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X-band ESR powder studies have been done on the spin transitionn-daped [Fe(bpp][CF3S0s]2-H.0 and
[Fe(bpp}][BF4]2 (bpp = 2,6-bis(pyrazol-3-yl) pyridine). The change hvalue of Mr#™ during the thermally
induced high-spin (HS¥> low-spin (LS) transition shows that the spin transition is accompanied by a phase
transformation involving a domain mechanism. Irradiation experiments at 77 K have shown that &E&pin

change occurs without a change in the crystalline phase. The rate of the change from the HS phase to the LS
phase in the vicinity of 100 K has been measured and is found to be the same as that measured for the corresponding

spin change obtained from Mebauer spectroscopy and magnetic susceptibility studies.

Introduction Goodwin and Sugiyarfand by Buchen et &These complexes

The spin-state transition in [Fe(bpliEF3S04]o-H20 and [Fe- undergo the spin-state tran_sition with a color change, the HS
(bppYl[BF 4> (bpp = 2,6-bis(pyrazol-3-ylpyridine) was first ;tate of both gomplexes being yellow; and the LS state of th_e
studied by Buchen et al.and Goodwin and Sugiyarfo, first complex is or_ange-t_)rown and that the second complex_ is
respectively, using magnetic susceptibility measurement andred-brown. There is no direct proof of a phase change occurring
Mossbauer spectroscopy. The second complex was later reindn both of the complexes during the spin-state transition; it is
vestigated by Buchen et &lusing the same techniques. The only inferred from the thermal hysteresis behavior in both cases.
transition temperatures for [Fe(bpTFsSOs)2-H.0 were In the Buchen et &l.studies of [Fe(bpp)[CFsSOs]2-H20, a
reported to be 147 and 285 K in the cooling and heating complete LS— HS transition has been observed during LIESST,
directions, respectively. The warming curve shows a two stage but the reverse change is partial with only ca. 10% LS state
process with one-third of the Fegoing from low-spin (LS) to formed in reverse LIESST. LIESST effect in [Fe(bgBF4]2
high-spin (HS) between 150 and 190 K and the rest going to has been observed at a temperats@0 K, the LS— HS
HS between 250 and 300 K. The transition temperatures for transition is complete but the reverse change is also partial with
[Fe(bpp}][BF ]2 as reported by Goodwin and Sugiyérteere only ca. 5% conversion of HS state in the reverse LIESST.
175 and 183 K in the respective COOling and heating direCtionS, These workers? also showed that both effects can be experi-
whereas Buchen et &lreported 170 and 180 K. A metas}able mentally observed at temperatures above 77 K.

HS state in both systems can be formed by rapidly cooling the The kinetics of the HS— LS transition in [Fe(bpp]-

sample at liquid nitrogen temperature. This freezing-in of the
HS state at low temperature has also been observed in othefCF3SCil2H20 and [Fe(bpp)[BF4]> was also measured by
these workerd:3 In the first system, both the LIESST effect

Fe** spin crossover systems. : _
Both LIESST (light-induced excited spin-state trappfri) and rapidly cooling method were used to generate the HS state
and reverse LIESST effects have been found in [Fe@pp) at low temperatures. The subsequent H3.S transition for

[CF5S03]2*H-0 by Buchen et akt,and in [Fe(bpp)l[BF4]- by the LIESST generated HS state was followed bysklwauer
spectroscopy over the temperature range *8%K, and for

