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Photoeffects in Thin-Flim Molecular-Level Chromophore—Quencher Assemblies. 1.

Physical Characterization
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Molecular-level chromophore—quencher assemblies have been prepared in precast chlorosulfonated polystyrene
([-CH,CH(p-C4H,SO,CI)],—; PS-S0,CI) films by (1) exposing the intact film to solutions containing the chromophore
[(bpy),Ru(5-NH,phen)][PFl, (bpy is 2,2"-bipyridine; 5-NH,phen is 5-amino-1,10-phenanthroline) which becomes chemically
bound through sulfonamide bond formation, (2) partially hydrolyzing a portion of the remaining —~SO,Cl sites to —=SO;" sites
and exposing the resulting films to acetonitrile solutions containing the electron-transfer quencher paraquat (PQ**) and the
reductive scavenger triethanolamine (N(C,H4OH);). The photophysical properties of the chromophore-based metal-to-ligand
charge-transfer excited state have been investigated by lifetime and visible absorption and emission spectra. Although similar
to related monomers, excited-state decay in the films is nonexponential. The dynamics of excited-state quenching by PQ**
following pulsed laser excitation show that the chromophore occupies three different chemical sites within the films. At
one site, which accounts for ~50% of the emitted light and appears to be located near ion channels created by hydrolysis,
quenching is rapid, Ksy ~ 6.8 X 10* M\, A second site exists that undergoes relatively slow quenching, Kgy ~ 3 X 10°
M, and then only with added [NEt,](ClO,). A third site is present that is not quenched.

Introduction

Metal-to-ligand charge-transfer (MLCT) excited states of
polypyridyl complexes of Ru(II), Os(II), or Re(I) characteristically
undergo rapid oxidative or reductive electron-transfer quenching
in solution to give reasonable yields of separated redox products,
for example, reactions 1 and 2.! Although large amounts of

Ru(bpy);* — Ru(bpy);?*" (1)
k,
Ru(bpy),** + PQ¥* —> Ru(bpy),** + PQ* (2

ky
Ru(bpy)s** + PQ* —> Ru(bpy);* + PQ*  (3)

2+
bpy is 2,2’-bipyridine; PQ** is [Me—N@—@-.Me]

transiently stored redox energy can be produced in solution-based
systems with relatively high yields, the subsequent capture of the
stored redox equivalents is severely limited by back electron
transfer, e.g., reaction 3. A number of attempts to control the
excitation/quenching/electron transfer sequence have been re-
ported based on intramolecular systems including chromophore~
quencher complexes and ligand-bridged complexes,? soluble
polymers,? vesicles,* and polymeric films on electrodes.*$
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We have described the design of a series of photoelectrodes’
based on oxidative quenching by PQ**, of the MLCT excited states
of Ru(5-NH;phen);** (5-NH,phen is S-amino-1,10-
phenanthroline) and related complexes covalently bound via

NH

2
oOyC
(5—NH2phen)

sulfonamide links within polymeric films of chlorosulfonated
polystyrene.®  Our choice of chlorosulfonated polystyrene was
deliberate in that the underlying synthetic chemistry appeared
to offer a basis for the preparation of controlled microstructures
within the polymeric film environment. The thought was that
in an appropriately designed microstructure it might be possible
to deliver the photochemically produced oxidizing and reducing
equivalents to different parts of the film, thus providing a mo-
lecular analog of the p/n junction in a semiconductor solar cell.?

With such a goal in mind, film-based systems that utilize a
chemically reactive polymer like chlorosulfonated polystyrene
(PS-S0O,CI) offer some important advantages. The chromo-
phore—quencher apparatus can be assembled in fixed sites after
the film has been cast, based on the formation of chemically stable
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sulfonamide links (eq 4) or by partial hydrolysis, which provides

foH,—CHE; + 2y R—NH,—» —Ecnz-cn-];ﬁcnz—c»};_y +y RNHE.CI™ [O)

@02& @NH—R@O:CI

a basis for the incorporation of mobile cationic electron transfer
carriers (eq 5).

fcH,—CHE; + y N&"+ 2y OH™ —a -Ecn-qz—cm-];fcn-qz—t:n-q;‘_y +y Gl +yH0 (8)

G, 2.9

We describe here in considerable detail the preparation and
physical characterization of a film-based chromophore—quencher
system that utilizes a chemically bound, fixed-site Ru-bpy
chromophore and PQ?** as a mobile quencher.

Experimental Section

Materials. The salt [Ru(bpy),(5-NH,phen)](PF,), was pre-
pared and purified as previously described.!® The preparation
of the model complex [(bpy),Ru(5-N(p-
SO,C4¢H,CH;),phen)](PF¢), by the reaction between
[(bpy),Ru(5-NH,phen)]?* and p-CISO,C¢H,CHj has also been
described.!!

(P=50,CgH4CH3),
N
(5—-N(p—-S0,CgH,CHx),—phen)

[Zn(5-NH,phen);](PFg), was prepared by dissolving 200 mg
(1.02 mmol) of S-amino-1,10-phenanthroline in 15 mL of boiling
absolute ethanol and adding 76 mg (0.34 mmol) of zinc acetate
dissolved in 5 mL of water. The precipitate, which formed im-
mediately, was collected and dissolved in water. The addition of
an aqueous solution of NH,PF; precipitated the yellow complex,
which was recrystallized from CH,;CN and water. Chloro-
sulfonated polystyrene, PS-SO,Cl, was prepared by treatment
of polystyrene (M,, = 4000, M, /M, = 1.04, Polyscience, Inc.)
with HSO,Cl in CCl, at 0 °C and characterized for chloride
content as described in the literature.%!? Tetraethylammonium
perchlorate (TEAP) was used as received from G. F. Smith
Chemical Co. The PF, salt of PQ**, PQ(PFg),, was prepared
from the Br~ salt and recrystallized two times from methanol/
water. The remaining oxidative quenchers listed in Table II were
prepared as described previously.!®> Reagent grade triethanol-
amine (TEOA) (G. F. Smith Chemical Co.) and 2-butanone
(Aldrich) were used as received or distilled first with equivalent
results. Acetonitrile (Burdick and Jackson) was stored over 4-A
molecular sieves.

Preparation of Polymeric Films. Typically, a 10-uL aliquot
of an acetone solution containing PS-SO,CI (0.4-1.0 mg/mL)
was syringed onto a 0.125-cm? Teflon-shrouded Pt disk electrode
(polished on a Buehler polishing wheel by using 5-um alumina
or l1-um diamond paste) under inert atmosphere conditions.
Following evaporation of the solvent, the resulting polystyrene
film was allowed to dry under vacuum for a least 1 h (preferably
overnight). For the preparation of films on larger surface areas,
the volume of polymer solution used was adjusted such that a
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constant ratio of 80 uL/cm? was obtained. Preparation of films
used for FTIR, step profilometry studies, and photoelectrochemical
studies, where it was desirable to maximize surface smoothness,
involved spin casting the polymer onto flat glass/titanium/plat-
inum substrates (1.14 X 1.14 X 0.04 cm). A detailed account
of the preparation of the electrodes appears in the following
paper.* Films cast on these flat, platinum-covered glass slides
facilitated IR analysis by using reflectance techniques. The casting
procedure involved dropping ~0.01 mL of a 0.2 M 2-butanone
solution of the chlorosulfonated polystyrene onto a substrate slide
spinning at 2000 rpm. This step was carried out with a Headway
Research spin coater in an inert-atmosphere box, and the films
were also vacuum dried prior to use. The use of smaller volumes
of more concentrated PS-SO,Cl solutions resulted in films with
poor adhesive properties. Because of the limited solubility of
PS-S0,Cl in acetonitrile, the complex [Ru(bpy),(5-NH,phen)]?*
was incorporated into the films simply by placing the precast film
into an acetonitrile solution 5 mM in the complex at room tem-
perature for a specified period of time and then rinsing the film
well with fresh acetonitrile.

