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ABSTRACT: The Ru(Il)-poly(4-vinylpyridine) complexes, [Ru(bpy),(PVP),]Cl,, and
[Ru(bpy),(PVP)(py)]Cl, have been synthesized and compared spectroscopically with the mono-
meric [Ru(bpy),(py),]Cl, complex, where py is pyridine, bpy is 2,2’-bipyridine, and PVP is poly(4-
vinylpyridine). The polymeric Ru(II) complexes were synthesized by the substitution of Cl in
Ru(bpy),Cl, for poly(4-vinylpyridine) in methanol. The six-coordinated polymeric Ru(II) complex,
[Ru(bpy),(PVP),]Cl,, was insoluble in water due to an intermolecular ligand complex formation,
while one substituted complex, [Ru(bpy),(PVP)(py)]Cl,, was soluble in water. The absorption
maximum of [Ru(bpy),(PVP)(py)]Cl, was red-shifted ca. 10 nm from that of [Ru(bpy),(py),]Cl,.
Also, the red-shift was observed in the emission spectrum. The emission intensity of the polymeric
Ru(Il) complex was smaller than that of the monomeric one, whereas the emission lifetime was a
little different. The difference in energy transfer processes for the above complexes is discussed.
KEY WORDS Ru(II)-Poly(4-vinylpyridine) Complex / Polymeric Ru(II)

Complex / Intermolecular Ligand Complex / Energy Transfer Processes /

Complexation reactions accompanied by the
strain of a polymer chain give different profiles from
those of low molecular weight ligands, and it has
been shown that the composition and the stabili-
zation of polymer complexes differ widely from
those of monomeric analogue.' ~® Further, the
effects of a polymer on the reaction field of a large
variety of reactions are well documented in the
literature.®” The specific environment given by the
polymer, for example, influences the nucleophilicity
of the nucleophile.®® Moreover, the high catalytic
activity of the polymer complex has also been
shown: poly(acrylhydroxamic acid)-Cu(Il) as the
catalyst of the decomposition of hydrogen per-
oxide,'° polymeric phosphine-Pd(II) complex as the
catalyst of hydrogenation of methyl ester of un-
saturated fatty acid,!' and polymeric metallopor-
phyrins as the reversible oxygen carrier.'? !4

Also, the photochemical redox properties of
[Ru(bpy);]** derivatives dispersed in monolayers
which decomposed water photochemically into hy-
drogen and oxygen have been shown.'*> The photo-
chemical properties of [Ru(bpy);** using flash

photolysis and pulse radiolysis have been investi-
gated,'® and the effects of polyelectrolyte and mi-
celle on its photochemical process have also been
studied recently.!”'® Maisel and coworkers have
shown the utilization of the [Ru(bpy);*-Cu**
system in solar energy conversion in the presence of
polyelectrolyte.!’

It is thus expected that the Ru(II) complex con-
taining a polymeric ligand will show a specific
properties. Recently, the findings of both Clear et
al. and Kaneko et al. have been published.'® In view
of the considerable interest in polymeric ligands
which give a specific environment to the ligand field,
polymeric Ru(II) complexes, [Ru(bpy), (PVP),]Cl,,
and [Ru(bpy), (PVP) (py)]Cl were synthesized and
their spectroscopic properties in regard to the ana-
logue, [Ru(bpy), (py)ICl, were investigated.

RESULTS AND DISCUSSION

Complexation of Ru(bpy),Cl, with Poly(4-vinyl-
pyridine)

Polymeric Ru(II) complexes, [Ru(bpy),(PVP),]
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Cl,, and [Ru(bpy),(PVP)(py)]Cl, were synthesized
by the route shown in Scheme 1. Ru(bpy),Cl, has
been well studied by Dewer and co-workers.2%:2!
Ru(bpy),Cl, derived from [Ru(bpy);]Cl, has the
cis-form. This complex is labile and Cl can be
easily substituted by many other ligands. Accord-
ingly, this complex was used as the starting mate-
rial for the synthesis of polymeric Ru(II) com-
plexes. All the monomeric Ru(II) complexes, [Ru-
(bpy)sICl,, Ru(bpy),Cl,, and [Ru(bpy),(py),]Cl,
were prepared according to the literature.?! =23 It
is well-known that poly(4-vinylpyridine) pro-
vides a good coordination binding site for vari-
ous metals.

