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Abstract

Photophysics of [Ru(bpy)(CN)?~ (bpy = 2,2-bipyridine) in CHsOH, CH;OD, CD;0D, and CHOH/C,HsOH and CHOD/C,Hs0D
solvent mixtures has been investigated by steady state and time-resolved techniques at various temperatures. The Franck—Condon analys
of the emission spectra observed between 80 and 165K indicates similar and significant decrease in energy of the luminescent excited
state Eo—) and a small difference in the increasing solvent reorganizational energies for solvent mixtureg@fCrxHsOH and
CH30D/C;H50D, respectively. The rate of non-radiativie,§ and radiative decaykgnod to the ground state and the parameters of
thermally activated deactivation pathwaysf, AEan andAqg, AEqqg) have been determined between 250 and 330 K ig@t CH;OD
and CQ3OD. The rate of phosphorescence and apparent activation energy of temperature dependent deactivations are not sensitive to the
replacement of H to D, while thie, and the pre-exponential factor of thermally activated decay through'tiie & T state decreases with
the replacement of H to D in the OH group of the solvent. The deuteriation of the methyl group in the solvent results in a small Ejange of
The results provide further experimental evidence of the hydrogen-bond determined specific solvent—solute interaction playing important
role in the decay of the lowest energy MLCT excited state of [Ru(LL)(JX) complexes.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction considerable blue shift in both absorption and emission spec-
tra of this series is also observglD,12] The shift is more
The photophysics of polypyridyl complexes df thetal pronounced in the absorption than in the emission spectra.
centers continue to be of great interest due to their appli- The MLCT excitation induces a significant change in elec-
cability in the design and construct of supramolecular sys- tronic distribution inside the complex resulting in the reorga-
tems for conversion of solar energy to chemical energy and nization of the surrounding solvent molecules. The energetic
for constructing molecular-scale electronic devi§s8]. and dynamics of this motion is usually treated by the dielec-
Their spectroscopic properties are dominated by low energytric continuum model of Marcus. According to this model,
metal-to-ligand charge transfer (MLCT) tunable by chang- the energy of an electronic transition is solvent dependent be-
ing o-donor andr-acceptor characteristics of the polypyridil  cause of the solvation energies are different in the ground and
ligands [6]. These complexes are very useful probes for in the excited states. The mixed ligand cyano complexes are
revealing various solvent effedi@]. A consecutive replace-  very sensitive for donor—acceptor properties of solvgrts
ment of one diimine ligand (LL) of the [Ru(Lk}*" com- The position of the low-lying MLCT absorption band of
plexes with two simple inorganic ligands such as Chelds [Ru(LL)(CN)4]%~ complexes in the visible range is strongly
a series of complexes [Ru(Lt]", [Ru(LL)2(CN),] and depends on the acceptor number (AN) of the solvent, which
[Ru(LL)(CN)4]%~ [10,11] The more cyanide ions are coor- s attributed to the second sphere donor—acceptor interaction
dinated to the Ru(ll) the shorter is the lifetime of the ex- between the amphidentate cyanide ligand and the solvent
cited complex and the smaller is their luminescence quantummolecule. If the solvent is participating in such a specific
yield, that predicts an increase in the rate of the non-radiative solvent—solute interaction breaking down of the dielectric

decay channels by replacement of one bpy to two CA
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continuum model is expectdd].

In our previous paper, the effects of diimine ligand and
the replacement of water withJ® on the photophysics of
some [Ru(LL)(CN)]?>~ complexes have been demonstrated
[13]. Analysis of steady state and time resolved emission
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spectra and the decay kinetics has revealed that the interacical measurements t) were carried out on deoxygenated
tion between the complex and the solvent molecule through samples.

