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Abstract Cyclic voltammetry data recorded at disk macro-
(millimeter dimension) and microelectrodes (10 and 100 pum)
at various scan rates are used to simultaneously determine the
diffusion coefficient D of ferrocene (fc) and the electroactive
surfaces 4 and/or radii r of the electrodes. A case study with
three electrodes of different sizes in CH3;CN- and propylene
carbonate (PC)-based electrolytes shows the possibly large
effect of incorrect D values. Diffusion coefficients of fc are
determined for PC, CH;CN, CH,Cl,, DMF, and DMSO
electrolytes and (except for PC) compared to those from
pulse-gradient spin-echo nuclear magnetic resonance experi-
ments in the presence of supporting electrolyte in the respective
deuterated solvents. The dependence of Dy on solvent
viscosity is shown to follow the Stokes—Einstein relation.
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Introduction

Electrochemical techniques such as cyclic voltammetry or
chronoamperometry provide qualitative and quantitative in-
formation about electrode processes and coupled chemical
reactions [1, 2]. Furthermore, molecular and material charac-
teristics can be derived. This is particularly convenient for
diffusion-controlled conditions, where convection and migra-
tion are negligible, and kinetic effects are not important.

Since the current i through an electrode depends on the
diffusion coefficient D, electrochemical experiments are
often used to access this quantity.

Two extreme cases of diffusional transport to disk electro-
des, planar and hemispherical diffusion [3, 4], are realized in
cyclic voltammetric experiments by selecting appropriate
scan rates v for electrodes of particular characteristic
dimensions. Thus, if we scan the potential of the electrode
fast (high v) and use a large disk electrode (disk radius » in
millimeter range), the system is in the planar diffusion regime
with peak-shaped current potential curves (transient voltam-
mograms). On the other hand, slow scan rates (small v) and
small electrodes (characteristic dimensions <20 pm,
“ultramicroelectrodes” [4]) lead to hemispherical diffusion
with S-shaped steady-state voltammograms. For interme-
diately sized electrodes, it may be possible to pass from one of
these extremes to another by changing the time scale of
the experiment through v. The sphericity parameter [4] o=
(D/ar®)"* with a=nFv/RT (where n is the number of
electrons transferred, F is the Faraday constant, R the gas
constant, and T the absolute temperature) governs which
limiting case is followed: for 0>1 steady-state voltammo-
grams are obtained, while ¢ — 0 leads to transient curves.
This is rigorously valid only for spherical electrodes. At
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disk electrodes, the transition to steady-state behavior may
be observed at somewhat higher o [4].

In both extremes, there are simple relationships between
i and D, with Eq. 1 characterizing the planar [5] and Eq. 2
the hemispherical [3, 4] limit.

F
iy = 0.4463nFAcv/D Z—TV (1)

iss = 4rnDFc (2)

In Eq. 1, i, is the cyclic voltammetric peak current of a
reversible (Nernstian) signal (assuming that diffusion is the
only transport mode, electrode kinetics are fast, and no
chemical reaction steps are coupled to the electron transfer),
while A=707 is the electroactive area of the electrode with
radius » and c is the bulk concentration of the electroactive
species. In Eq. 2, iy is the ultramicroelectrode steady-state
limiting current.

If v and ¢ are controlled and known, D is determined from
the experimental data if » and the electrode size (given by 4
or ) are available under conditions dictating the use of either
Eq. 1 or 2. In fact, any of the three parameters n, D, and  can
be determined, provided the other two are known, respec-
tively. For example, a redox couple with previously deter-
mined D and a well-defined electrode reaction (n is known)
can be used to calibrate the electrode size. This information
may then be a prerequisite to further acquire knowledge of D
for another compound with known 7 at the same electrode.

Problems arise if in addition to D, one or more of these
quantities is/are inaccessible or known only approximately.
We will show first in a case study in this paper that an
inaccurate value of the diffusion coefficient can lead to gross
inconsistencies in electrode size calibration.

On the other hand, the simultaneous estimation of more
than a single one of the possibly unknown parameters in
Egs. 1 and 2 has been described in the literature (see, e.g.
Refs. [6-22]) for a variety of situations. In general, both
cyclic voltammetry [13, 17, 21] and chronoamperometry [6—
16, 18-20, 22] were used. A theoretical treatment concerning
the use of microelectrode arrays was also given [23]. In most
cases, D and ¢ were determined (in liquid electrolytes [6-8,
16], in ionic liquids [18, 22], in membranes [10, 11], in gels
[17], or in the solid state [15, 19]), but simultaneous
estimation of D and » has also been described [9, 12, 14, 20].

Electrode sizes and diffusion coefficients were determined
simultaneously from such experiments less frequently [13,
16]. While Baur and Wightman [13] combined independent
measurements of the electrode radius by scanning electron
microscopy with chronoamperometric data, most other
estimations rely on the comparison of data under planar
and hemispherical conditions. This exploits the fact that D
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and the other unknowns are related in Eqs. 1 and 2 in
different ways. Data evaluation was based in some cases on
non-linear parameter optimization techniques [16, 19],
correction terms in the diffusion equation [21], or compar-
ison of experimental and simulated (or approximated [24])
chronoamperograms [18]. The two extreme diffusion con-
ditions are most often realized by observation of currents at a
single electrode at short and long time scales (variation of v
[17] or early and late during chronoamperometry or
chronocoulometry [8, 15]).

A second purpose of this paper is to show that such a
procedure can not only be conducted by using a single but also
several electrodes of different sizes for the investigation of a
particular electroactive system by cyclic voltammetry under
variation of the scan rate. The single electrode technique
requires that the experimental system approaches planar
diffusion while still exhibiting a reversible electron transfer
at high scan rates and also hemispherical diffusion at slow
scan rates. This is not always possible, since finite kinetics
(high v) and convection (low v) may limit the scan rate
window for diffusion-controlled and reversible behavior. On
the other hand, the multi-electrode approach allows to
calculate a consistent set of D and all electrode sizes. Heinze
[4] discusses the use of electrodes of different sizes for
kinetic measurements.

