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Abstract

Pinhole-free ultrathin films of polyelectrolyte complex assembled using layer-by-layer deposition
were used to evaluate electron transfer from a redox species in solution to an electrode over the
distance range 1 to 9 nm. Over this thickness, the polyelectrolytes employed wet the surface and
the polymer molecules flatten to less than their equilibrium size in 3-dimensions. A decay constant
B for current as a function of distance of about 0.3 nm-* placed this system in the regime expected
for multistep hopping versus a one-step tunneling event. Discreet hopping sites within the films
were identified as ferrocyanide ions with an equilibrium concentration of 0.032 M and an average
separation of 3.7 nm. The Butler-Volmer (BV) expression for electron transfer as a function of
overpotential was modified by distributing the applied voltage evenly amongst the hopping sites.
This modified BV expression fit both the distance dependence and the applied potential
dependence well, wherein the only freely adjustable parameter was the electron transfer
coefficient. The finding that 8 is simply the inverse of the hopping range is consistent with previous
conclusions that electrons within conjugated molecule sites are delocalized, or, for non-
conjugated systems, spread over more than one repeat unit by lattice distortions.



Introduction

As features in electronic circuits, especially those based on molecules, shrink to less than
10 nm, the transport of electrons through nominally insulating materials has become of prime
interest. Experimentally, the distance dependence of electron transport has been probed in 2D
structures using an insulating film, commonly a self-assembled monolayer, on a metal surface
and either a redox species attached or in solution,’-2 3 4 56 or another metal contact to complete
the circuit.”- 8 ° 1° In 1-dimension, molecular spacers separate donor and acceptor molecules or
nanoscale electrodes.'" 12, 13. 14,15, 16,17, 18 The transport of electrons through nonconductors is
historically broken down into coherent tunneling over “short” range (less than about 4 nm) and
incoherent hopping'® over longer ranges. The primary feature used to distinguish between the
two is the distance dependence of the electron transfer rate, k, which exhibits an exponential
falloff with distance d, characterized by decay length B, k = k.e®d for tunneling and a more linear
inverse dependence on distance for hopping.™ Well-packed chains of saturated hydrocarbon
yield B values of around 10 nm',2 whereas conjugated molecular “wires” have a much broader
range of B between 0.1 and 4 nm".12 13 Long range electron transport through DNA is believed to
be facilitated by stacking of base pairs.?

Probing electron transport in the 1-100 nm range requires high-quality (pinhole free)
conformal, rugged, insulating films of uniform thickness. Methods to produce pinhole-free films in
the 1-10 nm thickness range include the use of self-assembled monolayers,?> 2! vacuum
evaporation,?? chemical vapor deposition,?® and electrochemical polymerization.?* 2°
Polyelectrolyte multilayers, PEMUs, are conformal ultrathin films made via an iterative deposition
of polycations and polyanions on substrates using the layer-by-layer (LBL) technique.?® The
spontaneous complexation of oppositely charged polymers is entropically driven by the release
of their counterions.?” LBL assembly provides an efficient way to obtain films that are useful for
their tunable functionality and accurate thickness control with nm resolution.

Tunneling transport over short ranges has been extensively analyzed using well-packed
self-assembled monolayers or molecular spacers. In almost all cases, electron transfer follows
the expected exp(-fd) distance dependence. Transport over longer range has produced a more
diverse set of results and analyses. The weaker distance dependence is usually analyzed in terms
of a hopping model, where electrons are transferred with the aid of intermediate sites, which may
be delocalized. However, mechanistic aspects for long-range electron transfer are still widely
discussed.® 28 29 30 |n the present work, a PEMU system has been employed to produce
exceptionally thin films to study electron transfer over the 1 - 9 nm range using the reversible
redox species ferrocyanide. Modifications of classical Butler-Volmer descriptions for charge
transfer kinetics produce a consistent model for series hopping transport through these films.

Experimental Methods

Materials



Polystyrene, PS, with narrow molecular weight distribution M/M, =B (My = 61,800 g mol-
', Mn = 58,000 g mol', B = 1.07) was obtained from Scientific Polymer Products. Poly
(diallyldimethylammonium chloride) (PDADMAC, M,, = 70,000 g mol-!, M, = 61,600 g mol', b =
1.13) and sodium polystyrene sulfonate NaPSS (M, = 120,000 g mol-', M, = 116,000 g mol', D =
1.03) were prepared by fractionating broad B starting material using a protocol previously
described.?® Methanol, methyl ethyl ketone (MEK), potassium ferrocyanide trihydrate
(KsFe(CN)s*3H20, 98.9 %), hydrogen peroxide (H202, 30 wt% in water), sodium chloride (NaCl,
= 99.5 %) and potassium bromide (KBr) were used as received from Sigma-Aldrich. Sulfuric acid
(H2S04, 98 wt%) was from VWR. Sulfur-35 labeled sodium sulfate (Na-**S0O,) was obtained from
PerkinElmer as a stock solution of 5 mCi in 1 mL of water with a specific activity of 1494 Ci mmol-
1 (8S: half-life 87.4 days, B-emitter, Emax = 0.167 MeV). Double-side polished silicon 100 wafers
were obtained from Okmetic, Inc. All solutions were prepared in deionized water (Barnstead 18
MQ cm, E-Pure)

35S-Labeled Sulfonation of PS

For the sulfonation procedure employed, a small particle size of starting PS is required.
PS was reprecipitated as described previously with a slight modification. Briefly, 1 g of PS was
dissolved in 100 mL MEK. 13 mL of methanol were added dropwise to the first sign of turbidity
with vigorous stirring. This turbid mixture was added in a thin stream to 200 mL of methanol with
vigorous stirring. After the powder settled for about 2 h, the supernate was decanted and the
reprecipitated PS was washed 3x with methanol and dried under vacuum for 12 h. A fine white
powder was obtained and sorted through a 106 ym sonic sifter sieve (Advantech Manufacturing).

