
J. Am. Chem. Soc. 1980, 102, 4681-4687 4681 

utilizing n-GaAs electrodes in AlCl3-BPC molten salts and the 
good stability demonstrated by these electrodes in the 1:1 elec
trolyte are encouraging. The results described above also suggest 
that considerable scope exists in the use of molten salts as elec
trolytes in photoelectrochemical systems. 

Introduction 

Temperature- or pressure-induced transitions between two states 
of differing spin multiplicity have been observed in certain com
plexes of d5, d6, d7, and d8 ions of the first-transition series.3"5 The 
high-spin (5T2) =̂5 low-spin (1A1) transition which is characteristic 
for the (approximately octahedral) six-coordinated d6 configuration 
has been also encountered in certain perovskites like LaCoO3

6 and 
in mixed sulfides of the type Fe^Ta1-J(S2.

7 Moreover, the variable 
spin state of iron proteins is believed to be of importance for the 
catalytic properties of these bioactive systems.8 In solution, the 
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spin interconversion process is dynamic in nature, and its mech
anism seems to be reasonably well understood.9,10 Thus rate 
constants for the process 

* i 

low spin ^-— high spin 

have been determined for a number of spin-interconversion systems 
and for iron(II) complexes; for example, the values obtained for 
^1 and k.x vary between 4 X 105 and 2 X 107 s"1." 

The first example of a high-spin (5T2) =̂* low-spin (1A1) 
transition was established for a solid complex,12 and most sub
sequent studies have been concerned with systems in the solid state. 
Recent progress with spin transitions in the solid state has, how
ever, been slow due to unpredictable lattice effects arising from 
variable degrees of solvation, different crystal forms of the same 
complex, or perhaps even the influence of slight differences in the 
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Abstract: The six-coordinate iron(II) complex [Fe(phy)2](C104)2 (phy = l,10-phenanthroline-2-carbaldehyde phenylhydrazone) 
has been shown by variable-temperature 57Fe Mossbauer effect, X-ray diffraction, and magnetic measurements to exhibit a 
high-spin (S = 2; 5T2) ^ low-spin (S = 0; 1Aj) transition in the solid state. The ground states involved are characterized, 
at the transition temperature Tc, by Af0(5T2) = 0.91 mm s'1, 5IS(5T2) = +0.93 mm s"1 and A£Q('A,) = 1.61 mm s"1, 518CA1) 
= +0.28 mm s"1. For sample I of [Fe(phy)2](C104)2, a pronounced hysteresis of ATC = 8.1 K has been observed, the transition 
being centered at Tj = 256.1 K for rising and at Tcl = 248.0 K for lowering of temperature. The Debye-Waller factors 
at rct (/sT2 = 0.116,/iAl = 0.198) show a discontinuity of A/tota| «= 42%, the temperature function of both/sT2 and/iA, being 
well reproduced within the high-temperature approximation of the Debye model (0sT2 = 127.3 K, 6iA, = 146.8 K, A/Fe = 57 
au). The X-ray diffraction patterns for the 5T2 and 1A1 phases are characteristically different. The temperature dependence 
of the molecular fraction nsTl, including details of the hysteresis curve, is the same whether determined from the Mossbauer 
data or the X-ray peak profiles. Thus a concomitant change in the electronic state of the molecules and crystallographic properties 
of the lattice occurs at T0. The 5T2 ̂

 1A1 transition is thermodynamically first order. The observed equal areas of scanning 
curves are indicative, within the Everett model, of the formation of independent domains by both 5T2 and 1A1 molecules. From 
the line widths of X-ray diffraction patterns, the magnitude of the domains follows as >5000 A. In a second sample, sample 
II of [Fe(phy)2] (ClO4J2, the first-order character of the 5T2 ̂

 1Ai transition is diminished presumably due to impurities and/or 
defects in the solid. After recrystallization, sample II gives results similar to those of sample I. 
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preparation of the samples. Very detailed physical measurements 
on carefully prepared substances are required in order to gain 
understanding of the underlying phenomena. We have shown 
recently13 that the investigation of hysteresis effects associated 
with almost discontinuous high-spin (5T2) =̂* low-spin (1A1) 
transitions may be useful for the understanding of the mechanism 
of spin transitions in solids. Additional information may be ob
tained from the application of multichannel analyzer techniques 
to the analysis of peak profiles of X-ray diffraction.14 

In this paper we report the detailed study of hysteresis effects 
at the high-spin (5T2) — low-spin (1Ai) transition in solid [Fe-
(phy)2](C104)2 where phy = l,10-phenanthroline-2-carbaldehyde 
phenylhydrazone. Whereas the temperature dependence of 
magnetic properties and the 57Fe Mossbauer effect are employed 
to follow changes of the molecular electronic ground state, the 
study of peak profiles of the X-ray diffraction as a function of 
temperature provides insight into changes of the crystallographic 
structure. The latter results are of particular significance since 
to date there are only a few single-crystal X-ray structure studies 
on spin-transitions available, particularly as far as iron(II) com
pounds are concerned.15'16 In addition, all studies of this kind 
have been limited to two temperatures and therefore cannot furnish 
a description of the effect, on the structure, of progressive changes 
in temperature. 

