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Abstract: A series of multithiol-functionalized zinc porphyrins has been prepared and characterized as
self-assembled monolayers (SAMs) on Au. The molecules, designated ZnPS, (n = 1—4), contain from
one to four [(S-acetylthio)methyl]phenylethynylphenyl groups appended to the meso-position of the porphyrin;
the other meso-substituents are phenyl groups. For the dithiol-functionalized molecules, both the cis- and
the trans-appended structures were examined. The ZnPS, SAMs were investigated using X-ray photo-
electron spectroscopy, Fourier transform infrared spectroscopy, and various electrochemical methods. The
studies reveal the following characteristics of the ZnPS, SAMs. (1) The ZnPS, molecules bind to the Au
surface via a single thiol regardless of the number of thiol appendages that are available per molecular
unit. (2) The porphyrins in the ZnPS3; and ZnPS, SAMs bind to the surface in a more upright orientation
than the porphyrins in the ZnPS;, cis-ZnPS,, and trans-ZnPS, SAMs. The porphyrins in the ZnPS; and
ZnPS, SAMs are also more densely packed than those in the cis-ZnPS; and trans-ZnPS, SAMs. The
packing density of the ZnPS3; and ZnPS, SAMs is similar to that of the ZnPS; SAMs, despite the larger
size of the molecules in the former SAMs. (3) The thermodynamics and kinetics of electron transfer are
generally similar for all of the ZnPS, SAMs. The general similarities in the electron-transfer characteristics

for all of the SAMs are attributed to the similar binding motif.

|. Introduction

Self-assembled monolayers (SAMs) of thiol-derivatized

electrodes and establishing direct electrical contact to Both.
In this regard, dithiol-functionalized molecules have been
implemented in a variety of two-terminal devices to explore

molecules on Au substrates have been widely studied in phenomena related to molecular electronics, including conduc-
connection with their potential applications in the general area tgnce switching in nanoporé;l? and resonant tunneling

of molecular-based electroniédMolecules have been designed

to be tethered to the Au substrate via one or more thiols,

including tripodal units bearing three thicist! Molecules also

behavior in break junction's.
We have been engaged in a program aimed at constructing
devices that use the redox properties of porphyrinic molecules

have been constructed with two thiols at opposite ends, thusto store informatiort#1%-22 In the course of these studies, we

affording the opportunity of spanning two different metal
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have designed and synthesized a wide variety of porphyrinic Chart 1
architectures and characterized their self-assembly behavior both
on metal and on semiconductor surfaces. We have also
extensively probed the kinetics of interfacial charge transfer in
the porphyrinic SAM3-26 To date, our studies of porphyrin-
based information storage media have focused on architectures
that are tethered to one electroactive surface. The electrical
contact to the second electrode is noncovalent in nature and is
typically established through an intervening conductive medium.

To expand on our capabilities for the design of electronic
devices at the molecular level, we have embarked on a program
to explore porphyrinic architectures in which the molecules
contain multiple functional groups for surface attachment. A
number of previous studies have been reported of multi-thiol-
functionalized porphyrin SAM&L27-38 prepared for a variety
of applications including nanopatterning for optical chemical
sensing, molecular biorecognitidf;3> and electrocatalytic
oxygen reductiori®-38 However, these previous studies have
typically used a single type of multithiol-functionalized por-
phyrin and have not explored how the number and location of
the thiol groups might affect the mode of surface binding and Acs
geometry, or how these factors might influence the desired
functional characteristics.

In this paper, we report the preparation and characterization
of a series of multithiol-functionalized zinc porphyrin SAMs
on Au. These molecules, designai&PS, (n = 1—4), contain
from one to four [Gacetylthio)methyllphenylethynylphenyl
groups appended to timeeseposition of the porphyrin, the other
mesesubstituents being phenyl groups (Chart 1). For the dithiol-
functionalized molecules, both tleés- and thetrans-appended
structures were examined. Th&acetyl protecting group
undergoes facile cleavage upon exposure to the Au surface,
leaving an unprotected sulfur atom that binds directly to the
Au surface!® For convenience, we will refer to the protected
and unprotected appendagesSa&cSCHypep and SCHzpep,
respectively. Th&s-AcSCH_pep functionalization was chosen
because this group is relatively rigid, which is expected to
disfavor surface orientations where the porphyrin rings lay flat
or close to flat on the surface. Indeed, previous studies of
molecular SAMs based on similar rodlike designs have shown ,
that these molecules form highly ordered densely packed
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tion for the multithiol-functionalized porphyrins (e.grans
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ZnPS,) could, in principle, allow the molecule to span two metal
electrodes and make direct electrical contact to both. Porphyrins
with cis-thiol functionalization (i.e.,cisZnPS,, ZnPS; and
ZnPSy) were included in the study to explore whether this would
afford binding to a given surface via two adjacent thiol groups.
Attachment via two thiols could afford enhanced stability and
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might also alter the electron-transfer properties from those of a series of experiments wherein the concentration of the porphyrin in
single-thiol attached specié@?E’ the deposition solution and the deposition time were systematically

The series 0ZnPS, SAMs on Au mentioned above was Varied. These experiments revealed that the surface coverage could be
investigated using a variety of techniques, including X-ray varied in a controlled fashion from the low 16 to mid 107** mol

) o i . -

photoelectron spectroscopy (XPS), Fourier transform infrared cm® range by varylng.the.porphyrln concentration fro@ #M to
FTIR) spectroscopy and various electrochemical methods ~3 mM and the deposition time from 1 to 15 min. Saturation coverages,
( i it ' ’ ' ¢ AC volt v (SWA which fall in the mid 10™* mol cn2 range for all of the porphyrins,
(cyclic voltammetry, swept-waveform AC voltammetry ( V), could be achieved by deposition from 3 mM solutions for 15 min.
and open circuit potential amperometry (OCPA)). The XPS  gauration-coverage SAMs for the electrochemical studies were
studies were use_d to elucidate the d_etalls of the surface bon(_jlngprepared by immersing the Au microelectrodes in&mM porphyrin
The voltammetric and FTIR studies were used to provide solution for~15 min, followed by repeated (five times) sonication and
information on packing density and surface orientation, respec- rinsing with CHCl,. Saturation-coverage SAMs for the XPS and FTIR
tively. The SWAV and OCPA measurements were used to studies were prepared by depositing successivel5aliquots of a 3
obtain the rates of charge transfer in the presence of appliedmM porphyrin solution onto the Au substrate, which was presealed in
potential and the rate of charge dissipation in the absence ofa Vial purged with Ar. After~15 min, the vial was opened and the
applied potential. Collectively, the studies reported herein substrate was repeatedly sonicated and rinsed (five times) with CH
provide a detailed picture of the structural and functional Cl,, sealed once again in the vial, and dried with a stream of Ar. The
characteristics of the porphyrin SAMs and demonstrate how SAMs were kept under Ar with minimum exposure to light prior to

