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Abstract: The preparation and electrochemical characterization of self-assembled monolayers (SAMs) of azoben-
zenebutanethiol&éd and ferrocenylazobenzenebutaneth@dson Au are reported. Adsorption of these molecules

onto Au surfaces has been verified by X-ray photoelectron spectroscopy and reflectance infrared spectroscopy. Optical
ellipsometry, capacitance measurements, and cyclic voltammetry indicate that azobenzene-terminated adsorbate
molecules form densely packed SAMs on Au(111). Reduction of the azobenzene grodipri2d in an aprotic

medium results in the formation of an azobenzene radical anion. However, SAMbarfd 2d exhibit almost no
electrochemical accessibility for their azobenzene groups, even though a SZMxifibits complete electrochemical
accessibility for its outer layer of ferrocenyl groups. The azobenzene electrochemical inaccessibility is due to the
densely packed structures of these SAMs and their ability to prohibit the incorporation of charge-compensating
cations upon their reduction. Addition of free volume to a filmauf by coadsorption with ethanethiol or more
efficient use of the existing free volume in a full monolayer by using smaller charge-compensating cations such as
H* or Li* results in greater azobenzene accessibility. Therefore, electron transfer processes between the electrode
surface and the redox-active azobenzene centers within the film can be gated by controlling charge-compensating
cation size and concentration and/or film structure. This gating behavior constitutes a supramolecular response in
SAMs as itis a collective property of the film and not a property of the molecules that comprise the film. Reduction

of the azobenzene in the SAM in the presence bfrekults in hydrazobenzene formation, which has been verified

by Raman spectroelectrochemistry. The potential for the latter reduction is dependent upon pH. A three-case model
has been proposed to describe the ion-gating behavior of a SAM.of

Introduction have been used as passivating layers to stabilize numerous
materials including the very reactive class of cuprate-based high-
temperature superconductdrs.

A key set of issues regarding SAMs pertains to the chemical
nd physical consequences of adsorbate surface attachment,
ense packing, and self-organization. In the molecular biology
terature “self-assembly” not only implies the formation of an
ordered, definable structural unit but also implies an element
of supramolecular functiofr.’® With proteins and lipid bilayers

“Self-assembled” monolayers (SAMs) are films formed from
the chemisorption of a single layer of adsorbate molecules from
solution or the gas phase onto a surface of interest, and they.

) . . ..-’a
have been extensively studied because of their enormous utility d
in tailoring surface properties. Through choice of adsorbate l
molecule, the reactivity, wetting, adhesive, electrical, and
structural properties of a surface can be exquisitely contrélled.
SAMs have been used to develop novel surface-patterning
methodologied, fabricate new types of chemically sensitive (3) (a) Mirkin, C. A.; Ratner, M. AAnnu. Re. Phys. Chem1992 43,
devices’f Study interfacial electron transfer proceséésﬁnd 719. (b) Mirkin, C. A.; Valentine, J. R.; Ofer, D.; Hickman, J. J.; Wrighton,

f . .. M. S. In Biosensors and Chemical Sensors: Optimizing Performance
prepare a variety of unusual and potentially useful electronic, Through Polymeric MaterialsEdelman, P. G., Wang, J.. Eds.. ACS

photonic, and redox-active materidl$. In addition, SAMs Symposium Series 487; American Chemical Society: Washington, DC,
1992; Chapter 17. (c) Hickman, J. J.; Ofer, D.; Laibinis, P. E.; Whitesides,
* To whom correspondence should be addressed. G. M.; Wrighton, M. S.Sciencel991 252 688.
® Abstract published idvance ACS Abstract©ctober 1, 1996. (4) (a) Herr, B. R.; Mirkin, C. AJ. Am. Chem. S0d.994 116, 1157.
(1) For reviews on monolayer films, see: (a) Bain, C. D.; Whitesides, (b) Herr, B. R.; Mirkin, C. A.Proc. Am. Chem. Soc. RiPolym. Mater.
G. M. Angew. Chem., Int. Ed. Endl989 28, 506. (b) Dubois, L. H.; Nuzzo, Sci. Eng.1994 71, 775. (c) Uosaki, K.; Sato, Y.; Kita, HElectrochim.
R. G.Annu. Re. Phys. Chem1992 43, 437. For additional manuscripts  Acta 1991, 36, 1799. (d) Sato, Y.; ltoigawa, H.; Uosaki, iBull. Chem.
describing electron transfer phenomena in monolayer films, see: (c) Finklea, Soc. Jpn.1993 66, 1032. (e) De Long, H. C.; Buttry, D. ALangmuir
H. O.; Avery, S.; Lynch, M.; Furtsch, TLangmuir1987, 3, 409. (d) Finklea, 1992 8, 2491. (f) De Long, H. C.; Buttry, D. ALangmuir199Q 6, 1319.

H. O.; Hanshew, D. DJ. Am. Chem. S0d992 114, 3173. (e) Chidsey, C. (5) Li, D.; Ratner, M. A;; Marks, T. J.; Zhang, C. H.; Yang, J.; Wong,
E. D. Sciencel 991, 251, 919. (f) Tender, L.; Carter, M. T.; Murray, R. W. G. KJ. Am. Chem. S0d.99Q 112, 7389.

Anal. Chem1994 66, 3173. (g) Weber, K.; Creager, S. Bnal. Chem. (6) (a) Kawanishi, Y.; Tamaki, T.; Sakuragi, M.; Seki, T.; Suzuki, Y.;
1994 66, 3164. (h) Li, T. T. T.; Weaver, M. 1. Am. Chem. Sod.984 Ichimura, K.Langmuir1992 8, 2601. (b) Ichimura, K.; Suzuki, Y.; Seki,
106 6107. (i) Creager, S. E.; Weber, Kangmuir1993 9, 844. (j) Lenhard, T.; Hosoki, A.; Aoki, K. Langmuir1988 4, 1214.

J. R.; Murray, R. WJ. Am. Chem. Sod978 100, 7870. (k) Bumm, L. A,; (7) (@) Chen, K.; Mirkin, C. A;; Lo, R.-K.; Zhou, J.-P.; McDeuvitt, J. T.
Arnold, J. J.; Cygan, M. T.; Dunbar, T. D.; Burgin, T. P.; Jones, L., Il; J. Am. Chem. Sod995 117, 6374. (b) McDevitt, J. T.; Mirkin, C. A,; Lo,
Allara, D. L.; Tour, J. M.; Weiss, P. SScience1996 271, 1705. (I) R.-K.; Chen, K.; Zhou, J.-P.; Xu, F.; Haupt, S. G., Zhao, J.; Jurbegs, D. C.

Richardson, J. N.; Peck, S. R.; Curtin, L. S.; Tender, L. M.; Terrill, R. H.; Chem. Mater1996 8, 811. (c) Chen, K.; Xu, F.; Mirkin, C. A;; Lo, R.-K,;
Carter, M. T.; Murray, R. W.; Rowe, G. K.; Creager, S.EEPhys. Chem. Nanjundaswamy, K. S.; Zhou, J.-P.; McDevitt, J.Tangmuir 1996 12,

1995 99, 766. 2622.

