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A new type of one-dimensional organic—inorganic hybrid [M(en)s]Pbals [M = Mn (1), Fe (2), Zn (3), Ni (4); en =
ethylenediamine] has been obtained and structurally characterized by X-ray crystallography, which opens a new
approach to construct hybrid magnetic semiconductors. The results of optical absorption spectra and theoretical
calculations for compounds 1-3 reveal a quantum confinement effect, and the variable-temperature magnetic
susceptibility measurements for 1, 2, and 4 indicate ferromagnetic, antiferromagnetic, and paramagnetic behavior,
respectively.

Introduction of magnetic moments with conduction electrons in one hybrid
may give rise to a simple superposition of magnetic and
conducting properties if the two compositions are electroni-

cally independent or to a mutual influence between these

Organic-inorganic hybrids are likely to exhibit diverse
structures, improved properties, and functions unobserved

in pure'ly morg.anl;: or organic phas.es, S,UCh as. novel properties if they interadt. Past studies in this field are
magnetic; electrical? and optical propertiesyhich provide concentrated on the hybrids based on organic conductors,

great possibilities to construct attractive multifunctionality for example, tetrathiafulvalene (TTF) and its derivatives, in

n one mate”?l' All“nong thde numerous hybrid mat(_arlals, 'the which the counterions employ the magnetic transition-metal
magnetic molecular conductors mixing magnetism wit complexes including metal halides [MR- (X = halide)®

conductivity have attracted great attention and are eXpeCte%seudohalides [M(CNJ?~ 6 MPS;,447 trioxalato transition-

to provide new ingredients in electronic molecular devites. metal complexes [M(QD4),3]3* anéi [MIM"(C,0,)4] ¢ and

Coronado and Day have pointed out that the combination poly(oxometalate) clustefsOur interest is to design and

. — construct novel magnetic semiconductors by the hybrids of

ms.ijirosn‘iv_gglrgnlco"eSpO”dence should be addressed. E-mail: geguo@ i, anic semiconductors instead of organic conductors and
T Fujian Institute of Research on the Structure of Matter, Chinese magnetic metatorganic complexes as shown in Figure 1b.

Academy of Sciences. It is well-known that metal halides such as Rlaad SnX%
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$ Fuzhou University. Y (X = ClI, Br, and 1) have been widely studied as semicon-
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Figure 1. Schematic arrangements of an orgafirganic magnetic
conductor (a) and an organritnorganic magnetic semiconductor (b).

ducting components in the field of orgarimorganic hybrid
semiconductord? which have demonstrated potential ap-

or PbBpk have been reported beforeHowever, the stems

on coinstantaneous magnetic and semiconducting properties
existing in such hybrids have not been investigated. It is
desirable to coassemble the inorganic semiconductor iodo-
plumbate with a magnetic metal complex to form a new type
of magnetic semiconductor. Herein, we report a new series
of hybrid magnetic semiconductors [M(glbb.ls [M = Mn

(1), Fe @), Zn (3), Ni (4)] containing iodoplumbate chains
and M(eny?" ions, in which the study of coexisting magnetic
and semiconducting properties in one compound among an
iodoplumbate and iodostannate system has been demon-

plications in display and storage technologies because of theirstrated for the first time.

stable exciton, excellent film processability, and superior
carrier mobility!! Recently, Batail and co-workers have
obtained Phtbased hybrid conductors through the insertion
of conductingf-(EDT—TTF—1,), where EDT= ethylene-
diaminetetraacetic acid. Most works are focused on the
introduction of protonated organic amine into the metal
halides!® and only two structures of two-dimensional (2-D)
metal-organic complex templated hybrids based on RbCl
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Experimental Section