When Ru(bpy),Cl, was added to a methanol
solution of poly(4-vinylpyridine), a color change
from violet to deep yellow was observed. The
spectral changes in this reaction in the visible region
are shown in Figure 1. Ru(bpy),Cl, in methanol
had two peaks at 508 and 356nm. Absorbance
changes in two stages followed by the reaction were
observed. The first stage was a decrease in absorb-
ance at 508nm, an increase at 496nm, and an
increase at 350nm with a slight blue shift. The
second stage followed the first stage. Absorbances
at 470 nm and 346 nm increased, while absorbance
at 496nm decreased. The profile of the change in
this absorption spectrum was similar to that of the
reaction of Ru(bpy),Cl, and pyridine under the
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Figure 1. Electric absorption spectral changes of

Ru(bpy),Cl, with poly(4-vinylpyridine) in methanol at
50—60°C.

same conditions. Accordingly, the following con-

secutive reactions were considered.

Ru(bpy),Cl, + PVP —— [Ru(bpy),(PVP)CI|CI
(D

[Ru(bpy),(PVP)CI|CI+ PVP ——,
[Ru(bpy),(PVP),|Cl, (2)

In the second substitution, where pyridine was used
in lieu of PVP, a faster spectral change than that in
the substitution with PVP was observed. Also, the
solution treated with pyridine instead of PVP in the
second substitution has 473 and 350 nm absorbances,
both longer than those of [Ru(bpy),(py),]Cl,. Still,
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it was considered that the resulted solution might
contain [Ru(bpy),(PVP),]Cl, and [Ru(bpy),(py),]
Cl, besides [Ru(bpy),(PVP)(py)ICl,. However,
[Ru(bpy),(PVP),]Cl, did not form by this pro-
cedure, since the addition of water gave no pre-
cipitate. The low molecular weight complex,
[Ru(bpy),(py),]Cl, and the starting materials were
removed by dialysis.

These results can explain why the pyridine moiety
in the polymer binded to the Ru(II) complex by a
substitution reaction in the first stage (reaction (1)),
and why pyridine then coordinated with
[Ru(bpy),(PVP)CIICI in lieu of another pyridine
moiety in PVP. The precipitate from the concen-
trated dialyzed solution with dimethyl ether was the
polymeric Ru(II) complex, [Ru(bpy),(PVP)(py)]Cl,.

An aqueous solution of this complex was stable in
water for 3 days; after this, the spectral changes due
to ligand substitution with the solvent were observ-
ed even when stored in dark.

The Absorption Properties of Polymeric Ru(Il)

Complex

According to the literature, the visible absorp-
tion (g,5,=1.4x 10* M~ cm™?) of [Ru(bpy),]** is
assigned to the spin-allowed charge transfer from
the metal d orbitals to the n* orbitals of the ligand,
and the absorbance at 290 nm in the UV region is
assigned to the n—n* transition of 2,2’-bipyridine.

The A,,, of the absorption spectra of polymeric
and related complexes are shown in Table I. Both
polymeric Ru(II) and monomeric complexes have
two intense absorptions in the visible region. These
two intense bands are designated as the charge
transfer transitions from the Ru(II) d orbitals to the
7* orbitals of 2,2’-bipyridine.?> 27

The absorption spectrum of the pyridine moiety
in the polymeric Ru(II) complex, [Ru(bpy),(PVP)-
(py)ICl,, in the UV region was similar to that
in free poly(4-vinylpyridine). Assuming that the ab-
sorbance of poly(4-vinylpyridine) in the polymer
complex is e5=1740M~'cm™!, it was esti-
mated that about 109 of the pyridine moiety coor-
dinated with Ru(bpy),Cl,.

