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is promoted by electronic excitation. Therefore, the reaction from 
3 to 4 seemed to be accelerated by laser illumination as well as 
by thermal excitation. 

In conclusion, resonance Raman spectra for autoxidation in­
termediates of ferrous porphyrin were obtained and they are 
consistent with eqs 1-4 deduced from NMR spectroscopy.140 Some 
additional new information obtained here demonstrated the 
presence of the F e " - O 2 complex at -100 °C and the F e l v = 0 

Introduction 

In addition to oxygenation and carbonylation of myoglobin and 
hemoglobin, electron-transfer reactions of heme proteins are often 
associated with a change in the spin-state of an iron ion from high 
spin to low spin and vice versa.5 For example, there has been 
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complex at -70 0C, although they are photolabile, and suggested 
that reduction of the F e I V = 0 porphyrin proceeds via hydrogen 
abstraction from solvent (toluene). 
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considerable interest in the coupling of spin, substrate, and redox 
equilibria in cytochrome P450.6 It has been shown that the 
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Abstract: The preparation and characterization of the first Fe" spin-crossover complex that interconverts between high- and 
low-spin states at a rate faster than the 57Fe Mftssbauer time scale is reported. [Fe(tpen)](C104)2'2/3H20 crystallizes in the 
monoclinic space group Cl/c, which at 298 K has a unit cell of a = 40.87 (2) A, b - 9.497 (4) A, c = 23.946 (9) A, and 
/S « 108.42 (4)° with Z - 12 and at 358 K the unit cell is characterized by a = 41.00 (2) A, b = 9.517 (5) A, c = 24.21 
( I )A, and /3 = 109.46 (4)° with Z = 12. The hexadentate ligand tpen is tetrakis(2-pyridylmethyl)ethylenediamine. The 
refinements were carried out with 3110 (2.5Sa) and 2221 (2.58<r) observed reflections at 298 and 358 K, respectively, to give 
R = 0.073 and Kw = 0.076 at 298 K and R = 0.082 and Rv - 0.082 at 358 K. At both temperatures there are two 
crystallographically different [Fe(tpen)]2+ cations. One of these two cation sites has a greater high-spin content, as evidenced 
by Fe-ligand atom bond lengths and trigonal distortions which are greater than those found at the other cation site. The Fe-N 
bond lengths and trigonal distortion increase for both cations as the temperature is increased from 298 to 358 K. Solid-state 
magnetic susceptibility data show that the critical temperature, T„ where there are equal amounts of high- and low-spin complexes, 
is T0 = 365 K. Faraday balance data for this same perchlorate salt in DMF solution give Tc = 363 K. The similarity of 
these solid- and solution-state Tc values and the susceptibility data taken for the pure solid and solid solutions in the isostructural 
Zn2+ complex definitively show that the spin-crossover cations in [Fe(tpen)](C104)2-2/3H20 experience no appreciable in-
termolecular interactions. Each cation acts independently in a high-/low-spin equilibrium. The 57Fe Mossbauer spectrum 
exhibits only one quadrupole-split doublet for each cation up to the highest temperature (350 K) investigated. Thus, this is 
the first Fe" spin-crossover complex that interconverts in the solid state between high- and low-spin states at a rate that is 
faster than the Mossbauer time scale. A careful analysis of the changes in the structure of the [Fe(tpen)]2+ cation as a function 
of temperature together with angular overlap calculations suggest that it is the increase in Fe-N bond lengths together with 
an increase in the trigonal distortion that leads to the fast rate of spin-state interconversion in [Fe(tpen)]2+. The steric constraints 
introduced by the hexadentate ligand lead to a relatively large trigonal distortion lowering the energy of triplet excited states 
(3T, and/or 3T2). This then leads to greater spin-orbit interaction of the 1A low-spin state with components of the 5T2 high-spin 
state, and a greater rate of interconversion results. Additional evidence supporting the presence of fluxional distortions of 
[Fe(tpen)]2+ along a trigonal twisting coordinate is presented in the form of variable-temperature 1H NMR data. In solution 
[Fe(tpen)]2+ exhibits a very fast rate (>600 s"1) of enantiomerization. Finally, the preparation and properties (7C > 400 K) 
of [Fe(tpen)](C104)2 are given. This non-hydrated complex crystallizes in the monoclinic space group PIxIc which at 298 
K has a unit cell characterized by a = 17.865 (3) A, b - 9.878 (1) A, c = 17.213 (4) A, and fi = 110.01 (2)° with Z = 4. 
This structure was refined with 3031 (2.58<r) observed reflections to give R = 0.049 and Rw - 0.053. The trigonal twist found 
for the cation is in keeping with magnetic susceptibility data indicating that this nonhyrated complex is totally low spin at 
298 K. 
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spin-state equilibrium serves to modulate both the substrate 
binding as well as the redox potential of this cytochrome. In 
addition to this biological relevance, fundamental interest in 
spin-state interconversion rates has led to considerable research 
on spin-crossover complexes.7 

Much of the work in this area has concentrated on spin-state 
interconversions in the solid state. The interrelationships between 
the factors controlling intramolecular dynamics and intermolecular 
interactions in the solid state have not yet been delineated com­
pletely, although some advances have been made resulting from 
theoretical studies.8 Ever since the benchmark heat-capacity study 
of Sorai and Seki,8e it has been clear that spin-crossover trans­
formations that occur abruptly over a small temperature range 
do so cooperatively as first-order phase transitions. At the other 
extreme are systems that exhibit a "spin-equilibrium" where there 
are no intermolecular interactions and there is a Boltzmann 
population of high- and low-spin complexes. The phase transitions 
for each spin-crossover complex can be characterized by deter­
mining into which universal class9 each phase transition belongs. 

Recently Giitlich et al.10 reported the interesting phenomenon 
of "light-induced excited-spin-state trapping" (LIESST). It was 
found that upon exposure to light (xenon lamp) for a period of 
several minutes, crystalline samples of certain Fe" spin-crossover 
complexes maintained at temperatures near to liquid-helium 
temperatures could be completely converted from low spin to high 
spin. What is so remarkable is that once these Fe" complexes 
are converted to the high-spin state they will remain in the 
high-spin state for hours or even days if the sample is maintained 
at low temperature. Herber and Casson" have shown that FTIR 
spectra could also be used to monitor the LIESST phenomenon. 
Very recent work12 has suggested that the slow kinetics that are 
being monitored in these observations are attributable to individual 
complexes tunneling between high- and low-spin states, not to the 
kinetics of domain walls found in cooperative phase transitions. 

However, there has been surprisingly little work aimed at de­
termining the factors that control the rate and mechanism of 
spin-state interconversion in an isolated spin-crossover complex. 
Laser Raman temperature-jump13 and ultrasonic relaxation 
measurements14 have been carried out for spin-crossover complexes 
in solution over a limited temperature range near room temper-
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ature. Beattie7* has recently published a review that concentrates 
on the dynamics of spin equilibria in solution. Very recently, the 
laser flash-photolysis technique was used to study the relaxation 
kinetics of a ferrous spin-crossover complex doped at low con­
centration into a polymer film.15 From room temperature down 
to approximately 120 K, rate data were found to exhibit Ar-
rhenius-type behavior. In the range of 120 to 4.2 K, however, 
the relaxation rate became independent of temperature. This was 
interpreted as direct evidence of quantum mechanical tunneling 
as the mechanism of interconversion.15' A fit of the experimental 
data to theoretical models indicated that thermally activated 
tunneling was also the predominant mechanism in the 120-300 
K range. Conti et al.15b have recently shown that spin-state 
interconversion relaxation rates can also be concentration de­
pendent. On the basis of conductivity measurements, they sug­
gested that ion-aggregation in solution plays a role in determining 
the characteristics of spin-state equilibria even in a dilute envi­
ronment. 

In this paper we report the detailed characterization of the first 
simple Fe" spin-crossover complex to interconvert in the solid state 
at a rate that is faster than the time scale of the Mossbauer 
experiment. It will be shown that the dynamics of this complex 
are little affected by intermolecular interactions in the solid state. 
This system thus represents a true spin equilibrium system even 
as a solid. The intramolecular factors that may lead to the fast 
rate of spin-state interconversion in this complex will be discussed. 
It is shown that a twist distortion of the Fe" complex is linked 
to the fast rate of spin-state interconversion. Support for this is 
found in a relatively fast rate of enantiomerization noted for the 
same Fe" complex in solution. The idea of linking ligand psue-
dorotation and spin-state conversion has been discussed for several 
years.16 

Experimental Section 

Compound Preparations. AU reagents were commercially available 
and used without further purification. All synthetic procedures involving 
Fe" complexes were performed under an inert Ar atmosphere, using 
standard Schlenk techniques. 

A^,JV',N'-Tetrakis(2-pyridylmethyl)-l,2-ethylenediamine (tpen). 
This compound was prepared by a modification of a previously reported 
method.17 2-Picolyl chloride hydrochloride (6.56 g, 60.0 mmol; Aldrich) 
in 5 mL of water was neutralized by slow addition of 7.4 mL of a 5.4 M 
NaOH solution. To this solution 0.67 mL (10 mmol) of ethylenediamine 
was added dropwise. The reaction mixture was allowed to stir at room 
temperature for 4 days. During this time, the pH of the mixture was 
maintained between 7 and 9 by periodic dropwise addition of a 4 M 
solution of NaOH. A white precipitate, formed initially after 2 or 3 days, 
was then filtered, washed with a small amount of water (ca. 30 mL), and 
dried in vacuo for 24 h. Anal. Calcd for C26H28N6: C, 73.58; H, 6.60; 
N, 19.81. Found: C, 73.54; H, 5.86; N, 19.68. 

FeCI2-2H20. Commercially available FeCl2-4H20 (24 g) was dis­
solved in H2O and mixed with 1 mL of concentrated HCl containing 1 
g of dissolved Fe powder. The solution was degassed and heated in an 
oil bath under an Ar atmosphere for 30 min. The solution was filtered 
while warm, and the pale greenish colored filtrate was evaporated, leaving 
a pale greenish solid. White FeCl2-2H20 was obtained upon heating the 
greenish powder under vacuum at 80 CC for 1 h. This purified ferrous 
chloride was stored under Ar in an inert atmosphere box. 

[Fe(tpen)](aO„)2-73H20. A quantity of 0.163 g (1.00 mmol) of 
FeCI2-2H20 was dissolved in 10 mL of degassed 1:1 MeOH/H20 and 
heated to 50 0C. Tpen (0.43 g, 1.0 mmol) was dissolved in 8 mL of 1:1 
MeOH/HzO, degassed, and added to the warm FeCl2 solution. The 
reaction mixture immediately turned red upon addition of the tpen so­
lution. An aqueous solution of NaClO4 (0.3 g in 10 mL) was then added 
slowly to the reaction mixture. The hot solution was allowed to cool to 
room temperature. A brownish-red microcrystalline solid was retrieved 
by filtration, washed with cold water, and dried in air. Anal. Calcd for 
FeC26H2933N6O867Cl2: C, 45,16; H, 4.13; N, 12.15; Fe, 8.10. Found: 
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C, 45.10; H, 4.15; N, 12.18; Fe, 8.12. The orange-red rhomboid single 
crystal for the X-ray structure determination was obtained by evaporation 
in air of a 1:1 MeOH/H20 solution of the complex for a period of 1 day. 

[Fe(tpen)](CI04)2. A portion of [Fe(tpen)](CI04)2-2/3H20 was dis­
solved in degassed 1:1 MeOH/H 2 0 and then slowly evaporated under 
an Ar atmosphere. A mixture of red cube-like crystals and needle-shaped 
crystals (~10% in the needle morphology) was obtained after 1 week. 
The cube-like crystals were found to be of X-ray diffraction quality. 
Anal. Calcd for FeC26H28N6O8CI2: C, 45.97; H, 4.15; N, 12.37; Fe, 
8.22. Found: C, 46.05; H, 4.13; N, 12.18; Fe, 8.16. 

"Fe-Enriched Samples. A sample of [Fe(tpen)](C104)2-2/3H20 en­
riched to 50% in 57Fe was prepared by first dissolving 25 mg (0.45 mmol) 
of 99%-enriched 57Fe powder (New England Nuclear) and 25 mg (0.45 
mmol) of unenriched Fe powder in 8 mL of concentrated HCl at 50 0C 
for 5 min. The resulting pale yellowish solution was evaporated under 
reduced pressure to give a nearly pure white powder, which was dissolved 
in 5 mL of a degassed 1:1 MeOH/H 2 0 solution. Tpen (0.43 g, 1.0 
mmol) dissolved in 5 mL of degassed MeOH was then transferred under 
Ar to the FeCI2 solution. The resulting red solution was stirred and 
heated for 15 min at 50 0C. An aqueous solution of NaClO4 (0.31 g in 
5 mL) was then added to the reaction mixture. A brownish-red micro-
crystalline product was retrieved by filtration from the cooled solution. 
The spectroscopic and magnetic properties of this enriched sample were 
found to be identical with those of the unenriched sample. 

