11034 J. Phys. Chem. 2002,106,11034-11044
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A study of laser kinetic spectroscopy on [Ripy)(BL)Cd" (tpy)]°* (BL: 1,4-bis[2,2:6',2"'-terpyridine-4-
yllbenzene (btbz) and &'-bis(2-pyridyl)- 2,2:4',4":2",2""-quarter-pyridine (bpqp)) revealed rise-and-decay
of a triplet Ru-to-ligand charge-transfer stal€T(Ru), and an electron-transfer product of [(tpy)RBL)-
Cd'(tpy)]°". 3CT(Ru) underwent electron-transfer with a rate constant of>0.80'? and 1 x 10 s to
produce [(tpy)RU (BL)Co'(tpy)]>" with a doublet electronic configuration,f,- of cobalt(ll). The return
electron transfer (RET) of [Ri(tpy)(BL)C0o'(tpy)]>* (BL:btbz and bpqgp) in acetonitrile occurred with a rate
constant of 1x 10'%and 6x 10°s ! at 298 K, respectively, which are much faster than intramolecular RET
of [(bpy)Ru(BL)Co(bpy}]*>" from cobalt(Il) with a quartet electronic configuration ofd,-2. The magnitude

of reorganization energy (0.95 0.15 eV) and electronic coupling matrix element (0.8 and 2 meV) are evaluated
from the independence of RET rate on the temperature by using a small entropy change of RET. The small
intramolecular reorganization energy—0.3 eV) for2Co(ll)/*Co(lll) redox process of [(tpy)RYBL)Co'"-
(tpy)]°" (BL: btbz and bpqgp) are responsible for the fast RET. The magnitude of the intramolecular
reorganization energy is in agreement with those (6229 eV) calculated by using a density functional
theory.

Introduction Classical and quantum chemical calculatfodhave been
examined to assess the nuclear factor and the electronic

Elementary electron-transfer processes of d eptor transmission coefficient of electron exchange reaction and
compounds in solution have been studied in order to elucidate . 9

magnitude of electronic transmission coefficiegtand nuclear intramolecular electron trgnsfer in the normal region. A classical
factor « nuclear factor can be written
n

Ket = Vifet€n 1) Ky = (4rtkTA) 2 exp(- AGL/KgT) (3)

wherev, is effective vibrational frequency. When intermolecular \vhereZ andAG}, are the sum of intramolecular reorganization
transfer of electron is accompanied by a large displacement ofenergyy;, and solvent reorganization energiyand Gibbs free
nucleus, not only high-frequency modes of vibration but also energy change of transition state formation, respectively. The
medium- and low-frequency modes can be involved in electron- reorganization energy is the free energy difference of the product
transfer processes. Hence, the nuclear factor plays a crucial angetween the minimum energy point and the point corresponding
complex role in the electron transfer. As for nonradiative {4 the minimum energy of the reactantG?, was given for the

processes accompanied by excitation of low- and medium- haraholic Gibbs free energies of reactant and product in the high-
frequency vibrations of initial and final stat&é3a simple energy temperature limi@.14

gap law is not applicable any more. An important role of nuclear

displacement as well as electron transmission in electron transfer AGE = (AG,+ ,1)2/4,1 4)
has been pointed out for electron-transfer processes of Co(ll)
compounds Both AG}, and 4 are dependent on temperature in general.

a, 1 When formation of high-frequency vibrationally excitedh)
“Co(l) Co(lll) +e 2) products is involved in electron-transfer with nuclear displace-
where the metatligand bond lengths are largely changed by ment of reacting molecules in the inverted region, the nuclear
10-45 pm3~8 Thermal excitation of the vibration modes of factor of electron transfer from the vibrationally ground state
reactant and solvation mode precedes electron transfer in theof reactants is written by using FranelCondon weighted
normal region so that the electron transfer rate is simply density (FCWD) as following®16
dependent on temperature. Meanwhile, formation of vibrational
excited states of the product in the inverted region makes the (AG+ nhv + )%\ @
electron-transfer rate not to decrease at lower temperaturesk, = (4JTkBT/1)_1/2 eXp(—S)Z ex —
because of the tunneling effect if the nuclear displacement is 0 42kgT n!
fairly large. (5)

*To whom correspondence should be addressed. E-mail: ohno@ WhereSis the electrorvibration coupling coefficient. Because
ch.wani.osaka-u.ac.jp. the averaged FCWD over the vibrationally excited states of the
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Sequential reactions, forward electron-transfer (FET) from
an excited ruthenium(ll) moiety, and the following rapid return
electron transfer (RET) were examined for [Rpy)(bthz)Cd'-
(tpy)]°" and [RU (tpy)(bpap)Cd' (tpy)]*" by using time-resolved
absorption spectroscopy in the temperature range of-3280
K. The magnitude of the intramolecular reorganization energy
was assessed for the electron-transfer reaction of the doublet
electronic configuration of Co(ll) forming the singlet one of
Co(lll) in a wide range of temperatures. The temperature
dependence of the spin equilibrium between the doublet and
quartet electronic configurations of Co(ll) was also investigated.
The magnitude of the intramolecular reorganization energy was
also evaluated by using a DFT calculation for an electron-
transfer reaction, [Clftpy),]>T — [Co" (tpy)s]®" + e.

Experimental Section

Materials. [Ru(tpy)(btbz)Co(tpy)](PF)s-6H.O. A compound
of 1,4-bis[1,5-dioxo-1,5-bis(2-pyridyl)pentane-3-yl]benzene was
prepared according to the literature and then converted to 1,4-
bis[2,2:6',2"'-terpyridine-4-yllbenzene (bthz§%2° [Ru(tpy)-
Figure 1. Molecular structures of [Ru(tpy)(btbz)Co(tp¥)Jand [Ru- (btbz)](PF)s-8H.0 was prepared from btbz and Ru(tpy)Cl
(tpy)(bpap)Co(tpy)i™. H,O by refluxing for 2 h30-34

Co(tpy)Ck-4H,O was prepared as follows according to the

literature3> Nag[Co(NOy)e] (120 mg) in 20 mL of HO and tpy
reactants exhibits a weak and complex temperature-dependencgz0 mg) in 20 mL of HO were mixed, and the solution was
compared with the probability for the classical barrier cros$ing, refluxed for 1 h. The product of Co(tpy)(Nf3 was filtered
the reorganization energy is difficult to assess from the out. Yield: 60 mg (47%). Co(tpy)(N&: (30 mg) in HCI
temperature dependence. When the frequencies of low-frequencyolution was boiled on a water bath, and a greenish precipitate
vibration are changed in such an electron transfer as'€4®2,  was formed. Yield: 21 mg (76%). Anal. Calcd fordEl,>
the temperature dependence of FCWD makes the evaluation ofc|,,N,OsRu: C, 38.28; H, 4.07; N, 8.93. Found: C, 38.26; H,
the reorganization energy more difficult in the inverted region. 3.35; N, 8.98.

