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Abstract

The photophysics of three complexes of the form Ru(bpy) 1 _,(pypm) o (where bpy =2.2"-bipyridine, pypm = 2-(2'-pyridy! ypyrimidine
and p=1, 2 or 3) was examined in H,O, propylcne carbonate, CH .CN and 41 | (v/v) CyH;OH-CH,0H; comparison was made with the
well-known photophysical behavior of Ru(bpy) 22*. The lifetimes of the luminescent metal-to-ligand charge transfer (MLCT) excited states
were delcrmined as 3 function of lemperature (between — 103 and 90 °C, depending on the solvent), from which were extracted the rate
constants for rafiadive and non-radiative decay and AE, the energy 3ap between the MLCT and metal-centered {MC) excited staies. The
results indicate that *Ru(bpy).{pypm)** decays via a higher lying MLCT state, wheneas *Ru( pypm)3* and *Ru(pypm),(bpy)** decay
predominantly via the MC state, © 1997 Elsevier Science S.A.
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1. Introduction

The photophysics of Ru(I1) complexes containing 2-(2'-
pyridyl)pyrimidine (pypm) and 2,2'-bipyridine (bpy)
ligands has been examined in organic solvents [ 1]. Because
of our interest in Ru(II) photosensitizers containing N-jlet-
eroatoms on the periphery of the ligands, such as 2,2"-bipyr-
azine {bpz) and 2,2-bipyrimidine (bpm), which enable the
complexes lo 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
behavior of Ru(bpy).(pypra)?*, Ru(pypm),(bpy)** and
Ru(pypm)+** inaqueous solution [ 14]. In order to use these
complexes as photosensitizers in neat and mixed solvents, it
is necessary to know the details of the kinetics of decay of
the me.’-to-ligand charge transfer (MLCT) excited states
and their temperature dependence.
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In this study, the phoiophysics of three complexes of the
form Ru(bpy}; - ,{pypm),”*, where p=1, 2 or 3, wasexam-
ined in H,0, propylenc carbonate, CH;CN and 4 : 1 (v/v)
C,H;OH-CH;CH as a function of temperaiure; comparison
was made with the well-known photophysical behavior of
Ru(bpy),*".

2. Experimental details

2.1. Mazerials

2+

Ru(bpy)a(pypm)**. Ru(pypm),(bpy)*" and Ru{py-
pm);> ", as their PF,~ salts, were synthesized as described
previousty [1]; for convenience, these complexes will be
referred to as yyp, ppy and ppp respectively. Ru(bpyy;* "
{yyy) was available in our laboratory supplies. Propylene
carbonate { Aldrich} was {ractionally distilled three times.
CH,CN (Baker. high performance liquid chromatography
(HPLC) grade), CH,OH (Mallinkrodt, spectrophotometric
grade) and C,;H;OH (Pharmco) were used without further
purification. Aqueous solutions were prepared from doubly
distilled water that had been passed through a Millipore puri-
fication train.
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2.2. Equipment

Absorption spectra were obtained with a Hewlett Packard
8452A diode array spectrophotometer. Emission spectra and
quantum yield measurements were performed at ambieni
temperature (25 °C} or Ar-purged solutions using an SLM
phase-shift spectrofluorometer (A, =450 nm); corrections
of the emission specira for the phototube response were made
by the program supplied with the instrument. The values of
the quantum yields of emission were obtained relative to that
of Ru(bpy)s”* in the solvent of interest {15]. Emission
lifetime measurements were performed using an Nd:YAG
pulsed laser (A, =532 nm; 100 mJ per pulse) and ared filter
in fiont of the monochromator siit; details of the apparatus
have been described previousty [ 16]. The ouiput voltage of
the photomultiplier (Hamamatsu R928) was controlled to
praduce a linear response, and the data were averaged for 20
shots.

