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The temperature- and pressure-driven solid state valence tautomeric transformatiod§3p6PIB SQ)(phen)}CeHs-

CH) and nonsolvated [(!¢3,5DTBSQ)(phen)] have been studied by EXAFS and XANES. When the toluene
solvate sample is cooled it converts in the 2205 K region T, = 240 K) from a high-spin Cbcomplex at
higher-temperatues to a low-spin C@omplex at temperatures below215 K. EXAFS data indicate that the
HS-Cd' tautomer has bond lengths of €& = 2.08 + 0.02 A and Ce-N = 2.13 + 0.02 A, whereas the
LS-Cd" tautomeric complex is smaller with €® = 1.91+ 0.02 A and Ce-N = 1.93+ 0.02 A. The XANES

spectra obtained in the 2#@15 K interconversion region were simulated to obtain a plot of the fraction of
HS-Cd' complexesn(HS-Cd'), vs temperature. This plot of vs T agrees with that obtained from magnetic
susceptibility data for the toluene solvate. In the XANES spectral region transitions characteristic of either a
HS-Cd' or a LS-Cd' complex could also be used to monitor the valence tautomeric conversion. The nonsolvated
phen complex does not convert at low temperatures (2 K) to a L'S4@atomer. However, both complexes

could be driven from the larger HS-€form to the smaller LS-Cb form upon application of pressure. EXAFS

and XANES data readily detected these changes. For the toluene solvate, this conversion occurred within the
0.075-0.700 GPa range with a midpoint Bff = 0.370 GPa. The nonsolvated complex required higher pressures

of 0.10-2.5 GPa withPt = 1.1 GPa. These are the first reported examples of valence tautomeric transformations
driven by pressure. Both the thermally driven and pressure-driven valence tautomeric transformations are found
to be reversible.

Introduction bipyridine and SQ and CAT?~ refer, respectively, to the singly
and doubly reduced forms of amquinone ligand. The two
tautomers are related both by intramolecular electron transfer
between a catecholate ligand and the cobalt ion and a spin
change at the cobalt center. Since this conversion tagh-
spin Co' (HS-Cd') to low-spin Co" (LS-Cd") tautomers is
accompanied by a shortening of the metfaand bond
lengths and hence the molecular and crystal unit-cell vol-
umes, pressure may also act as an external perturbation. The
system is thermodynamically governed by the relationsb@ (

. I —~ T, hw, P O0P)r = V. Thus, at a certain critical pressure the LS!Co
low-spin [Cd (SQICAT)(N N)] tautomer may become thermodynamically stabilized relative to

high-spin [C&(SQ)Z(NAN)] 1) the HS-C4 form. Although pressure induced spin-crossover

_ has been studied in ¢é°and Fd1°~22complexes, no such

where N N refers to a chelating diiminium ligand such as'2,2  study has been performed on a complex involving intramolecular
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Cobalt complexes with two-quinone derived ligands have
been shown to undergo a thermally driven valence tautomeric
interconversiorf-* Recently, we have shown that the same
valence tautomerism can also be photoinduced in solution as
well as in polymer fiim$ The large changes in optical and
magnetic properties which accompany this interconversion make
these complexes candidates for molecular switching defices.
The valence tautomeric interconversion is depicted in eq 1,
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spin Cd tautomer down to 2 K. In this study the thermal and 0.4
pressure induced valence tautomeric interconversion is moni-
tored by observing changes in the structures of the X-ray
absorption spectrum.

Experimental Section

k[x (k)]

Syntheses. The compounds were prepared as previously descfibed.
All samples gave good elemental analyses.

