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Surface electrochemical and photoelectrochemical measurements on IX®Q:%m or TiG, of two proline
assemblies are reported. Surface coverage on ITO of Pbp-pia(RuOH(PF), and Bpb-pra(Rib,m)-OCH;(CFs-
COy); are (1.5-2.4) x 10719 mol/cn?, comparable to monolayer coverages of 12%) x 10-1° mol/cn? for
[Ru(bpyk(4,4-(COH).bpy)](PFs). and [Ru(bpy)(4,4-(POsH2)2bpy)](Br).. Incident photon-to-current conversion
efficiency (IPCE) measured in Gztel-type photovoltaic cells are sensitive to subtle structural differences in the
assemblies. IPCE values for Pbp-pra{Bam)-OH(PR). and Bpb-pra(Rtb,m)-OCH(CFRCO,), are 2% and
<0.1%, which are compared to 23% for both [Ru(b¥-(POsH2)-bpy)](Br), and [Ru(bpy)(4,4-(COH),-

bpy)](PFs). under the same conditions.

Introduction

We have applied the Merrifield solid-phase synthesis tech-
nique to the preparation of a family of peptide-based, molecular
assemblies containing polypyridyl chromophores. This includes

assemblies such ds(Chart 1) in which advantage is taken of

the tendency of extended oligoprolines to form helical structures.

For example, circular dichroism (CD) ariti NMR studies
reveal thatl is in the proline Il form in CHCN and HO in
which the local amide bonds are trans.

We have initiated a systematic study of surface attachment
and synthesis of peptide-based assemblies on metal oxid

A disadvantage of carboxylic binding to these surfaces is the
fragility of the resulting surface link toward hydrolysis. Recent
reports suggest that much higher surface stabilities can be
achieved by utilization of phosphonic acid derivatives and
phosphonate-surface bindifg14

We report here the properties, metal oxide surface binding,
and visible TiQ sensitization of the bis(phosphonate) complex,
2, and proline-derivatized assembli€s and 4 (Chart 2).
Assemblies8 and4 feature the key elements required for surface
construction of higher order, more complex assembiges
phosphonic acid group for surface binding, a-Rypy chro-

€mophore, and a free acid or ester group on a proline unit for

substrates. There is an extensive chemistry of this kind baSEdbuilding higher assemblies.

on carboxylato derivatives where surface binding occurs by

H-bonding or ester formation or a combination of the #vé.
Notable in this regard is the visible sensitization of Tiky
adsorbed polypyridyl complexes of Ru(ll) which has provided
the basis for a family of solution-based, photovoltaic devicgs.

Experimental Section

Materials. The solvents CECN (Baxter; B&J, high purity), ethanol
(EtOH) (AAPER Alcohol and Chemical Co, absolute) and propylene
carbonate (Sigma-Aldrich) were used as received. Solvents for the
preparation of metal complexes were dried before use by standard

tPresent address: Laboratoire de Synthese Organique, Faculte dedn€thods. [NG-CiHg)s(PFs) (TBAH) was purchased from Sigma

Sciences et des Techniques de Nantes, Nantes, France.
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Aldrich and recrystallized twice from ethanol. Tin-doped indium oxide
(ITO, In,0s:Sn) coated glass slides were purchased from Delta Tech.
Ltd., Stillwater, MN. Column chromatography was performed on silica
gel: Kieselgel 60, 236400 mesh, Merck 9385. Procedures for the
preparations of 4,4PGEt)bpytS Ru(bpy)rCl,,® [Ru(bpy)k(4,4-
(CO:H)2bpy)](PR)2,¢ Pbp-pra(Rlib,m)-OH(PR),,'” and Bpb-pra-
(RU'b,m)-OCH;(CRCO,),'8 were reported previously.

