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A B S T R A C T   

Weakly coordinating solvents are of interest for the electrodeposition of p-block semiconductors for application 
in electronic devices. p-block complexes typically have weakly coordinated ligands that are easily displaced, 
making them incompatible with strongly Lewis basic solvents. In this work we use electrochemical measurements 
at microelectrodes to study diffusion in weakly coordinating solvents. Diffusion coefficients of the metallocenes 
decamethylferrocene, decamethylferrocenium hexafluorophosphate, cobaltocenium hexafluorophosphate, and 
the electrodeposition precursors tetrachloroantimonate(III) and tetrachlorobismuthate(III) were measured. The 
values are analyzed using the modified Stokes-Einstein equation and compared with the theoretical upper, Dmax, 
and lower, Dmin, bounds of the diffusion coefficients. This approach allows the interpretation of D values, whilst 
avoiding dealing with some of the uncertainties associated with molecular size in the Stokes-Einstein equation. 
The neutral decamethylferrocene was found to obey the Stokes-Einstein equation whereas the charged metal-
locene species had values which were less than the theoretical minimum, which was attributed to a larger than 
expected particle size caused by ion pairing. The importance of considering the modifications of the Stokes- 
Einstein equation is also highlighted.   

1. Introduction 

Weakly coordinating solvents are a category of solvent where the 
molecules are weakly Lewis basic [1]. This means that they are poor 
ligands and are unlikely to coordinate to a metal cation in a complex. 
Dichloromethane is one such solvent and its properties as a weakly 
coordinating solvent have been exploited recently to electrodeposit 
p-block semiconductors [2–4]. p-block element electrodeposition pre-
cursors tend to be labile and hence their ligands are easily displaced, 
meaning it is important that the solvent will not coordinate to dissolved 
metal ions. Additional weakly coordinating solvents have also been 
identified, in order to further the understanding of the nature of elec-
trochemistry in weakly coordinating solvents and to identify alternative 
solvents to the volatile DCM [1]. The solvents were: 
α,α,α-trifluorotoluene (TFT), o-dichlorobenzene (oDCB), p-fluo-
rotoluene (pFT), chlorobenzene (CB) and 1,2-dichloroethane (DCE) and 
these were electrochemically characterised in a recent study. 

The diffusion coefficient, D, is a constant of proportionality between 
the flux and the concentration gradient of a diffusing species, and rep-
resents the rate of translational movement of a particle. It has a partic-
ular importance in electrochemistry since the current response depends 
on the flux of the electroactive species to the electrode surface. 

Quantitative descriptions of the current at an electrode require knowl-
edge of the diffusion coefficient and its experimental calculation rep-
resents an essential component of the characterisation of a redox couple. 

In the present work, the diffusion of neutral and charged species is 
investigated in the six weakly coordinating solvents: DCM, TFT, oDCB, 
pFT, CB and DCE in order to improve the understanding of diffusion in 
this category of solvent. Diffusion coefficients are reported for the 
neutral decamethylferrocene (DMFc), the cationic deca-
methylferrocenium hexafluorophosphate (DMFcPF6) and cobaltoce-
nium hexafluorophosphate (CcPF6), and the electrodeposition salts 
[NnBu4][SbCl4] and [NnBu4][BiCl4]. [SbCl4]− and [BiCl4]− are pre-
cursors for the electrodeposition of Sb and Bi that have been used in the 
electrodeposition of various materials from DCM [3,5,6]. Additionally, 
oDCB and DCE were recently identified as promising weakly coordi-
nating solvents for semiconductor electrodeposition [1]. Diffusion to the 
electrode surface is an important factor in the electrodeposition process 
and it is therefore interesting to study this in greater detail in DCM, 
oDCB and DCE. Another significant motivation for this work was the 
desire to be able to predict the diffusion coefficients for new electro-
deposition precursors from structural data. The results are examined in 
the context of the Stokes-Einstein equation, and they are used to un-
derstand the nature of diffusion in these solvents. The importance of 
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considering the modifications of the Stokes-Einstein equation when 
interpreting diffusion coefficients is also discussed. 