[Fe(tpen)]I2. A quantity of 0.278 g (1.00 mmol) of FeS04-7H20 was 
dissolved in 10 mL of degassed water. Tpen (0.43 g, 1.0 mmol) dissolved 
in 5 mL of methanol was added to the FeSO4 solution. An aqueous 
solution of KI (0.5 g in 3 mL) was added slowly to the reaction mixture. 
A deep red crystalline solid was retrieved by filtration, washed with cold 
water, and dried in air. Anal. Calcd for FeC26H28N6I2: C, 42.53; H, 
3.84; N, 11.45. Found: C, 42.74; H, 3.86; N, 11.51. 

Additional Salts of [Fe(IPeIO]2+. The BPh4", PF6", and CF3SO3" salts 
of [Fe(tpen)]2+ were all made analogously to the NaClO4 salt, employing 
solutions of 0.8 g of NaBPh4, 0.3 g of NaPF6, or 0.5 g of NaCF3SO3. 
Anal. Calcd for FeC74H68N6B2: C, 79.47; H, 6.09; N, 7.52; Fe, 5.00. 
Found: C, 79.49; H, 6.11; N, 7.50; Fe, 4.98. Calcd for 
FeC26H32N6O3P2Fi2: C, 37.88; H, 4.16; N, 10.19; Fe, 6.79; P, 7.51. 
Found: C, 38.06; H, 4.24; N, 10.35; Fe, 6.39; P, 7.54. Calcd for 
FeC28H28N6O6S2F6: C, 43.20; H, 3.13; N, 10.79; Fe, 7.17; S, 8.24. 
Found: C, 42.63; H, 3.59; N, 10.66; Fe, 7.16; S, 7.85. 

[Zn(tpen)](Cl04)2-2/3H20. The procedure used to prepare this com­
pound was similar to that of the ferrous complex, except that the Zn 
reaction was done in air. The reaction of ZnCl2 with tpen produced a 
white microcrystalline product that was recrystallized from a 1:5 
EtOH/H 20 solution. Anal. Calcd for ZnC26H2933N6O867Cl2: C, 44.56; 
H, 4.22; N, 11.99; Zn, 9.33. Found: C, 44.36; H, 4.20; N, 12.22; Zn, 
9.26. 

[Fe.tZnH^tpeiOKClO^-VjHjO (x = 0.1, 0.2, 0.5, 0.7). This series 
of diluted compound was prepared by mixing the appropriate molar ratios 
of [Fe(tpen)](C104)2-2/3H2Oand [Zn(tpen)](C104)2-2/3H20 in 10 mL 
of 1:1 MeOH/H 2 0 under argon. NaCIO4 was added to the stirring 
solution to ensure the homogeneity of the product. The retrieved solids 
were isolated by filtration, washed, and dried as described above. Results 
of the elemental analyses for these compounds are available in the sup­
plementary material. 

Physical Measurements. Variable-Temperature Magnetic Suscepti­
bility. Magnetic susceptibility data were collected on a VTS-50 Series 
800 SQUID type susceptometer (S.H.E. Corp.) interfaced to an Apple 
II+ computer. The sample was packed in a cylindrical Delrin sample 
container with an inner diameter of approximately 4 mm. Sample tem­
perature control was achieved using a S.H.E. digital temperature device. 
Each data point was taken as the average of five samplings after the 
sample had reached thermal equilibrium, A magnetic field of 10 kG was 
used. For all the data reported, diamagnetic corrections estimated from 
Pascal's constants18 were applied in determining the molar paramagnetic 
susceptibility of the compound. 

Magnetic susceptibility measurements for solutions of spin-crossover 
complexes were carried out by the Faraday technique employing an 
electromagnet (Bruker Physik), an electromicrobalance (Satorius Model 
411), and a temperature controller (BVT Model 1000). Airtight alu­
minum sample tubes were filled under argon. Calibrations were per­
formed against the actual solvent used in each case. 

'7Fe Mossbauer Spectroscopy. 57Fe Mossbauer spectra were collected 
with use of a previously described vertical-drive transmission spectrometer 
operating in the constant-acceleration mode." Sample temperatures 

(18) Boudreaux, E. A.; Mulay, L. N., Eds. Theory and Applications of 
Molecular Paramagnetism; John Wiley and Sons: New York, 1976. 

(19) Cohn, M. J.; Timken, M. D.; Hendrickson, D. N. / . Am. Chem. Soc. 
1984, 106, 6683. 

Table I. Crystallographic Data for [Fe(tpen)](C104)2-«H20 

formula 
formula wt 
cryst size, mm 
temp, K 
space group 
a, A 
6, A 
C A 
0, deg 
K1A3 

Z 
Palo g ™" J 

X(Ka), A 
20 range, deg 
octants collected 
total reflcns 
obsd reflcns" 
M, cm"1 

R" 
/ ? / 

* = 0 

FeCI2O8N6C26H28 

679.299 
0.2 X 0.3 X 0.3 
298 
P2, /c(No. 14) 
17.865(3) 
9.878 (1) 
17.213 (4) 
110.01 (2) 
2854 (2) 
4 
1.581 
0.71073 
2.0-53.0 
±A, -k, +1 
5905 
3031 
7.73 
0.049 
0.053 

FeCl2O8.,, 
691.309 

" " V l 
N6C26H2933 

0.2 X 0.3 X 0.9 
298 
C2/c(No. 15) 
40.87 (2) 
9.497 (4) 
23.946 (9) 
108.42 (4) 
8819 (14) 
12 
1.562 
0.71073 
2.0-48.0 
±h,+k,+l 
6898 
3110 
7.54 
0.073 
0.076 

358 
C2/c(No. 15) 
41.00(2) 
9.517 (5) 
24.21 (1) 
109.46 (4) 
8905 (15) 
12 
1.547 
0.71073 
2.0-48.0 
±h,+k-l 
6961 
2221 
7.46 
0.082 
0.082 

V > 2.58<T(/). bR = L(|F„| 
\Fc\)2/[ZMF0|

2]'/2. 
\FS/Z\Fol [2XIFoI " 

were controlled with a Lake Shore Cryogenics Model DRC 80C tem­
perature controller in conjunction with a Si diode mounted on a copper 
sample holder. A copper-constantan thermocouple and a Yellow Springs 
Instrument 44003A precision thermistor, both mounted on the sample 
holder, were used to monitor the sample temperature. The absolute 
precision is estimated to be ±3 K; the relative precision was approxi­
mately 0.5 K. Spectra were fit to Lorentzian line shapes by using a 
previously described computer program.20 Isomer shifts are reported 
relative to natural iron foil at 300 K. No temperature-dependent sec­
ond-order Doppler shift corrections were applied. 

Electronic Spectra. Variable-temperature electronic absorption 
spectra were recorded on a Hewlett Packard Model 8452A diode array 
spectrophotometer. Temperature control was achieved with a Hewlett 
Packard Model 89054A thermostated cell holder, connected to a Fisher 
Scientific Model 800 Isotemp circulating bath. Temperature stability 
was better than ±0.3 K; the absolute accuracy is estimated at ±1 K. 
Measurements were carried out in HPLC-grade H2O at 1.88 X 10~* m. 
Each spectrum represents a signal average of 250 individual spectra taken 
at 0.1-s intervals after the solution had equilibrated for 15 min. Spectral 
changes were found to be reversible at this concentration, as cooling the 
solution from 363 K to ambient temperature resulted in better than 99% 
recovery of the starting spectrum. 

X-ray Structure Determination. All three of the single-crystal struc­
ture determinations were carried out at the crystallographic center of the 
Department of Chemistry, University of Illinois. Diffraction data were 
collected on an Enraf-Nonius CAD4 automated fc-axis diffractometer 
equipped with a graphite crystal monochromator. The w/6 scan tech­
nique was used to record the intensities for all nonequivalent reflections. 
Scan widths were calculated as A + B tan 6, where A is estimated from 
the mosaicity of the crystal and B allows for the increase in peak width 
due to Mo Ka1 - Ka2 splitting. 

Data were collected for [Fe(tpen)](C104)2 at 25 0C and at both 25 
and 85 0C for [Fe(tpen)](C104)2-2/3H20. Pertinent details regarding the 
structure determinations are listed in Table I for all three structures. The 
unit cell parameters were obtained by a least-squares fit to the auto­
matically centered settings from 25 reflections. The space group was 
unambiguously determined from systematic conditions for the nonsol-
vated structure. The space group confirmation for the solvated compound 
was based upon the average values of the normalized structure factors 
and the successful refinement of the proposed model in the centric space 
group. The intensities from three standard reflections for each mea­
surement showed no significant fluctuation during data collection. In­
tensity data for all three structures were corrected for Lorentz and po­
larization effects, as well as anomalous dispersion effects. Absorption 
corrections were applied for all three data sets. No ^ scans were col­
lected. 

The structure of the nonsolvated complex was solved by Patterson 
methods; the correct position for the iron atom was deduced from a 
weighted Patterson map. Two consecutive weighted Fourier syntheses 
revealed positions for the remaining non-hydrogen atoms. In the final 

322. 
(20) Chrisman, B. L.; Tumollio, T. A. Comput. Phys. Commun. 1971, 2, 
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Figure 1. ORTEP drawing of the [Fe(tpen)]2+ cation found in PlxJc 
symmetry [Fe(tpen)](C104)2. 

cycle of least squares, all non-hydrogen atoms were refined with aniso­
tropic thermal coefficients that were fixed in "idealized" positions, and 
an empirical isotropic extinction coefficient was refined. Successful 
convergence was indicated by the maximum shift/error for the last cycle. 
The final difference Fourier map had no residual density that was sig­
nificantly above the background, and the highest peaks in the map ap­
peared to represent minor disorders (less than 10% occupancy) about the 
two chlorine atoms. There were no significant features in the final map 
to indicate the presence of solvent molecules in the lattice. There were 
no systematic errors among the observed and calculated structure factors; 
only 6 of 3031 reflections had values for \F0 - Fc\/a(F0) > 3. 

The structure for the solvated compound at room temperature was 
solved by direct methods, SHELXS-86; correct positions for all non-hy­
drogen atoms excluding the chlorine and oxygen atoms from the two 
disordered perchlorate molecules were deduced from an £-map. Sub­
sequent least-squares difference Fourier calculations revealed severely 
disordered positions for two of the perchlorate ions. Unsuccessful at­
tempts to refine independent positions for partially occupied oxygen atom 
positions suggested disordered positions for the chlorine atoms. 
"Idealized" perchlorate molecules were refined as rigid groups, three sites 
for the ion centered on CI2 [relative site occupancies 0.373 (5), 0.420 (5), 
and 0.207 (10) for A, B, and C groups, respectively] and four for the C13 
ion [0.262 (4), 0.162 (2), 0.346 (5), and 0.103 (2)]. Hydrogen atoms 
were included as fixed contributors in "idealized" positions. In the final 
cycle of least squares, one group isotropic thermal parameter was refined 
for hydrogen atoms and one each for the two disordered perchlorate 
molecules; independent isotropic thermal coefficients were refined for the 
carbon atoms and the remaining atoms were refined with anisotropic 
thermal coefficients. The final difference Fourier map had no significant 
features. A final analysis of variance between observed and calculated 
structure factors showed no apparent systematic errors. 

The high-temperature structure of the solvated form was solved by 
correlation to the room temperature structure. The two most prominent 
structural differences between the low- and high-temperature models 
involved the disorder of one of the perchlorates and the disappearance 
of the water solvate molecule for the latter. "Idealized" perchlorate 
molecules were refined as rigid groups: three sites for the ion centered 
on CIl [relative site occupancies 0.35 (1), 0.36 (1), and 0.29 (1) for 
groups A, B, and C, respectively], and four sites for C13 [0.23 (1), 0.16 
(1), 0.32 (1), and 0.29 (1)]. Hydrogen atoms were included as fixed 
contributors in "idealized" positions. In the final cycle of least squares, 
one group isotropic thermal parameter was refined for the hydrogen 
atoms and one each for the three disordered perchlorate molecules, and 
the iron atoms were refined with anisotropic thermal coefficients. The 
final difference Fourier map had no significant features; there was no 
evidence of the water molecule located for the room temperature re­
finement. A final analysis of variance between observed and calculated 
structure factors showed no apparent systematic errors. 

