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SUMMARY

Iwo methods for preparing organized, multicomponent asserblics of
electroactive complexes are described. Using 2 cationlc silane reagen:,
a thin layer of zeclire or pillared clay particles can be tethered to an
electrode surface. The silane provides a blnding site for anionic
zomplexes sush as Fe{CN) g% and Mo{CN)g?~, while the raolite or clay
component hindz: elecrroactive caticks sueh as Os(boy):?t, Ruibpy)3®*, and
metallocenes, These assemblies act as rectifiers electrachemically
bacause of zpatial ordering of their electrsactive anienic ard catienic
compenents. Clay-modified clectrodes containing Raibpy)if* and Mo(CKigh
ar Fe(CN}sé' can &lso act as photodicdes, betause of =fficient electron
transfor quenching of photcexcited Ruibpy}z®™ by the film-bourd aninns.

Another strategy Sor preparing crganized electroastive £ilms on
avrfaces involwes the sequential adsorption of the components of the
zirconium phosphonate structare from agquesus solution.  Yilms prodoced
ir this way are morphologically similar to Langmuir-Bliodgett
meltilayers. By incorporating both organic phoasphorate and inorganic
phosphale groups intgo the film, pillared materials with molecular
sleving properties can be synthesized., These films bind electroactive
cations spaller than the pillar height (ca. 10 A} and exclude larger
cationy. Spatially organized catiznfanicn electirode assemblies can thus
be prepared which alss act as current rectiizers.

TRTRODUCTION

The problem of artificial photosynthesis requires a system which is
mulrifunctional —— capable of effircient light ahsorption, charge
separaticn, vectorial electron transport, and multielectron catalysis.
This prablem pravides a challenge to ocur skill in bkoth moleeular and
supramclecular synthesis. 7The melecular part Invelives the preparation
of compounds with the right photochemical arnd electrochemical properties
to act as photosensitizers and electron relays. These moclacules must be
stable in at least two oxidation states and must wndergo Billiens of
turnovers in a photocatalytic cyc’e without undesirable side reactiorns.
Thanks to extensive work over the past decade, a number of promising
rhotosensitizers and eleectrcn relays, which folfill these requiroments,

are availablel.
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The supramglecular part ot the problen is largsly one of contrelling
the razes of elentron transfer (BT} hetween the molecular components of
the assembly. We seek to modulate ET rates {as nature does so well in
redox-active proteins and photosynthetic systems) by controlling such
parameters ag intramolecular distance and orientation, the polazity,
dynamics and reorganization energy of the medium, anre superexchange
pathways through intervenirg solvent molecules or hridging groups. The
depencance of ET rates on these parameters is now well understood from
kinebtic experiments with donor-acceptor mcleculesz‘4, proteins5r5,

7, and naturzl photosynznetic systems¥-10, Since these ground

poiymers
rules arce estaklished, it is largely the supramelectlar problem which
prevents us from creating practical artificial photesynthetic systems.

Quprarclecular assemblies which incorporate several molecular and/or
swlid slebe comporents in a well-defined spatial arrangement are
potentially interesting not only for artificial photesynthesie, but also
as catalysts, chemical senscrs, and conponents of nancmeter-scale
alectronic devices. Despite considerable motiwvation, from both a
fundamen-al and practical point of view, to study these systems, the
techniques available to us Zcr their synthesis are s5till re_atively few
in pumber. Most of these rely on phencomena of self-organization (as
with, for example, self-assembling monolayers, Langmuir-Blodget: films,
and biphasic polymers such as Natien), or molecular recognition, using
templating media such as cyclodextrins, clays, and zeclites.

In this paper we describe two new techniques for preparing well-
ordered, multicomponent electrode fiims. We havae constructed very
simple systems {(containing only two or thres redox-active components} in
which supramolecular organization is achiewed with a solid state
template —— a zeolite, clay, cor layered metal phosphonate. By choosing
molecules of the right charge, size, and redox potential, a vectorial
electron transport chain, which can he driven either photochemically or

electroctemlically, crganizes spontanecusly at the electreode surface.

