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ABSTRACT: Real materials are disordered. This disorder damogene Lateral
influences the properties of these materials and the chemical disordered manner Repulsive
on amorphous carbon Interaction

processes that occur at their interfaces. Gaining a molecular-level ... S . \ .) P
understanding of the underlying physical manifestations caused by } Flectrochemistry and ; ‘ N

. H [ ::
spatially-resolved » /‘ » Molecular-level

disordered materials is crucial to unraveling and ultimately surface | picture of disorder |
controlling the efficiency and performance of these materials in a *.....SPeStroscopy ./ C et :
range of energy-related devices. This understanding necessitates \i/

measurement techniques through which disorder can be detected,

quantified, and monitored. However, such quantitative measurements are notoriously difficult, as effects often average out in
ensemble measurements. In this work, we describe how a combination of electrochemical and spatially resolved surface spectroscopy
measurements illuminate a molecular-level picture of disorder in materials. Using amorphous carbon as an intrinsically disordered
material, we covalently attached a monolayer of ferrocene. Interfacial electron transfer across the amorphous carbon—ferrocene
interface is highly sensitive to disruptions of order. By systematically varying linker properties and surface loadings, the influence of
lateral interactions between nonuniformly distributed ferrocene headgroups on ensemble electrochemical measurements is
demonstrated. Electrochemical and imaging data collectively indicate that conformational flexibility of the ferrocene moieties
provides a mechanism to elude repulsive and unbalanced lateral interactions, while rigid linkages provide direct information about
the underlying disorder of the material. This study is the first of its kind to quantify and visualize molecular disorder and
heterogeneity with an experimental model accessed through ensemble measurements.

KEYWORDS: amorphous carbon, disorder, electrochemistry, surface chemistry, surface-based spectroscopy

H INTRODUCTION films explored in this work, similar extended disorder of the
carbon network is predicted.''® The high percentage of sp*
hydbridized carbons in the aC films enables their covalent
functionalization with redox-active ferrocene (Fc)-containing

Terms such as disorder and heterogeneity are often invoked to molecules, which provide an electrochemical probe to assess its

explain material interfaces with higher-than-expected reaction underlyin.g disorder. The monolayers of Fc formed on aC are
efficiencies or an unforeseen stability (or instability).''° starkly different from self-assembled monolayers (SAMs) of

1 g . L. alkanethiols on gold, which are well-ordered structures that
While disorder is viewed as a nebulous concept, it is generally 4 )
. o . . lead to outstanding electron transfer properties and exper-
recognized that the intrinsic disorder of a material or its . . . i .
. . . 5 AT imental data in almost perfect congruence with predicted ideal
interface can increase the material’s overall functionality.

If a material’s functionality is related to disorder at its theoretical behavior.'"™"”
Y Nonideal electron transfer behavior has been observed

previously in ferrocene-containing monolayers that are unable
. . . . 20-22
to self-assemble, including covalently modified diamond,
23,24 25,26 27
glassy carbon, amorphous carbon, carbon nanofibers,
1 28,29 . 30-32 .
silicon, and metal oxide surfaces. Data-driven

The micro- and nanoscale structure of a material can influence
its interfacial properties and reactivity, ranging from wettability
and adhesion to electron transfer kinetics and catalytic activity.

surface, strategically controlling this disorder should enable the
rational design of functional materials.'” The realization of this
strategy is challenging given that measuring and quantifying
disorder is notoriously difficult, as effects often average out in
ensemble measurements."? Recognizing these challenges, we
sought to explicitly quantify the effects of disorder on
chemically modified amorphous carbon (aC) films, a material
with intrinsic structural and chemical disorder. The recent
characterization of atomically thin monolayers of aC highlights
that there is a complete absence of long-range periodicity
within this structure and a wide range of bond lengths, bond
angles, and ring sizes present.14 In the three-dimensional aC
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Scheme 1. General Synthetic Route for the aC-(CH,),-Fc (n = 0, 2, 6, 11) Films”
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“The zoom-in on the right is curved to emphasize the underlying roughness of the amorphous carbon.

