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Abstract 

The iron(II1) complexes [Fe(HPhthsa),]Cl, [Fe(HEtthsa),]Cl and [Fe(HMethsa),]Cl were synthesized 
and the phenomenon of discontinuous spin transition between the high-spin (‘A,, S=5/2) and the 
low-spin (‘T*, S= l/2) states in [Fe(HPhthsa),]Cl was confirmed by the measurement of temperature 
dependent magnetism and Mossbauer spectra. The tridendate ligands used were pyridoxal 4-phenyl- 
thiosemicarbazone (H,Phthsa), pyridoxal 4-ethylthiosemicarbazone (H,Etthsa), and pyridoxal 4-meth- 
ylthiosemicarbazone (H,Methsa). The magnetic moments for the spin-crossover complex show a thermal 
hysteresis of width AT-9 K with the transition centered at T,’ - 299 K for increasing temperature 
and at T,’ = 290 K for decreasing temperature. Variable temperature “Fe Mossbauer results also 
provide evidence for the presence of a first order phase transition in this complex. The first order 
(cooperative) nature of the spin-crossover transformation most likely occurs through the extended 
coupling of ferric complexes via intermolecular H bonds. The EPR results indicate that the ground 
state is a well separated Kramers doublet in the low-spin complexes. 

Introduction 

Transition metal complexes with d4-d8 electron 
configuration are capable of exhibiting a spin-cross- 
over (so called spin-transition or spin-equilibrium) 
phenomenon, when the difference between the net 
ligand field strength and the mean pairing energy, 
after considering other relevant perturbations such 
as low field components, spin-orbit interactions, and 
covalency effects, become comparable to the thermal 
energy, I&T [l-l]. The spin-crossover characteristics 
of the complexes in the solid state mainly show 
either a continuous (gradual) transition over a wide 
temperature range or a discontinuous (abrupt) tran- 
sition within a few degrees at a certain critical 
temperature [l, 21. 
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The continuous spin-crossover behaviour has been 
studied for a significant number of iron(II1) complexes 
[5]. For systems displaying continuous spin-crossover 
transitions, individual X-ray diffraction patterns are 
not obtained for the high-spin and the low-spin 
constituents. The observed line intensities in the 
pattern are independent of the temperature while 
the interplanner spacings, dhkr, vary continuously with 
the temperature. The variations are consistent with 
volume changes associated with high-spin and low- 
spin isomers. These observations are in keeping with 
the formation of a random solid solution of the two 

spin isomers within the same lattice. It has been 
suggested that the continuous spin-crossover tran- 
sitions involve weak cooperative interaction between 
the individual complexes and a wide distribution of 
the nuclei of the minority spin constituent. 

The discontinuous spin-crossover transitions are 
encountered with iron(III) complexes which display 
a cooperative interaction between the individual 
complexes. Variable-temperature X-ray powder dif- 
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fraction techniques have revealed that the transition 
is associated with a crystallographic phase change, 
which may be responsible for the abrupt change in 
spin transition [6-81. The results have been inter- 
preted in terms of a pronounced domain formation 
by both the minority and majority phases. Obser- 
vations of thermal hysteresis [l], as well as a very 
few heat capacity investigations [9-111 identified most 
of these spin transformations as thermodynamically 
first order phase transitions [12]. 

Of the variety of six-coordinate ferric spin-crossover 
compounds investigated so far [5], the ferric thio- 
semicarbazones, particularly those formed with py- 
ruvic acid thiosemicarbazone (I) and salicylaldehyde 
thiosemicarbazone (II), are unique in that they show 
a relative abundance of discontinuous spin-crossover 
transitions [13-201. The spin-crossover transitions in 
these complexes are greatly influenced by the change 
in outer sphere cation Y, the number of water 
molecules, and the nature of substituent X attached 
to the salicylaldehyde moiety. 
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Variable temperature single crystal X-ray structures 
have also been reported for several of the ferric 
salicylaldehyde thiosemicarbazone compounds 
[Z-23]. Recently, Timken et al. 1241 have reported 
the magnetic, spectroscopic and structural charac- 
terization of the discontinuous ferric spin-crossover 
complex [Fe(Hthpu)(thpu)], where Hthpu- and 
thpu*- are the deprotonated forms of pyruvic acid 
thiosemicarbazone. The compound shows a thermal 
hysteresis; the transition temperature is 225 K with 
sample cooling, and it is 235 K with sample heating. 