ZEOQLTTE- AND CLAY-MODIFIZD ELECTRCDES

Large pore zeolites ard pillared clays have internal void networks
which admit molecules of appropriste size and charge. These
aluningsilicates bind small catiens suzh as Hat, NHqt, ¥, etc., whick
may be exchanged for larger electroactive caticns. Both materials are
microcrystalline and have molecular sieving properties: cations larger
than a well-defined "window™ size cannot enter the internal woid space.
For exarple, zeclite Y has openings which admit molecules of critical

dimension 7.4 A or less. Montmorillenite clay plllared with



239

ALy304{0H) 283 or Zry(OH)15-x*" bas a free gallery height of about 9 ALl
Cations larger than these openings, such as metal polypyridyl complexes
ard metalloporphyring, are excluded from the intracrystalline volume.
Smaller electroactive cations, for example metallocenes and viologens,
diffuse freely into the poresl?,

Cne strateqy for binding zeolite or plllared clay particles to an
electrode surface 18 shown in Scheme I, Using the silancl molecule I,
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| " . !
Lol Vv PR CHgh (T g Ty ? ECH 135Dy el
Opowicred= @,
CHy  CHy

i

an oxide electrode is functionalized with a thin layer of polymer. 1

polymerizes via hydrelysis of 5i-0Cliz groups and formation of siloxane
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Scheme I. Derivatization of an owide electrode surface with silane J,
followed by binding of zeolite or clay particles and exchange of
electroactive icrns AN, B™, and N,

{Si-0-5i} linkages. The electrode is then imwmersed in an acetonitrile
slurry or zeolite or clay particles. The polymer, which ig typically a
few monalayers thick, still contains enough free silanol groups to bind
the surface of the particles {presumably alse through 5i-0-5i ponds 13y,
and a "monolayer™ of micron-size particles is covalently attached. The

perticles provide binding sites for cations, while the fixed positive
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charges of the siloxane polymer act as binding sites for electroactive

aniong.
When an electrode modified according to Scheme I is scaked in a
the anions

solution contairing both electroactive anions and cations,

tend to occupy positions cleoser to the electrode aurface because of
their associaticn with the cationic polymer, The caticns, which bind

electrostatically to the zeollce or clay particles, are sited farther
from the electrode surface and, in some cases, cannct exchanga electrons
The situation is reminiscent of polymer bilayex

with it directly.
elactrodes!?, polymer coatings containing both "fast™ and "slaw" redox

couplesl3 16, ang polymer-modified electrodes in which cne elecktroactive
In these

group is attached only the outer surface of the £ilml?
assemblies one sees current rectificatinn and charge trapping effects

kecavse one electroactive compenent can only exchange electrons with the

electrode through exidation or reducticn of the otherl2-17.
Figure 1 shows cyelic voltarmegrams obtained with electrodes modified

according to Scheme I, using Alya04(CHlzeit-pillared montmorillonite,
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Figure 1. Cyclic voltammetry of 3n0z electrodes modified according to

Scheme I, using Al-pillared montmorillonite, and ion-exchanged with both

Fe (CN) g4~ and Os(bpyl32t. Left: scan initated at -0.2 V vs. SCE; right:
at +1.0 ¥. Scan rate 103 m¥/sec.

gcan initiated after 5 min.
The experiment i5 carried cut in a blank electrolyte (1 mM KHpPO4) after

scaking the electrode in a sclution contalning both Fe (CH) g%~ and
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Cs(bpy}32t. Inititially, the slectrode is held as potentials negative of
both the Fe({CN)gi~/3~ and 0s(opy)2~/3t potentials, and enly a reversible
Fe(CN} 5% /3~ wave is seen. wWhen the electrods is held positive of the

05 (bpy) 327/ 3+ potertial for a prelonged pericd, the clay~bound Os (bpy) st

iz slowly oxidized via reactions (1) and (2}:

sTaw
Os(bpy! 32!+ Fel(CWY g™ ———> Os(bpy)adt & Fe(oNigit (1)
fast
Fe(CNlg~ ----> FeiCN)gi™ + e~ 121

By sweeping the electrode negative {(to the Fe{CH} g3~/4" potential], the

oxidized Os(hpy]32+ igns are redused assording to {3) and (40

fast .
Fe(CHl g1~ + Os(bpy)a¥ —-———> Fe(tNiz3™ + Os(bpy)s?® &

fa
Fe(CNlg3~ + e~ Tast, Fa{CNjgl- {4}

Since reaction (3] ig geveral orders of magnitude faster than its
reverse reacticn, (1}, the reduction cf Os(hpyj33* at the Fe(CN)54'33'
potential is rapid. The large reduction wave (right side of Fig. 1)
therefore represenis reducticn of both Fe(CN) g3 and 05 (opy) 7, whereas
the corresponding cxidation wave represents cnly the Fe(CN}54‘f3‘
interconversion.