For experiments in which the films were subjected to hydrolysis,
the film with or without chemically bound complex was placed
in aqueous carbonate buffer (pH ~10, 0.5 M Na,C0,/0.5 M
NaHCO;) for periods of 1-3.5 h to hydrolyze some of the re-
maining sulfonyl chloride sites and thus impart an ion-exchange
character. After hydrolysis, the films were rinsed with and soaked
in distilled water for at least 20 min prior to rinsing with aceto-
nitrile before being used.

Measurements. Cyclic voltammograms were recorded in a
two-compartment cell with a PAR Model 175 universal programer,
a PAR Model 173 potentiostat, and a Hewlett-Packard Model
7015B X-Y recorder.

Electronic absorption spectra were recorded on Bausch and
Lomb Spectronic 2000 or Hewlett-Packard 8450A diode array
spectrophotometers. Emission spectra were obtained with an SLM
Instruments, Inc., Series 8000 spectrofluorimeter using photon-
counting techniques. Emission decay versus time curves were
obtained with a PRA tunable dye laser by using coumarin 460-nm
dye pumped by a PRA LN1000 pulsed N, laser with a repetition
rate of ~10 Hz. The emission from films supported on a platinum
slide in a Pyrex cell was detected by an EMI-Glencom, Inc., Model
RFI/S PMT that was powered by a Fluke Model 412B high-
voltage power supply. The slide was held in a solvent filled cell
under Ar purge at 45° to both the excitation beam and to the entry
slits of an ISA Instruments high-intensity monochromator. Decay
signals were digitized by a LeCroy 9400 digital oscilloscope under
the control of an IBM-PC, on which the data were stored and
processed.

Infrared spectra of the spun-cast films were obtained with a
Nicolet 20DX FTIR spectrometer and a Foxboro Model 9
multiple internal reflectance accessory equipped with a 20-cm
KRS-5 crystal. The glass/titanium/platinum substrates with cast
films were clamped against the front face of the KRS-5 crystal
(similar spectra could be obtained with a Barnes Analytical 500
specular reflectance accessory).

Film thickness and smoothness measurements were carried out
with a Tencor Alpha-Step 100 surface profilometer, while scanning
electron microscopy was performed with an ISI-DS130 instrument.

Results

Film Characterization. Morphological Properties. In Figure
1A is shown a scanning electron micrograph of a typical spun-cast
PS-SO,Cl polymeric film after sputter coating with ~50 A of
gold to minimize charging effects. The film had been soaked in
an acetonitrile solution containing [Ru(bpy),(5-NH,phen)]?* (5
mM) for 2 min and rinsed well with acetonitrile. The polymer
in the upper section of the micrograph lies over a platinum covered
area of the substrate to which it has adhered, whereas the bottom
section is bare uncoated glass from which the polymer has peeled.

(14) Surridge, N. A.; Hupp, J. T.; McClanahan, S. F.; Meyer, T. J. J.
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296 The Journal of Physical Chemistry, Vol. 93, No. 1, 1989

05KV

1.27KX 7.87n

B FILM EDGE

SUBSTRATE 1200 R

-

Figure 1. (A) SEM of the edge of a PS-SO,CI film spun-cast on a
glass/titanium/platinum substrate. The film was prepared by dropping
0.01 mL of a 0.2 M 2-butanone solution onto a slide spinning at 2000
rpm under inert atmosphere. (B) Step profile of the edge of a spun-cast
film.

The adhesion properties of the polymer are such that the films
do not survive the base hydrolysis step on substrates other than
platinum, gold, or glassy carbon; they do not adhere to glass,
silicon, SnO,, or TiO, under these conditions. At the level of the
resolution shown the film structure appears to be pinhole free.

A typical step profile of a spun-cast film is shown in Figure
1B where the step was generated by wiping an acetone-saturated
pice of cotton across a polymer-coated platinum/glass slide. From
the results of the profilometry experiment, the macroscopic surface
morphology of spun-cast films is relatively uniform; the example

Surridge et al.

shown in Figure 1B is ~1200 A in thickness.

In the majority of the experiments described here and in the
subsequent paper on the photoelectrochemical properties of the
films,!* we have largely utilized films prepared by evaporative
deposition. Evaporatively cast films are easily prepared but have
the disadvantage of giving uneven surfaces and nonuniform
thicknesses. However, where careful comparisons of photoelec-
trochemical properties have been made, films prepared by evap-
oration or spin casting give essentially equivalent results, suggesting
that the photophysical, photochemical, and photoelectrochemical
properties of the films are relatively independent of macroscopic
morphology. For the evaporatively cast films we estimate an
average thickness of ~1500 A on the basis of the quantity of
polymer deposited assuming a film density of ~1 g/mL.

Evidence for Chemical Binding. As noted above, the chro-
mophore was incorporated into precast PS-SO,CI films by soaking
in an acetonitrile solution containing the complex. Initially, the
complex is bound within the film by sulfonamide bond formation®
(eq 6), but also by simple entrapment within the film matrix.

-{-CHZ-CHJ; +y (bpy)zRu(S—NHthen)(PFs)z

—a--ECHz—CH-]—ECHz—CH-];_y+ y HCl  (6)
0,CI Y

50, 0,Cl
H

O O) [P,
R

(bpy),

2
([(bpy), Ru(5-NH(S0,~PS)phen)] )

Residual entrapped complex can contribute to the photoresponse
of the films but only on a transient basis. The entrapped complex
can be completely removed by soaking the films for at least 15
min in fresh CH;CN containing 0.1 M TEAP.

The results of a number of experiments are consistent with
covalent binding of the metal complex to the film via a sulfonamide
link. In electronic absorption spectra of the 5-NH,phen complex
a band appears near 360 nm (Figure 2) arising from ann — #*
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Figure 2. UV /vis spectra of (A) (—) 5 X 107 M solution of [(bpy),Ru(5-NH,phen)](PFj); in acetonitrile; (B) (---) PS-SO,CI film on a quartz
slide soaked in a 2 mM solution of the same salt in CH;CN for 2 h, soaked for ~15 min in 0.1 M TEAP/CH,CN, and rinsed well with CH;CN. The
spectrum is referenced to an unmetallated PS-SO,CI film prepared in the same way but without incorporation of the complex. The spectrum is of
the dry film. (C) (---) the film in (B) dissolved in 3 mL of DMSO in a 1-cm path length cell.
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TABLE I: Spectral and Photophysical Properties at 25 °C*
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MLCT
abs max emission
complex Amaxs NM fwhm, nm® Amax, M 7, 08

[(bpy).Ru(5-NH;phen)}** 456 ~45 625 1150
[(bpy),Ru(5-N(p-SO,C¢H,CH;),phen)]** 450 ~45 1800°
[(bpy);Ru(5-(NHSO,~PS)phen)}** 450 ~67 616 7, = 7007

film Ty = 1154
[(bpy)2Ru(5-(NHSO,~PS)phen)]#* 452 ~67 616 7 = 578¢

dissolved in DMSO T, = 1244

¢In CH,CN for the soluble complexes. As films exposed to CH;CN solution for the polymers. Ay, is for the most intense component in the
visible spectra. *fwhm = full width at half-maximum for the band at the Ap,, cited. °In 1:1 CH;CN:H,O, ref 11. ¢Obtained by fitting the

emission—time decay profiles to eq 8.

transition involving the primary amine group of the phenanthroline
ligand. Protonation of the amine results in the disappearance of
the transition as expected, and the band is absent in the model
complex,!! [(bpy),Ru[5-N(p-SO,C¢H,CHj),phen)]?*. Electronic
spectra taken on thin films immediately after soaking in a solution
containing [Ru(bpy),(5-NH,phen)]** have an absorption band
at 360 nm arising from the entrapped complex, which after it is
removed, leaves the MLCT band for the sulfonamide bound
complex at 455 nm. Under the same conditions the model complex
[(bpy);Ru(phen)]?* is also entrapped but can be completely re-
moved by soaking in 0.1 M TEAP.