Recently, a quantum chemical calculation based on a density  [Ru(tpy)(btbz)Co(tpy)](PE)s-XH.0 was prepared from [Ru-
functional theory, DFT, has offered optimized structures for both (tpy)(btbz)](Pk), and Co(tpy)d as follows. Ru(tpy)(btbz)-
organic compounds and transition metal compoufid$The (PFRs)2:8H,0 (11 mg) and Co(tpy)Gl4H,O (4 mg) in 1:1
quantum chemical calculation has been developed to give notethanot-acetonitrile (60 mL) were refluxed for 5 h. The solvent
only the frequency of the harmonic vibration in large-size was evaporated, and then the residue was dissolved in water
molecules but also the molecular structure of the transition- and an excess amount of NP was added. The solid product
state?'?? The intramolecular reorganization energy based on was filtered out and purified through CM Sephadex C-25
the molecular structure optimized of the electron transfer product column. Yield: 10 mg (56%). Anal. Calcd for ggHse-

could be compared with that empirically determined. CoRoN120gPsRuU: C, 39.63; H, 2.92; N, 8.40. Found: C, 40.00;
Reorganization energies for electron-transfer reactions in theH, 3.01; N, 8.39.
normal region were evaluated to be fairly large (2223 eV) [Ru(tpy)(bpgp)Co(tpy)](PB)s. [Ru(tpy)(bpgp)](Pk).:6H.O

from the temperature-dependent rate of electron-transfer reac-was prepared as follows. Ru(tpy}db5 mg) and AgCESO;

tion, “Co(Il) — 1Co(lll) + e, in a wide range of temperatures (96 mg) in 1:1 ethanol-acetonitrile (80 mL) were refluxed for
for [(bpy).Ru(BL)Co(bpy}]>" (BL:2.6-bis(2-pyridyl)benzodi- 16 h. Precipitates of AgCl were removed from the solution. The
imidazole and 2,2bis(2-pyridyl) bibenzimidazole}® The rates solvent was evaporated.,8'-Bis(2-pyridyl)-2,2:4',4":2"",2""'-

of intramolecular electron-transfer from the Co(ll) moiety to quarter-pyridine (bpgp) was prepared according to the litera-
Ru(lll) were reduced to 76-10° s* by the large reorganization  ture3® The N,N-dimethylformamide (DMF) solution of bpgp
energy irrespective of a moderate electronic matrix element (58 mg) was added to the residue dissolved in DMF (50 mL)
(Hru-co = 0.8 meV)Z The solvent reorganizatiohy is evaluated and then refluxed for 2 h. The solvent was evaporated. The
roughly by using the two-sphere model (TS¥° or from the residue was dissolved in water, and then an excess amount of
transition energy of the Ru(ll)-to-Ru(lll) charge-transfer band NH4PF was added. The solid product was filtered out and
for [(bpy)Ru(BL)Ru(bpy}]>" 2627 (BL: 2.6-bis(2-pyridyl)- purified through a CM Sephadex LH-20 column. Yield: 14 mg
benzodiimidazole and 1,2-bis (2-Ripyridyl-4'-yl)ethane). Two (10%). Anal. Calcd for GsHa3F12NgOgPoRu: C, 45.16; H, 3.62;
hexadentate bridging ligands are used for the preparation ofN, 10.53. Found: C, 3.33; H, 45.38; N, 10.58.

novel and rigid donoracceptor Rt-Co compounds, [Ru(tpy)- [Ru(tpy)(bpap)Co(tpy)](P§)s-3H.0O was prepared as follows.
(btbz)Co(tpy)](PR)s(tpy = 2,2:6',2"-terpyridine, btbz= 1,4- The solution of Co(tpy)Gt4H,0 (4 mg) and AgCESO; (3 mg)
bis[2,2:6',2"-terpyridine-4- yllbenzene) and [Ru(tpy)(bpgp)- in 1:1 ethanotacetonitrile (40 mL) was refluxed for 16 h.
Co(tpy)] (PF)s (bpgp= 6€',6"-bis(2-pyridyl)-2,2:4' ,4":2"",2""'- Precipitated AgCl was removed from the solution. The solvent
quarter-pyridine). Figure 1 shows the structures of the complexes.was evaporated. The residue was dissolved in acetonitrile (20
The averaged length of metdigand bonds is estimated to get mL). The solution of [Ru(tpy)(bpgp)](R¥= (11 mg) in aceto-
short by 9 pm in the electron transfer, Co) Co(lll) + e, as nitrile (20 mL) was added to that of Co(tpy)(6F0s)s. After

in [Co'(tpy)2]2" where the electronic configuration of Co(ll) is  refluxing the solution for 2 h, the solvent was evaporated. The
d.8d,~ with doublet spin multiplicity below 250 K for [RU- residue was dissolved in water, and then an excess amount of
(tpy)(bthbz)Cd (tpy)]>" and [RU' (tpy)(bpgp)Cd(tpy)]>T. NH4PF; was added. The solid product was filtered out and
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purified through a CM Sephadex C-25 column. Yield: 2 mg TABLE 1. Redox Potentials of the Component Compounds
(12%). Anal. Calcd for GHasCoFsoN120sPsRu: C, 38.54; H, and Gibbs Energy Change of the Return Electron-Transfer

2.59: N, 8.99. Found: C, 38.24; H, 2.78; N, 9.05. Process in Butyronitrile at 297 K
Compounds of [Co(tpg]Cl. and [Co(4-tolyl-2,2":6',2"- . . AGger
terpyridine}]Cl, were prepared according to the literat8ifé E E (RPr—Ca?"/
compounds (RBE2H)  (Co**?") R —Co*)
compound of [Ru(tpy)(btbz)Ru(tpy)](RJa was a byproduct of
[Ru(tpy) (btb2)](PF):. Ru(tpy)(atba)p* L4
Measurement.Preparation of the Sample Solutionsceto- [Ru(t%)(btbz)Co(tpy)’]* 1.24 0.25 —0.99
nitrile was used as a solvent for the measurement in the region [Ru(tpy)(bpap)}* 1.
of 297-350 K. Butyronitrile was used as a solvent for the [Ru(tpy)(bpgp)Co(tpyfi" 1.26 —0.97
measurement in the region of 17875 K. The solvents were  [Co(bpy}]*" 0.28

purified by distillation. The sample solutions were prepared just  a[2R(#+—2C?*] — [RuU?—Co*].
before the measurements.

Cyclic VoltammetryRedox potentials of the metal complexes Calculation of the Intramolecular Reorganization Energy.
were measured by means of differential-pulse voltammetry using Density functional theory (DFT) calculations were performed
a dc pulse polarograph (Huso, HECS-312B). Voltamograms using Amsterdam Density Functional (ADF) program package
were recorded by using a platinum disk electrode (diameter 0.5 (version 2000.023°41 The intramolecular reorganization energy
mm) in a solution of the complex containing 0.05 M tetraeth- in the process?“Co(ll) — Co(lll) + e, was evaluated as the
ylperchlorate ammonium as a supporting electrolyte. difference between the bonding energy of the(lll) state at

Absorption and Emission Spectrbsorption spectra of the ~ the geometry of the Frank-Condon state and that at the fully
compounds were measured by using a Shimadzu spectropho¥elaxed geometry. Because the evaluation of the reorganization
tometer (UV-2500PC). Emission spectra were recorded by usingenergy requires accurate molecular geometries, the geometry
a grating monochromator (Jasco CT25-C) with a photodiode optimization was done with tight criterion in convergencex(1
image sensor (Hamamatsu C4351), whose sensitivity of detec-10~2 hartree/angstrom in energy gradients) and with a fine
tion was corrected by using a bromine lamp (Ushio JPD 100 integration grid (Interger4.5) using a large basis set (basis set
V, 500WCS). IV in ADF package). In this basis set, tripleSlator-type orbitals