Table I shows the significant differences of the
polymeric Ru(II) complex from the monomeric
analogue. The characteristics of the polymeric com-
plex are (a) the red shift of A,,, in the visible and
UV region, (b) the increase of the half-width. The
molecular orbital diagram?® of [Ru(bpy);]** in-
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Table I. Absorption spectral data for

Ru(II) complexes®

j'ma)(/rlrn
Complexes
n-m* d-n*
Ru(bpy),Cl, 356 508
[Ru(bpy),(py)CIICI 352 496
[Ru(bpy).(py).ICl, 290 338 461
[Ru(bpy),(PVP)CIICI 350 500
[Ru(bpy),(PVP)(py)ICl, 295 350 473
[Ru(bpy),(PVP),]Cl, 346 470

2 In methanol, at room temperature.

dicated that the pyridine functions as a n acceptor
ligand, so that the interaction between the metal d
orbital and ligand includes a n back donation; that
is, such a chelate ligand has a resonance effect like
2,2"-bipyridine.?® Therefore, the red-shift of the n—
n* transitions of 2,2’-bipyridine can be considered
as a result of a resonance stability smaller than the
monomeric analogue. Also, in regard to the red-
shift in the visible region, it may be considered that
the energy gap between the ground state and the
excited d-n* level becomes smaller than that of the
monomeric analogue owing to a decrease in the
resonance effect. Certain factors for these phe-
nomena can be considered: the steric effect of the
polymeric ligand having a methylene chain in the
backbone and other pyridine moiety in adjacent to
the complex,** the change in the donability of the
polymeric pyridine moiety compared with mono-
meric pyridine,®® and the change in the microen-
vironment around the complex, such as the polarity
of the solvent.> At the present, it is not clear as to
what is mainly responsible factor for the above
phenomena. The above discussion leads to the
conclusion that polymeric Ru(Il) complexes are
rather labile in comparison with the monomeric
analogue. The following experimental results also
support this conclusion: The solution stabilities
of the polymeric Ru(II) and monomeric complex,
in dark, were maintained for 3 daysand 7
days, respectively. After this, substitution of the
ligand with the solvent gradually took place.
Also, the increase in the half-width of the ab-
sorbance suggests the existence of an interaction
between the polymeric Ru(II) complex, and sol-
vent molecules or the free pyridine moiety in the
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Table II. Emission spectral data for Ru(II) Complexes
Complexes Excitation/nm Amax/DM? Lifetime/us®
[Ru(bpy),(py),ICl, 460 580 0.06+0.02
[Ru(bpy),(PVP)(py)ICL, 470 591 0.54+0.04
[Ru(bpy);]Cl, 454¢ 620° 0.65°
2 In methanol, at 77K.
® In H,0, at room temperature.
¢ References 27 and 28.
36,37

(1)

Intensity

600 650

A/ nm
Figure 2. Luminescence spectra of Ru(II) complexes in
water at room temperature: (1) [Ru(bpy),(py),ICL,; (2)
[Ru(bpy),(PVP)(py)ICl,. Concentrations of Ru(II) com-
plexes are 1.3x107° moldm~3, 1.8 x 10™° moldm 3
respectively.

550

s

polymer.

The difference in the absorption for [Ru(bpy),-
(PVP),]**and [Ru(bpy),(PVP)(py)]** in methanol
has also been observed in the visible region.
The former had A,,,=470 and 346nm which
blue-shifted by several nm’s compared with the
latter. This blue shift suggests that a sort of
chelate effect took place in the complexation of
[Ru(bpy),(PVP),]**; that is, the pyridine moiety
adjacent to the coordinated pyridine moiety in
the complex became attached [Ru(bpy),(PVP)CI]*
to form a stable complex, [Ru(bpy),(PVP),]**,
rather than [Ru(bpy),(PVP)(py)]**.