In a capped scintillation vial, 0.4 mL of concentrated H.SO,4 was added to 5 mCi of dry
Naz**S0, and allowed to mix for 15 min. The sulfonation of PS powder was done according to
the method of Coughlin et al. whereby 20 mg of fine PS was added to the labeled H,SO4 and
placed in a preheated oil bath (90 °C) for 4 h (Scheme 1).32 The contents were mixed vigorously
throughout the reaction and the vial was shaken every hour to dissolve the powder stuck to the
walls. The reaction was quenched by pouring the mixture in 30 mL of cold water. The solution
was neutralized with 1 M NaOH, then dialyzed against water using 3500 molecular weight cutoff
dialysis tubing (SnakeSkin, Thermo Scientific) for two days.

The resulting mixture was filtered through a 0.1 um syringe filter (Acrodisc, PALL) and the
absorbance was measured on a UV-vis spectrometer (Cary 100-Bio). The labeled PSS
concentration was determined using the absorbance at A = 225 nm and the extinction coefficient
of PSS (See Supporting Information, Figure S1).

H,SOy4 , A
Na,*°S0,

35803— Na+
Scheme 1. Sulfonation of Polystyrene

PEMUs Buildup

PDADMA/PSS polyelectrolyte multilayers (PEMUs) were deposited directly onto the
surface of platinum rotating disk electrode, RDE, of area 0.126 cm? which was polished with 0.3
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pMm alumina, sonicated for 15 s, rinsed with deionized water, and then dried under a stream of Na.
Polyelectrolytes were built using layer-by-layer adsorption at room temperature with the aid of a
robot (StratoSequence V, nanoStrata Inc.). The RDE was mounted to a shaft rotating at 150 rpm
and alternately dipped for 10 min in polymer solutions (0.57 mM polyelectrolyte concentration,
based on the concentration of the repeat unit, in 0.1 M NaCl) with three rinsing steps with 0.1 M
NaCl (1 min each) in between. This cycle constitutes one bilayer and was repeated to generate
films of 1-7 bilayers. Hence, the notation (PDADMA/PSS), refers to films, with “n” indicating the
number of bilayers.

In similar experiments, films were built on a platinum sheet (0.1 mm thick, 2.5 cm wide, 5
cm long) treated in the same way as the RDE and on 1 x 1 inch double-side-polished silicon
wafers (0.5 mm thick) that were cleaned by soaking them in 3:1 H.SO4:H-20- “piranha solution for
20 min, rinsing in deionized water and drying under a stream of N,

Film Thickness

The backs of the substrates were cleaned with 2.5 M KBr, rinsed with deionized water and
dried with N2 to remove any polyelectrolyte complex. The thickness on Si wafers was determined
using a Gaertner Scientific L116S autogain ellipsometer equipped with a 632.8 nm laser at a 70°
incident angle, fixing the refractive index of the films at 1.54 and that of Si at 3.85.

The dry thickness on the Pt substrate for each bilayer was obtained by radiocounting. In
a dark box the substrate was placed, face down, on an aluminum spacer with a 2 cm x 2 cm
opening on top of a plastic scintillator disk (3.8 cm diameter, 3 mm thick, SCSN-81, Kuraray). The
scintillator was placed on a photomultiplier tube (PMT, RCA 8850) connected to high voltage
supply (Bertan 313B) at 2.3 kV, and a frequency counter (Philips PM6654C). To ensure good
optical contact, a drop of immersion oil was placed between the PMT window and the scintillator
disk. The scintillation counts were recorded using LabView software. Counting was performed
for 15 min and the gate time and pulse threshold were fixed at 10 s and -20 mV respectively. A
calibration curve was generated by dispensing 10 - 70 uL of the labeled PSS solution under the
substrate to translate the counts into mass of PSS per cm?. The thickness was calculated
assuming a density of 1.26 g cmfor PDADMA/PSS complex3®and a 4 cm? exposed area.

AFM imaging

An MFP-3D atomic force microscope (AFM, Asylum Research) equipped with an ARC2
controller and silicon TESPA-V2 probes (Bruker, radius = 10 nm, spring constant =42 N m~') was
used to evaluate the topography of the PEMUs. The intermittent contact or “AC mode” was
selected, and the cantilever was tuned to 5% below its resonance frequency. A scan area of 1 x
1 um was used to obtain the roughness and to show the topology of PEMUs.

Electrochemistry

The current of Fe(CN)s* redox ions through the PEMUs as a function of the number of
layers was measured using cyclic voltammetry. The temperature in a 100 mL electrochemical cell
was controlled at 25 °C (£ 0.1 °C) using a water jacket and a circulating thermostat. A three-
electrode system was adapted with a platinum wire counter electrode, a KCl-saturated calomel
reference electrode (SCE) and a rotating platinum disk working electrode (RDE, 4 mm diameter)
which was polished with 0.3 um alumina, sonicated for 15 s, rinsed with deionized water and dried
under a stream of N, prior to the adsorption of polyelectrolytes onto its surface. The working
electrode was mounted on a Pine Instruments AFMSRCE rotator with a speed controller and
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potential ramps were generated using a Pine AFTP1 WaveNow potentiostat. All solutions were
purged for 10 min with Ar and then blanketed with Ar to exclude O,. The potential was swept at a
scan rate of 10 mV s in the range -150 to 400 mV vs. SCE at 1000 rpm and the resulting
voltammograms of 0.1 mM ferrocyanide solutions in 0.1 M NaCl were recorded using Aftermath
software with 1 mV intervals between data points. Every 10 current readings were averaged,
giving an interval of 10 mV between each data point. The experiment was performed under the
same conditions in 0.1 M NaCl only to obtain background CVs. The rotation rate was not varied,
which is often done in classical electron kinetics studies at the RDE, because vortexing of the
solution under the electrode was observed for rpoms greater than about 2000.

