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We report the synthesis of monomers, dimers, trimers, and oligomers of triple-decker (TD) complexes bearing
S-acetylthio groups at the termini: AcS—(TD),—SAc. Each TD was of type (Pc)Eu(Pc)Eu(Por), where H,Pc =
tetra-tert-butylphthalocyanine and HzPor is a meso-tetraarylporphyrin bearing functional groups at the 4-aryl position
such as ethynyl, TMS—ethynyl, TIPS—ethynyl, or iodo. The TD arrays were prepared by Sonogashira- and Glaser-
type coupling reactions, affording 1,4-diphenylethyne or 1,4-diphenylbutadiyne linkers joining the TDs. Each TD
array exhibited high solubility in organic solvents such as CHCl; or CH,Cl,. Self-assembled monolayers (SAMs) of
all the TDs were prepared on Au substrates and investigated via a variety of electrochemical techniques aimed at
determining redox potentials, rates of electron transfer under applied potential, and rates of charge retention in the
absence of applied potential. The electrochemical measurements were accompanied by ellipsometric studies aimed
at determining SAM thickness and, hence, the orientation of the complexes with respect to the surface plane. All
of the TD SAMs exhibit robust, reversible voltammetry yielding four well-resolved waves in the potential range of
0 to +1.6 V (corresponding to the mono-, di-, tri-, and tetracations). The electron-transfer rates for the various
oxidation states of all of the TD SAMS are similar and in the 10*-10° s~* range. The charge-dissipation rates
(measured in terms of a charge-retention half-life) are also similar and are in the 10-60 s range. These rates are
influenced by both the packing density of the molecules and the orientation of the molecules on the surface. The
full body of data supports the view that all of the dithio-derivatized TD complexes assume a similar geometry on
the surface. In particular, the complexes are oriented with their linkers/macrocycle planes generally parallel with
the surface, unlike monothio-derivatized analogues, which are in a more perpendicular geometry. The parallel
geometry of the dithio-derivatized TDs is qualitatively consistent with covalent attachment to Au via both thiols.

Introduction istic renders these materials excellent candidates to function

In a series of earlier studies. we have demonstrated that®S Molecular capacitors in next-generation information stor-

porphyrinic molecules attached to electroactive surfaces can?9€ Mmedia. Among the various classes of porphyrinic mole-

store charge for significant periods of time upon disconnec- cules that we have examined, the triple-decker (TD) sandwich
tion from the source of applied potentfaf This character- ~ complexes comprised of porphyrin and phthalocyanine lig-
ands and lanthanide metals exhibit some of the most desirable
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ticular, the TDs (1) are very stable species and (2) typically  Our objectives in this work were to prepare and character-
exhibit a large number of accessible oxidation states (as manyize linear oligomers of TDs that are joined via '4dphen-
as nine, ranging from-4 through neutral te-4, in a potential ylethyne or 4,4diphenylbutadiyne connectors and function-
range of—1.2 to +1.6 V)10 The availability of multiple alized for attachment to an electroactive surface. Upon attach-
oxidation states imparts several advantages to a TD-basednent to the surface, each TD constituent should be readily
molecular capacitor. (1) The amount of charge that can be oxidized or reduced upon application of a suitable electro-
stored in a particular location is increased, facilitating chemical potential. The TD oligomers described herein bear
detection in a reading operation. (2) The relatively low two thio-derivatized linkers, one at each end of the oligomer.
potentials of the redox events would lessen power consump-We elected to work witts-acetylthio groups to avoid hand-
tion in an actual device. (3) The discrete voltage steps ling free thiolsi®17 the S-acetyl group undergoes facile
associated with each redox event afford the possibility of cleavage upon contact with A818-21 While there are a
multibit information storage. For practical purposes, we have few reports on oligo(1,4-phenyleneethynylene)s bearing thio-
focused our studies on-cation-radical TD complexes rather  ester groups on both ends of the arr@®&there are no prior
than ons-anions>’® The cations are more amenable to examples in the literature of corresponding oligomers based
implementation in devices because they are relatively stableon TD sandwich complexes. The fact that the oligomers con-
under real-world (i.e., oxidizing) conditions. This is not the tain thiols at each end affords the ability to address the
case for anions, which are highly unstable under oxidizing question of the orientation of the molecules with respect to
conditions. The TDs typlcally exhibit four cationic states in the surface. |n particu|ar, do the o|igomers stand in a more
the potential range of 0 1.6 V, thus enabling the storage  ypright geometry, which necessitates that attachment is via
of two bits of information. only one of the two thiols? Or, do the oligomers lie in a
In the course of our studies of TD complexes, we more prone orientation, which could occur if attachment is
developed the methodology for the rational synthesis of yja only one thiol and would be necessitated if attachment
certain types of TD$; for the attachment of thiol linkers to s via both thiols? Regardless of which orientation/attach-
a porphyrin constituent in the TD compléX,and for the  ment chemistry is preferred, this characteristic of the

preparation of dyads of thiol-derivatized TBaVe have  gligomers would be important in any type of device that
shown that all of the thiol-derivatized TDs form self- jncorporated the molecules.

assembled monolayers (SAMs) on Au surfaces and exhibit
robust, reversible electrochemical behavié? For selected

TD SAMs, we have also measured the electron-transfer rate
in the presence of applied potential and the charge-dissipatio
rate in the absence of applied potentidlhe former rate

dictates the ultimate speed at which information can be stored
and accessed in a molecular capacitor. The latter rate
determines how fast the stored charge leaks from the
capacitor and thereby how frequently a memory cell based
on the molecular capacitor would need to be refreshed.

In the TD dyads that we previously prepared, the constitu-
ent TDs were joined via a 44liphenylethyne group.n
studies of the cations of these TD dyadad the cations of
analogous multiporphyrin array%,* we have found that the
4,4-diphenylethyne connector affords facile hole/electron
migration among the constituents via a superexchange
process. Similar results were achieved with arrays joined via
a 4,4-diphenylbutadiyne linket® Hole/electron migration
provides a mechanism for moving charge to a site in a (6 FT,‘?%hJit'e'\s"iégsongsM'—:' A”Iia':gaésol_”z Eél!TI.(;hLi\mﬁé’ AJt'rg' g';vBer%i”’ T
surface-attached oligomeric species that is distal to the site Chem. Soc1995 117, 9529-9534. T

of the initial redox event, thereby accessing redox centers (17) é%f%/'gfé&-;-; Clausen, C.; Lindsey, J. $.0rg. Chem.1999 64,

In the work reported herein, we first describe the synthesis
of the monomeric porphyrin and TD building blocks. We
then report on the synthesis of t&sfcetylthio)-derivatized
"o arrays (monomer, dimer, and trimer as shown in Chart
1) and the polymerization of diethyne-substituted TDs in a
Glaser-type coupling reactigh.We then describe a series
of electrochemical studies designed to evaluate the redox
characteristics, molecular charge density, and surface cover-
age of SAMs of the various TDs on Au. We also examine
both the electron-transfer and charge-dissipation rates of the
TD SAMs. The electrochemical studies are augmented with
ellipsometric studies to investigate the SAM thickness, and
hence, the molecular orientation on the surface. Collectively,
these studies establish a relatively self-consistent picture of
the electrochemical and geometrical properties of the TD
SAMs.
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(11) Gross, T.; Chevalier, F.; Lindsey, J.IBorg. Chem2001, 40, 4762~ 7362.
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Chart 1