Furthermore, resulting from such estimations, a set of
consistent diffusion coefficient values for the commonly used
standard redox couple ferrocene/ferricenium ion (fc/fc”) [25]
in various non-aqueous solvents with tetra-z-butylammonium
hexafluorophosphate (NBuyPFg) as supporting electrolyte is
provided. Most of these values are additionally confirmed by
means of pulse-gradient spin-echo nuclear magnetic reso-
nance (PGSE NMR) [26] spectrometric data. The latter
results are determined by a technically totally independent
method which does not rely on Faradaic current measure-
ments. Still, the NMR experiments are performed in the same
environment as used for the electrochemical experiments,
although with deuterated solvents. The NMR samples contain
the supporting electrolyte NBuyPF¢ in the concentration as
used in the electrochemical experiments. To our knowledge,
diffusion NMR experiments to determine D in the presence
of supporting electrolyte have not yet been reported.

Experimental part
Solvents and chemicals

Solvents for electrochemical experiments (DMF, PC, DMSO,
CH;CN, and CH,Cl) were purchased from VWR, Alfa
Aesar, J.T. Baker, or Sigma-Aldrich and were of reagent or
HPLC grade. AgClO,4, NBuyBr, and NH4PF4 were purchased
from Alfa Aesar and were of reagent grade. Ferrocene was
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obtained from EGA-Chemie (reagent grade). DMF was pre-
dried with molecular sieves (3 A; activated at 400 °C in vacuo
over night) for several days prior to distillation. DMF and PC
were distilled three times under reduced pressure through a
0.5 m Vigreux column and stored over molecular sieves (3A;
activated as above) under an argon atmosphere.

CH;CN and CH,Cl, were pre-dried over CaCl, before
distillation. CH3CN was distilled successively over P,Os,
CaH,, and again P,05. CH,Cl, was first distilled over P,Os
and then over K,CO;. CH;CN and CH,Cl, were stored
under argon over neutral or basic Al,Os, respectively
(activated at 230 °C under reduced pressure over night).
DMSO (99.97%; Alfa Aesar, HPLC grade, ChemSeal™
bottles, Water 0.01%) was used without further purification.

Dimethylformamide-d; (99.5% D), acetonitrile-d; (99.8%
D), dimethylsulfoxide-ds (99.8% D), and dichloromethane-
d> (99.6% D) were purchased from Merck, Deutero, or
euriso-top.

Supporting electrolyte

NBu4PFs was synthesized from NBuyBr and NH4PFq
according to [27]. It was used in a concentration of 0.1 M
in the respective solvent as supporting electrolyte.

Electrodes

The following working electrodes were used:

— electrodes A, B1, and C: Pt disk electrodes 6.1204.310
from Metrohm, Filderstadt, Germany, nominal diameter
34+0.1 mm [28].

— electrode B2: 10 um diameter Pt disk microelectrode
MF-2005 from BASi, West Lafayette, IN/USA.

— electrode B3: 100 um diameter Pt disk microelectrode
MF-2150 from BASi, West Lafayette, IN/USA.

Before each use, electrodes A, B1, and C were polished
using a suspension of 0.3 um «a-Al,O3; powder (Buehler,
Lake Bluff, IL/USA) in deionized water. After polishing, the
electrodes were rinsed with aceton and deionized water and
air-dried. Electrodes B2 and B3 were first washed with
ethanol and then with deionized water before and with 0.5 M
aqueous NaOH and then water after each experiment.

Electrochemical instruments

For the electrochemical experiments, an Eco-Autolab
PGSTAT 100 (Metrohm, Filderstadt, Germany) was used.

Electrochemical procedures

Cyclic voltammograms were recorded at room temperature.
All experiments were carried out under argon with a gas-tight

full-glass three-electrode cell [27, 29]. The working electro-
des are described in “Electrodes” above. The counter
electrode was a platinum wire (diameter 1 mm). As potential
standard, a Haber-Luggin double reference electrode with a
Ag/AgClOy4 (0.01 M in 0.1 M NBu,PF¢/CH;CN) system [29]
was used. All cyclic voltammograms were background
corrected. Substrate concentrations were in the range of
0.02-0.4 mM. Appropriate aliquots (30—100 ul) taken from
stock solutions (5—10 mM) of fc in the corresponding solvent
or electrolyte were used to achieve the desired concentrations.
For measurements in CH,Cl,, stock solutions of fc were
prepared in CH3CN or PC to avoid evaporation of the volatile
CH,Cl, during storage. The addition was carried out using
piston-stroke pipettes (Eppendorf, Hamburg, Germany) or a
repetitive pipette (Brand, Wertheim, Germany) with positive
displacement tips. Electrolytes were degassed by Ar bubbling
(PC, CH3CN, DMF, DMSO) or freeze-pump-thaw proce-
dures (CH,Cl,).

NMR experiments

All PGSE NMR experiments were performed on a Bruker
Avance II+ 500 spectrometer equipped with a GAB/2 gradient
unit and a multinuclear TBO probe with a Z-gradient at a
proton resonance frequency of 500.13 MHz. The Bruker
stimulated echo pulse sequence stegp1sld was used. Samples
were dissolved in 0.1 M NBuyPF¢/DMF-d;, 0.1 M NBu4PF¢/
CDsCN, 0.1 M NBu4PF¢/DMSO-dg, and 0.1 M NBuyPF¢/
CD,Cl, with substrate concentrations of 10-23 mM under an
Ar atmosphere, and spectra were recorded at 23 °C without
rotation of the NMR tube. To ensure quantitative detection of
the fc protons, their longitudinal relaxation time 77 was
determined by the inversion recovery experiment (Bruker
pulse sequence tlir) for each solvent. The delay time
between two scans was set to 57) to ensure complete
relaxation.

