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Emission decays of triplet metal-to-ligand charge transfer states in anisotropic crystals of [Ru; — xOsx(bpy)s]Xz (bpy
= 2,2'-bipyridine, X = PFs~, ClO,~, SbFs™, and 0.115 > x > 0.001) at ~300 K were measured by means of
time-correlated single-photon counting. Rates of excitation hopping calculated on the basis of an interaction between
transition dipoles of a donor cation and an acceptor cation are insufficient to simulate the single-exponential decays
(x = 0.0099) and the multiexponential decays (x = 0.060 and 0.115) of the PF¢~ salt crystals. A limiting rate of
excitation hopping to an imaginary cation at the van der Waals distance via a super-exchange interaction between
d orbitals through the bpy ligands was determined to be 0.83 x 10 s~ on average by means of a step-by-step
Monte Carlo simulation, assuming an distance-attenuation factor, 3, of the exchange interaction of 10 nm=1. The
total rate of excitation hopping via both a dipole—dipole mechanism and a super-exchange mechanism to the
neighboring sites of the cation was calculated to be 5.4 x 109 s~ for the PFs™ crystal. Anisotropic diffusion constants
estimated from the hopping rates and lengths in the PFs~ crystal are 9.3 x 1076, 9.1 x 1075, and 1.4 x 1078
cm?s~1 along the a axis, the b axis, and the ¢ axis, respectively, which are compared with an isotropic diffusion
constant, 1.3 x 1078 cm? s1, estimated from the pseudo-bimolecular rate constant of excitation transfer to [Os-
(bpy)s]**, using an isotropic Smoluchowski equation. A multiexponential emission decay of [Rugggs0S0.115(0pY)s]-
(PFe), was also simulated to determined the limiting rate of excitation transfer to [Os(bpy)s]?* at the van der Waals
distance (2.6 x 10 s™1). The magnitude of 5 determined is 6.5 and 11.5 nm~* for the ClO,~ and the ShFs~ salt
crystals, respectively, on reference to that of 5 (10 nm™1) for the PFs~ salt crystal.

Introduction tions, the singlet excitation energy migrates with a diffusion
constant of 3x 1072 cn? s! along thea axis of an

Transport of excitation energy through a crystalline solid, anthracene crystélTriplet excitation energy of an anisotropic

which is called excitation migration, competes with the : . L2
T o . . .__, anthracene crystal migrates with a diffusion constant of 1.5
intrinsic emission of light, conversion to heat, and chemical

. . i . x 1074 cn? s ! along thea axis* because of weak dipote
conversion of the host species to a more-mobile species (an’;; . : o
: ) . dipole and exchange interactions. Rates of 3D excitation
electron and a hole) and a decomposed or isomerized species

: ) : migration in anisotropic crystals of metal coordination
of the host. Fluorescent states of anisotropic organic molec- . o

o . compounds have been rarely studied except for the migration
ular crystals such as anthracene exhibit strong intermolecular . . . .
. . . " of the triplet electronic excited states of metal-to-ligand
interactions because of their large transition moments and : . ;

: . charge transfer in anisotropic crystals of Pd(6-Phenyl-bpy)-

are described as excitons that are bound to more than twoCI 5 [Ru(bpy X (PFe)2—® and [Os(bpyll(PFe),. the quintet
molecules:? As a result of the strong intermolecular interac- ' by 2 PY: 2 q

(3) Waolf, H. C. Advances in Atomic and Molecular Physjoscademic
*To whom correspondence should be addressed. E-mail: ohno@ Press: New York, 1967; p 119Z( Naturforsch1958 A13 414.)

ch.wani.osaka-u.ac.jp. (4) Ern, V.Phys. Re. Lett 1969 22, 8.
(1) Pope, M.; Swenberg, Electronic Processes in Organic Crystals and (5) Karlen, T.; Ludi, A.; Gdel, H. U.; Riesen, Hinorg. Chem.1991
Polymers 2nd ed.; Oxford University Press: Oxford, U.K., 1999. 30, 2250.
(2) Knox, R.S.Theory of ExcitonsAcadmic Press: New York, 1963. (6) Braun, D.; Yersin, Hinorg. Chem.1995 34, 1967.
10.1021/ic060948f CCC: $37.00 © 2007 American Chemical Society Inorganic Chemistry, Vol. 46, No. 21, 2007 8859

Published on Web 09/14/2007



electronic excited state of the Cr(lll) dimer in an anisotropic
crystal of [(NHs)sCrOHCr(NH)s]Cls-H,0O, and the doublet
electronic-excited-state of Cr(lll) in the cubic crystal of [Cr-
(bpy)][NaCr(ox)%]ClO4 (bpy = 2,2-bipyridine, ox= oxalate
ion) 1112
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accommodate a number of anions with various sizes and
shapes, all of which creates an anisotropic structure of the
crystal. The sizes and shapes of the anions, therefore, modify
the extent of intermolecular interaction, resulting in aniso-
tropic excitation diffusion in the same way that the aniso-

The rate of excitation hopping to the nearest (0.506 nm) tropic crystal structures of planar organic molecules exhibit

metal sites in the anisotropic crystal of Pd(6-phenyl-bpy)CI
was estimated to be ¥0s™! from the observed rate of
transfer to Pt(6-phenyl-bpy)Cl impurifyRates of excitation
hopping to the closest (0.819 nm) sites alongdfzis and
the second-closest (1.076 nm) sites alongatandb axes

in anisotropic crystals of [Ru(bpy{PFs). doped with [Os-
(bpy)s](PFs)2 at ~300 K were estimated to be 3:610% and
0.18 x 1 s through the use of a step-by-step Monte Carlo
simulation of multiexponential emission decdy&.similar
value of the hopping rate (4 1C® s%) at ~300 K was

an anisotropic diffusion constant of excitatibn.

Exponential decays of emission with a time-dependent rate
constant in an inhomogeneous or anisotropic environment
have been simulated to obtain the rates of excitation hopping
and excitation transfer simultaneously through the use of a
step-by-step Monte Carlo simulatidmhich has been shown
to be an effective method to assess the rates of quenching
by dense impurities in crystals or in liquid cryst&s!’ In
this article, a step-by-step Monte Carlo simulation was
applied to both the multiexponential decay and the single-

obtained on the basis of the pseudo-bimolecular rate constanexponential decay of electronic excitation. Single-exponential

of Ru-to-Os excitation transfer in the [RuOs(bpy)s](PFs)2
crystal, without respect to the anisotropy of the cry&ginall
diffusion constants of excitation migration, ((+8.6) x 106

emission decays of [Ru Os(bpy)]>" (x < 0.01) were
analyzed to determine the rates of excitation hopping to the
neighboring Ru(ll) cations by means of a step-by-step Monte

cn? s1) were roughly estimated on the basis of an isotropic Carlo simulation; the multiexponential emission decay of
bimolecular rate equation of Smoluchowski, the hopping rate, [Ru; — xOs(bpy)]?* (x > 0.06) was simulated to assess the

and the closest sitesite distance for [Ru- xOsc (bpy)]X2
crystals (X= PR, CIO4~, CI7). Excitation hopping in the
neat crystal of [Ru(bpy)(PFs). and in the homo layer of
[Os(bpy}](PFs). belov 4 K have been also pursued by
Yersin et af® by means of time- and energy-resolved

rates of excitation transfer to the Os(ll) cations at the close
sites. A step-by-step Monte Carlo simulation of the single-
exponential emission decay leads to an estimate of a
maximum value of 9.3x 1076 cn? s* for the anisotropic
diffusion constantof excitationincrystals of [RuOs(bpy)](PFs)2

emission spectroscopy. Weakly exothermic excitation transfer from the rate and length of hopping, by taking the anisotropy

between sites in the [Ru(bpjPFs). crystal, in which the

in the crystal into account.