Results begin with dipyrromethanes—5, which have been prepared
1. Synthesis of the Bis§-acetylthio)-Derivatized TD previously via a one-flask reaction of an aldehyde with excess

Complexes. Strategy.TD sandwich complexes have been pyrrqle?8*32_ The synthesis oftransAsz-_porphyrins_ Is
prepared of form (Por)Ln(Pc)Ln(Por) (type a), (Pc)Ln(Por)- readily achieved by the self-condensation of a dipyrro-

Ln(Pc) (t b), and (Pc)Ln(Pc)Ln(P t _where L methane monocarbiné!. The transAB,C-porphyrins are
=n(larc13h(a¥1‘i)§e )I;r(; is( aC)pEEh;I)o:;ar?i:\)e( y;)r?d}bv: igrz : prepared by condensation of a dipyrromethane dicarbinol and

porphyrins19 We recently developed methodology to syn- a dipyrromethané? Both porphyrin-forming procedures are

thesize type ¢ TDs in a rational manner (extending the Weissraﬁon"’II gnd proceed under mild condit_ions. .
proceduré) by reaction of a europium phthalocyanine Following a general prgceduifé,reachon o:ozzdlpyrro-
double-decker complex with a europium porphyrin half- methane 1—3) with a pyridyl th|oeste_r &—8)> at low
sandwich comple¥! The latter is formed in situ from temperature gave the monoacylated.dlpyrromethaﬁag
Eu(acacynH,O and the free-base porphyrin in refluxing in good yield (Scheme 1).'Reduct|0n war[h NaBH4.
1,2,4-trichlorobenzent:2s Accordingly, we have employed followed by self-condensation of the resulting carbinol
1 L . L . .. . . 0
type ¢ TDs in this application. Synthetic handles in the TDs aﬁ?(;desd :]he deglren‘ansAsz diiodoporphyrinl2in 31%
are incorporated via a suitably functionalized porphyrin rather yl?l’ (Sc emeh).f th thesis dfansA-B- diethvivl
than a phthalocyanine, because the synthetic chemistry of WO approaches 1or the syninesis alansA2L, diethyny
the former is better developd@lodophenyl and ethynyl- porphyrin are shown in Scheme 3. In one approach, treatment

: - - of 11 with n-Buy,NF in THF gave the ethynyl monoacyl
phenyl groups attached to the porphyrin constitute suitable = . ) .
handles for Sonogashira- or Glaser-type coupling of thio- dipyrromethanel3 in excellent yield. Reduction af3 and

derivatized linker groups at the TD stage or coupling of the selftcondensatlon of the .resul_tlng carpmol affordeq the
TDs to give linear arrays. desiredtransA,B, porphyrin 14 in 30% yield. Reduction

Functionalized Porphyrin Monomers. Two series of of 10%° followed by self-condensation of the resulting

; binol under new acid catalysis conditions (gl
porphyrins of typedrans-A,B, andtransAB,C have been monoca;g . .
prepared bearing iodo and/or trimethylsilyl (TMS) or triiso- CH.CI,)* afforded trans:A2B, porphyrin 15 bearing two

propylsilyl (TIPS) protected ethyne groups. The syntheses (28) Lee, C.-H.; Lindsey, J. Setrahedron 1994 50, 1142711440,
(29) Littler, B. J.; Miller, M. A.; Hung, C.-H.; Wagner, R. W.;'Shea, D.

(25) Chabach, D.; De Cian, A.; Fischer, J.; Weiss, R.; El Malouli Bibout, F.; Boyle, P. D.; Lindsey, J. S.. Org. Chem1999 64, 1391-1396.
M. Angew. Chem., Int. Ed. Engl996 35, 898-899. (30) Rao, P. D Littler, B. J.; Geier, G. R., llI; Lindsey, J.J50rg. Chem.
(26) Wong, C.-P.; Venteicher, R. F.; Horrocks, W. D. JrAm. Chem. 200Q 65, 1084-1092.
Soc.1974 96, 7149-7150. (31) Cho, W.-S.; Kim, H.-J.; Littler, B. J.; Miller, M. A.; Lee, C.-H;
(27) Lindsey, J. S. IiThe Porphyrin HandbogkKadish, K. M., Smith, K. Lindsey, J. SJ. Org. Chem1999 64, 7890-7901.
M., Guilard, R., Eds.; Academic Press: San Diego, CA, 2000; Vol. (32) Rao, P. D.; Dhanalekshmi, S.; Littler, B. J.; Lindsey, JJSOrg.
1, pp 45-118. Chem.200Q 65, 7323-7344.
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Scheme 1 Scheme 3
11

93% | (n-Bu)yNF, THF

(1) EtMgBr, THF, rt

N o
@l _ ,-78°C
N~ 7S
R2

6 R2=|
7 R?= —=TMS
8 R2=tBu 13

(1) NaBHy4, THF/MeOH (10:1)
30% | (2) TFA, CH3CN, rt, 3 min
(3) DDQ, rt, 40 min

Compound R! R2 Yield
9 CHa I 81%
10 #Bu = TMs 76% (ref. 30)

(n-Bu),NF, THF

%
Scheme 2 98% 15(R=TMS)

1 = TMS tBu 74% [ 14 (R = H)

(3) DDQ
34% | (2) InCls, CHoCly, 1t, 15 min
(1) NaBHj, THF/MeOH (10:1)

(1) NaBH,, THF/MeOH (10:1)
31% | (2) TFA, CH5CN, rt, 1 min

(3)DDQ, 1, 1h
10
D The syntheses dfansAB,C porphyrinsl7 and 18 are
shown in Scheme 4. The reduction &6 with NaBH,
' Q Q ! affordgd the dipyrrome_thane dicarbinol, which upon rea(;tion
with dipyrromethanet in the presence of TFA (30 mM in
O acetonitrile) and subsequent oxidation with DDQ at room
temperature afforded porphyritY in 20% yield. In the same
12 manner, porphyriri8 was resynthesized in 18% yield by

treating the dicarbinol 016 with dipyrromethaneb.

