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ABSTRACT: Nickel(II) diethyldithiocarbamate, NiII(dtc)2, is known to undergo a 2e− ligand-coupled electron transfer (LCET)
oxidation to form [NiIV(dtc)3]+. However, the thermodynamics and kinetics of this 2e− process can be greatly affected by solvent
coordination. For low coordinating solvents like acetonitrile and acetone, 2e− oxidation is observed via cyclic voltammetry (CV) at a
single potential while stronger coordinating solvents like methanol, N,N-dimethylformamide, dimethyl sulfoxide, and pyridine exhibit
a 1e− oxidation wave by formation of [NiIII(dtc)2(sol)x]+ intermediates. The decay of these complexes to eventually yield
[NiIV(dtc)3]+ was monitored as a function of CV scan rate and temperature to extract rate constants and activation parameters. A
thorough analysis of activation parameters revealed that ΔHapp

⧧ generally increased with solvent coordination ability, suggesting
solvent dissociation was a key factor in the rate limiting step. However, ΔSapp⧧ was found to be negative for all solvents, suggesting an
associative mechanism in line with dimer formation with NiII(dtc)2 to facilitate ligand exchange. Density function theory calculations
supported the competitive nature of dissociative and associative steps. Using these calculations, we propose two paths for decay of
[NiIII(dtc)2(sol)x]+ species based on the coordination strength of the solvent. These studies point to the ability of solvents to either
aid or hinder multielectron LCET reactions.

■ INTRODUCTION
Ligand-coupled electron transfer (LCET) is a key factor which
governs multielectron redox chemistry in transition metal
complexes. LCET drives these multielectron oxidation and
reduction reactions by changes in coordination environment
around the metal, which shifts the one-electron redox couples
into a state of potential inversion.1−9 For example,
[NiII(bpy)3]2+, where bpy = 2,2′-bipyridine, experiences a
two-electron reduction to Ni0(bpy)2 at −1.65 V, accompanied
by the detachment of one bpy ligand, thus reducing the
coordination number from six to four.8 Another example
involves the intramolecular oxidation of Pt(II) to Pt(IV) in the
complex [Pt(tpy)(NCN)]+, where tpy is 2,2′;6′,2″-terperidine
and NCN− is 1,3-bis(piperidylmethyl)benzene anion.10 In the
Pt(II) state, the tethered piperidyl ligands are uncoordinated to
the metal center, resulting in a four-coordinate square planar
geometry. Oxidation to Pt(IV) coincides with coordination of
the piperidyl groups to increase the coordination number from
four to six. In all known examples of two-electron LCET
reactions, the coordination number around the metal center
increases upon oxidation and decreases upon reduction.
However, LCET does not always result in multielectron

transfer reactions. Many more examples exist in which ligand
association, dissociation, and isomerization reactions simply
shift the potentials of one-electron redox couples but do not
result in potential inversion.11,12

Coordinating solvents can also play a significant role in
LCET reactions as potential ligands for undercoordinated
metal centers, and thus solvent dependent electrochemistry of
transition metal complexes have been reported for different
ligand environments.13−22 Based on a simple thermochemical
cycle, a larger equilibrium constant for solvent coordination in
the oxidized state of a metal center versus its reduced state will
result in a negative shift of the reduction potential for the
solvent bound species with respect to the unbound complex.
Simply put, the coordination of solvent can easily be studied by
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measuring the shift in reduction potential for a given redox
couple as a function of the solvent type.
NiII(dtc)2, where dtc− is N,N-diethyldithiocarbamate, is a

molecule which displays multielectron redox activity controlled
by LCET in which NiII(dtc)2 is oxidized by two-electrons
(2e−) to yield [NiIV(dtc)3]+ (eq 1). The ligand-coupled
activity arises from the conversion of the four-coordinate
Ni(II) complex to the six-coordinate Ni(IV) complex through
addition of a third dtc− ligand. The electrochemistry of this
complex and other nickel dithiocarbamate complexes was first
studied in acetone (Ac) by Hendrickson and co-workers and in
acetonitrile (MeCN) by Lachenal.23,24 Both studies showed
that while oxidation by 2e− from Ni(II) to Ni(IV) in these
solvents occurred at a single potential, the reduction reaction
was divided into two 1e− steps at different potentials (Figure
1), corresponding to reduction from Ni(IV) to Ni(III) and
Ni(III) to Ni(II).

