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The emission lifetime (Tobs) and quantum yield of photoracemization (¢rac) for a series of complexes, [Ru-
(bpy)n(Hdpa)s—n]®*t (n=0—3), were studied in aqueous solution at temperatures of between 20 and 60 °C.
The values of Tops of [Ru(bpy)z2(Hdpa)]** were found to vary around 80—200 ns, depending upon temperature,
while [Ru(bpy)(Hdpa)2)>" and [Ru(Hdpa)s])?>" did not emit at the temperature studied. The photoracemiza-
tion reactions of [Ru(bpy)s])*", [Ru(bpy)2(Hdpa)]**, [Ru(bpy)(Hdpa)z]*>", and [Ru(Hdpa)s]*>" were thermally
activated with ¢rac of (0.1—1.6)x1073, (0.5—6)x 1072, (0.04—0.22)x1073, and (0.1—0.25) x 1072, respectively,
depending upon the conditions. The photochemical behavior of [Ru(bpy)2(Hdpa)]*t was explained by a set of
excited states, which was assumed to include the 3d—7t*bpy, 3d-d*, and 3'n—7t*bpy states. The reactive state,
the 3d—d* state, was thermally yielded from the 3d—7'[*bpy state. The displacement of a bpy ligand by an Hdpa
ligand made the quantum yield of the formation of the 3d—d* state from the 2d—7*y,py state (¢a—a) smaller, and
the intrinsic quantum yield of photoracemization (¢rac(a—a)y) larger. The fact that ¢rac for [Ru(bpy)(Hdpa)2]*"
and [Ru(Hdpa);]*t was smaller than that for [Ru(bpy)s]** and [Ru(bpy)2(Hdpa)]** could be interpreted by
assuming that the displacement of the bpy ligand by the Hdpa ligand diminished the quantum yield of the
formation of the 3d—d* state from the 3d—m*ypy or 3d—m*papa states considerably, due to the bypath from the

2447

Department of Chemistry, Faculty of Science and Technology, Sophia University, Kioi-cho 7-1, Chiyoda-ku, Tokyo 102

3d-m*ppy or 3d~T"gapa states through the *ngapa—7 bpy OF *nHdpa—T" Hapa States to the ground state.

During the last two decades, the photochemical and
photophysical properties of a number of Ru(II)-poly-
pyridine complexes have been extensively studied.»? A
general kinetic model used to explain the observed dy-
namic behavior of excited states of [Ru(bpy)s]** is as
follows.>—% Excitation is followed by a rapid intersys-
tem crossing from the initially formed *d-nt*p,, state to
the 3d-7*yp, state with unit quantum efficiency. The
3d-m*y,py state decays via radiative (ka,), nonradiative
(kag), and temperature-dependent processes. The ther-
mally activated decay has been ascribed to an internal
conversion to a triplet ligand field state, 3d-d*, which
gives rise to ligand substitution and racemization.

The di-2-pyridylamine (Hdpa) ligand differs from the
2,2'-bipyridine (bpy) and 1,10-phenanthroline (phen) li-
gands in that bpy and phen form planar and five-mem-
bered chelate rings with metals, whereas Hdpa forms
a nonplanar and six-membered chelate ring, further-
more, it has a non-bonding electron pair on the amino
nitrogen atom. The absorption and emission spectra
of the series of complexes [Ru(bpy),(Hdpa);_,]*T (n=
0—2) have been reported by Blakley and DeArmond.®
They suggested that for the excited state of [Ru-
(bpy)n(Hdpa)s_,]?* (n=0—2) nonbonding orbitals of
the bridging amino group of Hdpa were involved in the
electronic transition.

The present work describes the photochemistry of
[Ru(bpy),(Hdpa)s_,]?** (n=0—3). The photochemi-
cal properties of [Ru(bpy)s)>* and [Ru(bpy)2(Hdpa)]?*
which emit from the 3d—m*™y,,; state, were studied based
on the behavior of the emission and photochemical re-
action (photoracemization).

