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The [Ru(bpy}][LiCr(ox) 3] system (bpy= 2,2-bipyridine, ox= oxalate) has two crystallographically non-
equivalent [Cr(oxj]®~ sites. In steady-state resonant and nonresonant fluorescence line narrowing (FLN)
experiments on the Rines of the two non-equivalent [Cr(af)~ chromophores, multiline spectra are observed

at 1.6 K. Such multiline spectra are clear evidence for resonant energy transfer processes within the
inhomogeneously broadened lihes. In addition, time-resolved experiments show that also site-to-site energy
transfer occurs, which turns out to be resonant, too, however with a non-negligible phonon-assisted contribution
even at 1.5 K.

1. Introduction one-site systehis applied and extended to explain the resonant

o energy transfer processes in this two-site system.
Recently, we reported on the excitation energy transfer

properties of [Cr(ox)]*~ chromophores in the three-dimensional 5 Experimental Section
network structure [Rh(bpy)[NaCr(ox)]ClO4 (ox = oxalate,
bpy = 2,2-bipyridine)12 At 1.8 K, energy migration within [Ru(bpy})][LiCr(ox) 3] was prepared as described in refs 14
the electronic origin of the low-energy component of fite and 15. Spectroscopic measurements were generally performed
state, the so-called;fine, was found to be an efficient resonant On polycrystalline samples. Only the absorption spectrum of
process. This was in fact, the first system for which efficient [Ru(bpy)][LiCr(ox)3] was recorded on a single crystal in the
energy migration with clearly resonant character has beenform of a perfect tetrahedron (2m edge) with one corner
reported. Otherwise, excitation energy transfer between identicalPolished off.
chromophores, in particular energy migration in¥Croped Steady-state and time-resolved fluorescence line narrowing
systems such as ruby, was found to be dominated by phonon-and broad band excitation spectra were performed on the setup
assisted processes, with at most a very small resonantdescribed in ref 16. For time-resolved measurements, a phOtO'
contribution3-10 elastic modulator (Automates et Automatismes MT0808) was
sed in addition to the mechanical chopper in order to produce
aser pulses of 14 us. The time-resolved luminescence was
recorded using the gated photon counting system at fixed delays
for full spectra. For excitation line narrowing spectra the Ti:
sapphire ring laser was scanned by a stepper motor with a
gearing ratio of 0.0013 nm (0.027 c®) per step in the region
of 690—-700 nm, and the luminescence was detected resonantly
at the wavelength of the;Rine using a double monochromator
(Spex 1404) and slit widths of 20m, (spectral resolution-0.3
cm™ ).

The present paper reports on an investigation of resonant an
phonon-assisted energy transfer in [Ru(kjjii)Cr(ox)3]. At
room temperature this system crystallizes in the cubic space
group P2,3'1 with the [Cr(ox}]®~ units having G point
symmetry. Each oxalate ion acts as bridging ligand between
Cr¥™ and Li*. The [LiCr(ox)%]?~ units thus form a tree-
dimensional negatively charged network. The charge compen-
sating [Ru(bpyj]?" cations occupy the cavities provided by the
network structure. The basic spectroscopic behavior &f @r
this system is identical to that of the large number of octahe-
drally coordinated and trigonally distorted*rchromophores
studied to daté?13as well as to the [Rh(bpy][NaCr(ox)]ClO4
system mentioned abovélowever, low-temperature absorption 3.1. Luminescence and Absorption Spectral he absorption
and luminescence measurements show that in [Rulpp¥gr- spectrum of the [Cr(0x)3~ chromophore in [Ru(bpy)[LiCr-
(ox)3] the [Cr(ox)]®~ units sit on two crystallographically non-  (ox)3] is expected to show a similar behavior as generally found
equivalent lattice sites. Taking this into account, energy transfer for trigonally distorted [Cr(0x]3~ in other matrices:1314.16|n
processes between the chromophores on one site as well as sitggarticular, the*A, — 2E spin-flip transition is expected to be
to-site energy transfer processes are to be expected. Steadythe lowest-energy transition. In three-dimensional oxalato
state and time-resolved fluorescence line narrowing (FLN) as networks, it is easily identified as a doublet of sharp lines at
well as excitation line narrowing (ELN) measurements are around 14400 crt, with a zero-field splitting between 12 and
employed to distinguish between the different processes. Thel8 cnr 111416718
previously discussed model for resonant energy transfer in a The absorption spectrum in the region of th&, — 2E

transitions (R lines) of [Ru(bpy)[LiCr(ox) 3] at 10 K is shown

* Corresponding author. Fax: +¢-41) (0)22 702 6103. E-mail: N Figure 1. Instead of the expected two lines due to the zero-
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b consists of a single line with its maximum at 14395.17ém
b) absorption and a full width at half-maximum (fwhm) of 7.5 crh Two
T=10K small shoulders can be seen at either side of the prominent line.
A broad background luminescence is additionally observed at
the low energy side. The fact that luminescence at 1.5 K is
observed predominantly fromyRindicates that there is efficient
site-to-site energy transfer.