Synthesis. [Ru(bpy}(4,4-(POsEt,).bpy)](PFe)2. A solution of 213
mg of 4,4-(POsEt,).bpy (0.50 mmol) and 310 mg of Ru(bp@)»-2H,O
(0.60 mmol) in 50 mL of 9/1 EtOH/kD was heated to reflux under
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argon for 3 h. During heating, the reaction flask was covered with they were placed in solutions 2 10* M in metal complex as their
aluminum foil to protect it from ambient light. The solvent was removed respective salts in C4N for 16-72 h.

by rotary evaporation. The crude deep red residue was dissolved ina TiO, and ZrO,. Nanocrystalline Ti@ (or ZrQ,) films on ITO
minimum amount of an acetone/water (9/1) mixture and loaded on a electrodes and Ti©(or ZrO,) colloids were prepared by a previously
silica column for chromatography. Elution with acetone/water (8/2) published methoé? A portion of the ITO surface was masked with
eliminated the unreacted Ru(bp@).. An acetone/water/aqueous Scotch tape, and the TiQor Zr0,) colloid was spread with a glass
saturated KN@(80 mL/20 mL/10 drops) mixture afforded the desired rod. The resulting films were allowed to dry for 30 min, and the
complex [Ru(bpyX4,4-(POsEL).bpy)(NOs),. The pure fractions were electrodes were cut inte9 mm wide pieces. They were heated to 400
gathered after the acetone was rotary evaporated. A 0.3 g amount of°C for 30 min over @, cooled, and placed in solutionsx2107* M in
KPFs was added to the resulting aqueous solution and was washed 2metal complex as their respective salts in EtOH for 16 h. The peptides
times with CHCI, to extract complex as a BFsalt. The organic phase  Pbp-pra(RUb,m)-OH*" and Bpb-pra(Rtb,m)-OCH*" were deposited
was dried over MgS@and the solvent removed yielding 390 mg of by soaking their P& or CRCO,™ salts for 48-72 h in ethanolic
complex.'H NMR (400 MHz, CxCN, 6): 1.32 (m, 12H, CH); 4.20 solutions 0.01 mM in peptide. After derivatization, the electrodes were

(m, 8H, CHy); 7.45 (m, 4H, H5a, H®); 7.64 (m, 2H, H5, HY; 7.72- rinsed with ethanol and stored in a fresh ethanol solution until use.
(m, 4H, H6a, HEa); 7.95 (m, 4H, H6, HY, 8.10 (m, 4H, H4a, H4&); Measurements.Cyclic voltammetric experiments were conducted
8.54(d, 4H, H3a,H?); 8.80 (d, 2H, H3,H3. 3P NMR (200 MHz, with a PAR 273 potentiostat by using the standard three-electrode
CDsCN, d): 10.32. FAB-MS (r/e): calcd for GgHaNeRUP, 842; configuration in a one compartment cell. The medium was 0.1 M{N(
found, 842. CaHg)4](PFs) (TBAH) in CHsCN. The reference electrode was Ag/

[Ru(bpy)2(4,4-(POsH2)-bpy)](Br) > (2). A 400 mg (0.35 mmol) AgNOs (0.1 M TBAH and 0.01 M AgNQ in CHsCN) which was 300
amount of [Ru(bpyX4,4-(POsEL).bpy)](PFs)2 was dissolved in 20 mL mV more positive than SCE. The counter electrode and working
of dry DMF, 0.6 mL (4.5 mmol) of MgSiBr was added, and the mixture  electrodes were Pt. For surface measurements, cyclic voltammetric
was heated at 60C under argon and shielded from light for 18 h. experiments were conducted by using the standard three-electrode
DMF and excess M&iBr were eliminated under vacuum with a liquid-  configuration in a three-compartment cell. The reference electrodes were
N2 trap. The solid residue was dissolved in MeOH and stirred at room SSCE in the case of water as solvent or Ag/AgN@th CH;CN as
temperature for 3 h. To the deep orange solution was added diethyl solvent. The counter electrode was Pt, and the working electrode was
ether until precipitation occurred, and the red solid was filtered out the derivatized ITO. Surface coverage of electroactive complex was
and washed with diethyl ether. Drying under the vacuum pump afforded calculated from cyclic voltammograms. Areas under voltammetric

300 mg of pure [Ru(bpy}4,4-(POsH,)2bpy)](Br).. *H NMR (400 MHz, waves were integrated after correction for background current and

CDsCN, 9): 7.51 (m, 4H, H5a, H®); 7.75 (m, 2H, H5, HY, 7.82(m, divided by scan rate and electron charge by using an in-house program.