Diffusion of Ferro- and Ferricyanide

PEMUs were made on double side polished Si (100) wafers. For ferrocyanide diffusion
measurements, multilayers were made with 10 mM polymer in 0.1 M NaCl, 5-minute dip times for
each layer, with three, one-minute water rinses between layers, yielding a 32 nm thick film.
Samples to measure the diffusion of sodium ferricyanide were made in a similar way, with 10 mM
polymer in 1 M NaCl, 5 minute dip times with 3 one minute water rinses for each layer to give 99
nm films. Films were immersed in either 0.1 mM potassium ferrocyanide or 0.1 mM potassium
ferricyanide in 0.1 M NaCl at room temperature, removed at fixed intervals, blown dry with a
stream of nitrogen, and FTIR spectra were recorded at a resolution of 4 cm'. A standard of
ferrocyanide complexed by PDADMA was prepared by mixing 10 mL of 10 mM PDADMA with 10
mL 5 mM potassium ferrocyanide (a 2-fold excess of ferrocyanide). The resulting complex, which
had a 4:1 molar ratio of PDADMA:ferrocyanide, was washed with water and pressed against a
diamond ATR crystal (Pike Inc.) to record infrared spectra. ATR spectra were corrected for
comparison to transmission spectra using the OMNIC ATR correction feature.

Results and Discussion

Ultrathin multilayer films with thicknesses up to 15 nm were prepared on platinum to
explore the effectiveness of PEMUs as barriers to electron transport. The pair of polyelectrolytes
employed are well known in the PEMU literature: poly(styrene sulfonate), PSS, and poly(diallyl
dimethylammonium chloride), PDADMAC. Here, both polymers had molecular weights to provide
the same number of repeat units (about 600) and both had narrow molecular weight distributions,
M./M, (= D). The multilayers were deposited under conditions known to provide stoichiometric
films with low residual surface charge. On a macroscopic scale, such a composition has a glass
transition temperature, T4, when immersed in water, of about 35 °C.34 It is believed that the T, of
ultrathin films may well be lower, but PDADMA/PSS films ca. 20 nm thick also provided a Tg of
about 35 °C.% In any case, because it is electrons that are traversing the film and not ions, the Tq4
is not of prime importance here.

Electrochemical methods were used to assess the rate of electron transport as a function
of film thickness. The rotating disc electrode (RDE) provides well-defined boundary conditions
operating under steady-state.3¢ Ferrocyanide was used as a solution redox species to provide
electrons, since it cannot diffuse through the PEMU at a measurable rate under these conditions.3”
In their analysis of electron transfer kinetics, Feldberg and Sutin3® emphasized the advantages of
a steady-state current at microelectrodes, a geometry recently used by Velicky et al. to explore
tunneling through boron nitride, BN, films.>® The RDE has recently been used by Sato et al. to
study electron transfer to oxygen via catalysts tethered to gold electrodes.*°

The use of PEMUs on RDEs offers some additional potential benefits: first, the layer-by-
layer addition of polymers, performed in ambient conditions, is rather “forgiving” of defects such
as dust particles: each layer deposits over such defects. Second, the PEMU itself is amorphous
and does not affect tunneling currents via phonons and crystal boundaries the way an inorganic
layer such as BN or MgO might.



Thickness Measurements

The number of methods of performing accurate thickness measurements for organic films
less than 10 nm on polished Pt surfaces is limited. Typically, the thickness of a multilayer is
measured on a surrogate silicon wafer substrate using ellipsometry. While it is assumed and
generally shown that the thicknesses of PEMUs grown under identical conditions on different
substrates is the same, it is not known whether this trend holds for the first few nm on Pt metal.

An attempt made to acquire reflectance IR spectra at low angle using FTIR did not provide
sufficient signal for an accurate measurement. Thus, a more involved, but accurate, route was
taken: radiolabeled PSS was prepared using 3°S-labeled concentrated sulfuric acid. Sulfonation
of polystyrene in conc. H.SO4 has been shown to provide 100% sulfonated material with no
evidence of crosslinking.%?

PEMUs were built on a polished Pt sheet using 0.57 mM PSS (concentration based on
the repeat unit and determined via UV-vis absorption, see Supporting Information Figure S1) in
0.1 M NaCl. After each bilayer, the film was rinsed and dried and 4 cm? of the PEMU was exposed
through a mask to plastic scintillator. The counts collected for 15 min were converted to mass per
cm? using a calibration curve (Figure S2, Supporting Information). The thickness, d (nm) of each
bilayer was calculated using a PEMU density of 1.26 g cm™ (see Supporting Information for an
example).

For comparison, the thicknesses of PEMUs constructed under identical conditions on Si
(100) were determined using ellipsometry. A “bilayer” is the term used for the thickness increment
provided by the adsorption of a PDADMA and a PSS layer. In reality, the polyelectrolytes do not
remain in layers and mix completely to yield a molecular blend.?¢ If a PEMU is terminated with
PDADMA the entire film contains excess PDADMA, which may allow partitioning of ferrocyanide
into the films via Donnan inclusion. If the PEMU is terminated with PSS (up to about 14 layers),
the film is stoichiometric in PDADMA and PSS and contains no ions.*' For this reason,
measurements were made only with even numbers of layers.