Experimental Section 

Materials. The phenylhydrazone was prepared directly by interaction 
of l,10-phenanthroline-2-carbaldehyde with phenylhydrazine in ethanol. 
The complex [Fe(phy)2](C104)2 was obtained by treatment of iron(II) 
perchlorate with the phenylhydrazone and thus closely followed the 
preparation of the corresponding fluoroborate.17 All samples gave sat
isfactory analyses for C, H, N, and Fe. 

Methods. Magnetism was measured by the Gouy method by em
ploying a Newport Instruments variable-temperature balance. Magnetic 
susceptibilities were corrected for diamagnetism (xm""* = —371 X ICT6 cgs 
mol"1) and effective magnetic moments were obtained according to Meff 
= 2.828(Xn,

00"7")1/2, Xm00" being the corrected molar magnetic suscep
tibility and T the temperature in K. 

57Fe Mossbauer spectra were measured with a spectrometer of the 
constant acceleration type (Elscint AME-30A) operating in the multi-
sealer mode. A 50-mCi source of 57Co in rhodium was used, the cali
bration being effected with a metallic iron absorber. All velocity scales 
and isomer shifts are referred to the iron standard at 298 K. To convert 
to the sodium nitroprusside scale, add +0.257 mm s"'. Movement of the 
source toward the absorber corresponds to positive velocities. Variable-
temperature measurements were performed by using a specially designed 
superinsulated cryostat, a small heating coil, and liquid nitrogen as 
coolant. The temperature was monitored by means of a calibrated iron 
vs. constantan thermocouple and a cryogenic temperature controller 
(Artronix Model 5301-E). The relative accuracy of temperature was 
about 0.05 K and the absolute accuracy about ±0.5 K. All measure
ments were effected with the identical geometrical arrangement for 
source, absorber, and detector. The resulting data were carefully cor
rected for nonresonant background of the 7 rays, and the individual areas 
A(5T2) and A(1A1) were extracted by a computer-based decomposition 
into Lorentzians. 

The following procedure was adopted for the determination of De-
bye-Waller factors for the 5T2 and 1A1 ground states,/sT2 and/iA,, re
spectively. For an absorber of finite thickness, the normalized area for 
the /th Mossbauer line is determined by eq 1 (area method18,19). In eq 

A1 = Y2TfST0L(I1) (1) 

1,/s is the Debye-Waller factor of the source, T, the line width of the 
absorber (in the present case T, = T0 always held where T0 is the natural 
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line width), and L(J,) the saturation function. The inverse to L(t,) is 
required in order to obtain, from the quantity A1 of eq 1, the effective 
thickness /,. For 0 < tt < 2 this function is given in numerical form by 
eq 2 with an accuracy greater than 1%. 

tl(L) = L(t,)/[\-Y<L(td] (2) 

Provided that the high-temperature approximation for the Debye-
Waller factor is followed by both/sT2 and/iAl, i.e., eq 3, where, in par-

-InA1 = HT 

-ln/.Al = i r (3) 

ticular for the Debye model, H = C/Q^2, L = C/9iAl
2, and C = 

3E0
2ZMc2Ic, the effective thickness for the two phases may be written as 

eq 4. Equation 4 applies for each single line of the quadrupole doublet 

(̂ r2 = rfn*r/5r2 = dn^2e-"T (4) 

<iA, = d(\ - nsr2)/'A, = d(\ - n^2)e~LT 

and d = l/2N@6o0, where N is the number of iron atoms per unit volume, 
/3 the isotopic abundance, S the absorber thickness, and a0 the resonance 
cross section. Also, in eq 3, E0 is the 7-ray energy and M the mass of 
the absorbing atom. From eq 4 it follows for each individual Mossbauer 
spectrum measured at the temperature Tk that 

Hv = - ^r[In (^2" + n^e<R-L^) - In d] (5) 

4 = -^r[In 0.Al
k + t ^ V * * - ^ ) - In d] 

Here, R = '/„I?,#k 's the average for n measurements and similarly L. 
Equation 5_may be solved by iteration on condition that £(H- Hj2 = 
min or Y.(L - L^)2 = min. The resulting values of R and L determine 
the Debye-Waller factors of eq 3 and, via eq 4, the 5T2 fraction mT2 as 
well, all three quantities as a function of temperature. 

Measurements of X-ray powder diffraction were performed with a 
Siemens counter diffractometer equipped with an Oxford Instruments CF 
108A flow-cryostat. Cu Ka radiation was used. Measurements of peak 
profiles were carried out in the mode of step scanning of the apparatus, 
the smallest steps being 0.005° in 29. The resulting pulses were stored 
and processed by a multichannel analyzer (Elscint MEDA 10), whereas 
peak areas were determined by summation of background-corrected 
counting rates. Temperatures were measured by a calibrated resistance 
thermometer, the relative accuracy of listed temperatures being about 
0.1 K, whereas the absolute accuracy is about ±3.0 K. It should be noted 
that any discrepancy between temperatures quoted for Mossbauer effect 
and X-ray diffraction measurements is due to the use of different tem
perature-control equipment for the two techniques. 

