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Transient spectral hole-burning (THB), a powerful technique for probing the electronic structures of coordination
compounds, is applied to the lowest excif®dLCT states of specifically deuterated [Ru(bgly) complexes
doped into crystals of racemic [Zn(bp}(IClO,).. Results are consistent with and complementary to conclusions
reached from excitation-line-narrowing experiments. Two setsbfCT transitions are observed in conventional
spectroscopy of [Ru(bpwn)s—x(bpy-dm)x]2" (x =1, 2;n =0, 2;m = 2, 8;n = m) complexes doped into [Zn-
(bpy)s](ClO4),. The two sets coincide with tiMLCT transitions observed for the homoleptic [Ru(baiy)s] 2"

and [Ru(bpyel)s]?T complexes and can thus be assigned to locaBsdCT transitions to the bpyk, and bpy-

dn ligands. The THB experiments presented in this paper exclude a two-site hypothesis. When spectral holes are
burnt at 1.8 K inte®MLCT transitions associated with the bpy and kpyligands in [Ru(bpy)(bpyds)2]%", [Ru-
(bpy)k(bpy-dg)]2+, and [Ru(bpye,).(bpy-dg)]2™, side holes appear in t#MLCT transitions associated with the
bpy-ds ligands~40 and~30 cnt?! higher in energy. Since energy transfer to sites 40 or 30'dmgher in
energy cannot occur at 1.8 K, the experiments unequivocally establish that the two 3&isGif transitions
observed for [Ru(bpyh)s—x(bpy-dm)d2" (x = 1, 2) complexes in [Zn(bpy)ClO4), occur on one molecular cation.

Introduction consequently experience smaller deuteration shifts than corre-
sponding vibrational frequencies in the ground state. Hence a
shift of ZPLs tohigherenergy is usually seen upon deuteration,
as the sum of zero-point energies of the vibrations in the ground
state is lowerednorethan the corresponding sum for the excited
state.

Figure 1 summarizes the energies of ZPLs of the lowest
excited3MLCT states as observed in deuteration experiments.
The energies were modeled using the two deuteration parameters
A andAgp In localized®MLCT transitions, one ligand is directly
involved and the other ligands act as spectators. Hence, there
is a contribution to the deuteration shift by the ligand to which
the charge transfer occurs and by the ligand or ligands that are
spectators of the transition. We denote the contribution to the
deuteration shift by the bpgs ligand to which the charge
transfer occurs ad and the deuteration shift caused by a fully
deuterated spectator ligand, bgy-which is indirectly involved
in the transition, af\sp The spectator ligands see the metal
center as R in the excited state. The vibrational frequencies
of the [Ru(bpy}]®* complex are, on average, higher in energy
Sthan those of the 2 molecular catiort. Hence, As, can be

expected to be negative. The main deuteration effect is due to
the ligand to which the charge is transferred. For fractional

We have shown by a wide range of experiments that the
lowest three triplet metal-to-ligand charge-transféMI(CT)
zero-phonon lines (ZPLs)AlI, of [Ru(bpy)s]%" in crystalline
[Zn(bpy)](ClOy), are localized transitions on the electronic time
scale! If these3MLCT states were delocalized over all three
ligands, a gradual shift of the three ZPLs as a function of the
degree of deuteration would be observed. This is the case for
a—mx* transitions of aromatic organic moleculeé®ther re-
searchers have made tireorrect claim that this is also the
case for deuteration of the [Ru(bgl)/[Zn(bpy)s](ClO4)2
systen® In fact, distinct transitions to the bpy: and the bpy-

dm ligand are observed in [Ru(bm)s—x(bpy-dm)x]?" (x = 1,
2;n=0, 2;m= 2, 8;n= m) complexes in the [Zn(bpy)-
(ClOy), host*7 For example, two sets of transitions are
observed in [Ru(bpy).«(bpy-d)x%" (x= 1, 27 and the relative
intensities of the two sets reflect the number of bpy and thpy-
ligands (see Figure 2 in ref 6).

Usually, vibrational frequencies differ in the ground and
excited states. Furthermore, excited-state vibrational frequencie
are often lower than those in the ground state and will

* Corresponding author. E-mail: h-riesen@adfa.edu.au. Fax:61-

(0)2-6268-80-17. deuteration (bpydh, bpy-dm), A and Agp are multiplied byn/8
(1) Riesen, H.; Wallace, L.; Krausz, Fit. Rev. Phys. Chem1997, 16, andnv8. For example
291-359.
(2) Broude, V. L.; Rashba, E. I.; Sheka, E.$pectroscopy of Molecular
Excitons Springer-Verlag: Berlin, 1985. APPY=th — DA A bpy=dh — DA (1)
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Figure 1. Summary of energy levels observed in [Ru(lhys—«(bpy-dm)x]?>" complexes (abbreviated ad,)s—«(dm)x; do = hg) doped into [Zn-
(bpy)l(ClO4), (crosses) together with calculated levels (solid lines). For the calculatien41 cnt! andAsp = —2.5 cnm? were used. Energies
are relative to transition | in [Ru(bpy]ft/[Zn(bpy)](ClO4), at 17 685 cm®. Data were taken from refs 1,4 and this work.

