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Three binuclear Ru complexess-,cis-[(NH3)4(L)Ru-pz-Ru(NH)4(dmso)](Pk)s (L = NHgz (4), pyridine 6),
benzonitrile 6); dmso= dimethyl sulfoxide) have been prepared, and their electrochemical behavior, exhibiting
molecular hysteresis, is reported. Simulations of cyclic voltammograms and thin-layer cyclic voltammograms
have provided redox potentials, isomerization rates, and interconversion rates of the complexes. The rates of the
conversions between two isomeric intermediate states have been determineds;tallbe®and 4x 1074 s for

the complex4, 4 x 107° and 4x 10~ s™1 for the complexs, and 2x 1074 and 5x 107° s™! for the complex

6. The equilibrium parameters between these states are discussed in relation to the redox potentials of the complexes.

A single molecule exhibiting bistability with hysteresis is of Chart 1

the utmost importance to the prospects for molecular mentories

and in reaching an understanding of memory phenomena in ﬁ

nature. The properties of molecule (Chart 1), which was

specifically designed to exhibit the important features of a  (NHg)sRu**— 0S—-Ru? (NHg)s 1

hysteresis loop on being addressed electrochemically, have been

described® In it are combined two RU/RU?" couples, one

with the metal attached to the thioether function of the bridging

ligand and the other with it attached to the sulfoxide. The former a reversible a linkage-isomerization

gives a reversible response in cyclic voltammetry, while the redox part part

other has the property that on reduction, for example, isomer-

ization of the O-bound state to S-bound takes place, this being /T \

reversed on oxidatioh? When the value o, for the reversible (NHg)4Ru—N N—Fliu(NH3)4 4: L =NHg
couple lies betwe_en the eIectrochem|ca_I signals for the two other t \\ // dmso <5 : pyridine )
couples, for which electron transfer is attended by linkage 6: CeHsCN

isomerization, two intermediate states arise: JRURUFT0S],
by 1e reduction of the fully oxidized molecule in its stable
form [RU3*- -RU3TOS], and the other, [Rd- -RIZTSO], by 1e
oxidation of the fully reduced molecule in its stable form
[Ru?t- -RWPTSQO]. The isomeric intermediate states can inter-
convert by intramolecular transfer coupled to linkage isomer-
ization. The relationship of this behavior to loss of memory in
molecular devices has been dealt with in earlier publicaidiis.
Herein, we describe the electrochemical, kinetic, and ther-
modynamic properties @f—6 with pyrazine as a bridging ligand
in Chart 1. In1 the communication between the metal centers
is very weak, it being mediated by interaction through space or
by the saturated bond system. This is demonstrated by the result
of observations made on a variantlofvhere both sulfur atoms
are in the thioether form: when the molecule is in the [3+]
mixed-valence form, the extinction coefficient of the interval-
ence band is only 6 M cm™.2 In 4-6, the metal centers are  Experimental Section
linked by pyrazine. In marked contrast to the weak interaction

encountered fot, when pyrazine bridges Ru(N}#3+ and Ru-
(NH3)s2t the interaction is very strong and in fact the mixed-
valence molecule is considered by most to be delocalized. In
4—6, the interaction will be reduced because the two redox
centers are not equivalent, but it nevertheless is very much
stronger that it is inl. Another significant change betweén
and the these compositions of present interest is that the bridging
ligand, pyrazine, is ar acid, and its replacement of NHa
simpleo donor, at the center undergoing linkage isomerization,
is expected to affect the dynamics of the system. Finally, the
changes in composition of a reversible couple provide an
%pportunity to study the effect of driving forces on the behavior
of the system, which includes an interest in the intermediate,
isomeric states.

