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(N3)2+-E~(N3)2+, All the pure nitrogen ligands are in the 
group of high SF values. Similarly, covalent interactions are 
the cause of these high selection factors, since the ionic radii 
of Am(II1) and Eu(II1) (1.09 and 1.06 A) suggest that, for 
pure ionic bonds, the Eu(II1) complexes will be the more 
stable. This trend is observed in the fluoride complexes. 

However, it is unlikely that the type IT geometry found for 
Gd(N3)2+ arises from the presence of a covalent bond with 
a sp2-hybridized nitrogen strongly linked to the metal, as in 
trivalent d transition azido complexes, for which PI1  values are 
several orders of magnitude higher than the P I 1  of the lan- 
thanide complexes. The N3- position probably results from 
the action of antagonistic forces. Azide negative charge density 
is equally shared between N ,  and N3 nitrogens,21 and N3- ions 
are ionically attracted by the metal and the nearest water 
molecules. The observed position is most probably the re- 
sultant of these two kinds of interactions. 

The investigation of hexa- and tetravalent azido complexes 
of actinides supports these assumptions.22 Configuration I11 

was found in U(V1) complexes. The linearity of M(NCS)2C 
lanthanide species could also be understood from the pre- 
dominantly ionic interactions, because the negative charge 
densities carried by sulfur and nitrogen2I are smaller than those 
of N< terminal nitrogen, as shown in IV and V, and the linear 
configuration is favored. 
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The spin density transferred from Gd(II1) to N3- is slightly 
higher to the spin transferred3 from Gd(II1) to NCS- or to 
the solvation water molecules23 but is one order of magnitude 
lower than the spin density transferred from Co(I1) to NCS-.24 
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The gradual high-spin (S = 2, 5T2) + low-spin (S = 0, ‘Al) transformations in solid [Fe(4-paptH)2](C104)2.2H20 and 
[Fe(4-paptH)2](BF,)2.2H20 (4-paptH = 2-((4-methyl-2-pyridyl)amino)-4-(2-pyridyl)thiazole) have been studied by 
variable-temperature 57Fe Miissbauer effect and X-ray diffraction. For the complex perchlorate, the ground states involved 
are characterized, at the transition temperature Tc = 185 K, by the quadrupole splitting L W ~ ( ~ T ~ )  = 2.40 mm SKI, PEQ(’A,) 
= 1.31 mm s-l and the isomer shift I ? ~ ( ~ T , )  = +1.05 mm s-I, 6IS(lAI) = +0.42 mm s-]. For the complex tetrafluoroborate, 
the corresponding values at  the transition temperature Tc = 220 K are L ~ E ~ ( ~ T ~ )  = 2.40 mm s-’, AEQ(lAl) = 1.32 mm 
s-I and = +1.01 mm s-I, 61S(1Al) = +0.39 mm s-l. The observed nonlinear temperature dependence of -In (Eti), 
where ti is the effective thickness (i = ST,, ‘Al), is consistent with different Debye-Waller factors, -InfsT2 and -1njA,.  
The same conclusion is indicated by the observation of different temperature factors for the isomer shift. The lattice spacings 
derived from X-ray diffraction show a continuous variation with temperature which parallels that of the 5T2 fraction, nsT2. 
The results are interpreted in terms of the formation of a solid solution of the two spin isomers within the one lattice. The 
continuous character of the transition is consistent with the assumption of weak cooperative interaction between the individual 
complexes and a wide distribution of the nuclei of the minority constituent. 

Introduction 
The discontinuous type high-spin (sT2) + low-spin (IA,) 

transitions in solid compounds of iron(I1) now seem to be 
reasonably well understood. Such transitions arise for com- 
pounds with a strong cooperative interaction between the in- 
dividual complexes. In the transition region, pronounced 
domain formation by both minority and majority phases is 
encountered, and thus individual X-ray diffraction patterns 
for the two phases are observed. Due to the interaction, a 
crystallographic phase change is, in general, involved. Hys- 
teresis effects, if present, are a consequence of the domain 
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formation. To date, consistent results have been derived from 
the temperature dependence of X-ray diffraction and 
Mossbauer effect data for a number of systems, i.e. for [Fe- 
( p h ~ ) ~ ]  (C104)2 (where phy = lI10-phenanthroline-2-carb- 
aldehyde phenylhydra~one),~ [Fe(bt)2(NCS)2] (where bt = 
2,2’-bi-2-thiazoline)$ [Fe(4,7-(CH3)2phen)Z(NCS)2] (where 
4,7-(CH3)*phen = 4,7-dimethyl-l,lO-phenanthr0line),~ and 
[Fe(bi)3] (C104)2 (where bi = 2,2’-bi-2-imida~oline).~ It thus 
seems that the conclusions are of general applicability to spin 
transitions of the discontinuous type. 
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High-Spin + Low-Spin Transition in Fe(I1) Thiazoles 

