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New trends in the investigations
of macrocyclic magnets

J. MROZINSKIY ™, A. TOMKIEWICZ®, M. NAHORSKA!, B. KORYBUT-DASZKIEWICZ?
YFaculty of Chemistry, University dFroctaw, F. Joliot-Curie 14, 50-383 Wroctaw, Poland

?Institute of Organic Chemistry, Polish Academy of Sciences, Kasprzaka 44, 01-224 Warszawa, Poland

A study of a series of new type of copper(ll), nickel(lll) and rhenium(lV) macrocyclic complexes,
having an important meaning as macrocyclic magnets is reported. Their magnetic measurements have
been carried out over the temperature range 1.8 — 300 K using a Quantum Design SQUID magnetometer
(MPMSKXL - 5 type). The results indicate that all of them behave as weakly interacting magnets.

Key words:heterobimetallic magnets; copper(ll).ckel(lll) and rhenium(1V) compkes; ragnetic behaviour

1. Introduction

In recent years, a great interest has been paid to heterometallic systems obtained
on the basis of polyamine complexes and of salts derived from Prussian blue [1]. The
literature covering an analogous system in which the thiocyanate group plays the role
of a bridging ligand is much more scarce [2]. Due to its ambident character, the thio-
cyanate group, like the cyanide one, may serve as a bridging ligand. Among a large
group of polyamine complexes used for the synthesis of such systems, there are planar
tetra-azo copper(ll) and nickel(ll) complexes. They are all by the square symmetry of
the metal ion, owing to which there are additional two free coordinating sites at the
axial positions. The access to the metal ion is very easy when there are no substituents
in the macrocyclic ring. This situation changes with the size and character of substitu-
ents, which may form a steric hindrance, preventing any coordination to the metal ion.
Cyclam and its substituted derivatives [2a, 3] are the most widespread tetra-azo mac-
rocyclic ligands. Considering the fact that in unsaturated complexes of the [14]

“The paper was presented at th& ¥ginter School on Coordination Chemistry, Kacg, Poland,
9-13 December2002.
" Corresponding author, e-mail: jmroz@wchuwr.chem.uni.wroc.pl.
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dieneN type, the N-configuration of the macrocyclic ring influences its conformation,
and hence the arrangement of substitutents [4], an attempt was undertaken to study the
relation between the N-configuration and the crystal structure and magnetic properties
of the compounds obtained [2b].

Bivalent [Ni'LCl,] and trivalent nickel complexes [NiLCI;]X, (X = CI, ClO}),

are especially interesting because of their importance in biological systems [5, 6] and
catalytic oxidation reactions [7, 8]. Both nickel ions form exceptionally stable crystals
with an octahedral geometry of Ni(ll) and Ni(lll) sound and a square-planar array

of four nitrogen atoms and two Chanions occupying the axial positions [9]. The
nickel(ll) high-spin complexes with a®delectron configuration present the same
stereochemistry as that of the correspondindjiINgnalogues whilst the last one is of

the low-spin d configuration, and contains one unpaired elect®n ¥:). The prop-
erties of macrocyclic nickel complexes were investigated using magnetic and
spectroscopic methods [10].

The growing need for macrocyclic ligands and their complexes has stimulated re-
search efforts for methods of their preparation and for studying their interesting
chemical and physical properties. In particular, polynuclear systems are interesting
because of their magnetic interaction between metallic centres. For this reason, we
synthesized a new series of highly unsaturated copper(ll) macrocyclic complexes
[CuL]X, (where L = 6,13-bis(dodecylaminomethylidene)-1,4,8,11-tetrazacyclotetra-
deca-4,7,11,14-tetraene, X = CBr, PR [11]. Magnetic properties of these com-
pounds were compared indicating that all copper compounds studied behave as
weakly interacting magnets. On the other hand, the synthesis of heteropolymetallic
systems with extended structures frequently consists in self-assembly processes in-
volving anionic building blocks, which contain a paramagnetic ion, and in assembling
complexed cations able of interacting with them [12]. We present also the magnetic
properties of a system built of a highly unsaturated cyclidene copper(ll) complex ca-
tion and hexachlororhenium(lV) or hexabromorhenium(lV) anions.

2. Experimental

2.1. Syntheses of the complexes

All chemicals were reagent grade and were used as commercially obtained. Ni(lll)
complexes, [NYLCI;]*, containing tetraaza macrocyclic ligands with different num-
ber of methyl groups (L = [14]angNL"), 2-Me[14]aneN (L), 5,12-Me[14]aneN,

(L%, 5,7,7,12,14,14-M§14]aneN. (L*) were obtained from the corresponding
nickel(ll) complexes by oxidation with hydrogen peroxide [13].

Complexes of [CuL]X were prepared according to [11]. Nearly unsoluble com-
plexes : [CuL]ReGIH,O and [CuL]ReBs were precipitated from acetonitrile solution
of [CuL](PF), with an excess of [BN],ReCk or [BwN].ReB#;, respectively.
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2.2. Magnetic measurements

Magnetic studies of powdered samples were carried out by the Faraday and
SQUID methods. The Faraday-method measurements were carried out over the 4.5
—300 K range of temperatures using a Hg[Co(NIE&andard for which the value of
the gram susceptibility equals 16x44° cntlg™" at T = 293.1 K. The magnetic sus-
ceptibility of the powdered samples was measured over the temperature range of 1.9
—300 K using a Quantum Design SQUID-based MPMSXL-5-type magnetometer. The
superconducting magnet was generally operated at field strengths ranging from 0.1 to
5 T. The SQUID magnetometer was calibrated with a palladium rod sample for which
the gram magnetic susceptibility was taken as»8L80 cntlg " at T = 293.1 K. The
corrections for diamagnetism were estimated from the Pascal constants [14].

2.3 Spectroscopic measurements

FIR spectra (500-100 c¢f were measured in Nujol mull and the MIR spectra
(4000-500 crr) in KBr pellets with a Bruker IFS 113 V Spectrophotometer.

Solid state EPR spectra were recorded in the 300-77 K temperature range with
a Bruker E600 spectrometer. Reflectance spectra have been recorded with a Beck-
mann UV 5240 spectrophotometer in the range of 350-2500 nm.

3. Results and discussion

Magnetic susceptibility measurements of investigated complexes [Ni
[14]aneNCI;]CI, [Ni 2-Me[14]aneNCIl;JCIO, and [Ni meso-5,12-Mgl4]ane-
N4Cl;]CI-CH;OH reveal analogies in their magnetic properties. The values of mag-
netic moment are shown in Table 1. All complexes investigated obey the Curie—Weiss
law in the 100-300 K temperature range. The valu€safd© are shown in Table 1.

The magnetic moment is constant in the temperature range of 30-300 K. There is
a slight decrease of magnetic moment below 30 K. The paramagnetic dependencies of
magnetic moment as a function of temperature are presented in Figs. 1, 2. Relatively
lower value ofpis in [Ni meso-5,7,7,12,14,14-M@4]aneNCI,]ClI can be related to

the presence of impurity of Ni(ll) form of the complex.

The EPR spectra show considerably greater valugp ttian g, for [Ni meso-
5,12-Me[14]aneNCI;]CIl-CH;OH and [Ni meso-5,7,7,12,14,14-Mie4]laneNCI;]Cl
complexes, as expected of a low-spinmetal centre in an elongated octahedral envi-
ronment. Compounds [Ni [14]angBl;]JCl and [Ni 2-Me[14]anelCI,]CIO, give
a rhombic EPR spectrum with, g, andgs; values presented in Table 1. If the first
value is taken ag; and the average @b andgs; are taken as pseudp; these two
complexes belong (as well as the previous ones) to the class lga¥gjgThe form
of the EPR spectra for the low-spin Ni(lll) complexes wgttrg, suggests that the
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d? orbital is favoured for the single unpaired electron. All the compounds investigated

have very similar values of, (as well as 0f;) components. There is a slight increase
of the g values observed when the number of methyl groups in the molecule is in-
creased.

Table 1. The magnetic parameters of the compounds investigated

. . Spectroscopic
« | © C splitti A
plitting parameter
Compound Kt k) | (e ol
01 92 g3
[Ni [14]aneN,Cl,]CI 182 | 1.9 0.409 2.024| 2.10% 2.179
[Ni 2-Me[14]aneNCl,JCIO, | 1.80 | 1.5 0.406 2.076] 2.133 2.180
[Ni meso-5, 12-Mg14] _ _
“aneNCLIC! CHOH 1.83 | 2.7 0.412 gy =2.026| g5=2.182
[Ni meso0-5,7,7,12,14,14 _ _
Meg14JaneNCLIC 154 | 5.9 0.293 gy =2.027| gg=2.209

"At a room temperature.
“In the temperature range of 50-300 K.

The solid-state reflectance spectra of these complexes consist of two bands at
about 28600 and 12300 cmThe position of the second band shifts to a lower fre-
guency while the number of the methyl groups in the complex is increased. The EPR
data are presented in Table 1.

0,0JI
0,06

0,04

Xw* [emmol™]

0,02

0,0

Fig. 1. Experimental magnetic data plotted as a molar magnetic susceptipility
vs. temperature for the compound [Ni [14]ag€N]CI (m), [Ni 2-Me[14]aneNCI,]CIO, (o),
[Ni meso-5,12-Mg14]aneNClI,]CI-CH;0H (x) and [Ni meso-5,7,7,12,14,14-M#&4]aneNCI,]|Cl (o)
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Fig. 2. Experimental magnetic data plotted as a magnetic mugens. temperature
for the compound [Ni [14]ane€1,]Cl (m), [Ni 2-Me[14]aneNCI,]ClO, (o),
[Ni meso-5,12-Mg14]aneNClI,]CI-CH;OH (x) and [Ni meso-5,7,7,12,14,14-M#&4]aneNCI,]|Cl (o)

The IR spectra of all complexes show absorption of NH groups between
3198 and 3046 cth One compound of the formula [Ni meso-5,12,Md]ane-
N4Cl,]JCI exhibits avoy band at 3541 crh originating from coordinated methanol
molecule.
The study of the magnetic susceptibility data for the complexes [GuiiKere
L= 6,13-Bis(dodecylaminomethylidene)-1,4,8,11-tetrazacyclotetradeca-4,7,11,14-tetraene),
Fig. 3) has been performed within the temperature range of 1.90-300 K. The experi-
mental data, plotted as the thermal variations ofxtkle
product, are shown in Fig. 4 for [CuL]@RH,O, H
[CuL](Bry), [CuL](PFs), and [Cu(L-2H)] complexes. N—Cy2Hz5
In all the cases thgy value increases slowly witt |
the decrease of temperature, but in the low-tempera
region a rapid increase of molar susceptibility valt Il
occurs without showing a maximum. The valueg@f N\ /N
for [CuL](Bry) and [Cu(L-2H)] complexes decreast [ j
very slowly withT in a wide range of temperature. 2
low temperatures (below 20 K), they decrease to C -
cnihol™K and to 0.24 cimol™K at 1.90 K, respec- l
tively. In the case of [CuL](GI2H,O a rapid decrease o
XxuT values is observed, from 0.75 %ol 'K at a room
temperature to 0.29 éfmol K at 1.90 K. [CuL]
For the [CuL](Pk), complex theyuT values remain Fig. 3. Schematic view
nearly constant in a wide range of temperatures of [CuL]** cation

HysC1o—N
H
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below 10 KxuT increases upon cooling. This indicates that some exchange interac-
tion between copper atoms in the crystal lattices of compounds examined can exist. In
such situations the exchange paramedecan be determined only by a susceptibility
equation with a molecular field correction [15].

2 2
_9°NB ' Xwm
- S(s+1 = 1
Xu =55 —S(8+1) i - @)
Ng“B

whereN is the Avogadro numbeg,— the spectroscopic splitting factg@— the Bohr
magnetonk — the Boltzmann constant ardi— intermolecular exchange parameter.

- 10
. 409
059 4 -
408
X ...I ]
0o , . 10
l....
gl A ...l . (m;
21} m® .o 17°=,
g 015 | .3 ‘.::...o =T
j TeppasaddsssdiiTmt JoT
5 AAAAAAAAAAAAAAA ] 2
L2, 0101 i
] 1.2
i 03
006 _
02
%07 SAEEssAmBERNEEEEnannann (0L
T T T T T T T T r . : 0’0
0 50 100 150 A X p

Fig. 4. Thermal dependenceaf andyyT for: B — [CuL](Cl,)-2H,0,
« —[CuL](Br,), A — [CUL](PR),, O — [Cu(L-2H)].

The best fit parameters age= 2.06 andzJ = —0.52 crit for [CuL](Cl,)2H,0,

g = 2.16 andzJ = —-1.53 cm for [CuL](Bry), g = 2,12 andzJ = -0.84 cntv
[Cu(L-2H"] andg = 2.05 andzJ = 0.29 cm' for [CuL](PR;)., obtained with good
agreement factor® = 2.3010° for [CuL](Cl,))2H,0, R = 4.5710° for [CuL](Br,)
andR = 8.40107 for [Cu(L-2H")] andR = 1.8610° for [CuL](PF)..

The EPR spectra of the compound examined at a room temperature and 77 K pres-
ent only single lines oH = 350Q for v = 9.771 Ghz. The spectroscopic splitting
factor was typical of copper(ll) centreg,amounting to 2.08 for all compounds. In
principle, the observed weak antiferromagnetic interactions in [CulRELO,
[CuL](Bry) and [Cu(L-2H)] complexes and weak ferromagnetic interactions in
[CuL](PFe)2 could be attributed to intermolecular interactions between copper centres,
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which may be transmitted through™CBr", PR~ anions or H cations in a crystal
lacttice.

1,0
A A A2
A A w % [
i LI
08 LA ] °
A | u ° o
n °
= 064 A b o*
o A » °
= A 2 .
04 .
A . 4 .
A
] et
02 a %,
Les®
e
o,o-’ . ; . ; . ; : ; : ;
0 10000 20000 30000 40000 50000

H[G

Fig. 5. Field dependence of the magnetization at 1.9 K for the complexes:
- [CuL](Cl)-2H,0, * — [CuL](Bry), A~ [CuL](PFg), X — [Cu(L-2H)]

The field dependence of magnetization for all complexes at 1.9 K (Fig. 5) clearly
supports the occurrence of very weak interactions in all complexes. In consequence,
one can say that the communication between copper(ll) centres in crystal lacttice is
higher in the case of [CuL](Brthan in [CuL](Ch)2H,O and [Cu(L-2H)] complexes
and have an opposite character than that in the [Cud)}(Edmpound.

3,6

3,24°

2,8

XuT [cm’mol K]
-
1
? I'“. [ ]

I T T T T T T T T T T T T
0 50 100 150 200 250 300

TK]

Fig. 6. Temperature dependenciex@T for: B — [CuL]ReCkH,0, « — [CuL]ReBg,
A — [BuyN],ReCE; the solid lines are the calculated curves
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The magnetic properties of complexes [CUL]RBGO and [CuL]ReBy as the plot of
xwT vs. T (xu being the molar magnetic susceptibility pef'Rd' heterobinuclear unit)
are shown in Fig. 6 and thgT data of (BuN),ReCl are also included for comparison.

At a room temperaturgyyT for heterometallic compounds are equal to 2.08
cPKMol™ and 1.97 criii&mol™ for [CuL]ReCkLM,O and [CuL]ReBs, respec-
tively. These values are close to the expected one for uncoupledCHeions. As
the temperature is lowered, thygT smoothly decrease and reach rounded minima at
13.0 K with xyT =1.27 cmiKmol™ and at 20 K with 1.31 ctiKol™ for
[CuL]ReCLH,0O and [CuL]ReBg, respectively. The presence of a minimum in the
xwT curve is indicative of antiferromagnetic coupling betweeff Rad CU and is
characteristic of one-dimensional ferrimagnetic chain compounds [16]. Below the
temperatures: 13.0 K for [CuL]RefHi,O and 20 K for [CuL]ReByg the values of
xuT for both compounds increase, then reach maxima at 4.73 Kywith= 2.61
cPK Mol™ for [CuL]ReCEH,O and 5.49 K withxyT = 3.55 cmiKmol™ for

[CuL]ReBrs compound and finally decrease rapidly below 4.73 for [CuL]REGD
and 5.49 K for [CuL]ReBy respectively (Fig. 6).

700

650 50 Oe %

J LY

600 N

5507 250e o, s

500 . \
ot )
%- 200 ’, -\. Te=36K
S 350 \
‘(_0’ 1 ° .\
N 300+ 50 Oe N\ %
= ] .
£ 250 ", % %
g 200 gt e

1504 25 Oe '.\\k

100

50 Tay Ta = 6.2K
0 B I
T T T T T | ! |
0 2 4 6 8 10 12
TIK

Fig. 7.M. versusT plots in the low-temperature range for two different values
of the applied magnetic field foM — [CuL]ReC}H,0, » — [CuL]ReBg

The variation of susceptibility with temperature for these compounds could be
satisfactorily fitted using the spin Hamiltonian defined by Eq. (2) [17-19]:

%—JSZZHSZZi +0ucuBSaiaH, + GureBSiH, + O

) []
H= zi EgDCu.B(S;i—lHX + Szyi—lHy)"' gDRe,B(S;i H, +SzyiHy)+ D gszzl )2 _%% 2)
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The least-squares fitting of the experimental data with this expression was limited
to the range of 13-300 K for [CuL]Re@,O and 20-300 K for [CuL]ReRBielding
D = 53.4 cm’, Oire =1.94 andyre=1.90,0icu =2.29,0c=1.93 and J = -9.1 cinfor
[CuL]ReCkH,0 andD = 63.6 cm, gire =1.84 andy re=1.82,gicy =2.29¢0c,=1.99
and J = —12.2 crhfor [CuL]ReBk. We conclude that Rein [CuL]ReCkH,O and
[CuL]ReBrs exhibits a large zero-field splitting parameter together with weak antifer-
romagnetic interactions with &u

The magnetization vs. temperature curves (Fig. 7) reveal magnetic transiflans at
= 4.2 K for [CuL]ReCiH,O as well as aff¢g = 6.2 K andTc, = 3.6 K for
[CuL]ReBr. [CuL]ReCkMH,0O and [CuL]ReBg are ferrimagnetic chains as a result of
ordering [19]. The occurrence of the second Curie temperafare 3.6 K) in the
[CuL]ReBrs complex does not follow the phenomerdrthe compensation tempera-
ture in ferrimagnets. Probably, there are two different kinds of sublattices in
[CuL]ReBrs, both of ferromagnetic character.
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Thiolato-bridged copper complexes
with N,N,S-tridentate ligands
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Thiolato-bridged complexes [¢y(apaet)Cl] and [CUsCu's(apampt)Clg (Hapaet = 2-[(3-amino-
propyl)amino]ethanethiol, Hapampt = 1-[(3-aminopropyl)amino]-2-methylpropane-2-thiol), have been
synthesized and characterized by infrared and electronic absorption spectra and temperature dependence
of magnetic susceptibilities. X-ray crystallography of the latter complex reveals a localized mixed-valence
structure which is supported by the spectroscopic and electrochemical data. Magnetic susceptibility data
show that a strong antiferromagnetic interaction is operating betwéeior@in both complexes.

Key words:thiolato-bridged complexes; mixed-valence complexes; Canluelear compmxes

1. Introduction

Study on mixed-valent complexes are of interest because of their potential appli-
cation in the development of functional materials showing efficient long-distance
electron transfer in the field of molecular electronics (cf. [1]) and their biological
relevance involving multicopper oxidases such as spin-delocalized dinuclear mixed-
valent copper cluster found in the ‘Cwsite of cytochromes oxidase and nitrous ox-
ide reductase [2]. Especially thiolato-bridged mixed-valent copper complexes have
been focused from the view of model complexes for the latter systems. So far, many
attempts to synthesize thiolato-bridged dinucleal,Gumd CUCu' complexes have
been unsuccessful, because thiols usuallly reduce copper(ll) to copper(l)

" The paper was presented at th& ¥@inter School on Coordination Chemistry, Kagg, Poland,
9-13 December2002.
" Corresponding author, e-mail: junpei@ksc.kwansei.ac.jp.
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2RS + 2CU  RSSR +2Cl

Moreover, the electron-rich thiolato groups have a great affinity for various metal
ions to form undesirable polymeric species with low solubilities hampering their pre-
cise characterization. In this regard, thiolic ligands having nitrogen donor atoms are
useful, because formation of discrete thiolato-bridged complexes can be expected to
be feasible by virtue of the chelating effect. In fact, dinuclear metal species were iso-
lated for nickel(ll) [3—-9], cobaltll) [10], and iron(ll) [11] ions. Linear and cyclic
trinuclear metal species [12], tetrahedral [13, 14] and adamantane-like [15] tetranu-
clear species, chain-like polynuclear species [12, 16, 17] were also obtained. For
N,N,S tridentate ligands such as 2-[(3-aminopropyl)amino]ethanethiol (Hapaet), lin-
ear trinuclear metal species consisting of octahedral-tetrahedral-octahedral
coordination environments seems to be most favourable structural pattern and we
obtained such species in the cases df[Z8], Cd' [18], Mn" [17], F€' [11], Cd'[19],
and NI' [20] including trinuclear heterometal complexes [20] which are formed by
one-pot reaction. In this study, we introduced a new thiolic ligand, 1-[(3-
aminopropyl)amino]-2-methylpropane-2-thiol (Hapampt) as well as Hapaet, as che-
lating agents in the hope of attaining to make mixed-valence species by using the
thiolic ligands. A preliminary account of this work has been published [21].