Materials. [Ru(NHs)s(acetone)](P§. andcis-[Ru(NHs)s(methanol)-

(1) Kolle, U. Angew. Chem., Int. Ed. Engl991, 30, 956-958. (PFs)2 were synthesized from [RU(NJRCIICI2 andcis-[RU(NHz)oClz]-

(2) Sano, M.; Taube, HJ. Am. Chem. Sod 991, 113 2327-2328. Cl as described in the literatu?d? respectively. Pyrazine (pz) was
(3) Sano, M.Kagaku Asahi1991, 51(9), 34—37. recrystallized from ether. Dimethyl sulfoxide (dmso), pyridine (py),
(4) Sano, M.; Taube, Hnorg. Chem.1994 33, 705-709. and benzonitrile (gHsCN) were purchased from Wako Chemical and
(5) Sano, M.Polym. Ad. Technol 1995 6, 178-184. were used without further purification. Acetone was purified by vacuum

(6) Yeh, A.; Scott, N.; Taube, Hnorg. Chem 1982 21, 2542-2545.
(7) Tomita, A.; Sano, M. Unpublished result. A single-crystal X-ray
analysis has been performed for [Ru(#in-butyl sulfoxide)](Ck-

SOs)3. The oxygen of the sulfoxide has been confirmed to coordinate (9) Callahan, R. W.; Brown, G. M.; Meyer, T. lhorg. Chem 1975 14,
to the Rd™. 1443-1453.
(8) Tomita, A.; Sano, MChem. Lett1996 981-982. (10) Sugaya, T.; Sano, Mnorg. Chem 1993 32, 5878-5879.
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distillation over BO;,'* and ethanol and methanol were purified by
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distillation over Mg(OCH), and Mg(OGHs),, respectively. Anhydrous
Et,O and CHCI, were purchased from Aldrich (Sure/Seal bottle) and
were used without further purification. Tetra-1-butylammonium hexaflu-
orophosphate nEBusNPFs) (Tokyo Kasei) was recrystallized from
ethanol and dried at 10% under vacuum. All solvents were thoroughly
deoxygenated by purging with argon in a Vacuum/Atmospheres Co.
inert-atmosphere dry glovebox.
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for 40 h in the dark. The red solution was treated with,CH (10
mL) and ether (3 mL). The precipitate was collected by filtration and
redissolved with 2 mL of acetone, and the solution was filtered. To
the filtrate was gradually added GEl, (5 mL). The deep-red
precipitation was collected by filtration and washed with,CH. The
total yield was 146 mg.

Anal. Calcd for Q3H39N1180RLQP4F24: C, 1323, H, 333, N, 13.06.

All reactions and measurements were carried out under argon Found: C, 14.00; H, 3.54; N, 12.3% NMR (acetoneds; 25 °C): &
atmosphere in a Vacuum/Atmospheres Co. inert-atmosphere dry8.94 (2H, d; pz), 8.62 (2H, d; pz), 7.85 (2H, dsHGCN), 7.70 (1H, t;

glovebox.

Preparation of cis-[Ru(NH 3)4(dmso)(pz)](PF) (2). cis[Ru(NHs).-
(methanol)](PFs)2 (90 mg) was dissolved in 0.2 mL of acetone followed
by the slow addition, with stirring, of 1.5 mL of acetone solution
containing 14.3 mg of dmso, and after 15 min, 5 mL of CH was
added. The pale yellow precipitateig[Ru(NHs)4(dmso)(acetone)]-
(PRs)2, 3) was collected by filtration and washed with gE,.

Compound3 (86 mg) was dissolved in 2 mL of acetone. This was
slowly added to the acetone solution (0.1 mL) containing pyrazine (71
mg) with stirring, stirring being continued for 1 h. The orange solution
was treated with CkCl, (5 mL), and the precipitate was collected by
filtration and washed with CkCl,. An orange solid was obtained (76
mg).

H NMR (acetoneds; 25 °C): 6 8.98 (2H, d; pz), 8.59 (2H, d; p2),
3.72 (3H, br; NH), 3.27 (6H, s; CH), 3.10 (3H, br; NH), 2.89 (6H,
br; NHs).

Preparation of cis-[(NH 3)sRu(pz)Ru(NH3)4(dmso)](PF)4 (4). The
orange compoun@ (62.2 mg) was dissolved in 0.5 mL of acetone.
An acetone solution (0.5 mL) containing [Ru(Mkacetone)](Pk2

CsHsCN), 7.57 (2H, t; GHsCN), 3.54 (3H, br; NH), 3.45 (3H, br;
NHa), 3.27 (6H, s; CH), 3.18 (3H, br; NH), 3.10 (3H, br; NH), 2.80
(6H, br; NHs), 2.74 (6H, br; NH).

