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Abstract: Ferrocene-terminated oligo(phenylenevinylene) (OPV) methyl thiols have been prepared by orthogonal
coupling of phenylene monomers. Ethoxy substituents on the phenyl rings improve the solubility of OPV,
enabling the synthesis of longer oligomers. Self-assembled monolayers containing a mixture of a ferrocene
OPV methyl thiol and a diluent alkanethiol were deposited on gold. A cyclic voltammetric study of monolayers
containing oligomers of the same length with and without ethoxy solubilizing groups reveals that both solubilized
and unsolubilized oligomers form well-packed self-assembled monolayers. Changing the position of the
solubilizing groups on an oligomer chain does not preclude packing of the oligomer in the monolayer.
Conventional chronoamperometry, which can be used to measure rate constantslf $0, is too slow

to measure the electron-transfer rate through these oligomers over distances up to 35 A. OPV bridges are
expected to be highly conjugated unlike oligo(phenyleneethynylene) bridges, which may be only partially
conjugated because of rotation of the phenyl rings about the ethynylene bonds. Because of its high conjugation,
OPV may prove useful as a molecular wire.

Introduction in the OPE syster? Thus, OPV could be expected to transport

Formation of self-assembled monolayers containing highly electrons even faster thah OPE. .
7-conjugated organic oligomers would facilitate the investigation Ve present the synthesis of ferrocene OPV methyl thiols and
of interfacial electron transfer and the design of biosersord the characte.rlzatlon of the .resultlng monolayers. On the basis
molecular deviced.To this end, several research groups have ©f @ synthesis of OPV previously reported by Maddux ethl,
studied oligo(phenyleneethynylene) (OPE) thiols deposited asWe have developed asymmetric oligomers with ferrocene on
self-assembled monolayers on gafd.Ferrocene-terminated ~ ©N€ end and methyl thiol on the other end to make the oligomers
OPE thiols transport electrons faster than their ferrocene electroactive and capable of self-assembly on gold. We have
alkanethiol counterparts: the distance dependence of the log ofchosen to terminate the OPV oligomers with methyl thiol
the rate constanff = —d In ke/dx, was found to be 0:40.6 because aryl methyl thiols are more readily synthesized and
A-1for OPE34as compared te-1.0 A1 for alkane bridge§:8 more stable in solution than aryl thiols. Although the additional
Although OPE can transport electrons faster than alkanes, OPEMethylene is expected to reduce electronic coupling, this
may not be optimallyz-conjugated because energetically reduction should be constant for all the oligomers. Because rigid
feasible rotations of adjacent phenyl rings around the intervening ©ligomers such as OPV tend to have poor solubility at long
ethynylene bonds can decrease the conjugation ofrtbgs- ollgomer lengths, we have attached solubll!;lng groups to the
tem39 In contrast, oligo(phenylenevinylene) (OPV) is composed phenyl rings. By varying the number and position of solubilizing

of coplanar phenyl groups linked by vinylene bonds around 9roups, we have explored their effect on monolayer packing.
which the phenyl groups have a higher barrier of rotation than Ve find that both unsolubilized and solubilized ferrocene OPV

methyl thiols form well-behaved self-assembled monolayers.
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Chart 1. Ferrocene OPV Methyl Thiols (R C;Hs)
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Results and Discussion ;jf;:PE'
Ferrocene-Terminated OPV Methyl Thiols. Chart 1 shows 8 7
the nine ferrocene-terminated OPV methyl thiols of five =2
. . . i \

oligomer lengths that we have synthesized. These oligomers 7 + l—@—\\ —» Fe O \
are constructed from either vinylferrocene or ferrocenecarbox- o = O Q
aldehyde to which is added one phenylene monomer per 8 0
coupling reaction. Vinyl connections are made by alternating fisiv/v
Heck coupling ofp-halobenzaldehydes to terminal styrenesand 8 —> 2a

Horner—Wadsworti-Emmons coupling of p-vinylbenzyl-

aReaction Conditions: i NaH, DME. (i) Palladacycle, NaOAc,

phosphonates to terminal benzaldehydes. These alternatingPMA. (iii) NaBH;, THF. (v) DEAD, PPh, AcSH, THF. ¢) LiAIH 4,
orthogonal couplings expedite oligomer-chain extension by THF:
obviating the need for protecting groups. To cap the oligomer g hame 2.Synthesis oBb (R = CoHz)?

chain with methyl thiol, we reduce the chain’s terminal
benzaldehyde, convert the benzyl alcohol to a benzyl thioacetate, OR p—
and reduce the benzyl thioacetate to the benzyl thiol, whichis 7 «+ Br-@W—VB Fe  \ O \ o8
described in the following as an aryl methyl thiol. As an 0 & O N
example, the synthesis @&, a ferrocene OPV dimer methyl OR 4 10 o
thiol, is outlined in Scheme 1. i/ iv/v OR