th h teristi ith th berSsAcSCH the XPS and FTIR measurements. The SAMs prepared at less than
€S€ characterstics vary wi € NUMbErsemc 2pep saturation coverage for the electrochemical and FTIR experiments were

appendages. obtained by procedures similar to those described above, except for
the use of different concentrations of the porphyrin solution and
deposition times, chosen to achieve the desired surface coverage.

A. Synthesis.The synthesis of the porphyrins is reported in the D, Electrochemical MeasurementsThe electrochemical measure-
Supporting Information. ments on the porphyrins in solution and SAMs were made using a Pt

B. Au Substrate Fabrication. 1. Microelectrodes for Electro- wire or Au micro working electrode, respectively, a Pt counter electrode,
chemical Studies.Both Au ball and band microelectrodes were used and a Ag reference electrode. The solvent was@#EtOH (85:15);
for the electrochemical studies. These electrodes were preparedthe supporting electrolyte was 1.0 M BUPF; (Aldrich), recrystallized
according to previously described methd8$: Microelectrodes are  three times from methanol (Fisher) and dried overnight at room
required for the measurement of the electron-transfer rates to ensuresemperature under vacuum. The RC time constant for the microelec-
that the RC time constant of the electrochemical cell does not limit the trode/electrochemical cell was measured to 6B us, which is
measurement. The Au ball microelectrodes have the advantage of easgufficiently short to preclude interference with the measurement of the
of use. However, the surface morphology and geometry of these electron-transfer rates.
electrodes are different from those of the Au band microelectrodes, 1. voltammetric Characterization. Cyclic voltammograms were
which are more similar to the larger area Au films required for the recorded in a 61.2 V potential window with a CH Instruments
spectroscopic studies. Initial studies aimed at comparing the propertiesg|ectrochemical Analyzer (model 600A). For the SAMSs, the charge
(redox potentials, surface coverages) of the porphyrin SAMs on the gptained by integrating the first anodic voltammetric peak was used to
Au ball with those of the band microelectrodes indicated little difference getermine the surface coverage. The area of the working electrode was
between the two. Consequently, further electrochemical studies usedgetermined after the electrochemical measurement on each SAM. The
the Au ball microelectrodes. SAM was first stripped from the electrode by immersing in Nanostrip

2. Evaporated Films for Spectroscopic StudiesAu films were solution (J. T. Baker) for 5 min followed by rinsing of the electrode.
used as substrates for the XPS and FTIR studies. The films were The cleaned electrode was then placecil mMferrocene solution
prepared by e-beam vapor deposition of 10 nm of Cr (99.999%) (CH,CI,EtOH (85:15) containing 1.0 M BINPF), and the voltam-
followed by 200 nm of Au (99.99%) onto the surface of a precleaned metric signal observedd V s~ was used to obtain the electrode area
oxidized B-doped Si (100) wafer (Silicon Valley Microelectronics). via the RandlesSevcik equatio? The half-wave potential Hi)

Il. Experimental Section

The Crand Au films were deposited at 0.5 and 154 gespectively. obtained for ferrocene in this electrochemical configuratioBis ~
The base pressure of the chamber during the evaporation period was.20 v, which serves as a reference point for the potentials of the SAMs.
maintained at<2.0 x 10°° Torr. Upon completion of the fim 2. Determination of Electron-Transfer Rates. The standard

deposition, the wafer was removed from vacuum and diced#to  gjectron-transfer rate constank§)(of the SAMs were obtained using
cn¥ pieces. Each Au piece was immediately inserted into a VOC-type the swept waveform AC voltammetry (SWAV) method. This method
glass vial fltt(_ed with a'!'eflon-smcon rubper septum (ambient exposure has heen described in detail previously, and its utility has been
of ~5—10 min). The vial was purged with Ar (99.995%) to maintain - gemonstrated for obtaining kinetic data for porphyrin SA¥The

the sample under an inert environment. XPS survey spectra revealedcurrent observed in the SWAV measurement was collected and
no noticeable differences in the level of carbon contamination between amplified by a homemade broad bandwidth amplifier (3db point 450

Au samples used immediately and those stored under Ar for a few 7y,
days. However, to maintain self-consistency in all surface characteriza-
tion and electrochemical experiments, fresh Au substrates were usedC
immediately after preparation.

C. SAM Preparation. The SAMs were prepared from porphyrins

in CH.Cl,:EtOH (85:15) solutions. The mixed solvent was used because collected using a Leybold EA11-MCD system equipped with a Mg

of the low solubility of the porphyrins containing muItl[iB_aAcSCHzpep Ko X-ray (1253.6 eV) source, a hemispherical analyzer, and a 18-
appendages. The surface coverage and the conditions required for

achieving saturation coverage were determined electrochemically in a

3. Determination of Charge-Retention TimesThe charge-retention
haracteristics of the SAMs were determined using open circuit potential
amperometry (OCPA) as described in detail in past publicafibtfs'?

E. XPS MeasurementsThe XPS data for the porphyrin SAMs were

(42) Bard, A. J.; Faulkner, L. RElectrochemical Methods: Fundamentals and
Applications Wiley: New York, 2001.