* To whom correspondence should be addressed. Tel.: (519) 253-3000, that produced by the rapidly cooling method was followed by

ext. 3530. Fax: (519) 973-7098. E-mail: beprm@uwindsor.ca. ; ihili
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(2) Goodwin, H. A.; Sugiyarto, K. HChem. Phys. Lett1987 139, transition for LIESST generated HS states to be much faster
470. . .
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(4) ;ittggf.; Kanig, E.; Irler, W.; Goodwin, H. Alnorg. Chem 1978 LS transformation could take place and therefore the rate of
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ys. Lett. . . L . ..
(7) Decurtins, S.; Gilich, P.; Hasselbach, K. M.; Hauser, A.; Spiering, HS state, reported first-order kinetics for the spin-state transition
H. Inorg. Chem 1985 24, 2174. of [Fe(bpp}][BF4]2. In the Buchen et & study of the same
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Previous ESR studié& 16 of FE™ spin crossover systems
were done by following the spectral changes offMion doped
into the sample. In all cases studied so*fatt the amount of
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Calcd for [Fe(bpp)[BF42: C, 40.53; H, 2.78; N, 21.49; Fe, 8.57.
Found: C, 40.14; H, 2.71; N, 21.20; Fe, 8.50; Mn, 0.05.
ESR Spectra.All ESR spectra were recorded on an X-band Bruker

dopant used is less than 5 mol % to prevent any appreciabIeESP 300E spectrometer equipped with a NMR magnetometer, a

dipolar broadening of the Mn spectral lines. The presence of
the impurity Mr?* ion in an F&" spin crossover system at the
concentration used here has also been skterhave no effect
on the spin-state transition. MiESR has also revealed other
information concerning the nature and dynamics of spin
crossover in different P& systems, for instance, the existence
of domain!®14 the absencd@!® and presendé1® of a phase
change during a spin transition.

In this paper, we report the study of the Ktadoped [Fe-
(bpp)][CF3SOs]2°H20 and [Fe(bpp)[BF4]2 over a range of

temperatures that span the spin transition. In addition to studying

the changes in the ESR spectra of ¥with temperature, we

microwave counter, a variable-temperature (VT) accessory and an
electromagnet capable of providing a magnetic field range from 50 G
to 15 kG. Typical measurement conditions were microwave power 20
mW, microwave frequency 9.5 GHz, modulation frequency 100 kHz,
modulation amplitude 4.062 G dnd k of data points covering a
magnetic field range from 50 G to 7500 G. The powder samples used
in the experimental measurements were sealed under vacuum in quartz
tubes. The temperature was calibrated by using a cefmerstantan
thermocouple thermometer, model 8528-12, obtained from the Cole-
Parmer Instrument Company. The temperature reported should be
correct to+ 1 K.

1. Temperature-Dependence Studie¥ariable-temperature spectra
were obtained by slowly cooling the sample from room temperature to
the lowest attainable temperature, then heating to room temperature

were able to follow the changes in the ESR spectra with time again. Rapid-cooled spectra at 77 K were obtained by plunging the
for a sample in which the metastable HS state was producedsample directly in liquid nitrogen.

by rapid cooling. These kinetics experiments were done over

the same temperature interval in the ¥rdoped [Fe(bpp]-
[CFsSO;3]rH,0 studied by Buchen et &l.using magnetic

2. Rate of HS— LS Phase Transformation.The powder spectra
for [Fe(bpp}][CF3SO;]2-H20 and for [Fe(bpp)[BF4]. were obtained
at 104, 108, 113, and 118, and at 100, 103, and 105 K, respectively.

susceptibility. We also report interesting studies on samples The HS phase at 77 K was generated by rapidly cooling the sample in

irradiated by light at liquid nitrogen temperatures.

Experimental Section

Preparation of Compounds. 1. 2,6-Bis(pyrazol-3-yl)pyridine
(bpp). The ligand 2,6-bis(pyrazol-3-yl) pyridine (bpp) was synthesized
by the method of Lin and Lany. The ligand bpp was obtained as a
white solid, mp 258-260 °C. Elemental analysis was performed by
Guelph Chemical Laboratories Ltd. (Guelph, ON). Anal. Calcd for
bpp: C, 62.55; H, 4.30; N, 33.16. Found: C, 62.33; H, 4.28; N, 32.93.
TheH NMR characterization of bpp dissolved in DMSf9was done
at room temperature using the Bruker AVANCE DPX 300 MHz NMR
spectrometer) values 6.78.2 ppm (ArH), 13.04 ppm (NH) and 13.50
ppm (NH).

