1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Anal Chem. Author manuscript; available in PMC 2020 August 06.

-, HHS Public Access
«

Published in final edited form as:
Anal Chem. 2019 August 06; 91(15): 9563-9570. doi:10.1021/acs.analchem.9b00859.

Fourier Transform Infrared Spectrovoltammetry and Quantitative
Modeling of Analytes in Kinetically Constrained Redox Mixtures

Christopher W. John, Denis A. Proshlyakov”
Department of Chemistry, Michigan State University, East Lansing, Michigan 48824, United
States

Abstract

Redox-active analytes that do not support direct electron transfer on the electrode, such as proteins
with buried redox centers, pose challenges to characterization of their structural and
thermodynamic properties. Investigations of indirect transitions in analytes supported by complex
redox mixtures require a careful balance between kinetic limitations and spectral interference from
the mediators. Using methylene green and thionine acetate as redox mediators and myoglobin as
the analyte, we demonstrate that normal pulse spectrovoltammetry (NPSV) with Fourier transform
infrared (FT-IR) detection and subsequent global spectral regression analysis can resolve structural
and thermodynamic properties simultaneously with little a priori information. Both the £/, and
unbiased redox difference FT-IR spectra of the Fe(I1)/Fe(l11) redox couple of myoglobin in
reduction and oxidation NPSV modes were in good agreement with those reported earlier by
independent techniques. The thermodynamic and kinetic limitations of mediators/analyte
interactions were investigated using comprehensive semiempirical kinetic simulation models. This
modeling effort yielded a flexible computational tool capable of quantitatively predicting the redox
response in mediated electrochemical studies and defining its limitations, thus greatly expanding
the range and precision of the formal mediator/analyte concentration ratio rule.
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Spectroelectrochemistry is a powerful technique that has been widely used to examine
structural determinants and thermodynamic properties of a variety of inorganic, organic, and
biological samples, including metalloenzymes. Staircase voltammetry with spectroscopic
(UV-visible) detection, or staircase spectrovoltammetry (SSV), is the most common
spectroelectrochemical method-6 used with such strong chromophores as hemes because
absorption by their cofactors is intense and the background drifts are insignificant compared
to the redox-induced spectral changes. In this technique, the sample is subjected to square
steps of changing potential in an optically transparent thin-layer electrochemical (OTTLE)
cell.1.7:8 Spectra are recorded after equilibration delay at the applied potential, £,,1:2:8-12
and are reported as a difference versus an initial single reference spectrum, 5. The small
path length of an OTTLE cell aids in exhaustive electrolysis, but the relatively low solubility
of proteins limits optical SSV to analytes with strong absorption. It is natural that pioneering
work by Mantele and co-workers}~5:13.14 focused primarily on chlorophyll and heme
proteins with their intense, oxidation state sensitive UV-vis absorption bands. This
technique was rapidly adapted to multi-heme cytochromes,®8 photosynthetic reaction
centers,15-17 terminal oxidases,18-20 p¢; complex,21:22 copper enzymes, 2324 and Ni-Fe
hydrogenases?®:26 where optical detection of redox transitions was the primary technique or
preceded IR studies.?’

The information-rich mid-IR region can be used for the detection of redox-coupled
vibrational changes in proteins, including peptide backbone and amino acid side-chain
conformations, protonation events, and changes in hydrogen bonding.2829 Potentiometric
titrations are typically not under-taken in this region as spectra are affected by large,
temperature-sensitive water absorption and are susceptible to drifts over time. Typically, IR
spectroscopy is combined with potential step spectrovoltammetry (PSSV) where a square
potential wave is repeated between a reference potential (&) and &,. Several redox
difference IR spectra of proteins have been reported,14.13.15.16,18,22.23 \yhere the redox
behavior of the cofactor was first established optically.

Here we demonstrate that mid-IR normal pulse spectrovoltammetry (NPSV) with nonlinear
deconvolution analysis can resolve mixtures of analytes, including those with unknown
properties. IR-NPSV can report redox properties and coupled structural events in a wider
range of redox-active analytes than is possible with optical detection. We show that IR-
NPSV can be used to investigate analytes that are electrochemically slow or inactive in the
absence of mediators and that computational modeling can yield quantitative interpretation
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of reactions in the mixture. Furthermore, such modeling enables rational design of the
optimal experimental conditions for mediated electrochemical analysis, which is currently
lacking. The sensitivity of IR-NPSV in resolving both vibrational and electrochemical
properties of individual components of a redox-active mixture is demonstrated here using
myoglobin (Mb), a metalloprotein with slow direct electrochemical kinetics and facile
mediated electrochemistry, and two redox mediators. We revisit a general “1:100” rule for
mediator/analyte pairs,30-31 examine its limits, and greatly expand its practical utility by
taking into account solution and electrode electron-transfer kinetics.

