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Dependency of Phosphorescence Energy Transfer Rate on Distance
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Phosphorescence energy transfer within ligand bridged diruthenium(II) compounds of the form [(bpy),Ru(Il)(B)Ru-
(M)(becbpy)21**, where bpy, becbpy, and B are 2,2’-bipyridine, 4,4’-bis(ethoxycarbonyl)-2,2’-bipyridine, and a bridging
ligand, respectively, was investigated in butyronitrile solution in the temperature range 77—330 K. Excitation energy
transfer occurs from the Ru(bpy),>* moiety to the Ru(becbpy),>* moiety. The energy transfer rate (ken=(0.4—7.4)x 10°
s™') at 77 K is weakly dependent on the Ru®*~Ru”* distance (r), which is estimated for the extended conformer of the
bridging ligand. A linear plot of log ke vs. log (1/r) shows that energy transfer occurs via the dipole-dipole interaction.
The weak temperature-dependence of the energy trafsfer rate in the temperature range 77—110 K is explained in terms of the
absorption—emission coupling integral. The fast energy transfer (55 x 10° s~!) within [(bpy)2Ru(bpbimH,)Ru(becbpy), ]**
(bpbimH,=2,2’-di-(2-pyridyl)-6,6’-bibenzimidazole) at 77 K is ascribed to the substantial exchange interaction between
the Ru(bpy)2(bpbimH,)** moiety in the excited state and the Ru(becbpy),** moiety in the ground state.

Electron transfer reactions in covalently linked donor—ac-
ceptor compounds have been investigated over the past
decade by means of laser flash photolysis spectroscopy. The
dependence of the rate of the reactions on the energy gap,'
temperature,*~" solvent relaxation time,**—' and donor-ac-
ceptor distance'' ¥ has been examined for many donor—ac-
ceptor molecules. The rates of nonadiabatic electron transfer
(ker) can be estimated by using a Franck—Condon weighted
density (FCWD), assuming a common vibrational frequency
(W) for both the reactants and the products (Eq. 1).'
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Here, Hy,, AEO, /o, S, and m are the matrix element between
the reactants and products, the energy gap of energy transfer
reaction, the reorganization energy of low-frequency solvent
mode, the Huang—Rhys factor, and the quantum number of
the high-frequency vibrational mode involved in the electron
transfer, respectively.

Equation 1 can also be applied to an estimation of the rate
of phosphorescence energy transfer by using 4, S, and v,;
the FCWD of the emission and absorption processes can be
evaluated. Therefore, the FCWD of energy transfer can be
expressed in terms of the normalized emission intensity of
the donor (fp(V)) and the normalized absorption intensity of
the acceptor (f4(7)) instead of S and 4, (Eq. 2).!6""
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Hereafter, the integral of Eq. 2 will be called the absorp-
tion—emission overlap.
When the matrix element of energy transfer arises from

dipole—dipole interactions, the magnitude of the rate can be
expressed by Eq. 3 by using the distance between the transi-
tion dipoles (r), the natural lifetime of the donor (1z,), fp(V),
the molar absorption coefficient of the acceptor (£4(¥)), and
the refractive index of the solvent (n).'® The FCWD is mixed
with the transition dipoles of absorption and emission in
Eq. 3, the integral of which denotes the absorption—emission
coupling.
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A few studies have been done on the rate of excitation energy
transfer of metal-to-ligand charge transfer (MLCT) states.
Most recently, a small reorganization energy of a low-fre-
quency vibrational mode and a high-frequency mode were
obtained by means of simulation from the rate of energy-gap
dependent energy transfer, MLCT==mn—x*, at 300 K.'*?
The temperature dependence of the energy-transfer rate sug-
gested a small reorganization energy for MLCT=-d-d* en-
ergy transfer.V

The nonadiabaticity of excitation energy transfer has been
explained in terms of the rapidly decreasing magnitude of
two-center two-electron exchange integral with increase in
donor—acceptor distance.” > Dipole-dipole interactions be-
tween a donor and an acceptor can be responsible for the
energy transfer because of the gradual decrease of the in-
teraction strength with an increase in distance in a relative
sense. It has been proposed that the dipole—dipole inter-
action is predominant for slow excitation energy transfer
within donor—-acceptor compounds containing a heavy metal
ion such as Ru(II)**?” and Os(II).?® The excitation of solvent
phonons?? and the low- and high-frequency vibrations of
the products'®*® have been suggested by the non-bell-shaped
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dependence of the phosphorescence energy transfer rate on
the energy gap. Fast energy transfers have been observed for
covalently linked donor—acceptor composite molecules.
In this paper we describe the distance- and temperature-de-
pendencies of the charge-transfer excitation energy transfer
within ligand bridged compounds of the form of [(bpy),Ru-
(B)Ru(becbpy),1**, where bpy, becbpy, and B are 2,2'-bipyr-
idine, 4,4’-bis(ethoxycarbonyl)-2,2’-bipyridine, and a bridg-
ing ligand, respectively. As the structures of the compounds
in Fig. 1 show, the distances between the cationic chro-
mophores of Ru(bpy),2* and Ru(becbpy),?* are dependent
on the kind of the bridging ligand. The observed rates of the
energy transfer processes at 77 K are compared with those
calculated by assuming dipole—dipole interactions. The tem-
perature-dependence of the energy transfer rate is compared
with that of either the absorption—emission coupling integral
or the FCWD in a temperature region 77—330 K. The rate
of the energy transfer within the ligand bridged compounds
of the form [(bpy),Ru(B)Ru(becbpy),]** will be compared
with the rate of electron transfer within the ligand bridged
compounds of the form [(bpy),Ru(B)Ru(becbpy),]>*.*¥
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Experimental
Materials. Butyronitrile was purified by distillation over P,Os
under a reduced pressure.
Preparation. The Bridging Ligands: All the bridging