1.1. The Stokes-Einstein equation 

An accessible approach to the interpretation of diffusion coefficients 
is with classical hydrodynamic theory and the Stokes-Einstein equation 
[7] 

D =
kBT
ftot

(1)  

where kB is Boltzmann’s constant, T is the absolute temperature and ftot 
is the total friction factor. The term kBT represents the thermal energy 
driving force for particle motion, and ftot the friction that impedes it. ftot 
is then given by 

ftot = 6πηrS (2)  

where η is the solvent viscosity and rS is the Stokes radius, the radius of 
the diffusing species. 

However, the Stokes-Einstein equation in its form above carries with 
it several assumptions that are not always fully appreciated. Firstly, the 
equation assumes infinite dilution i.e. that there are no interactions 
between diffusing particles. It is also assumed that the solvent is a 
continuum described only by its viscosity, and finally that the diffusing 
species is a hard sphere. The Stokes-Einstein equation has proven 
remarkably effective for large particles, e.g. colloids or proteins, but as 
the size of the particle decreases, theory and experiment begin to 
diverge, and for molecules of a similar size to the solvent, such as those 
encountered in electrochemistry, the equation performs poorly [8]. 

This has resulted in the development of corrections to the Stokes- 
Einstein equation to improve its description of small molecules. Infin-
ite dilution can be approximated by using low concentrations of analyte. 
The constant 6 in Eq. (2) can be replaced by the variable β, which de-
scribes the nature of the movement of the diffusing particle past solvent 
molecules and is proportional to the ratio of the radii of the solvent and 
solute molecules. β decreases as the ratio increases, to the lower limit of 
4, such that 4 ≤ β ≤ 6, therefore accounting for non-continuum effects. 
The motion when β = 4 is commonly referred to as ‘slipping’, and when 
β = 6 as ‘sticking’. Expressions for its exact estimation have been pro-
vided by Gierer and Wirtz, and Chen and Chen [9]. Corrections for a 
diffusing species that is non-spherical can also be found. Perrin provided 
corrections for ellipsoids of revolution, a more common shape in elec-
trochemistry [10]. ftot then becomes 

ftot = fHSfP (3)  

where fHS is the hard-sphere friction factor, equal to cπηrS, and fP is the 
Perrin correction. 

There is also the question of how best to estimate the radius of the 
particle in solution. There are several radii that can be found in the 
literature for polyatomic molecules, obtained using different methods 
and it is not clear which most accurately describes their size in solution 
[11]. Furthermore, molecules can be uneven and irregular, creating a 
non-uniform surface and variations in their radius across it. From ex-
periments, Macchioni et al. concluded that the upper and lower limits of 
rS are the crystallographic radius, rcrs, and the van der Waals radius, 
rvdW, respectively [12]. rcrs is obtained from X-ray crystal structure 
measurements, the calculated unit cell volume can be converted into a 
radius by assuming sphericity [12]. rcrs describes the space occupied by 
the molecule plus void spaces between molecules due to repulsive 
forces. rvdW is taken from the van der Waals volume, VvdW, which is the 
sum of the spheres occupied by the constituent atoms, after accounting 
for bonding. VvdW is obtained from computational calculations, or from 
correlation with other radii [11]. 

Another common approach to correlating diffusion coefficients is 

with the Wilke-Chang equation [13]. This is an empirical modification 
of the Stokes-Einstein equation, obtained from data for a range of 
(typically organic) solutes and solvents. Here, D is proportional to 
(Mr)

1/2
/ηV0.6, where Mr is the relative molecular mass of the diffusing 

species, and V is its molal volume. The Wilke-Chang equation is often 
used in electrochemistry, as an alternative to the Stokes-Einstein equa-
tion, to predict and analyze experimental diffusion coefficients, as in 
Refs. [14–16] for example. The Wilke-Chang equation also requires a 
‘solvent association parameter’, which describes the strength of in-
teractions between solvent molecules e.g. hydrogen bonding [13,17]. 
This property must be determined experimentally, and so makes it 
difficult to apply the equation to solvents for which little data is avail-
able. The molecular mass approach has also been extended to allow 
diffusion coefficients to be directly correlated with Mr, using a method 
developed by Valencia and Gonzalez which was based upon electro-
chemical measurements of various organic molecules in acetonitrile, 
dimethylsulfoxide and N,N-dimethylformamide [18,19]. 