Experimental

Materials. [Ru(bpy)s](Cl04)2® and [Ru(bpy)-
(Hdpa)2](CF3803)2" complexes were prepared by methods
described in the literature; [Ru(bpy)z(Hdpa)](ClO4)2 and
[Ru(Hdpa)s}(CF3S03)2 complexes were prepared by meth-
ods described in a previous paper.®) The optical resolution of
the complexes was carried out using SP-Sephadex cation-ex-
change column chromatography with sodium chloride used
as the eluting agent.” The salts of resolved enantiomers were
precipitated from the eluent by the addition of NaClO4 (for
n=3, 2) or NaCF3SO03 (for n=1, 0). The values of Ae of
the enantiomers agreed well with those of the enantiomers
which were resolved by other methods.”

Emission Lifetime Measurements. The emission
lifetimes were measured with a Hitachi-Horiba (NAES-1100)
single-photon counting apparatus. The solutions were deaer-
ated by repeated freeze-pump-thaw cycles. The tempera-
tures of the solutions were controlled to £0.1°C with a cir-
culating water bath. Excitation was at 460 nm by means
of a pulsed hydrogen discharge lamp (10 atm) with 1 ns
pulse duration. The emission decay was monitored at the
maximum of the emission band by using interference filters.

Quantum Yield of Photoracemization. Irradiation
was performed by using a Bausch and Lomb monochrome-
ter along with a 250-W super-pressure mercury lamp and a
thermostated cell holder in which a 1-cm square quartz cell
was housed. The temperature of the solution was controlled
to £0.1°C. The absorption spectra were measured with a
Hitachi (U-3410) spectrophotometer. The CD spectra were
measured with a JASCO (J-500) CD spectropolarimeter.
Solutions of (3—5)x107° mol dm™ complexes in HoO were
used to give an absorbance of about 0.5 for a cell of 1-cm
path length at the irradiation wavelengths (436, 365, and
335 nm). The solutions were deoxygenated with a stream
of nitrogen gas for 30 min or equilibrated with air prior to
irradiation. They were then irradiated for 1-—60 min with
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the desired wavelength while being stirred with a small mag-
netic bar in order to ensure homogeneity. The intensity of
light incident on the solution was determined by using a tris-
(oxalato)ferrate(III) chemical actinometer for every run.'®

Results

Emission Lifetime of [Ru(bpy)z2(Hdpa)]?*.
The emission decay was found to be strictly single-ex-
ponential under all conditions. The temperature depen-
dence of the observed emission life time (7obs) of [Ru-
(bpy)2(Hdpa))?* in a deoxygenated solution is shown
in Fig. 1. The data concerning [Ru(bpy)s]*>* V) is also
plotted for a comparison. The plots were non-linear,
indicating the data did not fit a simple Arrhenius-type
equation. Van Houten and Watts'") have reported that
the temperature dependence of 7,1, of [Ru(bpy)s)?* fit-
ted

(Tobs) ! = k1 + Agexp (—AEy/RT). (1)

The solid curve in Fig. 1 represents the calculated
fit of the data by Eq. 1 with the following parame-
ters: for [Ru(bpy)z(Hdpa)]?*, k=4.54x10° s71, Ay=
17.2x10'3 s7! and AE,=47.8 kJmol™!; for [Ru-
(bpy)3)?t,"Wk; =1.29x108 s71, A;=1.0x10*% s~} and
AE,=42.6 kJmol~1.

Photoracemization. The [Ru(bpy),(Hdpa)s_,]**
(n=0—3) complexes were very stable in solution in the
dark. No changes in the absorption or CD spectra of
the complexes were observed, even after heating at 60
°C for several hours.

T T T T T ™ ]
[
16 1
1
T
£
W
=
15F .
L,
(@]
) r— . I . 1 — 1
3.0 32 3.4
7717107 K1
Fig. 1.  Plots of In(7ops™!) vs. T~' for [Ru-