Materials and Methods. All chemicals were used as purchased
without further purification. Four title compounds were prepared
under solvothermal conditions in a 25-mL Teflon-lined steel
autoclave under autogenous pressure. Thermogravimetric analysis
(TGA) and differential scanning calorimetry were performed on a
Netzsch Sta449C thermoanalyzer under aainosphere in the
range of 46-750°C at a heating rate of 1%/min. Optical diffuse-
reflectance spectra were measured on a PE Lambda 35vigV
spectrophotometer equipped with an integrating sphere at 293 K,
and the BaS@plate was used as the reference. The values;of
were obtained with the use of a straightforward extrapolation
method'® Magnetic studies were performed with a PPMS-9T
magnetometer. A diamagnetic correction was estimated from
Pascal's constant§.The temperature dependence of the magnetic
susceptibilities fod, 2, and4 was investigated over the temperature
range of 2-300 K under a magnetic field of 5000 G.

Computational Descriptions. The crystallographic data 4f-3
determined by the X-ray and edge-sharing octahedral structure of
bulk Pbb!” were used to calculate electronic band structures of the
solid compounds. The ab initio calculations of the band structures
were performed by the computer cod®ASTER?® This code
employs density functional theory using a plane-wave basis set with
Vanderbilt ultrasoft pseudopotentiiso approximate the interac-
tions between core and valence electrons. The exchange-correlation
energy was calculated using the Peredurke—Ernzerhof modi-
fication to the generalized gradient approximati®rA kinetic-
energy cutoff of 280 eV was used throughout our work. Pseudo
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Table 1. Crystal and Structure Refinement Data for4
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1 2 3 4
formula QH24IaMnN6PQ C6H24FeI6N6PQ C6H24| eNeszZn C6H24| eNeNinz
M 1411.03 1411.94 1421.46 1414.80
cryst size (mrd) 0.50x 0.50x 0.48 0.40x 0.30x 0.20 0.18x 0.18x 0.10 0.10x 0.10x 0.10
cryst syst monoclinic monoclinic monoclinic monoclinic
space group C2/c C2lc C2lc C2lc
a(h) 12.887(9) 12.867(3) 12.920(2) 12.9194(19)

b (A) 24.800(9) 24.472(6) 24.474(5) 24.305(3)
c(A) 8.865(7) 8.8642(13) 8.9493(15) 8.9589(13)

f (deg) 144.10(9) 114.101(1) 114.271(13) 114.595(2)

V (A3) 2586(3) 2545.6(9) 2579.6(8) 2557.9(6)
Dcalcd(Mg/m3) 3.624 3.684 3.660 3.674

z 4 4 4 4

F(000) 2436 2440 2456 2448

abs coeff (mm?) 20.633 21.036 21.126 21.103

reflns collcd/uniqueRint) 8088/2278 (0.0868) 9239/2237 (0.0687) 2422/2276 (0.0302) 8396/2267 (0.0419)
data/params/restraints 1952/102/0 2023/106/0 1749/101/1 1999/100/0
R1 0.0461 0.0272 0.0393 0.0383

wR2 0.1010 0.0621 0.0804 0.1050

GOF onF2 1.045 1.050 1.011 1.008
ApmaxandApmin (€/A3) 2.063 and-2.078 1.072 ané-1.319 0.932 and-1.615 2.608 and-1.050

atomic calculations were performed for H1€ 282p?, N 28213,
| 55p°, Pb 5d%6 67, Fe 3d4<, Mn 3cP4<, and Zn 3d%4<. The
smearing width for the density of states (DOS) is 0.05 eV. The

disordered C atoms and the C and N atoms connected with the
disordered C atoms. Crystallographic data and structural refinements
for 1—4 are summarized in Table 1.

other calculating parameters and convergent criteria were set by  Synthesis of [Mn(en}]Pbals (1). A mixture of Pbb (0.5 mmol,

the default values of th€ASTEPcode. The calculations of the

231 mg) and MnGF4H,0 (0.5 mmol, 99 mg) was heated with en

linear optical properties described in terms of the complex dielectric (15 mmol, 1 mL), HI acid £45%, 3 mL), and ethanol (2 mL) at

functione = ¢; + ¢, were also made in this work. The imaginary
part of the dielectric functior,(w) was given in the following
equation?!

e(w) = 4(ndmw)zz S 20kl(27)1eM ¢ (K) PO (Ec(k) —
| E,(K) — ho)

The symbol Yy is the summation over the valence (V) and
conduction (C) bands, and the symlgaé integration ovek vectors
in the Brillouin zone (BZ).e:Mcy(K) is an electron transition
moment between the conduction and valence bands &t ploint,
and the argument of thifunction is the energy difference between
the conduction and valence bands atkhmint with absorption of
a quantumhw [Ec(k) — Ev(k) — Aw].