(41) Creager, S.; Yu, C. J.; Bamdad, C.; O’'Connor, S.; MacLean, T.; Lam, E.; (43) Roth, K. M.; Yasseri, A. A.; Liu, Z.; Dabke, R. B.; Malinovskii, V.;
Chong, Y.; Olsen, G. T.; Luo, J.; Gozin, M.; Kayyem, J.JFAm. Chem. Schweikart, K.-H.; Yu, L.; Tiznado, H.; Zaera, F.; Lindsey, J. S.; Kuhr,
S0c.1999 121, 1059-1064. W. G.; Bocian, D. FJ. Am. Chem. So003 125 505-517.
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multichannel detector. The main XPS chamber was maintained at a 10

base pressure o£3 x 1078 Torr. The samples were introduced by

using a fast-transfer mechanism comprised of a long rod and an

intermediate pumping stage. The total time required for the introduction

of the sample was approximately 5 min. Spectra were obtained from

] ZnPS4 ZnPSy
4 trans-
] 7 cis-
each sample using identical data collection parameters. The survey
(scans of 1000 eV or more) and high-resolution spectra were obtained“"E }
by averaging 10 or 50 scans, with an average dwell time of 100 or 250 :(9
ms per point and scan, respectively. Survey spectra were obtained with g 1
a band-pass energy of 100.8 eV, which corresponds to a spectral 3 -6

N © N M OO

>
resolution,AEy, ~ 1.5 eV. High-resolution spectra were obtained for ‘Z; -8
the S 2p, Zn 2p, N 1s, C 1s, and O 1s lines for all of the SAMs with 8

I=

(2]

5

a band-pass energy of 31.5 eXH;, ~ 0.8 eV). To compensate for 61 ZnPSg ZnPS4
energy shifts due to possible surface charging effects, all of the XPS 4

peak positions were referenced to the adventitious C 1s peak at 284.6 3

ev. 21

The spectra from the high-resolution scans were fitted to Gaussian

peaks after background subtraction (using Analytics software) for 0
semiquantitative analysis. In the case of the S signal, 2p doublets are  -21
observed for both surface-bound and unbound species, which are not |
fully resolved. Consequently, the S 2p lines were fitted by setting the

energy difference between the 2pand 2 p,; peaks to 1.2 eV and C; 10 05 0% 04 02 0012 10 08 0o 0a oz oo
their area ratio to 2:1, and by maintaining a constant peak width at oo T T e e e e T e
half-maximum. The relative intensities and binding energies of each Potential /V vs AgiAg

pair of doublets were then allowed to vary in the fitting process. The Figure 1. Representative fast-scan voltammograms (100 V) of
binding energies for the surface-bound S atoms for the difféeRS, saturation-coveragénPS$, (n = 1-4) SAMs.

SAMs were .found.t.o be |dent|9al to W'th'_n experimental error; only Table 1. Redox Potentials for Oxidation of the ZnPS, Porphyrins
the relative intensities of the signals varied. The same was also thein Solution and Saturation-Coverage SAMs and Surface

case for the unbound S atoms of the differénPS, SAMs. In the Concentrations for the SAMs?@

case of the N 1s and Zn Zpbands, the fits were constrained such that o )

the same parameters were used for the different porphyrin SAMs.

F. FTIR Spectroscopy.The FTIR spectra of the porphyrins in both san Sg'/r)' S:/’;" Sg;r)‘ Sg/';" 10 ; ; - arzfc
solids and SAMs were collected at room temperature using a Bruker
Tensor 27 FTIR spectrometer. In all cases, the spectral resolution was ZNPSt 047 054 069 082 7.6 220
4 e, The spectra of the solid porphyrin samples were obtained in  S$ZNPS2 048 052 074 084 3.0 550
. transZnPS, 0.48 0.53 0.73 0.89 4.7 350
KBr pellets ¢~ 1—2 wt % of porphyrin). These spectra were collected ZnPS; 049 062 070 097 6.7 250
in transmission mode using a room-temperature DTGS detector and znps, 049 062 071 0.96 6.5 260

were averaged over 32 scans. The spectra of the SAMs were acquired
using a Harrick Scientific horizontal single-reflection Germanium ATR a All redox potentials were obtained in GBI,:EtOH (85:15) containing
accessory GATR (65incidence angle). In the reflection accessory, \1/)0 #Ahn-BmNPF? an]g Wtehre refle;_encedJSSQ%A%[F(;CQ/FCCQSf 0-39100 v
; . . The scan rates for the solution an studies were 0.1 an

the SAM On the Au substrate is placed against the Ge crystal that servess,ll respectively? Calculated from the integrated voltammetric peaks.
as the optical element of the GATR. A constant torque setting was cgstimated from the experimental valuesIof

used in all measurements. During the spectra acquisition period, the

GATR accessory was purged with dry.NBefore every experiment, 14 within experimental error, the potentials for all of thePS,

the Ge crystal was cleaned with neat 2-butanone. The spectra of theg s ;¢ are higher than those for the porphyrins in solution. Also,
SAMs were acquired using a liquid-nitrogen cooled medium-bandwidth the potentials for th&nPS; and ZnPS; SAMs €91 ~ 0.62

MCT detector (606-4000 cnTt) and were averaged over 256 scans. .. .
The peak-to-peak noise in the SAM spectra wa$.5 x 10 V) are more positive than those for tdaPS;, cis-ZnPS,, and

absorbance units. trans-ZnPS, SAMs (EY*1 ~ 0.53 V). In this regard, previous
studies of porphyrin SAMs have shown that the redox potentials
ll. Resuits are influenced by both packing density and screening from
A. Electrochemical Studies of the ZnP$ SAMs. 1. Vol- solvent and counteriorf8. More densely packed or heavily

tammetric Characteristics. Representative fast scan (100 V screened SAMs typically exhibit higher redox potentials. The
s71) cyclic voltammograms of the saturation-coverageS, fact that theZnPS; (I’ ~ 6.7 x 107 mol cn?) andZnPS,
SAMs are presented in Figure 1. All of the SAMs exhibit robust (I' ~ 6.5 x 107** mol cm?) SAMs exhibit higher redox
and reversible electrochemical behavior over multiple cycles potentials than theis-ZnPS, (I' ~ 3.0 x 10~ mol cnr?) or
under ambient conditions. At oxidizing potentials, each SAM transZnPS; (I' ~ 4.7 x 10~ mol cm™2) SAMs is qualitatively
exhibits two resolved voltammetric waves indicative of the consistent with the result that the former porphyrins exhibit
mono- and dication porphyrin radicals. The half-wave potentials higher saturation coverages than the latter. Zh@S, SAM,
for the differentZnPS, SAMs and the surface concentrations on the other hand, does not follow the trend; this SAM exhibits
() at saturation coverage are summarized in Table 1. For a relatively low redox potentialE* ~ 0.53 V) despite the
comparison, redox potentials for thenPS, porphyrins in fact that the saturation surface coverage is highe( 7.6 x
solution are included in Table 1. 10~ mol cn1?). Plausibly, the phenyl substituents ZnPS;,
Inspection of the redox data in Table 1 shows that while the which are much smaller than tH&@ AcSCH,pep appendages
solution potentials for all of thénPS, porphyrins are the same  on the other porphyrins, may be less effective at screening the

J. AM. CHEM. SOC. = VOL. 126, NO. 38, 2004 11947
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0.70

u ZnPS1
o ¢is-ZnPS,
0.651 e trans-ZnPS,

T'/x 10" mol cm™

" ZnPS,

o cis-ZNPS,,

0.14] ¢ trans-ZnPS, o
A ZnPS,

] o znPS,

0.15+

B o
.gn°.