High-Pressure Cell. A Block-and-Piermarini diamond-anvil céll
was used to generate the high pressures. Silicone oil was used as the
pressure transmitting medium. To measure the pressure a small ruby :
chip was added to the samples. Pressure measurements were performed 0.4 P . | . )
by following the shift of theR; transition (at 694.2 nm under ) 4 6 8 10 12
atmospheric pressure) excited by the 488 nm line of an air-cooled argon Kk / A!
laser following the relatio® = A1/3.65 GPa. Further details of the .
experimental setup and conditions have been presented elséwhere. H9uré 1. Co K-edge EXAFS spectra k)] for complexA atT =

Recording of XANES Spectra. X-ray absorption experiments were Tamo (- - -) and T= 200 K ().
carried out on two dispersive mode EXAFS stations at LURE (Paris- T T T T
Sud University). Variable temperature spectra were recorded at the
conventional EXAFS Il station which is equipped with a Si 311 double
crystals monochromator and ionization gas chambers and used in the
step by step mod#. The EXAFS spectra were recorded with 2 eV
steps in a 1000 eV energy range. The XANES spectra were recorded
with 0.25 eV steps in a 150 eV energy range. The deep hole energy
width at this energy isc1 eV, and the experimental resolution is also
~1 eV. The XANES recording mode ensures a reproducibility better
than 0.25 eV. The variable pressure spectra were recorded at the
dispersive mode EXAFS statiéh. The detector position was optimized
at the monochromatic focus point to achieve a resolutidreV. The
DCI storage ring was operated at 1.85 GeV with a typical current of
300 mA. For the variable pressure measurements, owing to the strong 0
absorption of diamonds and to the limited thickness of the samples, A
the data collection time was 6 s. In order to increase the statistics, 32 R/A
Figure 2. Modulus of the Fourier Transform in the R spaceTat

(5) Adams, D. M.; Li, B.; Simon, J. D.; Hendrickson, D. Nngew. Chem Tamb (- - -) and T= 200 K (—) for complexA.
1995 34, 1481.
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©) \(]a_) ?aausgs&gcﬁgzéf%%;im??g 2(2)2|_1|Zgh(t;\)l thr:/v(gn ngerT, ~ spectra were added for each pressure. Further details of the experi-
. s v. . y . , N. S, VAT K :
Balskgy, G B Reimers. J. A Am. Chem. 504990 112 4192, mental setup have been described previotsly.
(7) Roux, C.; Zarembowitch, J.; Itie, J. P.; Verdaguer, M.; Dartyge, E.;
Fontaine, A.; Tolentino, Hinorg. Chem 1991, 30, 3174. Results
(8) Salloni, L.; Ferraro, J. Rnorg. Chim. Acta1974 9, 49.
(9) Stephens, D. R.; Drickamer, H. G. Chem. Phys1961, 35, 429. For complexA, the Co K-edge EXAFS spectriy (K)] vs k,
82; E'Sher, D. g-;gr'%'(?fﬂeﬂ H. al- ghecnﬂ- Phyl-asrl]g;fg% 3323?471 obtained in variable temperature experiments under atmospheric
argeron, C. B.; Drickamer, H. G. Chem. / , . ; _
(12) Ferrgaro, J. R.; Takemoto, Appl. SpectrosleYZ 28, 66. pressure I?afm) f'_'om amb'e_nt tempe,raturé—f{mt) toT=200K
(13) Butcher, R. J.; Ferraro, J. R.; Sinn,|Borg. Chem 1976 15, 2077. are shown in Figure 1. Figure 2 gives the modulus part of the

(14) Haller, K. J.; Johnson, P. L.; Feltham, R. D.; Enemark, J. H.; Ferraro, corresponding Fourier transforms aéR) = fk3(Kw(K) dk

(15) JL'oEQ; e ackor W Ptehmson_Es b, Chem. Ser1981, whereaw(k) is the Kaiser window function used {s 2.5), in