Some solubilization of oligo(phenylenvinylene) is needed for - 2
long chains because synthetic intermediates longer than two
unsolubilized phenylenevinylene units are not sufficiently
soluble for further transformation in common organic solvents. flexibility in placing solubilizing groups. Wittig conversion of
3,5-Diethoxy substitution on the phenyl rings is one way to an oligomer’s terminal benzaldehyde to a styrene permits the
increase the solubility of OPV. The commercial availability of placement of solubilizing groups on any and all of an oligomer’s
4-bromo-3,5-dihydroxybenzoic acid, a precursor of benzalde- phenylenes. This Wittig conversion is used in the synthesis of
hyde9, permits convenient attachment of 3,5-diethoxy groups 2c (Scheme 3). With this synthetic strategy, we developed sets
to the phenylene adjoining the methyl thiol on an oligomer and of oligomers of the same length but having differently positioned
to every alternate phenylene prior to this terminal phenylene. solubilizing groups.
As an example, Scheme 2 outlines the synthesikpfa IH NMR spectroscopy of the ferrocene OPV methyl thio-
ferrocene OPV dimer methyl thiol with one set of solubilizing acetates indicates one doublet for each vinylic proton, which
groups. To test the effect of solubilizing groups on oligomer suggests that each oligomer has a single diastereomeric con-
packing in the self-assembled monolayer, we desired more formation and is not a mixture of cis and trans isomers. The

10

a Reaction Conditions:ii{) NaBH,, THF. (v) DEAD, PPh, AcSH,
THF. () LIAIH 4, THF. (vi) Pd(OAc), P(o-tolyl)s, NBus, DMA.
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Scheme 3. Synthesis oRc¢ (R = C;Hs)?
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P(o-tolyl);, NBus, DMA. (vii) n-BuLi, PPRCH3Br, THF.

Table 1. Long-Wavelength Absorption Maximums of
Ferrocene-Terminated OPV Methyl Thioacetates Measured in
CH,Cl,

Emax Emax
Amax (L-mol? Amax (L-mol?
compd (nm) cm?) compd (nm) cm?)
la 313+2 3+2x 10 3a 387+2 9+3x10
1b 322+2 44+2x 10 3b 390+£2 74+3x 10
2a 357+2 6+2x 10¢ 4 416+2 3+1x 10
2b 366+2 8+3x 10 5 426+ 2 4+1x10°
2c 366+2 5+3x 10¢

coupling constants found for the vinylic bonds of the oligomers
are 16.6+ 0.6 Hz, which are above the-84-Hz range expected
for cis coupling and within the +118-Hz range expected for
trans coupling? The presence of only one vinylic doublet for
each monomer unit and the magnitude of their coupling
constants indicate that the vinyl bonds of the oligomers are
exclusively in the trans geometty.

Properties of Protected Ferrocene-Terminated OPV Meth-
yl Thioacetates.UV/visible spectroscopy provides a probe of

J. Am. Chem. Soc., Vol. 123, No. 33, 208@35

the length of the pentametax for the ferrocene-terminated
OPVs continues to shift to higher wavelength, suggesting that
the limit of convergence for this series is greater than five.
Maddux and co-workers found empirically that this limit is
reached ah = 8 for asymmetric, aldehyde-terminated OBV,
For symmetric, hydrogen-terminated OPV, Meier and Stalmach
found this limit to be reached at= 1114

When excited atmay ferrocene-terminated OPVs emit more
weakly than a laser dye with a similapax probably because
of quenching of the OPV excited state by ferrocéhé&or
example, commercially available Coumarin 5408l max= 425
nm) emits 40 times more efficiently per absorbed photon than
thioacetate-protecte8d (Amax = 426 nm). The shorter OPV
chains show even weaker emission efficiencies.

Cyclic voltammograms (CVs) of solutions of protected
ferrocene OPV methyl thioacetates in contact with gold
electrodes exhibit peak shapes and peak splittings characteristic
of freely diffusing redox species in contact with an electréde.
For example, we studiedb in an acetonitrile solution of 0.1
M tetrabutylammonium hexafluorophosphate. This solution was
placed in contact with a gold electrode coated with a passivating
monolayer of pentanethiol to prevent contamination of the
electrode surface. For this system, the potential difference
between the peaks of the oxidative and reductive wa\Es,
is 65 mV at a scan rate of 50 mV/s which is close to the 60-
mV AE,-, expected for diffusive redox species in contact with
an electrodé’