Absorption and emission spectra for the polymer-bound Ru
complex both in the film and when the film is dissolved in dimethyl
sulfoxide (DMSO) are compared to those of the related monomers
in Table I (and Figure 2). The MLCT absorption band manifolds
include contributions from dw — #* transitions to =* levels on
both the bpy and substituted phen ligands. MLCT band energies
and shapes are sensitive to the surrounding environment and the
broadening in the polymeric environment may, in part, be due
to a matrix effect.

It is clear that only a small fraction of available —-SO,Cl sites
within the films are actually involved in chemical binding. For
example, a film (3.2 X 1075 g/cm?) was cast onto a relatively large
surface-area glass slide (4.5 cm?) and soaked in a 5 mM solution
of [(bpy);Ru(5-NH,phen)]?* for 2 h. After being rinsed with
CH;,CN and soaked in 0.1 M TEAP, the film was dissolved in
1.0 mL of DMSO, and an absorbance of 0.10 at 460 nm was
measured. Assuming that ;g0 = 14500 M~! cm™! for the bound
complex as for the monomer, it can be estimated that ~1% of
the total —-SO,Cl sites are chemically linked to the complex.
However, for these soaking conditions in such relatively thick films,
the complex appears to be confined to the outer portions of the
film.!5 For complete loading in thin films, it has been estimated
that up to ~49% of the total sites can be occupied by the rather
large (r = 7 A) complex.?

We have attempted to obtain direct evidence for the sulfonamide
link in the films by specular and multiple internal reflectance IR
spectroscopy. However, due to the small effective path length
and the relatively low loadings of metal complex (1-10%), only
absorption features associated with the polymeric backbone were
observable.

Attempts to form the metal-incorporated polymer in solution
by dissolving both PS-SO,Cl and [(bpy),Ru(5-NH,phen)]**
complex in DMF or acetone were unsuccessful. Only ion for-
mation/association between the partially hydrolyzed poly-
sulfonated polymer polyelectrolyte and metal complex was ob-
served even when considerable effort was taken to exclude water
from the reaction mixture. A sulfonamide containing monomeric
complex was prepared by the reaction between p-toluenesulfonyl
chloride and [Ru(bpy),(5-NH,phen)]?* (eq 7) as described by

(bpy),Ru(5-NH,phen)?* + 2p-H,CC-H,SO,Cl —
{(bpy);Ru[5-N(p-SO,C¢H,CH;),phen]** + 2HCI (7)

Margerum.!! The relative rates of formation of the first and

(15) Surridge, N. A,; Linton, R. W.; Hupp, J. T.; Bryan, S. R.; Meyer,
T. J.; Griffis, D. P. Anal. Chem. 1986, 58, 2443,
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Figure 3. Cyclic voltammogram of the PQ**/* couple with [PQ**] ~
0.25 mM in the external 0.1 M TEAP-CH,CN solution at 0.125 cm?
electrodes coated with PS-SO,ClI films soaked in a 5 mM solution of
[(bpy),Ru(5-NH,phen)}[PFg], for 2 h (A) unhydrolyzed and (B) hy-
drolyzed for 3 h. Scan rate = 50 mV/s vs SSCE reference.

second sulfonamide bonds in solution are such that only the di-
substituted complex could be prepared.

Cyclic voltammetric studies show the existence of a Ru(III/II)
wave at +1.32 V vs SSCE in the films. However, a point that
will play an important role later is that the Ru(III/II) wave can
be observed only in thin films that have been exposed to the
complex for extended periods of at least 2 h.

Hydrolysis. For experiments involving the generation of
photocurrents”™! or for luminescence measurements, the films were
hydrolyzed in aqueous carbonate buffers for periods of between
1 and 3.5 h following the incorporation of the metal complex. The
efficiency of photocurrent production is highly dependent upon
the degree of hydrolysis of the ~SO,Cl sites to —SO;~ within the
polymeric films. This was more or less an expected result since
the mobility and extent of incorporation of the cationic quencher
used, PQ?*, is expected to be significantly affected by the degree
and location of hydrolysis within the film structure; the dynamics
of quenching and redox product separation following photolysis
could also be affected.

In a macroscopic sense, the hydrolysis step has a relatively small
effect on the transport of PQ?* through the film to the inner
electrode. The point is demonstrated by the cyclic voltammograms
in Figure 3. From the data the cyclic voltammograms for the
PQ*/* couple with [PQ?*] ~ 0.25 mM in the external acetonitrile
solution (Figure 3B) are only slightly affected by hydrolysis,
suggesting that the bulk transport rate of the PQ¥*/* couple
through the film is only slightly affected as well.

The importance of the incorporation of PQ?* by ion exchange
on the appearance of photocurrents was confirmed by a simple
experiment. A film prepared on a platinum flag soaked for 2 h
in 5 mM [(bpy),Ru(5-NH,phen)][PF], was placed ina 0.1 M
TEAP/acetonitrile solution where luminescence from the MLCT
excited state was easily observed upon “black-light” irradiation.
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Figure 4. FTIR spectra of PS-SO,Cl: (A) in a KBr pellet; (B) the same
spectrum in KBr after stirring the suspended polymer in a 0.5 M
Na,C0,/0.5 M NaHCO; buffer (pH ~9.6) for 12 h; (C) obtained by
specular reflectance (45°) as a spun-cast film (~1200 A thick) on a
glass/titanium/platinum substrate; (D) as in (C) except after soaking
in buffer solution (pH 9.6) for 4 h.

The luminescence was totally quenched upon the addition of
sufficient PQ** to make the solution 2 mM in PQ?**. The
quenching of luminescence was maintained even after soaking the
film for 20 min in neat acetonitrile. Upon addition of 0.1 M
[NEt,4}(ClO,), the luminescence was immediately restored, evi-
dently because of exchange of NEt,* ion for PQ?* in the film.

The workup procedure for the chlorosulfonated polystyrene!?
unavoidably causes a certain degree of hydrolysis. The extent
of additional hydrolysis induced by the soaking procedures de-
scribed here could be estimated, at least qualitatively, by IR
spectroscopy. Figure 4A shows the IR spectrum of a sample of
PS-S0,Cl in KBr immediately after synthesis and workup. Figure
4B is a spectrum of the same polymer in KBr but after it was
stirred as a suspension in aqueous base (pH 9.6) for 12 h. The
peaks at 1040 and 1130 cm™ and the shoulder at 1225 cm™ show
the appearance of sodium polystyrene sulfonate, PS-SO;~,Na*.!6

Figure 4C shows the specular reflectance IR spectrum of a
sample of PS-SO,Cl cast as a film (~1550 A thick) on a
glass/titanium/platinum substrate, and Figure 4D the same film

(16) Hart, R.; Janssen, R. Makromol. Chem. 1961, 43, 242,
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Figure 5. Emission spectra at 25 °C obtained following 450-nm laser
excitation: (A) [(bpy),Ru(5-NH,phen)][PF¢], monomer in 0.1 M
TEAP/CH;CN; (B) PS-SO,CI polymeric film into which [(bpy),Ru-
(5-NH,phen)]** (2 mM) had been soaked for 2 h followed by hydrolysis
in 0.5 M Na,C0,/0.5 M NaHCO; for 3 h; (C) dry polymeric film at
77 K using 425-nm continuous wave excitation. The film was prepared
by soaking a PS-SO,Cl film in an CH;CN solution containing the metal
complex (2 mM) for 17 h and rinsing with CH;CN.

after soaking in base for 4 h. The extent of hydrolysis indicated
in Figure 4B,D is comparable and, by comparing peak ratios, is
<5% of the total PS-SO,CI sites. Films having comparable
properties in the photoelectrochemical experiments described later
could be obtained by prehydrolysis and film formation or by
hydrolysis of intact films. So that equivalent results with films
formed following prehydrolysis could be obtained, it was necessary
to hydrolyze the intact films for ~ 15 min after incorporation of
the Ru complex.