(2) (@) Wollman, E. W.; Kang, D.; Frisbie, C. D.; Lorkovic, I. M.; (8) Johnson, L. Biology,2nd ed.; Wm. C. Brown: Dubuque, IA, 1987.
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this is easily understood through the complex functions these “gated” by controlling the size and concentration of the charge-
structures perform in spite of the relatively simple molecules compensating cations or by manipulating the structure of the
used to construct them. Interestingly, by analogy there are veryfilm. Significantly, this is a clear example of supramolecular

few recognized examples of supramolecular behavior in self- function in the context of a SAM, and interestingly, there is a

assembled monolayers. In part, this could be due to the correlation between the type of ion-gating reported herein and
relatively simple molecules used thus far to construct such films. that which occurs in macromolecular self-assembled biological
A key question is: can an organized monolayer have a set of systems> Other types of ion-gating have also been observed

properties that are distinct from the adsorbate molecules thatfor polymer filmgé17 and even solid-state materidfs. A
comprise it, and if so, can these properties be correlated with preliminary account of this work was previously communicéted.

film structure? One of our long-standing goals has been to

develop new adsorbate molecules that both are conducive toExperimental Section

forming highly ordered monolayer films and exhibit interesting

SAM Preparation. In a typical experiment, freshly prepared Au

chemical reactivity and electroactivity. These molecules allow ¢ pstrates were immersed for 48 h at°f2in a 1 mM cyclohexane

one tp_probe the chemical and physicgl consequences Ofspjytion of the adsorbate molecule of interest. The wafers were
organizing adsorbate molecules from solution onto surfaces of removed from solution, vigorously rinsed with cyclohexane and

interest. In our group, two properties of interest include
concerted reactivity utilizing the organized array that a SAM
can provide and electron transfer within and across the film.

dichloromethane, and blown dry with prepurified gradgoNor to use.
Au substrates were prepared according to literature metfidtis.
X-ray Photoelectron Spectroscopy.Measurements were made by

The experiments reported herein elucidate the relationship@ VG Scientific ESCALAB MKII X-ray photoelectron spectrometer
between monolayer structure and electrochemical response fof & vacuum chamber at a pressure of“IDorr. The angle of incidence

SAMs formed from surface-confinable azobenzerdesnd
ferrocenylazobenzen@sThe azobenzene group is redox-active

QN‘N*@-— (CHp)4XH N"N~©— (CHp)4XH

Ja, X=0
1d, X=8

2a,X=0
2d, X=S

and chemically reactive and has vibrational transitions with large
Raman and IR cross-sectioHsnaking it an attractive candidate
for a variety of chemical and spectroscopic studies. Further-

of the Al source was-45° with respect to the sample surface normal,
and photoelectrons were collected~820° to the surface normal.
Ellipsometry. A Sopra MOSS B 4 G spectroscopic ellipsometer
was used to determine the film thickness for SAMs2uf on Au.
Before and after monolayer adsorption, the ellipsometric parameters
tany and cosA were acquired from 600 to 820 nm at 10 nm intervals
at an angle of 70with respect to the surface normal. Each data point
represents an average of 3 measurementg/this range, the molecules
that comprise the monolayer are transparent; therefore, in fitting the
experimental data, the imaginary portion of the refractive index was
disregardedi = 0). The real refractive indexnf was assumed to be
1.60, in accordance with the known values for ethylferrocene (1%0),
azobenzene (1.63),and butanethiol (1.44f. The data were modeled

more, the azobenzene group has been shown to be conducivén the multilayer regression mode with the number of layers set equal

to forming highly ordered SAM structuré3?® Finally, the

to 1 and referenced to an octadecanethiol SAM, which on the basis of

ferrocenyl group is redox-active and has been extensively usedliterature precedent was assumed to be 23.8 A tHickhe data were

by our groug@b-7*and otherk*c to study the electrochemical
properties of SAMs.
In this study, we focus on the relationship between monolayer

film structure and the electron transfer processes between the

Au electrode surface and the redox-active centers within films
formed from1d or 2d. Herein, we show that, in the case of
films formed from2d, film structure can be used to control ion

modeled in the multilayer regression mode with the number of layers
set equal to 1. The thicknesses reported for the monolayers represent
an average of 68 measurements with an error of 2 A.

Raman Spectroscopy.A Spectra Physics Model 124B HeNe laser
was used follex = 632.8 nm, andlex = 752.0 nm was obtained from

a Spectra Physics Tsunami mode-locked Ti8llaser pumped by a
Coherent INNOVA 400 At laser. The At also providedlex = 501.7

and 514.8 nm. Surface-enhanced Raman spectroscopy (SERS) mea-

transport from solution to the azobenzene redox centers within surements ate, = 632.8 nm were obtained on an ACTON VM-505

the monolayer and, in doing so, can effectively turn on or off

single grating monochromator equipped with a Photometrics PM-512

electron transfer processes between the electrode surface an@CD detector. Holographic edge filters (Physical Optics Co.) were

the azobenzene groups within the film. Furthermore, we show

used for exclusion ofex. For spectra recorded a¢x = 501.7, 514.8,

that electron transfer processes between the Au and the2nd 752.0 nm, a SPEX Model 1877 Triplemate triple grating mono-

azobenzene redox centers within these novel films may be

(20) (a) Mucic, R. C.; Storhoff, J. S.; Letsinger, R. L.; Mirkin, C. A.,
Nature1996 382 607. (b) Gottarelli, G.; Masiero, S.; Spada, GJFRChem.
Soc., Chem. Commuth995 2555.

(11) (a) Womack, J. D.; Vickers, T. J.; Mann, C. Kppl. Spectrosc.
1987 41, 117. (b) Klima, M. I.; Kotov, A. V.; Gribov, L. A.Zh. Strukt.
Khim.1972 13, 987. (c) Kellerer, B.; Hacker, H. H.; Branditer, J.Indian
J. Pure Appl. Phys1971, 9, 903. (d) Trotter, P. JAppl. Spectroscl977,
31, 30. (e) Armstrong, D. R.; Clarkson, J.; Smith, W. E.Phys. Chem.
1995 99, 17825.

(12) Caldwell, W. B.; Campbell, D. J.; Chen, K.; Herr, B. R.; Mirkin,
C. A,; Malik, A.; Durbin, M. K.; Dutta, P.; Huang, K. GJ. Am. Chem.
Soc.1995 117, 6071.

(13) (a) Jaschke, M.; S¢hberr, H.; Wolf, H.; Butt, H.-J.; Bamberg, E.;
Besocke, M. K.; Ringsdorf, Hl. Phys. Chen1996 100,2290. (b) Takami,
T.; Delamarche, E.; Michel, B.; Gerber, Ch.; Wolf, H.; Ringsdorf, H.
Langmuir 1995 11, 3876. (c) Wolf, H.; Ringsdorf, H.; Delamarche, E.;
Takami, T.; Kang, H.; Michel, B.; Gerber, Ch.; Jaschke, M.; Butt, H.-J.;
Bamberg, EJ. Phys. Chem1995 99, 7102.

