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Abstract: Four valence tautomeric complexes with the general composition [Co(3,5-DEBSQ)] have been
investigated, where 3,5-DTBSWs the semiquinonate form of 3,5-téft-butyl-o-quinone. The diiminium ligand

NN is one of the following ligands: phen (1,10-phenanthroline, comglexopy (2,2-bipyridine, complex2);

dmbpy (4,4-dimethyl-2,2-bipyridine, complex3); dpbpy (4,4-diphenyl-2,2-bipyridine, complex4). All four of

the complexes undergo a valence tautomerism converting from low-spin (18)(3EDTBSQ)(3,5-DTBCAT)-

(N N)] at low temperatures to high-spin (hs) [{%8,5-DTBSQ}(N N)] at high temperatures, where the
3,5-DTBCAT?" ligand is the catecholate form of tieequinone ligand. Variable temperature (15840 K) magnetic
susceptibility data are presented for toluene solutions of all four complexes. These data were least-squares fit to
give AH andASvalues that characterize the valence tautomerism equilibrium. AFhealues range from 21.33 to

38.36 kJ mot!, whereas the\S values range from 60.6 to 133.8 J mbK~1. Analogous to Fé spin crossover
complexes, the cobalt valence tautomerism is an entropy driven process. Electronic and vibrational (changes in
metal-ligand and ligand-based vibrations) entropy contributions are present that drive the!'(S[@¢Cat)] to
hs-[Cd'(SQ)] conversion when the temperature is increased. Variable temperature electronic absorption spectra
(320—-820 nm) are presented for the complexes in toluene solution and for polystyrene-doped samples. The presence
of isosbestic points indicates only two species are present. Optical spectra show that, compared to the situation in
toluene solution, doping the cobalt tautomeric complexes into polystyrene leads to stabilization of the smaller Is-
Cd" tautomer. Pulsed laser photolysis, both on the picosecond (90 ps pulse) and the nanosecond (24 ns pulse) time
scales, were carried out for solutions of the complexes. The laser pulse into the 600 nm band of thedst@uer

excites the complex to a ligand to metal charge transfer (LMCT) excited state. Some molecules rapidly intersystem
cross to the hs-Costate. The rate of back valence tautomerizatigg, for conversion from the hs-Cato the

Is-Cd" state can be measured. At room temperature in toluene solltianyas determined with picosecond
spectroscopy to be 6.08 10" s! for complex3 and 6.71x 10° s~ for complex4. Since no indication of a rise

time was seen, the hs-Catate is formed within the experimental resolution of 90 ps. The observation of a bleach
and an absorption with identical kinetics when the probe wavelength is moved to either side of an isosbestic point
confirms that the hs-Coto Is-Cd" conversion is being monitored. Nanosecond laser spectroscopy was used to
determine the temperature dependende,@f For complexd in 2-methyltetrahydrofuran, data were collected in the
110.5-198.1 K range. There is evidence of a change from an Arrhenius-type behavior to a temperature-independent
rate below~132 K. The quantum mechanical theory of radiationless transitions of Buhks and Jortner was used to
fit the temperature dependencekgf;. It appears the hs-tdo Is-Cd" valence tautomerism may occur by quantum

mechanical tunneling.

Introduction

acterized by different distributions of electron density, where

ions can lead to molecules that exhibit valence tautomerism. lecular electron transfer. There are two important reasons for

Transition metal complexes of Go? Mn,* Fe? Rh and Ir¢ and

studying valence tautomeric complexes. First, they are unique

Cu’ with ligands derived frone-benzoquinone have been shown Model systems which provide insight into the factors that affect
to exhibit valence tautomerism. Valence tautomers are char-intramolecular electron transfer in coordination complexes.
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appreciable sensitivity to the environment. Other examples of Scheme 1. Possible Intramolecular Electron Transfer
electronic lability are found in mixed valerfteand spin Processes Present for a Valence Tautomeric Cobalt
crossove® complexes. Electronically labile complexes are Complex

potential building blocks for molecular electronic deviéésn
external perturbation (e.g., photons, electric field, magnetic field,

etc.) on small collections of these molecules can lead to an @
interconversion between two electronic states. In fact/iGu {

et al!2 have shown that polycrystalline samples of! Fpin e 0\ 9 0\ o
crossover complexes maintained at low temperaturé&® (K) ~Co'lN'\\\ @ O\CO“\'Nr\
can be reversibly interconverted between kbe-spinand a ) \ / =<0 \ N\ )
long-lived metastablénigh-spin state in the LIESST (light- @l =

induced excited spin state trapping) effect. Recently, Kahn et Z
al.’® have been able to prepare'Fgpin crossover complexes \

in which the bulk samples display large hysteresis loops centered (b) \ 4 b)

around room temperature. A display device has been fabricated

where images can be switched between the purple (low-spin, Q 9

Is) and white (high-spin, hs) colored forms of the complex.
Hauset* also showed that Mespin crossover complexes exhibit
a large photorefractive effect between tbev-spinand high-
spinforms of Fd. He was able to induce dynamic as well as
static holographic grating formation, the decay of which could

be modulated by the temperature. This behavior is attractive

for real-time holography applications.

@ Mixed valence process (a) involves transfer of an electron from
CAT? z* to the SQ =* orbital. Valence tautomerism process (b)

involves transfer of an electron from the CATz* orbital to the low-
spin Cd' ion in the forward direction and from the high-spin'Gon

In our laboratory, we have been concerned with understandingto the SQ x* orbital in the reverse direction.

and controlling the cobalt bis-quinone valence tautomeric
interconversion. Cobalt complexes with twayuinone derived

The valence tautomeric interconversion (process b) can be

ligands have been shown to undergo a valence tautomericthermally driven. Initially, it was observed that the bipyridine

interconversion betwegnigh-spin{CQ”(SQk(NAN)] andlow-
spin{Co" (SQ)(CAT)(N N)], whereN N is a chelating nitrogen
donor ligand such as 2,2-bipyridine (bpy) andSghd CAT>~

complex in Scheme 1 could exist in the Isi€Cand hs-Ct
valence tautomeric forms in solutid.In toluene at room
temperature, the hs-&dautomer predominates. A decrease

refer, respectively, to the singly and doubly reduced forms of a in temperature leads to a stabilization of the ISlGautomer

substitutedo-benzoquinone ligand. In these molecules an
intramolecular electron transfer converts tigh-spinCao' into
alow-spinCd" ion, and one of the ligands is reduced by one
electron from a semiquinone anion (SQto a catecholate
(CAT?) ligand. There are two different mixed valence isomers

such that at temperatures below250 K the Is-C#' form
predominates. Later we showdtat by changing the nitrogen
donor ligand we could systematically shift the solution critical
temperature Ti) of the interconversion. This shift was
attributed to a subtle modulation of the energy difference

of the Is-Cd' valence tautomer. The dynamica| processes that between valence tautomers by the COUnterIigand. Furthermore,
are possib|e for such a valence tautomeric Comp|ex are Sum_it was established that valence tautomerism can be therma"y

marized in Scheme 1.
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induced in the solid statelt was shown that the Is-[C'4(3,5-
DTBSQ)(3,5-DTBCAT)(phen)CsHsCH;z to hs-[Cd'(3,5-DT-
BSQ) (phen)}CsHsCHs interconversion can be reversibly
driven with temperature and that the interconversion occurs
abruptly within a narrow temperature range~80°. Recently,

we have shown that the interconversion can be pressure
induced? in the solid state and photoinduéééh solution and
polymer films.

The observation that pulsed laser excitation can be used to
photoinduce valence tautomerism is significant for it allows
monitoring of intramolecular electron transfer kinetics in these
systems. Time-resolved pulsed laser spectroscopy can be used
to monitor the rate of back valence tautomerizatibg( as
given in eq 1:

Is-[C0" (SQ)CATI(N N)] 1=hs-[Cd'(SQLN N)] (1)

The valence tautomeric process is similar to the HstBds-
Fe' spin crossover interconversion. The kinetics of Bpin
crossover have been shown to be largely modulated by
appreciable FranekCondon reorganization energies and energy
differences between thiégh-spinandlow-spinstates.” Metal—
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ligand bond length changes for'Fepin crossover complexes
are in the range of 0.160.22 A. The cobalt valence tautomeric
transformation is similarly characterized by large metegjand

J. Am. Chem. Soc., Vol. 118, No. 4611598

Gudel at the University of Bern, Switzerland. Polymer samples were
attached directly to the refrigerated arm of the cryostat with copper
grease to insure good thermal conduction.

bond length changes of ca. 0.18 A, as well as ligand bond length  Magnetic Susceptibility Measurements. Direct current (dc) mag-
changes. Furthermore, since spin crossover and valence tayhetic susceptibility measurements were carried out on a Quantum

tomerism can be thermally driven, the energy separations
between the two involved states are of similar magnitude and

are on the order okT in the 150-350 K range. The rate of

Design MPMS SQUID susceptometer equipped with a 55 kG magnetic
field and operating in the 17400 K temperature range. All measure-
ments were collected in a field of 10 kG. A special quartz SQUID
cell was designed for measurements performed on these dilute solutions

valence tautomerism will also be determined by the magnitude it weak signals. The cell consists of a sample area (20 8

of electronic coupling between the Is-€@nd hs-Cb states,
which is influenced by spin differences and orbital overlap.

mm, approximate volume 0.75 mL) which is open at one end and to
which is attached at each end quartz tubing (100 m@h mm). The

Symmetry and spin restrictions have been shown to influence overall length of the cell is 220 mm. A machined Delrin cap with

the dynamics of electron transfer in linked'RtCd" molecular
complexes® Furthermore, magnetic exchange coupling has
been shown to influence the intensity of optical absorption
characteristics of metal complexes by relaxing spin forbidde-
nesst?