Emission Properties of the Polymer Ru(II) Complex

The emission of [Ru(bpy);]** was characterized
by the authors.?*3°73% This emission was deter-
mined to be a phosphorescence from the 3(d-n*) to
the ground state, with a natural lifetime of 0.65
usec. Recently, Crosby and co-workers showed
that this emission arises from three closely spaced
electronic states with symmetries 4,, F,, and 4,
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in order of increasing energy. These states
are in rapid equilibrium and the emission pro-
perties of the excited states are primarily deter-
mined by the properties of the A4, state except at
very low temperatures. The emission spectra of
[Ru(bpy),(PVP)(py)l’* and [Ru(bpy),(py),l*" at
room temperature are shown in Figure 3. The 4,,,
of the complex at 77K are listed in Table II. The
emission lifetime of the complexes in water at room
temperature are also listed. The excitation spectrum
of [Ru(bpy),(py),]** showed a strong band at
460 nm, while the absorption spectrum showed 350
and 460 nm, as indicated by Figure 2. This implies
that the absorption at 350 nm arises from the con-
tribution to the emission. As seen in Table II,
the emissions of [Ru(bpy),X,** at ca. 590 nm are
considered to result from the radiation process from
the 3(d-n*) states of Ru(II)-2,2’-bipyridine. The
expected emission from the d-n* state of Ru(II)-
pyridine might take place at 400 nm, although it
could not be observed directly owing to light scat-
tering in the solution. That the emission lifetime of
the polymeric and monomeric Ru(II) complexes
shown in Table II were almost same as that of
[Ru(bpy);]?* was ascertained from the above
assignment.

The maximum of the emission of polymeric
Ru(IT) complex was red-shifted in ca. 10nm com-
pared with the monomeric complex. The difference
in the coordination between the polymeric and
monomeric one to the metal was responsible for this
shift. This shift in ligand emission maximum also
implies a 3(d-n*)-'A4, transition.>> Also, the half-
width of the emission of polymeric Ru(II) complex,
[Ru(bpy),(PVP)(py)**, decreased. This is interest-
ing in regard to the CTTS (charge transfer to
solvent) nature of the complex. According to a
recent report,!® the emission spectrum of
[Ru(bpy);]** in the micelles was affected by the
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property of carbon chain portion. Also, the emis-
sion spectra of [Ru(bpy)3]2fr in several alcohols
were red-shifted with increasingly longer hydrocar-
bon chains and the half-widths of the spectra were
15nm smaller than in water. Therefore, it is sug-
gested that the decrease in the half-width of the
emission spectrum was due to the interaction be-
tween the complex and the polymer chain, or the
specific interaction between the complex and the
solvent.

The other characteristics of the polymer Ru(II)
complex, [Ru(bpy),(PVP)(py)ICl,, is that the in-
tensity of the emission spectrum was one-fourth that
of the monomeric Ru(II) complex.

Assuming that the intersystem crossing from S,
to T, of Ru(Il) complex is very fast,2* the natural
lifetime of polymeric Ru(II) complex (t,,;,) and the
monomeric analogue (t,,,,,) are represented as,
=1/(k,+k.+ ko +2k) (3)

Tpoly

Tmono = 1/(kp + k" + ki +2k") “

mono

where k (k,"), k. (k.), ke(kiy), and Zk(Zk’) show
the rate constants of phosphorescence, internal
conversion, electron transfer or energy transfer to
solvent, and the other processes, respectively. I,
and I, which are the quantum yields of the
phosphorescence of polymeric and monomeric
complex are related to the lifetimes as,

1poly:kp”rpoly (5)

Imono = kp/ " Tmono (6)

Equations 5 and 6 can be combined to give eq 7,
1 k' -t

mono P mono

Loy kot @

poly
Figure 3 shows that I,,,,./I 01, Was ca. 4. From the
lifetime of each complex tabulated in Table II,

was ca. 1. Therefore, from eq 7,

k, [k, =4 ®)

poly

Tmono/rpoly

and from eq 3 and 4,
(kpt+ke+ke+2k)~(k, +k +ki+Zk’)  (9)
was obtained. Accordingly, eq 8 and 9 give eq 10,
(ket koo +Zk)— (k' +kiy+Zk)=3k, >0 (10)
This equation explicitly suggests that the interaction
between the polymeric complex and the solvent or
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the polymer chain is larger than that for the mono-
meric complex.