(bpy)2(Hdpa)]** (@) and [Ru(bpy)s]** ' (O) in
deoxygenated solution. The solid curves were calcu-
lated by Eq. 1 with the following parameters: for [Ru-
(bpy)2 (Hdpa)]?T, k1=4.54x10°% s71, A;=17.2x10**
s7!, and AE,=47.8 kJmol™!; for [Ru(bpy)s]**,'V
k1=1.29x10% 571, A>=1.0x10"% 57", and AE,=42.6
kJ mol ™!,
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[Ru(bpy)2(Hdpa)]?*:  Upon irradiation of both
deoxygenated and air-equilibrated solutions, the CD in-
tensity of the solution decreased, although the spectrum
pattern did not change. Furthermore, the absorption
spectra showed no change in the intensity or spectrum
pattern. This indicated that the complex suffered an
inversion of the absolute configuration without decom-
position upon irradiation under the studied condition.
The racemization kinetics followed a linear relationship,

In ((CD):/(CD)o) = —kt, (2)

where (CD)o and (CD); are the CD intensities at t=0
and t=t, respectively, and k is a rate constant at con-
stant intensity of the exciting light. The rate constant
(k) can be related to the quantum yield for photoracem-
ization (@rac)-

Table 1 shows ¢,,c between 20 and 60 °C. The val-
ues of ¢.ac for an air-equilibrated solution were smaller
than those for a deoxygenated solution, when compared

~at the same temperature. This indicated that the pho-

toracemization was quenched by dioxygen in solution as
well as was the emission.

The values of ¢,,. excited at 436 nm were in good
agreement with those at 335 nm. The excitations at
436 and 335 nm mainly correspond to the excitations
to the d-7*ppy and d—7*napa states, respectively. The
independence of ¢, on the irradiation wavelength sug-
gested that excitations at both MLCT bands gave the
same set of the low-lying excited states, and that racem-
ization occurred from them.

Irradiation of the complex in the presence of free
ligands (bpy or Hdpa) induced no change in the ab-
sorption spectra concerning the intensity or pattern;
therefore, the formation of [Ru(bpy)s]>* or [Ru(bpy)-
(Hdpa)2)** was regarded as being negligible. That
is, irradiation of the complex caused only a racem-
ization reaction without an exchange of the ligand.
Consequently, it is concluded that photoracemization
proceeds via an intramoleculer mechanism under the
present conditions.

[Ru(bpy)s]?t:  The temperature dependence of
brac of [Ru(bpy)s]?t was measured for a comparison
(Table 1). No decomposition was observed under irra-
diation, as in the case of [Ru(bpy)(Hdpa)2)?*. Both the
photoracemization and the emission were also quenched
by dioxygen in solution.

The value of ¢, of [Ru(bpy)s]** reported by Porter
and Sparks was 0.933x1073 at 40 °C,'? which was con-
siderably different from the value found in the present
work (0.65x107%). One of reasons for the difference
is that the molar absorption coefficient used by them
(1.29x10%) was different from that determined in the
present work (1.47x10%).

The values of ¢, excited at 436 nm were larger than
those at 335 nm. The excitations at 436 and 335 nm
correspond to the excitation to the d—m*y,, and m—*
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Table 1. Quantum Yields for Photoracemization of [Ru(bpy)n(Hdpa)s—n]**
(n=0—3) (¢rac) at Various Temperatures and Various Irradiation Wave-
lengths

Temp rac/1073

°C Deoxygenated Air-equilibrated
[Ru(bpy)s)** 436 nm® 335 nm® 436 nm® 335 nm®

20 0.16 — 0.12 —

30 0.34 — 0.22 —

40 0.65 0.52 0.44 0.34

50 1.14 0.90 0.76 0.64

60 1.61 — 1.19 —
[Ru(bpy)2(Hdpa))** 436 nm® 335 nm® 436 nm® 335 nm®

20 0.52 — 0.47 —

30 1.13 — 0.97 —

40 2.13 2.04 1.83 1.76

50 3.61 3.47 3.15 2.96

60 6.03 — 5.23 —
[Ru(bpy)(Hdpa)z]** 436 nm® 365 nm® 436 nm® 365 nm®

20 0.044 . 0.126 0.044 0.121

30 0.046 0.110 0.039 0.106

40 0.056 0.125 0.048 0.104

50 0.081 0.139 0.073 0.119

60 0.115 0.216 0.096 0.199
[Ru(Hdpa)s)** 436 nm® 365 nm® 436 nm® 365 nm®

20 — 0.116 — 0.107

30 — 0.128 — 0.116

40 — 0.160 — 0.153

50 0.132 0.222 0.138 0.207

60 — 0.249 0.243

a) Irradiation wavelength.

states (including the d—d* state slightly), respectively.
The dependence of the quantum yield on the irradiation
wavelength suggested that the excitations at the ligand-
centered transition band (7—7*) yielded the same set of
low-lying excited states with different efficiency.

