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Strong Cooperativeness in the Mononuclear Iron(ll) Derivative Exhibiting an Abrupt Spin
Transition above 400 K

R. Bota,*™ M. Boc¢a,! L. DIhan,t K. Falk,* H. Fuesst W. Haasef R. Jaro&iak, '
B. Papankova,’ F. Renz# M. Vrbovd, and R. Werner*

Department of Inorganic Chemistry, Slovak Technical University, SK-812 37 Bratislava, Slovakia,
Institute of Physical Chemistry, Institute of Material Science, Darmstadt University of Technology,
D-64289 Darmstadt, Germany, and Institute of Inorganic and Analytical Chemistry, Johannes
Gutenberg-University, D-55099 Mainz, Germany

Receied July 18, 2000

The spin crossover system, [Fe(bzimg§Gl0,).-0.25H0, was reinvestigated above room temperature (bzimpy

= 2,6-bis(benzimidazol-2-yl)pyridine). The system exhibits an abrupt low-spin to high-spin transitigr—at

403 K. Liberation of a fractional amount of water does not affect the spin crossover: the system is perfectly
reversible with a hysteresis width AT = 12 K. The existence of the hysteresis at such high temperature determines
that the lowest limit of the solid-state cooperativity parametdfiis> 403 K despite long iron(ll) separations (10

A). The high cooperativeness has been assigned to a pariatking of the benzimidazole rings in the crystal
lattice at a distance as short as 3.6 A. Variable-temperature IR data and the heat capacity measurements match
well the magnetic data. The thermodynamic propertiesiite= 17 kJ mot!, AS= 43 J K2 mol™1, so that the
entropy of the spin transition shows a considerable contribution from the molecular vibrations. A theoretical
model has been applied in fitting the magnetic data along the whole hysteresis path. A statistical distribution of
the cooperativity parameter led to the feature that angled walls of the hysteresis loop are well reproduced.

Introduction X

'y H

The spin crossover phenomenon (the low-spin to high-spin @/ N \N@?
transition) is well documented for mononucledrtd d” metal N N
complexes; it dominates just forédre(ll) specied. Spin
crossover has also been confirmed recently in oligonuclear
complexeg. The spin transition can be monitored by several
experimental techniques such as magnetic susceptibility mea-
surements, calorimetry, Msbauer spectra, X-ray diffraction,
nuclear magnetic resonance, volumetry, vibrational spectra
electron spin resonance, and optical spectroscopy.

Figure 1. A sketch of the tridentate bzimpy ligand.

room temperature. This limit has been reached for the first time
by Larionov et al* using triazole ligands and then reinvestigated
and extended to other systems by several gréuescently an
"exceptionally abrupt spin transition has been observed and

Th tential licati f spi ; for dat discussed in terms of a-stacking of aromatic ring%.
€ potential application ol Spin crossover systems fof data e reported previously about the complexes of the type

storage and imaging has been emphasized by several rports e jimny31X ,-nH,0 that they exhibit the spin crossover at
One of the prerequisites, _howev_er, is t_he existence Ofatrans't'ontemperatures as high & = 330 K, the organic ligand being
temperature from low-spin to high-spin stafe, near or above bzimpy = 2,6-bis(benzimidazol-2-yl)pyridinesee Figure 1:2
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Figure 2. Experimental (open circles) and theoretical (full points, ma¥letlata on the effective magnetic moment forinset: low-temperature
behavior of the magnetic susceptibility. Center: history of the sample cooling/heating. Bottom: @Godel

The complex having the tetraphenylborate as a counterion, until 443 K. The spin crossover manifests itself in VT IR data
X = BPh; and n = 4, behaves quite normally: the spin aswell asinthe VT powder diffraction data. Finally we applied
crossover proceeds in one step and the saturation value of thean Ising-like model in several variants to fit the magnetic data
effective magnetic moment jg&¢ ~ 5.5 ug at Tys ~ 400 K7 and to compare the thermodynamic data (enthalpy and entropy
This result implies a magnetogyric factay,= 2.54, being of the spin transition) with the direct calorimetric measurements.
somewhat higher than the free-electron value. The spin transi-Now the properties of three samples can be compacethe
tion, however, is rather continuous in this compound and it freshly prepared microcrystalline samptethe sample grained
proceeds within the interval of about 100 K. At temperatures to a fine powder; and, a half year old, powdered sample.
as high as 400 K the complex liberates the crystal water and
turns irreversibly to the high-spin species, which remains high- Results
spin on decreasing temperature. On moderate thermal treatment
(up to T = 350 K) the spin transition is reversible, although ~ The key information about the spin crossoverligsample

incomplete. c) is given by the temperature dependence of the magnetic
The complex with perchlorate as counterion=XClO4 and susceptibility (Figure 2).