explanations for these observations have not yet been
presented, but hypotheses for this nonideality include the
uncompensated resistance of the film, the insulating nature of
the appended monolayer, and lateral interactions between the
surface-anchored electroactive head groups. Here, we examine
if macroscale electrochemical measurements can provide a
molecular-level picture of disorder. By coupling electro-
chemical measurements to spatially resolved Kelvin probe
force microscopy (KPFM), atomic force microscopy (AFM),
and micro-Raman spectroscopy, we elucidate the chemi-
cal and electronic disorder of these modified materials and
draw conclusions about the role of disorder at a molecular
level. We then correlate observed macroscopic electron trans-
fer properties to the structure of these covalently modified
electroactive thin films. To the best of our knowledge, this is
the first study to systematically assess the effect of disorder on
macroscopic chemical properties of covalently modified thin
films by changing a single variable—the ability of the ferrocene
molecules to reorient themselves spatially on the surface—and
illuminate a molecular-level picture of disorder from ensemble
measurements.

B RESULTS AND DISCUSSION

Generation and Characterization of Ferrocene-Ter-
minated aC Surfaces. Amorphous carbon films are an
intrinsically disordered material, with a topography that is not
atomically smooth and a chemical composition containing a
mixture of hybridization states. Experimental and computa-
tional studies demonstrate that energy of adsorption, chemical
reactivity, and optical properties of these films can be
modulated by simply altering the ratio of sp> and sp’-
hybridized carbons, an experimental parameter that can be
controlled during deposition.'”*** The aC films used in this
work were prepared from DC magnetron sputtering a graphite
source onto fluorine-doped tin oxide (FTO)-coated slides,
retaining the conductivity of the FTO but providing the
stability of a carbon surface. These films have been
characterized in depth previously. They are largely sp® in
nature as determined by XPS and optical bandgap measure-
ments, with trace amounts of oxidized carbon species.*®

To prepare the aC-(CH,)¢-Fc films used in this work,
Grignard reagents of Fc-(CH,)sBr were generated in the
presence of chlorine-terminated (aC-Cl) films, using Mg and I,
(Scheme 1). To determine the selectivity of this reaction, we
performed two controls. First, we treated aC-Cl films with Fec-
(CH,)6-Br and Mg, in the absence of I,. Second, we treated
aC-H films with Fc-(CH,)¢-Br in the presence of Mg and I,. X-
ray photoelectron spectra of both aC-Cl surfaces contained an
Fe(1I) 2p doublet at 708 and 720 eV, indicating surface
immobilized Fc (Figure S1 and Table S1).>>7*” The intensity
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of the Fe(II) signals for the aC-Cl surfaces in the absence of
iodine was ~40% lower, confirming its importance in the
reaction. The aC-H films contained no Fe(II) signal. More
quantitative values of surface loading (I") obtained from
integration of the charge passed in cyclic voltammograms
supported the XPS results, with values of I' = 1.24(3) x 107°
and " = 1.21(5) X 107'° mol/cm? of ferrocene in the presence
and absence of I, respectively. We generated films with
intermediate surface loadings by modulating reaction time and
Fc-(CH,)4-Br concentration. Using similar reaction conditions,
we also attached Fc-(CH,),-Br molecules with alkyl chain
linker lengths of n = 0, 2, and 11.

The Fc surface loading in the I,-catalyzed Grignard reaction
is comparable, and in some cases surpasses, previously reported
coverages on carbon-based materials.”***>%*”*%~** We postu-
late this high surface loading is a consequence of both the film
and the modification chemistry. The chemical composition
and topography of the aC films results in a large number of
reactive surface sites. Further, the highly reactive Grignard
reagent incorporates the ferrocene molecules onto aC-Cl films
in a one-step reaction. To characterize the topography and
chemical composition of the aC films, we used AFM (Figure
$2) and micro-Raman spectroscopy (Figure S3). The AFM-
measured surface area is ~15—20% higher than its geometric
surface area (Table S2) with root-mean-squared (RMS)
roughness values of 12—14 nm. The films contained the
diagnostic I, and I; Raman peaks (Figure S3), with an
intensity ratio between 0.50—0.56. This sp*-to-sp® carbon ratio
agrees with our previous characterizations of the films*® and
supports the high surface loading, as sp>-hybridized carbons
present at graphitic edge planes are known to be the reactive
sites in carbon-based materials.”> The AFM (Figure S2) and
micro-Raman measurements (Figure S3) also show chemical
modification did not alter the topography or composition of
the aC film. The stability of the surface allowed us to attribute
conclusions about observed heterogeneity in electron transfer
processes to the heterogeneity of the Fc monolayer imparted
by the underlying disorder of the aC.