2. Experimental

Syntheses were carried out by using standard Schlenk techniques under argon. The
thiolic ligand Hapaet was synthesized using a procedure described in the literature [4].
The Hapampt ligand was synthesized as follows. A toluene solution Gtiso-
butylene sulfide (8.6 g, 0.098 mol) was added dropwise to a toluene solution
(200 cr) containing 1,3-diaminopropane (74.1 g, 1.00 mol). The solution was re-
fluxed for 2 h. Then, the solvent was removed by distillation and the product was
fractionally distilled at reduced pressure. Yield: 10.4 g (65.7%). bp. 79-81°C
/5 mmHg. IR (KBr, crit): vadNH,) 3350, V(NH,) 3300, V(CHs) 2960, V(CH,) 2860,

A(NH,) 1575.

[Cu,(apaet)Ck] (1). To a solution of Hapaet (26 mg, 0.2 mmol) in methanol
(2 cn?) was added a solution of copper(ll) chloride dihydrate (34 mg, 0.2 mmol) in
methanol (3 crf). The reaction mixture was stirred at room temperature for 5 min and
filtered. The resulting purple filtrate was allowed to stand several days at 7 °C. Dark
purple precipitate deposited was collected by filtration. Yield 22 mg (30%).
Found: C, 16.21; H, 3.59; N, 7.22%. Calcd faHGCI;CwN,S: C, 16.38; H, 3.57;
N, 7.64%. IR (KBr, crit): VadNH,) 3450, V{(NH,) 3220,V(CHs) 2930, V(CH,) 2880,
Od(NH,) 1585.

[Cue(apampt)sClg]-2H,0 (2:2H,0). To a solution of Hapampt (32 mg, 0.2 mmol) in
methanol (5 cr) was added a solution of copper(ll) chloride dihydrate (34 mg, 0.2 mmol)
in methanol (5 cf. The solution was stirred at room temperature for 5 min and filtered.
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The resulting light brown filtrate was placed at 7 °C for several days to give dark brown
crystals. Yield, 27 mg (74% based on the metal source). Found: C, 22.56; H, 4.77; N,
7.41%. Calcd for GHssClsCusNsO.S; C, 22.64; H, 4.98; N, 7.54%. IR (KBr, ¢l
VadNHy) 3420,v(NH,) 3285,V(CHs) 2950,V(CH,) 2830,0(NH,) 1590.

Measurements.Elemental analyses for carbon, hydrogen, and nitrogen were done
using a Perkin-Elmer 2400 Series || CHNS/O Analyzer. Infrared spectra were meas-
ured with a JASCO MFT-2000 FT-IR Spectrometer in the 4000-60bregion. The
electronic spectra were measured with a Shimadzu UV-vis-NIR Recording Spectro-
photometer (Model UV-3100). The temperature dependence of the magnetic
susceptibilities was measured with a Quantum Design MPMS-5S SQUID suscep-
tometer operating at a magnetic field of 0.5 T between 4.5 and 300 K. The
susceptibilities were corrected for the diamagnetism of the constituent atoms using
Pascal's constants [22]. The effective magnetic moments were calculated from the

equationpes = 2.828,/ x, T , wherexa is the atomic magnetic susceptibility. Cyclic
voltammetric measurements were carried out on a BAS 100 BW Electrochemical

Work Station. A three-electrode cell consisting of a glassy carbon electrode, a plati-
num-wire counter electrode, and a Ag/AgCl electrode was used.

X-ray crystal structure analysis. Crystals suitable for X-ray diffraction work
were obtained a8-2CHOH from a methanol solution. A black crystal 22CHOH
was mounted on a glass fibre with epoxy cement at a room temperature. A preliminary
examination was made and data were collected on a Bruker CCD X-ray diffractometer
(SMART APEX) using graphite-monochromated Mg #édiation. The structure was
solved by direct methods and refined by full-matrix least-squares. All non-hydrogen
atoms were refined with anisotropic thermal parameters. The hydrogen atoms were
inserted at their calculated positions and fixed there. All calculations were carried out
on a Pentium Il Wiidows NT computer utilizing the SHELXTL software package.

Crystallographic data fa2-2CHOH; Cy3HsCleCusNO,S; F.W. = 1141.88, ortho-
rhombic, space groufbcag a = 18.706(5),b = 18.283(5),c = 23.962(6) A,
V = 8195(4) R Z = 8,D. = 1.85 gm>, u(Mo K, ) = 36.34 cm', F(000) = 4568,
crystal size 0.40¢<0.20x 0.10 mmi, 33826 reflections collected, 5936 independent
reflections,R1[1>20(1)] = 0.048,wR2 [I>20(1)] = 0.110.

3. Results and discussion

In the previous papers, we reported that reaction of Hapaet ligand with metal ions
affords dinuclear nickel(ll) complex [Wapaet)]X. (X =CIO, ,BF, ) [4], linear tri-
nuclear complexes [M{M(apag}p]X, (M = Mn [17], Fe [11], Co [19], Cd [18],

X = CI, CIO,), [M{M'(apaet)}](ClO4). (M = Zn, Cd, Hg; M' = Mn, Fe, Co, Ni)
[20], and tetrahedral tetranuclear palladium(ll) complex(@uhet)]Cl, [14]. In the
present case, the reaction of Hapaet with copper(ll) gave a different species. Elemen-
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tal analysis of the isolated complex shows a stoichiometry Cu :“apaet, which is
consistent with the formulae for a copper(ll) species(@paet)Ci] (1). On the other
hand, the reaction of the methylated thiol, Hapampt, with copper(ll) afforded a mixed-
valent species, [Gapampt)Cle]-2H,0O (2-2H0). In the infrared spectrum df the
absorption bands due to apd&and appear as a set of distinctive bands in a similar
wavenumber region to that of the free thiol, Hapaet, with lackingv(B&l) band

(Fig. 1). The infrared spectrum @f2H,0 is essentially the same as thatladxcept

for the bands due to the methyl groups.

Complex 1 i {
i, r - : III-'“T I.-u'-l'r-.-\.\,_."ill
" et LA Y -
s .._.-' - il '.-‘:.:r |.."|i : .'I' i
=~ _,iﬂll ,*l_ Complex 2
40 | '._Jﬁ.,-: ;
Wave number (cm™')
Fig. 1. Infrared spectra of [G{@apaet)C]] (1)
and [Cy(apampt)Clg]-2H,0 (2-2H,0)
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Fig. 2. Electronic absorption spectra of f@yaet)C]] (1)
and [Cy(apampt)Clg]-2H,0 (2-2H,0) in DMF
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The electronic absorption spectra in DMF are shown in Fig. 2. The bands at the
visible region ;. 614 and 788 nnR-2H0: 620 nm) may be assigned to d—d transi-
tions judging from the intensities of the absorption bands. The band at the near-
ultraviolet region {: 342 nm2-2H,0: 378 nm) should correspond to &(S)— d(Cu)

LMCT [23]. The absorption at the ultraviolet region (266 nm) may be assigned to the
o(Cl) - d(Cu) LMCT band [24]. We could not observe any IT band in the present
complexes and thus the mixed-valence staf22H#,0 seems to be fully localized.

Fig. 3. ORTEP drawing of the structure of fGapampt)Clg]-2CH;OH (2-2CH,OH)
showing the 50% probability thermal ellipsoids and atom labelling scheme.
Methanol molecules are omitted for clarity

The X-ray crystal structural analysis 22CHOH reveals a unique hexanuclear
structure that is distinctly different from those of any previously structurally charac-
terized thiolato complexes with N,N,S-tridentate ligands (Fig. 3) [4-20]. Selected
bonding parameters are listed in the table. The hexanuclear core is shown in Fig. 4.
Based on the charge consideration and the different coordination environments
around the copper atoms, we can assign the Cul, Cu4, and Cu6 atoms to copper(l) and
the Cu2, Cu3, and Cu5 atoms to copper(ll), respectively. ThedduCu'-CU', and
Cu—-CU' distances are 3.521(2)-3.777(2), 3.850(1)-4.625(1), and 3.375(1)-5.420(2)
A, respectively. The Cuatoms form a chair-like six-membered [-Cul-S1-Cu4-S3
—Cu6-S2-] ring with thiolato-sulfur atoms of apampthereas the Cuatoms form
two adjacent planar four-membered rings [-Cu2—-CI3-Cu5-Cl2-] and [-Cu3-CI5
—Cu5-CI3-] with chloride ions. The coordination geometries of thea@ms are
trigonal with two thiolato-sulfur atoms of apampind chloride ion. The G+S bond
distances [2.225(2)-2.259(2) A] are within the normal range found 'icdPuplexes
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[25]. The CU-CI distances [2.216(3)-2.238(2) A] are in the normal range of the
Cu—Cl distances [25]. On the other hand, there are two kinds of coordination geome-
tries for the Cli atoms. The Cu2 and Cu3 atoms take an elongated square-pyramidal
geometry with two amino-nitrogen atoms and thiolato-sulfur atom of apdhp1,

N22, S2 for Cu2; N11, N12, S1 for Cu3) and chloride ion (CI3) in the equatorial plane
and a chloride ion (CI2 for Cu2; CI5 for Cu3) at the apex, while the Cu5 atom has
a distorted octahedral geometry with two amino-nitrogen atoms and thiolato-sulfur
atom of apampt(N31, N32, S3) and three chloride ions (Cl2, CI3, CI5). Thé-Su
distances [2.225(2)-2.273(2) A] are comparable to the values found in thiolato-
bridged C{CU' mixed-valent complexes [26, 27], although these distances are similar
to those of the CuS bonds. The CuCl distances (2.370(2)-2.607(2) A for the
square-pyramidal Cu atoms; 2.696(2)-2.839(2) A for the octahedral Cu atom) are in
the normal range for the &uCl distances [25].

Table. Selected bond distances (A) and ang)esith their estimated standard deviations in parentheses
|culcul (apamptyCl, | -2CH,0H (202CH,0H)

Cul-Cu2 3.958(1) | Cu4—Cu6 3.777(2) Cu3-C13 2.396(2)
Cul-Cu3 3.925(1) | Cu5-Cu6 3.730(2) Cu3-C15 2.557(2)
Cul-Cu4 3.722(1) | cul-s1 2.226(2) Cu4-S1 2259(2)
Cul-Cus 5.229(2) | Cul-S2 2.225(2) Cu4-S3 2.237(2)
Cul-Cu6 3.521(2) | cul-Cli 2226(2)| Cu4-C14 2.238(2)
Cu2-Cu3 4.625(1) | Cu2-S2 2.273(2) Cu5-S3 2.253(2)
Cu2-Cu4 5.420(2) | Cu2-N21 2.005(6) Cu5-N31 1.979(5)
Cu2-Cus 3.850(1) | Cu2-N22 2.019(6) Cu5-N32 2.051{(5)
Cu2-Cu6 3.506(2) | Cu2-C12 2.607(2) Cu5-C12 2.762(2)
Cu3-Cu4 3.375(1) | Cu2-C13 2.370(2) Cu5-C13 2.696(2)
Cu3-Cus 3.872(2) | Cu3-S1 2.271(2) Cu5-C15 2.839(2)
Cu3-Cu6 5.396(2) | Cu3-N11 1.990(5) Cu6-S2 2.230(2)
Cu4—Cus 3.547(2) | Cu3-N12 2.022(5) Cu6-S3 2.232(2)
Cu6-ClI6 2.216(3)
S1-Cul-S2 114.89(7)| SI-Cu3-C13 89.77(]) S3-Cu5-C|i  92.98(6)
S1-Cul-Cll 124.60(8) | SI-Cu3-C15 98.77(7) S3-Cu5-C15  89.99(7)
S2-Cul-Cll 120.14(8) | N11-Cu3-N1p  90.4(2] N31-Cu5-N32 92.4(2)
S2-Cu2-N21 163.1(2) | N11-Cu3-C13  89.5(2) N31-Cu5-C12 86.3(2)
S2-Cu2-N22 87.6(2) | N11-Cu3-C15 97.1(2) N31-Cu5-C13 86.5(2)
S2-Cu2-C12 99.94(7) | N12-Cu3-C13 170.5() N31-Cu5-C15 94.J(2)
S2-Cu2-C13 89.58(7) | N12-Cu3-C15 99.8(2) N32-Cu5-C12 110/6(2)
N21-Cu2-N22|  90.6(2) | C13-Cu3-C15 89.68(f) N32-Cu5-CI3  169.9(2)
N21-Cu2-CI2 97.0(2) | S1-Cu4-S3 109.48(7) N32-Cu5-C15 91.9(2)
N21-Cu2-C13|  90.0(2) | S1-Cu4-C14  123.83(8) Cl2-Cu5-C¢13  79.38(6)
N22-Cu2—-CI2 98.8(2) | S3-Cu4-Cl4  122.43(8) C12-Cu5-C15 157.49(7)
N22-Cu2—-CI3 1723(2) | S3-Cu5-N31  175.1(2) Cli-Cu5-C15 78.24(6)1
S1-Cu3-N11 164.1(2) | S3-Cu5-N32 89.0(2) S2-Cub-Cll6  127/6(1)
S1-Cu3-N12 87.7(2) | S3-Cu5-ClI2 88.73(T) S3-Cu6-Cl6  119/5(1)
S2-Cu6-S3 | 111.51(7)
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N11 N12
Fig. 4. Core structure of [Gapampt)Cl¢]- 2CH;OH (2:2CH;OH)
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Fig. 5. Temperature dependence of the magnetic moments
of [Cuy(apaet)C]] (1) and [Cy(apamptiClg]-2H,0 (2-2H,0)

The magnetic moments dfand 2.2H,0 are 1.70 p per [Cuy(aaet)C] unit and
2.10 s per [Cu(apampt)Clg]-2H,0O, which are lower than the spin-only values, 2.45
and 3.00g, respectively. Temperature dependence of magnetic moments is displayed
for 1 and2-:2H,0 in Fig. 5. The magnetic moments are both decreased with lowering
the temperature. The temperature dependence aniuld not be interpreted by the
Bleaney—Bowers equation based on the dinuclear copper(ll) structure. Therefore, the
structure oflL may be considered to be polymeric one as one of the possible structures
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[28]. On the other hand, the temperature-dependent profi26£0 is fully ex-
plained by the van Vleck equation based on the Heisenberg iodet2S Sz

=21 (ScuScustSeuseus) (see Fig. 4). The parameters obtained by the simulation are as
follows: J = =602 cri, J' = —2.5 cm’, g = 2.06,6 = —0.91 K. The present results sug-
gest that a strong antiferromagnetic interaction is mainly operating between the Cu2
and Cu3 atoms. In relation to this, it is to be noted that the bond distances of Cu2—CI3
[2.370(2) A] and Cu3—CI3 [2.396(2) A] are significantly shorter that those of Cu2
—Cl2, Cu5-ClI2, Cu5-CI3, Cu5-ClI5, and Cu3-CI5 [2.557(2)-2.839(2) A] and the
Cu2-CI3-Cu3 angle [152.07(9)°] is large, which is a favourable feature for the strong
antiferromagnetic interaction via the bridging Cl atom [29].

10 uA

| 1 I ]
-1.0 -0.5 0 0.5

E (Vvs. Fc'/Fc)

Fig. 6. Cyclic voltammogram of [Gapampt)Clg]-2H,0O (2:2H,0)
in DMF 0.5x 107 M; electrolyte: 0.1 M tetra-butylammonium perchlorate

In order to examine the mixed-valence state, the cyclic voltammetric measurement
was performed foR-2H,0 (Fig. 6). In the +0.5 to —1.0 V versus'fRe region, three
reduction waves are observed at around —0.1, —0.45, and —-0.62 V. The first wave
seems to be coupled with an anodic wave at +0.06 V. This redox wave may be due to
Cu(ll)/Cu(l) couple of the C&,Cl moiety. The second and third reduction waves
have not clear coupled-oxidation waves. These waves may correspond to reduction of
Cu' = CU of theCU'N,SCL and CUN,SCk moieties.

4. Conclusions

N,N,S-donor tridentate thiols, 2-[(3-aminopropyl)amino]ethanethiol (Hapaet) and
1-[(3-aminopropyl)amino]-2-methylpropane-2-thiol (Hapampt) were synthesized and
proved to be useful ligands for the synthesis of thiolato-bridged copper(ll) and cop-
per(l, 1) mixed-valent complexes. Spectroscopic and electrochemical data as well as
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structural feature support a localized mixed-valence state of the thiolato-bridged cop-
per complex with apamptSteric hindrance of the methyl groups of apampy
contribute to the stabilization of the mixed-valent state by protecting against the oxi-
dation.
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Spin-entropy driven charge-transfer phase transition
in iron mixed-valence system

N. KOJIMA**, M. ITol, Y. ONO, M. OkuBO, M. ENOMOTO

Graduate School of Arts and Sciences, The University of Tokyo, Tokyo 153-8902, Japan

We have synthesized iron mixed-valence complexe€ Hn.1)aN[FE'Fd" X (X = mto (GOsS), dto
(C,0,8), tto (GOSy) and have investigated their physical properties by meadfsedfdssbauer spectroscopy,
magnetic susceptibility and electrical resistivity measurements. From the anafffie bféssbauer spectra,
magnetic susceptibility and electrical resistivity, we have discovered a new type of first order phase transition
around 120 K fori-CyHan1)aN[Fe'FE" (dto)g](n = 3, 4), where the charge-transfer transition betwebraifid
Fe" occurs reversibly. In the higher temperature phase, thé$e 1/2) and F&(S= 2) sites are co-ordinated
by six S atoms and six O atoms, respectively. In the lower temperature phase, on the other hdh(s the Fe
5/2) and F&(S = 0) sites are co-ordinated by six O atoms and six S atoms, respectively. Moreover, we have
found a ferromagnetic phase transition in this system. The ferromagnetic order is induced by the charge-transfer
interaction between the 'feand F& sites. We propose various multifunctional properties for (
CoHon)aN[FE'FE" (mto)] and 6-CoHone)aN[Fe' FE" (tto)s].
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1. Introduction

Transition metal complexes witti-d’ configuration have a possibility of spin
transition between a low-spin state and a high spin state. The spin crossover phe-
nomenon has recently gained renewed importance since the discovery of the photo-
induced spin transition (called LIESST = Light Induced Excited Spin State Trapping)
for [Fe(ptz}](BF4)(ptz = 1-propyltetrazole) [1] and the thermally induced spin cross-
over transition with large thermal hysteresis around room temperature for a triazole
bridged iron(ll) complex [2, 3]. In the case of assembled hetero-metal complex system
including spin-crossover complex ion, the spin transition behaves as a switching

" The paper was presented at th& ¥@inter School on Coordination Chemistry, Kagg, Poland,
9-13 December2002.
" Corresponding author, e-mail: cnori@medic.u-tokyo.ac.jp.
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function to amplify the magnetic dimensionality, the magnetic interaction and to in-
duce the magnetic ordering, which is schematically shown in Fig. 1.

In the spin-crossover system, the enthalpy téindominates the Gibbs free en-
ergy (G =H —-T9 in the low-spin state, while the entropy terrm §-dominates the
free energy in the high-spin state. Usual spin-crossover phenomenon occurs in on-site
molecule. However, in the case of mixed-valence complexes whose spin states are
situated in the spin-crossover region, it is expected that new types of conjugated phe-
nomena coupled with spin and charge take place between different metal ions in order

to minimize the free energy in the whole system.
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Fig. 1. Assembled hetero-metal complex system including spin-crossover complex ion.
The spin crossover transition behaves as a switching function to control
the magnetic interaction and the magnetic ordering
in the assembled hetero-metal complex system
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Fig. 2. Oxalato derivatives as bridging ligand,
and the network structure of [fed" (tto);] complex

From these viewpoints, we have synthesized iron mixed-valence complexes whose spin
states are situated in the spin-crossover region. It is well known that tris(dithiocarbamato)
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iron(lll) complexes show the spin-crossover titios [4]. In these complexes, Fds
co-ordinated by six S atoms. In the cases 8f@eand FEO; octahedra, on the other
hand, there has been no report on the thermally induced spin-crossover transition at
ambient pressure. Taking account of these iron complexes, we have systematically
synthesized iron mixed valence complexes by using oxalato derivatives as bridging
ligands, which is shown in Fig. 2. Recently, we have discovered a new type of phase
transition coupled with spin and charge around 120 K fe€sH,),N[Fe'Fée"
(dto)][5,6].

In this paper, we report and discuss the spin-entropy driven charge-transfer phase tran-
sition in (-CoHans1)sN[Fe'FE" (dto)](dto = dithiooxalato(@0,S,)). Moreover, we put
forward various multifunctional properties fom-C,Ham1)aN[FE'Fe" (mto)] (mto
= monothiooxalato(d:S)) and -C,Hzn:1)aN[Fe'Fe" (tto)g] (tto = trithiooxalato(@0S)).

2. Experimental

K>(mto), Ky(dto) and K(tto) were synthesized in the similar way as reported in
Ref. [7, 8]. 6-CiHzn:1)4N[Fe'FE" (dto)](n = 3-6) was synthesized in a similar way to
prepare §-CsH;),N[M"Cr" (dtox](M = Fe, Co, Ni, Zn)[9]. A solution of KBa[Fe
(dto)]-6H,O[8] in a methanol—-water mixture was stirred and a solution otBélgD and
(n-CHzn+1)sNBr in a methanol-water mixture was added. In this wayC.Hzn1)4N
[Fe'F€"(dto)] was obtained as black coloured precipitate. In this similar way,
(N-CHazn1)sN[Fe"FE" (mto)s] and (-C.Hane1)sN[Fe' Fe" (tto)s] were synthesized.

The static magnetic susceptibility was measured by a Quantum Design MPMS5
SQUID susceptometer. Powdered sample of 10 mg was wrapped in polyethylene film
and held in a plastic straw. The magnetic susceptibility obtained was corrected for the
background and the core diamagnetism estimated from Pascal’s constants. In the case
of °’Fe Méssbauer spectroscopic measureni®@p in Rh was used at 298 K as
a Mossbauer source. The spectra were calibrated by using the six lines of a body-
centred cubic iron foil (a-Fe), the centre of which was taken as zero isomer shift. The
hyperfine parameters were obtained by least-squares fitting to Lorentzian line shapes.

