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An extensive series of scanning curves within the hysteresis loop associated with the spin-state transition in [Fe(bpp),](BFJz has 
been constructed on the basis of magnetic susceptibility measurements (bpp = 2,6-bis(pyrazol-3-yl)pyridine). The areas of the 
scanning curves are found to depend on the actual temperature range encompassed by the curves and on the value of the square 
of the effective magnetic moment defined at the center of gravity of the curves. The results do not conform to theorem 4 of the 
domain theory of Everett, and the implications of these findings for the nature of first-order spin-state transitions are discussed. 

Spin-state transitions in complexes of certain transition-metal 
ions often are associated with pronounced hysteresis effects. It 
has been pointed out4 that the observed hysteresis is indicative 
of the first-order nature of the transition, since such a transition 
always requires some degree of superheating or supercooling for 
kinetic reasons. Additional evidence for a thermodynamically 
first-order transition is provided by the sizable latent heat and 
associated discontinuous change of entropys8 as well as by the 
change of volume derived on the basis of X-ray diffraction 
measurements9 or the second-order Doppler shift of the M b b a u e r  

Thermal hysteresis of the kind observed may have 
its origin in either (i) a distribution of transition temperatures 
as the result of domain formation or (ii) a distribution of nucleation 
rates as a consequence of kinetic barriers. A detailed study of 
the hysteresis effects can be helpful in establishing the nature of 
the cooperativity of the transition. Thus, the model developed 
by EverettlZ-l4 has been applied to study domain formation, 
whereas VWBD t h e ~ r y ’ ~ J ~  should govern nucleation rates. 

In the Everett model, theorem 4, which relates to the areas of 
inner loops of hysteresis (“scanning curvesn), is particularly di- 
agnostic. According to this theorem, form and area of two 
scanning curves, constructed between the same temperature limits 
TA and TB, should be equal,” provided that the domains are 
independent .I7 

In the first detailed study of scanning curves of the hysteresis 
associated with a spin-state transition, two such curves were 
constructed for the system [Fe(phy),](C104), on the basis of X-ray 
powder diffraction measurements (phy = 1 ,lo-phenanthroline- 
2-carbaldehyde phenylhydrazone).I8 It was found that the areas 
bound by the two curves were equal to within 3%. Hence, it was 
concluded that the course of the transition is accompanied by the 
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Table I. Results of Magnetic Susceptibility Measurements on 
Scanning Curve No. 4 within the Hysteresis Loop at the Spin-State 
Transition in [Fe(bpp),] (BF& 

2 b 
XM? 

Pt CgSU Perf 9 Peff, 
no. T, K moP HE2 PB 

1 174.0 15282 21.27 4.612 
2 175.1 15 156 21.23 4.608 
3 176.1 15 109 21.29 4.614 
4 177.1 15 1 1 1  21.41 4.627 
5 178.5 15099 21.56 4.643 
6 179.65 15 158 21.79 4.668 
7 180.5 15341 22.15 4.706 
8 179.45 15 383 22.08 4.699 
9 178.6 15409 22.02 4.692 
10 177.4 15 414 21.88 4.617 
1 1  176.25 15411 21.74 4.663 
12 175.2 15338 2 1.49 4.636 
13 174.25 15245 21.25 4.610 
14 174.0 15 198 21.16 4.600 

‘Experimental uncertainty &20 X lod cgsu mol-’. *Experimental 
uncertainty &0.005 pB. 

formation of independent domains. In a subsequent study, Muller 
et al.I9 investigated scanning curves of the hysteresis associated 
with the spin-state transition in [Fe(bt)2(NCS)z] on the basis of 
magnetic susceptibility measurements (bt = 2,2’-bi-2-thiazoline). 
These authors obtained an agreement of 4 f 1% for the areas of 
two scanning curves and also concluded on this basis that inde- 
pendent domains were involved in the transition. 