n = 0.25 (the fractional content of water confirmed by X-ray The effective magnetic momepts ~ 0.5 ug below 200 K

structure analysi)showed saturation featuresTafs ~ 400 K indicates a presence of a paramagnetic impurity (PI). This is

with uer &~ 3.5 ug. The spin transition seems to be centered at the only source of the paramagnetism at low temperature. The
T. = 330 K. A further thermal treatment using DTA showed nature of the Pl has been assigned to Fe(lll) centers on the basis
an endothermic peak at ¢k, = 400 K which we have assigned  of the ESR signal at 77 K.
to the liberation of the crystal water. Attempts to apply the two-  on heating above 200 K the effective magnetic moment
level Ising-like model in fitting the experimental data led to a jncreases continuously and adopts a valuggf~ 1.7 ug at
rather problematic resultg = 1.5 resulted as an effect of the 400 K. On further heating an abrupt spin crossover (within a
sub-spin only value of the magnetic moment. The magnetic feyy K) applies: uef ~ 4.5 ug at 417 K. A subsequent
susceptibility data (taken up to 400 K) were not fully consistent temperature increase until 443 raises the effective magnetic
with the VT-IR data (taken up to 520 K): the latter showing @ moment only slightly. (A further heating is risky because of
continuation of the spin crossover above 400 K. the possible explosion of perchlorate.) On the cooling direction
The above discrepancies led us to reinvestigate the behaviory nysteresis occurs: the magnetic moment staysv 4.5 ug

of the perchlorate complex, [Fe(bzimpl}ClO,),:0.25H0, at 400 K and then decays abruptly so tha ~ 2.0 ug at
hereafterl, above room temperature. For a freshly prepared 390 k.

microcrystalline sample we applied differential scanning calo-
rimetry to monitor heat flow and to determine the thermal
variation of the heat capacity, from which the enthalpy and
entropy of the spin transition result. Simultaneously we applied
the Faraday balance measurements of the magnetic susceptibilit;é

A further cycling of the sample confirms a perfect reproduc-
ibility of all features of the spin crossover (transition onset
temperature, abruptness, saturation value, hysteresis width).

In attempting to fit a theoretical model to numerical data some
ssumptions were made. The mole fraction of4g)) has been

(9) Renz, F. Ph.D. Thesis, Vienna University of Technology, Vienna, determine(_j by fi_tting the_low-temperature (LT) magnetic data
Austria, 1997. to the Curie-Weiss function
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Xmo|(|-T) = Xopp; = XP|C09|2:~|[S>|(SD| + )BT - 6p) (1) Table 1. Results of the Fitting the Magnetic Dafa

quantity modelA modelB modelC
(Co = Nauqui/k comprises the fundamental physical constants OHs 1.998 1.970 2.011
in their usual meaning) assumii®y, = 5/2 andgp; = 2.0 for JA/ﬁ/k ‘21%33 i’i‘éﬂ 24152f
an Fe(lll) center. Then the Weiss consté@u = —4.66 K and

. . Feft 210 (5] 198

xp1 = 0.00826 resulted on the basis of 16 lowest data-points. (oK 600
The fitting procedure for the whole temperature range utilizes (hps)lk 399
the magnetic susceptibility function in the form o 0.0073

R0zmol) 0.173 0.187 0.056
X1 = Xuslus + Xopp| = [(]_ + @D/Z]Cogas[qus(%s + aValues in square brackets were fixed; 160 data points were used.

2 bModel A: Ising-like model, a constant vibrational contribution to
D)/3IT + Xp,Co0p [So((Spy + L)/3(T — Op) (2) entropy. ModelB: vibrational contribution averaged over 15 low-
energy modes. Modél: Gaussian decay of the optimum cooperative-
ness.c A vibronic level difference i\ = Ag + (15/2)wus — hvis) =

that assumeg s = 0O for the diamagneti§ s = 0 state. Here, 1907 K

Sis = 2 is fixed, andgus is taken as a free parameter. This

equation contains a variabl&l] which should be iterated for 10
each temperature, and a trial set of optimized parameters (see
Experimental Section). The free parameters of the spin crossover
model B comprise Ay (the site formation energy)J (the
cooperativity parameter), antys andhv, s (the mean vibra-
tional energies of active modes). The last two quantities collapse
into a single parameteg; > 5 (the effective degeneracy ratio)

in a more approximate modél.

The fitting of the whole hysteresis curve with history of the e
heating/cooling is far from being trivial and has not been done 040@9‘3‘3@@@@(2?@@ - |
for spin crossover systems so far. The thermal history is encoded 300 350 400 450
into the starting value di¥[that enters the iteration procedure: TIK
& (Ti) (karting= [O(Ti—1)[dha. Alternatively one can us@(T;) darting
= —1 on the heating and¥(T;)ldaning = +1 on the cooling
direction, respectively. 2 @@@D@@D@@@

The “simulated annealing method” and contemporary genetic % *

XHS

0.5 -

algorithms have been applied in order to localize the global
rather than local minima of the error functioftélAs a result Lor
of the fitting procedure the set of parameters resulted as shown
in Table 1. .
The experimental susceptibility data have been processed in 2L 5 s%:
evaluating the “experimental” high-spin mole fraction @@%Q >
0.0022 0.0024 0.0026 0.0028

— M 3) m?

s
(tnsT) Figure 3. High-spin mole fraction (top) and van’t Hoff plot (bottom)
for 1. experimental (open circles) and theoretical (full points) data with
and the equilibrium constant for a unimolecular reactionS  the modelC.
HS

AnsT = Cogas[S—is(%s + 1)/3] )

Xis XHs
= X_LS 1= X — Xor (4) The transition temperatures are exactly read-gfqgt= 0.5
(or, equivalently, at I'K = 0), i.e., T, = 409 andT. = 397 K.
The hysteresis width becomas = T/ — T¢ = 12 K and the