2.3, Prucedurer

In the hifeume cxperiments, all solutions (Ar-purged or
air-equilibrated) were contained in lemX1cmor2 emX |
cr ceils: in e latler case, they were excited along the shorter
path and interragated along the longer one, The temperatuve
of the zolutions was controlled in the range (5-90) +£0.1°C
with a thermostatically maintained circulating water bath;
helow 5 °C, the temperature was esiablished with an Oxford
Inswruments controller ( +1 °C) connected to 2 liquid M,
cryostat. Excited state lifetimes (7,) were determined as a
furction of temperaiure on Ar-purged solutions (H,O,
CH.CN, propylene carbonaie, 4:1 (v/v) HOH-
CH,OH} containing approximately 10 pM of complex
{ Ao =630 nm). Values of the first-order rate consiam of
excited stete decay (K= 1/ 1) were obtained fro. the aver-
age of three duplicate solutions at cach temperature; meas-
urernents were repeated at least three times on different days
with good agreement ( +53%).
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3. Results
3.1. Temperature dependence of excited state lifetimes

The emission maxima (A, )}, quantum yields ( @,,,) and
To values in all four solvent systems are given in Table 1; the
corrected emission spectra in aqueous solution are shown in
Fig. 1. The values of ¢, for all three pypm complexes in
CH;,CN are lower than those previously found in this solvent
[ 1], although the value for ppp is in reasonable agreement
with that reported carlier [17]. In general, A .. €., and =,

Table 1
Values of Amas. P and 7, 35 2 function of the solvent at 25 °C

Complex Apga {0} * ¢, Ty ()
H,0

ppp 630 0019 0.18
PRY 647 0.0049 0.14
yyp 661 00031 0.086
yyy 617 D.042¢ 0.58
Propylene carbonate

pppP 518 0.013 0.18
PRy 632 0.038 3.36
¥¥p G4 0070 0.36
yyy 617 0071 098
CH.CN

PP 614 0.0065 0.12
PPY 623 2.0097 04.36
yyp ! 0.023 0.39
¥yyy 618 0.062¢ 0.50
4: 1 CHOH-CH,0h

PRP 616 0.0030 0.15
PRy 630 0.0046 0.31
Y¥p 641 0.012 0.35
yyy 508 00424 068

* From cormected specira,

"Error, +10%:; A, =450 nm.

¢ P, from reference compound in specific solvent {15].
4 o, assumed to be the same as in water
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Fig. &. Camected emission spectra in aqueous solution at 25 °C: yyy (-~ -}, yyp (

Lppy {---).ppp (- - - )
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increase in the order ppp < ppy <yyp: however, in H0, 7,
increascs in the opposite order. In all solvents, yyy exhibits
the largest values of @, 2nd 7, and among the lowest values
of Apa.. The temperature dependences of 7, were determined
in the range — 103-90 °C as appropriate for the four solvent
systems, The results are given in Table 2.

Table 2

Temperature and solvent dependence of 7,

) T (RS}
¥yy ¥ypP PRy PPP
H,O
5 0.704 0.050 0.148 0.214
] 0.667 0.092 (1146 0.228
15 0649 0.089 0.146 0198
20 0633 0.090 0.142 0.196
25 03578 0.082 0.144 0.176
35 0.505 0.079 0.128 0.136
40 0474 0.075 0121 0.120
45 0420 0.076 0120 0.108
50 0372 0.076 0.112 0.089
55 0.322 0.075 0.100 0.072
65 0.246 0.071 0.086 0.054
15 0474 0.073 0.081 0.037
80 0.140 0.065 0.072 0.029
%0 0.106 0.067 0.063 0.024
CH,CN
~33 1.85 0578 0.787 112
-8 178 0.662 0.757 1.02
-3 172 0671 0.699 0306
5 1.39 0.440 0.538 0.338
L] 1.25 0438 0474 0258
15 1.19 0448 0.431 0.200
20 1.03 0428 0.400 0.157
25 0.900 0.394 0.356 019
35 0.621 0.376 0.262 0089
45 0.405 0.306 0.183 0.052
35 0.250 0.283 2.125 0.035
Propylene carbonate
-33 159 0.515 0.69%4 0.847
—18 1.51 0.515 0629 0.794
-3 145 0513 0.552 §.666
5 137 0.389 0.485 6.370
10 1.28 0.380 0532 0.298
15 119 0.365 0459 0.270
0 168 0.382 0.39% 0219
25 0.962 0.362 0.355 0178
3 0725 0.338 0 0.108
45 0.500 0.313 0177 0.050
55 0.333 0.250 0119 0.034
4: 1 C,H;0H-CH,CH
- 103 1.72 0.393 0.58s
.z 182 0.397 0617 0.606
-63 1.85 C.397 0617 0602
—43 178 0,395 0.568 0588
=23 1.712 0.395 0.54% 0.588
-3 1.67 .39 03532 0.555
5 1.27 0.395 0424 0332
10 112 0.391 0.395 0.265
15 0.980 0,330 0.333 0.230
20 0813 0.362 0.292 0.192
25 0.685 0.346 0.274 0.151
15 0444 0316 0.205 0.0%8
45 0284 0257 0.139 0.062
55 0.181 0.199 Q.093 0.0

