M?* ions of the host and the guest cations in the solution
where the inserted guests can compensate the intralamellar
M?* jon vacancies to maintain the charge balance [9]. The
departure of intralayered M** ions can destroy the balance
of antiferromagnetic interaction of MPS; slab, leading to
spontaneous magnetization at low temperature for many
MPS; intercalation compounds [10-13].

Tetrathiafulvalene (TTF) and its derivatives such as
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF), as the
excellent organic n-electron-donors, have constituted a ser-
ies of organic conductors and superconductors [14]. The
inorganic—organic hybrids based on the inorganic anions and
TTF type salts have been extensively studied and some of
them exhibited novel solid-state physical properties such as
paramagnetic superconductivity [15] and metallic-like con-
ductive ferromagnetism [16]. In addition, TTF type salts had
been chosen as the guest to be intercalated into some layered
inorganic solids such as FeOCl [17, 18], Montmorillonite
(MT) [19] and MPS; [20] to give rise to some intercalation
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compounds exhibiting much higher electrical conductivity
than that of the corresponding pure host compounds owing to
their column stacking arrangement of the mixed-valence
TTF type molecules between the host layers. Bringley and
coworkers firstly reported BEDT-TTF-FeOCl intercalation
compound in 1990 [21], and a BEDT-TTF intercalation
compound based on MnPS; had been presented [22], in
which the long C, axial of BEDT-TTF molecule was
arranged in a canted angle from the perpendicular with
respect to host layer. Here we successfully obtained a new
intercalation compound also based on BEDT-TTF molecule
into layered MnPS3, in which the guest molecule of BEDT-
TTF was arranged in its molecular plane parallel to host
layer. And its synthesis, structural characterization and
magnetic properties were also presented in this paper.

Experimental

X-ray powder diffraction (XRD) patterns were obtained with
Dmaxr A X-ray diffractometer using Cu K, radiation
(4 =1.5418 10\). FTIR were recorded on a PerkinElmer-2
spectrometer. Elemental analysis of C, H and N was per-
formed with a Carlorba-1106 micro-analyzer. The content of
Mn and P were measured by the method of ICP-AES with an
Atomscan-2000 instrument. Magnetic properties were stud-
ied by SQUID-magnetometer (MPMS, Quantum Design).

Pure MnPS; was synthesized as described by Taylor [23],
which was identified by means of XRD [24]. (BEDT-TTF) 1,
was prepared as in reference [25]. And some other reagents
are purchased commercially without further purification.

Pre-intercalation compound Mng goPS3(Phen)g3, was
synthesized as in reference [26], in which MnPS; (0.30 g)
reacted with 1,10-phenanthroline (0.55 g) in the presence
of HOAc (0.5 mL) in 15 mL of ethanol for 5 days. Anal.
Calcd. (%): C, 19.66; H, 1.24; Mn, 21.08; N, 3.82; P, 13.20.
Found (%): C, 19.04; H, 1.05; Mn, 20.52; N, 3.85; P, 12.68.
IR (cm™'): 1617, 1596, 1545, 1520, 1497, 1423, 1142,
1100, 842, 783, 723, 610, 591, 558.

Mng g4PS;(BEDT-TTF)p 35 was obtained by treating
Mn0_90P53(Phen)0_32 (030 g) with (BEDT-TTF)zlx
(0.25 g) in acetonitrile (15 mL) for one and half months at
65 °C, followed by filtration and washing with acetonitrile
and dichloromethane. Anal. Calcd. (%): C, 13.65; H, 0.92;
Mn, 14.99; P, 10.06. Found (%): C, 13. 05; H, 0.95; Mn,
14.46; P, 9.57. IR (cm™'): 1515, 1413, 1289, 1230, 1221,
998, 882, 917, 773, 611, 590, 556.

Results and discussion

Figure 1 lists the X-ray powder diffraction (XRD) patterns
of final intercalation compound as well as the pre-
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Fig. 1 The XRD patterns of pure MnPS;, pre-intercalation com-
pound MngooPS3(Phen)y3, (1) and intercalation compound
Mng 54PS3(BEDT-TTF)o 35 (2)