K

Havin already determined, the evaluatio =f(T) and . S
In K zg);?lfr) fun)::tions would be an easy tg)flf pro(\Rjed that CeNter of the spin transition is mccemer: ¢ T AT/2=403K

the (nsT) product already reached its maximum value. The last (Figure 3). ) o

assumption, although commonly met for SC systems hating The sample under investigation was _cycled on DSC-600
much below the room temperature, is not fulfilled in the present Peétween 100 and 450 K. In the heating regime only an
case: the effective magnetic moment is still increasing at the €ndothermic peak was registered with minimunirgt= 414
high-temperature limit of data collection. Therefore the evalu- K @nd on cooling an exothermic peak with maXImumTé*t=
ation of the “experimental” high-spin mole fraction is disabled 406 K. No features of decomposition were registered at the

prior to fixing the ¢usT) limit. This can be done by assuming highest temperature of the thermal cycling. The positions of
the fulfillment of the Curie law in the form the peaks were recovered in subsequent cycles. A more detailed
inspection of the data showed, however, that the first endot-
(10) (a) Press, V. H.; Teukolsky, S. A.; Vetteriling, W. T.; Flannery, B. p. hermic peak (corresponding to the spin crossover) is accom-
Nggr;;er(itc)?lgelgiges in chrtramnd |ed.;_LrJ]nive_rsitSy Preis:OCa_mbrid_ge, panied by an endothermic satellite (which disappears either on
1992. oldberg, DGenetic Algorithms in Search, Optimization ; ; ;
and Machine LearningAddison-Wesley: Reading, MA. 1989, (<) the first cooling or the supsequent cycling). We conclude that
Carroll, D. L. A Genetic Algorithm Programversion 1.7; University some crystal water was liberated and not reabsorbed on the

of lllinois, 1998. cooling. This interpretation is supported by the VT-IR data.




3028 Inorganic Chemistry, Vol. 40, No. 13, 2001 Bo et al.

4000
2500 |- 3
3000 2000 -
5 ‘s
£ o .E 1500
3 =
o o 1000 |
1000 .. ..
500 -
0 X 1 1 1 1L 0 - 1
360 380 400 420 440 360 380 400 420 440
TIK TIK
7
6 .
5F G
-B §
E 4r S
& .
X P
2 3L .
& D
L 2t ; j
1k DA
Ok e e N,

TIK

Figure 4. Left: measured temperature dependence of the heat capacity Raght: an under-integral enthalpic functio@'{ vs T). Center: an
under-integral entropic function@/T)" vs T). Solid: microcrystalline sample on the first cooling. Dashed: microcrystalline samplen the
second cooling. Dotted: powder samplen the first cooling.

For a quantitative treatment the heat flow was scanned on
the DSC-2 and DSC-7 apparatus in the higher temperature
window (the broad satellite owing to some crystal water
disappeared on the further thermal cycling). The onset temper-
atures on heating and cooling were read-of using the secondg
cycle data, according to the literature recommendafidrney
appear approximately at the same posifigr= 403 K on the
heating and the cooling, respectively.

The heat flow from the first cooling and independent
measurements of a free container and a calibration standard§
allowed the evaluation of the molar heat capacity. As displayed £ ' [
in Figure 4, the spin transition is indicated by a well-developed
A-shaped peak either on ti@& vs T or (Cy/T) vs T function.
After the subtraction of the underlying Debye part due to

N

sity /arb. un

molecular vibrations, the numerical integration gave the en- T
thalpy, AH = (17.4 + 1.0) kJ mot?, and the entropy of the Wavenumber /cm

spin transition AS = (43.1+ 1.0) J K1 mol™1, respectively. Figure 5. FT-IR spectra ofl on heating.
Far-infrared spectra exhibit two patterns characteristic for the ] )
spin crossover systems (Figure 5). The bandat270-310 The band areas have been processed in calculating the mole
cm 1 is characteristic for the high-spin centers and it appears fractions for HS, LS1, and LS2 centers
on sample heating. The area &ts = 415-445 cnt! is
. . L AT B Amin

characteristic for the low-spin centers and it disappears on X=—— (6)
heating. An unusual feature of this region is that two sub-bands Anax ~ Anin
(VLs1 = 415-430 cnr! and ¥ s, = 430445 cntl) exist; they _ o
the LS band at the highest temperature and for the HS band at
(11) Hehne, G.; Hemminger, W.; Flammersheim, HBifferential Scan- the lowest temperaturefimax is the maximum band area on

ning Calorimetry Springer: Berlin, 1996. thermal treatment; andy is the band area at temperature
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cycle on heating is slightly different probably due to liberation
of some crystal water.

Also the theoretical powder diffraction patterns, calculated
on the basis of the room-temperature X-ray structure, are
displayed in Figure 7.

Discussion

Sample Properties. The freshly prepared sample, [Fe-
(bzimpy)](ClO4)2:xH20, contains some amount of water. The
crystal structure confirms = 0.25 but this amount is not
ultimate for the powder samples prepared by a fast precipitation.

The O—H stretching vibrations in IR spectra disappear on
the first heating and the DSC signal shows an endothermic peak
at 430 K. A rather small mass-loss on thermogravimetry
evidencex < 1.

The sample exhibits some paramagnetic impurity which was
assigned to the Fe(lll) centers on the basis of ESR spectra.

None of the above factors manifests itself in the key features
of the spin crossover. The liberation of some crystal water does
not influence the spin crossover, which remains perfectly
reversible as evidenced from magnetic data (2 cycles), DSC (2
cycles), VT-IR data (2 cycles), and VT-powder diffraction data
(3 cycles). The paramagnetic impuritg(= 0.008) can only
influence the background-paramagnetism and finally the re-
corded magnetic susceptibility and/or the value of the effective
magnetic moment at low temperature.