194 453. theR space all = TampandT = 200 K. The 200K FT spectra
(16) Adams, D. M.; Long, G. J.; Williams, A. Onorg. Chem 1982 21, show an envelope similar to the oneTat= Ty, i.€., Only a
1049. single peak; however, the oscillations are displaced to lower
17) Pebler, Jinorg. Chem 1983 22, 4125. . ) )
518§ Usha, S.: Sriﬁivasan‘ R.; Rao, C. N.Ghem. Phys1985 100, 447. distances, and the Debye-Waller facto) bas decreased.
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(20) McCusker, J. K.; Zvagulis, M.; Drickamer, H. G.; Hendrickson, D.  peen fit. At each temperature the parameters are the Bebye
N. Inorg. Chem 1989 28, 1380. Waller he ionizati h ak i d
(21) Kehler, C. P.; Jakobi, R.; Meissner, E.; Wiehl, L.; Spiering, H:1l&h, aller factor ¢), the ionization energy(), the metat-ligan
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(22) (a) Kanig, E; Ritter, G.; Kulshreshtha, S. K.; Waigel, J.; Goodwin, path of the electroi(k) by the formulai(k) = (kIT') + (/k)*,

H. A. Inorg. Chem1984 23, 1896. (b) Kmig, E.; Ritter, G.; Waigel, ; — i i ; ; ;
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(23) Le Toullec, J. P.; Pinceaux, J. P.; LoubeyreHigh Pressure Res we have constrained the number of fitted parameters to the
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(24) (a) Dubuisson, J. M.; Dauvergne, J. M.; Depautex, C.; Vachette, P.; 0 ; i
Williams, C. Nugl, Instrum. Methodd988 A246 636. (b) Goulon, andE? for the two subshells (_)f the first shell of nelghbqrs for
J: Lemonnier. M.: Cortes. R.: Retournard. A.- Raoux. Mucl. each complex and the experimental results were fit using Teo

Instrum. Method983 208, 6325. (c) Prieto, C.; Briois, V.; Parent, ~ and Lee paramete?8S with a distribution of neighbors equal

Z-: \\flllegn, F.; L':\a/lgéardehP.t; De)épedr_tv tH-? FOléfgan, B '\glﬁhalowmz. to 40 and 2N and witlR values close to the crystallographic
., veraaguer, M.syncnrotron Radiation an ynamic enomena . . :

Grenoble 1991 Conference Proceedings N 258; American Institute Qnesz' Th,e quantlta_tlve _anaIyS|s of th? EXAFS dat_a for the

of Physics: New York, 1992; p 621. first shell is summarized in Table 1. This table also gives some

(25) ((:a) TOIllemino'ggé; ZDartyge(,bl)E.; Flontaine, A, Touéi”f)n’ GJJAppl. structural and magnetic data which are described below. The

rystallogr. 1 1, 15. Tolentino, H.; Baudelet, F.; Dartyge, ; ; i

E.; Fontaine, A.; Lena, A.; Tourillon, G. Nucl. Instrum. Methods second shell Of. nelghbor§ In.CIUdes essentla”y the carbon

Phys. Res199Q A289 307. (c) Teo, B.-K.; Lee, P. Al. Am. Chem. skeleton of the ligands which is more or less separated from

Soc.1979 101, 2815. the first shell. We did not attempt to analyze the second shell.
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Table 1. Best Fit Parameters for the First Shell of'Qgeighbors
in [C0"(3,5DTBSQ)(phen)}(CsHsCHs) (ComplexA)

parameters T=Tamb T=200K

First Subshell
R, A 2.13(2.14) 1.93(1.93)
o1, A 0.12 0.08
no. and postulated nature of neighbors 2N 2N

Second Subshell
Ra, A 2.08 (2.0%) 1.91(1.89)
02, A 0.09 0.06
no. and postulated nature of neighbors 40 40

E°, eV 7708.5 7708.0 0.0 |_|' i ! 1 ! 1

5 (7)'?(1]?05 71;(1;4_'04 7700 7725 7750 7775 7800 7825

Ueft, UB® 5.13 1.72 Energy / eV

aThe fitting parameters are as follows: €oitrogen distancesy); 0.06 ; . | '
Co—oxygen Ry) distances; DebyeWaller factor,oi; ionization energy, _
E°; and the constart used to define the free mean path of the electron, S
A =K. The agreement facteris Z[yexg(K) — xca(K)]2 ® These bond
lengths were determined with X-ray diffraction dat&ffective
magnetic moment determined by magnetic susceptibility measurements.