Computations

Calculations involving non-linear optimization were per-
formed with MATLAB version 7.9 (Mathworks, Inc.) by
means of functions fsolve() or 1sgnonlin(). Both
functions gave identical results. The Levenberg—Marquardt
algorithm was used with Jacobian scaling of the problem.
Results and discussion

A case study: using an inappropriate diffusion coefficient
We will exemplify the problems arising by the use of an

inappropriate diffusion coefficient for the determination of
the electroactive area of an electrode by reporting the results
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of some experiments to calibrate the size of a commercial Pt
disk electrode (electrode tip). The nominal diameter of the Pt
disk is 3 mm (electrode A) [28]. The electrode was intended to
be used in the following procedure:

1. Calibrate the electroactive area A with cyclic voltammetric
peak current data of ferrocene in acetonitrile, based on a
diffusion coefficient Dg(CH;CN)=2.4x10"° cm® s ! tak-
en from ref. [30]. In this step, it is assumed that the exact
electrolyte composition, in particular the identity and
concentration of the supporting electrolyte (0.1 M
NBuyPFg¢ in the present work, 0.2 M LiClO4 in ref.
[30]), does not significantly influence D.

2. Under the reasonable assumption that 4 does not
depend on the electrolyte composition, use the cali-
brated area to determine D for ferrocene in a propylene
carbonate (PC) electrolyte, D¢ (PC).

3. Use Dg(PC) to calibrate other electrodes with respect to
A or r by experiments in PC.

A literature survey for Dg(PC) determined by cyclic
voltammetry reveals a range of values, measured under
different conditions (Table 1), and both the type and the
concentration of the supporting electrolyte seem to have a
considerable (albeit not easily understood) influence. Further-
more, the water content of the sample seems to slightly
change the value of the diffusion coefficient. Thus, it was
deemed necessary for quantitative work to use a value for
Dy(PC) determined under our electrolyte conditions.

For calibration, four independent experiments with the
acetonitrile electrolyte (independently prepared stock solu-
tions of fc; three or four concentrations by addition of defined
volumes of the respective stock solution per experiment) were
conducted under variation of the scan rate using electrode A.
The peak potential differences AE,, are only slightly above
the theoretical value of 58 mV, and almost independent of ¢
and v (see Supporting information), indicating the absence of
kinetic effects and significant iR drop in almost the entire
range investigated. The peak currents are proportional to
\/ve over a wide range of v and ¢ indicating planar diffusion-
controlled behavior. To avoid the influence of convection at
low v (<0.05 Vs'; increase of i,/y/ve) and electrode
kinetics at high v (>1 Vs™'; increase of AE,, decrease of

Table 1 Selected literature values for Dg. (PC)

Source Dg(PC) x10%cm? s~ Electrolyte

[33] 3.0 NaClO4 (0.5 M), 0.2% H,O
[33] 34 NaClOy4 (0.5 M), 5% H,O
[44] 44 NEt4C104 (0.1 M)

[45] 5.6+0.1 LiClO4 (0.1 M)

[46] 6.5+0.2 LiClO4 (0.1 M)

[47] 7-6 NaClO, (0.1 M), 0.2-5% H,0
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ip/+/vc) only peak current data for 0.05<v<1 Vs™' were

used for the evaluation of A (see Table 2 for data from a
particular experiment). There is a slight tendency for
decreasing normalized peak currents with increasing v and
decreasing c. However, all values are within about 5% of the
mean value, which is a common estimate for the reproduc-
ibility of current measurements (see, for example the
estimation of the accuracy of experimental determinations
of n [31, 32]). From all independent experimental data sets in
the study, a mean of 4,=0.079+0.002 cm? was calculated.
This value is somewhat above that derived from the
specification of the diameter as given by the supplier [28].
However, this could easily be explained by some scratches
and/or surface roughness introduced by extensive previous
use of this particular electrode.

In the second step of the study, six independent experi-
ments with four concentrations of fc each in propylene
carbonate were performed. Selected current results are also
collected in Table 2. They show similar characteristics as
the CH3CN data with a smaller degree of normalized
current variation with v and c¢. Application of Eq. 1 and 4
(as determined in CH;CN before) results in a diffusion
coefficient D(PC)=2.8+0.1x107% cm? s™'. This is slightly
below the lower limit of the values reported in the
literature. However, given the considerable variation of
the results in Table 1, it does not appear to be unreasonable.

Note that in the use of the propylene carbonate result for
further studies at macroelectrodes, any errors in the
absolute value will go undetected, since we are only able
to analyze relative current data, as Amatore and coworkers
have convincingly argued for the determination of electron
stoichiometry [12].

Subsequently, we used the above value of Dg(PC) to
calibrate the electroactive area of additional planar disk
electrodes with fc electrolytes. In this part of the work, not
only another specimen of the 3 mm diameter electrodes,
electrode B1, but also two microelectrodes' of commercial
origin were included, ie., a d=10 um (B2) and a d=
100 um (B3) Pt disk electrode (nominal diameters).
According to the supplier of B2 and B3, the disk diameters
are accurate to £10% (Howell, Bioanalytical Systems, Inc.,
personal communication 2010). Electrodes B1-B3 were
calibrated by means of cyclic voltammograms in the planar
diffusion regime (electrode B1; electrode B3 at faster scan
rates) and in the steady-state region (electrode B2; electrode
B3 at slower scan rates). Since the sphericity is only
approximate for planar electrodes [4], it was additionally
checked in the experiments that 7*/\/ve was independent