emitting states are split due to the lowered space symmetry _ _
of the crystal below 105 K was observed to occur at a rate Experimentals Section

of 1.6 x 107 s 1.8 Similarly, the site-site excitation transfer

Materials. [M(bpy)s](ClO4)2, [M(bpy)s](PFe)2, and [M(bpy}]-

is so rapid that emission comes from the lowest energy site (spr),, (M = Ru and Os) were prepared by metathesis from [Ru-

of [Os(bpy}](PFs). in the homochiral layers of A-[Ru-
(bpy)]A-[Os(bpy}]} (PFs)4.° The rate of site-to-site excitation
hopping is slower{1 x 10° s71) than that of the intramo-
lecular bpy-to-bpy excitation transfer of [Ru(bgly) doped
in [Zn(bpy)](ClOy4),, as determined by means of time-
resolved luminescence line-narrowing by Riesen ét al.
To understand excitation hopping in anisotropic ionic
crystals of coordination compounds, the preliminary stddies
on the hopping rate in [Ru(bpyX. (X = CIO,~, PR,
SbR™) at ~300 K should be reinvestigated by carefully

(bpy)]Clo7H,0,18 and [Os(bpyj]l*® or [Os(bpy}]Cl,:6H,0,2°
respectively, according to literature methods and then recrystallized
from acetonitrile-ethanol solution. The crystals of [Ru(kyp¥)
doped with [Os(bpy) X, were prepared by following the prepara-
tion method of [Ru(bpy)](PFs). doped with [Os(bpy)(PFs)2 from
acetonitrile-ethanol solution, after mixing the solution of each
component in the stoichiometric molar ratio. The doping concentra-
tion of the highly doped crystal was determined by measuring the
absorption spectra of the solution in which the doped crystal was
redissolved.

Measurement of Emission DecaysA time-correlated single-

taking into account the crystallographic data of the distancesphoton counting systefwas used to measure the decays of
and configurations between the cations. Both the anions andemission at 16.6< 103 cm2 and at 299+ 2 K. The light source

the ligands are anticipated to cause a variation in the distancewas a Kerr lens mode-locked STisapphire laser with a cavity
and configuration parameters of the cations and to tune thedumper, which consists of a fused-silica Bragg Cell (Harris H101)

diffusional motion of excitation in the crystals. The cations

are generally spherical with some ligand projections and can
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Electronic Excitation Hopping in Anisotropic lonic Crystals

Figure 1. Observed emission decays (gray circles) and simulated emission decays (solid linesyatti&us and broken lines with &, of 6.5us) based
on the dipole-dipole mechanism of excitation-energy transfer for the PEIO;~, and Sbk crystals of [Ru - xOs(bpy)]X2. (&) The Pk~ crystal with an
x of 0.0099 (b) the P& crystal with anx of 0.115, (c) the Cl@ crystal with anx of 0.005, and (d) the SkFcrystal with anx of 0.003.

; : - Table 1. Bimolecular Rate Constanken, Exclusive Reactive Distance,
and a radio .fr.equency wave driver ((.:AMAC CD5000) with a Refr, and Diffusion Constantd), of Excitation Transfer in the Crystals
booster amplifier (CAMAC PB1800), yielding a +@0 nJ/pulse of [Ru(bpy)]X»

at 800 nm with a repetition rate of 200 kHz. The laser output pulse

was frequency doubled to 400 nm using a BBO crystal (Type I, 2 X 1011mo|k*eln<t:m*35*1 ':em“ 1(ret?n123*1
mm thick). The intensity of the 400 nm laser was 3 nJ with an —
area of 0.06 c(50 nJ/cn), which is small enough to prevent the C'Oj‘ :1’)07'381 i'ggg i;

appearance of the bimolecular annihilation of the triplet metal-to- SbRy~ 4.0 1.08% 0.54
ligand charge transfer (MLCT) state of a neat crystal.
Emission from the samples was detected with a monochromator

(Jobin Yvon HR 10) with a microchannel plate photomultiplier . . .
(MCP—PM Hamamatsu R3809U-51X) that was cooled. Signals CONStants against the ®sconcentration, as was shown in

from a high-speed photodiode (Hamamatsu C4258) of the start pulseth€ Previous worR. That the [Os(bpy]X: in the mixed
and the MCP-PM of the stop pulse were amplified with pream- ~ Crystals accepts the excitation energy of [Ru(Bp¢) (17.5
plifiers (EG&G Ortec VT120B and 9306, respectively) and then x 10° cm™!) was ascertained by a gradual increase in the
discriminated with a ps-timing discriminator (EG&G Ortec 9307). intensity of the low-energy emission of [Os(bg). (<14.5
Those output pulses were fed into a time-to-amplitude converter x 10° cm™) after the pulse-laser excitatiénThe linear
(TAC, EG&G Ortec 567). The output of the TAC was transferred dependence of the decay rate on the concentration of [OS-
toa computgr for data storage, display, and analysis. The full Width (bpy)]X2 unquestionably shows that the migration of
at half-maximum (fwhm) of the instrumental response function g|acironic excitation occurs through the host crystal followed
(IRF) is typically 40 ps. by excitation transfer to [Os(bpyX», which exists as an
energy sink in the crystal. Provided that isotropic excitation
migration takes place despite their anisotropic crystal struc-

aRef 8.2 This study.¢ Ref 22.9 Ref 23.

Results and Discussion

1. Emission Decays of [Ru- xOs(bpy)s]X2. 1-1. Single tures (hexagonal or monoclinic), the rate constant of the
Exponential Emission Decays of [Ru-xOs(bpy)s]X2 pseudo-bimolecular excitation transfer procdesy)(could
crystals (X = CO4, PFs~, SbF") (0.01 < X). be written by the Smoluchowski equation of bimolecular

Most of the3CT(Ru) emissions of [Ru- xOs(bpy)s]X 2 (x reaction2®
< 0.01) at 16.6x 10° cm* were observed to decay in an
almost single-exponential manner across the whole time Kept = 4TDRsN, (1)
range as shown in parts a, ¢, and d of Figure 1. The rates of
the single-exponential decays were almost linearly propor- whereD, Ret, andN, are the diffusion constant of electronic
tional to the concentration of [Os(bp}X . doped in a [Ru- excitation in the crystal, the largest collision diameter of the
(bpy)]X: crystal. The pseudo-bimolecular rate constant of exclusive Ru-to-Os excitation transfer, and Avogadro’s
emission quenching in the [Ru(bpjX . crystal (shown in number, respectively. By assuming the collision diameter for
Table 1) was obtained by plotting the observed decay rateexclusive excitation transfer to an Os(llR4) to be the