variations in the deuteration effect. The following additive (2,2-bipyrazine)}™ and [Ru(bpy)(3,3-bipyridazine)}+ doped
scheme is used to calculate the energy shifts of3MECT into [Zn(bpy)](ClO4)2.%1° Energy differences for the two
transitions +IlI to the bpy-d, and bpyel, ligands in the [Ru- positions of 260 and 360 cm were observed for the 2;2
(bpy-dn)z—x(bpy-dm)x] 2T /[Zn(bpy)](ClO4), series relative to  bipyrazind and the 3,3bipyridaziné® ligand, respectively.
transitions 111 of the [Ru(bpy)]?*/[Zn(bpy)](ClO,), system: Thus, the lowest excite@BMLCT states in the [Ru(bpyg)?*/
[Zn(bpy)](ClO4), system involve only the bpy ligands in the
+(x— 1)r_nAsp (x=1,2,3) two crystallographically equivalent positions.
8 (2a) As a consequence, two sets of transitions are observed in the
luminescence of [Ru(bpgl)(bpy-dm)2]2" complexes in the [Zn-
AP = OA LA L 2—x0A. x=0,1,2) (2b)  (bpy)l(ClO.), host. This is because the bpy-igand can be
8 g = 8 = either in a crystallographically equivalent position or in the
unique position (see Figure 2). The former and latter configura-

bpy—d, _ M n
AP = gA + (3 - X)éAsp

uantitative agreement with experiment is achieved, as is o
ﬁglustrated in Figure 1, withh = 41 cFr)rfl andAsy=—2.5cnL, tions lead to*MLCT 4em|35|ons from the bpgh and bpyel,
The influence of the deuteration of a spectator ligand is over 1l9ands, respectivel}: . S
an order of magnitude smaller than that of the deuteration of Another research groép'? has invoked a multiple-site
the ligand directly involved in the metal-to-ligand charge-transfer Nypothesis to account for spectroscopic features of the [Ru-
process. (bpy-tn)s-x(bpy-dm)x]>* complexes in the [Zn(bpyXClOs)>
Racemic [Zn(bpyd(C1O04), and [Ru(bpy}](ClO4), crystallize host. However, systematic opservapons in St_alectlve dgutgratlon
in the same space group2/c.8 Bond angles and bond lengths ~ €Xperiments are enprely consistehivith a localized description
are comparable for all three ligands, particularly in the ruthenium Of the lowest excited®MLCT levels and theC2/c crystal
salt. However, one ligand is crystallographically unique and has Structure of the host. T_ransle_nt-spectral hole-bumlng experiments
an anion environment different from those of the two crystal- &€ able to clearly discriminate between a single-site and a
lographically equivalent ligands. This variation of the anion Multiple-site system, as is elaborated in the following.
environment lifts the equivalence of the three ligands, and Electronic excitations of chromophores in the solid state are
MLCT transitions to the unique ligand are calculated to be at subject to inhomogeneous broadening. This arises from the
higher energy by~900 cnt! by using a lattice sum based on  Vvariations in the local environments of individual chromophores.
a point charge modél.The inequivalence of the ligands Often, laser techniques such as fluorescence line-narrowing

manifests itself in a pronounced dichroism in the metigjand (FLN), excitation line-narrowing (ELN), and spectral hole-
plane @—b plane) which is observable with a polarizing
microscope or in polarized absorption speétra. (9) Riesen, H.; Wallace, L.; Krausz, B. Phys. Cheml996 100, 4390.

Furthermore, the inequivalence of the two ligand positions 8‘3 552%”’.4'4-1'\53?2030 Ls t*f;gggrzj%?sggrb Eﬂy;ﬁgi/?b%gﬁczggéctra
can be directly observed in luminescence spectra of [Rugbpy) of Transition Metal Clémplexes/'oll. Il: Yersin, H., Ed.; Topics in
Current Chemistry 191; Springer-Verlag: Berlin, 1997; p 157.

