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Table VI. Principal Combination Band Progressions Observed in the 
Resonance Raman Spectra of Rh2(02CCH3)4L2 (L = PPh,, AsPh,, 
SbPhi) 

u I  band progressions u2 band progressions 
from to from to 

" I Y I  

U l U l  + u2 
L j l U l  + 2u2 
u l u I  + q X-sens 
v I u l  + 305 

" l Y l  

" I Y I  + u2 
U l U l  + S(OC0) 
U\U] + 2u2 
UlU] + 82 + 6(0CO) 
UIU] + 2u2 + S(OC0) 
u l u l  + p-ring 
u l u I  + r X-sens 
cIuI + t X-sens 
clul  + 321 

O l U l  
UlU] + Y2 

u , u I  + t X-sens 
C ' I U I  + 2u2 
U I U ]  + 3 v 2  
ClUl + b(OC0) 
olu l  + r X-sens 
0,Ul + u2 + S(OC0) 

PPh, Complex8 
CI = 4 c2u2 
LI = 3 
C ]  = 2 
I.', = 2 
C] = 2 

AsPh, Complex 
UI = 7 0202 

V I  = 7 
U I  = 6 
U I  = 6 
V I  = 4 
01 = 3 
Li )  = 2 
C]  = 2 
L.1 = 2 
CI = 2 

U I  = 6 ~ 2 ~ 2  

U ]  = 5 
C ]  = 5 
I.'I = 4 
U ]  = 3 
I.', = 3 
01 = 2 
0 ,  = 2 

u p 2  + Y1 
~ 2 ~ 2  + S(OC0) 

SbPh, Complex 

u p 2  + V I  
1'2U2 + S(OC0) 

02 = 2 

C2 = 3 
u2 = 2 
v2 = 2 

01 = 4 
c2 = 4 
02 = 2 

LCMC in the coordinated ligand, which decreases in the order 
103.2, 101.5, and 99.7' for M = P,I3  AS,^ and Sb,2 respectively. 
The principal X-sensitive (X-sens) modes involved in this coupling 
are the p, q, r, t, and y modes. The S(OC0) mode is, interestingly, 
also involved in combination band progressions with both vi  and 

u2, indicating that slight structural changes on u - u* excitation 
must occur throughout the acetate rings. 

Excitation profiles have been constructed for the v l ,  v2, 229, v i  
+ u2,  2v2, and S(OC0) bands of Rh2(O2CCH,),(AsPh3), and for 
the u l ,  u2,  t X-sens, v 1  + t X-sens, 2vl ,  v1 + v2, r X-sens, 2v2, and 
S(OC0) bands of Rh2(02CCH3)4(SbPh3)2 (Figures 6 and 7). As 
is the case for the excitation profiles of the analogous tri- 
phenylphosphine complex,s all the Raman bands maximize under 
the contour of the resonant electronic band. Depolarization ratios 
were obtained on resonance for the v1 band of Rh2(O2CCH,),- 
(AsPh,), and for the u l ,  v2 ,  and t X-sens bands of Rh,- 
(02CCH3)4(SbPh3)2; all were close to 1/3, which confirms the 
axial nature of the resonant t r a n ~ i t i o n . ~ , ~ ~  These results indicate 
that, although the principal geometric change on excitation is along 
the Rh-Rh coordinate, there are small consequential geometric 
changes along many other coordinates-changes associated not 
only with the acetate rings but also, and more surprisingly, with 
X-sensitive modes of the phenyl rings. It is hoped, in future 
analyses, to be able to quantify these changes. 