The ferric complex [Fe(HL)*]Cl has been shown 
on the basis of variable temperature magnetic and 
“Fe Mossbauer measurements to exhibit an abrupt 
high-spin (6A1) e low-spin (*T2) transition (HL = de- 
protonated form of pyridoxal thiosemicarbazone 
(H,L)) [25]. In the present contribution, a new 
discontinuous spin-crossover complex [Fe- 
(HPhthsa),Cl, where HPhthsa- is the anion of pyr- 
idoxal 4-phenylthiosemicarbazone, has been studied 

by variable temperature magnetic measurements and 
Mossbauer spectroscopy. In addition, the charac- 
terization of [Fe(HEtthsa)z]Cl and [Fe- 
(HMethsa),?]Cl is also reported, where HEtthsa- and 
HMethsa- are the anion of pyridoxal 4-ethylthio- 
semicarbazone and pyridoxal 4-metylthiosemicar- 
bazone, respectively. 

Experimental 

Compound preparation 

Commercially available starting materials were 
used without further purification. Elemental analyses 
for C, H and N were carried out on a Perkin-Elmer 
model 240C automatic instrument. 

Pyn’doxal thiosemicarbazones 
A solution of pyridoxal hydrochloride (0.21 g; 1 

mmol), in its neutral form, in 30 ml of ethanol, was 
added with constant stirring to appropriate four- 
substituted thiosemicarbazide (1 mmol) in 30 ml of 
ethanol, and the solution mixture was heated under 
reflux for 30-40 min. After cooling a bright yellow 
microcrystalline product was isolated which was fil- 
tered off, washed with ethanol, and dried in vacua 

over Pros. Yield = 90%. Anal. Calc. for Cr5H16N4- 
SO*: C, 56.96; H, 5.06; N, 17.72. Found: C, 56.89; 
H, 5.04; N, 17.69%. Calc. for CllH16N4S02: C, 49.25; 
H, 5.97; N, 20.89. Found: C, 49.19; H, 5.91; N, 
20.84%. Calc. for C1,,Hr4N4S02: C, 47.24; H, 5.51; 
N, 22.04. Found: C, 47.16, H, 5.49; N, 21.96%. 

(Fe(HPhthsa),]Cl 

A solution of anhydrous FeCI, (0.81 g; 5.0 mmol) 
in 20 ml of absolute ethanol was added to a hot 
suspension of pyridoxal 4-phenylthiosemicarbazone 
(0.32 g; 10.0 mmol) in 20 ml of absolute ethanol, 
and the resulting mixture was heated under reflux 
for 30 min. The thiosemicarbazone gradually dis- 
solved and the dark brown crystals of the compound 
separated from the solution. The crystals were filtered 
off, washed with ethanol and diethyl ether, and dried 
in uacuo over P,Os. Anal. Calc. for Fe- 
C30H30N&04C1: C, 49.89; H, 4.15; N, 15.52. Found: 
C, 49.82; H, 4.13; N, 15.45%. 

(Fe(HEtthsa)JCl and [Fe(HMethsa)JCl 
These complexes were prepared in the same man- 

ner as described above except that pyridoxal 4- 
ethylthiosemicarbazone (0.27 g; 10.0 mmol) or pyr- 
idoxal4-methylthiosemicarbazone (0.26 g; 10.0 mmol) 
was used in place of pyridoxal 4-phenylthiosemi- 
carbazone. Anal. Calc. for FeCZ2H3,,NsS20&l: C, 
42.20; H, 4.79; N, 17.90. Found: C, 42.09; H, 4.69; 





TABLE 1. Selected vibrational bands (cm-‘) of H,Phthsa, H,Etthsa and H,Methsa, and their iron(III) complexes 

Compound 4NH) 
GH) 

V(NW v(NH+) V(C=N) Ring V(C=N) Ring (OH) v(C=O) V(N-N) v(C=S) 

V(C=C) 