Thickness versus layer number for the two techniques is reported in Figure 1. It is apparent
that even multilayers less than 20 nm thick show the same buildup on the two different substrates.
In agreement with the previously described mechanism,*' the assembly of PEMUs showed a
“nonlinear” or a slightly curved buildup at the beginning on both substrates after which it became
linear. A slight difference is observed only for the first few layers after which the influence of the
substrate diminishes and the interaction between the polyelectrolytes solely controls the film build-

up.
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Figure 1. Dry thickness of PDADMA/PSS PEMU films versus number of layers built at 0.57 mM
polymer concentration in 0.1 M NaCl on Pt sheet and measured using radiolabeling (open circles)
or on Si wafer and measured using ellipsometry (open squares). Error is £0.2 nm. Inset shows
structures of PSS (left, labeled with 35S) and PDADMA (right).

Topography

Scanning electron microscope images (Supporting Information Figure S3) showed the
electrode to be relatively smooth but lacked the resolution to measure the nm roughness or
thickness (Figure 1) of PEMUs. Thus, the topography and roughness of dry PEMU films built on
Si wafers were obtained using atomic force microscopy (AFM). The AFM images in Figure 2 show
PDADMA/PSS films are evenly deposited on the surface of the substrate. Certain combinations
of polyelectrolytes are known to build “exponentially” when assembled layer-by-layer.4? Evidence
for island-like growth*? or dewetting** is sometimes observed. The PDADAMA/PSS pair interacts
rather strongly and no evidence of defects such as phase separation, porosity, and dewetting can
be observed from the AFM images in Figure 2 (the 2D images are shown in the Supporting
Information Figure S4). The rms roughness of the films increases with film thickness as seen
previously.*® To estimate the effective thickness of each multilayer representing the distance-of-
closest approach to the electrode, half the rms roughness was subtracted from the thickness
values of the films on Pt determined via radiolabeling. These results are summarized in Table 1.

Interestingly, the thickness and roughness of most multilayers were much less than the
dimensions of the polymer coil in solution or within an equilibrated bulk complex of PDADMA/PSS.
For example, PSSNa of similar molar mass in 0.05 M NaCl has a radius of gyration Ry of about
17 nm.*® Within complexed bulk PDADMA/PSS, Ry for the PSS component is about 11.5 nm.#7
Up to 10 layers (~8 nm), the polymers must be adsorbed in a flattened conformation.
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Figure 2. AFM images showing 3D topography of PDADMA/PSS films built on Si wafers in 0.1 M
NaCl. The X-Y image area is 1 x 1 um. The number of layers is depicted under each
representation. The rms roughness increases with the number of layers, given in Table 1.

Table 1. PDADMA/PSS PEMU dry thickness measurements

Dry aDry . °Effective

L Thickness | Thickness bRoughness Eff.ectlve Dry Wet

ayer # ) Thickness on Pt .

on Pt (nm) | on Si (nm) dry (nm) (nm) Thickness on
*0.1 nm +0.2nm Pt (nm)

2 0.7 1.1 0.5 0.5 0.8

4 2.2 1.9 0.6 1.9 3.4

6 3.7 2.8 0.5 3.4 6.1

8 5.5 4.8 1.1 4.9 8.8

10 8.6 7.2 1.5 7.9 14.2

12 11.7 9.8 1.5 10.9 19.6

14 14.7 14.6 1.8 13.8 24.8




@a 1.1 nm thick native oxide layer on the Si surface was subtracted.
®The rms roughness of the bare Si wafer was 0.2 nm

‘wet thickness = 1.8 x dry thickness

PEMUs generally swell with water when placed in contact with aqueous solutions. The
equilibrium water content of PDADMA/PSS in aqueous solutions of 0.1 M NaCl is known to be 40
+ 2 weight%.48 Thus, all the dry thicknesses in Table 1 were multiplied by a factor of 1.8 to account
for the water content (See Supporting Information for details). These wet thickness values (Table
1) were used to analyze electron transport data below.

Electron Transfer through Thin Films

PEMU films were built on the platinum rotating disc electrode, RDE, under conditions
identical to those for Pt foil and Si wafer. The boundary conditions for convective transport to the
RDE are precise and well described by theory.3¢ Because the electrode rotates, the current is at
steady-state, which means the current at a particular voltage does not change with time, in
contrast with static macroelectrodes.*® Electrons were transferred through the PEMU to the
electrode from ferrocyanide in solution.

Fe(CN)g~ — Fe(CN)g” +e™ [1]

Cyclic voltammetry provided the current-voltage response. The ferri/ferrocyanide system
has fast (reversible) electron transfer kinetics at the bare Pt electrode, which means the current
at the bare electrode is limited only by convective-diffusion transport (Scheme 2A). The typical
response is an “S”-shaped wave, shown in Figure 3, where the plateau or limiting current density
jirev (A cm) at an electrode rotating at angular velocity w (rad s™) is given by the Levich equation3®

2 1 -1

Jjirev = 0.62nFDg3wzv’s C (2]

where n represents the number of electrons transferred (1 for ferrocyanide), F is Faraday’s
constant (96,490 C mol'), Ds is the solution diffusion coefficient (cm? s'), C is the solution
concentration (mol cm3), and v is the kinematic viscosity of the solution (cm? s).
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Figure 3. Voltammograms of 0.1 mM ferrocyanide in 0.1 M NaCl on PDADMA/PSS films at the
Pt RDE. Electrode area = 0.126 cm?, 25 °C, 10 mV s™! sweep rate, and 1000 rpm rotation rate.
A background of each film in 0.1 M NaCl only was subtracted to remove the small charging
current. The data average the forward and backward scans. n represents the overpotential. The
inset shows an enlarged scale of the current density vs potential for the bare electrode and films
of thickness 2-8 layers.