! In the following, we will use the term “microelectrode” not only for
electrodes conforming to Heinze’s definition (¢<20 pum) [4] but also
for those of a larger diameter if used under conditions where a
hemispherical diffusion steady-state can be achieved.
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Table 2 Normalized peak - ]
currents i%*/1/ve in VIV s ZSX/ Ve
LA s/2mV~12mM~! for fc in a b
CH;CN and PC at electrode A e(fey/mM c(fe)mM
0.049 0.064 0.123 0.180 0.102 0.196 0.281 0.360
0.05 322 3.30 3.35 341 1.07 1.10 1.11 1.12
0.07 3.19 3.25 3.32 3.39 1.08 1.10 1.11 1.12
0.1 3.17 3.23 3.30 3.36 1.07 1.10 1.11 1.12
0.2 3.14 3.20 3.28 333 1.07 1.10 1.11 1.12
0.5 3.08 3.13 321 3.29 1.07 1.09 1.11 1.11
. 0.7 3.10 3.14 3.23 3.28 1.06 1.09 1.11 1.11
In CH;CN/0.1 M NBu,PF; 1.0 3.08 3.16 3.22 3.28 1.07 1.10 1.11 1.11

®In PC/0.1 M NBu4PFg

of v for the planar conditions. Furthermore, it was ensured
that 7, was independent of v and that the curves recorded at
low v did not show a peak feature or considerable hysteresis
effect for the forward and reverse scan in the hemispherical
diffusion experiments. Typical results in Table 3, however,
show a suspicious inconsistency between data from planar
and hemispherical diffusion conditions: while the electro-
active area for B1, Ag;, and the radius rp; at high scan rates
are only slightly larger than expected from the manufac-
turers’ specifications, rg, and rpz (at small v) show
deviations of =40% and more, significantly outside the
tolerances. At this point, an incorrect value of D (PC) was
suspected. Indeed, when employing various hypothetical
D¢ (PC) (see Supporting information) for selected data of
electrode B3 at low and high v, the results became

Table 3 Electrode area and/or radius for electrodes B1-B3 from
cyclic voltammetric experiments in PC/0.1 M NBu4PF¢ (fc solution)
under the assumption Dg(PC)=2.8x10"° cm? s ' in typical experi-
ments, mean values over several concentrations as indicated

Electrode WV s ! Alem? r/pm
B1*® 0.05 0.079 -
0.5 0.079 -
5.04 0.076 -
B2 0.001 - 7.0
0.002 - 7.0
0.005 - 7.0
B34 0.001 - 725
0.002 - 71.5
1.0 - 55.5
1.993 - 54.5

Nominal area: Apom=0.0707+0.0004 cm?, the error in Apom 18
estimated from the specification [28] assuming Gaussian error
propagation

® Four concentrations

¢ Six concentrations

9Nominal radius see “Experimental part”

increasingly more consistent with increasing values of the
diffusion coefficient. Around Dg(PC)=4.0x10"% cm? s ',
they converge to within one standard deviation. The use of
such a higher value in the calculation of 7z, and A4g; also
gave consistent results. This case study clearly shows that
incorrect estimates of the diffusion coefficient can have a
surprisingly large effect on quantitative absolute electrochem-
ical data. If one works with either macro- or microelectrodes
in their planar or hemispherical diffusion regime only, the
resulting erroneous values may go undetected and might
influence further data analysis. Only the combined data from
both diffusion types allow the detection of such errors through
obvious inconsistencies and their correction. The reason for
the incorrect D(PC) may partially be traced back to an
incorrect Dy (CH3;CN), but any additional experimental error,
e.g., related to concentration or current measurement, will
possibly further increase the derivation from the true value.

Simultaneous determination of D and 4 or » in PC/0.1 M
NBU4PF6

The severe problem originating from the fact that the current
through an electrode varies with both the diffusion coefficient
of the redox-active species and the electrode size can possibly
be solved by including in the analysis a combination of planar
and hemispherical diffusion data. Under advantageous cir-
cumstances, it might even be possible to generate these data
from a single electrode of intermediate size. We will use such a
system (fc in PC) first to demonstrate two alternatives of data
evaluation (explicit calculation and non-linear optimization).
The analysis of data from two (or more) different electrodes
will be shown also.

Sphericity effects on fc voltammograms in propylene
carbonate experiments

The use of electrode B3 for cyclic voltammetric experiments

with fc in PC demonstrates that the redox system fc/fc” can be
driven close to both planar and hemispherical diffusion

@ Springer
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Fig. 1 Cyclic voltammograms of fc at electrode B3 in PC/0.1 M
NBu,PFg, ¢=0.054 mM, v=0.001 Vs~ (solid line), 0.1 Vs™' (dotted
line), 1 Vs~ (dashed line)

conditions leading to transient or steady-state i/E curves at
higher or lower scan rates, respectively (Fig. 1).

While at 1 Vs ™', a reversible peak-shaped voltammogram
is obtained (AE,=72 mV, ilrfd / iy = 0.964), the i/E curve at
0.1 Vs ™! shows a mixed form, and the one at 0.001 Vs lisa
typical S-shaped steady-state voltammogram with only
minor deviations between forward and reverse trace. Fur-
thermore, for scan rates of 1.0 and 1.993 Vs ™', iffd / iy stays
close to unity and the normalized current i3*/+/vc is constant
as expected for a diffusion controlled process. For v>2 Vs,
some effects of electrode kinetics become apparent. The
steady-state behavior is attained for v=0.001 and 0.002 V
s”!. For v>0.002 Vs ™', the superposition of the forward and
the reverse scan starts to show increasing hysteresis. Based
on these results, it was concluded that electrode B3 could
possibly be used for the simultaneous determination of
Dy¢(PC) and rp3 with slow and fast scan rate data. The results
are compared to those from experiments with Bl and B2
only, where clearly planar and hemispherical diffusion
conditions are achieved, respectively.

Cyclic voltammetry current analysis
We applied two types of analysis to determine D and the

electrode sizes simultaneously from experimental cyclic
voltammetry data.