(8) Krausz, E.; Riesen, H.; Rae, A. Bust. J. Chem1995 48, 929. (12) Huber, P.; Yersin, HJ. Phys. Chem1993 97, 12705.
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Figure 2. The two possible orientations with respect to the crystal
axis b of [Ru(bpy-dn)s-x(bpy-dm)x]>" complexes withk = 1, 2 andn <

m in [Zn(bpy)s](ClO4).. The SMLCT transitions to the ligand in the
unique position on thb axis are several hundred wavenumbers higher
in energy. As a consequence, the= 1 system shows onl§MLCT
luminescence from the bpyrligand at lowest temperature. In contrast,
thex = 2 system also displays luminescence from the dpYigands

at lowest temperatures when the bgligand is in the unique position.
Asterisks denote the ligands from whi#MLCT luminescence occurs

> bpy-d,,

)
U 3SMLCT energy transfer

at lowest temperatures. Pound signs indicate ligands from which

thermally activated luminescence may occur.

Riesen et al.

If a hole is burnt resonantly into level |, a nonresonant hole
appears in level Il. This nonresonant hole is broader because
of relaxation effects but also because of the fact that energy
levels may not be fully correlated, as is indicated in Figure 3.

In the two-site system of Figure 3b, the THB and the ELN
experiments provide the same information if there is no energy
transfer from site B to site A. Again, in the THB experiment,
holes can be burnt resonantly into the higher energy site B. In
this case, it is also possible to perform a resonant ELN
experiment on site B if it is luminescent.

When there is very fast energy transfer from site B to site A,
a steady-state ELN experiment provides parallel results for the
two systems, as depicted in Figure 3. Further experiments such
as time-resolved ELN are needed to discriminate between them.
Time-resolved ELN experiments are applicable as long as the
energy transfer from site B to site A is not too fast.

In contrast, the THB experiment discriminates clearly between
the two cases, since, at low temperaturkk & kgT; kg is the
Boltzmann constant), no hole will appear in the transition of
site B when the pump laser wavelength lies within the
inhomogeneously broadened transition of site A. This is because
a subset of chromophores of site A is depleted and this subset
is independenof site B. Energy transfer to a site higher in
energycannotoccur whenAE > kgT.

In the present paper, we demonstrate the effectiveness of THB
in the detailed analysis of the two sets of ZPLs observed in
[Ru(bpy-dn)s—x(bpy-dm)x]?" (x = 1, 2; m = n) systems.

Experimental Section

bpy-6,6'-d, and bpyeds were prepared from bpy (Aldrich) as

burning can overcome this broadening and it becomes possibledescribed in refs 7 and 17, respectively. [Zn(RH{®IO4)2, [Ru(bpyl-x-

to measure the finest details of an electronic structér.

(bpy-de)J?* (x = 1, 2, 3), and [Ru(bpy,6-02)x(bpy-de)]2+ were

In ELN, the luminescence of a subset of chromophores is Prepared by standard literature meth&s?

selectively monitored and the wavelength of the laser is scanned _CTystals of [Zn(bpyl(ClO4),

in the region of interest, yielding a narrowed excitation spectrum
(see Figure 3).

doped with the ruthenium complexes

(<0.1% concentration) were grown by slow evaporation of aqueous

solutions. The crystals displayeduaiform light yellow coloration?*
Luminescence and excitation spectra were obtained by using a

Spectral hole-burning can be classified as nonphotochemical, spectra Physics 375 dye laser pumped by a Spectra Physics 171 Ar

photochemical, or transient hole-burning (THB). In THB, a

laser. The luminescence was dispersed by a Spex 1404 double

subset of chromphores within the inhomogeneously broadenedmonochromator and detected by an RCA 31034 photomultiplier. The

transition is selectively excited by a pump laser. The modified

signal was processed by a Stanford SRS 530 lock-in amplifier.

absorption spectrum is measured by a probe laser. A depletion The SP 171 Ar laser was used to pump both the SP 375 laser and
of the selected chromophores in the ground state can occur,a Coherent 599 dye laser in the transient-hole-burning measurements.

leading to dips in the absorption spectrum.

ELN requires that the chromophore be luminescent. Thus,

nonluminescent higher lying excited states in transition metal
complexes can be investigatedimynresonanéexperiments only.
In contrast,resonantTHB experiments can be performed on

The CR 599 dye laser served as the “pump” laser which created an
excited-state population. The typical pump power w& mW. The

SP 375 dye laser was used as the probe laser. The output of this laser
was attenuated by neutral density filters and then stabilized by a
Thorlabs CR200-A laser stabilizer. The intensity at the sample was
~0.5 mW. The pump and probe beams were superimposed in a sample

any level as long as a measurable ground-state depletion isygjume of ~10-2 mn®.

achieved.
Figure 3 compares the abilities of ELN and THB experiments

The light of the probe and pump beams was modulated at 3.7 kHz
and 79 Hz, respectively, by using New Focus model 3501 optical

to discriminate between a system consisting of a chromophorechoppers. The intensity of the probe beam after the sample was

with two excited electronic levels, | and Il, and a system with
two crystallographic sites but with one electronic level only. In

measured by a silicon photodiode.
The signal was divided and processed by two SRS 510 lock-in

the first case, the two experiments provide the same results butamplifiers locked at 3.7 kHz and operating with 1 and 300 ms time

importantly, the THB experiment can also be performed
resonantlyon level Il (not shown in Figure 3).