H or D bond is an important factor that strongly influ-

ences the rate of the non-radiative deactivation pathways.2.3. Fitting procedures

The experiments presented and discussed in this contri-

bution extend these studies using §HH, CH;OD and A single mode Franck—Condon analysis were performed
CD30D as solvents in liquid phase and gbH-GHs0H on emission spectra measured at low temperature using the
and CHOD-GHs0D solvent mixtures in glass and fluid theoretical equatiorj21-24] that calculates the emission
state, respectively. The results provide further evidence for spectrum as a sum of individual Gaussians corresponding to
O-H---NC-Ru or O-D--NC—-Ru induced perturbation vertical transitions between the excited state and the vibra-

of electronic excited state decay processes. tional levels of the ground state:
N Eo— — vmhom 3 S;\JAM
. =) (———) &
2. Experimental A Epo vm!
VS

2.1. Materials

v — Eo_o+vMFwM)2 @
Avy2

X exp|:—4(ln 2) (
High purity CHROH, CH;OD, CD3OD and DO were ) ) )

purchased from Aldrich and were used without further pu- In the ab0\ie equatioro—o is the energy difference be-

rification. The double distilled water was purified by a Mil- tween thevy, = 0 level of the excited and thew = 0

lipore Super-Q system. level of the ground state, whetg;, andvy are the vibra-
Ko[Ru(bpy)(CNY]-2H,0 (bpy = 2,2-bipyridine) was tional quantum numbers of the excited and the ground state

The complex was checked by H NMR, IR and UV-Vis medium frequency promoting modes, which can be assigned

spectroscopy and the results of these experiments matctS the aromatic ring stretching modes for Ru(ll) diimine

those reported in the literatuf@5, 16} complexeg25]. Sy is the electron-vibrational coupling con-

stant or Huang—Rhys factor for the combined modes and

Avy; is the half width of the individual transitions and and

h = h/27w whereh is the Planck constant.

The absorption spectra were measured on a Specor The procedure involving Marquard method for multipa-
C*ameter minimization gave reasonable fitting. The parameter

S100 d'Od.e array UV'V'.S §pectrophotometer. Lumines- sets obtained are considered as independent values accord-
cence excitation and emission spectra were recorded on

Perkin-El LS50B trofluorimet q ing to the correlation matrix of the fit and the solutions are

a te(rj '?' :Eerd toct Spec r_?_ _l:orlrl?e elr ant were tcor- the global minimum of the problem.
L?ngsureoraentes aeIﬁcnﬁnre:ggr?:;g”gc.ce;orc))/wof inglrokei;aEulﬁer The lifetimes measured for luminescent species at various

' . § conditions were estimated by a single exponential fitting.
(L2250136) was applied. The temperature of the sample y g P g
was measured by Cole Palmer Digi Sense thermocouple
thermometer. Steady state luminescence measurements f
the samples of liquid phase were carried out in optical thin
solution aqd Ru(bpyf* (¢ = 0'0.42 in water[17] and 3.1. Absorption and emission spectra detected in water
@ = 0.376 in methanol-ethanol mixture (1/4) at 7{1¥8]) :

. . and in MeOH

was used as reference emitter. The quantum yields were
determined by using the following equatifi®]:

2.2. Apparatus and measurements

9% Results and discussion

UV-Vis absorption and emission spectra of [Ru(bpy)

Is Fret { ns \° (CN)4]?~ in water and in MeOH are shown Fig. 1 Spec-
Ds = ¢ref1 e <n—> 1) tra and spectral assignments for the complex in various
ref s Aftref solvents have been reportg#i1—13,26] The visible ab-
Whereds is the radiative quantum yield of the samplges sorption spectra dominated byyt— w* MLCT transitions

is the radiative quantum vyield of the reference emittgr,  with a Amax = 400 nm in water. This band shifts to 445 nm
and et are the integrated emission intensities of the sam- in MeOH. The maximum of the higher energy MLCT band
ple and the standard, respectivdl and Fes are the ab- appears at 325nm in MeOH which is observed as a shoul-
sorbed light fraction of the sample and the standard, respec-der of the intense intraligand — «* transition in the UV
tively at the excitation wavelength amg and nies are the range (300 nm) in water.

refraction indices of the sample and the standard solution. The figure clearly demonstrates that the solvent depen-
The luminescence lifetimes were measured by a laser flashdence is quite large for MLCT absorption bands. It is
photolysis system described elsewhg@]. All photophys- smaller for the emission banéi* — tog) and rather small