(14) (a) Caldwell, W. B.; Chen, K.; Herr, B. R.; Mirkin, C. A.; Hulteen,
J. C.; Van Duyne, R. FLangmuir1994 10, 4109. (b) Chidsey, C. E. D;
Loiacono, D. N.; Sleator, T.; Nakahara, Surf. Sci.1988 200, 45. (c)
Goss, C. A.; Brumfield, J. C.; Irene, E. A.; Murray, R. Wangmuir1993
9, 2986.

chromator equipped with 600 grooves/nm gratings blazed at 750 nm

in the filter stage, 1200 grooves/nm in the spectrograph stage, and a
SPEX Spectrum One CCD detector were used. o= 752.0 nm,

(15) (a) Friedman, M. HPrinciples and Models of Biological Transport;
Springer-Verlag: Berlin, Germany, 1986; pp -589. (b) Stryer, L.
Biochemistry3rd ed.; W. H. Freeman and Co.: New York, 1988; pp-969
971. (c) Nakashima, N.; Taguchi, T.; Takada, Y.; Fujio, K.; Kunitake, M.;
Manabe, OJ. Chem. Soc., Chem. Commu®91, 232. (d) Alberts, B.;
Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J.Molecular Biology
of the Cell,3rd ed.; Garland Publishing: New York, 1994; pp 5225.

(16) (a) Pressprich, K. A.; Maybury, S. G.; Thomas, R. E.; Linton, R.
W.; Irene, E. A.; Murray, R. W.J. Phys. Chem1989 93, 5568. (b)
McCarley, R. L.; Irene, E. A.; Murray, R. WJ. Phys. Chem1991, 95,
2492,

(17) Huang, J.; Wrighton, M. SAnal. Chem1993 65, 2740.

(18) Chun, J. K. M.; Bocarsly, A. B.; Cottrell, T. R.; Benzinger, J. B.;
Yee, J. CJ. Am. Chem. S0d.993 115, 3024.

(19) Rosenblum, MChemistry of the Iron Group Metallocenes: Fer-
rocene, Ruthocene, Osmocgdehn Wiley & Sons: New York, 1965; Part
1, p 153.

(20) Chemical Rubber Ca&CRC Handbook of Chemistry and Physics
70th ed.; CRC Press: Boca Raton, FL, 1989.

(21) Porter, M. D.; Bright, T. B.; Allara, D. L.; Chidsey, C. E. D.Am.
Chem. Soc1987, 109, 3559.
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ellipsometrically determined film thicknesses are model de-
pendent. However, varying the refractive index by 0.1 changed
the calculated film thickness by only 2 A, and therefore, errors
in assumed refractive indices would not alter the conclusions
that are drawn from these data.

SAM interactions with the electrochemical double layer can
be modeled as a parallel-plate capacitor according to the
Helmholtz model and therefore are represented by the equation
C4q = €e/d, whereCy is the differential capacitance,is the
dielectric constant of the mediurg, is the permittivity of free
space, andl is the interplate spacing or the distance between
the electrode surface and the charge-compensating ions. For
the experiments described hereih,is the ellipsometrically
determined film thickness. This model has been used previously
TRT AT AT nar an? (N aat ar anr aner® to examine the charging current of Au electrodes modified with
SAMs of alkanethiols and to make arguments regarding the
ability of the SAM to act as a barrier layer between the electrode
and ions in solutiod! By contrast the behavior of bare Au
electrodes cannot be described well by the Helmholtz model
wavelengths. The angle of incidence of the laser excitation source Wasbecau_se the bare Au capacitances are depen_dent upon electrade
~45° with respect to the surface normal, and Raman scattered light potential and the nature Of_the eIeCtrqute medidzor perfectly
was collected along the surface normal. flat electrodes the theoretical capacitance values for the SAMs

The spectroelectrochemical cell was constructed from Teflon, Kel- are 0.89uF/cn? for octadecanethiol, 1.4F/cn? for 1d, and
F, and stainless steel materials. The cell was air-free, greaseless, and..1uF/cn? for 2d. This yields capacitance ratios of 1.6 fbdl
epoxy-free, and its working volume wasl mL. The SERS-active to octadecanethiol and 1.2 f&d to octadecanethiol. The
working electrode consisted of a Au film grown by thermal vapor advantage of examining capacitance ratios instead of the
deposition (4 = 0.03 nm/sdn = 100 nm) on a Ag rod (99.95%, 5.0  capacitance values themselves is that the capacitance measure-
mm diameter, D. F. Goldsmith) that was sheathed in Teflon. For ments are susceptible to nonidealities such as surface roughness,
additional surface signal enhancement, a Au film over a nanospherewhich increases surface ar®a.Using capacitanceratios

(AuFon) surface was prepared by depositing carboxypolystyrene . . . . -

nanospheres (495 nm diameter, Interfacial Dynamics Corp.) on a Ag minimizes these problems. The measured capacitance ratios

rod followed by Au depositiof? are 2.3 forld to_o_cta(_jecanetmol and 1._7 f@d to octa_de-
Infrared External Reflection Spectroscopy. Infrared external ~ canethiol. The similarity between theoretical and experimental

reflection spectroscopy was performed using a Nicolet 730 Fourier 'atios indicates that SAMs dfd and 2d are densely packed
transform infrared spectrometer with a Spectra-Tech FT-85 grazing like those of octadecanethiol. The fact that the experimental
angle accessory. The refractive geometry of the accessory allowed onlyratios are slightly higher than the theoretical ratios may be due
p-polarized light to impinge upon the sample with ari Bigident angle. to the dielectric constant of the real films being slightly higher
Spectra were taken using 512 scans at 2'cresolution. Large (2.5  than theory predicts. If a polar solvent such as water partitions
cm x 8 cm) Au(111)/mica substrates were modified with thiols for jhto the azobenzene SAMs better than the octadecanethiol
this spectral study. SAMs, the dielectric constant of the azobenzene films will be
higher?!

Electrochemistry of 1la and 2a. Compoundsla and 2a

SAMs of 1d and 2d on Au(111)/Mica: Preparation and exhibit typical azobenzene electrochemical behavior in both
Characterization by X-ray Photoelectron Spectroscopy, protic and aprotic solven. For example, in THRa (0.8 mM)
Ellipsometry, and Differential Capacitance. SAMs of 1d and undergoes a reversible one-electron reduction to form a radical
2d on Au(111)/mica were characterized by X-ray photoelectron anion,Ey; = —1.91 V vs Fc/F¢, eq 1 and Figure 2A<). The
spectroscopy (XPS), ellipsometry, and differential capacitance
measurements. A SAM of a longer chain versionldfhas
been structurally characterized in air by synchrotron in-plane

21 A

Figure 1. Computer-generated (SYBYL) drawing 28 on Au(111).

a band-pass filter (Oriel Corp., Stratford, CT) centered at 750 nm with
a 10 nm fwhm was utilized for removing energy at exogenous