In the present paper, we report the results of an extended study 
of the hysteresis associated with the spin-state transition in 
[ F e ( b p ~ ) ~ l ( B F ~ ) ~ ,  where bpp = 2,6-bis(pyrazol-3-yl)pyridine. The 
study was undertaken in order to test the general validity of the 
earlier r e s ~ l t s ’ ~ J ~  obtained for [Fe(phy)z](C10,)2 and [Fe(bt)2- 
(NCS)2]. For this purpose, multiple scanning curves of all three 
types, i.e. left boundary, entire inner, and right boundary, were 
obtained for the first time. The compound was chosen because 
its reasonably wide hysteresis a t  the transition is particularly well 
suited for the present study. Thus, the transition temperatures 
have been reportedZo as T,t = 183 K and T,’ = 173 K. All the 
results were derived on the basis of very accurate magnetic sus- 
ceptibility measurements. 
Experimental Section 

,Sample Preparation. The ligand was prepared by the method reported 
by Lin and Lang,zl and the complex [Fe(bpp)J(BF& was obtained by 
interaction of the ligand with iron(I1) tetrafluoroborate in hot ethanolic 
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Table 11. Characteristic Properties of Scanning Curves of Hysteresis 
a t  the Spin-State Transition in [Fe(bpp),l(BF,), 

temp, K" red. es' character 
no. TA Ts AT at TA at Ts areab of CUNe 

E 170.5 181.7 11.2 6.04 15.45 108.4 

i 1 174'0 1803 6'5 18.74 19.99 6.47 
4 21.16 22.15 4.26 
I s  1 174.0 180.5 6.5 8.25 10.34 
II  175.0 181.5 6.5 11.67 13.81 
111 176.5 183.0 6.5 20.12 21.18 
OL 170.0 176.5 6.5 9.60 10.59 
@ 171.7 178.2 6.5 15.38 16.37 
y 172.6 179.1 6.5 19.58 20.48 3.11 
6 173.4 179.9 6.5 24.20 24.84 1.90 
A 173.0 176.0 3.0 4.25 4.58 0.231 

8.25 10.34 9,731 
13.99 15.63 7.82 inner sc 

21.0 
173 175 177 179 T.K 181 

Figure 1. Scanning curve no. 4 within the hysteresis loop at the spin-state 
transition in [Fe(bpp),](BF,),. Individual data p i n t s  are numbered 
according to the order of measurement. 

The resulting complex is hydrated, the anhydrous form em- 
ployed in this study being obtained by heating the hydrated complex at 
110 OC in a nitrogen atmosphere. The purity of the sample was checked 
by elemental analyses for C, H, N ,  and Fe and by "Fe Mbssbauer 
spectroscopy. 

Magnetic Measurements. Magnetic susceptibilities were measured 
with a Faraday type magnetometer equipped with a custom-made heli- 
um/Nz bath cryostat. The magnetometer employs B 10 in. B-E25C8 
electromagnet (Bruker-Physik) with Henry type pole caps, an clectrical 
microbalance (Sartorius type 4102). and the required control electronics. 
Measurement and regulation of sample temperature is achieved by two 
independent Cu/constantan and Au(Fe)/chromel thermocouples cali- 
brated against a Pl or Ge resistor. The calibration was carefully checked 
against the inverse magnetic susceptibility of three standard substances 
that are known to follow rigorously the CurieWeiss law below IO K, vir. 
FeS04.7H,0. CuS04.5H,0, and K,Ni(S0,)2.6H20." Using this pro- 
cedure, we achieved an absolute accuracy of temperature determination 
of f0.02 K between 0.98 and 9.0 K. This calibration was subsequently 
extended to higher temperatures, thus implicitly assuming validity of the 
linear I/xM vs T relationship. This assumption was further corroborated 
by measurements of numerous standard substances over an extended 
pedal of time. HgCo(NCS),. Ni(en),S,O,, and CuSO,.SH,O were used 
as susceptibility standards?' The effective magnetic moment has been 
obtained according to per = 2.828 ( x ~ T " ) ' / ~ ,  where xMra is the molar 
magnetic susceptibility corrected for diamagnetism of all constituents and 
T the temperature in K. 