3. Results and discussion

The crystal structure of{CrHn1):N[F€'F€" (dto)] consists of two-dimensional hon-
eycomb network structure, [feg" (dto)].., and intercalated{C,Hz.1)sN* cations. Figure
3 shows the two-dimensional honeycomb network structure with alternating arrdy of Fe
and F& atoms through dto bridges, and the alternation layer structure. At room tempera-
ture, the F& (S= 1/2) and F&(S = 2) sites are co-ordinated by six S atoms and six O
atoms, respectively, which has been confirmed by meafiseoM6ssbauer spectroscopy.
The space group i$6; consequently the conformations of the'(BeC.S,); and
Fé"(S,C,0,); octahedra in one [ted" (dto)]., layer are different from those in the adja-
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3 S : cent one [F&€"(dto)].. layer. One layer
£ '__" S Vo ol as Vo consists of A configuration of Fé'(OzCZSZ)g
:u,_ g {“} :u,_ s I'i b 4 and A configuration of Fé”(SzCZOZ)g, while
j: L ' 1.: » i the adjacent layer consists of A configuration
o o g e i of FE'(O,C,S)s and A configuration of

Féll(SQCZOz)g. In (n—CnH2n+1)4N+, the axial

Sl Y il 35 4 propyl chain points into the cavity of honey-
(it ,-ff:i: (=i <= comb network.
.f.A. f't g Figure 4 shows 4T as a function of
oy o temperature forn-CsH-)/N[Fe'Fée" (dto)].
LB eI As shc_)wn in Fig. 4, T increases Wit_h de-
5 ‘,{:...F_’{ = L creasing temperature except in the
I I temperature region between 70 K and 130
T Lo ST o R Oy K and shows a maximum around 10 K,
which implies that the magnetic interaction
i:"f““*;::-.f"‘;‘:;ﬁ’:f“}i between F& and F& in (n-CsH;)4N
R B TP WY [Fe'Fe" (dto)] is ferromagnetic and the
=T T ferromagnetic transition takes place around

10 K. In fact, as shown in Fig. 4, the spon-
b taneous magnetization appears at 7 K. The
Fig. 3. Crystal structure ofy field cooled magneti_zation (FCM) under the
C.H-)N[FE'Fe" (dto)] at 298 K external magnetic field of 30 G shows a
rapid increase below 8 K and shows a ten-
dency to saturate below 6 K. When the
magnetic field is switched off at 1.8 K, the remnant magnetization (RM) remains, and
vanishes at 7 K. The zero-field cooled magnetization (ZFCM) and FCM curves meet at
7 K where the magnetic hysteresis disappears. Consequently, the Curie temperature is
estimated at 7 K.
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Fig. 4. Temperature dependence of x T under the external magnetic field of 5000 G
and the temperature dependence of magnetization under the external magnetic field of 30 G
for (n-CgH,)N[Fe'F" (dto)]. FCM, RM, and ZFCM denote the field-cooled magnetization,
the remnant magnetization, and the zero-field cooled magnetization, respectively
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Turning to T vs. T curve in Fig.4, there is an anomalous drop with thermal hys-
teresis between 70 K and 130 K, which implies a first-order phase transition. In order
to elucidate the detailed mechanism of the phase transition around 120 K, we investi-
gated the’’Fe Méssbauer spectra af-CsH;).N[Fe'Fe" (dto)] at 105 K, 124 K and
130 K, which is shown in Fig. 5.

Halative Transmissien

Welogity [mms 50

Fig. 5.5’Fe Mossbauer spectra ofC;H,),N[Fe'Fe" (dto)]
at 130 K, 124 K and 105 K

At 130 K, the spectrum with two branches at 0.16 mm/s and 1.96 mm/s can be as-
signed to that for the high-spin state of thé §iée co-ordinated by six O atoms. The
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isomer shift [S) and the quadrupole splittin@® of the °’Fe Méssbauer spectrum

with two branches at 0.16 mm/s and 1.86 mm/s are estimated at 1.06 mm/s and 1.80
mm/s, respectively, whose values are quite similar to tht8e=(1.30 mm/s,

QS = 1.79 mm/s at 78 K) of th&Fe Moéssbauer spectrum for the'@e= 2) in
(n-C4Ho)sN[F€e"F" (0x)s] [10], where the Fesite is co-ordinated by six O atoms. The
spectrum with single peak at 0.46 mm/s can be assigned to that for the low-spin state
of the F&' site co-ordinated by six S atoms. Ti8and QS of the °’Fe Méssbauer
spectrum with single peak at 0.46 mm/s are quite similar to th®se(.33 mm/sQS

= 0.35 mm/s at 196 K) of th&Fe Méssbauer spectrum for the"f® = 1/2) in
KBa[F€" (dto)], where the F& is co-ordinated by six S atoms[11]. As shown in Fig.

5, with decreasing temperature, the line profil&’6& Mdssbauer spectra remarkably
changes between 130 K and 105 K. At 105 K, the intensity of the spectrum corre-
sponding to the Pesite decreases by 80% and new lines appear at about 0.2 mm/s
and 1.0 mm/s, which implies a drastic change in the Fe electronic stateS;bf 4N

[Fe'Fe" (dto)] between 130 K and 105 K.

Comparing with the typical values ¢ and QS of °’Fe Mdssbauer spectra for
Fe'(S=0), Fé(S=2), F'(S= 1/2), and F&(S = 5/2), the’’Fe Mdssbauer spectra of
(n-CsH-)4N[F€e"F" (dto)] between 130 K and 105 K are assigned as shown in Fig. 5.
In this way, from the analysis 6fFe Mdssbauer spectra, we have discovered a new
type of the first order phase transition around 120 K foC{Ha..).N[Fe'Fe"
(dto)](n = 3, 4), where the charge-transfer transition betweénafd F& occurs
reversibly. In the higher temperature phase, tHe(Be 1/2) and F&(S= 2) sites are
co-ordinated by six S atoms and six O atoms, respectively. In the lower temperature
phase, on the other hand, thé'k8 = 5/2) and F&(S = 0) sites are co-ordinated by
six O atoms and six S atoms, respectively.

Fig. 6. Temperature dependence of the
intra-layer (p) and inter-layer (pp) resistivities
of (n-CsH,),N[Fe'Fe" (dto)] at 1.5 GPa.
Arrows denote the direction of the thermal
process. Inset shows the charge-transfer phase
transition as a function of applied pressure
2 determined by the magnetic susceptibiljty (
i and the electrical resistivitp measurements.
1. 5k o A ande A denote the upper limit

'. g 1M S 1 and the lower limit of the charge-transfer
T phase transition, respectively

bog v Ldemm bp

In order to prove the charge-transfer phase transition-GyH;).N[Fe" Fe" (dto)],
we have measured the electrical resistivity for the single crystal. Figure 6 shows the
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temperature dependence of the intra-layer) (and inter-layer f;) resistivity of
(n-CsH-)4N[FE'F" (dto);] at 1.5 GPa. The inset in Fig. 6 shows the critical tempera-
ture (T) of the charge-transfer phase transition as a function of applied pressure. At
1.5 GPa, the charge-transfer phase transition takes place between 200 K and 270 K.
As shown in Fig. 6, both of the intra-layer and inter-layer resistivities show an
anomalous drop due to the charge-transfer phase transition. The intra-layer resistivity
is one order of magnitude lower than that of the inter-layer one, which is attributed to
the electron hopping between'Fend F& in the two-dimensional honeycomb net-
work structure of [F&€" (dto)]...

Consequently, it is concluded thatG,Hzn.1)sN[Fe'Fe" (dto)](n = 3, 4) under-
goes a thermally induced charge-transfer phase transition coupled with the change of
spin configuration around 120 K, where the charge-transfer transition occurs reversi-
bly between théy, orbitals of the Feand Fé€' sites, which is schematically shown in
Fig. 7. The driving force responsible for the charge-transfer phase transition would be
the difference in spin entropy between the higher and the lower temperature phases. It
should be noted that the spin entropy in the higher temperature phRlsg2is5)
= 19.15 K 'mol™ and that in the lower temperature phaseRlis(1x6) = 14.90
JK'mol™, whereR is the gas constant. Therefore, the spin-entropy gain expected
from the charge transfer is estimated at 4/B5'ol™. Since the observed entropy
gain at the charge-transfer phase transition vCsH;),N[Fe'Fe" (dto)s] is 9.20
JK ol ™ [12], the entropy change originating in intra-molecular vibration is quite
smaller than in normal spin-crossover transition. For example, aboul3&hbi™
was estimated for the vibrational contribution to the entropy change in the spin-
crossover phenomenon observed in [Fe(ptiNQS)] [13].
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Fig. 7. Schematic representation of the charge-transfer phase transition
around 120 K for-C3H-),N[Fe'Fe" (dto)s]

The phase diagram oft-CoHzn.1)sN[F€'Fe" (dto)s] is schematically shown in
Fig. 8. The vertical axis denotes the free ene@yH — TS. HTP and LTP denote
the high-temperature phase with' &= 2), F&'(S = 1/2) spin configuration and the
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low-temperature phase with'f& = 0), F&'(S = 5/2) spin configuration, respectively.

T. is the transition temperature between HTP and LTP. The first-order phase transi-
tion around 120 K for -C,Hani1)4N[F€'Fe" (dto)](n = 3, 4) is regarded as spin-
entropy driven charge-transfer phase transition caused by minimizing the free energy
in the whole system. As shown in Fig. B, strongly depends on the difference of
enthalpy AH) between HTP and LTP. With increasingl, T, presumably becomes

to be higher. If the charge-transfer phase transition is of the first order without thermal
hysteresis or of the second order, the hopping of Avogadro’s number electrons would
take place between the'Fand F& sites, which would cause a spin-entropy driven
metallization afT.

{s
L

HITP

Fig. 8. Phase diagram af-C,Hzn.1).N[Fe'Fe" (dto)s).
The vertical axis denotes the free enfGy=(H - T9S.
HTP and LTP denote the high-temperature phase with
Fe'(S=2), Fd'(S= 1/2) spin configuration and the low-
temperature phase with'§&= 0), F&'(S= 5/2) spin
configuration, respectivelyl,, denotes the transition
=T temperature of the charge-transfer phase transition

Next, we discuss the mechanism of ferromagnetic ordering-iD,Hzn+1)sN
[Fe'Fe" (dto)]. As mentioned already, the spin states of tHedfel FE' sites in the
lower temperature phase are the low-spin stdte Q) and the high spin stat8& (
= 5/2), respectively, where the super-exchange interaction through the sequence of
Fe'—(dto)-F&—(dto)-F&' is considered to be negligibly small. The most plausible
mechanism responsible for the ferromagnetic ordering at 7 K and 11 tc@airif)N
[Fe'Fe" (dto)] and f-CsHs) N[Fe'Fe" (dto)] is the charge-transfer interaction be-
tween the Feand F¥ sites. In the lower temperature phaser€{Hz.1):N[Fe'Fée"
(dtok](n = 3, 4), the ground state wave function perturbed by the charge-transfer in-
teraction between the fand F& sites is expressed as

= (1 -0 p(Fe' (t)gy(FE" ()} o pi(FE" (7)) gy (Fe (t:°€%)}
whereo denotes the degree of the charge-transfer interaction. E&ckitEein the
lower temperature phase accepts alectron with down spin, because theande
orbitals in the F& site are both exactly half occupied. Therefore, the spin configura-
tion between Pk and F&€ in the virtual stateg(F€'(t,) ¢(F€'(t.'€" )), is
ferromagnetically coupled. In this way, the valence delocalization between 'the Fe
(S=0) and F8& (S = 5/2) sites induces the ferromagnetic ordering in the lower tem-
perature phase ofHCnHzn:1)N[Fe'FE"(dto)] (n = 3, 4), which is the same mecha-
nism of the ferromagnetic orderin@. € 5.5 K) in Prussian blue, £gFe'(CN)g4[14, 15].
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Finally, we propose the possibility of various multifunctional properties for
N-CoHane1)aN[Fe'Fe" (mto)] and @-CHane1)aN[F€E'FE" (tto)s]. These complexes have
the possibility of large dielectric response and non-linear optical effect because the
Fe'(SOGO,); octahedra inrtCyHan:1)sN[Fe'Fe" (mto);] and the FSOGS,); octa-
hedra in (-CyHzn.1)sN[Fe'Fé" (tto)s] lose the inversion-symmetry. Consequently, the
following multifunctional properties are expected fiG,Hzn.1)N[Fe'Fe" X5] (X = mto,
dto, tto):

* spin-entropy driven insulator-to-metal transition at the charge-transfer phase
transition,

« coexistence of ferromagnet and ferroelectrics,

« high T, ferromagnets caused by charge-transfer interaction,

* non-linear optical effects induced by magnetic ordering,

* photo-induced magnetic ordering.
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Spin crossover in a supramolecular Fe"-Fe'" system”
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*National Institute of Advanced Industrial Science and Technology, Tsukuba 305-8566, Japan
“Research Institute of Natural Sciences, Okayama University of Science, Ridai-cho, Okayama 700-0005, Japan

Department of Physics, Faculty of Science, Okayama University, Tsushima, Okayama 700-8530, Japan

The structure of [Fe"(H;L)](Cl0O,),-3H,0, where H;L is a tripodal hexadentate ligand derived from
the 1:3 condensation of tris(2-aminoethyl)amine and 4-formylimidazole, has been determined by X-ray
crystallography at 113 and 293 K. A spin transition was inferred from the Fe-N bond distances. The
temperature dependence of the magnetic susceptibility revealed that the complex undergoes a gradual
spin transition in the temperature range of 150270 K. A mixed-valence complex, [Fe'(H;L)][Fe"™(L)]-
(BF,),'1.5H,O, was prepared by the controlled deprotonation of the protonated species,
[Fe"(H;L)](BF,), 1.5H,0, under aerobic conditions, and the X-ray structure was determined at 293 K.
Two species, [Fe'(H;L)]*" and [Fe"™(L)], are linked by imidazole—imidazolate (NH---N) hydrogen bonds
to form a puckered sheet structure. Magnetic susceptibility measurements and Mdossbauer spectra pro-
vided an evidence for spin-crossover at both the Fe" and Fe' sites. There are three accessible electronic
states: (LS Fe"-LS Fe™), (HS Fe"-LS Fe™), and (HS Fe"-HS Fe™) that occur in passing from lower to
higher temperatures.

Keywords: spin crossover,; hydrogen bonds; tripodal ligand

1. Introduction

Increasing attention has been paid to the synthesis of compounds showing bistable
behaviour, because they can be used as molecular switches in electronic devices [1].

" The paper was presented at the 13™ Winter School on Coordination Chemistry, Karpacz, Poland,
9—-13 December, 2002.
*Corresponding author, e-mail: kojima@cc.okayama-u.ac.jp.
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The phenomenon of spin crossover represents one of the most spectacular examples
of molecular bistability [2]. Cooperative spin crossover, where an interaction between
spin crossover sites occurs within a crystal lattice, is the dominant factor governing
bistability [3]. A polymeric strategy has been widely used to obtain a spin crossover
material that has a large cooperative effect, where the spin crossover sites are linked
together by chemical bridges to form a linear chain structure [1, 4]. Mononuclear
spin-crossover Fe'' compounds exhibiting strong intermolecular interactions, such as
hydrogen bonding [5, 6] and n—n stacking [3, 7, 8] interactions are rather scarce, and
the requirements for sharp spin transition are difficult to control. Our strategy con-
trolling a spin crossover behaviour is based on the formation of an extended two-
dimensional (2D) sheet structure, which arises from intermolecular hydrogen bonds.

N 3+
(@) HIN) (b) ,Q:‘——\ —I
|
N AN
/=N (N/ﬁ ((,N/Ci\\ﬁ\
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Fig. 1. The tripodal H;L ligand (a); the structure of [Co™(H;L)]** (b); the structure of [Co™(L)]° (¢)
and the hexanuclear structure as repeating unit of the 2D sheet constructed from intermolecular
imidazole—imidazolate hydrogen bonds between [Co™(H;L)]** and [Co™(L)]° (d)

We have focused on the homochiral 2D extended network structure of [Co"'(HsL)]-
[Co™(L)]X5 [9], arising from the intermolecular imidazole—imidazolate hydrogen bonds
between [Co"(H;L)]*" and [Co™(L)]°, where HsL denotes a tripodal hexadentate ligand
derived from the 1:3 condensation of tris(2-aminoethyl)amine and 4-formylimidazole
(Fig. 1). This formally hemi-deprotonated species, [Co" (H, sL)]X; s (i.e., [Co"(HsL)]-
[Co"™(L)]X;5), was prepared by the controlled deprotonation of the protonated species,
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[Co™(H5L)]Xs. A similar synthetic procedure for the iron(I) species gave a mixed-
valence Fe'-Fe'" spin crossover compound with the formula [Fe"(H;L)][Fe"(L)]-
(BF4),'1.5H,O (3). This paper reports on the preparation, structure, and magnetic
properties of 3 and related complexes.

2. Experimental

2.1. Preparation of [Fe' (H;L)|(C10,),'3H,0 (1),
[Fe''(H;L)|(BF,),:1.5H,0 (2), and [Fe"(H;L)|[Fe"(L)](BF,),1.5H,0 (3)

The H;L ligand was prepared by the reaction of tris(2-aminoethyl)amine and
4-formylimidazole in a 1:3 molar ratio in methanol. The solution containing the H;L
ligand was then mixed with a methanol solution of FeCly4H,O in a 1:1 molar ratio.
The mixture was heated under reflux for 30 min, and after cooling, NaClO, (3 equiv)
was added to yield a yellow-orange precipitate. The precipitate was filtered and re-
crystallized from methanol containing a small volume of ascorbic acid. Found:
C, 31 6], H, 430, N, 20.59%. Calc. for C18H30C]2F61N10011: [FCII(H3L)](C]O4)23H20
(1): C, 31.37; H, 4.39; N, 20.32. [Fe'(H;L)](BF4),'1.5H,0 (2) was isolated by the
addition of excess NaBF, to a methanol solution of [Fe"(H;L)]Cl,. Found: C, 34.24;
H, 462, N, 21.52%. Calc. for C18H2782F8F61N1001_51 C, 3395, H, 427, N, 21.99.

To a warm methanol solution of 2, an aqueous solution of NaOH (1:1 molar ratio)
was added under aerobic conditions. The colour of the solution gradually changed
from yellow to dark green, and a mixed-valence complex with the chemical formula
[Fe"(HsL)][Fe"(L)](BF,)»1.5H,0 (3) was produced. Found: C, 40.25; H, 4.61;
N, 26.12%. Calc. for C3(,H4ngFgFCQN2001_5Z C, 4040, H, 452, N, 26.18%.

2.2. Physical measurements

The samples’ magnetic susceptibilities were measured using a Quantum Design
MPMS5 and MPMS2 SQUID susceptometer in the temperature range of 2-350 K
under an applied magnetic field of 1 T. Md&ssbauer spectra were recorded using
a Wissel 1200 spectrometer and a proportional counter. A *’Co(Rh) radioactive source
moving in a constant acceleration mode was used. The isomer shifts were calculated
relative to a metallic iron foil.

2.3. X-ray crystal structure analysis of [Fe' (H;L)](C10,),-3H,0 (1) and
[Fe''(H;L)][Fe"(L)|(BF,)»1.5H,0 (3)

X-ray measurements were taken using a Rigaku RAXIS-IV imaging plate area detector
employing graphite monochromated Mo K, radiation (4 = 0.71073 A). The structure was
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solved using direct methods, and was refined using full-matrix least-squares procedures
employing the CrystalStructure crystallographic software package [10]. Crystal data at
113 K for 1: Formula [FeH(HgL)](ClO4)2-3H20 = CgH;30CLFeN o0y, Fw = 689.25, orange,
prism, trigonal, space group R32(h) (No. 155), @ = b = 11.851(1), ¢ =34.2177(2) A,
V =4161.7(5) A’, Z =6, Doy = 1.650 g-em™, 1= 0.810 mm ', No. of reflections
measured = 1228, unique reflections = 1228, R = 0.163 [1152 [ > 20(])],
R, = 0.212.(2). Crystal data at 293 K for 1: Formula [Fe'(H;L)](ClO,),3H,0
= CgH30CLFeN40y;, Fw = 689.25, orange, prism, trigonal, space group R32(h)
(No. 155), a = b = 12.0774(9), ¢ =35.8111(2) A, V = 4523.7(5) A’, Z = 6, F(000)
=2136, Deye = 1.518 g cm™, 41 =0.810 mm ', No. of reflections measured = 1322,
Unique reflections = 1322, R = 0.163 [1152 I > 2a(])], Ry, = 0.168. The systematic
extinction of the X-ray diffraction data at both temperatures suggested either the
space group R32 or R3m. The structure was well determined when R32 was assumed,
while we could not determine the structure when R3m was assumed. Thus, the space
group R32 was selected.

Crystal data for 3 at 293 K: Formula [Fe"(HsL)][Fe"(L)](BF4)1.5H,0
= C36HysBoFsFe,Ny Oy s, Fw = 1070.2, dark green, block, trigonal, space group P3
(No. 143), a = b = 11.9074(2), ¢ = 28.5477(4) A, V = 3505.38(8) A’, Z = 6, D.u.
=1.521 g-cm’3, No. of reflections measured = 19023, unique reflections = 5188 (R,
=0.033), R=0.080 [7005 > 20())], and R, = 0.117.