3.2. Fluorescence Line Narrowing (FLN).The zero-field
splittings of the*A, ground state of the two sites"Dand D-
are smaller than the inhomogeneous line widihs and are
not resolved in the spectra of Figure 1. In the absence of energy
migration such zero-field splittings can nevertheless be resolved
N using the technique of fluorescence line narrowing (FER)
14400 a0 14440 with narrow band laser excitation tuned to the IRe of the

em’ Cr¥* chromophore. The resulting FLN spectrum characteristi-

Figure 1. (a) Luminescence spectrum in the region of the R lines of Cally consists of three lines: the central or resonant line at the
[Ru(bpy}l[LiCr(ox)s] at 1.5 K upon excitation into thdA, — 4T, excitation frequency and satellites #D.131921The relative
transition at 482 nm. (b) Absorption spectrum in the region of the R intensities of the three lines depend on the sample temperature,
lines of [Ru(bpy}][LiCr(ox)s] at 10 K. Fit to the absorption spectrum  on the relative transition probabilities of the two transitions, on
as described in the text (---), and decomposition into the four Gaussiansihe ratio of the width of the inhomogeneous distribution to the

(+-). The arrows mark the frequencies of the narrow band laser \41ye of D, and on the excitation frequency within the
excitation for the FLN experiments of Figure 2. . R,
inhomogeneous distribution.

dominant line at 14413.0 cm flanked by a line of lesser In concentrated systems, excitation energy transfer within the
intensity at 14430.2 crit and a third line on the low energy  Ru line of the?A; — 2E transition is a common phenomeran.
side at approximately 14400 cth This indicates that there are  In an FLN experiment, strongly temperature dependent phonon-
at least two crystallographically non-equivalent sites available assisted energy transfer results in spectral diffusion into the
for Cr3*, having slightly different excited-state energies. In the inhomogeneously broadened baAdnergy selective resonant
following the high-energy site is called “site H”, the low-energy energy transfer, on the other hand, results in characteristic
site “site L”. Thus, the line with the maximum at 14430.2¢m multiline patterns. Except at very low temperature, the former
corresponds to the R line, the line with the maximum at is usually dominant.

a) luminescence
T=15K

relative intensity

o e

——r—rr
14380

14413.0 cm? is a superposition of the;R and Rt lines, and Figure 2 shows the luminescence spectra of [Ru@jylr-

the low energy shoulder is assigned to thé Re. (ox)s] at 1.6 K for selective excitation within the R lines of the
Upon excitation at 18416 cm (543 nm), that is into théT, [Cr(ox)s]®~ chromophore. Very different FLN spectra are

absorption band of the [Cr(o®§~ chromophore in [Ru(bpy)- obtained depending on the exact excitation frequency. Resonant

[LiCr(ox)3], sharp line luminescence assigned to #Ee—~ ‘A, FLN spectra of the B line show multiline patterns at 1.6 K

transition is observed. Figure 1 includes the corresponding (Figure 2, spectra-ad). The number and the intensities of the
luminescence spectrum at 1.5 K in the region of the R lines. It individual lines depend critically on the excitation frequency.

relative intensity
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Figure 2. FLN spectra of [Ru(bpy][LiCr(ox)3] as a function of the laser frequengy (---+) in the region of the R lines at 1.6 K. The labelsa
refer to the laser frequencies marked by arrows in Figure 1. For the lines marked with an asterigk, — 15.2 cnT®, (cee+-* ) Absorption
spectrum in the region of the R lines of [Ru(bgfliCr(ox)3] at 10 K.
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This behavior is similar to the one found for [Rh(bgljiNaCr- TABLE 1: Spectroscopic Parameters of the Components of
(0X)3]ClO4 with all [Cr(ox)s]3~ chromophores on crystallo-  the ?E Lines of the Two Sites in [Ru(bpy}][LiCr(ox) 3]*
graphically equivalent sitélstt is indicative of resonant energy site L site H
transfer within the Rline. For excitation at the low energy edge D(“A,) 1.45 et 1.55 et

of the R absorption, nearly a normal three-line spectrum is D(2E) 15.2 cntt 17.5 cntt
observed. But at higher excitation frequencies more lines appear 7. 14400.5 cm* 14413.0 cm?
both at higher and at lower energies with respect to the central ~ T'in° 9.1+ 0.08 cnr*