2. Mn?*-Doped [Fe(bpp}][CF 3SO5]2*H20. The Mr¥*-doped [Fe-
(bppR][CF3:SO;2:3H,O0 was made by reacting the ligand bpp (2.2
mmol) in 20 mL hot water with aqueous solutions of Fe@H,0 (1
mmol) and MnC}-4H,O (0.1 mmol) under B atmosphere; this was
followed by the addition of NaGJSG; (2.2 mmol) to the cooled filtrate

liquid nitrogen.

3. Irradiation Experiments. The irradiation experiments were
performed at 77 K using a Lexel 95 Ar-laser operating at 100 mwW
power and a Spectra Physics 2000 Kr-laser operating at 50 mW power.
The wavelength of the radiation was 514.5 nm for Ar-laser and 670.0
nm for Kr-laser. All irradiations were done outside the microwave
cavity.

Spectral Analysis and Simulations.The spectral features & =
%, systems can be fitted to the following spin Hamiltonian.

A =gB.SH +D(§§—%§)+E(§§—é§)+A§-T+

1 /a & aa 70 1 ~ 475;
6a($+ §+8-T2)+ 180F(35g 28+
Some of our powder spectra are sharp enough with sufficient detail
that with a proper simulation program we might be able to determine

most of the parameters in eq 1, but not having such a program available
we have chosen to estimaeandE from the spectra because that is
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and the trinydrate was obtained as red-brown crystals after the contentsall we require to determine the existence of any phase changes in the
were left to stand overnight. The monohydrate was obtained, as yellow lattice. Therefore we have assumgd@ndA to be isotropic withg ~

powder, by heating the trihydrate at 6& for 24 h in an oven.

Elemental analysis was performed by Guelph Chemical Laboratories

Ltd., Guelph, ON. Anal. Calcd for [Fe(bpf)CFs:SO;].:3H0: C,
34.71; H, 2.91; N, 16.87; Fe, 6.72. Found: C, 34.98; H, 2.86; N, 17.05;
Fe, 6.80. Anal. Calcd for [Fe(bpg)CFsSOs)-H-O: C, 36.29; H, 2.54;

N, 17.63; S, 8.07; F, 14.35; Fe, 7.03. Found: C, 36.14; H, 2.48; N,
17.90; S, 7.94; F, 14.20; Fe, 7.20.

3. Mn?"-Doped [Fe(bpp}][BF 4]2. The [Fe(bppy)][BF s]2-2H.0 com-
plex was made according to the procedure given elsewhéhe M-
doped [Fe(bpp)[BF 4.-2H,O complex was made by recrystallizing a
mixture of the pure P& complex and Mn(BE). (ca. 3 mol % with
respect to the P& complex) in ethanol solution, it was obtained as a
red-brown flaky solid. The anhydrous form was obtained, as a yellow
powder, by heating the hydrated form at 1%0 for 1 h in anoven.
Anal. Calcd for [Fe(bpp)[BF4]2-2H.O: C, 38.41; H, 3.22; N, 20.36;
Fe, 8.12. Found: C, 38.87; H, 3.16; N, 20.73; Fe, 8.01; Mn, 0.05. Anal.

(12) Rao, P. S.; Reuveni, A.; McGarvey, B. R.; Ganguli, P'tliél, P.
Inorg. Chem 1981, 20, 204.

(13) Doan, P. E.; McGarvey, B. Rnorg. Chem 199Q 29, 874.

(14) Ozarowski, A.; Shunzhong, Y.; McGarvey, B. R.; Mislankar, A.;
Drake, J. Elnorg. Chem 1991, 30, 3167.

(15) Ozarowski, A.; McGarvey, B. Rnorg. Chem 1989 28, 2262.

(16) Ozarowski, A.; McGarvey, B. R.; Sarkar, A. B.; Drake, J.fiorg.
Chem 1988 27, 628.

(17) Lin, Y.-L.; Lang, S. A., JrJ. Heterocylic Chem1977, 14, 345.