Approaches based on correlation with Mr assume that, for a given 
solvent, the density remains constant across the measured dataset. This 
is likely to be true for organic molecules, as evidenced by the success of 
the Wilke-Chang equation for such compounds, however in this work 
where organometallic complexes and p-block halometallate complexes 
are studied, it cannot be known with any certainty that this is the case. 
Furthermore, Zaccaria et al. measured the diffusion of multiple organ-
ometallic complexes with approximately the same size and shape, but 
differing metal centres and so different molecular masses [20]. It was 
found that the size of the molecule, rather than weight, was the deter-
mining factor in their diffusion properties. As such, correlations based 
on molecular mass are not considered appropriate for the compounds 
under investigation here, and the more general Stokes-Einstein equation 
is preferred. 

2. Experimental 

2.1. Chemicals 

Dichloromethane, CH2Cl2 (95%, Sigma-Aldrich), α, α, α-tri-
fluorotoluene, C7H5F3 (>99%, Sigma-Aldrich), o-dichlorobenzene, 
C6H4Cl2 (>99%, Sigma-Aldrich), p-fluorotoluene, C7H7F (97%, Sigma- 
Aldrich), chlorobenzene, C6H5Cl (>99%, Sigma-Aldrich) and 1,2-dichlo-
roethane, H2ClCCH2Cl (>99%, Sigma-Aldrich) were dried and degassed 
by refluxing with CaH2 under a dinitrogen atmosphere followed by 
distillation, and were stored in an inert atmosphere of N2. The water 
content in the solvents was measured with Karl–Fischer titration (KF 899 
Coulometer, Metrohm, UK). There was less than 35 ppm of water in all 
solvents. Tetrabutylammonium chloride, [NnBu4]Cl (Sigma-Aldrich, 
>99%) and tetrabutylammonium tetrafluoroborate, [NnBu4][BF4] 
(Sigma-Aldrich, >99%) were dried by heating at 100 ◦C under vacuum 
for several hours. Decamethylferrocene, [{C5(CH3)5}2Fe] (Sigma- 
Aldrich, 97%) and cobaltocenium hexafluorophosphate, [(C5H5)2Co] 
[PF6] (Sigma-Aldrich, 98%) were purified by sublimation. Deca-
methylferrocenium hexafluorophosphate, [{C5(CH3)5}2Fe][PF6], was 
synthesised according to a procedure by Duggan and Hendrickson [21]. 
Tetrabutylammonium tetrachloroantimonate(III), [NnBu4][SbCl4] and 
tetrabutylammonium tetrachlorobismuthate(III), [NnBu4][BiCl4] were 
prepared using methods previously described in the literature [22]. All 
solvents and reagents were stored in a dry, N2 purged glovebox. 

2.2. Electrodes 

Working electrodes used were inlaid Pt microdiscs of radii 5, 12.5 
and 25 µm, sealed in glass. The working electrodes were polished 
sequentially with 5, 1 and 0.3 µm alumina pastes on a microcloth pol-
ishing pad (Buehler, USA). Microelectrodes were calibrated using SEM 
(Philips XL30 ESEM). A Pt grid was used as a counter electrode, the 
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reference electrode was Ag/AgCl immersed in a storage solution of 100 
mM [NnBu4]Cl for dichloromethane, o-dichlorobenzene and 1,2-dichlo-
roethane, separated from the electrolyte by a porous glass frit, and a Pt 
wire pseudo reference for α, α, α-trifluorotoluene, p-fluorotoluene and 
chlorobenzene. 