ligands (B) contain two chelating 2-(2-pyridyl)- 1-benzimidazolyl
groups (L). Bridging ligands of 1,3-bis[2-(2-pyridyl)-1-benzimid-
azoyl]propane (L-(CH,);-L), 1,4-bis[2-(2-pyridyl)- 1-benzimid-
azolyl]butane (L-CH;)4-L), 1,5-bis[2-(2-pyridyl)benzimidazolyl]-
pentane (L—(CH»)s—L), 1,6-bis[2-(2-pyridyl)- 1-benzimidazolyl]-
hexane (L-(CH)s—L), 1,10-bis[2-(2-pyridyl)- 1-benzimidazolyl]-
decane (L—(CH>)0-L), and p-bis[[2-(2-pyridyl)- 1-benzimidazo-
Iyl]-methyl]benzene (L-Xy-L) were synthesized by the coupling
2-(2-pyridyl)benzimidazole (pbimH) with a,w-dibromoalkane or
p-bis(bromomethyl)benzene in dry N,N-dimethylformamide in the
following manner. Sodium hydride (0.25 g) was added under an
argon atmosphere to a solution of well-dried pbimH (1 g) in dried
N,N-dimethylformamide (15 ml). The mixture was heated for 1 h.
After addition of dibromoalkane (0.5 g), the solution was refluxed
for 2 h. During refluxing, NaBr precipitated and the solution turned
dark brown. After the addition of water (30 ml) to the solution,
the product was extracted with chloroform (120 ml). Evaporation
of the chloroform gave the crude product, which was loaded onto
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Fig. 1. Component molecules and abbreviations.
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an alumina column and eluted with toluene—dichloromethane. The
compound obtained from the third band was recrystallized twice
from a mixture of chloroform and ethyl acetate.

The Mononuclear complex of [Ru(L)2(L.—(CH;),—L)](ClO4),
and [Ru(L')2(L-Xy-L)](ClO4); (L'=bpy or becbpy, n=2—6,
10): A mixture of [Ru(L')2Cl] (60 mg) and an equimolar
amount of a bridging ligand in ethanol/water (1:1 v/v) was re-
fluxed for 4 h. The product was purified on an SP-Sephadex
cation-exchange column using a mixture (1: 1 v/v) of acetonitrile
and an aqueous Britton—Robinson buffer (pH 4.6).** The prepara-
tion method of [Ru(bpy)2(L—(CHz2)2—L)](ClO4), has been described
previously.*>?® The complex was recrystallized from ethanol/water.
Yield 150—170 mg.

[Ru(bpy)2(L-(CH2)s-L)](Cl104)2-H,0: Found: C, 54.26; H,
4.10; N, 12.84%. Calcd for C49H42C12N]003RH'H202 C, 54.05; H,
4.07; N, 12.86%.

[Ru(becbpy)2(L— (CH2)s-L)](Cl04)2-4H,0: Found: C,
51.22; H, 4.40; N, 9.83%. Calcd for C61H58C12N10016Ru-4H20:
C,51.19; H, 4.65; N, 9.79%.

The Diruthenium Complexes of [Ru(bpy):(L—-(CH3),-L)-
Ru(becbpy)21(PF¢)s and [Ru(bpy):(L- Xy—- L)Ru(becbpy):]-
(PF¢)4: A mixture of [Ru(becbpy).Cl>] (20 mg) and [Ru-
(bpy)2(L—(CH2)»—L)I(C1O04), or [Ru(bpy)>(L-Xy-L)]I(ClO4)2 (25
mg) in 10 mL of ethanol/water (1: 1 v/v) was refluxed for 7 h. The
product was purified on a CM-Sephadex cation-exchange column
using a mixture of acetonitrile and the Britton—Robinson buffer so-
lution of pH 5.7 (1: 1 v/v) containing 50 mM NH4PFs. The complex
was recrystallized from ethanol/water. Yield 10—20 mg.

[Ru(bpy):(L-(CH3),-L)Ru(becbpy):1(PF¢)s-2H,0:  Found:
C, 4352, H, 348, N, 9.10%. Calcd for C73H63F24N|408P4RU2'
2H,0: C, 44.63; H, 3.38; N, 9.13%.