The relative intensity for a single diffraction line may be written as 
eq 6. Here, K(B) is an angular function comprising the Lorentz, po-

/„, = K(6)D[nh2{Fhkl^Y + (1 - ^ 2 ) (F j* ' ) 2 ] (6) 

larization, geometrical and absorption factors, whereas D is the X-ray 
Debye-Waller factor and \F\2 the structure factor. In the present study, 
only corresponding closely spaced diffraction lines (AO = 0.4° at maxi
mum) at low values of 6 are considered. Therefore, the angular function 
K(B) and the Debye-Waller factor D may be taken as practically iden
tical for the two phases, 5T2 and 1A1, cf. eq 6. Moreover, the close 
position of corresponding diffraction lines for the 5T2 and 1A, phases 
suggests that the unit cells for the two phases should not be significantly 
different. Since it is the same atoms which contribute to the diffraction 
in both phases, even the structure factors may be assumed to be ap
proximately equal, |/WT2|2 = \Fhki'A,\2- In the present circumstances 
therefore 

HJr2 «/(5T2)/(/(5T2) +/(1A1)) (7) 

and mT2 determined in this way may be compared with mT2 obtained on 
the basis of Mossbauer effect data. 

Results 
Sample I. Two independently prepared samples of [Fe-

(phy)2](C104)2 have been investigated in full detail, and these will 
be considered separately in the following. Sample I, in particular, 
has been obtained by using iron in natural abundance. 

The 57Fe Mossbauer effect of [Fe(phy)2](C104)2, sample I, has 
been studied between 4.2 and 300 K. Figure 1 shows three typical 
spectra, i.e., at 251, 257, and 261 K. The spectrum at 251 K is 
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Table I. "Fe Mossbauer Effect Parameters of [Fe(phy)2] (ClO4 )2 (Sample I) for a Set of Representative Temperatures" 

T, K 

251.0 
253.0 
256.1 
257.0 
261.0 
252.8 
251.0 
248.5 
246.0 
243.0 

AZTQ(1A1) 

1.61 
1.61 
1.61 
1.61 

1.62 ± 
1.61 
1.61 
1.61 

b mm s"' 

0.02 

618CA1),0 

+0.28 
+0.28 
+0.28 
+0.28 

+0.27 ± 
+0.28 
+0.28 
+0.28 

mm s"1 

0.02 

A^Q( 5 T 2 ) 

0.90 ± 
0.91 
0.89 
0.87 
0.90 
0.90 
0.90 
0.93 

6 mm s"1 

0.02 

8IS(ST2),
C 

+0.91 ± 
+0.93 
+0.93 
+0.94 
+0.94 
+0.94 
+0.93 
+0.91 

mm s"' 

0.03 

" 5 T 2 

0 
0.107 
0.505 
0.731 
1.000 
1.000 
0.940 
0.649 
0.170 
0 

° The data are listed in the order of measurement. b Experimental uncertainty ±0.01 mm s"1 except where stated. c Isomer shifts SIS are 
listed relative to natural iron at 298 K. Experimental uncertainty ±0.01 mm s"' except where stated. 

-4 -2 0 *2 *4 
ve loc i ty (mm s"1| 

Figure 1. 57Fe Mossbauer effect spectra of [Fe(phy)2] (ClO4O2 (sample 
I) at 251, 257, and 261 K. The measurements were performed for 
increasing temperatures (7"ct = 256.1 K). 

characterized by the quadrupole splitting AEQ = 1.61 ±0.01 mm 
s"1 and the isomer shift Sls = +0.28 ± 0.01 mm s"1. At about 
253 K a second weak doublet becomes visible. If the temperature 
is increased further, the second doublet gains intensity, the first 
doublet simultaneously decreasing in intensity, cf., e.g., Figure 
1, spectrum at 257 K. At 261 K, only the second spectrum is being 
observed and AEQ = 0.87 ± 0.01 mm s"1, 5IS = +0.94 ± 0.01 mm 
s"1. The Mossbauer spectra at and above 261 K are practically 
identical, as are those at and below 251 K. Mossbauer parameters 
for a number of representative temperatures are listed in Table 
I. The isomer shift of the 251 K spectrum is characteristic for 
a low-spin 1A1 spectrum of iron(II) and that of the 261 K spectrum 
for a high-spin 5T2 ground state. It is thus demonstrated that 
[Fe(phy)2] (ClO4O2 (sample I) shows a high-spin (5T2) ^ low-spin 
(1Ai) transition between 251 and 261 K. If, starting at, say, 300 
K, the temperature is decreased, the 5T2 spectrum changes over 
into the 1A1 spectrum at a lower temperature than is observed 
for the 1A1 -*

 5T2 transformation when the sample is heated from 
below 251 K, thus indicating that hysteresis effects are significant 
in this system. It should be noted that, in contrast to numerous 
other iron(II) compounds which undergo a high-spin (5T2) ^ 
low-spin (1A1) transition, the values of the quadrupole splitting 
in both spectra of [Fe(phy)2](C104)2 are not typical for the ground 
state concerned. 