2.3. Electrochemical measurements 

All glassware was cleaned by soaking in Decon 90 (Decon Labora-
tories Ltd., UK) for at least 24 h, followed by rinsing with ultrapure 
water, 0.055 µS cm− 1, and then dried in an oven for a further 24 h. All 
experiments were performed with a standard pear-shaped cell in a glo-
vebox (Belle Technology, UK) under an inert atmosphere of N2 in the 
presence of <5 ppm O2 and H2O. Measurements were performed with a 
PGSTAT µIII (Metrohm Autolab, UK) potentiostat. Data was recorded 
with NOVA 1.11 (Metrohm Autolab, UK). The ambient temperature in 
the glovebox was monitored using a digital thermometer to an accuracy 
of ±0.05 ◦C (Hama, UK). 

3. Results 

Diffusion coefficients of DMFc and CcPF6 have been reported pre-
viously in the studied weakly coordinating solvents and were taken from 
Ref. [1], with their values given in Table 1. Voltammograms of DMFc+, 
[SbCl4]− and [BiCl4]− were collected at Pt microelectrodes of radii 5, 
12.5 and 25 µm. Representative microelectrode voltammograms for 
DMFcPF6 can be found in Fig. 1. As can be seen, a limiting current 
plateau is present for the voltammograms at every size of electrode in 
every solvent, indicating a mass transport limited redox reaction. Vol-
tammograms for [SbCl4]− and [BiCl4]− can be found in Fig. S1. Diffusion 
coefficients were then obtained from the slope of a plot of limiting 
current vs. microelectrode radius for three different sizes of microelec-
trode, since 

iL = 4nFDca (4)  

where iL is the limiting current, n is the number of electrons transferred, 
F is the Faraday, c is concentration of electroactive species and a is the 
radius of the electrode. n was taken as 1 for DMFcPF6, and 3 for [SbCl4]−

and [BiCl4]− . Representative plots of iL vs. a are shown in Fig. 2 for 
DMFcPF6, clearly the plots are linear with intercepts close to the origin 
demonstrating the validity of Eq. (4). Plots for [SbCl4]− and [BiCl4]− are 
then given in Fig. S2. The microelectrode radii were calibrated using 

SEM to give the effective geometric radius of the microelectrode, and the 
effective concentration in solution was obtained from a potential step at 
a microelectrode and fitting to the Shoup-Szabo equation [23]. The 
average of the concentration at each microelectrode was then used as c. 
Calculating diffusion coefficients in this way improves the accuracy of 
the resulting value because it can smooth out any individual errors 
associated with iL, c or a. Potential steps were not performed for 
[SbCl4]− and [BiCl4]− and so the weighed concentration was used. 

Measured diffusion coefficients, along with some relevant physical 
properties for the solvents can be found in Table 1. D was also calculated 
from potential step data for DMFcPF6, and corroborates the values in 
Table 1 (see Table S1). Work has shown previously that CVs and po-
tential steps at a microelectrode are two of the most accurate and precise 
methods for measuring diffusion coefficients [24]. Microelectrodes are 
also particularly useful in solvents of relatively low polarity, such as 
those studied here. The small current response minimises distortions 
associated with iR drop. 

The measured diffusion coefficients are in agreement with those 
reported in the literature, Goldfarb and Corti also reported a value of 
1.07 × 10− 5 cm2 s− 1 for DMFcPF6 in DCM at 25 ◦C [25]. Reeves et al. 
found D for [NnBu4][SbCl4] in DCM at 25 ◦C to be 9.2 × 10− 6 cm2 s− 1. 
[5]. 

4. Discussion 

The first step towards analysing diffusion coefficients in multiple 
solvents with the Stokes Einstein equation is to make a plot of D vs. η− 1. 
If the plot is linear with an intercept close to the origin, the equation can 
be considered valid and insight can be gained into the size of the 
diffusing species from the slope of the plot. However, addition of elec-
trolyte to a solvent increases the viscosity of the solution relative to the 
pure solvent and this must be taken into account. The increase in solvent 
viscosity with electrolyte addition is described by the Jones-Dole 
equation [29]. This was used to estimate the relative viscosity, ηrel, 
where data was available, for the electrolyte solutions studied here. 
Further details and values can be found in Section S4 of the SI. The ratio 
of electrolyte to solvent viscosity is taken as 1.102 for all solvents and 
electrolytes. 

