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ABSTRACT: A Gaussian distribution of tunneling distances due to different orientation
populations in electrochemically active self-assembled monolayers composed of NI
alkanethiols of different length has been assumed in a model which leads to a Gaussian AN

distribution of the logarithm of the electron transfer constants. The model has been I
validated with experimental data for osmium terminated SAMs of different length using a

modification of Creager’s method.

B INTRODUCTION

Electrochemically active centers at terminal self-assembled
monolayers (SAMs) on gold are model systems that exhibit
electron transfer from the underlying metal to the terminal
redox center. Control of the spacing between the redox center
and the metal electrode can be achieved with high spatial
resolution using variable chain length alkanethiols. For this
system, the electron transfer rates decay exponentially with
distance as shown in 1991 by the seminal work of Chidsey:"

kgr = kgTe_ﬁ(d_dO) (1)
Here, f3 is the tunneling decay constant, typically 1 A™" for
alkanethiol linkers;* d — d, is the tunneling distance between
the electrode and the tethered redox molecule.

There is very vast literature on the electron transfer to redox
centers at the end of alkanethiol self-assembled monolayers.*~”
With the exception of the work of Creager,” who considered
multiple independent populations of redox sites, each
exhibiting the same formal potential but a unique electron
transfer rate constant, the analysis of the electronic coupling
versus distance has considered a single standard rate constant
which implies a fixed separation between the surface and the
redox molecules.

In a previous communication, we studied an outer sphere
osmium bipyridine complex tethered by alkanethiols of
different lengths to Au surfaces, which exhibit linear plots of
In kgp vs the number of CH, units. However, frequency
dispersion of the ET rate constants was observed which was
more evident for the shortest alkanethiols.” With # ~ 1 A7},
very small differences in the tunneling distance due to different
populations of redox molecules in slightly different config-
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urations would result in significant variations of the ET rate
constant, explaining the observed dispersion.

The dispersion of electrochemical rate constants has been
studied in the past considering a Gaussian distribution of
electrode potentials'”'' or a Gaussian distribution of the
logarithm of the rate constants.'”'® In this study, we have
adapted Creager’s homogeneous ET transfer model (see
Supporting Information) by introducing a Gaussian distribu-
tion of tunneling distances into the Randles equivalent-circuit
analysis, obtaining as a result a Gaussian distribution of ET rate
constant that allows a better description of the process. The
model was tested experimentally by analyzing the tunneling
dependence of the ET rate with the distance between a gold
surface and an osmium complex covalently tethered to
different length alkanethiol SAMs using electrochemical
impedance spectroscopy.

B EXPERIMENTAL SECTION

6-Mercaptohexanoic acid (6-MDA), 8-mercaptooctanoic acid
(8-MOA), 11-mercaptoundecanoic acid (11-MUA), 16-
mercaptohexadecanoic acid (16-MHDA), 1-ethyl-3-(3-dime-
thylamino-propyl)-carbodiimide (EDC), N-hydroxysuccini-
mide (NHS), 4-(2-hydroxyethyl) piperazine-1-ethanesulfonic
acid (HEPES), potassium nitrate (KNOj;), and perchloric acid
(HCIO,) were obtained from Sigma-Aldrich and used as
received. The Os[(bpy),(PyCH,NH,)CI]PF; complex was
synthesized according to previous reports.' '

Received: January 23, 2019
Revised:  May 6, 2019
Published: May 6, 2019

DOI: 10.1021/acs.jpcc.9b00702
J. Phys. Chem. C 2019, 123, 13939—-13943


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b00702/suppl_file/jp9b00702_si_001.pdf
pubs.acs.org/JPCC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.9b00702
http://dx.doi.org/10.1021/acs.jpcc.9b00702

The Journal of Physical Chemistry C

Electroactive redox couples were attached to a spherical gold
microelectrode in order to minimize non-Faradaic currents.
Typically, a 400 pm diameter gold sphere (working electrode)
was obtained by carefully melting the end of a 150 um
diameter gold wire using a Bunsen burner.

The gold surface modification starts with the thiol self-
assembly of the acid terminated alkanethiol. For this, a freshly
prepared gold sphere microelectrode was incubated for 24 h in
a S mM ethanolic solution of each thiol and then washed with
ethanol and Milli-Q water. In the next step, the carboxylic acid
modified surface was activated by soaking the electrode for 30
min in a 10 mM EDC + 10 mM NHS aqueous solution. After
being washed with water, the electrode was immersed in a 0.1
uM Os|[(bpy),(PyCH,NH,)CI]PF, aqueous solution contain-
ing 0.1 M KNO; and 10 mM HEPES buffer for 4 h to couple
the —COOH groups and the —NH, groups of the Os
complexes.