Time-resaled Difference Absorption Spectrilanosecond ~ (STO) are used for valence orbitals, 1s in hydrogen, 2s and 2p
and picosecond time-resolved difference absorption spectra werdn carbon and nitrogen, 3p, 3d, and 4s in cobalt, and 4p, 4d,
obtained by using the second harmonic (SHG) of &\NAG and 5s in ruthenium, and douhfeSTOs were used for core
laser (Continuum Surelite I-1Qex = 532 nm) and the SHG of orbitals. For eac_h atom, one polarlzat|on f_ur_1ct|on was added.
a Mode-lock N&*:YAG laser @ex= 532 nm, 10 Hz, Continum  Incase qf ruthenium compounds, the rglatl\_/lsnc corrections were
PY61C-10) for the excitation, respectively. A white light of a Made using zero-order regular approximation (ZORA}? The
Xe-arc lamp was used for acquisition of absorption spectra of core orbitals 1s2p of cobalt and 1s3d for ruthenium were
longer-living species than 10 &TA in the range of 10 ps to obtalne_d as solutions of a large-basis a_lll-electron calcu_lat|on
6 ns was acquired using a white light pulse with a delay of ON the isolated atom and kept fro_zen _dur|ng SCF calculation _of
20-6000 ps for the excitation and was produced by focusing the molecule (Frozen core approximation). Both the local density
the fundamental oscillation laser light into a flowing®D,0 approximation (LDA) with the parametrization of Vosko, Wilk,
(1:1 by volume) solutio8® The fwhm of instrument response ~ @nd Nusair (VWNJ°and the generalized gradient approximated
function (IRF) were 4 ns and 20 ps for the nanosecond and the (GGA) functions by Beck® and PerdeW (BP) and Perdew-
picosecond TA acquisition system, respectively. Wang (PW91)® were employed.

Subpicosecond time-resolved difference absorption spectra
were taken by using laser pulses with a repetition rate of 200
kHz which were generated by aS®Tisapphire laser with an 1. Redox PotentialsDifferencial pulse voltamograms (DPV)
oscillator and a regenerative amplifier (Tsunami and Spitfire, for [Ru(tpy)(btbz)f™2*, [Ru(tpy)(bpgp)}2", and [Co(tpy)] 32"
Spectra Physics, Inc.). The amplified laser has characteristicswere obtained at 298 K. The peak potentials of DPV vs SCE
of a 100 fs width and an energy of 0.4 mJ with a wavelength are shown as the redox potential in Table 1. For most of the
centered at 800 nm. The fundamental beam was frequency-binuclear compounds, [Ru(BL)Co], DPV displayed two peaks
doubled by usig a 1 mmp-BBO crystal to obtain a 400 nm  in the range of 61.5 V, from which E°(Cc*"2") and
pump pulse which was used to excite the sample solutions in aE°(Ru*/2") are determined, respectively. The magnitudes of
1 mm quartz cell. The remainder of the fundamental beam was AGZ and AG: are given from the redox potentials and the
focused into an 8 mm flow cell containing water, to generate a excitation energy ofCT(Ru) for [Ru(tpy)(btbz)Ru(tpyi.
white light continuum. A polarizer was used to attain a linear 2. Absorption Spectra of Ru(ll), Ru(lll), Co(ll), and
polarization of the probe light and to rotate the polarization to Co(lll) Compounds. A broad band of [Ru(tpy)(btbz3} with
54.7 (magic angle) relative to that of the pump beam for the peak at 480 nm and intense and sharp bands in the ultraviolet
excitation. Before passing through the sample, the probe beamregion are characteristic of Ruto-btbz CT and ther—s*
was divided into a signal and reference beamal8 mmbeam transition of btbz and tpy coordinated to a metal ion, respec-
splitter inserted at 45 The typical energy of the pump pulse tively, as is shown in Figure 2. [COHolyl-2,2":6',2"-terpyri-
was 50uJ/pulse with the diameter of 1 mm at the sample. The dine)]®" has no intense absorption band in a visible region.
signal beam through the sample solution and the reference wereThe R#*-to-btbz CT band and the—z* bands of [RU(tpy)-
detected by using image sensors (Hamamatsu S4805-512)btbz)Cd'(tpy)]>" are more intensive than [Ru(tpy)(btb?)jas
attached to a polychromator (Chromex 2501S). The fwhm of is shown in Figure 3. [RUtpy)(bpgp)Cd' (tpy)]** exhibits more
IRF was ca. 300 & The temperature of the sample solutions distinct spectral features, a lower energy shift, and a higher
(77—300K) was controlled by the use of a cryostat (Oxford intensity of a R&"-to-bpgp CT band compared with [Ru(tpy)-
DN1704) and a controller (Oxford ITC4) (bpgp)E*™. The larger transition intensities (larger transition

Results
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Figure 2. Absorption spectra of [Ru(tpy)(btb2)] (dashed line), [Co- [Ru(tpy)(btbz)F* (broken line).
(tpy)2]3* (dotted line), and [Ru(tpy)(btbz)Co(tpy]] (solid line).
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Figure 3. Absorption spectra of [Ru(tpy)(bpgpj](dashed line), [Co-  Figure 5. Absorption spectra of [Co(4olyl-2,2:6',2"-terpyridine}]**
(tpy)2]3* (dotted line), and [Ru(tpy)(bpgp)Co(tp§i] (solid line). at various temperatures. The thin solid line and the thin dotted line

stand for the absorption spectra of the doublet electronic configuration

. . dth tet electroni figuration, tively.
dipoles) of MLCT bands are provided by an extended HOMO and the quartet electronic configuration, respeciively

orbital through the whole ligand on the coordination of btbz
and bpgp to Co(lll), suggesting more electronic interaction Co(tpy)P' consists of a negative and intense band between 400
between tpy moieties of btbz and bpgp. The electrochemically and 530 nm and a positive and broad band in the longer
oxidized species, [RU(tpy)(bpgp)f™ and [RU! (tpy)(btbz)FT, wavelength region than 530 nm. The difference absorption
exhibited a broad and weak band of absorption in the red regionspectrum resembles those observed on the photoexcitation of
and an intense ligand—x* band with blue shifted peaks in  [Ru(tpy)(btbz)f™ and [Ru(tpy)(btbz)Ru(tpy)] to the*CT(Ru);
the ultraviolet region as is shown in Figure 4. The broad MLCT the Ru(ll)-to-ligand charge transfer (MLCT) absorptions in the
band of [Ru(bpgp)(tpy¥f" in a visible region appeared in afew 430-530 nm region are bleached, and a weak and broad
minutes because of the reduction of [Ru(bpgp)(tPy)] transition of a ligand radical and/or ligand-to-Ru(lll) (LMCT)
[Co(4-tolyl-2,2:6',2"-terpyridine}]?" exhibits five medium- charge-transfer transition appears in the region of-58I0 nm.
intensity peaks with a spacing ef1300 cn1? in the 426-600 A null difference absorption at 530 nm indicates that the
nm region. The intensity of the band peaks increase with a absorption spectrum SiCT(Ru) has an isosbestic point with
decrease in temperature in the range of 232K2 K as shown that of the ground state. During the following several pico-
in Figure 5, suggesting that the doublet electronic configuration seconds, the difference-absorption in the range of-&2® nm
is more predominant at lower temperatures. A composite of the was reduced to be negative or null. A shift of the null difference

absorption spectra of [Ri(tpy)(btbz)F™ and [Co(4-tolyl-2,2": absorption point from 530 to 570 nm is characteristic of the
6',2"-terpyridine}]?* is shown in Figure 6. conversion of3CT(Ru) to the second intermediate, which
3. Time-Resolved Difference Absorption Spectra.As disappeared to regenerate the ground state of [Ru(tpy)(btbz)-