Calculation of the Perrin correction for non-sphericity, fP, requires 
knowledge of the dimensions of the molecules. These were obtained 
from crystal structure data using visualisation software. The resulting 
values for fP were 1.002 and 1.004 for DMFc and Cc+, respectively, 
indicating that the molecules are essentially spherical and the Perrin 
correction can be ignored. Details of the calculation of fP are given in SI 
Section S3. The size of DMFc does not change significantly upon 
oxidation and so DMFc+ can also be considered spherical. Moments of 
inertia measurements additionally suggest that DMFc+ is spherical [30]. 
Reeves et al. used bond lengths and the geometry of the [SbCl4]− anion 
to calculate fP and concluded that the ion was spherical and that no 
correction was required [5], and this is also assumed to be true in the 
present work. Spectroscopic measurements indicate that [BiCl4]− has a 
similar geometry to [SbCl4]− and so is not expected to need correcting 
either [31]. 

Beginning with the neutral DMFc, a Stokes-Einstein plot of Dexp vs. 
η− 1, where Dexp is the experimental diffusion coefficient, is shown in 
Fig. 3 in black, using the corrected viscosity values. As can be seen, the 
plot is linear with an intercept close to zero and so it can be concluded 
that DMFc obeys the Stokes-Einstein equation in these weakly coordi-
nating solvents. 

As described above: 4 ≤ β ≤ 6 and rvdW ≤ rS ≤ rcrs. Therefore, the 
experimental diffusion coefficient can be expected to lie within the 
upper bound, Dmax, when β = 4, r = rvdW and the lower bound, Dmin 
when β = 6 and r = rcrs. Dmin and Dmax were calculated for DMFc in the 
studied solvents and the results are also plotted on Fig. 3. Further details 
of the methods to obtain the molecular radii and the resulting diffusion 
coefficients can be found in Sections S5 and S6 of the SI, respectively. As 

Table 1 
Selected physical properties and experimental diffusion coefficients at 25 ◦C of 
redox couples in weakly coordinating solvents. Diffusion coefficients obtained 
from the limiting current at a microelectrode. Each value is the average of three 
repeats and the error the standard deviation.  

Solvent εr
a η / 

mPa s 
D / 10− 5 cm2 s− 1    

DMFcd DMFc+ Cc+d [SbCl4]− [BiCl4]−

DCM 8.9 0.41a 1.68(2) 1.21 
(3) 

1.35 
(1) 

0.83(7) 0.73(3) 

TFT 9.2 0.47b 1.18(3) 0.76 
(1) 

0.38 
(2) 

– – 

oDCB 9.9 1.32a 0.52(1) 0.35 
(1) 

0.24 
(1) 

0.18(1) 0.19(1) 

pFT 5.9 0.62c 1.10 
(11) 

0.47 
(2) 

0.31 
(3) 

– – 

CB 5.6 0.76a 0.87(3) 0.46 
(1) 

0.32 
(2) 

– – 

DCE 10.4 0.78a 0.88(3) 0.53 
(1) 

0.61 
(3) 

0.43(1) 0.37(2)  

a Ref. [26]. 
b Ref. [27]. 
c Ref. [28]. 
d Ref. [1]. 
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can be seen, Dexp(DMFc) matches closely with Dmax, suggesting that for 
DMFc, β ≈ 4 and rS ≈ rvdW. This can readily be rationalised since β ap-
proaches four as the radius of the solvent molecule and the diffusing 
particle become similar in size. Taking the radius of DCM as 2.5 Å for 
example [5], this is similar to the vDW radius for DMFc of 4.2 Å (see SI). 
Additionally, rS is typically found to be close to rvdW for small, compact 
molecules [12]. 

This approach to analysing the diffusion coefficient makes no as-
sumptions about β or r and so avoids any of the uncertainties associated 
with these values, whilst also giving insight into the size of the particle in 
solution and its interaction with the solvent. It also emphasises the 
importance of considering modifications to the Stokes-Einstein equation 
when analysing diffusion coefficients. Often, rS is calculated from the 
slope of the Stokes-Einstein plot, if β was taken as six then this would 
lead to a misleading value of rS for DMFc. 