AEp2/V
o o
B

0.114

0.10 -

0.09 47

2 3 4 5 6 7

I'/x 10™"" mol cm2

Figure 2. Redox potential&®*1 (top panel) and full-width at half-maxima
AEp 112 (anodic peak) (bottom panel) of th&nPS, (n = 1—4) SAMs at
various surface concentrations.

8

porphyrin from the solvent and counterions, thus leading to a
lower redox potentiad®

To evaluate more fully the effects of surface concentration
on the electrochemical characteristics of the SAMs, voltam-
metric measurements for all of thenPS, SAMs were per-

m ZnPS 1
° 0 cis—ZnPS2
[} trans—ZnPS2
A ZnPS3
o ZnPS 4

10" 1

Ko/st

N

T'/x 10" mol cm?

Figure 3. Plot of k% versus surface concentration for tE&+! state of the
ZnPS, (n = 1-4) SAMs.

observed foZnPS;. Finally, we note that for all of th&nPS,
SAMs, the peak-to-peak splitting between the anodic and
cathodic waves is-0.03 V and does not change as a function
of surface coverage.

2. Electron-Transfer and Charge-Retention Characteris-
tics. Both the standard electron-transfer rate const&fitand
the charge-dissipation rates (in the absence of applied potential),
reported as charge-retention half-life timag, were measured
simultaneously for each of tt#nPS, SAMs. These studies were
undertaken because our previous work on porphyrin SAMs have
shown that thé® andty, values depend on surface cover&yé.
The plot of KO for the first oxidation processe€{*!) as a
function of surface concentration shown for hePS, SAMs
in Figure 3 indicates that, indeed, higher surface coverage results
in slower rates of electron transfer; inspection of the charge-
dissipation data indicates the same trend (data not shown). At
low surface concentration, tHé values for all of theZnPS,
SAMs are similar to one another,10° s™1. As the surface
concentration increases, the values decrease and appear to
level off for all of the SAMs ak® ~ 2 x 10* s™! at a surface

formed as a function of surface coverage. The potential for eachconcentration ofl’ ~ 2 x 107 mol cm 2, well below the

first oxidation E%+1) and full-width at half-maximum for the
anodic peak of this oxidatiom\Ey 1) are plotted in Figure 2,

saturation coverage of any of the SAMs. It should be noted
that the rates cannot be measured at very high surface

top and bottom panels, respectively. Inspection of these dataconcentrations because of limitations in the experimental

reveals the following: (1) At low surface concentratiolis~
2 x 10712 mol cn?), the E¥*1 values for all of theZnPS;,
SAMs are similar to one another and approach the solution
value. (2) As the surface concentration increasesE#ié values
increase. (3) While the&e?*1 values forZnPS; and ZnPS,

apparatus. In terms of the charge-retention half-lives, at low
surface concentration¥ & 2 x 1072 mol cn2), thety, values

are <20 s, but as the surface concentration increases, they
increase, until leveling off in thé;, ~ 30—50 s range at a
surface concentration df ~ 2 x 10711 mol cnm 2,

continue to increase as the coverage approaches the saturation B. XPS Studies of the ZnP§ SAMs. The general surface

value, theEY*1 values forcis-ZnPS; andtransZnPS, appear

to level off before saturation coverage is reached. Leveling off
is clearly observed foZnPS,;. The trends observed for the
AEp 12 values are generally similar to those observed for the
E%*1 values: (1) At low surface concentrations, th&, 1/
values for all of theZnPS, SAMs are similar to one another
and fall in the 96-100 mV range, near the thermodynamic
minimum for a redox homogeneous monolayer. (2) As the
surface concentration increases, #g&p ., values increase,
indicative of increasing (albeit relatively small) redox hetero-
geneity. (3) TheAE, 1,2 values forZnPS; andZnPS, continue

characteristics of a collection of e-beam evaporated Au films
deposited on Si(100) were examined by XPS prior to monolayer
deposition to survey the quality of the initial substrates.
Measurements on the clean surfaces revealed intense Au signals
near 84, 88, 335, and 353 eV, corresponding to thg, 4ffs,,

4055, and 4d), states, respectively. Weak signals were also seen
from carbon and oxygen. These signals are an indication of the
minor contamination of the Au surface commonly resulting from
adsorption of adventitious hydrocarbons and/or water present
in the ambient environment, and they point to the unreliable
nature of the C 1s signal for quantitative determinations of

to increase as the coverage approaches the saturation value, bsturface concentrations.

the AE, 12 values forcis-ZnPS, andtransZnPS, appear to level
off before saturation coverage is reached. Leveling off is clearly
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The XPS signatures of the saturation-coverageS, SAMs
were examined to characterize the binding motif of the mono-
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cis-ZnPSy trans—ZnP82 Bound S 2p1/2
&, Bound S 2p1/2 Unbound .
Unbound gy, S2p3/2
S 2p32 *  yf Bound Unbound 3.7 Bound
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Figure 4. Survey XPS of the saturation-coveragaPS; SAM on Au.
Inset A: High-resolution scan of the Zn Zpspectral region, showing both
the raw data (dots) and a fit (solid). Inset B: High-resolution scan of the S
2pz2 and S 2pj; spectral region, raw data (dots) and fit (solid).