The goals of the present research were 3-fold. First, we
present detailed solution variable temperature UV-vis-near IR

O-rings seals the cell. Solutions of all complexes were prepared in a
glovebox under an atmosphere of argon by dissolvitig5—1.0 mg

of the complex in~0.7 g of tolueneds. All samples were dissolved

in tolueneds at a concentration of1 x 102 M. Measurements were
collected from high temperature to low temperature. Deuterated toluene
was used to ensure stable reproducible base #neBackground
correction data were collected from magnetic susceptibility measure-
ments on the sealed quartz tube containing only tolwdgnend these

spectroscopic and magnetic susceptibility data for a series ofdata were subtracted from the magnetic susceptibility data for the
complexes showing the dramatic magnetic and optical changescomplex. Diamagnetic corrections estimated from the Pascal constants

which accompany the valence tautomeric interconversion.

were applied to all data for determination of the molar paramagnetic

Second, we discuss the thermodynamic basis of the thermallysusceptibilities of the compounds.

driven valence tautomeric interconversion in solution (i.e.,

Nanosecond Transient Absorption Spectroscopy Complete de-

process b). Since the valence tautomeric interconversion cantails of the nanosecond time-resolved laser apparatus were given

be thermally induced, it is possible to obtain the equilibrium
curves from which the values for the free energy change
the enthalpy differencéH, and the entropy gailAS can be
extracted. Third, the microscopic details of the kinetic mech-

previously and will only be summarized hee The nanosecond time-
resolved laser photolysis apparatus center piece is a Lambda-Physik
LPX 205iC rare-gas laser configured for XeCl. The laser was operated
in a single-shot mode at a pressure~&.3 atm with a 22.0 kV electrical
discharge to produce 28 ns pulses at 308 nm. This pulse served as

anism of process b are elucidated via variable temperaturee nhump source for a Lambda-Physik model FI3002 dye laser. The

nanosecond and picosecond time-resolved optical experimentsgye used for all experiments was Fluorescein 27 dissolved in MeOH
The laser flash data for the the valence tautomeric process arewhich allowed for tunable excitation in the range of 5590 nm. The

analyzed in terms of the quantum mechanical theory of
radiationless transitions proposed by Buhks & &b describe
spin conversion processes in solution.

Experimental Section

Synthesis and Sample Preparation.All compounds were prepared
according to published procedurfes he solution samples used for UV-

output pulse for the dye laser had a 24 ns full width at half maximum
(FWHM) line width as measured by diffuse scattering into a Hamamatsu
R1547 photomultiplier tube (PMT). This served as the pump source
for the laser experiments.

The probe beam consisted of a high-energy Xe flash lamp operated
at variable applied voltage of ca:800 V dc with a pulse duration of
~4 us FWHM. The laser and pump beams are oriented relative to
each other at a 90° angle in the front portion of a 10 mm optical cell.

vis absorption spectroscopy and laser photolysis studies were preparechfter passing out of the sample, the probe beam is focused onto the

in an oxygen and water free drybox under an atmosphere of Ar.
Samples were sealed in 1 cm quartz cuvettes and were typically 5.0

10# M. Polymer samples were prepared by solution casting polysty-
rene (280 000 MW) and the complex (5% w/w) dissolved in methylene

slit of a Instruments SA model H20 monochromator. The R1547 tube
was coupled directly to the end of the monochromator at an applied
voltage of =500 V dc. The output from the PMT was monitored
using a Tektronix 7912AD digitizing oscilloscope, and the data

chloride onto small glass dishes. The solvent was evaporated, and theyere collected using a Tektronix PEP 301 controller with the TekMAP

plastic films were removed from the glass.

Spectroscopic Measurements. Variable temperature electronic
absorption spectra were recorded in the-3200 nm range for solutions
of the complexes on a Hewlett Packard model 8452A diode array

driver software. Synchronization of the probe beam, oscilloscope, and
excimer laser were accomplished by a electronic timing circuit of local
design. The instrument response function (IRF) of the system is 24 ns
FWHM. The high degree of reproducibility of the IRF allows us to

spectrophotometer. Temperature control above room temperature wasanalyze our data via integral deconvolution, which extends our time

achieved utilizing a Hewlett Packard model 89054A thermostated cell
holder connected to a Fisher Scientific Model 800 Isotemp circulating

resolution to below 10 ns. All data presented are a signal average of
10 transients, and the data were analyzed using computer programs of

bath. Temperature control below room temperature was achieved usinglocal origin.

a Janis Model 8DT-SVT-OPT optical dewar. Variable temperature
electronic absorption spectra for polymer samples in the-3000

Variable temperature measurements were performed using a Janis
Model 8DT-SVT-OPT optical dewar. Temperature control was

nm range were collected on a Cary Se spectrophotometer equipped withachieved with a Lakeshore Model DST-80D temperature controller and

a closed-cycle-refrigerated cryostat in the laborartory of Prof. Hans

(18) (a) Song, X.; Lei, Y.; Van Wallendal, S.; Perkovic, M. W.; Jackman,
D. C.; Endicott, J. F.; Rillema, D. R. Phys. Chem1993 97, 3225. (b)
Endicott, J. F.; Song, X.; Watzky, M. A.; Buranda, J. Photochem.
Photobiol., A1994 82, 181. (c) Watzky, M. A.; Song, X.; Endicott, J. F.
Inorg. Chim. Actal994 226, 109.
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Chem 1989 28, 3089. (b) Gudel, H. IlMagneto-Structural Correlations
in Exchanged Coupled SystenWillett, R. D., Gatteschi, D., Kahn, O.,
Eds.; Reidel: Dordrecht, The Netherlands, 1985. (c) McCarthy, P. J.; Gudel,
H. U. Coord. Chem. Re 1988 88, 69.

(20) Buhks, E.; Navon, G.; Bixon, M.; Jortner, J. Am. Chem. Soc
1980 102 2918.

DT-47-SD-13 silicon diodes. Diodes were installed above and below
the sample region, and the measured temperature was taken as the
average of the two readings.

Picosecond Transient Absorption SpectroscopyPicosecond time-
resolved pump/probe optical experiments were carried out using a
mode-locked Q-switched and cavity-dumped Nd-YAG laser and
synchronously pumped dye laser in the laboratory of Professor John
D. Simon at the University of California at San Diego. A description

(21) Day, E. PMethods Enzymoll993 227, 437-463.
(22) McCusker, J. K.; Rheingold, A.; Hendrickson, D.INorg. Chem
1996 35, 2100.
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Table 1. Transition Temperatured{y.), Enthalpy ChangesA\H),
and Entropy Change\§ for the Valence Tautomeric
Interconversion Evalulated from Magnetic Susceptibility Data:
Activation Energies ) and Preexponential Factor&)(Evaluated
from Variable Temperature Rate Data for Back Valence
Tautomerizatiof

Tar AH AH AS
complex [K] [ecm™] InA [cm™] [kIJmol] [IJmoltK™
1phen 226.6 858 20.73 2238 26.77 118.1
2 bpy 277.0 582 20.14 3056 36.56 133.1
3dmbpy 286.6 1088 23.36 3206 38.36 133.8
4dpbpy 350.0 856 24.49 1717 21.33 60.6

a All data were determined for toluene solutions of compleked.

of this apparatus is given in the literati#fe This spectrometer has a
~90 ps FWHM pulse width with excitation at 532 nm. The probe
beam operates from a dye laser and temporal resolution is achieved b
an optical delay line. The apparatus is capable of delays ouBtos.
Data were also fit by deconvolution of the instrument response function.

Results and Discussion

Previously, it was establishedhat the o-donating and
m-backbonding abilities of the diiminium counterligand (sym-
bolized N N) can subtly modulate the energy difference
between Is-C# and hs-Cb tautomers. Replacement of the
counterligand leads to shifts in the critical temperaflirg the
point whereKeq = 1 in the valence tautomeric equilibrium (eq
2):

Is-[Ca" (SQ)(CAT)(N N)] % hs-[Cd'(SQLIN N)]  (2)

In this paper, the results obtained for a series of four complexes

are presented where the counterligand is systematically varied.