(18) Sugiyarto, K. H.; Goodwin, H. AAust. J. Chem1988 41, 1645.

2.00 and have assumedandF to be zero.

To get reasonable estimates Bf and E we have used two
approaches. One is to simulate only the higher field region of the
spectrum where second order perturbation solutions to the spin
Hamiltonian are reasonably accurate. For this we used the SimFonia
program of Bruker Spectrospin, Inc. A visual confirmation of the fit
for fields above 4400 G was used in this case. An example is shown
in Figure 1 for Mi#* in [Fe(bpp}][CFsS0s)2H20. Values ofD = 685
G andE = 87 G were used in the simulation. A second method was
to identify four characteristic turning points in the spectrum and use
exact solutions of eq 1 for these points to determgneD, and E
assuming, a, andF to be zero. The four points are identified in Figure
1 by Roman numerals. | is the point associated with=M—5, — Ms
= —3, transition when the magnetic field is along thprincipal axis.

Il is the Ms = 3, — Mg = %, transition when the magnetic field is
along thex principal axis, while IV is the same transition when the
magnetic field is along the axis. lll is the My = =%/, — Mg = =1/,
transition along the principal axis. We have written a small computer
program that calculates a best fit for these four experimental points. In
Figure 1 the calculated values of I, II, lll, and IV differ from the
experimental valuesyb4 G orless forg = 2.003,D = 687 G, ande

= 93 G which are satisfactorily close to the values obtained from the
simulation. In general we found the two methods gave the s@me
values within +2 G while theE values using the turning points were
6—11 G higher than those obtained by simulation using the SimFonia
program.
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Figure 1. Powder ESR spectrum of Mhin [Fe(bpp}][CFsSOs]2* h S
Hz0 at 290.5 K. The turning points |, lll, and IV are associated with ‘ ‘ ‘ ‘
= -5, —> Ms= —3 = 3, — M.= -1, —3 - ; N
Ms fo > M f2: Ms f2— Ms f2and My = % —~ Ms 0 1000 2000 3000 4000 5000 6000 7000 8000

= 5/, transitions, respectively, when the magnetic field is alongzthe
principal axis of the zero field. Turning point Il is associated with the H/G

Mg =3, — Ms= 5, trar_lsition when the_ magnetic field is alorjg either Figure 2. Selected powder ESR spectra of Mnin [Fe(bpp)l-
the x or y principal axis of the zero field. The computer-simulated  |cF,50,],:H,0 at different temperatures as indicated. Sample temper-
spectrum above 4400 G is shown below. ature was slowly lowered from room temperature to the lowest

) ) temperature of 117.8 K, then raised to room temperature again.
Results and Discussion

1. Temperature-Dependence StudiesDue to the large
number of VT spectra obtained for both [Fe(bgf)Fs:SO;],-
H,O and [Fe(bpp)[BF4]2, we limit their presentations by W
selecting those obtained within the temperature range that covers.s’'
the spin-state transitions in the systems. They are shown in
Figures 2 and 4. |

In the case of [Fe(bppl[CF3SQOs]2*H20, numerical values .
of D and E for Mn?" in the system have been calculated for ! ik

some of the VT spectra obtained above theH&S transition
W’N\W
i (b)

and those obtained at 77 K using both the SimFonia program ., ., ... |
P == simulation

@

- simulation

and the method of the turning points. The results are given in
Table 1. The large difference in tivalues between the room
temperature spectrurs € 2) and that at 77 K§= 0) indicates
that the HS and LS states are in two distinct types of lattice.
The small increase in thB value as temperature decreases is
due to an overall contraction of the crystal lattice with decreasing
temperature 290-5150 K. This is also shown in the VT spectra
by the gradual shifting of the high-field features at turning points ™
I and Il toward higher fields with decreasing temperatures. These
features become unrecognizable and disappear completely at
temperatures below 134.5 K (see Figure 2); this is due to the
disappearance of the HS domains accompanying the spin
crossover in the temperature interval of 134132.5 K. The Lol S B N A BRI
HS — LS phase transformation is easily spotted in the more o 1000 2000 3000 4000 5000 6000 7000 8000
prominent spectral features in the regions of 600, 4000, and