[Ru(bpy)2(L-(CHz)3-L)Ru(becbpy):1(PFs)4: Found: C,
44.22; H, 3.42; N, 9.31%. Calcd for C79H70F24N1408P4RU22 C,
44.64; H, 3.32; N, 9.23%.

[Ru(bpy)2(L-(CHz)s—L)Ru(becbpy).](PF¢)s-2H,0: Found:
C, 44.16; H, 3.38; N, 9.04%. Calcd for Cg()H72F24N]4OgP4Ru2-
2H,0: C, 44.17; H, 3.52; N, 9.01%.

[Ru(bpy):(L—-(CH3)s—L)Ru(becbpy):1(PFs)4-2H,0:  Found:
C, 44.64; H, 3.61; N, 8.99%. Calcd for C81H74F24N|408P4R112'
2H,0: C, 44.43; H, 3.59; N, 8.96%.

[Ru(bpy)2(L—(CH2)¢—L)Ru(becbpy):1(P¥e)4: Found: C,
45.14; H, 3.62; N, 9.20%. Calcd for C32H76F24N1408P4RU2Z C,
45.44; H, 3.53; N, 9.05%.

[Ru(bpy)(L-Xy-L)Ru(becbpy).1(PF¢)s-:2H,0:  Found: C,
4539, H, 3.51; N, 8.77%. Calcd for Cg4H72F24N]403P4RU2'2H202
C,45.37; H, 3.45; N, 8.82%.

[Ru(bpy)2(L—(CHz)10-L)Ru(becbpy)21(PF¢)s:  Found: C,
46.51; H, 3.76; N, 9.08%. Calcd for C36H84F24N]403P4RUZ2 C,
46.45; H, 3.81; N, 8.82%.

The Diruthenium Complex of [Ru(bpy):(bpbimH;)Ru-
(becbpy)21(PF¢)sa: A mixture of [Ru(becbpy),Cl,] (20 mg) and
[Ru(bpy)2(bpbimH;)](C104)> (25 mg) in 10 mL of ethanol/water
(1:1 v/v) was refluxed for 4 h. The product, [Ru(bpy),(bpbimH,)-
Ru(becbpy)2]1(Cl04)s was purified on an SP-Sephadex cation-ex-
change column using a mixture of acetonitrile and the Britton—
Robinson buffer (pH 4.6) (1:1 v/v).

[Ru(bpy)2(bpbimH;)Ru(becbpy):1(C104)4-6H,O: Found:
C, 45.30; H, 3.52; N, 9.51%. Calcd for C76HeaN14024Cl4Ru,-
6H,0: C, 45.43; H, 3.81; N, 9.76%.

Apparatus. A Hitachi 323 absorption spectrophotometer
and a Hitachi MPF-4 spectrofluorometer were used to record the
absorption and emission spectra of the Ru(Il) compounds, respec-
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tively. The sensitivity of the emission measurement was improved
through the use of a Usio JPD100V500WCS bromine lamp. The
third-harmonic (355 nm, pulse-width 8 ns, 1—10 mJ, 10 Hz) of
a nanosecond Nd—YAG laser, (Quantel YG580), and a picosecond
Nd-YAG laser, (Continnum PY61C-10; 10Hz, fwhm; 17 ps) were
used for the excitation of the Ru(Il) compounds.

The decay and the time-resolved spectra of emission were de-
tected by using a Hamamatsu Photonics R3896 photomultiplier.
An avalanche PIN photodiode (Hamamatsu Photonics S2383) was
used to detect emission with a lifetime shorter than 40 ns. The
photocurrent of the photodiode was amplified by the use of a wide-
bandwidth preamplifier (Comlinear, CLC 140, 500MHz) and fed
into a digitizing oscilloscope (Hewlett-Packard Co., HP54510A, 8
bit, 250 MHz). The time resolution was 0.6 ns. The temperature
of the samples in the Oxford DN1704 cryostat was controlled in a
range of 77—300 K by the use of an Oxford ITC4 controller. A
circulated water bath was used to keep the samples at 300—337 K.

Procedure. The butyronitrile solutions of the Ru(Il) complexes
were deaerated by the bubbling of Ar. In the case of complexes
containing bpbimH, as a bridging ligand, 2 mM HCIO4 was added
to avoid deprotonation.