Properties of Monolayers Containing Ferrocene-Termi-
nated OPV Methyl Thiols. Deprotected as free thiols, ferrocene
OPV methyl thiols absorb on gold. CVs of monolayers deposited
from solutions of only the ferrocene-terminated OPV methyl
thiol show large coverages of ferrocene. The CVs, however,
are broad and exhibit peak splitting. The number of electroactive
molecules in a monolayer is calculated by integrating the peak
in the CV above the baseline and dividing by scan rate, electrode
area, and elementary charge. The coverage values determined
from the oxidation and reduction peaks are averaged. A CV of
a monolayer deposited from a 0.3 mM chloroform solution of
4 shows a coverage of 83% of the density of #18 x v/3 R
30° alkanethiol monolayer on Au(111§.At a scan rate of 100
mV/s, the peak splitting is 39 mV, which suggests structural

the spacing between the HOMO and LUMO of conjugated hysteresis of the monolayer. The peak of the CV has a full width
molecules, a quantity relevant to their ability to promote electron gt half-maximum (fwhm) of 173 mV, which is much larger than
tunneling. We acquired spectra of the thioacetate-protectedthe 90 mV fwhm predicted for identical, noninteracting tethered
oligomers because these protected oligomers are more stablgedox groups7:1°The peak broadening suggests either interac-
than their deprotected thiol counterparts and the acetyl grouption between the ferrocene sites or inhomogeneity of those sites

is not expected to perturb significantly the absorbance spectrum.at high surface coverages.

The conjugated phenylenevinylene portions of the oligomers

To isolate the adsorbed ferrocenes and improve the uniformity

absorb strongly between 300 and 450 nm (Table 1). The peakof these ferrocene sites, we codeposited ferrocene OPV methyl

position of the absorptiommax shifts bathochromically with

longer chain length and additional solubilizing groups; the
extinction coefficient of the absorption likewise increases with
longer oligomer length. These trends are similar to those
reported for symmetric oligomers of phenylenevinylene. Up to

(12) Dean, J. A., Ed.ange’s Handbook of Chemistri/th ed.; McGraw-
Hill: New York, 1992; Table 7.46.
(13)*H NMR spectroscopy does not indicate whether the vinylene groups

thiols with alkanethiols as diluent§.Figure 1 shows CVs of
monolayers deposited from 0.3 mM solutions of 30 moRbko
and 70 mol % pentanethiol, decanethiol, or hexadecanethiol.
The coverage o2b with a pentanethiol diluent is much higher
than the coverage d¥b with a decanethiol diluent. Pentane-
thiol absorbs less avidly than decanethiol on the surface.

(14) Stalmach, U.; Kolshorn, H.; Brehm, |.; Meier, Hebigs Ann. Chem.

adopt cisoid or transoid configurations about the phenylene groups. The 1996 1449.

rotation of the vinyl group around the single carbaarbon bond in styrene
is calculated to have a barrier of 3.1 kcal/mdkuggesting that dissolved
oligo(phenylenevinylene), although planar, can interconvert between cisoid

and transoid geometries about the phenylenes in solution at room temper-

ature. In the solid state (either in a crystal or as part of a monolayer), OPV

(15) Giasson, R.; Lee, E. J.; Zhao, X.; Wrighton, M.JSPhys. Chem.
1993 97, 2596-2601. Guldi, D. M.; Maggini, M.; Scorrano, G.; Prato, M.
J. Am. Chem. S0d.997, 119, 974-980.

(16) Exciton, Inc., P.O. Box 31126, Overlook Station, Dayton, OH 45431.

(17) Bard, A. J.; Faulkner, L. RElectrochemical Method2nd ed.; John

may adopt exclusively one geometry. The specific cisoid or transoid Wiley & Sons: New York, 2001.

geometry of the ferrocene-terminated OPVs is not expected to affect
dramatically the rates of electron transfer through the OPV chain. (Marshall
Newton, private communication).

