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ABSTRACT

In the excited state of the covalently bridged Ru(l)/Os{ll} binuclear complex,
[BTFMB2Ru(lliMebpyCH2CH{OHYCH2oMebpyOs(il}{bpy)z] (BTFMB = 4,4'-bis-
trifluoromethyl-2,2'-bipyridine), 1, a nearly complete quenching of Rull->r’
{(BTFMB) MLCT emission was observed at room temperature. Lifetime
measurementis were periormed to evaluate the guenching rate and the
smechanism on a quantitative basis. in methanol at 298 K, the rate of reductive
quenching of “Ru(l) by Os{il) (ke}) is 5.3 x 168 51 and the rate of energy transter
from “Ru(ll) to Os{ll) (Ken) is 7.8 x 107 -1, In n-butancl both processes are
competitive, Values of kg and kep are 1.8 x 108 s°1 and 1.7 x 108 -1,
respectively. It is shown that the relaxation dynamics of solvent plays an important
role in the intrarmolecular electron-transier process in protic media even when the
observed rate is slow with respect to the solvent motion. The dipoie-dipole
interaction (Forster mechanism) is proposed for the energy-transier mechanism.

A. INTRODUCTION
CH, CH

The evaluation of the rate constant of ?
the intramolecular step is crucial to  CR
understand the role of the various - oHON | .
molecular parameters in detsrmining ik 7e
reaction rates. The supramolecular . CF
systems allow the study of the effects of 3 s
distance and driving force on electron CF, 1

and energy-transter rales and afford a

valuable opportunity for testing theoretical models [1,2].
The excited-state properties of poly-pyridine complexes of d© transition-

metals such as Ru{ll}, Os{ii), and Re(l} can be tuned by ligands and soivent

environment [3]. Recently we have synthesized a new class of bipyridine ligands
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containing a trifluoromethy! group as a substituent. 4,4'-Bistrifluoromethyl-2,2'-
bipyridine (BTFMB) ligand has a lower lying n* level which not only leads to
significant changes in ground- and excited-state redox potentials but also exerts
relatively large effects on absorption and emissicn speciral properties {4].

In this paper we report restilts showing tivat competitive energy and electron-
transfer quenching of excited Ru{ll) by Cs{ll) complex occurs intramolecularly in
the title complex 1. The kinetic study by the time-correlated single-phoion
counting method was performed {o evaluate the quenching rate and the
mechanism on the quantitative basis. The results have evidenced that the
relaxation dynamics of solvent plays an important role in the intramolecular
electron-transter process and that the energy-transfer process can be
interpreted in terms of the F&rster mechanism.

B. EXPERIMENTAL

Materials. BTFMB and 1 were synthesized by the same procedure as
previously reported by us [4,5].

Measurement. Sieady-state and time-resolved emission studies were
carried out using procedures that have been previously described [5].
Electrochemical measuremenis were made in acetonitriie {MeCN}) by vsing the
same instrumentation and procedures as reported elsewhere [5].

C. RESULTS AND DISCUSSION

In Fig. 1 are presented absorption spectra for 1 and its compoenent
complexes, [Ru(BTFMB)2bpy2t], 2, and [Os(dmb)szy2+]. 2 at the same
substrate concentration. The spectrum of 1 was identical with the superimposed
spectrum of equimolar concentration of its component complexes, 2 and 3.
Compared with Ru(bpy)32+, lower energy-shift from 450 to 475.5nm of metal-to-
ligand charge-transfer (MLCT) band was observed for 2, showing that ETFMB
ligand has a lower lying =" level.
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Fig. 1. Absorption spectra of 1, 2, and 3 in MeOH. [Substrate] = 2.2 x 16-5 M.
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TABLE 1

Redox potentials {or 1 and its model complexes. ajoic)

E1/2/ V vs. SCE "
Complex  Ru(¥l)  Os{llAl  0/-1y,9) (L0 )2d) py® 1)y (bpy® )

1 +1.48 (70) +0.76 (80) —0.94 (60) —1.14 (70) —1.33 (60) —1.51 (60)

2 +1.46 (80) ~0.94 (60) —1.14 (70) ~1.87 (70)
3 +0.73 (70) -1.36 (70) —1.56 (75)
g°) +1.19 (70) -1.36 (70) —1.56 (75)

a) Redox potentials [V vs SCE, Eqpp = (Epa + Ep/2) were estimated from V.
Solvent : MeCN. Sweep rate : 100mV/sec. b) All complexes are PFg safts. ¢)
Values in parenthesis are peak separationinmV. d) L= BTFMB. e} 6 =
Ru(bpy)a(dmb)2+. bpy : 2,2"-bipyridine, dmb : 4,4'-dimethyt-2,2"-bipyridine