168 166 164 162 160 168 166 164 162 160
Binding Energy / eV
Figure 5. High-resolution XPS of the saturation-coveragePS, (n =

Table 2. Sulfur Atom Binding Energies and Atomic Ratios for
Signature Elements in the ZnPS, SAMs

sulfur binding energy (eV)? estimated atomic ratio 2—4) SAMs in the S 2p spectral region, raw data (dots) and fit (solid).
bound unbound S 2970 203 N:Zn Each spectrum was fitted to two sets of &/L_?and S 2pp; peaks. The low
and higher energy sets are representative of bound and unbound S,
SAM S 2py, S 2p3p, SiP S’ NI1siZn2p3j2 respectively (see text).

ZnPSy 162.0 0.9 0.9 3.9
Cis-ZnPS, 162.0 163.5 21 1 3.9 centered at binding energies of 162:00.1 and 163.2+ 0.1
gﬁg;znps? igi'g igg; é'g 8'3 ‘31'; eV, respectively. In contrast, signals from two types of sulfurs
ZnPS, 162.0 163.7 37 09 37 were observed for the SAMs of all of th&nPS, molecules

containing more than one thiol (Figure 5). A list of the S2p
;ﬂGO.l SV. b”Sr andSs re.ferI to the estimated total (bouridl unbound) binding energies obtained after fitting the XPS spectrum from
and bound sulfur, respectively. each of these SAMs is given in Table 2. For each of the SAMs

layer to the Au surface; acquisition of XPS data for SAMs below €xhibiting signals from two types of S atoms, the same two
saturation coverages was not possible because of the low signaPinding energy values were obtained within experimental error,
levels obtained for the key signature elements such as S. A162.0+ 0.1 and 163.2- 0.1 eV. This result strongly suggests

representative survey spectrum of #@S; SAM is shown in that the same two types of S moieties are present in all of the

Figure 4. The spectra of all of tEnPS, SAMs exhibit muliiple ~ SAMS. The binding energy of 162.0 eV matches thaZoPS,
peaks consistent with the molecular composition of the por- and is in generally good agreement with that observed for neat

phyrins bearing thiol groups. In particular, in addition to signals a/kanethiol$>4?and thiol-functionalized porphyrin monolayers
from the bulk Au, the spectra show discrete signals for zn, S, chemisorbed onto Au substrafs?’ On the other hand, the
and N from the porphyrin. The high-resolution Zns2§Figure binding energy of the second type of S is upshifted-ay.5
4,inset A) and N 1s (not shown) signals are observed at binding &V from that typical of an SAu species. Previous studies of
energies of 1020.%- 0.1 and 398.2 0.1 eV, respectively, in  thiol SAMs have attributed S 2p signals at these binding
qualitative agreement with previously reported values for zinc €hergies to the presence of unbound thiis! Accordingly,
porphyrins®4344Quantitative analysis of the spectra was also &l 0f the ZnPS, (n = 2—4) SAMs exhibit both bound and
carried out by scaling the spectral intensity of each element of Unbound thiols.

interest (S, Zn, N) using known atomic cross-section sensitivity 10 quantify the amount of bound versus unbound thiol in
factors? The last column of Table 2 summarizes the experi- theZnPS, (n = 2-4) SAMs, the XPS signal intensities for the
mentally determined values for the N:Zn atomic ratios, which two types of S atoms were scaled against those for the Zn atom.
correspond well to the 4:1 (N:Zn) atomic ratio expected for the Those data are summarized in Table 2. The table lists the S:Zn
porphyrin within the 16-15% uncertainty in the spectral fits ~ ratios obtained experimentally for both the total S contént,

of the raw data. We note that signal attenuation due to the SAMsand the bound S conterfs. The Sy ratio reflects the stoichi-
is negligible in these systems. ometry expected from the molecular structure, whereasthe

The chemical environment of the S atoms was examined in ratio reflects the fraction of S atoms bound to the Au surface.
detail. Inset B of Figure 4 shows a representative high-resolution The Sr ratios obtained experimentally are in good agreement
S 2p spectrum for thénPS; SAM. The data could be fitted to
a single set of peaks with S 2pand S 2p, components

(46) Laibinis, P. E.; Whitesides, G. M.; Allara, D. L.; Tao, Y.-T.; Parikh, A.
N.; Nuzzo, R. GJ. Am. Chem. S0d.99], 113 7152-7167.
(47) Weisshaar, D. E.; Walczak, M. M.; Porter, M. angmuir1993 9, 323—
(44) Polzonetti, G.; Ferri, A.; Russo, M. V.; lucci, G.; Licoccia, S.; Paolesse, 329.
)
)

R. J. Vac. Sci. Technol., A999 17, 832—-839. 48) Nuzzo, R. G.; Zegarski, B. R.; Dubois, L. B. Am. Chem. Sod987,
(45) Handbook of X-ray Photoelectron Spectroscopyagner, C. D., Riggs, 109, 733-740.

W. M., Davis, L. E., Moulder, J. F., Muilenberg, G. E., Eds.; Perkin-Elmer  (49) Bain, C. D.; Biebuyck, H. A.; Whitesides, G. Mangmuir1989 5, 723—

Corp.: Eden Prairie, 1978. 727.

—~
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1998 Solid 1797 SAM viewing of its weak bands. The key features observed in the IR
spectra of the SAMs are summarized below.

ZnPS4 (1) Comparison of the SAM and solid spectra &fiPS;,
transZnPS,, ZnPS;, andZnPS, reveals that the frequencies

1690
1
W\_ALWL of the IR bands of each pair are similar. This result indicates

cis-ZnPS; cis-ZnPS; X3 that the structure of the porphyrin macrocycle and substituent
W groups is retained upon SAM formation. Note, however, that

the frequency of the(C=0) mode is slightly higher in the
SAMs (1698 cm?) than in the solid (1690 cr). In the case

trans-ZnPSz W of cis-ZnPS,, all of the bands are quite weak, partially due to
the low saturation coverage (vide supra), and the similarities

between the solid and SAM spectra are more difficult to assess.
20PS ZnPS; Nevertheless, the bands due to the in-plane pyrrole breathing
i (998 cnth) and out-of-planes-hydrogen deformation (797

cm1) modes are still apparent in the spectrum ofdlseZnPS,
SAM, at the same values as for the solid, suggesting that the
structure of this molecule is also unaltered upon SAM formation.