Current, jev, as a function of potential, E, for the reversible system, where the surface
concentrations follow the Nernst equation (equilibrium), is given by

Jrev -
(jlrev_jrev) - ef(E EI/Z) [3]

where f= nF/RT and E1; is the half-wave potential. The voltammogram for the bare electrode is
simulated using Equation 3 in Supporting Information Figure S6.

In systems where the electron transfer is further slowed by a film or other sources of poor
transfer kinetics, the net current density j is expressed by the Koutecky-Levich equation®

1 1 1
-=—4- [4]
J JK Jrev
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where jk is the component of the current limited by sources other than solution mass transport. If
the current is limited by diffusion of redox species through the film, the voltammogram remains S-
shaped with a lower limiting current.*% %051 In the present situation, the voltammogram loses its
classical shape and has the appearance of a ramp, wherein ji is a function of applied potential,
and the net current is limited by electron transfer kinetics (Scheme 2B).

Fe(CN)s* Fe(CN)g* Fe(CN)g*

4
N fmm—————

4

’
’

Z

{

Fe(CN)s* Fe(CN)s
(e ]

Mass Transport Long-range Electron Transport

Scheme 2. Redox current at the electrode. A) Bare electrode with reversible (fast) electron
transfer kinetics. Current is limited by convection and/or diffusion to the electrode surface (dotted
arrows). B) Electrode covered with ultrathin film impermeable to Fe(CN)s*. The current is limited
by slower electron transfer kinetics due to long-range transport (wavelike arrow). The PEMU is
shown with stoichiometric, paired positive and negative polyelectrolyte units.

Figure 3 shows the current to the RDE is strongly attenuated by depositing ultrathin PEMU
films on it. Even one bilayer produces a ramp-like current response and 12 layers reduces the
signal to the level of the background. The shape of the wave indicates an electron-transfer limited
current rather than a ferrocyanide-mass-transport limited current.

The shape of the redox wave also provides important information concerning the
efficiency of the polymer film in producing a complete conformal coating. The cartoon in Scheme
2 illustrates polymer adsorption to a surface. Unlike self-assembled monolayers, such as those
made from alkanethiols or silane-terminated small molecules, an adsorbed polymer chain is not
expected to pack with crystalline order. Absorption of another “layer” of polyelectrolyte, here PSS,
is shown in Scheme 2 to represent the thinnest PEMU film studied. A dry “bilayer’ of
PDADMA/PSS units, molar mass = 308 g mol', density = 1.26 g cm, would be about 0.7 nm
thick, or 1.3 nm when wet, which is approximately the value observed for the first bilayer. Despite
this minimal thickness, the first bilayer provides efficient coverage, possibly due to efficient wetting
of the Pt surface by the polymer. Larger area AFM scans show the presence of dust particles.
Defects such as dust and pinholes may exist but are too few to influence the electrochemistry. A
dense pinhole scenario, depicted in Scheme 3, may be discounted because dense pinholes would
give voltammograms that exhibit either an S-shape or a peak depending on the spacing of the
pinholes.52 53
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Scheme 3. Growth of polyelectrolyte multilayer on a surface using LBL adsorption. The panel
on the right shows a representation of densely-spaced pinholes.

Current vs. Overpotential

In a reversible system, redox species at the electrode surface are maintained at their
equilibrium concentrations as dictated by the Nernst equation. For slow electron transfer
(irreversible system), additional voltage or overpotential is needed to drive electron transfer. The
overpotential n for any current may be read from the graph as shown in Figure 3.

To extract jx from the measured j using Equation 4, voltammograms on bare electrodes
must be obtained (see Supporting Information Figure S6). Kinetic current versus overpotential
plots of (even) layers 2 thru 8 are shown in Figure 4. The electron-transfer-kinetics-limited current
density jx as a function of overpotential n is typically described by the Butler-Volmer, BV,
equation3®

Jx = —jole™¥M - e(=®M] [5]

where j, is the exchange current density at zero overpotential, « is the anodic transfer coefficient
and fis F/RT. In the present work, anodic current (oxidation) is defined as positive.

Plots of Injk versus n for PEMUs as a function of the number of layers were generated.
Currents for layer numbers > 8 were noisy (Supporting Information Figure S6) and approached
the background observed for electrolyte only (0.1 M NaCl without ferrocyanide). Lnjx versus n
(Figure 4B) are linear beyond 50-200 mV overpotential with intercepts of j, for each film.
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Figure 4. A. Kinetic current density, jk versus overpotential for PEMUs with various numbers of
layers for a 0.126 cm? Pt RDE at 25 °C using Equation 4 and data from Figure 3. B. Injk (jk in A
cm?) as a function of overpotential for the first 4 bilayers. The intercepts on the jx axis are jo. An
apparent transfer coefficient, a, can be extracted from the slope of the curves.

Current vs thickness: Electron transfer Mechanisms

Electron transfer®* occurs between a film-covered electrode and redox species,’ 3% % two
electrodes separated by an insulating spacer or molecule,”- 1% % a donor and acceptor immobilized
in a glass,’” or a donor and acceptor at opposite ends of a molecule.' ' 17 In these scenarios,
the dependence of transfer rate on distance is a commonly-sought parameter.