In Table 1, the four diiminium ligands are listed.
Thermodynamic Basis of Valence Tautomerism. The
idealized electronic configurations of the Is!{Cand hs-Ct
tautomers in octahedral symmet®yf are (bg)®(ey*) %(* cat)™
(m*s9* and (bg)®(eg*) 2(7* s (* sqa)*, respectively. The d-
orbitals are split into the familiapd and g* set, and the ligand
ar* orbitals contain a single electron in the S@xidation state
and two electrons in the CAT oxidation state. The Is-[Clb-
(SQ)(CAT)] to hs-[CH(SQY)] interconversion is characterized
by an elongation in the the metal to ligand bond distances, since
the g* o-antibonding orbitals in the Is-Goform are unoccupied
and doubly occupied in the hs-Céorm. The interconversion
of complexi, Is- [Cd" (3,5-DTBSQ)(3,5-DTBCAT)(phemTsHs-
CHg in the solid state to hs-[(¢3,5-DTBSQ}(phen)}CsHe-
CHjz, has been characterized crystallographichilixe average
metal-ligand bond length change\f) has been shown to be
0.18 A. hs-[CH(SQ)] complexes generally have average
metal-ligand bond lengths that are 0:48.22 A longer than
those in Is-CH valence tautomer®. The magnitude of this
change is the same as those seen in tHe dpin crossover
complexes which undergo the transformation from low-spin
[(t2g)8(eg*) 9] to high-spin [(k)*(es*)?]. Notably though, in the
cobalt valence tautomeric interconversion not only are there
large metatligand bond length changes but also internal
o-quinone ligand bond length changes of a lesser magnitude,
since the valence tautomerism is an electron transfer process
The electronic lability associated with the valence tautomeric
interconversion can be illustrated with the aid of the one-

Adams and Hendrickson

s‘o
hs-co'-sa

Energy

|~—‘Ar —
r(Co-L)

Nuclear Coordinate
igure 1. Schematic representation of the potential energy surface

)};escribing the Is-[CB(SQ)(CAT)(N N)] to hs-[Cd'(SQRN N)]

valence tautomeric interconversion. The energy differeE® is on
the order of &T for thermally driven valence tautomerism. The nuclear
coordinate to a first approximation is the symmetric metgland
stretching mode.

dimensional potential energy diagram shown in Figure 1. The
complex can exist in one of two states that are represented by
the two harmonic potential energy curves shown in Figure 1.
The potential energy of the complex is plotted as a function of
the reaction coordinate. The nuclear configurations of the Is-
Cd'" and hs-Cb valence tautomers differ mainly in the metal
ligand bond distances. It is reasonable to assume to a first
approximation that the reaction coordinate for valence tautom-
erism will be approximately equivalent to the totally symmetric
metal-ligand breathing normal coordinate. The energy of the
symmetric metal ligand stretching vibration in Is!tCoomplexes

is ~450 and~350 cnt? for hs-Cd complexeg® The wells

are shifted relative to each other by a value reflecting+tBel8

A metal-ligand bond length change. Furthermore, the energy
separation between the two lowest levAl§ ~ AH = Hps_cd'

— His—co", is positive where the hs-tostate lies higher in
energy. The energy separation in the four cobalt complexes
studied is on the order KT at room temperature.

In analogy to the extensively studid¢aw-spinto high-spin
crossover phenomenon observed in iron complékethe
interconversion between valence tautomers is an entropy driven
process. The valence tautomerism is characterized by a large
entropy gain where

AS=AS,, o - ASy ot = ASyect AS;, > 0 (3)
The valence tautomeric interconversion from Is'Go hs-Cd
leads to a gain in electronic entropx%ied due to the higher
spin state degeneracy of the hs!Garm. At low temperatures,
the Is-Cd' tautomer has a® = 1/, ground state (Is-Cb d® S
= 0; CAT?" S= 0; SQ  S= Y, radical); whereas at higher
temperatures, the exchange coupled h$-aatomer (hs-Cb
S =13/, and twoS= Y/, SQ radicals) has on& = %/, oneS
= 1/,, and twoS = %/, states thermally populated due to very
weak magnetic exchange interactidhs-urthermore, the longer
metal-ligand bond lengths of the hs-Cdautomer result in
lower energy vibrations and a higher density of vibrational states
in hs-Cd form than in the Is-C8 form. Thus, the thermal
population of tautomeric states is dictated by the Gibbs free

(23) Xie, X.; Simon, J. DOpt. Commun1989 69, 303.
(24) (a) Pierpont, C. G.; Buchanan, R. Moord. Chem. Re 1981, 38,
45. (b) Pierpont, C. G.; Lange, C. WProg. Inorg. Chem1994 41, 331.

(25) Buhks, E.; Bixon, M.; Jortner, J. Phys. Chem1981, 85, 3763.

(26) (a) Lynch, M. W.; Buchanan, R. M.; Pierpont, C. G.; Hendrickson,
D. N. Inorg. Chem 1981, 20, 1038. (b) Lange, C. W.; Conklin, B. J.;
Pierpont, C. Glnorg. Chem 1994 33, 1276.
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Figure 2. Temperature dependence of the electronic absorption Figure 3. Temperature dependence of the electronic absorption
spectrum of a toluene solution of [Co(3,5-DTBSQ)(3,5-DTBCAT)- spectrum of a toluene solution of [Co(3,5-DTBS@en)] @) obtained
(dpbpy)] @) obtained at 298, 303, 308, 318, 328, and 348 K. The molar at 295, 260, 240, 230, 220, and 210 K. The molar extinction coefficient
extinction coefficient is plotted versus the wavelength € is plotted versus the wavelength

energy difference where The temperature dependence of the electronic absorption
spectrum of a toluene solution of the dmbpy comBex similar

AG = AGyq ¢y — AGg_con = AH — TAS (4) to that seen for the dpbpy complex (figure available in
Supporting Information). At 298 K, the spectrum f8rin
solution shows contributions from both the Is{€Cand hs-Ct
tautomers, having the characteristic 600 nm transition of the
Is-Cd" and the 770 and 545 nm transitions of the hd-Co
tautomer. As the temperature is increased from room temper-
ature to 348 K, the 600 nm absorption band decreases
significantly and the 545 and 770 nm bands become more
intense. Above 348 K, the absorption spectrum does not change
significantly. Thus, it is evident that thi, value for complex
3 is lower than that for comple® and is somewhere close to
room temperature.

In contrast, the bpy compleXand phen complek in toluene
solution at 298 K display the spectral characteristics of the hs-
Cd' tautomer. The absorption spectra of complekasd?2 in
X ! toluene show only a small increase in the 770 nm band of the
temperature electronic absorption spectra (3220 nm) weré o cd tautomer upon increasing the temperature from 298 to

run for all complexes. In toluene solution, all four of the 359 k. Figure 3 shows the temperature dependence of the
complexes show temperature-dependent spectra that indicate thg|ectronic absorption spectrum of a toluene solution of phen

presence of the valence tautomeric equilibrium as given in eq complexl. At 295 K, this spectrum is highly characteristic of
2. The temperature dependence of the spectrum for [Co(3,5-5 cd' tautomer, as indicated by an intense broad band at 780
DTBSQ)(3,5-DTBCAT)(dpbpy)] 4) in toluene is shown in o with a shoulder a660 nm and a weaker band at 548 nm.
Figure 2. At room temperature, there is a band at 600 nm with \when the temperature is decreased from 295 to 210 K, the
a should(_ar at~800 nm which is characteristic of the Is-€o intensity of the 780 nm band decreases appreciably, while a
tautomeric form of the complex. As the temperature of the pand at~600 nm characteristic of the tatautomer appears.

toluene solution is increased from 298 to 348 K, the intensity At 210 K. the phen complex has almost completely converted
of the 600 nm band decreases while a banc~&70 nm to the Is-bd' form.

increases in intensity. This 770 nm band is characteristic of
the hs-Cd8 form of the complex, which also shows bands at
~655 and~545 nm. As can be seen, the molar extinction
coefficients of the bands are2500 Mt cm™?, indicating that
they are likely of the charge-transfer-type. The exact origin of
the Is-Cd' charge transfer transition at600 nm is unknown

The hs-C8 tautomer zero-point energy must lie at higher
enthalpic energy than that for the Is/Coform. At low
temperaturesTAS is negligible compared t&H, and conse-
quently if AH > kT only the Cd' state is populated. However,
TAS is not negligible at higher temperatures, anG will
change sign at a critical temperaturg, where AG = 0 and

AH = TAS At higher temperatures, the Etautomeric state
may be almost completely populatedAfS is large enough.
Decreasing the energy (i.e., enthalpy) separation between
tautomeric forms will ultimately lead to a decrease in the values
of T12. This explains the trend seen for complegeg, and3,
however other factors must come into play for complex

Variable Temperature Optical Spectroscopy. Variable

Large changes in the optical spectrum also occur in the near
infrared (near IR) region of spectrum. Figure 4 shows the
temperature dependence of the electronic absorption spectrum
of complex1 doped into a polystyrene (280 000 MW) polymer
film monitored from 300 to 3000 nm in the temperature range

) g, " ! of 15—295 K. The changes in the visible region of the spectrum
but it probably originates from transitions from filled molecular 5 similar to those found for the toluene solution of complex

mr-orbitals to the unoccupied S@-orbital. Thisbandmayalso 1 At 15K, the absorptions arise solely from the Is-[G8Q)-
contain some contribution from a ligand to metal charge transfer (cAT)(phen)] valence tautomer. The 600 nm band displays a
(LMCT) transition involving the CA¥~ ligand and the cobalt progression of shoulders at560, ~800, and~1000 nm. At

ion. The band at 770 nm s likely a metal to ligand charge o\ temperatures, a band appears at 2500 nm with a shoulder
transfer (MLCT) transition of the rﬂs-@dautomer. The band 4t 1670 nm, which is only associated with the Is!Gautomer.
at 548 nm is associated with the ‘Ctautomer and is likely 8 | comparison to the solution spectra, an approximate molar

ligand field (LF) type transition. The presence of isosbestic gyiinction coefficient4) at the maximum absorption of the 2500
points is strong evidence that only two different species are ;0 pand of~2200 cnt® M~! can be estimated. Density

present in solution and that the valence tautomeric equilibrium functional LCAO calculations indicate that this band is the

. . ; . . : .
in eq 2 is presert’ mixed valence intervalence charge transfer (IT) band involving
oo : e
(27) Harris, D. C.; Bertolucci, M. D. IrSymmetry and Spectroscopy: excitation Qf an electron from the CATto the SQ ligand:
An Introduction to Vibrational and Electronic Spectroscppyover ~ The environment about the valence tautomeric complex can
Publications: New York, 1989; pp 416}18. influence the Ty, for the interconversion, presumably by
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Figure 4. Temperature dependence of the electronic absorption spectrum of a polystyrene film of [Co(3,5-(PB&Y)) (1) obtained at 295,
200, 150, 80, and 15 K. The optical density (OD) is plotted versus the waveléngth

0.80 T

can also shifify,.4216 |t is evident that these valence tautomeric
complexes are quite sensitive to their environment.