(resonant) line, and there is a bias toward those lines at lower :&ﬁ{/(??)c 1é8§i 8'2315

energies. The fwhm of0.3 cnt! of the sharp lines in the k/kee o8

spectra ad of Figure 2 is limited by the experimental resolution. ] o

The spacing between adjacent lif@s~ 1.45 cnt?. In spectra aD(*A,) andD(%E) are the zero-field splittings of the ground- and

- . . the excited state, respectively, is the maximum of the absorption of
¢ and d there is additional structured luminescence at Iowerthe transition from the low energy component of the state, g within

energies with respect to the multiline pattern. This luminescence yhe corresponding Rine, T is the inhomogeneous line width(Ry/
is due to an additional excitation into the low-energy edge of R,) is the intensity ratio of the R lines of one site, aHtll is the
the inhomogeneously broadened-Ribsorption that overlaps intensity ratio between the two sites. The terkasand k, are the
somewhat with the high-energy-edge of th¢ Rbsorption. The individual radiative decay rate constants of thel_iﬁe to the grc_)und
2E splitting of site L can thus be determinedRY?E) = 15.2 state (_:omponentsagnd @ °Observed from experlmerﬂDe_termlned
cm-. In the following, the nonresonant lines in the-Region ;_rom fit (see iext), assumed equal for the two sitEBetermined from
. . . - it (see text).e From ref 1.
with an emission energy = vex — 15.2 cnt! are called
correlated lines and are marked with an asterisk in the figures.
With a value of 0.8 cml, the fwhm of these lines is substantially
larger than that of the resonant lines. This is due to a distribution
of DL(%E) around the above mean value and lifetime broadening
of the R, state'®
Excitation into the region of the overlappingRand R-
lines results in luminescence in different spectral regions (Figure
2, spectra €k). The region in the direct vicinity of the excitation
frequency generally has a number of well-resolved sharp lines.

b

These lines resemble the multiline spectra discussed above but : M

now with spacings of approximately 1.55 ctnThey can be :

assigned to luminescence from theMRstate and the corre- ¢

sponding ground-state zero-field splittiBy. Thus theA, zero- JLM"
d

relative intensity

field splitting in site H is somewhat larger than the correspond-
ing splitting in site L. In addition, there is comparatively strong

luminescence at lower energies, which is assigned to the R

luminescence getting its intensities either directly front R

excitation or through energy transfer viatRexcitation. The e T=15K
Ri- band shows a strong broad background with a multiline S S — A ——
pattern superimposed. The fwhm of the lines of therRultiline 14390 14410 14430
structure is larger than those in the resonant region and is thus cm’!

no longer limited by the experimental resolution. With increasing Figure 3. Resonant and nonresonant ELN spectra of [Ru@jyer-
excitation frequency the ratio of the integrated luminescence (ox)j] at 1.5 K as a function of the detection frequerigy (marked by
[(R{Y)/1(R1M) increases dramatically, so that eventually hardly arrows) in the region of the R lines. (---) Luminescence spectrum

anv luminescence is detected in thé'Reaion (Fiqure 2. spectra N the region of the R lines upon nonselective excitation at 482 nm.
y hé*Fegion (Fig 5P (sooeeee ) Absorption spectrum in the region of the R lines of [Ru(bpy)

g-)- o ' _ _ [LiCr(ox)4] at 10 K.
Upon excitation into the &' line of site H (Figure 2, spectra

I—n) only nonresonant luminescence is obtained in both R gpectrum centered at the resonant line and broad unstructured

regions. The spectra show broad luminescence in theeion  pands at higher energies. For spectraltihe luminescence was
without any structure. Excitation into the low-energy edge of getected within the R band. The exact detection frequencies
the RH line results in weak luminescence in the"Region are marked with arrows. They show multiline structure in the

which is still somewhat structured. Nevertheless, the fwhm of Rl region. The region of the overlapping'Rand R‘ bands