(18) Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A.
M. J. Am. Chem. Sod.99Q 112, 4301.
(19) Smith, C. P.; White, H. SAnal. Chem 1992 64, 2398.
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Figure 1. Cyclic voltammograms of mixed monolayers deposited from
solutions of 30 mol 9%2b and 70 mol % pentanethiol, decanethiol, and ~ 02r 7
hexadecanethiol. The scan rate was 100 mV/s. Double-layer capaci- <_£L r
. 3 . . e 00 - -
tances, full width at half-maximums, and fractional surface coverages =
of the electroactive species derived from the CVs are (pentanethiol) 5 o2l ]
6.1 uF/cn?, 114 mV, 7.2%; (decanethiol) 30F/cn¥, 108 mV, 3%; £
(hexadecanethiol) 2.8F/cn?, — 0%. Potentials were measured vs a 6 04k 4
Ag/AgCIO, reference electrode but have been converted to potentials L i
vs SCE. -0.6 7
The capacitance of the monolayer formed fr@m and pen- -0.8 L L L 1 1 L L 1
tanethiol is twice as high as the capacitance of the monolayer —_ N . . . ,
formed from2b and decanethiol. This increase can be attributed 0.6
to the inverse proportionality of alkanethiol length and capaci-
tance as found for pure alkanethiol monolay®r&Vith a 04T
hexadecanethiol diluent, the ferrocene redox peak disappears. ozl
Either the longer hexadecanethiol diluent precludes deposition < '
of the shorter2b or diluents longer than the codeposited Z 00t
oligomer prevent ferrocene oxidation by blocking ion permeation e
to the buried ferrocen®.On the basis of this study, the length g 02r
of the alkane thiol diluent in mixed-monolayer depositions was 6 04k
chosen to be slightly shorter than the ferrocene OPV methyl
thiol so that the ferrocene can be positioned in the electrolyte -0.6 |
above the alkane monolayer surface. . . ) . . .
Figure 2a shows a cyclic voltammogram of a monolayer '0?0‘2 01 00 01 02 03 04 05 06
formed by soaking a gold substrate in a solution of 30 mol % .
2a and 70 mol % decanethiol. The lack of peak splitting Potential (V) vs. SCE

indicates that the electron-transfer rate across the monolayer isFigure 2. CVs of monolayers containing decanethiol andZa) (b)
fast compared to the 100 mV/s scan rate. The 112 mV fwhm 2b, and (c)2c. The scan rate is 100 mV/s.
of the peak agrees fairly well with the 90 mV fwhm predicted

for an ideal noninteracting tethered redox grélighis agree- gf‘f)lﬁ(gd hﬁg'ﬁ;g’;ﬁg'c Film Thicknesses for a Representative Set
ment indicates that the ferrocene groups are nearly identical - - —

and are outside the interfacial charge double layer; if the  €lectroactive _ e”'p_somet”‘:};:'m
ferrocenes were within the charge double layer, the CV would compound diluent thickness (A)

show much greater peak broadenifig.he fractional surface 1b CHs(CH;)4SH 6.3+1.2
coverage of ferrocene thiol in this monolayer is 11% of the gg 2:3%32;923 iggi 2‘?
density of thev/3 x +/3 R 30° alkanethiol layer on Au(11% 3a CHy(CHy)1eSH 219413

The background charging current in Figure 2a gives an 4 CHs(CH,)15SH 21.54 0.9

interfacial capacitance of 1.2F/cn¥; from this value, we
calculat&? an effective dielectric thickness of 11 A, placing the  to the length of the alkanethiol diluent (Table 2), a reasonable
ferrocene groups at least 11 A from the gold surface. result considering that the diluent comprises the majority of the
At low coverages of ferrocene OPV methyl thiol, the monolayer. For the monolayer dfa described above, the
ellipsometric thickness of the mixed monolayers corresponds ellipsometric thickness is 13 A, which is consistent with the
(20) Chidsey, C. E. D.. Loiacono, D. Nangmuir 1990 6, 682, eﬁectivg dielecyric thickr!ess pf 11A. Furthermpre, the similarity
(21) Creager, S. E.; Rowe, G. K. Electroanal. Cheml997, 420, 291. of the film’s ellipsometric thickness to the thickness of a pure

(22) If the monolayer is treated as an ideal capacitor, Helmholtz theory alkanethiol monolayer indicates that the OPV chains have not
predicts thatl = (eeo/C), whered is the thickness of the dielectric medium  §5rme(d multilayers
(the monolayer)¢ is the dielectric constant of the monolayes, is the ’ . .
permittivity of free space, an@ is the capacitance of the monolayer per Panels b and c of Figure 2 respectively show CVs of

unit area? monolayers deposited from solutions of the solubilized OPV
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7.0x10° ——— — T deposition solvent as comparedimor 2c causes higher surface
I o coverages or the bulky diethoxy groups 2 and 2c reduce
6.0x10° |- L7100 2 the packing energy of the OPV adsorbates relativ@doAs
- 07 g expected, the longer oligomers show higher ferrocene surface
o SoxotE a b coverages than the shorter oligomers at the same mole fraction
5 . 108 % in solution because of the lower solubility of the longer
9; 40x107 - A Jos 8 oligomers. For example, comparing oligomers having the same
B . S number of solubilizing groups but different lengths, a solution
3 ooy 4 1% “§ of 20 mol %3aand 80 mol % decanethiol exhibits a fractional
S 20010° | 8032 surface ferrocene of 0.042, which is 3 times as much as exhibited
S R 1 & for 2b (0.014) at the same solution concentration of ferrocene
PP g © & and with the same diluent.
| N A ] 8 o 1o Potential-step chronoamperommetry can be used to determine
oollas &8 8 . % , . i P the rate of electron transfer between an electroactive species
00 02 04 08 08 0 and a planar macroscopic electrode through a monolayer film

mole fraction of terrocene thiol in solution . )
if the electron-transfer rate constant~s.0* s™1 or slower?3