Crystal Structure Analyses.The intensity data sets af 2, and
4 were collected on a Rigaku Mercury CCD diffractometer equipped
with graphite-monochromated ModKradiation ¢ = 0.710 73 A)
using anw-scan technique at 293 K, and the intensity data set of
3 was collected on a Rigaku AFC7R diffractometer equipped with
graphite-monochromated ModKradiation ¢ = 0.710 73 A) using

180 °C for 2 days. Upon cooling at 3C/h to room temperature,
yellow prismatic crystals ol were obtained in 80% yield (based
on Pb}). The crystals were collected by filtration and washed with
ethanol. Elem anal. Calcd foreB,4sMnNgPhy: H, 1.71; C, 5.11;

N, 5.96. Found: H, 1.75; C, 5.15; N, 5.91.

Synthesis of [Fe(ergPb.l ¢ (2). Compound? was prepared under
conditions similar to those of with FeCh (0.5 mmol, 64 mg)
instead of MnC}-4H,0 in 1. Yield: 50% (based on P§l Elem
anal. Calcd for @H.sFelkNePh: H, 1.71; C, 5.10; N, 5.95.
Found: H, 1.70; C, 5.18; N, 5.90.

Synthesis of [Zn(en})]Pbzles (3). Compound3 was prepared
under conditions similar to those &fwith ZnCl, (0.5 mmol, 68
mg) instead of MnGF4H,0 in 1. Yield: 83% (based on PHL
Elem anal. Calcd for gH.46NsPZn: H, 1.70; C, 5.07; N, 5.91.
Found: H, 1.65; C, 5.12; N, 5.89.

Synthesis of [Ni(en}]Pbal s (4). Compound4 was prepared under
conditions similar to those df with NiCl,-6H,0 (0.5 mmol, 119
mg) instead of MnGFHH,0O in 1. Yield: 70% (based on Pyl
Elem anal. Calcd for gH.46NeNiPby: H, 1.71; C, 5.09; N, 5.94.
Found: H, 1.70; C, 5.08; N, 5.95.

w—26-scan technique at 293 K. The data sets were reduced byResuIts and Discussion

CrystalClearandCrystalStructureorograms? The structures were
solved by direct methods using the Siem&#ELXTL version 5,
package of crystallographic softwarelhe difference Fourier maps

Synthetic Considerations.Four isomorphous compounds
were obtained by similar reaction procedures except using

based on these atomic positions yield the other non-H atoms. Thejttarent transition-metal halides. Although the solvothermal

structures were refined using full-matrix least-squares refinement

onF2. The H atoms were allowed to ride on their respective parent

atoms and included in the structure factor calculations with assigned

isotropic thermal parameters, except for the H atoms of the

(21) Bassani, F.; Parravicini, G. Blectronic States and Optical Transitions
in Solids Pergamon Press Ltd.: Oxford, U.K., 1975; pp 14%4.

(22) (a) Rigaku mercury CCD diffractometer: RigakGrystalClear
version 1.35; Rigaku Corp.: Tokyo, Japan, 2001. (b) Rigaku AFC7R
diffractometer: RigakuCrystalStructureversion 3.10; Rigaku Corp.
and Rigaku/MSC: Tokyo, Japan, 2002.