3/2Ni (dtc) Ni (dtc) 1/2Ni 2eII
2

IV
3

II[ ] + ++
(1)

Our research group has further studied the electrochemistry
of NiII(dtc)2 in MeCN to investigate LCET reactivity as a
means of understanding its role in 2e− redox cycles of
transition metal complexes.25−27 Through digital simulations
of the cyclic voltammetry (CV) data, we have proposed a
thermochemical cycle shown in Figure 2 to summarize the

overall redox cycle. Oxidation from NiII(dtc)2 to [NiIV(dtc)3]+
proceeds through a formal ECE/DISP process in which 1e−

oxidation first produces [NiIII(dtc)2]+ (E step, eq 2), followed
by conversion to NiIII(dtc)3 (C step, eq 3), and finally one-
electron oxidation to [NiIV(dtc)3]+ (E step, eq 4). The
equilibrium constant for eq 3 was estimated to be K = 0.3
based on digital simulations of CV data and it was determined
that disproportionation (DISP) of [NiIII(dtc)2]+ and
NiIII(dtc)3 according to eq 5 was the most likely pathway for
production of [NiIV(dtc)3]+, as opposed to direct oxidation of
NiIII(dtc)3 by the electrode. This mechanism is formally
classified as DISP1, where the conversion of [NiIII(dtc)2]+ to
NiIII(dtc)3 via eq 3 is rate limiting and the kinetics for
disproportionation via eq 5 are much faster. Furthermore, this
mechanism is also termed a radical substrate dimerization
where the radical ([NiIII(dtc)2]+) reacts with another
equivalent of the substrate (NiII(dtc)2) during the rate limiting
chemical step.28

In contrast, reduction of [NiIV(dtc)3]+ upon reversing the
polarization proceeds through an EEC pathway in which the
stability of NiIII(dtc)3 results in the second reduction to
[NiII(dtc)3]− followed by loss of the dtc− ligand to yield
NiII(dtc)2. Despite the complexities of the overall redox cycle,
the chemical reversibility upon cycling between Ni(II) and
Ni(IV) oxidation states is remarkably high, resulting in no
significant loss of NiII(dtc)2 following multiple bulk electrolysis
cycles. Recent results from our group have even shown the
utility of this redox cycle toward energy storage in redox-flow
batteries, where the Ni(IV/II) redox couple underwent 50
cycles over a 24 h period with no significant loss in storage
capacity, in addition to application in dye-sensitized solar cells
as a redox mediator.26,29

ENi (dtc) Ni (dtc) e 0.25 VII
2

III
2 1

o[ ] + =+ (2)

K

Ni (dtc) 1/2Ni (dtc) Ni (dtc) 1/2Ni

0.3

III
2

II
2

III
3

II[ ] + +

=

+

(3)

ENi (dtc) Ni (dtc) e 0.24 VIII
3

IV
3 4

o[ ] + =+

(4)

K

Ni (dtc) Ni (dtc) Ni (dtc) Ni (dtc)

2 10

III
2

III
3

II
2

IV
3

DISP
8

[ ] + + [ ]

= ×

+ +

(5)

Much of the thermodynamic and kinetic analysis of the
redox cycle was gleaned from studies with added pyridine (Py)
in the electrolyte solution.25,27 Pyridine was found to
coordinate strongly to the [NiIII(dtc)2]+ intermediate state to
produce five-coordinate [NiIII(dtc)2(Py)]+ and six-coordinate
[NiIII(dtc)2(Py)2]+ species which further slowed the kinetics
for conversion to NiIII(dtc)3. Even with slower kinetics,
conversion to NiIII(dtc)3 and eventually [NiIV(dtc)3]+ was
still observed; however, these experiments provided an
opportunity to measure the kinetics for decay of the Py
bound species on the CV time scale. [Py] dependent studies
further pointed to pyridine dissociation as a key part of the
rate-limiting step.
Our previous studies indicate that coordination of ancillary

ligands to the [NiIII(dtc)2]+ intermediate can have marked
effects on the redox cycle, such that MeCN solvent may even
play a role in determining electrochemical behavior. Given the
weaker coordination strength of MeCN vs Py, we believe that
MeCN is able to dissociate more easily from the Ni(III) metal

Figure 1. CV of 1 mM NiII(dtc)2 with 0.1 M TBAPF6 in MeCN at a
scan rate of 1000 mV/s. Inset shows redox cycle with chemical
structures of Ni(II), Ni(III), and Ni(IV) species.