Analogous expariments carried sut with zeolite ¥ elegtrodes show
evidence for ion pairing between Fe (CH} g3~ and Os{opy)aZt. The ien pair
iz not confined to the surface of the zeclite particles, and diffuses
through the thin polymer film to the electrode surface. In this case,
direct oxidation and reduction of Os(bpy)32t/3* oceurs near ils formal
potential {tD.5 vil3, With the clay-modified electrodes (Fig. 1), the
lack of current near the ODs(bpy}zét/3+ potential shows that ion pairing
does not occur within the polymer. This cormplex apparently binds more
tightly to the pillared clay than it does to the zeolite Y surface.

PHOTOACTIVE ANION-CATION DIADS

Tne wectorial nature of facile electron transport {reactions 3 and &)
at the pillared clay-modified eleclrode suggests the possibility of
photochemically driven electrode reaclzons. What is needed is an anien—
cation pair in which one ion is a photosensitizer and the other is a
good electron donor {or acceptor) guencher. The guencher must not enly
oxidize or reduce the photoexcited sensitizer, but rust also "escape”

before back electron transfer can ccgur, regenerating the ground state.
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Recent flash photolysis experiments carried out with Bu(bpy) 32+
derivatives and multiply charged anions have shown that Mo (CK) g%~ ang
W(CN]34' are superior electron donor quenchers in agquecus solutionid,
Quantum efficiencies for aseparation of Yhe oxidized donor/Ruibpy)s*
geminate ion pair are as high ag 73-80%. Figure 2 shows a typical set
of transiert spestra recorded after an 11 ns laser flash which excites
Ru{bpy)32t. Rapid quenching by WIDN} 3%, and cage escape to form
WCK) 3%~ and Rutbpyist, is evidenced by the immediate appearance of
spectral features at 450 and 510 mm, which correspond to bleaching of

Ruibpy) 321 and formation of Ru(lbpy)a®. Decay of speciral transients via
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Figure 2, Transient abscrbance spectra of an aguesus Ru(bpy}32+fW(CN]9“‘
solution. Swectra A-E were regorded 0.4-13.5 ps after a 532 nm laser
flash, and show the formation and decay of Ru(bpylst (maxima at 360 ard
510 nm) . Beproduced from ref,. 18 with permission of the copyright owncr.

equal concentration, second order kinetics can ke attributed teo the
recombinaticn reacticn (9), which is ensrgetically favorable by ce. 1.3

Vv and ogeurs a7t a diffusion controlled rate:
W{CW) 33~ + Pulbpy)it --—-—> ®W(CWgd™ + Ruibpy)i?* (51

Pillared clay-modified electrcodes wnich are ion-exchanged with
Mo {CH) g4~ and Ru(bpy)32* show photocurrents which are consistent with
quenching of Ru{bpy)32t*® by Mo(CN)gt™, and separatiorn of the Mo (CM)g3~
/Ru(bpy} 3t geminate ion pair. Figure 3 shows current/time transients
recorded when the photoelectrode is illuminated with UV-filtered white
light. Small photocurrents are observed, which onset at the Mo (CH} g1=/3-
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formal potential and reach a maximum wvalue at more negative potentials
where photegenerated Mc(CN}g3' is rapidly reduced. The cathedice
Fhotocurrent is a consegquence of wvectorial redoction of Ru{bpy)32+* hy
Mo (CNigl™, and ig not obszerved in the absence of either vomponenent.
These current trangients translate intoe a quantum efficiency of 0.01 per

photon absorbed, which 1s markedly less than the wvalue of 0.8 obtained
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Fagure 3. Current-time transients for Me(CN)p4 /Ru(bpy)z?t/pillared clay
alectrodes in 1 mM agueons HHzPO4.

with the same denorfsensitizer diad in fluid soluticn. It is
nevertheless quite interesting that such photocurrents can be altained,
in the absence of any sacrificial reagents and in & self-assembling
system. Analogous systems in which the surface roughness and/er
photosensitizer extinction coefficient are increased should yield larger
photocurrents. Tigure 3 is recorded from an electrode with a surface
coverage of 2.5 x 109 moles Ru[bpy)32+fcm2, which absorbs only about 1%

wf the incident light power.