The change of a discontinuous type of transition, when the 
sample is ground or d ~ p e d , ~ - ~  into a transition showing a 
quasi-continuous behavior is a consequence of the smaller size 
of the crystallites that are formed. Thus, the cooperative 
process will be terminated after a much shorter distance than 
in the original sample and this will result in a decreased size 
of domains and a more gradual appearance of the transition. 
Nevertheless, the essential features of the first-order transition 
such as hystersis effects are retained.3q9 On the other hand, 
if, on recrystallization, larger size crystallites are formed, the 
change of a quasi-continuous transition into that of a dis- 
continuous type may be ~bse rved .~  

The rationalization of the continuous type high-spin (5T2) 
== low-spin ('Al) transitions has, however, proved more dif- 
ficult. In a recent investigation of the gradual transition in 
[Fe(bts),(NCS),], where bts = 2,2'-bi(5-methyl-2-thiazoline), 
we have shown1° that, in the transition region, no individual 
X-ray diffraction patterns for the two constituents having 
different spin states are found. Rather, the interplanar 
spacings dhk, derived from X-ray diffraction show a continuous 
variation with temperature which parallels that of the high-spin 
fraction, mT2. The observation has been interpreted by the 
formation of a random solid solution of the two spin isomers 
within the same lattice. The continuous character of the 
transition is consistent with weak cooperative interaction be- 
tween the individual complexes and a wide distribution of the 
nuclei of the minority constituent. It is obviously of importance 
to consider further systems that display gradual transitions 
in order to test the generality of the above interpretations. 

Continuous high-spin (5T2) + low-spin ('Al) transitions 
have been reported for a number of iron(I1) complexes of the 
heterocyclic ligands 2-((3-methyl-2-pyridyl)amino)- and 2- 
((4-methyl-2-pyridyl)amino)-4-( 2-pyridy1)thiazole.l The 
interpretation of the results has been based essentially on the 
temperature dependence of the magnetic properties. In the 
present contribution, we report, therefore, a more detailed 
analysis of the spin transition in the compounds [Fe(4- 
p a ~ t H ) ~ ]  (C104),-2H20 and [Fe(CpaptH),] (BF4)2.2H20 based 
on 57Fe Mossbauer-effect and X-ray powder diffraction 
measurements (4-paptH = 2-((4-methyl-2-pyridyl)amino)- 
4-(2-pyridyl)thiazole). 
Experimental Section 

Materials. The ligand and the tetrafluoroborate complex [Fe(4- 
paptH),] (BF4)2.2H20 were prepared as described elsewhere.11v'2 The 
perchlorate complex [ Fe(4-paptH),] (C104)2.2H20 was obtained by 
a method essentially the same as that for the tetrafluoroborate except 
that sodium perchlorate was used as the additive. Both compounds 
gave satisfactory analyses, their physical data being consistent with 
those previously reported." In addition, the retention of the hydrate 
water during pumping in the course of the X-ray diffraction study 
described below has been confirmed by elemental analysis. 

Methods. 57Fe Mossbauer spectra were measured as described in 
detail in our previous  report^.^^^ All velocity scales and isomer shifts 
are referred to a metallic iron standard at  298 K. To convert to the 
sodium nitroprusside scale, add +0.257 mm s-l. The individual areas 
Ai were extracted from the background-corrected data by a com- 
puter-based decomposition into Lorentzians. The effective thickness 
ti of an individual peak is defined by the relation 

1 ti 
2 1 + 0.25ti 

= +yS- 
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Figure 1. 57Fe Miissbauer spectra of [ Fe(4-paptH),] (C104),.2H20 
at  81.0, 230.9, and 300.5 K measured for increasing temperatures. 
The transition is centered a t  T, == 185 K. 

Here, l/,rrfS is a scaling factor which is determined from the spectra 
of standard materials, the individual quantities having been defined 

The effective thicknesses for the two constituents of 
different spin, tsT1 and tiAlr which are sums of their individual com- 
ponent values ti are also given by 

f?z = dn?.f?2 t iAl = d( l  - n?z)f'A~ (2) 

In eq 2, nsTz is the high-spin fraction,fSTz and$,, are the recoilfree 
fractions for the two phases, and d = NObu,,, the quantities involved 
having the usual meaning6 

Magnetic susceptibilities were determined according to the Gouy 
method with a Newport Instruments variable-temperature magnetic 
balance. 