Cyclic Voltammetric Analysis of aC-(CH,),-Fc. Cyclic
voltammograms of the aC-(CH,)4-Fc films contain diagnostic
electrochemical features (Figure 1) but have significant
deviations from the canonical voltammograms anticipated for
surface-confined electroactive compounds: a AE, = 0 and
peaks with full-width at half-maximum (fwhm) values of 90.6
mV."** Here, AE, is defined as the difference between the
anodic (E,,) and cathodic (E,) peak potentials. For aC-
(CH,)¢-Fc samples with a ' = 1.24(3) X 10~ mol/cm?, the
AE, is 60 mV and the fwhm value is ~130 mV at a scan rate of
200 mV/s. A 10-fold decrease in surface loading (I = 1.21(5)
X 107'° mol/cm?) has a AE, of 1S mV and fwhm ~11§ mV,
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Figure 1. Scan rate-dependent voltammograms (100—2000 mV/s) for (A) I' = 1.24(3) X 10~° mol/cm* and (B) I" = 1.21(5) X 107" mol/cm* aC-
(CH,)s-Fc films. Voltammograms recorded in 0.25 M [Bu,N][PF,] acetonitrile solution. Peak current vs scan rate data for (C) I' = 1.24(3) x 107°
mol/cm? and (D) T = 1.21(5) X 107"° mol/cm? samples. Each point represents the baseline-corrected peak current at a given scan rate. The solid
trace depicts the experimental data fit to eq 1, while the dashed trace depicts a linear fit.

indicating increased surface loading causes enhanced devia-
tions from ideal electrochemical behavior. Similar deviations
from ideality have been observed on diamond, gold, and silicon
surfaces with covalently anchored Fc.””**™*® It has been
postulated that surface-anchored electroactive species can
experience nonuniform local environments arising from
substantial electrostatic interactions, strong dipole—dipole
interactions or high mobility."”*” The presence of such lateral
interactions results in broader peaks for molecules experiencing
repulsive interactions and narrower peaks for attractive
interactions. Increases in surface loading are expected to
accentuate the effects of repulsive lateral interactions and are
consistent with our observations.

Plotting peak current (anodic and cathodic) as a function of
scan rate, we observe deviation from the anticipated linear
relationship for ideal cases. These deviations increase with
increased surface loading (Figure 1).°" This relationship was
not observed in the non-Faradaic charging current, indicating
that decreased ionic mobility at high surface loading is not
contributing to these deviations from ideality (Figure S4).”
Laviron predicted such deviations for surface-bound species
with repulsive lateral interactions and moderate heterogeneous
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electron transfer kinetics," generalizing the relationship with
eql

) W’ F* ATy

= -
4rT(1 - )

(1)

where i = peak current, n = number of electrons transferred, A
= surface area, v = scan rate, F = Faraday constant, R = gas
constant, T = temperature, x = variable exponent of 0—1, and
GO = lateral interaction parameter of the immobilized species.
The GO value is negative for repulsive interactions and positive
for attractive interactions. The «x value is less than 1 when the
electron transfer kinetics are moderately slow, but expected to
be 1 when the electron transfer kinetics are fast.*” When we fit
baseline-corrected peak current data to eq 1 (Figure 1), GO =
—5.45(3) and x = 0.725(1) for I' = 1.24(3) x 10~ mol/cm?
The low surface loading (I" = 1.21(5) X 107" mol/cm?) film is
best fit with GO = —2.52(4) and x = 0.945(3). In both cases,
the negative GO value indicates repulsive lateral interactions
between the surface-anchored Fc moieties with significantly
more repulsions in the higher surface loading films. Moreover,
the value of x for the higher surface loading film is significantly
lower than unity, indicating significant deviations from ideality.

https://dx.doi.org/10.1021/acsaem.0c01434
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To confirm the repulsive interaction parameter varies as a
function of Fc surface loading, we repeated the same analysis
for aC-(CH,)-Fc samples with ' = ~9 X 107** to ~1 x 107°
mol/cm?’. The negative GO values (Table 1) indicate repulsive

