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Abstract 

The photophysics of three complexes of the form Ra(bpy) ~_p(pypm)~, 2+ ( where bpy ~ 2,2'-bipyridine, pypm ~ 2- ( 2'-pyridy D pyrimi~r~ 
and p = I, 2 or 3) was examined in H20, propylene carbonate, CH~CN and 4 : I I v/v) C~.HsOH--CH~OH; comparison was ma~  with the 
well-known photophysieal behavior of Ru(bpy) f~ *. The lifetimes o[ the luminescent metal-to-ligand charge transfer (MLCT) excited s~a~es 
were determined as a function of temperature (between - 103 and 90 °C, depending on the solvent), from which were extracted the fa~¢ 
constants tot r.~6ia~ive and non-radiative decay and AE, the energy gap belween ~_he MLCT and metal-centered (MC) excited states. The 
results indicate that *Ru{bpy)2{ pypm) :+ decays ~a a higher lying MLCT state, ~vhereas *Ru(pypm)~ + and *Ru(pypm)2(bpy) ~+ decay 
predominantly via the MC state. © 1997 Elsevier Science $.A. 

Keyword~: Energy gap; E~tcilcd states ~, Photophysics; Ruthenium comptexes 

!, Introduction 

The photophysics of Ru(II) complexes containing 2-{ 2'- 
pyddyl)pyrimidine (pypm) and 2,2'-bipyridine (bpy) 
llgands has been examined in organic solvents [ ! ]. Because 
of oar interest in Ru(II) phatosensitizers containing N-het- 
eroatoms on the periphery of the ligands, such as 2,2'-bipyr- 
azifte (bpz) and 2,2'-bipyriJaidine (bpm),  which enable the 
complexes to undergo protonation in the ground and excited 
states and in the one-electron-reduced forms [2-13] ,  we 
recently investigated the acid-base and electrochemical 
beha','ior of Ru(bpy)z(pyp~a) 2+, Ru(Pypm)2(bpy) 2+ and 
Ru(pypm).~ ÷ i~J aqueous solution [ 14]. In order to use these 
complexes as photosensitizers in neat and mixed solvents, i~ 
is necessary to know the details of the kinetics of decay of 
the m~,z~-m-ligand charge transfer (MLCT) excited states 
and their temperature dependence. 
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In this study, the photophysics of three complexes of the 
form Ru(bpy)3_p(pypm)p 2 ~, wherep = !, 2or 3, was exam- 
ined in H_,O, propylene carbonate, CHsCN and 4 : I ( v /v )  
CzHsOH---CH~OH as a function of temperature; comparison 
was made with the well-known photophysical behavior of 
Ru(bpy)32+. 

2. Experimental  details 

2. I. Materials 

Ra(bpy)_4pypm) "~÷. Ru(pypm):(bpy)  2.  and Ru(py- 
pm)~ z +, as their PF6- salts, were synthesized as described 
previously [ i ]; for convenience, these complexes will be 
referred to as yyp, ppy and ppp respectively. Ru(bpy)~ z~ 
(yyy) was available in our laboratory suppIies, Propy|er~ 
carbonate (Aldrich) was fractionally distilled three times. 
Ct-I~CN (Bake,'. high perlbrmance liquid chromatography 
( HPLC ) grade ), CHzOH ( Mal[i nkrodt, speetropbolon~tric 
grade) and C2HsOH (Pharraco) were used without further 
purification. Aqueous solutions were prepared from doubly 
distilled water that had been passed through a Millipore puri- 
ficatiou train. 
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2.2. Equipment 

Absorption spectra were obtained with a Hewleti Packard 
M52A diode array sFectrophotometcr. Emission spectra and 
quantum yield measurements were performed at ambien;. 
temperature (25 °Ct on Ar-purged solutions using an SLM 
ph~se-shiR spectrotluorometer (g,~ =450  rim): ,,orrections 
of  the emissio~ spectra tb~ the phototube response werc made 
by the program sopplied with the instrument, The values of  
I1~ quantum yields oferaission were obtained relative to that 
of  R u { b p y ) f  "+ in the solvent of  interest [151. Emission 
liletime measurements were performed using an Nd:YAG 
pulsed lascr (2t~ = 532 rim; 100 mJ per pulse) and a red filter 
in front of  the monochromator slit; details of  the apparatus 
have been described previously [ 16]. The output voltage of 
the photomultiplier (Hamamatsu R928) was controlled to 
produce a linear response, arid the data were averaged for 20 
shots. 