(2) For theZnPS; SAM, there is no evidence of @ C=0)
vibration at 1698 cm! due to the acetyl protecting group,
LI DL | |1 T consistent with cleavage of this group upon SAM formation.
0 1200 1600 800 11200 1600 On the other hand, each of the four porphyrins that contain
Wavenumber (cm-) multiple SSAcSCH,pep appendages exhibits some intensity for
Figure 6. FTIR spectra of th&nP$, (n = 1~4) solids (left panel) andin  the 1(C=0) vibration. This observation indicates that the
saturation-coverage SAMs (fight panel). upshifted signal of the unbound S atom seen in XPS is due to
an uncleaved, protected thiol, not to some other type of thiol
that has been altered by SAM formation or any interaction with
the surface. In the case of this-ZnPS, SAM, the intensity of
the »(C=0) band relative to the porphyrin bands is lower than

This implies that each of the porphyrins studied at its respective |sf (t)k? S;rl\algd for t:\da;antsthtl)D S ?jAM(,j whgreaz ttrr]]e :ntensme;l
saturation surface concentration is anchored through a singleo N sighais for the bound and unbound thiols are simrar
AU—S bond. for the two types of SAMs. As will be discussed below, this is

C. FTIR Studies of the ZnPS, SAMs. The mid-frequency likely due to a difference in the orientation of tBeacetyl group

(680—1800 cnm?) IR spectra of solid samples of tHEnPS;, with respect to the A.u Sf”face' . . .
molecules are shown in Figure 6 (left panel). The spectra exhibit (3) There are certain d|ﬁerepces in the absolute IR intensities
numerous bands in this frequency region. Previous studies of®f theé SAMs among the differenZnPS, molecules. For
structurally related porphyrins have shown that the majority of instance, theeis-ZnPS, SAM clearly exhibits lower absolute
these bands are due to in-plane modes of the porphyrin ring or/R intensities for all vibrational bands than any of the other
the aryl substituents, one of the most prominent features beingfoU! SAMs. This result is qualitatively consistent with the
the porphyrin pyrrole ring breathing mode near 998 & The electrochemical studies, which indicate that the saturation
only prominent feature that is due to an out-of-plane mode of Surface concentration for thes-ZnPS, SAM is significantly

the porphyrin is the band at 797 cfy which is due to a lower than for the_ otheZ_n_P& SAMs (see Table 1). We also
p-pyrrole hydrogen deformaticf.For theZnPS, molecules, note that the IR intensities for thenPS; and transZnPS,
another important band relevant to this work is that at 1690 SAMS appear to be somewhat lower than those ofZhBSs
cm2, which is assigned to the carbonyl stretching vibration(s) 21dZnPS: SAMs. However, these differences cannot be related
»(C=0) of the S-acetyl protecting group(sf The intensity of in a straightforward manner to differences in saturation coverage
this latter band generally increases (relative to the porphyrin €Xclusively because orientation effects also strongly influence
bands) as the number 8fAcSCH;pep appendages increases. the appearance of the IR spectra. This point will be discussed
In the high-frequency (26063400 cn1?) spectral region (not  further below.

shown), only weak bands are observed, all attributable-t61C (4) There are differences in the relative IR intensities of the
stretches. in-plane (e.g., 998 cmi) versus out-of-plane (797 crh)

The mid-frequency (6891800 cntl) IR spectra of the  Porphyrin modes among different members of Im®S, series.
saturation-coveragénPS, SAMs are also shown in Figure 6 In particular, the IR intensities for the in-plane modes relative
(right panel). The spectra of all of tEnPS, SAMs are plotted {0 the out-of-plane mode &nPS, andcisZnPS, SAMs are
on the same absolute intensity scale to compare the relativeSmaller than those of thgnPS; andZnPS, SAMs, withtrans:
intensities of the bands, although the spectrum focte&nPS, ZnPS; SAM being somewhere in between. This effect, in

SAM is shown on an expanded intensity scale to facilitate the conjunction with the fact that in-plane modes dominate the IR
spectra, is largely responsible for the large apparent differences

797

ZnPSy ZnPSy

©
O

with those expected on the basis of the structures of the
molecules, from one to four according to the value of ZnPS,

(n = 1—-4). On the other hand, thes$atio was measured to be
approximately unity for all of the multithiol porphyrin SAMs.

(50) Li, X. Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Su, Y. O.; Spiro, TJG. in the absolute IR intensities @nPS; andtransZnPS; versus
Phys. Chem199Q 94, 31-47. i ; i i

(51) Li, X. Y.; Czernuszewicz, R. S.; Kincaid, J. R.; Spiro, T.JsAm. Chem. ZnPS; andZnPSy. The relative |nt_ens_|t|es of the in p_Iane and
Soc.1989 111, 7012-7023. out-of-plane modes of the porphyrins in the SAM are influenced
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by the orientation of the molecule with respect to the plane_ pf 797 ZnPS1 SAM ZnPSga SAM
the surface because only the components of the transition " 5 1698
moments of the vibrations of molecules adsorbed on metals I'~7.6x 10" mol om'* 797 [ ~85x107 molem™ i

998 o~ 58 1 99? o~44

1

perpendicular to the plane of the surface contribute to the IR
intensities’? The IR intensity increases monotonically as the
transition moment rotates out-of-plane and disappears when the
transition moment is parallel to the surfae.

0.01

The relative intensities of the in-plane and out-of-plane I ~6.7x 10" mol cm r~5.6x10"" mol cm?
porphyrin modes can be used to determine the average tilt angle 8 o~ 62
(o) of the porphyrin ring with respect to the surface normal. g n | R
The evaluation of the average tilt angle is predicated on certain &
assumptions. (1) The porphyrin ring is planar, and thus the 998 2
and 797 cm! modes are pure in-plane and out-of-plane r~-43x10"" mol cm? r~5.1x10"" mol cm™?
vibrations, respectively. This assumption is reasonable consider- ~65° a.~ 60°

ing that Zn tetraphenylporphyrin is planr(2) The intrinsic
transition-dipole moments of the porphyrin vibrations in the
randomly oriented solid phase and in the surface-bound mono-

! . o r'~1.6x10"" mol cm? r~20x10"" mol cm?
layer are the same. (3) The orientation of the porphyrin ring "\/\A,\,,.A 0~ 65° W\’\
can be described by one single angle, the average tilt from the

surface normal. Two more angles are in principle needed to T TT T T T T T 1
fully determine adsorption geometries, the polar angle around 800 1000 1200 1400 1600 1800 800 100011200 1400 1600 1800
the surface normal (assumed here to be random), and the rotation Wavenumber (cm-)

around the main molecular axis (fixed &tWith respect to the  Figure 7. FTIR spectra of th&nP$, (left panel) and&ZnPS; (right panel)

surface plane). Preliminary work in our lab suggests that this SAMSs at various surface concentrations. The surface concentrations and
’ . L. the average tilt angles are indicated above each spectrum.