Results

1. Absorption and Emission Spectra. The absorp-
tion spectrum of [Ru(becbpy),(L—(CH,)s—L)]** in the re-
gion of (15.4—25)x10°> cm™! is not different from that of
[Ru(becbpy),(bpy)]?*.*” The lowest and weak band in the
region of (15.6—19)x 10° cm~! is distinguished from a cou-
ple of strong bands above 19x 10> cm~' by means of multi-
Gaussian analysis, as Fig. 2 shows. The intensive band
around 20x10* cm~! loses its structure at 300 K, while
the large full width at half maximum (fwhm) of the broad
bands in the lower energy region are nearly independent of
temperature. The lowest and weak absorption is assigned
to the transition to the triplet charge transfer excited state,
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Fig. 2. Emission spectra of [Ru(bpy).(bpbimH,)Ru(bpy),]**
(solid line), [Ru(bpy)z(L—(CHz)s—L)]2+ (dotted line), and
[Ru(bpy)z(bpbimHz)Ru(becbpy)2]4+ (broken line) and ab-
sorption spectrum of [Ru(becbpy)z(L—(CHz)rL)]2+ (chain
line), with the excitation at 450 nm in butyronitrile at 77
K. A thin chain line shows the singlet—triplet absorption
obtained by means of multi-Gaussian analysis of the ab-
sorption spectrum.
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though the singlet character of the higher states is mixed
into the lowest excited state. No new band appeared even
for the diruthenium(Il) compound with the shortest bridging
ligand, [Ru(bpy),(L—(CH,),~L)Ru(becbpy),]**, implying a
very weak interaction between the Ru(Il) centers. Coordi-
nation of [Ru(bpy),(L~(CH;),~L)]** to another Ru(bpy),*
moiety brings about no shift of the MLCT band, showing
that only a very weak interaction exists between the Ru(Il)
centers.

The emission spectra of the mononuclear and dinuclear
Ru(Il) compounds consist of three vibronic bands (Table 1).
The fwhm of the first emission band is estimated to be
830 cm~! at 77 K as 2XAW, (see Table 2), where AV,
is the half width at half-maximum on the higher energy
side. The energy of the first emission band (¥) of the
Ru(bpy),(L—(CH,),~L)** moiety at 77 K is almost con-
stant (16.5x10* cm™!), irrespective of the polymethylene
chain length. Coordination of the bridging ligand to an-
other Ru(bpy),*" does not cause a variation of the energy
of the first emission band. The value of ¥% of the Ru-
(becbpy),(L—(CH,),—L)** moiety exhibits only a small vari-
ation (15400—15600 cm™!) with the length of the polymeth-
ylene chain.

Above 110 K the vibronic structure becomes unclear
with increasing temperature and the emission maximum is
shifted to lower energy (Fig. 3). When the temperature is in
the range 110—160 K, the emission maximum shifts from
16500 to 15400 cm™' during the decay of emission (see
Fig. 4). This relaxation to the final spectrum can be taken
to be an indication of solvent reorganization around the re-
duced ligand.*® Above 170 K, the first emission band of
[Ru(bpy)2(L—(CHy)s-1)]** is at 15400 cm™' immediately
after the laser excitation. Fwhm of the first emission band
increases with temperature from 1450 cm~! at 173 K to
2180 cm™! at 297 K. The solvent reorganization energy in-
volved in the formation of the lowest excited-state (4,) can

Energy Transfer within Diruthenium Compounds

be derived from the magnitude of fwhm through the use of
Eq. 4%
(2AW)*

(16In2)kgT @

Ao =
The average value of 4, is estimated to be 1980 cm™! in the
temperature range of 170—300 K, which is much larger than
that (1160 cm™") estimated from the emission at 77—110 K
(see Table 2).4”

The emission spectrum of [Ru(bpy),(L—-(CH,),—L)Ru-
(becbpy),]** changes with time even at 77 K, as Fig. 4 shows.
The emission spectra that are observed at a later time are the
same as those of [Ru(becbpy),(L—(CH,),~L)]**, showing
that intramolecular energy transfer occurs from a donor moi-
ety of [Ru(bpy)z(L—(CHz),,—L)]2+ to an acceptor moiety of
[Ru(becbpy),(L~(CHa),~L)I**.

2. Decay of Emission. Most of the emissions de-
cay via a single exponential mode across a wide temper-
ature range (77—330 K). The emission decay rates (kp)
of the donor moiety, [Ru(bpy)z(L—(CHz)n—L)z"] and [Ru-
(bpy)2(bpbimH,)]?*, (1.6—2.4x10° s~! at 77 K) are varied
neither by the kinds of bridging ligands nor by the coordina-
tion of the bridging ligand to another Ru(I) center, as Table 3

Table 2. The Full Width at Half Maximum (fwhm) of
the First Emission Band and the Solvent Reorganiza-
tion Energy of Emission of [Ru(bpy)2(L—(CHz)s—L)]*
in Butyronitrile at Various Temperatures

Temperature/K fwhm/cm ™' ¥ Aofcmn™! P
77 830 1160
92 910 1160
173 1450 1940
211 1770 1920
297 2180 2070

a) Obtained as 2X ¥ 5, where ¥, is the half width at half-
maximum on the higher energy side. b) Estimated from
(2% ¥ 1)*{16(In 2)kp T}.