Normalized absorbance

0.04

No significant signal is present at a distance larger than 3 A; in
particular, no heavy atom contributions are observed, in
agreement with the crystallographic data.

That oxygen has a greater affinity than nitrogen for th¢ Co
ion is evidenced in the distances given by the X-ray diffraction
data? The EXAFS analysis leads to the same conclusion since 0o B | ! !
the HS-C4 tautomer observed at ambient temperature Rnd 7706 7708 7710 7712
= Pam Was found to have two different metdigand bond Energy / eV
distances, 2.08& 0.02 and 2.13+ 0.02 A, attributed to four Figure 3. Near edge spectra of compléxat T = Tamp (—), T = 252
Co—0 bonds and two CeN bonds, respectively. At 200 K K (—-—). T=242K (---) and T= 200 K (— - - - —) (a) in the full
there is a complete conversion to the LS!Ctautomer as  energy range and (b) in the preedge range. For clarity, the spectrum at
evidenced by magnetic susceptibility measuremenis. this T =252 K in the all XANES range is omitted.
temperature two different distances that are shorter than the | | | [
previous ones were detected, 1.210.02 A (Co-O bonds)
and 1.93+ 0.02 A (Co-N bonds).

A selection of the variable-temperature XANES spectra for
complexA atP = Pnis given in Figure 3. Figure 4 presents
selected XANES spectra of compléx obtained in a vari-
able pressure experiment Bit= Tamp The pure HS-Cb and
LS-Cd" spectra determined witR = Py at eitherT = Tamp
or T = 200 K, respectively, (see Figure 3) show a close
similarity to the corresponding spectra obtainedPat Py
andP = 1.5 GPa (see Figure 4). Thus, the high-pressure cell
does not affect the absorption curve and the LY'Gorm
induced either by low temperature or by a high pressure have 0.0 : : :
similar molecular structures. 7700 7725 7780 7775 7800 7825

In the XANES range for compleXA the main features Energy / eV
characteristic of the HS-Gospectra are a strong slightly  Figure 4. Selected near edge spectra obtained for comftlaxroom
asymmetrical absorption at 7724.9 eV and two weak poorly temperature under pressuresRt= Pam (7), P = 0.37 GPa (- --),
resolved bands at 7708.2 and 7709.5 eV. The main spectral®"dP = 1.5 GPat-—).
characteristics of the LS-Cbform are a strong absorption at : ) LAl )
7729.0 0 an  sinle weak wel defined abecpton at7709.9 YA 18 Sl o e pure S and LG et
O s ehlion eneties are ute Sharaclerle 197 45-C), at each temperature o pressure by comparing he
Co' and Cd' complexes show similar transition energiés. e_xpenmental spectra with those calculated as a linear combina-

. ; tion of the spectra of the HS-Caand LS-Cd' forms? The

Finally, se]ected spectra recordeq at different pressures forgood agreement obtained between experimental and simulated

complexB with T = Tamp are shown in Figure 5. It should be spectra is illustrated in Figure 6. Figure 7 shows the plot of

0.02

Normalized absorbance

1.5

0.5

Normalized absorbance

noted that t_he spectra of this compoundPat: Parm andP = n(HS-Cd') as a function of temperature. The variable pressure
2.6 GPa withT = Tam have the san?e general shape as the experiments for both complexes A and B were performed first
speira for the pure HS-@(anq LS-C4' forms of complexA. at increasing B!) and then decreasing pressurés)( The

At P = 2.6 GPa the conversion appears complete. change of n(HS-CbY as a function of increasing and decreasing

(26) Briois, V.; Cartier, C.; Momenteau, M.; Maillaro, P.; Zarembowitch, pressures IS. presented in Figure 8 for both compounds. The
J.; Fontaine, A.; Tourillon, G.; Thuery. P.; Verdaguer, 81.Chim. characteristic temperature and pressure values related to both
Phys.1989 86, 1623. compounds are collected in Table 2, wh&kgse} andTend are
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Figure 5. Selected near edge spectra obtained for comBlakroom
temperature under pressuresPf= Pym (—), P = 1.00 GPa (- - -),
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Figure 6. Comparison of the experimental spectrum for complex
atT = 238 K (---) with the spectrum simulated for n(HS-o= 0.35
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Figure 7. Plots of the HS-Cb fraction n(HS-Cd') as a function of
temperature for compleX, determined by decreasing the temperature
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of a sample maintained at atmospheric pressure.
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Figure 8. Plots of the HS-Cb fraction n(HS-Cd') as a function of
pressure for compleA (a) and complexB (b) at room temperature
and increasing®) and decreasingd) pressure.