Figure 7a shows, a time-resolved difference-absorption spectrumCo(tpy)P™ in 1 ns as is shown in Figure 7b. The new null
just after the femtosecond laser excitation of [Ru(tpy)(btbz)- difference absorption point indicates that the absorption spectra
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Figure 6. Change of the absorption spectra on the formation of [Ru-
(tpy)(btbz)F* (dashed line) and [Col4olyl-2,2:6',2"-terpyridine}]?*
(dotted line). The solid line stands for the sum of the spectral changes.
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Figure 8. Time-resolved difference absorption spectra of [Ru(tpy)-
(bpgp)Co(tpy)f™ on the femtosecond laser excitation. The spectra at
0.2-10 ps and at 1850 ps after the laser excitation are shown in the
top figure and the bottom figure, respectively.

difference-absorption was shifted from 530 to 630 nm. In the
following time, the intensity of the second difference-absorption
spectrum was slowly reduced to null.

4. Time-profile of Difference Absorbance.A laser kinetic
spectroscopy revealed that the difference-absorbance at 480 nm
on the 400 nm excitation of [Ru(tpy)(btbz)Co(tpy)] was
changed in two steps as is shown in Figure 9 parts a and b. The
first step of the absorption change for 20 ps was detected using
a femtosecond laser. The initial absorbance of a positive and
broad band around 570 nm disappeared in 10 ps with a rate
constant of 0.3« 10'2s71 for [Ru(tpy)(btbz)Co(tpy)}", whereas
both the negative difference absorbance around 490 nm and
the positive band at longer wavelengths than 600 nm remained.
A picosecond laser kinetic spectroscopy revealed that the
difference-absorption in the whole wavelength range decayed
monoexponentially in several nanoseconds. In the second stage
of the absorption change, the ground-state absorption (MLCT
band) was recovered and the difference-absorbance at 650 nm
completely disappeared. The recovery of the MLCT band in
the second stage is fitted to the following equatidm(t) =

of the second intermediate has an isosbestic point with that of AA'rer exp(—kret't) + AAreT €Xp(—krett), With rate constants

the ground state at 570 nm.

As Figure 8 shows, a time-resolved difference-absorption
spectrum of [Ru(tpy)(bpgp)Co(tpy)] consist of a negative and
intense band in the 446630 nm region and a weakly positive
band in the 536700 nm region just after the femtosecond laser
excitation. A similar difference-absorption spectrum was ob-

kretr andkget of 5.6 x 100 and 0.45x 100 s 1 at 300 K,
respectively, though the fractiohAgrer was smaller than 0.2

and decreased with increase in the temperature. The apparent
rate constant of RET decreased with an increase in temperature
from 0.63x 109s at 297 Kto 1.2x 1019s1 at 221 K in
butyronitrile and from 0.45< 10%s~1 at 300 K to 0.68x 100

served for several tens of nanoseconds on the laser excitatiors ! at 233 K in acetonitrile.

of [Ru(tpy)(bpgp)}*. The difference-absorption spectrum was

The negative difference-absorption at 500 nm produced on

in several picoseconds changed to the second one; the nullthe femtosecond laser excitation of [Ru(tpy)(bpgp)Co(fy)]
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TABLE 2: Phosphoresence Peaks at 77 K, the Decay Rate Constants3T(Ru) (kip) at 297 K, and the Fractions and Rate
Constants of Fast AAger and kgeq) and Slow (AAger and krer) Components of the MLCT Absorption Recovery at 298 K

compounds P%Yemr ki s1 APger Kge/10° st AAReT kret/ 1P st
[Ru(tpy)(btbz)f+ 15 600 8.3x 10°
[Ru(tpy)(btbz)Ru(tpy)} 15500 3x 108
[Ru(tpy)(btbz)Co(tpy)i" 3 x 101 0.2 56 1 4.5
[Ru(tpy)(bpap)}" 15 000 2x 108
[Ru(tpy)(bpap)Ru(tpy)i 14 900 2.3x 10°
[Ru(tpy)(bpgp)Co(tpy ™ 1 x 10%? 0.08 76 1 30
T T T T TABLE 3: Rate Constant of the Decay kio) of 3CT(Ru), the
0.02 - 7] Recovery of Ru(ll)—Co(lll) ( krer), and the Electron
3 gé% Transfer (kyg) from Co(ll) of a Doublet Electronic
S A 3 Configuration to Ru(lll)
‘§ 0.01} § &% — [(tpy)Ru(btbz)Co(tpy)}*
: Y . .
2 ; @o,, butyronitrile acetonitrile
: 0,
3 p OB ce00ce o - o T kd kel kd T keed ke
OP; t Foalnlos g K 10?st  10Ps?t 1st K 10°st  10°st
. . L . 347 48 16
Time / ps 318 5.5 14
T T T T 310 5.5 13
0 bt " : T 297 0.3 6.3 12 300 45 9.4
8 d g 2m 2o P 272 7.3 12 283 52 8.0
2 8 s 251 9.0 12 253 54 7.4
,g % 3~ 221 12.0 14 233 6.8 8.2
§ 005} ﬁ b - 200 17 19
g %@‘9" [(tpy)Ru(bpgp)Co(tpyfi
010k ° _ butyronitrile acetonitrile
1 l 1 L T k1o kret/ kao T kret/ kao
0 200 400 600 800 K 10?st  1°st 10°st K 1°s?t  10°st
Time / ps 346 27 91
T T T 333 28 81
321 29 75
oFa ; , 310 29 67
‘3 297 1 30 61 282 31 54
9 o GomT 268 33 52
8 i ? oo__.---a" T 238 36 45
S : 0, 8¢ 213 38 42
.§ 0.0214 o | 185 38 39
2 Y e 173 40 a1
= L o ;
3 H g C
-0.04 i$ - . .
? Discussion
i |' | | i 1. Equilibrium between the Doublet Electronic Configu-
0 20 20 60 ration and the Quartet Electronic Configuration of [Co(tpy)-

(btbz)]2* and [Co(tpy)(bpgp)]?*. The electronic configuration
and spin multiplicity of most hexacoordinated cobalt(ll) com-
pounds are dependent on the coordination structure of ligands.
On the symmetrical coordination of the ligands, the electronic
configuration of the ground state is®,-2 with a quartet spin
multiplicity. The longer bond distances of axial coordinating
of a difference absorption at 510 nm with the rate constants ok1.0  ligands change the d-orbital configuration of ground state to
10 and 3.0x 10° s™* for the fast and the slow decays, respectively. d.fd,- with a doublet spin multiplicity. As for [Co(tpy)l 2:nH,O
The dashed lines are c_alculated by usin_g the rate constant(s) of eitheljp g crystalline staté?5% and in an aqueous solutiéh,the
decay or recovery of difference absorption and the fwhm of IRF. predominance of doublet electronic configuration was verified
by detection of low magnetic susceptivility and high extinction
disappeared biexponentially. The rate constants of the difference-coefficient of a structured absorption band in a visible region.
absorption change werex 10'2 s~1 for the first step and 3.0  The intensities of structured absorption bands of [GogH/I-
x 10 s71 for the second step at 297 K as is shown in Figure 2,2:6',2"-terpyridine}]?" are dependent on the temperature in
9c. The rate constants of the first and the second steps are almosi range of 232312 K as is shown in Figure 7. The stronger
independent of the temperature in the temperature range ef 282 absorption intensities at low temperatures are attributable to the
346 K as Table 3 shows. That kfet decreased with increase  greater formation of the doublet electronic configuration. The
in temperature, whereas thatlefzt increased with increase in  equilibrium constant between the doublet and the quartet
temperature. electronic configurationsKos(T) = Co(T)/Cp(T), at various