Measurements of X-ray powder diffraction were performed in the 
mode of step scanning of the diffractometer, the step being 0.02O in 
20. The resulting pulses were stored and processed by a multichannel 
analyzer. More details on the equipment and the method employed 
have been given p r e v i ~ u s l y . ~ ~ ~  

R d t S  
57Fe Mcissbauer Effect. The sample of [Fe(CpaptH),]- 

(C104)2.H20 has been studied between 81.0 and 300.5 K. 
Figure 1 shows three typical spectra, i.e. those collected at 8 1 .O, 
230.9, and 300.5 K. The decomposition into Lorentzians shows 
that the spectrum at 81.0 K consists of two overlapping 
doublets. The more intense doublet is characterized by the 
quadrupole splitting AEQ = 1.3 1 f 0.04 mm s-' and the isomer 
shift bS = +0.44 f 0.02 mm s-l and is assigned to the low-spin 
'Al ground state of iron(I1). The less intense doublet yields 
AEQ = 2.41 f 0,04 mm s-l and 6IS = +1.11 f 0.02 mm s-l 
and is attributed to the high-spin 5T2 ground state of iron(I1). 
With increasing temperature, the ST, doublet gains intensity, 
while the intensity of the 'Al doublet simultaneously decreases. 
At about 230.9 K, the intensities of the two spectra appear 
almost equal and, at 300.5 K, the contribution of the 5T2 
doublet is clearly predominant. At this temperature, the 5T2 
doublet is characterized by AE, = 2.40 f 0.04 mm s-I and 
bIS = +0.94 f 0.02 mm s-l. The detailed values of the 
Miissbauer parameters including the relative effective thickness 
tvz/ttotal are listed in Table I for a representative set of tem- 
peratures. It is evident that a high-spin (5T2) + low-spin ('A,) 
transition is induced in [Fe(CpaptH),] (C104)2-2H20 by the 
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Table 1. "Fe Mossbauer-Effect Parameters of 
[Fe(4-paptH),](C104),.2H,0 for a Set of Representative 
Temperatures 

AEQ( 'A , ) ,"  61S( 'A , ) ,b  AEQ('T,)? 61s(5T2),b t 5 ~ , /  

81.0 1.31 +0.44 2.41 tl.11 0.170 
104.3 1.31 +0.43 2.41 +1.10 0.183 
133.3 1.31 +0.43 2.42 +1.08 0.201 
161.8 1.31 +0.42 2.42 +1.06 0.283 
178.0 1.31 t0.42 2.40 +1.05 0.316 
194.3 1.30 +0.42 2.43 +1.02 0.378 
210.9 1.31 t0.41 2.41 t1.01 0.431 
230.9 1.26 t0.42 2.4 7 +0.97 0.492 
238.1 1.29 +0.40 2.47 t0.98 0.498 
258.1 1.32 +0.39 2.37 +0.98 0.605 
277.4 1.29 +0.36 2.39 +0.96 0.654 
287.2 1.10 1 0.10 t0.43 f 0.05 2.41 +0.94 0.663 
300.5 1.06 1 0.10 +0.44 i 0.06 2.40 +0.94 0.654 

a The experimental uncertainty is i0.04 mm s" except where 
stated. Isomer shifts S I s  are listed relative to natural iron at 
298 K. The experimental uncertainty is 10.02 mm s-l except 
where stated. 

T, K mm s-l mm s - l  mm s-l " s-l  ?total 

Konig et al. 

Table II. 
[Fe(4-paptH),](BF4),.2H,0 for a Set of Representative 
Temperatures 

"Fe Mossbauer-Effect Parameters of 

80.4 1.31 +0.44 2.42 +1.11 0.160 
95.0 1.31 t0.44 2.44 +1.11 0.169 
128.9 1.31 +0.43 2.42 t1.09 0.199 
148.4 1.31 +0.42 2.42 +1.07 0.243 
176.5 1.32 +0.41 2.40 t1.05 0.285 
190.5 1.32 +0.41 2.39 +1.04 0.323 
206.3 1.32 +0.40 2.42 +1.03 0.346 
219.4 1.32 t0.39 2.40 +1.01 0.380 
233.7 1.32 t0.39 2.41 +1.00 0.417 
248.5 1.32 +0.36 2.38 +0.99 0.499 
272.6 1.31 t0.37 2.38 +0.98 0.578 
287.2 1.12 i 0.10 +0.40 i 0.05 2.31 +0.93 0.641 
293.6 1.11 i 0.10 t0.41 1 0.05 2.31 +0.93 0.612 
301.8 0.99 1 0.10 +0.42 1 0.05 2.31 +0.93 0.638 