The principal progression-forming mode (vl)  in each resonance 
Raman spectrum is almost harmonic; thus, for the AsPh, complex, 
ai  = 297.2 cm-' and xI1  = -0.16 cm-I while, for the SbPh, 
complex, w1 = 307 cm-I and x I 1  = 0.0 cm-I. This mirrors the 
similar behavior displayed by the analogous PPh, complex.8 
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The preparation and characterization of the new discontinuous ferric spin-crossover complex [Fe(HL)2]CI and the hydrated low-spin 
form of the complex [Fe(HL)2]C1.2H20 are reported. In these complexes HL- is the deprotonated form of pyridoxal thio- 
semicarbazone (H2L) acting as an ONS tridentate ligand. The magnetic moments for the spin-crossover complex show a thermal 
hysteresis, where with sample cooling the transition temperature is 245 K and with sample heating it is 256 K. Variable-temperature 
S7Fe Mossbauer and EPR data also provide evidence for the presence of a first-order phase transition in this complex. It is most 
likely that the cooperative (first-order) nature of this transition is due to the extended coupling of ferric complexes through 
intermolecular hydrogen-bonding interactions. EPR spectra of the two complexes in this study show that both have a singly occupied 
d, orbital in the ground Kramers doublet. 

Introduction 
Thermally driven transitions between high-spin and low-spin 

ground states in iron compounds have recently been the subject 
of numerous  investigation^.'-^ It has been demonstrated that 
transitions of the type high spin == low spin may exhibit either 
an essentially discontinuous or a more gradual beha~ior .~" The 
discontinuous spin-crossover transformations have been shown, 
on the basis of heat capacity  measurement^,'-^ to be thermody- 
namically first-order.I0 Moreover, the observation of hysteresis4 
has been employed as an indication of the first-order character 

of the abrupt spin transformations. Recently, variable-temperature 
X-ray diffraction measurements have also revealed that discon- 
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tinuous lattice modifications (and concomitant unit cell volume 
changes) accompany these spin  transition^.^^"-'^ These findings 
are in keeping with the first-order nature of such transitions. 
Although relatively little is known about the microscopic origin 
of such transitions, it seems that discontinuous spin transitions 
arise for compounds with strong cooperative (Le., intermolecular) 
interactions. 

The ferric thiosemicarbazones, particularly those formed with 
pyruvic acid thiosemicarbazone (I) and salicylaldehyde thio- 
semicarbazone (11),'4-24 are of considerable interest owing to their 
discontinuous spin transitions among the various six-coordinate 
ferric spin-crossover compounds. The spin-crossover properties 

X 

YCFe( X-tsa)zl  e n H z 0  (11) 

for these compounds are quite sensitive to changes in the outer- 
sphere cation Y, the number of water molecules, and the nature 
of the substituent X attached to the salicylaldehyde moiety. 
Recently, the magnetic, spectroscopic, and structural character- 
ization of the discontinuous ferric spin-crossover complex [ Fe- 
(Hthpu)(thpu)], where Hthpu- and thpu2- are deprotonated forms 
of pyruvic acid thiosemicarbazone, have been reported.25 

In the present paper, we report variable-temperature magnetic 
and spectroscopic characterization of the discontinuous spin 
crossover in a new ferric thiosemicarbazone complex, [ Fe(HL),]CI, 
where HL- is the anion of pyridoxal thiosemicarbazone. In ad- 
dition, the characterization of the hydrated form [Fe(HL),]- 
C1.2H20 is also reported. 
Experimental Section 

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

Pyridoxal Thiosemicarbazone. A solution of pyridoxal hydrochloride 
(0.21 g), in its neutral form, in 30 mL of ethanol was added with constant 
stirring to thiosemicarbazide (0.091 g) in 30 mL of ethanol, and the 
solution mixture was refluxed for 30 min. After the mixture was cooled, 
a deep yellow microcrystalline product was isolated by filtration, washed 
with alcohol, and dried in vacuo. Anal. Calcd for C9H,,N4S02: C, 
45.00; H ,  5.00; N ,  23.33. Found: C,  44.92; H ,  4.95; N, 23.17. The 
compound has a melting point of 228 OC and is soluble in water and 

YC Fe( thpu)p 1 n H 2O (I)  
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warm ethanol and scarcely in chloroform. 
[Fe(HL),]CI. A hot solution of pyridoxal thiosemicarbazone (0.24 g, 

10 mmol) in 30 mL of ethanol was added dropwise with constant stirring 
to a solution of anhydrous FeCI, (0.81 g, 5 mmol) in 25 mL of ethanol. 
The resulting solution mixture was heated under reflux for 30 min and 
then kept overnight a t  room temperature. The dark brown microcrystals 
were isolated by filtration, washed with ethanol and diethyl ether, and 
dried in vacuo over P20, ;  mp 240 OC. Anal. Calcd for 
FeClsH22NsS204CI: C,  37.94; H ,  3.86; N, 19.67; Fe, 9.80. Found: C,  
37.82; H ,  3.80; N, 19.54; Fe, 9.88. 