Photophysical Properties. In Figure 5A,B are shown emission
spectra for the monomer, [(bpy);Ru(5-NH,phen)]?*, in CH;CN
at room temperature, and of the sulfonamide-bound analogue,
[(bpy),Ru(5-PS-SO,NH(phen)]?*, with the polymeric film ex-
posed to an external solution of CH3;CN. The spectra were ob-
tained by integrating the emission intensity of the transient decay
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Figure 6. Excitation spectra (A) of [(bpy),Ru(5-NH,phen)][PFj, in
0.1 M TEAP/CH,CN (25 °C) detected at 620 nm; (B) of the same film
as in Figure 5C at 77 K detected at 630 nm.

as a function of emission wavelength excitation at 450 nm by a
pulsed N,/dye laser and are corrected for detector response. The
technique is highly sensitive and allows for the acquisition of
emission spectra from films containing relatively low loadings of
chromophore. So that spectra from a conventional emission
spectrofluorimeter could be obtained, much higher loadings were
required (soaking times of hours instead of minutes). Also it was
necessary to cool dry films to 77 K, as shown in Figure 5C.

There are no substantial differences between the solution and
film-based emission spectra. The ~1300-cm™! vibrational
structure that appears at 77 K is common for bpy- or phen-based
MLCT emitters and arises from an averaged contribution from
a series of »(bpy) or v(phen) ring stretching modes.!’

Excitation spectra for both the solution and film-bound com-
plexes exposed to CH,CN are shown in Figure 6A,B. There is
a notable lack of detailed structure in the film spectrum and a
decrease in relative intensity at 372 nm consistent with loss of the
5-NH;phen-based n — #* transition due to sulfonamide formation.

Emission decay within the polymeric films soaked in 0.1 M
TEAP in acetonitrile is nonexponential as shown in Figure 7.
Starting 20 ns after the laser pulse to avoid problems associated
with light scattering, the decay data could be satisfactorily fit as
the sum of two exponentials via the equation

I(t) = A, exp(-=t/7) + A; exp(~1/7) (8

and the method of nonlinear least-squares using a Marquardt
algorithm.'® The best fit treatment of decay curves like that
shown in Figure 7 gave 7, (=1/k;) = 700 ns and 7, (=1/k;) =
115 ns and 4,/A4, = 3.75 (4, = 0.04, 4, = 0.15). Given the
nature of the fitting procedure, the absolute magnitudes of the
constants A4, and 4, depend on such quantities as the concentration
and light absorptivity of the chromophore and the emission ef-
ficiency of the excited states, which in general vary from exper-

(17) Caspar, J. V.; Westmoreland, T. D.; Allen, G. H.; Bradley, P. G;
Meyer, T. J.; Woodruff, W. H. J. Am. Chem. Soc. 1984, 106, 3492,
(18) Marquardt, D. W. J. Soc. Ind. Appl. Math. 1963, 2, 431.
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Figure 7. Time-resolved emission intensity of a [(bpy),Ru(5-PS-
SO,NH(phen))]**-containing film on a platinum slide in 0.1 M
TEAP/CH,CN prepared by soaking a PS-SO,CI film in a § mM
[(bpy);Ru(5-NH,phen),][PF4],/CH;CN solution for 2 h and hydro-
lyzing in 0.5 M Na,C0;/0.5 M NaHCO; for 3.5 h. This corresponds
to ~1% loading of available ~SO,Cl sites by the metal complex. The
CH;CN solution surrounding the film was deaerated with argon. Also
shown is a least-squares fit of the data at ¢ > 20 ns using the biexpo-
nential function in eq 8; R? = 0.9991.

iment to experiment. However, in making comparisons between
experiments the ratio 4,/ A, which is a measure of the relative
amount of light emitted by the short lifetime component, is of
relevance. In acetonitrile at room temperature, the MLCT excited
states of [(bpy),Ru(5-NH,phen)]?* and [(bpy),Ru(5-N(p-
SO,C¢H,CH;),phen)]** decay exponentially with lifetimes of 1150
and 1800 ns, respectively.!1?

Nonexponential excited-state decay is a common feature in
polymeric film and related environments.% In our films in which
[Zn(5-NH,phen);]** and [(bpy),Ru(5-NH,phen)}?* are co-in-
corporated at a ratio of up to 2.5:1 Zn to Ru, the decay char-
acteristics of the Ru-based MLCT excited state were essentially
unchanged. The absence of a dilution effect suggests that self-
quenching is not an important deactivation pathway, a conclusion
that is supported by the absence of a change in lifetime when the
laser intensity was decreased by a factor of 2 by using neutral
density filters. When a preformed film containing bound complex
was dissolved in DMSO, the deviation from single-exponential
behavior was less marked but still noticeable.?!

Quenching by Added PQ**. Because the complex containing
films are weak emitters, conventional intensity quenching ex-
periments were relatively imprecise, and the extent of quenching
was monitored by integrating the area under the / vs ¢ transient
decay curves. The experiments were carried out with the films
exposed to a 3-mL volume of acetonitrile containing 0.1 M TEAP
with varying amounts of added PQ?*, and the decay curves
monitored following pulsed excitation from a N, pumped dye laser.

Quenching studies over a wide range of PQ** concentrations
reveal three distinct quenching regions. A plot of I/I vs [PQ**]
in 0.1 M TEAP/acetonitrile in the external solution is shown in
Figure 8A for a film soaked for 2 h in chromophore solution and
hydrolyzed for 3.5 h. At low added PQ?* (<0.10 mM), a rapid
quenching process occurs followed by a decrease in apparent rate
as [PQ**] is increased. At high PQ?* concentrations (=3 mM)
the extent of quenching reaches a plateau past [PQ**] ~ 50 mM,
where no further quenching occurs and yet ~30% of the initial
emission intensity remains. The behavior illustrated in Figure
8A has been observed in several separate samples.

To treat our data, we have turned to an analysis that was
developed to account for the intensity quenching behavior of
protein-bound fluorophors exposed to solution quenchers.??2 In

(19) McClanahan, S. F.; Margerum, L. D., unpublished results.

(20) (a) Wheeler, J.; Thomas, J. K. J. Phys. Chem. 1982, 86, 4540. (b)
Wei, S.; Gafney, H. D.; Clark, J. B,; Perettie, D. J. Chem. Phys. Lett. 1983,
99, 253. (c) LeLand, B. A,; Joran, A. D.; Felker, P. M.; Hopfield, J. J.;
Zewail, A. H.; Dervan, P. B. J. Phys. Chem. 1985, 89, 5571. (d) Lindsey,
J. S.; Mauzerall, D. C.; Linschitz, H. J. Am. Chem. Soc. 1983, 105, 6528.

(21) McClanahan, S. F., unpublished results.