In order to demonstrate the reliability and accuracy of data on which 
the present study is based, Figure 1 shows, in terms of w2 values, a single 
scanning curve within the hysteresis loop of [Fe(bpp)2](BFd)z, the cor- 
responding experimental data being collected in Table I. The curve is 
in fact inner scanning curve no. 4 (for the notation, refer to Table 11) 
between the temperatures T, = 174.0 K and TB = 180.5 K (eaz = 21.16 
and 22.15 pB2, respectively). The individual data points are numbered 
consecutively following the order of measurement. Paint 1 has been 
obtained by cooling of the sample from the higher temperature of 184.8 
K where pen1 = 26.31 pB1. The difference of values between the 
initial and final points 1 and 14 a1 TA, i.e. 21.27 and 21.16 pg2, respec- 
tively. corresponds to 0.525% and is caused by a slight imbalance of 
temperature. Evidently. the relative accuracy of the results is consid- 
erably higher. 

Results 
According to measurements of magnetic susceptibility the 

spin-state transition in the actual sample of [Fe(hpp),](BF,) 
studied in this work is at TJ = 181.9 K for increasing and at T,  
= 171.5 K for decreasing temperatures, thus producing an hys- 

f 
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B 175.5 
C 177.2 
D 178.5 

f 

178.5 3.0 5 . ~ 9  
180.2 3.0 9.14 
181.5 3.0 12.68 

4.25 
5.88 
7.42 

176.0 3.0 8.70 
1 1 . 1 1  
12.05 
13.69 

6.28 
9.75 

13.24 

11.43 
12.33 
13.95 
E) 
0.16 

*T+-TB is the range of temperatures covered by the particular 

bArea p.bT in units of pB2 K. 
scanning curve. 

o r p  0 0 0 " '  
0 0  0 

170 175 180 T.K 185 

Figure 2. Inner scanning curves of width AT = 6.5 K between the 
temperatures T, = 174.0 K and TB = 180.5 K (curves 1-4, hatched) 
within the hysteresis Imp at the spin-state transition in [Fe(bpp),l(BF,),. 
Right-boundary scanning curves (curves 1-111) and left-boundary scan- 
ning curves (curves e 6 )  of width AT = 6.5 K between different initial 
temperatures T,, and final temperatures TB are also shown. 

teresis loop of width AT, = 10.4 K. Inner scanning curves of width 
AT = 6.5 K have been measured between the same  two tem- 
peratures T, = 174.0 K and TB = 180.5 K (curves 1-4). The 
detailed procedure for this type of measurement has been given 
by Everett and Smith." In addition, scanning curves contacting 
the right-boundary curve of the hysteresis loop ("right-boundary 
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Figure 3. Inner scanning curves of width AT = 3.0 K between the 
temperatures TA = 173.0 K and TB = 176.0 K (curves a-g) within the 
hysteresis loop at the spin-state transition in [Fe(bpp),](BF.,),. Right- 
boundary scanning curves of width AT = 3.0 K between different initial 
temperatures TA and final temperatures TB (curves A-D) are also shown. 

scanning curves") with AT = 6.5 K but different initial tem- 
peratures TA and final temperatures TB (curves 1-111) have been 
constructed. A similar series of curves contacting the left-boundary 
curve ("left-boundary scanning curves") with AT = 6.5 K (curves 
d) have also been obtained. These curves are displayed in Figure 
2. Furthermore, scanning curves of width AT = 3.0 K have been 
measured both as inner scanning curves for TA = 173.0 K and 
TB = 176.0 K (curves a-g) and as right-boundary scanning curves 
(curves A-D). These curves are shown in Figure 3. The indi- 
vidual curves are identified, in the figures, by a specific label, their 
characteristic properties being listed under the same label in Table 
11. The curve designated by E in the table is a single large 
scanning curve, which has not been reproduced in any of the 
figures in detail. In Figure 4, the reduced area FIF,,,, of the 
scanning curves is plotted as a function of the effective magnetic 
moment squared of the particular scanning curve. A logarithmic 
scale has been used, the quantity F,, being the area of the overall 
hysteresis loop. Each scanning curve is thus represented by a bar 
that extends over the range of pen2 values covered by that curve. 
It is seen that the individual scanning curves order on a curve of 
approximately parabolic shape for each specific value of the 
temperature range AT covered. The bars representing the inner 
scanning curves and those representing the left-boundary scanning 
curves order below the curve for the right-boundary scanning 
curve. It should be observed that the parabolic curves exist only 
within the boundaries of the hysteresis loop. In addition, the F/F,  
curve representing the inner scanning curves exists only within 
the interval defined by contact with the parabolas of right- and 
left-boundary scanning curves. 
Discussion 