Solid samples prepared by the same recipe (possessing correct
C, H, N content) may exhibit a color-variance (violet, dark-
violet, black-violet). This may be due to a different size of solid
particles. Ethanol solutions of these samples have the same vine-
red color and identical electron spectrum. Aging of the sample
manifests itself in the color alteration to pale-violet, probably
due to the surface oxidation. A one year-old sample can possess
more than 5% of Fe(lll).

Magnetic Data. The first magnetic (SQUID) investigation
on 1 yielded a continuous increase of the effective magnetic
moment on heating withuer = 3.0 ug at 340 K12 Later
investigation (Evans-NMR method) in solution evidenced a spin
crossover behavior influenced by the solvent uSeBurther
investigation of the solid sample (Faraday balance) confirmed
the spin crossover, although incomplete at room temperature
as well as at 410 Kuesr = 3.55up at 410 K8 The new aspect
of the present investigation is thatexhibits an abrupt spin
crossover above 400 K with a number of unique properties:

t— V= s Wi -
423, 403, 383, 363, 343, 323, 303 K (these are added at the same placd¢ — 409 K, T¢' = 397 K, and the hysteresis width &fT =
as those forT'). Bottom: theoretical pattern based on the room- K. . o N ]

temperature X-ray structure. (The reader is recommended to watch the The existence of the hysteresis is conditioned by a consider-

figure at a very sharp angle for a better impression.) able value of the cooperativity parametkand it can occur
only whenJ/k > T.. Thus an important conclusion follows
Their temperature dependence is shown in Figure 6. The higherdirectly from experimental data: the lower limit of the coop-
frequency band LS2 shows a smooth decrease of its areaerativity parameter is)/k > 403 K in the compound under
whereas the lower-frequency band LS1 tends to increase its areanvestigation. One should accept such a high value despite the
above 300 K, but above 430 K an abrupt decrease is observedfact that the Fe(ll) centers are 10 A apart from each difier.
The sum of these areas is nearly constaiis + Ais1 + Asz is obvious that the “through-space” magnetic dipetgpole
~ constant. The bands LS1 and LS2 could correspond to two interactions are incapable of such a strength.
nonequivalent low-spin sites. Since our system exhibits a strong cooperativeness, compa-
The Mtssbauer spectra between 10 and 293 K show only arable to T, then distribution factors may adopt a great
low-spin doublet (small quadrupole splitting) and no evidence importance: domains of a different nuclearity can be formed
for an eventual differentiation between LS1 and LS2 centers. and a cooperativeness of the spin crossover altered. It has been
The X-ray powder diffraction patterns were scanned in three already reported that the graining of the powder samples could
cycles, starting withTyin = 303 K, until Tnax = 443 K, and

back, the temperature increment beihig= 20 K (Figure 7).
The diffraction patterns alter & = 423 K on heating and they
return back perfectly af* = 383 K on cooling. Only the first

(12) Addison, A. W.; Burman, S.; Wahigrem, C. G.; Rajan, O. A.; Rowe,
T. M.; Sinn, E.J. Chem. Soc., Dalton Tran$987, 2621.

(13) Linert, W.; Konecny, M.; Renz, B. Chem. Soc., Dalton Tran994
1523.
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Table 2. Survey of Quantitative Data for 1 (Fresh, Microcrystalline
Samplec)?

magnetic DSC IR theoretical theoretical
guantity  susceptibility calorimetry spectra modelA  modelB

T/K Td=409 T/=414 Td=409 T =409
TIK ¢=397 Ty =406 ¢ =397 Td=2397
AHIKJ 17.4 17.9

mol~?t
ASIK 43.1 44.4

mol~
(AH/AS)IK 404 403
P glemt 424, 437 417
Puglemt 225, 280 277

aT,, peak maximum valueT,, passage through the critical value
Xqs = 0.5.

of the interval of published data and it is very typical for the
iron(ll) hexacoordinate spin crossover systems. A good test of
consistency of these experimental determinations is the ratio
T predicted . AH/AS = 404 K.

For the powdered samplewe found the following: Ty'
406 K, Tyt = 397 K, enthalpyAH = 15.4 kJ mot?, and the
entropy of the spin transitionAS = 40.0 J K1 mol™,
respectively.

Thermodynamics vs Theoretical ModelsThe experimental
thermodynamic quantities that directly relate to the spin
transition coverAH, AS, and T, (in the case of hysteresig/
and T¢). In the absence of cooperativity, the high-spin mole

(center): predicted. Dashed line: a theoretical curve in the absence offraction is a simple function of the enthalpy and the entropy of

the cooperativeness.

reduce the steepness of the spin transition so that the onset of

the transition is observed at a lower tempera#i®.recent
report confirms that the profile of the spin crossover for a single-
crystal is much steeper than that of a powder-sarfiple.

The above factors could rationalize the discrepancies in the

published magnetic data faralong with Figure 8 showing our
data collection for three samples of a different history.

The first data setg, half-year old sample, fine powder, pale-
violet) exhibits the broadest distribution owing to which the

onset temperature of the spin crossover becomes evident at 258

K. We had no motivation to continue with heating above 400
K that time® We reported about a “pronounced hysteresis
between 220 and 414 K” which, with the present knowledge,
would be better termed the “different path on heating and
cooling”.