Instrumentation. Proton NMR spectra were recorded on a JEOL
a-400 spectrometer and are reported as ppm shifts from acedgone-
(2.04 ppm fortH). The electronic absorption spectra were recorded on
a Hitachi 330 spectrophotometer.

Cyclic voltammetry and thin layer cyclic voltammetry were carried
out by a BAS-100B electrochemical analyzer on acetone solutions of
complexes (3 mM) containing 0.2 MBusNPFs. Cyclic voltammetries
were performed by a three-electrode system with a platinum working
electrode, a platinum-wire counter electrode, and a gold-wire reference
electrode with the ferrocene/ferrocenium hexafluorophosphate (Fc/Fc
dissolved in acetone. Thin-layer cyclic voltammograms were taken on
the acetone solution in an argon atmosphar& mL volume of acetone
solution 1 mM in the complex and 0.5 M mBu,;NPFR; was admitted
to the compartment of the thin (0.08 mm thickness) layer electrochemi-
cal cell equipped with a platinum 150 mesh working electrode, a counter
electrode, and a reference. All potentials are reported vs the normal

(59.2 mg) was added, and the resulting deep red solution was stirredhydrogen electrode. The reference electrode was calibrated with the

for 3 h in thedark. Treatment with CkCl, (5.5 mL) resulted in a
precipitate; after being collected by filtration it was dissolved in 2 mL
of acetone, following which CkCl, (2 mL) was slowly added. The
solution was filtered off, and Ci€l, (3 mL) was gradually added to
the filtrate. The red-purple precipitate was collected by filtration and
washed with CHCl,. A red-purple solid was obtained (70 mg).

Anal. Calcd for GH3/N1¢SORUP,F24Y2(CH3),.CO: C, 8.12; H, 3.64;

N, 12.64. Found: C, 7.78; H, 3.57; N, 12.681 NMR (acetoneds; 25
°C): 0 8.87 (2H, d; pz), 8.29 (2H, d; pz), 3.77 (3H, br; BH3.53
(3H, br; NH), 3.29 (6H, s; CH), 3.11 (3H, br; NH), 2.72 (6H, br;
NHs), 2.56 (12H, br; NH).

Preparation of cis-,cis-[(NH 3)4(py)Ru(pz)Ru(NH3)4(dmso)](PFs)a
(5). cis-[Ru(NHs)s(methanol)](PFs). (93.1 mg) was dissolved in 0.5
mL of acetone, and to it was added, with stirring, 3 mL of acetone
containing 15 mg of pyridine. After 30 min, the solution was treated
with CH,Cl, (10 mL). The yellow precipitate c{s-[Ru(NHs)4(py)-
(acetone)](P§).) was collected by filtration and washed with &E,.

The above yellow compound (48.3 mg) and compogi80.4 mg)
were dissolved in 2 mL of acetone. The red solution was stirred for 16
h in the dark. The resulting precipitate was removed by filtration.
Treatment of the filtrate with CHCl, (10 mL) resulted in a precipitate
which was collected by filtration and was redissolved in 2 mL of
acetone. To the solution was slowly added,CH (8 mL). The red-
purple precipitate was collected by filtration and washed withClEH
The yield was 75 mg.

Anal. Calcd for GiH3gN1:SORUPsF.4: C, 11.43; H, 3.40; N, 13.34.
Found: C, 11.55; H, 3.40; N, 12.62H NMR (acetoneds; 25 °C): 6
8.61 (2H, d; pz), 8.46 (2H, d; pz), 8.45 (2H, d; pz), 7.89 (1H, t; py),
7.39 (2H, t; py), 3.66 (3H, br; NkJ, 3.51 (3H, br; NH), 3.27 (6H, s;
CHg), 3.14 (3H, br; NH), 2.91 (3H, br; NH), 2.76 (6H, br; NH),
2.69 (6H, br; NH).

Preparation of cis-,Cis-[(NH 3)4(CsHsCN)Ru(pz)Ru(NHz)4(dmso)]-
(PFe)4 (6). cis-[Ru(NHs)s(methanol)](PFs). (103 mg) was dissolved
in 0.2 mL of acetone. To the solution was slowly added 2.5 mL of
acetone solution containing 22.4 mg ofHsCN. After 1 h, the solution
was treated with CKCl, (8 mL). The yellow precipitatec{s-[Ru(NHs)4-
(CeHsCN)(acetone)](P#.) was collected by filtration and washed with
CH,Cl,.