Table 2. Characteristic Temperatures and Pressui@sthe
Valence-Tautomeric Transitions in [(@,5DTBSQ)(phen)}
CsHsCH; (ComplexA) and [Cd/(3,5DTBSQ)(phen)] (ComplexB)

compoundA compoundB
Tonset, K 270 (260 c
Tend, K 215 (220% c
T, K 240 (238)
Ponse!, GPa 0.075 0.1
Pend, GPa 0.700 25
P4, GPa 0.370 11

aSee the text for a definition of the different temperatures and
pressures? Values determined by magnetic susceptibility measure-
ments.c Complex B does not exhibit a thermally-induced valence-
tautomeric transition.

Discussion

The above results clearly indicate that X-ray absorption
spectroscopy is a sensitive technique to follow temperature or
pressure induced valence tautomeric interconversions. This
discussion concerns the interpretation of the edge structure as
well as an analysis of the temperature and pressure changes on
the X-ray absorption results.

(a) Interpretation of Edge Structures. In the XANES
range, a one-electron description of the edge based on electric
dipolar transitions only is unable to interpret all the features of
the spectrum due to multielectron phenomena; however sim-
ple symmetry rules allow one to understand the main charac-

the temperature that correspond to the onset of and the end oferistic transitiond’ The K-edge structures originate from

the HS-Cd to LS-Cd" conversion during the first decrease of
the temperaturePonse! and Pend upon the first application of
pressure, and and Pt stand for the temperature and the
pressure whem(HS-Cd') = n(LS-Cd") = 0.5. Table 2 also
gives Tonset, Tend, and Ted for complexA as determinedby

magnetic susceptibility data.

transitions of the 1s core level of the metal to excited vacant
states of proper symmetry involving metal orbitals. It is useful
to a first approximation to consider the transitions as quasi-
atomic. In atomic spectroscopy, with a electric dipolar operator,

(27) Cartier, P.; Verdaguer, M. Chim Phys.1989 86, 1607.
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Chart 1. Simplified Electronic Structures of the HS-Co (1s¥(...)(3d MO 59)5(3d MO %*)2 —
and LS-Cd' Forms of Compound# and B2 (1€)1(./)(3d MO t 9)6(3d MO 64)?
5 €y

HS-Cc»I ! form LS-CoIII form

Eneroy (1sY(...)(3d MO t,)%3d MO g*)* —
4p* r 5 3
- vacant P (1s)1(../)(3d MO t,9)°(3d MO ey*)
p* M.O.
The prime sign means that the excited state of the molecular
= g’ levels are relaxed in the core hole. In the edge area, the strong
N ) white-line band at 7724.9 eV is assigned to the symmetry-
9 P allowed transition

N d M.O. 12
H- H —|° T R )(3d MOJ4p MOP —

(18)(..))(3d MO)(4p MO)*

1s ] _ At higher energies, the weak shoulderat730 eV may be
;’:j,‘l"ge" 1s associated with a multiple-scattering process, whereas the
features at 7750 eV are clearly single scattering EXAFS
ground state StI’UCtLIJI‘e_S. . .
(15)2(.)(3d MO)7(4p* MO)O (15)2(..)3d MO )B(ap* MO)0 A similar interpretation of the 200K XANES spectrum of
the LS-Cd' tautomeric state of compleR is possible (see
d levels Figure 3). In the preedge region, a single absorption at 7709.9

(3d MO t24)3(3d MO eg*)? (3d MO t24)5(3d MO eg*)?