Results and Discussion

R—Ar—N=N—Ar—Fc==

X-ray diffraction and atomic force microscopy. The general [R—Ar—N=N—Ar—Fc]"~ te, H*

chemical and physical properties ff seem to mirror those of —e , HY

its longer chain counterpart (see Electrochemistry section). [R—Ar—NH—N—Ar—Fc]™ (1)
Therefore, most of our surface characterization efforts have

focused on SAMs oRd. Analysis of SAMs of2d by XPS radical anion will undergo a further one-electron, one-proton

gives characteristic elemental signatures: S (2p), 163 eV; C reduction,Ey. = —2.44 V vs Fc/F¢, to form a monoprotonated
(1s), 285 eV; N (1s), 401 eV; Fe (2p, 720 eV. In addition,  dianion, eq 1. Compountihundergoes comparable processes.
the ellipsometrically determined thicknesses for a SAM2Gf | addition to azobenzene-based electrochemigaryndergoes
on Au(111) is 21+ 2 A. Note that the ellipsometrically  a ferrocenyl-centered one-electron oxidation to form a ferro-

determined thickness of the film is approximately equal to the cenium specie€1, = 0.030 V vs Fc/F¢, eq 2. In protic media
length of the adsorbate molecule, assuming asmuati-confor- . . .
(23) (a) Schmid, G. M.; Curley-Fiorno, M. Encyclopedia of Electro-

mation f.or the alkane Cham.’ F'gu”? L. Thls Is consistent with chemistry of the Element&ard, A. J., Ed.; Marcel Dekker, Inc.: New
the assignment of an upright orientation for the adsorbate york, 1975; vol. Iv, pp 118-124. (b) Bard, A. J.; Faulkner, L. R.

molecules that comprise a SAM &tl. It should be noted that  Electrochemical Methods: Fundamentals and Applicatiohshn Wiley
& Sons: New York, 1980; pp 560515.

(22) For similar work with silver films, see: (a) Yang, W.; Hulteen, J.; (24) (a) Sadler, J. L.; Bard, A. J. Am. Chem. S0d.968 90, 1979. (b)
Schatz, G. C.; Van Duyne, R. B. Chem. Phys1996 104,4313. (b) Van Boto, K. G.; Thomas, F. GAust. J. Chem1973 26, 1251. (¢) Yu, H.-Z.;
Duyne, R. P.; Hulteen, J. C.; Treichel, D. A. Chem. Phys1993 99, Wang, Y.-Q.; Cheng, J.-Z.; Zhao, J.-W.; Cai, S.-M.; Inokuchi, H.; Fujishima,

2101. A.; Liu, Z.-F. Langmuir1996 12, 2843.
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[ L L R R N TP TTTTor T T rT o d
A 1mM2a r A SAM of 1d on Au(111) B SAM of 2d on Au(111)
% THF/0.1 M n-Bu,NPF, N o | THF/0.1 M n-Bu,NPF,
£ (200 mV/s 3 | 200 mvis
H 5
5 | i;‘v;:EOMa:dgd = | I8pA 020om* T8 uA, 0.28 cm?®
3 " z 95-’ C Film from 1:6 2d:EtSH D SAM of 2d on Au(111)
J 12 uA, 0.03 cm® O | on Au(111)
B 1mM 2e
Held 7 min.
L |
5 9
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o £
© 5
T2 pA, 0.03 ent? ©
| | | \i “A\ (N [2pA, 0.30 cm? I4uA, 0.10 cm’
A A O S P A N I Y

20 -15 -10 -05 00 05
Potential vs. Fc/F¢*, V

Figure 2. (A) Cyclic voltammetry for2a at a Au disk electrode: ) ) ) )

in aprotic THF/0.1 Mn-BusNPF; electrolyte and (- - -) in THF/0.1 M Figure 3. (A) Cyclic voltammetry for a SAM ofld on Au(111)/mica.

n-BusNPF electrolyte containig 3 M H0. (B) Cyclic voltammetry ~ (B) Cyclic voltammetry for a SAM o2d on Au(111)/mica. (C) Cyclic

for 2e at a Au disk electrode in aprotic THF/0.1 M-BuNPFs voltammetry for a monolayer film made from a 1:6 solution ratio of

electrolyte. 2d to ethanethiol on Au(111)/mica. (D) Cyclic voltammetry for a SAM
of 2d on Au(111)/mica after holding for 7 min at1.9 V vs Fc/F¢.

o N N A T T A NN A T All electrochemical measurements were made in aprotic THF/0.1 M
R—Ar—N=N—Ar Fc«—?[R Ar—N=N—Ar—Fc]" (2) n-BuNPF, electrolyte.

-20-15-1.0-0.5 0.0 05 2.0 -1.5-1.0 -0.5 0.0 0.5
Potential vs. Fc/Fc', V

(THF with 3 M H,O) 2aundergoes a two-electron, two-proton | Hzé/o.z JM N;CIoa‘ izo'“A |

R—Ar—NH—NH—Ar—Fc (3)

reduction,Epc = —1.82 V vs Fc/F¢, to form a ferrocenylhy- g | 0.9 mMKFe(CN),
drazobenzene species that is reoxidized in another two-electron, g 200mvs
two-proton process$,, = —0.32 V vs Fc/F¢, to re-form the ] 0.45 om 0.18 cm
parent ferrocenylazobenzene, eq 3 and Figure 2A (- - -). Sig- L |Ainitial scan C initial scan
(o3
+2e, 2H+ L /
€,
R—Ar—N—N—Ar—Fc«H J B after holding at 125V | oo poding
o at-1.30V
g
8

nificantly, this latter assignment has been confirmed by syn-
thesizing, isolating, and electrochemically characterizing an
authentic sample of the ferrocenylhydrazobenzene compound Lo Lo
2e, Figure 2B. Compoun@eis oxidized electrochemically in 04 -02 00 02 04 -02 00 02
THF/0.1 M n-BusNPF; to form 2d, Epa= —0.25 V vs Fc/Fe. Potentiaivs. Ag/AGCI V
The potentials at which these processes occur are helpful, butFigure 4. Cyclic voltammetry for 0.9 mM KFe(CN) in H,0/0.2 M
not absolutely diagnostic, in characterizing the products formed NaClO: (4) at a SAM of1d on Au(111)/mica, (B) at the same SAM
upon oxidation and reduction of monolayer films of azobenzene after holding at=1.25 V, (C) at a SAM of2d on Au(111)/mica, and
(D) at the same SAM after holding at1.30 V.

compoundsld and2d. Surface-enhanced Raman spectroelec-
trochemistry also has been used to elucidate the products formedprocess for a wide range of thiol adsorbate molectié:2’
from reduction of the monolaye(gide infra). By contrast, a monolayer &d showsno detectable electroac-

Electrochemistry for Monolayer Films of 1d and 2d. tivity for the azobenzene groups that comprise the film, but
Cyclic voltammetry of a monolayer dfd on Au(111)/mica in exhibits a response typical of surface-confined ferrocenyl
aprotic solvents, Figure 3A, shows very little electroactivity adsorbate m(_)le_cules, Figure 3B. If one assumes that_the
associated with the azobenzene moiety in a potential window ferrocenyl moieties are completely electrochemically accessible
that extends several hundred millivolts past where solution 1" Fhls_ﬂlm, integration of the current associated with ferrocenyl
is reduced, Figure 2A. In THF/0.1 M-BusNPFs, the mono- oxidation/reduction gives a surface coverage of &.1.0710