intercalation compound and pristine MnPS;3 for compari-
son. The pre-intercalation compound Mng 9oPS3(Phen) 3,
showed the coexistence of two phases similar to that of
1,10-phenanthroline into layered FePS; [26], where one
phase is corresponding to the lattice spacing of ~15.5 A
and the other is corresponding to a lattice spacing of 9.9 A.
After intercalation a new series of reflection patterns
appeared, which is different from those of pre-intercalate
Mng 9oPS;(Phen)g 3, as well as pristine MnPS5. This indi-
cated that a full intercalation product is obtained.
Elemental analyses lead to its stoichiometry to be
Mng g4PS3(BEDT-TTF)g 35. From XRD it is found that the
lattice spacing of it is about 10.5 A, expanding by 4.0 A
with respect to the pristine MnPS; (d = 6.52 A), suggest-
ing that the orientation of BEDT-TTF molecular plane is
parallel to the host layer. This is similar to that of TTM-
TTF molecule into layered MnPS; [27] and BEDT-TTF
into layered FePS3 [28].

A stretching band v(PS3) at 570 cm™ ! for pure MnPS3
has been split into three sharp absorptions at 612, 590 and
556 cm™' in Mng g4,PS3(BEDT-TTF), 35, indicating the
presence of intralamellar Mn®" ion vacancies in the host
layer [29]. In addition, some IR absorptions such as at
1413, 1288 and 916 and 773 cm™' for Mng g4PS;(BEDT-
TTF) 35 is similar to those of BEDT-TTF molecule [30] as
well as BEDT-TTF into layered FePS; [28], further sug-
gesting that BEDT-TTF has been inserted into the
interlayer space of the host layers.

The magnetic property of Mng g4PS3(BEDT-TTF) 35 was
studied with SQUID. Figure 2 shows its plots of y (suscep-
tibility)-T (temperature) and yT-T as well as 1/y-T. As can
be seen from yT-T curve, there are two magnetic phase
transitions occurring at 40 and 5 K, respectively. The
decrease of ¥ T from 300 to 40 K indicates that the interaction
of the Mn*" spins is antiferromagnetic in the paramagnetic



J Incl Phenom Macrocycl Chem (2008) 62:293-296 295
0.0025 T T T T T 0.009 1 |
p | TR 1543 ;Ijl;l/
b | o xT L 0.008 = /Ifl
0.0020 - 1€ =
o® )
o L 0.007 5 10-s
S 0.0015 - o o S
~ 30000 !l N
_
g 5 s - 0.006 g }/,/V’
< o.0010- 3 amo S —
® 2 o L 0.005 —>
™ 10000 T T T T T T T T
0.0005 5000 0.004 -45000 -30000 / 15000 30000 45000
L o. .
| 50 100 150 200 250 »/}/»/ H (oe)
T(K) >
0.0000 -+ T T T $ 0.003 1
0 50 100 150 200 250 300 » —m— 185K
T(K) ./.p‘-'m— —p— 350K
Fig. 2 The plots of y—T and yT-T as well as 1/y—T (inset) /./' 415
./I’./.
—

range. Above 50 K 1/y-T curve is in well agreement with
Curie-Weiss Law. The Curie-Weiss temperature (6) is
—62.3 K also reflecting the localized antiferromagnetic
coupling interaction between the Mn>" ions, which is much
weaker than pure MnPS3 (0 = —268 K) owing to the strong
dilution of the more intralamellar Mn®" ion vacancies in
Mn0'84PS3(BEDT-TTF)0A35. At40 K XT value exhibits weak
upward indicating the occurrence of a magnetic phase tran-
sition. This magnetic behavior possibly derives from the
spin-glass transition produced by the competition between
antiferromagneric interaction and ferromagnetic interaction
induced by intercalation. From 25 to 5 K the yT decreases
monotonically again. However, at 5 K T increases rapidly
indicating that a ferrimagnetic phase transition occurs.

The magnetization at different temperatures (from 35 to
1.85 K) (Fig. 3) as well as the magnetic hysteresis at 1.85
and 35 K (Fig. 4) also support the occurrence of this ferri-
magnetic phase transition. The saturation trend of magne-
tization is observed from M—H curve at 1.85, 3.0 and 5.0 K,
respectively. However, M—H curves from 5 to 35 K show
almost linear relationship with temperature increment even
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Fig. 3 The plots of M—H at different temperatures

Fig. 4 The magnetic hysteresis at 1.85 and 35 K

up to 50 KOe. Similar magnetic behavior was observed in
the intercalation compound of Mng g3PS;(TTM-TTF)g 50
[27], in which the molecular plane of the guest (TTM-TTF)
was also arranged in the parallel way to the MnPS; layer. But
the intercalation compound with the long C, axial of BEDT-
TTF molecule arranged in a canted angle from the perpen-
dicular to MnPSj; layer only exhibited paramagnetism in the
range of 2-300 K [22]. It seems that the magnetic property is
related to the arrangement of guest molecule in the interlayer
space of the host. However, the relationship of magnetic
property and guest molecular arrangement is still not clear
and needs to be further studied.