TD Monomers. The synthesis of the TD monomers of

e form (Pc)Eu(Pc)Eu(Por) requires reaction of a porphy-

rin half-sandwich complex and a phthalocyanine double

decker. The synthesis of the phthalocyanine double decker

(t-BusPchEu (20) has been reportéd* from the com-

(33) Geier, G. R., lll; Callinan, J. B.; Rao, P. D.; Lindsey, JJSorphyrins merCIa”y available free'baﬁeBu“PC (19) (SCheme 5)' The
Phthalocyanineg001, 5, 810-823. double decker t{BusPchEu (20) is presumably a radical

TMS-protected ethynylphenyl groups in 34% yield (Scheme
3). We did not observe cleavage of the TMS group during th
porphyrin formation as was noted previougCleavage of
the TMS group with TBAF in THF gave the diethynyl
porphyrin14 in 98% yield.
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Scheme 4

16

(1) NaBHg4, THF/MeOH (10:1)
X

\ N
@ , TFA, CH4CN, rt
20% for 17
18% for 18 jN\H
=
4 R= —==—TIPS
5 R=|
(3) DDQ

Scheme 5

EuCl3

(1) LiN(SiMe3)2, 0 °C —= rt
bis(2-methoxyethyl) ether

88% N N

20

species* Note that 19 and all double-decker and TD
complexes based on this phthalocyanine consist of a mixture

Scheme 6
R2
O 50
RZ
(1) Eu(acac)znH,0,
1,2,4-TCB, reflux
(2) (+BugPc),Eu (20)

Porphyrin R' R2 R® T Yield
12 1 CH3 1 21 69%2
14 =H tBu =—H 22 22%
17 =—TIPS CHs3 =—TMS 23 75%2
18 1 CHa ==—TMS 24 74%°

aref. 11 Pref. 8

from 4 to 15 h. Purification by size exclusion chromatog-
raphy (SECY¥ afforded > 500 mg of 20 with a slight
improvement in yield (88% versus 78%).

The reaction of porphyrid2, 14, 17, or 18 with Eu(acacy
nH,O gave the corresponding half-sandwich complex. Treat-
ment of the latter witht(BusPcyEu afforded the TD complex
(Scheme 6). TD monomei&l,!* 23 and 24% have been
prepared previously, whilg2 is new.

Bis(S-acetylthio)-Derivatized TD Arrays. The target
monomer, dimer, and trimer are shown in Chart 1. Assuming
a linear, rodlike orientation, the end-to-end length of
monomerM1 is approximately 35 A, dimeD1 is ap-
proximately 55 A, and trimeff1 is approximately 72 A.
Note that the TD units im1 are linked by diphenylethyne
groups, whereas a diphenylbutadiyne unit connects the two
TDs in dimerD1.

of (inseparable) regioisomers. We carried out a scaled-up(34) Battisti, D.: Tomilova, L.: Aroca, RChem. Mater1992 4, 1323

synthesis of double deck@0, extending the reaction time

1328.
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Scheme 7 Scheme 8

I—@—T D—@—l TIPS—:—@—TD—@—%—TMS
21 23

KoCOs 82%
‘o
s—< PA(PPhg);Cly, Cul, CHCIy THF/MeOH, 1t
H——-<: >——’ [¢] THF, DIEA, 35 °C
66% T|Ps——<: >—TD—< >——: H
25
26

S, S—<
>— -|- /o) Pd(PPhg)sCly, Cul, Iz, | 10,
toluene, DIEA, rt
M1
—<—~ >— —.—-.—: D—< >————~ TIPS
+Bu B TIPS TD
C

(n-Bu)4NF, THF, rt l 94%

H%@—TTD—@%H
28
S—< Pd,(dba)s, P(o-tol)s,
'—Q—/ O | toluene, DIEA, 35 °C

D1
(traces)

Scheme 9
(a) Monomer. Sonogashira reactiéhof 21 with 20 equiv
of 1-[4-(S-acetylthiomethyl)phenyllethyn®%)*°in a mixture S _< PA(PPhg)sCly, Cul
of THF andN,N-diisopropylethylamine (DIEA) containing H%Q_/ S | THF. DIEA, 35 °C
Cul afforded the target TD molecuMl in 66% yield after 5% (ref. 8)
chromatographic workup (Scheme 7). We chose DIEA rather 25 '

than other amines to avoid cleavage of the thioester gréups;
however, subsequent work has shown this thioester to be

stable to amines such as triethylamfne. o O>F S . — . TD«@—:~TMS
(b) Dimer. We investigated the preparation of a dimeric
array via two routes: (1) Glaser homocoupling of two ethyne 30

TDs yielding a butadiyne-linked dimer followed by Sono-

gashira attachment of the tw8-acetyl linkers (route 1, (n-Bu)4NF, THF, 0 °C l 89% (ref. 8)

Scheme 8); (2) Sonogashira attachment of the linker to the

monomeric TD followed by Glaser dimerization (route 2

Scheme 9). . _ ’ Q_STD—@—:—H

Following route 1, the trimethylsilyl (TMS) group of TD

23was selectively cleaved by treatment withGO; at room 31

temperature, affording ethyne T2 in 82% yield (Scheme

8). The Glaser-type Pd-catalyzed homocoupling reattion Pd(PPhg)oCla, Cul, Iz, | o0,

of TD 26 gave the corresponding TD dim27 in 71% yield toluene, DIEA, rt

(35) Wagner, R. W.; Johnson, T. E.; Lindsey, JJSAm. Chem. So&996 D1
118 11166-11180. _

(36) i?g?t)gﬁ%ra, K., Tohda, Y.; Hagihara, Retrahedron Lett1975 after a three-column procedu#€The three-column procedure

(37) Hsung, R. P.: Babcock, J. R.; Chidsey, C. E. D.; Sita, T&ahedron entailed an initial silica column to remove nqn-TD byp'rod-
Lett. 1995 36, 4525-4528. ucts, a SEC (THF) column to obtain the desired TD dimer,
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+

Scheme 10

IO

Pdy(dba)s, P(o-tol)3,
toluene, DIEA, 35 °C

5%

Scheme 11

Pd(PPhg),Clo, Cul, |y,
diisopropylamine, toluene

tBu
t Bu\ — <
NQ N\ /N N
\ /N
N Wy _—
//____ N / \
+-Bd WS —<
TE' +Bu
t-B AN B
U~ = /’ N =< u
=
NQ N/\\ “\ ! N
\
QO 8 —
Q—_{/;\“\N N )
- AR I —
tBu W S \I-Bu

01

>

W

(2}

.,

10 12 14
t (min)

N
o 4
[oe]

Figure 1. Analytical SEC traces with absorption spectral detection (420
nm, uncorrected for extinction coefficient), obtained with one 1000 A
styrene-divinylbenzene column using THF (0.8 mL/min): (A) crude
product distribution (reaction mixture) from the Glaser polymerization of
TD monomer22 after 1 h; (B) mixture of oligomersd1) obtained from
the Glaser polymerization of TD monom2e (run 1); (C) bisGacetyl-
thio)-capped mixture of oligomersOQ) obtained from polymerization
of TD monomer22 (run 2) followed by addition of th&-acetylthio capping
unit (25).

and a final silica column to remove polar impurities collected
from the SEC column. Treatment of dim27 with tetrabu-
tylammonium fluoride in THF at room temperature removed
the terminal triisopropylsilyl (TIPS) groups, affording ethyne
TD dimer 28 in 94% yield.