The above yellow compound (106.9 mg) and compo2r(d06.2
mg) were dissolved in 3 mL of acetone, and the solution was stirred

(11) Burfield, D. R.; Smithers, R. Hl. Org. Chem1978 43, 3966-3968.

Fc/Fc™ couple € = 0.55 V (NHE)) as measured in situ. Variable-
temperature electrochemical experiments in the drybox employed a
thermostat system with an Eyela MPF-40, which controlled the
temperature tat0.1 K.

All reactions and measurements were carried out under argon
atmosphere in a Vacuum/Atmospheres Co. inert-atmosphere dry
glovebox.

Digital Simulation for Cyclic Voltammetry. Digital simulations
of proposed electrochemical mechanisms were done for cyclic volta-
mmograms and for thin-layer cyclic voltammograms with DigiSim
and a general purpose prografmespectively. We assumed Nernstian
behaviors in these simulations.

Results

Molecular Design and Preparations.The archetypal mol-
ecule exhibiting the molecular hysteresis made by our group
consists of two parts, a reversible redox part and a linkage
isomerization part. In our earlier wotkhe linkage isomerization
function was presented by the bridging group. In the composi-
tions chosen for the present study, this is not the case. The
bridging ligand is pyrazine, where the isomerization part is Ru-
(NHs)4(dmso) and the reversible redox part is Ru@\ (L
= NHs, pyridine, benzonitrile). The ligand, L, changes the redox
potentials, thus affecting the equilibrium constant between the
mixed-valence species. We prepared the Pgalts of three
complexesgis-,cis-[(NH3)sRu-pz-Ru(NH)4(dmso)f+ (4), cis-
,Cis-[(NH3)4(py)Ru-pz-Ru(NH)4(dmso)f* (5), and cis-cis-
[(NH3)4(C6H5CN)RU-pZ-RU(N}"5)4((:“7150)]1+ (6)

Scheme 1 summarizes the preparative strategy. The majority
of preparations described in the Experimental Section utilize
as a synthetic intermediatas-[Ru(NHs)4(methanol)](PFe),
dissolved in acetone. The reactions in acetae]Ru(NHs3)4-
(acetone)?t + L — cis[Ru(NHz)4(L)(acetonej™ + acetone,

(12) DigiSim from Bioanalytical Systems, Inc., is a simulation program

for cyclic voltammetry.

Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals

and ApplicationsWiley: New York, 1980; p 675.

(14) Atroom temperature, the methanol complex can be stored for 1 week
as a solid under argon.

(13)
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Scheme 1

. 2 pyrazine ) . 2

cis-[Ru(NHj3)4(dmso)(acetone) ] = cis-[Ru(NHj)4(dmso)(pyrazine)]

&) @
T dmso
. 2
cis-[Ru(NHz)4(acetone),] " — cis, cis-[Ru(NHs)4(L)(pyrazine)Ru(NHz)4(dmso)]**
(cis-[Ru(NHz)4(methanol);]**) (4); L= NH;
(5); L = pyridine
l Ligand (6); L = CgHsCN
cis-[Ru(NH3)4(L)(acetone)]**
Scheme 2 cis-, cis-[(NHy)4(py)Ru(pz)Ru(NHs)4(dmso)|**
A Ei A E2 A
_e -e
[Ru?*--Ru*S0] m—— [RU¥-RU¥'SO] —= [Ru**--Ru**S0)
a. cyclic voltammogram
ke || K2 L ILS K- T Ki b. digital simulation
cis-, cis-[(NH3)4(py)Ru(pZ)Ru(NH3)4(dmso)]6+
[Ru®*-RU>'0S] =———>  [Ru®--R*0S] =———> [Ru*-Ru>0S
B" +Ee B' *Ee B c. cyclic voltammogram

4 3

are rapid and apparently quantitative. The new strategy is
particularly useful when the entering ligand is insoluble in water.
Acetone is readily replaced fronis-[Ru(NHs)4(L)(acetone 3™
to form derivatives of the typeis-[Ru(NHz)4(L)(L')]?". The
desired binuclear compounds are prepared by the reaction with
cis-[ﬁru(N Hz)4(dmso)(pyrazinef” andcis-[Ru(NHsz)4(acetone)- 0.2 0.6 1.0 14 1.8
L=