The absorption spectra of the irradiated sample in
the presence of free ligands did not change in intensity
or spectrum pattern during irradiation. That is, the
irradiation of the complex caused only a racemization
reaction without an exchange of the ligands. There-
fore, as discussed in the case of [Ru(bpy)s(Hdpa)]**
the photoracemization proceeded via an intramoleculer
mechanism. Porter and Sparks have reached the same
conclusion based on their measurement of the activation
energy of the photoracemization.'®

[Ru(bpy)(Hdpa)2]?*: For deoxygenated solu-
tions, the CD intensity of the solution decreased, al-
though the spectrum pattern did not change. However,
the absorption spectrum showed slight changes in the
intensity and spectrum pattern. This indicated that
the complexes suffered an inversion of the absolute con-
figuration along with a slight decomposition upon ir-
radiation; the extent of the change was only slightly
more appreciable at higher temperature. The amount
of the decomposition product was too small to allow us
to identify or determine the quantum yield of its for-
mation. Plots of In (CD) vs. time showed a good linear

correlation. The racemization kinetics followed Eq. 2.
The observed ¢,,., which actually include both racem-
ization and a very small degree of decomposition, are
listed in Table 1.

In air-equilibrated solutions, the complex suffered an
inversion of the absolute configuration along with a
small extent of decomposition upon irradiation. Plots of
In (CD) vs. time were slightly different from those for a
deoxygenated solution, in that the plots showed an ini-
tial small drop followed by ordinary linearity. Although
the reason for this small drop was not clear, ¢, at 20—
60 °C (Table 1) was calculated based on the part which
showed linear plots. :

The presence of free ligands (bpy or Hdpa) did not
much affect ¢.,.. However, a small increase in the ab-
sorbance of a deoxygenated solution at around 460 nm
was observed during irradiation in the presence of bpy,
indicating that the exchange of an Hdpa of [Ru(bpy)-
(Hdpa)2)?>* by bpy probably took place via some Ru-
(IT) aqua complex. In the presence of Hdpa, such an
increase in the absorbance was not observed, which sug-
gested that the coordinating ability of Hdpa was lower
than that of bpy. Furthermore, in an air-equilibrated
solution the absorbance at around 460 nm did not in-
crease. Probably, the intermediate which formed upon
irradiation was readily oxidized to a Ru(III) species,
which usually had a pale color.
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[Ru(Hdpa)s]?*:  In both deoxygenated and air-
equilibrated solutions, the complexes suffered an inver-
sion of the absolute configuration along with a slight
decomposition during irradiation. Plots of In (CD) vs.
time showed a good linear relationship. The values of
¢rac Obtained at between 20 and 60 °C are given in
Table 1.

The presence of free ligands did not greatly affect
@rac. Furthermore, no increase in the absorbance spec-
tra of the irradiated solution was observed. This again
suggested that the intermediate was very easily oxidized
to the Ru(III) species before taking up free ligands to
return to the tris complexes.

Discussion

Excited States and the Decay of the Excited
States for [Ru(bpy)2(Hdpa)]?*. Potential en-
ergy diagrams of the ground and excited states for [Ru-
(bpy)s]** and [Ru(bpy)2(Hdpa)]?* have been proposed
on the basis of the absorption and emission studies by
Blakley and DeArmond.” In their diagrams the lower
excited states of [Ru(bpy)s]** included the 3d-m*yy
and 3d—d* states. On the other hand, the lower excited
states of [Ru(bpy)>(Hdpa)]*" included the 3d—m*gapa
and 3npapa— ppy states, in addition to the above-men-
tioned states.