4800 G. These features can be used as a measure of th%_ .
. igure 3. Powder ESR spectra of Mhin [Fe(b CF3S0y)2°H,0
formation of the LS phase of the complex. The reverse changeat%a) ro0m temperature f&‘f’: 2. (b) 77 Kfo[rs(=gpz§t[er Siov%lzoolizng’

from LS — HS occurs over the increasing temperature range ang (c) 77 K forS = 2 after rapid cooling. The computer-simulated
127.5-298.0 K; it is also accompanied by a reverse phase spectra above 4400 G are obtained using parameters from Table 1.
transformation in the lattice. As shown in Figure 2, the ESR

spectrum of MA" undergoes a change with the appearance of the HS phase. From 180 K until about 275 K the spectrum
features in the region of 600 and 6000 G at 174.8 K typical of changes little. There is a second change in the spectrum in the

(c)

H/ Gauss
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Figure 4. Selected powder ESR spectra of #rin [Fe(bpp}][BF4]2
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amount of each of the two crystal forms during the £SHS
transition is not possible due to the complicated nature of the
Mn2* spectra. This two stage LS HS conversion was
originally detected in the magnetic susceptibility measurements
of the complex by Buchen et dl.and the reported transition
temperatures are also given in Table 2. There is a difference of
13 K in the HS— LS transition temperature as determined by
ESR and that found by Buchen et al., but the reverse transition
temperatures are in good agreement except that the-tES
changes in the spectrum are seen over a much smaller temper-
ature interval of 6 and 10 K for the first and second stage
transition, respectively, in the ESR measurements relative to
the 40 and 50 K for the corresponding stages reported by Buchen
et all These discrepancies may simply be due to differences in
the final process of drying the samples. The presence of varying
amounts of water molecules within the crystal lattice may have
a profound effect on the spin crossover phenomenon. This has
been shown by Kiig et al. in their studies of the significance
of lattice water on the spin-state transition in [Fe(phg@)O4]-
5H,0.19

The powder spectra of Mn given in Figure 3 show the
results of the slow and rapid cooling of tiSe= 2 system at 77
K. The S = 0 system, as shown in Figure 3(b), can only be
obtained by a slow cooling process, and it is stable over time.
Visual observation has revealed a color change from yellow to
orange-brown indicating that the HS LS transition has also
occurred. Rapid cooling of th8= 2 system in liquid nitrogen
has produced no new features in the observed spectrum as shown
in Figure 3c, and the yellow color of the HS state of the complex
also remains unchanged. The spectral features are similar to

at different temperatures as indicated. Sample temperature was slowlythose observed for th = 2 system at room temperature as
lowered from room temperature to the lowest temperature of 150.3 K, shown in Figure 3a. As shown in Table 1, the small difference

then raised to room temperature again.

Table 1. Zero-Field Splitting Parameters of ¥thin
[Fe(bpp}][CFsSO;)2-HO at Different Temperatures above the HS
— LS Transitior

temperature/K g AIG D/IG E/G
290.5 2.0000 8% 1 685 (687) 87 (93)
2395 2.0000 8% 1 687 (688) 90 (102)
196.3 2.0000 8% 1 692 (694) 100 (110)
179.1 2.0000 8% 1 695 (698) 104 (114)
156.7 2.0000 8% 1 698 (701) 109 (120)
152.0 2.0000 8%1 700(704) 112 (122)
142.5 2.0000 8% 1 701 (704) 113 (125)
77(8=2) 2.0000 83t 1 706 (710) 128 (136)
77 (S=0) 2.0000 83t1 453 44
RT (S=2) 2.0000 83t 1 684 (686) 85 (93)

2 The values given in parentheses were obtained by using the metho

of the turning points.