The reaction of dimeR8 with 1-(S-acetylthiomethyl)-4-
iodobenzene29)!® was performed in a mixture of toluene
and DIEA (5:1) at 35°C under copper-free conditions
[employing Pd(dba} and P6-tol); as the catalyst} to avoid
the well-known copper-promoted homocoupling of ethynes
(yielding butadiyne species). However, a mixture of oligo-
meric species was obtained as evidenced by analytical SEC.
Fractionation (silica, SEC) afforded a trace amount fng)
of the desired produddl (m/z = 5255.1 upon analysis by
laser desorption mass spectrometry, LD®)$ogether with
impurities of higher mass.

The reverse order of coupling was employed in route 2.
Sonogashira coupling of TR4 with 1-[4-S-acetylthiometh-
yl)phenyllethyne 25) in the presence of Cul at 33C
furnished TD30in 59% yield after purification by chroma-
tography? Treatment of30 with n-Bus;NF in THF at 0°C
for 2 h removed the TMSethyne groups, affordingl in
89% yield® The Pd-mediated Glaser coupliigf TD 31in
the presence of Cul and &t room temperature afforded the
desired bist-acetylthio)-derivatized dimed1 in 63% yield
(19 mgq).

(38) Wagner, R. W.; Ciringh, Y.; Clausen, C.; Lindsey, JC&em. Mater.
1999 11, 2974-2983.

(39) Wagner, R. W.; Johnson, T. E.; Li, F.; Lindsey, JJSOrg. Chem.
1995 60, 5266-5273.

(40) Fenyo, D.; Chait, B. T.; Johnson, T. E.; Lindsey, JJSPorphyrins
Phthalocyanined.997, 1, 93—99.
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Scheme 12

(1) Pd(PPh3)2C|2, Cul, |2,
DIEA, toluene

~
@ H%@-—/ 0
25

02

(c) Trimer. The S-acetyl-derivatized TC31 was coupled tetramer, and a pentamer (Figure 1A). A further batch of Pd
with bis(iodophenyl) TD21 under the standard copper-free catalyst, Cul, and,lwas added after 4 h. After a total reaction
Pd-coupling conditions (to avoid homocoupling 8f) time of 19 h, analytical SEC showed a broad band charac-
(Scheme 10). The desired trimEL was obtained in 5% yield  teristic of extensive polymerization. After removal of the
after a four-column procedure (silica, SEC, SEC, silica). solvent, the crude product readily dissolved in Cgl&hd

(d) Oligomers. Our next objective was to investigate the was purified by a three-column procedure to give 5 mg of a
incorporation of TDs into even larger arrays. To address green solid. The corresponding SEC trace is shown in Figure
whether oligomeric TD arrays are soluble in organic solvents, 1B. We refer to this product, which is a mixture of oligomers
the Pd-mediated Glaser coupling @82 was carried out  wherein the triple deckers are joined via diphenylbutadiyne
(Scheme 11). After 1 h, analytical SEC showed distinct peakslinkers and an ethynylphenyl group is located at each
corresponding to the starting monomer, a dimer, a trimer, aterminus, a©1. The material was highly soluble in organic
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Scheme 13

22

Pd(PPh3)2Clp, Cul, I3,
DIEA, toluene
58%

W

M2

solvents, auguring well for the use of TD oligomers in diverse suitableS-acetylthio-derivatized TD monomer for compara-

applications.
To introduceS-acetylthio linkers, TC22 was polymerized

tive studies, compoun@2 was reacted with exces®5
(Scheme 13). The linker molecu2® was employed in excess

by Glaser coupling (Scheme 12). The reaction was monitoredto minimize self-polymerization 22 and to completely cap

by analytical SEC. After 9 h, excess 1-[8#cetylthio-
methyl)phenyllethyne25) was added to cap the terminal

the free ethyne groups of the TD monon2 Monitoring
the reaction by analytical SEC showed that only minor

free ethyne groups of the oligomer chains. After 22 h, the amounts of oligomers (a dimer and a trimer) were formed
reaction mixture was centrifuged. SEC analysis of the after 3.5 h. After a total reaction time of 22 h and a three-
supernatant showed no significant change to the productcolumn procedure, biS{acetylthiomethyl)-substituted TD

distribution had occurred following the addition &@b.
Purification of the supernatant by SEC (THF) gave two
fractions, the first of which contained species from a trimer
to higher oligomeric material. The first fraction, designated
02, exhibits the SEC chromatogram shown in Figure 1C.
The degree of polymerization @2 is somewhat lower than
that of O1 (Figure 1B). A second fraction contained mainly

M2 was obtained in 58% yield.

2. Physical Properties of the Bis(S-acetylthio)-Deriva-
tized TD Complexes. Voltammetric Characteristics of the
TDs in Solution and SAMs. The solution electrochemical
characteristics of the biS(acetylthio)-derivatized TDs were
examined prior to the studies of the SAMs of these
complexes. The solution voltammetric characteristics of all

dimer and small amounts of a trimer and a tetramer. While of the TDs are identical; each TD exhibits four distinct anodic
mass spectral evidence for end-capping could not be obtainedvaves (not shown) with potentia®* ~ 0.22 V,E™/*2 ~

for O2 owing to the size of the oligomers, MALDI-MS

0.57 V,E*2*3 ~ 1.08 V, andE*3* ~ 1.29 V (vs Ag/AJ";

(POPOP) examination of the second fraction showed peaksFeCp/FeCp* = 0.19 V). The observation that the potential
at m/z = 5481.5, 5291.1, and 5100.5 corresponding to the for a particular redox wave is approximately the same for
TD dimer with two, one, and no linker group, respectively. each TD is expected because the TDs differ only in the exact
Also, several peaks were found that correspond to fragmentnature of themesearyl substituent groups. The electronic
ions of these three species. This set of peaks could stem fronproperties of the substituents are not sufficiently different
incomplete coupling or photolysis of a completely coupled to elicit observable differences in the redox potentials among
product. The presence of at least Ghacetylthio end group  the complexes (or among inequivalent constituent TDs in
enables attachment to an Au surface. the T1 or O2 complexes).

The linkers for surface attachment @2 are comprised Each bisG-acetylthio)-derivatized TD was examined for
of 4,4-diphenylbutadiyne units, whereas ‘4diphenylethyne  formation of a SAM on Au microelectrodes. Representative
groups are employed in TOM1, D1, andT1. To prepare a  fast scan cyclic voltammograms (100 V3sof the M1 and
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Table 1. Redox Potentials (V) of the TD SAMs

D EOH+ E+2+ E2+/3+ E3+/A+
M1 0.24 0.68 1.13 1.34
D1 0.30 0.77 123 144
T1 0.31 0.76 1.23 1.48
M2 0.27 0.72 1.18 1.39
02 0.52 0.99 1.46 1.68

a2 SAM potentials were obtained in GBI, containing 1.0 Mh-BusNPFs.
E-values vs Ag/Ad; scan rate= 100 VsL. The solution potentials for the
five TDs (obtained in CKHLCl, containing 0.1 Mn-BusNPFs) are identical
and are as follows:EY+ ~ 0.22 V; E™2" ~ 0.57 V; E?™3* ~ 1.08 V;
E3t/4+ ~ 1.29 V.E-values vs Ag/Ag; FeCp/FeCp* = 0.19 V; scan rate
= 0.1 Vs'L. Values are+0.03 V.