EXPERIMENTAL SECTION

Sample Preparation.

Horse heart myoglobin, mediators, and general laboratory chemicals were of reagent or
better grade from Sigma-Aldrich (St. Louis, MO) and were used as acquired. All samples
were prepared and measured under anaerobic conditions. Samples of Mb were prepared in
25 mM Bis-Tris in D,0, pD 7.0, containing 0.5 M KCI. The pD of the buffer was measured
at 10 °C with 0.5 M KCl and corrected for the activity of deuterium ions.32 D,0 (99.9%,
Sigma-Aldrich) is used in place of H,0 to allow investigation of the 15001700 cm™~2
frequency region. Methylene green (MG) and thionine acetate (TA) were added to their
indicated concentrations. Stock solutions were stored at 4 °C.

NPSV Measurements.

NPSV was performed using a previously reported OTTLE cell33 with a 12.5 zm path length
over a nanocrystalline boron-doped diamond (BDD) film on a silicon substrate as a working
electrode33-3% and BaF, back window at 10 °C. Coiled platinum wire was used as the
counter electrode, and Ag/AgCl in saturated KCI was used as a reference electrode.
Reduction and oxidation profiles were measured against £, of +0.5 and —0.5 V, respectively,
using a potential step of 0.05 V. Potential was applied using a computer-controlled
potentiostat (model CHI1202b, CH Instruments). The applied potential range varied between
samples as indicated. Potential step durations were 150, 300, or 600 s as noted. Spectra were
integrated during the final 90 s (for 150 s steps) or 120 s (for 300 and 600 s steps).

Fourier transform infrared (FT-IR) spectroscopy was performed using an Equinox 55/S
spectrometer (Bruker). The OTTLE cell was placed in a sample compartment purged with
nitrogen gas. A nitrogen stream was chilled in an ethanol/dry ice bath and reheated by a
resistive wire heater controlled by a model 340 temperature controller (Lake Shore
Cryotronics) to maintain the temperature at 10.0(1) °C throughout the measurement.

Determination of Solution Kinetics.

Individual samples of 20 /M MG and 20 M TA were prepared in 25 mM Tris, pH 8 in a
N»-purged anaerobic chamber. Samples were placed in an airtight, stirred, 1 cm cuvette and
transferred to a UV-vis spectrophotometer (Hewlett-Packard 8453). Sodium dithionite was
injected to reduce 95% of the mediator population, as observed spectrophotometrically. The
reaction was initiated by injection of oxidized Mb to achieve an equimolar ratio with the
mediator. UV-vis spectra were collected every 2 s for 20 s before and 10 min after the start
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of the reaction. Rate constants were obtained by exponential fit of temporal changes at the
absorption maxima of mediators as described in the Results section.

Data Analysis and Simulation.

RESULTS

All data analysis and simulation procedures were developed and performed using Igor Pro as
described below. Source code of the KinESim simulation package and demonstration Igor
Pro experiment can be found on GitHub.36

NPSV requires twice as many measurements as SSV, but is substantially more robust against
background drifts since the FT-IR difference spectrum (AS)) at each #h step is calculated
against reacquired reference. All spectra were acquired following an equilibration period at
the present potential (Figure S-1). The raw NPSV spectra were collected as an absorbance,
A, versus frequency, v, versus the sampling step data set, where each step 7= [1, 1
included measurements at variable £, ;and constant £. This data set was reduced to a AA; ¢
x vex E; jmatrix as follows:

AS; =S, i — (1/2)(Sp,i +Sr (i + 1) @

where S, ;is the equilibrium spectrum at £, while S; jand S; (1) are flanking equilibrium
spectra at £&;.