The Is-[Cd'(SQ)CAT)(N N)] valence tautomer is nearly a
symmetric mixed valence complex. Intramolecular electron
transfer interconverts the CAT and SQ ligands. From the
characteristics of the IT transition absorption it is possible to
calculate the degree of electronic coupling and barrier height
to interconversion from the well-known Hush form#fldor
mixed valence complexes given in eq 5.
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070

oD

0.60 ! L I 1

320 420 520 620 720 820 Hab= (205X 1072)[6maxAV1/2/’Vma)J 1/2vma>]r (5)
A [nml ——>

Figure 5. Electronic absorption spectrum of a polystyrene film (5% In this equationgmax is the maximum extinction coefficient of
wiw) of [Co(3,5-DTBSQ)(3,5-DTBCAT)(bpy)] 2) at 298 K. The the absorption band in M cm™%, Avy,, is the band width at
optical density (OD) is plotted versus the wavelength half emax Vmax iS the energy of the absorption in chandr is

the distance between donor and acceptor wave functions. Using
modulating the energy separation between the tautomeric formsthe values off = 2.83 A (shortest distance between oxygen
Figure 5 displays the electronic absorption spectrum of complex atoms),emax = 2200 Mt cm™2, Avy;, = 1200 cnt?, andvmax
2 doped into a polystyrene matrix at 298 K. The complex = 4000 cnl, Hapis calculated to be 752 crhwith the barrier
displays the absorption characteristics of the IS![CDAT)- height as 248 cm. Since the barrier to interconversion is
(SQ)(bpy)] tautomer; whereas, at room temperature in toluene estimated to be 248 cm, it is likely that at room temperature
solution, the complex shows the characteristics of the Hs-Co the complex is thermally interconverting between the two mixed
tautomer. Similarly, the room temperature electronic absorption valence forms.
spectrum of dmpby compleR doped into a polystyrene film Variable Temperature Magnetic Susceptibility. Large
shows that the system is in the Is!Ctautomeric state. This  changes in the magnetic susceptibilities also accompany the
contrasts with the 298 K toluene solution which shows that an valence tautomeric interconversion. Variable temperature solu-
appreciable amount of the Cdorm is present. Likewise the  tion magnetic susceptibility data were collected for complexes
absorption spectrum of phen complesoped into a polystyrene  1—4 in toluene solution at~1.0 x 1073 M. Values ofymT,
matrix (Figure 4) shows that an appreciable amount of both whereyy is the measured molar paramagnetic susceptibility,
tautomeric forms are present at 298 K, while the 298 K toluene range from the low-temperature limit of 0:30.54 cn¥ K mol—!
solution spectrum shows only the characteristics of the Hs-Co to 2.35 cn? K mol™ (uer = 4.34ug) in the high temperature
form. Relative to a toluene solution, the polymer matrix limit. Previous solution magnetic measurements of comf@lex
increases the energy separation between valence tautomerialso gave aywT value of 2.35 crfi K mol~! in the high-
forms. This likely arises from the more compact polymeric temperature limig® At low temperatures thguT values are
glass structure which serves to favor the much smaller I$-Co close to the value expected for a single unpaired electron on
tautomer. Previous work has shown that the solvent dielectric the semiquinonate ligand of the Is-[€(SQ)(CAT)(N N)]
tautomer. If there were no intramolecular magnetic exchange

(28) Adams, D. M.; Noodleman, L.; Hendrickson, D. N. Submitted for
publication. (29) Hush, N. SProg. Inorg. Chem 1967, 8, 357.
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interactions present in hs-[€&(SQ)(N~ N)] and if the hs-Cb

ion exhibited a spin-onlyg = 2) magnetism, then the value of
xmT should be 2.62 chK mol= (uer = 4.58ug). Usually a
hs-Cd' ion has considerable orbital angular momentum with
uefi in the range of 4.85.0 ug, which corresponds tguT in

the range of 2.93.1 cn? K mol~L. It is not clear why the
high-temperature limiting value of the experimentall value

is so much lower; however, it is found for many such'"Co
valence tautomeric complexes in solution. Furthermore, similar
relatively low values ofymT at the higher temperatures were
found even for solid samples. For example, [Co(3,5-DTBSQ)
(phen)], recrystallized from methylcyclohexane to give a non-
solvated complex, showss = 4.1 ug at 300 K. In fact, this
nonsolvated phen complex persists as a h$-Complex
throughout the 2320 K region, whereas the toluene solvate
of the same complex converts abruptly in the 2@60 K region
between the hs-Caand Is-Cd' tautomeric forms. One possible
origin for lower values ofywyT for a hs-[CH(SQR(N N)]
complex is the presence of intramolecular magnetic exchange
interactions between SQigands and the Cbion.

In order to evaluate thermodynamic parameters suchthas
and AS from solution magnetic susceptibility data, we have
assumed a two state equilibrium between the 14-@ad hs-
Cd' tautomers as in eq 2. The thermodynamic parameters for
the dynamic equilibrium were obtained using the following
equations:

fhsfcoil = (XobsT -
Keg= (frs—co)/(fis—con) = (frs-ca)/ (1 = frs_con)

AG = —RTIn(K)

Yis—con N Oths-cor T — Xis—con T)  (6)
(7)
(8)

In these equationg,psis the molar susceptibility at a given
temperature anghs_co' andyis—cd" are the molar susceptibilities
of the pure hs-Cband Is-Cd' components, respectively, and
fhe—co' and fs—cg" are the corresponding mole fractions. The
value ofyns-co'T for a hs-Cd complex was taken as 2.35 ém
K mol~1 from the high-temperature plateau value for phen
complexl in solution. In fitting the susceptibility data for these

. Chem. Soc., Vol. 118, No. 4611926
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Figure 6. Plot of the fraction high-spin Covalence tautomeric state
versus temperature evaluated from solution magnetic susceptibility data
for: (#) [Co(3,5-DTBSQ)(phen)] (); (®) [Co(3,5-DTBSQY(bpy)] (2);
() [Co(3,5-DTBSQ)(dmbpy)] B); and () [Co(3,5-DTBSQ)(dpbpy)]
(4). The solid lines represent fits of the data to eq 10.

for 4 could not be obtained sinck, is 350 K and magnetic
measurements could not be performed above this temperature.
Heat capacity measurements for the spin crossover transition
in Fe' complexes have giveASvalues ranging from 50 to 80

J mol! K-131 The electronic and vibrational entropy gain
associated with the valence tautomeric interconversion are
expected to be similar to those found for thd Bpin crossover
phenomenon. The electronic entropy gain is givem\Syjec =

R In(Whs-cd'/Wis—cd"), whereR is the gas constant aMihsco'
andWs_co" are the electronic degeneracies of the h$-&ad
Is-Cd" tautomers. Thus, for these valence tautomeric complexes
ASiec= RIN(16/4)= 11.53 J mot* K~ Fd' spin crossover
complexes displaj\S, values in the range of 5865 J mof?

K~1. The cobalt valence tautomeric complexes should display
values for ASj, of similar or larger magnitude. Thus, we
estimate thaAS should be on the order of 75 J méIK~* or
greater. The higher observed values\&for complexesl—3
could be associated with a larger vibrational entropy gain, since
the interconversion is an electron transfer process and not only
involves metat-ligand bond length changes as in"Fgpin
crossover complexes but also changes in the bond lengths and
vibrational frequencies associated with the Send CAT~

complexes, it was assumed that there was no temperaturgigangs.

dependence ofuT for the hs-C8 tautomer. The value of
xis—cd" T was evaluated separately for each system from the low
temperature data. Using egs 4, 6, and 8 results in eq 9 which
givesfhs—co' as a function ofl, AH and AS.
frs_co = 1/[expAH/RT— ASR) + 1] (9)

Figure 6 shows the solution magnetic susceptibility data
plotted to displays—cd' as a function of temperature. The solid

Electronic Structures and Counterligand Influence. There
are several ways to address the question of how does the
diiminium counterligand influence the properties of a given
valence tautomeric cobalt complex. On the one hand it is
possible to discuss the relativedonation andr-backbonding
of each diiminium ligand. A careful look at the highest occupied
and lowest unoccupied molecular orbitals of a complex could
also shed light on why certain complexes are I$!Gautomers

lines represents the best fits of the data to eq 9, and Table 18t F0om temperature, whereas others are H@otomers. In

lists the values obtained féxH and AS from the fitting for all

the solid state at room temperature, the dpbpy, dmbpy, and bpy

four complexes in toluene solution. It can be seen that the datacomplexes are Is-Cbtautomers, whereas the phen complex is

are well represented by the fit. The observed valu€F gffor
complexesl—3 correlate well with theAH values. TheAH
values for complexe$—3 are found to be 2238, 3056, and 3206
cm1, respectively. This confirms the prediction that the counter

a hs-Cd tautomer.