(23) SHELXTL Reference Manyalersion 5; Siemens Energy & Automa-
tion: Madison, WI, 1994.
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method has been widely used in the syntheses of organic
inorganic hybrids to obtain new compounds with novel
structures and properties, it has scarcely been used in the
haloplumbate-based hybrid system. The solvothermal condi-
tion is indispensable for the syntheses of the title compounds,
while the crystals of four compounds cannot be obtained
under the condition of refluxing mixtures. In the processes
of these reactions, the reaction temperature plays an important
role. The crystals of the title compounds cannot be obtained

if the reaction temperature decreases to A20At the same
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(a)

(b)

Figure 2. (a) Fragment of the (Bks),>"~ anion in1 extending along the axis. (b) Space-filling mode of the (RB)?"~ chain in1 viewed down the axis.
Symmetry codes: A= —x,1—Yy,Y—zZB=-x1-y,—-zC=x1-vy,1,+2z

time, it is important to keep a large excess of en in the
reactive system, with the pH value being about 8.0. When
the molar ratio of MCJ and en decreases to 1:15 or lower,
no desirable crystals were obtained.

Crystal Structures. The present compounds are isomor-
phous, and the structure bfs discussed in detail. Compound
1is composed of Mn(eg)" complexes and infinite (Blk)2"
double chains with face-sharing bi-octahedralfhs the
building unit. The bi-octahedra corner-share with each other
through 13 atoms to form a single octahedral chain, which
further connects with its symmetry-related chain through
edge sharing of their octahedra to form a double chain
extending along the axis, as shown in Figure 2a. Unlike
the double chain in the title compounds, the connection
among the octahedra of the double chain igHGN2)Phlg
is edge-sharindt It is noteworthy that the diameters of the
section of double chain ih—4 are about 1.41 nm, represent-
ing a nanowire as shown in Figure 2b. There is a noncrys-
tallographic mirror plane defined by the 12, 12A, 13B, and
14 atoms, indicating that the molecular structureldias a
higher symmetry than the analogue ofiHzN(C,H4)NC3H-]-
(Phulg),**din which no symmetry operation transforms two

Pbls into each other because of space group differences
dictated by the organic captions. The Pb atom is in a slightly Pbl,

distorted octahedral coordination environment, with the-Pb

Figure 3. Optical absorption spectra fdr—3 and Pbj.

Optical Properties. The optical absorption spectrabf3
and 2-D bulk Pbi have been measured by the diffuse-
reflectance experiments. The absorption edged fe8 are
of about 2.62, 2.45, and 2.59 eV, respectively, showing that

the present compounds belong to semiconductors (Figure 3),
which indicate a 0.20.3 eV blue shift of the absorption

edges compared with the measured value of 2.30 eV for bulk

To evaluate and assign the observed spectra, we examine

bond lengths varying from 3.006(3) to 3.452(4) A and an the linear optical response spectra of these compounds. The

axial 12C—Pb—14 bond angle of 172.197(19)The (Phlg)>"~
chains are surrounded by six columns of [MngH) ions

to form a crystal structure (Figure S2 in the Supporting
Information). The configuration of discrete [M(gJf)} cations

in the present compoundsAg444) or A(600) according to
Saito’s descriptiod® The Mrr+-Mn, Fe--Fe, Zn--Zn, and

calculated imaginary,(w) part of the frequency-dependent
dielectric functions displayed in Figure 4 can be used to
describe the real transitions between occupied and unoc-
cupied bands!?® There is only a feature peak (the first-
absorption peak) below 8 eV for each compound (bulk, Pbl
and 1—3) in the dispersion of the calculateg(w) spectra.

Ni--+Ni distances are 8.87, 8.86, 8.95, and 8.96 A, respec- 1€ peaks of 3.98, 4.36, 4.26, and 4.28 eV for bulkPbl

tively.

Thermal Properties. TGA (Figure S1 of the Supporting
Information) of 1-3 revealed that they all started to
decompose at a temperature of about 2@0and in one
distinct step with weight changes of about 12.8% before
about 480°C, which correspond to the removal of the en
ligands [calcd 12.77%1), 12.77% ), 12.68% B)]. In the
following weight loss, the three compounds continue to
decompose gradually, and the resulting black unknown
residues were found after complete decomposition.