The experimental uncertainty is t0.04 mm s-I except where 
stated. Isomer shifts &Is are listed relative to natural iron at 
298 K. The experimental uncertainty is 10.02 mm s - l  except 
where stated. 

temperature change. The transition is of the continuous type 
and is incomplete at both the low- and the high-temperature 
limits of the measurements. This may be clearly demonstrated 
by the values of t5T2/ttotal, which qualitatively represent the 
behavior of the high-spin fraction nq2,  if the difference in the 
recoil-free fraction of the two spin constituents is neglected. 
Thus, at 81.0 K, tV2/ttod = 0.170, whereas at 300.5 K, tq2,,ltM 
= 0.654 (cf. Table I). We have verified that the residual 5T2 
fraction obtained at  8 1 .O K remains almost unchanged even 
at  4.2 K. The sample was studied for both increasing and 
decreasing temperatures with practically identical results, and 
no hysteresis effects have been encountered. Altogether, 
spectra at 28 temperatures have been collected. 

The sample of [Fe(4-paptH)*] (BF4)2-2H20 has been studied 
between 80.4 and 301.8 K, three typical spectra, i.e. at  293.6, 
248.5, and 80.4 K, being displayed in Figure 2. 

The detailed values of the Mossbauer parameters are listed 
in Table I1 for a representative set of temperatures. It is 
obvious that the behavior of the tetrafluoroborate is closely 
similar to that of the perchlorate. Again, the transition is of 
the continuous type with appreciable residual fractions by both 
the 5T2 and the 'A, state at the low- and the high-temperature 
end, respectively. At 4.2 K, practically the same value for 
tq2/ttotal has been obtained as at  80.4 K. Altogether, spectra 
at 28 different temperatures have been measured in decreasing 

-40 - 2 0  0 +20 +40 
Velocity imm s-') -~ 

Figure 2. 57Fe Mossbauer spectra of [Fe(4-paptH),](BF4),.2H20 at 
80.4, 248.5, and 293.6 K measured for decreasing temperatures. The 
transition is centered at T, = 220 K. 
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Figure 3. Temperature dependence of the quantity -In (Ct,), i = ST,, 
'Al, where ti is the effective thickness, for [Fe(4-paptH),](C104),.2H20 
(e) for increasing temperatures and for [Fe(4-paptH),] (BF4),*2H20 
(0) for decreasing temperatures. 

and increasing temperature sequence, and no hystersis effects 
have been detected. 

From an inspection of the isomer shifts it has been found 
that the temperature dependences of for the two spin iso- 
mers are significantly different. Thus, a linear fit of the data 
for the low-spin IAl constituent between 81 and 270 K gives 
c3(GIS)/dT = (2.5 f 0.3) X mm 
s-l K-' for the perchlorate and the fluoroborate complex, re- 
spectively, whereas the corresponding values for the high-spin 
ST, constituent between 81 and 300 K are (8.5 f 0.2) X lo4 
and (7.6 f 0.5) X mm s-l K-l. The temperature de- 
pendence of als is known to arise from the second-order 
Doppler effect. 

Effective Thickness and Derived Quantities. Following the 
procedure outlined in the Experimental Section, we have de- 
termined the effective thickness r,, i = 5T2, lAl, for the two 
ground states individually. In Figure 3, the quantity -In (Et,)  
is plotted as a function of temperature for both [Fe(4- 
~ a p t H ) ~ ]  (C104)2.2H20 and [Fe(4-paptH),] (BF4)2.2H20. The 
observed curvature in the transition region indicates that the 
Debye-Waller factors for the two constituents, -In $T and 
-lnflAl, are different. It has been pointed out recentlyld that 
the detailed determination OffJT2 and$,, for molecular com- 

and (4.2 f 0.3) X 
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Figure 4. Temperature dependence of the relative effective thickness 
t?,"l= f4.r2/ttotzl for [Fe(4-paptH)z](C104)z.2H20 (0) and the derived 
values of the high-spin fraction, ~IJ?, (0). 