(13) Laser Spectroscopy of Solidgen, W., Selzer, P. M., Eds.; Applied
Physics 49; Springer-Verlag: Berlin, 1981.

(14) Persistent Spectral Hole-Burning: Science and Applicatibfserner,
W. E., Ed.; Topics in Current Physics 44; Springer-Verlag: Heidelberg,
Germany, 1988.

(15) Friedrich, J.; Haarer, DAngew. Chem., Int. Ed. Endl984 23, 113.

(16) Krausz, E.; Riesen, H. Laser Spectroscopylnorganic Structure
and Spectroscopysolomon, E. |, Lever, A. B. P., Eds.; John Wiley:
New York, 1999; Vol. I, Chapter 6.

constants, respectively. Hence, the lock-in amplifier with a time constant
of 300 ms provided the average of the transmitted light intensitigs, (

+ low)/2, wherelo, andl o are the transmitted light intensities with the
pump laser on and off, respectively. The output of the lock-in amplifier
with the 1 ms time constant was fed into a third lock-in amplifier (SRS

(17) Fischer, G.; Puza, Mbynthesisl973 4, 218.

(18) Palmer, R. A.; Piper, T. Snorg. Chem.1966 5, 864.

(19) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem.1978 17,
3334.

(20) Crosbhy, G. A,; Elfring, W. HJ. Phys. Chem1976 80, 2206.

(21) Riesen, H.; Krausz, E2hem. Phys. Lett1998 287, 388.
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Figure 3. Schematic diagrams of THB and ELN in (a) a system consisting of two excited states and (b) a system with one excited state at two
sites. THB and ELN spectra are shown for fully correlated and noncorrelated levels | and Il in (a). For the case of two sites, system b, the ELN
spectrum is shown for fast energy transfer from site B to site A and for no energy transfer. Thé stemes the change in absorbandd, in

the THB experiments.

510) with a reference frequency of 79 Hz. This third lock-in measured (ClO4),. The lower energy set of transitions shifts to higher

the change in transmitted lighlt.f — o). energy upon the additional deuteration of bpy to lpyvhereas
Figure 4 shows a schematic diagram of this very sensitive transient- the transitions assigned fMLCT excitations of the bpyds

spectral-hole-burning technique. The sensitivity of the present hole- ligand shift slightly to lower energy by/2,/4 as expected. As

burning technique is limited by dye laser intensity instabilities aris- e . .
ing from fluctuations of the dye jet stream. We note here that the a consequence, the d-transition becomes more visible in the

2+ i
technique’s sensitivity can be further enhanced by the application of [Ru(bpydg)z(bp){-dg)] spectrum as it become; separateq from
Ti:sapphire and/or semiconductor lasers because of their superior lightth€ 11I-dz transition. Lowest temperature luminescence in the

stabilities. [Ru(bpy)(bpy-dg)]?* and [Ru(bpye.).(bpy-ds)]2+ systems oc-
The signals In + lox)/2 and (on — lo) Were acquired by a PC,  curs only from the bpy or the bpg- ligands, respectively, since
providing lon, lofr, @and the change in optical densityA = log(loi/lon)- there is always one of the crystallographically equivalent ligand

The wavelengths of the probe and pump beams were measured by gositions occupied by one of these ligands (see Figure* 3).
Burleigh WA-2000S jr wavemeter. The [Ru(bpyéd,)2(bpy-dg)]2* system allows the observation of
SMLCT luminescence from the bpgs ligand at temperatures
>15 K (not illustrated here) since the energy gap is reduced by

Excitation-Line-Narrowing Spectroscopy. Figure 5 com- ~10 cnT!in comparison with that of the [Ru(bpybpy-ds)]>"
pares the luminescence and excitation spectra of [Rufbpy- system. Energy levels obtained from these experiments are
(bpy-dg)]?>* and [Ru(bpy)(bpy-dg)]* in crystals of [Zn(bpyj]- included in Figure 2.

Results and Discussion
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Figure 4. Setup for transient-spectral-hole-burning experiments. Coherent 599 and Spectra Physics 375 standing-wave dye lasers provided the
pump and probe beams, respectively. Both lasers were pumped by a Spectra-Physics BagrAr
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Figure 5. Nonselective excitation and luminescence spectra of [Ru-
(bpy)(bpy-dk)]2+ and [Ru(bpys,6'-ck)z(bpy-de)]?* in [Zn(bpy)l(CIO.).

at 1.8 K in the region of the electronic origins of the lowest excited
SMLCT states. The excitation spectra were recorded by scanning the
dye laser while the luminescence was monitored at 570 nm and low
resolution &1 nm) whereas the luminescence spectra were excited at
555 nm.

