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Rates of Interfacial Electron Transfer through Table 1. Summary of Results of ILIT Measurements
a-Conjugated Spacers ferrocene- diluent
terminated thiol thiol T, molenT2  T,K ko/s™1
Sandra B. SachisStephen P. DudekRichard P. Hsung, 1L,m=2 5 1.7x 10 208 3.3x 10
Lawrence R. Sitd,John F. Smalley,Marshall D. Newton,® ,m=2 5 17x 101 281 1.7x 1P
Stephen W. Feldberg®and Christopher E. D. Chidsey* 1Lm=2 2n=9  20x10* 281 17x10°
1,m=2 3,n=9 15x 104 298 3.2x 10°
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The rate of interfacial electron transfer through insulating, — 20 -
molecular spacers is expected to depend strongly on the nature "4 15 -
of the chemical bonding within the spadeiThis sensitivity to }
molecular structure should be particularly valuable for promoting = 10 1
or limiting specific electron-transfer reactions in amperometric - 5 |
sensors, organic light-emitting devices, and other interfacial
structures. Here, we report measurements of the standard rate 0 -
constantsk,, for interfacial electron transfer between a gold
electrode and a ferrocene group covalently connected to gold -5 1 T T T 1
by m-conjugated mercaptooligo(phenyleneethynylene) (OPE) 0 5 10 15 20 25 30 35
spacerg. The values ok, are orders of magnitude larger for o
an OPE spacer than for a trans alkane spacer of comparable /A
length. The slope of-In[k,] vs the spacer length, i.e., 3,13 Figure 1. Comparison of Irf,] vs 11°for OPE (Table 1) and saturated
is 0.57+ 0.02 A~ for OPE spacers compared withl.0 A1 spacers. All values o, were corrected to 298 K using the value of
for the saturated spacetsThese results are consistent with  d(In[k,])/d(1/T) = —2.82 x 10° K deduced from the previous studly.
calculations using the generalized Mulliken Hush thebry. Open star: moleculd, m = 2. Solid star: moleculd, m = 3 (see

The systems studied were self-assembled monolayers onTable 1 for diluents)O and @: previously published data for HS-
evaporated gold films formed from solutions of one of two (CH2)mOC(0)(°CsHa)Fe°CsHs) with HS(CH)m-1CHs as the dilu-

homologous ferrocene-terminated thfofs (1) HS(p-CeHa- ent312 Error bars are significantly smaller than the size of the points.
C=C—)m(1°CsH4)Fe°CsHs) (m = 2 or 3) and one of several i . i
diluent thiols: @) HS(CH)nCHs (n = 9 or 15), @) HS(CH)n- carried outn 1 M aqueous HCI@Q Our analysis of the ILIT

OH (n = 9 or 16), #) HS(CH),COOH ( = 15), and B) HS- transients assumes a single valudx@ﬁhe quality of the fits to
p-CeHsC=CCsHs. The values oh or mare chosen so that the  the transients supports that assumption. The results are sum-
lengths of the spacer and of the diluent used to form a given Marized in Table 1. The temperature coefficients, dgh

film are comparable. Because the valuesgfor moleculel d(1/m), derived from the data in Table 1 are3.2 x 10°K (based
were too large to be measured using conventional electrochemi-On all runs withm = 2) and—2.8 x 10° K for (based on all

cal techniques at a macroscopic electrode, we used the indirect!Uns Withm = 3).  These are in reasonable agreement with the
laser-induced-temperature-jump (ILIT) metfqueviously ap-  value of d(Ink,])/d(1/T) = —2.82 x 10° K determined from
plied to measur, for ferrocene tethered to gold electrodes by the study of ferrocene tethered by saturated spaaacssuggest
short saturated space¥$. The ferrocene coverageEy., were that the reorganization energy, is approximately the same

measured by cyclic voltammetf{. All measurements were (~0.9 eV) for all spacers studied SO far. Note al_so from Table
1 that the rate of electron transfer is essentially independent of
lStf%”de Unfivgrr]sity. the diluent molecule, whether saturated or conjugated, polar or
s gp(;‘(’)ekrhsa'f\}’e‘r’] Natligi%?Laboratory. nonpolar, suggesting that the electron transfer is dominated by
(1) (8) Liang, C.; Newton, M. DJ. Phys. Chem1993 97, 3199. (b) coupling through the OPE spacer covalently attached to the