4H, H6a, H6a); 8.01 (m, 2H, H6, HY; 8.15 (t, 4H, H4a, H4), 8.73- Electrode areas were between 2 and 3 and used without correction

(d, 4H, H3a,H3); 8.91 (d, 2H, H3,H3. 3P NMR (200 MHz, Ck- for surface roughness.

OD, 9): 6.06. UV—vis [CH3CN; Amax M , M~1 cm™1)]: 458 UV —visible measurements were made with a HP-8452 diode array

(11 600). spectrometer and referenced against a solvent blank. ThesTECrodes
Procedures. Electrode Preparation. ITO.Before surface attach- were placedn a 1 cmcuvette containing CECN and positioned against

ment, ITO electrodes were washed in a 5:1:1 solution £,H1,0,, the side of the cell for each measurement. Surface coverages of metal

and NH,OH and thoroughly rinsed with purified water. These electrodes complexes]" in mol/cn?, were calculated from absorbance measure-
were heated to 408C for 5 min over Q. After the electrodes cooled, ments after subtraction of a blank Ti®lectrode. Surface coverage of
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Table 1. Photophysical and Electrochemical Properties of the Sensitizers i€iCtdt 25°C

complex Ew(RUM) (V) Aap€ (NM) en® (NM) ~Ey(RUM Yo
RU' (bpy)(4,4-(POsHz)-bpyP* (2) 1.39 456 642 -0.70
Pbp-pra(Rtib,m)-OH+ (3) 1.29 458 646 —0.79
Bpb-pra(Rilb,m)-OCH?* (4) 1.29 458 646 -0.79
Ru'(bpy)(4,4-(COH)bpyyt (5) 1.38 474 680 —0.60

a2 as a Br salt,4 as a CIQ™ salt, and3 and5 as Pk~ salts.? Measured at a Pt working electrode vs SCE insCN 0.1 M in TBAH. ¢ MLCT
absorption and emission maxinfeExcited-state reduction potentials estimated fi&m(RU"" ) = E1(RU"") — (Eq(in cm™)/8066+ yo (in eV)),
E, = Eip andy, ~ 0.1.°From ref 6.

the geometric areas of the electrodes were calculated from the
relationshipA(1) = 100d’e(1). A() ande(1) are the absorbance and
molar extinction coefficient in M' cm™* with the latter taken as the
value in CHCN; Amax = 452 nm (13 000 M* cm™?) for [Ru(bpy)-
(4,4-(CO.H)2bpy)](PFs)2. For Pbp-pra(Rtb,m)-OH(PF). and Bpb-
pra(Ru'b,m)-OCH(CRCO,), the molar extinction coefficient for the
model complex Ru(bpyj4-CHs-4'-CONHBzbpy)(Pk) was usedimax
= 458 nm (14 600 M* cm%).2°

Photoelectrochemistry. Photocurrent measurements were carried
out in a thin-layer, two-electrode cell. The counter electrode was a Pt
foil sealed in a block of epoxide resin (Buehler) to form the cell base.
The TiG; electrode was sandwiched against the counter electrode with
a 0.1 mm Teflon spacer, and a propylene carbonate solution 0.5 M in

IPCE

500

Wavelength, nm

Nal and 0.05 M in 4 was drawn into the cell by capillary action. The

irradiation source was a 75 W xenon lamp powered by a high precision
constant current source coupled to a f4 matched monochromator with
1200 lines/in. gratings. The light from the monochromator was passed

Figure 1. Photocurrent action spectra on TiRU' (bpy)(4,4-(POsHy),-
bpy?* (2), Pbp-pra(Rlb,m)-OH (3), Bpb-pra(Rib,m)-OCHs2+ (4),
and RU(bpy)(4,4-(COH)bpy?** (5). Spectra were measured in
propylene carbonate 0.5 M in Nal and 0.05 M nin a thin-layer,
two-electrode cell as described in the Experimental Section.

through two glass lenses and onto either the IL 500 radiometer for
light intensity measurement or the thin-layer Fighotoelectrochemical

cell for photocurrent measurements. Incident photon-to-current conver-
sion efficiencies (IPCE) at each incident wavelength were calculated
from the equation