Time / ps

Figure 9. Time profiles of the difference absorption of [Ru(tpy)(btbz)-
Co(tpy)P' (a and b) and [Ru(tpy)(bpgp)Co(tpH)](c) in butyronitrile

at 298 K. (a) Decay of a difference absorption at 560 nm with a rate
constant of 0.3x 10*?s7%, and (b) recovery of a difference absorption
at 490 nm with a rate constant of 6:31(° s™*. (c) Two-phasic decay
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Figure 10. Plot of InKx3 verses the reciprocal of temperature for [Co-
(4-tolyl-2,2:6',2"-terpyridine}] .

temperatures were determined by simulating a linear relation
between Ka3(T) + 1)eons; and Kos(T) as follows:
(Kaa(T) + Degps; = €p s T €0:Ko4(T) (6)
where epand eg, are the molar extinction coefficients of
2Co(ll) and*Co(Il), respectively, aneéqps(T) is the mean molar
extinction coefficient of Co(ll) depending on the temperature.
An integrated GibbsHelmholz equation of InKy3(T) =
—AH3/RT + C was satisfied for the temperature-dependent
equilibrium constants as is shown in Figure 10 on assuming
the temperature-independence/dfl5,. The quantity ofAHS,
is determined to be 0.148 eV from the linear relation of Gibbs
Helmholz equation, andS}; is 0.50 meV/K from the magni-
tude of AG3; and AH3,;. The entropy of the quartet-state
formation from the doublet state increases as largely as that
(0.61 meV/K) of [Co(tpy)]?,2352which could be due to both
the higher spin multiplicity and the lower frequency of -€d
vibration in the quartet electronic configuration compared wit
the doublet one.

2. Reaction Scheme and the Changes of Thermodynamic
Quantities in the Elementary ProcessesThe following scheme
of reaction, 25, is presumed for photoinduced electron-transfer
reactions of [Ru(tpy)(btbz)Co(tpy)i and [Ru(tpy)(bpgp)-
Co(tpy)P" (see Figure 11):

h

(1) process of 6~ 1: photoexcitation of the Ru(ll)
moiety of Ru(ll)-Co(lll) to*CT(Ru)
(2) process of > 2: electron transfer frofiCT(Ru) to
Co(lll) forming “Ru(lll) —2Co(ll)
(3) process of 2= 0: return electron transfer from
Co(Il) to 2Ru(llN)
(4) process of 2 3: intersystem crossing forming
Ru(llly—*Co(ll)
(5) process of 3~ 0: return electron transfer from
“4Co(ll) to “Ru(ll)

Thermodynamic quantities of the processes shown in Table
4 and Figure 11 are evaluated in the following ways. The

Torieda et al.

3[(tpy)*Ru'(btbz)Co"(tpy)]5*

-0.9 eV(0.6 meV/K)

1.9eV 3[(tpy)?Ru"(btbz}*Co'(tpy)]>*
(0.1 meV/K) 0 eV(0.5 meV/K)

¥[(tpy)?Ru'l(btbz)?Co'(tpy)I**

-1.0 eV(-0.7 meV/K)

Y
[(tpy)Ru'(btbz)Co"(tpy)]**

Figure 11. Scheme of photoinduced reaction for [Ru(tpy)(btbz)-
Co(tpy)P*.

enthalpy and entropy changes of photoexcitatiaig, and
AS;,, are taken from the emission peak of the mono-nuclear
compound of ruthenium(ll) at 77 K and difference in multiplicity
between the ground and the excited stateGj, is evaluated

to be 0.99 eV from the redox potentials, s..,» andEZ.+, Of

the following half cell reactions?Ru** + e — RW?" and
1ICo*" + e — 2C?*, respectively AS}, of the return electron-
transfer is assumed to be the sam® (7 meV/K) as that for
[(bpy)2Ru(BL)Co(bpy}]>" (BL: 2,2-bis(2-pyridyl) bibenz-
imidazole)?® The large reduction of entropiS;, may arise
from an increase in the frequency of €N stretching vibration

in RETY"18 and the spin multiplicity change. The increase of
entropy (0.6 meV) in the intersystem crossing of the doublet
guartet can be accounted for in terms of the frequency change
in the Co-N stretching vibration and the spin multiplicity
change.

3. Rates of the Forward Electron Transfer.A difference-
absorption spectrum immediately after the laser excitation of
[Ru(tpy)(btbz)Co(tpy)]" is assigned asSCT(Ru) because of
similar (not identical) spectrum to that of [Ru(tpy)(btFZ)] It
was rapidly changed to the second intermediate in an intra-
molecular process. The spectral change is accounted for by the
formation of the ET reaction product, [Rytpy)(btbz)Cd-
(tpy)]®", because the difference-absorption spectrum between
the second intermediate and the starting compound (Figure 7b)
resembles the difference-absorption between the reactant and
the products of the following reaction (Figure 6):

[*RU'(tpy) (btbz)f* + [Co" (tpy),]*" —
[’Ru" (tpy) (btb2)["" + [°Cd'(tpy),]*" (7)

The fast decay rate constant #£T(Ru), 0.3 x 10 s71, is
regarded as the rate constant of the forward electron-transfer
forming the doublet states of both Ru(lll) and Co(ll):

[*Ru' (tpy)(btbz)Ca" (tpy)]*" —
[’Ru" (tpy) (btbzfC' (tpy)]* ky, (8)

In a similar way, a decay rate constant3afT(Ru), 1 x 102

sl is assigned to the forward ET process &Ry (tpy)-
(bpgp)Ca' (tpy)]°+ based on the time profile of difference-
absorption. The removal of the phenylene group from the
bridging hexadentate of btbz enhances the overlapping integral
between the accepting,dorbital of C&+ and the donating
LUMO of btbz, resulting in the faster ET offRu!(tpy)-
(bpgp}Ca" (tpy)I°*.
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TABLE 4: Gibbs Energy Change (AG5, and AG3,), Entropy Change (AS;, and AS},), Activation Energy (Ez), Reorganization
Energy (A20 and 43q), and Matrix Element (Hyo and Hzo) of RET at 298 K2

Ru"—-Co' AGJeV  AS/meVIK  AGy/eV  AS/meVIK EJmeV eV  Hx/meV  AsfeV  Hs/meV
[Ru(tpy)(btbz)Co(tpy)i" —-0.99 0.70p 0 0.5 0.90 0.8
[Ru(tpy)(bpgp)Co(tpy ™ —-0.97 0.70y 0 0.5 0.85 2.0
[Ru(bpyk(BL)Co(bpy)]®" ¢  (—0.98} (—0.70¥¢ —0.20 0.6 75 2.2 2