- ; : 4ab i i i i
layer of 1d exhibits a small reversible redox wave associated MoV/cm?.*2° If 2d is standing upright, the ferrocenyl moiety
with radical anion formation at1.96 V vs Fc/F¢. Integration dictates its molecular footprint and, therefore, the upper limit
of the current associated with azobenzene reduction yields anfor adsorbate surface coverage. If the molecule is lying on the
electrochemical accessibilityf 5.8 x 10-11 mol/cr?, which is surface, the ferrocenyl moiety and the azobenzenealkanethiol
approximately 6% of a full monolayer. This Iacl,< of electro- tether will increase its effective footprint and substantially
activity for the 1d SAM is consistent with what has been decrease thg _expected surface coverage. Taking into account
reported for a longer chain analogue bfl, p-HS(CHp)ir- the most efficient way2d can pacl_< on the Au(111) and a Au
OC:HN=NCHs.22 In addition, the monolf;lyer otd is an roughness factor of 1.82the maximum surface coverage for

; 10 .
excellent barrier layer that significantly inhibits electron transfer 2d is 5.8 x 1071° mol/c?. The monolayer ofd also is an
between the Au surface and dissolved ferricyanide anions, Figure (25) Schneider, T. W.; Buttry, D. Al. Am. Chem. So€993 115,12391.

4A. Figure 4B shows that the electrode becomes accessible to, (29) Widrig, C. A Chung, C.; Porter, M. 3. Electroanal. Chert 991

ferricyanide after holding at potentials sufficient to desorb the ™37y weishaar, D. E.; Lamp, B. D.; Porter, M. D. Am. Chem. Soc.
monolayer. We and others have noted this reductive desorption1992 114,5860.
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excellent barrier layer that significantly inhibits electron transfer

anodic

between the Au surface and dissolved ferricyanide anions, Figure T TrT T Tl
4C. Like the electrode modified withd, this electrode becomes ATHF/0.1 M n-BuNPF,
accessible to ferricyanide after holding at potentials sufficient fg?c’;c\ff Tsua
to desorb the monolayer, Figure 4D. Therefore, the electro- =

chemically assayed surface coverage, ion penetration experi- £ %&%‘
ments, and ellipsometric data for a monolayer2dfstrongly o B 10 oydle

suggest that the adsorbate molecules are densely packed and

standing upright, and the ferrocenyl groups are completely

electrochemically accessible. Ll L

cathodic

The broadened waves associated with ferroceny! oxidation/ 20 -15 -1.0 05 00 05
reduction in films of2d also are consistent with densely packed Potential vs. Fo/Fe’, V
SAMs. Ata sweep rate of 200 mV/s, the wave associated with Figure 5. Cyclic voltammetry for a monolayer film prepared from a
ferrocenyl oxidation in a SAM o2d on Au has a full width at 1:6 solution ratio of2d to ethanethiol on Au(111)/mica: (A) initial
half-maximum (fwhm) of 214 mV, and the wave associated with cycle and (B) 10th cycle tt_}2.3 V_ vs Fc/F¢. All electrochemical
reduction of surface-confined ferrocenium has a fwhm of 118 measurements were made in aprotic THF/0.b-Bu;NPF; electrolyte.
mV. Decreasing the sweep rate reduces the peak-to-peal
separation to nearly zero, but the waves still retain their

assymetrical shapes and exhibit fwhms greater than 90 mV. This . .
wave broadening, which has been modeled theoretically andOf a ferrocenylhydrazobenzene species rather than a radical

measured experimentally for other redox-active adsorbates, has""r"of.n ortmonop(otonati? ddla}n:con; R:man SF:FCtr%SC?[Py St']:'d'es
been attributed to adsorbatedsorbate repulsive interactions, tcr?n "mb IS assignmen (de In ra)t. ¢ lﬁ)parlen y retﬂ'uc(jl-;)jn 0
potential drop effects, and heterogeneities in the monolayer € azobenzene groups does not taxe place unti agtrce
film.28-30 Significantly, at lower surface coverages2d (at can work its way into the film. The I*'-Isource_ls_ most I|kely
50% monolayer coverage) both ferrocenyl waves exhibit more trace HO from the glassware or electrolyte; it is not coming

: : ; : from the solven{vide infra). In this experiment, approximately
ideal behavior with fwhms of 100 mV at 200 mV/s, Figure 3C, 10 e
which also match theoretical predictions and experimental 40% (1.8x 10"*?mol/cn¥) of the azobenzenes within the SAM

observations on comparable systeifig? are being accessed e!ectrochemlcally as determined by compar-
. : . . ing the currents associated with hydrazobenzene and ferrocenium
If one assumes an upright orientation2ofin the monolayer,

then the electrochemical response for the film is quite peculiar redox waves. Note that this experiment is not a measture of
. esp q P .~ the maximum number of azobenzenes that can be reduced within
Essentially, the redox-active ferrocenylazobenzenebutanethiol

. . o )
molecules have formed a redox bilayer where the layer of redox the SAM since approximately 10% of the monolayer is removed

roups farthest from the electrode surface (the ferrocenyl grou s)in the experiment. This is evidenced by a decrease in the
group . . Y1 9TOUPS)E 4 radaic current associated with the ferrocenelferrocenium redox
are electrochemically accessible, and those closest to the Surfac%ouple after the holding experiment has taken place; the
_(the azobenzene grou_ps)_a_tmnpletelynacc_essple. This result ferrocene/ferrocenium redox couple therefore serves :;15 an
is somewhat counterintuitive if a comparison is made between internal reference in the system

traditional polymeric redox bilayers and the redox bilayer Monolayers Formed from the éoadsorption of 2d and 1d
formed from2d. In the former_ structure type, the layer closest with Ethanethiol: Probing the Effects of Increased Free

to the electrode surface mediates electron transfer between th olume on the Electron Transfer Properties of Surface-
electrode and the outer lay&r.In the monolayer/redox bilayer

formed from adsorption d¥d on Au(111), the inner azobenzene Confined Adsorbates. Waters soaked for 48 h in a 1
P - ’ ethanethiol solution in cyclohexane exhibited substantial azoben-
layer does not appear to significantly affect electron transfer

rocesses between the ferrocenvl arouns and the Au surface2ENe accessibility, Figure 3C. The electrochemical accessibility
P ) . yl group of the ferrocenyl group ir2d is used to determine the surface
Experiments Designed To Determine the Role of lon