ELECTROACTIVE MOLTILAYER ASSEMBLLES

A second strategy for preparing supramolecular electrode
"panostructurcs” is shown in Schewme II, In this scheme "d" is a
surface-active group {i.e., a silanol for oxide surfaces such as
silicon, Sn02, and oxidized platinum, or a disulfide for gold) which
anchors a layer of phosphonate groups to the surface. Cnto this

nprimec" monelayer, a tetravalent terd+, HE4Y) or trivalent (Y34,
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lanthanide®t) metal icn is adscrbed, and then ansthar organic phosphonate
or phosphate layer. In this way a multilayer structure can be built up,

one: layer at a time, by sequential adsorption reactions,

2.
7 metal salt PO, HaO3F—R—PO3H;
surface ] O (CHn PO Hy i g OO
P (2) POy (3
(n
P05 O5F-R-PO5"
te 3 # ——— —— —» multlayer film
Oy OPR-POT () (3) ), e

Zcheme II. Sequential adsorption technique for growing metal
whosphonate multilayers on surfaces.

In our initial studiea of this process we showed that. well-ordered
f£ilms could be grown on planar surfaces if R was an alkyl groupl?. Tae
films adopt the structure of the highly insoluble tetravalentZ® and
trivaient?l metal phosphonates, which is morphologically similar to the
alternating oclar/nonpolar layered stiucture of Langeuir-Bloduett (LB)
films. Recently, we have found that well-ordered metal phosphonate
films can alse be grown on high surface are substrates such as fumed
silica??, 1n this respect, these and similarly adsorbed multilayer
£41ms23.29 offer a significant advantage over LB films, which are applied
toe planar surfaces {(enly) via menolayer transfer techniguesé?,

The tetravalent metal phosphonate struvture is closely related to
chat of G-Zr (HP0q)3-Hz0%6, In both structures one finds the same
pzeudcheragonal net of Zr atoms linked together by bridging -FJs groups.
The ionic bonding within this net is sufficiently strong to cause
essentially the same structure to ferm withany R group of pralected arca
25 A2 or less. This structure-directing property, which is common to
many layered metal-organic compounds and their irtercalated
derivatives20,21,27-2% j5 yvary advantagecus frem the standpoint af
suprarelecular synthesis, becavnse it allows one to tailor the size of
void spaces in the microporous layered soiid. For example, reaction of
zirconyl chloride with a mixture of alxyl- or arylphosphonic acid and
B3P0y is known to produce a single sclid phase in which the phosphonate R
and phosphate OH groups are randomly distributed over the planar 2r-0-P
rnet39, The phosphonate groups prop open the layers leaving void spaces
of well defined size. Since these voids contain the acidic phoesphate OH

groups, they can act as cation exchange sites. Therefore mixed



phesphate/phesphonate zirconium salts are molecular sieving cation
exchangers, much the same 3= zeolites and pillared clays.

When thess mixed phosphate/pheaphonates are prepared as layered films
on electrodes, according to Scheme IT {using a 1/1 molar ratio of HapPOg
and HpO3PCi1pHzoPO3H2 in step 3}, melecular sieving effects are manifested
in the electrochemistry. Figure 4 shows the cyclic voltammetry of
three-layer ({5C-60 & thick) films icon-exchanged with a catienic
ferrocene and Cs (kpy)}s32*. The FeCHpHMeat catien is small enough to it
into the ca. 10 & void spase areatd by the pillaring decansbis-
phosphonate groups, and it can be clearly seen electrochemically,
Similar results are obtained with other small electrcactive cations,
e.q. methylviglegen. oOn the other hand, OS(bpy)32+ is tog big {diameter
12-13A) to exchange into the 1) A spaces within the film, and no
alectrochemistxry is seen. The deep green color associited with
Os(bpy) 32 "—exchanged zeclite and clay slectrodes is not observed,

indicating that none of the complex is adsorbed. Anionic complexcs

o
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s, 2
s
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20 o
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Figure 4, Cyclic woltammetry of three-layer zirconium phosphalef
decanebisphasphonate {1711/ 5nilz electrodes it 1 mM aquecus HHzPOaq.