Intensity (arb. units)

10x| |

Figures 6 and 7 present narrowed excitation spectra for the
[Ru(bpy)(bpy-de)]**/[Zn(bpy)s](CIO4)2 and [Ru(bpye)2(bpy-
dg)]2t/[Zn(bpy)](ClO,), systems. The monitoring wavelengths 560 %) 77 73 568
for the3MLCT luminescence from the bpy and bplydigands, Wavelength/nm

respectively, were varied systematlcally in these experiments. Figure 6. Narrowed excitation spectra of the [Ru(bgipy-ds)]2/

The same pattern_ of be_h_awor was observed f_o_r both SyStems’{Zn(bpy)3](CIO4)2 system at 1.8 K. The nonselective excitation and

In particular, the intensities of th#LCT transitions to the  juminescence spectra are shown as dashed lines. The wavelengths at

bpy-ds ligand decreased when the luminescence was observedwhich the luminescence was monitored with a bandwidth of 0.04 nm

at the lower energy side of the inhomogeneously broadenedfor the narrowed spectra are indicated by arrows. Origins due to

transition Ihg or I-d,. We previously reported this effect for tr:‘”sitiﬁ"hs llds and ”'*%'?hare shaded. Theh'owerti:‘set shows thfet:eglilfl’“
24 S of the Il-hg transition. The upper inset shows the variation of the Ill-

the [Ru(bpy)(bpy-ds)] /[Zn(bpy)g]((?|04)2 systent. It lmpllgs . dg/lll-hg intensity ratio as a function of the monitoring wavelength.

that the Iower e”ergy side of the inhomogeneous distribution The asterisk denotes a peak which is caused by partially monitoring

of I-hg or I-d; is dominated by complexes that have the logy-  overlapping Iths luminescence.

ligand in the crystallographically unique position (see Figure

3) 3MLCT transitions to Ii_gands_in this pOSition are several If the luminescence is monitored at the very red edge of
hundred wavenumbers higher in energy and thus are notthe origin I, a broad feature appears at the higher energy
observed in the present spectra. sides of the transitions llhg, 1I-hg, Ill-dp, and Il-d, in the

From the above observation we can conclude that the excitation spectra. This feature is due to the secondHgpy-
deuteration effects of spectator ligands; are slightly different bpy-d; ligand in the crystallographically equivalent position
for the two crystallographic ligand positions. Consequensly, which after excitation transfers it3VMLCT energy to the
is an average dfgyMaveandAgLauvaent it follows that|AspMauq crystallographically and chemically equivalent ligand from
> | Aggfauivalent, which 3MLCT luminescence occufs? 2122
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Figure 8. Transient spectral holes burnt into tFLCT transitions

of [Ru(bpy)(bpyds)z]?/[Zn(bpy)](ClO,), at 1.8 K (dashed line=
absorbancé,; solid line= change in absorban@e?). The wavelength

of the pump laser is indicated. The ratio of integrals of the hole areas
for transitions Illhg and 1ll-ds is indicated.

Yersin et al. have reportétla spectrum that is comparable
to trace k in Figure 6. The existence of the transitionsdill-
and Il-dg and the broad feature was reported in our earlier tvork

Inorganic Chemistry, Vol. 39, No. 22, 2006049
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Figure 9. Transient spectral holes burnt into tHfLCT transitions

of [Ru(bpy)(bpy#ds)2]?>*/[Zn(bpy)](ClO.), (dashed line= absorbance
A; solid lines= change in absorbanc&A). The wavelength of the
pump laser was varied within transition dk-as indicated by arrows.

due to3MLCT excitations of the bpy and bpgs ligands? The
experiment illustrated in Figure 8 establishes that the two sets
of transitions observed in this system occurare molecular
cation, and the hypothesis of two or multiple sité&?can be
excluded. If the two sets of transitions were due to two sites,
no side holes would be observed at 1.8 K in the set of higher
energy transitions. This is because energy transfer to a-dite
cm~ higher in energy is not possible at this temperature. The
side holes observed in the dk and lll-dg transitions upon
burning into origin llhg are broader becaus®ILCT energy
levels of the bpyds and bpyhg ligands are not well correlatée.

The absorption spectrum in Figure 8 shows ahiHI-ds
intensity ratio of 1/2, reflecting the ratio of bpy and bgy-
ligands. By burning a hole into the Hg transition, we select
molecular cations that have the bpy ligand in one of the two
equivalent positions, excluding the configuration (see Figure
2) with the bpy ligand in the unique position. Every chro-
mophore with a bpy ligand in one of the equivalent positions
will have a bpyés ligand in the crystallographically equivalent
position, leading to an intensity ratio of 1/1 for the transitions
[1I- hg/lll- dg etc. This is indeed observed in the hole-burning
spectrum of Figure 8.