Results and Discussion 
X-ray Crystal Structure of [Fe(tpen)](C104)2. The nonsolvated 

form of this compound crystallizes in the monoclinic space group 
Pl\/c. Final positional parameters are given in Table II; selected 
bond distances and angles are given in Table III. A computer 
drawing of the complex ion [Fe(tpen)]2+ is given in Figure 1. The 

Table II. Positional Parameters for P2t/c Symmetry 
[Fe(tpen)] (ClO4)/ 

Fe 
CIA 
ClB 
Ol 
02 
03 
04 
05 
06 
07 
08 
Nl 
N2 
N3 
N4 
N5 
N6 
Cl 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
ClO 
CIl 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C20 
C21 
C22 
C23 
C24 
C25 
C26 

x/a 
0.24042 (4) 
0.04142 (8) 
0.58269 (9) 
0.1110(3) 
0.0109 (3) 
0.0549 (3) 

-0.0167 (3) 
0.6583 (3) 
0.5290 (4) 
0.5702 (5) 
0.5791 (3) 
0.1508(2) 
0.1797 (2) 
0.2916(2) 
0.2755 (3) 
0.1904 (2) 
0.3206 (2) 
0.0845 (3) 
0.1195 (3) 
0.1758 (3) 
0.2507 (3) 
0.2781 (3) 
0.3504 (4) 
0.3926 (3) 
0.3631 (3) 
0.1348 (3) 
0.2139(3) 
0.2259 (5) 
0.3001 (6) 
0.3628 (5) 
0.3493 (3) 
0.1400 (3) 
0.1450 (3) 
0.1090(3) 
0.1203 (3) 
0.1680(4) 
0.2022 (3) 
0.2405 (3) 
0.3091 (3) 
0.3579 (4) 
0.4190(4) 
0.4285 (3) 
0.3794 (3) 

y/b 
0.16727 (7) 

-0.3455 (2) 
0.2017(2) 

-0.4040 (6) 
-0.2508 (5) 
-0.2827 (6) 
-0.4459 (5) 
0.1472 (6) 
0.1023 (7) 
0.2806 (7) 
0.2902 (6) 
0.1885 (4) 
0.2930 (4) 
0.3116(4) 
0.0338 (4) 
0.0231 (4) 
0.1868 (4) 
0.2514 (6) 
0.3611 (6) 
0.2758 (5) 
0.3509 (5) 
0.4498 (6) 
0.5100 (6) 
0.4684 (7) 
0.3693 (6) 
0.0498 (6) 

-0.0111 (5) 
-0.0998 (6) 
-0.1458 (7) 
-0.1001 (7) 
-0.0099 (6) 
0.2170 (6) 
0.0688 (6) 

-0.0183 (7) 
-0.1530(8) 
-0.2013 (6) 
-0.1114(6) 
0.3861 (5) 
0.2998 (6) 
0.3315(7) 
0.2471 (9) 
0.1319(8) 
0.1022(6) 

z/c 
0.14734 (4) 
0.18241 (8) 
0.3808(1) 
0.2359 (3) 
0.2247 (3) 
0.1172(3) 
0.1481 (3) 
0.4030 (5) 
0.3678 (5) 
0.3120(4) 
0.4463 (3) 
0.1913 (2) 
0.0570 (3) 
0.2283 (2) 
0.2392 (2) 
0.0652 (2) 
0.0914 (2) 
0.1245(3) 
0.0858 (3) 
0.2668 (3) 
0.2777 (3) 
0.3358 (3) 
0.3470 (4) 
0.2990 (4) 
0.2412 (3) 
0.2145 (3) 
0.2614(3) 
0.3262 (4) 
0.3676 (4) 
0.3469 (4) 
0.2818 (3) 

-0.0207 (3) 
-0.0099 (3) 
-0.0747 (3) 
-0.0639 (4) 
0.0114(4) 
0.0743 (3) 
0.0454 (3) 
0.0451 (3) 
0.0006 (4) 
0.0031 (4) 
0.0476 (4) 
0.0920 (3) 

"Estimated standard deviations for the last significant figure are 
given in parentheses. Hydrogen atom positions were calculated, see 
supplementary material. 

structure of the Co"1 complex of this ligand has very recently been 
reported.21 The [Fe(tpen)]2+ complex ion has a distorted octa­
hedral coordination geometry, with two aliphatic (Nl and N2) 
and four aromatic (N3-N6) nitrogen atoms comprising the N6 

coordination sphere. Due to the puckering of the ethylenediamine 
ring, the Fe-Nl-N2-N4-N6 coordination plane is not strictly 
planar, but exhibits a tilt of 4.4°. The chelate rings of the pi-
colylamine also exhibit deviations from planarity. The 2-
pyridylmethyl groups are planar as expected, but are tilted with 
respect to the coordination plane, resulting in average torsional 
N-C-C-N angles of 30.5° for the pyridylamine fragments. The 
combination of these tilts causes the observed dihedral angles of 
20.1° and 17.3° between the Nl -Fe-N2 plane and the pyridine 
planes. This helical arrangement reduces the steric interactions 
between pyridine hydrogen atoms in the 6-position in a given plane 
(e.g., H14 and H26). The pyridine planes themselves are nearly 
perpendicular to each other. 

The fusion of the five-membered chelate rings and the ethyl­
enediamine linkage result in marked deviations from octahedral 
symmetry. If we define the two trigonal planes according to the 
geometry of the ligand itself, that is, one plane as N1-N3-N4 
and the other as N2-N5-N6, two different types of trigonal angles 
are identified. The average trigonal twist of type I (A, B, and 

(21) Mandel, J. B.; Douglas, B. E. Inorg. Chim. Acta 1989, 155, 55. 
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C) is found to be 49.5°. For the type II trigonal twist (D, E, and 
F), the average angle is 70.5°. These are to be compared with 
the expected twist of 60° for a strictly octahedral complex. This 
substantial trigonal distortion (<j> = 10.5°) is reflected in the 
strained N4~Fe-Nl and N2-Fe-N6 angles of 81.0 (2)° and 81.5 
(2)°, respectively, which cause the N4-Fe-N6 angle to expand 
to 111.5 (2)°. However, all four Fe-Npy distances are virtually 
identical to within 0.002 A at 1.988 A (av) and the two Fe-Naliph 
distances are statistically identical [2.002 (4) A for Fe-Nl; 1.996 
(4) A for Fe-N2]. The slightly shorter Fe-Npy distances are 
possibly due to some degree of 7>back-bonding between the Fe 
center and the pyridine rings. All of these bond distances are 
consistent with those observed for several other low-spin ferrous 
complexes.22 The results from magnetic studies further establish 
the low-spin configuration of [Fe(tpen)](C104)2 at room tem­
perature (vide infra). The molecule as a whole has only C1 
symmetry; however, the ligand field can be reasonably approxi­
mated as C20. 

X-ray Crystal Structures of [Fe(tpen)](C104)2-
2/3H20. The 

solvated form of [Fe(tpen)](C104)2 crystallizes in the monoclinic 
space group C2/c at 25 0C. Final positional parameters for the 
structure are given in Table IV; selected bond distances and angles 
are listed in Table V. Crystallographically, the cation occupies 
two different sites in the lattice (herein defined as site A and site 
B). Site A occurs as a general position, whereas molecules at site 
B sit at special positions in the Cljc unit cell. These positions 
exist in a 2:1 ratio in the lattice, and analyses of spectroscopic 
data (e.g., 57Fe Mossbauer, vide infra) must take this distinction 
into account. The two molecular types, in addition to sitting at 
different crystallographic positions, exhibit slightly different 
structural characteristics. Both complexes possess distorted oc­
tahedral geometries, similar in nature to those described for the 
nonsolvated form (vide supra). The degree of distortion due to 
the puckering of the ethylenediamine linkage is substantially 
different, with tetragonal twists of 5.5° and 2.3° for cations in 
sites A and B, respectively. Both of these values are to be com­
pared with the 4.4° twist found for the unsolvated complex. 
Deviations from the plane of coordination for the pyridine rings 
are also noted. The dihedral angles produced are somewhat 
smaller than those noted for the unsolvated form: 17.9° and 18.7° 
for site A; 15.2° and 19.5° for site B. 

The trigonal twist angles are also quite different for the two 
sites at 25 0C. The average type I angle (vide supra) for site A 
is 45.7°, while for site B molecules this average is 49.5° (i.e., the 
degree of distortion <t> is 14.8° for site A and 10.5° for site B). 
Similar differences are noted in the values for the type II angles: 
74.3° for site A and 70.4° for site B. It is clear that the degree 
of trigonal distortion is larger for the site A molecules than for 
the site B molecules. 

The Fe-N bond distances for each site require some comment. 
The average Fe-Npy distance is found to be identical for both sites 
at 2.02 (I)A. However, the Fe-NaHph distances are significantly 
different: 2.03 (1) A for site A, compared to 1.98 (1) A for site 
B molecules. The bond distances for the site B molecules compare 
well with the corresponding values for the nonsolvated complex. 
The longer amine distance for site A suggests a contribution from 
the small fraction of high-spin component present at room tem­
perature for the solvated complex (vide infra). It should be noted, 
however, that the strikingly similar bond distances noted in the 
FlJc structure for the groups of two aliphatic and four pyridine 
nitrogens are not found in this structure. For site A, the Fe-N 1 

(22) Konig, E. Prog, lnorg. Chem. 1987, 35, 527. 

and Fe-N2 distances are 2.022 (8) and 2.044 (8) A, respectively. 
Variations for the Fe-Nw distances are even larger, with distances 
ranging from 1.977 (8) to 2.046 (8) A. It is interesting that only 
the site A molecules reflect the high-spin component in this system 
at 25 0C. There is no obvious difference in intermolecular contacts 
for cations at site A compared to those at site B, which is evident 
from the packing diagram (Figure 2). Furthermore, an analysis 
of van der Waals contacts indicates that each cation is essentially 
isolated in the lattice. It is possible that the influence of the solvate 
molecule (indicated in the packing diagram as lone ellipses) is 
different for the two different sites in the lattice. It is well-es­
tablished that solvate molecules can have a dramatic impact on 
spin-crossover properties.7ef 

In addition, it is interesting to note in this context that the degree 
of trigonal distortion is larger at site A than at site B (vide supra). 
Bond distances at site B correspond quite well with the unsolvated 
structure, all low spin at this temperature, as do the values for 
the trigonal twist angles. Site A, which reflects the portion of 
high-spin component present at this temperature based on Fe-N 
bond distances, also has a greater degree of trigonal distortion. 
This correlation between trigonal distortion and the presence of 
high-spin species is further established with the higher temperature 
structure (vide infra). 

The crystal structure of the solvated form of [Fe(tpen)](C104)2 
was also determined at 85 °C in an effort to see what structural 
changes accompany the spin-state transformation. Such infor­
mation is extremely valuable in understanding the vibronic nature 
of the spin-crossover phenomenon, but good structures of both 
the high-spin and low-spin form of a single complex have only 
been possible in a few cases for ferrous systems.23 Even in the 
present work, the high-temperature structure represents only a 
contribution from the high-spin form; the 7",- (nHS = 0.50) is 
approximately 365 K for [Fe(tpen)](C104)2-

2/3H20 (vide infra). 
However, substantial changes were noted in the structural pa­
rameters for the compound. Table VI contains positional pa­
rameters for the high-temperature structure, and Table VII 
contains selected bond distances and angles. Most obvious are 
the changes in the Fe-N bond distances. Both the Fe-Npy and 
Fe-Na|iph distances are found to increase with an increase in the 
high-spin fraction. Again, a difference between site A and site 
B molecules is observed: the average Fe-Npy distance at site A 
is 2.06 (I)A, while this distance is 2.09 (1) A at site B; the 
Fe-Na)iph bond length is 2.09 (1) A at site A, but only 2.04 (2) 
A at site B. This latter observation is in accord with the obser­
vations made for the room temperature structure, in that the amine 
distance at site A seems to reflect more prominently the presence 
of the high-spin fraction. In addition, the variation in bond length 
within the Fe-Npy bond type, in particular, is much more pro­
nounced in the high-temperature structure (Fe-N4 at 2.01 (1) 
A compared to Fe-N5 at 2.12 (1) A). The bond distances for 
Fe-Nl and Fe-N2 are identical to within the accuracy of the 
structure (2.01 (1) A). The reason for the longer average Fe-Npy 
distance at site B is not clear, but it may reflect in part the large 
disparity among the individual bond distances. It is interesting 
to note that the variance of the individual Fe-N bond distances 
appears to become more pronounced with increasing contribution 
from the high-spin species (i.e., unsolvated form -* solvated, 25 
0C — solvated, 85 0C (vide infra)). 