[Fe(HL)2]CI.ZH20. A solution of FeCI, (0.81 g, 5 mmol) in 20 mL 
of water was added dropwise with stirring to a solution of pyridoxal 
thiosemicarbazone (0.24 g, 10 mmol) in 15 mL of water. The resulting 
solution was heated under reflux for about 30 min and allowed to stand 
at  room temperature to give dark brown microcrystals. The microcrystals 
were isolated by filtration, washed with water, and dried. Anal. Calcd 
for FeC,8H26NsS206C1: C,  35.68; H ,  4.29; N, 18.50; Fe, 9.21. Found: 
C,  35.57; H, 4.21; N,  18.42; Fe, 9.27. 

Physical Measurements. Variable-temperature magnetic susceptibility 
data were obtained on a vibrating-sample magnetometer, operated at  5 
kG. The magnetometer was calibrated with CuS04.5H20, and a cali- 
brated GaAs diode was used for sample temperature determination and 
control. For all data, diamagnetic corrections, estimated from Pascal's 
constants,26 were used in the calculation of molar paramagnetic suscep- 
tibilities. 

Electron paramagnetic resonance data (X-band) were obtained on a 
Varian E-4 spectrometer, using DPPH as a reference material. Variable 
temperatures (300-77 K) were obtained with the use of a gas-flow cavity 
insert in conjunction with a Varian V-4540 temperature controller. 
Temperatures were determined before and after each spectrum with a 
copper-constantan thermocouple, and the temperature accuracy was 
estimated to be f 5  K. A direct-immersion Dewar, which was inserted 
into the cavity, was used to obtain spectral data a t  77 K. 

57Fe Mossbauer spectral data were collected on polycrystalline samples 
by using a constant-acceleration spectrometer that was calibrated with 

,natural a-iron foil. The source was 57Co(Cu) and was maintained at  
room temperature for all experiments. A copper-constantan thermo- 
couple, mounted on the sample cell holder, was used to monitor the 
sample temperature. The absolute precision is estimated to be f 3  K. A 
computer program was used to fit the Mossbauer absorptions to Lor- 
entzian line shapes. The isomer shifts are reported with respect to natural 
iron foil a t  298 K. 

mol/L) 
a t  25 OC were measured on a Toshniwal conductivity bridge, Type C L  

Results and Discussion 
The infrared spectrum of the free ligand pyridoxal thiosemi- 

carbazone (H2L) exhibits absorption bands at 3140 m and 2860 
sh cm-', which are assigned to u(NH) and u(NH+) of the pyridine 
ring whose protonation has occurred due to migration of the 
phenolic OH group to the pyridine n i t r ~ g e n , ~ ~ , ~ ~  respectively. No 
bands are observed at ca. 2500 cm-' assignable to the S H  group. 
Thus, the free ligand (H2L) exists in the thione form (111) in the 

The molar conductances for the samples in methanol (1 X 

01/01. 

H 
I 

H 

I11 
H 
I I I a  

solid state. However, in solution and in the presence of some metal 
ions the ligand may exist in equilibrium with the tautomeric form 
IIIa. The tautomer IIIa formed by the loss of  the thiol proton 
might be expected to act as a charged tridentate ligand by co- 
ordinating to a metal ion through the mercapto sulfur, the azo- 
methine nitrogen, and the phenolic oxygen. 

(26) Figgis, B. N.; Lewis, J. In Modern Coordination Chemistry; Lewis, J., 
Wilkinson, R. G., Eds.; Interscience: New York, 1960; p 403. 