eV is observed with a higher intensity and may be assigned to
the following dipolar-forbidden and quadrupolar-allowed transi-
tion:

(a) the energies of the electronic levels are not at scale

the selection rule with respect to angular momentumlis=

+1. Thus, the XANES spectrum can be assigned as having (1s¥(...)(3d MO tzg)6(3d MO %*)0—»
the following components: (1) The preedge features are assigned 1, 6 1
to transitions of the 1s electroh € 0) to metal d-levelsl(= (1s)°(..")(3d MO t2g) (3d MO eg*)

2). These are formally dipolar forbiddenil( = 2) and For metallic complexes the Fermi golden rule implies that

quadrupolar allowed and are usually weak in intensity with - ; .
respect to the edge. (2) The edge structures are assigned t(t)he density of vacant states N(E) plays an important part in the

allowed transitions involving the 1s core levels< 0) to va- intensity of the preedge even in the case where the transition is
; ving dipolar forbidder?’” In the LS-Cd' complex, the 1s—~ MO’
cant metal p-orbitals|(= 1). In the case of molecular

tog transition is no longer observed since thg levels are
complexes, the symmetry can be lowered by the presence of 29 g hg

ligand d dd level . v f fully occupied. On the other hand, the intensity of the-ts
'gands and p an evels can mix (ify symmetry, for MO’ eg* transition is higher in the LS-Cb form than in the
example). In the present case the cobalt center is clo§g to HS-Cd' form because thegelevels are empty in the LS-Cl
symmetry and the above rules apply fairly well. (3) Finally,

. ) 2»form and singly occupied in the HS-Cdorm. In the edge
the higher energy XANES features are assigned to multiple ,.o he intense absorption at 7729.4 eV is assigned to the
scattering and/or multi-electronic excitations which merge into following transition:

the EXAFS range.

The simplified electronic structures of the HS!Cand (13)2(_,_)(3(1 MO 59)6(49 MO)°—>
LS-Cd" forms of the complex are schematized in Chart 1. The 1, 6 1
quasi-octahedral geometry of the coordination implies the (18)°(.)(3d MOtZQ) (4p MO)
degeneracy of the 4p* ang*eantibonding levels. Upon passing
from the HS-C8 to LS-Cd" form, the 3¢ and the 3g—
orbitals become vacant. The bond length shortening associate
with the valence tautomeric interconversion reflects changes in
all the metat-ligand bonds. The geometry of the coordination
core remains quasi-octahedral and the 4p* and 3d levels are
expected to be destabilized without splitting. On the other hand, exhibiting a thermally-induced spin transition in which the

during the HS-Cbto LS-Cd" conversion, the metal oxidation  shortening of the mean metaligand distances is of the same
state increases, and this leads to a decrease in the screeningyer of magnitude, i.e. 0.18.24 A. Furthermore, the decrease
effect, stabilizing the occupied orbitals, in particular the 1s . \vhite-line intensity in the LS-Cb form may be accounted

orbital. The same reasoning leads to the conclusion that theor py the shorter metalligand distances which enhance the
weight of the metal 4p atomic orbitals in the vacant antibonding ixtyre of ligand orbitals in the MO4p*, reduce the participa-

With respect to the HS-Cloform, this transition is shifted
y 4.5 eV to higher energies. This is caused by the shortening
f the metat-ligand distances and by the increase in oxidation
state. This important shift can be attributed to a simultaneous
conversion of the spin and oxidation state, In fact, we observed
only a shift of 2 eV in the case of an Fectahedral complex

molecular orbital decreases with the HSIC LS-Cd'  ion of the metal orbitals in the wave function, and ultimately
conversion, because of a larger participation of ligand orbitals eaq to a weaker intensity for the corresponding absorption. This
due to shorter distances. band is much more symmetrical and intenkgy(= 1.7) than