Table 1 shows that the length-scale resolution of the multilayer film system used here is 1
- 2 nm per bilayer, with the thinnest effective thickness about 1 nm for the first bilayer. With such
a minimum thickness, the regime accessed by this multilayer is considered to be in the “long”
range® '* of electron transfer. For “short” range electron tunneling, j commonly decays
exponentially with increasing distance at a fixed applied potential

j= fo,be_ﬁd (6]

where 8 is the rate of decay (nm™ or A") and Jop is the maximum exchange current density,
obtained when d =0 (i.e. a bare electrode). Note that the exponential falloff of current with distance
in Equation 6 is used even if the system is beyond the “short” (tunneling) range. For reference,
the value of jo, = 0.019 A cm2 using a value of about 2 cm s for the heterogeneous rate constant
ke of ferri/ferrocyanide at a clean bare electrode,% is also given on Figure 5 (jo= Fk°C). Using the
j values from the intercepts in Figure 4B provides a 8 of 10 nm™" for d < 1 nm (short range) and
an apparent B of 0.35 nm' over the range 1 - 9 nm actually studied in the present work. The initial
B should be considered a lower limit, as the falloff may be steeper. The change in slope (10 nm-!
to 0.35 nm™") indicates that the mechanism changes at a thickness of about 1 nm, or, more
precisely, from bare to a coated electrode. These two slopes yield two intercepts: jo, for the bare
electrode and jo rim for the multilayer covered electrode.
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Figure 5. A. Ln of the exchange current density jo (A cm2) as a function of PEMU thickness
along with B8 values for < 1 nm and > 1 nm thickness using apparent values (open squares,
dashed lines, italic font) and fit values from Equation 16 (open circles, dotted lines). Apparent
values were taken directly from Figure 4 assuming no intermediate hopping steps, whereas fit
values assume there is hopping within the film. B. j, versus 1/thickness using the same data.
For A, Intercept jo,, for the bare electrode is 0.019 A cm= and intercept jo sm for the coated
electrode is 4.9 yA cm=,

Changes in 8 are often observed as a function of d. For example, Velicky et al. have
recently studied tunneling though microdisks of hexagonal boron nitride film, HBN, separating
graphite electrodes from solution redox species.®® A change in 8 from ~11 nm' to ~2 nm-' was
observed at an HBN thickness of around 0.7 nm. Yan et al.%° observed three distinct regions in 8
(2.9 nm", 0.8 nm-', 0.015 nm-") for electron transport across bis-thienylbenzene films of thickness
4 to 22 nm.

All data for the PEMU-covered electrodes fall close to the B = 0.3 nm™' line (Figure 5),
which suggests hopping transport among states. Transport over the d range in Figure 5 with a
small B is often found in conjugated molecular wires, although the conjugation is believed to
support a tunneling mechanism up to ~5 nm. Sedghi et al.’® and Kuang et al.?° claim on-resonance
tunneling can be operative in oligoporphyrin spacers with a 8 = 0.4 nm.2°

In some treatments of hopping models, current is predicted to be proportional to 1/d,° in
apparent agreement with the data here (see Figure 5B). The composition of a PEMU is unlike
that of most other media used to explore electron transfer: multilayers are ionic, well hydrated, full
of aromatic groups, and bathed in mobile ions. In these respects, PEMUs most closely resemble
DNA, which has an extensive history as a rodlike molecule use to explore electron transfer.3 60 61
Wohlgamuth et al. found an apparent B of 0.15 nm™ for a redox species interrogated
electrochemically though DNA,®" close to an upper limit of 0.5 nm-! found by Slinker et al. for a
34 nm strand of redox-tagged DNA.?® Tunneling through water has a low B (1.25 nm™' up to 2
nm).62
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Single-step tunneling transfer has been interpreted using adaptations of classical Marcus-
Hush theory." 3° Feldberg and Sutin® provided an expression for calculating the formal rate
constant ky° at a bare electrode for a nonadiabatic system (common for outer-sphere like
ferrocyanide)

2 _
kg = %e A/‘l-kBT [7]
Bh 1+_7'L'kBT

where 1 is the reorganization energy (about 1 eV for ferri/ferrocyanide®), kgis Boltzmann's
constant = 8.62 x10° eV K, his Planck’s constant (= 4.16 x 10-'5 eV s), pu is the density of states
(about 2.3 eV-" atom™ for platinum®), [HP,] is the electronic coupling element when d = 0
(assumed to be about 0.1 eV here3®), T is the temperature. The calculated k° for a bare Pt
electrode is about 18 cm s™', which is higher than the 2 cm s™' determined for the “true” value of
ke for ferri/ferrocyanide on Pt.%8 If 2 cm s is the actual k°, [H?,] may be overestimated and is
probably closer to 0.03 eV. In addition, Gosavi and Marcus®? pointed out that a py of 2.2 for Pt
may be significantly overestimated, since d orbitals are not strongly coupled to the environment.

Equation 7 was modified by Velicky et al. to account for the distance dependence
represented in Equation 6. i.e. multiplying by a factor e #¢. Reasonable predictions were made
for this tunneling model for HBN films, a 8 of about 11 nm-', and two redox species up to 0.7 nm,
after which 8 decreased significantly. In the present case, Equation 7 does not predict the data in
Figure 5A because the intercept kp is too small when extrapolating points beyond the first bilayer.

Nonconforming Behavior in Electron Transfer

In addition to the change in slope, there are a couple of odd features regarding the electron
transfer data of Figure 4. First, In current/overpotential curves, known as Tafel plots, which adhere
to the standard Butler-Volmer treatment should become linear after about 50 mV of
overpotential.®® Instead, Figure 4 shows the breakpoint between nonlinear and linear behavior
shifts to steadily greater overpotential with thicker films.

Second, the transfer coefficients a, obtained from the slope of Figure 4 (using Equation

5), are unusually large (1- a unusually small, see Figure 6), and 1- a decreases with increasing
thickness, an inconsistency noted by Velicky et al.®*
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Figure 6. Dependence of the apparent transfer coefficient (open squares, from the slopes in
Figure 4B) and transfer coefficient from fits to modified Butler-Volmer equation 18 (open circles)
as a function of the PDADMA/PSS PEMU thickness for 0.1 mM ferrocyanide in 0.1 M NaCl for a
0.126 cm? Pt RDE at 25 °C.