Inorganic Chemistry, Vol. 46, No. 21, 2007 8861
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second-closest sitesite distance in the host crystal, the prepared through the generation of random numbers. Both
magnitudes oD were calculated to be in the range of 0.54 2500 of the photoexcitation andx 60° of the doped [Os-
x 1078 and 3.1x 10°% cn? s, as shown in Table 4The (bpy)]?" were distributed among 6@ites, by generating a
magnitudes oD are smaller than the molecular diffusion 3D random numbermg, ny, ne) in the range of +60.
constants of polar and nonpolar solvents by 1 or 2 orders of The deactivation of excited [Ru(bp§j* via spontaneous
magnitude and smaller than the excitation diffusion constantsprocesses and energy transfer to [Os(klgy)\Wwere taken as
in organic crystals (such as anthracBri® 2 or 3 orders of  they occurred in a time intervalt smaller than 600 ps, when
magnitude. In a qualitative sense, the excitation of [Ru- the random number generated in the range between 0 and 1
(bpy)]?*, which is bound to one site of the cation, jumps to was lower than the probability of deactivation,
one of the near sites with the help of the intermolecular
exchange interactions of electron and Rblend dipole- Kspon ™ Z %) 5

Kpon T > Kel1) + 3 Kool

dipole interactiong®
- exp(_(kspon+ Z ket(r) + z khop(r))At)D

The rate constant of excitation hopping to the closest sites,
k, can be evaluated for the PFsalt crystal by assuming the
isotropy of the crystal. The hopping rate constant is calculated
to be 6x 10® s by takingD = 1.0 x 10®cn¥ st and the
hopping lengthlj as 0.99 nm based on the equatiorkef
6 x D/I% The value ofl is taken to be the average of the
shortest site-site distance along theaxis (0.819 nn?f and
the second shortest sitsite distance along theeaxis andb
axis (1.076 nnp.

1—-2. Multiexponential Decay of [Rw ssd0%.114bpY)s)-

where Kspon Ketrp, and kno(r) are the observed rate of
spontaneous decay, a presumed rate of excitation transfer to
an [Os(bpyj]?" at a distance of, and a presumed rate of
excitation hoppingf to neighboring sites at a distancerof
respectively. The rates of excitation hopping of the 2500
excited cations to the nearest and the next-nearest sites along
the crystal axes via dipotedipole interaction were calculated
(PFg)2. The decay of théCT(Ru) emission at 16.6 10° in the way shown in the next section, by considering the
cmt from [Rup ss00.114bpy)s](PFe)2 with 11.5% O8" was distances and configurations between the transition dipoles
observed to decay nonlinearly as shown in part b of Figure of an excited site and the nearest site. Similarly, the rates of
1. The more-rapid initial decay compared to the later stagesthe excitation hopping via super-exchange interaction were
can be ascribed to the excitation transfer to proximal cations calculated (in the next section) by considering the distances
of [Os(bpy)]?" in a small number of hops. The possibility and configurations between the bpy ligands of an excited
of 3CT(Ru) triplet-triplet annihilation is excluded because site and the neighboring site. If there were an [Os(kpY)

the intensity of the excitation laser was too low to cause it. at the neighboring sites, the rates of excitation transfer to
The bimolecular rate constant of excitation trandégit), the nearest and the next-nearest sites along the crystal axes
which is a function of time, is expressed by eq 2, provided were calculated in the same way. Excitation hopping to the

the lattice of the crystal is isotropic.

Reﬁ)
VDt

Ken(t) = 4ﬂReﬁD(1 + )

An attempt to determine the excitation diffusion constant
based on the multiexponential decay curve was not made

any more because of the ambiguity in the valu®gf some
error in the determination d¢q(t), and the poor applicability

of eq 2 to the excitation-diffusion in the anisotropic crystals

examined.
2. Step-by-Step Monte Carlo Simulation of Single-
Exponential Emission DecaysA step-by-step Monte Carlo

neighboring sites of [Ru(bpylf" was similarly taken to occur

in At when a random number between 0 and 1 was lower
than the probability of hopping 3( Kno(r)/(Kspon + ¥ Ked(r)

+ 3 ko)) X [1 — exp(—(Kspont 3 KnoiT) + 3 Ke(r))AD].

The time interval ofAt was taken to make the sum total of
the probabilities of deactivation and of excitation hopping
smaller than 1%. The distances between the excited site and
neighboring sites were calculated from the coordinates of
the sites.

All of the 2500 cations that were excited were examined
successively. If the excitation hopping to a neighboring site
was evaluated to occur in a time intervat, the rate of
transfer was recalculated using the distance and the config-

simulation has been applied in the past for the analysis of uration between a newly born excited site and a neighboring

the decays of photoexcited or radiation-activated species i

anisotropic or heterogeneous solid4.1’ In this work, the
photoexcitation of [Ru(bpy)?t and the doping of [Os-
(bpy))?t at a mole fraction ok in the crystal of [Ru(bpyg-
X, as well as the deactivation of excited [Ru(bg¥) were

(21) SmoluchowskiZ. Phys. Chem1918 92, 129.

(22) (a) Harrowfield, J. M.; Sobolev, A. Nust. J. Chem1994 47, 763.
(b) Krausz, E.; Riesen, H.; Rae, A. Bust. J. Chem1995 48, 929.

(23) (a) Rillema, D.P.; Jones, D.$. Chem. Soc., Chem. Commu®79
849.(b) Biner, M.; Bugi, H.-B.; Ludi, A.; Réhr, C.J. Am. Chem. Soc.
1992 114 5197.

(24) Dexter, D. L.J. Chem. Physl953 21, 836.

(25) Faster, T.Discuss. Faraday S0d.959 33, 2543.
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nsite. In the next interval of time, the deactivation and hopping

of the surviving excited cations were examined by generating
a random number in a step-by-step manner until the number
of excited host cations was reduced to four. A time profile

of the number of excited sites that survived was obtained,
and the numbers of hops to the neighboring sites were

(26) In the previous step-by-step Monte Carlo simulafitime deactivation
and the hopping of the excited state was examined in the order. That
is, the deactivation at the first time was examined by comparing the
fraction, [1— exp(— (kspont Y ket )At)], of deactivation with a random
number generated. If the excitation was survived, the hopping to the
neighboring sites was similarly tested, and the coordinates of the newly
born excitation site were reassigned.
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(0,-1,0)

bpyc

00.1)

b(CoA1))
...................................... >
(-..0.0)
0,0.-1)
a (02(2))1;': (0.1.0) bpys N (C1(3)) Figure 3. Alignment of the dipole moments of the second-closest
2 neighbors relative to tha andb axes of the Pgsalt crystak on the left-
Figure 2. Crystal axes of the Rfsalt crystal &, b, andc), aCz symmetry hand, and alignment of the dipole moments of the second- and the third-
axis, and thre€, symmetry axes of the [M(bpy(bpys)(bpyc)]?* (triangle closest neighbors relative to tleandb axes of the Cl@salt crystaP on

and dotted arrows), Cartesian coordinates of six nitrogen atoms of bpys, the right-hand. a, ref 23; b, ref 22.
and the transition dipoles to the lowest-triplet MLCT state (bold arrows).