Figure 7 shows the frontier molecular orbitals for e %/,
Is-[Cd"(SQ)(CAT)(N N)] and antiferromagneti€ = /, hs-
[Co"(SQR(N N)] states obtained from spin-unrestricted density

|igand can Subﬂy modulate the energy separations_ The entropnyﬂCtiOﬂ&' LCAO electronic structure calculatioffsin spin-

gainsASfor these three complexes range from 118.1 to 133.1
J mol! K~1 and are somewhat higher than those observed in
Fe' spin crossover complexes. Thermodynamic data were
previously reporte¥ for complex2 and agree with the values
reported here. Comple4 presents a more gradual transition,
and consequentlAH and AS are found to be 1717 cm and
60.6 J mof! K1, respectively. The complete equilibrium curve

(30) Pierpont, C. G.; Jung, O. $org. Chem 1995 34, 4281.

polarized density functional theory the spin up) @nd spin
down (3) electrons are treated separately, which is critical for
any system with unpaired spin denst®y.Figure 7 graphically

(31) (a) Sorai, M.; Seki, SJ. Phys. Soc. Jpri972 33, 575. (b) Sorai,
M.; Seki, S.J. Phys. Chem. Solids974 35, 555. (c) Kaji, K.; Sorai, M.
Thermochim. Actd 985 88, 185. (d) Sorai, M.; Maeda, Y.; Oshio, H.
Phys. Chem. Solid$99Q 51, 941.

(32) Noodleman, L.; Peng, C. Y.; Case, D.; Mouesca, XCbhbrd. Chem.
Rev. 1995 144, 199.
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Figure 7. Idealized spin-polarized energy level diagrams of$tve ¥/, Is-Cd" (left) andS= ¥, antiferromagnetically coupled hs-C¢right) states
showing the relative ordering @f-spin andj-spin energy levels of the ligand field s&{symmetry notation) ane*-orbitals of theo-quinone-

derived ligands. ThAS = 1/, spin allowed valence tautomeric interconversion likely occurs between these two states. Energy level orderings have
been extracted from density function LCAO calculations (ref 28).

illustrates the idealized energy level diagrams of the spin- LmeT
polarized ligand field splitting of the cobalt d-orbitals amtt

energy levels of the two quinones. The vertical axis gives the

orbital energies, and the horizontal axis separates levels ac-

cording to their spin indexq or 5. Symmetry labels are taken ~
from idealized On symmetry, where the familiar d-orbital hv = 532-600nm
splittings into 4 and g* orbitals are shown. The Is-[Cb

(CAT)(SQ)] valence tautomeric state has the occupation

scheme: CH d®a d®8 (S = 0); CAT #'la 7183 (S= 0); SQ

k. >1.1x10"%

Isc

I
alo 708 (S= 1/;). The quinoner*-orbitals are the highest helCol5Q),]
occupied and lie relatively close in energy to the unnoccupied K -10% -10%s"
e,* orbitals of the cobalt. In contrast, th® = %/, antiferro- Is{Co’ (SQ)(CAT)] i
magnetically coupled hs-[#¢SQ),] valence tautomeric state  Figure 8. Jablonski diagram for the photoinduced valence tautomeric
has the occupation scheme: 'OPa. d?S (S = 3/2); SQa™°a process. The laser pulse into the 600 nm charge transfer absorption

a1B (S=1,); SQaCa 7B (S = Y,). Here there is large band of the Is-C tautomer results in population of a LMCT excited
spin polarization splitting between majority'spin and minority state. Rapid intersystem crossing produces the HWsste followed
B-spin 3d-energy levels, since the amount of unpaired spin hasPY @ slower back valence tautomerization.
increased. Also, the ligand field splitting has been substantially  Kinetics of the Valence Tautomeric Interconversion:
reduced since the metaligand bond distances have increased Laser Photolysis Studies. The strategy for pulsed laser
by 0.18 A. The spin polarization splitting for the hs!Cstate photolysis experiments for photoinduced valence tautomerism
slightly exceeds the ligand field splitting, and consequently, the is shown in Figure 8. The laser pulse into the 600 hm band of
competition favors théiigh-spinmetal site. the Is-Cd' tautomer excites the complex into a LMCT excited
The o-donating andr-accepting properties of the counterli- state. Following excitation some fraction of molecules will
gand affect the ligand field splitting of the cobalt center which intersystem cross from this excited state to populate the hs-
ultimately leads to modulation of the energy separations betweenCo' tautomeric state. If the rates of intersystem crossing are
valence tautomeric states. Greatetlonation stabilizes the Is-  much faster than the relaxation from the hs'Gw the Is-Cd'
Co'" state by decreasing the total bonding energy of the complex state, then it is straightforward to obtain the rate of back valence
and ensuring that the,eorbitals are removed in energy from  tautomerization. The change of the electronic absorption
the o-quinonex*-orbitals. Decreasing the energy of thg'e spectrum is monitored at some wavelength before, during, and
orbitals can ultimately lead to a situation in which thg¢g e  after the laser pulse. Valence tautomeric complexes, like spin
orbitals lie lower in energy than the*-orbitals which can lead crossover complexes, are particularly well suited for photo-
to electron transfer from the ligand to the metal. Conversely, physical investigations, since the electronic absorption spectra
weakero-donation ultimately leads to the stabilization of the of the ground and excited states can be obtained by varying the
hs-Cd state. If the ligand field splitting is smaller than the temperature. The cobalt valence tautomeric complexes display
spin polarization splitting, the hs-&wtate is favored. In the  isosbestic points in the optical spectra. Pulsed laser experiments
hs-Cd tautomer greates-donation tends to place the occupied can be employed to look for transient bleaches and absorptions
g* in a in closer energy proximity to the unoccupied- around isosbestic points. The largest change in absorption
orbitals. If the ligand field splitting is large, then thgf erbitals between the Is-Cb and hs-Cb tautomers occurs in the 760
may lie higher in energy than the-orbitals resulting in electron 800 nm range, and in the near IR at 2500 nm. The relaxation
transfer from the Cbcenter to the SQ *-orbital. can be best monitored at770 nm as a transient absorption
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Figure 10. Transient absorption decay for bpy compRxrnonitored

010 | ) ) ) \ at 740 nm following excitation at 560 nm. Data were collected at 210

K for a toluene solution. The smooth line represents a convolution of
the instrument response function with a single exponential decay where
£ lnsl === Tops = 102 1is.

Figure 9. (A) Changes in the transient absorptiaxdD = change in

absorption) of dpbpy complexin toluene at 298 K monitored at 720  complex4 was measured to be 0.24, and withs= 1.2 ns, we

nm after excitation at 532 nm. (B) Transient bleach monitored at 600 consequently calculate,: = 1.49 ns. The observed lifetime

nm after excitation at 532 nm. The solid lines represent a convolution of the excited state of the dmbpy comp@in toluene (1.10x

of the instrument response function with a single exponential decay, 3 ; ot —

wherera — 12 ns foli D data sets. gie exp Y10 l\ﬂ) at 298 K following photoexcnauo_n/l()ump— 532 nm,
Aprobe= 720 nm) was determined to bg,s= 7 ns. The value

of Keq at 298 K for complex3 is 1.35, and consequently, we

find 7pt = 16.45 ns. Since complexdsand?2 are in the hs-

Cd' tautomeric form at room temperature in toluene solution,

picosecond time-resolved spectroscopy was not attempted for

0 1000 2000 3000 4000 5000 6000

but also can be monitored as a transient bleach of the 600 nm
transition. Detection of the optical changes in the near IR is
desirable, but this is a much more difficult experiment.

Currently our laser systems are not configured to monitor at
these wavelengths. these two complexes.

Figure 9 shows the picosecond time-resolved transient curvesYariable temperature nanosecond transient absorption spec-
obtained for a solution of dpbpy complésin toluene (1.63x troscopy _has been performed on the series of four cobalt valence
10-3 M) at 298 K. A 532 nm pump pulse (90 ps pulse width tautomeric complexes. Atlow temperatures, all fou_r complexgs
FWHM) into the 600 nm LMCT band of the Is-otautomer exist in the Is-CH state and the nanosecond' tlmgscale is
results in a transient absorption monitored at 720 nm and a @PPropriate for these compounds. The relaxation times were
transient bleach monitored at 600 nm. The solid line representsfound to follow single exponential kinetics and were independent

a convolution of the instrument response function with a single ©f monitoring wavelengths and of solution concentrations
exponential decay of the form ranging from 1x 104 to 5 x 102 M. Furthermore, there

was no observed sample degradation during laser experiments
Change of Absorbancé) (= A[OD(t)] = Aexpt/z,,) (10) for any of the molecules studied. Figure 10 shows a typical
kinetic trace of the relaxation of a6 104 M toluene solution
whereA is a premultipliert is time, androps s the lifetime of ~ Of Is-[C0"(3,5-DTBSQ)(3,5-DTBCAT)(bpy)] 2) at 220.5 K,
the decay. Both of the transients are well described by single following laser excitation witipump = 560 nm and monitored
exponential functions with the same time constantrgt = at a wavelength ofyohe = 740 nm. The solid line represents
1.2 ns. Since the integral deconvolution procedure takes into @ convolution of the instrument response function (IRF) and a
account the entire pulse profile, it can be seen in Figure 9 that Single exponential decay withy,s = 102 ns. Figure 11 shows
both the rise and decay of the signal are fit in determining the the kinetic trace of a 5 10~* M toluene solution of complex:
value of the observed lifetime. Since we see no indication of 1at209.9 K atthe same pump and probe wavelengths. Fitting
a rise time, the hs-Clostate is formed within the experimental Of the data giveso,s = 262 ns. The largest optical changes
resolution of 90 ps. The observation of a bleach and absorptionc@n be monitored as transient absorptions at wavelengths
with identical kinetics around an isosbestic point indicates that Petween 706800 nm, since the hs-C(SQ), complex absorbs
we are looking at light-induced population of the hs-[(2Q)- most strongly at thgse Wavelgngths. Hoyvever transient blgaches
(N"N)] state, followed by relaxation back to equilibrium. It can also be monitored. Figure 12 displays typical single-
should be noted that valence tautomers are in thermal equilib-Wavelength kinetic traces of the relaxation of comp&in a
rium in solution according to eq 2. The photoinduced valence 5-0 x 107* M toluene solution at 200.8 K, following photoex-

tautomerization involves a reversible first-order reaction, where Citation with Zpump = 560 nm. The transient absorption (A)
was monitored at 740 nm, and the transient bleach (B) was