Either, Eqs. 1 and 2 are combined to eliminate the
electrode radius (noting 4=70) and arrive at D as the only
unknown, Eq. 3 (after resolving the numerical constants).

nFRT \ i8*/\/ve ®)

The derivation of this equation assumes that both
hemispherical and planar diffusion conditions can be
reached with a single electrode. It is particularly conve-
nient, since the values of the currents normalized by ¢ or
\/ve are usually calculated to check the validity of
assumptions such as diffusion control of the process. After
D has been determined, any of the Eqs. 1 and 2 can be used
to calculate » and consequently 4. We will call this the
“explicit calculation” of D and r.

Alternatively, if the conditions necessary to derive Eq. 3
cannot be reached and the two types of diffusion are
realized at two or more electrodes with different sizes, the
non-linear optimization problem presented by Egs. 4 and 5
must be solved.

31 0.007679 ((iss/c)z>2

Rismy = (iss/c — 4rjnFD)/(iss/c) (4)

Roms = (in/ /e = 0.4463nF (wr?) /DnF [RT ) / (ip+/ve)
(5)

Here, we assume that we have m;+m, individual
determinations of currents, m; under hemispherical (hs)
and m, under planar (pl) diffusion conditions. For each of
these experiments, we calculate the normalized residual R
between the experimental current and the current calculated
with values of D and the radii » of the electrodes. The
normalization is necessary since steady-state currents ig
and transient peak currents i, may attain values of strongly
different sizes.

Equations 4 and 5 correspond to an overdetermined
system of non-linear equations with the unknowns D as
well as r; and 7, (j=1,..., L, for [y electrodes with
hemispherical and k=1,..., I, for [ electrodes with planar
diffusion conditions). The unknowns are optimized such
that the sum of squared residuals is minimized. Thus, this
technique allows the estimation of all unknowns even if the
hemispherical and planar diffusion conditions are reached

Table 4 Determination of

Dx. (PC) and sizes r of clectrodes Method Electrodes D]fC(PC)XlO(’/cmz{l rg1/mm rga/mm rg3/mm

B1-B3 from cyclic voltammetric

experiments in PC/0.1 M Explicit B1-B3 4.1+0.2 1.44+0.02 0.00473+0.00006 0.05+0.001

NBu4PFs Non-linear  BI1-B3 4.1+0.1 1.44+0.01 0.0047+0.0001 0.050+0.0006
Non-linear  BI, B2 3.87+0.02 1.457+0.009  0.00501+0.00005  —
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Table 5 Diffusion coefficients Dg. (DMF) as reported in the literature
(selected references) and determined in this work

Source Di(DMF) x10° System/method”
fem?s™!

[33] 0.57 Pt, CV, 0.5 M NaClOy4: 21% (v/v) H,O

[35] ~0.9° Au (see [48]), CV, 0.1 M NBu,ClO,

[43] 0.95+0.02 Pt, CV, 0.1 M NBu,4PF¢

[34] 0.97 Pt-RDE, 0.1 M NBu,ClOy,
¢=0.1-1.5 mM, w=1,000 rpm

[36] 0.98 Pt, microelectrode voltammetry,
0.1 M NBu4PF4

[21] 1.0+0.1 Pt, CV, 0.1 M NBu,ClO,, 7=26 °C

[37] 1.07+0.04 Pt, steady-state microelectrode flow
cell, 0.1 M NBuyClO,4, 7=24.8 °C

[33] 1.1 Pt, CV, 0.5 M NaClO,

This work 1.07£0.06° Electrode B3

This work ~ 1.07¢ Electrode B3

This work 1.06+0.01° PGSE NMR spectroscopy, 0.1 M

NBu4PF¢, DMF-d;, =23 °C

* RDE rotating disk electrode, CV cyclic voltammetry

° Approximate value taken from Fig. 3 in ref. [35]

¢ Explicit simultaneous determination of Dg(DMF) and rg3
9Non-linear estimation of Dyg. (DMF) and rg3=0.05 mm

¢Mean value from three determinations, ¢=10.75-12.4 mM

at different electrodes, and furthermore the determination of
several electrode sizes together with D.

Explicit calculation of D and r was used for data
recorded at electrode B3 (v=1.0 and 1.993 Vs~ for planar,
v=0.001 and 0.002 Vs ' for hemispherical diffusion; five
independent experiments with a total of 15 concentrations
between 0.0534 and 0.2191 mM). After determination of
D¢ (PC) and rg3, Egs. 1 and 2 were used to calculate rg,
and rg, (row 1 in Table 4) from current data recorded at
these electrodes. This analysis confirms that Dg(PC) is
significantly higher than the value determined in the case

study and that the electrode sizes are rather close—albeit
not identical—to the nominal values.

Non-linear estimation of Dg(PC) from the data (row 2 in
Table 4) results in values almost identical to those
determined by Eq. 3. Here, the standard deviation is
approximated by separately estimating the D and r from
five independent B3 experiments (several concentrations
each) combined with B1 and B2 data. The standard
deviations given are calculated from the resulting five
estimation results.

As discussed before, with electrode B3, it is only possible
to reach planar and hemispherical diffusion conditions
approximately. Any influence of this fact could be eliminated
by restricting the analysis to data from B1 and B2 (row 3 in
Table 4). The o values for B1 (0.000478 for v=0.02 Vs )
and B2 (6.4114 for v=0.01 Vs') show that the planar
transient and hemispherical steady-state cases can clearly be
achieved even for relatively slow or fast scan rates,
respectively. In this case, the analysis is only possible with
the non-linear optimization method, which yields a slightly
lower value for the diffusion coefficient and slightly higher
radii for B1 and B2. The values for rz; and rg, are closer to
the respective nominal values. For the further discussion,
D¢ (PC) determined from B1 and B2 data will be used.