pounds is subject to certain simplifying assumptions. The 
iterative procedure based on the high-temperature approxi- 
mation of the Debye-Waller factor (method II'O) has been 
employed here to obtain the high-spin fraction, nq,. In Figure 
4, both tJT2/tt&l and nsT2 are displayed as a function of tem- 
perature for [Fe(4-paptH),] (C1O4),-2H20. Note that any 
difference between the two quantities is attributable to the 
difference in the recoil-free fraction of the two spin constituents 
(cf. eq 2). It is customary to define the transition temperature 
T, for spin transitions as that temperature where nJT2 = 0.50. 
From the above results, it is found that, for [Fe(4- 
paptH)2](C104)2-2H20, T, = 185 K. However, since the spin 
transitions studied at present are very gradual and incomplete 
at the two temperature limits, the value of T, is not very 
informative. 

For [ Fe(4 -pa~ tH)~I  ( BF,)2.2H20, a closely similar tem- 
perature behavior of the quantities tsT2/ttotal, -In (Eti), and 
n%* was obtained. Therefore, these data are not presented in 
detail, except for tsT2/ttotal, which have been included in Table 
11. From these results, the transition temperature is found as 
T, = 220 K. 

Magnetic Properties. The magnetism of [ Fe(4- 
paptH),] (C10,),.2H20 and [Fe(CpaptH),] (BF4),.2H20 has 
been measured between 89 and 343 K for both increasing and 
decreasing temperatures. For the perchlorate complex, the 
effective magnetic moment at 303 K, pcff = 4.80 pB, is indi- 
cative of a high-spin ST, ground state with some residual 
low-spin 'Al contribution, whereas pcff = 2.22 pB at 89 K is 
consistent with a low-spin 'A, ground state with contribution 
of a residual ST, fraction. For the complex tetrafluoroborate, 
analogous conclusions are applicable to the obtained results, 
viz. peff = 4.57 pB at 303 K and peff = 1.81 pB at 89 K. The 
detailed magnetic data for both [Fe(CpaptH),] (ClO4),-2H2O 
and [Fe(4-paptH)2](BF4)2.2H20 are listed in Table 111. An 
attempt has been made to determine the high-spin fraction 
nsT2 for [Fe(4-paptH)2](BF4)2.2H20 on the basis of the 
magnetic data by employing p e p  = 0 and peff = 5.0 pB for the 
pure 'Al and the pure 5T2 ground states, respectively. The 
choice of these values is based on the magnetism of related 
complexes that do not exhibit a temperature-induced spin 
transition. The change in nq,  with temperature determined 
in this way is in reasonable agreement with the results obtained 
from the Mossbauer spectra (viz. method II'O). 

X-ray Powder Diffraction. X-ray diffraction patterns have 
been recorded for [Fe(CpaptH),] (ClO4),.2H,O at various 
temperatures for the diffraction angles 4.5' I 8 I 14.0'. In 
Figure 5 ,  the diffraction patterns for the temperatures 90.0, 
201, 210, and 280 K are shown. As in the spin transition in 
[ F e ( b t ~ ) ~ ( N c S ) ~ ]  previously studied,1° no new peaks arise in 
the transition region, but rather a continuous variation in the 
peak positions is observed. For four well-resolved peaks the 
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Table 111. Magnetic Data for [Fe(4-paptH),](C10,),~2H20 
and [ Fe(4-paptH), ] (BF,) ,.2H2O 

[Fe(4-~aptH), 1- [Fe(4-~aptH),I- 
(C1O4),~2H,O (BF4), .2H,0 

cor a cor a b Xm 9 peff,b Xm 3 peff, 
T, K C ~ S U  mol-' cgsu mol-' p g  

89.0 6900 2.22 4580 1.81 
109.0 6110 2.30 4130 1.90 
128.0 5830 2.44 4030 2.03 
146.0 6180 2.69 4430 2.27 
156.0 4660 2.41 
166.0 6740 2.99 4910 2.55 
186.0 7390 3.32 5370 2.83 
196.0 5740 3.00 
205.0 7950 3.61 6110 3.16 
225.0 8610 3.94 6890 3.52 
245.0 9170 4.24 7690 3.88 
265.0 9540 4.50 8210 4.17 
285.0 9540 4.66 8560 4.42 
303.0 9490 4.80 8620 4.57 
323.0 9230 4.88 8560 4.70 
343.0 9000 4.97 8430 4.81 

a Diamagnetic correction for [Fe(4-paptH),] (C104),.2H,0 
cgsu mol-'; for [Fe(4-paptH),](BF4),. xmd** = -394 X 

2H20  xmdh = -404 X cgsu mol-I. peff = 
2 . 8 2 8 ( ~ ~ ~ ~ ' T ) ' ' ~ ,  with experimental uncertainty approximately 
t0 .02  p'B. 