Table 2. Observed HS~ LS Transition Temperatures:{T gives
Temperature Interval of Observed Change)

by ESR by other methods
compound T T T T
[Fe(bpp}][CFsSQOs]2*H0 134+ 1 177+ 3 147+ 3 1704+ 2¢°
(stage 1) (stage 1)
280+ 5 2854 25
(stage 2) (stage 2)
[Fe(bpp}|[BF4]2 165+ 2 173+2 170+ 5> 1804 5°
173+ 5¢ 183+ 5°¢

2 This work.” Buchen et al. (refs 1 and 3) Goodwin and Sugiyarto
(ref 2).

region 275-285 K resulting in the HS phase spectrum observed
originally. Table 2 summatrizes the observedH3.S transition

temperatures. The quantitative estimation of the fractional

in the D values of MA™ for the S = 2 system at room
temperature and 77 K suggests that the rapidly cooled complex
has a structure similar to that at room temperature. The crystal
structure of the rapidly cooled complex is also stable over time.
At higher temperatures above 77 K, the normal HSLS
transition occurs.

The VT spectra of [Fe(bpg][BF4]2, as shown in Figure 4,
show a gradual change of the spectral features for thé&"Mn
resonance during the spin-state transitions. The major features
in the regions 3200 and 4200 G indicate that the spin-state
transition occurs at 167-0164.0 K for the decreasing temper-
ature and 170.5174.8 K for the increasing temperature. As
shown in Table 2, the differences in the transition temperatures
found by ESR and those reported by Buchen étald Goodwin
et al? are small. The width of the hysteresis loaJ is 8 K in

dour ESR results and 10 K in the other studi@gain the small

discrepancies i\T and the transition temperatures could be
attributed to the slight differences in the drying process. Dhe
value of Mr#* in the S= 2 system at room temperature and 77
K are 635 and 665 G, respectively, and thaSir 0 at 77 K

is 855 G. These values are obtained by using the SimFonia
program. The much largé value for Mi#" in the S= 0 system

at 77 K suggests that there is also a phase change with the HS
— LS conversion. Visual observation shows a color change from
yellow to red-brown during the slow cooling of the complex at
77 K. Figure 5c¢ shows the result of the rapidly cooled complex
at liquid nitrogen temperature. The spectral features @nd
values are very similar to those observed at room temperature,
indicating that a change of the phase of the lattice has not
occurred. The yellow color of the complex also remains

(19) Konig, E.; Schnakig, R.; Ritter, G.; Irler, W.; Kanellakopulos, B.;
Powietzka, B.Inorg. Chim. Actal979 35, 239.
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Figure 6. Kinetics of the HS— LS phase transformation in [Fe(bpl)
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P [CFsSO;)2:H,0 at temperatures as indicated. The HS phase was

obtained by rapidly cooling the sample in liquid nitrogen. Solid lines
are fitted curves using = 1 — expkt)". At 104 K, k = 0.0095 anch

= 1.68; 108 K,k = 0.027 anch = 1.54; 113 K,k = 0.0504 anch =
2.52; 118 K,k = 0.1118 anch = 1.94.

Figure 5. Powder ESR spectra of Mhin [Fe(bpp)][BF4]. at (a) room
temperature fos = 2,(b) 77 K forS = 0 after slow cooling, and (c)
77 K for S= 2 after rapid cooling.

unchanged during the rapid cooling process, indicating, also,
that the HS state has been trapped at low temperature for the
complex. The phase and spin state of the rapidly cooled complex %
is stable over time as long as the temperature remains at 77 K,
but at higher temperatures the usual H+9_S phase transfor-
mation begins to set in. The change of the more prominent
spectral features at about 600, 1600, and 4200 G as observed
in the VT-measurements of the complex may be used to provide
a qualitative measure of the formation of the LS phase of the
complex.