(27) Domiano, P.; Musatti, A.; Nardelli, M.; Pelizzi, C.; Predieri, G. Tran- 
sition Met.  Chem. 1979, 4 ,  351. 

(28) Matsushima, Y. Chem. Pharm. Bull .  1968, 16, 2143. 
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Table I. Selected Vibrational Bands (cm-') of Pyridoxal Thiosemicarbazone and Its Iron(II1) Complexes 
u(NH2), v(C=N), 

compd v ( 0 H )  v(NH) v(NHt) v(C=C) ring u(C=N) ring u ( 0 H )  v(C=O) v(N-N) u(C=S) 
H2L 3430 m 3140 m 2860 sh 1600s  1575 s 1530s  1495 m 1375 vs 1290 m 1060m 935 m 

3280 m 1465 m 
1430 s 
1415 sh 

3240 m 1610 s 1470 m 
1420 w 
1410 w 

[Fe(HL)21CI 3440 mb 2880w 1630s  1590s  1560m 1495 s 1375 vs 1300111 1030m 8 5 0 m  

IFe(HL),lCl-2H70 3440 mb 2875 w 1 6 2 0 m  1590s  1560111 1495 m 1375 s 1300 m 1035 m 8 6 0 m  . . I -1  

3240 m 1610 s 

When the solution of the free ligand in ethanol or water IIIa 
was heated under reflux with an ethanolic or aqueous solution 
of FeC13, it afforded a dark brown microcrystalline complex of 
the formula [Fe(HL)2]Cl or [Fe(HL)2]CI.2H20, respectively. The 
complexes are quite stable at room temperature and do not show 
any decomposition after a long period of standing. The complexes 
are soluble in a number of solvents of moderate-to-good coordi- 
nating ability, such as dimethylformamide, dimethyl sulfoxide, 
methanol, ethanol, and pyridine. The molar conductances of 
M [Fe(HL)2JCI and [Fe(HL)2]C1.2H20 in methanol a t  25 OC 
are 1 10 and 118 R-l cm2 mol-I, indicatingz9 their uni-univalent 
electrolytic behavior in solution. The complexes exhibit sharp 
melting points. 

Infrared Spectra. The main vibrational bands of the free ligand 
(HzL) and its ferric complexes are reported in Table I. In the 
N H  stretching frequency region, the spectral band u(NH) dis- 
appears in the complexes, indicating the deprotonation of the NH 

The coordination of the azomethine nitrogen atom to 
the ferric ion is indicated by the shifting of the bands chiefly 
assigned to u(N-N) and v(C=N) stretching  vibration^.^^ The 
slight shift of u(C-O(phenolic)) in the complex may be ascribed3z 
to a delocalization of electron density from the oxygen atom to 
the metal ion, resulting in a slight ionic character of the C-O bond 
and consequently a slight shift in the u(C-0) frequency. The 
low-frequency shift of v(C=S) stretching from 935 s cm-l in the 
free ligand to approximately 860 cm-' in ferric complexes is 
indicative of involvement of the sulfur atom in bonding to the 
metal. In the far-infrared spectra, the ferric complexes exhibit 
bands at about 425, 370, and 330 cm-I, which are assigned to 
Fe-O(phenolic), Fe-S, and Fe-N stretching vibrations, re- 
spectively. 

Magnetic Susceptibility. The variable-temperature magnetic 
susceptibility data for [Fe(HL)2]CI between 78 and 300 K are 
presented in Figure 1. From Figure 1 it may be easily visualized 
that the effective magnetic moment decreases smoothly from peff 
= 5.75 pB at 299 K to peR = 4.00 pB at 245 K, whereupon a sharp 
drop to peR = 2.26 pB at 230 K is observed. To lower temperatures 
an almost temperature-independent range of peff values follows 
down to peff = 2.01 pB at 78 K. Thus, on the basis of magnetism, 
the transition temperature associated with the 6A, + 2Tz spin 
transition is well defined as T c ( l )  = 245 K. For the reverse 
transition that occurs upon sample heating, T , ( t )  is 256 K. A 
thermal hysteresis of 1 1  K is present. The abruptness of the 
transition and the observation of thermal hysteresis lead us to 
conclude that the discontinuous nature of the thermal spin- 
crossover transformation for [Fe(HL)2]CI is a first-order phase 
transition. The hydrated complex exhibits a magnetic moment 
of 2.05 pB at room temperature (299 K), suggesting that it is 
predominantly in the low-spin state. 