Table 1. Emission Maxima of the Donor Moieties and the Acceptor Moieties (¥,) and the
Difference between the Donor and the Acceptor Moieties (A¥pa) in Butyronitrile at 77 K
Excited at 450 nm

Compounds ¥,/10° cm™! A¥pa/10° cm™!
Donor Acceptor

[Ru(bpy)2(L~(CH2)o-L)1** 16.5 (16.4*")

[Ru(bpy)2(L~(CHy)s-L)]** 16.5

[Ru(bpy)2(L~(CHz)10-L)I** 16.5

[Ru(bpy),(bpbimH,)Ru(bpy),1** 16.4%

[Ru(becbpy)o(L~(CHz)s—L)]* 154 1.2

[Ru(bpy)2(L~(CH,),~L)Ru(becbpy)a I+ 15.5 1.1

[Ru(bpy)2(L~(CHz);—L)Ru(becbpy), 1+ 15.5 1.1

[Ru(bpy)2(L~(CHa)s—L)Ru(becbpy), 14 15.5 1.0

[Ru(bpy)z(L—(CHz)st)Ru(becbpy)z]4+ 154 1.2

[Ru(bpy)z(L—(CHz)6—L)Ru(becbpy)2]4+ 154 1.1

[Ru(bpy)2(L~(CHa)10-L)Ru(becbpy),]** 15.4 1.1

[Ru(bpy)2(L-Xy-L)Ru(becbpy),]* 15.6 0.9

[Ru(bpy)z(bpbimHz)Ru(becbpy)z]4+ 154 1.0

a) [Ru(bpy)z(L—(CH2)27L)Ru(bpy)2]4+. b) From Ref. 35 in 1 : 4 methanol—ethanol.
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Table 3. Decay Rate Constants of Emission of [Ru(bpy)2(L—(CH,)»—L)]**, [Ru(bpy)2(L-Xy-L)]*", and [Ru(bpy).(bpbimH,)]**
Moieties
Compounds kp/10% s~ kpa/10° s~
77 K 170 K® 298 K 77 K9 170 K® 298 K¥

[Ru(bpy)2(L-(CHz)>-L)1** 0.16 (0.24%) 0.58 1.67 [Ru(bpy)2(L~(CHz)-L)Ru(becbpy)1**  7.6(257) 8.6 33.0
[Ru(bpy)2(L-(CH,)3-L)I**  0.24(0.259) 1.44 [Ru(bpy)2(L~(CH,)3-L)Ru(becbpy),]*  6.2(26") 6.1 32.5
[Ru(bpy)2(L~(CHz)a-L)1**  0.22(0.247) 1.59 [Ru(bpy)2(L~(CHz)a~L)Ru(becbpy), 1**  3.7(127) 18.9
[Ru(bpy)2(I~(CHz)s-L)I**  0.21(0.239) 071 1.50 [Ru(bpy)2(L~(CH,)s—L)Ru(becbpy), ]*  3.1(127) 3.0 14.5
[Ru(bpy)2(L-(CHz)s-L)]** 0.23 1.50 [Ru(bpy)2 (L~(CHa)s—L)Ru(becbpy), ]**  2.0(7%) 18.0
[Ru(bpy)2(L—(CHa)10-L)I** 0.22 0.72 147 [Ru(bpy)2(L~(CHz)10-L)Ru(becbpy)2]**  0.68(1.67) 1.1 43
[Ru(bpy)2(L-Xy-L)J** 0.23 1.48 [Ru(bpy)2(L-Xy-L)Ru(becbpy),]** 3.2(8") 2.3 14.3
[Ru(bpy)2(bpbimH,)]** 0.24 0.88  1.85(1#) [Ru(bpy):(bpbimHz)Ru(becbpy),]* 55 41 142

a) Emission decay rate constant of donor moieties monitored at 16500 cm~!. b) Emission decay rate constant of donor moieties monitored at
15400 cm™!. ¢) Emission decay rate constant of donor moieties in the dinuclear compounds monitored at 16500 cm~!. d) Emission decay rate
constant of donor moieties in the dinuclear compounds monitored at 15400 cm™!. ¢) Emission decay rate constant of [Ru(bpy),(L—(CHy),-L)-
Ru(bpy);]** monitored at 16500 cm™!. f) Emission rate constant of the minor and fast decaying component. g) Emission decay rate constant of

[Ru(bpy ), (bpbimH,)Ru(bpy); ]** monitored at 16400 cm™".
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Fig. 3.

Emission spectrum of [Ru(bpy)a(L—(CH,)s—L)2*
with the excitation at 450 nm in butyronitrile at various
temperatures.

shows. A small difference in kp between the mononuclear
and the symmetrical dinuclear compounds was observed only
for the shortest bridging ligand (n=2). The emission decay
of the Ru(becbpy),* moiety (1.9—2.1x10° s~ at 77 K) is
insensitive to the nature of the bridging ligands. The decay
rates of the emissions gradually increased with temperature
up to 280 K, and then more dramatically above 280 K, as
shown in Fig. 5.