Hopping Transport: Number of Hops

To reconcile these unusual features, a hopping model is proposed wherein the
overpotential is distributed among hopping events, represented in Figure 7. Each hop is
equivalent, except for the hop from film to electrode and the hop from solution redox species to
film. Each hop may be considered a tunneling event. If the film is thin enough (less than 1 nm),
coupling elements, density of states and reorganization energies in Equation 7 are, as discussed
above, from bare metal to redox species with a 8 of about 10 nm-'. For each hop that starts and
ends within the film, the values of p and [H,,] are not known but their product is much less than
that at the bare metal, illustrated by the jy sim intercept that is orders of magnitude lower than jo
on bare Pt. The “staircase” of intermediate energy levels is similar to that described by Renaud
et al.%* for hopping via DNA base pairs.

With hopping via charge-neutral DNA bases, which contain no discrete redox sites, the

nature of charge localization is unclear. For DNA, it has been argued that hole density can be
delocalized over several bases.5%66

____________________________ Fe(CN)g~

solution

\ I d \\
electrode
\ N

_

Figure 7. Model for hopping transport through an ultrathin film with electron transfer from
ferrocyanide to the electrode with a total overpotential n. In this case, n is divided amongst ¢ hops
through the film, separated by an average hopping range &, which decreases the driving force for
each hop to n/o volts.

In the present case, discrete redox sites are provided by a population of ferrocyanide ions
within the PEMU. To determine the concentration and rate of diffusion of ferrocyanide in the film,
PEMUs were deposited on double-side-polished silicon wafers and immersed in 0.1 mM
ferrocyanide in 0.1 M NaCl. The accumulation of ferrocyanide as a function of time was monitored
by transmission FTIR using the strong CN stretching mode at about 2100 cm-' (see Supporting
Information Figure S7). Figure 8 illustrates doping of a 32 nm film with ferrocyanide as a function
of time'2,
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Figure 8. Room temperature doping of a 32 nm PDADMA/PSS PEMU as a function of time
from 0.1 mM ferrocyanide in 0.1 M NaCl. The solid line is a fit to equation 8 with a D of 6 x 10
cm? s'. The equilibrium concentration of ferrocyanide in the PEMU is 0.032 M, which represents
a 300-fold concentration of ferrocyanide from solution into the film.

The doping versus time was modeled using an equation for diffusion into one side of a
plate under finite boundary conditions:¢”

_ ™ 8 —-Df(2n+1)%n?t
f =1- Zn=0 (2n+1)272 exp [ 412 ] [8]

where fis the fractional attainment of equilibrium concentration within the film, D: is the film
diffusion coefficient, t is time in seconds, [ is the thickness of the film in cm, and n is an integer.
The fit to the data in Figure 8 returns a value of 6 x 10-' cm? s™' for diffusion of ferrocyanide in the
PEMU at room temperature. This exceedingly low diffusion coefficient would nevertheless allow
equilibration of a 10 nm film with ferrocyanide in about 10 minutes. Ball and Duval found similarly
ultraslow diffusion of ferrocyanide in PDADMA/poly(acrylic acid) multilayers.®

The actual concentration of ferrocyanide in the film was measured by comparison with a
standard of PDADMA precipitated in excess ferrocyanide washed with water and dried. The
PEMU concentration of ferrocyanide, C, was estimated to be 0.032 M (see Supporting Information
for a full description), which translates to an average distance between ferrocyanide ions in the
PEMU of 3.7 nm. The diffusion experiment was repeated with 0.1 mM sodium ferricyanide (3-
charge) in 0.1 M NaCl using a 99 nm film, which came to an equilibrium PEMU concentration of
0.0024 M much faster, with a diffusion coefficient of 7 x 10-"* cm? s (Supporting Information
Figure S8). The steady-state current density expected for PEMU diffusion-limited transport of
ferrocyanide is
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. FDfC
= 2rC o]

Assuming a 10 nm thick film and inserting the known values returns a j of about 2 x 10° A
cm2, which is three orders of magnitude less than the current actually seen — further evidence
that electron transfer to the electrode by diffusion through the PEMU is negligible. The term
“hopping range” is used below to indicate the distance that most (e.g. 95%) of hops take.

If the hopping range is & nm, the number of hops to traverse a film of thickness d is
c=1+d/s [10]
(it takes at least one hop even if d << 9).

The effect of carving up potential among hops is to decrease the overall driving force for
each hop, thus current decreases. Assuming all hops to be equivalent, the BV equation is simply
modified by decreasing the overpotential by a factor o

Jjx = —joo|e M — e(l—a)fn/a] [11]
Jo.o €xponentially decays with the number of hops
Joo :jo,filme_ﬁd [12]

Which is the familiar relationship of current (rate) versus distance. j, r;;, is the intercept at d = 0
(see Figure 5). Thus,

jK = _jO,filme_Bd [e—afn/ff — e(l_a)fﬂ/a] [13]

For n/c > 50 mV (at room temp) assuming a = 0.5

05fné _
jk =Josume @ P° [14]
For n/oc <50 mV
jk = Jo,fumf T gg€ " [15]

The Meaning of B
The distance dependence of jy reflects the number of hops required to traverse the film.
Jo,o =j0,filme_(0_1) [16]

Thus, o - 1 = Bd and, using Equation 9

1

p=t [17]

This very simple relationship may now be illustrated with the current data. Equations 12
and 16 provide o = 1 + Bd. In the present case, B is 0.326 nm-! and the hopping range is 3.07
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nm, close to the value determined from the direct measurement of ferrocyanide above.
Combining Equations 11 and 16

jk = _jo_fl.lme—(cf—l) [e—afn/a — e(l—a)fn/a] [18]

Using Equation 18 and values of B = 0.326 nm-', the data from Figure 4 are replotted in Figure 9.
The curves now converge as n > 0 and approach linearity for value of n/c > 50 mV. The only
freely adjustable fit parameter is a, which turns out to reassuringly approach 0.5. The parameters
used for the fit are provided in Table 2. After the subtraction of 20 mV from each experimental
curve, attributed to the asymmetry of the first electron transfer, the simulated current-voltage
curve reproduces the experimental well.