EXPERIMENTAL

Materials

Tris(2,2’-bipyridine) ruthenium(II) dichloride,
[Ru(bpy);]Cl,, was prepared by Meyer’s method,??
and was characterized by its UV-visible spectrum in
water. Bis(2,2’-bipyridine) ruthenium(II) dichlo-
ride, Ru(bpy),Cl,, as the starting material for
polymeric Ru(II) complexes was prepared by the
pyrolysis of [Ru(bpy),]Cl, according to the pro-
cedure indicated by Liu ef al.,>*> and was charac-
terized by the electronic spectrum.??

Poly(4-vinylpyridine) was prepared by the radical
polymerization of 4-vinylpyridine in a sealed glass
tube, with 2,2’-azobisisobutyronitrile as the in-
itiator. The polymer was dissolved in chloroform,
and precipitated with dimethylether at room tem-
perature. The polymer was purified by reprecipi-
tation before use. The degree of polymerization was
estimated to be ca. 1.1 x 10*,

Preparation

[Ru(bpy),(PVP ),]Cl,. Ru(bpy),Cl, (1.2x10°°
mol) was added to 100ml of methanol solution
of poly(4-vinylpyridine) (1.2 x 1075mol). The re-
action was carried out at 50—60°C until no fur-
ther change could be detected in the UV-visible
spectroscopy. The reaction was completed in 72 h.
The solution was then condensed to ca. 20 ml and
water was added. A deep red precipitate,
[Ru(bpy),(PVP),]Cl,, was collected and dried in
vacuo.

[Ru(bpy),(PVP)(py)]ClL. Ru(bpy),Cl, was ad-
ded to 100ml of a methanol solution of poly(4-
vinylpyridine), and heated to 50—60°C. When the
absorbance at 496 nm become optimum (see Figure
1) after 16h, 5ml of pyridine was added to the
solution, and heating was continued until no further
spectral changes could be detected. The total re-
action was completed in 52 h. After cooling to room
temperature, all of the solution was condensed to
ca. 10ml under reduced pressure and then filtered.
The filtrate was purified by dialysis in water for 1
day to remove any starting material, pyridine and
[Ru(bpy),(py),ICl,. The dialyzed solution was con-
centrated and poured into dimethylether to yield the
polymeric Ru(II) complex, [Ru(bpy),(PVP)(py)]CL,.
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The precipitate was collected and dried in vacuo.

Absorption Measurement
Electronic absorption spectra were recorded on a
Hitachi EPS-3T Model spectrophotometer.

Luminescence Measurement

Emission spectra were recorded on an Union
Giken Model FS-501 fluorescence spectrophotom-
eter equipped with a 150 W xenon lamp. The
Ru(II) complex solutions were excited at near the
absorbance maxima of the complexes. Emission
spectra were taken in a 2 mm radius round cells at
77K, and in 1 cm square cells at room temperature.
The lifetimes of the excited states of the Ru(II)
complexes were determined by analyzing the decay
curves measured by the single photon counting
method (half-width of the light pulse being ca. 2 ns)
at room temperature using an Ortec Inc. system
with the Hitachi multichannel analyzer. Excitation
wavelengths were 360—460 nm, using a short pass
filter. The emission (filtered with No. 3A filter to
exclude light below 500nm) was detected with a
photomultiplier.

The samples were bubbled with nitrogen for
30 min prior to use so as to remove oxygen. Triply
distilled water and methanol of specially prepared
reagent grade for spectroscopy were used. Con-
centrations of [Ru(bpy),(py),]Cl, and [Ru(bpy),-
(PVP)(py)]Cl, were determined spectrophotometri-
cally. (g4 for the former=6.8x10>M~'cm™?,
&4+, for the latter=6.1 x 1°M~*cm™!)
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