For rate measurements faster thart 0!, the decay of the
current transients is limited by uncompensated solution resist-
ance?* Chronoamperommetric measurements on mixed mono-
layers containing the five oligomer lengths of ferrocene-
dimers 2b and 2c and decanethiol. Cyclic voltammetry and  terminated OPV methyl thiols have shown no evidence of
ellipsometry show negligible difference in peak shapes and film current transients slow enough to allow measurement of the
thicknesses between tH&, 2b, and 2c mixed monolayers, electron-transfer rate constants.
suggesting that the presence and position of solubilizing groups  Electron-transfer rate measurements have been made on this
on the OPV chain do not prevent the formation of a dense system with a technique that can probe faster rates, the indirect
monolayer. The interfacial capacitances and effective dielectric |aser-induced temperature jump method (a potentiometric
thicknesses of monolaye2b and2care 3.0 (7 A) and 3.gF/ method)2® The measured standard rate constants for electron
cn® (5 A), indicating some ion permeation into the monolayer transfer are all greater thanss 10° s! for the five oligomer
on the CV time scale. Monolayers containing the other ferro- chain lengths and have been interpreted as indicating electron
cene-terminated OPV methyl thiols show similar CV peak tunneling time constants in the activated complexes of less than
shapes and splittings. 200 ps. As a point of comparison, extrapolation of the distance-
CVs of mixed monolayers deposited from solutions contain- dependent rate constants reported for ferrocene ester-linked
ing the nine ferrocene-terminated OPV methyl thiols with alkanethiol§ to the same length d@gives a standard constant

Figure 3. Charge density and coverage of the electroactive species
(triangles,2a; circles, 2b; squares2c) on the surface as a function of
mole fraction in the deposition solution. Decanethiol was used as diluent
in all monolayers.

alkanethiol diluents show that the redox peak positi&isare of 4 x 107° s71, 10 orders of magnitude slower th&n This
between+0.14 and+0.24 V vs SSCE with no discernible  extraordinary contrast in the rate of electron transfer is due to
correlation between oligomer length aBtl There is~40 mV different tunneling rates through saturated versus well-conju-
of variability in the value ofE° recorded for the same  gated insulating molecular bridges and should be of use in
electroactive thiol. Solubilized oligomei$ and2b haveE®’s molecular electronics.

25—-50 mV lower than their unsolubilized counterpat&sand In summary, we have synthesized a new class of ferrocene-

2a, probably because the diethoxy solubilizing groups donate terminated adsorbates, ferrocene oligo(phenylenevinylene) meth-
electron density to the conjugated chain making the pendantyf thiols that, with and without solubilizing 3,5-diethoxy groups,
ferrocene easier to oxidize. Likewise, the trimer with two sets form well-ordered self-assembled monolayers on gold which
of solubilizing groups3b, has arE® lower than thee® for the behave thermodynamically similarly to ferrocene ester-linked
singly solubilized trimeBa (Scheme 4). Th&® 's of ferrocene-  alkane thiols but have much faster electron-transfer kinetics.
terminated OPV methyl thiols absorbed on gold a200 mV The orthogonal strategy presented for the synthesis of these OPV
lower than theE,/;'s of the ferrocene-terminated OPV methyl  bridges should permit further extension of the OPV chain to
thioacetates in acetonitrile. It is probable that fés of the greater lengths with retention of sufficient solubility. Syntheses
absorbed thiols are lower than tkeg,’s of the corresponding  of ferrocene-terminated OPV hexamer and heptamer methyl
thioacetates in solution because the electrochemical environ-thiols are in progress. Because the synthesis is asymmetric, the
ments of the two systems are different: the thioacetates arepridge ends can be individually modified to immobilize OPV
analyzedm 1 M tetrabutylammonium hexafluorophosphate in  on surfaces other than gold and to transfer electrons to
acetonitrile, a solution with a lower dielectric constant than 1 e|ectroactive groups other than ferrocene. For instance, in work
M aqueous perchloric acid in which the absorbed thiols are that will be presented elsewhere, we have synthesized pyridine-
oxidized. terminated OPV methyl thiols that can connect transition metal
Figure 3 shows charge densities calculated from CV220f  centers to gold electrodes and rapidly transport electrons between
2b, and2c as a function of the mole fraction of ferrocenethiol them.
in solution. The coverage, expressed as a fraction of the density
of the v/3 x +/3 R 30° alkanethiol monolayer on Au(111), is Experimental Section
Indlcz.ue.d on the .”ght'hand axis. The covera_g_e_thhnd 2c Thioacetate Characterization.Listed below are the characterization
are similar. That is, whether the ethoxy solubilizing groups are a4 for the protected ferrocene OPV methy! thioacetates from which

positioned on the thiol end or the ferrocene end of the the thiols are formed. This is the form in which the compounds are
electroactive adsorbate does not appear to affect its competition
(23) Chidsey, C. E. DSciencel991, 251, 919.