T in SAMS of 2d. In Vi fthe d | ked ratio of 2d to ethanethiol. Integration of the current associated
ransport in SAMs of 2d. In view of the densely packed iy oxidation of the ferrocenyl groups in the coadsorbed
structure of2d on Au, we propose that the origin of the .\, o 1aver yielded a surface coverage ok 3010 molicn?.
_electroche_rmcal |nac_ce33|b|llty of the azobenz_ene groups 1S duerpis js approximately 52% of a full monolayer and suggests
in part to film exclusion of charge-compensating cations from g pgiantial incorporation of ethanethiol into the film. Taking
Its interior azob.enzene groups. To test this assumption, Weini account literature values for a full monolayer of an
performed a series of experiments designed to probe the effects, | anethiol on Au(111) and an estimated surface roughness
of inhibited ion transport in such film structures and their ,or of 1.314awe estimate the surface ratio2d to ethanethiol
relationship with electrodeadsorbate electron transfer pro- o 3.7 ’It is not so surprising that the surface ratio of
ﬁelsds?s. For example, when a Au elle(I:tro?fg modified ﬁ\dtts 1 2dsorbate molecules does not reflect their solution ratio; others
eld for 7 min at a negative potential sufficient to reduce the e found similar differences in the solution and surface ratios
azobenzene (in solution), and then brought to a positive potential )¢ ,4sorbate molecules for alcohol and methyl-terminated

sufficient to reoxidize the SAM, an oxidative wave associated . 2nethiol systend&and for ferrocenyl- and methyl-terminated

with the conversion of the reduced hydrazobenzene species to ), 4 nethiol system@®

(28) () Murray, R. W. InElectroanalytical Chemistry: A Series of Interestingly, even upon cgadsorptionZufwith ethanethiol,'
Advances;Bard, A. J., Ed.; Marcel Dekker: New York, 1984; Vol. 13, pp  the electrochemicahccessibilityof the azobenzene groups is
191-368. (b) Collard, D. M.; Fox, M. ALangmuir 1991, 7, 1192. (c) still substantially low. For example, Figure 5A shows the

B“z\évg)’ éﬁigégg‘nf:oné Fb(.:‘Ergltbzczr;eglgnpﬁ\’lilnii?'T M.: Mujsce, A, Voltammogram of a coadsorbed monolayer (solution ratio 1:6,

kthe parent azobenzene is observed, Figure 3D. The oxidation
wave,Epa= —0.070 V vs Fc/Fg, is consistent with reoxidation

M. J. Am. Chem. Sod.99q 112, 4301. soaking time 20 min). The initial electrochemical accessibilities
(30) (a) Smith, C. P.; White, H. @nal. Chem1992 64, 2398. (b) Smith, of the ferrocenyl and azobenzene groups arex250-1° and

C. P.; White, H. SProceedings of the Symposium on Microscopic Models

of Electrode Electrolyte Interfaced82nd ECS Meeting; Electrochemical (31) (a) Bain, C. D.; Whitesides, G. M. Am. Chem. Sod.989 111,

Society: Toronto, 1992. 7164. (b) Rowe, G. K.; Creager, S. Eangmuir1994 10, 1186.
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6 near the N=N bond in azobenzene compounds has been verified
‘g | Full Covarage: 5.1 x 10 malicm’ by EPR34 While this exceedingly large number is most likely
25 [ due in part to limitations in the double-layer model such as
Ly | effects of electrolyte anions, functional groups, and sol¥&nt,
= W 0.3 hours this large negative potential shift does imply that azobenzene
£ W 14.3 hows reduction in SAMs of2d is unlikely in our electrochemical
E 144 hours potential window. The reason for this large potential shift is

2 | B 480 hours that charge-compensating cations are physically separated from
g M Full Covarago the azobenzene groups in the densely packed film. The small

11 azobenzene waves that are observed in the voltammograms are

; ‘ believed to be due to minority azobenzene sitessfNgroups)

1 b 252 M E1EH 1 e 22877 bl EXBH in the film that are accessible to charge-compensatiBgyN*
cations. The number of “defect sites” and naturally available
free volume in the film dictate the magnitude of these waves.
In protic media, where the hydrazobenzene is formed upon
reduction of the film, structural changes associated with the
conversion of the planar azobenzene mdfetp the kinked

Figure 6. Chart depictind2d coadsorption with ethanethiol. Electro-
chemically assessed coverage is plotted as a function of soaking time.

0.68 x 10710 mol/cn?, respectively. Assuming complete
accessibility of the ferrocenyl groups, this reflects a 27% ’
accessibilit))// of the azobenzen)é rgdoxrz:enters. Repeated cyclind!Ydrazobenzene compoufidhust also decrease the magnitude

to —2.3 V (vs Fc/F¢) results in desorption dfd, as evidenced ~ ©f azobenzene electrochemical accessibility.

by a decrease in the waves associated with the azobenzene and It should be noted that the incorporation of the ferrocenyl
ferrocenyl groups. However, the ferrocenyl waves decrease ingroup into these azobenzene-based monolayers not only serves
size more rapidly than the azobenzene waves. After 10 cyclesas an internal reference but also enhances the charge-blocking
the electrochemical accessibilities of the ferrocenyl and azoben-éffects of these films, presumably by further burying the
zene groups are 1.% 10710 and 0.38x 1010 mol/cn?, azobenzene groups in the hydrophobic film. For example, the
respectively (Figure 5B). This reflects a 32% accessibility of azobenzene groups in SAMs dfl on Au are slightly electro-

the azobenzene redox centers. Apparently as the molecules areéhemically accessible, as evidenced by the small reversible redox
desorbed from the surface, free volume is introduced into the wave at—1.96 V vs Fc/F¢ in Figure 3A. A similar wave is

film, which results in increased, but not complete, azobenzene not observed in the cyclic voltammetry 26 under comparable
electrochemical accessibility. conditions, Figure 3B.

Also, it is worth noting that the surface ratio @d to lon-Gated Electron Transfer Self-Assembled Monolayers
ethanethiol was significantly affected by soaking time and the of 2d. The effect that we are reporting herein is proposed, in
solution ratio of2d to ethanethiol. Au(111)/mica was soaked part, to be a consequence of physically separating the charge-
in 1:7 and 1:50 mM ratios a2d to ethanethiol in cyclohexane  compensating cations from the sites of reduction in the film. If
over lengths of time from 20 min to 20 days. Over time the our hypothesis is correct, it should be possible to “gate” or
electrochemical accessibility, and, presumably the surface trigger the electron transfer processes between the Au electrode
coverage, oRd continues to increase until it reaches a limiting and the buried azobenzene groups by adjusting the size and
value of~3 x 10719 mol/cn¥, Figure 6. This characteristic of  concentration of the charge-compensating cations. Figure 7A
longer chain thiols slowly approaching a limiting submonolayer shows the cyclic voltammogram of a film @d on Au(111)
coverage value has been observed by Bain and Whitesides forafter an adsorption timefd h in THF/0.1 Mn-BuyNPFR;. The
coadsorbed alcohol and methyl-terminated alkanethiols 6%Au  voltammogram exhibits almost no azobenzene electrochemical
and by Rowe and Creager for ferrocenylhexanethiols and accessibility {2%). By adding HO or LiBF,, the system is
alkanethiols on A By contrast they observed that coad- offered a smaller charge-compensating cation @ Li*) and
sorbed methyl-terminated alkanethiols on Au apparently reachedthe electrochemical accessibility of the azobenzene groups is
their final surface equilibria overnight. Chidsey et. al. observed substantially increased. Figure 7B shows the cyclic voltam-
that coadsorbed ferrocenyl- and methyl-terminated alkanethiolsmogram of a film of2d on Au(111) prepared in this fashion
also reached their final surface concentrations qui¢klyDur with 1 M H,O added. Approximately 40% of the azobenzene
results suggest a much slower dynamic process with this set ofgroups within the film of2d on Au are electrochemically
adsorbate molecules and that the monolayer formation processeduced to the hydrazobenzene species whgd id present.
is very molecule and condition dependent. A similar effect is observed with the use of LiBRccessibility