The second data séd,(fresh sample, fine powder, dark violet)

scanned until 450 K shows a reduced distribution: the onset
temperature of the spin crossover is about 300 K. The system
behaves like a two-step spin crossover: the first step being rathe

continuous and the second one very sharp Wifh= 405 K,
Td = 397 K, andAT = 8 K.14
The third data setc( fresh sample, microcrystalline, black-

violet) shows a suppressed distribution and only one sharp stept
(present investigation). The dashed line in Figure 8 represents

a pure Boltzmann equilibrium when the cooperativeness is
absent (like in solutions). The full points in Figure 8 result from
a theoretical analysis and will be discussed later.
Calorimetry. Our calorimetric readings of the characteristic
temperatures for the sampteare collected in Table 2. The
determined value oAH = 17.4 kJ mot! lies at the higher limit
of the experimental data published for similar compouhtlke
entropy chang&AS = 43.1 J K’ mol~! lies just in the center

(14) Lemercier, G.; Varelst, M.; Bousseksou, A.; Varret, F.; Tuchagues,
J.-P. In Magnetism: A Supramolecular FunctioiKahn, O., Ed;
Kluver: Dordrecht, 1996.

the transition, i.e.,

Xpys = L{ 1+exp[AH/R)(L/T — LTI} (7
whereT, = AH/ASassumes temperature independent enthalpic
and entropic contributions. For tHé&€'Ne} chromophore the
entropic contribution is rather constamtS~ 40 J K-t mol,

as a result of electronic and low-frequency vibrational contribu-
tions. Then the necessary conditions for having the spin
transition above room temperature is to raise the enthalpic
ontribution, i.e., to disfavor the spin transition.

There is a number of contributions to the overaHl in the
solid state: the nature of the metal-containing unit, quality of
counterions, their packing, and solvents embodied in the crystal
lattice. All these factors can tune tiH and consequently.
expressively}* One of the dominant contributions is given by
the energy difference in the adiabatic potential surfackid®!
~ AE® = Ens — Eis.

The bidentate ligands with a fixed donor atom separation (like

rphenanthroline, bipyridine, pybzim, etc.) are somehow disfa-

vored on the spin crossover since not all six vertexes can
accommodate the required increase in the mdigand bond
lengths by ca. 15%. For this reason the enthalpy of the transition
spans the value of c\H ~ 3—6 kJ mol! and the transition
emperature ranges ds = 100—200 K. For example, in the
complex [Fe(pybzimy(ClO4)2-H20, where pybzim= 2,2-
pyridine-benzimidazol, the presence of thnégid bidentate
ligands results in the values afH = 3.3 kJ mof, AS= 23.2
J K1 mol%, andT, = 142 K1

The tridentate ligands with a fixed donor atom separation
(like tris(pyridine), tris(imidazole), and bis(benzimidazole)-
pyridine) represent much more rigid units which under the spin

(15) (a) Boa, R.; Bo@, M.; Jardsiak, R.; Vrbova M. J. Mol. Cryst. Liq.
Cryst.1999 335, 551. (b) Boe, R.; Baran, P.; Ditig L'.; Sima, J.;
Wiesinger, G.; Renz, F.; El-Ayaan, U.; Linert, Wolyhedron1997,
16, 47. (c) Bo@, R.; VrbovaM.; Werner, R.; Haase, WChem. Phys.
Lett. 200Q 382, 188.
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crossover increase the energy gap considerABS). Thus the Finally we recovered the experimental data set on Figure 8b
substitution of the bidentate faigid tridentate heterocyclic  (fine-powder sample) by the set of parametgys = 2.037,
ligands can systematically raise the temperature of the spin Ag/k = 2053,re¢ = 171.7,J/k = 489 K, ando = 0.114).
transition toward or even above the room temperature. This was In summary, the microscopic spin-crossover parameters adopt
really observed for the system under study whereAke= the following meaning: (i) the site formation energy relates
17.4 kI mott andAS= 43.1 J K’ mol~! values predetermine  to the molar enthalpy of the spin transition through the
the transition temperaturg; = 403 K. However, counterions  relationshipAH = R(A/K); (ii) the effective degeneracy ratio

bring a considerable contribution as well, = 330 for [Fe- determines the molar entropy of the transitid8 = R In reg;
(bzimpy)](BPhy)2-4H,0, Tc = 403 K for [Fe(bzimpy3](ClO,),- (i) the ratio AH/AS = T, gives the temperature of the spin
0.25H0, andT. is not reached for [Fe(bzimpy$HOu-2H,O until transition (the center of the hysteresis); (iv) the cooperativity
480 K. parameter is associated with the nonlinearity of the van't Hoff
The involvement of a cooperativity parameter (e.g., the plot aroundT. and it determines the hysteresis width whign
“interaction” constant among LSHS entities, likeEjner = < n(J/K); and (v) the distribution parameters and o are
yxus(1l—xps) in the regular solution modélmakes the transi-  associated with the steepness of the walls of the hysteresis loop.

tion curve more steep when compared to a simple Boltzmann The role of the cooperativity parametdrdr y) lies in a damping
distribution. As far as the van't Hoff plot obeys a nonlinearity that reduces the Boltzmann population of the HS belw
around InK = 0, the cooperativity parameter can be deduced Above T it becomes an accelerating force of the high-spin
on the basis of an appropriate theoretical model. When the fraction.