In multicomponent samples, such as analytes/mediators mixture, separation and
identification of individual components becomes the main analytical challenge. Each

experimentally observed difference spectrum of the mixture S,‘-’bS isal x n, vector, where n,,
is the number of sampled frequencies, 7= [1, n,]. S?bs is the sum of 71, vectors representing

the spectra of individual components, Sf-‘, where k=1, n/. In addition, S?bs includes

experimental error due to baseline fluctuations, which can be described by a polynomial of
ngth order with parameters p/™:

n

ne /)
7= Y s+ ) A" @
k=1 m=0

The complete experimental 77, x n;data set is also a sum of 7, spectral matrices describing
the complete spectral contribution of each component &, S¥, plus a single 7,, x ngbaseline
matrix P:

ng

ne
Sobs= Z S?bs — Z Sk+P ®)
i=1 k=1

The step-dependent spectrum of ks Sf-‘ = ek x ¢f, where £Xis a 1 x n,, vector of extinction

coefficients at the sampled frequencies, v and ¢F = f(Ea, W EN ), nk) is the population
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fraction of the reduced (or oxidized) form of kas determined by the Nernst equation for the
current £, jand thermodynamic properties of A redox potential, E’f/2, and the stoichiometry
of the electron transfer, 7.

Deconvolution of the experimental matrix S°°S into individual contributions SKand further
into corresponding values of &, E{‘,z, and 7% was accomplished here by a custom global
nonlinear spectral regression (GSR) procedure for Igor Pro.37 Such deconvolution can be
computationally demanding for complex mixtures due to the number of fitted variables,
which equals to (uf + Efo + nk) ne+ nyi. A typical data set described here requires up to

2500 independent variables to fit. Deconvolution can be further hindered by similarity in

E{‘,z values and/or spectral uncertainties at limiting signal-to-noise (S/N) ratios, leading to
singularity errors and collapse of the regression. To remediate this problem, GSR was first
performed on NPSV data of all mediators individually to determine their &%, Ef,,, and 7%,

which typically converged quickly. Providing approximate values for E’f,2 and X as initial

guesses facilitated convergence, but was not required for a one-component sample. An initial
guess for the spectral vector £X was set to a uniform value (0 or 1) without bias for the
expected spectral features. The polynomial term was suppressed over the initial iterations to
resolve an inherent singularity problem between the baseline in X (and, hence, S{‘) and P;,

providing bias against the inclusion of the polynomial term in £ until suppression of P, was
lifted in subsequent iterations. A linear baseline (first order) was sufficient in most cases
described here.

Figure 1 shows the full occupancy redox difference FT-IR spectra (AS, top) and Nernstian
profiles (¢, bottom) of two mediators. The fitted Nernstian profiles are described by

continuous functions N¥ = f(Ea’ i EX 5k, AeIU‘), while the experimental profiles represent

discrete absorbance values, AA; r at characteristic frequencies, vy of 1603 and 1605 cm1
for MG and TA, respectively. The experimental values AA; swere normalized in Figure 1 to
the corresponding intensity in ASK of the fully electrolyzed sample for direct comparison
with ¢X. Individual E{‘,Z of mediators obtained by GSR are in good agreement with values

reported earlier using traditional techniques.38:3% A similar approach can be used to describe
potential-dependent vibrational changes of the electrode, although this was not necessary for
BDD in this study.

The predetermined &, E{‘,z, and 7% values of each known mediator were held constant

during the subsequent unbiased analysis of the Fe(I1)/Fe(111) redox couple of Mb to test the
ability of NPSV with GSR to resolve redox transitions of an unknown analyte. In the
absence of mediators (Figure 2b), there was a large hysteresis between the observed
reduction and oxidation profiles, and their width indicated an /7 << 1. Moreover, the extent of
the transition was sensitive to the timing of the potential pulse, with a larger AA; 1657
observed for a longer pulse. These observations show that the direct electron transfer
between Mb and the electrode is slower than necessary to maintain a redox equilibrium.
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GSR could not be reliably conducted in the absence of a complete transition of Mb under
these conditions.

In the presence of mediators, reversible and exhaustive reduction and oxidation of Mb were
observed (Figure 2b). In this case, the experimental profiles were accurately described by
GSR, yielding ¢MP with £/, = =157 mV versus Ag/AgCl, 7= 1, in good agreement with the
reported value of ~153 mV.40 Control GSR analysis with unrestricted /MC yielded

coefficients of 0.9-1.1 without significant impact on Eﬁ‘?g The 1:100 rule requires at least 10

LM of reduced mediator in equilibrium with E, = Eﬁz to support kinetically effective
oxidation of 1 mM analyte. Exhaustive electrolysis of Mb shows that the 100 M total

concentration of TA and MG satisfies this threshold at £, = E}5. The full occupancy redox

difference GSR spectrum SMP (left) is in remarkable agreement with that reported earlier by
Méntele and co-workers using unmediated SSV at up to 9x higher analyte concentration.?
Notice that SMP in Figure 2 does not contain contribution of the redox mediators since they
are described by separate X vectors. The combined redox difference spectrum of the
mediator cocktail at the concentration used here is shown by the dotted trace. The residual
error from GSR analysis is shown in Figure S-2.