Table 2. Charge Densities and Molecular Packing Characteristics of
the TD SAMs

o) Tg? molecular area  thickness
TD (uCcnr?) (10 mol cnr?2) (A? A
M1 2.4 25 670 13
D1 9.3 9.6 170 24
T1 3.4 3.5 470 14
M2 1.5 1.6 1070 16
02 2.6 2.7 620 26

a2The values for the oligomers are effective values because they are
not normalized for the number of redox equivalents per molecule
(see text).

teristics of the TD assemblies are totally consistent with the
formation of relatively homogeneous SAMs wherein the
complexes are tethered to Au via thiol linker(s). It should
be noted that noncovalently attached deposits on the electrode
(as opposed to SAMs) do not give well-resolved voltam-
metric peaks. In addition, deposits that are not covalently
anchored to the surface readily wash off during the sonication
and rinsing processes used in the preparation of the samples.

The general voltammetric characteristics of the SAMs of
the different TDs are similar to one another; however, the
detailed appearance and exact potentials of the redox waves
are different. Other general features of the voltammetric
behavior include the following: (1) Studies wherein the
deposition time was increased from tens of minutes to hours
did not result in any further increase in current. Accordingly,
the voltammograms shown are the most densely packed
SAMs that can be easily obtained for the TD complexes.
(2) The anodic and cathodic peak positions for all of the
TD SAMs are independent of scan rate, and Bjgn is in
the 0.10-0.15 V range for each redox couple. (3) The
voltammetric characteristics of all of the TD SAMs do not
change appreciably upon repeated( scans) redox cycling
under ambient conditions.

The redox potentials of all five TD SAMs are summarized
in Table 1. The charge densities) obtained by integrating
the voltammetric waves are summarized in Table 2. The
surface concentration§'d) and molecular areas ghcalcu-
lated from the charge densities are also included in the table.
The calculated surface concentrations and molecular areas
for the oligomers are not normalized to account for the fact

D1 assemblies are shown in Figure 2, whereas those for thethat each redox wave represents a multielectron process.
M2 and O2 assemblies are shown in Figure 3. The vol- Therefore, these values represent effective surface concentra-

tammogram of thel'l assembly (not shown) is similar to

tions and molecular areas. The true values depend on the

that of theD1 assembly. The general voltammetric charac- details of the molecular orientation of the redox centers with
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respect to the surface (vide infra). There are several
noteworthy features in the voltammetric behavior of the TDs.

(1) The formal potential for each of the waves of all of
the TDs in the SAMs are more positive than those observed
in solution. The positive shift of the formal potential in the
SAM versus solution is consistent with previous studies of
ferrocene- and porphyrin-containing SAMs on Atr>817-21
The magnitudes of the positive shifts are generally similar
for theM1, D1, T1, andM2 SAMs and are less than 0.2 V.
The O2 SAM is the exception. The potential shifts for the
SAM of this oligomer are significantly larger than those of
the other TDs, ranging from 0.3 to 0.4 V. The different
voltammetric behavior observed for t® SAM cannot be
attributed solely to the nature of the linker to the surface
(diphenylbutadiyne versus diphenylethyne) becalviz,
which contains the same linker, exhibits behavior similar to
the TDs which contain diphenylethyne linkers.

(2) The charge densities for the SAMs of TDs with
diphenylethyne linkers are generally larger than those of the
TDs with diphenylbutadiyne linkers. In addition, for SAMs
with the same type of linker, the charge densities of the
oligomers are higher than for the monomers. Qualitatively,
these results indicate that diphenylethyne linkers yield more
tightly packed TD SAMs than diphenylbutadiyne linkers and
that oligomers can be more tightly packed than monomers.
A more interesting characteristic of the molecular packing
emerges upon inspection of the calculated effective surface
concentrations and molecular areas. In particular, the effec-
tive surface concentrations and molecular areas foMhe
T1, andO2 TD SAMs are generally quite similar to one
another, with the effective molecular areas falling in the
500-700 A? range. These molecular areas are larger than
would be expected for a tightly packed monolayer of
monomeric TDs, whose molecular footprint is in the 200
400 A2 range, depending on the exact orientation of the
molecule with respect to the surface and how the tether
contributes to the footprint. In contrast, the effective mo-
lecular area of th®1 SAM is ~170 A2, which is close to
the smallest possible molecular footprint of a monomeric
TD. The molecular area for tHd2 SAM is ~1070 A2, which
is much larger than that for any of the other TDs.

Ellipsometric Characteristics of the TD SAMs.To gain
additional information on the orientation of the TDs in
the SAM, the thickness of the various SAMs was eval-
uated using ellipsometry. The values obtained for the SAM
thickness of the five TDs are included in Table 2. Inspec-
tion of these data reveals that thel, T1, andM2 SAMs
are comparable in thickness-14 A), whereas th®1 and
02 SAMs are somewhat thicker-@5 A). The measured
thickness for all the TD SAMs is significantly less than
the end-to-end dimensions of any of the molecules. Recall
that the length of thé1 complex is~35 A, whereas the
T1 complex is~72 A. The O2 complex is even longer;
however, its length cannot be defined exactly because it is
a mixture of oligomers. On the other hand, dimensions of
~25 A (or less) are qualitatively comparable to the height
of a TD stack (with the planes of the macrocycles parallel
to the surface).

M1

State 4
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State 2
State 1
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2 1000
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Figure 4. lpeallokgd (SQuares) versus frequency for the mono-, di-, tri-,

and tetracations (from smallest-to-large ratio) of M& and D1 SAMs.

The solid lines are fits to the data using a Randles equivalent circuit. The
fitting parameters are as followsl1: T ~ 2.0 x 10-12mol cnv2; state 1,

ko~ 160 x 10° s7%; state 2,k° ~ 107 x 10° s7%; state 3K° ~ 98 x 10°

sL; state 4K ~ 73 x 108s7L. D1: T ~ 1.5 x 1072 mol cm?; state 1,

Ko~ 97 x 108 s7%; state 2Kk° ~ 87 x 10® s7%; state 3k° ~ 85 x 10°s™L;