3. Results and discussion

3.1. Preparation, structure and magnetic properties
of [Fe'(H;L)](C10,),:3H,0 (1)

The tripodal H;L ligand was prepared by the reaction of tris(2-aminoethyl)amine
and 4-formylimidazole in a 1:3 molar ratio in methanol. This ligand solution was used
without isolation for the synthesis of the iron(Il) complexes. The [Fe'(HsL)]-
(ClO4),"3H,0 (1) complex was obtained as yellow-orange crystals by mixing the li-
gand solution, FeCly-4H,0, and NaClO, in a 1:1:3 molar ratio. The crude product was
purified by recrystallization from methanol containing a small amount of ascorbic
acid as a reducing agent.

The structure of 1 was determined by X-ray crystallography at 113 and 293 K.
Figure 2 shows an ORTEP drawing for the cation of complex 1. The iron atom is in
an approximately octahedral environment composed of three facially co-ordinated
imine nitrogen atoms and three imidazole nitrogen atoms. At 293 K, the average
Fe-N(imine) and Fe-N(imidazole) bond distances are 2.18(2) and 2.20(2) A, respec-
tively. These values are typical of a high-spin (HS) iron(Il) ion [3, 11, 12]. At 113 K,
the Fe-N bond distances shorten by about 0.2 A versus those at 293 K: the average
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Fe-N(imine) and Fe-N(imidazole) bond distances are 2.02(2) and 1.98(1) A, respec-
tively, suggestive of a low-spin (LS) Fe" species.

Fig. 2. An ORTEP drawing of the cation of [Fe"(H;L)](ClO4),-3H,0 (1) showing
the 50% probability ellipsoid. The hydrogen atoms have been omitted for clarity
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Fig. 3. A plot of yT versus T for [Fe'l(H;1.)](ClO,4),-3H,0 (1)

The magnetic properties of 1 are shown in Fig. 3 in the form of a y7 versus T
curve, in which gy is the molar magnetic susceptibility and 7 is the absolute tem-
perature. Complex 1 shows a spin transition in the temperature range of 150-270 K.
Above 270 K, the complex is in the HS state, while below 150 K, it is in the LS state.
These results are consistent with the X-ray structure study.
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3.2. Preparation, structure and properties of
[Fe"'(H;L)] [Fe"(L)] (BF.) 1.5H,0 (3)

The reaction of [Fe"(H;L)](BE,), 1.5H,0 (2) with NaOH (1:1 ratio) under aerobic
conditions yielded a dark green, mixed-valence complex, [Fe"(HsL)][Fe"™(L)]-
(BE,),1.5H,0 (3). Deprotonation and oxidation of [Fe"(H;L)]*" took place during the
course of the reaction to generate the fully-deprotonated species [Fe(L)], which
functions as a component of the mixed valence complex, 3. Thus, this reaction is an
example of a proton-coupled electron transfer reaction [13].

Fig. 4. The X-ray crystal structure of [Fe"(H;L)][Fe"™(L)](BF4),'1.5H,0 (3) showing the homochiral
2D sheet structure formed by hydrogen bonds between [Fe"(H;L)]*" and [Fe™(L)]°. The counter ions
and the water molecules have been omitted for clarity; a) a top view showing the sheet structure
in which the same enantiomers are linked by intermolecular imidazole—imidazolate hydrogen bonds;
b) a side view showing that there are three types of layers: the first layer consists of HS Fe1
and HS Fe"4 complexes; the second layer consists of LS Fe™2 and LS Fe'™5 complexes;
and the third layer consists of HS Fe™3 and HS Fe"6 complexes. The HS Fe"1 and LS Fe™'s, LS Fe"™2
and HS Fe"6, and HS Fe™3 and HS Fe"4 complexes are connected by hydrogen bonds

The crystal structure was determined from single-crystal X-ray analysis at 293 K.
The structure consists of three protonated [Fe'(H;L)]*" ions, three deprotonated

[Fe"(L)] species, six BEF, counter anions, and four and a half water molecules of

crystallization. The structures of the component complexes, [Fe"(HsL)*" and
[Fe"(L)], are similar to that of 1. Adjacent [Fe"(H;L)]*" and [Fe"(L)] molecules are
arrayed in an alternate fashion on a plane perpendicular to the molecular C; axis in an
up-and-down arrangement to form an extended 2D puckered sheet structure with
a hexanuclear unit (Fig. 4a). The two species are linked by imidazole—imidazolate
hydrogen bonds. The intermolecular N---N hydrogen bond distances are in the range
of 2.752(7) — 2.784(8) A. The Fe—N distances of 3¥eveal that all the iron ions of the
[Fe'(HsL)]*" species (Fel, Fe4, and Fe6) are HS Fe', and those of the [Fe"(L)] spe-
cies (Fe2, Fe3, and Fe5) indicate that the iron ions at the Fe2 and Fe5 sites are LS
Fe'", while the iron ion at the Fe3 site is HS Fe'. A side view of crystal structure of 3
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(Fig. 4b) reveals that there are three types of layers: the first layer consists of HS Fe''l
and the HS Fe4 complexes, the second layer consists of LS Fe"'2 and LS Fe''5 com-
plexes, and the third layer consists of HS Fe™3 and HS Fe'6 complexes.
Intermolecular hydrogen bonding connects the HS Fe''l and LS Fe''5, HS Fe'6 and
LS Fe'"'2, and HS Fe'4 and HS Fe'™'3 complexes. Each complex becomes chiral with
either a A (clockwise) or A (anticlockwise) configuration due to the screw co-
ordination arrangement of the achiral tripodal ligand around the Fe" or Fe ion. The
absolute configurations around the six iron atoms, Fel-Fe6, are the same and 3 crys-
tallizes in the acentric space group, P3. These facts indicate that spontaneous
resolution takes place during the course of crystallization.
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Fig. 5. A plot of yyTRersus T for [Fe"(H;L)][Fe"™(L)](BF,), 1.5H,0 (3)

The magnetic properties of 3 are represented in Fig. 5 in the form of a y7Fersus
T curve. In the temperature region of 2-150 K, yuT = 0.4 cm’K-mol ™, and thus, in
the range expected for LS states at both the Fe"" (S = 0) and Fe™ (S = 1/2) sites. The
mT value changes rather abruptly in the region of 170-200 K, indicating a spin tran-
sition at the Fe' site. The value of yu7 = 3.6 cm®K-mol ' at 200 K, and is close to the
calculated value for HS Fe" (S = 2) and LS Fe' states (7 = 3.38 cm’-K-mol ™).
Above 200 K, the value of y 7 increases gradually due to the spin transition from LS
to HS Fe''. The value of yuT = 4.46 cm’-K-mol ' at 293 K is close to the calculated
value (yuT = 4.71 ecm’K-mol ") for HS Fe" and a 2:1 mixture of LS and HS Fe'", as
determined by X-ray crystallography.

Mossbauer spectra were measured in the temperature range of 78-309 K. At 78 K,
the Mossbauer spectrum consisted of two quadrupole-split doublets (LS Fe': &
=0.19, AE, = 1.84, and LS Fe": 5= 0.42, AE, = 0.32 (mm-s ")), demonstrating that
both the Fe" and the Fe'' sites were in the LS state. In the temperature range of
140-170 K, three doublets coexisted, because of the existence of LS and HS Fe' sites
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and LS Fe'" sites. The doublet arising from the LS Fe' disappeared over 200 K. At
298 K, the absorption due to HS Fe was observed in addition to the absorptions of
the HS Fe" and LS Fe'". Thus, the Mossbauer spectral results agree with the magnetic
susceptibility results.

4. Conclusions

We have prepared [Fe'(HsL)][Fe"(L)](BF4),'1.5H,0 (3) with a supramolecular
structure by a controlled deprotonation of [Fe"(H;L)](BF,),:1.5H,0 (2) under aerobic
conditions. In the supramolecular assembly of 3, three independent properties are
united: mixed-valence iron species, spin-crossover at the Fe' and Fe'"' sites, and the
homochirality of the Fe" and Fe" building components. The magnetic properties of
[Fe"(H;1)](C104),-3H,0 (1) are quite different from those of the Fe' species in 3,
demonstrating that the supramolecular association of the components into a mixed-
valence material modifies their magnetic properties due to their co-operativity.
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Structural effects on magnetism of pyridyl nitroxide
complexes of ruthenium(Il, IIT) pivalate dimers*
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The 1:1 reactions in molar ratio of ruthenium(Il, III) pivalate dimer and pyridyl nitronyl nitroxide
gave chain complexes, [Ru,(O,CCMe;)4(L)],(BFy),, L = 2-(4-pyridyl)-4.4,5,5-tetramethyl-4,5-dihydro-
1H-imidazolyl-1-oxyl-3-N-oxide and 2-(3-pyridyl)-4.4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-
oxyl-3-N-oxide. For the complex with the former radical, the chain structure made up by an alternated
dimer-radical arrangement due to the axial co-ordination of pyridyl nitrogen and one of two nitroxide
oxygens of the radical was confirmed by the X-ray diffraction method. Magnetic properties of the com-
pounds were analyzed by considering magnetic interactions between Ru(Il, I1I) dimer and radical through
pyridyl and N-O groups, respectively.

Key words: Ru(1l, I1]) dimer; pyridyl niroxide radical; chain complexes

1. Introduction

There has been much interest devoted to the metal complexes with nitroxide radi-
cals because of their interesting magnetic properties based on the interaction between
the paramagnetic metal centers and radicals [1-3]. We have been engaged in the mag-
netic study on ruthenium(Il, III) pivalate dimers ([Ruy(O,CCMes),]") co-ordinated by
the radicals; the Ru(ll, III) dimeric cation has three unpaired electrons residing in its
degenerated 1" and 8 orbitals and has a large zero-field splitting (D ~ 60 cm™) [4, 5].
We have shown that the axial bond angle Z/Ru—O,—N (nitroxide) is the most important
structural factor to affect their magnetic behaviours, the observed axial bond angles

" The paper was presented at the 13™ Winter School on Coordination Chemistry, Karpacz, Poland,
9-13 December, 2002.
*Corresponding author, e-mail: handam(@riko.shimane-u.ac.jp.
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being in the range of 120-180° for the nitroxide Ru(Il, III) complexes. The ferromag-
netic interaction is operative between Ru(ll, III) dimer and radical when the angle is
decreased to be close to ZRu—0O,—N = 120°. On the other hand, the antiferromagnetic
interaction is operative when the angle /Ru-O,—N is close to 180° [6]. This result indi-
cates that ferri- or ferromagnetic behaviour would be observed if the alternated chain
structure of the Ru(ll, III) dimer and the radical could be achieved in this combination
[3]. However, the chain complex [Ruy(O,CCMes)y(nitph)],(BF,), (1) (nitph = 2-phenyl-
4,4,5,5-tetramethyl-4,5-dihydro-1 H-imidazolyl-1-oxyl-3-N-oxide) revealed only a con-
stant decrease of the magnetic moment until 3 K; neither ferri- nor ferromagnetic
behaviour was observed. The temperature-dependent profile was concluded to be due
to the fact that one of the two axial bond angles happened to be located at the angle
giving no magnetic interaction through the axial bond [7, 8]. In spite of our efforts to ob-
tain the alternated chain complex with various nitroxide radicals, the chain complex with
niroxide oxygens at the both axial positions of Ru(ll, III) dimers has not been obtained so
far other than the complex 11[6-10]. As an alternative way to produce such chain com-
plexes, we selected the nitroxide radicals with a pyridyl group (2-(4-pyridyl)-4.4.5,5-
tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxyl-3-N-oxide (p-nitpy) and 2-(3-pyridyl)-
4.4.,5.5-tetramethyl-4,5-dihydro-1 H-imidazolyl-1-oxyl-3-N-oxide (m-nitpy)), which may
take part in the axial co-ordination to the Ru(Il, III) dimer together with the N-O
group. Here, we report the Ru(Il, IIT) chain complexes obtained by the use of the ni-
troxide radicals with the pyridyl group. A preliminary report has been published for
a complex with p-nitpy [11].

2. Experimental

Preparation. The tetrafluoroborate salt [Ru,(O,CCMes),(H,0),]BF, was prepared
according to the method described in the literature [12]. The nitronyl nitroxide radi-

cals p-nitpy and m-nitpy were obtained according to the method described in the
elsewhere [13, 14].

[Ruy(0,CCMe;)4(p-nitpy)|,(BF4), (2). 20 mg (0.027 mmol) of [Ru,(O,CCMe;),
(H,O),|BF4 was put into a Schlenk tube and heated at 80 °C under vacuum (0.005
mm Hg) for 30 min in order to remove the axial water molecules. During the treat-
ment the tetrafluoroborate salt turned yellowish brown from orange. The CH,CI,
solution (3 c¢m’) of p-nitpy (6.4 mg (0.027 mmol)) was subsequently added into the
tube and stirred with the water-removed tetrafluoroborate salt under argon. Hexane
(14 ecm’) was slowly added into the reacted solution; the resulting solution was al-
lowed to stand for several days at room temperature to deposit dark-green crystals,
which were collected by filtration and washed with hexane. The yield was 18 mg
(72%). Anal. found C, 41.50; H, 5.64; N, 4.56. Calcd. for C;,HsxBF,N;010Ru,: C, 41.43;
H, 5.65: N, 4.53. IR (in KBr) v(NO) 1361, w(COO) 1484, 1452, 1418, v(BF,) 1057 cm ™",
Diffuse reflectance spectrum: A, 290 (sh), 380, 607, 1027 (br) nm.
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[Ruz(0,CCMe;3)y(n-nitpy)| (BF4),,nH,O (3). This compound was obtained as dark-
green crystals by the reaction of [Ruy(O,CCMes),(H,O),|BF, (20 mg, 0.027 mmol) with
m-nitpy (6.7 mg, 0.029 mmol) in CH,Cl,/hexane using the same method as that of 2.
The yield was 20 mg (78% based on [Ru,(O,CCMe;),(H,O),|BF,). Anal. found
C, 40.79; H, 5.49; N, 4.37. Calcd. for C;,Hs,BF4N;01Ru,: C, 40.64; H, 5.76; N, 4.44.
IR (in KBr) v(NO) 1363, v(COO) 1483, 1452, 1418, v(BF, ) 1056 cm . Diffuse re-
flectance spectrum: An.x 266, 367, 577, 621, 673, 1016 (br) nm.

Measurements. Elemental analyses for carbon, hydrogen, and nitrogen were car-
ried out using Perkin-Elmer Series II, CHN/O Analyzer. Infrared spectra (KBr pellets)
and electronic spectra were measured with JASCO IR-700 and Shimadzu UV-3100
spectrometers, respectively. Temperature dependences of the magnetic susceptibilities
were measured on a Quantum Design MPMS-5S SQUID susceptometer operating at
a magnetic field of 0.5 T between 2 and 300 K. The susceptibilities were corrected for
diamagnetism of constituent atoms using Pascal’s constant [3]. The effective magnetic
moments were calculated from the equation zeq = 2.828(yT)"% where yis the mag-
netic susceptibility per Ru(Il, Ill)-radical unit. The X-Ray Diffraction data for
2-1.5nCH,Cl, were collected on an Enraf-Nonius CAD4 diffractometer using graphite-
monochromated Mo K, radiation at (25+1) °C. The crystal structure was solved by
direct methods and refined by full-matrix least-squares. Non-hydrogen atoms were
refined with anisotropic thermal parameters. The hydrogen atoms were inserted at
their calculated positions and fixed there. The calculations were carried out on a VAX
station 4000 90A computer using a MolEN program package [15]. Crystallographic
data for 2:1.5#2CH,Cl,: Cs;35HssCI3BF,N;O0Ruy, F.W. = 1055.32, monoclinic, space
group P2i/c, a = 11.421(3), b = 17.424(3), ¢ = 26.358(8) A, p= 98.75(1)°,
V=75184Q2) A’, Z=4, D,y =1.40, D, = 1.35 g em >, tMo K,) = 7.85 cm™', F(000)
2148, crystal dimensions 0.40x0.39x0.32 mm, 8932 reflections collected (28«
49°), 4973 independent reflections, R [1 230()] = Z||Fy| — |FJ/ZIF, = 0.061,
Ry [12 30(D] = [Ew(Fd| - [F/EIFL1 =0.079 (w = 1[G FyH0.02/F|} + 1.0).

3. Results and discussion

The crystal structure of 2-1.5#CH,Cl, is shown in Fig. 1. Selected bond distances
and angles are listed in Table 1. The zigzag chain with alternated arrangement of the
Ru(ll, I1I) dimer and the radical is extended along the b axis. The Rul-Ru2 bond dis-
tance is 2.272(1) A, which is in the range of those of the other [Ru,(O,CR),]"
compounds (2.24-2.30 A) [4, 5]. One of the axial sites of the Ru(lIl, IlI) dimer is oc-
cupied by the pyridyl nitrogen of p-nitpy with a separation of Ru2-N3" = 2.260(9) A,
which is comparable to those of bis-adduct Ru(ll, IIl) dimers with m- and p-nitpy
(2.269(3) A for [Ruy(O,CCMe;)y(m-nitpy),|BF,; and 2.282(6) A for [Ruy(0,CCMe3),
(p-nitpy),|BPh,) [16]. One of the two N—O groups is co-ordinated with a distance of
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Rul-09 = 2.286(7) A. The nitroxide oxygen O10 stays free from any co-ordination.
The N—O bond distances 1.30(1) (for N1-09) and 1.27(1) A (for N2-O10) imply that
the p-nitpy ligand exists as a genuine radical [1]. The axial bond angle Rul-O9-N1
= 125.3(6)° is in the range for giving ferromagnetic interaction between the Ru(ll, III)
dimer core and the radical (vide infra).

Fig. 1. View of the structure of [Ru,(O,CCMes)4(p-nitpy)],(BF,), 1.5nCH,Cl, (2-1.52CH,Cl,), showing
the atom-labelling scheme. Thermal ellipsoids are at the 35% probability level.

Methyl groups of pivalic acid moieties, BF, ions, and CH,Cl, molecules are omitted for clarity. Primes

and double primes refer to the equivalent positions (x, 2 —y, Y2 + z) and (x, Y2 — y, —1/2+z), respectively

Table 1. Selected bond distances (A) and angles (°) of 2-1.5nCH,Cl,
with their estimated standard deviations (in parentheses)

Bond Value Bond Value
Rul-Ru2 2.272(1) Ru2-06 2.008(7)
Rul-0O1 2.004(7) Ru2-08 2.020(7)
Rul-03 2.005(7) Ru2-N3~! 2.260(9)
Rul-05 2.006(7) N1-09 1.30(1)
Rul-07 2.015(7) N2-010 1.27(1)
Rul-09 2.286(7) Ru2-Ru1-09 169.5(2)
Ru2-02 2.015(7) Rul-Ru2-N3""! 175.7(2)
Ru2-04 2.020(7) Rul-09-N1 125.3(6)

"Double prime refers to the equivalent position (x, ¥z — y, —=1/2 + z).
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Temperature dependences of magnetic moments for 2 and 3 are displayed in
Figs. 2 and 3, respectively. Although the magnetic moments at a room temperature
(300 K) are similar (4.894 for 2 and 4.75 3 for 3), their temperature-dependent pro-
files are quite different. The moment of 2 increases upon lowering the temperature
down to 8 K and then rapidly decreases from the maximum value of 5.7044 (at 8 K) to
reach the value of 3.894 (at 2 K). On the other hand, the moment of 3 is nearly con-
stant down to 100 K, and then falls to the value of 2.83 1 (at 2 K).

6 6

0 100 200 300 0 100 200 300
T /K T /K

Fig. 3. Temperature dependence of effective
magnetic moment (zq4/145 ) of 3. The solid line was
calculated with the parameters listed in Table 2

Fig. 2. Temperature dependence of effective
magnetic moment (g5 ) of 2. The solid line was
calculated with the parameters listed in Table 2

Their magnetic behaviours were analyzed by taking two magnetic interactions
between the Ru(ll, III) dimer and the radical (Scheme 1) into account; one is through
the axial N-O group and the other through the pyridyl group. The magnetic simula-
tions of the behaviours were made using the parameters J and J' (in Scheme 1)
together with the parameters gy (g factor for Ru(Il, III) dimer), gz (g factor for radi-
cal), and D (zero-field splitting for Ru(Il, III) dimer ), where J' was considered to be
substantially smaller in its absolute value than ./ and was evaluated based on the mo-
lecular—field approximation [3].

J' J J' J J'
——py=(nitpy)=sNO—Ru1-Ru2)—py=(nitpy)=NO——(Ru1-Ru2)—
S,=1/2 S4=3/2 S,=1/2 S1=312

Scheme 1

The results are summarized in Table 2. The ferromagnetic interaction through the
co-ordinated N—O group (/=20 cm ") in 2 is reasonably explained by considering the
axial bond angle (£/Rul-0O9-N1 = 125.3(6)°), which is located at the smaller end for
those of the nitroxide Ru(Il, IIT) complexes prepared by our research groups [6—11,
16, 17]; the interaction is ferromagnetic when the axial bond angle is decreased to be
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close to 120°, though the interaction is antiferromagnetic when the angle is increased
to be close to 180°. The complex 3 might have a larger axial bond angle compared
with that of 2 because its ferromagnetic interaction (J/ = 0.3 ¢m') is much weaker
than that for 2. The interactions through the pyridyl group are weak for both the pres-
ent complexes like the cases of bis-addcut complexes [Ruy(O,CCMes)y(m-nitpy),|X
and [Ru,(O,CCMes)4(p-nitpy),]X (X = BF, and BPh,) [16], in which the interactions
of Ru(II, IIT) dimer with p-nitpy are weakly ferromagnetic (J' = 0.8 and 1.4 cm ') and
those with m-nitpy are weakly antiferromagnetic (/' = —1.0 cm ). The complex 2 has
a ferromagnetic interaction through the pyridyl group of p-nitpy (J' = 0.45 cm') as
well as that through the N—O group (J = 20 ¢m '), which may be related to the rela-
tively steep increase in the moment when the temperature goes down near its
maximum temperature (8 K) (Fig. 2).