The sensitivity of the NPSV response of Mb to the mediator concentration and potential
pulse width (Figure 3) can be used to test the limits of the 1:100 rule. The ¢Ny and g

profiles of Mb completely converge and exhibit a Nernstian response at pulse widths =300 s
for a 25 ¢M mixture (each mediator). When either the concentration of mediators was too

low or the pulse width was too short, the observed ¢Ry and &> profiles deviated from
Nernstian behavior. This distortion is observed as a combination of one or more of the
following: (i) loss in the amplitude, (ii) shift of the apparent transition away from E{\/z, and

(iii) broadening of the transition, i.e., 7< 1. The concentration of 25 xM mediator mixture at
300 s pulse is lower than the 60 £M each mediator minimum predicted by the 1:100 rule for
1 mM Mb and all known £7/, values. A larger discrepancy is expected for longer pulses.
Since the original rule does not account for equilibration timing or rationalize kinetic
artifacts (Figure 3), we developed a quantitative pre-equilibrium kinetics model of mediated
electrochemistry to predict and interpret the characteristic response of an analyte under
specific experimental conditions.

Figure 4a shows the minimal chemical model for the electrolysis of one mediator and one
analyte in the solution, consisting of two processes: a heterogeneous reaction in the two-
dimensional space of the electrode surface and a homogeneous reaction in the three-
dimensional space of the bulk solution. These spaces constitute two separate subsystems and
freely exchange matter as determined by the binding affinity. The adsorption/desorption
process results in mass transfer of d/a, moles of the reduced or oxidized mediator M over
time, d¢ The net mass transfer can be expressed as changes in concentrations of mediators in
the bulk, CM, and surface, ', subsystems based on their dimensions as follows:

dnyg = VdCM = (=SA)dr™ @)
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where V4 is the volume of the bulk solution with layer thickness /g over an electrode area
SAg| 50 that V5o = /1501 (SAep). Resulting changes in the concentrations in the two
subsystems are also related via /i), which is the only extensive property of the model:

1 M
dcM = — _—dr 5
hsol ©)

The net rate of the mass transfer with binding affinity Ayn/Aoff = Kping 1S

dC 1 dI M M M
R = = — = — C r 6
MT dr hsol dr kon koff ®)

In this study, we assumed that binding is not affected by the redox state, so that An oy =
kon,rd and Aot ox = Koff rd» DUt corresponding rates Ryt ox and Ryt rg are distinct.

The complete system of ordinary differential equations (ODE) describing Moy and Mgq in
each of the two subsystems includes three rates: Ryt (above), the rate of the redox
conversion on the electrode, ReT, and the rate of redox reactions in the bulk solution, Ry, .
Ret is described by '™ and Butler—\Volmer electrode rates kox.el and ARq el

drg, dI'ky M M
=~ =~ g = koxelRa — kraellOx Q)

—aF/RT(E; — E1)2)

kox,el = ke ®

krdel = kgle(l —a)F/RT(Ey4 — E1/2) ©)
where kgl is the intrinsic electron-transfer rate constant and a is the symmetry of the energy

barrier. This expression does not account for possible binding competition between
components of the mixture, which is not expected in dilute solutions.

The bulk rate, Ry, depends on the reactivity between the mediator and the analyte. In the
simplest case, it is described as a homogeneous, bimolecular, stoichiometric reaction:

dcf _ dCRa

5 = Tl kOx.s0ICOXCRA + kRdsolCRICOX (10)

RgL =

where Koy so1 and ARrg sol are dependent on the £/, of mediator and analyte:

k A M
Kool = Oxsol _ enF/RT(El/z - E1/2) (12)
kRd,sol

The contribution of additional reactions between pairs of mediators in the solution has been
tested, and they were found to have no effect on the resulting profiles but required longer
simulation times. Therefore, cross-mediator reactions were not included in further studies.
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We also assumed that all solution concentrations are uniform across the 12.5 gm thin layer
since we focus on investigating time scales that are long relative to diffusion rates. Lastly,
homogeneous reactions were constrained to /7= 1 based on the known redox stoichiometry
of Mb.

The concentration of a single mediator M can be described by the system of ODEs presented
in the Supporting Information, page S-2. The entire chemical system is described by
analogous sets of ODE defined for each mediator/analyte pair. The total differential rates of

Cﬁd and Céx are determined by integrating Rg, over all solution reactions. Direct redox

reactions of an analyte on the electrode can be accounted for using egs 6 and 7, as was done
here for the case of Mb.