3. Results 

3.1. Temperature dependence of excited state lifetimes 

T h e  emission maxima (A,,.~), quantum yields (qbem) and 
~'o values in all four solvent systems are given in Table I; the 
corrected emission spectra in aqueous solution are shown in 
Fig. I. The values of 4~o,~ for all three pypm complexes in 
CH3CN are lower than those previously found in th is  solvent 
[ l ], although the value for ppp is in reasonable agreement 
with that reported earlier [ 17|.  In general, A ..... ~,~  and ~ 

Table I 
Val~es of A~,, 'Peru and ~, as a function of Ih~ solvent at 23 °C 

Complex ,i~,. (am} " ~,,," It ( ~ )  

H~O 
ppp 630 0.019 
ppy 647 0.0049 

2.3. Procedures yyp fi61 0.0031 
yyy 617 0.042 " 

tn the li!¢time expcr i~neats,  all solutions (Ar-purgcd o r  Propylene carbonate 
air-equilibrated) were contained in 1 cm X I cm or 2 cm X I PPP 618 0.013 
cm cC.l:~; in the lata-r case, they were excited along the shorter PP> 632 0.038 
path and interrogated aloog the longer one. The temperature YYP 642 0.070 

yyy 617 0.071 " 
of the solutions lt'~ts conLroll~d in the range (5-90) 5=. 0. I °C CH,CN 
with a thermostatically maintained circulating water bath; ppp 614 0.0065 
he!ow 5 °C, the tem~raturc wa~ established with an Oxford ppy 623 0.0097 
Instruments controller ( + l =C} connected to  a liquid N: YYP 64; 0.023 

yyy 61S 0.062 ~' 
cryoshat. Excited state lifetimes ( ~ )  were determined as a 4: l CzH,OH-CH Oh 
fupetion of telaperature on At-purged solutions (H:O, POP 616 0.0030 
CH.~CN~ propylene :arbonate, 4 : 1  (v /v )  C.J-:I.sOH- ppy 630 0.0046 
CH~OH) containing approximately lO p.M of complex YYP 641 0.ol2 
( A ~ , .  = 630 nm ~. Values of the first-order rate constant of  YYY 60g 0.042 a 
excited sw,~ decay (ko = l / % ) g, ere obtained fruit, the aver- 
age of three duplicate solutions at each temlmrature; m e ~ -  
uromcnts were repeated at least three times on dift:crenl days 
with good agreement t _+ 5%). 
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increase in the order ppp<ppy <yyp; however, in H20, % 
increases in the opposke order. In all solvents, yyy exhibits 
the largest values of ~ end %, and among the lowest values 

of Am,:,. The temperature dependences of ¢o were de~elmined 
in the range - t03--90 °C as appropriate for the four solvent 
systems. The results are given in Table 2. 

Table 2 
Temperature and solvent dependence of % 

) I"~C} % (la,st 

y y y  yyp ppy ppp 

4. Disc~qon  

4. ! Photophysics 

The general model of the phetophysic, s of Ru(II) com- 
plexes involves excitation into the MLCT m~ifold, relaxa- 
tion ~.o the luminescent MLCT sl,~e ae, d deactivalion of ~e 
latter via radiative and non-radiative decay to theground sta~ 
in competition with thermally activated up-convers/on go the 
metal-centered (MC) excited state: this latter state can rep~- 
pulate the MLCT state, deactivate t.o the ground sta~ or 
undergo chemistry to yield photoprnducts [ I,[8--241. 