As for the unsymmetrical dinuclear compound, [(bpy),Ru-
(L—(CHy)s—L)Ru(becbpy),]**, the emission of the [Ru-

(bpy)2]** moiety monitored at 16500 cm~! decays rapidly

with a rate constant (kps). The emission of the [Ru-
(becbpy)a(L~(CH;)s-L)]** moiety at 15200 cm™! is ob-
served to increase during the emission decay of the [Ru-
(bpy)2(L~(CH,)s-L)]** moiety. The emission from the [Ru-
(bpy)2(L—(CHy)s—L)]** moiety at 77 K decays in a biex-
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Fig. 4. Time-resolved emission spectra of [Ru(bpy):-

(L-(CHa)s—L)Ru(becbpy)>]** in butyronitrile at 77 K at
4, 200, and 600 ns after the laser pulse.

ponential mode; the major component (f=0.8) decays with
kpa=3.1x10° s~! and the minor one (f=0.2) with kps=
12x10% s~'. The minor decay component can be ascribed
to the presence of a folded conformer of the polymethylene
chain with a shorter Ru(Il)-Ru(Il) distance than the extended
conformer has. The magnitude of kpa is larger than that
of [Ru(bpy)g(L—SP—L)]2+ (kp) at any temperature, and is
weakly dependent on temperature, as shown in Fig. 5.

Discussion

Distance Dependence of Excitation Energy Trans-
fer. The excited MLCT state of the donor moiety, Ru-
(bpy) %+, in the unsymmetrical diruthenium(Il) compounds
decays via three channels: excitation energy transfer to [Ru-
(becbpy),(L—(CH,),~L)]** with a rate constant kgy, emis-
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sion of phosphorescence (kp), and nonradiative transition to
the ground state (kyop). Since the decay rates of the donor
moiety, kp, are not affected by the coordination to another
Ru(bpy),** moiety, the coordination of Ru(becbpy),?* moi-
ety to [Ru(bpy),(L—(CH,),~L)]** does not affect the sum
of knon and k, of the donor moiety. Consequently, the dif-
ference between kp and kpa is taken as the value of kgy.
As for the dinuclear compounds with the shortest bridg-
ing ligands, [Ru(bpy),(bpbimH,)Ru(becbpy),]** and [Ru-
(bpy)2(L-(CH,),—L)Ru(becbpy), ]**, the value of kpa can be
regarded as that of kgy because the values of kpa (55x10°
s~!and 7.6x10° s~! at 77 K, respectively) are much larger
than those of kp (0.24x10° s~! and 0.16x10° s~ ! at 77 K).
The magnitude of kgy at 77 K, which varies from 0.4x10°
s~! for [Ru(bpy)(L~(CH,)o-L)Ru(becbpy),]** to 7.4x 10°
s~! for [Ru(bpy),(L—(CH,),~L)Ru(becbpy),]**, are weakly

1 8 T T T T I T T I T 1

16

14

In(k/s ")

12

T

2 4 6 8 10 12
1000K/ T

Fig. 5. Temperature dependence of the emission decay (kp
and kap) of the [Ru(bpy)z(L—(CH2)5~L)]2+ moiety at 77—
330 K. A, O, O: kp for [Ru(bpy)2(L~(CH),~L)** (n=2,
5, and 10); A, @, B kpa for [Ru(bpy)2(L—(CHz),—L)Ru-
(becbpy),]** (n=2, 5, and 10).

Energy Transfer within Diruthenium Compounds

dependent on the distance between the Ru(Il) centers, as
shown in Table 4.

The weak dependence of kgy on the Ru**~Ru?* distance
(r) is well explained by the Forster mechanism (Eq. 3). As
Fig. 6 shows, logkgy is linearly correlated with log (1/r%),
where the distance between the Ru(Il) cations is taken, to
the first approximation, as the dipole~dipole distance. An
extended form of the polymethylene chain is assumed to be
dominant for [Ru(bpy),(L—(CH,),—L)Ru(becbpy),1**, inas-
much as the electrostatic repulsion between the Ru(Il) cen-
ters is the weakest for the extended conformer. Because
the increasing length of the polymethylene chain reduces

g
N ., R -
A [(bpy),Ru(bpbimH,)Ru(becbpy),]**
Tk .
2 5 nN=2
pd n=3
[ opyRu(L-Xy-L)Ru(becbpy).I* 71— 4 ]
e n=5 1
kel A
n=6 7
6 _
n=10 l
P B . 1 L PR L |
-2 -1 0

log( r®/nm=)

Fig. 6. Plot of log ke vs. log (1/r°), where the energy trans-
fer rate (ken) and the Ru**~Ru®* distance (r) are taken as dif-
ference between kpa and kp and the dipole—dipole distance,
respectively. The magnitude of the rate constants are mea-
sured in butyronitrile at 77 K. O: [Ru(bpy).(L-(CH),~L)-
Ru(becbpy),1*"; @: [Ru(bpy)2(L-Xy-L)Ru(becbpy),]**; A
and ¥: the long size and the short size isomers of [(bpy),Ru-
(bpbimH,)Ru(becbpy)a]**, respectively.*

Table 4. Rates of the Energy Transfer (ken and kgy) Observed and Calculated, Respectively

Compounds ken/10% 57! E.Jem™' ¥ r/nm®  ken® /108 57! ae.c.?