To prove that the approach outlined above is a useful method of 
analysis rather than simply fortuitous agreement for the solvents studied 
here, diffusion coefficients of DMFc in different solvents were compiled 

from the literature and plotted along with their Dmin and Dmax, in Fig. 4. 
The values are tabulated in Table S7. As can be seen, excepting a few 
outliers, all the reported values for the diffusion coefficient of DMFc lie 
within Dmin and Dmax. The three data points with the largest discrepancy, 
one for THF and two from DCM, are all from the same source, Ref. [32], 
suggesting there may have been a systematic difference in the mea-
surement of D. 

It is noteworthy that where there are multiple data points for the 
same solvent that, even for DMFc a relatively simple system, a large 
variation in D is observed in the literature values determined electro-
chemically. This emphasises the importance of careful attention to de-
tails including temperature control, accurate measurement of electrode 
dimensions and solute concentration. It is also worth pointing out that 
the use of microelectrodes, as opposed to macrodisc cyclic voltammetry, 
avoids problems of iR drop and gives currents that are proportional to D 
rather than to D1/2. 

It is also interesting to investigate the diffusion of charged species to 
study any changes in behavior as a result of ion formation. The cationic 

Fig. 1. Representative microelectrode voltammograms for 1 mM DMFcPF6 with 100 mM [NnBu4]Cl at a Pt WE. Potential scanned in the direction of the arrows at a 
sweep rate of 5 mV s− 1. CE: Pt grid, DCM, oDCB, DCE: Ag/AgCl RE, TFT, pFT, CB: Pt QRE. Black: r = 5 µm, red: r = 12.5 µm, blue: r = 25 µm. 
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metallocenes, decamethylferrocenium hexafluorophosphate (DMFcPF6) 
and cobaltocenium hexafluorophosphate (CcPF6) were initially used for 
this purpose. Stokes-Einstein plots for both, along with Dmin and Dmax 
are shown in Fig. 5. For DMFc+ the same Dmin and Dmax as DMFc was 
used, and details for Cc+ can be found in the SI. Clearly, the situation is 
different for charged species, and linear Stokes-Einstein behavior is no 
longer observed for DMFc+ nor Cc+. The measured diffusion coefficients 
for both redox couples are now lower than their minimum theoretical 
value of Dmax. A dramatic increase in viscosity as a result of the addition 
of the redox couples at these concentrations (100 mM) is not plausible. 
Therefore, it appears that the radius of the diffusing species, rS, is larger 
than that predicted by theory. 

There are no major changes to the structure of DMFc and Cc upon 
oxidation, except for the fact that they are now charged. Therefore, the 
most plausible explanation for rS to be greater than expected is the 
presence of ion pairing. If DMFc+ and Cc+ were associating with the Cl−

or [BF4]− ion then this would form a larger diffusing particle. This is 
reasonable when considering the low polarity of the solvents, where the 
degree of ion pairing is expected to be high. DMFc+ was found to have a 
lower diffusion coefficient than DMFc in DCM by Goldfarb and Corti, in 
agreement with the results presented here [25]. Conductivity mea-
surements in the literature also indicate the presence of ion pairing in 
these solvents. The association constant, KA, describes the position of the 
equilibrium between free ions and ion pairs. The greater KA is above 1, 
the more that ion pairs are favoured in the electrolyte. Table S9 shows a 
compilation of relevant association constants from the literature. KA is 
significantly greater than 1 for all the electrolytes where data is avail-
able, therefore clearly showing that a significant fraction of ions can be 
expected to be paired in the solvents studied here. 