4. Discussion
4.! Photophysics

The general modet of the photophysics of Ru{If} com-
plexes involves excitation into the MLCT manifold, relaxa-
tion 1o the luminescent MLCT state and deactivation of the
latter via radiative and non-radiative decay to the ground siate
in competition with thermally activated up-conversion o the
metai-centered { MC) excited state: this latter state can repo-
pulate the MLCT state. deactivate to the ground state or
undergo chemistry to yield photoproducts [ 1,18-24].

mﬁd ]
manifol
n MC
luminescent /
MLCT k.
nu kg K, .
Koe
ground stae

The lifetime data obtained experimentally can be fitied
most satisfactorily 1o Eq. (1)

k()=l/7[|=k|+k2 exp(—AE/kT) (i)

where k) = k4 + Kk, and &> exp( — AE/KT) =k’ is the overall
rate constant for the population of the MC state. Since
@, =k 1p, atl the information can be obtained from a knowl-
edge of ¢, and the measurement of 7, as a function of
temperature, assuming that k., is independent of temperature.
Since k, is independent of temperature above 120 K for
Ru(Il) polypyridyl complexes, including yyy, this is a rea-
sonable assumption [ 15,23,25-28].

For complexes in which the MC states play a significant
role in dictating the temperature dependence of the lumines-
cence lifetimes, typical values of the parameters in Eq. (1)
are £ ~10° s, ky~10'2-10" 5! and AE~2500-4500
em ' [23]; AE is interpreted as the activation barrier for
MLCT - MC conversion and &' is the rate constant of barrier
crossing. For some mixed chelatv complexes of Ru(Il)
[1.19.20,23,.27-311. Eq. (1) adequately describes the tem-
perature-dependent lifetimes, but the Kinetic parameters are
strikingly different from the values typically found for
MLCT —MC conversion; the absence of photosubstitution
suggesls that MC states are not responsible for the tempera-
wire dependence. It has been proposed for these cases that the
temperature dependence arises from an additional decay
channel involving the population and depopulation of an
additional (**fourth’”) MLCT state [19,20,23,30,31]; typi-
cal values are k, ~ 1055}, k, ~ 10°-10% s % and AE~ 300-
800cm ! [23].

Fig. 2 shows a plot of log &y vs. /T for the pypm com-
plexes and yyy in H,0; similar plots were cbtained for the
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Fig. 2. Plot of log &, vs. 1/T for yyp (@), ppy (#), ppp ( ) and yyy (&)
in H0.

other three solvent systems. A fit of the datato Eq. (1) permits
the evaluation of &,, k., k.., and k,; the values of k, are much
less reliable than those of AE due to the difficulties inherent
in the fitting of linked pre-exponential and exponential terms
to a restricted number of points over a limited temperature
range, which is unavoidable for these solvent systems. These
limitations restrict the absolute numerical significance of the
values of k, and AE, but the relative values, and hence the
treads, remain significant.

Literature values were reproduced for ppp in 4:1
C,H;OH-CH,0H [1]. In addition, our determination of &,
for Ru(bpm);** as a function of temperature in 4: 1
C,H;O0H-CH,0H yielded values of k,, &, and AE that were
similar to those obtained for ppp, as may be expected because
of the similarity of the ligand structures.

For poy in 4 : | C,H,0H-CH,0H, significantly different
values of &, and AE were obtained than reported in the liter-
ature [ ). The error does not lie in the nature of the fitting
programs used since the literature parameters are obtained if
the literature data are used. Furthermore, the error is not a
result of a discrepancy in the values of k,, 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 of k; and AE; in exper-
iments of this type, it is necessary to make the temperature
range as large as possible, consistent with the nature of the
solvent systems used.