With such large changes in bond distances, it is not surprising 
that there are substantial differences in the various bond angles 
between the room and high temperature structures for the solvate. 
The tetragonal twist for the A and B molecules is larger in both 
cases at 85 0C at 8.1° and 6.3°, respectively. The average torsional 
angle associated with the picolylamine ring also increases, from 
30.0° at room temperature to 31.5° at 85 0C. The trigonal twist 
angles indicate that the higher temperature structure is even more 

(23) (a) Greenway, A. M.; Sinn, E. J. J. Am. Chem. Soc. 1978, 100, 8080. 
(b) Greenway, A. M.; O'Connor, C. J.; Schrock, A.; Sinn, E. Inorg. Chem. 
1979, IS, 2692. (c) Katz, B. A.; Strouse, C. E. Inorg. Chem. 1980, 19, 658. 
(d) Oliver, J. D.; Mullica, D. F.; Hutchinson, B. B.; Milligan, W. O. Inorg. 
Chem. 1980, 19, 165. (e) Cecconi, F.; Di Vaira, M.; Midollini, S.; Orlandini, 
A.; Sacconi, L. Inorg. Chem. 1981, 20, 3423. 
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Table III. Selected Bond Distances and Angles for PlJc Symmetry [Fe(tpen)](C104)2 

ClA-OI 
C1A-04 
C1B-07 
Fe-N 2 
Fe-N5 
N2-C2 
N3-C4 
C5-C6 
C7-C8 
C9-C10 
C12-C13 
N2-C15 
C16-C17 
N5-C20 
N6-C22 
C23-C24 
C25-C26 

Nl-Fe-N2 
Nl -Fe-N5 
N2-Fe-N4 
N3-Fe-N4 
N 4-Fe-N 5 
Ol-CIA-02 
02-C1A-03 
05-C1B-06 
06-C1B-07 
Fe-Nl-Cl 
C1-N1-C3 
Fe-N2-C2 
C2-N2-C15 
Fe-N 3-C4 
Fe-N4-C10 
Fe-N5-C16 
Fe-N6-C22 
N1-C1-C2 
N3-C4-C3 
C4-C5-C6 
N3-C8-C7 
N4-C10-C11 
C11-C12-C13 
N2-C15-C16 
C15-C16-C17 
C18-C19-C20 
N6-C22-C21 
C22-C23-C24 
N6-C26-C25 

1.394(6) 
1.411 (6) 
1.371 (6) 
1.996(4) 
1.990(4) 
1.491 (7) 
1.354(6) 
1.375 (8) 
1.366 (8) 
1.494(8) 
1.36(1) 
1.485 (7) 
1.381 (8) 
1.346(7) 
1.346(7) 
1.36(1) 
1.377 (8) 

86.4 (2) 
96.9 (2) 

166.3 (2) 
88.5 (2) 
91.9(2) 

110.5(3) 
109.3 (3) 
109.7 (4) 
112.2 (5) 
106.4 (3) 
110.8 (4) 
106.4 (3) 
110.5(4) 
115.4(3) 
112.1 (3) 
114.7 (3) 
112.2(3) 
107.5 (4) 
115.7(4) 
119.8 (5) 
122.2(5) 
121.3(6) 
119.8(7) 
113.5 (4) 
121.7 (5) 
119.1 (6) 
115.5 (5) 
119.7 (6) 
120.6 (5) 

Distances, A 
C1A-02 
C1B-05 
C1B-08 
Fe-N 3 
Fe-N6 
C1-C2 
C3-C4 
C6-C7 
N1-C9 
C10-C11 
N4-C14 
N5-C16 
C17-C18 
C19-C20 
C21-C22 
C24-C25 

Angles, 
Nl -Fe-N3 
Nl -Fe-N6 
N2-Fe-N5 
N3-Fe-N5 
N4-Fe-N6 
01-C1A-03 
02-C1A-04 
05-C1B-07 
06-C1B-08 
Fe-N 1-C3 
C1-N1-C9 
Fe-N2-C15 
C2-N2-C21 
Fe-N 3-C8 
Fe-N4-C14 
Fe-N5-C20 
Fe-N6-C26 
N2-C2-C1 
N3-C4-C5 
C5-C6-C7 
N1-C9-C10 
C9-C10-C11 
C12-C13-C14 
N5-C16-C15 
C16-C17-C18 
N5-C20-C19 
N6-C22-C23 
C23-C24-C25 

1.404(5) 
1.381 (5) 
1.446 (6) 
1.984(4) 
1.990(4) 
1.514(8) 
1.485 (7) 
1.358(9) 
1.482(7) 
1.376(8) 
1.343 (7) 
1.347 (6) 
1.35(1) 
1.372 (8) 
1.494(8) 
1.35(1) 

deg 
84.0 (2) 

166.8 (2) 
84.2 (2) 

179.0(2) 
111.5 (2) 
111.1 (3) 
109.0 (3) 
108.4(5) 
110.8 (4) 
110.4(3) 
114.9(4) 
110.6(3) 
114.2 (4) 
127.2(3) 
129.1 (4) 
127.5 (3) 
128.9(4) 
106.1 (4) 
122.1 (4) 
118.3 (6) 
106.5 (4) 
123.4(6) 
119.5 (7) 
116.4(5) 
119.8(5) 
122.5 (5) 
121.3 (5) 
118.5 (6) 

C1A-03 
C1B-06 
Fe-Nl 
Fe-N4 
N l - C l 
N1-C3 
C4-C5 
N3-C8 
N4-C10 
C11-C12 
C13-C14 
C15-C16 
C18-C19 
N2-C21 
C22-C23 
N6-C26 

Nl -Fe-N4 
N2-Fe-N3 
N2-Fe-N6 
N3-Fe-N6 
N5-Fe-N6 
01-C1A-04 
03-C1A-04 
05-C1B-08 
07-C1B-08 
Fe-N 1-C9 
C3-N1-C9 
Fe-N2-C21 
C15-N2-C21 
C4-N3-C8 
C10-N4-C14 
C16-N5-C20 
C22-N6-C26 
N1-C3-C4 
C3-C4-C5 
C6-C7-C8 
N4-C10-C9 
C10-C11-C12 
N4-C14-C13 
N5-C16-C17 
C17-C18-C19 
N2-C21-C22 
C21-C22-C23 
C24-C25-C26 

1.374(5) 
1.336(7) 
2.002 (4) 
1.987(4) 
1.476(6) 
1.495 (6) 
1.364(7) 
1.345(6) 
1.358(7) 
1.35(1) 
1.387 (8) 
1.475 (8) 
1.370(9) 
1.488 (7) 
1.379 (8) 
1.340(7) 

81.0(2) 
95.6 (2) 
81.5(2) 
92.0 (2) 
87.1 (2) 

110.4(3) 
106.5 (3) 
108.7 (4) 
107.0 (4) 
105.0 (3) 
109.1 (4) 
105.2 (3) 
109.7 (4) 
117.4 (4) 
118.7(4) 
117.5 (4) 
118.8 (4) 
112.7 (4) 
122.2(4) 
120.3 (5) 
115.1 (4) 
119.7(7) 
121.0(6) 
121.9(5) 
119.3(6) 
106.6 (4) 
123.2 (5) 
121.0(6) 

'Estimated standard deviations for the last significant figure are given in parentheses. 

Figure 2. Stereoview of the packing diagram for C2/c symmetry [Fe(tpen)] (ClO4)J-VsH2O. 

distorted along that coordinate: the type I angles are 42.6° and 
46.7° for the A and B sites, respectively; the type II angles are 

found to be 77.4° and 73.3° (0 = 17.4° for A1 0 = 13.3° for B). 
A comparison of the information in Tables V and VII makes clear 
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Table IV. Positional Parameters for CIjc Symmetry 
[Fe(IPeIi)](ClO4)J-V3H2O at 298 K» 

x/a y/b z/c 
FeI 
FeI 
O 
ClI 
Ol 
02 
03 
04 
Nl 
N2 
N3 
N4 
N5 
N6 
N7 
Ng 
N9 
Cl 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
ClO 
CIl 
C12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C 20 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
C33 
C34 
C35 
C36 
C37 
C38 
C39 

0.16658 (4) 
0.0 
0.3204 (4) 
0.17956(8) 
0.1768 (3) 
0.2057 (2) 
0.1481 (2) 
0.1877 (3) 
0.1337(2) 
0.2021 (2) 
0.1405 (2) 
0.1282(2) 
0.1914(2) 
0.2047 (2) 
0.0360 (2) 
0.0068 (2) 
0.0415 (2) 
0.1552(3) 
0.1825 (3) 
0.1096 (3) 
0.1121 (3) 
0.0877 (3) 
0.0915 (3) 
0.1205(3) 
0.1446 (3) 
0.1147(3) 
0.1063 (3) 
0.0783 (3) 
0.0745 (3) 
0.0962 (3) 
0.1220(3) 
0.2281 (3) 
0.2214 (3) 
0.2463 (3) 
0.2375 (3) 
0.2067 (3) 
0.1841 (3) 
0.2192(3) 
0.2277 (3) 
0.2564 (3) 
0.2615(3) 
0.2385 (3) 
0.2106 (3) 
0.0168 (3) 
0.0504 (3) 
0.0309 (3) 
0.0376 (3) 
0.0206 (3) 

-0.0025 (3) 
-0.0086 (2) 
0.0627 (3) 
0.0692 (3) 
0.1001 (3) 
0.1038 (3) 
0.0771 (3) 
0.0453 (3) 

-0.2354 (2) 
0.1657 (2) 
0.307 (2) 
0.2617 (3) 
0.1306(9) 
0.258(1) 
0.299(1) 
0.3637(10) 

-0.2961 (8) 
-0.2144 (9) 
-0.0518 (8) 
-0.2983 (8) 
-0.4230 (8) 
-0.1442 (9) 
0.0123 (9) 
0.1650(9) 
0.2831 (8) 

-0.330(1) 
-0.217(1) 
-0.180(1) 
-0.056(1) 
0.046(1) 
0.159(1) 
0.163(1) 
0.059(1) 

-0.418 (1) 
-0.387 (1) 
-0.449(1) 
-0.423 (1) 
-0.331 (1) 
-0.267(1) 
-0.331 (1) 
-0.434 (1) 
-0.534(1) 
-0.630(1) 
-0.627 (1) 
-0.520(1) 
-0.077 (1) 
-0.076 (1) 
-0.010(1) 
-0.012(1) 
-0.079(1) 
-0.145 (1) 
-0.117(1) 
-0.004(1) 
0.075 (1) 
0.059(1) 
0.145(1) 
0.242(1) 
0.251 (1) 
0.058 (1) 
0.209(1) 
0.277(1) 
0.415(1) 
0.492 (2) 
0.421 (1) 

0.59554 (6) 
0.75 
0.1191 (5) 
0.7213(1) 
0.7451 (5) 
0.6949 (4) 
0.6800 (4) 
0.7666 (4) 
0.6388 (3) 
0.6772 (3) 
0.5873 (3) 
0.5266 (3) 
0.5968 (3) 
0.5725 (3) 
0.7715(3) 
0.8363 (3) 
0.7651 (3) 
0.6992 (5) 
0.7186(5) 
0.6403 (5) 
0.6041 (5) 
0.5898 (5) 
0.5563 (5) 
0.5384 (5) 
0.5555 (5) 
0.6055 (5) 
0.5410(5) 
0.4984 (5) 
0.4416 (5) 
0.4257 (5) 
0.4692 (5) 
0.6878 (5) 
0.6396 (5) 
0.6388 (5) 
0.5944 (5) 
0.5523 (5) 
0.5530 (5) 
0.6740 (5) 
0.6177 (5) 
0.6114(5) 
0.5580 (5) 
0.5113(5) 
0.5209 (5) 
0.7449 (5) 
0.8362 (5) 
0.8685 (4) 
0.9292 (5) 
0.9563 (5) 
0.9254 (4) 
0.8654 (4) 
0.7467 (5) 
0.7604 (5) 
0.7680 (5) 
0.7802 (6) 
0.7872 (5) 
0.7788 (5) 

' Estimated standard deviations for the last significant figure are 
given in parentheses. One perchlorate ion centered at CIl was not 
disordered. Two of the perchlorate ions were found to be disordered 
and were refined with rigid groups, three sites for the ClO4" centered 
on C 1(2) [relative site occupancies 0.373 (5), 0.420 (5), and 0.207 
(10)] and four sties for the ClO4" centered on Cl(3) [relative site oc­
cupancies 0.262 (4), 0.162 (2), 0.346 (5), and 0.103 (2)]. Positional 
parameters for these two disordered ClO4" ions are available in the 
supplementary material. 

the fact that there are substantial geometric rearrangements 
associated with the spin-state change in addition to the expected 
increase in Fe-N bond lengths. 

Spin-Crossover Properties. Magnetic Susceptibility. The 
magnetic properties of both the solvated and unsolvated forms 
of [Fe(tpen])(C104)2 clearly show that both forms undergo a 
spin-crossover transformation in the temperature region studied. 
Plots of ue(r versus temperature for the two forms of the complex 
are given in Figure 3. Both forms have relatively high 7"c values, 

EOO 300 400 
TEMPERATURE C K) 

Figure 3. Plot of ^n versus temperature for [Fe(tpen)](CI04)2-nH20; 
A, n = Q(Pl1Ic); D, n = 2/3(C2/c). (Note: the discontinuity in data for 
[Fe(tpen)](C104)2-

2/jH20 at ~350 K is an artifact of the susceptome-
ter.) 

and in both cases the spin transformation is incomplete at the 
highest temperatures studied. The fraction of high-spin species 
present at a given temperature was calculated by using the relation 

»HS = kff2 - Mcfr2(LS)|/|Meff
2(HS) - Meff

2(LS)} 

assuming a high-spin effective moment of Mefr
 = 4.90 and a low-

spin moment of ne(f = 0.00. The value of «HS for each complex 
at 380 K is 0.14 for the unsolvated form and 0.60 for the water 
solvate. A complete listing of «HS for both complexes is given in 
Tables XS and XIS (supplementary material). From these data, 
a Tc of approximately 365 K can be interpolated for the solvated 
complex. The corresponding value for the unsolvated complex 
is more difficult to estimate, but it certainly lies above 400 K. No 
thermal hysteresis was observed for either compound. 