In order to demonstrate the hysteresis associated with the 
transition we have plotted the high-spin fraction nsj2, as determined 
from the Mossbauer spectra, in Figure 2 as a function of tem
perature. The temperature has been gradually increased from 
241.0 K to 263.0 K as indicated by the rising arrow. If, subse
quently, the temperature is lowered gradually, as indicated by the 
falling arrow, the initial temperature will be eventually reached 

240 245 250 255 260 265 

T [K] 

Figure 2. Temperature dependence of the high-spin ST2 fraction nsl2 for 
[Fe(phy)2] (ClO4O2 (sample I) on the basis of Mossbauer measurements. 
Rising arrow indicates increasing temperatures and falling arrow indi
cates decreasing temperatures (Tj = 256.1 K, Tj = 248.0 K). 

and thus the hysteresis loop is formed. The detailed values of M 2̂ 

are listed in Table II. A transition temperature Tc may now be 
defined as that temperature at which n*j2 = 0.50. It follows that 
the transition is centered, for increasing temperatures, on Tj = 
256.1 K, whereas for decreasing temperatures, Tj = 248.0 K. 
The width if the hysteresis loop is therefore 8.1 K. 

The scanning curve in Figure 2 has been produced by inter
rupting the temperature rise in the ascending branch at 256.7 K 
(JHx1 = 0.785) and by gradually lowering the temperature to 249.1 
K («sT2 = 0.619). If the temperature is subsequently increased 
to 256.6 K (/Js7J = 0.797), the inner loop of the hysteresis curve 
is completed. It has been verified that both the scanning curve 
and the main branches of the hysteresis loop are stable and re
producible as required. 

Debye-Waller factors have been determined over the tem
perature range 120.0-302.0 K from the 57Fe Mossbauer spectra 
as outlined in the Experimental Section. For ascending tem
peratures, the overall Debye-Waller factor shows a discontinuity 
at Tct = 256.1 K, the Debye-Waller factor for the 5T2 phase being 
42% lower than that for the 1A1 phase; i.e.,/sT2 = 0.116 and/iAl 

= 0.198 at Tj = 256.1 K. The temperature dependence of both 
/5Tz and/iA| may be well reproduced within the high-temperature 
approximation of the Debye model 

-ln/(7>i 7>e/2) (8) 

In eq 8, E0 is the 7-ray energy (E0 = 14.4 keV), 9 the Debye 
temperature, and, for simple atomic lattices, M the mass of the 
absorbing atom. Application of eq 8 to the experimental data 
produces 

Gs-T2 = 127.3 K 6iAl = 146.8 K 

if, for the purpose of comparison, M is identified with the mass 
of the 57Fe atom, A/Fe = 57 au. 

The magnetism of [Fe(phy)2](C104)2 (sample I) has been 
measured between 353 and 137 K both with decreasing and with 
increasing temperature. At 353 K, ueff = 5.19 ^8 is indicative 
of a high-spin 5T2 ground state, whereas at 137 K ^eff = 0.66 ̂ B 
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Table III. Magnetic Susceptibility x m
o o r r " a n d Effective 

Magnetic Moment Meff
b for [Fe(phy)2] (ClOJ2 (Sample I)0 

^ K 10'xm
c o r r , cgs/mol Me((, MB 

353 
333 
313 
303 
284 
275 
265 
255 
250 
245 
240 
225 
215 
205 
196 
166 
137 
240 
245 
250 
255 
260 
275 

9560 
10060 
10680 
11100 
11740 
12150 
12650 
13120 
12840 
4140 
910 
410 
370 
360 
350 
370 
400 
530 
630 
900 
9520 
12880 
12190 

5.19 
5.18 
5.17 
5.19 
5.16 
5.17 
5.18 
5.17 
5.07 
2.85 
1.32 
0.86 
0.80 
0.77 
0.74 
0.70 
0.66 
1.01 
1.11 
1.34 
4.41 
5.18 
5.18 

a Molecular weight M - 851.5; diamagnetic correction is -371 X 
10"6 cgs/mol; experimental uncertainty is ±100 cgs/mol. b 

2.828(xmCorrr) l /2; experimental uncertainty is ±0.02 MB-
values are listed in the order of measurement. 

Meff = cThe 
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Figure 3. Effective magnetic moment /ieff of [Fe(phy)2](C104)2 (sample 
I) as a function of temperature in the region of Tc. 

is consistent with a low-spin 1A1 ground state. The detailed 
magnetic data are listed in Table III; the temperature dependence 
of /ieff in the region of the transition is illustrated by Figure 3. 