3The parentheses mean the inferred valugS’,, is assumed to be the same as that for [Ru(¥@yd-bis(2-pyridyl)bibenzimidazole)
Co(bpy}]®*. ¢ BL = 2,2-bis(2-pyridyl)bibenzimidazole! AGS, is the sum ofAGS, and AG3;, the latter of which is assumed to be the same as that
of [Co(bpy)]?". ¢ AS is the sum ofAS]; and AS,, the latter of which is assumed to be the same as that for [Ceftpy)

4. Rates of Return Electron-Transfer Reactions.The 26
recovery rates of the ground-state absorption of Ru(ll) at 297
K (6 x 10° s71 for [(tpy)RU" (btbz)Cd' (tpy)]°" and 3 x 1010
s~ for [(tpy)Ru" (bpgp)Cd (tpy)]>+) were determined to be 1/25 25 7
and 1/40 of the excited-state quenching rates, respectively.
Nonetheless, the recovery rates were much faster than the 0 if i *
intramoleculafCd'-to-2Ru" ET of [(bpy)(CN)Ru(CN)Co(tpy)-
(bpy)P* (3 x 10° s71)°2 [(bpy)Ru"(2,2-bis(2-pyridyl)-
benzodiimidazole)Ct{bpy)]®>" (2.1 x 1 s 123 and 1,2-bis-
(2,2-bipyridyl-4'-yl)ethane (1.9x 107 s71).8 The rates measured
in this work decreased from 12 109 s at 221 K to 6.3x
100 s~tat 297 K in butyronitrile. Such an anomalous temper-
ature dependence of the return electron transfer might be
partially caused by the decreasing fraction of the doublet 21
electronic configuration of cobalt(ll) moiety as the temperature
increases, because the doublet electronic configuratiogfdf-d
of [Co(4-tolyl-2,2:6',2"-terpyridine}]2" in acetonitrile increases 20 . L L L
its fraction with a decrease in temperature: 0.44 at 312 K to 3 ‘11000K/ .’§ 6

0.86 at 232 K. On assuming that the RET from the doublet Figure 12. Plots of In keer/s-) verses T7 for [Ru(tpy)(bthz)Coltpy)i-
; . : . . -
electronic configuration of Co(ll) is much faster than that from (O in acetonitrile and® in butyronitrile) and [Ru(tpy)(bpap)Co(toy?)]

the quartet ele_Ctron'C Conflgulatlon,,ﬂg*z, t_he rate constant (O in acetonitrile andl in butyronitrile) by using different sets of
of RET stemming fron?Co(ll), kxo(T), is written in terms of parameters.

the doublet-quartet equilibrium constant{,3(T), which is

presumed to be the same for [(tpy)Rbtbz)Cd (tpy)]*" and 26 T T T T
[(tpy)RU" (bpgp)Cd (tpy)]°+ as that of [Co(4tolyl-2,2":6',2"'-
terpyridine}]?*:

In(kger / s7)
Py N
T
(=]
(=]
S
.4
Hl
[ ]

N
nN
T
1

24
1 S—

1+ K23(T)
The resulting rate constarks(T) of [(tpy)RuU" (btbz)Cd (tpy)]>"

() = Koo(T) 9)

22

In(k/s™)

and [(tpy)RU' (bpgp)Cd (tpy)]®" in acetonitrile increase from 20} -
1.3 x 109s1at 310 K to 1.6x 109s™1 at 347 K and from
6.7x 109s1at 310 Kto 9.1x 109s™ at 346 K, respectively.
An increase okx(T) in butyronitrile is smaller as the temper- 18” 7
ature increases up to 310 K. The rate conskayf) of RET in
the normal region is semiclassically written in terms of the 16k i |
electronic coupling matrix elemeri,o, and Gibbs free energy a
change AG5((T):
z : "
H AG; + A
(T = 2%[ 20 ex‘{ (AG3(T) 2oT)) 1000K/ T
4”/120(1-)kBT 4120(—'-)kBT Figure 13. Plots of In kxo/s™) verses 1T for [Ru(tpy)(bpgp)Co(tpy i

(10) (O ko in acetonitrile andll kyo in butyronitrile), [Ru(tpy)(btbz)Co-

. . tpy)]°" (O koo in acetonitrile and® kyoin butyronitrile), and [(b u-
On taking the temperature-dependence of the Gibbs free e”erg){z%)-]bis((z-p;ridyl)bibenzimidazolé())Co(b;ygﬁ a |)<40 in [éu?ﬁc?ni-

change and the reorganization energy into account, eq 10 iStri|e23). Calculated lines, ae, are prepared by usingHs, of —1.2 eV,

replaced by the following equation: AS; of 0.7 meV, and a different set &f, and, in the following: a,
1.7 meV and 0.95 eV; b, 2 meV and 0.85 eV; ¢, 2.7 meV and 0.75 eV;
kzo(T) = d, 0.8 meV and 1.0 eV; e, 0.8 meV and 0.9 eV; f, 0.95 meV and 0.8
2 o 2 eV.
2 Hao ex (AHZ, = TAS, + 4,((T)) (11)
h A7) Tk T 42,o(MksT 13 is expected for the top region of electron-transfer rate,

—AG3, (298 K) = 1 eV ~ Az, for which the potential surface
whereAH3, and AS;, are the enthalpy change-0.9 eV) and of the initial state at the bottom efficiently intersects that of the
the entropy change-0.7 meV/K) in the return electron-transfer, final state. Two unknown parameteré;o(T) and Hyo, are
respectively. A weak temperature dependendedT) in Figure evaluated by means of simulation under the assumption of
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temperature independenceH(T). The assumption might be

Torieda et al.

= btbz and BL= bpqgp in acetonitrile, respectively, could be

reasonable for the solvent reorganization and the intramolecularlarger than the solvent reorganization energy by 3% and 8%,

reorganization, which will be described in the following section.
The magnitudes ofl,o(T) are determined to be 0.98 0.15
and 0.85+ 0.15 eV for [(tpy)Ru(btbz)Co(tpyi] and [(tpy)-
Ru(btbz)Co(tpy)i*, respectively, from Figure 13 by usiny
S, of —0.7 meVK™! and AH3, of —1.2 eV. The magnitude
of AS;, is assumed to be the same as thaf the redox pair,
[Ru(bpy)(2,2-bis(2-pyridyl)bibenzimidazole)Co(bpy". The
variation of AG5y(T) because of the entropy term is 90 meV
between 220 and 350 K. The accuracylgf in the simulation

is considered to be-0.15 eV on the basis of the differently
calculated curves shown in Figure 13. The matrix eleméhis,
are also estimated to be 0.8 and 2.0 meV for [(tpy)Ru(btbz)-
Co(tpy)P™ and [(tpy)Ru(btbz)Co(tpyjf, respectively, from the
temperature dependencelof(T). They are as small as those
(5 and 1 meV) of*Co(ll)-to-?Ru(ll) RET in [RU" (bpy)(BL)-
Cd'(bpy)]®" (BL: 2,2-bis(2-pyridyl)-benzodiimidazoléjand
1,2-bis(2,2-bipyridyl-4'-yl)ethane? respectively. The matrix
elementHs,, for 3CT(Ru)-to+Co(lll) ET in [(tpy)Ru(btbz)Co-
(tpy)]°" is estimated to be-4 meV from the rate (2.5« 10!

s1), the Gibbs free energy change (1 eV) and the reorganization

energy (0.85 eV) of ET. The role of btbz are different between

ET and RET,; btbz is the electron donor in ET and the mediator

in RET, respectively.
Thekoo(T)'s, 6.1 x 101°s71, for [Ru (tpy)(bpgp)Cd(tpy)]*"
and 1.2x 10 s71 for [Ru" (tpy)(btbz)Cd (tpy)]>+ at 298 K

respectively, owing to the presence of 'RiRU" electronic
interaction H,, 1 ). The large widths of the MMCT band suggest
the overlapping of higher-energy bands with the lowest%ne.
Consequently, the magnitude of the reorganization enengy is
considered to be 90% of the peak energy of MMCT at the
maximum. Finally, the solvent reorganization energy is tenta-
tively considered to be 0.85 and 0.70 eV, respectively, for [(tpy)-
Ru(BL)Co(tpy)P* (BL = btbz and bpgp) in acetonitrile. The
Eop Of the MMCT band for [(bpy)CIRU'(pyrazine)Ri Cl-
(bpy)]®>" and [(NHs)sRU'(4,4-bpy)RU'(NH3)s]%" in water
exhibited a weak dependence(.25* and+0.12 meV K155
respectively) on temperature compared with the temperature
dependence (0.3 meVK) of is estimated below.