H,o 
5 0.704 o.09J 0.148 0.214 

I0 0.667 0,092 0,146 0.228 
15 0649 0.089 O. 146 0, I98 
20 0,633 0.1190 O, 142 O. 196 
25 0.578 0.082 0.144 0.176 
35 0,505 0.079 0.128 0.136 
40 0,474 0.075 0.121 0.120 
45 OAt20 0,076 0.120 0.108 
50 0,372 0.076 0.112 0.089 
55 0.322 0.075 O. 100 0.072 
65 0.246 0.071 0.086 0.054 
75 0.174 0.073 0.081 0.037 
80 0.140 0.065 0.072 0,029 
90 0.106 0.067 0.063 0.024 

CH~CN 
- 33 1.85 0.578 0.787 1. I 2 
-- I S 1,78 0.662 0,757 1,02 
- 3 1.72 0.671 0,699 0806 

5 1.39 0.440 0.538 0.338 
I 0 1 . 2 5  0.438 0.474 0.258 
i 5 I, 19 0.448 0,431 0,200 
20 1,03 0.429 0,400 0,157 
25 0,900 0.394 0356 0,119 
35 0.621 0.376 0.262 0.089 
45 0A05 0.306 0,183 0,052 
55 0.250 0.288 0.125 0.035 

Propylene carbonate 
- 33 1,59 0.515 0.694 0,E47 
- t 8 1,51 0.515 0.629 0.794 
"" 3 1,45 0,515 0.552 0.666 

5 1.37 0,389 0,485 0.370 
I0 1.28 0,380 0532 0.298 
15 1,19 0.365 0.4~9 0,270 
20 !~08 0,382 0.39tl 0,2.19 
25 0,962 0.362 0,355 0,178 
35 0,725 0338 0273 O. 108 
45 0.5~0 11.313 0.177 0.050 
55 0.333 0.250 0,119 0,034 

4 : ! C,H:~OH-CH~OH 
- 103 1.72 0.398 0,585 

- 83 1.82 0.397 0,611 0.606 
- 63 1.85 0.397 0.617 0.602 
-43 1,78 0,395 0,568 0,588 
- 23 1.72 0.395 0,549 0.588 

- 3 1.67 0.394 0.532 0.555 
5 1.27 0.395 0.~124 0,332 

10 I. 12 0.391 0,395 0.265 
15 0.980 0,3;~0 0.333 0.230 
20 0.813 0.362 0.292 0_ 192 

0.685 0.M6 0,274 0.15I 
35 0.444 0.316 0.205 0.096 
45 0.284 0.257 0.139 0.062 
55 O. 181 O, 199 0.093 0.1140 

MLCT 
m~mfold i ~ ~  MC 

The lifetime data obtained experimentally can be fitted 
most satisfactorily to Eq. ( 1 ) 

ko = 1/¢, :- kl +k  2 e x p ( - A E / k T )  ( I ) 

where kt = k,~ + k~ and kz cxp( - AE/kT) ffi k' is the overall 
rate constant for the populatio~ of the MC state. Since 
ok,, = k,l" o, all the information can be obmi~d from a knowl- 
edge of ~¢m and the measurement of ~ as a fuactio~ of 
temperature, assuming thatk,~ is independent oftempem~u~. 
Since kt is independent of temperature above 120 K for 
Ru(tI) polypyridyi complexes, including yyy, this is a rea- 
sonable assumption [ 15,23.25-28]. 

For complexes in which the MC stales play a slgnific-,mt 
role in dictating the temperature dependence o f t k e  lumines- 

cence lifeticnes, typical values of the parameters in Eq. ( I ) 
are k j~10  f' s - j ,  k.,,'- 10tz-10 b~ s -I  and AE--.2500-4500 
cm -~ [23]; AE is interpreted as the activation barrier for 
MLCT ~ MC conversion and k' is the rate constant of barrier 
crossing. For some mixed chelat,, complexes of Ru{II) 
[ 1,19,20,23027--311, Eq. { 1 ) adequately describes the tem- 
perature-de~ndent lifetimes, but the kinetic parameters are 
strikingly different from the values typically found for 
MLCT--* MC conversion; the absence of photosubsfitution 
suggests that MC states are not responsible for the tempera- 
ture dependence. It has been proposed for these eases that the 
temperature dependence arises from an additional deeay 
channel involving the population and depopulation of an 
additional (" four th")  M L C T  slate [ 19,20,23,30,31 ]; typi- 
cal values are kt ~ I0 ~ s -  t, k2 ~ 10a-lO s s -  ~ and AE~ 
800era ~ l  [231. 