Tops = LKops = 1K + 1Ky, (11) monitored at 570 nm. The solid lines represent a convolution
of the instrument response function and a single exponential
and sinceKeq = kni/kow, €9 12 results: decay. Fitting of the data givesns = 187 ns for both the
transient bleach and the absorption.
Towt = Loyt = Topd Keg T 1] (12) The observation of isosbestic points at 545 and 560 nm in

the variable temperature absorption spectrum of complex
At 298 K in toluene solution, thé&eq value for the dpbpy shown in Supporting Information provides strong evidence that
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0.15 T T T T Table 2. Variable Temperature Kinetic Parameters for the
hs-[Cd'(SQR(N N)] to Is-[Cd" (SQ)(CAT)(N N)] Valence
Tautomeric Interconversion Determined by Means of Nanosecond
and Picosecond Time-Resolved Optical Spectroscopy

Tobs 10 %o 10 ks

010 - 7 complex solvent T[K] Ke [ns] [s7Y [s7Y
1 toluene 190.4 0.064 586 1.60 0.110
AOD 200.2 0.149 434 2.01 0.294
209.9 0.321 262 2.89 0.927

005 L J 219.5 0.647 181 3.36 2.17

228.1 1.22 93.5 4.81 5.89
2 toluene 150.8 0 535 1.87 0
1614 0 294 3.40 0
167.8 0 242 4.13 0
180.9 0 169 5.92 0

000 : ’ — 190.6 0.001 150 6.66 0.00667
0 200 400600 800 1000 2003 0003 114 875  0.0230
¢ lns] ——> 210.0 0.007 102 9.74 0.0680
Figure 11. Transient absorption decay for phen complsr toluene 2210 0.018 81.0 121 0.225
monitored at 740 nm following excitation at 560 nm. Data were 230.0 0.045 66.2 145 0.655
collected at 209.9 K. The smooth line represents a convolution of the 239.8 0.099 542 16.8 1.67

2498 0.205 40.6 204  4.19
3 toluene 181.0 0 409 245 0
190.6 0 267 375 0
015 : : - 200.8 0.001 187 534  0.00571

instrument response function with a single exponential decay where
Tobs = 262 nNs.

211.1 0.003 120 831  0.0277

2205 0.008 86.6 11.5 0.0926

230.0 0.019 62.7 157 0.300

239.6 0.044 47.8 20.0 0.880

249.0 0.094 350 26.1 2.46
3000 1.35 7.0 60.8 82.1
0.05 4 toluene 153.3 0 729 137 0
1613 0 50.6 19.8 0
168.4 0 283 353 0
181.0 0 206 48.0 0
aob 194.4 0 111 90.1 0
2980 024 1.2 671 162
4 2-methyltetra- 110.5 0 752 1.33 0
005 hydrofuran 120.9 0 594 168 0O
131.6 0 400 250 0
1433 0 194 516 0
151.0 0 132 757 0
161.3 0 67.3 149 0
1710 0 40.0 25.0 0
015 ! . . | 181.0 0 273 367 0
0 200 400 600 800 1000 198.1 0 14.2 70.7 0
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Figure 12. (A) Changes in the transient absorptiah@D = change of the optical absorption spectrum of the excited state; this
in absorption) of dmbpy compleXin toluene at 200.8 K monitored at ~ Spectrum corresponds to that obtained at 338 K. The observa-
740 nm after excitation at 560 nm. (B) Transient bleach monitored at tion of single exponential kinetics and isosbestic points in static
570 nm after excitation at 560 nm. The solid lines represent a and time-resolved spectroscopy is strong evidence that we have
con\{olution of the instrument response function with a single expo- only two species present in equilibrium and that photoexcitation
nential decay, whereos = 187 ns for both data sets. is effectively producing the hs-[:¢SQR(N_N)] state which
only two species are in solution and that the equilibrium in eq decays directly to the Is-[CASQ)(CAT)(N N)] state. _

2is present. If the same isosbestic points occur in the transient Arrhenius Behavior of the Rates of Valence Tautomeric
spectrum, it may be argued that the same two states, and on|))nterconver5|on. Re]axatlon rates were o!etermlned fob x
those two states, are involved in the photoinitiated process. Thel0 * M toluene solutions of complexds-4 in the temperature
observation again on the nanosecond timescale of identical kinetF@nge of 156-300 K. The results are tabulated in Table 2.
ics for the bleach and absorption around an isosbestic pointigure 13 shows the resulting hs- [g8QR(N N)] to Is-[Cd"-
confirms that we are seeing population of the hs![(G®)- (SQ)(CAT)(N N)] relaxation rate constants plotted askhy)
(N"N)] state. It was possible to scan the wavelength range VErsus IT. The relaxatlon process in thls temperature regime
and confirm by transient spectroscopy the existence of the IS thermally activated, and the experimental data are well
isosbestic points at 545 and 640 nm. As the monitoring wave- represented as a st_ralght Ilne_. Th(_a results of fitting the relaxatl_on
length was scanned down from 740 to 640 nm, the observeddata to the Arrhenius law given in eq 13 are plotted as solid
transient absorption kinetic trace was seen to decrease inlin€s. As summarized in Table 1, the activation enerdigs
intensity and become nonexistent around 640 nm. Between 640

and 540 nm, a transient bleach was observed of lower intensity Kovt = Ae ENT (13)

than the corresponding maximum transient absorption. Below

545 nm a transient absorption was again observed. In essencefor complexes1—4 are 858, 582, 1088, and 856 cin

the scanning of the monitoring wavelength gives an indication respectively. There is no obvious correlation between the
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Figure 13. Observed hs-[CHSQRN N)] to Is-[CO"(SQ)CAT)-
(N N)] relaxation rates plotted as k(;) versus 1T for complexes
1—4in toluene solution: ¢) [Co(3,5-DTBSQ)(phen)] @); (®) [Co-
(3,5-DTBSQ}(bpy)] (2); (M) [Co(3,5-DTBSQ)(dmbpy)] @); and ()
[Co(3,5-DTBSQ)(dpbpy)] @). The solid lines represent fits of the data
to the Arrhenius equation (eq 14).

Figure 14. Observed hs-[C{SQRN N)] to Is-[Cd"(SQ)CAT)-
(N"'N)] relaxation rates plotted as k() versus 1T for complex4 in
2-methyltetrahydrofuran. The straight solid line represents a fit of the
data to the Arrhenius equation (eq 14). The curved solid line represents
a fit of the data to the Jortner equation (eq 17).

valence tautomeric interconversion likewise may involve a

activation energies and the energy separatidrdisted in Table tunneling process.
1, however some inferences can be made. It is likely that the Kinetic Control of the hs-Co" to Is-Cd" Valence Tauto-
degree of electronic coupling varies among this series of valencemeric Relaxation. One important goal of this research was to
tautomeric complexes, and consequently, this impacts on theelucidate the microscopic details of the mechanism of valence
apparent barrier height. The preexponential factors for com- tautomerization process b in order to control the rate of valence
plexesl and2 are of similar magnitude. The critical temper-  tautomerization. The rate of interconversion from hs![G®Q)]
ature for complex2 is shifted by~50° to higher temperature  to Is-[Cd"(SQ)(CAT)] in these complexes will fundamentally
which is a reflection of the increased energy separatioii)( be dictated by the extent of electronic coupling between initial
between valence tautomeric forms for this complex compared and final statesHl), the energy separations between tautomeric
to that for complexl. The apparent decrease in activation states AE), the magnitude of the change in the reaction
energy from 858 to 582 cm observed for complexekand2, coordinate AQ), and the vibrational modes which make up the
respectively, likely reflects the decreased barrier height due to reaction coordinateh().
the increased energy separation. Compleesd 4 exhibit The hs-C# to Is-Cd' valence tautomeric interconversion is
rather different preexponential factors and their barrier heights similar to the F& spin crossover interconversion. The single
and energy separations do not allow for a simple interpretation. most prominent geometry changes for' Bpin crossover and
One notable general trend, however, is that the ratie,in the valence tautomerism are the metigand bond length
the high temperature limit seems to increase as the critical change Ar) of 0.16-0.22 A. The cobalt complexes also present
temperature increases (i.&\ above 220 K falls in the order internal ligand geometry changes since an electron is transferred
of complex1 < complex2 < complex3 < complex4, where between the metal and ligand. Spin crossover and valence
Tuz increases in the order of 226.6, 277.0, 286.6, 350.0 K, tautomerism can be thermally driven; the entropy gain is of the
respectively). same order of magnitude and the energy separations between