The numerical integration of the complete system of ODES over time can predict temporal
changes in the concentrations of individual components in response to £, waveforms that
mimic experimental spectroelectrochemistry. While the Euler integrator®! is often adequate
for homogeneous reactions, the heterogeneous electrolysis described here imposes
computational challenges. First, unequal partitioning of mediators between the electrode
surface and bulk solution results in a large dI'™ even for small d/M and dCM, which is

exacerbated with increasing /o). To meet the Ré‘l ~ const requirement, Az must be reduced by
orders of magnitude relative to that needed for Ré‘ol ~ const. Second, the exponential

dependence of Ay on AEX = E, — E’f,2 requires further reduction of Arwhen |AE4 exceeds

0.3-0.4 V. These two factors are multiplicative, leading to a stiff ODE problem: rapid shifts
of equilibrium in small populations of Moy | and Mrq e, interference between Ret, RuT ox
and Ryt Rrd, and the resulting fast and alternating shifts in the quotients of reactions over
successive integration steps. Lastly, large and repetitive changes in &, over the NPSV profile
and the resulting wide variation of rates made it impractical to use a uniform Atacross the
experiment.

We implemented two approaches to decrease the computational load when simulating the
long (>5 h) real reaction times. First, we used Runge—Kutta integration*! with adaptive At
which varied based on the boundary conditions of the preceding step (Supporting
Information, page S-2). This balanced a small time granularity under strongly off-
equilibrium conditions immediately following £, changes and with large Afunder near-
equilibrium conditions at a stable £,.

The second approach involved simplification of the chemical model (Figure 4b; Figure S-3).
The development of a reduced reaction scheme alleviated the stiffness problem by
eliminating the disparity between the surface and solution fractions without sacrificing the
accuracy of the simulation. The virtual analyte A#* collectively represents either Mg ox OF
M rd, depending on the overall direction of the process under the given £,. M* is engaged
in two sequential reactions. The first, an £;-independent reaction with a rate-limiting step of
Kjim represents the overall Ry 1. Even though K'# 1 for any particular process, it is an
adequate approximation to use the same Ajjm for both directions since only one of them,
RMT 0x OF RwmT Rd: Can be limiting at a time. The second, £;-dependent reaction converts A#*
into one of the states of the mediator in the bulk solution and represents Rgt. Since M* is
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defined in the bulk phase, it is not affected by unequal partitioning between the electrode
surface and the solution, reducing stiffness of the model.

The reduced model is described by an overall apparent limiting rate Rfr (eq 12) and reduced

rate constants kfy, and kkgy. First, the overall forward reaction direction at a given moment is

determined by the larger value between Aoy ¢ and ARrq e, i-€., When Arg e > kox eI, reduction
is the forward reaction and A ¢| = Ard el aNd A ¢l = Kox el Reduced rate constants are then

found as kg, = k', and kg4 = k', where

dco, dCRy M M

Rfr = G 2= - v k6xCRd — kraCox 12)

1

H _
S (13)
kfel ~ Klim
1
"o_
k= [+ o T e a9
kr el Klim

Conversely, when Aoy e > AR el, OXidation is the forward reaction so that Af e = Aox el and
ki el = kRrd el- Equation 13 determines the overall rate in the forward (faster) direction, and eq
14 corrects the rate in the reverse (slower) direction to maintain an overall equilibrium
constant at its thermodynamic value. Despite such a seemingly gross oversimplification, this
reaction scheme yielded mediator concentration profiles that were indistinguishable from the
full simulation with over 2 orders of magnitude reduction in CPU time across all conditions
tested here (Figure S-4). The apparent reduced electron-transfer rate 7 is related to the full

model as follows:

ki = kQKpingh (15)

The reduced model was used to predict changes in CM and CA under experimental NPSV
conditions (Figure 5a). Concentration profiles were integrated over the spectral acquisition

window, @2,-, followed by reversible changes ch?ﬁ:i (eq 1) and the population profiles Agox
(right), which are directly equivalent to the experimental NPSV vectors ¢kbut offer insight
into kinetic limitations. The NPSV simulation in Figure 5 was carried out with the
assumption that the analyte is fully dependent on the mediator for redox transitions, as
evident from the lag in the analyte response behind the mediator in real time (Figure 5a).