H,Phthsa 

[Fe(HPhthsa),]Cl 

H,Etthsa 

[Fe(HEtthsa),]Cl 

H,Methsa 

[Fe(HMethsa),]CI 

3328s 
3260m 

3460mb 
3280m 

3330s 
3260m 

3450mb 
3270m 

3328s 
3260m 

3440mb 
3270m 

3140m 2800mb 1620s 158oW 

2820~ 1630s 1580s 

3140m 28OoW 1610s 1.575w 

28OoW 1620s 1570s 

3140m 2800m 1618s 158oW 

2800~ 1630s 1580~ 

154Ovs 

1560s 

1535s 

1560s 

154Ovs 

1560~ 

1506~ 
1498s 
1470m 
1440m 
1415m 
1498s 
1455m 
1420m 
1405sh 
1.5ooW 
1498s 
1470m 
1440m 
1410sh 
1498s 
1450m 
1418m 
1405sh 
1505m 
1498s 
1470m 
1440m 
1410m 
1498m 
1470m 
1420m 
1405sh 

1375vs 129011~ 

1375m 1310m 

1375s 

1375s 

1375s 

1375s 

1290m 

1310m 

1290m 

1310m 

1050m 950m 

1030m 820m 

1050m 930m 

103Om 825m 

1050m 932m 

1030m 820m 
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V(C=N) stretching vibration in the free ligands, to 
the higher frequency side by approximately 30 cm-’ 
in the ferric complexes [31]. The shifting of the 
v(C-0) phenolic stretching band from 1290 cm-’ 
in the free ligands to 1310 cm-’ in the complexes 
may be ascribed to a delocalization of electron density 
from the oxygen atom to the ferric ion, resulting 
from the slight ionic character of the C-O bond and 
consequently a slight shift in the v(C-0) frequency 
[32]. The sharp band appearing at c. 930 cm-’ in 
the free ligands, and assigned to the v(C=S) stretch- 
ing vibration, shifts to a lower frequency side in the 
ferric complexes, indicating the coordination of the 
sulfur atom to the ferric ion. In the far-IR spectra, 
the ferric complexes exhibited bands at 425, c. 370 
and c. 320 cm-‘, which are assigned to the vFe-S 
and vFe-N stretching vibrations, respectively. 

Magnetic susceptibility 

the variable temperature magnetic susceptibility 
data for [Fe(HPhthsa)z]C1 has been measured be- 
tween 78 and 300 Kfor both increasing and decreasing 
temperature sequences. At 320 K, the effective mag- 
netic moment pes=5.90 pa is a characteristic of a 
high-spin 6A1 ground state, whereas at 78 K plcff = 2.14 
pa implies a low-spin *T2 ground state. These values 
demonstrate that the spin transition is practically 
complete at both temperature extremes. The detailed 

TABLE 2. Magnetic data for [Fe(HPhthsa),]CI” 

magnetic data are given in Table 2, and the tem- 
perature dependence of pees in the region of transition 
is illustrated in Fig. 1. It is evident from the data 
given in Table 2 and from Fig. 1 that the effective 
magnetic moment decreases smoothly from pCLeff = 5.9 
pa at 320 K to 5.04 pa at 290.4 K, whereupon a 
sharp drop to perr at 278 K is observed. Thus, on 
the basis of magnetism, the transition temperature 
associated with high-spin and low-spin transformation 
that occurs upon sample cooling may be estimated 
as T, 1 = 290 K. For the reverse transition, TCf = 299 
K. A thermal hysteresis of 9 K is present. The 
abruptness of the transition and the observation of 
thermal hysteresis demonstrates that the transition 
is thermodynamically first order. The effective mag- 
netic moment ~-,~=c. 2.12 pa over the temperature 
range 78-320 K studied for [Fe(HMethsa)*]Cl and 
[Fe(HEtthsa)2]C1 suggest that these compounds are 
predominantly in the low-spin state. 

Miissbauer spectroscopy 

The “Fe Mossbauer effect for [Fe(HPhthsa)2]C1 
has been studied between 80 and 320 K for both 
increasing and decreasing temperature sequences. 
Figure 2 illustrates four representative spectra in 
the spin-transition region, i.e. those for 320.0, 292.5, 
290.3, and 285.0 K, selected from a decreasing tem- 
perature series of measurements. It is apparent that 

T (K) 

320.0 
315.2 
309.5 
303.7 
298.2 
291.8 
290.4 
290.0 
289.5 
289.0 
288.5 
287.5 
287.0 
286.0 
280.5 
260.2 
232.7 
198.5 
162.0 
128.0 
102.7 
98.8 
78.0 

ldx ,yMcorr.b 
(cgs mol-‘) 