2. Rate of HS— LS Phase Transformation. The kinetics
experiments for [Fe(bpg][CF3SOs)2-H20 were done at the
same temperatures of 104, 108, 113, and 118 K as reported by
Buchen et al. during their kinetics studies of the HS LS
transition. In the case of [Fe(bpfiBF4]2, they were done at
100, 103, and 105 K. In each case at a fixed temperature, the
spectra show a continuous phase transformation of the system
during the HS— LS transition. The gradual disappearance of
the HS phase was quantitatively determined by following the
changes of the Mit spectral feature in the region of 600 G.
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Figure 7. Kinetics of the HS— LS phase transformation in [Fe(bpp)
[BF4]2 at temperatures as indicated. The HS phase was obtained by
rapidly cooling the sample in liquid nitrogen. Solid lines are fitted curves

The Mr#+ spectrum obtained after a long time was subtracted usingy = 1 — expt)". At 100 K, k = 0.0077 anch = 1.68; 103 K,
from each of those obtained at different times to determine the k = 0.0222 anch = 1.46; 105 K,k = 0.0329 anch = 1.41.

intensity [(t) — I(t ~ ©)]. The results are given in Figures 6
and 7 for [Fe(bpp)[CFsSGs]2HO and [Fe(bpp)[BF4l2,

Figure 7, show that the HS phase reaches a minimum in about

respectively. It can be clearly seen in Figure 6 that the HS phase260 min at 100 K, 110 minutes at 103 K, and 100 minutes at
of [Fe(bpp}][CF3SO;]2-H20 reaches a minimum in about 160 105 K. The kinetics results reported by Buchen et al. show that
min at 104 K, 80 min at 108 K, 35 min at 113 K, and 20 min the time required for the HS state to decay to a minimum during
at 118 K, which are comparable to the time scales in the Buchenthe HS— LS transition is about 167 min at 100 K, indicating

et al. results during their kinetic studies of the HS LS
transition over the same temperature rah@be important result
of the present study is that the HS LS phase transformation
follows a curve very similar to that for the HS LS transition
in the system. The results for [Fe(bpjBF4]2, as given in

that the overall rate of the HS- LS phase transformation in
[Fe(bpp}][BF4]2 is slower than the spin-state transition in the
system? However, the time required for the initial 20% HS

LS conversion is about 67 min which is comparable to the 65
min observed in the ESR result for the same amount ofHS
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Figure 8. Powder ESR spectra of Mhin [Fe(bpp}][CFzSOs]2:H0

at 77 K after various treatments. (a) Spectrum of a sample slowly cooled
to 77 K, spin stateS = 0. (b) Spectrum ofS = 0 sample, (a), after
irradiation by Ar-laser for 20 min. (c) Spectrum of sample shown in
(b) after an additional irradiation by Kr-laser for 20 min. (d) Spectrum
of S= 0 sample, (a), after irradiation by Kr-laser for 90 min. (e)
Spectrum of a sample rapidly cooled to 77 K, spin state 2. (f)

Figure 9. Powder ESR spectra of Mhin [Fe(bpp}][ BF4]. at 77 K
after various treatments. (a) Spectrum of a sample slowly cooled to
77 K, spin stateS = 0. (b) Spectrum ofS = 0 sample, (a), after
irradiation by Ar-laser for 12 min. (c) Spectrum of sample shown in
(b) after an additional irradiation by Kr-laser for 11 min. (d) Spec-
trum of S= 0 sample, (a), after irradiation by Kr-laser for 30 min.

Spectrum ofS = 2 sample, (e), after irradiation by Kr-laser for 20

min (e) Spectrum of a sample rapidly cooled to 77 K, spin stte 2.

(f) Spectrum ofS = 2 sample, (e), after irradiation by Kr-laser for

20 min.