(24) Chakravarthy, V.; Guloy, A. MChem. CommuriL997, 697.

and1-3, respectively, are close to each other, although an
ca. 0.3-0.4-eV peak shift fol—3 in contrast with bulk Pbl

is also observed. Accordingly, the first-absorption peaks for
1-3 can be assigned as the charge transfer within the
inorganic iodoplumbate chains. The [M(gldJ cation tem-
plates result in the assembly of the one-dimensional (1-D)
iodoplumbate chains, which only have a perturbation effect
on the adsorption of inorganic iodoplumbate chain but do
not directly participate in the optical transition. The onset

(25) Saito, Y.Inorg. Mol. Dissymm1979 56.
(26) zZhang, Y. C.; Cheng, W. D.; Wu, D. S.; Zhang, H.; Chen, D. G;
Gong, Y. J.; Kan, Z. GChem. Mater2004,16, 4150.
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complexes do not obviously alter the electronic structures
of the iodoplumbate chains because of the noninteraction
between the two moieties, which is also proven by the flat
band of 3d orbitals of the transition-metal atoms. In terms
of the partial DOS analyses, the absorption peaks for bulk
Pbl, and the hybrids are further assigned as charge transfers
from Pb 6s | 5p occupied states to Pb 6p empty stités.
Magnetic Properties. The magnetic susceptibilities &f
2, and4 have been measured from ground crystals under a
constant magnetic field of 5000 G over the temperature range
of 2.0-300 K. The data are presented as plots of effective
magnetic momentes vs T in Figure 6. Theuer value ofl

Dielectric Function &,(w)
poy [+3]

at 300 K is 5.78usg, close to the 5.9k expected for the
0 5 10 15 20 25 isolated spin-onh&y, = %, ion.32 Upon coolingues Sslowly
Energy / eV increases, reaches a maximunTat 70 K (uerr = 5.82ug),
Figure 4. Calculated imaginary parts(w) of dielectric functions for the and then decreases abruptly, suggesting weak ferromagnetic
three compounds and bulk Bbl interactions among Mn(ll) ions, as confirmed by the positive

Weiss constant of 1.86 K via a nonlinear fit to data above
50 K. For2, the uer value at 300 K is 5.94g, close to the
.88 ug expected for the uncoupled spin-only system with
é&e = 2 andgre = 2.433 The uer value decreases slowly up
to 50 K, following the rapid drop to 2.5z at 2 K,
suggesting that the antiferromagnetic interaction exisg in
proven by the negative Weiss constant-68.30 K via a

of an effective transition edge shifts from 2.57 eV for bulk
PbkLto 2.77, 2.68, and 2.74 eV fdr-3, respectively, giving
the same sequence of blue shifts as experimental results. Th
observed blue shift can be explained by the quantum
confinement effect (QCEY. The change of kinetic energy
due to the QCE will increase the band gap and the energy
separation of allowed transitions near the absorption &lge, * ; . .
which is also seen in other hybrid semiconductds. similar fit. For 4, pen basically stays at 2.9%s In most
On the other hand, it can be seen from the band structureterm)era,ture ranges, cpmpared with the 2‘;83?(96‘?“"0' for
and DOS (Figure 5) that the widths of the forbidden band (€ noninteraction spin-onig = */z ion, indicating the

of bulk PblL and of the inorganic iodoplumbate chains in paramagnetic propert_les. . . .
1-3 are 2.29, 2.68, 2.59, and 2.63 eV, respectively, in The same coordination environment of magnetic metal ions

agreement with the onset sequence of the imaginary parts'n 1, 2, and4 leads to a comparable contribution of crystal-

of ex(w) of the dielectric function, as shown Figure 4, which field energy to the magnetic state. The difference between

proves again that the adsorption fbr3 can be assigned as tﬂe (rpaglne_titc protperties ddf a_ndf){nay r‘r|1_ainI3_|/_rc]: ortr;]e frorrT:
the charge transfer between the highest occupied moleculaf"'€ dIP0'€ interaction and spirorbit coupling. The through-