Fig. 2 shows a plot of log/co vs. i I T  for the pypm com- 
plexes and yyy in H20; similar plots were obtained for 
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Fig. 2+ Plot of  log/~j vs. I / T  for yyp ( " ) ,  ppy ( I ) ,  ppp ( 4. ) and yyy ( & )  
in H20. 

other three solvent systems. A fit oftbe dam to Eq. ( I ) pem3its 
the evaluation of/c~, k2, kn~ and k~; the values of k2 are much 
less reliable than those of AE due to the difficulties inherent 
in the fitting of linked pro exponential and exponential terms 
to a restricted number of points over a limited temperature 
range, which is unavoidable for these solvent systems. These 
limitafiom restrict the absolute numerical significance of the 
values of k 2 and AE, but the relative values, and hence the 
trends, remain significant. 

Literature values were reproduced for ppp in 4 : 1  
C2H~OH--CH3OH [ ! ]. In addition, our determination of ko 
for Ru(bpm)~ "+ as a function of temperature in 4:  L 
C2H~OH--CH~OH yielded values of kl, kz and AE that were 
similar to those obtained for ppp, as may be expected because 
of the similarity of ~he ligand structures. 

For ppy in 4 : ! CzHsOH--CH3OH, significantly different 
values of/c, and AE were obtained than reported i~ the liter- 
atarc [ I | .  The error does not lie in the nature of the fitting 
programs used since the literature parameters arc obtained if 
the literature data are used. Furthermore, the error is not a 
result of a discrepancy in the values of k o, which are similar 
to those in the literature over the same temperature range. 
Rather, the range was extended to higher temperatures in this 
study, which yielded different values ofk2 and AE; in exper- 
iments of this type, it is necessary to make the temperatu~ 
range as large as pos-~ihle, consistent with the nature of the 
solvent systems used. 

For yyp, the weak temperature dependence of k o does not 
permit k, or AE to be calculated with confidence from Eq. 
( I ). Instead, an alternative approach was taken for this com- 
plex, whereby k~ and AE were estimated from the Arrhenius 
equation in the manner of Kawanishi ctal. [ 17]; the values 
are of the order of 10 ~ s- t and 500 cm- t respectively, with 
a goad fit in H:O, but a less satisfactory fit in propylene 
carbonate and CH~CN. In 4 : I CzH~OH-CHaOH+ a non- 
linear Arrhenius plot was found, making the values elk2 and 
AE for yyp in this solvent unobtah,ahle. 

A similar ~havior  of the photophysical parameters has 
~ n  reported for other beteroleptic bpy systems with the 

Table  3 

Photophysical parameters of  pypm ,;omplexes attd Rat  bpy ) j :+  

Complex t ,  t:~ ~ a  /~  AF 

( l ~ s  -L) (~- ' )  (lOSs-~ (10~s -*) (cm ') 

H;"3 

ppp 3.2 I × l0 t~ 10  3.1 32(]0 

PW 63  .'.X 10 il 0.34 6.3 2"/00 

yyp I0 4X 10 ~ 0,36 10 300 

yyy [.4 3×  10 L3 0.75 1.3 3800 

Ptopyl,2o¢ embvnate 

ppp 1.0 9×  10 ~ 0.73 0.93 3 ~  
ppy t.6 2×  1014 IA 1.5 4 ~ 0  

yyp 1.7 2 × 10 '~ 1.9 1.5 440 

yyy 0.64 I × 10 .4 0,74 0.5"/ 4000 

CH+CN 
ppp 0.4 2× 10 ;~ 0,55 O.M 

ppy I..3 t × 10 ~ 027  1.3 3300 

yyp t.3 5 x  10' 0+58 1.2 (sO0 

yyy 0.~6 3 × I0 I~ 0.69 0,49 4200 
4 : t C2H~OH-CHjOH 

ppp L.6 I x 10 ~4 0,20 1.6 3500 

ppy | 3  3X 10 I~ 015  1.7 

yyp 2.5 0,34 2,5 

yyy 0.55 I × I0 l' 0.61 0,49 3850 

same substitution patterns [32]. The values for yyp agree 
with those for other complexes in which the parameters for 
the mono-bpy complex are approximately the same as those 
for the complex which does not contain bpy• 

The photophysical parameters are given in Table 3. The 
values for yyy are in excellent agreement with those reported 
previously [ 10], and indicate that the luminescent MLCT 
state undergoes deactivation via the MC state in fluid solu- 
tion; this point is well established in the literature [23]. 