L 00 15 '  10 00 
B ragg  angle 8 

Figure 5. X-ray diffraction patterns for [Fe(C~aptH)~] (C104),.2H20 
at the temperatures of 90.0, 201, 210, and 280 K. 

temperature dependence was studied in detail between 90.0 
and 300.0 K. In order to estimate values for peak positions 
and line widths, the peak profiles were fitted to individual 
Gaussian line shapes. For four of the reflections, i.e. those 
at the diffraction angles 8 = 4.79' (line I), 8 = 6.38' (line 
11), 8 = 11.02' (line 111), and 8 = 11.28' (line IV) (values 
given apply for 90.0 K), the variation of the lattice spacings 
dhkr with temperature is displayed in Figure 6 .  For the purpose 
of comparison, the figure also shows the change with tem- 
perature of the high-spin fraction nsT2 as derived from the 
analysis of both the Mssbauer spectra and the magnetic 
susceptibility. Although the errors involved in the estimation 
of dhk/ values are considerable, particularly for the low angles 
8, the result of interest is the observed variation of dhkl values 
with temperature, e.g. from 9.235 8, at 90.0 K to 9.410 A at 
300.0 K for line IV. The relative accuracy of the values is 
sufficient to establish this result. From Figure 6 it is thus clear 
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different Fe-N bond distances and various other changes in 
the g e ~ m e t r y ' ~ - ~ ~  of the molecules within the two spin isomers 
as well as the variations of the associated vibrations. For 
molecular crystals, two types of vibrations are of importance: 
(i) intramolecular vibrations of higher frequency (optical 
branch); (ii) intermolecular vibrations of lower frequency 
(acoustical branch). In general, the Mossbauer fraction is 
determined predominantly by the lower energy lattice vibra- 
tions. From the results of X-ray diffraction it follows that, 
in the high-spin (ST,) + low-spin (]Al) transitions of the 
continuous type studied at present, the two spin isomers of the 
molecule are almost randomly distributed within the same 
lattice. Consequently, the intermolecular vibrations are ex- 
pected to be similar, whereas the intramolecular vibrations will 
be different."-I9 The nonlinear behavior of -In (Eti) with 
temperature therefore demonstrates the effect of the variation 
of intramolecular vibrations on the recoil-free fraction, as a 
result of the spin transition. 

The rather significant difference observed in the temperature 
factors of the isomer shift also follows from the change in 
Fe-N bond distances accompanying the spin transition. It is 
well-known that the temperature-dependent contribution to 
the isomer shift is due to the second-order Doppler effect. The 
suggested difference of Debye-Waller factors for the two spin 
isomers is then directly supported by the different contribution 
of the second-order Doppler effect since, in the harmonic 
approximation, the two quantities are linearly related.,O 

For [Fe(bts),(NCS),], anomalies of the temperature de- 
pendence of the quadrupole splitting AEQ('T,) and the ab- 
sorber line width A r a b  = r5T - r l A , a b  were found,I0 which 
are a consequence of the different behavior of the residual 
high-spin ST, fraction. For the compounds [Fe(4- 
paptH),] (C104),-2Hz0 and [Fe(4-paptH),] (BF4),.2H20, such 
anomalies are not as clearly apparent due to the very gradual 
and incomplete nature of the transition. 

For all of the iron(I1) complexes of the paptH and sub- 
stituted paptH ligands, the values of the quadrupole splitting 
for the low-spin 'Al state have been found to be unusually 
large.2'~22 This result seems to be due to the unsymmetrical 
nature of the ligand and the expected distortion created by 
the tridentate coordination of the ligands at the site of the iron 
ion. We have performed a comparison of quadrupole splittings 
of the two spin states, high-spin 5T, and low-spin ]Al, over an 
extended temperature range and for a number of complexes 
of the paptH and substituted paptH ligands. From the results, 
a systematic trend is observed such that, if on substitution in 
the ligand ring the value of AEQ(lA1) increases, the corre- 
sponding value of &??Q(5T2) decreases. However, a rational 
explanation for this finding cannot be offered. 