into eitherm* g or 7*e~ shown in the following equations
calculated. The time profiles of the survived excitation thus s involved in the metal-to-ligand charge transfer (MLCT)
prepared were convoluted by the use of an instrumental transition,

response function (IRF) for comparison with the observed

time profile of emission. T, = (2m) — g — yrc)/«/é (©)]
2—1. Rates of Excitation Hopping via Dipole-Dipole
Interaction. The triplet metal-to-ligand charge-transfer state e = (15 — N2 (4)

of [Ru(bpy)]?" ((CT(Ru)) has a transition dipole moment

() on the base of excitation delocalization through the  The transition dipole moment can be expressed by using
identical metat-ligand subunits of [Ru(bpy)?" in the crystal a direction f/|u|) and a magnitude (eithesy(v)/v or 1/(ov°))
around 298 K. For the lowest excited states of [Ru(glpy)  of a transition dipole) at wave numbersyj, whereeayv)
(PFs)2 and [Os(bpyjl(PFs). in the neat crystal at very low  andr, are the optical absorption coefficient and the radiative
temperatures, both the lowest excited state localized on alifetime of the excited state, respectively.

single metatligand subunit and the lowest excited state  As Figure 2 shows, a transition dipole shown in an arrow,
delocalized through the metaligand subunits has been -, lies along one of thre€, axes of the [Ru(bpy)**, C»-
proposed:®13Recently, Nozaki et al. demonstrated that the (1), and the other dipoley-, is perpendicular t@:. The
poorly resolved emission spectrum of crystalline [Ru(gpy)  magnitude of the dipoleg,; andu-, are/, of a unit dipole
(PR). at very low temperatures can be successfully repro- moment. Every dipole moment of the. and x- of the
duced using a crude adiabatic approximation of vibronic cations is uniquely set in the ClOsalt crystal as th&s
states, and the geometries of the excitation delocalized stateaxis, and one of th€, axes of [Ru(bpyg?* is nearly parallel
can be obtained by density functional theétlevation of to the c axis and theb axis of the CIQ™ salt crystal,
the temperature, moreover, could enhance delocalization ofrespectively. That is, the+ and theu- of the cations in the
the excitation through metaligand subunits induced by ClO,~ salt crystal are aligned along theand thea axes,
vibronic coupling. The second- and the third-lowest excited respectively. As for the hexagonal crystal of thesPBalt
spin—orbit states, which are populated around 298 K, have shown in Figure 3, the of the cations is parallel to the

large dipole-dipole interactions between three methfand axis, too.

subunits because of the large transition dipole moments The rates of excitation hopping due to dipekdipole

compared to the lowest ori@?° interactionsknopa-a)(r) are calculated by using the following
Following to Orgel’'s notatiof of the molecular coordi-  equations,

nates of [Ru(bpy]?", a symmetry axis o€; agrees with a

diagonal line passing through (1,1,1) and (0,0,0), and three Knop(a-a)(T) = %()v % (v) (5)

symmetry axes o€, agree with one of the lines bisecting 1287°Nn

the molecular plane of bpy bpys, or bpy, as shown in 5 1 o dv

Figure 2. An excited electron occupies the degenerated '(V)zr_offem(n)fab(v)g (6)

LUMO orbitals of 7* g+ andz*e- composed from the orbitals

(7t* p, ¥ B, w* c) Of three 2,2-bipyridines (bpy, bpys, bpyc), V=V +Vo +V o +V__ (7)

and a hole occupies the HOMO orbitals composed from the

d, orbitals @y, dy,, dz) of Ru(ll). The electron excitation whereV? x |(v) is the dipole-dipole interaction energy

between the absorption of an acceptor and the emission of a

(27) Nozaki, K.; Takamori, K.: Nakatugawa, Y.; Ohno, fiorg. Chem. donor under resonance conditiong? is a configuration
2008 45, 6161. factor between cations, which is defined as the square of

ggg :ggﬁag%%rggibé%ﬁﬁ hceﬂé'ns h%’f}fgf‘?g’?’?’fggsi. the interaction energy between the unit dipoles of a donor

(30) Orgel, L. E.J. Chem. Soc1961, 3683. and an acceptor. Each of the dipeldipole interactions
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Table 2. Distance and Coordinates of Neighboring Sites and Numbers of the Equivalent Sites in the Crystals of fRbpy)

site—site change in a unit of change in a unit of change in a unit of number of equivalent
crystal distance nm the length ofa axis the length ob axis the length oft axis sites,n
[Ru(bpy)](PFe)22 0.819 0 0 +0.5 2
1.076 0 +1 0 2
1.076 +1 0 0 2
1.076 +1 +1 0 2
1.352 0 +1 +0.5 4
1.352 +1 0 +0.5 4
1.352 +1 0 +0.5 4
[Ru(bpy)](ClO4)2P 0.797 0 0.0418 +0.5 2
1.033 +0.5 F0.5 0 2
1.033 +0.5 +0.5 0 2
1.076 0 +1 0 2
1.279 +0.5 0.4582 +0.5 2
1.294 +0.5 0.4582 +0.5 2
1.303 0 0.9582 +0.5 2
1.316 +0.5 —0.5418 +0.5 2
1.330 +0.5 —0.0542 +0.5 2

aRef 23.b Ref 22.

between the cations consists of four interaction energies, oneemission in HO.3! The radiative lifetime of [Ru(bpy)**

of which is written in the following equation for the unit was almost independent of solvents (water, dichloromethane,

dipoles,u+ andu4', of donor and acceptor, respectively pyridine, N,N'-dimethylformamide, acetonitrile, and so on),
in which the emission yields (0.063 in acetonitrile, for

A instance) referred to that in wat&rA distorted molecular
1\2 () () = ()RR NRLIR.L)) structure of [Ru(bpy]?* on the charge-transfer excitation
(72) R, 3 ( in the polar solvents could, however, tune the radiative

+ lifetime in the crystal to some extefitMoreover, there are

= . . a few indications that the radiative lifetime of [Ru(bgly)
whereR, and R, are a distance and a distance Vector o4 >qg i ig ghorter than 1@s. A radiative lifetime of 9.5s
It;e_tween the cenierskof un'tthd'pOIm’&?ndé‘? respiﬁtlvely_.t in acetonitrile can be estimated from a relatively large yield
di |s|nec?sszlry 0 /now c? angte:+ te vy/een f etﬁnl (0.090), which referred to that of 9,10-diphenylanthracgne.
Ipoles of a donog./|u| and an acceptqr./ju.| for the Another radiative lifetime (6.:s) at 298 K can be derived
evaluation of the first tgrm of cd 8. The angie-. is from the quantum yieldd® = 0.2) and the lifetime { =
evaluated from the following equation, c@s) = I.l." + 1.3us) of the Pk~ salt crystal ground with Mg®* A short
m.m's nen, wherels, mi, n. are thex, y, andz radiative lifetime of 7.8s in non-reorientating media at 298
projections of the unit vector pointing to the center of bpy K is estimated in a different way. Harrigan and Crosby

of the donor, respectively, add', m,', n." are thex, y, and . -
o . T derived the radiative ratek(, kar, and the energy levels
z projections of the unit vector directing to the center of Hpy (1, €2, €5) of the three clo ;Eelyzrlylﬁwr; states of [RS(%)@W

of the acceptor, respectively. It is also necessary to know .

the cosine between the dipole and the dipalpole distance n polymethylmethacrylate on Fhe ba5|.s of the temperature-
. dependent yield and the radiative rate in a temperature range
vector for the evaluation of the second term of eq 8. The

. . - of 4—77 K2° Assuming that only the populations of the three
corresponding angles were calculated in a similar way from .
N ) . states are dependent on the temperature in a temperature
the projections of the dipole and distance vectors. The TR
o . : range of 77298 K, a radiative lifetime is calculated to be
projections of a dipole vector and a distance vector were

estimated from the coordinates and length of the dipole andZ'nSe/r‘ S Itg/g&?rtmg)tgﬁrzg?;]arg\éec{g;i?r(l klzr; I?cgzlvaers]?sttg ?es
distance vectors based on the crystallographic data of [Ru-. 9y €23 yying