According to theorem 4 in the Everett model, the areas of the 
inner scanning curves 1-4 (Figure 2), all measured between the 
same temperatures TA = 174.0 and TB = 180.5 K, should be equal 
if the model applies to this system. Similarly, the inner scanning 
curves a-g (Figure 3) between TA = 173.0 and TB v 176.0 K 
should all be of equal area. It is obvious from the figures that 
this is not the case, and the differences in area are particularly 
evident for the curves 1-4. For this series, the area difference 
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Figure 4. Reduced area of scanning curves F/F,, (in percent) as a 
function of the effective magnetic moment squared p a 2  (in pe2) for the 
spin-state transition in [Fe(b~p)~l(BF,), on double logarithmic scale. F, 
denotes the area of the overall hysteresis loop. Bars indicate range of p a 2  
values covered by a particular curve; rsc = right-boundary scanning 
curve, isc = inner scanning curve, and lsc = left-boundary scanning curve. 
Curves order according to the AT values 6.5 and 3.0 K. 

for adjacent curves amounts to 1.9 1 pB2 K or 19.6% for curves 
1 and 2, to 1.35 pB2 K or 17.3% for curves 2 and 3, and to 2.21 
pB2 K or 34.2% for curves 3 and 4. A more detailed inspection 
of the areas listed in Table I1 shows that, for each series of inner 
scanning curves, the values pass over a maximum. The areas of 
the left- or right-boundary scanning curves are different from those 
of the inner scanning curves, as expected, but, significantly, they 
also display, for a particular AT range, a similar behavior. This 
result is illustrated by Figure 4, which shows that the areas are 
distributed on a curve of approximately parabolic shape for each 
particular value of AT. The range of existence of these curves 
is determined by the peR2 values covered by the boundary hysteresis 
curve of the compound, which is indicated in Figure 4 by the 
broken vertical lines defined by the limiting peR2 values of about 
2.5 and 30 pB2. 

These results are clearly not consistent with theorem 4 of the 
domain theory of Everett.13 According to this theorem, the areas 
of inner scanning curves would have to order, in terms of the 
presentation of Figure 4, along the horizontal line defining a 
particular value of the relative area, and this they do not do. It 
has been pointed out that the theorem is applicable only to the 
case of independent domains." The present results could thus 
still be interpreted by assuming that the spin-state transition in 
[ Fe(bpp),] (BF4), occurs by the coonversion of domains of like 
spin. The domains would, however, have to show interaction with 
each other. This conclusion is in no way surprising, since inter- 
action at  least between different molecules of a spin-crossover 
compound is required in several theoretical models of these 
transitions. The interaction may be limited to HS ions as in the 
simplified version of an king type or comprise the in- 
teractions between two HS ions, between a HS and a LS ion, and 
between two LS ions.25 In the more general king type model, 
domain formation by both HS and LS molecules would be ex- 
pected. 

In view of the rather large differences in areas of 34% and more 
that are observed for the present compound, it is surprising that 
the areas of scanning curves reported for [Fe(phy),](C1O4), and 

(24) Zimmermann, R.; Konig, E. J .  Phys. Chem. Solids 1977, 38, 779. 
(25) Rao, P. S.; Ganguli, P.; McGarvey, B. R. Inorg. Chem. 1981, 20,3682. 
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[Fe(bt),(NCS) ] were found to be equal within 3% and 4%, 
respectively.laJk! It is conceivable that the spin-state transitions 
in these systems may take place by the formation of independent 
domains whereas interacting domains appear to be present in 
[ F e ( b ~ p ) ~ l ( B F ~ ) ,  (and may occur in other systems). The con- 
ditions defining this difference in behavior would, nevertheless, 
still need to be specified. 