LS phase transformation. This suggests that both processes haveo

a similar .initial rate of change; the slowing dqwn of the. Iatte_r has produced no change in the Mrspectrum in the LS phase
process is probably caused by a decrease in nucleation siteg¢ complex. However, visual observation detects a color change
and a decrease in the growth rate as the reaction progresses.fom orange-brown to yellow for [Fe(bp)CFsSOs»-H-0, red-

We attempted to obtain useful information on the rate and prown to yellow for [Fe(bpp)[BF 4., indicating that the LS~
mechanism of the transformation process in the present systemsyg transition has occurred. The subsequent irradiation of the
using the Avrami's equatioff, 22y = 1 — exp(kt)" which is same system using the Kr-laser has produced neither a color
c_omr_nonly employed by physicists ar_1d metallurgists t_o fit the change nor phase change. As shown in Figures 8(c) and 9(c),
kinetics of phase change, by assuming<ly) as the disap- 5| the spectral features of Mhin the system remain practically
pearance of HS phase,is the time, andk and n are fitted the same as those observed for the corresporfting system.
constants at a fixed temperature. The results for [Febpp)  The unchanged yellow color, in both cases, indicates the reverse
[CFsSQ;]2-H20 and [Fe(bppl[BF4]2 as given in Figures 6 and S — LS transition has not occurred. Figures 8(d) and 9(d)
7, respectively, appear to be unsatisfactory and in both casesg, o the results after irradiating te= 0 system at 77 K using
the goodness of the statistical fit deteriorates with decreasingthe Kr-laser only, the M spectrum also remains identical to
temperatures. A more elaborate theoretical study of the trans-gy -t in the LS phase, but this time the color of the complex
formation process appears necessary in order to better ”nderbhanges from orange-’brown to yellow for [Fe(biiF2SOs]2
stand the_ m_echanlsn_w of the process. H,O and red-brown to yellow for [Fe(bpg)BF 4]2, which again

3. Irradiation Experiments. Both [Fe(bppl[CF3SCi]2-H20 is indicative of the LS— HS transition. It appears that the lattice
for the HS state created by irradiation of the LS state is identical
irradiation experiments using the same procedure, the rEESUItSto that of the LS state. Additional evidence is also seen in the
are given in Figures 8 and 9, respectively. Figures 8(a) and 9(a) result given in Figures 8f and 9f after tig= 2 system at 77
show the resuit after the sample of the r_espgctive complex haSK has been irradiated with the Kr-laser. The Mrspectrum in
beep slqwly cooled to 77 K. As shown in Flgures 8b and 9b, the HS phase of the complex is practically identical to that given
the irradiation of theS = 0 system at 77 K using the Ar-laser in Figures 8e and 9e, also no color change is observed. The
important result of these experiments is that the LIESST effect
observed at these temperatures does not involve the phase
transformation observed in the thermal spin crossover. Further

(20) Avrami, M.;J. Chem. Physl939 7, 1103.
(21) Avrami, M.;J. Chem. Physl94Q 8, 212.
(22) Avrami, M.;J. Chem. Physl1941, 9, 177.
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no reverse LIESST effect has been observed for HS state inby rapid cooling. Therefore the rate for HS LS change is
either the LS or HS phase. rapid in the LS crystalline phase and very slow in the HS crys-
talline phase. Thus a phase change must occur before the HS
— LS change takes place. This confirms the conclusions of
The use of MA" ion as an ESR probe to study the spin Buchen et al. that the rates they measured were controlled by
crossover in powder samples of [Fe(bgfFsSOs].-H20 and the rate of a phase chany@The fact that there is no change
[Fe(bpp)][BF 4> has provided new information on the nature in the ESR spectrum upon irradiation shows that the-+ 8IS
of spin-state transition and phase transformation in these change caused by the LIESST effect at 77 K has no crystalline
systems. We have shown that the magnitude® é6r Mn2+ phase change. Thus we have a HS state trapped in a LS crys-
ion are very different in the HS and LS phase for both systems. talline phase unlike the rapid cooling method which produces
The large change i during HS<> LS crossover shows a & HS state in a HS crystalline lattice. This explains why the
crystal phase change accompanies thermal spin change for bottiate of HS— LS change is different in the two situations.
systems. The appearance of both HS and LS spectra during spin

change indicates a domain mechanism for phase change with Acknowledgment. We acknowledge the financial support
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