(bpy)IX ».7?225The hopping distances were calculated from into a formula of the temperature-dependent radiative Fates.
. . . Because there is a close resemblance between the three, an
the coordinates of the close sites along the unit cell axes (

b, ¢). The directions of short-length excitation hopping were effect of the radiative lifetime (7.8s) on the simulation of

obtained from the crystallographic data of [Ru(bj¥p, as the emission fjecay will be examined, too. ) )
shown in Table 2. In the previous workK,the extent of the dipoledipole

I(7) is a product of an integral and the radiative lifetime interaction between a donor and an acceptor was calculated
(v5) Of [Ru(bpy)]?*, as eq 6 shows. The extent of the integral N an oversimplified way; the dipole moment of the complex
is estimated to be 4.2 10 for the excitation transfer to ~ Cation was put in the center of the cation with a random
[Os(bpy)]X2 and 0.24x 1071* mol~tcmf for the excitation

i icqj (31) Van Houten, J.; Watts, R. J. Am. Chem. S0d.976 98, 4853.
hopping to [Ru(bpﬂxzfrom the donor emission spectrum (32) Casper IV Meyer, T. 1i: Am. Chem. 504983 105 5583,
and the acceptor absorption spectrum, respectively. The(ss) abedin-Siddique, Z.: Ohno, T.; Nozaki, K.; Tsubomura, Iforg.

radiative lifetime of [Ru(bpyg?" at 298 K is calculated to . ICrllem.zAO(#] 43, %63.k University 1998
H H — slam, A. esI$ Usaka university .
be 15us by using a relationd = 7/t,, from the quantum (35) k(T) = (ki + 2k EXP(—(e2 — c)/KT) + Kar eXP(—(cs — ex)KT)I(1

yield (@ = 0.042) and the lifetimer(= 0.63us) of the donor + 2 expt(e2 — €1)/kT) + exp(—(ez — €1)/kT)), which is in ref 29.

8864 Inorganic Chemistry, Vol. 46, No. 21, 2007



Electronic Excitation Hopping in Anisotropic lonic Crystals

Table 3. Crystal Structures, SiteSite DistancesR), Configuration Factors of DipoteDipole Interaction Y 2) between Neighboring Cations in the
[Ru(bpy)]X2 Crystals and Hopping Rates kfop-a)(r)/10° s~* via Dipole—Dipole Interaction, the Shortest PyriayPyridyl Distancer;g between
Neighboring Cations and Hopping Rateskafpex(r)/10° s~ via Exchange Interaction

crystals,
space group,
an angle £ 90)

between axes, and 1/R® V2
number of sites in Rnm x 10740 x 10740 Knop(a-d(r) shortest Knop(ex(I")
the unit cell ¢) (axisy cm6 cm6 V 2/(1/R8) x 10°6s71 Fig/nm x 1076571
[Ru(bpy)](CIO4)2, 0.797¢) 391 180 0.46 51 0.54 720
C2lc, $=90.76, 1.033 84.2 210 25 58 0.55 860
andz =4° 1.033 84.2 34 0.40 9.3 0.55 860
1.076p) 64.4 17 0.26 47 057 930
1.279 22.8 33 1.45 9.2 0.80 59
1.294 21.3 4 0.19 11 0.80 59
1.316 19.3 4.2 0.22 1.2 0.80 59
1.330 18.0 31 1.74 8.7 0.80 59
[Ru(bpy)sl(PFe)z, 0.819¢) 331 194 0.59 54 0.58 305
P—3cl, y=120, 1.076@) 64.4 175 2.71 48 0.58 756
andZ =2¢ 1.07606) 64.4 15.6 0.24 4.3 0.58 756
1.076 64.4 30.3 0.47 8.4 0.58 756
1.352 16.5 16.8 1.02 4.7 0.76 7.8
1.352 16.5 7.3 0.59 2.7 0.76 7.8
1.352 16.5 1.8 0.11 0.51 0.76 7.8
[Ru(bpy)sl(SbFo)2, 0.863€) 242 183 0.61 50 0.61 160
P—3cl, y=120, 1.080@) 62 132 2.12 37 0.58 696
andz =24 1.0800) 62 16 0.26 4.4 0.58 696
1.383 14.3 14 0.99 3.3 0.77 4.2
1.383 14.3 6 0.42 15 0.77 4.2

aAn axis is shown in parenthesis in the case where sites are put along the crystaRefif2.c Ref 23.9 This work.

orientation. The extent of dipotedipole interaction was  the dipole-dipole interaction mechanism are slower than
taken to be dependent on the metaletal distance only. those observed. The slopes of the calculated curves are less

2—2 Rates of Excitation Hopping Between Neighboring ~ than 30% of those observed. Whereas fast decay profiles of
Cations via Dipole-Dipole Interaction Mechanism. An the Ru(ll) emission (the broken lines in Figure 1) were
interaction energy between unit dipoles of a donor and an simulated using the calculated radiative life (Z8 at 298
acceptor was calculated to He2/R 3 in the case where the K, the rates of excitation hopping and excitation transfer due
dipoles of a donor and an acceptor are collinear (i.e., head-to the dipole-dipole interaction mechanism are insufficient
to-tail or head-to-head arrangements), so that the value offor the emission decay observed. A short-distance exchange
the second term of eq 8 is three. If the dipoles of the donor interaction mechanism of excitation hopping seems to be
are parallel to those of the acceptor and perpendicular to theindispensable as well as a long-distance dipalipole
distance vector so that the second term of eq 8 goes to zerojnteraction mechanism, because there are sites with a shorter
meanwhile, an interaction energy between unit dipoles is distance than 1.1 nm for those crystals.

reduced tat(1/R 3). The square of configuration factovs 2—3 Excitation Hopping in [Ru - xOs(bpy)s](PFe). (X
between the dipoles mentioned above are the squares of the<0.01) via Dipole-Dipole and Exchange InteractionsThe
interaction energy,%2/R%)? and &1/R%),2 respectively. magnitude of exchange interactions between the cations in

The configuration factor¥ 2 between neighboring cations the triplet excited state and the ground state may be
at various distances in the crystals are calculated on the basisomplexly dependent upon the configuration between3D
of eqs 7 and 8. To look at the total effect of the configuration orbitals of neighboring cations at different distant sites
between the cations separated by a distané®arfV?, those compared with interactions between 1D transition dipoles.
quantities are compared in Table 3 with that of R}/ Instead of performing elaborate quantum chemical calcula-
between parallel dipoles at the metal centers of a donor andtions of the exchange interactions, the time profiles of
an acceptor. The ratios &?2/(1/R) are as small as 1:2 for  emission were simulated by adapting the rates of excitation
the closest neighbors in the PFsalt and the CIQ salt hopping to the host cations and excitation transfer to the guest
crystals. Meanwhile, the ratios 8%/(1/R) are much less  cations via the exchange mechanism as adjustable parameters
than unity for the second-closest neighbors, except for thosein a step-by-step Monte Carlo simulation. More than two
put on thea axis in the P salt crystal and those put adjustable parameters, which characterize the rates of both
halfway between tha and theb axes in the CIQ crystal. the hopping to the host cations and the transfer to the guest

On the basis of the rates of excitation hopping to [Ru- cations at nearly neighboring sites, are necessary for simula-
(bpy)]?" and excitation transfer to [Os(bpjdt at the tion of the emission decay profiles. However, each parameter
neighboring sites listed in Table 3 and spontaneous decay, aof them brings about increased chances of the system falling
step-by-step Monte Carlo simulation gave rise to a time into local minima of simulation. It is crucial to diminish the
profile of emission intensity shown in the solid lines in Figure number of variable parameters for the sake of reliable
1. All of the decays of emission simulated on the basis of simulation.