13487 
13461 
13569 
13591 
13746 
13999 
13580 
10817 
7808 
5778 
4024 
3285 
3010 
2930 
2807 
2860 
2867 
3247 
3909 
4561 
5580 
5801 
7279 

Cleff (pa) 

5.90 
5.85 
5.82 
5.77 
5.75 
5.74 
5.64 
5.03 
4.27 
3.67 
3.06 
2.76 
2.64 
2.60 
2.52 
2.45 
2.32 
2.28 
2.26 
2.17 
2.15 
2.15 
2.14 

T (K) 

265.2 
280.0 
285.1 
287.5 
289.0 
292.2 
295.5 
296.0 
296.5 
297.5 
298.8 
300.0 
302.7 
303.2 
307.5 
313.6 
318.7 

10h X ,yMcorr.b 
(cgs mol-‘) 

2738 
2745 
2761 
2937 
3013 
3185 
3826 
4220 
4471 
6535 

10167 
13053 
13401 
13567 
13751 
13530 
13588 

kff (&J) 

2.42 
2.49 
2.52 
2.61 
2.65 
2.74 
3.02 
3.17 
3.27 
3.96 
4.95 
5.62 
5.72 
5.76 
5.84 
5.85 
5.89 
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TABLE 3. Mijssbauer effect parameters of [Fe(HPhthsa)$I for a set of representative temperatures in the spin-transition 
region 

T (W 
2) 
(mW 

Decreasing temperature 
320.0 . 0.85 
310.7 0.85 
300.3 0.84 
292.5 0.84 
290.3 0.84 
289.1 0.83 
288.2 0.81 
285.0 
280.0 

Increasing temperature 
282.6 
285.0 
289.2 0.82 
292.3 0.83 
295.4 0.82 
297.3 0.83 
300.2 0.83 
302.4 0.84 
303.7 0.84 
307.5 0.83 
312.5 0.84 

IS AI% IS FW) A64 i4ota1 
?A,) (*Td (*Td 
W-W (mm/s) (mm/s) 

0.42 1.00 1.00 
0.41 1.00 1.00 
0.41 0.98 1.00 
0.42 3.12 0.21 0.94 0.98 
0.43 3.11 0.20 0.68 0.56 
0.44 3.12 0.21 0.50 0.12 
0.44 3.16 0.19 0.31 0.06 

3.18 0.19 0.07(5) 1.00 
3.17 0.19 0.07(2) 1.00 

3.17 0.19 0.06(2) 1.00 
3.16 0.19 0.08(O) 1.00 

0.42 3.16 0.20 0.09(O) 0.01 
0.40 3.14 0.20 0.11 0.02(S) 
0.40 3.14 0.21 0.15 0.037(5) 
0.41 3.13 0.20 0.38 0.37(5) 
0.40 0.89 0.97(5) 
0.40 0.95 0.98 
0.41 0.98 0.99 
0.41 0.99 0.99 
0.40 0.99 1.00 

could result from partial orientation of sample crys- 
tallites in the sample container, as observed for 
Fez(C0)9 [33], or because of the Goldanski-Karyagin 
effect [34, 351. This seems unlikely because the 
asymmetry tends to decrease with decreasing tem- 
perature, and the components are of equal area. It 
is therefore most likely that the observed asymmetry 
in the quadrupole split lines and its temperature 
dependence is consistent with intermolecular 
spin-spin relaxation [36]. 

The “Fe Miissbauer spectra of [Fe(HEtthsa)z]Cl 
and [Fe(HMethsa)z]C1 are measured at 300.0 and 
78.0 K and the spectral parameters are detailed in 
Table 3. All the parameters are characteristic of 
low-spin ferric centers and indicate that the ground 
state is a singlet orbital (in the Tz space) [37]. 

Electron paramagnetic resonance 
The EPR spectra for [Fe(HPhthsa&l], [Fe- 

(HEtthsa),Cl] and [Fe(HMethsa),]Cl have been mea- 
sured at 77 Kin DMSO, and the spectra are illustrated 
in Fig. 4. The EPR signals of all these complexes 
are characterized by axial symmetry unless the low 
field component is too broad to detect. The g signal 
at 2.12 is interpreted in terms of a second minor 
species. The experimental anisotropic values for the 

low-spin state of these compounds are listed in Table 
4, and are analyzed by following the method of 
Bohan [38] to determine the nature of the ground- 
state Kramers doublet. The high value of BI suggests 
that the ground-state Kramers doublet consists mainly 
of the state wherein the unpaired electron resides 
in the dV orbital. This is in agreement with the origin 
of the large quadrupole splitting for these compounds. 
Furthermore, the g-value analysis indicates that the 
first excited Kramers doublet of 2T2s is much higher 
in energy than the ground-state Kramers doublet 
(assuming spin-orbit coupling Fe(III)=460 cm-‘). 
This energy separation, much larger than the thermal 
energies, indicates that the low-spin magnetic mo- 
ment and Mijssbauer quadrupole splitting should be 
essentially temperature independent. 