these lines is larger than those in the resonant multiline spectrajs characterized by a broad background with a multiline pattern
(Figure 2, spectra-€g) discussed above. For excitation into  syperimposed. The fwhm of lines of the"Rmultiline structure
the R line at even higher frequency, hardly any:"R s |arger than the one in the resonant region. In addition, the
luminescence is observed (Figure 2, spectrum n). The experi-RH region shows a broad unstructured excitation band. Finally
mentally determined values of ground- and excited-state zero-for spectrum e the detection frequency is tuned to the high-
field splittings for the two site®(*A2) andD(°E) are collected  energy side of the R line. This results in three-line patterns
in Table 1. around the resonant line as well as at the position of the
3.3. Excitation Line Narrowing (ELN). In Figure 3, corresponding R line. The fwhm is somewhat broader for the
excitation line narrowing spectra measured at 1.5 K are given. Ry region. The resultin@p"(?E) is 17.54 0.5 cnm! (see Table
The luminescence was detected selectively at different frequen-1).
cies across the broad line luminescence. The detection frequency 3.4. Time DependenceFor the time-resolved FLN spectra
of spectrum a is at the energy of the low-energy shoulder at 1.5 K shown in Figure 4a and b, the excitation took place at
attributed to a minority site. It basically consists of a three-line 14409.0 cm?! and at 14419.6 cri, that is at the low and the
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at least two [Cr(ox)]3~ sites: one site denoted H at higher
energy, and a second site denoted L at lower energy with the
R;" and the R bands having a large spectral overlap. From
delay = the crystal structure at room temperature only one [CE[&X)
1700 ps site is expected However, a preliminary X-ray diffraction
study at 100 K gives an indication for a low-temperature phase

A 1000 ps transition?® Thus the three bands of the absorption spectrum
650 s of Figure 1 are made up of eight transitions, four for each site
HH corresponding to the transitions from the two zero-field com-

*

relative intensity

pn 100 ps ponents of the!A, state to the two zero-field components of

the 2E state. Each of these transitions is characterized by three
. SOms parameters: its energy, its intensity, and by the width of its
L 2 s inhomogeneous distribution. Of course, a corresponding 24-
- parameter fit to the absorption spectrum of Figure 1 would be
meaningless. However, the number of free parameters can be
:: substantially reduced. From the FLN spectra, the zero-field
delay = splittings of the*A, and the’E states for both sites are accurately
1700 s T=15K known. Thus, only two of the eight energy parameters are
T000 required as free parameters in a fitting procedure. Likewise,
Hs . . .

it can safely be assumed that the inhomogeneous widths of

M the eight components are approximately equal. The eight
M intensity parameters can be reduced to two by assuming
that the relative intensities of the; o the R lines are equal
for the two sites. The second parameter is then simply the ratio
between the intensities of the transitions of site H to the ones
b of site L.
: In Figure 1 the resulting decomposition into site H and site
L is illustrated. The corresponding fit parameters are given in
Table 1. In the cubic space gro#2;3, the unit cell has four

Figure 4. Time-resolved resonant and nonresonant FLN spectra of equivalent lattice sites for the [Cr(af)- chromoph_o_res. Lower
[Ru(bpy)] [LiCr(ox)3] in the region of the R lines at 1.5 K. The delay symmetry due to a low-temperature phase tran_smor! can induce
times inus are indicated in the figure. (&) = 14409.0 cmZ; (b) 7ex ratios of the chromophores of 3:1 or 2:2 for distortions along
= 14419.6 cm?. the trigonal or the tetragonal crystal axis, respectively. The
high side of the overlapping:R and R" absorptions, respec- experimental intensity ratio of 3.5:1 is closer to_the former. Thus
tively. The spectra were recorded at different delay times fol- three of the four chromophores lose th€ls site symmetry
lowing the excitation pulse of450 s, and with detection time ~ Whereas the fourth chromophore retainsGtssymmetry. The
windows from 1us for short delays to 208s for longer delays. additional lowering of the site symmetry for three of the four
FigurS 4 a and b show the resumng spec’[ra for de|ay times Chromophores can lead to |arger oscillator Strer.]gths for the three
between s and 170Qs. The corresponding steady-state FLN chromophores as compared to the one onQfsite. The ratio
Spectra are included for Comparison_ For both excitation of 3.5:1 thUS indicates an increase”E)ﬂO% for the OSCi||at0r
frequencies luminescence is observed in two regions. Shorﬂystrength of the more distorted chromophores. Furthermore, the
after the pulse luminescence in th¢'Region with a four line ~ decomposition shows that there are spectral overlaps of the
pattern and spacings of 1.55 chis dominant. In addition, there  different R lines, especially of the;Rand the B- lines.
is weaker and poorly structured luminescence in titer&gion. The fact that upon broad band excitation luminescence is
At longer delay times more lines start to appear in thf R observed predominantly from the'Rline shows that there is
region, but at the same time the integrated intensity of the R  efficient energy transfer from site H to site L. The weak
line decreases dramatically. This decrease is more rapid for theluminescence at 14406.0 ctnis due to partly quenched;R
higher frequency excitation. The/Riuminescence has a broad luminescence. The weak line at 14382.6¢nwhich is at even
background with a multiline pattern superimposed. The fwhm lower energies than the;Rluminescence, is probably due to a
of the lines of the multiline structure in;Rregion of 0.8 cm* minority site as it is not observed in absorption. Such low-energy
is larger than those in the resonant regions at all delay times.luminescence from minority sites is often observed in concen-
In contrast to the ' luminescence, the integrated intensity trated systems where energy migration takes place. Energy
clearly increases with increasing delay times. Note that the R  transfer within the R lines of both sites is also indicated by the
intensities of both the broad background as well as the shifts of the band maxima of the/Rand R- luminescence
superimposed multiline pattern increase in Figure 4a. The total with respect to the corresponding band maxima in absorption.
intensity in the R" region decreases only after very long delay 4.2, Energy Transfer within the Ri" and the RH Line.
times. For the higher frequency excitation (Figure 4D), the broad |\ experiments allow to distinguish between different mech-
background luminescence grows asymmetrically with a tendency anisms for energy transfer. In the FLN experiments with direct
toward lower energies. Additionally, thefRmultiline structure laser excitation into the R line of [Ru(bpy}][LiCr(0x)3],
vanishes for delay times 6t 100 us. multiline spectra with spacings & = 1.45 cn are obtained
(Figure 2, spectra-ad). Multiline patterns are characteristic for
energy selective and thus resonant energy transfer within the
4.1. Absorption and LuminescenceThe absorption spec-  Ri‘ line. A model for such resonant energy transfer has been
trum of [Ru(bpy}][LiCr(ox)3] clearly indicates that there are  presented previoushy!®