The photochemical behavior of [Ru(bpy).(Hdpa)]*+
observed in this study can be explained by the mecha-
nisms shown in Scheme 1, which includes the four ex-
cited states. The emission lifetime (7) is expressed as

7 = {ka + kolka/ (ke + ka)] + kelkg/ (ke + kg)]} ™", (3)

where k,=Fkar+kaq and kq=~FKdqq+krac. The observed
emission lifetime of [Ru(bpy)s(Hdpa)?t fits Eq. 1,
which contains only one Arrhenius-type term. Because
the term ky[ka/(k.+kq)] is considered to be an Arrhe-
nius-type term, as is shown in the case of [Ru(bpy)s)**,
the kelky/(ke+kg)] term does not depend on the stud-
ied temperature. Consequently, it follows that the 3d-
T bpy and *ngapa—*hpy states should be almost equal
in energy, and that the surface crossing between the
states has little activation energy. Equation 3 can be
written as

T:{ka‘l'kg,"rkb[kd/(kc+kd)]}_17 (4)

where ky'=ke[ky/(ks+ky)] and k,' correspond to a rate
constant for the deactivation from the *d-r*y,,, state to
the ground state via the 3anpa—7t*bpy state. The fol-
lowing two limiting cases are possible, as was discussed
for [Ru(bpy)s]?t by several researchers.>®) i) When
ka>ke, the decay of the 3d—d* state is much faster
than the repopulation of the 3d-m*™y,,y, state. ii) When
k.>>kq, d—d* state decay is much slower than the repop-
ulation of the 3d-7m*,,, state. That is, the two states
are in equilibrium. According to the criterion by which
Balzani et al. showed that [Ru(bpy)s])** followed the
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mechanism with case i),2 [Ru(bpy)2(Hdpa)]?>*, which
has 17.2x10'3 s~ for A,, can also be concluded to fol-
low Scheme 1 with case i).

Photoracemization Reaction.  [Ru(bpy)s]?*
and [Ru(bpy)2(Hdpa)]?*: Plots of In (¢rac) vs. T7*
for [Ru(bpy)s)?T and [Ru(bpy)z2(Hdpa)]?>T in deoxy-
genated solution were found to be non-linear (Fig. 2).
On the basis of Scheme 1, ¢5c of [Ru(bpy)2(Hdpa)]?*
can be expressed as

¢rac = kakrac/(kc + kd) (5)

For [Ru(bpy)s)?*, on the basis of the similar scheme,'®
¢rac can also be expressed by Eq. 5. Since the right-
hand side of the Eq. 5 contains 7 (non-Arrhenius type),
¢rac is expected not to follow a simple Arrhenius-type
equation. This is consistent with the observation. Di-
viding Eq. 5 by 7, yields

¢rac/7' = kbkrac/(kc + kd) (6)

Two limiting cases are possible for Eq. 6 in the same
way as was described for the emission lifetime. In the
limiting case i), Eq. 6 is reduced to

¢rac/7' = kbkrac/kd~ (7)

Since the major contribution to kq is usually regarded
as coming from a non-activated process (ka=kdq), Eq. 7
becomes

@rac/T = AbArac/kaqexp [~ (AEb + AFEvac)/RT). (8)

Sk — 1 — 1 1 T3

In( & 1)

N
3.0 3.2 34
7717103 K1
Fig. 2. Plots of In(¢rac) vs. 7' for [Ru-

(bpy)n(Hdpa)s—n]*T (n=0—3) in deoxygenated
solution. ®: [Ru(bpy)s]*t (436 nm), O:[Ru-
(bpy)2(Hdpa)]** (436 nm), A:[Ru(bpy)(Hdpa)s]**
(365 nm), A:[Ru(Hdpa)s])*T (365 nm). The values
in parentheses are irradiation wavelengths.
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Scheme 1. The population and the decay of the excited states for [Ru(bpy)2 (Hdpa)]**. GS; ground state. ka=Fkar+kaq-

ka= kdq + krac.

Linear plots of In (¢rac/7) vs. T~ indicated that the
data fitted an Arrhenius-type equation (Eq. 8). The
slope and interception obtained from the plots corre-
spond to ApArac/kaq and (AE,+AFE;,.), respectively.
The values are as follows: for [Ru(bpy)2(Hdpa)]?*,
Ap Arac/kaq=40x10 s71 and (AEy, + AF,.) =62.7
kJmol~?; for [Ru(bpy)s)*", AbArac/kaq=4.3x1013 s71,
and (AE,+AE;,.)=62.9 kJmol~!.