The small redox waves associated with the reduction of (see the supporting information). The short soaking time is used
azobenzene groups in a monolayer film2ofin aprotic media to prepare a more loosely packed film-§0% of a full
also may be explained by the dense packing of the monolayer.monolayer) with greater potential for ion gating. Films formed
Several studies have examined the electrochemical responsefrfom longer soaking times (full monolayers) exhibit similar
of redox-active species trapped within a SARM3132 |n responses but with lower azobenzene accessibiig0d for
contrast to redox-active species at the periphery of the film, Li* and~30% for H").
moieties trapped within the film exhibit broadened waves at
potentials further removed from the potentials which effect those  (33) Model conditions: 1.04 nm from the azobenzene redox center to
processes when the redox groups are freely accessible to chargdh in/ealuier, Merace; 106 nn fom he azobenzene fecox centr o
compensating ions. A voltammetry simulation program pro- constant, 7.32; electrolyte concentration, 100 mélsurface concentration
vided by Creager based on a double-layer model developed byof the redox species, 5.4 1076 mol/m?; Ey» of one-electron azobenzene

ita30,32,33agti i i _ reduction in solution;~1.91 V vs Fc/F¢; potential of zero charge for the
White? o Qstlmate_d the redugtlon p(_)tentlaIZﬂto be—17.4 electrode,—0.58 V vs Fc/F¢; temperature, 298 K; scan rate, 0.2 V/s.
V vs Fc/Fc if the anion charge is localized near the=N bond. (34) (a) Strom, E. T.; Russell, G. A.; Konaka, &.Chem. Phys1965

In a molecular system, the localization of the radical electron 42, 2033. (b) Johnson, C. S., Jr.; ChangJRChem. Physl965 43, 3183.

(35) Bouwstra, J. A.; Schouten, A.; Kroon Acta. Crystallogr. C1983
(32) (a) Rowe, G. K.; Creager, S. E.Phys. Cheml994 98, 5500. (b) 39, 1121.

Rowe, G. K.; Creager, S. Eangmuir1991, 7, 2307. (36) Pestena, D. C.; Power, P.IRorg. Chem.1991 30, 528.
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A THF/0.1 M n-Bu,NPF,
o 200 mV/s
3 A 1600
g
I5 A, 0.30 cm?
S | B 1.0 M H,0 added
3 2z
[7]
s
£
5 2 | sAMof 2d in H,0
5 5
2 e
E
[5 A, 0.25 cm?
I T AR I AN B
25 20 15 1.0 05 00 0.5
Potential vs. Fc/Fe¢*, V
Figure 7. lon-gating: (A) Cyclic voltammetry for a film oRd on
Au(111)/mica (soaking time 1 h) in THF/0.1 MBu;NPF; electrolyte
(large cation source). (B) Cyclic voltammetry for a film 2d on Au- . : .
(111)/mica (soaking time 1 h) in THF/0.1 M-BusNPF; electrolyte 1600 1500 1400
and 1 M HO (small cation source). Raman Shift, cm’

. . Figure 8. Top spectral series: Raman spectroelectrochemical studies
Finally, the electrochemistry for SAMs dfd and2d on Au of 2d on Au in THF/0.1 Mn-BuNPF; electrolyte at (A 0 V vs Ag/
was examined as a function offHconcentration in agqueous  AgCl, (B) —1.7 VV vs Ag/AgCl, and (C) backte® V vs Ag/AGC! (Lex
Britton—Robinson buffers over the pH range-82. The = 752 nm, 15 mW, collection time 30 s). Bottom spectral series:
monolayers are stable to repeated cycling in the pH range fromRaman spectroelectrochemical studies2dfon Au in H0/0.2 M
4 to 11. Unfortunately, for SAMs o2d on Au, the reduction NaClIQ, electrolyte at (A 0 V vs Ag/AgCl, (B) —0.7 V vs Ag/AgCl,
of ferrocenylazobenzene has a large pH dependenceEgnd ~ and (C) back 80 V vs Ag/AGCI (dex = 633 nm, 10 mW, collection
moves outside of the solvent potential window below pH 7. time 30 s).
However, for SAMs ofld on Au, the monolayers exhibita pH  piological systems. In both cases the penetrability of large
dependence such that, = 0.50 Vx pH — 0.36 V (vs SCE)  cations is substantially increased.
in the pH range from 4 to 11. Infrared External Reflection Spectroscopy and Surface-
Summary of Electrochemical Measurements. Azoben- Enhanced Raman (SER) SpectroelectrochemistryInfrared
zene-terminated adsorbate molecules in SAMs pack tightly external reflection spectroscopy was performed on SAMs of
enough to severely inhibit ion penetration. Therefore, in 14 and2d on large Au(111)/mica substrates. Weak adsorbate-
conventional solvents/electrolytes, the electrochemical acces-pnased bands were observed at 1256 cfar SAMs of 1d and
sibilities of the azobenzene groups in SAMs formed frich at 1600 and 1265 cm for SAMs of 2d. However, the
and 2d are inhibited because the films physically prohibit \yeakness of the infrared signals motivated us to concentrate
charge-compensating cations from entering them. By this oyr efforts on Raman spectral analysis, where we can take
model, the only azobenzene reduction that does occur is atadvantage of SERS.
locations of free volume in the SAM where the cations can  The results of Raman spectroelectrochemical studies of SAMs
penetrate the film. Addition of free volume to the film by  of 2d in THF/0.1 M n-Bu,NPFs (Figure 8, top series) and in
coadsorption of diluents witld or 2d or more efficient use of  H,0/NaCIQ, (Figure 8, bottom series) verify the formation of
the eXiSting free volume with smaller cations results in greater the hydrazobenzene product in both media when the electrode
azobenzene accessibility. Addition of the ferrocenyl group to js held at a potential sufficiently negative to reduce solution
1d (to form 2d) decreases the azobenzene accessibility whereaspq, |n both cases, spectrum A is of the SAM 2l before
the ferrocenyl group at the film surface is completely electro- az0henzene reduction is effected, and spectrum C is of the SAM
chemically accessible. after the holding experiment is complete and the working
The azobenzene SAMs therefore bear resemblances to many|ectrode potential has returned to zero. Note that the bands at
biological membrane systems in their ability to discriminate 1600, 1456, 1440, and 1405 chare representative of SAMs
between cations of differing sizes. In membrane systems, of 2d, and that the process, therefore, is chemically reverkible.
groups of molecules self-assemble to create channels or gategor hoth media, spectrum B shows loss in signal intensity for
through which only specific ion types can pa8sSAMs of 1d these bands and concomitant growth of bands at 1589, 1515,
and2d also exhibit size selectivity and allow small ions to enter 1380, and 1331 cnd. Since in HO and other protic media
the films but prohibit large ions from doing so. SAMs 2d the reduction product of azobenzene is hydrazobenzene, we
are particularly efficient at regulating ion transport to the redoX- assign the new bands in the THF experiment, which are
active azobenzene centers. Incorporation of free volume into comparable to those observed i@ to surface-confined
the films, by either coadsorption methodsde suprg or using  ferrocenylhydrazobenzene. The relative intensities of the bands
a different substrat&;3’which by virtue of its surface coordina-  associated with the hydrazobenzene in the two experiments (in
tion chemistry spaces out adsorbate molecules in a monolayery,0 and in THF) must be interpreted carefully since the two
film, is analogous to increasing the pore channel diameter in experiments were performed with different excitation wave-
(37) Chen, K.; Herr, B. R.; Singewald, E. T.; Mirkin, C. Aangmuir lengths. The experiment inJD involved a 633 nm excitation
1992 8, 2585. source while the experiment in THF employed a 752 nm
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the reduction potentials for azobenzenes that are buried in
densely packed SAMs dld (and evenld), which resist the
incorporation of charge-compensating cations. When the
azobenzene redox sites within a SAM are inaccessible toward
cations, their reduction potentials are reductively shifted outside
19V-Case1 the potential window of the electrochemical experiments,
1.910-0.9V - Case 3 represented by case 2. Therefore, in a SAM2dfat full
monolayer coverage in THF/0.1 KtBusNPFs, only relatively