relative intensity

50 us

2 us
||III||II||l|l|l]|||l|ll|l|II|I|IIII|III|iI
14380 14390 14400 14410 14420

-1
cm

4. Discussion



7110 J. Phys. Chem. A, Vol. 106, No. 31, 2002 von Arx and Hauser

R,
g

correlation and
lifetime broadening

H
L Ry

R, resonant

correlation and
lifetime broadening and

k' =7705"
- ! k" =13x10°s"
D ‘ phonon-assisted resonant

e ] P ~/
‘ ET

resonant

ET

relative intensity

g
g: > A, D}
siteL site H
Figure 5. Schematic representation of the model for energy transfer
processes of [Cr(o¥)f~ in [Ru(bpy)}][LiCr(ox)s]. For simplicity,
transitions originating from the thermally populated ground-state
component have been omitted.

For selective excitation within the;Rtransition and at liquid
helium temperatures, only three energy levels of the octahedrally
coordinated Ci" have to be considered (see Figure 5): the two
zero-field components of th\, ground state (gand g) and —
the low-energy component of t& state (e). With a splitting 14395 14405
of 15.2 cn1?, the high-energy component of tRE state is not om’!
populated at temperatures below 4.2 K. The requirements for Figure 6. (—) Resonant FLN spectra of [Ru(bgjfLiCr(ox)4] at 1.5
the occurrence of multiline patterns are that the inhomogeneousK as a function of the laser frequengy(----) within the inhomogeneous
line width Ty, of the transition is larger than the zero-field line width of the R* line. (-+++- ) Simulated resonant FLN spectra
splitting of the ground statB(“A>), which in turn is larger than using the parameters relevant for the [Crghk) chromophore as given

the hom n line widiRyom With two inhom n | in the text and a pseudo-first-order rate constaht= 1.3 x 10° s7%.
€ homogeneous fineé Widifhom VIt WO INNOMOYENEOUSIY: o 5 — 5L is the energy difference between excitation frequency
broadened and overlapping transitions, two sets of moleculeSgng the maximum of the absorption of the Iie of site L.