For yyp, the weak temperature dependence of &, does not
permit &, or AE to be calculated with confidence from Eqg.
(1). Instead, an alternative approach was taken for this com-
plex, whereby £, and AE were estimated from the Arrhenius
equation in thc manner of Kawanishi et al. [ 17]; the values
are of the order of 167 s* and 500 cm ™! respectively, with
a good fit in H,O, but a less satisfactory fit in propylene
carbonate and CH,CN. In 4:1 C,;H,0H-CH,;0H, a non.

linear Arrhenius plot was found, making the values of k; and
AE for yyp in this solvent unobtainable.

A similar behavior of the photophysical paramerers has
been reported for other heteroleptic bpy systems with the

Table 3
Mhotaphysical par 3 of pypm complexes and Ru(bpy).**
Compiex k, 'S ke ['" AE
(0*s=Yy (s~ (10°s™  (H*s™") {em™ '}
H.o
ppp 32 1x10" 10 il 3200
ooy 6.3 ax10" 034 6.3 2700
y¥p 10 4x10" 036 10 300
yyy td axw? 018 13 3800
Fropyletw carbonate
pep L0 ox10" 073 093 3900
oy 16 X104 11 15 4000
yyp 17 X1 19 1.5 440
yYY 0.64 IX10% 074 0.57 4000
CH.CN
PP 04 IX10% 055 0.31 3000
oy 13 110" 027 13 3300
yyp 13 510" 058 12 600
yyy 036 IXW0H 069 0.4 4200
4: | CH,OH-CH,0H
ppp 1.6 1x10¢ 020 L6 3500
Ry L7 Ix10" ols L7 3400
yyp 25 034 23
Yy 055 1IX10" 061 049 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 daes 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 fiuid solu-
tion; this point is well established in the literature [23].

The values of k; 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 [1], the
exiended temperature range utilized in this study shows that
the decay follows the MC mechanism.

Insight into the possiblie 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 Sykora and Kincaid [29], who examined the
exciled staie decays of the corresponding bpz and bpy com-
plexes in propylene carbonate. In Ru{bpz),®*, the
MLCT «» MC energy gap is sufficiertly small, allowing this
pathway to dominate. For Ru(bpy).(bpz)**, where two of
the bpz ligands are replaced by the relatively strong field bpy
ligand, the MC state is sufficiently destabilized so asto render
it inaccessible, shifting the decay mechanism to the “‘fourth’’
MLCT state. As noted earlier [19], the parameters for
Ru(bpz),(bpy)** are intermediate to the other members of
the series, which may reflect the participation of both ther-
mally accessible upper states. Other heteroleptic Ru(1) com-
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Fig. 3. Plot of log k,. vs. E.., for the complexes in H.O (@), propylene
casbonate (M), CH,CN ( ¢ ) and 4 : | C;H,OH-CH,0H (A).
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Fig. 4. Barclay-Butler plot (log ks vs. AE) for the complexes in H»O (@),
propylene carbonate (M), CH.CN (#) and 4 : 1 C;H.OH-CH,OH {A&),

plexes with two bpy ligands apparently decay via the
**fourth’ MLCT state [ 19,20,23,30,31], whereas yyy decays
via the MC state [23].

The effect of the solvent on &, can be discussed in terms
of the energy gap law for radiationless transitions, which
predicts an exponential dependence of k, on the emission
energy (E,q) [18,19,22-24]. A linear relationship between
log k.. and E,,, for metal complexes has been verified with a
serics of relaied chromophores in a common solvent [22],
and for the same chromophore in different solvents [ 15,24].
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 of £, values.

Similarly, solvent effects on k., are also related to E,,, by
the Einstein coefficient for spontancous emission, which pre-
dicts that k.q should vary as the cube of £, if the dipole
mairix clement for the transition is constant [33]. Since the
range of E,, for the complexes in the solvent systems is small,
k- 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 uncertainties in the values of k,, a plot of
log k, vs. AE is linear (Fig. 4); a similar relationship has

heen found previously for an extended series of mixed-ligand
and tris complexes of bpz, bpm, bpy and pypm in propylene
carbonate and 4 : 1 C,H,OH-CH,0H [1]. This lincar Bar-
clay—Butler correfation indicates that an increase in the acti-
vation energy is accompanied by an increascd demsity of
vibrational leveis at the point of the crossing of the barrier,
thereby opening up a larger number of deactivation channels
[34].
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