1.39 V. Surface cyclic voltammograms were stable to repetitive
cycling through the RU" couple for extended periods. Integra-
tion of current-potential waveforms gave a limiting surface
coverage of 2.5< 1071% mol/cn?. Peptide complexe3 and4
display reversible RU" couples at 1.29 V.3 forms an
electroactive monolayer with = 2.6 x 1071° mol/cn¥? when
deposited from CBCN, and4 a coverage of 1.& 10-° mol/

(1240 evnm)l,

AP,
In this equation], is the incident photocurrent density in mA cfn . .
Ais the wavelength of incident radiation in nm, aRglis photon flux cn?. Successive cycling>(100) thropgh .the R'“ff' surface
in mW cm 2. The absorbed photon to current conversion efficiency couplgs 0f3_ reveals a slowly eVO',V'”gg irreversible electro-
(APCE) was calculated from the light-harvesting efficiency (LHE, the Cchemistry W'th_ a new couple growing in at 0.80 V vs SCE.
percentage of light absorbed by the adsorbed chromophore defined as The respective salts @&-4 adsorb onto Ti@from EtOH as
LHE = 1 — 104 with A(1) the absorbance &) using eq 2. shown by UV-visible measurements in the Rt bpy metal-
_ to-ligand charge transfer (MLCT) region from 350 to 820 nm.
APCE=IPCE/LHE @ For peptide complexe3and4, surface coverages on TiQmol/
Emission SpectroscopyRoom-temperature, CW emission spectra cn?) estimated by absorbance measurement are less than for
were recorded on a Spex Fluorolog-F212 emission spectrometerand [Ru(bpy)(4,4-(CO:H)2)bpy2T(5) (Table 1).
equipped with a 450-W xenon lamp and a cooled R928 photomultiplier  Phosphonate binding imparts considerable stability in water.
tube. For surface measurements, the electrodes were placed in standarg pH 1 only ~10% loss in coverage occurs over a period of
cuvette with propylene carbonate in the external solution. Emission several days for all three of the phosphonate complexes. At pH
was collected at a 90angle from the excitation source with the 3 3 and4 desorb on a time scale of minutésis stable for
electrode at 45to the excitation beam. The emission was corrected ' .
several weeks in water at pH 7.

for the spectral sensitivity of the detector. ) L —_
Emission lifetimes were measured following laser flash excitation _Figure 1 shows plots of incident photon-to-current efficiency

at 455 nm by using a PRA nitrogen laser model LN1000 and a PRA (IPCE) vs excitation wavelength for the three phosphonate-
dye laser model LN102. Emission decays were monitored at 640 nm derivatized sensitizers. These results are reported relat¥e to
by using an PRA monochromator model B204-3 and a Hamamatsu When adsorbed to Ti§5 and2 have similar IPCE’s of about
R-928 phototube and recorded on a LeCroy 7200A digital oscilloscope 23% under our experimental conditions. No effort was made
interfaced to an IBM-PC. Intensitstime decay profiles were fittothe  to maximize the IPCE values. These results show that the IPCE
biexponential function in eq 3. The average lifetime was calculated by \,g]ye for3 (~ 2%) is~10x lower than for2 and that the IPCE

IPCEQ) = (1)

using eq 4. value for4 is <0.1%.
_ _t _ _t Lifetime and emission data f&and4 on TiO, are given in
0= anL( rl) -3 eXp( 12) ®) Table 3, and relative emission intensitiesAand2 on TiO, in
0= ar, + (1 3, @ propylene carbonate 0.1 M in NaCj@re compared in Figure

2. Average surface quenching rate constakisyere calculated
from the difference in average lifetimes on Zrénd TiG, by
using eq 5. In this treatment, which is only approximate, the

Results

In CH3CN 0.1 M in TBAH, E1; = 1.36 V vs SCE for the

Ru'" couple of2, and, on ITO deposited from GEBN, E;, = 1

(70,

1

K=
Ij'ZrOZE|

®)