1 shows iwo reversible oxidation
waves at 1.46 V and 0.73 V vs. SCE
for the Ru{}/Ru(ll) and Os{II}/Os(il)
couples, and four reversible waves at
-0.84, -1.14, -1.33, and -1.51 V vs.
SCE for the ligand-based reduction
for Re and Os components. These
vaiues correspond to those of 2 and
3. respectively. (Table 1) The eongartigg s
sequence of reduction steps best 00 600 700 800
interpreted as the stepwise reduction Wavelength / nm
of each ligand =* system. The strong o
c-attracting CF3 substituent is res- Fig- 2. Emission spectraof 3, 3, and 5
ponsible for the shift of 0.5 V in 1st in 1-BuOH. [Substrate] = 1.5 x 10-5M.
reduction of 2 vs. Ru(bpy)odmb2+.  Excitation at 455 nm.

Room-temperature [uminescence
spectra of 1 (excitation wavelength : 455 nm) was recorded in argon-gas bubbled
solutions and compared with those of 3 and [{bpy)2Ru(ll}MebpyCHzCH{OH)-
CH2MebpyOs(i){bpy)2], 5 [6] at the same subsirate concentration, As an
illustration, the luminescence speciva of 1, 3, and § in n-BuQOH are shown in Fig.
2. The efficient quenching of emission ai 63¢ nm from the ruthenium complex
was observed in 1 and 5. More than 98% of the potential luminescence of their
ruthenium component (as measured for 2) was quenched in 1 and 5. In the case
of §, the ehhancement of emission intensity at 750 nm from the osmium
component was almost double in comparison with that of 3. This indicates that
the intramolecular energy-iransfer process in § has a unitary efficiency [5,6]. On
the other hand, the sensitization of the osmium component in 1 is in about 50%
efficiency.

As for the quenching mechanism, energy transfer from "Ru{ll} to Os(ll) and
reductive electron transter from Os({ll) to *Ru(ll} are conceivable in the excited
state of 1. In acetonitrile, the first ligand-based reduction potential of BTFMBY/-
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couple and the first oxidation

potential of the 0s3+/2+ couple of

1are-0.94 Vand 0.76 Vvs SCE, »

respectively. The excited-state 5

energy of 2 was estimated to be & 1 =2.3ns

2.0 eV [7.,8]. The value of 1.78 eV & i o e

is reported for 3 [9]. The ; }? 15
photophysical behavior can be ﬂ}mwf 2

described in terms of an energy 3 4 6 8 10
level diagram that is simply made by

superimposing the low-lying a - -

excited states of the ruthenium and B

osmium units on the redox =&

potentials in the ground state. As 3 T, =23 ns

seen in Ru{bpy)-Os complex §, < Aj =-10.8
energy-transfer is also favorable by S T, =405 ns

0.22 eV in 1 which corresponds Ay =892

nearly to the observed difference ny i

in the emission maxima of 2 {(Egm = 0 20 40 B0 80 100
1.54x104 cm1) and 3 (Eem = Time / ns

1.33x10% cm-1). The reductive  Fig. 3. Emission decay for 1 in MeOH at
quenching of the excited Ru- 273 K. Menitored at 630 (A) and 800 (B)
complex is exergonic (AG = -0.3 V) nm. Excitation at 457.9 nm. A computer
based on a reduction potential calculated fit is superimposed.
(1.06 V) for the Ru2+"/+ couple
with the oxidation potential (0.76 V) for the Os3+/2+ couple. This is a remarkable
feature of 1, while the electron-transfer quenching process is endergonic in 5.
The thermodynamical aspect allows us to conclude that both energy transfer and
electron transter constitute the quenching mechanism in the excited state of 1.
The measurement of luminescence lifetime was performed to evaluate the
quenching on a quantitative basis by a time-correlated single-photon counting
method. The decay of Rull-z’(bpy) MLCT emission at 630 rm and rise and
decay of Osllox"(bpy) MLCT emission at 800 nm were measured in various
solvents (excitation wavelength at 457.8 nin and instrumental width of 300 ps).
Fig. 3 shows luminescence profiles of 1 in MeOH at 273K, with which a
computer-calcuiated fit is superimposed. The luminescence profile can be fit well
by a convoiution of a biexponential model ({1} = Ay exp (-ttq) + A2 exp {-V/10)
and the experimental instrument respense function. Typical sets of parameter
with amplitudes represented as percentages are presented in figures. At 630 om
the best fit was obtained with 74 = 2.3 ns (98.56%) and 1o = 320 ns {1.5%) (Fig.
3a). A minor, long-lived component can be attributed to a mononuclear
ruthenium complex. The fast exponential decay (2.3 ns) is atiributed to the
deactivation of the ruthenium-axcited staie by the intramolecular quenching
process. In Fig. 3b, the double exponential analysis for the rise and decay of the
excited osmium complex at 800 nm gave 14 = 2.3 ns and 1p = 40.5 ns. The ratio
of the preexponential factor of the double exponential function, namely As/A4
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was -8.3. if the energy-transfer process has a unitary efficiency in this system,
A2/A4 should be close 1o -2.2. The deviation of Aa/Aq from -2.2 indicates the
existence of additional intramolecular quenching-process besides the energy-
transfer process {vide infra).