The room temperature XANES spectrum, Figure 3, of the the band encountered in £oomplexes exhibiting only a spin
HS-Cd' form of complexA is characteristic of weakly distorted  transition by temperature or pressure variation. In the case of
octahedrahigh-spinCd' complexe$® In the preedge area, two  octahedral compounds having the general formula [Giséxt
low-intensity features are seen at 7708.2 and 7709.5 eV thaten)L;], where HfsaeR~ is the phenolic dianion of the 2:1
correspond, respectively, to the following dipolar-forbidden and condensation of 3-carboxysalicylaldehyde with 1,2-diaminoet-
guadrupolar-allowed transition©f symmetry): hane and L is an axial ligand such as water, pyridine, tar-
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n(HS-Cd'), as a function of temperature. The data obtained

H
HS-Col from an analysis of the XANES spectra are plotted together
with those evaluated from magnetic susceptibility datéhe
T AL " two results are nearly identical and confirm that XANES data
L R :zz:'l'l' accurately track the valence tautomeric interconversion.
o . A From the EXAFS data, the contractiokR of the mean
5 LS-Coll coordination distance for the complete conversion from

HS-Cd' to LS-Cd" is found to be 0.18 A, which is close to the
one determine® in the single-crystal structural work, 0.205 A.

N

4G=0 4G=0 This value is larger than thAR contraction (0.09-0.12 A)
generally observed in cobalt(ll) complexes exhibiting only a
: ! thermally-induced spin change without a change of oxidation
oot P state?®2® The order of magnitude is the same as the bond-
Temperature —  p Pressure —s length contraction seen for iron(ll) spin-crossover compléXes.

atm

) o o ) o (c) Pressure-Induced Valence Tautomeric Interconver-
Figure 9. Qualitative thermodynamic diagram showing the variation gjons. The application of increasing pressure affects the

of enthalpyH and Gibbs free energg for the LS-Cd' and HS-Cé . . _
tautomeric complexes as a function of temperature and pressure. _enthalplc energy Separatlon between valence tautomers accord
ing to the relationship

butylpyridine, two white-line absorptions are observed at _ _ _

7734 eV (max~ 1.25) and a weaker shoulder at 7724 eV in the AH=Husco ~ Hisca =AU+ PAV 2)
LS-Cd' form.” This previous result was explained as attribut-
able to the splitting of the 4p* levels due to the reduced
equatorial metatligand bond distances. In the present case,

the quasi-symmetrical absorption shows that all the metal ligand (Vs.cd — Vis.cd!), whereAV is the volume difference of the

distancgs are similarly reduced during the conversion. crystal in the HS-Cb and LS-C4' tautomeric forms. The
The interpretations of the data for the HSIQuhen)(3,5-  guantityPAV is positive since the HS-Caunit-cell volume is
DTBSQ) nonsolvated compleB are the same as those for the greater than the LS-Cbunit-cell volume. Figure 9 displays a
HS-Cd' form of complexA. qualitative thermodynamic diagram showing the variatioGof
(b) Thermally Driven Valence Tautomeric Interconver- and H with pressure. Sine&H becomes larger with increasing
sions. In analogy to the extensively studiéigh-spinto low- pressureAG will change sign at a critical pressuPe. At high
spin spin-crossover phenomenon observed for iron and cobaltenough pressure the Gibbs free energy of the LY-@om is
complexes, the interconversion between valence tautomers ijower and its population increases with increasing pressure.
an entropy driven process. At low temperatures thé' Co ComplexA is known to exhibit a thermally driven valence
tautomer has a$ = '/, ground state (low-spin Cbd°® with tautomeric conversion in the solid state, and the pressure-induced
oneS = %, SQ" radical), whereas at higher temperatures the transition takes place at a relatively low pressupg £ 0.37
Co' tautomer (high-spin CbS = 3/, with two S = 1/, SQ" GPa; see Table 2), being complete by 0.7 GPa. On the other
radicals) has on& = °/, state, oneS = Y/, state, and tw@ = hand, in the case of compldx that remains HS-Cbdown to
%> states thermally populated due to weak magnetic exchange2.0 K, a much higher pressure is required to convert half of the
interactions. There is an electronic entropy gain associated withHS-Cd' molecules to LS-C¥ molecules. The conversion is
the Cd'-to-Cd' conversion. As well, there is vibrational complete at the much higher pressure of 2.5 GPa. For both
entropy gain due to the higher density of vibrational states in compounds the pressure induced transition is found to be
the HS-Cd form. Thus, the thermal population of tautomeric  completely reversible. Figure 8 shows that the results of
states is dictated by the Gibbs free energy differera®,= increasing and decreasing pressure are nearly indentical. In
AH — TAS A qualitative thermodynamic diagram showing these two compounds, the application of hydrostatic pressure
the variation ofG andH with temperature is presented in Figure  does not produce crystal imperfections that modify the coop-
9. In compounds that display a thermally driven valence erativity of the phenomenon. Thus, application of pressure
tautomeric interconversion the Cautomer zero-point energy proves to be an effecient way of inducing the valence tautomeric
must lie at higher enthalpic energy than that for the LYLCo interconversion.
form. At low temperatureJAS is negligible with respect to (d) Mechanism of the Valence Tautomeric Transforma-
AH and consequently iAH > KT only the LS-Cd' state is  tion. There is one interesting question that remains about the
populated. HowevelTASis not negligible at higher temper-  mechanism of the valence tautomeric transformation: Does the