At ambient temperature we were unable to identify 
any signal as arising from the high-spin component. 
However, a strong signal at g=4.2 was observed for 
[Fe(HPhthsa),Cl] at low temperatures (Fig. 4). For 
simple high-spin low-symmetry ferric complexes the 
signals are typically located in the low-field region 
(1000-2500 G at X-band frequencies) because the 
zero field splitting in the high-spin state is gauged 

by H=DSz2+E(Sx2-S,.2), where D and E are the 
axial and rhombic zero-field splitting parameters, 
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Fig. 4. X-band EPR spectra at 77 K for [Fe(HPhthsa)$I 
(A), [Fe(HEtthsa),]Cl (B) and [Fe(HMethsa),]Cl (C). The 
presence of minor species is indicated by an arrow. 

TABLE 4. Experimental and calculated ESR parameters 

[Fe- [Fe- [Fe- 
(HPhthsa)$I (HEtthsa),]CI (HMethsa),]CI 

& 2.16 2.16 2.16 
& 2.16 2.16 2.16 
& 1.99 1.96 1.97 
Al 0.111 0.130 0.124 
B, 1.00 0.994 0.996 
c, 0.00 0.000 0.000 
s/r 2.26 1.94 2.03 
dS 0.00 0.000 0.000 
E,IC -4.610 - 3.967 -4.150 
AZ 0.994 0.995 0.996 
02 0.076 0.090 0.086 
G 0.00 0.00 0.00 
&I5 1.945 1.623 1.720 
A, 0.997 0.996 0.997 
B3 0.070 0.080 0.077 
G 0.00 0.00 0.00 
&I5 2.665 2.344 2.430 

respectively [39]. A complex with low-symmetry 
(rhombic) exhibits an intense g = 4.3 signal if E/D = l/ 
3 and hu/D G 3, where hu is the microwave energy 
(c. 0.3 cm-’ at X-band frequencies). At low tem- 

perature EPR signals at g=c. 2.0 the ground-state 
Kramers doublet is well resolved and is characterized 
by axial symmetry in contrast to rhombic symmetry 
in a high-spin state. The difference of molecular 
symmetry between the low- and high-spin states play 
an important role in the spin-exchange mechanism. 
We attribute the absence of a high-spin signal at 
ambient temperature in [Fe(HPhthsa),Cl] to short 
spin-spin relaxation times enhanced by short di- 
pole-dipole (i.e. Fe-Fe) distances. 

Conclusions 

The discontinuous spin-crossover transitions are 
characterized by an abrupt change of relevant physical 
properties within a few Kelvin, thus a characteristic 
transition T, exists or may be defined by that tem- 
perature where “HS =OSO. Spin-state transitions in 
compounds are accompanied by a significant mod- 
ification of molecular dimensions, the most pro- 
nounced being the decrease in metal-ligand bond 
lengths on passing from high spin (hs) to low spin 
(Is), which generally results in a lowering of molecular 
volume. 

Extensive hydrogen-bonding interactions have 
been noted [40,41] in some metal complexes showing 
a spin-crossover behaviour which has led to the 
proposition that a change of hydrogen bonding may 
be important for the stabilization of one of the spin 
isomers. The ferric thiosemicarbazones are unique 
among spin-crossover complexes in that they possess 
an abundance of potential sites for intermolecule 
hydrogen bonding interactions [42, 431. Thus, it is 
most likely that the cooperative (i.e. first order) 
nature of the spin-state transition in [Fe- 
(HPHthsa),Cl] is due to extended coupling of ferric 
complexes through intermolecular hydrogen bonds. 
This is certainly not applicable to the majority of 
the spin-state transitions since the intermolecular 
interactions undoubtedly depend upon subtle crystal 
packing and lattice properties, which are, to some 
extent, unique for each solid. 
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