Table 2 shows the kinetic parameters obtained from
the temperature dependences of the emission lifetime
and the quantum yields of photoracemization for [Ru-
(bpy)2(Hdpa)]** and [Ru(bpy)s]?* on the basis of the
limiting case i). The experimental ¢,,. can be expressed
as the product of the quantum yield of the formation of
the 3d—d* state from the 3d—*y,,y state (¢a—q) and the
intrinsic quantum yield of racemization from the 3d-d*

state (¢rac(d—d)):
¢rac = ¢d—d¢rac(d—d)- (9)

The quantum yield, ¢q—q, is expressed in terms of the
constants (since ky>>k.) in Scheme 1 as

Table 2. Kinetic Parameters for [Ru(bpy)s]** and
[Ru(bpy)2(Hdpa)]*t on the Basis of the Limiting
Case i)

[Ru(bpy)s]**  [Ru(bpy)2(Hdpa)]**

(katkg') /105571 ) 1.29% 4.54
Ap/10"8 571 1.0 17.2
AE,/kJmol ™! 42.6> 47.8
Arac/kdq 4.3 2.3
AFErac/kJ mol ™ 20.3 14.9

a) For [Ru(bpy)s]?*, since the transitions which involved
the nHdpa—m*bpy state do not exist, the value of k. was
presented.'®) b) Ref. 11.

¢d—a = kv /{ka + kg’ + kb}. (10)

Therefore,

¢d—d = Abexp (——AEb/RT)

J{ka + kg’ + Avexp (~AEy,/RT)}. (11)

Equation 11 allows us to calculate ¢g—g by using the
values in Table 2; the temperature dependence of ¢pg—q
is plotted in Fig. 3A. The ¢g—q for [Ru(bpy)2(Hdpa)]?*
was smaller than that for [Ru(bpy)s)>* within the tem-
perature range studied, due to the presence of decay
through the ®nmpapa—7*ppy state (k') in the former.

300 3}0 3?0 33'0
0.6} N :
.? 0.4f ]
o B ]
S
0.2 y
| T T T
0.010 B .
S [
I |
o !
S 0.00s ]
S .
300 310 320 330
T/K
Fig. 3. The calculated temperature dependence
of ¢a—a (A) and ¢rac (d-d) (B). —; [Ru-

(bpy)2(Hdpa)]**, ---; [Ru(bpy)s]**.
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That is, the replacement of a bpy ligand by an Hdpa
ligand appeared to make the complex photo-inert.
In terms of the constants in Scheme 1 (since

krac<<kdq)7 ¢rac(d—d) is given by
¢rac(d—d) = krac/kdq7 (12)

¢rac(d—d) = Arac/kdqexp ["(AEraC)/RT]. (13)

The calculated temperature dependence of ¢yac(a—a) by
using the values in Table 2 is shown in Fig. 3B. The
Brac(d—a) for [Ru(bpy)2(Hdpa)]?* is larger than that
for [Ru(bpy)s)?t within the temperature range, indi-
cating that the 3d—d* state of [Ru(bpy),(Hdpa)]** has
a higher reactivity than does that of the latter. The
photo-reactivity of the complexes is dependent on two
factors, ¢a—4¢ and ¢rac(a—q), which have opposite ef-
fects on ¢r,c. Since the effect of the latter was big-
ger, the overall quantum yield ¢,,. was bigger for [Ru-
(bpy)2(Hdpa)]?*.