The solvent reorganization energy is theoretically estimated
by assuming a two-sphere model (TS¥F2TSM assumes that
two spheres are surrounded by a hypothetical dielectric con-
tinuum of solvent. The solvent reorganization energy is written
by using TSM as follows:

Lo €1 1)1 1 1
S Adme\D, D¢\2rp 2r, rIpa

S

(13)

whereD, andDs are the optical and static dielectric constants
of solvent, acetonirile (1.8 and 36 at 298 K), or butyronitrile

are much larger than the rates of the return electron transfer for(1.9 and 25 at 298 K), respectively, andra are the radius of

[(bpy)(CN)RuU(CN)Co(tpy)(bpyft (0.3 x 100 s71),52 [RuM'-
(bpy)(2,2-bis(2-pyridyl)-benzodiimidazole)'¢bpy)]>" (0.02

x 109 s71),23 and [RU'(bpy)(1,2-bis(2,2-bipyridyl-4'-yl)-
ethane)Ct(bpy)]®" (0.019 x 10'° s71).8 The faster rates of
RET in [PRu(BL)*Co]°" (BL: btbz and bpgp) can be attributable

hypothetical sphere containing aand a R&" at the center,
respectively, andpa is the distance between the point charges
on the metal ions. The values Gf andr, are smaller than the
van der Waals radius (0.6 nm) of the most distant edge of tpy
coordinating to a C&. The value ofrpa is smaller than the

to the big difference in the reorganization energy. They are Center-to-center distance between metal center%, @ud Rd*

smaller by 1.3 eV than those previously estimated for'[Ru
(bpy)x(BL)Ca"(bpy)]®>" (BL: 2,2-bis(2-pyridyl)-benzodiimi-
dazole and 2,;2bis(2-pyridyl)bibenzimidazole® The difference

(1.55 and 1.1 nm for [Ru(tpy)(btbz)Co(tp§)] and [Ru(tpy)-
(bpgp)Co(tpy)}', respectively), which is estimated to be 85%
of the center-to-center distance at least on the quantum chemical

in the reorganization energy is responsible for the difference in calculation of electric dipole momenit&The extent of solvent
the intramolecular reorganization energy as described in the feorganization energy for [Ru(tpy)(btbz)Co(tgy)by presum-

following section.

5. Reorganization Energy of Return Electron Trans-
fer. The reorganization energy of intramolecular ET for
[(L")My(BL)M'(L")2]5" can be related to the peak energy
(Eqp) Of the lowest-energy W+o-Mj' charge-transfer (MMCT)

band as follows:
Eop= AGpy + 4 + 2(Hy ) /Eqp = AGiyy + 4 (12)

whereH; iy andAGy,,, are the off-diagonal matrix elements of
the M,—Mj' interaction related to the intensity of thelMo-

o

ing rp, ra, andrpa as 0.45, 0.45, and 1.3 nm, respectively, is
calculated to be 1.1 eV in acetonitrile and 1.0 eV in butyronitrile
at 298 K according to eq 13. The extent of solvent reorganization
energy for [Ru(tpy)(bpgp)Co(tpyAT is estimated to be 0.88 eV
in acetonitrile and 0.81 eV in butyronitrile at 298 K by using
the following parametersp (0.45 nm),ra (0.45 nm), andpa
(0.94 nm). TSM affords a large value df and a weak
temperature dependence (0.3 meViKcompared with the peak
energy of the MMCT band.

The solvent reorganization energies estimated (0.85 and 0.70
eV) are close to those of the total reorganization energies (0.90
+ 0.15 and 0.85t 0.15 eV) determined empirically for [Ru-

My charge-transfer band and the Gibbs free energy change of(tpy)(BL)Ru(tpy)F* (BL = btbz and bpgp) in acetonitrile,

a transition from M-to-M}' to My-to-Mj, respectively. The
magnitude ofl is smaller tharEy,, — AGy,, by the extent of
2(Hu, )%/Eop, of which the numerator can be estimated from
the intensity of MMCT transition. In the case of symmetrical
[LoRU'(BL)RU"L,]5F, the lowest energy charge-transfer may
arise from the transitions involving nondegenerateadbitals

of Ru(ll) and appreciably overlap with the second and third
lowest-energy bands of charge trans$ferThe vibrational
reorganizationli, is negligibly small for [LRU(BL)Ru'"'L]5*,

respectively. Then, the intramolecular reorganization energies
of RET for the doublet electronic configuration are estimated
to be 0.05+ 0.15 and 0.15+ 0.15 eV for [Ru(tpy)(BL)Ru-
(tpy)]°" (BL= btbz and bpgp) in acetonitrile, respectively. These
are much smaller than for the quartet ongs € 2.2—0.85 eV

= 1.4 eV) of [RU"(bpy)(BL)Co"(bpy)]>t (BL: 2,2-bis(2-
pyridyl)-benzodiimidazole and 2;bis(2-pyridyl)bibenzimida-
zole). The big difference might be related to the difference in
the molecular structure between the doublet electronic config-

though the reorganization energy determined from the optical uration d,%d,~ and the quartet electronic configuratiog? d,-2.

transition energy of MMCT band can be the sum of vibrational
reorganizationtj, and the solvent reorganizatidn. Then the
peak energies of the lowest band, ¢%3&nd 0.78 e¥° for BL

The intramolecular reorganization of electron transfer {3
eV) is considerably smaller than the reorganization enesy (
= 0.7 eVY of a phosphorescence process for a rhodium(lll)
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TABLE 5: Optimized Structures of [Co(bpy) 3]3+/2F,
[Co(tpy)s]3+2*, and [Ru(tpy)2]*+2* and Intramolecular
Reorganization Energy @i) for 24Co(lll) — Co(ll) + e and
Ru(ll) — 2Ru(lll) +e

R(Co—N)/pm, Gin/eV)