with the alkanethlol adsorbate in tht_a self-assembly process. (24) Sachs, S. B.: Chidsey, C. E. D. Private communication.
However, in '[hPT absen.ce of 3,5-diethoxy groups, surface (25 sikes, H. D.; Smalley, J. F.: Dudek, S. P.; Cook, A. R.; Newton,
coverages are higher. Either the lower solubility2afin the M. D.; Chidsey, C. E. D.; Feldberg, S. V8cience2001, 291, 1519.
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stored because thioacetate-protected oligomers are more stable than their 4-[(E)-2-(4-((E)-2-[4-((E)-2-(4-((E)-2-Ferrocenylvinyl)phenyl)-
corresponding thiols. As needed to form self-assembled monolayers, vinyl]-3,5-diethoxyphenyl)vinyl)phenyl)vinyl]-3,5-diethoxybenzyl thio-

the thioacetates are deprotected in small quantities with LjAdsl
described in the Supporting Information and deposited onto gold
substrates immediately.
4-((E)-2-Ferrocenylvinyl)benzyl thioacetate (thioacetate of 1a):
1H NMR (400 MHz, CDC}, ppm)d 2.36 (s, SCOCH 3 H), 4.11 (s,
benzyl, 2 H), 4.13 (s, Fc, 5 H), 4.28 (d, Rt= 1.68 Hz, 2 H), 4.45 (d,
Fc,J = 1.68 Hz, 2 H), 6.67 (d, vinylJ = 16.0 Hz, 1 H), 6.86 (d,
vinyl, J=16.1 Hz, 1 H), 7.25 (d, aromatid,= 8.5 Hz, 2 H), 7.37 (d,
aromatic,J = 8.1 Hz, 2 H); ES-MSwe 376. Anal. Calcd for @GHzo-
OFeS: C, 66.85; H, 5.61. Found: C, 67.08; H, 5.53.
4-((E)-2-Ferrocenylvinyl)-3,5-diethoxybenzyl thioacetate (thio-
acetate of 1b):'H NMR (400 MHz, CDC}, ppm)d 1.48 (t, OCHCHa,
J=6.8 Hz, 6 H), 2.35 (s, SCOGH3 H), 4.05 (s, benzyl, 2 H), 4.07
(g, OCH,CHs, J=6.8 Hz, 4 H), 4.12 (s, Fc, 5 H), 4.23 (t, Re= 1.8
Hz, 2 H), 4.44 (t, FcJ = 1.8 Hz, 2 H), 6.47 (s, aromatic, 2 H), 6.99
(d, vinyl, J=16.5 Hz, 1 H), 7.29 (d, vinyl) = 16.5 Hz, 1 H); ES-MS
m/e 464. Anal. Calcd for gsH2s0sFeS: C, 64.66; H, 6.08. Found: C,
64.89; H, 6.02.
4-[(E)-2-(4-(E)-2-Ferrocenylvinyl)phenyl)vinyl]benzyl thioacetate
(thioacetate of 2a):'H NMR (400 MHz, CDC}, ppm) 6 2.36 (s,
SCOCH, 3 H), 4.13 (s, benzyl, 2 H), 4.14 (s, Fc, 5 H), 4.30 (s, Fc, 2
H), 4.47 (s, Fc, 2 H), 6.69 (d, viny] = 16.2 Hz, 1 H), 6.89 (d, vinyl,
J = 16.2 Hz, 1 H), 7.27 (d, aromatid = 8.2 Hz, 2 H), 7.41 (d,
aromatic,J = 8.2 Hz, 2 H), 7.45 (d, aromatid,= 7.9 Hz, 2 H), 7.47
(d, aromatic,d = 7.9, 2 H); MALDI-MS m/e 478. Anal. Calcd for
CoH260SFe: C, 72.80; H, 5.48. Found: C, 72.61; H, 5.36.
4-[(E)-2-(4-((E)-2-Ferrocenylvinyl)phenyl)vinyl]-3,5-diethoxy-
benzyl thioacetate (thioacetate of 2b)*H NMR (400 MHz, CDC},
ppm) o 1.50 (t, OCHCHs, J = 7.0 Hz, 6 H), 2.36 (s, SCOGH3 H),