In order to observe deviations from Arrenhius behavior, it is limiting forms lie in a similar range of 3063000 cn1!. The
necessary to investigate the dynamics at temperatures belowspin crossover relaxation process is thermally activated at
~140 K. The use of toluene as solvent precluded such anelevated temperatures but at temperatures betaid0 K
investigation since toluene tends to become optically opaque deviates from simple Arrhenius behavior and becomes temper-
below temperatures of150 K. It was for this reason that the ature independent. This behavior is typical of a tunneling
dynamics of complex were investigated in 2-methyltetrahy- process. Likewise, the valence tautomeric process is thermally
drofuran(MTHF), which forms a much more transparent glass activated at high temperature, displaying similar activation
at low temperatures. The variable temperature rate constantseenergies E;) and preexponential factorsA) to Fé' spin
for back valence tautomerization of a510~* M solution of crossover complexéd. Furthermore, the valence tautomeric
complex4 in MTHF are listed in Table 2. The observed rates relaxation begins to show deviations from Arrhenius behavior
in the 156-200 K range are similar to those observed in toluene. at ~140 K. Moreover, the observed relaxation rates of spin
Figure 14 shows the resulting hs-[8Q)(dpbpy)] to Is-[Cd'- crossover and valence tautomerism are similar to within an order
(SQ)(CAT)(dpbpy)] relaxation rate constants plotted aklg( of magnitude.
versus 1/T. It can be seen that at temperatures above 140 K Important work has elucidated some of the factors which
the hs-C# to Is-Cd" interconversion is a thermally activated modulate the rate of the Fespin crossover interconversidn.
process. However, at temperatures below 140 K, deviations The large geometric changes, the energy separations, and the
from linearity are observed. The straight line represents a fit small values of the electronic coupling in spin crossover
of the data in the 156200 K to eq 14, wher&, is found to be complexes have been shown to be key factors that modulate
959 cnttand InAis 25.05. Ferrous spin crossover complexes the rate of spin crossover relaxation. The rates of high-spin
show deviations from Arrhenius behavior at temperatures below low-spin crossover in solution at room temperature fol Fe
~120 K, where the relaxation rate becomes temperature complexes are of the order of %010 s~1. For the four cobalt
independent a3 — 0. This behavior has been ascribed to a valence tautomeric complexes studied, the observed room-
tunneling process. The above data seem to suggest that theemperature rates of back valence tautomerization are found to
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be in the range I0-10° s™1. Since the geometric changes and shown in eq 14:

energy separations in these valence tautomeric complexes are

of simila_r magnitud_e and nature to 'Fepin crossover com- hs-[Cd'(NH3)6]2+ + Is-[Co'”(NH3)6]3+ é

plexes, it seems likely that the electronic coupling is of ket

comparable magnitude. However, the small electronic coupling Is-[Co'"(NH3)6]3+ + hs-[(;d'(NH3)6]2+ (14)

in these valence tautomeric complexes probably results from a

fundamentally different origin. The electronic coupling between The study of this electron exchange has proved to be a long-
two states can conveniently be described by the electronic standing problem in coordination chemistfy. The rate of
coupling matrix elementH; = [(W¢/H|W;[] whereW; and s electron transfer between the cobalt ammine complexes has been
correspond to the total electronic wave functions of the initial observed to be remarkably slow relative to analogous self-
and final states andH is the total electronic Hamiltonian.  exchange couples of other transition metal complexes such as
Symmetry and spin restrictions are important factors in the Fe'/Fé" and RU/RU". In fact, relative to the hexammineru-
evaluation of the extent of electronic coupling. The magnitude thenium complexes, the bimolecular rate of electron transfer
of Hi depends on the spin multiplicity differences between for the above cobalt complexes-isl0*3 times slower at room
initial and final states, the symmetry of the donor and acceptor temperature. The most obvious difference between the Co
orbitals of the initial and final electronic states, and the CJ" systems and those of H&e'" and RU/Ru" is that the
availability of electronic states that can mix with the donor and former requires change in the spin state at the cobalt ions. The
acceptor wavefunctions. The magnitude lg§ in Fé' spin electronic configurations of the interacting species in the cobalt
crossover complexes is small since ¥ieto 1A, spin crossover  Self éxchange system are

involves aAS = 2 transition that is formally spin forbidden 5 0 5 ) 5 5 6 0

and to first-orderH; = 0 (i.e, the 5T, and !A; states are  (f2g) (65) "+ (t,) (€)= (tzg) (") " + (t)°(ey) " (15)
orthogonal). For Pespin crossover complexes, the magnitude

of Hi is dictated by a second-order spiarbit interaction . The electronic structure change inthis.electron transfer system
through the intermediacy of #; state. is fundamentally 5|m_|la_r to the elec_tronlc stru_ctural change_ of
the valence tautomeric interconversion shown in Figure 7. Since
both reactions involve a change in twgs electrons, the metal
ligand bond length changes are bot9.18 A. The electron
transfer process in both cases involves interconversion between

Magnetic exchange coupling in the cobalt valence tautomeric
complexes allows for &S = 0 interconversion pathway and
thus is formally spin allowed. The hs-Coccomplex is a

magnetic-exchanged coupled system having®re®/>, oneS Is-Cd" and hs-Cb. The self-exchange reaction isAS = 3,

= 1/2,”and twoS = stateslln close energy proximity. The  ,rqcess and is formally spin forbidden whereas the electron
Is-Cd" tautomer is anS = %/, complex. The spin-allowed  {ansfer is between o4& orbitals and is orbitally allowed.
valence tautomeric interconversion likely involves the- Y2 Calculations have shown that the retardation of the self-exchange
state of the hs-Cbtautomer. The electronic structures of the  rate in hexamminecobalt complexes is due mainly to geometrical
S = 1/ valence tautomeric states are shown in Figure 7. The reorganization energies @ssociated with the large metal
cobalt valence tautomeric System is fundamentally a linked ||gand bond |ength Changes and to a lesser extent to the Spin
donor-acceptor electron transfer system, where the molecular multiplicity restrictions (16).3%

orbital symmetries of the donor and acceptor moieties are  Theoretical Analysis of Temperature Dependence of Rates
expected to influence the magnitude bf;. The valence of Tautomerism. In order to elucidate the microscopic details
tautomeric interconversion from hs-[tI8Q)] to Is-[Co" (SQ)- of the mechanism of valence tautomerization process b, it is
(CAT)] is an intramolecular electron transfer process and necessary to place the valence tautomeric process within some
involves the initial transfer of an electron from the highest theoretical framework. A quantum mechanical theory of
occupied hs-Cbeg* donor orbital to the unoccupieet-acceptor radiationless transitions was proposed by Buhks and Jortner et
orbitals of the semiquinone ligands. Theoretical investigations al. in order to explain the dynamics of spin crossover processes
of electronic coupling in electron transfer systems have shown in solution? " In this model, thehs— Is relaxation is described
that the magnitude of electronic couplitd; depends on the  as a non-adiabatic radiationless process in the strong vibronic
matrix elementCi|yL) where y; and y; are the molecular ~ coupling limit occurring between two spin states in different
orbitals of the initial and final state which donate and accept Nuclear configurations. In this theory, the electronic energy of
the electron, respectivelj. Density functional LCAO electronic  the initial state is transformed into the vibrational energy of
structure calculations of cobalt valence tautomeric complexes thel final state. The theory has been successfully agglled to the
have shown the donor and acceptor orbitals to be orthogonal toFé.Sp'n crossover relaxatl_on n pqumer fllrﬁfé,sol7ut|on, pure
each other, and mixing has been shown to be negligible. solid compoun_ds, and dilute mixed crystéﬂé._ Important
ConsequentlyH; is not expected to be large. Such orbital parameters which modulate the rate of relaxation suchEBs

symmetry restrictions have been shown to retard the rate ofH”’ ho, gnd AQ are Ilke.ly. similar to those for t.h e valence
: S | | tautomeric process, and it is reasonable to describe the valence
intramolecular electron transfer in linked 'RuCo" com-

. ) . tautomeric interconversion within the framework proposed b
plexes!® In summary, the tunneling matrix eleme is small prop y

¢ balt val taut . | due t bital Buhks and Jortner et al.
or cobalt valence tautomeric complexes due 1o poor orbital - the conversion between the Is't@nd hs-Cb states can
overlap, whereasl;; is small in Fé spin crossover complexes

' >Hif be described in terms of a one-dimensional potential energy
due to spin restrictions. - diagram (Figure 15). The simplest model for treating the
Another electron transfer system that has some similarities valence tautomeric interconversion is the single configurational
to the valence tautomeric system is the self-exchange electron
: yst 9 O 34y Newton, M. D.J. Phys. Chem1991, 95, 30.
transfer reaction of hexaamminecobalt complexes in solution (35 ghks, E.; Bixon, M.; Jortner, J.; Navon, Gorg. Chem 1979

18, 2014.
(33) (a) Koga, N.; Sameshima, K.; Morokuma, X.Phys. Cheml993 (36) Xie, C. L.; Hendrickson, D. NJ. Am. Chem. S0d987, 109, 6981.
97, 13117. (b) Sanz, J. F.; Malrieu, J. P.Phys. Cheml1993 97, 99. (c) (37) Conti, A. J.; Xie, C. L.; Hendrickson, D. Nl. Am. Chem. Soc

Newton, M. D.Chem. Re. 1991, 91, 767. 1989 111, 1171.
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LA R L I the frequencyn. These oscillators can exist in quantum states
sQ sa ] whose energies are given B = (n + Y)hw. In Figure 15,
superimposed on each vibrational level is drawn the square of
the vibrational wave function for that level. The complex
tunnels from the hs-Clostate to the Is-Cb, where the electronic
energy of the hs-Cbstate is transformed into the vibrational

T

g
O
T:
8

!