The reason for this difference in critical temperatures for the 
two crystalline forms likely comes from a variety of sources. It 
is well-known that the presence of hydrogen-bonding solvate 
molecules can have a substantial impact on spin-crossover prop­
erties, particularly for complexes of amines.7e The lower transition 
temperature for [Fe(tpen)](C104)2-2/3H20 suggests a possible 
interaction between the complex and the solvate molecule. 
However, such an interaction is not readily distinguishable from 
the packing diagram (Figure 2) due in part to the fact that the 
H2O molecules are undergoing rapid reorientation in the lattice. 
Alternatively, notwithstanding the presence of a solvate, the 
different crystal packing of the P2\/c structure as compared to 
the Cl/c structure of the solvate could change the lattice envi­
ronment so as to modify the zero-point energy difference between 
the LS and HS states. These types of phenomena are well-rep­
resented in the spin-crossover literature.7'^11,24 

57Fe Mossbauer Spectra. The variable-temperature 57Fe 
Mossbauer spectra of both the hydrated and nonhydrated forms 
of [Fe(tpen)](C104)2 were obtained in the region of 120-350 K. 
Since the hydrated form exhibits a greater degree of crossover 
behavior in this temperature range, we shall restrict our discussion 
primarily to data for this compound. However, the results dis­
cussed hold equally for the nonsolvated form. Selected spectra 
for [Fe(tpen)](C104)2-2/3H20 are given in Figure 4. Fitting 
parameters for all spectra are given in Table VIII. Each spectrum 
was fit to two quadrupole-split doublets in a fixed area ratio of 
2:1, consistent with the crystallographic results (vide supra). Only 
one signal is observed for each of the two unique lattice positions 
at all temperatures studied. Since the high-spin population of the 
sample is approximately 40% at 350 K, it must be concluded that 

(24) (a) Cunningham, A. J.; Fergusson, J. E.; Powell, H. K. J. J. Chem. 
Soc., Dalton Trans. 1972, 2155. (b) Sylva, R. N.; Goodwin, H. A. Aust. J. 
Chem. 1967, 20, 479. 
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Figure 4. 57Fe Mossbauer spectra of Cljc symmetry [Fe(tpen)]-
(ClO4)J-

2AH2O. The inset numbers indicate temperature in degrees 
Kelvin. 

spin-state interconversion in this complex is occurring at a rate 
faster than the time scale of the Mossbauer experiment implying 
a rate in excess of ~ 107-108 s"1. This is the first well-documented 
example of a ferrous complex exhibiting an interconversion rate 
of this magnitude in the solid state.25 In the case of one other 
complex, Fe(phen)2(NCBH3)2, complexities seen in the Mossbauer 
spectrum were attributed2'8 to the presence of some Fe" complexes 
that exhibit a fast spin-rate interconversion rate. 

It must be emphasized that [Fe(tpen)](Cr04)2-2/3H20 does 
clearly exhibit a spin-state interconversion rate that is faster than 
the 57Fe Mossbauer time scale. The possibility that the tem­
perature dependence of the Mossbauer spectrum illustrated in 
Figure 4 is due to a dehydration to the nonhydrated form can be 
definitively eliminated. First, as shown in a figure given in the 
supplementary material, the 350 K Mossbauer spectra of the 
hydrated and nonhydrated forms look different. Second, 
Mossbauer spectra for [Fe(tpen)] (ClO4J2-V3H2O were first 
collected at 120 K and then at various temperatures up to 350 
K. After this, the sample was cooled to 330 K and the spectrum 
was re-determined. This was followed by running spectra at 
several temperatures down to 150 K. These spectra were found 
to be the same as those obtained prior to the increase in tem­
perature. Third, the X-ray structure of [Fe(tpen)](C104)2-

2/3H20 
was determined at 358 K. Since the data collection took more 
than 3 days at 358 K and the unsolvated form of the complex 
exhibits P2\/c symmetry, it is clearly established that the H2O 
solvate is not readily lost from this compound at 358 K. 

The Debye temperature 8D can be obtained from a plot of the 
natural logarithm of the baseline-normalized Mossbauer spectral 
area (A) versus temperature. For [Fe(tpen)](C104)2-

2/3H20, two 
straight lines can be identified in the In (A) versus temperature 
plot with a change over at ~240 K. Below this temperature, 0D 

(25) The Fe" ions in the intermetallic FexTaI-J1S2 have been shown to 
inter con vert fast on the Mossbauer time scale in the temperature region 
200-500 K, see: (a) Eibschutz, M.; Lines, M. E.; DiSalvo, F. J. Phys. Rev. 
B 1977,15, 103. (b) Eibschutz, M.; DiSalvo, F. J. Phys. Rev. Lett. 1976, 36, 
104. (c) Lines, M. E.; Eibschutz, M. J. Phys. Chem. 1976, 9, L355. In 
addition, anomalous behavior that may be associated with rapid spin-state 
interconversion of a Fe" complex has been noted in the Mossbauer spectra 
of Fe(phen)2(NCBH3)2. See: (d) Edwards, M. P.; Hoff, C. D.; Curnutte, 
B.; Eck, J. S.; Purcell, K. F. Inorg. Chem. 1984, 23, 2613. (e) Adler, P.; 
Spiering, H.; Gutlich, P. Inorg. Chem. 1987, 26, 3840. (0 Bill, E.; et al. in 
Xavier, A. Frontiers in Bioinorganic Chemistry; VCH Verlag: Berlin, 1986; 
p507. 
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= 138 ± 2 K. Above 240 K, this value is reduced to 96 ± 2 K. 
The discontinuity in the In (A) versus temperature plot coincides 
with the appearance in the magnetic susceptibility data of the 
high-spin species and is consistent with the smaller recoilless 
fraction expected for the high-spin component. 

Although the most important aspect of the Mossbauer results 
is the implication regarding the rate of spin-state interconversion 
in this system, there are certain details that require some comment. 
Close examination of the data presented in Table VIII reveals 
an apparently anomalous trend in AEQ with increasing temper­
ature. As the temperature is increased, it is clear from the 
magnetic susceptibility studies that the percent high-spin fraction 
increases from approximately 10% at 300 K to 40% at 350 K. 
However, the change in quadrupole splitting is very modest be­
tween these temperatures. Moreover, the trend occurs in opposite 
directions for the two lattice sites: for site B molecules, AEQ = 
0.49 (4) mm s"1 at 300 K and increases to 0.71 (6) mm s"1 at 350 
K; for site A molecules, AEQ decreases from 0.49 (1) mm s"1 at 
300 K to 0.33 (2) mm s"1 at 350 K. 

On a qualitative basis, the observed changes in AEQ can be 
explained by considering the sign of the electric field gradient 
(EFG) at each of the two sites in the lattice. Studies on other 
ferrous spin-crossover complexes have established that the EFG 
is positive for the 5T state.7a'b-26 The modest change in either 
direction (i.e., either at site A or site B) suggests that the sign 
of the EFG for the high-spin species is opposite to that of the 
low-spin species. Such a reversal in the sign of the EFG has ample 
precedent in the literature and, in fact, is the more common 
occurrence.7"'1" This reversal in the sign of the EFG would explain 
the relatively small AEQ for the time-averaged signal observed 
here. The opposing trends in AEQ with increasing temperature 
can be explained by considering the lattice contribution to the 
EFG, EFG,at. It has been shown that, particularly in the case 
of high-spin ferrous compounds, the lattice contribution to the 
total EFG can be quite substantial.27 We suggest that EFG,at 
is different at the two crystallographic sites. Site B, which places 
the molecule at a crystallographic center of inversion, will likely 
possess a negligible EFG131 due to the fairly high symmetry of that 
lattice site. However, molecules at site A, sitting at a general 
position in Cljc, may experience a very different EFG|at. The 
effect of EFGlat will become more pronounced with increasing 
high-spin fraction, since AEQ of the high-spin component is in­
fluenced more by EFG,,,.7*^7 

This hypothesis is supported in general by changes in the 
asymmetry of the experimental spectra, where one component of 
a doublet has a line width that is larger than the other component. 
The reversal in the nature of the asymmetry with increasing 
temperature indicates that the sign of the total EFG at site A is 
changing with increasing high-spin fraction. In addition, the 
asymmetry of the two sites as determined by the experimental 
fit is consistent with the above argument: site B exhibits very little 
asymmetry, while site A undergoes significant changes with in­
creasing temperature. A slight degree of asymmetry is evident 
for site B molecules in the 350 K spectrum. Note that the nature 
of the asymmetry is opposite to that of site A, indicating opposite 
signs of the EFG at the two sites. Depending on the magnitude 
of these differences, opposing trends in AEQ with increasing 
high-spin fraction is a reasonable possibility. 

Nature of the Spin-State Interconversion in the Solid State. 
Discontinuous transitions are generally associated with first-order 
phase transitions and occur over a range of a few degrees. By 
that definition alone, one would immediately describe the spin-state 
transition in [Fe(tpen)](C104)2'

2/3H20 as gradual from the \xtK 
versus temperature curve (Figure 3). However, it has been shown 
in numerous cases that discontinuous transitions can appear 
gradual due to the presence of defects, impurities, and other 
variables.7ef 

For those spin-crossover systems that exhibit little or no in-
termolecular interaction, the spin-state transition is described by 

(26) Konig, E.; Ritter, G.; Goodwin, H. A. Chem. Phys. 1973, /, 17. 
(27) Nozik, A. J.; Kaplan, M. Phys. Rev. 1967, 159(2), 273. 



6822 J. Am. Chem. Soc, Vol. 112, No. 

Table V. Selected Bond Distances and Angles 

CIA-OI 
C1A-04 
C1B-07 
Fel-N2 
Fel-N5 
Fe2-N8 
N2-C2 
N3-C4 
C5-C6 
C7-C8 
C9-C10 
C12-C13 
N5-CI6 
CI7-C18 
C19-C20 
C22-C23 
N6-C26 
N7-C28 
C29-C30 
N8-C33 
N9-C35 
C36-C37 
C38-C39 

N l - F e l - N 2 
N l - F e l - N 5 
N2-Fel-N4 
N3-Fel-N4 
N4-Fel -N5 
N7-Fe2-N7' 
N7-Fe2-N9 
N8-Fe2-N9 
Ol -CIA-02 
02-C1A-03 
05-CIB-06 
06-C1B-07 
FeI-NI-Cl 
C1-N1-C3 
Fel-N2-C2 
C4-N3-C8 
C10-N4-C14 
C16-N5-C20 
C22-N6-C26 
Fe2-N7-C34 
C28-N7-C34 
Fe2-N9-C35 
N2-C2-C1 
N3-C4-C5 
C5-C6-C7 
N1-C9-C10 
C9-C10-CI1 
CI2-C13-C14 
N5-C16-C17 
C17-C18-C19 
N6-C22-C2I 
C22-C23-C24 
N6-C26-C25 
N8-C29-C28 
C29-C30-C31 
N8-C33-C32 
N9-C35-C36 
C36-C37-C38 
N9-C39-C38 

1.388(9) 
1.41 (1) 
1.43(1) 
2.044 (8) 
2.046 (8) 
1.996(7) 
1.46(1) 
1.35(1) 
1.38 (2) 
1.37 (2) 
1.50(1) 
1.38(2) 
1.33(1) 
1.36(2) 
1.38(2) 
1.38(2) 
1-33(1) 
1.48(1) 
1.40(1) 
1.35(1) 
1.37(1) 
1.34(2) 
1.42(2) 

85.7 (3) 
98.7 (3) 

164.8 (3) 
85.6 (3) 
90.5 (3) 
87.5 (3) 
81.1 (3) 
89.0 (3) 

109.4 (6) 
110.5 (6) 
109.5 (8) 
109.5 (7) 
106.2 (6) 
109.5 (8) 
105.7 (6) 
117.7(9) 
118.0(8) 
118.0(9) 
117.5(8) 
105.1 (6) 
110.7 (8) 
112.5(7) 
108.2 (9) 
123(1) 
118(1) 
108.2(9) 
123(1) 
118(1) 
123(1) 
122(1) 
114.7(9) 
119(1) 
123(1) 
116.2(9) 
118(1) 
122.7(9) 
120(1) 
121 (1) 
122(1) 

19, 1990 

for ClIc Symmetry [Fe(tpen)](CI04)2-2/3H20 

Distances, A 
C1A-02 
C1B-05 
CIB-08 
Fel-N3 
Fel-N6 
Fe2-N9 
C1-C2 
C3-C4 
C6-C7 
N1-C9 
ClO-CU 
N4-C14 
C15-C16 
C18-C19 
N6-C22 
C23-C24 
C25-C26 
N8-C29 
C30-C31 
C32-C33 
C34-C35 
C37-C38 

Angles, 
N l - F e l - N 3 
N l - F e l - N 6 
N2-Fel-N5 
N3-Fel-N5 
N4-Fel -N6 
N7-Fe2-N8 
N7-Fe-N9' 
N8-Fe2-N9' 
01-C1A-03 
02-C1A-04 
05-CIB-07 
06-C1B-08 
Fe l -Nl -C3 
C1-N1-C9 
Fel-N3-C4 
Fel-N4-CI0 
Fel-N5-C16 
Fel-N6-C22 
Fe2-N7-C27 
C27-N7-C28 
Fe2-N8-C29 
Fe2-N9-C39 
C35-N9-C39 
N1-C3-C4 
C3-C4-C5 
C6-C7-C8 
N4-C10-C9 
C10-C11-C12 
N4-C14-C13 
C15-C16-C17 
C18-CI9-C20 
N6-C22-C23 
C23-C24-C25 
N7-C27-C27' 
N8-C29-C30 
C30-C31-C32 
N7-C34-C35 
C34-C35-C36 
C37-C38-C39 

1.40 (1) 
1.42(1) 
1.42(1) 
2.020 (8) 
2.005 (8) 
1.967(8) 
1.51 (2) 
1.49(2) 
1.38 (2) 
1.48(1) 
1.40 (2) 
1.35(1) 
1.47 (2) 
1.34(2) 
1.35(1) 
1.36(2) 
1.39(1) 
1.35(1) 
1.36(2) 
1.38 (1) 
1.48 (2) 
1.37(2) 

deg 
83.2(3) 

164.4 (3) 
82.6 (3) 

175.5 (3) 
112.4(3) 
83.3 (3) 