Table 1. Variation of the Lateral Interaction Parameter with
Surface Loading of Ferrocene for aC-(CH,)4-Fc Films”

surface loading (mol/cm?) GO x
9.15(2) x 10712 —-1.31(6) 0.938(6)
1.21(5) x 1071 —2.52(4) 0.945(3)
2.15(2) x 1071 -3.51(7) 0.872(6)
7.85(2) x 1071 —4.45(3) 0.784(3)
1.24(3) x 107° —5.45(3) 0.725(1)

“Values, which are the average of two measurements from separate
regions of the same sample, are determined from charge integration of
voltammograms at a scan rate of 100 mV/s. For I = 1.24(3) x 10~
mol/cm?, the charge integration is at 2 mV/s (Figure 2C).

lateral interactions between the Fc moieties. The absolute
magnitude of GO increases with increasing surface loading,
varying from —1.31(6) for I’ = 9.15(2) x 107> mol/cm® to
—5.45(3) for I' = 1.24(3) X 107 mol/cm? A similar trend is
also observed in the x value, which increases with decreasing
surface loading, ultimately plateauing out at ~0.94 for the two
lowest surface loading films. This trend corroborates the
hypothesis that the extent of the repulsive interaction increases
with increasing surface loading. These repulsive interactions
give rise to significant deviations from idealized electro-
chemical behavior for the high surface loading films, leading to
slower electron transfer kinetics (Figure SS).

Ruther et al. demonstrated that the conformational flexibility
of alkyl chains in Fc-triazole-(CH,), (n = 4, 6, 11) monolayers
tethered to diamond electrodes allowed the Fc to dynamically
approach the surface at low surface densities (I" ~ 107! mol/
cm?), resulting in facile electron transfers.”” To determine if
the conformational flexibility of the —(CH,)s— linker in our
study was mitigating the electrostatic repulsions at lower
surface loadings, we prepared films with varying linker lengths:
aC-(CH,),-Fc, where n = 2, 6, and 11. At I' = ~107'° mol/
cm? the voltammograms of aC-(CH,),;-Fc exhibit more
idealized behavior than for n = 2 or 6 (Figure 2A), with the
lowest AE, and fwhm values (Table 2 and Figure 2A). The GO
values are also linker length-dependent, with the most negative
value for the shortest alkyl chain and least negative for the
longest alkyl chain. These trends corroborate the hypothesis
that increasing the flexibility of the alkyl chain results in
decreased repulsive lateral interactions between the Fc
moieties.

Cyclic voltammograms of the highest surface loading aC-
(CH,)sFc film (I = 1.24(3) X 107 mol/cm?) contain a
second anodic peak at a slightly positive potential at scan rates
of 2—50 mV/s (Figure 2B). The peak height of this second
anodic feature decreases with increasing scan rate. Interest-
ingly, the cumulative anodic charge passed also decreases with
increasing scan rate and is unchanged for scan rates >500 mV/
s (Figure 2C). Ideally, the charge passed in the voltammo-
grams of surface-tethered species is independent of the scan
rate, which is in fact the case for the lower density, I = 1.21(5)
X 107 mol/cm* aC-(CH,)sFc films (Figure 2C). We
hypothesize that the increasing numbers of Fc* formed during
the anodic scan result in repulsive electrostatic interactions
large enough to cause the head groups of neighboring
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Figure 2. (A) Cyclic voltammograms (scan rate = 100 mV/s) for aC-
(CH,),-Fc (red), aC-(CH,)¢-Fc (blue) and aC-(CH,),;-Fc (green)
recorded at comparable surface coverages (Table 2). (B) Scan rate-
normalized voltammograms for aC-(CH,)s-Fc (I = 1.24(3) x 10~
mol/cm?) films. Voltammograms recorded in 0.25 M [Bu,N][PF]
acetonitrile solution. (C) Anodic charge passed in the voltammo-
grams at I" = 1.24(3) X 107 mol/cm? (red) and " = 1.21(5) X 107"
mol/cm? (blue) for aC-(CH,)4-Fc films as a function of scan rate; the
dashed black line depicts the charge plateau. Note y-axis scales are
different for the two films.