5000 is-Co—cAT

4000 5 7] energy of the Is-CB state. The vibrational energy is then
] dissipated by heat while the Is-ttaccomplex settles to a new

- 1 thermal equilibrium. The probability of the interconversion,
£ 3000 § and consegently, the rate of the process is dependent on the
- magnitude of the electronic coupling and the square of the
g 2000 b overlap integral €(n, n+ p)] of the vibrational wave functions
5 given by

1000 : C(n, mp) = [t = Dtalznipd (A7)

wherey,, is the vibrational wavefunction for thah vibrational
level in the hs-Cb state,yn+p is the wave function in the Is-

4 Cd'" state, and is the oscillator coordinate. The absolute value
of C4n, n+ p) is the Franck-Condon factor. The factag?-

(n, n+ p) is qualitatvely represented in Figure 15 as the shaded
areas of overlap. The thermally averaged Franck-Condon factor
is then given by

Figure 15. Quantum mechanical potential energy diagram for the Is-

Co'" and hs-Cb valence tautomeric states, plotted along the totally /KT

symmetric normal coordinate Q withQ = +/6 Ar. In the simple SCC z|(Xn|Xn+p)| €

model, harmonic potentials with equal force constants are used. The G(M = n (18)
vibrational energy levels are shown with the squares of the vibrational —rhlkT

wave functions superimposed. ze

coordinate (SCC) model where the reaction coordinate follows

a certain nuclear coordinate. Since the largest geometric where the sum is over all vibrational leveif the initial hs-
changes which accompany the valence tautomeric process ar€0' state. AsT — 0, only the lowest energy vibrational level
the metat-ligand bond lengths whergr is ~0.18 A, an initial will be populated and the theory predicts a temperature-
assumption is that the reaction coordinate will be approximately independent rate at low temperature.

equivalent to the totally symmetric stretching normal coordinate  In fitting the valence tautomeric rate constant data to the
of the complex, wherAQ = +/6Ar. The rate at which the  expanded version of eq 16 given explicitly in ref 20, the
hs-Cd state converts to the Is-®ostate depends on the parameters includilis, iw, p, andS The parameters diw,

magnitude of the change in the reaction coordina®)( the p, and S are part of the nuclear vibrational overlap fac®r
frequency of the active metaligand vibrational modeHw), derived by Buhks and Jortner et al. The one active metal
the energy differenceAE), and the magnitude of the electronic  ligand vibrational mode is characterizedfay, andp is simply
coupling between the initial and final statedi). the reduced energy gap which for the analytical expression is

Starting from the Fermi golden rule and invoking the Condon necessarily an integer value.
approximation Buhks and Jortner et al. derived the following
rate expression for radiationless spin conversion processes in p= AE%hw (29)

solution: . . .
The energy gap\E is a measure of the vertical displacement

= (zﬂ/h)gf|Hif|2G (16) of the two potential wells relative to each other. The parameter
Sis the Huang-Rhys factor and measures the contribution of
The parameteg is the electronic degeneracy of the final state the change in the metal ligand vibrational mode,
(i.e.,0ns—cd' = 16 andgis—co" = 4). The Condon approximation
assumes that the electronic matrix element in the region of the S= ma)(Ar)2/2h = l/ZfAQZ/ha) (20)
curve crossings is sufficiently constant and can be factored out
of the total matrix element (separable nuclear and electronic wherem is the reduced mass arids the force constantS
wave functions) leaving the nuclear part in the fadBr The measures the horizontal displacement of the two potential wells
thermally averaged FranelCondon nuclear vibrational overlap  and is related to the reorganization energylfy S = A/ hw.
factor G accounts for the contribution of solvent and metal ~ For Fé' complexes with a [Fej] core, the value fofs of 40—
ligand vibrational modes. In order to arrive at an analytical 50 has been estimated fromAay. = 0.16-0.22 A, a mean
expression folG, a relatively simple model of the vibrational ~ force constant of ~ 2 x 10° dyn/cm, and a typical vibrational
mode was assumed. The solvent is represented by very lowfrequency of 208-300 cnt1.l” Experimental values foS
frequency oscillators, and it is assumed that the initial and final obtained from fitting experimental rate data to eq 16, tend to
states are approximated as harmonic potentials with equal forcegive values which range from 18 to 2837 The cobalt valence
constantg and that a single metaligand vibrational modé&w tautomeric complexes have a [CgDi] coordination, and
is coupled to the interconversion. estimation ofSis not as straightforward. However, using an
Figure 15 presents the salient features of the theory in average value foAr of 0.18 A and a larger vibrational frequency

graphical form. Initially, the system is in the hs/Cstate and of 350—450 cn1? together with a larger force constant, a value
contains a Boltzmann population of oscillators all of which have for S of 30—40 can be estimated.



11528 J. Am. Chem. Soc., Vol. 118, No. 46, 1996 Adams and Hendrickson

Table 3. Parameters Obtained from the Fit of the Relaxation Rate obtained with only slight variations of the above parameters.

Data to the Jortner Equation (eq 16) Such slight variations mainly produced modifications in the low-
complex Hig[ecm™]  Aw[cm™ S AE[cm™] p temperature tunneling rates. In order to obtain better defined
1phen 7.00 389 200 2336 g  Vvalues for the above parameters, it is necessary to obtain the
2 bpy 5.38 389 29.0 3115 8 rate of back valence tautomerism as the temperature is decreased
3 dmbpy 35.6 357 39.3 3216 9 to liquid helium temperatures.

4 dpbpy 88.0 334 32.1 1669 5

Concluding Comments

Data were presented to show that a series of four cobalt
complexes undergo a valence tautomeric transformation from
2 ' ' ' low-spin-[Cd" (SQ)(CAT)(NAN)] at low temperatures to high-
spin-[Cd' (SQR(N N)] at high temperatures. Variable temper-
ature magnetic susceptibility data for toluene solutions of the
19 T complexes were analyzed to evaluadd and AS values
characterizing the valence tautomeric equilibrium. The main
Ag conclusion is that the valence tautomeric transformation is
4 16 - 7 entropy driven. The hs-Clotautomer has not only a greater
= electronic entropy but also a greater vibrational entropy than
the Is-Cd' tautomer. The effect of the diiminium ligandMl
13 7 on the energy differenc@\g = AH) between the two tautomers
was discussed in the context of a molecular orbital diagram.

The kinetics of the valence tautomeric interconversion (i.e.,

a See text for the definition of the parametéts, hw, S AE, andp.

10 ' ' : both forward and backward rates of hs!Cm Is-Cd" inter-
0.003 0.008 0.009 o012 0015 conversion) were characterized by picosecond and nanosecond
I/TIK! ~—> laser photolysis studies. When the complex is in the 1$-Co
Figure 16. Observed hs-[CHSQRN N)] to Is-[Cd"(SQ)CAT)- form, it can be excited by a laser pulse to a LMCT excited
(N N)] relaxation rates plotted as k() versus 1T for complexes state. Rapid intersystem crossing to the hd-Gmte ensues,
1-4: (®) [Co(3,5-DTBSQ)(phen)] () in toluene; &) [Co(3,5- then allowing the determination of the rate of hslGo Is-
DTBSQX(bpy)] (2) in toluene; @) [Co(3,5-DTBSQ)(dmbpy)] @) in Cd" conversionky:. At room temperatureky, ranges from

toluene; and @) [Co(3,5-DTBSQ)(dpbpy)] @) in MTHF. The solid

. . . 6.1 x 107 to 6.7 x 10® s 1 for complexes3 and4 in toluene.
lines represent fits of the data to the Jortner equation (eq 16).

The temperature dependence lgf; is Arrhenius-like in the
140-300 K range, but below140 K, deviations from linearity

are seen. ltis suggested that the valence tautomeric conversion
involves quantum mechanical tunneling. The relatively slow
rate of hs-Cb to Is-Cd" conversion is attributable to poor
overlap between donor and acceptor molecular orbitals. This
is in contrast to the relatively slow rates of spin state intercon-
version of Fé spin crossover complexes that reflech&= 2
spin-forbidden transition.

In the least-squares fitting of the rate data to eq 16, the values
of AE (~AH) from solution magnetic susceptibility were used
and held constant. We could only employ integer valuep of
since the analytical expression involves modified Bessel func-
tions. Consequently the valuesAE are slightly different from
those obtained from the magnetic data. Table 3 lists the
parameters obtained from the best fits of the rate data for the
four cobalt complexes. The plots of data and the fits are
displayed in Figure 16. As expected from theory the process Acknowledgment. This work was supported by NSF grant
is thermally activated at higher temperatures and becomesCHE-9420322 (D.N.H.).
temperature independent as=T0. The values oHj; obtained
in the fitting range from 5.38 to 88 cm; these values are
consistent with two weakly interacting states. The quantum for
the single active vibrational mode &i» was found to range
from 334 to 389 cm?!, which is consistent with a ML
stretching frequency. Moreover, the value®ivas found to
range from 29.0 to 39.3, which is consistent with the observed
metal-ligand bond length changes. Reasonable fits could be JA9619566
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ing variable temperature magnetic susceptibility dgavs T)
for all complexes and electronic spectra for complexesd3
in toluene and for complex® at 298 K in polystyrene (5 pages).
See any current masthead page for ordering and Internet access
instructions.