(22) Lehrer, S. S. Biochemistry 1971, 10, 3254,
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Figure 8. (A) Intensity quenching study of a film prepared as in Figure
7, as a function of added PQ?* in the external 0.1 M TEAP-CH,CN
solution. The intensity, I, was obtained as the average integrated area
under 200 transient I vs f curves at the emission maximum (625 nm)
beginning at 20 ns after the laser pulse to the end of significant emission
following excitation at 460 nm. (B) Modified Stern—Volmer plot of the
data in (A) according to eq 9. Also shown is the least-squares regression
line for points where [PQ?*] < 0.15 mM, including the 95% confidence
levels.

the analysis a distribution of emitting sites is assumed to exist
between areas of the protein that are accessible to quencher and
those that are not. If the analysis given by Lehrer is appropriate
to our case, a plot of Io/(lo— I) vs 1/[PQ?**] should yield a linear
region at low [PQ?*] where only the easily accessible sites are
quenched. In general, for a series of sites /

n
i2 K
L 1 40 SV ©
10_1 2+ n n
{PQ ]Zifist, 'Z1ﬁKSV’
i= i=

where the summation is over the total number of different
chromophoric sites i. In eq 9, f; is the “maximum accessible
fraction” of chromophores quenched, with a Stern—Volmer con-
stant Kgy,. If the emission quantum yield and wavelength
characteristics of emission for all of the sites are the same, f; is
given by the ratio of the intensity of light emitted by site i to the
total light emitted:

fi= 1o,/ 1o

However, in general, the photophysical properties of different sites
will be different, and the ratio Iy /I, is a measure only of the
fraction of light emitted by site / and not a measure of the total
fraction of sites that are i.

Shown in Figure 8B is a plot of Io/(I;— I) vs 1/[PQ?*] for the
same data shown in Figure 8A at low [PQ?*]. Although the
scatter in the data at such low quencher concentrations (4—60 uM)
is necessarily high, a consistent linear trend has been observed
in a number of independent experiments. The linear region is
maintained to [PQ?*] ~ 0.12 mM, after which the contribution
from the slower quenching process becomes important. Extrap-
olation of the data in Figure 8B to the intercept at 1/[PQ?*] =
0 in the region of low quencher concentration gives an intercept
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Figure 9. (A) Intensity quenching study of a film prepared under iden-
tical conditions as described in Figure 8 but in a solution 0.1 M in TEAP
and 0.05 M in TEOA. (B) Modified Stern—Volmer plot of the data
shown in (A). Also shown is the least-squares regression line for points
where [PQ?**] < 0.15 mM and the 95% confidence limits.

of 2.0 and a slope of 0.030 mM. If it is assumed that quenching
in this fast-quenching region arises through quenching of a single
type of site, the intercept to slope ratio gives Kgy(ssy) = 6.7 X 104
ML From the inverse of the intercept, the fraction of light emitted
by the sites that are rapidly quenched is fg,, ~ 0.50.

From the intercept of the linear region, a value of / = 1.83 can
be calculated, which corresponds to the remaining light intensity
that is emitted by sites not readily accessible to the quencher. The
value of I so obtained provides an estimate for the initial emitted
intensity Iy, for the sites that are more slowly quenched. On the
basis of this value of Iy, a plot similar to that shown in Figure 8B
can be constructed for the region where the quencher concentration
lies between 0.6 and 3 mM. At these concentrations, emission
from the rapidly quenched sites is negligible. The plot constructed
over the higher concentration range in PQ?* is linear, but because
of the uncertainties involved in the data and the treatment only
an estimate of Kgy(owy ~ 3 X 10° M™! could be obtained.

The results of experiments carried out on films prepared in an
identical manner except with 0.05 mM triethanolamine [IN(C,-
H,OH),] added to the external solution are shown in Figure 9A
as a plot of I/I vs [PQ?*]. In the presence of TEOA and with
or without added [NEt,](ClO,) at 0.1 M, a fast-quenching region
is again observed at [PQ**] < 0.15 mM followed by a slower
quenching region from [PQ?*] = 0.15 to ~2 mM. At higher
[PQ?**] the extent of quenching levels off. Qualitatively, the
addition of TEOA appears to increase the extent of quenching
in the fast-quenching region.

The importance of added TEOA lies in its role as reductive
scavenger in the photocurrent measurements, which are the basis
for the second paper in this series.!* A plot of I/(ly — I) vs
1/[PQ?*] for the film exposed to an external solution containing
both TEAP and TEOA is shown in Figure 9B. There is a con-
siderable decrease in scatter in the data compared to the data in
Figure 8B. From the intercept (1.34) and slope (0.041 mM) of
the linear region, Kgysy = 3.2 X 10* M~ and fi,, = 0.74 under
these conditions.

The MLCT excited state of the monomeric complex
[(bpy),Ru(5-NH,phen)]?* is quenched by PQ?* under the same
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Figure 10. Lifetime and intensity quenching data at the emission max-
imum of 620 nm for a film prepared as in Figures 7-9 in the presence
of 1.1 mM PQ?* as a function of added TEAP. The exciting wavelength
was 450 nm.

conditions in CH;CN solution!® with Kgy = 3.2 X 103 M. By
using 7 = 1150 ns,!! k, = 2.8 X 10° M! s}, which is within a
factor of 10 of the diffusion-controlled limit in CH;CN. The most
obvious explanation for Stern—Volmer constants for film-based
quenching that appear to exceed the diffusion-controlled limit is
that under the conditions of the experiment PQ?* is concentrated
within the film compared to bulk solution and that the partition
constant, K, = [PQ**]gm/[PQ** )i, is greater than unity.

We attempted to obtain an indpendent estimate of K, by an
electrochemical experiment. In the experiment a hydrolyzed
PS-SO,Cl film on an electrode was soaked in an acetonitrile
solution 2 mM in PQ?** and transferred to a clean 0.1 M TEAP
solution to obtain the cyclic voltammogram of the incorporated
PQ**/* couple. From the area under the wave on a first scan and
with the density of the film ~1 g/cm3, we estimate that K, ~
102 Using K, = 10> and 7 = 700~100 ns as the range in lifetimes
for the film-based excited states gives kg ~ 9.7 X 108-6.8 X
10° M1s7!. Although a number of factors dicate the magnitude
of kg, the fact that the film-based value is within .a factor of 10
of the solution value is notable. Decreases between solution and
film-based diffusion coefficients of up to 10° have been observed
for other electrochemical redox couples in related films.?

The kinetics of the fast-quenching process are relatively in-
dependent of added TEAP, but the slower process has a strong,
remarkable dependence on TEAP as shown in Figure 10 by the
dependence of the lifetime and Iy/7 ratios on added TEAP in the
presence of sufficient PQ?* (1.1 mM) that the rapid quenching
process is complete and not interfering. At added [TEAP] = 0,
about 50% of the emitted light remains unquenched. The residual
emission retains its nonexponential character with the decay
parameters for the two-component fit from eq 8 being 590 and
154 ns. The similarity between the kinetic decay parameters
obtained in the absence of any added PQ** (Table I) and those
obtained in the presence of 1.1 mM PQ?* shows that the excit-
ed-state sites giving rise to the two different quenching processes
have similar photophysical properties.

From the data in Figure 10, the process involving slow
quenching by PQ?* essentially does not occur in the absence of
added TEAP. However, as TEAP is added, both the emitted light
intensity and its lifetime decrease. As increasing amounts of TEAP
are added, both r; and 7, in eq 8 decrease in a parallel fashion.
The lifetime data displayed in Figure 10 utilize the slower com-
ponent 7, from the fitting procedure based on eq 8. It is apparent
from the data that the slow-quenching process is highly dependent
on added TEAP up to a level of =0.05 M, past which no further
quenching is observed. From the ratio Ip/I with [TEAP] > 0.5
M, where the slow-quenching step is complete, a considerable
fraction of the emitting sites still remains unquenched at this point.