Inorganic Chemistry, Vol. 46, No. 21, 2007 8865



Ohno et al.

Exchange interactions of both electron and hole between
a donor and an acceptor are necessary to induce both
excitation transfer and excitation hopping. The rates of the
transfer and hopping are dependent on the magnitude of the
hole-exchange interaction in as much as a hole is in the first
approximation localized at the metal centers of the cations,
causing the magnitude of the hole-exchange interaction to
be much smaller than that of the electron-exchange interac-
tion. A hole of an MLCT state has a super-exchange
interaction through the orbitals of the 2,2bipyridines with
the neighboring cations that is more favorable than the direct-
exchange interaction between drbitals at the metal centers;
a DFT calculatioff showed that a hole of an MLCT state is
extended into ther orbitals of 2,2-bipyridines €;) with a
density of 20%. Overlap of themdorbitals of Ru(ll) with _ _ o
the orbitals of 2,2-bipyridines of cations, therefore, play ggi:}egd?l;pyiﬁicé)szkéﬁpé:ﬁ(‘:Sf'l”;‘r‘]';fr‘]” :(’é:';f';; Selc;}’s‘ffl’ H;ij
the most important role in the hole-exchange interaction. In ;"¢ 1 0 nnrt.
addition, a DFT calculatiofi revealed that the overlap of
Ru(ll) dz orbitals with the lowestz* orbitals of 2,2- configuration between the nearest neighbors and the next-
bipyridines of cationsgy) is negligibly small. The magnitude  nearest neighbors is responsible for the similarly short
of the exchange interactioi, might be a function of the  pyridyl—pyridyl distances.
center-center distancer;, and the planeplane configu- A Monte Carlo simulation of emission decay was made
ration between pyridyl moieties of theth 2,2-bipyridine by adopting three adjustable parameters: a common distance-
of a donor { = A, B, C) and thej-th 2,2-bipyridine of an  attenuation factor of both the hopping and the transfer rates,
acceptorj(= A’, B', C). The interacting moieties would be 3, a limiting rate of the hopping to an imaginary [Ru(bg¥)
the k-th pyridyl group ofi-th 2,2-bipyridine of the donor  at the van der Waals distandg,,, and a limiting rate of the
and thel-th pyridyl group ofj-th 2,2-bipyridine of the  transfer to an imaginary [Os(bp§j" at the van der Waals
acceptork =1 and 2, and = 1 and 2). As an approxima-  distancek’. In other words, the rates of excitation hopping
tion, Kjj can be written by using a van der Waals distance o a host ion at a distance ofy, knop and excitation transfer

between centers of the pyridyl moieties and the distance-ig g guest at a distance of;, ke, are expressed in the
attenuation factorf]) of six sz orbitals of the pyridyl moieties  fo|lowing equations,

in the following equation,
3 3
_ 1,0 2 __
khop_ khop Zz Ki,j -
]

a 2 2
Kij = P ZZ exppA(rig — ro)) 9) s e
kﬁop(12 EZZZ_ eXp(—Zﬁ(rik” o ro)) (10)
T

where%s is the density of ther orbital of each pyridyl moiety 36

in the HOMO mainly composed from thercbrbitals. The 3 3

7 orbitals outside the sphere with a radius of van der Waals k_, = |<‘e)t ZZKUZ =

distance I(,) are proportional to the distance in this model. ]

The van der Waals distance (0.42 nm) between pyridyl P |

moieties of neighboring molecules, was taken as an Kerot ZEZZ 3_66Xp(_2ﬁ(rikjl — 1) (11)
intermediate between the shortest pyridgyridyl distances b
of the face-to-face (0.36 nm) and the face-to-edge approaches 0 0 :
(0.47 nm) of the pyridyl moieties, which is a little shorter whereky,, andke, can be expressed in terms of the Franck

. . . . Condon weighted density and the electronic interaction
than the pyridytpyridyl distance between the bpy ligands e ) o
in [Ru(bpy)X>* (0.50 nm)? The shortest centercenter energy of excitation hopping and excitation transfer, respec-

. ; L . . . tively, assuming that the process is nonadiabatic. The
distances between pyridyl moieties of neighboring cations ducts K° 2 and i ) it 0 q
rij are very similar (0.58 nm) for the nearest and the next- products ky,, x o andke x o, are rewritten aky,, an

nearest neighbors in the PFsalt crystal and are 0.54 and K, respectiye!y, for convenience hereafter. The sim_ulations
0.55 nm, respectively, for the ClO salt crystal, although of th? emission de(?ayg were performed by .tunlng the
the meta+-metal distance between the nearest neighbors is effective rates of excitation hopping to the host ions at the
shorter than that of the next-nearest ones by 0.25 nm Thetlose sites and excitation transfer to the guest ions at the
Cs-axes of the cations are collinear for the nearest neighbors,Close sites via thg exchange and dipetiépole melchamsms.
whereas the;, axes of the cations are collinear for the next- 1 he parameterg in a small range of (#13) nnm andkg,

. o
nearest neighbors. The difference in the intermolecular N @ Small range of (1.612.8) x 10° s™ with the van der
Waals distance of 4.2 nm, varied the decay profiles a lot, as

(36) Daul, C.; Baerends, E. J.; Vernooijs,|Rorg. Chem1994 33, 3538. shown in Figures 4 and 5. Box’handkﬁOp are not uniquely
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Figure 5. Effect of 8 on the simulated emission decay of [RYO%.009d-
(bpy)s](PFs)2 with a8 of 1.0 nntt shown, k), of 0.64 x 101° s, and
aklof 3.2 x 10s2,

Figure 6. Effect of kgt on the simulated emission decay of [Rbor
Os.000d(bPY)s](PFe)2 with K3/101% ~ 1 shown, akp,, of 0.64 x 100 s,
and ag of 10 nnTL,

determined because neithgrnor kﬁop is an independent
variable. The value of was taken as 10 nm tentatively;
the other adjustable parameterl«ﬁ;p in the simulation was
thus uniquely determined to be 0.6410'° s™%. This method
for the tentative dertermination ckﬁop was applied to the
emission decay of the more-concentrated crystals of {iRu
O9.0dbpy)](PFs)2 and [Ru gs0%.114bpy)](PFs)2. The value
of kﬂop was determined to be 0.64 10 and 1.15x 10%
s ! under the same presumption @f= 10 nnt* although

Figure 7. Simulated emission decays of [Ris0%.00dbpy)s] (ClO4)2
(above) and [RelogO0%.00bpy)](SbFs)2 (below). The values of3 are
shown, and those of the other parametersdyre 2.6 x 1011572, andkﬁop
=0.83x 1005