The electrochemical experiments were performed with an
Autolab V 30 (Eco Chemie, Utrecht, The Netherlands)
controlled by NOVA 1.11 software. The potentiostat was
equipped with a 750 kHz bandwidth ADC750 fast sampling
module and a scangen analogue sweep module. All electro-
chemical experiments were carried out at room temperature
(20 = 2 °C) in a purpose-built three electrode glass cell. A Pt
counter electrode and a Ag/AgCl, 3 M KCl reference electrode
were employed, and potentials herein are reported with respect
to this reference. The modified microelectrode was submerged
in a 1 M HCIO, aqueous solution as a low-resistance
supporting electrolyte. A meniscus was formed at the contact
between the electrolyte/air interface and the gold micro-
electrode working electrode. An ac-sinusoidal potential
perturbation was then applied to the cell in a potential
window between 0.05 V (fully reduced redox center) and 0.55
V (fully oxidized redox center) with a 25 mV step potential.

B RESULTS AND DISCUSSION

In the present approach, instead of considering a fixed
tunneling distance, we introduce a Gaussian distribution of
tunneling distances, 8(d) = N;/dNy, around an average value:

old—do 120

X;
2 on2n )

Here, d,; is the average distance for the population of
molecules at a tunneling distance d; o; is the standard
deviation, and «x; = I';/T"y,, is the fraction of molecules I'; in
that population relative to the total redox species 'y

Replacing eq 2 in the tunneling expression eq 1, we obtain
for the distribution of electron transfer rate constants a
Gaussian distribution of the logarithm of the standard rate
constants kpr with @, a normalization constant. O(kgr) = N/
deZ

_ 26 1n 0 \12
g(kET) = az e 1/2f767) (kET/kET)] (3)

0(d)

We have tested this hypothesis by using a modification of
the method introduced by Creager and Wooster using ac-
impedance spectroscopy which allows fast kinetics to be
measured (i.e,, <5 X 10° s7'), with ultramicroelectrodes which
decrease the double layer capacitance and the electrolyte
resistance.'® The spherical microelectrode has a very small
double layer capacitance, Cg = A/(e€od) with r = 200 ym and
A = 4zr* = 0.005 cm?, which yields a very small charging time
constant.

We consider the generalized Randles equivalent-circuit
depicted in Scheme 1 with different subpopulations of redox

Scheme 1. Randles Equivalent-Circuit for an Electrode
Coated with a Redox-Active Monolayer Film Consisting of
Different Subpopulations of Redox Molecules’

o
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molecules.'” By using a highly concentrated supporting
electrolyte, the uncompensated solution resistance (R,) can
be neglected, and the double layer capacitance Cq can be
obtained from the imaginary impedance at potentials far from
the formal redox potential, E << E%: 1/Im(Zpyy") = 1/Z" pup’ =
oCy.

Without potential restrictions, the impedance of the circuit
can be written as

1 1 1 ) 1
=z_dl+z;i=]a)cdl+z;

Zrotal i (4)
with
I
Z,=R¢p,; — )
a)credox,i (5)
where j is the imaginary number, j* = —1:
FPA T,
redox, i = __IFTotal = Credox‘xi
RT 1—‘Total (6)
and
1 1
Rer = 3 = 2
2Credox,i i 2Credoxxi i (7)

Assuming a continuous distribution of tunneling distances,
the sums become integrals, and

Credox(k) = Credoxe(k) dk (8)
1
RCT(k) Sl —
2Credoxk9(k) dk (9)

DOI: 10.1021/acs.jpcc.9b00702
J. Phys. Chem. C 2019, 123, 13939-13943


http://dx.doi.org/10.1021/acs.jpcc.9b00702

The Journal of Physical Chemistry C

+oo
1 o(k)
; = ]wcdl + Credox 2k< 1 1 ) dk
2t
0 4k 2]
+oo
+ g
w\ — + >
0 (4k @ ) (10)

The improper integrals of the real and imaginary parts are
A(w) and B(w), respectively, which can be solved numerically,
and the experimental imaginary impedance ratio & can be fitted
to the following expression:

2
” Ca 2
oy o Fls _ (&0 + B@) +aw@)
7 Ca Cal
(E=E,) mdoxw(cmdoxw + B(w)) (1)
where
+oo
0 2( L+ )
and
+0oo
B 0(k) dk

1 1
ol — —
0 (4kZ + 0)2)

The electron transfer for Os[(bpy),(PyCH,NH,)CI]PF,
modified self-assembled monolayers of different length
alkanethiols on gold was studied by electrochemical impedance
spectroscopy (EIS). A full spectrum of frequencies between 1
Hz and 100 kHz was applied at constant potential while
recording phase angle (2), impedance module (Z), and both
real (Z') and imaginary (Z”) components of the total
impedance using a 10—40 mV input signal amplitude. The
impedance spectrum mesurement was repeated for increasing
applied potentials, scanning the entire potential window from
0.05 to 0.55 V. After the measurement, a Z"p_p*/Z"y; vs E plot
was reconstructed as depicted in Figure 1 for different
frequencies.