cooperativity parameter overreaches its critical vallze> RT, Notice, a uniform rescaling & H = n(AH") andAS= n(AS)
the hysteresis can occur. does not affect the transition temperatlire= AH/AS= AH'/

The Ising-like model used for the quantitative analysis of AS. Analogously, rescaling of the cooperativengssnJ does
magnetic data has several advantages: (i) in its veridris not affect the hysteresis widtl AT ~ (J/k) — Tc ~ n(J'/K) —

equivalent to the regular solution model through the cor- AH'/AS. Now whenn decays according to some distribution,
respondence/2 <= NaJ; (ii) it allows an elegant involvement  Tc remains conserved bT decreases from case to case. In a
of the vibrational partition function into the modB}; (iii) it statistical average one can see angled walls of the hysteresis
has been extended to a two step process or to binuclear systemdoop (and other consequences, like a decrease of the hysteresis
However, the existence of domains and distribution are not width, decrease of the degree of conversion at high temperature,
covered by this approach. The original version of the domain and increase of the low-spin background at low temperatures).
model, on the contrary, violates in predicting the hysteresis  Structure vs CooperativenessOn the basis of the magnetic
unless different domain sizes for LS and HS states are assumeddata, the room-temperature structure is assigned to the LS state.

A positive feature of the theoretical modglis its capability =~ The temperature cycling of the powder diffraction patterns
of the reproduction of the thermodynamic functiomsi{ magnetic (PDP) shows that the spin crossovefat= 403 K is associated
= NaAg = 17.9 kJ mot? and ASmagnetic= R |n ro = 44.4 J with some structural changes. This, however, becomes perfectly
K1 mol~! in a satisfactory agreement with the experimental reversible in the second and the third cycle when the crystal
calorimetric determination (Table 2). In the mo@the entropy ~ Wwater is not present anymore. On return to room temperature
part is temperature-dependent owing to the thermal populationthe PDP match well the theoretical patterns calculated on the
of vibrational states. The main advantage of the improved model basis of the room-temperature X-ray structure (the presence of
B is that the degeneracy ratigs need not be considered as an the crystal water is irrelevant for the calculated PDP). The
“internal parameter” of the theory anymore. It is simply improved reproducibility in subsequent cycles is not a big
substituted for the transparent physical quantities: the true surprise; similar effect has been reported elsewffere.
electronic degeneracy ratig, = 5 and the mean vibrational Figure 9 brings some structural details at room temperature
energies. The last set can be monitored by IR or Raman (not presented so far): each iron(ll) center has six nearest
spectroscopy’ The ratiow s/#is = 1.5 is probably a bit higher ~ neighbors at a distance of about-Fée = 10 A (9.79, 9.88,
than generally accepted (1.3) but this has a little effect to the 10.04, 10.35, 10.40, 10.54 A) and there are nine more neighbors
fitting procedure (this can alter only the low-temperature part Within the radius of 15 A (12.28, 12.54¢3, 13.71, 13.78,
of the data which, in our case, are overlapped by the background13.81(2<), 14.50(2<) A). It can be seen that the planes of the
signal of PI). ligand are perpendicular within the complex and packed

On the basis of Table 2, one can conclude that the theoreticalperfectly in a parallel manner between different units. Despite
models are fully consistent with information withdrawn from the fact that some hydrogen bonds have been identified within
magnetic susceptibility data, calorimetric data, and the IR the structure we assume that the hydrogen bonds do not transmit
spectra. the Fe(l)-Fe(Il) communication. A perfect-stacking of the

The main success of the theoretical mo@elvhich accounts ~ Phenyl rings from different units exists; the-C' contacts
for the distribution of the cooperativity parameter, is its 18 Addicon A W Burke. . 1. Hot rp——
capabilty of predicting the slope o the walls of the hysteresis (18) A0t & ) Burke 7. newrooye Chesagaasn, |
loop. We assume that with the modela lot of nonideal spin F.J. Phys. 11992 2, 138. (b) Bousseksou, A.; Varret, F.; Nasser, J.
crossover behavior could be explained, at least a different profile J. Phys. 11993 3, 1463. (c) Bousseksou, A.; Constant-Machado, H.;

of the hysteresis path for powder samples prepared by a different ~ Varret, F.J. Phys. 11993 5, 747. (d) Lemercier, G.; Bousseksou, A.;
y P b pies prep y Seigeuric, S.; Varret, F.; Tuchagues, J.&hem. Phys. Lett1994

rate of preupltatlor‘?.Our hypothesis of the Gaussian decay of 226, 289. () Linares, J.; Spiering, H.; Varret Eur. J. Phys. BL999

the cooperativeness should be viewed as a first, probably not 10, 271. (f) Bousseksou, A.; Salmon, L.; Varret, F.; Tuchagues, J.-P.
ideal, trial; other distribution curves could be easily incorporated Chem. Phys. Lettl998 282, 209. (g) Bousseksou, A.; Varelst, M.;
into the modelC.20.21 Constant-Machado, H.; Lemercier, G.; Tuchagues, J.-P.; Varret, F.