M. Kovacs, A. Horath/Journal of Photochemistry and Photobiology A: Chemistry 163 (2004) 13-19 15

160

o ’?1 20 -
5 g
= =

o < 80 -
I8 é
K]
- e

40

16 0

Wavenumber (kK) 530 580 630 680 730 780

Wavelength (nm)
Fig. 1. Absorption and emission spectra (inset) of [Ru(bpy)(@H) in
water (solid line) and MeOH (dashed line) at ambient temperature. Fig. 3. Time-resolved emission spectra®fRu(bpy)(CN)4]?~ detected
in MEOD at 254 K. The inset shows a decay curve detected at 650 nm.

for intraligand transition€ — =*). As it has been pointed
out[12], there is a strong correlation between the acceptor The shape of this absorption is like that of having absorp-
number of the solvent and the energy of the transitions (both tion maximum at 285 nm for the ground state complex and
tog — 1 and3w* — tog), with a more pronounced depen-  assigned as — =* transition localized on diimine ligand.
dence of the absorption bands than the emission band. It isHence this transient absorption is considered as a result of
considered as an indication of the difference in basicity of 7 — &* transition within thedMLCT excited state. Another
the complex in the ground and in the excited state, respec-absorption appears between 430 and 550 nm. This relatively
tively [27,28] Because of the [Ru(bpy)(CMf~ complex  broad band is more intense in MeOH than in water and it has
is a stronger base thaf[Ru(bpy) (CN)4]?~, the excitation  smaller molar absorbance than the higher energy absorption
leads to the decrease in the interaction between the nitrogerband of the triplet excited state. A transient decay observed
atom of the coordinated cyanide ligands and the solvent s depicted in the inset dfig. 2 The fitting procedure using
molecules via hydrogen borjd7]. a single exponential decay to all transient curves resulted in
The transient absorption spectra obtained by excitation a lifetime of 62+ 4 ns for the excited species which is iden-
at 450nm in MeOH Kig. 2) is quite similar to that was tical to the data obtained by luminescence measurements.

reported for aqueous solution of this comp[ét] and for Fig. 3 demonstrates the time resolved emission spectra
Ru(bpy}?* [28-32] A very strong absorption band peaks detected at 254K in MeOD. The inset shows a lumines-
at 370 nm and possesses a shoulder at 350 nm. cence decay curve detected at the maximum of the emission

spectrum. The lifetime determined using all transient sig-

30 nals obtained between 600 and 700 nm is £5Bns, which
is rather long compared to the lifetime measured at room
25 - temperature in MeOH.

20 — 3.2. Characteristics of emission spectra detected in glass
tes) +0.12 and fluid state of MeOH/EtOH and MeOD/EtOD
<
<

Significant enhancement of the emission spectra is de-
tected when the MeOH/EtOH® = 0.200) solvent is
replaced by MeOD/EtOD mixtur¢® = 0.254) at 77K.

+ 0.04 The single mode Franck—Condon analysis of the spectra
of [Ru(bpy)(CNY]?~ detected in both solvent mixtures for
temperatures ranged from 77 to 165K has been performed
and the results have been compared to that was obtained for
36 31 26 21 16 Ru(bpyk?t measured in MeOH/EtOH solvef83]. Fig. 4
Wavenumber (kK) shows the temperature dependenc&gk in the range of
_ _ _ 80-165K. The data indicate a drastic red shift of the emis-
Fig. 2. The absorption spectra of [Ru(bpy)(GN)" and the transient . . . .
absorption spectra of the comple@)in MeOD detected by the excitation sion maX|_mum Occu_mn_g _between 90 a”q 130K in both
of a laser pulseXexc = 450 nm, 10mJ and 5ns halfwidth), with a 75ns ~ Solvent mixtures, which is in accordance with the results of
delay and a transient decay (inset). Hirota et al. obtained in MeOH/EtOH and it was attributed

ex10% (M" em™)
>
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Fig. 4. Plots of the B vs. temperature for [Ru(L)(CM)?~ in CH30H/ Fig. 5. Temperature dependence of the lifetime of the luminescent species
C2Hs0H (O) and CHOD/C,Hs0D (@) mixtures. generated by the MLCT excitation of [Ru(L)(CN¥~ in various solvents:

CH3OH (M),CHsOD (2) and COD (O).