Conclusions

Via the ion-exchange intercalation we synthesize an
intercalation compound, Mngg,PS3(BEDT-TTF)q35, in
which the BEDT-TTF molecular plane is arranged in par-
allel orientation to the host layer. Two magnetic phase
transitions are observed at 40 and 5 K, respectively. Above
50 K it shows paramagnetism and obeys Curie—Weiss
Law. Around 40 K a magnetic transition occurs due to spin
disorder and below 5 K it exhibits a ferrimagnetic phase
transition, which is further confirmed by M—H behavior at
different temperatures.

Acknowledgement We are grateful to the National Natural Science
Foundation of China for financial support (No: 20490215).
References

1. Sanchez, C., Lebeau, B., Chaput, F., Boilet, J.-P.: Optical prop-
erties of functional hybrid organic-inorganic nanocomposites.
Adv. Mater. 15, 1969-1994 (2003)

@ Springer



296

J Incl Phenom Macrocycl Chem (2008) 62:293-296

2.

10.

11.

12.

13.

14.

16.

17.

Vakarin, E.V., Badiali, J.P.: Interplay of configurational and
structural transitions in the course of intercalation. J. Phys. Chem.
B 106, 7721-7724 (2002)

. Colilla, M., Darder, M., Aranda, P., Ruiz-Hitzky, E.: Ampero-

metric sensors based on mercaptopyridine-montmorillonite
intercalation compounds. Chem. Mater. 17, 708-715 (2005)

. Darder, M., Aranda, P., Ruiz-Hitzky, E.: Bionanocomposites: a

new concept of ecological, bioinspired, and functional hybrid
materials. Adv. Mater. 19, 1309-1319 (2007)

. Yamamoto, T., Umemura, Y., Sato, O., Einaga, Y.: Photo-

switchable magnetic films: prussian blue intercalated in
Langmuir-Blodgett films consisting of an amphiphilic azoben-
zene and a clay mineral. Chem. Mater. 16, 1195-1201 (2004)

. Lacroix, P.G., Clement, R., Nakatani, K., Zyss, J., Ledoux, L:

Stilbazolium-MPS; nanocomposites with large second-order
optical nonlinearity and permanent magnetization. Science 263,
658-660 (1994)

. Clement, R., Leaustic A.: In: Miller, J.S., Drillon, M. (eds.)

Magnetism: molecules to materials II. Molecule-based materials.
Wiley-VCH Verlag GmbH & Co. KGaA (2002).

. Brec, R.: Review on structural and chemical properties of tran-

sition metal phosphorous trisulfides MPS3. Solid State Ionics 22,
3-30 (1986)

. Clement, R., Gamier, O., Jegoudez, J.: Coordination chemistry of

the lamellar MPS3 materials: metal-ligand cleavage as the source
of an unusual “cation-transfer” intercalation process. Inorg.
Chem. 25, 1404-1409 (1986)

Leaustic, A., Riviere, E., Clement, R.: Photoinduced modifica-
tions of the magnetization of a stilbazolium-MnPS; layered
intercalate. Chem. Mater. 15, 47844789 (2003)

Evans, J.S.0., Benard, S., Yu, P., Clement, R.: Ferroelectric
alignment of NLO chromophores in layered inorganic lattices:
structure of a stilbazolium metal-oxalate from powder diffraction
data. Chem. Mater. 13, 3813-3816 (2001)

Chen, X., Li, Z., Zhou, H., Wang, T., Qin, J., Inokuchi, M.: The
intercalation of Cgo-containing PEO into layered MnPS;. Poly-
mer 48, 3256-3261 (2007)

Zhou, H., Su, X., Zhang, X., Chen, X., Yang, C., Qin, J., Ino-
kuchi, M.: Intercalation of amino acids into layered MnPS;:
Synthesis, characterization and magnetic properties. Mater. Res.
Bull. 41, 2161-2167 (2006)

Shibaeva, R.P., Yagubskii, E.B.: Molecular conductors and
superconductors based on trihalides of BEDT-TTF and some of
its analogues. Chem. Rev. 104, 5347-5378 (2004)