Inorg. Chem.1996 35, 110.
(20) Cantin, C.; Kliava, J.; Marbeuf, A.; Mikailitchenko, Bur. Phys. J.
(16) Slichter, C. P.; Drickamer, H. G. Chem. Physl972 56, 2142. 1999 B12 525.
(17) Bousseksou, A.; McGarvey, J. J.; Varret, F.; Real, J. A.; Tuchagues, (21) Constant-Machado, H.; Stancu, A.; Linares, J.; Varrd.EE Trans.
J.-P.; Dennis, A. C.; Boillot, M. LChem. Phys. Let200Q 318 409. Magnet 1998 34, 2213.
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much smaller than 1 K/min. The correction for an underlying
diamagnetism has been performed with the set of Pascal constants:
yda = —5.834 x 107° m® mol-11" The corrected molar magnetic
susceptibility has been converted to the effective magnetic moment
Ueilits = 798 moiT)%; S units are employed.

Infrared Spectroscopy.The FT IR-2000 apparatus (Perkin-Elmer)
has been used for variable temperature experiments between 100 and
520 K. Temperature was controlled using a thermocouple (Grasby/
Specac) and kept constant withirl K. A resolution of 1 cm? using
a mirror velocity of 2.0 mm s' was used and the band positions could
be reproduced within0.3 cnt. The sample was mounted as a Csl
pellet and 1000 scans were taken per spectrum.

Powder Diffraction. The STOE-STADIP powder diffractometer was
used with programmed temperature regime: temperature was kept
constant within+£0.1 K. The diffraction patterns using the CooK
radiation ¢ = 1.78892 A) were scanned within the intervaks2y <
45 deg.

DSC Calorimetry. The DSC-600 apparatus (Linkam) has been used
to scan the heat flow. Several temperature cycles were applied:- 100
450-100 K, 306-450—-300 K.

The DSC-2 and DSC-7 apparatus (Perkin-Elmer) has been used to
. record the heat flow of the sample (9.0 mg), free sample holder
varying between 3.60 and 3.99 A (3.78, 3.72, 3.80, 3.94, 3.99, (aluminum pan), and the sapphire filled container (scan rate, 5 or 10
3.88, 4.39, 4.13, 3.71, 3.61, 3.88, 4.24 A)- deg/min; scan frequency, 1 s). The recorded heat flows were processed

Taking into the fact that the steepness of the spin-crossoverby the well-known procedure to obtain the mass heat capacity of the
is driven by the cooperativity parameter, we would like to sample: (i) all isothermal edges were linearly transformed to the same
address a question about its physical nature. Similar attemptsorigin; (i) the sample holder signal was subtracted from the sapphire
have appeared in the literature trying to correlate the coopera-and sample heat flows; (iii) the net sapphire heat flow and tabulated
tiveness and the structure features. Noticeable is the fact thatSa@Pphire heat capacity was used to calibrate the net sample heat flow
in systems with high cooperativity somestacking of aromatic into the heat capacity of the sampleThe procedure assumes the

. . . . . o . constant waiting periods before and after the heating and/or cooling
rings exist$ The physical mechanism associated with it remains
unmodeled so far and the constant temperature change. A temperature cycte4%20-

320 K was applied twice.

Figure 9. A view to the unit cell content ol duplicated along the
a-direction. The perchlorate groups and the oxygen atom were omitted
for clarity.

In conclusion, the spin crossover system, [Fe(bzirspy) The Debye part due to molecular vibrations has been subtracted from
(ClO4)2:0.25H0, exhibits an abrupt low-spin to high-spin  the heat capacity curve assuming that the functigns: aT® andCy/T
transition atT. = 403 K. Liberation of a fractional amount of = bT? hold true. Thus a few data below the onset temperature were

water does not affect the spin crossover: the system is perfectlyused to determine the constars; (b.s) and a few data above the

reversible with a hysteresis width AfT = 12 K. The existence  transition to fit the constantaws (bus). Then the heat capacity was

of the hysteresis at such high temperature determines that thecorrected for the und'erlylng Debye part, which is different below and

lowest limit of the solid-state cooperativity parametedfis > above the peak maximuify, hence

403 K despite long iron(ll) separations (10 A). The high .

cooperativeness has been assigned to a petfstacking of Cp=0Cp— asT", [for T < Tol (82)

the benzimidazole rings in the crystal lattice at a distance as . 3

short as 3.6 A. C'p =Gy~ aysT, [for T> T (8b)
The variable-temperature IR data and the heat capacity and

measurements match well the magnetic data. The enthalpy of

the transition isAH = 17 kJ mof', and the entropy of the spin (C/TY = (C/T) — b [for T < T (9a)

transition possesses a considerable contribution from the mo- s

lecular vibrations A4S = 43 J K1 mol™). A theoretical model (C/T)" = (CJT) — byT? [for T > T] (9b)
HS! »

has been applied in fitting the magnetic data along the whole

hysteresis path. A statistical distribution of the cooperativity Finally the enthalpy and the entropy of the transition were evaluated

parameter led to the feature that angled walls of the hysteresispy a numerical integration

loop are well reproduced.