Ne(vgt)O(n,) l\|/l_| D.Ch%m.PRe.C%‘QdQl 9LC76E7. b Sia L & all ferrocene. Figure 1 compares plots ofkj[vs I'° (see Table
a sung, R. FP.; lasey, C. E. D.; olla, L. @rganometallics H H H
1995 14, 4808, (b) Dhirani, A. A Zehner, R. W. Hsung. R. P.; Guyot- 1) with data from Erewous studle_s of ferrocenes t_ethered by
Sionnest, P.: Sita, L. Rl. Am. Chem. Sod.996 118 3310. saturated spacef$? The assumptions of exponential depen-
(3) Smalley, J. F.; Feldberg, S. W.; Chidsey, C. E. D.; Linford, M. R.; dence ofk, on| and of constant give 5 = 0.57 + 0.02 Al
Ne&?&b{! D Liu, YP.J. hpﬂhygc-gﬁ”gﬁgg %%tégéglz- 49 15 for interfacial electron transfer through the OPE spa&efhis
(5) Chidsey, C. E. DSciencel991 251 9{9'_ ' value is intermediate between the values for interfacial or

(6) (@) Hsung, R. P.; Babcock, J. R.; Chidsey, C. E. D.; Sita, L. R. homogeneous electron transfer through saturated spacers where
Tetrahedron Lett1995 26, 4525. (b) Mercaptooligo(phenyleneethynylene)
ferrocenes were synthesized as described in ref 2. (c) Methyl-terminated (9) The sensitivity of the ILIT response to the electron-transfer kinetics
alkanethiols were purchased from Aldrich and used as received. (d) Prof. depends critically upon the values dEddT and the thermal properties of

C. Miller (University of Maryland) provided the-hydroxyalkanethiol fide the film3 A more detailed explication will be presented elsewhere. For these
infra ref 16). Carboxyalkanethiols were synthesized according to standard systems, best results were obtained using dilugnts and5.
preparations: (e) Chidsey, C. E. D.; Loiacono, D.llngmuir199Q 6, (10) 1 is the straight-line distance from the spacer carbon attached to the
682. (f) Chidsey, C. E. D.; Bertozzi, C. R.; Putvinski, T. M.; Mujsce, A.  sulfur to the attached carbon of the Fc, based on mean bond distances, ref
M. J. Am. Chem. S0d.99Q 112 4301. 2 (see also: Roberts, J. D.; Caserio, M.Easic Principles of Organic

(7) A clean electrode was placed in a chloroform solution-6fx 105 Chemistry;W. A. Benjamin, Inc.: New York, 1965; pp 229, 248. Weast,

to 104 M of moleculel and~4 x 10~ M of the diluent for 16 h. The R. C., Ed.Handbook of Chemistry and PhysicSRC Press: Cleveland,
electrode was then rinsed successively in chloroform, hexane, water, andOH, 1966; pp F126129). We assume a linear spacer (cf. discussion of

chloroform and dried in an argon stream. analogous systems in solution: Bothner-By, A. A.; Dadok, J.; Johnson, T.
(8) Smalley, J. F.; Krishnan, C. V. C.; Goldman, M.; Feldberg, SJW. E.; Lindsey, J. SJ. Phys. Chem1996 100, 17551).
Electroanal. Chem1988 248 255. (11) An error of+0.05 eV inA would produce an error a£0.07 inf.
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Table 2. Exponential Decay Coefficients

B (A1 (calcdy

tether repeat unit anion cation S (A1) (exptl)
(A) trans CH,CH,—) 1.00 0.83 0.9 0.1°
(B) (_C6H4CEC—)
perpendicular = 7/2) 1.00 0.97 0.5 0.0
uniform 6 distributiorf 0.54 0.51
planar ¢ = 0) 0.43 0.39
(C) trans (- CH=CH-) 0.32 0.31 20.2

aPresent GMH, INDO/S result8.References 3 and 120.¢8 is
based on the rms values &f. A small torsional barrier (e.g., a value
of ~KT at room temperature found for the related diphenyl acetylene
system’) would yield somewhat larger rms valuesTefa and smaller
values off3. ¢ Present work® Reference 21.