77K 170K 298K 77K 77K 170K 298K
[Ru(bpy)2(L~(CHa)o-L)Ru(becbpy),]* 74 8 33 23(400Y) 1.15 22 - - -
[Ru(bpy)2(L—(CHz)s-L)Ru(becbpy),]* 60 53 31 - (5107 1.25 12 - - -
[Ru(bpy)»(L~(CHaz)s~L)Ru(becbpy),]* 3.5 23 17 - 1.4 6.1 - - -~
[Ru(bpy)2(L~(CH,)s-L)Ru(becbpy),]* 2.9 23 13 24 (520%) 1.5 4.0 55 17 2.6
[Ru(bpy)2(L-(CH, )G—L)Ru(becbpy)z]4+ 1.8 - - - 1.6 2.7 - - -
[Ru(bpy)2(L—(CHz)10-L)Ru(becbpy),]** 046  0.35 3 576309 2.15 0.46 - - -
[Ru(bpy)2(L-Xy-L)Ru(becbpy),]** 3.0 1.8 14— (5607) L5 4.0 - - -
[Ru(bpy), (bpbimH,)Ru(becbpy).1* 55 40 140 42 (3509) 1.59 4,09 1287 0420 0720

a) Activation energy of energy transfer in a region of 77—110 K. b) A distance between ruthenium(Il) centers is calculated by assuming the
bond lengths, rc—c=0.154, re—y=0.13, and rg,—x=0.21 nm. c) Absorption—emission coupling integral in 10~!5 ¢cm? dm® mol~! (see Eq. 3). d)
Activation energy of energy transfer in a region of 170—330 K. e) See Ref. 45. ) Absorption—emission overlap integral in 10~* cm (see Eq. 2).
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the electrostatic repulsion between the cationic centers, the
fraction of the conformer that is extended might be expected
to decrease for the longer chain compounds. The observed
slope of 0.76 for the plot of log kgx vs. log (1/r%) (see Fig. 6),
which is a little smaller than unity, implies that the average
distance between the transition dipoles of the longer chain
compounds is less than that of the extended conformer of
the polymethylene chain, even at 77 K. trans-to-gauche
Conversion of the long polymethylene chain shortens the
Ru?*-Ru?* distance at higher temperatures. Meanwhile, the
contribution of the exchange interaction to the energy transfer
in the short chain [Ru(bpy)2(L—(CH2)2—L)Ru(becbpy)2]4+
compound would increase the energy transfer rate and the
slope of the linear relationship. Seemingly, an exchange
interaction does not play a major role in the energy transfer
reactions of [Ru(bpy)z(L—(CHZ),,—L)Ru(becbpy)z]4+ (n=2—
6, and 10). The following implies no contribution of ex-
change interaction to the energy transfer. That is, the p-
xylene moiety of the bridging ligand does not enhance the
energy transfer rate in comparison with the pentane bridged
biruthenium compound with the same Ru**-Ru?* distance.

The rates of energy transfer can be estimated by putting the
following quantities into Eq. 3, based on the dipole—dipole
interaction mechanism (Table 4): 1/7,=8.2x10* s™!, ga=
1.7x10° (77 K) and 1.4x10* (300 K) dm? mol~' cm~! at
17.3x10° cm™!, #7*=16.5x 10> cm~!, n=1.52 (77 K), 1.46
(170 K), and 1.38 (300 K),*¥ r=1.15—2.15 nm,depending
on the number of methylene groups. In the estimate of the
absorption—emission coupling integral, the spin multiplicity
should be retained between the emission and the absorption.
For this purpose, the absorption—emission coupling (Eq. 3)
was calculated between the lowest and weak absorption band
of an acceptor and the whole emission spectrum of a donor in
a region of 15800—17300 cm~!. The energy transfer rates
that are calculated (k$3)) are in good agreement with those
observed, as shown in Table 4. The extent of the absorp-
tion—emission coupling integral (5.5x10™ cm®>M~! for
[Ru(bpy),(L—-(CH,)s—L)Ru(becbpy),]** at 77 K) is nearly
constant among the dinuclear compounds, as is expected
from the nearly constant energy gap (A ¥pa). The slightly
larger values of k& suggest that there is more mixing of
the singlet state with the triplet state in absorption than in
emission.

In the case of [(bpy),Ru(bpbimH,)Ru(becbpy),]**, the en-
ergy transfer observed at 77 K was faster by a factor of 14
(4*) than that calculated by using Eq. 3 (see Table 4). This is
also shown in Fig. 6 where the rate is higher than the others.
It is likely that the exchange interaction is predominant for
the fast energy transfer. The magnitude of absorption—emis-
sion overlap in Eq. 2 can be estimated from the intensities
of absorption and emission, the former of which is normal-
ized to the integrated one of singlet—triplet charge transfer
band drawn by a thin chain line in Fig. 2. The possible
largest magnitude of the matrix element (Hy,) is estimated
to be 0.6 cm~! from the magnitude of kgy observed and the
absorption—emission overlaps estimated.