atures. AG will change sign at a critical temperatufg where  transformation occur in one step (eq 3) or two steps (eq 4a,b)?
AG = 0 andAH = TAS. At higher temperatures the HS-Co

whereAU is the internal energy change aA¥ is the volume
change associated with the valence tautomeric conversion.
Applying a pressur® results in an energy chanfaV = PA-

tautomeric state may be almost completely populatesiSis HSs-cd' = Ls-cd" (3)
large enough.

As the temperature of the toluene solvated compleis Hs-cd' = Ls-cd' (4a)
decreased from 298 to 270 K, there is little change in the
XANES spectra. The complex retains the HS!@rm. Then, Ls-cd' = Ls-cd" (4b)

in the 270-215 K range, the complex converts from a HS!'Co
tautomer at 270 K to a LS-Cbtautomer at 215 K. This  In the two-step mechanism the complex would first undergo a
transformation is reversible since the spectra at 298 K and at
atmospheric pressure were found to be identical before and(28) éﬁnig,féégitztgr,l(;g7Dengler,J-;Thuery, P.; Zarembowitchindrg.

H em )y .
after th_e temperature treatment. The complete Eonversmn(zg) (a) Gillich. P Struct. Bonding (BerlinjL981, 44, 83. (b) Kanig, E.
occurs In a temperature range-ob5 K, C.entered afe = 240 Prog. Inorg. Chem1987, 35, 527. (c) Giiich, P.; Hauser, A.; Spiering,
K. In Figure 7 is given a plot of the fraction of @@omplexes, H. Angew. Chem., Int. Ed. Engl994 33, 2024.
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spin-crossover change at the cobalt ion upon decreasing thecalculations indicate that, as far as the electronic energy is
temperature. A further decrease in temperature would lead toconcerned, the three states of HS!ChS-Cd', and LS-C#'

an intramolecular electron transfer and a conversion from are relatively close in energy.

LS-Cd' to LS-Cd". Obviously, in the one-step mechanismthe  The present EXAFS data are in more accordance with the
spin-state change and the intramolecular electron transfer occutone-step mechanism but are not of high enough resolution to
together. Preliminary data from three different quarters indi- rule out definitively the two-step mechanism. Multiple-scat-
cate that there may be more states of the system present thamering calculations at the K-edge and X-ray absorption experi-
just the limiting HS-C8 and LS-Cd' forms. Magnetic ments at the cobalt iy edges, which are more sensitive than
susceptibility data collected on a fine temperature grid for the K edge to the occupancy of the d orbitals, are planned to
[C0"(3,5DTBSQ)(phen)}CsHsCHz show that there is a very  try to address the problem.

reproducible inflection occurring in a plot af(HS-Cd') vs )

temperaturé® In agreement with this, heat capacity data _ Acknowledgment. This work was supported by NSF
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