(19) Dupray, L. M.; Meyer, T. Jlnorg. Chem.1996 35, 6299-6307.
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Table 2. Photoelectrochemical and Electrochemical Properties on Oxide Surfaces wi@NJH the External Solution at 25C

complex Ei(RUa (V)  10°C(ITO) (mol/cn?)  I(TiOz) (mol/cn?)  LHEmax IPCEma? APCEna?
RU'(bpy)e(4,4-(POsH,)bpy P+ (2) 1.36 2.5 1.7 107 0.99 0.23+ 0.05 0.23
Pbp-pra(Rlib;m)-OH* (3) 1.28 2.6 7.2x 10°® 0.90 0.02+ 0.01 0.022
Bpb-pra(Rtlb,m)-OCH:?* (4) 1.30 1.8 4.6x 10°8 0.80  <0.001 <0.001
RU'(bpy)e(4,4-(COH)2bpy}* (5) 1.34 1.5 1.3x 107 0.98 0.23£ 0.05 0.23

20n ITO in CHCN 0.1 M in TBAH vs SCEP IPCE (average of 34 electrodes) measured in propylene carbonate 0.5 M in Nal and 0.05 M

in 1. ¢ Calculated from eq 2.

Table 3. Photophysical Parameters on Oxides in Propylene Carbonate 0.1 M in la&lBurged&

T|02 Zl’oz
complex Aem (NM) a 71(ns) t2(ns)  [@O(ns) a 71(ns) t2(ns)  [@O(ns) ks
RU' (bpy)(4,4-(POsH2)-bpy?* (2) 654 0.83 15 87 27 0.50 94 497 297 >3.3x 107
Pbp-pra(Rlib,m)-OH* (3) 664 0.60 86 432 224 0.51 89 467 274 8&10P
Bpb-pra(Rilb,m)-OCH2" (4) 664 0.42 136 749 490 0.47 175 867 541 a0°
2 Kinetic decay parameters from fits of emission decays to ddZalculated from eq £ k= 1/(zrio,[— 1/Fz0,0]
— j 2+
= —4
- & + —2 ]
ﬁ £ TiO,
oy
E % + O o~ OCH; o— \
g N R—0—
; | , L ag= \
if o—
550 650 750 850 3 Lo AN
Wavelength, nm \o—
Figure 2. Emission intensity of RUbpy)(4,4-(POsH.).bpy?* (2) and \\
Bpb-pra(Rib,m)-OCH?" (4) adsorbed to Ti@measured in propylene

carbonate 0.1 M in NaClg) air-saturated. Emission intensities were
normalized for film absorbance at the excitation wavelength of 460
nm.

surface environments of ZgDon which quenching does not
occur, is assumed to be comparable to that of,TResults are
listed in Table 3. The lifetime of the MLCT excited state Df
was too short to resolve on our apparatus. Consistent with earlie
studies? there is a small amount of residual emission most likely
from Ru complexes on Tigthat do not photoinject efficiently.
Recent reports have shown that the MLCT excited statés of

r

Figure 3. Extended structure for Bpb-pra(Rum)-OCH?* (4) on
TiOa.

monolayer coverage of 1. 10719 mol/cn? is consistent with
close-packed surface structures assuming a relatively flat
surface® This is consistent with extended structures, such as
the one illustrated in Figure 3 which features phosphonate
binding to the surface and hydrocarbon chains extended off the
electrode surface. The higher coverage of 2.6071° mol/cn?
provides evidence that the ITO surface is slightly rough.

and related complexes are quenched by electron transfer gn TiO The electrochemical properties 8fare complicated by a

on the femtosecond time sc&fe2?

Discussion

The synthesis of the phosphonate-containing proline as-
semblies has been described in detail elsewhefdncorpora-

tion of the phosphonic acid groups creates a basis for stable

surface adsorption, and the surface linkage strategy is a succes

Stability studies on Ti@reveal that surface structures prepared

by simple soaking are stable for extended periods i@\

or EtOH and for several days in water at pH 1.
Electrochemical studies of bothand4 on ITO reveal the

existence of the expected surface-bound’Ricouples, at 1.29

V vs SCE. The experimental surface coverage§¥ of (1.5—

2.6) x 1071 mol/cn? are in the same range as for modified

surfaces formed fror@ or from carboxylic acid derivatives such

as5. Given the~14 A diameters of the metal complexes, a

(20) Hannappel, T.; Burfeindt, B.; Storck, W.; Willig, B. Phys. Chem. B
1997 101, 6799-6802.