to the transition from the glass to the fluid stgg6]. In ]

these conditions, the change in the energy for [Ru@iRY) decay andkphosis the rate constants for the phosphorescence

is smaller than that of for [Ru(bpy)(CAIF—. On the other determined by the ratio of luminescence quantum yield and

hand, there is a very small difference in data for tetracyano lifetime kphos = Ppn/T, kg is the Boltzmann constant, is

complex determined in normal and deuteriated alcohol mix- the temperaturefum and AEq, are the paramelttﬁrs of the

tures confirming that the energy gap is not influenced by temperature dependent deactivation through tHsIACT

the deuteriation of the solvent. state andAqg and AEy are the parameters of the temper-
In the same temperature range, the bandwidtby (o) of ature dependent deactivation through dd state. The rate of

the emission spectra increases and its fine structure contin/adiative decay is smaller in MeOH than in water, which is

uously disappears when transition from a glassy to a fluid I accordance with the expectation of Einstein law for spon-

state occurs. The change iy > is somewhat smaller in taneous emission. The temperature dependence of lifetimes

deuteriated solvent that suggest a little difference in the in- Measured at various solvents is depictedig. 5

creasing of the solvent reorganizational energy through the TN fitting procedure usingq. (3)resulted in parameters

glass to fluid transition for normal and deuteriated solvent of relatively high uncertainties. Therefore, first we estimated

mixtures, respectively. only one potential barrier instead of two:

1+ exp(—AE/kgT)
3.3. Decay parameters measured in £LHH, CHz;OD and t= kg + Aexp(—AE/ksT)
CD30D in liquid phase

(4)

Using this equation the values &f, AE and A were ob-

tained by the fitting procedure. The rate of radiative decay

Thg tempgrr]attl: re—del!oendenr Ilfet|me| (rjn;easwemegts harPWas calculated by the ratio of luminescence quantum yield
consistent with the earlier results revealed for this and other 4 yhe [ifetime of the luminsecent species determined by

Rut(ll)”complngtlaCT. -f”t1he IOW?St'|3I"ng ML%T f)ic'tedf state Is independent measurements performed &t5The results
actually mantiold of three closely Spaced states of common 5 .o given inTable lin which data obtained for aqueous so-

* H .
dq.T_'” _(pp) MLCT orbital parentage possessing Iargely_ lution and DO solution are also presented. To compare the
tripletin character. These states are in rapid Boltzmann equi- yauteriation effect some relevant data of [Ru(bl¥) are
librium and can decay to the ground state by non-radiative also demonstrated
process, by phosphore{zcence and by thermglly activated o potential barriers are 118660 cnT ! suggesting that
processes through the™LCT state contaminated by AE does not depend on the nature of protic solvent and its

some singlet char_act_er or through the meta_ll centédedd deuteriation. On the other hand, the preexponential factor
state. Hence the lifetimes measured at various temperatures,

) : - % sensitive for solvent deuteriatiaii8.2-110) x 108s™1
(250-310K) can be estimated by the following equation: and for the replacement of solvent from methanol to wa-

1+ eXp(—AEan/ kg T) + exp(— A Ega/ ks T) ter (18.2-64) x 10°s~L. In addition, the rate of nonra-
T= diative decay is also influenced by solvent deuteriation
kg + Agthexp(—AE4n/ksT) + AgdexX(—AEqq/ ks T)
tn XX tn/ X / 3) (78.9-419) x 10° and by the exchange of methanol to
water (78.9-420) x 10°. The energy gap law predicts
where t is the lifetime of the luminescent specidg, = the latter observation. ThAE and A parameters are in-
knr+kphosWhereky, is the rate constant for the non-radiative termediate between those characteristic for two pathways
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Table 1

Photophysical parameters for [Ru(bgh?" and [Ru(bpy)(CN)] determined in various solvents at 26

Complex Solvent Do koh x 1074 (s71) kor x 1075 (s71) A x 1078 (s71) AE (cm 1)

[Ru(bpy)(CNY]>~ H2O 0.0076 6.3+ 0.5 42+ 3 6.4+ 1.0 1010+ 50
D,0O 0.028 7.6+ 0.5 9.9+ 0.7 42+ 0.6 1150+ 40
CH3OH 0.0022 3.6+ 0.3 78.9 18.2+ 2.8 1120+ 50
CH30D 0.0040 3.6+ 0.3 46.9 11.1+ 1.2 1150+ 40
CD30D 0.0040 3.7+ 04 41.9 111+ 1.4 1120+ 45