The temperature dependence of peak profiles of the X-ray 
diffraction pattern of [Fe(phy)2](C104)2 (sample I) was studied 
between 77 and 300 K as outlined in the Experimental Section. 
Figure 4 shows the peak profiles for diffraction angles between 
6 = 3.30 and 5.10° (left diagram) and between 8 = 7.60 and 10.0° 
(right diagram) at the temperatures 249.0, 253.8, and 259.0 K. 
At low temperatures, i.e., 249.0 K and below, four intense powder 
peaks are found in the region being monitored and these are 
assigned to the 1A1 ground state as indicated by the Mossbauer 
spectra. The peaks remain isolated up to 249.0 K, their position 
showing only very small changes due to thermal expansion of the 
lattice. Above 250 K, four additional peaks become visible, their 
intensity increasing with ascending temperature while a concom
itant decrease in the intensity of the 1A1 lines is observed. The 
four additional peaks are assigned to the 5T2 ground state, again 
taking the Mossbauer spectra as a reference. Above 257.0 K, the 
diffraction pattern is characterized by the 5T2 diffraction peaks 
alone. The values of the diffraction angle 6 and the spacing d 
for the individual powder lines are listed in Table IV. Note that 
peak profiles were collected in the transition region both within 

t 2590K \ 

;u 1^-Jv
1W1 

Bragg angle 9 -

Figure 4. Peak profiles of X-ray powder diffraction for [Fe(phy)2]-
(C104)2 (sample I) at 249.0, 253.8, and 259.0 K. The measurements 
were performed for increasing temperatures (Tj = 253.1 K). The 
diagram at the left is for the range 3.15°<0<5.15° and the diagram 
at the right for 7.15° < 6 < 10.15°. 

240 245 250 255 260 265 
T [K] 

Figure 5. Temperature dependence of the average relative intensity of 
the 5T2 peak profiles, /(5T2)/[/(

5T2) + /(1A1)], for [Fe(phy)2](C104)2 
(sample I). Rising arrow indicates increasing temperatures and falling 
arrow indicates decreasing temperatures (7"ct = 253.1 K, Tc\ = 246.5 
K). 

Table IV. Diffraction Angle 0 and Spacing d for Four 
Characteristic Powder Lines in the ' A1 and 5 T2 Phases of 
[ Fe(phy)2] (ClO4 )2 (Sample 

line 
no. 

1 
2 
3 
4 

6, deg 

4.12 
4.90 
8.28 
9.84 

1A1 

I) at r c
T 

d, A 

10.72 
9.03 
5.35 
4.51 

= 253.1 K" 
5T2 

6, deg 

3.92 
4.69 
7.87 
9.42 

fif, A 

11.27 
9.42 
5.63 
4.71 

° The experimental uncertainty of 6 and d is ±0.02. 

1 h and within 20 h at the same temperature, equal relative 
intensities having been obtained for both measurements. If the 
temperature is gradually lowered from high temperatures, the 
high-spin (5T2) ^= low-spin (1A1) transition takes place at a lower 
temperature than with increasing temperature. The sample thus 
shows crystallographic hysteresis effects at the transition. 

In order to obtain quantitative data from the analysis of the 
results of X-ray diffraction measurements, we have plotted the 
relative intensity of the 5T2 peak profiles, /(5T2)/[/(5T2) + /(1A1)], 
in Figure 5, as a function of temperature for a complete tem
perature cycle. In fact, the relative intensity of all four 5T2 lines 
of Figure 4 has been averaged in order to improve the accuracy 
of the results. In addition, two scanning curves have been de
termined for [Fe(phy)2](C104)2 (sample I), and these have been 
incorporated into Figure 5. The detailed data are given in Table 
V. The transition temperatures for the two branches of the 
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a 

Table VII. Magnetic Susceptibility x m
c o r r a a n d Effective 

Magnetic Moment Meff
h f o r [Fe(phy)2 J(ClO4 )2 (Sample II)C 

*2 

v e l o c i t y (mm s"1) 

Figure 6. 57Fe Mossbauer effect spectra of [Fe(phy)2](C104)2 (sample 
II), at 250, 264, and 270 K. The measurements were performed for 
increasing temperatures (7"ct = 262.8 K). 
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Figure 7. Temperature dependence of the high-spin 5T2 fraction mTl for 
[Fe(phy)2](C104)2 (sample II) on the basis of Mossbauer measurements. 
Rising arrow indicates increasing temperatures and falling arrow indi
cates decreasing temperatures (Tj = 262.8 K, Tci = 260.0 K). 

hysteresis loop may be now easily determined as Tj = 253.1 K 
and Tc[ = 246.5 K. The hysteresis loop thus shows a width of 
6.6 K. 

Sample II. Sample II of [Fe(phy)2](C104)2 has been prepared 
by using iron enriched to >90% with 57Fe. No chemical difference 
from sample I has been detected. 

The 57Fe Mossbauer effect study of [Fe(phy)2](C104)2 (sample 
II) produced values of quadrupole splitting AEQ and isomer shift 
6K for the two ground states, high-spin 5T2 and low-spin 1A1, which 
are identical within the error of measurement, with the corre
sponding values of sample I. Thus, at 264.0 K, e.g., the result 
is A^Q( 1 A 1 ) = 1.59 ± 0.01 mm s"1, 518CA1) = +0.28 ± 0.01 mm 
s"1, and A£Q(5T2) = 0.85 ± 0.01 mm s"1, 5IS(5T2) = +0.95 ± 0.01 
mm s"1. Mossbauer spectra in the region of Tj, i.e., at 250, 264, 
and 270 K, are shown in Figure 6. A detailed Mossbauer effect 
study of the 5T2 fraction, nsj2, as a function of temperature (cf. 
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5.50 
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a Molecular weight M = 851.5; diamagnetic correction is -371 X 
10~6 cgs/mol; experimental uncertainty is ±100 cgs/mol. b nett

= 

2.828(xm
c o r r r) l / 2 ; experimental uncertainty is ±0.02 MB- C The 

values are listed in the order of measurement. 
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Figure 8. Effective magnetic moment Meff of [Fe(phy)2] (ClO4J2 (sample 
II) as a function of temperature in the region of Tc. 