ferrocenes to reposition, a movement that is made possible
by the flexibility of the alkyl chain. In cases where the surface
loading is low, this dynamic process is favorable. In cases where
the surface loading is high, this repositioning becomes

https://dx.doi.org/10.1021/acsaem.0c01434
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Table 2. Key Parameters for the aC-(CH,),-Fc Films

AEP at
surface loading 100 mV/s fwhm
n (mol/cm?)? (mV) (mV) GO x
2 195(3) x 1071 70 150 —5.36(8)  0.646(8)
6 215(2) x 107 20 110 -3.51(7)  0.872(6)
11 1.82(4) x 1071° 20 100 —1.82(6)  0.864(4)

“Values, which are the average of two measurements from separate
regions of the same film, are determined from charge integration of
voltammograms at a scan rate of 100 mV/s.

progressively more unfavorable, and the electron transfer
kinetics are significantly attenuated for a fraction of the Fc
molecules on the surface. As a result, approximately 40% of the
surface-bound Fc species are not oxidized under standard
voltammetry conditions, as evidenced by the drop in charge
passed from ~14—8.5 uC (Figure 2C). At very slow scan rates,
this kinetically sluggish but thermodynamically unfavorable
process is observed, resulting in a positive shift of ~200 mV for
the second anodic peak. We posit that as Fc" is reduced back
to Fc during the cathodic scan, repulsive interactions are
reduced, and reduction of all Fc" moieties can occur without
substantial overpotential, leading to the observation of only
one cathodic peak.

Kinetic Consequences of Lateral Interactions. To
establish how lateral interactions affect electron transfer rate
constants, we measured the heterogeneous electron transfer
rate constant (k,) between Fc and aC surface at different
surface loadings of aC-(CH,)s-Fc. Typically, k, values are
estimated by analyzing overpotential as a function of scan
rate.*** Kinetic dispersion occurs in the aC-(CH,)sFc
samples, as evidenced by nonsingle ex;)onential Faradaic
charging current decays (Figure S6).*°”*° Nevertheless, the
k, values estimated using Laviron’s analysis are 14 s™' for I =
1.24(3) x 107 mol/cm* and 25 s™* for " = 1.21(5) x 107
mol/cm?. While these values fail to account for different local
environments within the electroactive monolayer that should
give rise to a range of k values,**™* they do qualitatively
illustrate that measured rate constants decrease with increasing
surface loading (Figure S7).

To obtain more quantitative estimates of the k, values, we
used electrochemical impedance spectroscopy (EIS). The
impedance of aC-(CH,)4-Fc films was measured at the E; ),
(~0.04 V vs Ag*/Ag) between a frequency range of 1 Hz and 1
MHz. A representative Bode plot for aC-(CH,)sFc (' =
1.24(3) x 107° mol/cm?) is shown in Figure 3B. The data was
modeled with a Debye equivalent circuit (Figure 3A).”%>">*
The circuit, which is ideal for modeling the impedance of an
electrode containing a redox-active monolayer, consists of a
solution cell resistance (Ryp; ), double layer capacitance (Cpy),
charge-transfer resistance of the thin film (Rcr), and
capacitance of the thin film (C,p). The electron transfer rate
constant is determined with the relation k, = 1/(2 RcrCap)
(Table 3).*>>* The value of Rqoy, which is expected to depend
on the electrolyte concentration and electrode geometry, does
not vary between samples (250—270 Q).

The capacitance of both the thin film and the double layer
increase with surface loading, consistent with an increased
overall charge on the thin films. Most notably, k, values are
substantially higher at lower surface loading. These observa-
tions agree with Ruther et al,,”® who attributed the enhanced
electron transfer kinetics at lower surface loadings to the ease
at which the Fc moieties could approach the electrode surface.
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Figure 3. (A) Debye equivalent circuit used to model surface-
anchored electroactive species on the aC films. (B) Illustrative Bode
plot for aC-(CH,)¢-Fc (I' = 1.24(3) X 107 mol/cm?) showing the
experimentally observed magnitude (black square) and phase (blue
circle) in the EIS measurements, with the fits depicted as the red trace
(bottom left). EIS measurements in acetonitrile solvent containing
0.25 M [Bu,N][PF¢]. (C) Correlations between GO and surface
loading (black), as well as k, and surface loading (blue), for different
aC-(CH,)4-Fc films.