Kinetics of intramolecular processes in 1 was evaluated by the following
scheme. The excitation at 457.9 nm of 1, denoted by Ru-Os, afferds two excited
states, namely *Bu-Os and Ru-Os* (eq 1a and 1b). In addition to the normal
deactivation process {(eq 1¢ and 1f}, the additional quenching of *Ru-Os by an
intframolecular electron-transier process (eq 1d) and the buikdup of Ru-0s® by the
intramolecutar energy-transfer process {eq 1ej are taken into account:

AuOs —™ > ‘RuOs (1a)
Ru-Os ——w RuOs (1b)
‘Ru-Os —k1—- Ru-0s + (hv + A) (1c}

‘Ru-Os —Ilnl—b Ru-Os (1d)
iRU'OS —ﬁn—’ RU'OS. (1 e’

ke

Ru-Os’° ————= Ru-0s + thv+ A) {1f)

and

The relevant rate equations are

di*Ru-Oslidt = -(kq + Kg| + ken)["Ru-Os] (2a)

and

dfRu-0s*)/dt = kgqni*Ru-Os] - ko[Ru-0s’} (2b).

Equation (2b} yields

[Ru-Os"] = Aqexpl-{1/x4)1] + Agexpl-{1/to}], {3)

where Aq = kgp[*Bu-Os]g/(1/1o - 1/14), Ap = [Ru-Os°lg - Aq, /79 =K + kg +
ken. /12 = ko, and ['Ru-Os]g and [Ru-Os’]g denote the initial concentration of
*Ru-Os and Ru-Os”, respectively. T1 can be obtained from the decay time at 630
nm and the rise time at 800 nm. 1 can be also obtained from the decay time at

800 nm. The values of ky caiculated from 1o are in the range of (2-5) x 167 s°1.

The value of kq {{3-4) x 106 s-1} is based on the lifetime of its component
complex, 2 at room temperature.

Molar absorption coefficients of its component complexes at 457.9 nm in
MeOH are 1.02 x 104 and 1.22 x 104 M-1em1 for 2 and 3, respectively. The
value of [*"Ru-Oslg / [Ru-Os®Jg (= 1.2) was used for all solvents in this paper. The
ratio of the preexponential factors of eq 3 is given by
Ao/Aq=1.2X (ko - kq -Kgpken-2.2. (4
The rate ¢onstanis kgl and ke can be calculated from the observed set of vaiues
of Ap/Aq, 11, and 1o. The values of kel and ke, in various solvents at room
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TABLE 2
Rate Constants of Intramolecular Electron and Energy-Transfer ai Room
Temperature and Kinetic Parameters for Electron-Transfer.

H20 MeOH EtOH 1-PrOH  1-BuOH
kel 1085 12.9 53 3.8 2.7 1.8
E,. Keal/mo! 2.1 2.2 1.6
A, 1010g-1 1.6 1.6 0.3
b)
7, 107125 0.20 3.3 9.8 42 80
-1 a
Kan. 10°%s 0.79(4.5)3} 0.78(3.7)3) 1.5(3.3}T 1.2 1.7

& : Values in paretheses indicate ken for Ru{bpy)-Os complex, 5.
b : Longitudinal solvent relaxation time [10].

temperature are shown in Table 2. 9.2 HoO
The rate constant of eigctron-transier 2
is markedly solvent dependent. 9.0

The temperalure dependence of - MeOH
the rate was examined in the range of ~'88
293-243 K in several solvents. From 134 €t0H
a plot of In kg| versus T-1, the values 8.61 P:OH
of activation energy (Eg) and the gad ®
frequency factor (A) were calculated )
and shown in Table 2. * BuOH

In semictassical theory [11], the 825 o M 13
rate constant (kgy) for a {first order) log TL"
;:sgrgg-transfer reaction can be Fig. 4. Logarithmic plot of kg{ vs. the

{8G°+ 1 2 inverse longitudinal diglectric

kg = Kyvex TRT—}- 5 refaxation time 7|_"Vof solvents

where xg| is the electronic transmission coefficient between the donor and
acceplor, vq is the frequency facior of the nuclear motion that takes the system
over the barrier, AG® is the energy gap for the reaction, A is a reorganizational
parameter, R is the gas constant, and T is the absolute temperature.