166.7 (3) 
91.2(3) 

110.0(6) 
109.7 (6) 
109.4 (7) 
109.5 (7) 
110.7(6) 
114.0(8) 
115.2(7) 
113.0(6) 
114.3 (7) 
113.0(6) 
104.1 (6) 
110.1 (8) 
115.5 (6) 
128.4(7) 
119.1 (9) 
114.0(9) 
122(1) 
119(1) 
115.4(9) 
118(1) 
122(1) 
121 (1) 
119(1) 
122(1) 
120(1) 
108.8 (9) 
121.8 (9) 
121 (1) 
107.6 (9) 
125(1) 
117(1) 

at 298 K 

CIA-03 
CIB-06 
FeI-Nl 
Fel-N4 
Fe2-N7 
N l - C l 
N1-C3 
C4-C5 
N3-C8 
N4-C10 
C11-C12 
C13-C14 
C16-C17 
N5-C20 
C21-C22 
C24-C25 
N7-C27 
C28-C29 
C31-C32 
N7-C34 
C35-C36 
N9-C39 

N l - F e l - N 4 
N2-Fel-N3 
N2-Fel-N6 
N3-Fel-N6 
N5-Fel -N6 
N7-Fe2-N8' 
N8-Fe2-N8' 
N9-Fe-N9' 
01-C1A-04 
03-C1A-04 
05-C1B-08 
07-CIB-08 
Fe l -Nl -C9 
C3-N1-C9 
Fe-N 3-C8 
Fel-N4-C14 
Fel-N5-C20 
Fel-N6-C26 
Fe2-N7-C28 
C27-N7-C34 
Fe2-N8-C33 
C29-N8-C33 
Fe2-N9'-C35 
N1-C1-C2 
N3-C4-C3 
C4-C5-C6 
N3-C8-C7 
N4-C10-C11 
C11-C12-C13 
N5-C16-C15 
C16-C17-C18 
N5-C20-C19 
C21-C22-C23 
C24-C25-C26 
N7-C28-C29 
C28-C29-C30 
C31-C32-C33 
N9-C35-C34 
C35-C36-C37 

Chang et al. 

1.40(1) 
1.42(1) 
2.022 (8) 
1.977(8) 
2.018(9) 
1-47(1) 
1.49(1) 
1.35(2) 
1.34(1) 
1.35(1) 
1.34(2) 
1.37(2) 
1.40(2) 
1.35(1) 
1.49(2) 
1.37(2) 
1.48(1) 
1.48(1) 
1.36(2) 
1.46(1) 
1.38 (2) 
1.35(1) 

82.0 (3) 
101.7 (3) 
80.9 (3) 
91.8 (3) 
87.4 (3) 
96.4 (3) 

179.6(3) 
110.9(3) 
109.2 (6) 
108.0 (6) 
109.5 (7) 
109.4 (8) 
105.5 (6) 
110.8(8) 
125.3(7) 
129.0(7) 
126.2(7) 
129.5 (7) 
111.1 (6) 
115.5(8) 
126.7 (6) 
117.6(8) 
112.5 (7) 
107.4 (9) 
114.9(9) 
120(1) 
123(1) 
122.0(9) 
121 (I) 
116.8 (9) 
117(1) 
122(1) 
123(1) 
118(1) 
113.0(9) 
122.0(9) 
118.1 (9) 
115.0(9) 
121 (1) 

a Boltzmann distribution of molecules in the low-spin ground state 
and the thermally accessible high-spin excited state reflecting the 
spin equilibrium. 

:5T, (D 

Such an equilibrium is generally found in solution.78,h True spin 
equilibria are expected to be somewhat rare in the solid state, since 
appreciable intermolecular interactions are likely to result upon 
placing a molecule in a crystalline lattice. However, in the case 
of [Fe(tpen)](C104)2-2/3H20, a plot of In K^ versus T\ where 

Zkn, was determined from magnetic susceptibility data and defined 
by the equilibrium represented in eq 1, is linear over the entire 
temperature region studied (Figure 5). From the slope of this 
line, it is possible to get an estimate of the zero-point energy 
difference, AE0, between the low-spin ground state and the lowest 
lying spin-orbit split component of the excited high-spin state. 
The value of AE0 was evaluated by assuming that any low-sym­
metry crystal field distortions are small compared to the spin-orbit 
splitting of the 5T2 state. A spin-orbit interaction splits the 5T2 
state into three levels in 0 symmetry. The lowest energy level (T5) 
is at energy 3X, the next level (T3 + T4) is at X, and the highest 
energy level (f, + T4 + T5) is at -2X, where X is the splitting 
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Table VI. Positional Parameters 
[Fe(tpen)](C104)2-V3H20 at 358 

for C2/c Symmetry 

FeI 
Fe2 
Nl 
N2 
N3 
N4 
N5 
N6 
N7 
N8 
N9 
Cl 
C2 
C3 
C4 
C5 
C6 
C7 
C8 
C9 
ClO 
CIl 
C12 
C13 
CU 
C15 
C16 
C17 
C18 
C19 
C20 
C2I 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
C33 
C34 
C35 
C36 
C37 
C38 
C39 

x/a 

0.16732(5) 
0.0 
0.1347(3) 
0.2045 (3) 
0.1398(3) 
0.1268(3) 
0.1928 (3) 
0.2058 (3) 
0.0364 (3) 
0.0067 (3) 
0.0437 (3) 
0.1571 (4) 
0.1866(4) 
0.1120(4) 
0.1131 (4) 
0.0867 (4) 
0.0899 (5) 
0.1171 (4) 
0.1420(4) 
0.1152(4) 
0.1053 (4) 
0.0769 (4) 
0.0736 (4) 
0.0937 (5) 
0.1199(4) 
0.2301 (4) 
0.2232 (4) 
0.2488 (4) 
0.2387 (4) 
0.2076 (4) 
0.1844(4) 
0.2229 (4) 
0.2295 (4) 
0.2594 (5) 
0.2631 (5) 
0.2389 (5) 
0.2110(4) 
0.0167(3) 
0.0495 (3) 
0.0292 (4) 
0.0359 (4) 
0.0187 (4) 

-0.0043 (4) 
-0.0094 (4) 

0.0636 (4) 
0.0717(4) 
0.1040(5) 
0.1070(5) 
0.0807 (5) 
0.0484 (4) 

y/b 

-0.2283 (2) 
0.1842 (3) 

-0.282(1) 
-0.210(1) 
-0.043(1) 
-0.300(1) 
-0.423 (1) 
-0.134(1) 

0.022(1) 
0.180(1) 
0.296(1) 

-0.314 (2) 
-0.206 (2) 
-0.162 (2) 
-0.042 (2) 

0.054 (2) 
0.161 (2) 
0.165 (2) 
0.064 (2) 

-0.403 (2) 
-0.383 (2) 
-0.452 (2) 
-0.433 (2) 
-0.347 (2) 
-0.279 (2) 
-0.328 (2) 
-0.429 (2) 
-0.528 (2) 
-0.627 (2) 
-0.626 (2) 
-0.521 (2) 
-0.075 (2) 
-0.073 (2) 
-0.016 (2) 
-0.011 (2) 
-0.071 (2) 
-0.136(2) 
-0.106(2) 

0.009 (2) 
0.085 (2) 
0.069 (2) 
0.153 (2) 
0.251 (2) 
0.263 (2) 
0.068 (2) 
0.219(2) 
0.280 (2) 
0.417 (2) 
0.499 (2) 
0.435 (2) 

2/C 

0.59446 (9) 
0.75 
0.6414 (5) 
0.6776 (5) 
0.5846 (5) 
0.5281 (5) 
0.5976 (5) 
0.5725 (6) 
0.7750 (5) 
0.8382 (5) 
0.7665 (5) 
0.7019 (7) 
0.7183 (7) 
0.6427 (8) 
0.6037 (6) 
0.5879 (6) 
0.5500 (7) 
0.5316(7) 
0.5486 (7) 
0.6097 (7) 
0.5455 (7) 
0.5048 (8) 
0.4482 (8) 
0.4283 (8) 
0.4700 (7) 
0.6880 (7) 
0.6408 (7) 
0.6410 (7) 
0.5969 (7) 
0.5558 (7) 
0.5539 (7) 
0.6736 (7) 
0.6182 (7) 
0.6129(8) 
0.5594 (9) 
0.5134(9) 
0.5212(8) 
0.7477 (7) 
0.8398 (6) 
0.8706 (7) 
0.9301 (7) 
0.9560 (7) 
0.9248 (7) 
0.8664 (7) 
0.7535 (7) 
0.7669 (6) 
0.7781 (7) 
0.7884 (8) 
0.7887 (8) 
0.7788 (7) 

"Estimated standard deviations for the last significant Figure are 
given in parentheses. The perchlorate ions are disordered at three (or 
four) different sites. "Idealized" perchlorate ions were refined as rigid 
groups: three sites for the ion centered on Cl 1, three sites for the ion 
centered on Cl2, and four sites for the ion centered on Cl3. Positional 
parameters for these three disordered ClO4" ions are available in the 
supplementary material. 

constant for the 5T2 state and is given in terms of the one-electron 
constant f as X = - f / 2 5 = - f / 4 . The value of f was held constant 
as 420 cm"1. In order to accommodate the «HS versus temperature 

IYr 4 T 5 

1A1 

~2 . - - • ' 

*""""---... 
"*., 

> AE0 

T3, T4 

T5 

+ 210 cm-1 

-105 cm"1 

-315 cm1 

107 T 

Figure 5. Plot of In K^ versus reciprocal temperature, where Kn was 
evaluated from magnetic susceptibility for Cljc symmetry [Fe(tpen)]-
(ClCu)2-V3H2O. 

2OO 

TEMPERATURE CK ) 

300 400 

XL- S 

Figure 6. Plot of )it!! versus temperature for [FexZn|.^(tpen)](CI04)2-
V3H2O: D, x = 1.0; O, x = 0.7; A. x = 0.5. 

data it was found that AE0 (energy difference between the 1Ai 
ground state and the triply degenerate T5 level) had to vary from 
617 cm"1 at 379.8 K and 810 cm"1 at 299.5 K. It is likely, 
therefore, that both spin-orbit interactions and low-symmetry 
crystal fields have to be included in the analysis. However, the 
present data alone probably could not be used to describe these 
two characteristics simultaneously. 

Metal Dilution. As indicated above, although fitting of spin-
crossover data to a Boltzmann model is strongly suggestive of a 
spin equilibrium situation, it is not conclusive. The presence of 
defect sites in the lattice, as well as other factors, can cause a 
change in the appearance of a discontinuous spin-state transition 
to the point where it may appear gradual, even fortuitously fit 
to a Boltzmann model. Likewise, the lack of any observable 
hysteresis in the susceptibility data does not preclude the possibility 
of a first-order phase transition influenced by lattice defects.7f 

Metal dilution by co-crystallization with an isostructural dia-
magnetic complex is an effective way to determine the existence 
and extent of any long-range interactions in the lattice. Power 
X-ray diffraction was used to determine that [Zn(tpen)]-
(C104)2-2/3H20 is isostructural with the analogous iron compound. 

The results of a dilution study are presented in Figure 6. The 
magnetic susceptibility of [Fe^Zni_x(tpen)](C104)2-2/3H20 for 
x= 1.0, 0.7, and 0.5 is plotted as a function of temperature. It 
is clear that the presence of diamagnetic [Zn(tpen)](C104)2 has 
virtually no effect on the profile of the magnetic susceptibility of 
the Fe" compound. Similarly, 57Fe Mossbauer spectra of iso-
topically enriched samples of the doped solid exhibit the same 
temperature dependence as the pure compound. Of particular 
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Table VII. Selected Bond Distances and Angli 

FeI-Nl 
Fel-N4 
Fe2-N7 
Nl -C l 
N1-C3 
C4-C5 
N3-C8 
N4-C10 
C11-C12 
CI3-C14 
C16-C17 
N5-C20 
C21-C22 
C24-C25 
N7-C27 
C28-C29 
C31-C32 
N7-C34 
C35-C36 
N9-C39 

N l - F e l - N 2 
N l - F e l - N 5 
N2-Fel-N4 
N3-Fel-N4 
N4-Fel-N5 
N7-Fe2-N7' 
N7-Fe2-N9 
N8-Fe2-N9 
FeI -Nl -Cl 
C1-NI-C3 
Fel-N2-C2 
C4-N3-C8 
C10-N4-C14 
C16-N5-C20 
C22-N6-C26 
Fe2-N7-C34 
C28-N7-C34 
Fe2-N8'-C29 
Fe2-N9-C35 
N2-C2-C1 
N3-C4-C5 
C5-C6-C7 
N1-C9-C10 
C9-C10-C100 
C12-C13-C14 
N5-C16-C17 
C17-C18-C19 
N6-C22-C21 
C22-C23-C24 
N6-C26-C25 
N8-C29-C28 
C29-C30-C31 
N8-C33-C32 
N9-C35-C36 
C36-C37-C38 

2.09(1) 
2.01 (1) 
2.09(1) 
1.48(2) 
1.48(2) 
1.37 (2) 
1.36(2) 
1.35(2) 
1-34(3) 
1.37(2) 
1.41 (2) 
1.37(2) 
1.45(2) 
1.35(3) 
1.49(2) 
1.48 (2) 
1.36(2) 
1.45(2) 
1.38 (2) 
1.36(2) 