angle may vary from Q but that this variation may not affect

much the estimate of the azimuthal angle reported below. UnderCould be obtained. (2) These two porphyrins are the most

these assumptions, the average azimuthal tilt angle for thedifferent in their nonbinding substituent groups. The IR spectra

porphyri_ns _in the_SAMs can be determined from the ratios ‘?f of ZnPS; andZnPS, SAMs as a function of surface concentra-
the(;elat_lve |r:1tensmes of the m-;r)llane T_‘Qd ouF—of-pIan((ajpodrphynE tion are shown in Figure 7, left and right panels, respectively.
modes in the SAMs versus the solids using standard meth-1 o o\ rtace concentrations range from the low'1@nol cnT2

0ds®>%3 The angles determined from the IR data for the range (the lowest concentrations detectable by IR) to saturation.
satyrgﬂon-coveragénP% SAMs are as fgllow§ZnPsl, o The surface concentrations and average tilt angles are noted on
58°f us—ZnPSz,Na ~o58°v transZnPS, o~ 507 ZnPS;, o ~ the individual spectra.

47, ZnPSy, o~ 44, Inspection of the data shown in Figure 7 reveals the following

The average tilt angle for the porphyrins in BePS, SAMs, trends. (1) For both thBnPS; andZnPS; SAMs, the tilt angle
together with the number and position of tBeAcSCHzpep increases as the surface concentration decreases from the

appendages, determine the molecular footprint on the Surface'saturation value. (2) The change in average tilt angle for the

Accordingly, the more upright orientation for the molecules in ZnPS; SAM is much smaller £7°) than that for theZnPS,

the ZnPSs and ZnI?S4 SAMs is likely a cqntributing factor to SAM (~21°). (3) The average tilt angles for both types of SAMs
the higher saturation surface concentrations observed for theseappear to converge to a similar value @f~ 65 at surface

SAMs versus the more tiI_temis-Z_nPSz andtransZnPS, SAMs. concentrations nedf ~ 4 x 10~ mol cm2, which is only

The more tilted orientation ofis-ZnPS, versustransZnPS, modestly below the saturation valug& 7 x 10-**mol cn2).

may also result in the €0 trangltlon dipole of the&S-acetyl (4) For ZnPS,, no abrupt intensity change occurs for the
group of the former molecule being more parallel to the surface »(C=0) band as the surface concentration decreases. If such
plane than that of the latter, leading to its attenuated IR intensity intensity change were observed, it could imply binding via
(relative to_the porPhy”” modes). Or_] the other handmsl_ a second thiol as the porphyrins become sparse on the surface.
SAMs exhibit relatively high saturation surface concentrations Finally, we note that the trend in average tilt angles as a function
despite a more tilted orientation. This result is likely due to the ¢ ¢\t e concentration observed for tAePS, and ZnPS;

fact that the phenyl substituents are small relative to the gpyq qualitatively parallels the trend observed in the redox

S-AcSCHzpep appendages of the other molecules. ~ thermodynamic parameters. In particular, for BrPS; SAM,
To evaluate more fully the effects of surface concentration oty £0/+1 and AE,, 1/, exhibit only modest changes in value

on porphyrin orientation, FTIR spectra were obtained for the gyer the concentration rangé ~ 1-7 x 1011 mol cnr?,
ZnPS§; and ZnPS; SAMs as a function of surface coverage. \yhereas for theznPS, SAM, the changes in these redox
These two SAMs were chosen for this study for two reasons. parameters are much larger (see Figure 2).

(1) Both porphyrins can attain high surface coverage and

therefore provide a good dynamic range over which the IR data IV. Discussion

(52) Greenler, R. GJ. Chem. Phys1966 44, 310-315. Thg studies reported hergm on the seneinPS1 SAMs
(53) Yates, J. T., Jr.; Madey, T. E.; Edéibrational Spectroscopy of Molecules  permit a systematic exploration of the factors that influence (1)