Table 3. Parameters from Impedance Fits

surface coverage (mol/cm®)  Cpy (UF) Cap (UF) Rep (kQ) &, (s79)
9.15(2) x 10712 1.497 1.296 1.108 348
1.21(5) x 107 1.742 3.586 1.245 111
2.15(2) x 107 2.933 6.295 1.187 67
7.85(2) x 1071° 4.458 9.672 1.256 41
1.24(3) x 107° 4.832 48.15 1.332 8

Their results differ from the current study in two aspects: the
electron transfer rate constants are significantly higher (10°—
10* s7') and the voltammograms do not depict significant
deviation from ideality. These differences are likely due to a
~10-fold lower surface loading, supporting the notion that
increased surface loading results in increased repulsive lateral
interactions of electroactive species, enhanced deviation from
ideality, and decreased electron transfer kinetics.
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Voltammetric Peak Splitting Is Due to the Disordered
Distribution of Surface-Bound Redox Sites. The relation-
ship between peak current and scan rate formulated by Laviron
(eq 1) assumes surface-bound species are uniformly dis-
tributed. Matsuda et al. postulated that the presence of lateral
interactions is not consistent with this assumption and
interactions between the surface-anchored species are accom-
panied by disorder (nonrandomness) in the distribution of the
surface anchored species.”>*® The accompanying theoretical
model predicts that combining a high degree of repulsive
lateral interactions with a disordered distribution of the
electroactive species will result in voltammetric peak splitting.
By contrast, when the extent of repulsive interactions is low, a
broad peak is observed at the middle of the split peaks.

We postulate the covalent attachment method used to
functionalize aC gives rise to a disordered distribution of
surface-bound electroactive species, but no peak splitting was
observed in aC-(CH,),-Fc (n = 2, 6, 11). We hypothesize that
conformational flexibility may mask these lateral interactions
that give rise to peak splitting on both the anodic and cathodic
scans. To test this notion, we immobilized Fc directly on the
surface using Fc-Br as the Grignard precursor. We generated
aC-Fc films with a high and low surface loading using our
previously established Grignard protocol with and without I,,
respectively. Voltammograms of high surface loading (I" =
1.58(5) x 107" mol/cm?) films exhibit the predicted peak
splitting in both the anodic and cathodic branches for scan
rates of 50—1000 mV/s (Figure 4A). At scan rates of >1500
mV/s, the two distinct redox features merge into a broad peak.
When the baseline-corrected peak currents for the two anodic
peaks of the voltammograms are plotted as a function of scan
rate, a nonlinear dependence is also observed (Figure S8). The
fit obtained from the plot of the cumulative anodic peak height
vs scan rate yields GO = —7.13(S) and x = 0.752(8), indicating
the presence of extensive repulsive lateral interactions between
the Fc groups.

In the low surface loading aC-Fc films (I" = 1.7(4) x 107"
mol/cm?), the voltammogram has a single broad feature with a
fwhm ~140 mV (Figure S9). The corresponding E,,, and E,.
values are approximately in the middle of the split peaks
observed for the high surface loading films (Figure 4B, Figure
S9). The baseline corrected peak current vs scan rate data
depict a nonlinear dependence yielding GO ~ —5.5 and x ~
0.75 (Figure S10), indicating lower repulsive lateral inter-
actions than at high surface loading. Our experimental
observations are in agreement with the theoretical predictions
of peak splitting arising from nonuniform lateral interactions
between the electroactive species proposed by Matsuda et
al.>>* Crucially, split peaks in the voltammetric response are
observed across a range of scan rates for the high surface
loading aC-Fc, while a single broad peak is observed when the
lateral interactions are attenuated by lowering surface loading.
These observations are also in congruence with the hypothesis
that the surface distribution of Fc is indeed disordered. We
posit that the absence of a flexible alkyl chain severely
accentuates these interactions even at low surface coverages,
particularly when the Fc moieties are in close proximity to each
other or to the surface and thus explicit detection of underlying
aC disorder in bulk measurements is only achievable when this
flexibility is eliminated.