A consistent set of diffusion coefficients for ferrocene
in some non-aqueous electrolytes

The propylene carbonate data, as analyzed in the previous
section, allow to simultaneously determine a diffusion coeffi-
cient Dg(PC) and various electrode sizes. This set of results
will now be used to extend the determination to other
electrolytes (based on DMF, CH3CN, CH,Cl,, and DMSO as
solvents), where planar and hemispherical diffusion may not
be attained easily at an intermediately sized electrode disk. In
some cases, the previously determined electrode sizes were
used to allow the calculation of Dg. We will compare the

Table 6 Normalized current data
for fc in DMF/0.1 M NBu4PF¢

Concentration ¢/mM

at electrode B3 in a typical

experiment 0.0223 0.0444 0.0664 0.0881
Scan rate
A i/c” is/c? is/c” i/
0.001 20.66 2021 20.74 20.28
0.002 21.20 21.55 20.96 20.73
0.005 21.53 21.58 21.08 20.95
Scan rate
vV s % /\/ve % /\/ve % /\/ve %/ \/ve
0.5 2.586 2.607 2.568 2.553
. ; 1.0 2.339 2.370 2.349 2.343
In nA mM 1.993 2.240 2.284 2.248 2.235

bIn '*LA SI/Z mV1/2 mel
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results to values from the literature, although these are usually
generated under varying conditions, in particular with
different electrolyte compositions and to NMR results.

Diffusion coefficient of ferrocene in DMF/0.1 M NBu,PF

Values of D¢(DMF) as reported in the literature [21, 33-37]
are rather consistent around 1x10> cm? s~' (Table 5). Only
a high water content seems to decrease the value [33] by a
significant amount.

The higher value compared to D (PC) indicates that it
might become difficult to reach the planar diffusion limit at
the =100 um disk electrode. Indeed, 6=0.0103 for v=1 V
s, while 0=2.05 for v=0.005 Vs '. Thus, steady-state
behavior is expected even for scan rates as high as 0.005 V
s~'. On the other hand, the cyclic voltammograms for v=0.5
and 1.0 Vs ' at electrode B3 show a peak current ratio
i;ed/ig" which clearly deviates from unity, leading us to
exclude data at these scan rates from the analysis. At the
same time, we have to avoid artifacts generated by electron
transfer kinetics at scan rates above 2 Vs '. Consequently,
only data at v=1.993 Vs~ were used for the calculations
(data from a particular experiment, see Table 6). Here, ig’d / i
has reached unity with only a very small deviation. The peak
current data at v=1.993 Vs were combined in the explicit
calculation scheme with iy at v=0.001, 0.002, and 0.005 Vsﬁl,
which results in D(DMF)=1.07+0.06x10"> ¢cm® s ' and a
radius rp3=0.050+0.001 mm, the latter being in close
agreement with the PC experiment results.

Inclusion of the v=0.5 and 1.0 Vs™' data results in
increasing deviations from rg3 determined with the PC data.
At the same time, the value of Dy (DMF) decreases (see
Supporting information). This clearly indicates that the

S

L o

~— O
n

S/ppm

Fig. 2 '"H NMR spectrum of fc in 0.1 M NBu4PF¢/DMF-d; (c=
10.75 mM); (filled square) NBuyPFg, (empty circle) solvent, (star)
residual water; without field gradient

@ Springer

G*IG*'mm”

Fig. 3 Logarithmic analysis of the normalized peak area as a function
of the squared magnetic field gradient from exemplary PGSE NMR
experiments with fc in (empty diamond) CD3CN (cg=13.10 mM,
R*=0.9999), (solid circle) DMF-d; (cg=10.75 mM, R*=0.9999),
(empty square) CD,Cly (c=11.60 mM, R*=0.9997) and (solid
triangle) DMSO-dg (c=11.70 mM, R*=0.9999)

analysis excluding these values is optimal and the diffusion
coefficient is reliable, since the electrode radius should not
change with the solvent. Non-linear estimation of Dg(DMF)
and rg3 resulted also in consistent values (Table 5).

As an additional check for consistency, the electrochemical
value was compared to that from PGSE NMR experiments
(Table 5, last entry) with fully deuterated DMF as the
solvent, and the same concentration of supporting electrolyte
as in the electrochemical experiments. The spectrum in
Fig. 2 demonstrates that the fc signal at 4.16 ppm is clearly
separated from the signals of the solvent, supporting
electrolyte and residual water, allowing accurate integration.

According to the theory of PGSE NMR spectroscopy [38,
39], the peak area of an NMR signal depends on the
magnetic field gradient G. The ratio of the integrals in the
absence (/) and presence (/) of such a gradient depends on
the diffusion coefficient, Eq. 6.

In (Io/Io) = —[y*6*G*(A—6/3)|D (6)

where ~ is the magnetogyric ratio of the 'H nucleus, 4 is the
pulse width of the gradient pulse, and A is the time between
two gradient pulses. Dy (DMF) was determined by integra-
tion of the 'H signals of the fc protons and the slopes of In

Table 7 Ferrocene diffusion coefficient in DMF-d; from PGSE NMR
data

c/mM Dg(DMF) x10°/cm?s ™! R*?

10.75° 1.05 0.9999
10.75° 1.07 0.9996
12.40 1.07 0.9994

2R? obtained from the graphical analysis of In(Zy/1y ) vs. G* (R is the
correlation coefficient)

® Repetition experiments
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Table 8 Diffusion coefficients

System/method®

Dy (CH:CN) as reported in the ~ Source Dg(CH;CN) x10%em’s™
literature (selected references)
and determined in this work [35] =1.2

[49] 1.85

[50] 2.1

[34] 22
CRDE  disk el q [43] 2.24+0.06
08 i ok oy 2o
chronoamperometry 371 2.37%0.1
bApproximate value taken from [30] 2.4
Fig. 3 in ref. [35] [40] 2.6
¢ Simultaneous estimation of rg; = This work  2.5+0.1
1.45 mm and r5,=0.005 mm This work  2.47°
9Mean value from five indepen- This work  2.53+0.06%

dent experiments, ¢=12-22.6 mM

Au (see [48]), CV, 0.1 M NBu,CIO,®

Pt/glassy carbon, CV, 0.1 M NBu4PFg

CA, 5-100 mM, 0.5 M NBu,ClO4

Pt-RDE, 0.1 M NBu4ClOy, ¢=0.1-1.5 mM, w=1,000 rpm
Pt, CV, 0.1 M NBu,PF4

Glassy carbon, CA, 0.1 M NBu4PFg

Pt, flow cell, 0.1 M NBuyClO,, 24 °C
chronopotentiometry, Pt, 0.2 M LiClO4

glassy carbon, CV, 1-500 mM NBu,ClO,

Electrodes B1 and B2, Egs. | and 2

Electrodes B1 and B2, non-linear estimation

PGSE NMR spectroscopy, 0.1 M NBuyPF¢, CD;CN, 7=23 °C

(o/1y) versus G? plots (Fig. 3). The results prove to be highly
reproducible (Table 7).