The values of k2 and AE suggest that the decay of the 
luminescent state of yyp is via a higher lying MLCT state; 
the values of the kinetic parameters for ppp indicate that the 
dominant decay pathway for this complex is via the MC state. 
Although the deactivation route for ppy has been described 
previously in terms of an MLCT mechanism [I],  the 
extended temperature range utilized in this study shows that 
the decay follows the MC mechanism. 

Insight into the possible reason why the MLCT state of 
yyp decays via thermal activation to an upper MLCT state, 
whereas ppy and ppp do so via the MC state, comes from the 
recent work of Sykom and Kincaid [29], who examined the 
excited state decays of the corresponding bpz and bpy com- 
plexes in propylene carbonate. In Ru(bpz)32+, the 
MLCTo MC energy gap is sufficiently small, allowing this 
pathway to dominate. For Ru(bpy)2(bpz) :+, where two of 
the bpz ligands are replaced by the relatively strong field bpy 
ligand, the MC state is sufficiently destabilized so as in render 
it inaccessible, shifting the decay mechanism to the "fourth" 
MLCT state• As noted earlier [19], the parameters for 
Ru(bpz)2(bpy) 2+ are intermediate to the other members of 
the series, which may reflect the participation of both ther- 
mally accessible upped states. Other heteroleptic Ru(ll ) corn- 
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Fig. 3 Plot of logk,= vs. E,~ for the complexes in H;O (~), propylene 
carbonate ( I ) ,  CH~CN (41,) and4 : i CzH~OH-CH~OH (&). 
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Fig. 4. Barclay~Buller plot (log k~ vs. AE) for the complexes in H~O (v), 
propyIene carbonate (1) ,  CH~CN ( ,6 ) and 4 : I C:H~OH-CH~OH ( • ). 

plexes with two bpy ligands apparently decay via the 
" fou r th"  M L C T  state [ 19,20,23,30,31 ], whereas yy y decays 
via the M C  state [23] .  

The effect of  the solvent on k~ can be discussed in terms 
of the energy gap law for radiationless transitions, which 
predicts an exponcntial  dependence of kr~ on the emission 
energy fEe,n) [ 18,19,22-24].  A linear relationship between 
log k,, and Ee,~ for metal complexes has  been verified with a 
sgries of  related ehromophores  in a com m o n  solvent [22] ,  
and for the same  chromophore  in different solvents [ I5,24[.  
A plot of  log k,~ vs. E ~  in the four solvents used here (Fig. 
3)  shows the expected dependence,  albeit over  a relatively 
small  range o f  Ee,, values. 

Sinfilarly, solvent effects on k,~ are also related to E~m by 
the Einstein coefficient for spontaneous emission,  which pre- 
dicts that/G=a should vary as the cube of E~,, i f  the dipole 
matrix e lement  for the transition is constant [33] .  Since the 
range of  E ~  for the complexes  in the solvent sys tems is small,  

is expected to be relatively insensitive to the variation in 
the solvent; indeed, the data in Table 3 show that this is so. 

Despite the large unceHain t i~  in the values e lks ,  a plot of  
log k~ vs. AE is linear (Fig.  4) ;  a similar relationship has 

been found previously for an extcrK~e.d series of mixed-iigax~! 
and Iris complexes of bpz, bpm, bpy and pypm in ~opylen¢ 
carbonate and 4 : I C : H s O H - C H ~ O H  [ 11 .  This linear B ~ x -  

c l a y - B m l e r  correlation indicates ~ha¢ an incrc~¢ in I ~  acti- 
vation energy is accompanied by an increased den~y of 
vibrational Ieveis at the point of the crossing of the barfS, 
th0reby opening up a larger number of deactivatior, cha~¢ls 
[34]. 
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