Figure 7) shows, however, that the hysteresis curve for sample 
II is considerably more narrow than that for sample I. In addition, 
the transition is less sudden in that it extends over more than 20 
K. The transition temperatures are found to be Tj = 262.8 K 
and Tj = 260.0 K; the width of the hysteresis loop is 2.8 K. The 
full data for «sT2 are listed in Table VI. 

At Tj = 262.8 K, the Debye-Waller factor for the 5T2 phase 
is found to be 60% smaller than that for the 1A1 phase; i.e.,/sT2 

= 0.071 and/iAl = 0.178 at Tj = 262.8 K. As before, these 
measurements have been performed for rising temperatures. Also, 
the high-temperature approximation of the Debye model is again 
followed by both fi-[2 and / i A | (cf. eq 8), the resulting Debye 
temperatures being 

G5T2 = 116.6 K 9iAl = 144.2 K 

whereby MFe = 57 au has been used. 
The magnetism of [Fe(phy)2](C104)2 (sample II) has been 

measured between 353 and 128 K, the magnetic moment varying 
between 5.53 ^B at 353 K and ^ = 1.20 ^8 at 128 K. The narrow 
and extended form of the hysteresis curve (viz., Figure 7) is well 
reproduced by the temperature dependence of Meff displayed in 
Figure 8, the complete data being listed in Table VII. 

Similar to sample I, the X-ray powder diffraction of [Fe-
(phy)2](C104)2 (sample II) shows four diffraction lines in the 
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Table VIII. Diffraction Angle 8 and Spacing d for Four 
Characteristic Powder Lines in the ' A1 and 5T2 Phases of 
[Fe(phy)2] (ClOJ2 (Sample 

line 
no. 

1 
2 
3 
4 

8, deg 

4.09 
4.86 
8.24 
9.81 

1A, 

II) at rc
T 

d, A 

10.81 
9.09 
5.38 
4.52 

= 261.1 Ka 

5T2 

8, deg 

3.90 
4.67 
7.87 
9.41 

d,k 

11.33 
9.46 
5.63 
4.71 

a The experimental uncertainty of 8 and d is ±0.02. 
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Figure 9. Temperature dependence of the average relative intensity of 
the 5T2 peak profiles, /(5T2)/[/(

5T2) + /(1A1)], for [Fe(phy)2](C104)2 
(sample II). Rising arrow indicates increasing temperatures and falling 
arrow indicates decreasing temperatures (7"ct = 261.1 K, Tj, = 258.0 
K). 

relevant region which are stable at low temperatures and which 
transform into four different lines at high temperatures (cf. Figure 
3 of Irler et al.14). The positions of the individual lines are listed 
in Table VIII. They are very close to those found for sample 
I; cf. Table IV. It may be concluded that, on a crystallographic 
basis, both samples of [Fe(phy)2](C104)2 are largely the same. 
Significant differences arise, however, if the relative intensity of 
the 5T2 peak profiles, /(5T2)/[/(5T2) + /(1A1)], is considered as 
a function of temperature as shown in Figure 9. Again the 
average values of the four peak profiles were employed, the detailed 
data being listed in Table IX. The transition temperatures for 
the two branches of the hysteresis loop were found to be Tc\ = 
261.1 K, Tj, = 258.0 K, the width of the loop thereby amounting 
to 3.1 K. 

Recrystallized Sample II. Sample II of [Fe(phy)2](C104)2 has 
been carefully reinvestigated after a further recrystallization. 

The 57Fe Mossbauer effect parameters AEQ and 5IS for the two 
ground states, 5T2 and 1A1, were found to be identical with those 
of the sample before recrystallization. However, the hysteresis 
curve based on the Mossbauer 5T2 fraction shows significant 
differences with respect to that of sample II before recrystallization 
(cf. Figure 10). In particular, the transition temperatures, Tcf 
= 251.5 K and 7"cj = 241.6 K, and the width of the hysteresis 
loop A7C = 9.9 K as well as the steep character of the curves are 
more reminiscent of the results for sample I. It should be noted 
that, compared to sample I, the transition is shifted to lower 
temperature, viz., 4.6 K for the ascending and 6.4 K for the 
descending boundary curve. 

Debye-Waller factors were also determined, the results being 
/Sj1 = 0.096 and/iAl = 0.164 at Tct =251.5 K. Consequently, 
fiTl is 41% lower than/iAl, again close to the results for sample 
I. From the high-temperature approximation of the Debye model, 
one obtains moreover 

B5-T2 = 120.9 K 9iAl = 137.6 K 

The effective magnetic moment of the recrystallized sample 
II of [Fe(phy)2](C104)2 shows a variation between nett = 5.34 jtB 

at 303.0 K and /nefr = 1.09 MB at 118.0 K, the form of the hysteresis 
curve being closely similar to that of Figure 10. Finally it was 
verified, by measurements at a number of selected temperatures, 
that the recrystallized sample II shows the same X-ray powder 
diffraction lines and the corresponding changes with temperature 
as the samples described above. 
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Figure 10. Temperature dependence of the high-spin 5T2 fraction Mj2 for 
[Fe(phy)2](C104)2 (sample II) after recrystallization, on the basis of 
Mossbauer measurements. Rising arrow indicates increasing tempera
tures and falling arrow indicates decreasing temperatures (7"ct = 251.5 
K, Tj = 241.6 K). 