Probing the Nature of the Disordered Distribution of
Surface-Anchored Fc. We considered two possible distribu-
tions of surface-anchored Fc that would give rise to the
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Figure 4. (A) Cyclic voltammograms for an aC-Fc film (I' ~ 1.5 X
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X 107" mol/cm?, red trace). Voltammograms recorded at 100 mV/s
in 0.25 M [Bu,N][PF,] acetonitrile solution.

density- and linker-dependent lateral interactions we observed:
(1) islands of closely spaced Fc distributed across the surface
in a disordered manner or (2) an unevenly spaced distribution
of Fc over the entire surface. Clustered domains of Fc in two-
component SAMs of methyl- and Fc-terminated alkanethiols
on gold give rise to peak splitting at slow scan rates (20 mV/
s).>” One peak is attributed to isolated Fc moieties and the
other to clustered islands of Fc. The clustered islands, which
are predominant at high surface loadings, led to sharp peaks
with fwhm values of <90.6 mV. We did not observe such
effects on aC films, and the >90.6 mV fwhm values we observe
suggest that the Fc groups are not clustered together and are
likely distributed nonuniformly across the surface.

To provide additional evidence in favor of the nonuniform
distribution of Fc molecules on the surface, we drew
inspiration from studies on partially blocked electrodes,>®
which have two limiting regimes: (1) blocked islands and (2)
uniformly blocked electrodes. In the blocked island case, a
decrease in the effective surface area leads to lower currents,
but similar electron transfer kinetics to an unmodified
electrode when analyzing diffusional electrochemical species.
In the blocked electrode case, a significant decrease in electron
transfer rates is due to electrode modification. To replicate the
blocked electrode scenario, we generated redox inactive aC
films by attaching CH;-(CH,)s-Br. Cyclic voltammograms of
freely diffusing Fc have AE, > 400 mV at scan rates as low as
50 mV/s, without significant loss of current intensity (peak
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height) when compared to unmodified aC films (Figure S11).
This considerable decrease in the heterogeneous electron
transfer rate constant (AEP]ideal = 57 mV on aC)26 supports a
surface on which Fc is distributed without local order (Figures
S12 and §).

High
surface loading

Low
surface loading

Figure 5. (A) Schematic diagram of aC-(CH,),-Fc showing the
surface distribution of Fc for a high surface loading with a flexible
alkyl chain (left) and a low surface loading with a flexible alkyl chain
linker that allows the Fc molecules to dynamically approach the
surface (right). (B) Two-dimensional projection of the top view of the
functionalized aC electrode showing the nonrandom distribution of
Fc molecules on the surface.

Spatially resolved Kelvin probe force microscopy (KPFM) of
the functionalized aC films further support a nonuniform
distribution of Fc. Attaching Fc to the surface lowers the work
function of aC-Cl films, resulting in an anticipated trend of ® =
aC-Cl > aC-(CH,)4Fc (high loading) > aC-(CH,)¢Fc (low
loading) > aC-Fc (Figure 6), as the Fc replaces the
electronegative chlorines. The magnitude of this decrease
should be dependent on the proximity of the Fc to the surface
and supports rearrangement of the Fc molecules at low surface
loadings. An arrangement where Fc moieties lie flat on the
surface would give rise to a work function closer to aC-Fc. The
higher surface loading aC-(CH,)4-Fc films (" ~ 1 X 10™° mol/
cm?) have the largest range of the work function values (Figure
6), consistent with the notion that high packing significantly
hinders the conformational flexibility of the molecules. The
corresponding AFM images indicate the underlying surface
topography is not contributing to these variations (Figure S2).
To further gauge the spatial distribution of the Fc on the
surface, we performed correlation length analysis to estimate
the spatial periodicity of the work function variations. Spatial
correlation provides a measure of how much the work function
changes across different length scales within the samples. The
analysis yields values of 45 nm for aC-Cl, 64 nm for aC-
(CH,)s-Fc with I' ~ 107 mol/cm?, 72 nm for aC-(CH,),-Fc
with ' ~ 107!° mol/cm?, and 96 nm for aC-Fc with I" ~ 1071°
mol/cm® The length scale for the aC-Fc is notable; in the
absence of conformational flexibility, the large distance
indicates that the regions of low and high work function are
distributed across the surface and not clustered together,
suggesting the regions where Fc is attached on the surface are
distributed across the surface.