[Ru(bpy)]?*2 H,0 0.042 6.94 12.22 fo 3559
D.0 0.07 6.80 5.67 10 3568

aData from[17].

involved intoEg. (3)and determined by various authors for Regarding the first temperature dependent decay, the low
different ruthenium(ll) complexes. It has been pointed out temperature measurements of Hirota et [@6] pointed

by Meyer et al. that thé MLCT-3dd energy gap derived out that the luminescent state of [Ru(bpy)(GN) actu-
from temperature-dependent lifetimes of Ruthenium(ll) di- ally consists of a manifold of three closely spaced states
imine complexes fall in the ranges 2100-4000¢nwith (AEos—; = 8cmt and AE3—1 = 53cntY) similarly to that
pre-exponential factors of #8-10'*s71[21,34-36] Onthe ~ was revealed for [Ru(bpy)’t by Crosby and co-workers
other hand, study of Ru(bpy3t incorporated into adryrigid ~ [40,41] (AEo—1 = 11cnm ! and AE3—4 = 61.2cm1) and
cellulose acetate film revealed a temperature-dependent deby Hirota et al. A Ex—3 = 11 cnt ! andAEs— = 59 cni?).
activation channel characterized by 84020 cnt! energy Considering the similarities in the electronic structure of
gap and 17 x 10’ s~1 frequency[37]. In addition, there is  [Ru(bpy)(CNY]?~ and [Ru(bpy3]?* complexes, the nearly
direct spectroscopic evidence for an additional MLCT state same differences between their three low lying triplet
of [Ru(bpyk]?t appearing at 65& 130cnT! above the MLCT states and the energy barrier between InLCT

low lying three MLCT state§38]. Sykora et al. investigated and 4"MLCT of [Ru(bpy)]?" a AEan = 610-850 cmt

the temperature dependence of the lifetime for a series ofcan be predicted for tetracyano complex.

ruthenium(ll) complexes containing bipyrazine and substi-  On the other hand, for the second temperature dependent
tuted bipyridine ligands in propylene carbon§28]. Using decay, as the cyanide ligand has stronger field than bpy an in-
Eq. (4) they estimated 1400cm< AE < 1860cm? crease in ligand field splitting betwees &ind ¢ is expected
with pre-exponential factors of @ x 10°-1.3 x 10°s~1 for by the replacement of two bpy with four cyanides. For the
three different complexes. By extending the temperature energy barrier between tRMLCT and3dd 3560 cntt [21]
range, very good fitting was obtained using equation con- and 3665 cm! [42] were found in aqueous solution at room
sists of two thermally independenkyf and ky) and two temperature, hence it is reasonable to assumeFgy >
thermally activated deactivation channels. The rate of the 3700 cnt? for [Ru(bpy)(CN)]~.

latter two pathways are determined by the pre-exponential Although the temperature range is limited for methanol as
factor and activation energy. This procedure resulted in solvent we have made an estimation kgy Asih, AEat and

At = 8x 1P s T with A Ean, = 706—-736 cmit andAgq = AEgq by fitting Eq. (3) to temperature dependent lifetime

9 x 101314 x 10s™1 with AEqq = 4632-4720cm?. data and by keepingqq as constantl.5 x 10'%). The data
Our data derived by fitting oEq. (4) to temperature de-  (Table 2 resulted in by this procedure confirm the sensitiv-
pendent lifetimes are very similar to that was obtained ity of kg andAs, to deuteriation of solvent OH group. The
by Sykora et al. for Ru(bpzfdmb¥*, Ru(bpzy(dmb}+ efficiency of the deactivation by thermally independent
and Ru(bpzy(bpy)?™ complexes (bpz= 2,2-bipyrazine, channels decreases from 0.54 to 0.33 between 255 and 310K
dmb = 4,4-dimethyl-2,2-bipyridine). Hence it is reason-  while the efficiency of the process througH'MLCT in-

able to assume two different temperature dependent deacticreases from 0.45to 0.61. It means that the second thermally
vation channels for [Ru(bpy)(CN)?~ complex, which can dependent decay pathway has very small efficienay.Q1)

be predicted by other experimental data. at 255K, and it reaches only 0.04-0.09 value at 310K as it
Table 2