With the use of the values okﬂop and g, the rate
constants of excitation hopping to the nearest site at
8.19 NM Knop(ex™) and the next-nearest site at 1.076 nm
(knopex?®=°"y via exchange interactions of electron and hole
were evaluated to be on the order of H3?, as shown in
Table 6. A similar value of théopexe°™to that of the
Knopex™' comes from the same value of the smallest pyridyl
pyridyl distance between the nearest neighbors and the next-
nearest neighbors. Meanwhile, the form of the cation was
assumed to be spherical with a van der Waals distance of
0.6 nm in the previous workso that the rate of hopping
due to the exchange interaction between the next-nearest
neighbors was thought to be slower than that of the hopping
between the nearest neighbors. The rates of hopping to the

the simulated decays of emission are strongly dependent onwo nearest sites and the six next-nearest sites via both

both K),, and K. The mean of the three limiting rate-
constants of hopping is 0.83 10'°s™, which will be utilized

to estimate the value ¢f for the other crystals of CIO
and Sbk~ salts on reference to the PFsalt crystal. The
extent of k%, (&3 x 10" s7%) will be more accurately
determined in section 3. By using another radiative lifetime
of [Ru(bpy)]?t (7.8us) in the simulation of emission decay
profiles, it was determined that the limiting rate constants
of excitation hopping to [Ru(bpy]?™ and excitation transfer
to [Os(bpy}]?t at the van der Waals distance are 036
10 and 1.9x 10 s7%, respectively.

dipole—dipole and exchange interactions were calculated to
be 0.72x 10° and 5.4x 10° s71, respectively. The total rate

of excitation hopping to the nearest and the next-nearest sites
(6.1 x 1 s %) is reasonably smaller than the rate {191

of excitation hopping to Pd at the nearest (0.506 nm) site

in the anisotropic crystal of Pd(6-phenyl-bpyfVoreover,

the total rate is 380 times the disappearance rate of a higher-
energy site (1.6« 10’ s™1) because of excitation hopping to
the lowest energy site at a distance of 0.916 nm in [Ru-
(bpy)](PFs)2 at 1.3 K5 A large difference in the hopping
rate between 298 and 1.3 K may be caused by three possible
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Table 4. Rates of Excitation Hopping to the Nearest Skgyf(ex]™! and knop-o)™") and the Next-Nearest Sit@ngp(ex®"*and knop(-a)°°°"J in the
PR~ Crystal via Exchange and Dipotdipole Mechanisms

khop(ex{irSt/107S_l khop(ex)seconql(ys—l khop(dﬁd)first/l(ys—l khop(dﬁd)second/l(ys—l
this work 31 76 5.4 2.0
Tsushima et &t. 36 1.8 (6.1) 1.2)
aRef 7.
Table 5. Distance-Attenuation Factgt for Exchange Mechanism of pyridyl moieties of neighboring cations, as provided by
Excitation Hopping with the Limiting Rate-Constants of crystallographic data.

0.,(0.83x 1010572 %(26x 101s? . .
Kop (0.83 10057 andlk, (2.6 x_107 577 In the step-by-step Monte Carlo simulation, the limiting

anion Pk_ Clos” SbFs rates of excitation hoppingk},) and excitation transfer
B (nm) 10 6.5 11.5 (k) were taken to be the same as those in thg RFystal
(7.0 (12y (0.83 x 109 and 2.6x 10" s, respectively). However,
2With another set of limiting Rategp,, (0.36 x 101°s™%) andkg, (1.9 the distance-attenuation factor of the exchange interaction
x 10 s7). B may be varied as a result of the various anions lying near
Table 6. Diffusion Constants of Excitation Migratiom/10-6 c? s the cations in the crystals. Because variations in the dielectric
in the Crystals of [Ru(bpy)X». constant, electron polarization, electroconductivity, and of
X aaxis b axis ¢ axis electron donor and acceptor character as a function of the
PR 93 91 14 various anions are unknowrnj was chosen to be an
ClO,~ 7.2 8.3 2.6 adjustable simulation parameter. The emission decays thus

simulated are dependent on two parametgrand kﬁop, as

reasons. (1) the second-lowest and the third-lowest-spin in the case of the RF salt crystal, because the rates of
orbit MLCT states, which have a larger dipole than the lowest excitation hopping to arbitrary sites are a function of both.
spin—orbit state does, are thermally populated and exhibit with a set of the limiting rateskﬁOp (0.83 x 10'°s™!) and
more dipole-dipole interactions at a high temperature, (2) k(e)t (2.6 x 10" s1), the variable parameter of distance-
the hopping process exhibits some temperature dependencgttenuation factof in the simulation was optimized to be
of the rate due to a potential barrier of 400 ¢mwhich is 6.5 nmt for the CIQ~ salt crystal with O% at mole
inferred from the sum of the vibrational reorganization fractions of 0.005 (Figure 7) and 0.010. With another set of
energies:800 cn1) of the lowest-triplet MLCT:7and (3)  the limiting ratesk),, (0.36 x 10 s7%) andkd, (1.9 x 10
the barrier height of hopping is higher at 1.3 K because the s-1), on the basis of another radiative rate of [Ru(kj#)
symmetry reduction in the space group of the crystal below the variable parameter of distance-attenuation fattorthe
105 K2 raises the barrier height. A study of the effect of sjmulation was optimized to be 7.0 nirfor the CIQ~ salt
the temperature on the hopping rate is now in progress tocrystal with O&" at mole fractions of 0.005.
investigate the two possible mechanisms of tunneling and  |ntermolecular configurations in the SpFsalt crystal were
barrier crossing. derived from that of the RF salt crystal because the crystal

2—4 Excitation Hopping of [Ru; —xOs(bpy)s](X)2 (X structure of [Ru(bpy)(SbFs). was verified to be isomorphous
= ClO4 and Sbk~, x =< 0.01) via Dipole-Dipole in the space group3cl with the Pk salt by checking the
Interaction and Exchange Interaction. The intermolecular ~ Raue reflections. The only lattice constants were dertermined
configuration between an excited cation and the nearest orto bea = b = 1.080(3) andc = 0.8633(7) nmo. = =
the third-nearest one in the CJOsalt crystal is very similar ~ 90°, y = 120°, andZ = 2. The rates of excitation hopping
to that between an excited cation and the nearest or theand excitation transfer via dipotelipole interactions were
second-nearest one in thegPBalt crystal, although the space calculated from distances between dipoles, cosines between
group of the former 2)??is different from the latter®3).2 the dipoles, and cosines between the dipole and the distance
The C; axis of the cations is collinear to theaxis of the vector in the SbF salt crystal by assuming the same
lattice, and all of the dipole moments of the cations lie on molecular structure of the cation as that in the;PBalt
the ab plane for both of the crystals. All of the structural crystal. The emission decay of the $bfrystal containing
data, distances between dipoles, cosines between dipolesDs* at a mole fraction 0.003 was simulated using the rates
cosines between a dipole and a distance vector connectingf the limiting excitation transfekgt and hoppingkﬂop, as
dipoles, and centercenter distances between pyridyl moi- determined for the RF crystal (Figure 7). The optimum
eties of cations were calculated from the coordinates of the simulation gave rise to the magnitude/bf11.5 nn1?). With
carbon, nitrogen, and ruthenium atoms of [Ru(Bpy) other limiting rates,kﬁop (0.36 x 10 s1) and K, (1.9 x
(ClO4)2.2? Rates of excitation transfer to the nearest, the 10 s™1), the variable parameter of distance-attenuation factor
second, and the third-nearest sites via dipalipole interac- B in the simulation was optimized to be 12 nhfor the
tions were calculated on the basis of the structural data. All SbR~ salt crystal, with O%" at a mole fraction of 0.003.
of the structural data for the chloride crystadse available 3. Step-by-Step Monte Carlo Simulation of Multiex-
for the calculation of dipoledipole interactions and for the  ponential Emission Decays of [Rblgs0S«.0dbpY)s](PFe)2
estimation of the exchange interactions of electron and hole,and [Ruo.ssf0S«0.114bpY)s](PFs)2. The excitation transfer of
as a function of the distances between the centers of thethe CT(R@#") to O$*' takes place without a couple of
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Figure 8. Simulated decay curves of [RuOs.0ebpy)sl(PFs)2 (left) and [Rw.se0%.114bpy)]l(PFe)2 (right) with a8 of 10 nnT! and alkﬁOp of (1.6-9.6)