B CONCLUSION

While disorder and chemical heterogeneity abound at chemical
interfaces, few studies have accurately measured or elucidated
their effects on macroscopic system properties. In this work,
we show that installation of redox-active Fc groups on the
surface of aC films provides an electrochemical probe to
interrogate the intrinsic disorder of this material. The aC film

8044

5.1 =
v Maximum
e Mean
) A Minimum
S 5.0+ v
L A
5
5 ()
S 49-
o
<
o
; A l
4.8
v
[
A
47 T T T T
aC-Cl aC-(CH,),-Fc aC-(CH,)-Fc aC-Fc
(high loading) (low loading)
_.0.05
S
)
c
Ke]
£ 0.00
[T
<
(e}
e
-0.05

Figure 6. (A) Work functions of four different aC samples showing
the maximum (downward triangle), minimum (upward triangle), and
mean (circle, error bars denote the standard deviation) work function
values, obtained from KPFM measurements. aC-(CH,)sFc (high
loading) corresponds to a I' ~ 107° mol/cm?® and aC-(CH,)4-Fc (low
loading) corresponds to a I' ~ 107'® mol/cm?. Representative KPFM
images of (B) aC-(CH,)¢-Fc (I ~ 10~ mol/cm?) and (C) aC-Fc (I
~ 107" mol/cm?) films. The maps are plotted as the deviation from
the mean work function, denoted by AWork Function, in order to
compare the magnitude of variations across different samples. Scale
bar = 200 nm.

has chemical heterogeneity arising from the presence of both
sp>- and sp>-hybridized carbons, and spatial heterogeneity
conveyed by the intrinsic roughness of the aC film. Covalent
attachment of ferrocene to these films is enabled by the high
percentage of sp’-hybridized carbons in the film, and their
reaction with an in situ Grignard reagent to incorporate
pendant Fc groups. Systematic exploration of surface loading
and conformational flexibility reveals that lateral interactions
between the Fc groups lead to nonidealities in the electro-
chemical behavior, which can be quantified through the lateral
interaction parameter G and the heterogeneous electron
transfer rate constant k. Correlations showing that lateral
interactions increase with increasing surface coverages and
decrease with linker flexibility support the conclusion that the
disorder arises from the intrinsic chemical and spatial
heterogeneity of the aC films. In the absence of a flexible
linker, we observe a broad voltammetric response at low
surface loading. This peak splits with increased surface loading.
These observations are consistent with theoretical predictions
in the case of disordered surface distribution of redox sites with
repulsive lateral interactions. Electrochemical and spatially
resolved KPFM measurements show that the disorder persists
across the surface, rather than arising from ferrocene islands.
KPFM measurements further show that Fc groups with alkyl-
chain spacers and low surface loadings have more freedom to
orient themselves to evade repulsive lateral interactions. We
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also found that lateral interactions between Fc groups give rise
to subpopulations of Fc molecules that undergo oxidation at
slower rates than others.

Our findings suggest that interfacial structure can have
profound effects on how disorder manifests in material
performance, and that our understanding of these effects is
underpinned by the ability to use characterization tools to
probe this structure. Here, for example, we found that
flexibility of the linker tethering Fc to the aC surface can
minimize the apparent effects of lateral interactions in
electrocatalysis and obscure the effects of disorder. Further,
our finding that voltammetry at high scan rates cannot
accurately capture the full picture of electroactive groups in
different microenvironments on a disordered surface shows
that electrochemistry cannot be used to directly quantify
surface coverage or turnover numbers for surface-immobilized
catalysts on a highly disordered material. The influence of
interfacial structure and disorder is applicable to surface
chemistry in a broader respect, particularly when trying to
design functional materials that involve modification of an
interface. Multifaceted approaches to characterization are
necessary to provide a clear picture of heterogeneous
microenvironments that lead to altered reactivities.

While it has traditionally been thought that ensemble
measurements average out effects of disorder, this work
demonstrates clearly that disorder in materials can be explicitly
detected and quantified through electrochemical measure-
ments. The versatility of this methodology will enable more
routine monitoring of disorder and heterogeneity in materials
and ultimately provide access to an enhanced understanding of
the role of disorder in driving performance for a myriad of
functional materials. Elucidating the nonideal behavior of
energy materials is the linchpin needed to improve their
function and advance these materials for real-world applica-
tions.
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