1000000

Figure 1. Plot of Z"5z*/Z" vs potential at different frequencies, for an
Os modified 6-mercaptohexanoic acid SAM.

Plots of Z"_.;*/Z" vs electrode potential in Figure 1 have a
maximum (&) at the formal redox potential, Ey’, determined by
the electron transfer rate constant, ki, the double layer

capacitance, Cq, and the redox capacitance, Cg4,,. Figure 2
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Figure 2. Frequency dependence of normalized £ at E* for different
length Os modified SAMs on gold (C6, C8, C11, and C16) assuming
a fixed distance between the redox center and the electrode’ (a) and a
Gaussian distribution of tunneling distances (b).

-
depicts the frequency dependence of £ = @ at E” for Os

(E=Ep)

terminated C6, C8, C11, and C16 alkanethiol SAMs. While the
raw data for each system is shown in Figure S1 (Supporting
Information), each curve in Figure 2 has been normalized to
reach £ = 1 at high frequency and £ = 2 at low frequency in
order to compare the data for all different thiols. By fitting eq
11 to the experimental data (shown in Figure S1), we obtain
Ca/Cregon b = 1/2 f*6% and k. The fitting parameters are
summarized in Table 1.

In Figure 2a, assuming a fixed tunneling distance, the
experimental points of & fall below the curve predicted by
Creager’s model at frequencies below the inflection point while
higher experimental values of & were observed above the
inflection point. The Gaussian distribution, on the other hand,
produces a better fitting of the experimental data for all
alkanethiols than the model that assumes a fixed tunneling
distance. The discrepancy of the ki values derived by each
model increases the shorter the alkanethiol is, as can be seen
from Table 1.

From the fitted values of Cg/C,.q0x and the double layer
capacitance Cy, obtained experimentally from the complex
impedance at a potential far from the redox potential (—1/
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Table 1. Parameters Used for the Data Fitting in Figure 2
Using Creager’s Model (Fixed Distance between Electrode
and Redox Molecules) and the Gaussian Distribution Model
(Equation 11)

Creager’s model Gaussian distribution

k%T/S_l % k%T/S_l ﬁ %
Cé6 180 000 0.41 52 000 0.45 0.385
C8 38 000 0.22 12500 0.5 0.2
Cl11 1700 0.14 950 0.8 0.135
Cl6 33 0.33 18 1 0.32

Z" g4 vs w, Figure S3 in Supporting Information), the redox
capacitance, C,.4,p was evaluated as the surface redox
concentration I'ry, was calculated with eq 8. Table 2 shows
the values of Cy, C,.40p and osmium surface concentration, I'g
~ 4 % 107> mol cm™ or 0.4 uC cm™.

Table 2. Double Layer Capacity, Redox Capacity, and
Surface Os Complex Concentration for Each Electrode

thiol Cq/uF Credox/ HF Io./107"2 mol cm™
C6 0.031 0.080 4.2
C8 0.015 0.076 4.0
Cl11 0.015 0.113 6.0
Cl16 0.017 0.053 2.8

A linear plot of the natural logarithm of k{1 vs the number of
CH, groups in the alkanethiol chain yields the value of § close
to 1 (see Figure S2 in Supporting Information), and the
standard deviation ¢ was calculated using the fitting parameter
1/24%>

Figure 3 depicts the distance distributions (eq 2) for each
alkanethiol used and shows that the Gaussian width increases
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Figure 3. Distribution of distances between the redox centers and the
gold surface for each electrode used.

as the length of the alkanethiol chains decreases as expected for
less compact SAMs. This result is consistent with the more
compact structure of longer alkanethiols due to stronger van
der Waals interactions, which increase with the number of CH,

18
groups.

B CONCLUSIONS

The frequency dispersion of tunneling standard rate constants
for a series of osmium bipyridine complex tethered on Au by
self-assembled alkanethiol monolayers of different lengths
could be explained by a Gaussian distribution of tunneling
distances. The Gaussian distribution of tunneling distances
resulted in a Gaussian distribution of the logarithm of the rate
constants.

An analytical solution for the impedance frequency depend-
ence at each electrode potential has been obtained from which
K, Capy Credop and the standard deviation o, values for each
thiol were obtained by nonlinear fit to the experimental data.
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