According to Closs et al.,"?=% two-electron two-cen-
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ter integrals for energy transfer via an exchange mechanism
can be the product of the exchange integrals between HO-
MOs and between the LUMOs to a first-order approxima-
tion. The magnitude of the one-electron two-center ex-
change integral between the HOMO (dr-orbital) of [Ru-
(bpy)2(bpbimH,)]?* and [Ru(becbpy),]?* is estimated to be
as much as that (80 cm™') of [(bpy),Ru(II)(bpbimH,)Ru-
(I)(bpy)>1>*.3® The other integral between the LUMOs of
both bpbimH; and becbpy is inferred to be much smaller
than that between the HOMOs.

Temperature Dependence of Energy Transfer Rates.
The temperature dependence of the energy transfer rates is
rather complex, as shown in Fig. 7. The very slow rise in
the rates with increasing temperature in the range 77—110 K
is due to the temperature-independent absorption—emission
coupling integral. The rate of energy transfer decreases with
increasing temperature at 110—170 K, where the highest en-
ergy emission bands began to shift to low energy (from 16500
to 15400 cm™'). The decrease of the absorption—emission
coupling integral by one-third up to 170 K (see Table 4)
causes a reduction of the rate to one-third of that estimated
from the extrapolation of the slightly increasing rate with
temperature in the temperature 77—110 K region (see Fig. 7).

Above 170 K, the rates of excitation energy transfer grad-
ually increase with temperature. The apparent activation en-
ergies for the energy transfer processes at 170—330 K are the
smallest (360 cm~") for Ru(bpy),(bpbimH;)Ru(becbpy),**
and the largest (630 cm™") for [Ru(bpy)2(L~(CH,),0~L)Ru-

1000K/ T

Fig. 7. Temperature dependence of the energy transfer rate,
ken (=kpa —kp), obtained by monitoring the emission de-
cay of the donor at 16500 cm~'. The energy donor
and the energy acceptor are Ru(bpy)2>* moiety and Ru-
(becbpy)2>* moiety, respectively. A, ¥, @, B: for [Ru-
(bpy)2(L~(CHz)n~L)Ru(becbpy)]** (n=2, 3, 5, and 10);
< [Ru(bpy)2(LfnyL)Ru(becbpy)z]‘”; O: [(bpy):Ru-
(bpbimH,)Ru(becbpy), 1.
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(becbpy)2]4+. A part of the increase in the energy trans-
fer rate with increasing temperature can be accounted for
in terms of either FCWD or the absorption—emission cou-
pling. The donor emission exhibits more overlap with the
acceptor absorption in the region 16000—17500 cm™' as
the fwhm of the first emission band increases from 1450 to
2180 cm~! with temperature above 170 K. Both the FCWD
and the absorption—emission coupling integrals (Eqs. 2 and
3) between the emission and the absorption increase by
60% from 170 to 297 K (see Table 4). However, the in-
crease of the integrals with temperature can account for
only 25 and 43% of the activation energy for energy trans-
fer within [Ru(bpy)z(L—(CH2)5—L)Ru(becbpy)2]4+ and [Ru-
(bpy)2(bpbimH;)Ru(becbpy),]**, respectively. The rest of
the activation energy can be attributed to the effect of tem-
perature on the dipole—dipole distance for the dinuclear com-
pound with a polymethylene chain of n>3. A rise in tem-
perature allows the folding of the polymethylene chain or the
libration of the flexible polymethylene chain. A shorter dis-
tance due to both the folded conformer and the libration of a
polymethylene chain at higher temperatures would give rise
to more dipole—dipole interaction (faster rate) in comparison
with the extended conformer.

Concluding Remarks. Excitation energy transfer from
the Ru(bpy),2* moiety to the Ru(becbpy),?* moiety within li-
gand bridged diruthenium(I) compounds occurred with the
rate constant of kg observed. The energy transfer within
[Ru(bpy),(L«(CH,),~L)Ru(becbpy),1?* with the Ru-Ru dis-
tance (r) at 77 K is ascribed to the dipole—dipole interaction.
The log kg plot against log (1/r°) is linearly correlated with a
slope of 0.76, implying that the average distance between the
transition dipoles of the longer chain compounds is less than
that of the extended conformer of the polymethylene chain.
The weak temperature dependence of the energy transfer
rate in the region of 77-—110 K is explained in terms of the
absorption—emission coupling integral. The rise in temper-
ature above 170 K makes the coupling integral greater and
probably makes the Ru—Ru distance shorter. The fast en-
ergy transfer within [(bpy)zRu(bpbimHz)Ru(becbpy)z]4+ is
ascribed to the substantial exchange interaction between the
donor and acceptor moieties.
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