are excited at the laser frequengy within the inhomogeneous

envelope: a set for which the transitiong e is resonantif, paratively large. Furthermore, at 1.6 K there is a bias for the
= Vex) and a set for which the transition g- e is resonantig, resonant energy transfer toward the low-energy members of the
= 7ey. The latter gives rise to hot bands. For simplicity the - resonant ladder. This is borne out by the spectrd af Figure
corresponding processes are not explicitly shown in Figure 5. 5 \here more peaks at lower energies are observed than at
As for the one-site systems discussed in refs 1 and 16, resonanpjgher energies with respect to the resonant line. Figure 6 shows
energy transfer is possible within each of these subsets individu-{q spectral region of the;Rline of the above series of spectra
ally, but because each subset has two possible transitions angyy an enlarged scale. In contrast to the previous report on the
becausd'inn is larger tharD, additional resonant energy transfer [Rh(bpy}l[NaCr(ox)s]ClO. systent. for [Ru(bpy}][LiCr(0x)3]
processes are possible as, for instance, from the sibsete the resonant line is always the most intense. Therefore, in the
to the subset ait, = ex — D, for which the g — e transition — rasent system the efficiency of the resonant energy transfer
is resonant with the g— e transition of the former, or from  yithin R, must be lower than in the former system. This is
the subset & = ex 10 the subset alt, = ¥iex + D, for which not surprising because the [Cr(g}) concentration of resonant
the g, — e transition is resonant with the g~ € transition of g hqets in the R line is smaller than in the Rline of [Rh-
'thf] former. This ggsu_l;[)s in a Iaql(;l]er spaced Dywithin the f (bpy)l[NaCr(ox)]CIO, for which all [Cr(ox)]3~ chromophores
n omogengous Istri ut|or|1, V\_/lthbresonant energy ranster are crystallographically equivalent. Figure 6 also shows the
processes between spectral neighbors separateeby calculated multiline patterns based on the model described in
Because thg concentration of resonant [Cr{!@x). chrp- refs 1 and 16, using values of 10 chfor T, 1.45 cnt? for
mophores_ varies across the inhomogeneous distribution, theD(4A2) as observed experimentally for [Ru(bgijiCr(0x)3],
average d|s_,t_ance between resonant chromophor_es, and thereforgnd transferring the values for the intrinsic decay rate constant
the probability for resonant energy transfer, varies too. Conse- k of 770 s and the ratid/k, = 2.8 from the one-site system
quently, the structure of the multiline pattern depends strongly [Rh(bpy}][NaCr(ox)]ClO4. The curves calculated using the

upon the _excitation frequency. For excitation far into the low- pseudo-first-order rate constant for energy transfer by a dipole
energy tail, there are only a few resonant chromophores, anddipole mechanisfket of 1.3 x 10° s-1 agree very well with

their distance from each other is so large that he}rdly any resonan&he experimental spectra. This value has to be compared with
energy transfer can occur. Thus almost a straightforward threethe value ofk.! = 10* s-1 for the above-mentioned one-site
[ = - -

line pattern like in diluted systems is observed. The most striking system. The pseudo-first-order rate constagtis defined as
multiline pattern results for excitation at or near the center of

the inhomogeneous distribution, where the concentration of , 0
resonant chromophores in subsets of spectral neighbors is com- Ket = KeNa 1)

L S S LI I M B B
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whereketis the average bimolecular energy transfer rate constanttion into the R" band the intensity of the correlated'Rine
andNa? is the concentration of acceptors at the maximum of falls below that of the low-energy satellite line.
the inhomogeneous distribution. The valuekefdepends on 4.5. Lifetime Broadening and Correlation Losses.In
oscillator strengths and spectral overlap integrals according to general, the two R-lines are well correlated in crystallin&Cr
the Faster-Dexter equatiof?-?*2°andNa° depends on the total  material®2!that is, the distribution of théE zero-field splitting
number of equivalent chromophores in the system and the ratiop(2€) around some mean value is quite narrow. In the one-site
of homogeneous to inhomogeneous line widths. Assuming equalsystem [Rh(bpyJ[NaCr(ox)s]ClO4, a broadening of the Rine
homogeneous line widths of 0.012 cinfor the two-site and  to 0.5 cnt? on average was found for excitation via.R This
the one-site systemsNa? for the two-site system is estimated  proadening has been assigned to lifetime broadening of the R
to be approximately a factor of 8 smaller than for the one-site |ine, as also found in other &r system&!26 rather than to
SyStem. This estimation is based on inhomogeneous line Widthcorre|ati0n losses between the two R lines. However, an
being a factor of 2 larger and the concentration of equivalent additional broadening due to correlation losses cannot be
chromophores being a factor of 1/4 smaller due to the lower excluded a priori.
symmetry. As a resulkec” is expected to b@}/g ket, and this To explain the different line widths in our title compound
agrees with the experimentally determiried!”. [Ru(bpy)][LiCr(ox) 4] for different irradiation wavelengths, the
The intensity of the R absorption line is more than three  pathways of the various energy transfer processes have to be
times higher than the R line. Hence, the concentration of  analyzed. For irradiation into4R, the width of the sharp lines
resonant subsets and therefore the efficiency of the energyin the multiline patterns of~0.3 cnt! corresponds to the
transfer is expected to be higher within"Ras compared to  experimental resolution. In reality this width is equal to twice
Ri". Actually, this is what is being observed upon direct the homogeneous line width, which for this compound is on
excitation into the R absorption. The FLN spectra—g in the order of 0.012 cri.! For irradiation into the & line, the
Figure 2 show weak but distinct multiline patterns in thﬁ' R line width in the RL region increases to 0.8 crh Assuming
region, mainly due to resonant energy transfer within th¢ R good correlation between the two R lines, this is a measure of
line. In this case, the resonant line is not always the most intensethe lifetime broadening of the R line. In [Ru(bpy}][LiCr-
because the resonant energy transfer down the ladder is(ox)] this lifetime broadening is slightly larger than in the one-
sufficiently efficient. site system. Irradiation into the;Rline results in an additional
4.4. Site-to-Site Energy Transfer.In Figure 5, all the broadening of the lines in the;Rline pattern. This is due to
possible energy transfer processes are shown schematicallythe slight difference in the ground-state zero-field splittings of
Because energy transfer takes place from site H to site L, thethe two sites and the fact that resonant processes can occur
spectra &k in Figure 2, with excitation mainly into the ;R within the R" line prior to the site-to-site energy transfer as
absorption band, show not only multiline patterns in th€ R well as within the R" line following site-to-site energy transfer.
region but also luminescence in thg-Region. The latter shows  Upon excitation in the R line, the luminescence of the;R
a broad background with a multiline pattern superimposed. The line shows no structure anymore. Thus, by the time the energy
broad background indicates that there is efficient nonselective gets to the i line, the fine structure is lost even if all energy
and thus phonon-assisted energy transfer, and the multilinetransfer processes are predominantly resonant. Of course, some
structure could be due to either a partially resonant site-to-site loss of fine structure can also be due to phonon-assisted