Discussion 
Following the conventional thermodynamic classification, a 

transition of first order is characterized by definition,20'21 by a 
discontinuous change of energy, i.e., a latent heat, and by dis
continuities in volume and in lattice parameters. As a consequence, 
the transition takes place sharply at a particular temperature. In 
the case of [Fe(phy)2](C104)2, samples I and II, a discontinuous 
change of lattice parameters and thus volume may be inferred 
from the study of X-ray diffraction and the Debye-Waller factor. 
It has been shown elsewhere13'22 that the almost discontinuous 
high-spin (5T2) ^ low-spin (1A1) transition in [Fe(4,7-
(CH3)2phen)2(NCS)2] and in [Fe(bt)2(NCS)2] where phen = 
1,10-phenanthroline and bt = 2,2'-bi-2-thiazoline may be ra
tionalized in terms of a Bragg and Williams type model.23 This 
type of interpretation is applicable to [Fe(phy)2](C104)2 as well 
and requires a latent heat and a change in entropy. Therefore, 
the observed high-spin (5T2) ^ low-spin (1A1) transition in solid 
[Fe(phy)2](C104)2 may be considered as a transition o{first order. 

The observation of hysteresis effects is likewise restricted to 
phase transitions of first order. Hysteresis curves have been studied 
for both samples I and II of [Fe(phy)2](C104)2 by three different 
methods, viz., 57Fe Mossbauer effect, peak profiles of X-ray 
diffraction, and magnetism. The agreement between the results 
of these measurements on the same sample, e.g., sample I, is most 
gratifying; cf. rcf = 256.1 K, Tj, = 248.0 K, and Tj = 253.1 
K, Tj, = 246.5 K for the Mossbauer effect and X-ray diffraction 
measurements, respectively. The differences between corre
sponding values of Tc have to be attributed to the different methods 
of measurement. It proved to be extremely difficult to achieve 
an identical calibration over the range 80-300 K for the different 
temperature sensors used. 

Of particular interest is the agreement between the temperature 
functions and thus the hysteresis curves of the crystallographic 
(viz., eq 7) and the molecular or iron atom based (i.e., from the 
57Fe Mossbauer effect) high-spin fractions nsj2 (cf. Figures 2 and 
5 for sample I and Figures 7 and 9 for sample II). The close 
correspondence demonstrates that, in the solid compound, the 
electronic state of the molecules changes at the 5T2 ^

 1A1 tran
sition simultaneously with the crystallographic properties of the 
lattice. 

Hysteresis effects may be particularly well understood on the 
basis of a model developed by Everett.24"26 According to this 

(20) A. Munster in "Handbook of Physics", Vol. III/2, S. Fliigge Ed., 
Springer-Verlag, West Berlin, 1959, p 373. 

(21) P. Ehrenfest, Commun. Kamerlingh Onnes Lab. Univ. Leiden Suppl., 
No. 75b (1933). 

(22) E. Konig and G. Ritter, Solid State Commun., 18, 279 (1976). 
(23) C. P. Slichter and H. G. Drickamer, J. Chem. Phys., 56, 2142 (1972). 
(24) D. H. Everett and W. I. Whitton, Trans. Faraday Soc, 48, 749 

(1952). 
(25) D. H. Everett and F. W. Smith, Trans. Faraday Soc, 50, 187 (1954). 
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model, a sample showing a collective phase transition may be 
considered as built up of macroscopic domains, each domain ; 
showing a sharp transition temperature T^t for rising and similarly 
Tcj[ for falling temperature.27 The quantity A, = TQi\ - Tcj[ 
is different for individual domains since, if the values of A, were 
the same for all i, the temperature could be varied within the 
boundaries of the hysteresis curve without changing the high-spin 
fraction, mTl. It has been shown above, however, that scanning 
curves may be obtained (cf. Figures 2 and 5). Everett and Smith25 

derived a number of theorems which apply to the scanning curves 
within the domain model. The present results are clearly seen 
to conform to their general theorems 2 and 3. The key theorem 
(i.e., theorem 4 of ref 25) states that, for independent domains, 
the shapes and areas of scanning curves between the same two 
values of temperature should be equal. Figure 5 shows two 
scanning curves which have been determined on [Fe(phy)2](C104)2 

(sample I) between practically identical temperatures. It has been 
found that the areas bound by the two curves are equal to within 
3%. The results are therefore consistent with the assumption of 
domain formation by both 5T2 and 1A1 molecules, whereby any 
interaction between domains should be negligible. 