(23) Buttry, D. A.; Anson, F. C. J. Am. Chem. Soc. 1983, 105, 1505.
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TABLE II: Kgy Values Obtained by Photocurrent Measurements in
CH,CN

quencher Eyjp(2+/+), V¢ Kgy’ M
O O -0.44 6 x 10
+ +
+ -0.50 5 % 10*
me—N() O \ e
Me:N@—@NtMe -0.51 1.2 X 10°
M e -0.55 60
+ +
@_@ -0.64 20
—N A
(CHy )
M -0.71 2
- A
(CHy)y
M Me -0.84 4
A

(CH,)4

9Reduction potentials vs saturated sodium chloride calomel elec-
trode. For comparison E;;; = +310 mV for ferricinium/ferrocene un-
der similar conditions (0.1 M KPF, CH,;CN). ®From photocurrent
measurements in either 0.1 M TEAP or 0.1 M NH,PF,, CH;CN.
NH,PF, was used, where necessary, to achieve sufficient quencher
solubility. ¢No photocurrent detected.

From the extent of quenching at [TEAP] > 0.05 M, it can be
estimated that of the fraction of light emitted by the sites re-
maining after rapid quenching, ~50% is emitted by sites that
undergo slow quenching and the remainder from sites that are
not accessible to the quencher. From lifetime results under
conditions where further added PQ?* or TEAP has no effect, the
residual, unquenchable excited states still undergo nonexponential
decay but with 7 values for both components in the fitting pro-
cedure by using eq 8 which are considerably shortened, 7, =~ 250
ns, 7, &~ 65 ns, and 4,/A4; = 10.

The emission intensity data show that there is actually a slight
increase in emitted intensity following the addition of the first
aliquot of TEAP (inset in Figure 10). The effect is apparently
a medium effect. It may arise from structural changes in the films
arising from the incorporation of TEAP, which has the effect of
enhancing emission from all of the emitting sites. However, any
environmental change induced by TEAP has the ultimate effect
of inducing quenching by PQ?* as the level of added TEAP is
increased.

Kinetic Quenching of the Excited States. Estimation of Ex-
cited-State Redox Potentials. In the second paper in this series,!*
the results of an extensive series of photocurrent measurements
are described in which the photocurrents are induced in the
presence of added PQ?* and the reductive scavenger TEOA. In
that work it is shown that at constant light intensity and constant
added [TEOA] the inverse of the observed photocurrent varies
with [PQ?*] as

in = (1 + 1/Kev[PQM*]C (10)
where C is a constant. From the slope to intercept ratio it is
possible to evaluate Kgy. The photocurrent measurements thus

provides a relatively straightforward means for investigating
quenching dynamics within the films.
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We have carried out a series of such measurements based on
the pyridinium quenchers listed in Table II.  Although the
techniques used and the interpretation of data for PQ** as
quencher will be discussed in detail in the second paper, the results
obtained are most conveniently presented here. In previous work
of this kind, experimentally derived quenching rate constants for
a similar set of quenchers was utilized to estimate excited-state
redox potentials for Ru(bpy);*** in acetonitrile solution.?* The
basis for the approach lies in the application of a kinetic analysis
first presented by Rehm and Weller,? the utilization of elec-
tron-transfer theory, and the experimental variation of k, with
the free energy change for the quenching step.

Direct application of the kinetic quenching technique to the
film experiments based on photocurrent measurements and eq 10
is not possible. The problem lies in the somewhat equivocal
situation created by the existence of both slow- and fast-quenching
sites, the nonexponential nature of excited-state decay in the films,
and possible variations in the partition constants (Kp) for the
various quenchers. A simplification arises from the fact that as
shown in the second paper in the series, only the fast quenching
component contributes to the observed photocurrents. Even given
the remaining complications it seems clear from the dramatic
falloff in Kgv as E,j, for the quencher couple falls, that the
potential for the film based excited-state couple [(bpy),Ru(5-
NH(SO,-PS)phen)]**/[(bpy),Ru(5-NH(SO,~PS)phen)]?** lies
between ~0.50 and —0.70 V. This value is within striking distance
of the value of E¥ = —0.81 V vs SCE obtained for the [Ru-
(bpy)s]**/[Ru(bpy);]*** couple under the same conditions in
CH,CN solution.?

Discussion

Physical and Chemical State of the Chromophore. The
available evidence suggests that following the soaking procedure
for the incorporation of [(bpy),Ru(5-NH,phen)]?* into preformed
films of chlorosulfonated polystyrene (PS-SO,CIl), the chromo-
phore is chemically attached to the polymer via sulfonamide bond
formation. The question of whether the chemical linkage is via
one, [(bpy),Ru(5-NH(SO,-PS)phen)]}?*, or two, [(bpy),Ru(5-
N(SO,-PS),phen)}?*, sulfonamide links or a combination of the
two remains unresolved.

The results of the emission, excitation, and absorption exper-
iments described here suggest that, at least in a general sense,
the low-energy MLCT electronic structure of the chromophore
is maintained in the films. In addition, based on the results of
the photocurrent measurements in Table II, the redox potential
of the [(bpy);Ru(5-NH(SO,-PS)phen)]**/[(bpy),Ru(5-NH-
(SO,-PS)phen)]?** couple is less than or comparable to the po-
tential for the [Ru(bpy),]**/[Ru(bpy);]*** couple in acetonitrile,
showing that the thermodynamic reducing ability of the excited
state is also maintained in the films.

Although the properties of the film-based excited state are
superficially comparable to monomeric analogues in solution, the
lifetime experiments, which by their nature are relatively precise,
reveal that the film environment has a significant impact on the
decay characteristics of the MLCT excited state. In the film
environment the excited-state lifetime is shortened and excited-
state decay becomes nonexponential. That the film-based envi-
ronment has a significant impact on excited-state properties is
hardly surprising given the following: (1) The possible existence
of two electronically nonequivalent sites based on the formation
of mono- and disulfonamide links to the polymeric backbone of
the films. Changes in both nonchromophoric ligands and in
substituents on the chromophoric ligand are known to influence
excited-state lifetimes.!426 (2) The fact that Ru-based MLCT
excited-state decay is, in general, dependent on both radiative and
nonradiative decay from the lowest MLCT state(s) and, also, on
thermal activation to and subsequent decay from low-lying dd

(24) Bock, C. R.; Conner, J. A.; Gutierrez, A. R.; Meyer, T. J.; Whitten,
D. G,; Sullivan, B. P,; Nagle, J. K. J. Am. Chem. Soc. 1979, 101, 4815.

(25) (a) Rehm, D.; Weller, A. Ber. Bunsen-Ges. Phys. Chem. 1969, 73,
834. (b) Rehm, D.; Weller, A. Isr. J. Chem. 1970, 8, 259.
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states.?6?” Both types of processes are known to be medium
dependent. (3) The appearance of either self-quenching,?® possibly
via 2[(bpy),Ru[5-NH(SO,-PS)phen)]*** — [(bpy),RulM(5-
NH(SO,-PS)phen)}** + [(bpy),Rull(5-NH(SO,-PS)phen*)]*,
or quenching of the excited state at the electrode. (4) The lifetime
quenching evidence for three different emitting sites in the films.
(5) The possible role of localized, relatively slow dipole reorien-
tations that occur on the same time scale as excited-state decay.?’

The results of the dilution experiment based on [Zn(5-
NH,phen);]** suggest that self-quenching does not play an im-
portant role. Quenching by the electrode can also be ruled out
since the same lifetime characteristics are obtained for films
prepared on glass slides as on Pt or glassy carbon electrodes.

Localized environmental dipole effects do appear to play a role
as evidenced by a time-resolved experiment in which it was ob-
served that the emission maximum is time dependent at room
temperature, changing from ~605 nm at 20 ns to ~620 nm at
100 ns after excitation at 480 nm.3® In addition, a decrease in
the extent of nonexponential lifetime behavior is observed when
the polymer is dissolved in DMSO, where the rate of local dipole
reorientations is enhanced relative to the film environment, and
at 77 K, where dipole reorientations are frozen on the time scale
for excited-state decay. The situation in the films may be
analogous to that of the glass to fluid transition region in, for
example, 4:1 (V:V) ethanol-methanol. Temperature-dependent
lifetime studies of similar chromophores in the glass to fluid
transition region for this medium have shown that complex decay
kinetics appear when the reorientation of solvent dipoles in the
surrounding medium occurs on the same time scale as excited-state
decay.?? Such effects may also be operative in the viscous en-
vironment of the polymeric films at room temperature. In any
case, we have found that satisfactory fits of the lifetime data can
be obtained by using the relatively simple biexponential decay
function in eq 8.