. Kurmoo, M., Graham, A.W., Day, P., Coles, S.J., Hursthouse,

M.B., Caulfield, J.M., Singleton, J., Ducasse, L., Guionneau, P.:
Superconducting and semiconducting magnetic charge transfer
salts: (BEDT-TTF)4AFe(C,0,4)35.CsHsCN (A = H,0, K, NH,). J.
Am. Chem. Soc. 117, 12209-12217 (1995)

Coronado, E., Day, P.: Magnetic molecular conductors. Chem.
Rev. 104, 5419-5448 (2004)

Bringley, J.F., Fabre, J.M., Averill, B.A.: Macroanionic electron
acceptors for the synthesis of low-dimensional organic

@ Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

conductors: synthesis and structural characterization of iron
oxychloride intercalated with tetraselenafulvalene, bis(ethylene-
dithio)tetrathiafulvalene, and bis(pyrazino)tetrathiafulvalene.
Chem. Mater. 4, 522-529 (1992)

Bringley, J.F., Averill, B.A., Fabre, J.M.: Macroanionic electron
acceptors for the synthesis low-dimensional conductors: Interca-
lation of tetraselenafulvalene and tetramethyltetraselenafulvalene
into iron oxychloride. Mol. Cryst. Liq. Cryst. 170, 215-222 (1988)
Soma, M., Soma, Y.: Intercalation of tetrathiafulvalene (TTF)
into Montmorillonite by reaction with the interlayer cations.
Chem. Lett. 405-408 (1988)

Miyazaki, T., Matsuzaki, S., Ichimura, K., Sano, M.: Mixed-
valence TTF intercalated in lamellar MnPSj; crystals. Solid State
Commun. 85, 949-951 (1993)

Bringley, J.F., Fabre, J.M., Averill, B.A.: Intercalation of
bis(ethylenedithio)tetrathiafulvalene (ET) into iron oxychloride: a
highly conducting low-dimensional system. J. Am. Chem. Soc.
112, 45774579 (1990)

Yang, C., Qin, J., Yakushi, K., Nakazawa, Y., Ichimura, K.:
BEDT-TTF being inserted into a layered MnPS;. Synth. Metals.
102, 1482 (1999)

Taylor, B.E., Steger, J., Wold, A.: Preparation and properties of
some transition metal phosphorus trisulfide compounds. J. Solid
State Chem. 7, 461-467 (1973)

Ouvrard, G., Brec, R., Rouxel, J.: Structural determination of
some MPS; layered phases (M = Mn, Fe, Co, Ni and Cd). Mater.
Res. Bull. 20, 1181-1189 (1985)

Beno, M.A., Geiser, U., Kostka, K.L., Wang, H.H., Webb, K.S.,
Firestone, M.A., Carlson, K.D., Nunez, L., Whangbo, M.H., Will-
ams, J.M.: Synthesis and structure of zeta-(BEDT-TTF),(I3)(I5) and
(BEDT-TTF),(I5)(Tll,): comparison of the electrical properties of
organic conductors derived from chemical oxidation vs. electro-
crystallization. Inorg. Chem. 26, 1912-1920 (1987)

Chen, X., Yang, C., Qin, J., Yakushi, K., Nakazawa, Y., Ichim-
ura, K.: The intercalation reaction of 1, 10-phenanthroline with
layered compound FePS;. J. Solid State Chem. 150, 258-265
(2000)

Zhang, X., Su, X., Zhou, H., Fu, Y., Chen, X., Yang, C., Qin, J.,
Inokuchi, M., Kinoshita, M.: Synthesis and magnetic character-
ization of TTM-TTF intercalated into lamellar MnPS;. Synth.
Metals 152, 485-488 (2005)

Chen, X., Zhou, H., Zou, L., Yang, C., Qin, J., Inokuchi, M.: A
new organic—inorganic hybrid nanocomposite, BEDT-TTF
intercalated into layered FePS;. J. Incl. Phenom. Macrocycl.
Chem. 53, 205-209 (2005)

Clement, R., Lagadic, 1., Leaustic, A., Audiere, J.P., Lomas, L.:
In P. Bernier (ed.) Chemical physics of intercalation II, pp. 315—
324. Plenum Press, New York (1993)

Kozlov, M.E., Pokhodnia, K.I., Yurchenko, A.A.: The assign-
ment of fundamental vibrations of BEDT-TTF and BEDT-TTF-
dg. Spectrochim. Acta 43 A(3), 323-329 (1987)



	An inorganic-organic intercalated nanocomposite, BEDT-TTF into layered MnPS3
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgement
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