x 1005~ 1, and akl, of (1.3-6.4) x 10l1s~ 1,

excitation hopping at the beginning of the decay, when the ligands?® the square of hole super-exchange interactions
population of O3%" at the nearest sites and at the second- between the neighboring cations is thought to be small (0.04).
nearest sites increases. Any inhomogeneity of thé"Os 4. Diffusion Constants of Excitation Hopping in
moiety around the excited cations of Ruwould add a [Ru, - «Os(bpy)s]X. Crystals (X = PFs~ and ClO47). The
multiexponential emission decay of the CT@RUto a single sequential hopping of excitation results in a migration of
exponential one. The latter component of the decay is excitation throughout the crystals. The diffusion constant of
responsible for the excitation transfer to ?Osafter the excitation along thea axis of the crystal is given by the
successive hoppings throughout the later time region. If following equation,

excitation hopping were to take place successively even in

the initial time, the number of the &smoiety would be kjdja2

averaged in an effective space that had been enlarged by D,= Z

the successive excitation hoppings. Multiexponential decay ]
of the host emission of the BFsalt crystal containing [Os-

(bpy)]2* with a mole fraction of 0.06, 0.115, or 0.23 emerged Wherek; and dj, are the total rates of hopping to tixh

in the first half of the emission dec&y step-by-step Monte ~ closest site and the projection of length of fheh closest
Carlo simulation of the emission decays of [R#DSwo.0s hopping along the axis, respectively. The rate constants
(bpy)](PFe)> and [Ru.ss:0S0.1:4bpy)s](PFe)> was reexam- of hopp_ing to the close sites via t_he_ _electron-exchange
ined with the limiting rate constai, of excitation transfer ~ Mechanism are calculated from the limiting rate at the van
to an imaginary site at the van der Waals distance taken asder Waals distancg, the interpyridyl distance, and the

a variable parameter. As Figure 8 shows, this variable distance-attenuation factgr The magnitudes d. andDy
parameter changes considerably the initial part of emission(9-3 x 107® and 9.1x 10°° cn? s, respectively) in the
decay of the crystal that was doped with?0st a mole PR~ salt crystal are calculated to be 6 times larger tBan
fraction of 0.115. It is very important to compare the (0.17x 107°cn? s™) from the values ok anddg, which
simulated decay of the crystal doped with?0Ost a mole ~ are shown in Table 2. The small magnitude @f comes
fraction of 0.0099 (part a of Figure 1). The rate of excitation from the small number of the neighboring cations and the
transfer to an imaginary site at the van der Waals distance,small length of hopping compared with the diffusion along
2.6 x 10" s, was obtained from the simulation of the thea andb axes. No difference in the diffusion constants
emission decay of the crystal doped with?0st a mole between the axis and théb axis implies that the hopping
(~10% sY) fraction of 0.115. Meanwhile, the rate of takes place not via a dipotadipole mechanism but via an
excitation hopping varies the last half of the emission decay, €xchange mechanism. The magnitude of the estimated
and the limiting rate of excitation hopping to an imaginary diffusion constants are in the range of (+4.3) x 10°°

site at the van der Waals distance is scattered 1161 cn? s71, which is larger than that of the isotropic diffusion
for an x of 0.115 and 0.64x 10 st for an x of 0.06)  constant (1.3« 107° cn s™*) that was roughly estimated in
compared with 0.64x 101 st determined before in the ~ Section 1.1 (Table 1). The magnitudedfandD; are twice
simulation of emission decays of the crystals doped withfOs ~ as large as that dd. for the CIQ,” salt crystal, as shown in

at a low fraction of 0.0099. Table 6.

The limiting excitation transfer rate of 2.6 10! s1is
smaller than those of nonadiabatic reactions of chemically
bound donotacceptor compounds by 2 orders of magnitude.  Decay profiles of the triplet metal-to-ligand charge-transfer
This is reasonable because the population of a hole at theexcited state in anisotropic crystals of [RyOs(bpy)]X2
triplet MLCT state (1) is 0.20 in the occupied orbitals of (X =CIO4, PR, Sb™) were measured by means of time-

5 (12)

Conclusion
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correlated single-photon counting. Dependence of the almostexcitation transfer rates on the basis of the isotropic Smolu-
single-exponential decays of excited [Ru(bg¥) on the chowski equation. Multiexponential decay of the emission
concentration of 3% are interpreted by the occurrence of of [Ruggsf0%.1142,2 -bipyridine)](PFs): is also simulated to
excitation hopping followed by the excitation transfer to [Os- assess the limiting rate of excitation transfer to [Os(HY)
(bpy)]?*. A step-by-step Monte Carlo simulation of the at the van der Waals distance, Z610' s™%, using a step-
emission decays demonstrated that hopping rates calculatedby-step Monte Carlo method. The magnitudg afetermined
from the anisotropic interactions between transition dipoles is 6.5 and 11.5 nmi for the CIQ;~ and the SbE crystals,

of a donor and an acceptor for various configurations betweenrespectively, on reference to tifie(10 nnt?) for the PR~
neighboring cations in the crystals are insufficient to simulate crystal.

the decay profiles. A step-by-step Monte Carlo simulation  The total rate of hopping to all of the neighboring sites at
also demonstrated that the hopping to the cations of [Ru-298 K, 7.7 x 10° s, is 380 times the hopping rate of
(bpy)]?* at the nearest and at the second-nearest sites vieexcitation at a higher-energy site (610’ s1) to the lowest
another interaction of super exchange between d orbitalsenergy site in the [Ru(bpyPFs). at 1.3 K> A large
through the bpys is the most essential, and the rates of thedifference in the hopping rate between 298 and 1.3 K may
hopping are dependent on a distance-attenuation fAetod be caused by an energy barrier (400 émndue to a

the limiting rate of the excitation hopping to the imaginary vibrational reorganization energy (1600 cht’ of the
neighboring cation at the van der Waals distance. It was hopping. To investigate two possible mechanisms of barrier
determinedthatthe value ofthe latter forthe[RDs(bpy)](ClO4), crossing and tunneling, studies of temperature effects on the
at a mole fraction of 0.0099, 0.060, and 0.115 is 0:83  hopping rate are now in progress.

10 st on average by presuming a distance-attenuation
factor  of 10 nmt. Anisotropic diffusion constants esti-
mated to be in a range of (£4.3) x 106 cn? s* from

the hopping rates and the hopping lengths along the crysta
axes are a little larger than an isotropic diffusion constant,
1.3 x 10°% cn? s%, calculated from the bimolecular 1C060948F
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