The continuous variation in the X-ray diffraction patterns 
for the two compounds studied and for [Fe(bts),(NCS),]IO 
contrasts with the appearance of distinct, individual patterns 
for the high-spin 'T, and low-spin ]Al phases in systems 
showing a discontinuous transition. For these, the relative 
intensities of the distinct patterns are strongly temperature 
dependent in the region of T,. For the present compounds, 

i 5 3 0  4 5 2 0  
1 1  I I I l i  
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Figure 6. Temperature dependence of the lattice spacings dhkr for 
four intense Bragg reflections of [ Fe(4-pa~tH)~I  (C10J2.2H20 at 0 
= 4.791, 6.376, 11.021, and 11.278' and comparison with the tem- 
perature dependence of the high-spin fraction nsTI from 
Mossbauer-effect (0) and magnetic susceptibility measurements (0). 

that the temperature dependence of lattice spacings runs 
closely parallel to that of nsTZ. The change establishes the 
volume expansion which accompanies the transformation from 
the low-spin 'A, to the high-spin 5T, state with increasing 
temperature. In addition, the observations are good enough 
to rule out the possibility of any crystallographic phase change 
associated with the observed spin transition. 

For [Fe(4-paptH)2](BF4)2-2Hz0, again a continuous shift 
of peak positions is found as the transition is progressing. A 
detailed analysis of the data was not carried out, since the 
peaks were rather broad and less pronounced than in the 
perchlorate complex. It is clear, however, that the same 
conclusions as for the perchlorate will be applicable here. 
Discussion 

low-spin (IA,) 
transition in the compounds [Fe(CpaptH)z](C104)2.2H20 and 
[ Fe(CpaptH),] (BF4)2-2H20 may be described in terms of a 
continuous change with temperature of basic physical prop- 
erties, such as the s7Fe Miissbauer effect, the effective magnetic 
moment, and the lattice spacings derived from X-ray dif- 
fraction, resulting from a gradual change in the ST, fraction. 
No hysteresis effects have been observed for any of these 
quantities. The residual fraction of the 5T, state at low tem- 
peratures is around 0.22, and that of the 'Al state at  high 
temperatures is approximately 0.22 as well. The transition 
is thus rather complete at  both temperature ends. 

In Figure 4, an apparent decrease in the values tvJlt&i and 
nsT2 takes place in the region of room temperature. This 
decrease originates from fitting uncertainties since, due to a 
complete superposition of the spectra in the lower velocity 
region and the relatively small fraction of the 'A, constituent, 
the estimation of the areas of the two component spectra is 
uncertain. The fact that the values of -In (Eti) show a con- 
tinuous variation in this temperature range (cf. Figure 3) 
implies that the given explanation is correct. 

It should be also noted that, if no difference between the 
Debye-Waller factors, -lnfq, and -lnjiAl, for the two com- 
ponents were involved, the temperature function of the quantity 
-In (Et , )  should give a straight line in the high-temperature 
approximation. In the present study, the temperature variation 
of -In (Cti) for the two compounds shows a clear curvature 
in the region of T, (cf. Figure 3) and thus the Debye-Waller 
factors are different. The important fact is that this conclusion 
directly follows from the areas under the Mossbauer lines and 
is not subject to any additional assumptions or approximations. 
The different Debye-Waller factors are a consequence of the 

It is evident that the high-spin (ST,) 
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intensities remain almost unchanged and no new peaks arise 
in the course of the transformation. However, both the peak 
positions and the lattice spacings derived therefrom show a 
temperature shift that conforms to that of the high-spin 
fraction nv2 (cf. Figure 6 ) .  These results may be rationalized 
if the distribution of the two spin isomers within the lattice 
is considered. Thus a single X-ray diffraction pattern will 
indeed be found, if a random distribution of the minority 
constituent within the majority phase is assumed. On the other 
hand, different and individual diffraction patterns for the two 
phases will be expected, if a narrow distribution of the minority 
phase, accompanied by pronounced domain formation, is as- 
sumed. This is apparently the situation that is encountered 
for spin transitions of the discontinuous type. 

For the present compounds, and for [Fe(bts),(NCS),],'O 
then, a wide distribution of the minority constituent within 
the majority phase may be assumed. Apparently the high-spin 
'T2 and low-spin 'Al species together constitute a system that 
is akin to that of a solid solution of two components. It is not 
unlikely that the interpretation offered here may be applicable 
to all spin transitions of the continuous type. Additional 
investigations are in progress. 

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

Registry No. [Fe(4-paptH)2](C104)2, 86527-1 1-9; [Fe(4- 
papt H)2] ( BF4) 2, 497 3 1 -99-9. 