Electrochemical Behavior of the Complex 5Two examples E/V (vs. NHE)
of cyclic voltammetry traces are presented in Figure 1a,c for 3 Figure 1. Cyclic voltammograms and digital simulations at 100 mv
mM acetone solutions of the fully reduced form (FRu-Ru?*- s " on acetone solutions containing: Gis-[(NHs)«(py)Ru(pz)Ru(NH)-

6+ _ o
SOJ) and the fully oxidized form ([Rt- -R#OS]) of the ~ (@MSOI™" (3 mM) andn-BuNPF (0.2 M) at 25°C.

complex5. This electrochemical behavior is understandable simylations, experimental redox potentials were used, and rates
according to Scheme 2. At a scan rate of 100 mV, she of the isomerizations and of heterogeneous electron transfers
electrochemical behavior of the fully oxidized form (Figure 1¢) 4y electrode are parametrized, while the interconversions

is simpler and will be dealt with first. Starting at oxidizing  petweenA’ and B' were neglected. Figure 1b,d shows two

d. digital simulation

potentials, two reversible couples are observed, origyat= examples of the fitting results. Experimental and simulated
0.92 V, peak to peak separation 0.10 V, which is assigned to regyts give fair agreement showing that the proposed scheme
[Ru**2*- -RU**OS], and the other &, = 0.45 V,AV = 0.09 is reasonable and the interconversions are so slow as to be
V, assigned to [Rtr- -Ru**/>*OS]. The fact that no complica-  pegjigible. The linkage isomerization rates were also estimated
tions are observed shows that isomerization ot to R3*- in these fitting processé8. The CV result for the other

SO is slow on the time scale defined by the sweep rate. In compounds were digitally simulated in the above manner, and
starting with the fully reduced forn, at 0.87 Vis assigned to e rates of the isomerizations were also obtained as given in
[Ru?"- -RP"SO]— [Ru**- -RPFSQ], close to, but notidentical  Taples 1 and 2.
with, the corresponding value &, = 0.97 V in Figure 1c. Rates of Conversions between the Mixed-Valence Species.
The oxidation [R&*- -RiP*SO]— [Ru**- -Ru**SO] takes place ¢ jg important to know the rates of the interconversionAof
at Ea = 1.55 V with no corresponding reduction wave on  angp' in Scheme 2, related as they are to the half-life of the
reversing the sweep, owing to rapid isomerization of fiD memory. An extremely slow rate of the conversion can be
to RUP*OS. On the reverse scan, only a small signakgf= determined with a thin-layer cyclic voltammogram (TLCY).
0.87 V for the process [RU- -RWTOS] — [RU?'- -RU*OS] An example of the TLCV is shown in Figure 2a obtained for
is observed, owing to loss by diffusion from the electrode, and complex5 by a simulation. When the potential is increased,
a larger signal o = 0.79 V ascribable to [RU- -R1**SO] le” oxidation takes place at 0.83 V, producidg. Upon a
— [RU™- -RUZTSO]. A wave at about 0.45 V is assigned to
[Ru?t- -RUET2HOS]; it is weak because of loss by diffusion from  (15) Tomita, A. Ph.D. Dissertation, Nagoya University, 2000. The redox
the electrode. potential is 0.7_7 V (vs NHE) focis—[Ru(NH3)4(p_y)(pz_)]2+ and 0.45

To extract values of the dynamic parameters, the cyclic zﬁrfrg’sro%cz‘)’}ojd'”atw and 1.29 V for S-coordinatei-[Ru(NHz)s-
voltammograms for the fully reduced and the fully oxidized (1) The rates of the isomerizations above 4G are estimated by
forms were digitally simulated according to Scheme 2. In these extrapolation from results at low temperatures.
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P W—

Experimental
Simulation

0 0.5 1.5

E /V (vs. NHE)

b. Experimental
Oh

1.0 1.
E /V (vs. NHE)
Figure 2. Thin layer cyclic voltammograms and digital simulations
at 1 mV s! on acetone solutions containirmis-,cis-[(NH3)4(py)Ru-
(pz)RU(NH)4(dmso)f+/6+ (1 mM) andn-BusNPF; (0.5 M) at 25°C.

further increase in the potential to about 1.48 V, the fully
oxidized specied\" is formed, which isomerizes tB. Upon

Inorganic Chemistry, Vol. 39, No. 2, 200203

decrease of the applied potential, two reduction waves are
obtained. The simulation (the dotted line in Figure 2a) of the
above scheme without the conversion is in good agreement with
the experiment.