Table 2. Fitting parameters for the magnetic data

Compound

Parameter

2 3
aum 223 232
gr 2.00 2.00
D/em™ 50 40
Jlem™ 20 0.3
J"/em™ 0.45 —0.4
R/I107" 0.66 10.8

“Estimated by molecular field approximation.
"R = Z(Jobsd — Yealed)/Z(Xobsa)’, Where y is the magnetic susceptibility per
Ru(II, II)-radical unit.

3

0 0.25 0.5 0.75 1 1.25
HIT

Fig. 4. Field (H/T) dependence of the magnetization (M/Nug) for
[Ruy(O,CCMe;)4(p-nitpy)],(BF,), (2) at 4.0 K (A) and 10 K(O).
Theoretical curves at 4.0 K (----) and 10 K (-)
(gm=2.23, gg =2.00, and D =50 cm™)
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The ferromagnetic behaviour of 2 was confirmed by measuring the magnetization of
2 versus the applied field (Fig. 4). The magnetization curve of 2 lies above the curve of
the Brillouin function for the system of .S} = 3/2 (for Ru(IL, II) dimer) and S, = 1/2 (for
p-nitpy) under the consideration of zero-field splitting. The rapid decrease in the mo-
ment below 8 K is considered to come from the zero-field splitting (D = 40 cm ') within
the Ru(Il, III) dimer (Fig. 2). The complex 3 has an antiferromagnetic interaction
through the pyridyl group of m-nitpy (J' = -0.4 cm™"). Both the interactions estimated
with J =03 em™' and J' = —0.4 cm ' are weak, hence it may not be appropriate to
estimate the J' value using the molecular-field approximation. However, it is certain
that 3 has the ferro- and antiferromagnetic interactions although the antiferromagnetic
interaction is slightly predominant because 3 does not show any ferrimagnetic behav-
iour, which should occur if both the interactions are antiferromagnetic in a similar
magnitude [3]. The assignment of the antiferromagnetic interaction J' = 0.4 cm ' is
in accordance with the previous results for [Ruy(O,CCMes) (m-nitpy),| X (X = BF,
and BPh,), which have a weak magnetic interaction through the pyridyl group
(J' =-1.0 cm™") [16].

4. Conclusions

The magnetic investigation on chain complexes with an alternated arrangement of
ruthenium(ll, III) pivalate dimers and pyridyl nitroxide radicals, 2-(4-pyridyl)-4,4,5,5-
tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxyl-3-N-oxide (p-nitpy) and 2-(3-pyridyl)-
4,4,5,5-tetramethyl-4,5-dihydro-1 H-imidazolyl-1-oxyl-3-N-oxide (m-nitpy), was per-
formed. It was found that the pyridyl group on the radical weakly mediates a ferro- or
antiferromagnetic interaction with Ru(ll, I1I) dimer depending on the employed radicals;
p-nitpy gives the ferromagnetic interaction, but m-nitpy gives the antiferomagnetic inter-
action. The observed ferromagnetic interaction through the axially co-ordinated N-O
group for the chain complex with p-nitpy (complex 2) is concluded to be associated with
the fact that the axial bond angle is located at ca. 120°.
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Intramolecular electron transfer on the vibrational
timescale in mixed valence ruthenium clusters’

NAOYUKI IMAI, TOMOHIKO HAMAGUCHI, TADASHI Y AMAGUCHI, AND TASUKU Ito”

Department of Chemistry, Graduate School of Science, Tohoku University, Sendai 980-8578, Japan

The thermodynamic stability of the mixed valence (one electron reduced) state between linked Ru;
units was studied by means of electrochemical methods for the series of the ligand-bridged triruthenium
cluster dimer, [Ru;z(u;-O)(u-CH;3CO,)s(CO)L)(1u-BL)Rus(p;-O)(u-CH3CO,)s(CO)L)] (BL = 1,4-
pyrazine: L = 4-dimethylaminopyridine (dmap) (1a), pyridine (py) (1b), 4-cyanopyridine (cpy) (1c),
1-azabicyclo[2.2.2]octane (1d); BL = 4,4'-bipyridine: L = dmap (2a), py (2b), cpy (2¢); BL = 2,7-
diazapyrene: L = dmap (3a); BL = 1,4-diazabicyclo[2.2.2]octane: L = dmap (4a), py (4b), cpy (4¢)). The
mixed valence states undergoing rapid intramolecular electron transfers were observed by IR spectro-
electrochemistry. By simulating dynamical effects on the observed v(CO) absorption bandshapes, the rate
constants , for electron transfer in the mixed valence states of 1a, 1b, 1c and 1d were estimated to be 9x10' s™!
(at room temperature (1)), 5x10' s7* (at rt), c.a.1x10" s (at rt), and 1x10"? s™* (at —18 °C), respectively. Possi-
ble applications of this approach to asymmetric mixed valence systems were discusssed.

1. Introduction

Spectroscopic techniques for determination of molecular structure have their own
timescales. As is well known, spectral coalescence in nuclear magnetic resonance
(NMR) is on the order of milliseconds. In infrared (IR) spectroscopy, the timescale is
on the order of picoseconds. Intramolecular processes such as electron and energy
transfer can occur on the picosecond timescale. We recently reported our observations
of coalescence of the C-O stretching bands of carbon monoxide (v(CO)) ligands in
the most rapidly exchanging mixed valence complexes of hexanuclear ruthenium
clusters [1-3]. The mixed valence complexes are one-electron reduced species of
ligand bridged dimers of triruthenium clusters of the [Rus(u3-O)(-CH;CO,)o(COXL)
(u-BL)Ru;3(u3-O)(u-CH3CO,L)6(COXL)] type, shown in Fig. 1, where BL denotes

" The paper was presented at the 13™ Winter School on Coordination Chemistry, Karpacz, Poland,
9-13 December, 2002.
** Corresponding author, e-mail: ito@agnus.chem.tohoku.ac.jp.
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bridging ligand. In the neutral isolated states of all the compounds, each trinuclear
Ru; unit formally contains one Ru(Il) and two Ru(IIl) centres and the carbonyl ligand
is co-ordinated to the formally divalent centre. We describe the characteristics of the
IR spectra of 1a—1d and 2a-2b along with electrochemical data of all the compounds
shown in Fig. 1 [4]. Possible applications of infrared spectroelectrochemistry for the
estimation of the rate constants of intramolecular electron transfer in asymmetric
mixed valence system will also be discussed.

% oo \ )‘,\ sl | @map)| y) | (epy) | (abeo)
. 8I;Ru\ 99 Ru -lo (p2) la 1b 1c 1d
'\o /o—RER—BL Ru—o (bpy) 2a 2b 2c —
OERL_:I) /50 O Ru-o (dap) 3a — — —
L/ /OO"-._: (dabco) | 4a 4b 4c —
BL = N\:‘\N' N D~ N , NN , NSN L= NN NC/> CNCpeN N@
(p2) (bpy) (dap) (dabco) (dmap)  (py) (cpy)  (abco)

Fig. 1. Structure of [Ru;(p3-O)(u-CH3CO,)s(CO)L)(1-BL)Rus(p3-O)(n-CH3CO,)s(CO)(L)]
and numbering of the compounds: pz — 1,4-pyrazine, bpy — 4,4'-bipyridine, dap — 2,7-diazapyrene,
dabco — 1,4-diazabicyclo[2.2.2]octane, abco — 1-azabicyclo-[2.2.2]octane

2. Electrochemically generated mixed valence states
and their thermodynamic stabilities

Figure 2 shows cyclic voltammograms (CV) of a series of Ru; dimers where the
bridging ligand is fixed to pyrazine and the terminal ligands are varied. Figure 3 shows
CV’s of a series of Ru; dimers where the bridging ligand is varied and the terminal li-
gand is fixed to dmap. In all the CV’s in Figs. 2 and 3, two-electron oxidation waves are
observed at approximately £1,(2/0) = 0.50 and £,,5(4/2) = 1.3 V vs. SSCE. Here, the
overall charges of the complexes are expressed in parentheses. On the other hand, each
compound generally displays two single electron reduction waves that correspond for-
ma“y to RU3HLHLH-BL-RU3HLHLH/RU3HLHLH-BL-RU3HLILH (0/_]) and then Ru}lll,lll,ll_BL_
Rus™™/Rus"™ ™M -BL-Rus""™" (=1/=2). In the case of 4a, the splitting between the (0/~1)
and (—1/-2) states is too small (AE = 0 mV) to resolve by cyclic voltammetry. One im-
portant contribution to the magnitude of the splitting between the single electron (0/~1)
and (—1/-2) reduction waves, AE, is the stabilization energy imparted to the —1 state by
electron delocalization. Comproportionation constants, K, = exp (AEF/RT), estimated
from AE are also given in Figs. 2 and 3. The mixed valence species, i.e., the —1 state
exists in the region of AE between the (0/~1) and (—1/~2) waves and the magnitude of
AFE, and thereby K., reflects stability of the mixed valence state. Redox potential data for
the (0/-1) and (—1/-2) processes are summarized in Table 1.
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le

1d

AE =470 mV
K, =9.2 x107

la

AE =440 mV
K, = 2.7 x107

AE =380 mV
K, = 2.7 x10°

1c

AE =250 mV
K, =17 x10*

I I I
1 0 -1
E/V vs SSCE

Fig. 2. Cyclic voltammograms, AE, and K of
[{Ru3(p3-O)(1-CH;CO2)s(CONL) } o 1-pz) ]
(L =abco (1d). dmap (1a), py (1b). cpy (1¢))

le

2e le

la

AE = 440 mV
K, = 2.7 x10

2a

AE =120 mV
K, =110

3a

AE =120 mV
K, =110

4a

AE=0mV

I I I
1 0 -1

E/V vs SSCE

Fig. 3. Cyclic voltammograms, AE, and K of
[{Rus3(p3-0)(n-CH;CO,)6(CO)(dmap) }o(u-BL)]
(BL =pz (1a), bpy (2a), dap (3a), dabco (4a))

Table 1. Electrochemical data for [ {Ruz(p3-O)(u-CH3;CO,)6(CO)(L)}2(pn-BL)]

Compound | BL L Ep(0-12,V | Ejp(-1/=2.V | AE(mV) K¢
1a pz dmap -0.89 ~1.33 440 2.7x107
1b pz Py —0.81 -1.19 380 2.7x10°
1c pz cpy -0.68 -0.93 250 1.7x10*
1d pz abco -0.84 -1.31 470 9.2x10’
2a bpy dmap ~1.11 -1.23 120 1.1x10?
2b bpy Py -1.03 ~1.11 80 2.3x10"
2¢ bpy cpy —0.91(2e) ~0 <10
3a dap dmap -1.08 -1.20 120 1.1x10%
4a dabco | dmap -1.25 -1.31 60 3x10!
4b dabco Py —-1.12 -1.17 50 7x10°
4c dabco cpy —0.94(2e) ~0 <10

aCyclic voltammograms recorded in 0.1 M tetra-n-butylammonium hexafluorophosphate in dichloromethane, V versus satu-

rated sodium chloride calomel electrode (SSCE).
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An interesting aspect of these complexes is that the splitting AE depends strongly
on the ancillary ligands (dmap, py, cpy, abco) and on the bridging ligands (pz, bpy,
dap, dabco). Thus, as the adjustable pyridyl ligand in the series 1a—lc¢ and 2a-2c is
changed from dmap in 1a and 2a to an unsubstituted pyridine for 1b and 2b to an
electron withdrawing cpy for 1c and 2c¢, the values of AE and K. decrease considera-
bly (Table 1). Compound 1d with abco, which has the largest pK, of 11.1 among the
present series of terminal ligands, possesses the largest AE and K, [4]. The bridging
ligand m-electron systems mediate electronic coupling between the two Ruj; centres,
and the overlap between the Ru; cluster dn-electron system and the bridging ligand 7
system appears to be very favourable. In fact, the dabco bridged compound 4a, which
has no m-electron system in the bridging ligand, shows essentially no electronic cou-
pling (AE ~ 0). The relevant Ru d level is closer to the pz 7" level in 1a than it is in 1c,
and closer to the bpy n” level in 2a than it is in 2¢. This description of the electronic
structure is supported by experimental evidence [2]. In general, electronic coupling
falls off exponentially with increasing distance between electronically interacting
centres. The centre-to-centre separation between Ru;O units in the crystal structure of
1a is 10.9 A [5], and it is estimated at ca. 15.3 A in bpy bridged complexes. The
longer separation between Ru; centres in 2a—2c¢ and 3a decreases the intercluster
electronic coupling, thereby decreasing AE values.

3. IR Spectra of the mixed-valence species in the v(CO) region

The vibrational spectra of complexes 1a—1d and 2a—2¢ were obtained by using re-
flectance IR spectroelectrochemistry (SEC). Controlled potentials were applied to
prepare the singly (—1) and doubly (-2) reduced states of cluster for IR spectroscopic
observation. Measurements were carried out at room temperature unless otherwise
stated. Experiments on 1d were carried out at —18 °C, because reduced species (the —1
and -2 states) of this compound were unstable at room temperature. Figures 4a and b
show the IR spectra in the v(CO) region of pyrazine (la—1d) and 4.4'-bipyridine
(2a-2b) bridged complexes. Let us discuss first the pyrazine bridged systems. In the
isolated (0) state, 1d exhibits a single v(CO) band at 1937 cm ™' (Fig. 4a top), indicat-
ing that two Ru; units in 1d are pairwise equivalent. The doubly reduced species also
gives rise to a single v(CO) band, but at 1890 cm™', reflecting identical redox states at
each Rus™™™" cluster. Complexes 1a—1c¢ similarly exhibit single v(CO) bands in the
neutral state and -2 state, respectively. Interestingly, however, the single-electron
reduced state of 1d shows a broad absorption band at the average energy of the bands
observed for the neutral (0) and doubly reduced (-2) states of 1d (Fig. 4a top). The
degree of ‘coalescence’ of the IR spectra depends on the degree of electronic coupling
between the pyrazine-linked Ru; clusters (Fig. 4a). As AE (or K.) decreases from
470 mV (9.2x10") for 1d to 250 mV (1.7x10%) for 1c, two distinct v(CO) bands at
1931 cm ™ and 1904 em ™' become resolved for 1e. Cluster 1b with an intermediate
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value of AE (K,) of 380 mV (2.7x10°%) shows an intermediate degree of spectral ‘coa-
lescence’ in the singly reduced state.

2000 1950 1900 1850 2000 1950 1900 1850
v /cm? v/cm?

Fig. 4. IR spectra in the v(CO) region for: a) [{Ru;(u;-O)(u-CH;CO,)(CO)L)}a(p- pz)|™
(n=0(),-1(—),-2 (---)) for L =abco (1d), dmap (1a), py (1b), cpy (1¢);
b) [{Ru3(13-0)(u-CH;CO,)(COY(L)} o(1-bpy)]™ (0 =0 (-+), =1 (—), =2 (- - -))
for L = dmap (2a), py (2b)

Similarly, both the neutral and -2 states of the bpy bridged complexes 2a—2c¢ ex-
hibit one sharp v(CO) band in the IR (Fig. 4b). The spectra of the —1 states of 2a and
2b consist of two well-resolved and well-separated v(CO) bands, perturbed only
slightly relative to the spectra of the neutral and -2 states. For 2¢, a reliable spectrum
of the —1 state could not be obtained due to < 50 mV separation between the (0/—1)
and (-1/-2) CV waves. In clusters 2a—2¢, the electronic coupling is small as evi-
denced by cyclic voltammetry. Overall, the singly reduced states of 2a—2c can be
viewed as valence trapped or localized compounds.

The IR spectral feature in the v(CO) region of the —1 mixed valence state is very
different between pyrazine bridged complexes 1a—1d and 4,4’-bipyridine complexes
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2a—2c. The vast difference in spectral characteristics arises from the electronic inter-
actions between two Ru; units through the bridging ligand, as is seen in their
electrochemical behaviour. The use of longer bpy bridges in 2a—2e¢ attenuates the
electronic coupling to the point that in 2¢ the —1 charge transfer state is no longer
defined. Preliminary experiments show essentially no temperature dependence of the
IR spectra in the range from room temperature down to —40 °C.

4. Estimation of rate constants of intramolecular
electron transfer in the mixed valence state

At the present time, we have no evidence of a process other than intramolecular
electron transfer to account for the changes observed in the IR spectral line shapes of
our systems. We carried out the Bloch equation type analysis for the IR line broaden-
ing which is developed by McClung [6].

simulated

4x10%2st

2 x10%2 st

observed

1x10%s?

4x10M st

1x10%s?

St

T T T
2000 1900 1800 2000 1900 1800
v/iem? v/cm?

Fig. 5. Comparison of observed to simulated infrared spectra in the v(CO) region
for 1a™ as a function of the intramolecular electron transfer rate constant 4,

Figure 5 shows an example of the simulated spectral line shapes as a function of
the rate constant k. and a comparison to the observed spectrum of 1a”. Similar analy-
ses were carried out for 1a —1¢” and 2a™ [2]. The rate constants k. of electron transfer
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estimated by this type of simulation for 1d", 1a’, 1b, and lc¢ are (10£2)x10'" at
—18 °C, (9£3)x10", (5£3)x10", ca. 1x10" s”', respectively. Simulated spectra as
a function of £, for 1¢” show that &, for 1¢ is close to the lower limit that can be de-
termined reliably by this approach [2].

5. Possible applications of IR SEC for the estimation
of the rate constants of intramolecular electron transfer
in asymmetric mixed valence state

Using different terminal ligands at the L' and L’ sites, we can prepare a series of
asymmettric Ru; dimers 1le-1g (Fig. 6). They show CV similar to the symmetric Ru;
dimers 1a—1d, giving redox wave splitting AE (410, 310, and 350 mV for 1e, 1f, and
1g, respectively). The mixed valent —1 states of le—1g also show similar intervalence
transition band (at 11,500; 10,500; and 10400 cem’', for 1e, 1f, and 1g, respectively).
These observations strongly suggest a possible application of the above-mentioned
technique to asymmetric mixed valence systems.

(0] CO
C\ /\\O’ / ~OA / ! L2
A . Y
o, N % it e |dmap | py
,< o—Ru :\N Ru—0Q >\\
B G bl G T .
H o::( \}__96S \L2 19 dmap | cpy

Fig. 6. Structure of asymmetric dimer[Ru;(13-0)(u-CH;CO,)s(COYL)(p-pz)Ru;(us-O)(p-
CH;CO,)s(CO)(L?)] and numbering of the compounds.

In contrast to the symmetric system, however, intramolecular electron transfer in
the asymmetric system is somewhat complicated. A comparison of potential energy
surface for symmetric and asymmetric mixed valence system is shown in Fig. 7.

(L1=L2) (L1#L2)

Fig. 7. Potential surfaces for symmetric and asymmetric systems
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The question of whether such an asymmetric mixed valence state undergoes in-
tramolecular electron transfer (localized or delocalized) depends on two factors: (1)
the potential difference, AGy, and (2) the electronic coupling, Hag. Larger contribu-
tions of Hap tend to delocalize the system, whereas a larger AG, tends to localize the
system. When Hyxp and AG, are of appropriate magnitude, two mixed valence isomers
should exist where one is a major isomer and the other a minor one, and intra-
molecular electron transfer occurs within each isomer. The intramolecular electron
transfer in the major isomer results in the formation of the minor isomer and vice
versa. Thus far, this behaviour in an asymmetric mixed valence state has not been
reported to our best knowledge. We found preliminarily that one electron reduced
forms of the asymmetrically substituted dimers of ruthenium trimers, le—1g, exhibit
the above-mentioned asymmetric mixed valence behaviour: major and minor species
in a single mixed valence state exist, and intramolecular electron transfer causes infra-
red line coalescence in the v(CO) region. A detailed study is now in progress.

6. Conclusions

There are uncertainties in the rates of electron transfer estimated by Bloch equa-
tion simulation of the IR band shape. The precise relationship between IR line shape
and electron-transfer dynamics still needs to be refined. But IR band coalescence phe-
nomena observed in this study suggest that intramolecular electron transfer does occur
on the IR timescale and offers great advantages for comparing theory and experiment.
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The crossover phenomenon in Na|Fe(Th-Sa),], a representative of a large class of the Fe(III) thio-
semicarbazonates, was examined by X-band EPR in temperature range of 80-300 K and magnetisation of
a polycrystalline sample was collected in the temperature range of 1.8-300 K. The main results are as
follows: The appearance of low-spin (LS) complexes requires the thermal population of the A term but
the transition process is ruled by other factors. The LS complexes formed are not statistically distributed
among the high-spin (HS) ones but tend to assemble in restricted spaces of the crystal lattice (domains) in
which both short-range and long-range interactions of the complexes occur. The increase of co-operative
interactions between the LS complexes and the enlargement of domains occur gradually with two abrupt
changes. Each of the jumps has a different character; the first one is related to a redistribution of the
complexes in the domains and the other to a rapid increase of the LS phase volume.

1. Introduction

Spin transitions in compounds containing 3d*-3d’ ions are conditioned by the
closeness of electronic terms of different multiplicity, which is determined by the
ligand field strength and symmetry. The conditions allowing the appearance of low-
spin (LS) complexes can be achieved by inducing the thermal population of the rele-
vant term, light induction of the metastable state of LS or by other means such of LS
stabilisation, like e.g. external hydrostatic pressure.