The reduced heterogeneous electrochemical model was validated against experimental
NPSV profiles of Mb under a variety of conditions. First, unmediated NPSV of Mb with
incomplete electrolysis was simulated for two different pulse durations (Figure 6). The
unknown parameters Ajim and k% were determined to be 1.25 x 1073 and 1.0 x 1074 M1 571,
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respectively, using a series of simulations of both ¢Ny and ¢S with a 300 s pulse, and then

verified by extrapolation to a 600 s pulse without further adjustment. Simulations adequately
predict the pulse-dependent increases in the amplitude of the early pre-equilibrium NPSV
response (Figure 6), demonstrating that the reduced model is an adequate description of
heterogeneous reactions in a thin layer and can be used for determination of the reduced
kinetic parameters from experimental NPSV profiles.

NPSV profiles of mediators were used to estimate their jjy, and kJj, except that 1 mM Mb

was used as a reporter when concentrations of mediators were too low for spectral detection
(<100 M, Figure 7). NPSV of MG were measured directly at higher concentrations (=200
UM, Figure S-5), while TA was not sufficiently soluble. Both TA and MG required shorter
pulses and/or increased concentrations of Mb to detect pre-equilibrium populations. At low
concentrations, &jim, of both mediators show linear concentration dependences (Table 1),
effectively making the single 2e~ transition in TA and the two resolved 1e™ transitions in
MG second-order rate constants in the mediator. This dependence was no longer observed
for MG at higher concentrations with Mb as a reporter, suggesting saturation of 4jj;, =0.5s
~1 at approximately 40 1M MG (Figure S-6). A slight decrease in k}; of MG t0 0.015 s™*

was observed when CMC > 0.5 mM (not shown), but not enough to establish a clear
concentration dependence. Low solubility of TA under our experimental conditions (<50
4M) precluded investigation of its Ajjy Saturation.

The determination of empirical parameters was completed by estimating s, of mediator/
analyte pairs upon oxidation of Mb by either MG or TA (Figure S-7), and they were used to
examine the cumulative effect of mediator mixture on the NPSV profiles. Simulations
performed using a single set of parameters (Table 1) can adequately model observed NPSV
profiles of Mb across multiple experimental conditions (Figure 3, lines). All three key
characteristics—amplitude, apparent potential, and the width of transition—are reproduced
computationally, including the asymmetry originating from the difference in potentials
between the analyte and mediators. Cooperativity between TA and MG in supporting the
redox transition of Mb was examined by modeling their mixtures (Figure 8), which showed
that the mediator capacity of the mixture equals to the sum of the individual contributions of
mediator/analyte pairs when measured relative to the residual activity of unmediated Mb.
This observation is limited to mediator concentrations in the linear dependence range, since
at the saturating concentrations (Figure S-6) electrolysis of Mb became exhaustive,
precluding similar analysis. The agreement between experimental and computational results
validates our assumption that no substantial competition or cooperativity should occur in
dilute solutions of mediators. This includes homogeneous mediator/mediator reactions,
presumably because MG and TA exhibit comparable limiting kinetics and provide no
favorable reduction pathway. The latter conclusion may not hold if, for example, a
homogeneous reaction between mediators is fast and electrode kinetics of one mediator is
much faster than another.
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DISCUSSION

Spectroelectrochemistry with GSR analysis is a powerful tool for resolving components in a
multicomponent system that can be used in optical (SSV) and vibrational (NPSV) domains.
Its major advantage is the ability to report spectra and electrochemical properties of
individual analytes simultaneously, especially when analytes do not exhibit fast, direct
electrochemistry. In most cases it is not susceptible to spectral overlaps or regions of
substantial background absorption and can further benefit from optimization of mediator
concentrations using quantitative modeling. It also permits detection of redox-active
insoluble analytes, such as particulate suspensions or immobilized samples.
Spectroelectrochemistry is not as sensitive to the rate of the electron transfer as electric
detection methods and can identify sites undergoing spectral transition. IR-NPSV eliminates
the dependence of OTTLE techniques on the strong visible absorption by redox cofactors,
opening the majority of analytes beyond porphyrins for redoxlinked vibrational analysis.
Here, we illustrate the ability of GSR/NPSV to isolate the contribution of redox mediators
and extract an unbiased redox difference spectrum of an unknown analyte using a well-
characterized model, Mb, whose NPSV spectrum (Figure 2) is nearly identical to that
previously reported using SSV.# The NPSV-measured £;, of Mb is also in remarkable
agreement with the reported value of —46.0 mV versus NHE? obtained by chemical
titrations. The overall resolution of a multidimensional technique, such as NPSV, is
inherently higher than either spectroscopy or voltammetry separately.