B ~ 0.9 A-13.12-20 gnd the value observed for intramolecular
electron transfer through trans polyene spacers, whete).2
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The parameters denoted by “zero” subscripts were obtained by
least-squares fits{10%) to the GMH results for a sample of
12 different conformers spanning the range of dihedral angles
in the seriesn= 1—4. Results for three limiting conformational
cases are displayed in Table 2. The calculated values of
In[T3,] vs m exhibit linear behavior (regression coefficient
0.99) within a homologous series of a given conformational type;

A~121 We also note that the line for the OPE spacers and the the corresponding values (Table 2) reveal a strong dependence
line for the saturated spacers extrapolate to a common point aton spacer conformation, with similar results for the anion and

| = 0, where both spacers, in principle, become identical.

According to standard theory for long distance electron
transferl:> for an invariantl (see above)k, is proportional to
the square of the donor/acceptor (D/A) electronic coupling
elementsTpa). In lieu of simulating the entire electrochemical
assemblyTpa values were evaluated for the model radical ion
systems, [CHC=C(C;H4C=C)CH,]*, using the generalized
Mulliken Hush (GMH) methofl and the results of INDO/s
electronic structure calculatio®%.To obtain a compact expres-
sion for the coupling, the results of the calculations were fit to
the following generalization of the McConnell superexchange
modelZ allowing a hole §) or electron-attached—) virtual
electronic state in either the or o manifold of each phenyl
group (thus yielding a superposition df pathway$) and also
allowing theith benzene group to be rotated by an arbitrary
angle,6;, relative to the reference plane of the coplanar D and
A CH; groups?*

matiy] T
T, =S (T |‘| ’ Q)
DA % D I A;“ A),(nm

where X; mi or g; and the nearest-neighbor McConnell
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This work did not use a homologous series of a tethered redox moiety or
a diluent.

(21) Woitellier, S.; Launay, J. P.; Spangler, C. Worg. Chem.1989
28, 273.

(22) (a) Zerner, M. C.; Loew, G. H.; Kirchner, R. F.; Mueller-Westerhoff,
U. T.J. Am. Chem. Sod.98Q 102, 589. (B) ZINDO: A comprehensive
semiempircal SCF/CI package written by M. C. Zerner and coworkers,
University of Florida, Gainesville, FL.

(23) McConnell, H. M.J. Chem. Phys1961, 35, 508.

(24) The hole and electron transfer results are provided for comparison

even though previous theoretical studies suggest that the electron transfer

pathway for ferrocene is dominant (Newton, M. D.; Ohta, K.; Zhong].E.
Phys. Chem1991, 95, 2317).

cation models. Note that the agreement with experimental
values is quite good for both the trans@H,CH,—) spacer
and trans £t CH=CH-).

The experimental value ¢ for the OPE spacer is seen to
be intermediate between the calculated values for the perpen-
dicular and coplanar ring geometries and in closest agreement
with the calculated value for a uniform distribution of dihedral
angles. For homogeneous kinetics to be obtained in the case
of the uniform distribution, interconversion among the dihedral
angles would have to be rapid compared to the rate of electron
transfer?® Alternatively, the dihedral angles may be narrowly
distributed about an intermediate value that givé§a value
similar to the average value @&, for the uniform distribu-
tion. Neither possibility can be ruled out at this point, as the
barrier to rotation is known to be very snféllthough a distinct
set of dihedral angles can be observed in the solid Statée
note that, for the uniform distribution of dihedral angles in the
OPE spacers, not only the value®but also the ratios of the
caIcuIatedTE,A values to those for the aliphatic spacers (of the
same length) correspond closely to the data in Figure 1. Thus
the GMH-INDO/S method appears to be an appropriate
theoretical tool for guiding the development of synthetically
convenient structures for the control of interfacial electron
transfer.
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