" The paper was presented at the 13™ Winter School on Coordination Chemistry, Karpacz, Poland,
9-13 December, 2002.
*Corresponding author, e-mail: yablokov@ifmpan.poznan.pl.
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An essential first requirement for the spin transition is to populate LS multiplet
states. Two phenomena are discussed in the literature as the important features of the
process of the spin transition: the correlations between the states of a definite multi-
plicity being the first stage of cooperative interaction [1, 2] and the appearance of
domains of the LS complexes [3] as an element of the origin of a new phase. The
research into the spin transitions has a long history and mechanisms of the spin tran-
sitions have been the subject of many experimental and theoretical studies [2, 4].
However, the mechanisms have not been fully recognised yet [2] and domains have
not been observed directly, their presence being inferred from a qualitative conformity
of the observed inner hysteresis loops to the common theory of the hysteresis phe-
nomena [4].

Measurements of the magnetic susceptibility, X-ray analysis, Mdssbauer spectros-
copy are traditionally applied for the study of the spin transitions. EPR has also been
applied but up to now its role has been limited to the detection of the crossover phe-
nomenon. As the possibilities of this very sensitive and selective method are
essentially larger we have used the EPR method for the study of the spin transitions in
the vast class of the thiosemicarbazonates of aromatic aldehydes of M'[Fe(Th-R-Sa),]
type [5]. The distorted Fe[O,N,S,] octahedron represents the coordination polyhedron
in these compounds. The changes of M" and R lead to diverse types of the spin transi-
tion. In this paper, we present the results of the magnetic susceptibility and EPR study
of the continuous spin transition in Na[Fe(Th-Sa),].

2. Description of experimental results

Synthesis of the Na|Fe(Th-Sa),]. A stoichiometric amount of a hot aqueous so-
lution of Fe(NO;);.9H,0) was added to a boiling aqueous solution of Na-thiose-
micarbazonate. The solution was rapidly filtered and the mother solution was left for
cooling. The filtered off crystalline precipitate was washed with water, alcohol and
ether.

Magnetic susceptibility. The magnetic susceptibility of the powdered sample of
Na[Fe(Th-Sa),] was measured over the temperature range of 1.8-300 K using a
Quantum Design SQUID-based MPMSXL-5-type magnetometer. The superconduct-
ing magnet was generally operated at a field strength ranging from 0.1 to 5 T. The
SQUID magnetometer was calibrated with a palladium rod sample for which the gram
magnetic susceptibility was taken as 5.30x10° cm’g ™" at 7=293.1 K. The corrections
for diamagnetism were estimated from the Pascal constants [6]. The temperature de-
pendence of magnetic moment of Na[Fe(Th-Sa),] presented in Fig. 1 shows that the
decrease of the magnetic moment starts at about 300 K and its value gradually and
very slowly diminishes down to about 50 K, then sharply decreases. The HS—LS spin
transition occurs in a very wide temperature interval and can be subdivided into two
intervals: 300-50 K and 50-1.8 K but even at the lowest temperatures it is not com-
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pleted. In this paper, we present the results of our EPR studies of the initial processes
taking place in the high-temperature interval.
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Fig. 1. The temperature dependence of the magnetic moment
of Na[Fe(Th-Sa),]. Arrows indicate directions of the temperature changes.
In the insert, the results in the magnetic scale are shown
for the temperature range studied by EPR

Electron paramagnetic resonance. EPR measurements of Na[Fe(Th-Sa),| pow-
der sample were performed with an X-band RADIOPAN SE/X-2547 spectrometer
with 100 kHz magnetic field modulation and a home-made nitrogen cryostat in the
temperature range of 80—-300 K. A weak broad signal with AB ~ 120 mT was observed
at a room temperature. When the temperature is lowered, a narrower signal appears.
This signal is definitely due to LS Fe(Ill) complexes. We begin to detect it from
T =254 K when its width becomes AB = 56 mT (see Fig. 2).
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Fig. 2. Transformation of the EPR spectrum of the Na|Fe(Th-Sa),]
complexes at the HS—LS transition with decreasing temperature
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With decreasing temperature, the intensity of this signal increases and its line-
width decreases. Hereafter we refer to the width of an individual EPR line obtained in
the procedure of fitting of the observed experimental anisotropic spectrum. The pa-
rameters of the fit are the g-factor components, the line shape and the width of
individual components as well as the control parameter — a full width at a half maxi-
mum measured for the low field side of the signal. A line width AB,, measured
between the maximum and minimum of the first derivative of EPR signal has been
chosen to characterise wide symmetrical EPR signals at high temperatures. To assess
the abundance of the LS complexes, we have estimated the relative values of integral
intensities of the signals. Therefore, the nature of the spin transition process can be
inferred from examination of the temperature dependencies of AB, the signal integral
intensity / and the g-tensor.

Table 1. Parameters of the EPR signal at selected temperatures'

T AB,,, mT ABipgivia mT g g
254 68 56.0 <g>=2.17

249 63 54.0

244 61 48.3 2.248 1.948
239 59 48.0

234 42.0 2.248 1.948
229 32.7 2.240 1.945
224 30.0

190 26.9 2.239 1.945
185 222 2.236 1.936
163 21.2 2.242 1.937

'A linewidth AB,, is measured between the maximum and minimum of the first derivative the wide sym-
metrical EPR signals at high temperature, the ABiygivia corresponds to the width of an individual EPR line obtained
in the procedure of fitting of the observed experimental anisotropic spectrum.

Selected data are shown in Table 1 and in Figs. 2—4. In the temperature range of
254-244 K a nearly symmetrical signal is observed with its width constantly de-
creasing on decreasing temperature. Starting from 7 ~ 244-239 K the signal becomes
asymmetric. Sharp decreases of AB(T) are observed in the 7-interval 234-229 K (we
shall call it the first critical temperature interval and characterise it by the mean
T-value, T, c(l) =232 K) and at 7 near 187 K (the second critical 7-interval, character-
ised by T.”). Moreover, the changes of AB(T) are accompanied by changes in
g-tensor components: in the vicinity of 7, the g, changes from 2.248+0.002 to
2.240+0.002 and g|| changes from 1.948+0.002 to 1.945+0.002. At 185 K g, =2.236
and g|; = 1.936 and transforms correspondingly to 2.245 and 1.938 below T, '@, In the
temperature intervals of 229-190 K and 185-82 K the line width AB (7) continues to
decrease. These intervals differ in the slopes of the d(AB)/0T dependency (cf. Fig. 3).
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Fig. 4. The temperature dependence of the integral
intensity of the EPR signal in LS complexes

The intensity of the EPR signal of the LS complexes, which, as a whole, increases
with decreasing temperature, should also be sensitive to the above-mentioned changes
and peculiarities in the AB(T) dependence. Fig. 4 shows a distinct discontinuity in /(7)

at 7= 187 K. However, we were not able to detect any peculiarities in this depend-
ence near 232 K.
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3. Discussion

The main source of the information in our study is the linewidth AB of the EPR
signal. As the LS complex has the electron spin S = 1/2, the line width is determined,
in general, by three factors: time of paramagnetic relaxation, dipole-dipole interac-
tions with magnetic neighbours and exchange interactions with the LS and HS
partners. Our preliminary experiments under the hydrostatic pressure [7] showed that
AB increases when the pressure is applied to the sample just at low temperatures. For
example at 7= 180 K, AB increases from ~ 20 mT at atmospheric pressure to 45 mT
at P =500 MPa. This shows directly that we do not need to analyse here a possibility
of a relaxation broadening of the EPR line.

Low-spin Fe(lll) complexes appear among the high-spin ones. The distance be-
tween the iron ions is of 0.63—0.64 nm. Magnetic moment of HS Fe(lll) is 5.92 pg.
Supposing a sixfold environment of LS complex and regarding that the value of its
high temperature AB ~ 56 mT, the LS complexes are considered as subject to strong
enough dipole-dipole interactions with the HS complexes and to relatively weak ex-
change interactions. These two types of interactions are temperature independent.
However, Table 1 and Figs. 2 and 3 show that AB essentially decreases with tem-
perature. For example, AB =42 mT at 234 K, i.e. the line width decreases by 14 mT
with the 7 decreasing by 20 K. The only reason for this AB narrowing can be a
strengthening of the exchange interactions between the LS complexes.

An estimation of the EPR signal intensity shows that at 7'= 254 K the concentra-
tion of the LS complexes does not exceed 0.0005—0.001 mol % and, as follows from
Fig. 4, the content of the LS complexes increases no more than five times after the
temperature lowering down to 234 K. Such a small increase of the LS complexes con-
centration cannot lead to the observed increase in the exchange interactions if the LS
complexes are distributed evenly. This allows us to draw an important conclusion that
the appearing LS complexes are not distributed statistically in the crystal lattice of the
compound but have a tendency to aggregate in limited areas (domains). This process
of aggregation starts simultaneously with the onset of the HS to LS transition. Ne-
glecting possible defects in the crystal lattice, we can consider the appearing LS
complexes as not attached to any fixed positions in the structure. More than that, we
can suppose that in the conditions of a definite balance between the thermal energy
and stabilising factors and due to the translational symmetry of the crystal lattice, the
LS state can migrate between the iron complexes. As was shown by the experiment,
the aggregation of the LS complexes in domains is energetically efficient, and their
amount in some limited areas of the structure increases with decreasing temperature.
The enhancement of the exchange interactions allows a conclusion that the LS com-
plexes do not occupy the neighbouring positions in the structure. We can only say that
the mean distance between the LS Fe(lll) complexes decreases. An availability of the
structural bridges — hydrogen bonds — between complexes promotes the strengthening
of exchange interactions.
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A sharp increase in the LS complexes density in domains takes place at 7,"". It is
accompanied not only by a sharp increase in the exchange interactions, but also by
a change in parameters of isolated LS complexes, already different from those of the
HS complexes, and in the vicinity of 7, undergoing further changes due to the co-
operative interactions between the complexes in domains. Unfortunately, no structural
data are available for Na[Fe(Th-Sa),] but we can use some parameters known for
related compounds. For example, the length of the Fe-S and Fe-N bonds in K[Fe(Th-
3,5-Cl-Sa),| changes at the transition from HS compound to LS, from 0.238 nm and
0.227 nm to 0,205 nm and 0.190 nm, respectively [4]. The structural parameters of the
iron complexes change at their transformation from HS into LS state. We can suppose
that the structural parameters of the LS complexes in domains can differ from those in
the bulk crystal being in LS state. As a result at 7,"" the ligand field on the Fe(III) ion
is changed. The supposition is confirmed by the above-mentioned changes in the g;-
values. It should be emphasised that this transformation occurs as a result of redistri-
bution of the LS complex without changing their quantity, which is indicated by the
fact that no anomaly is observed in the signal intensity near 7."" (see Fig. 4).

The changes of the properties of the compound studied at 7= 7, are of a com-
pletely different character. At this temperature, a new sharp increase in the exchange
is accompanied by a strong increase in the number of LS complexes, confirmed by an
increase in the signal intensity shown in Fig. 4. The process in question can be treated
as related to an enlargement or aggregation of domains leading to the extension of the
phenomena responsible for the arrangement of LS and HS complexes in domains and
the electron structure of domains in large volumes of the crystal. The relative concen-
tration of the LS complexes remains not too high and we can state, in the accordance
to the magnetic susceptibility data that only a small part of the complexes are in the
LS state. In the temperatures above T, 0(1)’ between T, 0(1) and T, c(z), and below T, C(Z) the
increase in the LS complexes number and exchange interactions in domains, has
a continuous character but its rate is different.

The evolution of the EPR spectra of the LS complexes observed in the process of
the spin transition allows a conclusion that the exchange interactions between LS
complexes become apparent already at their smallest concentrations. On the other
hand, the exchange interactions are possible only after the appearance of some LS
aggregates in the crystal lattice, i.e. the exchange only allows a detection of conglom-
eration of LS complexes in domains. The existence of domains has not been proved
earlier [3], however, an evolution of the LS state in the crossover process was cer-
tainly analysed both experimentally and theoretically [2]. We shall mention some of
the works. In [1, 8] the model of the static intermolecular interactions taking into ac-
count the molecular vibrations was developed. Spiering, Willenbacher et al. [9, 10]
discussed the elastic interaction between the LS ions via the image pressure. The
starting point of all considerations was the observed volume change and deformations
of the lattice accompanying the transition of the ions from the HS to the LS state. We
assume that these approaches can be used for analysis of the phenomena in domains
to show an important role of the short-range correlations between LS complexes. At
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present we cannot infer about the character of these correlations. The Lorentz line
shape observed for EPR of the LS complexes confirms that a large number of LS
complexes are involved into exchange interactions in domains. The existence of the
intermolecular contacts in the structure of Na|Fe(th-Sa),] explains both possibility of
the mutual influence between the iron complexes being in a definite spin state and the
exchange interactions between all complexes (LS-LS, HS—HS and LS-HS). At the
same time, long-range interactions have also been proved to be significant, as demon-
strated by the anomalies at 7, c(l) and T, 0(2).

4. Conclusions

The study of the diffuse HS-LS transition in Na[Fe(Th-Sa),] by EPR allowed a
direct observation of some important features of the transition, which have hitherto
been questionable.

The process of transition of Fe(Ill) complexes to the low spin state is shown to in-
volve the formation of domains comprising a finite number of the LS complexes. The
complexes do not necessarily occupy the nearest-neighbour positions in the crystal
lattice. Just opposite, it is shown that the mean density of the LS complexes in a do-
main increases with their total concentration.

We consider the process of the growth of domains (i.e., inclusion of new LS com-
plexes into a domain) as being ruled by short-range interactions. These interactions, at
the beginning of the HS-LS transition, have a character of pair correlations and can
show some the features inherent to the co-operative system. (In the same way the pair
Jahn—Teller correlations in the doped pair of JT complexes are shown to model the co-
operative interactions in the concentrated JT crystal [11, 12]). And indeed, the merging
of domains, or their growth and reorganisation are cooperative process and stimulated
by long- range interactions. Additional weak changes in the LS complexes parameters
accompany the transformation of the domain structure of the HS—-LS system.

All the above-mentioned observations should be a subject of further investigation.
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Tin selenide thin films were prepared through combination of chemical precipitation and vacuum
evaporation technique. The vacuum deposition was carried out using different quantities of the starting
material. The differences in the structural and compositional properties of the films deposited were stud-
ied. The films were characterised using various techniques such as X-ray diffractometry, scanning
electron microscope and energy dispersive analysis of X-ray. Photoactivity of the samples was studied
using the linear sweep voltammetry. The films were found to be p-type semiconductors. The optical
bandgap energy was found to be indirect and equal to £, = 1.25 eV.

Key words: tin selenide; photoelectrochemical cell; thin film; evaporation

1. Introduction

The search for thin-film materials for solar energy conversion and other related
applications has been recently identified. It is not surprising now that a lot of effort
has been geared towards metal chalcogenides as this class of materials had shown
somewhat superior performance when compared to others [1, 2]. The synthesis and
characterisation of metal chalcogenides via different techniques have attracted con-
siderable attention due to their application prospects. These compounds are also
reported to be used as sensor and laser materials, thin films polarizers and thermoe-
lectric cooling materials [1, 2]. They are usually prepared through electrochemical
and chemical deposition method and are quite attractive for designing systems for

*Corresponding author, e-mail: zulkar@fsas.upm.edu.my.
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electro-optics and photoelectrochemical (PEC) solar cells. Improvements in process
reproducibility laid the groundwork for introducing a new product, which is com-
posed of several innovative materials and methods. These metal chalcogenides have
been prepared in the form of thin films by various researchers.

A considerable attention has also been given by various researchers to the prepa-
ration techniques of tin selenide (SnSe) thin films. Among the methods used are
chemical bath deposition [3], vacuum evaporation, chemical vapour deposition [4—12]
and electrodeposition [13, 14]. SnSe is a narrow band gap binary IV—VI semiconduc-
tor displaying a variety of applications such as an essential material in photoelectro-
chemical solar cells to suppress the photocorrosion and to enhance the fill factor in
electrical switches and in junction devices [12]. Because of their anisotropic charac-
ter, tin chalcogenides are attractive layered compounds, and can be used as cathode
materials in lithium intercalation batteries [15]. The indirect character of the bandgap of
SnSe is a common property of IV—VI compounds and has been confirmed by band struc-
ture calculations for SnSe [16]. It has orthorhombic crystal structure with layers stacked
along the c axis and ¢ =4.30 A, »=4.05 A and ¢ = 11.62 A [17]. Motivated by the poten-
tial applications of tin chalcogenides, investigations of these compounds are becoming
particularly active in the field of materials chemistry. The studies comprise spectroscopy,
sensing properties and electronic structure of SnSe compounds [18]. In the present work,
we have prepared SnSe thin films through vacuum evaporation. The SnSe source for the
evaporation was obtained through chemical precipitation technique.

2. Experimental

SnSe powder was obtained by the chemical synthesis. The desired amount of ele-
mental selenium was dissolved in 5.6 M NaOH solution and stirred rapidly for 20 min.
Upon complete dissolution of elemental Se, the Sn solution complexed with EDTA was
added and the stirring process was maintained for almost 15 min. Black precipitate
(SnSe) obtained was filtered and washed with distilled water and dried in oven for 6 h.
The required amount of the SnSe powder was used as the source for the vacuum evapo-
ration system to obtain two samples of SnSe films with different thicknesses.

Thin films of SnSe were deposited using the synthesised powder in an Edwards
Auto 306 Vacuum Coating Unit. Indium-doped tin oxide (ITO) glass was used as the
substrate. The substrates were cleaned ultrasonically in ethanol and distilled water
before the deposition process. The vacuum was kept at 8x10~ mbar. SnSe powder
was evaporated from a tungsten filament onto the 1TO glass substrate to form the
semiconductor layer. The source-to-substrate distance was maintained at 15 ¢cm. The
films were found to be uniform, free of pinholes and adhered well to the ITO glass
substrate, their thicknesses amounted to 10 and 22 pm.

X-ray diffraction (XRD) analysis was carried out using a Siemens D-5000 Dif-
fractometer for the 26 ranging from 2° to 60° with CuK, line used as a beam (1 =
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1.5418 A). Scanning electron microscopy (SEM) and energy dispersive analysis of X-
ray (EDX) was performed on a JEOL JSM 6400 Scanning Microscope. Optical ab-
sorption study was carried out using the Perkin Elmer UV/Vis Lambda 20
Spectrophotometer. The film-coated ITO glass was placed across the sample radiation
pathway while an uncoated ITO glass was put across the reference path. From the
analyses of the absorption spectra the band gap energy E, was determined. The ellip-
sometry technique was used to determine the thickness of the films using an ELX-02C
Ellipsometer.

Photoelectrochemical (PEC) experiments were performed in the [Fe(CN)g]™
/[Fe(CN)e]" redox system, by running linear sweep voltammetry (LSV) between —
0.4 V and —1.0 V. The electrolytes were prepared using analytical grade reagents and
deionised distilled water. An EG&G Princeton Applied Research potentiostat driven
by a software model 270 Electrochemical Analysis System was used to control the
LSV process and to monitor the current and voltage profiles in a conventional three-
electrode cell. Ag/AgCl was used as the reference electrode. The working and counter
electrodes were made of SnSe coated ITO glass substrate and platinum, respectively.
The counter electrode was polished prior to the insertion into the electrolyte cell.
A tungsten-halogen lamp (100 W) was used for illuminating the electrode.

3. Results and discussion

The XRD of the SnSe powder obtained from the chemical precipitation technique
is shown in Fig. 1. The peaks in the pattern indicate the formation of the orthorhombic
phase of SnSe. The results are well matched with the standard JCPDS values (File
No. 32-1382) for SnSe (Table 1). No peaks corresponding to Se in the XRD pattern
are seen. This indicates that the sample powder contains no elemental Se.

Table 1. XRD data of SnSe powder

d(A)
26 (deg) Values JCPDS values
obtained | (File No. 32-1382)
252 333 3.52
293 3.04 3.05
30.2 2.94 2.94
31.0 2.90 2.90
375 2.39 2.38
43.0 2.09 2.09
493 1.84 1.83
53.9 1.69 1.68
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The XRD patterns of vacuum-deposited SnSe thin films having thickness 0.10 um
and 0.22 um are shown in Fig. 2a, b, respectively. The broad peak appearing at low
angle is due to the glass substrate itself. The observation of X-ray peaks in both SnSe
thin films indicates that the vacuum-deposited films are polycrystalline. The intensi-
ties of the signals are rather weak due to the thin film nature of the samples. Table 2
lists the observed d-values for SnSe thin films in comparison with the JCPDS stan-
dard data (File No. 32-1382). The observed d-values are in a good agreement with the
standard values for the orthorhombic structure of SnSe. The strongest peak for both
films occurred at 26= 30.3° with d = 2.95 A (corresponding to the (111) reflection). It
indicates that the preferred orientation lies along the (111) direction for vacuum de-
posited SnSe thin films.