The sensitivity of the present hole-burning technique is
illustrated by the fact that the hole depth in Figure 8 is only
~1%.

The resonant hole in Iitg in Figure 8 is instrumentally
limited. A hole width of~0.001 cnT! was observed in Stark
swept transient spectral-hole burning using a single-frequency
laser??

Figure 9 shows spectra in which holes were burnt into origin
IlI- dg at three different wavelengths in the region of transitions
[1I-dg, 1ll-hg and Il-dg. Again side holes are observed in the
[1l- hg and ll-hg transitions (the latter is not shown in Figure 9).

but was not noted in ref 11. We emphasize here that, in selectiveWhen the spectral hole is burnt into the high-energy side of the
spectroscopy, it is essential to compare data with the nonselecinhomogeneously broadened transitionds|-a broad side hole
tive spectrum. It is also necessary to consider the wavelengthappears at slightly lower energy. This feature is due to the bpy-

dependence of the selective spectra.
Transient-Spectral-Hole-Burning Experiments. (a) Ru-
(bpy)(bpy-ds)2)]?*. Figure 8 displays transient spectral holes
burnt into the spectrum of [Ru(bpy)(bmg)2]2/[Zn(bpy)]-
(ClO4)2. This system shows two sets of transitions which are

ds ligand in the crystallographically equivalent position. From
the variation of the intensity ratio of the narrow feature to the
broad feature and that of Itg/lll-hg, we conclude that the
higher energy edge of the It transition is dominated by
complexes which have both deuterated ligands in the crystal-

(22) Riesen, H.; Gao, Y.; Krausz, Ehem. Phys. Letfl994 228 610.

(23) Riesen, H.; Krausz, EEhem. Phys. Lettl993 212, 347.



5050 Inorganic Chemistry, Vol. 39, No. 22, 2000

0.5 T T T T T T T T T T
1.8K
U
\
b
\
Al k -
0.0 i
L
=
<
T
]
3
g
g
1 L | L | ) l ) 1 L
560 566

Wavelength/nm

Figure 10. Transient spectral holes burnt into thdLCT transitions

of the [Ru(bpy®,6'-d)2(bpy-ds)]12*/[Zn(bpy)s](ClO4). system at 1.8 K

for two wavelengths of the pump laser within the inhomogeneous profile
of 1l-d, (dashed line= absorbancé, solid lines= change in absorbance
AA).
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Figure 11. Transient spectral holes burnt into thdLCT transitions
of the [Ru(bpy6,6'-d)2(bpy-ds)]>/[Zn(bpy)](ClO), system at 1.8 K
for a wavelength of the pump laser within transitiordil{dashed line
= absorbancd\; solid line = change in absorbanagA).

lographically equivalent positions. This is in accord with
observations in ELN experiments (see above and refs 1 and 4)
As discussed above, this effect is accounted for by the slight
variation in the contribution to the deuteration effect by the
spectator ligand in the two crystallographic positidas,"auq
> |Aspequivalenfl

(b) [Ru(bpy)2(bpy-dg)]** and [Ru(bpy-d2)2(bpy-ds)]>*. Fig-
ures 10-13 illustrate THB experiments performed on the [Ru-
(bpy)(bpy-ds)]?*and [Ru(bpye,)2(bpy-dg)]>" systems. Upon
burning of holes into théMLCT transitions I1hg and 11-d; (see
Figures 12 and 10), side holes appear in3eCT transitions
involving the bpyesg ligand. This clearly excludes a two-site
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Figure 12. Transient spectral holes burnt into thdLCT transitions

of the [Ru(bpy)(bpy-ds)]?*/[Zn(bpy)s](ClO4), system at 1.8 K for two
wavelengths of the pump laser within the inhomogeneous profile of
II-hg (dashed line= absorbancé; solid lines= change in absorbance
AA).
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Figure 13. Transient spectral holes burnt into thdLCT transitions
of the [Ru(bpy)(bpy-ds)]?"/[Zn(bpy)](ClO,), system at 1.8 K for a
wavelength of the pump laser within transition ti-(dashed line=
absorbancé\; solid line = change in absorbance®A).

Figures 6 and 7). Namely, the red edges of transitiorig nd

II-d, are dominated by complexes that have the bpligand

in the unique position. Transitions to the unique position are
several hundred wavenumbers higher in energy and are thus
not observable as holes in thedd-and 111-dg 3SMLCT transitions.