Although the concentrations in the NMR experiments
were higher than those in the electrochemical ones owing to
sensitivity reasons, both techniques result in practically the
same value of Dg(DMF), further confirming the validity of
the results. The value is close to those reported in the
literature (Table 5). The system fc in DMF is at the limit of
applicability of the single electrode explicit determination
of D and r. Still, the analysis appears to provide a sensible
value.

Diffusion coefficient of ferrocene in CH;CN/0.1 M
NBu,PFg

As in the case of PC electrolytes, the literature reports
on D¢ (CH3;CN) differ considerably (Table 8). The
diffusion coefficient in this solvent, however, seems to
be considerably larger than in PC and DMF. Thus, we
expect to be outside the range of Dy, where we can reach
planar and hemispherical diffusion behavior with the
same clectrode (B3) without incurring kinetic effects on
the peak current. Indeed our experiments show that even
at v=1.993 Vs', the peak current ratio has not yet

reached values close to unity. At the same time, however,
the peak potential difference AE, starts to increase
indicating quasi-reversibility effects. Consequently, the
simultaneous explicit estimation of D and r was not
possible.

However, the value of Dy (CH3CN) (Table 8) was
determined electrochemically at electrodes B1 (0.05<v<
0.5 Vs !, 0.049<¢<0.206 mM; planar diffusion conditions;
two independent experiments, eight concentrations) and B2
(0.001<v=<0.02 Vs, 0.057<¢<0.272 mM; hemispherical
diffusion conditions; two independent experiments, nine
concentrations). For the data evaluation by means of Egs. 1
and 2, the electrode sizes were assumed to be those
determined in the PC- and DMF-based electrolytes before.
The results are confirmed by the simultaneous estimation of
D¢(CH3CN) and the electrode sizes by non-linear optimi-
zation. Again, the value from PGSE NMR experiments
matches that from the electrochemical experiments closely
(Table 8, last entry). These results are close to the upper
limit [40] as reported in the literature. It might be
speculated that the small values reported in some cases
may be due to effects of the electron transfer kinetics,
which decreases the current and thus D when applying the
Nicholson and Shain [5] relation. In the present work, care

Table 9 Diffusion coefficients

System/method®

D¢, (CH,Cl,) as reported in the Source Dy(CH,Cl) x10%/em?’s !

literature (selected references)

and determined in this work [43] 1.67+0.05
[34] 1.7

# RDE rotating disk electrode, [51] 1.8

CV cyclic voltammetry, CC [52] 1.92

chronocoulometry

ba: o [53] 2.1

Simultaneous estimation of

r1=1.46 mm, rc=1.47 mm, [54] 23201

and r5,=0.005 mm This work  2.2+0.1

¢Mean value from four This work ~ 2.1°

independent experiments, This work ~ 2.4+0.2¢

c=11.6-12.6 mM

Pt, CV, 0.1 M NBu4PFg , 298.15 K

Pt-RDE, 0.1 M NBu,ClOy, ¢=0.1-1.5 mM, w=1,000 rpm

Au, CC, 0.1 M NBuyBFg¢

Pt, CV, 0.1 M NBu,BF,

Glassy carbon, CV, 0.05 M NBuyB(CgFs)4

Pt, microelectrode, 0.1 M NBuyClOy4, ¢=0.5 mM

Electrodes B1, C, and B2; Egs. | and 2

Electrodes B1, C, and B2; non-linear estimation

PGSE NMR spectroscopy, 0.1 M NBuyPF¢ , CD,Cl,, 7=23 °C
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Table 10 Diffusion coefficients

System/method®

6
Dy, (DMSO) as reported in the Source Dg(DMSO) <107/
literature (selected references) cm's
and determined in this work
[34] 44

* RDE rotating disk electrode

’ 43 4.4+0.1
CV cyclic voltammetry, CA [43]
chronoamperometry, CC chro- [55] 6.7
nocoulometry This work  4.9+0.1
®Mean value from three This work ~ 4.7+0.1
independent experiments, This work ~ 4.6940.03°

c=11.7 mM

Pt-RDE, 0.1 M NBuyClOy, ¢=0.1-1.5 mM, w=1,000 rpm

Pt, CV, 0.1 M NBuyPF4

Pt, CA/CC, 0.1 M NBuy4PF¢

Electrodes B1 and B2, Egs. 1 and 2

Electrode B1 and B2, non-linear estimation

PGSE NMR spectroscopy, 0.1 M NBuyPF4, DMSO-dg, =23 °C

was taken to restrict planar diffusion data to conditions
where such kinetic effects could be assumed to be mostly
absent (independence of normalized peak currents and AE,
from scan rate).

The values determined from electrochemical and NMR
data are slightly above the reference value used in the case
study discussed in the first part of this paper. This confirms
that at least some part of the inconsistency noted when
using different electrode sizes was due to an inaccurate
D¢(CH3CN). It would, however, not account for the full
deviation of Dg(PC) calculated using Dg(CH3CN) from
ref. [30].

Diffusion coefficient of ferrocene in CH,CIl,/0.1 M
NBM4PF6

Again, values for Dy (CH,Cl,) reported in the literature
show significant variation (Table 9). Nevertheless, it is
roughly close to that of Dg(CH3CN), and we expect a
similar behavior as regards the use of electrode B3 in
acetonitrile. Thus, electrodes B1 and B2 were employed in
the experiments only. Some data were recorded with an
electrode C (same type as B1).