Miissbauer Spectroscopy. Variable-temperature 57Fe Mijssbauer 
spectra of IFe(HL),]CI are illustrated in Figure 2. At 298 K, 

(29) Geary, W .  J. Coord. Chem. Rev. 1971, 7, 81. 
(30) Iskander, M. F.; El-Sayed, L. J .  Inorg. Nucl. Chem. 1971, 33, 4253. 
(31)  Mohan, M.; Sharma, P.; Kumar, M.; Jha, N. K. Inorg. Chim. Acta 

1986, 125, 9. 
(32) Mohan, M.; Tandon, J P ; Gupta, N. S .  Inorg. Chim. Acra 1986, 1 1 1 ,  
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Figure 1. Effective magnetic moments of [Fe(HL)&3 as a function of 
temperature: (0)  cooling: (0) heating. The solid lines are drawn for 
purposes of clarity only and do not represent data fittings or simulations. 
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Figure 2. Mossbauer spectra for [Fe(HL)*]Cl at selected temperatures. 

the 57Fe Mossbauer spectrum consists of a single doublet char- 
acterized by the quadrupole splitting AEQ = 0.84 mm/s and 
isomer shift 6 = 0.48 mm/s. On the basis of the values of AEQ 
and 6, it is justified to assign this spectrum to high-spin iron(II1) 
in approximately pseudooctahedral (6Al) coordination. Additional 
support for the assignment is provided by the magnetic data: e.g., 
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Figure 3. X-Band EPR spectra at 77 K for [Fe(HL)2]CI (A) and [Fe- 

peff = 5.75 pB a t  299 K (Figure 1). At 275 K, a slight asymmetry 
of the spectrum appears, becomes more pronounced at 260 K, and 
increases further with decreasing temperature. The origin of the 
asymmetry is a second doublet, which may be clearly distinguished 
only a t  248 K. The intensity of this doublet, expressed by the 
(uncorrected) fractional area, amounts at 248 K to about 20%. 
On the basis of the quadrupole splitting AEQ = 3.08 mm/s and 
the isomer shift 6 = 0.20 mm/s (both at 248 K), the new doublet 
may be assigned to the zT2 ground state of low-spin iron(II1). The 
assignment is consistent with the decrease of the magnetic moment 
to peff = 2.74 pB a t  240 K. As the sample temperature is lowered 
further, the intensity of the high-spin doublet decreases dra- 
matically between 248 and 245 K and goes to zero below 240 K, 
while that of the outer low-spin quadrupole-split doublet increases 
a t  the same rate in the same temperature range. As expected, 
there is a change of the ground-state effective magnetic moment 
from perf = 5.75 pB at 299 K to peff = 2.26 pB a t  230 K (Figure 
1). The present results clearly demonstrate that in [Fe(HL)JCl 
the high-spin (6A1) * low-spin (2T2) transition takes place over 
the temperature range 150-298 K, the transition being centered 
a t  about 245 K. 

At 150 K, the 57Fe Mossbauer spectra of [Fe(HL)z]Cl and 
[Fe(HL)zC1-2Hz0 are quite similar. For the nonhydrated com- 
pound, the quadrupole splitting AEQ is 3.1 1 mm/s and the isomer 
shift 6 is 0.20 mm/s. For the hydrated material, AEq = 3.12 
mm/s and 6 = 0.18 mm/s. All of these parameters are charac- 
teristic for low-spin ferric centers. 