The photoracemization of [Ru(bpy)s]?>* occurs by a
rearrangement through a trigonal-bipyramidal interme-
diate which contains a one-ended bpy ligand; the ac-
tivation energy, AFE;,., corresponds to the energy for
the formation of a five-coordinated intermediate.*!?
Because the photoracemization of [Ru(bpy)s(Hdpa)]?*
proceeds via an intramoleculer mechanism, like that of
[Ru(bpy)s)?*, it is considered that the type of inter-
mediate is also similar for both cases. The difference
of AFE,,. between the two complexes indicates that the
five-coordinated intermediate from the 3d-d* state for
[Ru(bpy)2(Hdpa)]?* forms more easily than does that
for [Ru(bpy)s]?*. This is explained by considering the
weaker coordination ability and higher degree of flexi-
bility of the Hdpa ligand than the bpy ligand.'¥

[Ru(bpy)(Hdpa)2)?* and [Ru(Hdpa)s)?™: The
lower excited states of [Ru(bpy)(Hdpa)s]?* include five
states: 3d—7‘(*bpy, 3d_7t*Hdpa,7 3anpa_7T*bpy7 3anpa_
7" Hdpa, and 3d—d*. The kinds of lower excited states
of [Ru(bpy)(Hdpa),]?* are similar to those of [Ru-
(bpy)2(Hdpa)]**, except for the presence of the 3ngqpa—
7* Hdpa state. It was found that ¢r,c depended on the ir-
radiation wavelength, and that activation to the upper
levels gave a larger quantum yield. This is explained
as follows. Excitation to the 'd-m*pp, and *d—m*Hapa
states is followed by an intersystem crossing to the 3d—
7 bpy and 3d—*papa states, respectively. Although in
the case of [Ru(bpy)2(Hdpa)]?T, the 3d—m*uqpa state
converts to the 3d—n*pp, state, which passes to the 3d—
d* state, for [Ru(bpy)(Hdpa)z]?*, the 3d—*gqpa state
converts to both the 3d-m*p,, and 3d-d* states com-
petitively. That is, excitation to the 'd—7*pqp, state
deactivates through two paths to the 3d—d™* state, as
indicated by Nakamaru'® and Wacholtz et al.'®) Con-
sequently, activation by shorter wavelength light gives
a larger ¢rac-

The lower excited states of [Ru(Hdpa)s]?>* include
three states: 3d-7*Hdpa, >DHdpa—7 Hdpa, and 3d—d*.
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Although Blakley and DeArmond stated that the lowest
excited state of [Ru(Hdpa)3)>* was the *d—d* state,®
the wavelength dependece of ¢, indicated that the
3d-7"Hdpa, SDHdpa—T"Hdpa States, besides the 3d-d*
state, played important roles in photochemical reac-
tions. The irradiation with the light of lower energy
(436 nm), which was not sufficient to excite to the 'd—
T Hdpa State, and involved excitation to the 'ngapa—
n*Hdpa state, gave a lower quantum yield. This indi-
cated that the ®nga,a—7*Hapa State can not pass to
the 3d-d* state, and, accordingly, the ¢, value be-
came lower. The process may not be probable, since
it involves a two-electron transition via the 3d-m*pgapa
state, which has a higher energy than does the 3ngqgpa—
7 Hdpa State.

The similarity in the photochemical behavior between
[Ru(bpy)(Hdpa)s]?* and [Ru(Hdpa)s)?*, in that they
both showed weak or no emission at room tempera-
ture, and the values of ¢ were on the order of 1074
(Fig. 2), revealed features of the excited states of the
two complexes. The fact that the decomposition was
recognized upon irradiation could be explained by the
higher reactivity of the 3d—d* state for the complexes.
If for [Ru(Hdpa);]?* only the lowest excited state, 3d—
d*, played an important role in the photochemical re-
action, ¢q—q in Eq. 9 would be nearly equal to unity,
hence, ¢;ac might be larger than those of [Ru(bpy)-
(Hdpa)2)?*, which was not the case. Consequently,
for [Ru(Hdpa);]?*, the 3d—m™Hapa and 3nuapa—T"Hapa
states, besides the 3d—d* state, contributed to the pho-
tochemical reactions. In conclusion, the deactivation of
the 3d-m*ppy or 3d-m*gap, states through the paths
to the *ngapa—Tt bpy OF *NHpa—T* Hapa States, respec-
tively, reduce ¢4—q for [Ru(bpy)(Hdpa)z]>* and [Ru-
(Hdpa)3)?*; therefore, their ¢rc will be smaller than
those of [Ru(bpy)s]*>* and [Ru(bpy)s(Hdpa)]?*.
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