on SurfacesPlenum Press: New York, 1987. [T
(54) Scheidt, W. R.; Kastner, M. E.; Hatano, Korg. Chem1978 17, 706— th(_:" blnqlng mode of the_SAMS to_the Au Surface’ (2) the
710. orientation of the porphyrin rings with respect to the surface
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plane, and (3) the packing density of the adsorbed layer. Thesetilted (o ~ 58°) with respect to the surface normal than those
structural properties of the SAMs underpin the thermodynamics in the ZnPS; and ZnPS, SAMs (o =~ 44°). The tilt angle of
and kinetics of electron transfer. In the sections below, we the porphyrins in th&ransZnPS, SAM (a ~ 50°) is intermedi-
address each of these issues. ate between these two values. The less tilted orientation for the
The first general theme that emerges from our studies is that, porphyrins in theZnPS; andZnPS, allows these molecules to
regardless of the number S{AcSCH.pep appendages available ~ pack more tightly than the porphyrins in this-ZnP$S; or trans:
for binding to the Au surface, binding only occurs through a ZnPS; SAMs. Indeed, the molecular areas for the porphyrins
single linkage (at saturation coverage). Moreover, in the SAMs in theZnPS; andZnPS; SAMs are comparable to those of the
of the multithiol-functionalized porphyrins, the unbound thiols ZnPS; SAM (see Table 2), despite the fact that the multiple
retain their acetyl protecting groups. This latter observation S-AcCSCHzpep appendages of the former molecules are much
implies that the unbound thiols either never make contact with larger than the phenyl groups of the latter.
the Au surface or that the contact time is too short to cause The observation that the more bulky porphyrins in Zm®S;
cleavage of the protecting group. This explanation seems andZnPS, SAMs can pack more tightly than the other members
unlikely, however, given that attachment via multiple thiols is of the set seems counterintuitive. We do not have a complete
not seen on the surface even at low coverages (Figure 7).  explanation for this observation and can only speculate why
The fact that a molecule such ttansZnPS, does not bind this trend is observed. Interactions between3tscSCH,pep
via both thiols is not surprising given that attachment in this appendages on neighboring molecules must play a large role in
fashion would require that the porphyrin lie completely flat on determining the packing. In particular, for tHaPS; andZnPS,
the surface. This geometry is precluded because the arylSAMSs, there are tw&AcSCHypep appendages adjacent to the
substituents on thenesepositions of the porphyrin are not  SCHzpep linker to the surface. [In the case @nPS; we
coplanar with the porphyrin macrocycle (due to steric con- speculate that this is the preferred binding geometry, as opposed
straints)3* thereby restricting access of the second thiol to the to asymmetrical binding resulting in one adjacent and one
surface. Indeed, th8 AcSCH,pep appendage was specifically  opposite SAcSCHzpep appendage.] Possibly, the terminal
chosen to disfavor surface geometries in which the porphyrin ethynylphenyl portion of these adjacéhAcSCH,pep append-
ring lies (nearly) flat on the surface. Perhaps more surprising is ages camr stack with the porphyrin macrocycle of a neighboring
the observation that none of tZ@PS, molecules that contain ~ molecule. This type of packing would seem to be the only way
cis-thiol-functionalization bind via a pair of adjacent thiols, that the porphyrins in th&nPS; and ZnPS, SAMs could
because in those cases, BcSCH.pep appendage does not  achieve packing densities and effective molecular areas ap-
impose any steric constraints to preclude binding via two proaching those exhibited by the porphyrins in ZmPS; SAM.
adjacent thiols. In addition, the presence of the methylene groupOn the other hand, this type af-x interaction is not possible
in the S-AcSCH,pep appendage places the thiol moiety at the for the S AcSCH,pep appendage opposite to the linker to the
end of a conformationally flexible tether. One explanation for surface. This might explain why the porphyrins in tiiens
the failure of the second thiol to bind to the surface is that the ZnPS, SAM are more tilted and less tightly packed than those
free energy associated with packing of the disklike porphyrin in the ZnPS; andZnPS; SAMSs. It should be noted, however,
molecules outweighs any additional thermodynamic stabilization that if 7—x stacking does drive the packing of the latter SAMs,
afforded by the formation of a second A% bond. In this one might speculate that thes-ZnPS, SAM would also be
regard, changes in adsorption geometry from lying flat to tilted tightly packed, rather than loosely as is observed. The poor
upon increasing packing are common with aromatic molecules packing of thecisZnPS, SAM might be explained by the
on metal surface®.° Alternatively, the kinetics of the deposi-  asymmetric substituent patter8-AcSCH.pep and phenyl) of
tion process may also come into play in these systems. Inthe groups that are adjacent to the linker to the surface.
particular, multiple porphyrins may arrive simultaneously in the Achieving long ranger—m stacking between the single
same vicinity and begin to pack as they bind, blocking adjacent S AcSCH,pep appendage and a neighboring porphyrin would
sites and therefore precluding attachment of the seai®d  require an arrangement of porphyrins on the surface that is
thiol. Note, however, that if this latter effect does indeed entropically unfavorable.

influence the binding mode, then it must come into play even

; The third conclusion arising from the studies reported herein
when the SAMs are at less than saturation coverage. We furtherig inat the packing density influences both the thermodynamics

note that binding by two adjacent thiols cannot bi completely 5nd the kinetics of electron transfer. All of tHaPS, SAMs
ruled out at very low surface coverage (témol cm ?range),  fo|iow the same general trend as the surface concentration
because the spectroscopic tools available do not have sufficient, ..aases. As the monolayers become more densely packed, the
s_ensitivity to interrogate the SAMs at these surface concentra- oo process becomes less favorable, more heterogeneous, and
tions. _ _ slower (see Figures 2 and 3). The largest effects are observed
The second observation derived from this work is that the gzt the lowest surface concentratiofis{ 1 x 10~ mol cnr?).
orientation and packing density of t@#@PS, molecules onthe |nterestingly, changes in the average tilt angle of the porphyrin
surface are strongly influenced by the natugeACSCH.pep as a function of surface concentration appear to be correlated
versus phenyl groups), position (cis versus trans), and numberyjith changes in the redox thermodynamics, but not the kinetics
of the subst_|tue_nt groups. In partl_cular, at saturation coverage, (cf. Figure 7 with Figures 2 and 3). We are uncertain as to why
the porphyrins in theZnPS, and cis-ZnPS, SAMs are more  the thermodynamics and kinetics are affected differently.
Regardless, the influence of surface concentration on the redox

(38) Notrer, F. P Ramoy, M, Grt. Rer. Solid State Mater, Scloop 17, tnermodynamics and kinetics is likely due to space-charge
397-475. effects?®> The space charge on the SAM increases as the surface
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concentration increases. Space-charge effects are exacerbateahd packing density in the SAMs are determined by a complex
in very densely packed monolayers because the solvent/interplay of intra- and intermolecular forces. Our seemingly
counterions have more limited access to the redox center.  reasonable preconceived notion concerning how the position
The observation that the electron-transfer kinetics exhibit only of potential surface binding groupsigthiol designs) would
small changes in surface-concentration regimes where theaffect binding did not prove correct. Similarly, the number and
average tilt angle (and the distance) of the porphyrin with respect placement of th&AcSCH,pep appendages have a much larger
to the surface is changing the most (i.> ~4 x 10~ mol effect on the orientation and packing density of the molecules
cm~?) has implications for the mechanism of electron transfer. than might have been expected. Indeed, the presence of multiple,
In particular, this observation argues against any significant accessible surface attachment groups does not imply binding
though-space contribution to the electron-transfer process, atof multiple groups upon SAM formation. Collectively, these
least in that surface concentration range, because changes imbservations point to the difficulty of predicting the structure
the distance of the redox center to the surface would be expectecbf SAMs on the basis of the structure of the component
to strongly affect the rates if this mechanism were operative. molecules alone. In this respect, predictions of the structure of
Instead, the results are more consistent with the notion that thethe porphyrin SAMs appear to have many of the same challenges
dominant mechanism for electron transfer from the porphyrin associated with crystal engineering, where the overall architec-
to the surface is a through-bond nonadiabatic process thatture is dictated by the sum of a large number of subtle molecular
involves theSCHapep linker as a superexchange mediator, as interactions.
suggested by previous stud#€s? In this regard, the fact that
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