Electron Paramagnetic Resonance. Figure 3 illustrates the 
X-band EPR spectra a t  77 K of both low-spin materials. It is 
clear that the spectra of hydrated and nonhydrated solids are quite 
different. The EPR signal of the hydrated ferric material is 
characterized by rhombic symmetry in contrast with axial sym- 
metry in the nonhydrated ferric solid. The experimental aniso- 
tropic g values for the low-spin state of these solids, listed in Table 
11, were analyzed33 to determine the nature of the ground-state 
Kramers doublet. It can be concluded that the unpaired electron 
in the ground Kramers doublet is in a d, orbital. This result is 
in agreement with Mossbauer spectral data (vide supra). Fur- 
thermore, the g-value analysis indicates that the first excited 
Kramers doublet is much higher in energy than the ground-state 
Kramers doublet (assuming spin-orbit coupling (Fe"') of 460 
cm-'). This energy separation, much larger than the thermal 
energies, indicates that the low-spin magnetic moment and 
Mossbauer quadrupole splitting should be essentially tempera- 
ture-independent . 

A very broad signal (full width at half-height -2 kG) centered 
at -1.2 kG (gerf = 3.13) was observed in the X-band EPR 

(HL)Z]CI*2H20 (B) .  

(33) Bohan, T. L. J .  Magn. Reson. 1977, 26, 109 
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Table 11. ExDerimental and Calculated' EPR Parameters 
[ Fe(HL)2] C1. [Fe(HId)2]C1. 

IFe(HL),lCl 2H,O IFe(HLh1CI 2H,O 
gx 2.245 
g, 2.245 
gz 1.920 
a/[ 2.35 

AI 0.107 
Bl 0.993 

c / E  0 

CI 0 
E , / [  -4.701 

2.390 
2.131 
1.921 
2.52 

0.114 
0.993 
-0.044 
-5.210 

-1.03 

A2 0.991 
B2 0.098 
c2 0 
E l / (  2.001 
A3 0.995 
B3 0.096 

E , / [  3.197 
c3 0 

0.810 
-0.113 
-0.645 
0.550 
0.650 
-0.046 

5.712 
-0.758 

Parameter definitions and methods of calculations are described in the 
text. 

spectrum of the nonhydrated ferric sample at room temperature. 
However, a weak signal at g = 4.3 was observed for this sample 
at 77 K (Figure 3). High-spin EPR signals for molecular solids 
of this type typically are found in the low-field region (1-2.5 kG 
at X-band frequencies) because t h e  zero-filled splitting in the 
high-spin state is gauged by H = DS,2 + E ( S 2  - S:), where D 
and E are the axial and rhombic zero-field splitting parameters, 
re~pectively.~~ The presence of a strong signal g = ca. 4.3 indicates 
that the molecular symmetry is low (rhombic) and E / D  N 1/3 
and hv/D I 3, where hv is the microwave energy (ca. 0.3 cm-I 
a t  X-band frequencies). At low temperature, the signal a t  g = 
ca. 2 is well resolved and is characterized by axial symmetry in 
contrast with rhombic symmetry in the high-spin state. The 
difference of the molecular symmetry between the low- and 
high-spin states plays an important role in the spin-exchange 
mechanism. However, we attribute the extremely broad line width 
to short relaxation times of spin-spin mechanisms enhanced by 
short dipole-dipole (Le., Fe-Fe) interactions. 

Conclusion 
A number of recent research efforts in the area of spin-crossover 

chemistry have centered on better characterization of the factors 
that influence the bulk properties of the solid-state transforma- 
t i ~ n . ~ , ~ ~  It has been suggested'J repeatedly that discontinuous 
transformations are essentially first-order phase transitions, where 
high- and low-spin domains are present and cooperative inter- 
molecular interactions play an important role. An important factor 
that may be responsible for discontinuous spin-crossover transitions 
in ferric thiosemicarbazones is the abundance of potential sites 
for intermolecular hydrogen-bonding interactions responsible for 
strong coupling of the monomeric units in the solid state.z5~36~37 
Thus, the cooperative nature of the spin-crossover transformation 
in [Fe(HL)2]C1 may be due to extended coupling of ferric com- 
plexes through intermolecular hydrogen bonds. Such hydrogen- 
bonding interactions have been noted38s39 in other structurally 
characterized discontinuous spin-crossover solids. 
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