The presence of triple ions is also possible. Fuoss [33] provided a rule 
of thumb for the maximum concentration, cmax, at which only ion pairs 
are expected for a symmetrical electrolyte, and above which triple ions 
could be expected to be observed: 

cmax = 1.2x10− 14(εrT)3 (5)  

taking the largest dielectric constant of 10.4 for DCE at 298 K gives cmax 
of 0.4 mM. This is of a similar order to the concentrations used here, 
meaning the presence of triple ions in these solvents is probable. The 
measured diffusion coefficients can then be considered as a weighted 
average of the diffusion coefficient of all forms of the electroactive 
species in solution. 

The presence of any ion pairs or triplets can be explored by calcu-
lating rS from the diffusion coefficients of DMFc+ and Cc+. This was 
achieved by taking β as 4 (a reasonable assumption considering the data 
for DMFc above) and results are given in Table 2. These values represent 
an upper bound for rS, since β would increase above 4 if it was estimated 
using the radii of the diffusing particle and the solvent. Using 0.48 nm as 
a value of r(DMFc+) and r(Cc+) as 0.38 nm (see SI), and also r(Cl− ) as 
0.18 nm and r([BF4]− ) as 0.23 nm (Ref. [34]), the approximate size of an 
ion pair can be estimated (Table 2). The experimental rS can then be 
compared with the radii of the bare ions and also the ion pair. For 
DMFc+ and Cc+ in DCM, rS is in between the free ion and the estimate for 
the ion pair, suggesting that here the ions exist as a mixture of both 
forms. For DMFc+ in oDCB, and also both species in DCE, rS is similar to 

Fig. 2. Limiting currents for 1 mM DMFcPF6 at Pt microelectrodes of radii r =
5 µm, 12.5 µm and 25 µm. Black: DCM, red: TFT, blue: oDCB, green: pFT, 
brown: CB, purple: DCE. 

Fig. 3. Stokes-Einstein plot of experimental diffusion coefficients for DMFc in 
weakly coordinating solvents at 25 ◦C along with simulated Dmin and Dmax. 
Black: Dexp, red: Dmin, blue: Dmax. 

Fig. 4. Stokes-Einstein plot of experimental DMFc diffusion coefficients nor-
malised with respect to temperature compiled from the literature together with 
calculated Dmin and Dmax values.  See text for details of Dmin and Dmax, and SI for 
compilation. Black: Dexp, red: Dmin, blue: Dmax. 
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the estimate for the size of the ion pair so these are probably mostly 
present in the form of ion pairs. rS is then greater than the ion pair radius 
in the remaining electrolytes, which could point to the presence of triple 
ions. It is noticeable that rS for Cc+ is larger than that for DMFc+ in 

oDCB, CB, TFT and pFT consistent with greater ion association for the 
smaller, and therefore higher charge density, Cc+ ion. It must also be 
noted that interpretation of Stokes radii in this way must be done with 
caution and care must be taken not to over interpret the data [35]. 

Fig. 6 shows Stokes-Einstein plots for [SbCl4]− and [BiCl4]− in the 
three solvents. Also shown are their simulated Dmax and Dmin values. 
rvdW and rcrs were not available for either metal complex so the McGo-
wan radius, rMcG, from the McGowan volume was used instead [26]. This 
is an intrinsic volume based upon the additive volumes of the constit-
uent atoms and is intermediate between rvdW and rcrs [26]. The simu-
lated Dmax and Dmin are given in Table S6. 

The plots in Fig. 6 appear linear, however the intercept is much less 
than zero, suggesting that the precursors are not behaving according to 
the Stokes-Einstein equation. Furthermore, as was the case for the 
cationic species above, Dexp of these anionic complexes is lower than the 
simulated Dmin, indicating that rS is greater than expected. This can be 
attributed to the presence of ion pairing once again, where now the 
anions are paired with the [NnBu4]+ cation. The formation of chloride 

Fig. 5. Experimental Stokes-Einstein plots for (a) DMFcPF6 and (b) CcPF6 at 25 ◦C along with simulated Dmax and Dmin for Cc+ and DMFc. Black: Dexp, red: Dmin, 
blue: Dmax. 

Table 2 
The Stokes radii, rS, of  DMFc+ and Cc+, determined from diffusion coefficients, 
and an estimate of the size of an ion pair for each species.  