100
n/c (mV)

200

Figure 9. Ln of jk (A cm) as function of n/o (mV) for the first 4 PDADMA/PSS bilayers. 2 layers,
squares; 4 layers, circles; 6 layers, diamonds; 8 layers, triangles. The solid lines are Equation
11 with parameters listed in Table 2. Room temperature is assumed where f= 38.9. The fit
reproduces both the potential and the distance dependence of jx.

Table 2. Values used in Equation 11

Layer #

Exchange
Current
Density?

joo (MA cm?)

bTransfer
Coefficient
o

°‘Number
of Hops o
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2 8.4 0.75 1.3

4 3.6 0.69 2.1
6 1.5 0.52 3.0
8 0.62 0.50 3.9

acalculated from eq 16
badjusted to obtain best fit

“#hops = 1 + 0.326d

As the film thickness increases, the best-fit values for a now approach 0.5, which is expected for
electron transfer between two identical systems (ferrocyanide ions; the best fit values for a are
compared with the apparent values in Figure 6). The dependence of current on distance according
to Equation 18 follows neither jx ~ e® nor jx ~ 1/d for all values of d. The dependence does,
however, approximate jk ~ e® for moderate applied voltages and for d > 1 nm, illustrated by the
simulation shown in Figure 10. This shows the importance of defining both the applied potential
and the distance in each measurement to obtain mechanistic insight.

-15 F

18 - - - -

Figure 10. Simulation of jkx versus distance d for various applied potentials using the hopping
model of Equation 18, o = 1 + Bd, B = 0.326 nm™" and Injosim = -11.4. Applied potential = 20 mV
(dotted line); 100 mV (dash-dot); 300 mV (dashed line); 600 mV (solid line). 25 °C.
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Michaeli et al.®® have recently performed a theory analysis of long-range coherent electron
transfer. They also break transport down into multistep hopping between sites and find, for a fixed
voltage, there is an exponential decay of electron transmission with length for a sufficiently large
number of sites.3°

Assumptions.

For the sake of simplicity, certain assumptions have been made, including the assumption
that all hops are equal. The first hop is clearly different, occurring between metal and film. In fact,
this is the transfer typically seen for short range. The influence of the first hop is to bias the
coefficient a, which is a measure of the symmetry of the barrier for forward and backwards
electron transfer. a quickly transitions to a value of 0.5 for thicker films (Figure 6), expected for
hops between equivalent sites. The electron transfer distances (i.e. film thicknesses) probed in
the current experiment, even for the first bilayer, are beyond the 1-step tunneling range from
electrode to redox species. Experiments with greater distance resolution show the transition from
tunneling to hopping more clearly. Examples of these experiments indicate the breakpoints in 3
between electron transfer regimes depends on the system. For nonconjugated systems the
transition occurs at about 1 nm,3° whereas for conjugated systems it is closer to 4 nm.8 59 6°

Other Systems

The concepts and comparisons of tunneling versus hopping are used extensively for
diverse systems used to probe electron transfer. As occasionally pointed out, there are sure to be
differences in behavior between electron transfer, for example in proteins versus DNA7 and in
general.® The electrochemical system employed here is best compared with numerous studies
employing electrochemistry, including many involving DNA. Electrochemistry allows the user to
dial in the “driving force” (overpotential) for electron transfer without concern for the effect of
contact resistance or contact properties encountered in “molecular wire” devices. The use of a
uniform thin film avoids possible interference by a “tethering layer” such as an alkane thiol.?

The simple inverse relationship of 8 to hopping range (Equation 17) implies conjugated
molecular systems, with low values of 8,8 '3 have long hopping ranges. This is made possible by
the delocalization of 1 electrons over several carbons. For example, electrons in polyacetylene
are distributed over a distance of about 15 C-C bonds”' or about 1.9 nm, which makes the
maximum value of  about 0.5 nm-'. DNA presents an interesting case: if base pairs are separated
by a distance of about 0.33 nm one might expect a B-value of 3 nm-', yet much lower values of B
are typically observed for longer strands. A theory study of hole dynamics in DNA led to the
conclusion that, for DNA of intermediate length, delocalization of charge occurred over the entire
system, which would increase the effective hopping range considerably.

Conclusions

The thinnest possible film of complexed polyelectrolytes was made from a single bilayer
of PDADMA and PSS. Though on the order of 1 nm thick, this film provides significant resistance
to electron transfer from ferrocyanide in solution to an electrode. Beyond six additional layers (9
nm) the electrochemical current falls to the background level. Within the range of 1 - 9 nm
corresponding to reliably measurable current, steady state voltammetry provides accurate
measurements for the current-voltage response. The relatively weak distance dependence of
current on electron transfer distance strongly suggests the current is limited by hopping. Using a
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hopping model, overpotential in the classical Butler-Volmer equation may be partitioned over a
number of equivalent hops. The derived expression fit the experimental data, where the hopping
range was obtained from the falloff of rate versus distance, and the electron transfer coefficient a
was selected to provide the best fit.

The system studied here provides an equilibrium population of virtually immobile
ferrocyanide ions, between which electron hopping is possible. Other systems assumed to exhibit
electron hopping transfer have less defined intermediate redox sites. Because B is inversely
related to d in the hopping model, low values of B8 are consistent with charge that can be

delocalized over a -electron system, as found in conjugated polymers, or distortions that can be
spread over more than one repeat unit (polarons).
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