4.10 (g, OCH,CHs, J = 7.0 Hz, 4 H), 4.11 (s, benzyl, 2 H), 4.14 (s,
Fc, 5 H), 4.28 (t, FcJ = 1.8 Hz, 2 H), 4.47 (t, FcJ = 1.8 Hz, 2 H),
6.49 (s, aromatic, 2 H), 6.69 (d, viny,= 16.2 Hz, 1 H), 6.86 (d,
vinyl, J=16.0 Hz, 1 H), 7.40 (d, aromatid,= 8.3 Hz, 2 H), 7.46 (d,
aromatic,J = 7.9 Hz, 2 H), 7.48 (d, vinylJ = 16.8 Hz, 1 H), 7.65 (d,
vinyl, J= 16.6, 1 H); ES-MS1/e 566. Anal. Calcd for GHz40sFeS:
C, 69.96; H, 6.05. Found: C, 70.32; H, 5.85.
4-[(E)-2-(4-((E)-2-Ferrocenylvinyl)-3,5-diethoxyphenyl)vinyl]-
benzyl thioacetate (thioacetate of 2c)*H NMR (400 MHz, CDC},
ppm)o 1.53 (t, OCHCH3, J = 7.0 Hz, 6 H), 2.37 (s, SCOGH3 H),
4.13 (s, benzyl, 2 H), 4.15 (s, Fc, 5 H), 4.17 (q, ®CHs, J = 7.0
Hz, 4 H), 4.26 (t, Fc) = 1.8 Hz, 2 H), 4.47 (t, Fc) = 1.7 Hz, 2 H),
6.70 (s, aromatic, 2 H), 7.02 (s, vinyl, 1 H), 7.03 (s, vinyl, 1 H), 7.06
(d, vinyl, J=16.2 Hz, 1 H), 7.28 (d, aromatid,= 8.1 Hz, 2 H), 7.37
(d, vinyl, J = 16.5 Hz, 1 H), 7.45 (d, aromatid, = 8.2 Hz, 2 H);
MALDI-MS n/e566. Anal. Calcd for gH3,0sSFe: C, 69.96; H, 6.05.
Found: C, 69.81; H, 6.03.
4-[(E)-2-(4-(E)-2-[4-((E)-2-Ferrocenylvinyl)-3,5-diethoxyphenyl]-
vinyl)phenyl)vinyl]benzyl thioacetate (thioacetate of 3a):!H NMR
(400 MHz, CDC4, ppm)d 1.54 (t, OCHCH3, J= 7.1 Hz, 6 H), 2.37
(s, SCOCH, 3 H), 4.13 (s, benzyl, 2 H), 4.15 (g, ®;CH;, J = 7.0
Hz, 4 H), 4.16 (s, Fc, 5 H), 4.27 (s, Fc, 2 H), 4.48 (s, Fc, 2 H), 6.72
(s, aromatic, 2 H), 7.06 (s, vinyl, 2 H), 7.07 (d, vinyl= 17.2 Hz, 1
H), 7.09 (s, vinyl, 2 H), 7.29 (d, aromatid,= 8.0 Hz, 2 H), 7.38 (d,
vinyl, J = 16.5 Hz, 1 H), 7.45 (d, aromati¢) = 8.2 Hz), 7.51 (s,
aromatic, 4 H); ES-MSn/e 668. Anal. Calcd for G;H400sSFe: C,
73.65; H, 6.03. Found: C, 73.43; H, 5.91.
4-[(E)-2-(4-([E)-2-[4-((E)-2-Ferrocenylvinyl)-3,5-diethoxyphenyl]-
vinyl)phenyl)vinyl]-3,5-diethoxybenzyl thioacetate (thioacetate of
3b): *H NMR (400 MHz, CDC}, ppm)¢ 1.51 (t, OCHCHs, J = 7.0
Hz, 6 H), 1.54 (t, OCHCH3, J = 7.0 Hz, 6 H), 2.37 (s, SCOGH3
H), 4.08 (s, benzyl, 2 H), 4.11 (q, OCCH;, J = 7.0 Hz, 4 H), 4.15
(s, Fc, 5 H), 4.17 (q, OB,CHs, J = 7.0 Hz, 4 H), 4.26 (s, Fc, 2 H),
4.48 (s, Fc, 2 H), 6.50 (s, aromatic, 2 H), 6.72 (s, aromatic, 2 H), 7.06
(s, vinyl, 2 H), 7.07 (d, vinylJ = 16.6 Hz, 1 H), 7.38 (d, vinylJ =
16.5 Hz, 1 H), 7.50 (s, aromatic, 4 H), 7.51 (d, vingl= 16.5 Hz, 1
H), 7.68 (d, vinyl,J = 16.5 Hz, 1 H); MALDI-MS nve 755. Anal.
Calcd for GsH4eOsSFe: C, 71.42; H, 6.39. Found: C, 71.57; H, 6.41.