state 4k° ~ 80 x 10° s7L,

Electron-Transfer Characteristics of the TD SAMs. The
standard electron-transfer rate constakitswWere measured
for each redox state of the five TD SAMs using swept
waveform ac voltammetry (SWAV). A detailed description
of the method, the data analysis procedure, and the relation
of k to the measured parameters (the ratio of the peak current
to the background currentlpfadlongg @s a function of
frequency) have been reported elsewHdPeevious studies
of other types of porphyrin SAMs have shown that #ie
values are particularly sensitive to the surface concentration
when the concentration falls in the rane~1 x 10 to
3 x 10" mol cn2.4 In this range, the electron-transfer rates
fall by 1 order of magnitude as the surface concentration
increases. Consequently, the surface concentrations of the
TDs were maintained below ¥ 107! mol cn1? for the
measurement of the electron-transfer rates. Identical surface
concentrations could not be obtained for the five different
TD SAMs; accordingly, some differences in rates may be
due to surface coverage effects. However, these effects
should not affect the rates by more than a factor of 2.
Representative plots &feallorga for theM1 andD1 SAMs
are shown in Figure 4; plots for tHd2 andO2 SAMs are
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35 for the electron-transfer studies described above. The charge-
M2 dissipation rates were measured using open circuit potential
amperometry (OCPA). A detailed description of the method
and the data analysis procedure has been reported elséwhere.
In previous studies of charge retention of porphyrin and other
State 3 TD SAMs, we have found that charge-dissipation rates
follow approximately first-order kinetics?*5thus, we have
State 2 characterized these rates in terms of a charge-retention half-
life (tl/z).
Representative charge-retention data sets are shown for
theD1 andO2 SAMs in Figures 6 and 7, respectively. The
— top panel in each figure shows the current-decay transients
10000 100000 of the four different oxidized states to the neutral stdéie (
— Eo, N = 1—4). The four traces shown for each state are
the reductive current measured from the oxidized SAMS after
selected disconnect times (15, 30, 60, and 80 s) followed by
reconnection at the open circuit potential (wherein molecules
that have remained oxidized are reduced). The bottom panel
State 4 in each figure shows the integrated current-decay transients
for the four different oxidized states. The four traces shown
are for the 30 s traces shown in each of the four frames in
the top panel. The integrated current data were fit to a first-
order rate lawI1? > 0.98) to determine thi,, values, which
are included in Table 3.
] - Inspection of the data shown in Table 3 reveals that the
10000 100000 charge-retention characteristics of the TD SAMs parallel the
Frequency (Hz) electron-transfer characteristics. In particular, the data reveal
Figure 5. | peallokga (SQuares) versus frequency for the mono-, di-, tri-, the following features: (1) The charge-retention times of all
and tetracations (from smallest-to-large ratio) of M& and D1 SAMs. of the TD SAMs monotonically increase with increasing
'I_'h_e solid lines are fits to the data using a Randles equivalent circuit. The oxidation state. This behavior is consistent with that we have
fitting parameters are as follows12: T ~ 3.1 x 10~ mol cnr?; state 1, i . o
KO~ 174 x 10° L state 2K° ~ 110 x 10° L state 3K ~ 86 x 103 previously observed for monothio-derivatized TD SAf#s.
s%; state 4k° could not be determined accurately owing to the presence (2) The charge-retention times for the SAMs of TDs with
2 %a;giogzcji?rs?;tnedzc,%ringg xrlwfﬁss.i;xs%g:gkg Ifn;f;:tfg Slff) diphenylethyne linkers are generally comparable to those of
state 4K° ~ 45 x 10° sL. the TDs with diphenylbutadiyne linkers. Furthermore, the
t1» values for all five TDs are arguably similar to one another
shown in Figure 5. The data fdpea Were collected at  considering the possible effects of surface concentration on
E/tDF; the datalwga Were collected 0.14 V below the exact, value. (3) The charge-retention times of all the
ErH()+ The k? values obtained from the fits of the plots dithio-derivatized TD SAMs studied herein are generally
of Ipealllbkga VErsus frequency are summarized in Table 3. shorter (~3-fold) than those of monothio-derivatized TD
Inspection of the kinetic data reveals the following trends: SAMs (all of which were monomers) that we have previously
(1) The electron-transfer rates of all of the TD SAMs investigated:®
monotonically decrease with increasing oxidation state. This )
behavior is consistent with that we have previously observed P'SCUSSION
for monothio-derivatized TD SAMS$.(2) The electron- The studies reported herein indicate that the Sis(
transfer rates for the SAMs of TDs with diphenylethyne acetylthio)-derivatized TDs form stable SAMs that exhibit
linkers are generally comparable to those of the TDs with robust, reversible electrochemical behavior. These SAMs also
diphenylbutadiyne linkers. Furthermore, #fevalues for all exhibit desirable features for potential use as molecular
five TDs are arguably similar to one another considering the capacitors in memory cells, in particular, charge-retention
possible effects of surface concentration on the ekdct times on the orders of tens of seconds. Many of the general
values. (3) The electron-transfer rates for all the dithio- characteristics of the redox, electron-transfer, and charge-
derivatized TD SAMs studied herein are generally fasted-( retention behavior of the dithio-derivatized TDs are similar
fold) than those of monothio-derivatized TD SAMs (all of to those we have previously discussed for monothio-
which were monomers) that we have previously investi- derivatized analogue$;8the reader is referred to these earlier
gated! publications for a more detailed discussion of these properties
Charge-Retention Characteristics of the TD SAMsThe of the SAMs. Here, we focus on more general aspects of
charge-retention characteristics of the TD SAMs were the properties of the dithio-derivatized TD SAMs and on
investigated in parallel with the electron-transfer kinetics. particular features that distinguish the behavior of these
These measurements were made on the same SAMs use8AMs from those of monothio-derivatized analogues.
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Table 3. Electron-Transfer Rates) and Charge-Retention Half-Lives;f) of the TD SAMS

state 1 state 2 state 3 state 4
D K(10s™) t112(S) K(1s? t112(S) K(10s? t12(S) K(1Ps? ti2(S)
M1 160 14 107 27 98 36 73 38
D1 97 19 87 20 85 24 80 28
T1 100 16 85 23 79 40 54 43
M2 174 9 110 14 86 24 b 36
02 70 20 58 29 54 39 45 53

aThe effective surface concentrations of the SAMs were the followig:, T ~ 2.0 x 107*2mol cm% D1, T ~ 1.5 x 102 mol cm?, T1,T ~ 1.0
x 10 mol cm 2, M2, T ~ 3.1 x 10 2mol cm2, 02, T ~ 5.4 x 10-2mol cm2 P k2 could not be obtained owing to the presence of a large background

current.
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Figure 7. Current-decay transients for ti@2 SAM. Top panel: Charge
decay of the four different oxidized states to the neutral state< Eg, n

1-4). The four traces shown for each state are the reductive current
measured at 30, 60, 80, and 100 s after disconnection from the source of
applied potential. Bottom panel: Integrated current-decay transients for the
four different oxidized states. The four traces shown are for the 30 s traces
shown in each of the four frames in the top panel.

Figure 6. Current-decay transients for titEl SAM. Top panel: Charge
decay of the four different oxidized states to the neutral state< Eo, n

= 1-4). The four traces shown for each state are the reductive current
measured at 15, 30, 60, and 80 s after disconnection from the source of
applied potential. Bottom panel: Integrated current-decay transients for the
four different oxidized states. The four traces shown are for the 30 s traces
shown in each of the four frames in the top panel.