Cohtribution from the Research School of Chemistry, 
The Australian National University, Canberra, ACT 2600, Australia 

Rapid Electron Self-Exchange Involving Low-Spin Cobalt (11) and Cobalt(II1) in an 
Encapsulated Cage Complex 
R. V. DUBS, L. R. GAHAN, and A. M. SARGESON* 

Received November 19, 1982 
The electron self-exchange rate between the Co(I1) and Co(II1) macrobicyclic cage complexes of azacapten (8-methyl- 
1,3,13,16-tetraaza-6,10,19-trithiabicyclo[6.6.6]eicosane) has been measured by the NMR line-broadening technique (k2  
= 4500 (h300) M-I s-l at 25 "C). The activation parameters are AH* = 7 (*3) kcal mol-' and AS* = -18 ( A l l )  cal 
de& mol-'. The magnetic moments for the Co(I1) complex are slightly different in the crystal lattice (1.89 wB) and solution 
(2.35 re), but both indicate the Co(I1) ion is largely in the low-spin condition (t2,6en'). The large rate constant is consistent 
with this low-spin condition in both the Co(I1) and the Co(II1) ions and the consequently reduced bond lengths and therefore 
reduced reorganization energy relative to those of the C O ( N H ~ ) ~ + / ~ + ,  Co(en),*+/'+, and C ~ ( s e p ) ~ + / ~ +  ions. 

Introduction 
The chemistry of a number of complexes in which cobalt- 

(111) and cobalt(I1) ions are effectively encapsulated within 
a macrobicyclic ligand framework has been reported previ- 
o ~ s l y . ' - ~  The tightly bonding nature of these cage ligands 
ensures the nonlability of the cobalt(I1) species. In fact, it 
is possible to isolate chiral cobalt(I1) cage complexes.'-3 Two 
such macrobicyclic cage systems are the octaaza [Co- 
(sep)] 3+/2+ (1)' and the nitrogensulfur [Co(azacapten) J3+l2+ 
(2)3 complexes. 

1 2 

The inert octahedral nature of these and other similar cage 
complexes ensures that reactions involving the cobalt(I1) 

(1) Creaser, I. I.; Harrowfield, J. M.; Herlt, A. J.; Sargeson, A. M.; 
Springborg, J.; Geue, R. J.; Snow, M. R. J .  Am. Chem. Sm. 1977,99, 
1381. [Co(sep)13+ is the macrobicyclic ion [( 1,3,6,8,10,13,17,19-0~- 
taazabicyclo[6.6.6]eicosane)cobalt(III)] (3+). 

(2) Creaser, I. I.; Geue, R. J.; Harrowfield, J. M.; Herlt, A. J.; Sargeson, 
A. M.; Snow, M. R. J. Am. Chem. SOC. 1982, 104, 6016. 

(3) Gahan, L. R.; Hambley, T. W.; Sargeson, A. M.; Snow, M. R. Inorg. 
Chem. 1982, 21, 2699. 
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species occur in the absence of ligand-metal exchange.'-3 As 
a consequence, a reaction involving the exchange of an electron 
between the Co(I1) and Co(II1) states must occur via a 
pathway not involving ligand exchange and presumably follows 
an outer-sphere path (eq l).4 

*C~(azacapten)~+ + Co(azacapten)2+ 
*Co(azacapten)*+ + Co(a~acapten)~+ (1) 

The electron self-exchange rates of a series of such com- 
plexes have been studied previously with use of a polarimetric 
t e c h n i q ~ e . ~ . ~  A preliminary investigation of the sulfur-ni- 
trogen cage indicated a rate of self-exchange too rapid to be 
measured by this method. The present paper explores mea- 
surements of the electron-transfer rate by an NMR line- 
broadening technique. 
Experimental Section 

All manipulations involving solutions of the cobalt(I1) complexes 
were performed under an atmosphere of nitrogen that had been 
scrubbed with solutions of Cr2+. Aqueous solutions of the oxygen- 
sensitive cobalt(I1) complexes were transferred under a positive 
pressure of oxygen-free nitrogen with stainless steel transfer tubing. 

Commercial CF3S03H (3M Co.) was distilled before use. 
'H NMR spectra were recorded in D20 solution relative to sodium 

2,2-dimethyl-2-silapentane-5-sulfonate (DSS) as an internal standard, 
except as described. 

[Co(azacapten)]Cl, was prepared as described previously3 and 
isolated as its triflate (CF3S03-) salt with use of CF3S03H. The 

(4) Basolo, B.; Pearson, R. G. "Mechanism of Inorganic Reactions", 2nd 
ed.; Wiley: New York, 1967; p 455. 
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