energy transfer via the spectral overlap of th& Bnd the R processes to be discussed in the next section.
lines and subsequent relaxation to the- Rtate, or to direct 4.6. Phonon-Assisted Energy Transferin section 4.5 it was

excitation into the B line or possibly a combination of the  shown that there is a broadening of the lines in the multiline
two. The time-resolved spectra shown in Figure 4a give an upperstructure of the nonresonant FLN spectra due to lifetime
limit for the contribution of the direct excitation. In the spectrum broadening of the Rlines and the difference in ground-state
recorded Zus after the pulse, a fraction of 28% of the total zero-field splittings between the two sites. Nevertheless, these
luminescence intensity is due toj'Rluminescence. This  different sources of broadening of the lines in the multiline
luminescence is the upper limit due to direct excitation. The structure cannot explain the large background luminescence, for
fact that at delay times up to 656s the multiline structure  jnstance, in the FLN and ELN spectra shown in Figures 2 and
actually gains intensity in absolute terms can be due only to 3, respectively. This background luminescence can be explained
resonant site-to-site energy transfer. by phonon-assisted energy transfer within theliRes and/or

An indication that even at the very short delay time qi2 phonon-assisted site-to-site energy transfer. The broad back-
resonant energy transfer has occurred is shown by the following.ground in the R region in Figure 4b, which increases with
With the zero-field splitting of théE state of site LD(?E) = time and shifts toward lower energies, is typical for phonon-
15.2 cnl, the correlated line in Figure 4a must be the sharp assisted energy transfer within the-Rine.2? After excitation
line at 14393.8 cm. This line is indicated with an asterisk. If ~ of a subset of [Cr(0%]3~ ions in the high energy wing of the
the multiline pattern was due only to direct excitation into the inhomogeneous distribution, the broad luminescence begins to
R.t line, the intensity distribution should be similar to the grow as the energy migrates toward lower energies into the
resonant FLN spectrum of the;Rregion. However, the maximum of the inhomogeneous distribution. It is difficult to
corresponding resonant steady-state FLN spectrum, shown a®bserve whether there is also phonon-assisted energy transfer
spectrum a in Figure 2, is very different, with the resonant line within the R line, because the R luminescence decreases
being the most intense line, and comparatively weak satellites very quickly due to site-to-site energy transfer (Figure 4b). It
at+D(*A,). Thus, in order for the satellite lines in the-Region is, in any case, much slower than both the resonant process
to become more intense than the central line, efficient resonantwithin R;™ as well as site-to-site transfer. Thus, the compara-
energy transfer within the {R line must have occurred prior to  tively intense background luminescence in the region of e R
the resonant transfer fromyRto R, followed by nonradiative transition following excitation in the & line can be attributed
thermalization. This is further corroborated by the sequence of to a phonon-assisted site-to-site energy transfer. Temperature
steady-state FLN spectra shown in Figure 2, where for irradia- dependent FLN experimeatshow that overall the background
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luminescence increases with increasing temperature, while the  (3) Imbusch, G. F.; Yen, W. M. Ihaser Spectroscopy and New Idgas

intensity of the resonant multiline pattern decreases. This is thegj_”'sg‘r’i-n’g"é’r _Lg‘ger{i‘rforl"gg"i_ "33-’2535-? Springer Series in Optical Sciences
signature for a phonon-assisted process becoming increasingly 4 (a) Selzer, P. M.; Hamilton, D. S.; Yen, W. NPhys. Re. Lett.