One general theme that emerges from the present studiediPhenylethyne linker would mitigate both the enthalpic and
is that the diphenylethyne linker affords more densely packed ENtroPic penalty associated with constraining these motions
SAMs than does the diphenylbutadiyne linker. This behavior N @ more tightly packed SAM. A second general theme is
could be explained by the fact that the former linker is shorter that the oligomeric TDs form more tightly packed SAMs
and more rigid (with respect to both torsional and angular tha_n do the monomeric TDs. The behaworlcould be ex-
deformations) than the latter. The ethyne unit is stiff in a plained by the natural tendency of extended linear architec-

linear direction but subject to considerable bending, owing tﬁ_r%s to arr?nr?e in .tW(r)]—diT]endsfiﬁ_nagy Qrdgreg patternﬁl.bA
to the sp-hybridization of the ethyne carbons. Indeed, 1,4- (I general theme s that the dithio-derivatize TDs exhibit

diphenylethyne and 1,4-diphenylbutadiyne linkers attached generally faster electron-transfer and charge-dissipation rates
to porphyrins give average bending of 26 and,3&spec-
tively.*! The decreased deformations associated with the

(41) Bothner-By, A. A.; Dadok, J.; Johnson, T. E.; Lindsey, JJ.8hys.
Chem.1996 100, 17551-17557.
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oriented with their tethers and the planes of the macrocycles
in the TD more parallel to the surface derives from the
measured SAM thickness and the electron-transfer/charge-
dissipation rates. As noted above, the thickness of the SAMs
is much smaller than the end-to-end length of the complexes.
However, interpretation of these data is somewhat compli-
cated by the fact that molecules are relatively sparse on the
surface and the measured thickness must reflect an average
of covered and noncovered area. The measured thickness
would necessarily be less than the actual thickness of the
SAM owing to the regions of bare surface. The kinetic data
are perhaps a better indicator of a parallel geometry. In
particular, both the electron-transfer and charge-dissipation
@) rates for the dithio-derivatized TDs are significantly faster
) g than those of monothio-derivatized analogues. A more
_%—‘ ‘-‘%ﬂ parallel surface geometry for the former TDs would be
© S expected to give rise to faster rates because this geometry
places ther-electron density of the TD much closer to the
Figure 8. Two distinct surface orientations of the TD triad: (1) vertical surface, which in turn could promote direct electron transfer
orientation upon attachment via one thio group, enabling free rotation of to the surface (rather than through the linker group). Faster
I o abott e Inear e (2 suine oreialon upon atachment 42 apparent rates would also be expected if the TDs are indeed
to bending of the four diphenylethyne linkers. attached via two thiols. This follows because the presence
_ o ) ~of two connections to the surface provides an additional
than do monothio-derivatized analogues. This observation i, rough-linker electron-transfer pathway. The presence of two
suggests that the geometry of dithio-derivatized TDs on the gqivalent pathways results in an apparent rate for any kinetic

surface is fundamentally different from that of monothio- r4cess that is twice that for a single pathway (even though
derivatized TDs. The key question is what is the exact nature o intrinsic rates along a given pathway are the same).
of these differences?

. . . The experimental data for the oligomeric SAMs are more
The detailed molecular geometry of the monothio-deriva- ; . .
compelling for a parallel surface geometry. The oligomeric

i TD SAMs h ined. H h L5
tized SAMs has not been determined. However, the TDs exhibit generally smaller surface areBd (~ 170 A2

measured molecular areas of these TDs are generally 5 5 .
consistent with the arylalkyne linkers adopting an orienta- T1 ~ 470 A% 02~ 620 &) than the monomeric TD$1

tion that is closer to surface normal rather than one that is 670 A M2 ~ 1100 &) and thlcknes_ses that are
significantly tilted® In this geometry, the planes of the comparableNil, M2, andT1 ~ 15 A) or only slightly larger
macrocycles of the TD are approximately perpendicular to (P1 and 02 ~ 26 A). The measured thicknesses of the
the plane of the surface. The dithio-derivatized TDs could ©ligomers, particularly th&'l and O2 SAMs, are totally
also adopt a similar geometry, which would require that |ncompat|ble_ with a vertical orientation of the ollgomer_
attachment to the surface occurs via only one of the two Packbone with respect to the plane of the surface (even if
thiols. On the other hand, the dithio-derivatized TDs could the presence of some open space results in an average
orient with their tethers/backbones approximately parallel to thickness that is less than that of the molecular component).
the plane of the surface. In this geometry, the planes of theThe measu_red molecular areas are also generally inconsistent
macrocycles in the TDs would also be more parallel to the With a vertical geometry; however, the argument is more
plane of the surface (like a stack of coins) and attachmentSubtle. In particular, if the oligomeric TDs were in a vertical
could potentially occur via both thiols (Figure 8). The oOrientation, their effective molecular area would be scaled
experimental data reported herein for the dithio-derivatized to smaller values than the actual molecular footprint because
TD SAMs are most consistent with the latter surface geom- the charge density would increase linearly with the number
etry. However, we emphasize that even if the horizontal Of equivalent redox centers. Thus, a vertical orientation for
geometry is preferred, we have no direct experimental the T1 or the 02 SAM (which have~3 equivalent redox
evidence that the second thiol attaches to the Au surface.centers) would result in an effective area that is much smaller
These issues will be discussed in more detail below. than that of a monomer. In contrast, a horizontal backbone
The elucidation of the surface geometry of the monomeric orientation on the surface would result in a similar charge
TDs from the data at hand is more difficult than for the density for an oligomer and monomer and, hence, a similar
oligomeric TDs. In particular, the molecular areas of both molecular area. While the molecular areas for Tieand
the M1 (~670 A2 andM2 (~1070 ) SAMs are larger ~ O2 SAMs are somewhat smaller than those of the monomers,
than the molecular footprint of a TD. Accordingly, the mole- they are not radically smaller, as would be expected if three
cules could be relatively sparse on the surface with their (or more) redox centers were vertically stacked. The fact
tethers parallel, perpendicular, or tilted with respect to the that the electron-transfer and charge-dissipation rates for the
surface. The principal evidence that the complexes areoligomeric TD SAMs are comparable to one another and
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comparable to those of the monomers further argues for acharge-retention times of current semiconductor-based trench

similar orientation for all of the TD SAMSs.

capacitors that are used in modern dynamic random access

Finally, we note that there are certain unexplained aspectsmemories.

of the surface packing characteristics of the TD SAMs. The
behavior of theD1 SAM is the most unusual. This oligomer

appears to pack much better than the other TDs, as is

evidenced by its near limiting molecular area. The more
dense arrangement of tBel SAM could also be responsible

for the fact that the measured thickness is nearly twice that

of theM1, M2, or T1 SAMs (hence there is less open space
on the surface to reduce the apparent thickness). We als
note that the concept of a completely vertical or horizontal
orientation is likely an oversimplification. As was noted

Experimental Section

Full synthetic procedures and characterization data for all new
compounds are provided in the Supporting Information.