Photophysical parameters estimated by fittieg (3)to temperature dependent lifetime data and using quantum yield data measured at various temperature
Solvent koh x 1074 (s71) knr x 1078 (s71) Agh x 1078 (s7D) AEsn (cm 1) Aqd x 1071 (s AEgq (cm™ 1)

CH3OH 3.8+ 0.3 6.04 4.85 790 15 4100

CH30D 42+03 3.50 2.50 788 15 4260

CDs0OD 43+ 04 3.54 2.55 791 15 4060
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has been predicted by the reasonable good fitting obtained

by theEq. (4)

It is important to note that those two deactivation chan-
nels are found to be sensitive to the solvent deuteriation,
which involve states coupled weakly with tRMLCT ex-

cited state. For nonradiative decay, the excess energy of the

excited state is channeled into the acceptor modes of com-
plex and solvent. The dominance of medium frequency ac-

ceptor mode (or average mode) in this process is generally
accepted for ruthenium(ll) diimine complexes and the rate

constantky, for hiw = he' and forhw > kgT is given by

Eqg. (5) [9]in which the solvent is treated classically.

/

SU
D exp(—Sw)
V'
U/
(JAGO| — vhw — Ag)?

4.0RT }

In this equationy is the vibrationally induced electronic
coupling matrix elementyq is the solvent reorganizational
energy andAGY is the free energy change of the process.
The energy gap law frorq. (5)with Eg = (AG® — 1g) >
Show andhe > kgT is given by

2
+< ) )LokBT:|

exp[
(6)

whereCy = Vi(2/hwy)Y? andy = In(Eg/Shw) — 1. The

Franck—Condon analysis of the emission spectra indicate
that the deuteriation of the solvent OH group does not
lead to significant change either in the energy gap and in
the electron vibration coupling constant or in the solvent

2 Vi

| R S—
TR (4raRT)1/2

% exp[— (5)

TTwy C,f

~ (2nhwEg)l?

vEo
_g -
hw

r+1
ho

knr

reorganizational energy. Hence a considerable decrease in}

electronic coupling tern€; due to the solvent deuteriation

is concluded. For Ru(ll) diimine complexes a quite large

spin-orbit coupling has been proved. Thus, the electronic
states have substantial contributions from both singlet and
triplet components and all states should interconvert quite
rapidly without significant problems in intersystem cross-

ing. The influence of solvent deuteriation on this coupling

can be excluded. On the other hand, the effect on the
vibrationally induced electronic coupling matrix element

M. Kovacs, A. Horath/Journal of Photochemistry and Photobiology A: Chemistry 163 (2004) 13-19

7' (bpy) by 7'(CN) /R
P “ - % Q
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< N \
OeN % H
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Scheme 1.

cyanide ligands $cheme 1L In the ground state, there is
a strong back bonding to the cyanide ligand resulting in a
decrease in thecy and the increase in the donor strength
of the nitrogen atom related to that of the free TNDn the
other hand, the formation of the hydrogen bond between
the solvent and the coordinated cyanide ligand results in an
increase ofvcn which influences the vibration modes of
bpy via interaction of a(tyg) with 7* orbitals of both bpy
and CN". In the MLCT excited state, Rli(bpy*~) leads to

an increase of theadcharacter of the Ru—CN bond and its
polarization to the metal center. Due to the hole r([u)
created by the excitation themwdw*(CN) back bonding
decreases resulting in an increase ofithg.

4. Conclusions

The results presented in this contribution provide further
experimental evidence of the hydrogen-bond determined
specific solvent—solute interaction controlling the decay of
the lowest energy MLCT excited state of [Ru(LL)(Ci{#~
complexes.Scheme lillustrates a reasonable mechanism
for coupling the solvent modes with the quantum modes of
he complex. The vibration modes of the solvent molecules
coupled through the hydrogen bond between the nitrogen
atom of the coordinated cyanide ligand and the solvent
molecule leads to a perturbation on the electronic coupling
matrix element.
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