[Co(bpy)]** [“Co(bpy})**
expt 193 213
BP* 196 214, (0.87)
PWoH 197 214, (0.90)
R(CO_NcemraI. CO—NdistaD/pmy (;Lin/ev)
[Co(tpy)]** [*Co(tpy)]** [“Co(tpy)]**
expt 186, 198 191, 208 203, 214
BP° 188, 198 188, 209, (0.27) 204, 215, (0.62)
Pwox 188, 197 189, 209, (0.29) 203, 215, (0.68)
R(RU—Necentrat RU—Nista)/pm, @in/eV)
[Ru(tpy)]** [PRu(tpy)]**
expt 198, 207
BP* 199, 209 200, 209, (0.01)

compound ([Rh(ethylendiamine)Cl) in which the electronic
configuration of Rh(lll) is changed from,et,- to d°.
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ISC process after the formation &€o(ll). The ISC could be
detected, provided that the ISC rate is slower than the FET and
faster than the RET. The absorption change with the ISC at
500 nm Aep—q = —3500 M1 cm? for [Co(btbz}]?t) was,
however, small compared with the recovery of the ground-state
molecule 29 000 M~icm™1) of the ET product. Therefore,
the ISC process could not be separated from the absorption
change because of the fast RET of [Ru(tpy)(btbz)Co(fy)]
and [Ru(tpy)(bpap)Co(tpy)t -

If the RET of the doublet electronic configuration is fast
enough to compete with the ISC to the quartet one (eq 6), the
recovery of the ground-state absorption occurs biexponentially.
The doublet electronic configuration undergoes RET (eq 15)
in a competition with the ISC process (eq 14) in an early time.
Then it does in a later time after an equilibration between the
doublet and quartet electronic configurations (eqs 14 and 16)
has been established:

[’Ru" (bpy),(btbzfCa' (bpy),]*" —
[’Ru" (tpy) (btbz)'Cd' (tpy)]* k4 (14)

The extent of intramolecular reorganization energy written [‘RU" (tpy)(btbzfCd' (tpy)]*" —

in Gibbs free energy depends on the nuclear displacement along
with the vibrational coordinate. Even if the entropy of the
doublet statesp, shifts the Gibbs free energy to the negative > 1 5+
by ST at arbitrary temperature, the reorganization energy as a[ Ru (bpy)z(btbz)“Co (bpy)l

difference is independent of temperature in the absence of [?RU" (tpy)(btbzfCa' (tpy)]** ks, (16)
vibrational anharmonicity. When the intramolecular reorganiza-

tion energy or the nuclear displacement is so small that the [2R" (tpy)(btbzfCd (tpy)]*" —

anharmonicity may not appear, the intramolecular reorganization I | 5+

energy is almost independent of the temperature. Intramolecular [Ru (tpy)(btbz)C& (tPY)]™ kgo = kyo (17)
reorganization energy of an ET process can be calculated from

[Ru" (tpy)(btbz)Cd' (tpy)]*" kyo (15)

an energy difference between the fully relaxed state and the

Franck-Condon state of Ru(ltyCo(lll), the latter of which
retains the same molecular structure as the Re{@id(ll). The

potential energies of electronic ground states of Co(ll) an
Co(lll) were evaluated by means of DFT without assuming a

harmonic potential surfad®.The DFT calculation gives rise to
the optimized structures dfCo(tpy)]?" and[Co(tpy)]3" as

are shown in Table 5, each of which is very close to the
molecular structure determined by X-ray analysis. The DFT
quantum chemical calculation offered the optimized structures
of [Co(bpy)]3t2* which are exactly identical to the X-ray

structures fof[Co(bpy)]?" and[Co(bpy)]3, too. The largest
error of the ADF calculation is only 4 pm.

A biexponential recovery of the ground-state absorption for [Ru-
(tpy)(btbz)Co(tpy)}" was observed at low temperatures, where
the fraction of the fast decay component was 20% at the largest.

d As for [Ru(tpy)(bpgp)Co(tpyfi, the recovery of the ground-

state absorption was fast (3 10'° s™1) and single exponential
at all temperatures. Hence, the ISC in [Ru(tpy)(BL)Co(tpy)]
is considered to be much faster than RET(30° s71) even
at low temperatures.

Conclusion

A study of laser kinetic spectroscopy on [Ripy)(btbz)-
Cd'(tpy)]°" and [RU (tpy)(bpgp)Cd! (tpy)]°" revealed that there
is a rise-and-decay of two transient specfT(Ru) and the

The shift of Co-N bond length is calculated to be 12 pm on electron-transfer product of [RYBL)Co"]>* for 1 ns.

the average in the ET ofCd (tpy),]2" — [1Cd" (tpy),]®*, which
is less than half of the bond-length shift (20 pm) fé€§'-

(tpy)2]?™ — [*Cd"(tpy)z]®". The calculated intramolecular
reorganization energy 8€Cd' — 1Cd"" was almost independent

of GGA functions (BP or PW91) and was 0:20@.29 eV for

SCT(Ru) decayed with a rate constant of more thaH 0! to
produce the intramolecular electron-transfer product of [Ru-
(N)(BL)Co(I] 5. The intramolecular ET product of [R{BL)-
Cd'15" with a doublet electronic configurationl,- of Co(ll)
was converted to the reactant of [RBL)Co'"']>" (BL:btbz and

the doublet electronic configuration. Meanwhile, the reorganiza- bpgp) with a 50 times larger rate constant~@) x 100 s™1)

tion energies are estimated to be 0.65 and 0.9 eV/Gat —
2RU — 1Cd"—RU' in [Co(tpy)]23* and [Co(bpy)]?+/3,

than those of [RU(BL)Co'']>" (BL: 2.6-bis(2-pyridyl)benzo-
diimidazole and 2,2bis(2-pyridyl) bibenzimidazole) with a

respectively, assuming that intramolecular reorganization energyquartet electronic configuration,td,+2 of Co(ll).2% The reor-
of Ru(lll)/Ru(ll) redox process is the same as that for ganization energy (0.9% 0.15 eV) was determined on the basis
[Ru(tpy)]3+2*. The calculated values of intramolecular reor- of the weakly temperature-dependent RET rate by taking the

ganization energy (0.270.29 and 0.9 eV) are in a good

agreement with those {.3 and 1.3 eV) empirically deter-
mined above for RET of [Ru(tpy)(bpgp)Ru(tp$¥)] and
[Ru(bpy)(2,2-bis(2-pyridyl)bibenzimidazole)Co(bpy¥+, re-
spectively.

6. Intersystem Crossing (ISC) between2Co(ll) and
4Co(ll). An attempt was made to detect the doublghartet

negative entropy change-0.7 meV/K) of the RET process and
the closely lying quartet state into consideration. Both the small
reorganization energy and the moderate electronic coupling
matrix element (0.8 and 2 meV) for [R{ipy)(btbz)Cd' (tpy)]>*

and [RU(tpy)(bpgp)Cd' (tpy)]>" are responsible for the larger
rates of the RET compared with [R¢@BL)Co"]>" (BL: 2.6-
bis(2-pyridyl)benzodiimidazole and 2;Bis(2-pyridyl) biben-
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Figure 14. Schematic potential curves of the ground state,*@iE-
(Ru), [Ru(tpy)(btbZACo(tpy)Pt, and [Ru(tpy)(btbZACo(tpy)P" involved
in ET and RET of [Ru(tpy)(btbz)Co(tpyT.

zimidazole). Solvent reorganization energies of RET in'[Ru

(tpy)(btbz)Cd' (tpy)]>+ were empirically estimated to be 0.85
eV in acetonitrile and 0.78 eV in butyronitrile from the MMCT

transition energy of [Rl(tpy)(btbz)RUY' (tpy)]°+.2° The residues
of reorganization energies {@.3 eV) are ascribed to the

intramolecular reorganization of the return electron transfer in

[Ru''(tpy)(btbz)Cd' (tpy)]>* and [RU (tpy)(bpgp)Cd' (tpy)]°,
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