The width of X-ray powder diffraction lines shows a well-known 
dependence on the mean size of the crystals.28 In the present 
study, all observed diffraction lines show the minimum line width 
which is achievable under the given instrumental conditions. It 
follows that the observed diffraction lines are produced by domains 
of magnitude >5000 A. The powder particles in the samples used 
in this work are approximately of this magnitude. Consequently, 
it may be assumed that, except for dislocations in larger grains, 
the domains of the Everett model are in effect the actual particles 
of the samples. 

It is evident that the volume difference between the 1A1 and 
5T2 ground states of the [Fe(phy)2](C104)2 molecule will play an 
important role in the mechanism of the cooperative high-spin (5T2) 
^ low-spin (1A1) transition within an individual domain. Ac
cording to investigations by Beattie et al.9'10 KM(5T2) is always 
greater than KM(1A1) with AKM varying between about 10 and 
22 cm3 mol"1. The 5T2 ^

 1A1 phase transition in the solid com
pound may be qualitatively described as follows. If, in a domain 
of 1A1 molecules, the temperature is increased to Tc, a limited 
number of molecules may show a conversion 1A1 —* 5T2. The 
larger 5T2 molecules will be subject to pressure by the surrounding 
1A1 lattice. As a consequence, the domain will show a collective 
phase transition to the energetically more favorable 5T2 state only 
at a higher temperature T > Tc ("superheating"). Conversely, 
the 5T2 lattice will exert a tension on isolated 1A1 molecules which 
may form on lowering of temperature to Tc. In this case, the 
domain will show a phase transition 5T2 —• 1A1 only at a lower 
temperature T < T0 ("supercooling"). The transformation in a 
particular domain will thus be inhibited in both directions by the 

(26) D. H. Everett, Trans. Faraday Soc, 50, 1077 (1954); 51, 1551 
(1955). 

(27) The phase transition within each individual domain may be reasonably 
well described in terms of a Bragg and Williams type model.23 

(28) H. P. Klug and L. E. Alexander, "X-Ray Diffraction Procedures for 
Polycrystalline and Amorphous Materials", Wiley, New York, 1954. 

lattice and this inhibition will produce the hysteresis effects ob
served. Indeed a correlation between the width of the hysteresis 
curve and AKM has been found for phase transitions in certain 
ammonium salts.29 The larger AKM, the larger the hysteresis 
width. 

It is well known that phase transitions of first order may be 
"smeared out" to some extent, the origin of this effect usually being 
local nonuniformities and stresses due to various inner defects or 
to grain boundaries between crystals. In the present study, sample 
II of [Fe(phy)2](C104)2 shows a hysteresis curve which extends 
over a significantly larger temperature interval than for sample 
I. Despite the "continuous" character of the transition, the 
presence of hysteresis and other characteristic properties show 
that a phase transition similar to that in sample I is present. Thus 
the first-order character of the transition in sample II is diminished 
due to a wider distribution of transition temperatures for the 
domains which is caused by impurities and/or defects of the solid. 
This conclusion finds additional support in the fact that after 
recrystallization, sample II shows hysteresis properties similar to 
those of sample I. If the volume difference AKM is indeed the 
determining quantity for phase transitions of the type considered, 
hysteresis curves showing steep boundaries will be the only ones 
which will provide physically valuable information. 

The almost discontinuous high-spin (5T2) ^ low-spin (1A1) 
transitions in two other iron(II) complexes, i.e., [Fe(bt)2(NCS)2] 
where bt = 2,2'-bi-2-thiazoline,13 and [Fe(4,7-(CH3)2phen)2-
(NCS)2]30 have been studied with results similar to those reported 
here. It is not unlikely that the present conclusions are of general 
applicability to abrupt spin transitions in solids. The mechanism 
responsible for discontinuous high-spin (5T2) *=* low-spin (1A1) 
transitions in solid iron(II) compounds is thus significantly different 
from that encountered for spin equilibria in the solutions of iron(II) 
complexes.9,11 

Acknowledgments. The authors appreciate financial support 
by the Deutsche Forschungsgemeinschaft and the Fonds der 
Chemischen Industrie. 

Note Added in Proof. Since submission of the manuscript, the 
first multiple temperature X-ray structure analysis of a high-spin 
(5T2) ^ low-spin (1A1) transition was reported.31 Of particular 
interest is the crystallographic resolution of the two-spin isomers 
of the studied complex, [Fe(2-pic)3]Cl2-CH3OH where 2-pic = 
2-picolylamine. 

Supplementary Material Available: (1) the high-spin fraction 
Ui1 for the hysteresis loop of [Fe(phy)2](C104)2 (sample I) from 
Table II; (2) the relative intensity of the 5T2 peak profiles, /rel = 
/(5T2)/[/(5T2) + /(1A1)], for [Fe(phy)2](C104)2 (sample I) from 
Table V; (3) the high-spin fraction «sj2 for the main branches of 
the hysteresis loop of [Fe(phy)2](C104)2 (sample II) from Table 
VI; (4) the relative intensity of the 5T2 peak profiles, /rel = 
/(5T2)/[/(5T2) + /(1A1)], for [Fe(phy)2](C104)2 (sample II) from 
Table IX (7 pages). Ordering information is given on any current 
masthead page. 
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