Several strategies can facilitate GSR convergence and further improve the resolution,
especially when the analyte and the mediators have common spectral features and/or similar

E{‘,Z. Particularly beneficial is a priori knowledge of &, E{‘,Z, and 7% for all redox mediators.

GSR uses the entire &X of every mediator at the sampled frequencies instead of characteristic
minima/maxima, improving the overall S/N ratio. Therefore, it is best to either obtain X in
situ or to perform interpolation of the known reference spectra. If redox properties of a
mediator are sensitive to conditions, they can be obtained at the same time by performing
NPSV/GSR on an isolated component. An appropriate integer value can be assigned to 7, if
known from the chemical nature and the reaction stoichiometry, and constrained to further
reduce the computational load and improve the resolution of E{‘/Z. This assumption provided

an excellent fit for the NPSV profiles of isolated mediators in this study, but non-unity
values can be used in other cases. Such preparatory steps significantly reduce the number of
unknown variables in GSR on samples containing unknown component(s) and facilitates
convergence as long as there are no tight binary interactions between the components of the
mixture with the formation of new complexes. The latter assumption requires validation in
preliminary tests.

The accuracy of redox properties reported by NPSV/GSR is highly dependent on the
properties of the mediators. Slow kinetics of the mediator/analyte reaction and a low

population of the effective redox state of the mediator at Ef‘,z are the key factors that lead to

low amplitudes and an apparent hysteresis (Figure 3). The original 1:100 rule does not
consider the time or rate of a process. Its literal application to our Mb model inflates the
required concentrations threshold severalfold for the £1/, = 157 mV of Mb and potentials of
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mediators (Figure 3). As the minimal concentration is approximately inversely proportional
to the potential pulse in multiturnover mediation, a larger difference can be predicted for
longer potential pulses. While the 1:100 rule may provide a reasonable initial estimate for a
general reaction, specific kinetic constraints are particularly critical for mediated reactions
with slow kinetics, low stability, mediators with low solubilities, or electrodes with a small
relative surface area, which lead us to the development of a quantitative pre-equilibrium
model.

The ability of the kinetically constrained, pre-equilibrium model to report observables can
be used to make experimentally testable predictions well beyond the limits of the original
1:100 rule. For example, by selecting 95% of the redox transition of the analyte as the
minimal pre-equilibrium threshold, it is possible to predict the potential step duration
necessary to reach that extent of reaction (s) across a wide range of £;/,, CM, and kg
values (Figure S-8). Such analysis shows that #s for a single arbitrary mediator/analyte pair
is inversely proportional to Ao for slow reactions, but reaches a minimum when &g exceeds
1000 M1 s71 using empirical parameters of TA or MG as an example, which arises from

changing the relative contributions of A and % in the overall rate-limiting step. Fast

solution reactions are limited by k%, which, in turn, is determined by either the electron-

transfer rate k7 or the adsorption/desorption process &jim. The relative contributions of k%

and Ajm to the overall rate-limiting step can be assessed by varying £/, and CM with or
without a reporter analyte and subsequently used to prevent or interpret possible distortion
of NPSV profiles (Figure 7, Figure S-5).

It is important to emphasize that, while NPSV can yield structural and thermodynamic
signatures simultaneously, it may be difficult to draw qualitative distinctions between
intrinsic analyte properties on one hand and kinetic mediator artifacts on another based
solely on the experimental voltammetric data. Utilization of GSR for the resolution of redox-
active components followed by quantitative modeling of the redox response can alleviate
such ambiguity and provide additional insight into underlying phenomena. A similar
approach can be implemented across a variety of spectroelectrochemical techniques
improving experimental design and interpretation.

CONCLUSION

We report the development of a set of complementary experimental and computational
methods for the characterization of analytes in redox-active, multicomponent mixtures,
including analytes that require mediators for an effective electron transfer. Utilization of FT-
IR spectroelectrochemistry in the NPSV mode opens this method to a broad range of redox-
active samples irrespective of their optical absorption. Complementary GSR and
semiempirical computational modeling of a kinetically limited redox system provided
quantitative rationalization of experimental observations, revealed the characteristic effects
of kinetic limitations on the NPSV profiles, and permitted accurate predictions of optimal
experimental conditions. The optimized quantitative model reported here provides a flexible
tool that can be used to determine the empirical properties of analytes on the electrode and
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interpret mediator/analyte interactions in the solution. Its generalization refines and expands
the utility of the 1:100 rule over a wide range of conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Resolution of spectra and Nernstian population profiles of mediators. Experimental NPSV

spectra (S,k, panel a) and GSR population profiles (g, panel b) of MG and TA. Experimental