When holes are burnt at the red edges, transitions involving

the bpyd, or bpy ligand are accompanied by broad side holes
due to the bpyd, or bpy ligand in the crystallographically
equivalent position. This is also observed for a pump wavelength
at the peak of transition Iig, as is illustrated in the upper panel
of Figure 12. This figure shows that the integrated hole area in
the Ill-hg transition corresponds to the sum of integrated areas
of the hole in the llldg transition and the broad side hole in the
IlI- hg transition. This is in accord with expectations, since the
bpy ligand has either a bpy or a bpy ligand in the
crystallographically equivalent position. When the pump laser

hypothesis and again confirms that the two sets of transitions wavelength is chosen within tiLCT transitions Ildg and

occur onone molecular cationWhen pump laser wavelengths
are chosen at the red edges of transitionsgland 11-d,, the
side holes in the transitions to bplg-vanish. This result is
consistent with the observations in ELN spectroscopy (see

Ill- dg in the [Ru(bpyek)z(bpy-ds)]** and [Ru(bpy)(bpy-de)]**

systems, respectively (see Figures 11 and 13), side holes in the
SMLCT transitions to the bpyk and bpyhs ligands occur with

intensity ratios of 1/1. This is because the crystallographically
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Figure 14. Results of transient spectral hole-burning for the [Ru(bpy-
dg)3]>"/[Zn(bpy)](ClO,), system at 1.5 K for a wavelength of the pump
laser at the red edge of origin dk (dashed line= absorbancé,; solid
lines= change in absorban@e?). The inset shows the calculated line
shape (solid line) in comparison with the experimental data for origin
[11- ds.

equivalent positions are occupied by one lugyigand and a
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Table 1. IntramoleculaMLCT Energy-Transfer Rates for
[Ru(bpy-dn)s-x(bpy-dm)x]>t Complexes in [Zn(bpy](ClO,); at 1.8 K

system S3MLCT energy-transfer

nmx process AE/cm™ kegr?/10P st ref
082 bpyds—bpyds  3.5+£05 12+02 22

000 bpy— bpy 35405 13402 22

022 bpy€, — bpy 10+ 1 21+8 7

281 bpyds — bpy-d» 34+1 420+ 50  this work
082 bpyes — bpy 4541 850450 this work

aTo calculateker, we assumed thakgr/ker = e 2FkT b This
reference reports the sum of transfer and back-transfer rates;
Kar.

energy transfer from the bpyeligand to the bpy ligand in the
crystallographically equivalent positions in the [Ru(bpy)(bpy-
d)2]2"/[Zn(bpy)s](ClO4)2 systent. Results of these experiments
are summarized in Table 1.

THB experiments can provide information regarding the
homogeneous line width of higher lying excited ZPLs. This
information is not accessible by (nonresonant) ELN experiments
because energy levels are seldom fully correlated. Figures
9 and 11 provide new results regarding the intramolecular
SMLCT transfer rates in specifically deuterated [Ru(kd3f)
complexes.

When the pump laser is at the high-energy edge of transition
lll-dg in the [Ru(bpy)(bpyds)2]>*/[Zn(bpy)](ClO). system,
complexes with both bps ligands in the crystallographically

bpy-d, or bpy ligand. As a consequence, the holes in the equivalent positions are predominantly excited (trace k in Figure

transitions to the bpys ligand are not accompanied by broad

9). In contrast, when the pump laser is at the red edge of

side holes. We note here that the variations observed for thetransition Ill-ds, complexes with one bpgs ligand in the unique

I/ intensity ratios (Figures 1613) are caused by the fact
that 1l is predominantly polarized parallel to the cryst
axis whereas 1l is predominantly polarized parallel to the
axis® Hence the ratio depends on the way in which the

position are predominantly selected (trace | in Figure 9).
Resonant hole widths of 1.2 and 2.1 chare observed in the
former and latter experiments, respectively. When both dipy-
ligands are in the crystallographically equivalent positions, no

crystals are mounted with respect to the polarization of the probe €nergy transfer to a bpy ligand is possible. In contrast, when

laser.
(c) [Ru(bpy-dg)s]?™. A THB experiment in the [Ru(bpy-
dg)3]2™/[Zn(bpy)](ClO4), system at 1.5 K is illustrated in Figure

14 for a pump laser wavelength at the red edge of the origin

II-dg. The resonant hole in g and the nonresonant hole in
Ill- dg are accompanied by broad side holes at higher erférgy.

As discussed above, these features are due to the second bpy-

ds ligand in the crystallographically equivalent positions. We

the bpy ligand is in one of the crystallographically equivalent
positions SMLCT energy transfer from bpyls to bpy may occur.
Hence, the increase in hole width reflects the ratéNECT
energy transfer from bpygs to bpy.

This transfer rate can be quantified by approximating the hole
width T'hole With

note here that these side holes show the same ratio of integra’req\,hererh is the homogeneous line width given by

area to the narrower holes with pump laser wavelengths at the

blue edge of transition Itls.?? If these holes were due to energy
transfer within aggregatéd complexes, the ratio would be

rhole ~ 2Fh + rinstrumen’[al (3)
_ 1
Iﬂh - 2.7IT1 (4)

strongly dependent on the pump laser wavelength. The separa-

tion between the narrow and the broad holes&Z cm ! in the
experiment illustrated in Figure 14. Hence, at 1.5 K, the ratio
of the side hole area should only ka3 "k(15K) = 0,056

times the area observed in Figure 14. Thus we can again exclude

T, is the effective lifetime of level llldg at 1.8 K. Dephasing
processeslp) can be neglected since the direct relaxation rates
dominate.