The quenching experiments with PQ?* provide direct evidence
that following the hydrolysis step, the chromophore occupies three
distinctly different sites within the films. Site 1, whose existence
depends upon the hydrolysis step, accounts for ~50% of the
emitted light intensity. Quenching at site 1 is rapid and relatively
unaffected by added [NEt,;](ClO,). The appearance of Stern—
Volmer kinetics shows that quenching by PQ?* is diffusional rather
than static in nature. In the presence of 0.05 M added TEOA,
the fraction of emitted light from the rapidly quenched sites rises
to ~75% at the expense of both the slowly quenched and non-
quenched sites. The large Kgy value of 6.7 X 10* M (3.2 X 10*
M in the presence of 0.05 M added TEOA) for the rapid
quenching process provides evidence that PQ?* is concentrated
within the hydrolyzed films by ion exchange. The concentrating
effect of the films was verified by electrochemical experiments
which gave K, ~ 107 for the partition coefficient for PQ** within
the film.

Partial hydrolysis is required for quenching to occur and, once
hydrolyzed, quenching is rapid in the films. The rate constant
for quenching is comparable to solution values. However, from
the electrochemical result in Figure 3, partial hydrolysis has, at
best, a small effect on the transport of the PQ?*/* couple through
the films. By inference, long-range translational channels must

(26) (a) Meyer, T. J. Pure Appl. Chem. 1986, 58, 1193. (b) Juris, A,;
Balzani, V.; Barigeletti, F.; Campagna, S.; Belser, P.; von Zeleusky Coord.
Chem. Rev. 1988, 84, 85,

(27) Calvert, J. M.; Caspar, J. V.; Binstead, R. A.; Westmoreland, T. D.;
Meyer, T. J. J. Am. Chem. Soc. 1982, 104, 6620.

(28) (a) Kelder, S.; Rabani, J. J. Phys. Chem. 1981, 85, 1637. (b) Furue,
M.; Kuroda, N.; Nozakura, S.-1., Chem. Lett. 1986, 1209. (c) Baxendale, J.
H.; Rodgers, M. A. J. Chem. Phys. Lett. 1980, 72, 424. (d) Lachish, U;
Ottolenghi, M.; Rabani, J. J. Am. Chem. Soc. 1977, 99, 8062.

(29) (a) Lumpkin, R. S.; Meyer, T. J. J. Phys. Chem. 1986, 90, 5307. (b)
Danielson, E.; Lumpkin, R. S.; Meyer, T. J. J. Phys. Chem. 1987, 91, 1305.
(¢) Kitamura, N.; Kim, M.-B.; Kawanishi, Y.; Obata, R.; Tazuke, S. J. Phys.
Chem. 1986, 90, 1488. (d) Milder, S. J.; Gold; Kliger, D. S. J. Phys. Chem.
1986, 90, 548.

(30) Surridge, N. A.; Danielson, E.; Meyer, T. J., manuscript in prepa-
ration,
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exist within the films for the PQ?*/* couple before the films are
hydrolyzed, but these channels are not effective in bringing PQ?*
to the chromophoric sites.

The collection of facts available for the fast-quenching process
provides the basis for a relatively detailed kinetic and structural
model for what occurs at site 1. The role of the hydrolysis step
may be to create “ion-exchange incursion channels” that penetrate
from the translational channels into the hydrophobic buik of the
films where the majority of the chromophores resides. In this
model the incursion channels provide a basis for the diffusion of
the PQ?*/* couple from the translational channels to the chro-
mophore.

With this interpretation of the results, the fast-quenching process
must occur at those chromophoric sites that lie at or sufficiently
near the ion incursion channels that rapid, diffusional quenching
by PQ?* can occur. Even though the chromophoric sites are held
near the ion channels and PQ?** may be concentrated within them,
the quenching process is diffusional and relies on the mobility of
PQ?** through the films and into the incursion channels.

The majority of -SO,Cl sites within the films remain un-
hydrolyzed and hydrophobic in character. Partial hydrolysis
creates a basis for the appearance of separated ion-channel and
hydrophobic domains within the films, as has been reported, for
example, for the sulfonate-based perfluorinated polyether, Na-
fion.3! PQ?** is concentrated within the films, presumably largely
in the translational channels and in the ion incursion channels.

The second site for the chromophore in the films, site 2, accounts
for ~20-30% of the emitted light intensity and is quenched
relatively slowly by PQ?* and then only in the presence of added
[NEt,](CIO,). Although the quenching dynamics are dramatically
different between sites 1 and 2, their excited-state decay properties
are similar (eq 8) with ; = 700 ns, 7, = 115 ns, and 4,/A4, =
3.75 for site 1 and 7y = 590 ns, 7, = 154 ns, and 4,/ A4, = 2.83
for site 2. The similarities in photophysical properties suggest
that the two sites have similar electronic structures and sur-
rounding environments.

Presumably, the chromophores at site 2 are removed from the
ion incursion channels and are located further into the hydrophobic
interior of the films. As in the unhydrolyzed films, diffusion of
the PQ**/* couple within this region is probably slow, and the
concentration of PQ?* is likely to be considerably lower than in
the ion incursion channels. The combined effect is that oxidative
quenching is not competitive with excited-state decay. The ad-
dition of either triethanolamine or [NEt,](ClO,) provides a basis
for quenching at site 2. Given its ability to act as an ion carrier
across membranes, added TEAP may open ion migration channels
that allow PQ?*" to diffuse into and through the hydrophobic region
at rates sufficient to quench the excited state before it decays.

From the results of the Stern—Volmer experiments, the addition
of TEOA to the external solution converts site 2 sites into site
1 sites. Presumably, TEOA enters and swells the polymeric
matrix, increasing the domain where diffusion by PQ?* is suffi-
ciently rapid to obtain quenching.

Even at high concentrations of added PQ** with 0.1 M added
TEAP, a certain fraction of the chromophores, those that occupy
site 3, remain unquenched. Emission from the chromophores in
site 3 accounts for 20-30% of the total emission intensity. The
photophysical characteristics are significantly different from those
at sites 1 or 2 with 7, = 250 ns, 7, = 65 ns, and A4,/4, = 10.
Comparison of the residual emission under quenching conditions
in the presence and absence of TEOA (Figures 9B and 8B)
suggests that at 0.05 M added TEOA, at least partial quenching
of the excited states that occupy site 3 is induced.

We presume that at what we describe as site 3 the chromophores
are located in the hydrophobic region of the film perhaps in regions

(31) (a) Yeager, H. L.; Steck, A., J. Electrochem. Soc. 1981, 128, 1880.
(b) Vining, W. J.; Meyer, T. J. J. Electroanal. Chem. 1987, 237, 191. (c)
Hsu, W. Y.; Gierke, T. D. Macromolecules 1982, 15, 101. (d) Szeutirmay,
M. N,; Prieto, N. W.; Martin, C. R. J. Phys. Chem. 1988, 89, 3017. (e)
Rubenstein, 1.,; Bard, A. J. J. Am. Chem. Soc. 1981, 103, 5007. (f) Martin,
C. R,; Rubenstein, I.; Bard, A. J. J. Am. Chem. Soc. 1982, 104, 4817. (g)
Oyama, N.; Anson, F. C. J. Electrochem. Soc. 1980, 127, 247.
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Figure 11, Structural model for the chromophore—quencher apparatus
illustrating the existence of the three different sites for the chromophore
and the jon-exchange incursion channels within a microdomain of the
polymeric film.

of high local crystallinity, where diffusion is slow. Partial
quenching with added TEOA may be an additional consequence
of film swelling, which creates access to additional excited states
by PQ?**. Given the presumed environment at site 3, the decrease
in lifetime is surprising. For related MLCT excited states in
polymeric films, frozen solutions, or glasses,?® the surrounding
dipoles of the medium are frozen on the lifetime of the excited
state and enhanced lifetimes are normally observed. The increase
in lifetime has its origin in an increased energy gap between the
excited and ground states which decreases the rate of nonradiative
decay as predicted by the energy gap law.232 One possibility
is that an additional decay mechanism or mechanisms may exist
in the crystalline regions of the films, perhaps arising from
self-quenching or from entrapped O,.