(circles) and fitted (lines) Nernstian profiles are shown. Experimental profiles at vrof 1603
and 1605 cm™1 for MG and TA, respectively, were normalized to the absorbance of the
complete redox transition. The calculated £7/, values of the mediators are shown.
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Figure 2.
NPSV/GSR resolution of redox transition in Mb. (a) Isolated redox difference spectrum of

Mb (SMP, solid line) and the combined spectrum of the mediator cocktail (dotted line). (b)
Experimental AA; rfor mediated (circles) and unmediated (triangles) samples were obtained
from the absorbance at 1657 cm™1. A 150 s NPSV pulse width was used for the unmediated
(solid triangles) and mediated sample; a 600 s pulse was used only for the unmediated
sample (open triangles). GSR population profiles ¢1§’g’ and ¢%,’If (lines) represent the relative

intensity of SMP at any given £,.

Anal Chem. Author manuscript; available in PMC 2020 August 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

John and Proshlyakov

15 uM, 150 s 25 uM, 300 s
1.04 - -
© (e}
S
S 0.5 7O -
x
(©)
= 0.0 .
-0.2 0.2 -0.2 0.2 -0.2 0.2

Potential (V vs. Ag/AgCl)

Figure 3.

Sensitivity of NPSV to mediator concentration and pulse width. Sample contained 1 mM Mb
and either 25 or 15 1M of each mediator and was sampled with a 300 or 150 s potential

pulse width. The ¢RI (red circles) and ¢NP (blue circles) profiles were obtained by

normalizing the AA; 1657 to the GSR population profiles. Simulated ¢y (red lines) and ¢y
(blue lines) profiles were calculated as described in the text using experimental parameters

shown in Table 1.
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Figure 4.
Kinetic model for the heterogeneous mediated electrolysis of an analyte in solution. (a)

Complete model, including adsorption equilibria (kgn, Aoff, Kbing) @nd intrinsic electron-
transfer (A°¢) steps under £, on the electrode (hatched). (b) Reduced model condenses
electron and mass transfer steps to pseudohomogeneous, £g-independent (4jim) and &;-
dependent (k*¢) rate-limiting steps. These two steps are combined into a single reduced rate

constant k. The homogeneous reaction between the mediator and the analyte (At sol, 4 sol)

controlled by their £, in a layer of thickness d'is identical for both models. See text for
details.
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Figureb.
Modeling pre-equilibrium NPSV changes in the mediated reaction. (a) Simulated

concentration profiles of the oxidation of 1 mM analyte (red line) in the presence of 0.5 mM
mediator (blue line) in response to the changing £, (black dash line). The concentration of
the analyte is integrated over the spectral acquisition windows (gray rectangles) to obtain
average populations ¢, ; and ¢, ; at applied (£;) and reference (£;) NPSV potentials,

respectively. (b) Potential-dependent population profile AJ;? obtained from JQ ;and q?ﬁi per
eq 1. £y of the analyte and themediator are both 50 mV.
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Figure 6.
Sensitivity of the unmediated redox transition in Mb to NPSV pulse width. Experimental

(markers) and simulated (lines) reduction (¢§’ﬂ’, panel a) and oxidation (¢%Af, panel b)
profiles were obtained in the absence of mediators at 300 s (solid triangles, dotted lines) and
600 s (open triangles, dashed lines) pulses. EMS is shown by the vertical line.
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Figure7.
Concentration dependence of mediator-limited NPSV response. Experimental (markers) and

simulated (lines) ¢1§4§ and ¢%\)’[,P profiles in the presence of no mediators (open triangles) and
MG and TA at 15 M (open circles) and 25 M (solid circles).
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Figure8.

Cumulative effect of mediator mixtures. Experimental (circles) and simulated (lines) d%b @

and ¢5Af (b) profiles in the presence of individual and combined mediators. All samples

were measured using a 150 s pulse width and contained 1 mM Mb and 15 M of the
indicated mediator(s), MG (green), TA (red), MG and TA (blue), or no mediators at all
(black).
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Table 1.

Empirical Kinetic Properties of the Redox Mediators

mediator
Ko (s
Kim (571 10 M
15 1M
25 1M

K sol (M’l 571)

MG2
0.025
0.124

0.186
0.31

1.4 x10*

TA
0.5
0.467

0.7
117

1.7 x 10

aAppIies to both redox transitions (=110 mV and —243 mV). See text for interpretation.
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