_ Tp , Trnax -

Experimental Section AH= memc pdT + pr CpdT (10)
Preparation. The ligand bzimpy and its complex of [Fe(bzimgly) T, Tmax

(Cl04)2:xH,0 were prepared by the procedures described elsevifere. AS= ‘/-‘rm?n(CpIT)'dT + '/;p (CYT)"dT (11)

The elemental analysis (within the error bars) confirmed the C, H, N

content. As the sample could be sensitive to oxygen, all manipulations  Theoretical Model. Among a variety of spin crossover model the

were done under nitrogen atmosphere. Ising-like model has been utilized in the numerical analysis. It is based
CAUTION. On heating, the sample can explode at temperatures on the Hamiltonian

above 470 K owing to the presence of perchlorate. Heating until 470 R

K is safe. H = (Ay/2)6 — Jol& (12)
Magnetic Susceptibility Measurements.The mass magnetic sus-

ceptibility has been measured with Faraday-type balances at the appliedhat accounts for the site formation energy, and the spirspin

field B = 1.4 T. The sample under an applied vacuum was cycled as interaction taken in the mean-field approximation. Here the fictitious

follows: 309-5—320-289-443-373-421-317 K. Each data point sping adopts values of-1 for low-spin andt-1 for the high-spin state,

has been assigned with a flag indicating the temperature history (heatingrespectively. Its thermal averagel] is directly related to the high-

and/or cooling). During the spin crossover the heating/cooling rate was spin mole fraction:xys + (1 + [#0/2. The formal spin operators are
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1.0 5 The main difference between mod@&sandA here is that instead
a4l of rer > 5 as a free parameter one has= 5 and a couple of the
o3l averaged vibrational energies.
£ 05 3 The need of accounting for some parameter distribution stimulated
2 2 . . .
us to modify the modeA to that which accounts for a nonuniform
1r intracenter interaction (hereafte€). We were motivated by the
0.0 ‘ . ! 0 S — combination of the domain and the regular solution moéfels.the
360 380 400 420 440 250 300 350 400 450 500 domain model the LS and HS centers are not distributed in a random
fashion within the assembly, but form domains of like spin. Whés
1.0 5 . - .
the number of molecules per domain, then the minimum of the Gibbs
4r energy vields the equati#h
© £r
< 0.5 3
2 XHs
InK=1In = —[AH — TAS+ y(1 — 2x,9]"/RT (16)
1+ 1= Xy
0.0 { L t 0 | | | L
360 380 400 420 440 250 300 350 400 450 500 Consequently the functional factor in eq 13 will be modified to the
form
1.0 5
4 —
O = exp{ —[AH — TAS — y(2x,s — 1)IVRT} =
o 3 -
2 o5t 3 ) exp{ —[Ap — KTIn rgz — 2J6MN/KT} (17)
<L 20
r This seems be a little modification with respect to eq 14 since the
0.0 | { 1 0 i | 1 1 . . _
%60 380 400 420 440 %50 300 350 400 450 500 numbern cannot be fitted independently &H, AS y (molar set
parameters) oAy, rer, J (Molecule-set parameters). Thus, takingr
10 5 1, one has the same situation as in the m@deNow in the domain
model one parameter (s&yH) needs to be fixed through experimental
4+ o
determination, and then the re&t§, y, nox) can be evaluated.
2os| 32 :r In our modelC we formally takeny,,: = 1 as the highest limit,
L2 optimum in the single crystal or particles of a sufficient size. Under
1+ the “distribution” we understand the existence of particles of lower
00 ‘ ) . 0 L than the optimum domain size in the real powder material. In our
360 380 400 420 440 250 300 350 400 450 500 hypothesis the optimum parametkdecays along with the Gaussian
TIK TIK distribution, i.e., the individual weights are
Figure 10. Modeling of the spin crossover with a Gaussian distribution
of the cooperativeness far = 0.00001 (top), 0.01, 0.1, and 1.0 w; &~ exp[—(n, — nopt)zlg] (18)

(bottom). The other spin-crossover parameters were fisgtk & 2144
K, Jk = 452 K, ref = 205; gns = 2.0); 0< N < Nopt = Nmax = 1. . . . )

Here the half-width parameter is considered as a quantity that
not to be confused with the true (physical) spin and, analogously, the characterizes the imperfect (powder) sample. Its value is very dow (
interaction constants do not have the meaning of an exchange coupling=< 0.01) for an almost perfect sample. Now the distribution is accounted
(with the sign convention in the Hamiltoniad, > 0 describes the for through the average
“ferromagnetic”-like or “cooperative” interaction that prefers centers

of like spin). M M
The essential features of such a model are well-described elséifere. Xus = [ZWi'XHs(ni)]/[ w] (19)
Consequently an implicit equation is to be obeyed & &
me=_1+—m (13) where M is the number of grid-points betweem,n and Nmax. The
1+ f(loD) consequences of the modglare well visible in Figure 10. Wity =

0.00001 there is an abrupt spin transition with steep walls of the
hysteresis loop. Ow increase the following occur: (i) the hysteresis
A width decreases; (ii) the walls of the hysteresis loop become less steep;
Y = 1oy exp[=(Ag — 2JGTVKT] (14) (iii) the degree of conversion at high temperature as lowered; (iv) the
low-spin background at low temperature is higher.

The performance of the fitting procedure with the mo@giroceeds
in several nested loops: (i) the first loop handles with free parameters
to be optimized; (ii) the temperature loop is opened for experimental
data-points; (iii) theJ-distribution loop is opened for the grid-points;
(iv) the implicit equation for the high-spin mole fraction (13) is iterated.

In the simplest version (modd&) there is

and the effective degeneracy ratigy = refrvin > 5, accounts for the
constant electronic as well as vibrational contribution. In a more
advanced treatment (modg) the vibrational contribution is averaged
overm-active modesr= 15 for a hexacoordinate complex) and thus

®) 1 — exptw J/kT)|™
Y =1 r | —————=|  exp{—[m(hvys — h¥ )2 +
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