The results of a different approach to determine a very slow
rate of interconversion are shown in Figure 2b,d. When the
potential is increased in Figure 3b, 1lexidation takes place at
0.83 V. Upon further increase in the potential up to 1.06 V, the
formation ofA’ is completed. Then the potential is kept at 1.06
V for specific intervals (0, 1.5, and 3 h). Now the applied
potential is decreased and the species'ois reduced toA at
0.83 V. However, during the specific intervals, someAdfis
converted toB' with a ratek+, immediately oxidized to form
the specie8. As a result, the amplitudes of two reduction waves
at 0.92 and 0.45 V are proportional to the amount of this
conversion. In Figure 2d, the potential is applied at 1.6 V in
the thin layer cell to form the fully oxidized speci&s When
the potential is decreased, 1leeduction takes place at about
0.9 V. Further decreasing the potential to 0.77 V fornfed
completely, and the potential is kept at 0.77 V for specific
intervals (0 min., 15 min., and 30 min.). During the specific
intervals, some ofB' is converted toA’ with a rate k—,
immediately reduced to form the specias As a result, the
amplitudes of two oxidation waves at 0.83 and 1.48 V are
proportional to the amount of this conversion.

For the digital simulation of the results of TLCV, the reaction
order for the conversion is needed. That it is first order is
established by the observed independence of the amplitude of
the reduction wave at 0.45 V on concentrations (0.37 and 3.7
mM). The TLCV data were simulated with variable parameters
of ratesk+ andk— of forward and reverse reactions. Figure
3c,e shows the best fitting results wikh- = 4.0 x 107° s71
andk— = 3.8 x 10~*s™1. Consequently the equilibrium constant
K = k+/k— between the mixed valence species is 0.11 for
complex5. The above procedure was also successfully applied
to determine the rates and the equilibrium constants of the
conversions for the other complexésind 6.

Redox Potentials, Equilibria, and Dynamics for the
Double-Block Reaction Scheme.The data on the redox
potentials, the equilibrium constants, and the dynamics for the
complexes studied here as based in Scheme 2 are summarized
in Table 2. The redox potentials &; and Es which apply to
[Ruz*3+- -RUPTSO] and [RE™2*- -RUFTOS], respectively, show
more positive shifts in the ordetr < 5 < 6, while E; andEy
show only small changes. In the mononuclear complexes,
[Ru(NHa)s(pz) 3", cis-[Ru(NHa)a(py)(pz)P3*, andcis-[Ru-
(NH3)4(py)(pz)E3*, redox potentials are obtained at 0.56, 0.77,
and 0.93 V, respectively, close to the corresponding values for
the E; and theEz in Table 2. That the values &; are higher
than those ofE; is attributable to the greater electron-
withdrawing effect of the counterpart couple when ruthenium
is in the higher oxidation state.

The rates of the conversion&t+ and k—, increase and
decrease, respectively, and the equilibrium constdeté—,
increase in the order ¢&f, 5, and6. The isomerization rates for
A" — B andB" — A are almost unchanged, while equilibrium
constantd{; andK; decrease and increase, respectively, in the
order of4, 5, and6.

Discussion

The Lifetime of Memory. The production of either of the
intermediate state&' or B’ (see Scheme 2) constitutes storage
of memory. Interconversion leads to loss of memory, and thus
the rate of this interconversion is an important parameter of the
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Table 1. Thermodynamics and Redox Potentials of the Isomerizations for dmso ComplexeSGt 25

[Ruz+0] — [RUZS] [RUSI-[RU*0]
compd Ey, of ROV kis™t AG°/kJ molt  Ey;pof R3SV kis™t AG°/kJ mol*

cis-[Ru(NHz)s(dmso)f3+ 0.07 20+ 2 —63 0.97 0.64+ 0.02 —24
cis-[RUu(NHz)4(py)(dmso)fe+ 0.31 1.0+ 0.06 1.16 5.0 0.2

cis-[Ru(NHg)4(pz)(dmso)}+3+ 2 0.45 0.07+ 0.02 —49 1.29 12+ 2 -32
4 0.41 0.2+ 0.05 —-34 1.46 5145 —55
5 0.45 0.15+ 0.03 —42 1.48 66+ 13 —47
6 0.48 0.2+ 0.1 —45 1.46 49+ 14 —40

a Temperature at 20C.