A total of 26 different concentrations (0.02<c<
0.2 mM) were used in eight independent experiments,
and planar diffusion was achieved at B1 (or C) for 0.05<
v<1.0 Vs ™', while hemispherical diffusion was apparent at
electrode B2 for 0.001<v<0.01 Vs™'. Results from the use
of Egs. 1 and 2 assuming the electrode radii determined
earlier on one hand and from the simultaneous non-linear
estimation of D (CH,Cl,) and the electrode dimensions
on the other, agree well (Table 9). As in the other cases,
our diffusion coefficient is close to the upper limit of the
literature reference values. The value determined by PGSE
NMR spectroscopy is even slightly higher. However, still
the standard deviations clearly overlap. In fact, the
standard deviation of the NMR value is unusually high
as compared to the other solvents investigated in this
work. A possible difficulty in using CH,Cl,-based electro-
lytes at room temperature is the high vapor pressure of this
solvent, which makes handling tedious. Concentrations
may be less reliable when preparing the solutions in
CH,Cl, as compared to less volatile solvents. The non-

@ Springer

linear size estimation is consistent with the results in PC
and DMF, again confirming the reliability of the results.

Diffusion coefficient of ferrocene in DMSO/0.1 M NBu ,PF s

Compared to other non-aqueous solvents, there are few values
for Dg(DMSO) in the literature (Table 10). They differ
strongly by a factor of =1.5. In the present work,
electrochemical data were recorded with electrodes Bl
(planar diffusion; 0.05<v<1.0 Vs'; five independent
experiments; 17 concentrations) and B2 (hemispherical
diffusion; 0.001<v<0.01 Vs'; five concentrations). Con-
centrations were between 0.053 and 0.274 mM. Under the
assumption of the previously determined electrode sizes, it
can be shown that D (DMSO) from these data is close to
the lower limit of the literature reference values. This is
confirmed by the result of non-linear estimation, which
also gives electrode sizes (rg;=1.47 mm and rg,=
0.005 mm) that are consistent with the results from the
other solvents used in this study.

30

25+

20

0.0 0.5 1.0 1.5 2.0 25 3.0

n-1/Cp-1

Fig. 4 Dependence of Dy on dynamic solvent viscosity 7 for the
solvents used in this work; (filled square) D obtained from CV
experiments by explicit calculation (PC, DMF) or use of Egs. 1 and 2
(CH;CN, CH,Cl,, DMSO), (empty triangle) D obtained from PGSE
NMR experiments; error bars give standard deviations (o ). Solid line:
linear regression of D(CV), R?=0.9969; dashed line: linear regression
of DINMR), R?=0.9876. Dynamic viscosities are for the pure non-
deuterated solvents at 25 °C (without supporting electrolyte) [56]
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Solvent effects on the diffusion coefficient of ferrocene

It is well known that D correlates linearly with the
reciprocal of the dynamic solvent viscosity 77 (Stokes—
Einstein relation [41]):
ks T
D=2
6rnr

(7)

where kg is the Boltzmann constant and r» is the
hydrodynamic radius of the diffusing molecule. This
behavior is clearly shown for the Dy determined in the
five non-aqueous solvents in this work (Fig. 4). Electro-
chemical results from either explicit calculations (if the
necessary conditions could be met; PC, DMF) or the use of
Egs. 1 and 2 and separately determined electrode radii
(CH;CN, CH,Cl,, DMSO) are included in the graph. They
compare very well to the diffusion NMR results (also in
Fig. 4), showing that the concentrations of fc were low
enough to make diffusion under a concentration gradient
(electrochemical experiments) and self-diffusion (NMR
experiments) equivalent [42]. The experimental standard
deviations are very small for the PC and DMSO data. In
DMSO and CH,Cl,, the relative deviation between the
electrochemically and the spectroscopically determined Dy,
is largest, but still reasonable if the standard deviations are
considered. The consistency of the electrode radii deter-
mined in this work from the electrochemical data in all
electrolytes, as discussed in previous sections, corroborates
the validity of the Dy.

Thus, the Dy in the five non-aqueous electrolytes prove
to be highly reliable over a factor of =5, similar to the data
in ref. [43] with a different set of solvents. However, for
those solvents used in both studies, our values seem to be
consistently higher.

Conclusion

The determination of ferrocene diffusion coefficients in
five non-aqueous electrolytes results in a consistent set of
values cross-checked with PGSE NMR spectroscopic
data recorded in the presence of supporting electrolyte.
Only in PC, this check was impossible because the NMR
signal of fc is obscured by the solvent resonance. The
Dy, correlates well with the dynamic solvent viscosity.
However, the electrochemical determination critically
depends on the availability of data in both the hemispher-
ical and planar diffusion regimes. If electrode sizes (or
concentrations) are inaccurately known, lack of data for
one of these conditions possibly results in erroneous
values of D. Another important aspect is the exclusion of
current data that may be affected by electrode kinetics at
high scan rates.

Two alternative calculation techniques are presented for the
case when steady-state and transient voltammetry can be
performed with either a single or more than one electrode(s)
(explicit determination, non-linear optimization) and shown to
produce comparable results. In these analyses, also the
electrode sizes (radii, area) are determined.

Reliability of the diffusion coefficients can be increased by
using data from such different diffusion conditions and,
additionally, those from the conceptually totally independent
PGSE NMR technique which does not rely on the measure-
ment of Faradaic currents at all. Thus, it does not require
knowledge about the details of the electrode reaction. Among
other situations, correct diffusion coefficients are important
for kinetic interpretations of cyclic voltammograms, which
depend on the ratio ks /+/D, with k, being the heterogeneous
electron transfer rate constant. Determination of & thus
critically depends on correctness of D.
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