acetate (thioacetate of 4)*H NMR (400 MHz, CDC}, ppm)o 1.51
(t, OCH,CH3, J = 7.0 Hz, 6 H), 1.55 (t, OCkKCH3, J = 7.0 Hz, 6 H),
2.37 (s, SCOCH 3 H), 4.08 (s, benzyl, 2 H), 4.11 (q, ®eCHs, J =
7.0 Hz, 4 H), 4.15 (s, Fc, 5 H), 4.20 (g, ®CHs;, J= 7.0 Hz, 4 H),
4.29 (s, Fc, 2 H), 4.48 (s, Fc, 2 H), 6.50 (s, aromatic, 2 H), 6.70 (d,
vinyl, J = 16.2 Hz, 1 H), 6.73 (s, aromatic, 2 H), 6.88 (d, vinyl=
16.0 Hz, 1 H), 7.06 (d, vinyl) = 16.2 Hz, 1 H), 7.08 (d, vinylJ =
16.2 Hz, 1 H), 7.41 (d, aromatid,= 8.2 Hz, 2 H), 7.50 (m, vinyl and
aromatic, 7 H), 7.56 (d, vinyl) = 16.5 Hz, 1 H), 7.68 (d, vinylJ =
16.7 Hz, 1 H), 7.73 (d, vinylJ = 16.5 Hz, 1 H); MALDI-MS m/e
859. Anal. Calcd for @Hs4OsSFe: C, 74.12; H, 6.34. Found: C, 73.91;
H, 6.50.
4-((E)-2-[4-((E)-2-[4-((E)-2-[4-((E)-2-[4-((E)-2-Ferrocenylvinyl)-
3,5-diethoxyphenyl]vinyl)phenyllvinyl)-3,5-diethoxyphenyl]vinyl)-
phenyl]vinyl)-3,5-diethoxybenzyl thioacetate (thioacetate of 5)H
NMR (400 MHz, CDC%, ppm)o 1.51 (t, OCHCH3, J= 6.9 Hz, 6 H),
1.54 (t, OCHCHs;, J = 7.1 Hz, 6 H), 1.56 (t, OCkCH3, J = 7.0 Hz,
6 H), 2.37 (s, SCOCH 3 H), 4.08 (s, benzyl, 2 H), 4.11 (q, ®z-
CHs, J = 7.0 Hz, 4 H), 4.15 (s, fc, 5 H), 4.18 (g, ®BGCH;, J = 6.9
Hz, 4 H), 4.20 (g, O®,CHs, J = 7.0 Hz, 4 H), 4.26 (s, fc, 2 H), 4.48
(s, fc, 2 H), 6.50 (s, vinyl, 2H), 6.73 (s, aromatic, 2 H), 6.74 (s, aromatic,
2 H), 7.06 (m, aromatic & vinyl, 5 H), 7.45 (d, viny,= 16.3 Hz, 1
H), 7.51 (m, aromatic and vinyl, 9 H), 7.58 (d, vinj,= 16.7 Hz, 1
H), 7.68 (d, vinyl,J = 16.6 Hz, 1 H), 7.75 (d, vinylJ = 16.5 Hz,
1H); MALDI-MS m/e 1047. Anal. Calcd for gHessO7SFe: C, 74.41;
H, 6.53. Found: C, 74.61; H, 6.43.

Monolayer Preparation.18 A 200-A-thick adhesion layer of titanium
and a 2000-A-thick layer of gold were evaporated on a clean silicon
wafer. After a 5-s dip in a “piranha” solution (1 volume 0b$0,/1
volume of 30% HO,), the gold substrates were rinsed with water,
ethanol, and chloroform. The cleaned substrates were soaked in
chloroform solutions containing a total concentration of 0.3 mM thiol
composed of the desired ferrocene OPV thiol and the diluent thiol.
The samples were removed from the deposition solutiom aftfeand
rinsed sequentially with chloroform, ethanol, water, ethanol, and
chloroform and dried under argon.

Ellipsometry. Ellipsometry measurements were performed on a
Gaertner Auto-Gain L116B ellipsometer.

Electrochemical Measurements? Electrochemical measurements
were made in a cell in which a bored-out cone of poly(tetrafluor-
ethylene) was pressed down against the sample. The electrolyte (1 M
HCIOy), the counter electrode (platinum wire), and the reference
electrode (Ag/AgCI@Q) were then placed in the bore. A PAR 273
potentiostat, interfaced to a personal computer and modified to provide
smooth potential ramps, was used to record cyclic voltammograms and
perform chronoamperometry.
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