83.6 (5) 
99.3 (5) 

160.7 (5) 
85.6(5) 
89.9 (5) 
84.8 (5) 
80.2 (5) 
90.2 (4) 

106.9 (8) 
109(1) 
107.2 (9) 
117(1) 
119(1) 
120(1) 
119(1) 
103.5(8) 
H l (D 
116.8 (9) 
115(1) 
110(1) 
125(1) 
121 (2) 
H l (D 
123(1) 
116(2) 
122(1) 
123(2) 
117(1) 
119(2) 
122(2) 
115(1) 
118(1) 
123(1) 
122(2) 
123 (2) 

19, 1990 

;s for CIj c Symmetry [Fe(tpen)][C104)2-2/3H20 at 358 K 

Distances, A 
Fel-N2 
Fel-N5 
Fe2-N8 
N2-C2 
N3-C4 
C5-C6 
C7-C8 
C9-C10 
C12-C13 
N5-C16 
C17-C18 
C19-C20 
C22-C23 
N6-C26 
N7-C28 
C29-C30 
N8-C33 
N9-C35 
C36-C37 
C38-C39 

Angles, deg 
N l - F e l - N 3 
N l - F e l - N 6 
N2-Fel -N5 
N3-Fel-N5 
N4-Fel-N6 
N7-Fe2-N8 
N7-Fe-N9' 
N8-Fe2-N9' 
Fe l -Nl -C3 
C1-N1-C9 
Fel-N3-C4 
Fel-N4-C10 
Fel-N5-C16 
Fel-N6-C22 
Fe2-N7-C27 
C27-N7-C28 
Fe2-N8-C29 
Fe2-N9-C39 
C35-N9-C39 
N1-C3-C4 
C3-C4-C5 
C6-C7-C8 
N4-C10-C9 
ClO-Cl1-C12 
N4-C14-C13 
C15-C16-C17 
C18-C19-C20 
N6-C22-C23 
C23-C24-C25 
N7-C27-C27' 
N8-C29-C30 
C30-C31-C32 
N7-C34-C35 
C34-C35-C36 
C37-C38-C39 

2.09(1) 
2.12 (1) 
2.06(1) 
1.41 (2) 
1.32(2) 
1.40(2) 
1.37(2) 
1.48 (2) 
1.36 (2) 
1.33(2) 
1.38(2) 
1.37 (2) 
1.39(2) 
1.33(2) 
1.48 (2) 
1.38 (2) 
1.36(2) 
1.35(2) 
1.33(3) 
1.40(3) 

81.4(5) 
160.9 (5) 
81.2(5) 

175.3 (5) 
116.6(5) 
81.2(4) 

162.2 (5) 
91.1 (4) 

110.0(9) 
114(1) 
117(1) 
114(1) 
112.7 (9) 
113(1) 
104.2 (8) 
H l (D 
116.8 (9) 
128 (1) 
118(1) 
115(1) 
120(1) 
120(2) 
115(D 
116(2) 
123 (1) 
119(1) 
121 (2) 
121 (1) 
119(2) 
H l (D 
123(1) 
121 (2) 
H l ( D 
125(1) 
118 (2) 

Fel-N3 
Fel-N6 
Fe2-N9 
C1-C2 
C3-C4 
C6-C7 
N1-C9 
ClO-CIl 
N4-C14 
C15-C16 
C18-C19 
N6-C22 
C23-C24 
C25-C26 
N8-C29 
C30-C31 
C32-C33 
C34-C35 
C37-C38 

N l - F e l - N 4 
N2-Fel-N3 
N2-Fel-N6 
N3-Fel -N6 
N5-Fel-N6 
N7-Fe2-N8' 
N8-Fe2-N8' 
N9-Fe-N9' 
Fe l -Nl -C9 
C3-N1-C9 
Fel-N3-C8 
Fel-N4-C14 
Fel-N5-C20 
Fel-N6-C26 
Fe2-N7-C28 
C27-N7-C34 
Fe2-N8-C33 
C29-N8-C33 
N1-C1-C2 
N3-C4-C3 
C4-C5-C6 
N3-C8-C7 
N4-C10-C11 
C11-C12-C13 
N5-C16-C15 
C16-C17-C18 
N5-C20-C19 
C21-C22-C23 
C24-C25-C26 
N7-C28-C29 
C28-C29-C30 
C31-C32-C33 
N9-C35-C34 
V35-C36-C37 
N9-C39-C38 

Chang et al. 

2.07 (1) 
2.03 (1) 
2.01 (1) 
1.54(2) 
1.50(2) 
1.33 (2) 
1.47(2) 
1.41 (2) 
1.35(2) 
1.45(2) 
1.33 (2) 
1.34(2) 
1.35(3) 
1.37(3) 
1.34(2) 
1.35(2) 
1.36(2) 
1.49 (2) 
1.33 (3) 

81.0(5) 
103.5 (5) 
80.5 (5) 
92.0 (5) 
88.8 (5) 
96.9 (4) 

177.5 (5) 
116.1 (5) 
104.3 (9) 
112(1) 
124(1) 
128(1) 
125(1) 
128(1) 
109.7 (8) 
117(1) 
126.1 (9) 
117(1) 
107(1) 
115(1) 
115(1) 
121(1) 
122(1) 
125 (2) 
118(1) 
115(1) 
119(1) 
122(2) 
120 (2) 
115(1) 
121 (1) 
118(1) 
113(1) 
118 (2) 
121 (2) 

1A complete listing of bond distances and bond angles for the various modeled ClO4
- ions is available in the supplementary material. 

importance is the fact that the rate of spin-state interconversion 
with respect to the Mossbauer time scale remains unchanged: a 
single average quadrupole-split doublet is observed for 
[FexZni.^(tpen)](C104)2'

2/3H20 at all temperatures studied up 
to 350 K. On the basis of these results, we conclude that inter-
molecular interactions in the solid state for [Fe(tpen)](C104)2-
2/3H20 are minimal. This system is best described as a solid 
solution, and the spin-crossover as a spin equilibrium in the solid 
state. 

Although the metal dilution studies provide unambiguous ev­
idence that there are no long-range intermolecular interactions 
in this system, the local environment still plays a vital role in 
determining the position of the spin-state equilibrium. Specifically, 
it has become clear that A£0, which essentially determines the 
characteristics of a spin equilibrium system, can be markedly 
influenced by the local environment. This has been observed in 
this system not only in the solid state but also surprisingly in 

solution where ion aggregation effects on AE0 have been noted 
in a similar system.151" 

The cation [Fe(tpen)]2+ exhibits spin equilibrium behavior when 
crystallized as a ClO4" salt. Salts of the cation with BPh4", PF6", 
and CF3SO3" all exhibit magnetic susceptibility and Mossbauer 
spectra characteristic of low-spin Fe" up to 350 K, i.e., no spin-
crossover is observed. Since the presence of a larger anion would 
presumably favor the high-spin species due to decreased lattice 
pressure, it is interesting that such is not the case in this system. 
It has been duly noted by other workers, however, that there is 
no apparent simple correlation between anion size, polarizability, 
etc. and the stabilization of a given spin isomer for spin-crossover 
complexes in the solid state."1 Nonetheless, it is clear that AE0 
is significantly different for different counterions, establishing the 
importance of the local environment for the spin equilibrium 
characteristics in this system. 

Solution Studies. Only a few examples of magnetic susceptibility 
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Table VIII. 37Fe Mossbauer Parameters for the Cl/c Symmetry 
[Fe(tpen)] (CIO4)J-VJH2O 

T, K 

350 

330 

320 

300 

280 

260 

250 

240 

210 

150 

120 

Ac 

Bc 

A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 
A 
B 

S,' mm/s 
0.48 (1) 
0.36 (3) 
0.43(1) 
0.34 (2) 
0.40(1) 
0.35 (2) 
0.37(1) 
0.36 (2) 
0.37(1) 
0.36(1) 
0.37(1) 
0.33 (1) 
0.38(1) 
0.31 (1) 
0.37(1) 
0.34(1) 
0.39(1) 
0.31 (1) 
0.38 (1) 
0.31 (1) 
0.37 (1) 
0.35(1) 

A£Q, mm/s 

0.33 (2) 
0.71 (6) 
0.38 (1) 
0.60 (5) 
0.42 (2) 
0.52 (5) 
0.49(1) 
0.49 (4) 
0.50(1) 
0.55 (2) 
0.50(1) 
0.54 (2) 
0.51 (1) 
0.53(1) 
0.53(1) 
0.55 (2) 
0.52(1) 
0.54(1) 
0.50 (1) 
0.54 (2) 
0.54(1) 
0.55 (2) 

r,/2(-)* 
0.18(1) 
0.34 (2) 
0.20(1) 
0.31 (3) 
0.20(1) 
0.31 (3) 
0.18(1) 
0.27 (4) 
0.16(1) 
0.25 (2) 
0.15(1) 
0.17(1) 
0.16(1) 
0.15(1) 
0.14(1) 
0.21 (2) 
0.15(1) 
0.15(1) 
0.16(1) 
0.15(1) 
0.14(1) 
0.18 (2) 

r,/i(+)* 
0.23 (2) 
0.29 (5) 
0.18 (1) 
0.32 (5) 
0.17 (1) 
0.30 (4) 
0.15(1) 
0.27 (3) 
0.15(1) 
0.24 (2) 
0.14(1) 
0.20 (2) 
0.16(1) 
0.15(1) 
0.14(1) 
0.21 (2) 
0.16(1) 
0.14(1) 
0.16(1) 
0.16(1) 
0.14(1) 
0.17 (2) 

"Center shift relative to iron foil at 300 K. 6r , / 2(-) , half-width at 
height for the left side peak. r, /2(+), half-width at height for the right 
side peak. Both are given in units of mm/s. cThe spectral area ratio 
of site A signal to site B signal was held fixed at 2:1 in the least-
squares fitting. 

Table IX. Thermodynamic Parameters for [Fe(tpen)]X2 in Solution 
Under Different Conditions 

solvent A//0, kcal/mol A5°, eu 
ClO4- DMF 6.31 17.4 363 
ClO4- 2-MeOEtOH/H20(l:l) 5.70 16.0 356 
I" 2-MeOEtOH/H20(l:l) 7.08 17.8 398 

measurements on spin equilibrium systems in solution have been 
reported in the literature.28 One reason for this is the obvious 
condition that the molecular species should be stable enough in 
solution so as to discount the possibility of ligand dissociation. 
In the case of [Fe(tpen)]2+ this condition is met,7h as the stability 
constant is on the order of 1025. The commonly used technique 
for measuring solution susceptibility has been the Evans method,78 

but we have found the Faraday method to be more accurate. 
Measurements were made at a concentration of 0.0623 M in both 
DMF and 50/50 mixtures of 2-methoxyethanol/H20 in the region 
from 293 to 363 K. Data were obtained by both increasing and 
decreasing the temperature. There was no evidence of thermal 
hysteresis or decomposition during the course of the measurements. 
Plots of the effective magnetic moment, Meff> versus temperature 
are available in the supplementary material. 

The thermodynamic parameters for the equilibrium described 
by eq 1 were evaluated by using eq 2 where xm ' s t n e experimental 
molar susceptibility at a given temperature, while XHS a n ^ XLS 

Ke, -
XLS 

XHS 
(2) 

are the molar susceptibilities of the pure high-spin and low-spin 
components at the same temperature. Plots of In K^ versus \/T 
were found to be linear (available in supplementary material), 
and the thermodynamic parameters have been obtained by a 
least-squares fit of the data. The results are summarized in Table 
IX. It is evident that the solvent plays a significant role in 
determining the thermodynamics of the spin equilibrium, as does 

(28) (a) Martin, L. L.; Hagen, K. S.; Hauser, A.; Martin, R. L.; Sargeson, 
A. M. J. Chem. Soc., Chem. Commun. 1988,19,1313. (b) Hoselton, M. A.; 
Wilson, L. J.; Drago, R. S. J. Am. Chem. Soc. 1975, 97, 1722. (c) Li Chum, 
H.; Vanin, J. A.; Holanda, M. I. D. Inorg. Chem. 1982, 21, 1146. (d) Jesson, 
J. P.; Trofimenko, S.; Eaton, D. R. /. Am. Chem. Soc. 1967, 89, 3158. 
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Figure 7. Electronic absorption spectrum of [Fe(tpen)](C104)2 in H2O 
at a concentration of 1.88 X 10"4 m. Inset numbers indicate temperature 
in degrees Kelvin. 

the identity of the counterion. In most cases it is found that the 
value of Tc decreases considerably on going from the solid state 
to solution. This is generally regarded as being due to a decrease 
in "lattice pressure" upon going from the solid to solution, thus 
stabilizing the high-spin state. In the case of [Fe(tpen)]2+, the 
difference between the value of T0 in solution and the solid state 
is very small. This is another indication that this compound exists 
as a "solid solution" in the crystalline state. 

The most substantial difference, in fact, arises from changing 
the identity of the counterion. For the ClO4" salt in 2-meth-
oxyethanol/H20, a TC of 356 K is found. For the I" salt in the 
same solvent, this value increases by 42° to an extrapolated value 
of 398 K. In addition, changes in the identity of the solvent shifts 
the equilibrium. These observations suggest that ion aggregation 
in solution has a pronounced influence on AE0 in this system, as 
was noted in laser-flash photolysis experiments.15 Since I - is more 
polarizable than ClO4" and will tend to form stronger ion pairs, 
the trend seems to be that ion aggregation results in an increase 
in AE0, stabilizing the low-spin state. 