Table 2. XRD data of SnSe films

Thickness | 26 d(A) d (A) standard i
(um) (deg) | measured (File No. 32-1382)

21.3 4.16 4.15 101

0.10 24.7 3.60 3.52 201

30.2 2.95 2.95 111

25.1 3.54 3.52 201

27.7 3.31 3.37 210

29.3 3.04 3.05 011

022 30.3 2.95 2.95 111

42.8 2.11 2.10 020

452 2.00 2.03 501

50.6 1.80 1.80 221

The dominant orientation in the (111) plane has also been reported by other re-
searchers for the SnSe thin films deposited by vacuum deposition [12, 17, 19, 20] and
electrochemical deposition [4, 13, 21]. As expected, the crystallinity of the thicker
film is better and more X-ray peaks are observed. The intensity of the (111) peak
shows a significant increase as the thickness of the SnSe film increases. The crystal-
lite sizes (grain diameter) D of the deposits were determined using the Scherrer’s
formula [17]:

Do KA
wcosf

where A is the wavelength of X-rays, & the Bragg angle and @ the full width at a half
maximum (in radians). K varies with (4k/) and crystallite shape but usually is nearly
equal to 1. The grain size increased from 14.3 nm to 15.0 nm when the thickness of
the film was increased (see Table 3).
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Table 3. Grain size in SnSe thin films

Thickness Grain size
Peak
(um) (nm)
0.10 111 14.3
0.22 111 15.0

Figure 3 shows the SEM micrographs of SnSe films. The thinner films exhibit
growth of small grains distributed across the surface of the substrate. To have a visual
reference on the two films and to be able to compare them, a small portion of the sub-
strate surface containing the thicker film was cleaned with HNO;. This portion of the
surface is marked with ‘X’ in Fig. 3b. This reveals the thicker surface coverage of the
SnSe onto the substrate in the latter film. The micrographs of these films indicate
uniform surface coverage and smooth SnSe texture. The EDX analysis indicates the
Sn to Se ratio to be 0.9, which is almost at the stoichiometry level.

a) b)

Fig. 3. SEM micrographs of SnSe prepared at different thickness: (a) 0.10 pm (b) 0.22 pm

The band-gap energy and transition type was derived from mathematical treatment
of the data obtained from the optical absorbance vs. wavelength with the following
relationship for near-edge absorption:

k(pv—E, )"
hv

where v is the frequency, /4 is the Planck’s constant, & equals a constant while » car-
ries the value of either 1 or 4. Figure 4 shows the absorbance spectra of the films of
different thicknesses. It is clear that the thicker film has a higher absorption. This
could be due to more SnSe material deposited onto the surface of the substrate. The
band gap £, could be obtained from a straight line plot of (4% v)*" as a function of hv:
an extrapolation of the value of (441)”" to zero, will give E,. If a straight line graph is
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obtained for » = 1, it indicates a direct electron transition between the states of the semi-
conductor, whereas the transition is indirect if a straight line graph is obtained for # = 4.

(@)

[N
(4]
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Absorbance

o
[2,]
I

(b)
0 \ 7 \ !
380 480 580 680 780

Wav elength(nm)

Fig. 4. Optical absorbance vs. wavelength spectrum
for SnSe films. Thickness: a) 0.22 pm, b) 0.10 pm

A linear trend is apparent where » in the relationship (1) equals 4. The straight-
line behaviour in Fig. 5 testifies an indirect transition of the band structure. The line
segments required to by pass the energy of the gap lies at about 1.25 eV for the SnSe
film. A similar band-gap value has also been reported by other researchers for vacuum
evaporated SnSe films [6, 17, 19, 20].

35
2,5
2

1,5 4

(A hv)ZIn

1,

0,5

0

0 02 04 06 0, 1 12 14 16 18 2 22 24 26 28 3 3,2 34 36
hv(eV)
Fig. 5. Plot of (4hv)*" vs. hvin an SnSe film with n = 4

Figure 6 shows the difference between the photocurrent 7, and the dark current 7,
for the two films when illuminated with a tungsten-halogen lamp (100 W). An in-
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crease in the current could be observed for the both samples, which was employed as
a cathode in the electrochemical cell as the potential is swept to more negative region.
A comparison between the two samples indicates an increase in the photoresponse for
the thicker film. The reason for the increase in the photoresponse could be explained
in term of the grain size. As the grain size increases from 14.3 to 15.0 nm, the grain
boundaries are reduced. The boundaries are known to act as recombination centres for
minority carriers and trapping centres for majority carriers.

(@)

(b)

0 T T T T T
-0,4 -0,5 -0,6 -0,7 -0,8 -0,9
E (V)

1
=y

Fig. 6. Comparison of photosensitivity of the samples. Thickness (a) 0.22 um (b) 0.10 um

The dependence shown in Fig. 6 confirms that the films possess semiconducting
behaviour. The fact that the photocurrent occur on the negative (cathode) potential
indicates that the films prepared are of the p-type and they can be deployed as photo
cathode in the photoelectrochemical cell application to facilitate a reduction reaction
of the electro active species in the solution.

4. Conclusion

Clear, transparent SnSe films with different thickness could conveniently be pre-
pared by combination of chemical precipitation and vacuum evaporation technique.
The SnSe powder preparation method is less tedious than the previously used solid-
state method [6, 17, 19, 20]. The preferred orientation of the crystallites lies along the
(111) direction. The thicker SnSe film exhibits a higher photoactivity. The band gap
was found to be indirect and equal to 1.25 eV.
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Metal complexes immobilised in/on porous matrices
— possible enzyme mimics
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Cu(Il) histidine or Cu(II)-diethylene-triamino-p-imidazolato-Zn(I1)-tris-aminoethylamine triperchlo-
rato complexes were prepared and immobilised in/on porous matrices (montmorillonite and silica gel) via
(i) adsorption/hydrogen bonding, (ii) electrostatic forces or (iii) grafting with covalent bond. It was found
that immobilisation increased catalytic activity and catalyst lifetime in the decomposition reaction of
hydrogen peroxide relative to the matrix-free complexes. The immobilised materials were characterised
by experimental and computational methods.

Key words: Cu(histidine) complexes; Na-montmorillonite; silica gel; host-guest substances, FT-IR spec-
troscopy; immobilisation; anchoring

1. Introduction

Homogeneous catalysts are generally more selective and occasionally more active
than their heterogeneous counterparts. Nevertheless, they also have several disadvan-
tages. Just two of them are their tedious and often unsuccessful separation from the
reaction mixture and their shorter lifetime. Both of these unfavorable features may be
eliminated if the homogeneous complexes are heterogenized. Complexes immobilised
in solid or semi-solid matrices may mimic enzymes [1, 2], which may mean high ac-
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tivity at low temperature and very high selectivity: typical features of environmentally
friendly procedures.

If one intends to model enzymes or wants to exploit their high activity and (or)
selectivity, a viable way is trying to anchor the prosthetic group(s) found or assumed
to be responsible for these parameters onto rigid or semi-rigid supports. When
Cu-amino acid or Cu-Zn—N-containing multidentate ligand complexes are immobi-
lised on supports, enzyme mimics may be obtained, which might be efficient and
selective catalysts in a large variety of enzyme-catalysed reactions [3]. Immobilisation
can be done in several ways, for a detailed description of various possibilities [4]. In
this work, we show some feasible methods for the preparation. The synthetic methods
and the resulting hybrid materials are described in the present paper. The immobilised
complexes were characterised by various experimental and computational methods
and some of them were used as catalysts in the decomposition reaction of H,O,.

2. Experimental

2.1. Synthesis of the complexes and methods for immobilisation

Materials. For the synthetic work CuCl, or Cu(NO); (products of REANAL), L-
histidine (Aldrich), montmorillonite (Bentolit-H, Laporte, ion-exchange capacity: 80
meq/100 g, BET surface area: 90 m?*/g (as-synthesised) or silica gel (Aldrich, TLC
high-purity grade, average particle size: 5-25 pm, BET surface area: ~500 m”/g, Fe’"
0.001 %, CI. 0.003 %, pH [10% aqueous suspension] ~ 6.8, average pore diameter:
6 nm) were used. For the preparation of the Cu(ll)-diethylene-triamino-p-imidazolato-
Zn(Il)-trisaminoethylamine triperchlorato complex (denoted as C in the present paper)
zinc and copper perchlorate (products of REANAL), imidazole, diethylene triamine
and tris(2-aminoethyl)amine (products of Aldrich) were applied.

Immobilisation via adsorption/hydrogen bonds. During this form of immobili-
sation a calculated amount of L-histidine was adsorbed in montmorillonite or on silica
gel at neutral pH. Then, the metal ions were introduced from solution, and finally, the
empty coordination sites of the central ions were filled in by added L-histidine. Dur-
ing and after applying the method, the host material was washed free of excess amino
acid. Anchoring the amino acid was by adsorption first, and then by using the electro-
static field of the Cu®" ions.

Immobilisation via electrostatic forces. The Cu—L-histidine complex was pre-
pared ex situ and then it was introduced into the pore system of montmorillonite. In
this procedure the copper salt was dissolved in water, and then the ligand was added
under continuous stirring. During the formation of the complex changes in pH were
registered. The starting solution was acidic (pH = 3.2 for the copper solution) be-
coming close to neutral by the end of the reaction. Then, the complex was crystallised
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by cooling and evaporating the excess of solvent. The preformed complexes were
introduced into montmorillonite using isopropanol as a solvent. The procedure ap-
plied was ion exchange of the bulky complex ion in the pre-swollen montmorillonite
(0.6 mmol complex ion/g montmorillonite).

In the second case, Cu(ll) ions were introduced by ion exchange into (onto)
montmorillonite or silica gel and they served as starting materials. lon exchange was
performed twice at 343 K for 12 h each time. The concentration of the exchanged ions
was the same as when the procedure was performed by the preformed complexes. The
complexes were synthesised in sifu inside the pores by adding ligand molecules,
enough for the presumed fourfold coordination. The synthesis was performed using
isopropanol solution of the ligands under reflux for 24 hours.

Before immobilisation the Cu(ll)-diethylene-triamino-p-imidazolato-Zn(II)-tris-
aminoethylamine triperchlorato complex was prepared ex situ following the general
recipe published in ref. [5]. In this procedure the zinc or the copper perchlorate was
dissolved in water and then the ligands (imidazole and diethylene triamine for the
copper salt solution and tris(2-aminoethyl)amine for the zinc salt solution) were added
under continuous stirring. For preparing the bridged binuclear complex, the two com-
plex solutions were added in 1:1 molar ratio to a quarter of that amount of free Zn(II)
in ethanol under vigorous stirring. The stirring was maintained for 24 h and then, the
bridged binuclear complex was allowed to crystallise. The immobilised complex
catalyst was prepared using isopropanol. The preformed complex was dissolved in
isopropanol and this solution was introduced into montmorillonite suspended in iso-
propanol. Immobilisation occurred with cation exchange.

Immobilisation using via covalent bonding. For covalent grafting 3-chloro-
propyl-functionalised silica gel (Aldrich) was used. Approximately 8% of the OH
groups carried the chloropropyl functionality. To enforce bonding at the N-terminal,
L-histidine methylester hydrochloride (Aldrich) was the amino acid derivative. The
coupling was achieved under base conditions after reflux for 2 hours. Then, the prod-
uct was divided into two parts. One part was treated with Cu(NO;), solution and the
amino acid ester, resulting in Cu-L-histidine methylester complex covalently an-
chored to silica. The other part was subject to acid hydrolysis and then to subsequent
treatment with Cu(NO;), solution and L-histidine, resulting in covalently anchored
Cu-L-histidine complex. Before any further use, the immobilised materials were
washed free of excess Cu(lIl) ions as well as ligands and were air-dried.

2.2. Methods of characterisation

The host-free complexes were examined by derivatography, UV and IR spectro-
scopies. The host materials and the immobilised materials were characterised by
powder X-ray diffraction and IR spectroscopy, thermal analysis and BET measure-
ments. The thermal behaviour of the substances was investigated with the use of
a Derivatograph Q instrument. The samples were studied under the following condi-
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tions: mass sample 100 mg, heating rate 10 deg/min, temperature range 300-1273 K
in air. X-ray diffractograms were registered on a DRON 3 diffractometer. BET meas-
urements were performed in a conventional volumetric adsorption apparatus cooled to
the liquid nitrogen temperature (77.4 K). Prior to measurements the host samples were
pretreated in vacuum at 573 K for 1 h. Neither BET surface area nor basal distance
was significantly altered compared to those of the host material (montmorillonite:
90 m*/g, 1.46 nm (as synthesized)).

Substances obtained by covalent grafting were studied by FT-IR spectroscopy, ei-
ther by means of the KBr technique or the self-supported wafer method. The KBr
pellets (1.2 mg of the substances in 200 mg KBr) or the self-supported wafers
(10 mg/cm®) were pressed from the materials and these were applied for monitoring
changes in the IR spectra of the samples. The FT-IR spectra of the host and guest
materials and the host—guest complexes prepared by both the two-step and three-step
methods were taken and compared. The 3800480 cm ' range was investigated. The
spectra were recorded by a Mattson Genesis I spectrophotometer with 2 cm ™ resolu-
tion. For a spectrum 126 scans were collected. Spectra of the KBr pellets were taken
at 298 K (every host—guest complex was studied) in air. Self-supported wafers (not all
but only few host—guest complexes were investigated due to experimental difficulties
encountered when making the wafers) were degassed at 348 K, 373 K, 423 K, 573 K,
and 673 K for 1 h at each temperature and the IR spectra were recorded after each
pretreatment temperature. The spectra were evaluated by the Win-IR package.

The covalently grafted complexes were modelled by the PM3 semi-empirical
quantum chemical code [6] included in the HyperChem package [7].

Many of the immobilised samples as well as the effects of host-free complexes
were tested in the decomposition of hydrogen peroxide. The reaction was performed
in the liquid phase at 298, 313 or 333 K with the Cu—L-histidine containing and at
333 K with the Cu—C containing composite. The transformations were followed by
UV-VIS spectroscopy (Perkin Elmer). The well-stirred reaction mixture contained
100 mg of the catalysts and 20 cm’ of 30% hydrogen peroxide aqueous solution.

3. Results and discussion

3.1. Host-free complexes

UV-VIS spectroscopic results revealed that the copper ions were complexed (ab-
sorptions relevant to the free ions disappeared form the spectra of the complexes).
The structure of the binuclear complex is shown below [5]:
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The thermal behaviour of this complex was relatively simple (Fig. la). Up to
473 K water was removed in an endothermic process (probably it is the physisorbed
and the crystal water). Between 473 K and 573 K the complex decomposed vigor-

ously. This process was exothermic. Above 573 K the organic ligands were removed
gradually and continuously.
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Fig. 1. Thermogravimetric (TG) and differential thermal analytic (DTA) curves of

(a) the bare Cu(Il)-diethylene-triamino-p-imidazolato-Zn(Il)-tris-aminoethylamine
triperchlorato complex (C) and (b) the C complex immobilised in montmorillonite
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3.2. Host materials

A great deal of information is available concerning the structural characteristics of
the host materials [8]. Let us summarize in a couple sentences the main features rele-
vant to this work.

Montmorillonite is a layered material of the cation exchange ability. It is capable
of swelling in a large variety of solvents, such as water, various alcohols, etc. There-
fore, it can accommodate the complexes in various positions. If intercalation is too
dense, free traffic of the reacting species may be hindered, thus, optimisation of pil-
laring is of great importance.

Silica gel is a material containing surface OH groups capable of ion exchange.
Although it has pore structure, as a first approximation we can consider it as a planar
material, at least relative to montmorillonite. The surface OH groups may be func-
tionalised, thus, extended structures may be built if the spacer groups contain reactive
groups.

3.3. Intercalated substances

Substances immobilised via electrostatic forces. When the complexes investi-
gated were incorporated into any of the porous matrices studied, they became more
stable, loosing all ligands at higher temperature (around 1100 K) than the free com-
plexes (around 900 K). Between 373 K and 473 K the dehydration could be observed
for the host materials.

As far as the Cu—C complex immobilised in montmorillonite is concerned, ligands
are removed in steps (they are combusted since measurements were performed in air).
No abrupt changes were observed, indicating that immobilization occurred mainly
with ion exchange (Fig. 1b).

In the case of the immobilised Cu—L-histidine complexes, it became clear on the
basis of weight losses measured by derivatography that two histidine molecules were
bonded to the central ion. Nevertheless, fourfold coordination may be assumed, since
histidine generally acts as a bidentate ligand [9, 10]. On heating the composite materi-
als, a multiple weight loss occured, indicating gradual loss of the ligands. By 773 K
the immobilised complexes were completely decomposed.

Substances immobilised via adsorption/hydrogen bonding. In the Cu-L-
histidine-montmorillonite composite (Fig. 2) the loading was low, and the band
structure of the host in the low wave number region (1350—400 cm ') was clearly seen
in the spectra of the hybrid materials. Probably due to a low loading, the bands of the
carboxylic OH were hardly seen, and the bands of the OH groups in montmorillonite
were also not completely used. It seems as if the carboxylic group of histidine, after
deprotonation, took part in complex formation and only few Cu®" ions interacted with
the OH groups of montmorillonite. Possibly, the complex was immobilised between
the layers of montmorillonite by adsorption and (or) hydrogen bonding.
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Only a small amount of Cu-L-histidine complex could be anchored to silica gel
with this method (Fig. 3).
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Fig. 2. FT-IR spectra of A) L-histidine, B) the Cu—L-histidine complex immobilised
in montmorillonite by the adsorption/hydrogen bonding method, C) the air-dried montmorillonite

25
20 'W\HWW\A
15 4
% 10 4 " /\A__-l\
£
2oy /\_/\_j
0
=05 -
—10 A

3500 ?;000 2I500 éOOO 1ISOO ‘iOOO I500

Wavenumber (cm-1)

Fig. 3. FT-IR spectra of A) L-histidine, B) the Cu—L-histidine complex immobilised
on silica gel by the adsorption/hydrogen bonding method, C) the air-dried silica gel

Substance immobilised via covalent bonding. In our view, the most promising
anchoring method is covalent grafting. The complex is immobilised indeed, leaching
is minimal if occurs at all, and the synthesis method provides some control over the
structure of the anchored complex. Moreover, the linker group allows some flexibility
for the complex, which is surely advantageous for use as a catalyst. At the beginning
of an extended research project silica gel was chosen to be the first host. It contains
large amount of OH groups suitable for functionalisation. The chloropropyl-modified
version (also available commercially) undergoes easy reaction with either the N-
terminal or the C-terminal of an amino acid. The reaction can be controlled by
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choosing a suitably protected amino acid. We used C-protected L-histidine, thus an
amide was synthesized first. Then, the ester group was hydrolysed and the complex
was allowed to form by adding Cu(Il) ion-containing solution and unprotected L-
histidine to the slurry. The obtained materials were studied by FT-IR spectroscopy.
The relevant spectra are shown in Fig. 4.
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Fig. 4. FT-IR spectra of (A) L-histidine, (B) the Cu—L-histidine complex covalently grafted onto 3-
chloropropyl silica gel, (C) the air-dried 3-chloropropyl silica gel

Unfortunately, FT-IR spectra are rarely enough for giving accurate structure for
the anchored complex. Some information may be obtained, however. The band in the
OH stretching range indicates the presence of uncomplexed OH groups. The large red
shift of the C=0 band may be taken as the sign of co-ordinative (carbonyl) O—Cu
bond. The other two co-ordination sites are probably filled in by the nitrogens of the
amino groups, since the relevant bands also moved towards lower wave numbers.

Fig. 5. Molecular model of Cu—L-histidine complex
covalently anchored to silica gel via the reaction
of amino group of one amino acid and t
he 3-chloropropyl funcionality of the silica gel

Molecular modelling facilitates visualisation of the possible structure (Fig. 5). In
order to obtain a more realistic picture, relatively large silica cluster was chosen. En-
ergetic data may also be obtained by e.g., DFT calculations, however, at present the
computational exercise is not tractable by our means.
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3.4. Decomposition of hydrogen peroxide

The catalytic activities of complexes (Cu—L-histidine prepared by the in situ as
well as the ex situ methods and the Cu—C complex) immobilised in montmorillonite
were investigated. First, blank reactions were made using the metal salts, the host-free
complexes, and the complex-free host and, then, the variously prepared host-guest
materials were studied.

While the Cu(Il) solution was inactive in the decomposition reaction of hydrogen
peroxide (H,O,7= H,O +1/2 O,) at any of the temperatures used, in the presence of the
complexes the reactions started, although after long induction periods (20 min for Cu
—L-histidine and 30 min for the Cu—C complex). The montmorillonite was completely
inactive, only the Cu(Il)-montmorillonite showed a slight decomposition activity at
the highest temperature used (333 K).

Measurements revealed that the immobilised Cu—L-histidine complex was able to
decompose the peroxide compounds without induction period and, thus, more rapidly
than the aqueous complex could do. The activity of the immobilised complex was
found to depend on the method of sample preparation, too (Table 1). The in situ pre-
pared immobilised complex was found to be more active than the preformed and then
introduced one.

Table 1. Rate of hydrogen peroxide decomposition on Cu(Il)
complexes immobilized in montmorillonite

Decomposition rate (molecules/central ion/h)
T/K Cu—L-histidine Cu—C
ex situ in situ ex situ
298 0 0 -
313 0.24 0.42
333 1.46 2.50 97.6 (71.6%

“Rate of decomposition in the presence of the host-free complex.

The Cu—C complex immobilised in montmorillonite was also found to be active in
the decomposition reaction, the induction period, however, was 70 min. Nevertheless,
the turnover rate for the immobilised material was higher than that of the host-free
complex (Table 1, last column). Moreover, the immobilised substance could be reused
at least three times without any appreciable loss of activity, while the bare complex
decomposed and lost its activity by the end of the first run.

4. Conclusions

Cu complexes were prepared and immobilised in montmorillonite or on silica gel
by various methods using primary bonding (ionic or covalent) or secondary forces
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(adsorption/hydrogen bonding) for anchoring the complexes through either their lig-
ands or their central ions. The immobilised complexes are promising catalysts, and
after some optimisation and some further structural studies they can be used as en-
zyme mimics and may allow better understanding how certain enzymes work.
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Copper(I) complexes as potential CVD precursors
— studies in the liquid state and gas phase
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Cu(l) complexes with trimethyl phosphite and aliphatic perfluorinated carboxylates of the type
[Cu{P(OMe); },(1-RCOO),] where R = CF3, C,Fs, C3F5, CgFi3, CiFys, CsFy7, CoF 1 have been prepared
as viscous liquids. The spectroscopic results suggest the dimeric structures for complexes in the liquid
state, where the metal ions are linked by the bridging carboxylates. This type of bonding was revealed in
the gas phase as well. In mass spectra the most intensive signals were observed for the [Cu,(RCOO)]" and
[Cuy(RCOO),]" fragments. Thermal decomposition of complexes proceeds as a multistage process,
yielding a Cu,O in the most of cases.