few azobenzene groups near sites of free volume are accessible

B electrochemically (case 1). Addition of free volume to the film
by coadsorption with ethanethiol or more efficient use of the
. existing free volume with smaller cations such as &t Lit

results in greater azobenzene accessibility. Reduction of the

-17.4V - Case 2

(vs. Fo/Fc™)

azobenzene groups in the SAM in the presence bfrésults
in hydrazobenzene formation, which has been verified by SER

‘ spectroelectrochemistry. The reduction potential of the azoben-

A zene group varies with proton concentratierl(9 to—0.9 V
ZO" . .

vs Fc/F¢), and is represented by case 3. The selective
penetration of small cations (or proton sources) into a SAM of
2d is depicted in Figure 9B. Addition of the ferrocenyl group
to the azobenzene group slightly reduces the azobenzene

accessibility whereas the ferrocenyl layer at the film/solution
interface is completely electrochemically accessible.

Figure 9. (A) Energy diagram depicting the azobenzene reduction It is worth noting that the property of SAMs referred to as
processes discussed in this paper. Note: Case 2 also comprises a ranggharge blocking (e.g., Figure 4A,C) is not the same as the
of potentials that depend on the relative positions and environments property referred to as ion-gating herein. The former property
for the azobenzene groups within the film. One potential is given for s associated with a film’s (or any material’s) ability to passivate
one set of Conditions see ref 33. ( ) Scheme deplCtlng the selective the electrode surface over |arge areas. In the case of a
penetration of small cations and proton sources into a SAKdof monolayer, the passivation property is independent of molecular
orientation. The ion-gating behavior that we are reporting in
this paper is not only dependent on dense packing but also highly
dependent on the orientation of the azobenzene groups with
respect to the electrode surface and the solution/film interface.
If the azobenzene groups were oriented in parallel fashion with
the electrode surface and resided at the solution/film interface,
they would exhibit normal electrochemical behavior. Further-
more, charge blocking depends more on macroscopic uniformity

Note that the results of these spectroelectrochemical experimentéjf the film while ion-gating is highly dependent on the

mirror our observations involving the cyclic voltammetry of microscopic film structure and uniformity. Indeed, a Au
SAMSs of 2d. electrode that is partially bare and partially modified with a

The SERS spectra of surface-confin@d also change  densely packed monolayer &id does not exhibit charge
reversibly upon oxidation of the ferrocenyl groups. The pair blocking of _ferr!cyamde_ ions but does exhibit ion-gating (see
of bands at 1456 and 1440 cicollapse into a single band at 1€ Supporting information).

1456 cn. A similar spectral difference was observed between  Itis interesting that the ferrocenyl groups in SAMs2uf are

2d in THF solution and its analogue oxidized by AgRF THF electrochemically active even though the ferricyanide ions are
solution. This spectroscopically verifies complete accessibility €lectrochemically inactive when probed with an electrode
of the ferrocenyl group in this novel redox bilayer as hypoth- modified with a SAM of2d. Two factors can account for this
esized earlier on the basis of cyclic voltammetry experiments disparity. First, the ferrocenyl oxidation can be catalyzed by a
involving SAMs of 2d. small number of sites that are more accessible to the electrode

Conclusions. We have detailed the preparation and charac- surface. This argument has been used to explain the electro-
terization of SAMs formed from surface-confinable azobenzene- chemical accessibility of redox groups in other SAM-based
and ferrocenylazobenzene-terminated butanethiols on Au. Ad- systems?28 Second, covalent attachment of redox groups to
sorption of these molecules onto Au surfaces has been verifiedthe azobenzene alkane tether is likely to increase the rate of
by X-ray photoelectron spectroscopy and reflectance infrared electron transfer as compared with noncovalently bound redox
spectroscopy. Optical ellipsometry, capacitance measurementsgroups for statistical (the covalently bound group is always held
and cyclic voltammetry indicate that these adsorbate moleculesat the film/solution interface) and electronic reasons. The first
form densely packed, highly oriented monolayer films on Au. factor is dominant in monolayers that are formed from the pure
The electrochemical azobenzene reduction processes for surfaceredox-active adsorbate molecule, and the second becomes
confined2d are summarized by the energy diagram in Figure increasingly important in mixed monolayers formed from redox-
9A. Case 1 represents reduction of azobenzene groups to theactive and redox-inactive adsorbate molecules. Also, the
radical anion species when these groups are accessible to aprotibydrophobic ferrocenyl group is likely to partition into the
charge-compensating catiomsBu;N™) in THF/0.1 M n-Bug- monolayer much better than the hydrophilic ferricyanide ions,
NPF; (at minority sites at full monolayer coverage); this process which would be expected to increase the electrochemical
occurs at a potential<1.9 V vs Fc/F¢) comparable to that  accessibility and rate of electron transfer for the ferrocenyl group
necessary for effecting reduction of solutidth Case 2 reflects  as compared with ferricyanide ion.

excitation source. Because the former, but not the latter,
excitation wavelength overlaps both the solution and solid-state
UV —vis spectra oRd, the spectrum taken inJ@ is additionally
enhanced by electronic resonance effétisThe fact that the
hydrazobenzene is formed in THF under these conditions
illustrates how sensitive the azobenzene films are to protons
and how difficult it is to eliminate proton effects from
electrochemical measurements of these azobenzene $¥Ms.
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