The activation energy Eg corresponds to the height of the nuclear barrier,
namely (AG® + A)2/4). In the present protic media, Eg did not change much,
whereby the solvent is not considered to affect ihe reaction rates via its infiuence
on the net activation barrier to electron transfer. (Table 2) In the nonadiabatic limit
the frequency factor A is given by A =rx,, v, = {2zh)Ha)X4mART) ™ | with Hap
being the electronic coupling matrix element. In the adiabatic limit the frequency
factor is proportional 1o the inverse longitudinal dielectric relaxation time 'q_“', ie.
A=v, ={n)"(W16rRT}"? , where 1, = (e /et With £, and eg being the optical
and the static dielectric constanis, respectively, while tp is the Debye dielectric

relaxation time [12). An explicit decrease of A from ethanc! to BuOH may suggest
the adiabatic character in the intramolecular electron-fransfer in alcohois. There
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have been several examples of the adiabatic behavior in bichromopheric systems
where donorfacceptor sites are separated by several g-bonds [13-15]. In this
respect we examined the relationship between the rate constants of
intramotecular electron transfer and the relaxation time of the solvent. Fig. 4
shows a logarithmic plot of kgj at room temperature versus inverse of longitudinal
relaxation time, 'r;_". kel and 1| values are given in Table 2. A nearly linear
dependence of kg| on t-1 is obvious. This finding suggests that the
intramolecular electron-transier process in the excited 1 is weakly adiabatic and is
dominated by the refaxation dynamics of solvent even when the observed rate is
slow with respect to the solvent moetion.

The mechanisms available for the transfer of electronic energy are based on
remote dipole-dipole or dipoie-multipole electronic interactions (the Fdrster
mechanism) {18} and on a collisional mechanism that involves electronic
exchange (the Dexter mechanism) [17]. A quantitative reatment of the Fdrsier
mechanism leads to the following expression for kgp: [16]

9000In10+%g,
1281:"'n‘Nth’I
Here, v is the wave number, Fp(v) is the spectral distribution of the donor
emission in guanta normalized {0 vnity, ea{v) is the motar extinction coefficient for
the acceptor absorption, n is the refractive index of the solvent, k is an
orientation factor which equals (2/3)1/2 for a random distribution of donor and
acceptor molecules, ®p is the quantum yield of donor emission, ¢p is the actual
donor emission lifetime, N is Avogadro’s number, and r is the distance between
the donor and acceptor molecules. The overiap integral was calculated from
numerical integration over the emission of 2 and the absorption of 3 in various
solvents. The values are in the range of (2.4-2.9)x10°14 mol"icm®. Assuming «2
= 2/3 and r = 13 A for 1, the calculated ke vaiues were listed in Table 4. The
calculated kg, values were reasonably close to the observed values.

" "rmaY @
1} 14

Table 4.
Rate Constants of Energy Transfer Calcutated from Forster Equation.

Solvent n ®p 1p/ns Overlap Int. Kenlcakc)/s~1 keplobs) /s
;

H20 1333 0.018 250 28x10 % 7.8x10 7.9x10°
MeOH 1.327 0028 320 28x10 %  1.0x10° 7.8x107
EtOH 1359 0.033 360 298x10°'%  g.6x10’ 1.5x10%
1-PrOH  1.384 0.036 340 2.9x107'%  1.0x10° 1.2x10°
1-BuOH 1.397 0.032 345 2410°"*%  7.2¢10’ 1.7x10°

It is known that the excited electron in MLCT excited state of Flu(bpy)32+ is
fully localized on cne of three equivalent ligands, at least for a time long enough
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for this ligand and its neighboring solvent to adjust to the geometry of fully
charged bpy™. Picosecond transient Raman studies on mixed-ligand derivatives
of Ru(ll} complexes have also shown that the optical eleciron Is localized on the
most easily reduced ligand j18]. In 1, MLCT excitation takes piace exclusively
from ruthenium to bis(irifluoromethylbpy ligand (BTFMB). In this case the
through-space interaction can be more feasible than the through-bond
interaction. Therefore it is reasonable to conclude that the dipole-dipole
interaction, namely the Férster mechanism, is the main pathway for intramolecular
energy transfer in the excited 1.

Our results show that the introduction of BTFMB ligand onto the Ru{ll)/Os(ll)
binuclear system results in competition of intramolecular energy angd electron-
transter quenching and that solvent can play the impertant role in governing the
rate of inframolecular electron transter.
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