Table 2. Equilibrium and Rate Parameters for the Double-Block Scheme for the Complexes in Acetong&Cat 25
E/NV kist kist kist
Compd E: E, E; E4 Ky K-1 Ka/k—1 ko k- ko/k-» k+ k—

4 065 146 078 041 51 >1x10% <4x10® 0.2 <2x107 >1x1C° <5x10°% 4x10*
5 083 148 092 045 66 8107 2x 10 0.15 1x 10°8 2 x 10 4x10°% 4x10*
6 098 146 1.08 048 49 510° 9x 1 0.2 3x10°° 7 x 10 2x10% b5x10°

- e A a Isomerization Rates and Response in the Systerin the
application of molecular hysteresis to high-density memory
/'\ B' storage, rapid response in the system is essential, and thus it is
o \ important to know what controls the rates of linkage isomer-
., izations. Table 1 shows redox potentials, isomerization rates,
\ and free energies for the dinuclear complexes together with data
SN for some related mononuclear dmso compleXeghe finding
\ is that rates of the isomerizations of [R$O] — [Ru*TOS]
and [R#TOS]— [Ru?*SQ] increase and decrease with increas-
R ing redox potentials for the complexes, respectively, in these
systems. To realize rapid response in the system, the following
St .- 1 molecular design is needed: in the isomerization of[RS]
— [RU2*SQ], the redox potentials of the complexes need to

600

€ 400

200

-

A /am become more negative, and in the isomerization off{B0]
. b — [Ru3*09], the rate can be increased by replacing methyl
A groups by bulky groups in the dm&bleading to an acceleration

of the isomerization in the system.
Equilibrium Constants between the Mixed-Valence Spe-

20000F cies and Redox PotentialsWe now turn to a discussion of
c the increase of the equilibrium constanBs][[A’] in the order
[ of 4, 5, and6 with increasing value&; andEs. The following
10000k equations apply to the dynamics of the system presented in
Scheme 2:
+) [Ri**-Ru*SO] + ¢ = [Ru*-Ru*'SO] E,
0 22 -) [Ru*--Ru*0S] + ¢ = [Ru*--Ru?*0S] E4
300 500 700 9 [Ru**--Ru**0S] = [Ru®*-Ru’**SO] RT/FinK2
A /nm
Figure 3. Absorption spectra dfis-,cis-[(NH3)a(py)Ru(pz)Ru(NH)4- [Ru**--Ru**'SO] = [Ru**--Ru**0S]  E1-E4-RT/Fin K2

(dmso)f*56+ (10.6 mM) andn-Bu;NPF; (0.5 M) in acetone.

) [Ru*--Ru>*SO] + e [Ru**--Ru?*SO] E,
system. The approach to equilibrium is governediby ¢ k+). +) [Ru”"-Ru0S] + ¢ [Ru**--Ru™OS]  E3
We define the half-time for the approach to equilibrium, namely ~ -) [Ru™-Ru™0S] = [Ru™-Ru’'SO]  RI/FInK:
(In 2)/(k— + k+), as the lifetime of the memory. These are 1.7
x 103, 1.6 x 13 and 2.8x 10 s for specieg—6, respectively.
It must be emphasized that the lifetime of memory of molecule
6 is about 2.5 times longer than that (1100 s) of the molecule
with the nonconducting bridging ligand previously reported,
even '.[hough a strong mgfahetal intgraqtion Is introduced by the redox potentialsE and the isomerization equilibrium
pyrazine as a bridging ligand. It is indispensable to combine constantsk. The redox potentials df; and E increase from
some electronic coupling and a longer lifetime of memory for 4 e=+5 098 v and from 0.78 to 1.08 V in the order 4fs,
applications of molecules of this kind in high-density memory ands, respectively, while the values & and theE, are much
storage, when light quanta are used to address the system. Ougss sensitive to the changes in composition. This is expected

results lead to the conclusion that the stronger met@tal  pecause only the reversible couple is affected directly by the
interaction is compatible with a longer lifetime of memory in a

molecule. (17) Tomita, A.; Sano, Minorg. Chem 1994 33, 5825-5830.