orbitals and the lowest unoccupied molecular orbitals of the ?pace d'DOISd'ptOIF |r;ter%§:tlolns W'#ém ger:er;a_:, fg\l{[or a
inorganic iodoplumbate chain. In other words, there is no erromagnetic state 1or dipole pais,and s Hamilton

charge transfer occurring between the inorganic chains and_Operator ShO_WS a relation to the square of the_spln (.)f metal
ons?® resulting in the ferromagnetic state df in which

the transition-metal complexes, in spite of the insertions of Ith . bit i f — s b liible. |
unpaired d orbitals of transition metals (Mn and Fe) into the e spin-orbit coupling ofSu, = */2 can be negligible. In

forbidden band of the inorganic chains. The transition-metal contrast with, compour_1d2 _shows t he anuferromag_netlc
state due to the larger spitorbit coupling and weaker dipole
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Figure 5. Total and partial DOS plots of bulk Pband 1—-3 with the Fermi level setting as zero. The blue arrowheads represent the transfer from the
highest occupied molecular orbital of iodoplumbate to the lowest unoccupied molecular orbital of iodoplumbate.

6.00 1215 (°°92is 9.0 x 1075, The positivezJvalue, which is
——y for1 [5.95 D m m , : .
1.0 A ' 590 F the exchange parameter for dipole interactions, also suggests
— non-linear fit 585 & that a weak ferromagnetic interaction existslinSimilar
0.8- '&ﬁgﬁm’zﬁm@u@m%u e —e [580 fittings for 2 and 4 (Figures S4 and S5 of the Supporting
- g S :;: 3 Information) giveDee = 0.35 cn?, gre = 2.01, andzd. =
2 06{ ¢ —O—pufor1 565 @ —23.29 cnt for the Fe(ll) ion withR = 3.0 x 1075 (above
E —o—pfor2 £560 B 100 K) andDy; = 4.52 cn?, gy = 2.10, andzdy; = 0 cni't
€ 04- —v—uford 5 @ for the Ni(ll) ion with R = 5.9 x 107°% The neglected
= B A P 3 rhombic parameteE for Fe(ll) results in the derivation of
Rp.2- USSR S 1 S the fitting curve under 100 K. The values nlfor 2 and4
g ) S prove their antiferromagnetic and paramagnetic properties
¢ - —~+ .
0.0- g — , = again.
-1 .
— T T — @ Conclusion
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TIK In conclusion, we have obtained novel magnetic semi-

Figure 6. Plots ofuett vs T over the temperature range of 300 K at a
field of 5000 G for1, 2, and4 and fitting of the variable-temperature

magnetic susceptibility data df

because of the weak dipole interactions, expression (1) may

be corrected based on the molecular field approximation,

which is illustrated in eq 2,

— XMn
1 — 223 INGS?

XM

@)

whereywm is the magnetic susceptibility actually measured,

zJis the exchange parameter for dipole interactions, and the
rest of the parameters have their usual meanings. Fitting to

eq 2 gives a set of the best-fitting parameters Wity 0.993
cm1, g = 1.95, andzJ= 0.0083 cm?, consistent with those
reported®® An agreement factor defined &= 3 (3°> —

m

(32) Wood, R. M.; Stucker, D. M.; Jones, L. M.; Lynch, W. B.; Misra, S.

K.; Freed, J. HInorg. Chem.1999 38, 5384.
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conductors based on 1-D iodoplumbate nanowires to exhibit
the magnetic and semiconducting properties simultaneously,
which allows an easy assembly of the new type of hybrid
magnetic semiconductor with a controllable size and a high
degree of purity and uniformity through a conventional
synthetic process. It is promising to obtain the magnetic
semiconductors with promoted properties by selecting suit-
able magnetic metalorganic complexes and controlling the
dimension and size of the inorganic components. Further
studies are in progress in our laboratory.
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