The spin equilibrium in solution can also be monitored spec-
trophotometrically. Figure 7 illustrates the change in the electronic 
spectrum in the charge-transfer region for [Fe(tpen)](C104)2 in 
H2O. The absorbance maximum occurs at 414 nm for the pure 
low-spin species and is assigned as a 1MLCT -— 1A1 transition, 
although it is apparent that other bands are also present. As the 
high-spin component grows in with increasing temperature, the 
absorption becomes asymmetric and less intense overall, with the 
greatest drop-off occurring on the low-energy side of the band. 
This is reasonable, considering that the (1Ti,1T2) *- 1A1 ligand 
field bands are expected to occur in this region.17 In addition, 
the overall decrease in intensity is consistent with the notion that 
the MLCT bands for high-spin Fe" are generally less intense than 
those for low-spin Fe" complexes. An isosbestic point at 326 nm 
strongly supports the presence of only two species in solution, 
namely the high-spin and low-spin forms of the complex. Although 
useful from a qualitative standpoint, quantitative interpretation 
of these spectra is difficult due to the ambiguity of Gaussian 
deconvolution. 

Spin-State Interconversion Rates. There are numerous examples 
of ferric spin-crossover complexes exhibiting spin-state intercon­
version rates that are fast on the Mossbauer time scale,29 but 
[Fe(tpen)](C104)2 is the first well-documented ferrous system to 
have a rate faster than can be detected by the Mossbauer technique 
in the solid state.23 The fast rate found for many Fe"1 compounds 

(29) (a) Maeda, Y.; Tsutsumi, N.; Takashima, Y. Inorg. Chem. 1984, 23, 
2440. (b) Oshio, H.; Maeda, Y.; Takashima, Y. Inorg. Chem. 1983,22, 2684. 
(c) Federer, W. D.; Hendrickson, D. N. Inorg. Chem. 1984, 23, 3861. (d) 
Federer, W. D.; Hendrickson, D. N. Inorg. Chem. 1984, 23, 3870. (e) Kunze, 
K. R.; Perry, D. L.; Wilson, L. J. Inorg. Chem. 1977, 16, 594. (f) Hall, G. 
R.; Hendrickson, D. N. Inorg. Chem. 1976, 15, 607. (g) Timken, M. D.; 
Hendrickson, D. N.; Sinn, E. Inorg. Chem. 1985, 24, 3947. (h) Maeda, Y.; 
Oshio, H.; Takashima, Y.; Mikuriya, M.; Hidaka, M. Inorg. Chem. 1986, 25, 
2958. 
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is generally attributed to increased spin-orbit coupling in these 
compounds. For example, the high degree of covalency in the 
Fe-S bond for the tris(dithiocarbamate) complexes leads to in­
creased spin-orbit interaction, and this contributes to the fast spin 
flipping rate found in these compounds.29f 

In the case of a ferrous spin-crossover complex the 1Aj ground 
state and 5T2 high-spin state are involved in a spin-orbit interaction 
via the 3T, and/or 3T2 states (assuming roughly octahedral sym­
metry for the sake of discussion). It is possible that, in the case 
of [Fe(tpen)](C104)2, the 5 = 1 state(s) involved has been sta­
bilized in energy and lies closer in energy to the low-spin and 
high-spin states than in other Fe" complexes due to the geometric 
constraints of the tpen ligand. Purcell16 has examined the effect 
of distortion along a trigonal twisting coordinate (a Springer-
Seivers twist) on the energies of the 1A, 3T, and 5T states for 
octahedral ferrous systems using the angular overlap model 
(AOM). The results of his analysis indicate that the energy of 
the S = 1 excited state is reduced as the complex is trigonally 
twisted. Lowering the energy of this 5 = 1 state has the same 
net effect as increasing spin-orbit coupling, i.e., an increased spin 
admixture of the low-spin and high-spin species with the inter­
mediate state results. We have already noted that the trigonal 
twist angle in [Fe(tpen)]2+ is appreciably changed relative to that 
expected for an octahedral system. Moreover, the average degree 
of distortion increases with increasing high-spin contribution, 
suggesting that this type of distortion may be coupled to spin-state 
interconversion. 

We have used the structural data on [Fe(tpen)](C104)2
>2/3H20 

as starting points in an AOM calculation30 to estimate the en­
ergetic effects of a trigonal distortion on this system. The 
transformation simulated by these calculations is a pseudorotation 
where one (py)2N face of the polyhedron is rotated with respect 
to the other (py)2N face (i.e., the N1-N3-N4 and N2-N5-N6 
planes defined above). The transformation can be described in 
terms of the trigonal twist angle, the angle between the two trigonal 
faces. The C2 axis through the midpoint of the aliphatic backbone 
is preserved during the pseudorotation. Only for the trigonal 
prismatic structure is the molecular symmetry strictly C211. In the 
actual structure of [Fe(tpen)]2+ the coordinating atoms are placed 
in ideal octahedral geometry; in the calculation, we used an e, 
parameter of 5.77 kK appropriate for the cation.7*1,17 We have 
chosen the eT parameter as -O. \ea. Purcell's calculations suggest 
a crossing of the S = O and S = 2 states about midway along the 
pseudorotational coordinate. However, these calculations should 
be modified somewhat due to the pronounced drop in ea in going 
from low spin to high spin. We have estimated this change to 
be about 40%.7h'17 We suggest that the pseudorotational and radial 
movements are synchronous. Furthermore, we anticipate spin-state 
isomerization and enantiomerization to occur along the same 
coordinate. However, to reach the crossover point, only a fraction 
of the full rotation would be required. 

Our calculations indicate that the potential-energy minimum 
of the 3T, surface for [Fe(tpen)](C104)2-

2/3H20 lies approximately 
2500 cm-1 above the 'A,/5T2 crossing point along the trigonal twist 
coordinate. Combining this result with the analysis of the magnetic 
susceptibility data places the 3T, state at an intermediate nuclear 
configuration approximately 3000 cm"1 above the 1A, ground state. 
The inclusion of spin-orbit coupling in the AOM calculation would 
no doubt change these values somewhat, but from these results 
we can anticipate that the 3T, — 1Ai transition in [Fe(tpen)]-
(C104)2-2/3H20 will occur in the 6000-8000-cnT1 region. This 
is to be compared with the corresponding transition in the spin-
crossover complex Fe(phen)2(NCS)2, to a band at 10400 cm"1.31 

Thus, it is suggested by these calculations that the trigonal dis­
tortion induced by the tpen ligand contributes to a significant 
stabilization of the intermediate 3T, state. The increase in 
spin-orbit admixture of the 3T state into the 1A1 and 5T2 states 

(30) (a) Schaffer, C. E.; Jorgensen, C. K. MoI. Phys. 1965, 9, 401. (b) 
Schaffer, C. E. Theor. Chim. Acta 1966, 4, 166. (c) Schaffer, C. E. Struct. 
Bond. 1968, 5, 68. (d) Schaffer, C. E. Pure Appl. Chem. 1970, 24, 361. 
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Figure 8. Plot of chemical shift versus 1 /T for various resonances seen 
in the 1H NMR spectrum of [Fe(tpen)]I2 in 1:1 MeOH/HjO. 

Figure 9. Schematic representation of the trigonal twist leading to mo­
lecular racemization and enantiomerization in [Fe(tpen)]2+. 

will lead to an increased rate of spin-state interconversion. 
Experimental evidence suggesting fluxional behavior of [Fe-

(tpen)]2+ along a trigonal twisting coordinate of this type comes 
from 1H NMR studies. NMR spectra of [Fe(tpen)]I2 in a 1:1 
MeOH/H20 mixture in the temperature range -31 to 45 0C were 
recorded. (A figure showing three typical spectra is available in 
the supplementary material.) The results are summarized in 
Figure 8 where the chemical shifts of the various signals are plotted 
versus 1 / T. A pronounced deviation from Curie behavior due 
to the spin equilibrium is observed. Although the low-spin species 
predominates in this temperature region (see Table IX), all of 
the spectra are typical of labile systems. That is, the number of 
observed lines is about half that expected based on the known 
molecular structure. For example, as the pyridine groups are 
distributed in what formally could be described as two in axial 
and two in equatorial positions, a static system would be expected 
to give rise to two NMR signals per pyridine proton. Since only 
one is observed, the conclusion is that even at -31 0C the complex 
Fe(tpen)2+ is fluxional. As the expected separation between the 
two peaks would be on the order of 150 Hz, the rate of enan­
tiomerization at -31 0C is greater than 600 s"1. The most obvious 
reaction coordinate for this chemical exchange is a trigonal twist, 
depicted in detail in Figure 9. This transformation thus also leads 
to molecular racemization, consistent with Purcell's analysis.28 

To determine if a partial dissociation of the tpen ligand was 
occurring, experiments were performed in which [Fe(tpen)] (ClO4J2 

was dissolved in a dilute aqueous solution of HClO4. Changes 
in the electronic spectrum of the sample after several minutes 
suggested the onset of initial dissociation and protonation of one 
of the pyridine arms of tpen. A steady-state condition was achieved 
after several hours, consisting of a mixture of the intact six-co­
ordinate complex and a five-coordinate species with one pyridine 
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arm protonated. The relatively long time scale for the onset of 
dissociation of one arm of the tpen ligand in acidic media as 
compared to the NMR experiment rules out the possibility of a 
dissociative enantiomerization process. 

Conclusions. [Fe(tpen)](C104)2-2/3H20 undergoes a spin-
crossover transformation with Tc = 365 K in the solid state and 
7"c = 363 K in a DMF solution. This is the first Fe" spin-crossover 
complex to have a spin-state interconversion rate in the solid state 
which is faster than can be sensed by 57Fe Mossbauer spectroscopy. 
The absence of intermolecular interactions, i.e., a simple spin-
equilibrium for each [Fe(tpen)]2+ complex, has been demonstrated 
by, inter alia, dilution studies with the isostructural Zn2+ complex. 
The results of X-ray structure determinations at 298 and 358 K 
show that the [Fe(tpen)]2+ complex has an appreciable trigonal 
twist up and beyond what is expected for an octahedral complex. 
Furthermore, this trigonal twist increases as the amount of 
high-spin content increases. It is suggested that the trigonal twist 
in [Fe(tpen)]2+ leads to an increased spin-orbit interaction between 

Replacement of the ethano bridging groups in [2.2]para-
cyclophane (1) by o-phenylenes leads to the dibenzo derivative 
2. The Dy1 symmetry of 1 is preserved in 2, as the planes of the 
lateral benzene rings are perpendicular to the mean planes of the 
benzene decks in the central phane unit.2 The first synthesis of 
2 was reported a few years ago.3 More recently, not only 2 but 
also its derivatives 3,4, and 5, bearing phenyl substituents at the 
lateral rings, have become readily available via a simple preparative 
route.4 
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1Ai and 5T2 states as a result of decreasing the energy of inter­
mediate triplet states. This then results in an increased rate of 
spin-state interconversion. In solution [Fe(tpen)]2+ exhibits a 
relatively fast rate of enantiomerization which supports the idea 
that a trigonal twisting motion is coupled to the spin-state in­
terconversion process. 
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Reaction of 2 with potassium or cesium mirror in an ethereal 
solvent yielded a fairly persistent radical anion 2", which has been 
studied in detail by ESR, ENDOR, and TRIPLE-resonance 
spectroscopy.5 The unpaired electron in 2" is accommodated 
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Three Paramagnetic Reduction Stages of Phenyl-Substituted 
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Anions, Triplet Dianions, and Radical Trianions As Studied by 
ESR and ENDOR Spectroscopy1 
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Abstract: Reduction of di- and tetraphenyl-substituted l,2:9,10-dibenzo[2.2]paracyclophane-l,9-dienes, 3,3-d2,4, 5, and 5-<Bu4 
with potassium in ethereal solvents has been monitored by ESR and ENDOR spectroscopy. In each case, the first reduction 
step yields a radical anion in which the unpaired electron resides in one of the two lateral biphenyl or o-terphenyl ir-systems 
orthogonal to the central phane unit. Except under conditions of strong association with the K+ counterion, electron exchange 
between the two ir-systems is fast on the hyperfine time scale. Upon further reduction, a second electron is taken up, as revealed 
by the appearance of triplet dianions bearing one unpaired electron in each of the two lateral 7r-systems (separation ca. 1 nm). 
The singlet state of the dianion of 5 has been estimated to lie only slightly higher (ca. 2 kJ mol"1) than the triplet state; the 
simultaneous presence of the singlet dianions of 3 and 5 in the solutions is compatible with evidence from NMR spectroscopy. 
An even more prolonged contact with potassium metal leads to radical trianions with the unpaired electron accommodated 
in the central phane unit. These radical trianions can thus be regarded as the radical anions of [2.2]paracyclophane having 
two negatively charged lateral ir-systems attached to it. Detection of trianions in a quartet state by ESR spectroscopy proved 
to be difficult under the experimental conditions used. The sequential uptake of three electrons by 3-5 is discussed in the 
light of the reduction potentials of the constituent ir-systems. 
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