(21) Rehm, J. M.; McLendon, G. L.; Nagasawa, Y.; Yoshihara, K.; Moser,
J.; Gratzel, MJ. Phys. Chem1996 100, 9577-9578.

(22) Moser, J.-E.; Gratzel, M.; Durrant, J. R.; Klug, D. Remtosecond
Interfacial Electron Transfer in The Dye-Sensitization of a Wide Band
gap SemiconductpMoser, J.-E., Gratzel, M., Durrant, J. R., Klug,
D. R., Eds.; World Scientific: London, 1996; pp 49898.

slow chemical change that occurs upon repeated cycling to
Ru(ll). It is accompanied by a change iy, for the Ru(llI/11)
couple from 1.29 to 0.80 V vs SCE which is comparable, for
example, with the difference iy, values between [Ru(bp§"
(1.29 V vs SCE) andtis-[Ru(bpy)(py)CI]* (0.79 V)2 sug-
gesting replacement of a single arm of one of the bpy ligands
erhaps by the free carboxylato group. We have been unable
0 elucidate the nature of the product in further detail.

The IPCE data show that photoinjection frénadsorbed on
TiO;, is efficient, comparable to that from the dicarboxylic acid
derivativeb. In this case there is direct bpy-phosphonate bonding
to the surface and the phosphonate ester or acid ligand has the
lower-lying 7z* level. It also provides an orbital basis for direct
electronic coupling with the surface.

There is no basis for direct electronic coupling Bor 4,
and their IPCE values are greatly reduced. Comparison of
lifetime data on Zr@ and TiQ shows that the fraction of
guenching on TiQis 18.2% for3 and 9.4% for4. Fractional
IPCE values normalized t@ are 8.7% for3 and 0.4% for4.

These comparisons suggest that small structural differences
in the linkage chemistry can result in considerable changes in
injection yield. Both surface quenching and IPCE are enhanced

(23) Sullivan, B. P.; Conrad, D.; Meyer, T.ldorg. Chem1985 24, 3640.
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for 3 compared tod. Although surface coverages are compa- possibility of preparing interfacial molecular structures in which

rable, there may be a role, at least in part, for both phosphonateexcitation and electron transfer can occur free of electron-
and carboxylate surface binding, based on the structu® of transfer quenching by the electrode. By incorporating the
This would decrease the distance between the excited state andhromophore-quencher apparatus of assemblies stiglit asay

the TiG; surface. In4 the carboxylate group on the proline is  be possible to achieve molecular-level photoinduced redox
ester-protected. In fully extended structures, the distance of theseparation with the electrode used solely as a collector. An
Ru—bpy chromophore from the surface could be as large as aqditional topic that we hope to explore with surface-bound

~16 A for 3 and ~14 A for 424 Similarly, low IPCE's have  polyproline assemblies is the distance dependence of surface
been reported for Rtbpy chromophores covalently linked to  quenching.

TiO2 by the silane linking ageni-(2-aminoethyl)-(3-amino-
propyl)methyldimethoxysilant.It is also known that direct
binding to TiG is not a requirement for efficient photoinjection.

The results described here point to the viability of metal oxide
surface modification by phosphonate binding of proline as-

Bignozzi and Meyer have demonstrated that efficient photoin- s_emblleﬁ. Ehxpe;]lmen'és ar%currsntlyl_belng undertskzn t_o m_vez—
jection occurs following excitation of the remote Rbpy tigate whether the unbound carboxylic group can be derivatize

chromophore in the CN-bridged assembly [(bR)(NC)- by amide coupling thus providing a synthetic basis for con-
Re(COX(4,4-(COH)-bpy)](PR).25 structing complex peptide assemblies directly on the electrode
The fact that there is experimentally insignificant photoin- Surface.

jection by 4 is also an important observation. It points to the
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