The evidence presented here shows unequivocally, at least in
a physical sense, that distinctly different sites exist for the
chromophore in the partly hydrolyzed PS-SO,Cl films. Evidence
for interior inhomogeneities has been obtained in other film-based
systems including poly(/V-vinyl-2-methylimidazole), which contains
both hydrophilic and hydrophobic groups,*® in pure polystyrene
sulfonate containing ion-exchanged complexes,% and in Nafion,
where direct evidence for the occupation of three distinct domains
by polypyridyl complexes of Ru has been obtained by electro-
chemical measurements.3!®

Structure within the Film. The results of the photophysical
and quenching studies lead to a relatively detailed, physically based
model for the structure of the assembled molecular level chro-
mophore—quencher apparatus within partly hydrolyzed PS-SO,Cl
films. An attempt to illustrate that structure based on the available
experimental facts is made in Figure 11. The following features
are incorporated in Figure 11: (1) PQ?" is concentrated within
the films compared to bulk solution either as the PF;~ salt or, as
illustrated here, in the presence of TEAP as the ClO, salt.
Although the extent of hydrolysis is low, it results in ion incursion
channels which provide a relatively facile conduit between excited
states that lie near the channels and the extended translational
channels that permit PQ2*/* transport to the electrode. (2) The
appearance of the fast-quenching component, which we have
termed site 1, also depends upon the hydrolysis step. Site 1 sites

(32) (a) Englman, R.; Jortner, J. Mol. Phys. 1970, 18, 145. (b) Henry,
B. R.; Siebrand, W. Organic Molecular Photophysics; J. B. Birks: London,
1973; Vol. 1, Chapter 4. (c) Fong, F. K. Top. Appl. Phys. 1976, 15. (d)
Avouris, P.; Gelbart, W. M.; El-Sayed, M. A. Chem. Rev. 1977, 77, 793. (e)
Freed, K. F. Acc. Chem. Res. 1978, 11, 74. (f) Lim, E. C. Excited States,
Academic: New York, 1979. (g) Lin, S. H. Rationless Transitions; Aca-
demic: New York, 1980. (h) Heller, E. J.; Brown, R. C. J. Chem. Phys. 1983,
79, 3336. (i) Kober, E. M.; Caspar, J. V.; Lumpkin, R. S.; Meyer, T. J. J.
Phys. Chem. 1986, 90, 3722.

(33) Montgomery, D. D.; Anson, F. C. J. Am. Chem. Soc. 1985, 107,
3431.
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probably line the ion incursion channels where migration of PQ**
and diffusional quenching are both rapid. One effect of added
TEOA is to increase the fraction of chromophores available to
PQ% in this region by swelling the polymeric matrix. (3) The
slow-quenching component at site 2 is buried within the hydro-
phobic, unhydrolyzed portion of the film where the concentration
of [PQ](CIO,); is low and diffusion slow. The addition of
[NEt,](ClO,) apparently enhances the rate of ionic diffusion by
PQ?* in this region, and excited-state quenching, although slow,
does occur, (4) Those sites that are unquenchable are shown as
being deeply buried within the hydrophobic region. They may
lie in domains of relatively high local crystallinity where diffusion
of PQ?* is slow on the time scale for the excited-state decay.
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Photocurrents appear upon visible photolysis of thin films of chlorosulfonated polystyrene ([-CH,CH(p-C¢H,SO,C)],~;
PS-SO,Cl) containing the chemically attached chromophore [(bpy),Ru(5-NH,phen)](PFj), (bpy is 2,2"-bipyridine, 5-NH,phen
is 5-amino-1,10-phenanthroline). The chemical attachment is by sulfonamide binding. The photocurrents arise following
oxidative quenching of the metal-to-ligand charge-transfer excited state(s) of the complex by paraquat (PQ**) in the presence
of the reductive scavenger TEOA, triethanolamine. A kinetic model has been derived that accounts for variations in photocurrent
with light intensity and [PQ?*] or [TEOA] in the external solution. Comparisons with earlier quenching studies obtained
by laser flash photolysis show that only a fraction of the chromophores in the film contribute to the photocurrent. The efficiency
of photocurrent production depends upon the concentration gradient of the chromophore. It rises initially as the chromophore
content increases but falls dramatically in films where the chromophore has reached the electrode—film interface. Under

maximal conditions the per photon absorbed quantum yield for photocurrent production reaches 0.14, 0.18 with 0.1 M isopropyl

alcohol added.

Introduction

In previous papers,'™ the preparation and characterization of
thin polymeric films of chlorosulfonated polystyrene (PS-SO,Cl)
were described in which the metal-to-ligand charge-transfer
(MLCT) chromophore [(bpy),Ru(5-NH,phen)]?* (bpy is 2,2’
bipyridine; 5-NH,phen is 5-amino-1,10-phenanthroline)

NH
Or—O
N N
(5—NH,phen)

was incorporated by chemical binding:
-[-CHZ—CH-]; +y (bpy)2Rn.l(5——NH2p|’uer1)(F’F'6)2

o)

50,CI

— —ECHZ—CH})T_—y—[-CHz—CH}; + y HCI

2+
S0,CI SOZNH(phen)Ru(bpy)2

[(bpy)2 Ru(S—NH(SOZ—PS)phen)]2+

From the results of a series of photophysical and quenching studies
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(3) Ellis, C. D.; Meyer, T. J. Inorg. Chem. 1984, 23, 1748.

in the presence of the oxidative quencher PQ** (paraquat)

I:Me—N OO N—Me} =

P
a number of conclusions were reached concerning the physical
structure of the resulting films: (1) Following partial hydrolysis,
which converts <5% of the unreacted —~SO,Cl sites into ~-SO4~
ion-exchange sites, PQ** is concentrated within the films. (2)
Partial hydrolysis appears to create ion-exchange incursion
channels that allow PQ?* to reach and quench a high percentage
of the chromophoric sites. (3) Following the hydrolysis step, the
Ru-based chromophore occupies three distinctly different chemical
sites. The first site is near the ion-exchange incursion channels
where rapid quenching by PQ?** occurs. The second is in a hy-
drophobic region where relatively slow quenching occurs and then
only with added [NEt4](ClO,) as an ion carrier. The third site
remains unquenched even at high quencher concentrations and
may be in the hydrophobic region in a domain of relatively high
local crystallinity.

As constituted, the films contain a chromophore—quencher
apparatus, reactions 1 and 2, which has been used frequently in

(bpy),Ru(5-NH(SO,~PS)phen)?* —=»
(bpy),Ru(5-NH(SO,~PS)phen)?** (1)
(bpy),Ru(5-NH(SO,~PS)phen)?** + PQ** —
(bpy);Ru(5-NH(SO,~PS)phen)** + PQ* (2)
(bpy),Ru(5-NH(SO,-PS)phen)** + PQ* —
(bpy),Ru(5-NH(SO,~PS)phen)?* + PQ**
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