important at higher temperatures. 1977, 38,858. (b) Selzer, P. M.; Huber, D. L.; Barnett, B. B.; Yen, W. M.
Phys. Re. B 1978 17, 4979.
5. Conclusions (5) Holstein, T.; Lyo, S. K.; Orbach, RPhys. Re. Lett. 1976 36,
891.
The [Ru(bpy)][LiCr(ox)3] system has two crystallographi- (6) Chu, S.; Gibbs, H. M.; McCall, S. L.; Passner,Phys. Re. Lett.

cally non-equivalent [Cr(0x)3~ sites, and, as a consequence, 198845 1715.

. . : (7) Jessop, P. E.; Szabo, Rhys. Re. Lett. 198Q 45, 1712.
a series of different dynamical processes can occur rather than gy giacee’ 6. InEnergy Transfer Processes in Condensed Matter

just the one process observed in the system with only one _SitQ-DiBartolo, B., Ed.; NATO ASI B114; Plenum Press: New York, 1984; p
In the two-site system resonant energy transfer takes place within251.

both & lines of the non_equ“/alent [Cr(%}§— chromophores (9) Duval, E.; Montell, A. INEnergy Transfer Processes in Condensed

With the model for resonant energy transfer from ref 1, the %%f%%?;mq B., Bd.; NATO ASI B114; Plenum Press: New York,

energy transfer can be described quantitatively and the resulting  (10) wasiela, A.; Merle d’Aubigne, Y.; Bock, DI. Lumin.1986 36,
pseudo-first-order energy transfer rate constant is found to bell. Wasiela, A.; Merle d’Aubigne, Y.; Bock, Dl. Lumin.1986 36, 24.
in agreement with the one found in the one-site system. In (11) Schmalle, H. W.; Pellaux, R.; Decurtins, S., unpublished results.

e : : _ (12) Sugano, S.; Tanabe, Y.; Kamimura, Multiplets of Transition
addition, energy transfer occurs from site to site. Steady StateMetal lons Pure and Applied Physics Vol. 33; Academic Press: New York,

and time-resolved FLN experiments show that this site-to-site 1970.
energy transfer is, at least partially, a resonant process at liquid (13) Sctimherr, T.; Spanier, J.; Schmidtke, H. 8.Phys. Chenl989
helium temperatures. This is due to good spectral overlap 93, 5959

: : : : (14) Decurtins, S.; Schmalle, H. W.; Pellaux, R.; Schneuwly, P.; Hauser,
between the Rline of site H and the Rline of site L and a A. Inorg. Chem.1996 35, 1451,

very good correlation between the R lines of the site L. Except  (15) pecurtins, S.; Schmalle, H. W.: Schneuwly, P.; Ensling, Jticy

for the energy transfer within the;Rline, phonon-assisted  P.J. Am. Chem. Sod.994 116,9521. _

processes compete with the resonant processes even at 1.5 K, (16) von Arx, M. E.; Langford, V. S.; Oetliker, U.; Hauser, A.Phys.
Chem. A2002 106, 7099.

. 17 Arx, M. E.; van Pieterson, L.; Burattini, E.; H . A,; Pellaux,
Acknowledgment. We thank R. Pellaux and S. Decurtins R_.(Dgcx(r)t?nsrxs J. Phy\fgh'eeme_riggoo loira%'g'_ auser eraux

for providing preliminary samples of the title compound. This (18) von Arx, M. E., unpublished results.
work was financially supported by the Swiss National Science  (19) Szabo, APhys. Re. Lett. 1971, 27, 323.
Foundation. (20) Riesen, H.; Krausz, EZEomments Inorg. Chem993 14, 323.
(21) Riesen, HJ. Lumin.1992 54, 71.
(22) Henderson, B.; Imbusch, G. ©ptical Spectroscopy of Inorganic
Solids Clarendon Press: Oxford, 1989; p 469.
(1) von Arx, M. E.; Hauser, A.;. Riesen, H.; Pellaux, R.; Decurtins, S. (23) Capelli, S. C., unpublished results.
Phys. Re. B 199654, 15800. (24) Faster, Th.Ann. Physikl948 2, 55.
(2) Hauser, A.; Riesen, H.; Pellaux, R.; DecurtinsC8em. Phys. Lett. (25) Dexter, D. L.J. Chem. Physl953 21, 836.
1996 2613 13. (26) Rives, J. E.; Meltzer, R. $hys. Re. B 1977, 16, 1808.

References and Notes