The difference may be illusory rather than real, however. The 
nature of the distribution of areas shown in Figure 4 may provide 
an alternative explanation for the apparent difference in the be- 
havior of [Fe(phy),](ClO,), and [Fe(bt)2(NCS)2] on the one hand 
and [Fe(bpp),](BF4), on the other. Thus, scanning curves situated 
close to the maximum of one of the parabolic curves, or being 
disposed symmetrically with respect to that maximum, will have 
similar (but not identical) areas, whereas the areas of scanning 

curves located on the slope of one of the parabolas will be sig- 
nificantly different. The observation of almost equal areas could 
thus be fortuitous and the result of the range of pert chosen for 
study. The applicability of the independent domain model is thus 
not necessarily established by the behavior of only a small number 
of scanning curves. A more detailed study of the hysteresis by 
construction of an extended series of curves within the same 
temperature limits is required to determine if the behavior of 
[Fe(phy)2](C104)2 and [Fe(bt),(NCS,)] is in fact different from 
that of [Fe(bpp)J(BF,),, and work along these lines is currently 
in progress in our laboratories. 
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The electronic, EPR, and vibrational spectra of (cyclamH,)CuC& (cyclam = 1,4,8,1 I-tetraazacyclotetradecane) are reported and 
interpreted in terms of the elongated tetragonal geometry of the isolated cuc16c ions present in this compound. Comparisons 
have been made with chlorocuprates having other geometries. It is inferred from the electronic spectrum that the axial chloride 
ligands have a small but significant effect on the energy levels of (cyclamHJCuCI,, despite their long distance from the metal 
ion (317.5 pm), and this interaction leads to the near degeneracy of the d,z and dJzyz orbitals in the cUc16+ complex. Angular 
overlap metal-ligand-bonding parameters have been derived and compared with those of other complexes with differing degrees 
of tetragonal distortion. 

Introduction 
Because chlorocuprates are comparatively simple and exhibit 

a wide range of stereochemistries, they have often been used to 
probe the ways in which various spectroscopic and bonding 
properties change as a function of geometric dist0rtion.l Par- 
ticular attention has been paid to the electronic, EPR, and vi- 
brational spectra of the four-coordinate CuCb2- ion as this changes 
between a square-planar and a tetrahedral geometry.,-' The 
five-coordinate CuClS3- complex is unusual, since although the 
most stable configuration is apparently a square-based pyramid, 
vibronic coupling induces a dynamic equilibrium that produces 
a time-averaged trigonal-bipyramidal geometry.a Considerable 
interest has also been shown in the spectroscopic changes ac- 
companying axial ligation of planar CuC1:- to produce a tet- 
ragonally elongated six-coordinate CuCb" complex.+Il However, 
until now, the latter studies have involved compounds of the form 
(~ation)~CuCl,, with axial coordination occurring by the linkage 
of neighboring complexes to form infinite polymers. Despite 
several attempts to produce compounds containing isolated CuCh" 
groups,12J3 it is only recently that this has been achieved in the 
compound (cyclamH4)CuC16 (cyclam = 1,4,8,1 l-tetraazacyclo- 
tetradecane).I4 The present paper reports the spectral properties 
and bonding characteristics of this compound and compares these 
with the behavior of chlorocuprates having other stereochemistries. 
Experimental Section 

The preparation and characterization of (cyclamH4)CuCI6 has been 
described previously.14 Infrared spectra were measured as polythene disks 
by using a Digilab FTS 20E Fourier transform spectrometer using a 
6.25-j~m beam splitter. Raman spectra were recorded with a Cary 82 
spectrophotometer fitted with an argon laser using the 488-nm excitation 
line. A powdered sample pressed into a disk was used, with this being 
rotated in a spinning cell to minimize overheating. Electronic spectra of 
single crystals were measured upon a Cary 17 spectrophotometer using 
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polarized light by a method described previously.15,16 The crystals were 
cooled by using a Cryodyne Model 22C cryocooler. EPR spectra were 
recorded at room temperature by using a JEOL JES-FE X-band spec- 
trometer. 

Results and Discussion 

Geometry of the CuCIt- Ion. The triclinic unit cell of (cycl- 
amH,)CuCl, contains a single formula unit.14 The CUC&~-  ion 
lies on an inversion center, with the elongated tetragonal stere- 
ochemistry so often observed for Cu(I1) complexes. The in-plane 
bonds are almost equal (229.1 and 230.2 pm) and are much shorter 
than the axial bonds (317.5 pm), and the ClCuCl angles involving 
the in-plane ligands differ from 90' by less than a degree. The 
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