{left) after lon exchange with CpFeCpCHzRMe3’, and (right} after ior
exchange with Ostbpy}32+.

such as Fe{CN)s%4 are likewise not bound by these thin-film cation
exchangers.

By increasing the ratio of phosrhate to pillaring phusphonate {Schene
II, step 3), a multilayer film which admits larger cations can be

prepared. Figure 5 shows electrochemical data vhtained with a 10-layex
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film which contains no pillaring phosphonate (i.e., a Zr(HPO4}z-nHzd
£ilm), grown on Sndz. Without electroactive caticns exchanged into it,
the Zr{HPGO4):z-nH0 coating is impervious to anions such as Fe (CN)g%™.
Since this film is relatively thick and pinhole-free, ng current is seen
upon c¢ycling through the Fe{CN)g¢* /3= potential. Exposing this electrode
te a solution of Os(hpy}az‘ results in the uptake of the complex, and the
electrode surface acquires its characteristic green color. Cyeclic
voltammetzy of this electrode in a blank etectrolyte clearly szhows the
presence of the bound Oa (bpy}z2* ions.

10 layer film in 0.5 mM Fe(CN);
1

e e P . Oalbpy)2* cxchanged film in 0.5 M Fe(CNy
T —t
- ___,_,/"‘. f,‘
I+ —— J
Qalbpy); -exchanged film, blsnk electrolyte J
/ 10 paim?
T i X
— ,,’»——:#“ /
L L } L. . . |
10 0.5 00 10 0.5 a0

POTENTIAL,V vs, SCE

FPigure 5. Cyclic voltammetry of a 10-layer zirconium phosphate/ SnQ;
electrode (upper left} in aqueous Fe{CN)54', {lower left) in a blank
electrolyte after ion-exchange with 0s {bpy}32t, and (right} in acuecus
Fe(CN) g™ after ion-exchange with Os (bpyis2t.

When the Os(bpy}a?t-exchanged Zr1(H204)7 -nH20 electrode is cycled in a
soluction containing Fe{tM)g?™, a large anodic wave, wkich onsets near the
Ds (hpy)32t/3+ potential, is cobscrved; however, there is no corresponding
catlodic wave. The ancdic process is olearly owidation of Fe(CN]64_,
since the wave is much larger than can be accounted for by Os(bpy)z2* in
the Film. We can interpret the irreversibility of this oxidaticn to
spatial ordering of Os(bpy}32t ard Fe{CNig?", much as we did for pillared
zlay electrodes (Fig, 1). The difference i1s that in this case the
Ds{bpy) 32t ions are nearest to the slectrede surface, so that reactions

{2) and {4} are replaced by {(6) and its reverse reaction:

fast
Os (bpy)3l* <-—--» Osibpy)z’t + e~ (6}
Rs before, reaction (3) will be fast, since it is thermodynamically

faverable, and {1} will be slow. The anodic precess, therefore, can be
represented by (€} + (3}, the net reaction being oxidation of Fe {CN} g% .



Sr the cathodic sweep, direct reductiocn of electrcgenerated Ee(CN}sR'
{via (4}} iz not possible, and reaction (1) is too slow to allow
mediated redoction Lo take place at an chservable -ale,

Since this zelf-crganizing two component aystem shows current
rectilication, as did the clay-based system, wne might expect to be able
to prepare molecular photodiodes using, e.q., Ru{bpy)s®' ions exchanged
Inta the film and an electren doror such as MO!CHJS4' in selution, I-
this case the polazity of the photodiode should be reversed, relative to

Figure 2. Experiments aleng these lines are in progress.

CONCLUSICHS

While we heve presented data obtaired with only the simplest
rulticooponenl {multl = 2} supramclecular asserblies, we are optimistic
that the technigues we have described can be appiied to Lhe Fabricalclon
of more complex aystems. The growth of multilayers via adscrption
reactions [Schems TI) appears to he particularly progmising in this
regard since electroactive molecules can be incorperated either by ion-
exichange or by bilnding them covaleally into the £11m.  Additionally,
this system allows the pesaikilicy of warying the rates of elsetron
transier betweern components by varyving the distance between layers

[i.2,, the pillar helght). These avenues ars currently keing explorsad,
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