1}

[Ru’*--Ru**SO] = [Ru**--Ru™0OS] -E2+E3-RT/F In K1

Two equations—F(E; — E4 — (RT/F) In Ky) and —F(—E;, +
Es; — (RT/F) In Ky) are obtained as the free energies of the
equilibria B'J/[A'], where the equilibrium constant depends on
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Table 3. Absorption Spectra for the Complexes with Each Oxidation State.

species/nm
' 3+ _ + U 2+ _ +
compd A [Ru*--RP*SO] A’ [Ru*- -RIF*SO] B' [Ru*"- -RUP* OS] B [RU*- -RUOS]
4 520 (25 000) 445 (8700) 880 (920) 520 (19 000) 1570 (1700) 340 (8600)
5 517 (26 000) 455 (8400) 1010 (770) 518 (20 000) 1300 (640)
6 498 (23 000) 450 (7500) 1120 (1100) 500 (17 000) 1060 (520)

aValues in parentheses are the molar absorption coefficients.
changes in composition. The values &T(F) In K; and RT/
F) In K, are 0.57, 0.50, and 0.41 V and 0.31, 0.43, and 0.47 V
for the complexedt, 5, and 6, respectively. Consequently in
the equations the variations Bf andE; are dominant between
the complexes. More positive valu&s and Ez give more
negative values of-F(E; — E4 — (RT/F) In Ky) and —F(—E;
+ E3 — (RT/F) In Kj), leading to increasing equilibrium
constants between the mixed-valence species.

Reading Out the Memory by Absorption of Light. In

Figure 3 are shown the absorption spectra covering the near-
infrared and visible regions for each accessible state based orp©l —~

complex4. They are obtained in acetone by use of thin-layer
electrochemical cell¥® Only the mixed-valence statés and

B' show strong absorption in the near-infrared regitite small
absorption shown bR in this energy region is probably caused
by an impurity.

The absorptions oA’ (Amax= 1010 nm) an®B’ (Amax = 1300
nm) (Table 3) are intervalence transitions assignable t8[Ru
SO]— [Rud'] and [R¥F] — [RuttOS], respectively. Their high
intensity relative to those of the isovalent forms and the
difference inAmax for A’ and B’ qualify them as a means of
reading out the memory.

The energies of the intervalence (IT) bands Adrand B’
decrease and increase respectively in the o4l&r,and6. These

(18) Each oxidation statéA(, B', andB) was prepared by electrolysis of
A in the thin-layer electrochemical cell. The spectra were successively
measured in a series #f, A’, B, B', andA in a same solution. The
extent of decomposition in the solutions during the experiments was
checked by comparing the first and the last measurement.for

trends are in line with the redox potentials of the relevant couples
as summarized in Table 2. It has already been noted that while
the changes in potential for the DMSO couples in the series
are smal-AE in the most extreme case is 0.07those for

the reversible couple are greater than 0.30 V. This difference
in sensitivity is expected because, within the series, the
immediate environment only of the metal atom in the reversible
couple is changed. This couple becomes more strongly oxidizing
in the ordew, 5, and6, which decreases the energy of thefRu
[Rud*] transition @), the order being reversed for
[Ru?t] — [RU*TOS] B").

In reference to the visible region of the spectrum, we note in
Figure 3b an intense: (= 24 700 M~ cm~1) absorption forA
[Ruz™- -RUIZ*SO] andB [Rud'- -Ru3TOS] but no corresponding
bands forA’ [Ru**- -RU?*SO] andB [Ru*- -RW*TOS]. Thus
the absorption can be assigned to?Ru— x*(pyrazine).
Absorption forA’ in the complex is observed at 450 nm, which
is almost the same as those in the other compléxaad 6
where it is assigned to [OSRY — z*(pyrazine).
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