Key words: Cu(l) complexes, CVD precursors, trimethyl phosphite, perfluorinated carboxylates, TGA

1. Introduction

Previous studies revealed that gold(l) and silver(l) complexes with perfluorinated
carboxylates and tertiary phosphines presented a sufficient volatility for chemical
vapour deposition (CVD) [1-5], hence the purpose of this work was to prepare vola-
tile precursors for CVD of copper metal or copper oxide thin films. The EI mass
spectrometry, temperature-variable IR spectroscopy and thermal studies were under-
taken to determine the kind of species occurring in the gas phase and the mechanism
of the reaction of thermal decomposition. The knowledge about the structural and
thermal properties should ascertain the suitability of complexes as precursors for
CVD, which ought to be competitive to organometallics used at present.

" The paper was presented at the 13™ Winter School on Coordination Chemistry, Karpacz, Poland,
9-13 December, 2002.
** Corresponding author, e-mail: pola@chem.uni.torun.pl.
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2. Experimental section

2.1. Materials

Trimethyl phosphite (98%), perfluorinated carboxylic acids (97-99%) and copper
powder for organic synthesis were purchased from Aldrich and used without further puri-
fication. Acetonitrile of analytical grade (Fluka) was dried over molecular sieves 4A, next
over CaH; and, finally, was distilled under dry nitrogen from P,O, prior to use.

2.2. Methods

Thermal studies were performed with a MOM OD-102 Derivatograph (Paulik and
Paulik, Hungary). The atmosphere over the sample was nitrogen; the heating range
293-773 K, heating rate 2.5 K/min, sample mass 40—-200 mg, the TG range 50, 100 or
200 mg and the reference material Al,O;. Powder diffractograms were recorded with
an HZ64/A-2 DRON-1 diffractometer using CuK, radiation, A = 0.1542 nm. Mass
spectra were recorded on an AMD-640 mass spectrometer using the El method in the
range of 293—573 K. Temperature-variable IR spectra (4000-400 cm™') were per-
formed with a Perkin—Elmer 2000 FT IR spectrophotometer in the range of
296-463 K, at the pressure of 10~ mbar. Copper was determined using a Carl Zeiss
Jena AAS spectrometer with Cu(NO;), solution as the standard.

2.3. Synthesis

The reactions were performed under argon atmosphere using Schlenk techniques.
Suitable copper(ll) carboxylates (RCOO),Cu were synthesised as described in [6]. In
the general procedure, copper(ll) carboxylate (3.0-107 moles) was placed in the
Schlenk tube, either dissolved or suspended in 45 cm’ of freshly distilled acetonitrile
and copper powder (9.0-10~ moles) was added. The suspension obtained was stirred
until the solution became pale yellow. Next, P(OMe); (6.0-10° moles) in acetonitrile
(6 cm”) was added and the reaction mixture stirred for about 12 h at ambient tem-
perature, filtered and the solvent evaporated on vacuum line, leaving pale yellow
viscous liquid. The obtained complexes were unstable in air, turning green. The re-
sults of Cu determination were as follows (%) (calc./found):

(1) C10H13CU2F()010P2, Cu (21 2/21 8), (2) C[zH[gCUzFl()Olon, Cu (] 8.1/1 84),

(3) C14H13CU2F14010P2, Cu (] 5.9/1 58), (4) Con[gCUze(,Olon, Cu (] 1.5/1 10),

(5) C22H13CU2F30010P2, Cu (] 0.6/1 04), (6) C24H13CU2F34010P2, Cu (98/93),

(7) C26H13CU2F38010P2, Cu (91/90)

The EI mass spectra were recorded for the complexes in order to prove the formulae.
The fragments confirming the stoichiometric composition were as follows: [Cuy(RCOO)]",
[Cuy(RCOO),]", [Cuy(RCOO){P(OMe);}]" and [Cuy(RCOO){P(OMe);},]". For the par-
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ticular complexes they were detected at ([m/z]): (1) 239, 352, 363, 487; (2) 289, 452, 413,
537;(3) 339, 552, 463, 587; (4) 489, 852, 613, 737; (5) 539, 952, 663, 787; (6) 589, 1052,
713, whereas for (7) only [Cuy(RCOO)]" — 639 and [Cuy(RCOO){P(OMe);}]" — 763 were
observed.

3. Results and discussion

3.1. Thermal analysis

The results of thermal analysis are given in Table 1. The examination of the ther-
moanalytical curves suggests a two-stage, exothermic decomposition process of
complexes 2—6, three-stage in the case of 7 and four-stage for complex 1. The onset
temperature of the first exoterm is in the range 298-303 K, suggesting that the per-
fluorinated chain had a small influence on the thermal stability of complexes studied.

Table 1. Results of the thermal analysis (in Nitrogen)

Temperature range® | Weight loss on
Heat [K] TG [%] Detached | Final

effect group | product
T; T, T; |Found| Calc.
exo |303| 343 | 403 | 279
exo |403| 438 | 443 | 10.7 | 386
exo | 443 | 468 | 478 | 264
exo [478| 493 | 723 | 11.1 | 37.6 |2CF;CO0| Cu,0O
exo | 298| 348 | 448 | 351 | 35.6 |2P(OMe);

Compound

(1) [Cur{P(OMe); }»(u-CF:CO0)]

(2) [Cux{P(OMe)s }5(u-CoFsCOO), |

exo | 448 | 488 | 543 | 442 | 441 Cu,0
) o exo | 298 | 308 | 353 | 206
(3) [Cur {P(OMe)3 }5(p-C5F,CO0), | exo |353| 478 | 508 | 613 | 822 Cu,0
) o exo | 298 | 323 | 398 | 229 | 22.5 | 2P(OMe),
(4) [Cur{POMe)s 1o(u-CelisCOOR] | 0 | 308 | 458 | 663 | 63.7 | 645 Cu,0
exo | 298 | 398 | 413 | 21.9
(5) [Cu2{P(OMe)3}2(H'C7F15COO)2] exo 413 483 618 63.1 84.8 ) 3cu20 :
CU2P207

exo | 298| 423 | 458 | 733
exo | 458 | 468 | 518 | 153 | 89.0 9 Cu,0
exo | 298| 333 | 363 | 18.0 | 17.7 | 2P(OMe),
(7) [Cuy{P(OMe);}(u-CoF 1oCO0),] | exo |373 | 493 | 563 | 69.4
exo |563] 653 | 693 | 49 [ 7217 Cu,0

(6) [Cux{P(OMe)s }»(u-Csk17COO0), |

“T; — initial temperature, Ty, — maximum temperature, Ty — final temperature.
*Decomposition connected with the sublimation.
“Unable to determine.

In the case of compounds 2, 4 and 7, analysis of the thermogravimetric (TG) curves
indicates dissociation of two molecules of phosphite in the first step. Moreover, de-
tachment of the carboxylates residues in the last two stages can be proposed for 1. In
the case of complex 7, the second and third decomposition process was connected
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with the sublimation, probably resulting in the formation of [Cu,(CoF;qCOO)] or
[Cuy(CoF14CO0),| fragments. Decomposition reactions of compounds (1—7) were
completed in the range of 508—723 K and the final product appeared to be Cu,O. Only
for the complex 5 a mixture of Cu,O and Cu,P,0; (3 : 1) was observed. Powder dif-
fractograms of the final products revealed lines for Cu,O—0.246, 0.214 nm that
correspond to those reported in Powder Diffraction File [7]. IR spectra of the final prod-
uct of 5 revealed strong vibrations in the range of 1065-1071 cm ™' that are characteristic
of Cu,P,0; [8]. Similar final products were reported for other copper(l) phosphine com-
plexes, e.g. [Cu{P(CsHs):}4|BFs and [Cu{(P(OPh);}(u-RCOO),| [6,9]. The
temperatures of the final product formation (7}) were altered irregularly for the per-
fluorinated chains from C; to Cy and in most cases these are in the range acceptable
for CVD purposes with the hot wall reactor (625 K).

3.2. Mass spectrometry

Because the natural abundance of copper is “Cu (69.1 %) and “Cu (31.9 %), in com-
pounds having one copper atom two signals can be expected with the intensity ratio 2:1.
Species with two copper atoms should reveal three peaks with the characteristic 4:4:1 in-
tensity pattern. As an example, the mass spectrum of 4 is presented in Fig. 1.
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Fig. 1. EI mass spectrum of the complex [Cu,{P(OMe); },(1-C3F;,CO0),] (3):
a) [Cu{P(OMe);}]", b) [C3F,COOPMe]". ¢) [Cu{P(OMe);},]". d) [Cuy(CsF,COO)]".
€) [Cuz(C3F7COO)2]+= 1) [Cuz(C3F7COO){P(OMe)3}2]+
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The analysis of the spectra suggests a dimeric structure for the compounds studied
and points to the fragmentation scheme shown in Fig. 2.

| [Cuy{P(OMe)s}o(n-RCOO)] |

'

[ 1cu®coon | | [Cuy(RCOO)(POMe)3),T" |-}| [CufP(OMe)s},1*

e LN

[ 1cwrcooy |4—| [Cu(RCOONPOMe)s} | |-}| [Cu{POMe)3T" |

Fig. 2. Fragmentation scheme for the complexes [Cu,{P(OMe);},(1-RCOO),]

Among the fragments including copper, the highest intensity was exhibited by
[Cuy(RCOO)]". The maximum intensity of this fragment varied and for 1 10% was reached
at 441 K, for 3 — 79% at 435 K and 100% in the case of 2 (409 K), 4 (301 K), § (470 K),
6 (362 K), 7 (497 K). The lower temperatures were observed for the complexes 2, 4 and 6
containing the even number of carbons in the carboxylate chain. The compound 4 having
the lowest temperature was studied using temperature-variable IR spectroscopy.

3.3. Temperature-variable IR

Temperature-variable IR spectra (296—463 K) recorded for the complex 4 are
shown in Fig. 3. Among the bands characteristic of 4 we have chosen: 1682 cm
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Fig. 3. Temperature-variable IR spectra of [Cu,{P(OMe);}»(u-CgF 13COO0),] (4):
a) t=0min, 7=296 K; b) t=30 min, 7=343 K; ¢) =71 min, T=413 K;
d) =86 min, 7=463 K; ¢ — time, 7 — temperature
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(v,CO0), 1417 em ™' (v{COO) and 804 cm™' (vP-0) [10, 11]. Because only the inten-
sity of these bands was increasing during heating, we conclude that only the
molecular form of [Cu,{P(OMe);},(u-CeF13;COO),] (4) was present in the gas phase.
Therefore the complex can be transported as a vapour to the CVD reaction chamber.

4. Conclusions

The thermal analysis data suggests that the compounds studied can be used in
CVD of copper oxide films. The decomposition product can be modified however
depending on the conditions of the deposition technique. The mass spectra and tem-
perature-variable IR data analysis pointed to [Cu,{P(OMe);},(u-CeF13COO),] (4) as
the most suitable potential liquid CVD precursor among the complexes studied.

Acknowledgements

The authors wish to acknowledge the support from the Polish Committee for Scientific Research
(KBN) grant No 4 TO8C 03923.

References

1] SzrYK E., LAKOMSKA 1., GRODZICKI A., Polish J. Chem., 68 (1994), 1529.
2] Szr.YK E., LAKOMSKA 1., GRODZICKI A., Polish J. Chem., 69 (1995), 1103.
3] ScHuLTZ D.L., MARKS T.J., Adv. Mater., 6 (1994), 719.
4] Szr.YK E., LAKOMSKA 1., GRODZICKI A., Trends in Coordination Chemistry, Slovak Technical Uni-
versity Press, Bratislava, 1995, p. 151.
[5] Szeyk E., Piszczek P., LAkOMSKA 1., GRODzICKI A., SzZATKOWSKI J., BrAszczyk T.,
Chem. Vap. Deposition., 6 (2000), 105.
[6] Szr.YK E., SZYMANSKA 1., Polyhedron, 18 (1999), 2941.
[7] Powder Diffraction File, Sets 5-667; Joint Committee on Diffraction Standards, 1977.
[8] NYQuisT R.A., KAGEL R.O., Infrared Spectra of Inorganic Compounds, Academic Press, New York,
1971, pp. 186-187.
[9] DE LuccAa NETO V.A., MAURO A.E., SARGENTELLI V., IONASHITRO M., Thermochim. Acta, 260
(1995), 235.
[10] NAKAMOTO K., Infrared and Raman Spectra of Inorganic and Coordination Compounds, Wiley,
New York, 1978, p. 230.
[11] Atlas IK-spectrov fosforoorganicheskikh soedinienij, Nauka, Moscow, 1977.

—_———

Received 3 April 2003
Revised 15 April 2003



Materials Science, Vol. 21, No. 2, 2003

Zeta potential and doping in polyaniline dispersions
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Polyaniline (PAni) has been classified as an intractable polymer, particularly in its conducting form,
the emeraldine salt (ES). Therefore one can consider the mixture of water and PAni as a suspension. The
conducting form of PAni can be obtained by a doping process known as “acid doping”, in which a strong
acid turns PAni from its insulating form, the emeraldine base (EB), into the conducting form, the emer-
aldine salt. With the objective of establishing a correlation between the doping level and the zeta potential
of polyaniline dispersions, polyaniline + HCI aqueous suspensions were prepared. Positive zeta potential
values for the various suspensions of PAni showed that it acquired positive charges after the doping
process. It was also observed an increase in zeta potential values as HCI concentration increased, which
could be correlated to UV-visible spectra of PAni suspensions.

Key words: polyaniline; electrophoretic mobility; zeta potential; doping

1. Introduction

Polymers derived from organic compounds, with n-electron conjugation and high
dopant concentration, are termed conducting organic polymers [1]. These polymers
have been extensively studied by researchers due to their large variety of applications,
such as rechargeable batteries [2], electrochromic devices [3] and luminescent materi-
als [4] in optical devices. Among these polymers, polyaniline (PAni) is at an

*Corresponding author, e-mail: jlcfonseca@uol.com.br.
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outstanding position, mainly due to the relatively simple experimental methods used
in its synthesis [5]. This polymer may occur in different redox states, the main struc-
tures, as shown in Fig. 1. being leucoemeraldine (LEB), emeraldine (EB), and

0,0 00"

(a) "

0,0 0,0

- (b) oo

N (© “n

Fig. 1. Basic structures of polyaniline: a) leucoemeraldine base,
b) emeraldine base, ¢) pernigraniline base

pernigraniline (PGB) [6]. All these basic forms are insulating ones. Doping is the
reason for the high conductivity and other unique properties of conducting polymers
[7]. The fundamental process of doping is a reaction of charge transfer between the
organic polymer and a dopant: when charges are removed (or added) to a polymer
chain through a chemical reaction, the geometric parameters, such as bond angles,
lengths and hybridization, are modified, resulting in a drastic change in conductivity,
the levels of doping and oxidation being the most important factors affecting the
electric properties of polyaniline [8]. Different dopants produce polyanilines with
different properties, suitable for specific applications [9, 10]. As an example, in the
case of PAni films, one can find reported in the literature doping by chorona dis-
charge [11]. In fact, one of the most common mechanisms of doping of polyaniline,
according to the literature, is known as acid doping, where strong mineral acids
change the insulating form EB into the saline conductive one ES [12], as displayed in
Fig. 2.
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Fig. 2. Scheme representing doping of EB polyaniline
for the obtention of emeraldine salt (ES)

Although acid doping occurs without any variation in the number of electrons of
the polymeric chain, the protons introduce positive charges there. As a consequence,
chemical interaction can be described as a two-stage process [13]:

EB + HA — EB(H_A)adsorbed (1)
and
EB(H_A)adsorbed _)EB_H+ +A (2)
where Eq. (1) represents the interaction of the imine polymer group with the acceptor
molecule H-A, through hydrogen bonding, and Eq. (2) is the charge separation proc-
ess in these adsorption complexes. Obviously the acid molecules may react with EB
in a similar way and, in a strongly acid medium, the last reaction is equivalent to the
acid doping and to the conversion of EB into ES. In this way, we can describe the acid
doping of EB as an interaction donnor-acceptor followed by charge separation (charge
transfer) in the formed complex. The hydrogen bond given by an acceptor molecule is
incorporated to the donnor molecule in the second stage of the transformation.

Polyaniline has frequently been classified as an intractable polymer, particularly in
its conductive form, the emeraldine salt (ES). It is feasible, as a consequence, to con-
sider the mixture of polyaniline and water as a colloidal suspension [14], which,
depending on the application, may become a problem for the processing of this poly-
mer. As a consequence, the study of particle interactions in these colloids, together
with new methods of preparation represents an important step for obtaining disper-
sions which could be used in an increasingly wider range of technological
applications [15]. Regarding particle morphology, Stejskal et al. [16, 17] have ana-
lyzed the influence of experimental conditions on the particle shape and size of
polyaniline dispersions stabilized by different hydrophilic polymers.

In any colloidal system, several aspects of its behaviour (e.g. rheology [18] and
stability [19, 20]) are highly governed by particle—particle particle—solvent interac-
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tions. Regarding purely electrostatic interactions, these interactions have been de-
scribed by the so-called DLVO theory [21], one of its main parameters being the ¢
potential, which is defined as the electrical potential at the particle double layer shear
plane [22]. This potential, in its turn, is governed by surface particle charges: the
higher the density of positive charges, the more positive this potential will be (the
opposite being true for negative charges) [23]. The aim of this work is to correlate the
level of doping of polyaniline particles (in aqueous suspensions) with ¢ potential val-
ues of these very particles and relate these data to measurements of electromagnetic
absorption in the UV-visible region.

2. Experimental

The polyaniline used in this work was synthesized at the Instituto de Fisica de Séo
Carlos as described in the literature [24]. The suspensions of PAni in dilute HCI were
obtained by the dispersion of 0.05 g of PAni in 50 cm’ of aqueous solution of HCI.
Bidistilled water was used in all experiments. The suspensions were prepared with
HCI solutions with the following concentrations: 0.2 mmol/dm®, 1 mmol/dm’,
2 mmol/dm’, 4 mmol/dm®, 6 mmol/dm®, and 8 mmol/dm®. The dispersions were soni-
cated for 60 s and left at a room temperature for 24 h, since it has been found that
sonication of PAni-containing particles would result in their desintegration, generat-
ing unstable nanoparticles, which undergo fractal aggregation [25]. Afterwards,
¢ potential and electromagnetic absorption measurements were carried out.

2.1. Electrophoretic mobility and  potential measurements

The electrophoretic mobility measurements 4 were carried out using a Zeta-Meter
System 3.0+ (Zeta-Meter Inc., USA). The {potentials of the polyaniline suspensions were
calculated from g4; by employing the Smoluchowski relationship, assuming that xu << 1,
where xis the Debye—Hiickel parameter and « is the radius of the particles [26]:

)

where & is the permittivity of vacuum, ¢ is the relative electric permittivity of water,
and 7 is the viscosity of the disperser phase.
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2.2. UV-visible spectroscopy

UV-visible absorption spectra of the suspensions were obtained using a Cary
spectrophotometer, model 1E, at room temperature.

3. Results and discussion

Figure 3 displays the values of C potential for the polyaniline particles as a func-
tion of pH of the disperser phase. One can observe that all potential values are
positive, indicating that polyaniline acquired positive charges as a consequence of
doping, as discussed before. One can also observe that, as pH decreases, { potential
increases. It is due to the fact that as more H' ions are present in the disperser phase,
more polyaniline chains will be doped, implying an increase in the charges on these
chains (and, consequently, on the particles surface). As a consequence they move
faster than the less doped particles when submitted to the same potential gradient.
Butterworth et al. [27] have found the same results with polyaniline synthesized in
situ with ultrafine silica. In this case, the effect could not be solely related to PAni
doping, since polymerization conditions resulted in obtaining particles with a
“raspberry” morphology, resultant of bridging flocculation of silica through polyani-
line-oxide interaction: as a consequence, an increase in { potential with the acid
concentration could also be the outcome of neutralization of negative sites which may
exist on the silica surface [28].

Fig. 3. {'potential as a function of pH for polyaniline dispersions

If, as seen in the zeta potential measurements, the change in ¢ potential for pure
polyaniline were due to doping, these changes should be related to changes in the UV-
visible absorption spectra of these dispersions. This relation is depicted in Fig. 4, in
which UV-visible absorption spectra are plotted as a function of pH for polyaniline
dispersions. One can observe in the referred figure that the spectra gradually change
from the emeraldine base (pH = 5.6), and, in the more acid conditions (pH = 2.2), the
changes in the structure of polyaniline are much more evident in the spectrum, which
is characteristic of the emeraldine salt, the doped form of polyaniline [29, 30]: the
bands which arise at 435 nm and 720 nm are attributed to the electronic excitation of
benzenoid and quinoid rings; increase in protonation of imine groups firstly results in
the occurrence of polarons and further protonation results in an increase in the range
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of polaron-related conjugation, resulting in a decrease in polaron band energy (shift
from 720 nm to 860 nm, blue to dark green). The band at 338 nm appears due to the
transition of the conjugated aromatic ring [31], more specifically to a n-n" transition.

Fig. 4. UV-visible absorption spectra
of polyaniline dispersions

According Banerjee et al. [32], polyaniline dispersions should not present more
changes in UV-visible spectra for pH below 4, but they observed these changes in
PAni—-PMVE dispersions; they attributed them to different particle sizes or different
macromolecular chain packing: if the same is true for our experiments, it could be the
case that, in the present work, pH has influenced macromolecular packing and/or par-
ticle size of redispersed PAni; however, in order to inequivocally affirm it for our
experiments, light scattering measurements would be necessary.

4. Conclusion

Zeta potential measurements may be used to characterize doping in polyaniline
suspensions. The values of zeta potential increase with increasing doping degree of
these polymers, as can be confirmed by UV-visible absorption spectroscopy.
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