Solvent rS(DMFc+) / 
nm 

rS(Cc+) / 
nm 

Estimated radius 

DCM 0.60 0.54 r(DMFc+) 0.48 nm 
r(DMFc+ + Cl− ) 
0.66 nm  

r(Cc+) 0.38 nm  
r(Cc+ + Cl− ) 
0.56 nm 

oDCB 0.65 0.94 
DCE 0.72 0.63      

TFT 0.77 1.54 r(DMFc+) 0.48 nm 
r(DMFc+ + [BF4]− ) 
0.71 nm 

r(Cc+) 0.38 nm  
r(Cc+ + [BF4]− ) 
0.61 nm 

pFT 1.02 1.52 
CB 0.85 1.22  

Fig. 6. Experimental Stokes-Einstein plots for (a) [NnBu4][SbCl4] and (b) [NnBu4][BiCl4] in DCM, oDCB and DCE at 25 ◦C along with simulated Dmax and Dmin. Black: 
Dexp, red: Dmin and blue: Dmax. 
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bridged dimers and higher oligomers of the metal complexes in solution 
is also possible [36], and has been observed previously in crystal 
structures of the chlorometallate salts [37,38]. These would be in 
equilibrium with the monomer and could also cause a larger than pre-
dicted diffusing species, similar to ion pairing. Although the two effects 
are likely to be indistinguishable from each other with diffusion coef-
ficient measurements. 

5. Conclusion 

This work used electrochemical methods to measure the diffusion 
coefficients of neutral, cationic and anionic redox couples in weakly 
coordinating solvents. The resulting values were then analyzed using the 
Stokes-Einstein equation, and plots of D vs. η− 1. For the neutral DMFc, a 
linear plot was observed, indicating that the Stokes-Einstein equation 
was obeyed. The theoretical upper and lower bounds, Dmax and Dmin, 
respectively, were also calculated and compared to the experimental 
values. The experimental measurements were similar to Dmax and it was 
possible to conclude that rS(DMFc) was close to rvdW in these solvents, 
and that the particles moved through the solvent with ‘slipping’ motion. 
This approach allows analysis of diffusion coefficients, and the com-
parison of theory with experiment, whilst avoiding the assignment of 
definite values to the radii of the solvent or particle in solution, which 
can often be uncertain. 

The cationic DMFc+ and Cc+, and the anionic [SbCl4]− and [BiCl4]−

were also studied. In contrast with neutral DMFc, these charged species 
had diffusion coefficients that were less than their theoretical lower 
bound. Due to the low polarity of the weakly coordinating solvents, this 
was attributed to a larger than expected rS caused by ion pairing with the 
anions or cations of the supporting electrolyte. 

When interpreting diffusion coefficients with the Stokes-Einstein 
equation, it is clearly essential to consider its modifications in order to 
properly understand diffusion behavior and draw robust conclusions. 
Improper consideration of them has the potential to lead to the calcu-
lation of erroneous values for rS, which can lead to misinterpretation of 
the size of the diffusing species in solution. It is also important for the 
calculation of accurate diffusion coefficients to ensure that the electrode 
size and solute concentration are properly measured. 

Conceptually, radii taken from the partial molar volume, Vm,i, would 
appear to be the most accurate measure of the size of a species, since this 
is its volume contribution measured at exactly the same electrolyte 
composition as that used to measure the diffusion coefficient [39]. 
Knowledge of this would negate the approach using rvdW and rcrs and 
would improve the accuracy of diffusion coefficient predictions. How-
ever, Vm,i is an experimentally derived parameter that is difficult to 
measure and also to predict. Furthermore, ideally an exact value for β 
would be calculated, however finding a consistent method of measuring 
the sizes of organic molecules, metal complexes and salts is not a simple 
task. Meaning it is difficult to obtain uniform values of the radius of the 
solvent as well as the electroactive species. Some of the solvent mole-
cules are also aromatic, and so disc shaped rather than spherical. Their 
size would most accurately be described by two axes, and it is currently 
not possible to incorporate this into the available methods of estimating 
β. 
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