In the first case (trace k in Figure 9), the homogeneous line

that these side holes (or the broad side lines in ELN experiments)width I'his determined by the rate of intraligand relaxation from
are due to energy transfer from other molecular cations. The gye| ||| to level I, ky -, in the excited bpyds ligand and by
insert shows that calculated and observed line shapes for thee rate of intramolecular energy transfer to the chemically and
IlI- dg transition are in quantitative agreement. Line shapes were crystallographically equivalent bpgs ligand. The contribution

calculated using the procedure reported in ref 21.

(d) Intramolecular 3MLCT Energy Transfer. We previ-
ously measured the intramolecutMLCT energy-transfer rates
between bpy or bpys ligands in the crystallographically
equivalent positions in the [Ru(bpyk(bpy-ds)x|2™/[Zn(bpy)s]-
(ClO4)2 (x= 0, 2) systems by time-resolved luminescence-line-
narrowing experiment& Using time-resolved luminescence
spectroscopy, we were also able to estimate the ratlo€T

to the hole width by the latter rate can be neglected because its
rate of~1C® s~ corresponds to a broadening by 15 MHz only.
Using the instrumental line widtRinsyumentaOf 0.9 cnT! (27
GHz) in eq 3 and applying eq 4, we can calculate aHlll
relaxation rate oky—; = 2.8 x 10° s71 from the resonant
hole width observed in trace k of Figure 9.

In the second case (trace | in Figure 9), energy transfer from
the bpyéds ligand to the bpy ligand occurs. Hence the effective
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lifetime T, of level IlI-dg is given by

Ty =Ky + ker (5)
wherekgr is the rate ofMLCT energy transfer from the bpy-
ds ligand to the bpy ligand. Using the resonant hole width in
trace | of Figure 9, we obtaiker = 8.5 x 109 s™1,

The resonant hole width in Figure 11 can be used to calculate
the rate ofMLCT energy transfer from the bpgs ligand to
the bpyél, ligand in the crystallographically equivalent positions.
In this case, the only significant broadening mechanism is due
to the energy transfer since the intraligand-H | relaxation
rate is very slow (3.7 10° s71).22

The resonant hole width in Wig is 1.35 cn! in Figure 11.
This is a significant increase over the instrumentally limited
resonant hole width of 0.9 cm observed in Figure 10. (The
II-dz hole width in Figure 10 shows the instrumental resolution
only and is~30 MHz when measured at highest resoluéign.
Using egs 3 and 4, we can then calculate the ratévfCT
energy transfer from the bpys ligand to the bpyd, ligand in
the crystallographically equivalent positionkes = 4.2 x 1010
st

The3MLCT intramolecular energy transfer rates in Table 1
show a power dependence on the energy f&pof 2.52 +
0.03:

kET 0 AE2.5&0.03 (6)

Intramolecular relaxation rates based on the direct process
are dependent on the density of phonon stétliat surprisingly,
the result in eq 6 deviates from the cubic dependence of the

Riesen et al.

density of phonon states in the Debye approximation. It is clear
that the Debye approximation is inadequate, particularly in the
case of a molecular crystal.

Conclusions

We have demonstrated that THB can be a highly effective
probe in determining the electronic structure of coordination
compounds. Our experimental setup allows for the detection of
very shallow spectral holes<(Q.01%). The present work
confirms unequivocally that the two sets of transitions observed
in [Ru(bpy-dn)s-x(bpy-dm)x]2" (m = n; x = 1, 2) complexes
occur on one molecular cation only and a multiple-site
hypothesis proposed in refs 11 and 12 can be excluded. These
observations, together with a wide range of other experiments,
such as Zeeman and Stark measurements, clearly establish that
the lowest excitedMLCT states in [Ru(bpy) 2" are localized.

This phenomenology is put in a broader context by our
comprehensive reviewof the spectroscopic properties of
ruthenium(ll)and osmium(ll) diimine complexes. In osmium-
(1) complexes, varying degrees of delocaliZ&LCT behavior
canoccur.

The spectra observed for specifically deuterated ruthenium-
(I1) complexes (see Figure 2) have been rationalized on the basis
of a C2/c crystal structure and a model parametrizing the
deuteration effects of participating and spectator ligands on
the localized 3MLCT ZPLs. Furthermore, valuable direct
measurements of the dependence of intramoleciNEICT
energy transfer rates on the energy gap have been made and
interpreted.
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