Square-Wave Voltammetry. The solution voltammetric char-
acteristics of the TDs were investigated with square-wave methods
using procedures and instrumentation previously deschbidte
Qelectrolyte solution was 1.0 M-Bu;NPF; (recrystallized three times
from methanol and dried under vacuum at Q) in anhydrous
CH.Cl,. This solvent/electrolyte system was also used for the SAM

above, we have no direct evidence that the dithio-derivatized electrochemical experiments described below. The potentials were

TDs are attached via both thiols (albeit the circumstantial

measured vs Ag/AG Ey(FeCp/FeCp™) = 0.19 V at scan rate

evidence is significant). For any species attached via a singleof 0.1 V s™.

thiol there would most likely be a distribution of tilt angles

Cyclic Voltammetry. The SAM voltammetric characteristics of

with respect to the surface. Even if the TDs are attached viathe TDs were investigated with fast-scan cyclic methods using a

two thiols, the butadiyne moiety, which serves both as a

linker to the surface and the connecting group between

constituents in the oligomers, is sufficiently flexible that a
long dithio-attached oligomer could bow off the surface
(Figure 8). In oligomers such ag&lL or O2, whose end-to-
end lengths are 70 A or more, a bow angle of Wuld
significantly elevate a TD constituent in the middle of the
rod relative to a TD constituent at the end of the rod.

Summary and Conclusions

A series of bisG-acetylthio)-derivatized TD complexes of
general form AcS(TD),—SAc (h = 1—3) has been syn-
thesized by Pd-catalyzed coupling (Sonogashira- or Glaser
type) of TD building blocks. Pd-catalyzed Glaser couplings
of a bis(ethynylphenyl) TD monomer afforded TD oligomers
with a large number of repeat unita & 10). The large
oligomers are soluble in common organic solvents (e-§.,
mg/mL of CHCE), which enables processing in solution.

All of the bis(S-acetylthio)-derivatized TD complexes
readily form SAMs on Au that exhibit robust, reversible

Gamry Instruments PC4-FAS1 femtostat running PHE200 Frame-
work and Echem Analyst software. The voltammetry of the SAMs
was recorded in three-electrode mode. The electrodes were prepared
as follows: (1) The working electrode was an Au ball constructed
from a 25um diameter Au wire (Alpha Aesar, 99.9%) sealed in
soft glass. Initially a~750um segment of the Au wire protruded
from the end 6a 1 mmi.d. soft glass capillary. Exposure of the
glass capillary to a flame melted the glass, which formed a tight
seal around the Au. The exposed wire retracted and melted into a
ball that terminated at the surface of the sealed glass during this
process. The electrode was then immediately cooled in a stream of
nitrogen (99.999%) and immersed i@ mg/mL CHCI, solution

of the TD for 10 min. The electrode was then removed from the
solution, thoroughly rinsed 3 times with GEll,, and immediately
“inserted into the electrolyte solution. (2) The reference electrode
was a 0.5 mm diameter Ag wire precleaned by sonicating in
NH4OH solution (36%, Fisher) for 10 min, followed by a purified
water rinse and then an acetone (HPLC grade, Fisher) rinse. (3)
The counter electrode was a Pt wire. The electrochemical area of
the Au ball working electrode (which was used to evaluate the SAM
surface concentration) was evaluated by measuring the anodic peak
current fran a 1 mMferrocene solution and applying the Randtes

electrochemical behavior. Four well-resolved anodic waves Seveik equatior?
representing the mono-, di-, tri-, and tetracation radicals are Swept Waveform AC Voltammetry (SWAV). The electron-

observed within the potential range of{0.6 V) for all

transfer characteristics of the TD SAMs were investigated using

SAMs. The electron-transfer rates for the various states of SWAV techniques according to methods previously descriidu:

all of the TD SAMs are similar to one another and are in
the 10—10° s! range. The charge retention half-lives are
also similar and are in the %0 s range. Collectively, the

body of electrochemical and ellipsometric data are most
consistent with the TDs being oriented in an approximately

Au working and Ag reference electrodes and the SAMs were
prepared as described above. The only difference was thata 5
Au wire was used to prepare the working electrode. The smaller
electrode was used to ensure a fast RC responSeu6) of the
electrochemical cell. Briefly, the SWAV experiment is performed
as follows. The potential is set at th®/,, value of a particular

parallel fashion with respect to the plane of the surface. This oxidation state of the SAM, and the frequency of the applied

orientation would permit attachment via both thiols.
The general characteristics of the TD SAMs, particularly

waveform is swept in time while maintaining a constant amplitude.
A background is then collected by repeating the experiment with

the oligomers, indicate that these complexes have a numbefhe applied potential 140 mV below tt, value. The time-
of properties that would render these complexes good domain current response obtained at the formal potential is then

candidates for use in molecular capacitors. In particular, the

TD SAMs are relatively stable, which affords robust elec-
trochemical cycling (equivalent to read/write operations) and

ratioed to that collected at the background potential, and the data
are Fourier transformed to obtain a current ratio vs frequency plot.
The k° values were obtained by fitting the plots using an Excel
spreadsheet program (provided by S. E. Creager).

facilitates detection of stored charge (due to increased

capacitance). The TD SAMs also retain charge for tens of

seconds, which is significantly longer than the millisecond

(42) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals
and ApplicationsWiley: New York, 2001.
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Open Circuit Potential Amperometry (OCPA). The charge- Cr underlayer was evaporated to promote better adhesion of the
retention characteristics of the TD SAMs were evaluated using Au to the oxidized Si. The Au was evaporated at a rate-df5
OCPA techniques according to methods previously descfitfed.  A/s at a chamber pressure 0511077 Torr. The Au film thickness
The OCPA measurements were made using the same electrochemiwas measured to be2000 A by using a QCM sensor, consistent
cal cell described above for the SWAV experiments. Briefly, the with the value of 2030 A measured ellipsometrically (using the
OCPA experiment is performed as follows. (1) The SAM is optical parameters for Aun = 0.09;k = 3.473)*3 Following this
oxidized with a 20 ms pulse' 100 mV above the formal potential ~ process, the Au films were immediately cut into 1%gpieces and
of the desired redox state. This pulse length is longer then the RCimmersed for 15 min in an-2 mM solution of the TD in CHCls.
constant of the cell which precludes the cell response interfering Each piece was immediately rinsed in neat,CH, sealed in a
with the measurements. (2) The applied potential is disconnectedgastight vial and purged dry with Ar. Samples were stored under
at the counter/reference electrode for a variable period of time. Ar for at most a few hours prior to the ellipsometric measurements.
During this disconnect time period, the electrochemical cell relaxes The thickness of the TD SAMs was calculated assumingrikat
to the open circuit potential (OCP), after which the applied potential 1.45. Each sample was measured at five different locations within
is changed to match the OCP. (3) The counter electrode is thenthe 1 cn? surface area to determine the spatial deviation in the
reconnected, and the resulting current is monitored as the SAM is thickness of the monolayers. In all cases, the measured deviation
reduced (because the OCP is at a reducing potential). The magnituden five successive measurements was%.

of the observed current is proportional to the number of molecules Acknowledgment. This work was supported by the
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70° with respect to the normal of the plane of the substrate
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