Figure 2. Thermochemical cycle summarizing the nickel-dithiocarba-
mate redox cycle in MeCN solvent. Redox potentials reported versus
Fc+/0.
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center and allow for faster rates of conversion to [NiIV(dtc)3]+
via eqs 3−5, resulting in a 2e− oxidation wave. To test this
hypothesis, we report here the electrochemistry of NiII(dtc)2 in
a range of coordinating and noncoordinating solvents to
measure the kinetics for conversion of the solvent (sol)
coordinated [NiIII(dtc)2(sol)x]+ to [NiIV(dtc)3]+. Analysis of
these kinetics as a function of temperature provided estimates
of the apparent activation enthalpies (ΔHapp

⧧) and entropies
(ΔSapp⧧) for each solvent. Using these values and accompany-
ing density function theory (DFT) calculations, we discuss
possible associative and dissociative pathways for conversion of
Ni(III) to Ni(IV) along the two-electron path.

■ EXPERIMENTAL SECTION
Synthesis and Characterization of NiII(dtc)2. Nickel(II)

diethyldithiocarbamate was synthesized following a previously
described method.24,25 Briefly, 2 equiv of sodium diethyldithiocarba-
mate trihydrate (Sigma, >99.0%) was added to 1 equiv of nickel(II)
chloride hexahydrate (Alfa Aesar, 98%) dissolved in Millipore water.
A green solid formed immediately and was filtered under vacuum and
washed several times with Millipore water and ethanol (200 Proof
Pure Ethanol, KOPTEC). The solid was then dried and kept in a
vacuum oven at 60 °C until further use.
Electrochemistry. The supporting electrolyte, n-tetrabutylammo-

nium hexafluorophosphate (TBAPF6; Sigma-Aldrich, 98%) was
recrystallized from ethanol, then dried under vacuum, and stored in
a vacuum oven. A WaveDriver 20 bipotentiostat (Pine Research) was
used for electrochemistry experiments with a three-electrode setup
which contained a glassy-carbon-disk working electrode (Pine
Research, 5 mm diameter), a Ag wire nonaqueous reference electrode
(BASi Instruments), and a coiled platinum wire counter electrode
(Pine Research). Solvents for electrochemical studies included:
acetonitrile (MeCN, Sigma-Aldrich HPLC Plus 99.9%), acetone
(Ac, VWR Chemicals 99.5%), methanol (MeOH, VWR Chemicals
HPLC grade), N,N-dimethylformamide (DMF, Sigma-Aldrich anhy-
drous 99.8%), dimethyl sulfoxide (DMSO, Sigma-Aldrich anhydrous
99.9%), pyridine (Py, Sigma-Aldrich anhydrous 99.8%), dichloro-
methane (DCM, VWR Chemicals 99.5%).

A unique reference electrode was prepared for each solvent which
contained a Ag wire immersed in a solution of 0.1 M TBAPF6 in the
respective solvent in order to minimize liquid/liquid junction
potentials at the reference electrode frit. The addition of a Ag+ salt
to the reference electrode was avoided because leakage of Ag+ ions
into the main electrochemical cell has been observed to result in
disturbances of the NiII(dtc)2 electrochemistry. Reference electrodes
were calibrated before and after each experiment using ferrocene (Fc;
Alfa Aesar, 99%) as an external standard.

All electrochemistry experiments were performed with 0.1 M
TBAPF6 in the respective solvents with continuous purging of N2 for
bubbling the solution before CV scans and the cannula was kept
above the solution in the cell while performing CV scans. Before each
experiment, the glassy carbon working electrode was polished with
0.05 μm water−alumina slurry (Allied High Tech Products Inc.,
deagglomerated). Temperature control of the electrolyte solution was
achieved using a jacketed electrochemical cell (Pine Research)
connected to a temperature-controlled water circulator (Julabo,
model 601F). A thermometer was placed inside the electrochemical
cell to make sure the temperature inside the solution matched the
desired temperature. In all CV experiments, the potential was cycled
from an initial potential of −1.1 V vs Fc+/0 in a positive direction for a
total of three cycles. The data shown throughout the text and
Supporting Information is that of the third cycle. All experiments were
performed after compensating for the internal solution resistance. All
experiments were performed in triplicate with averages and standard
deviations of kinetic measurements.

Electrochemical Modeling. CV simulations for model working
curves and experimental data were generated using DigiElch 8
software. Complete details are provided in the Supporting
Information.

DFT Calculations. Chemical structures were first modeled using
Avogadro software and then optimized using Gaussian 1630 software
with a 6-31+G* basis set, and MN15 functional. A self-consistent
reaction field (SCRF) with SMD option was used to model different
solvent environments. Optimizations were performed with the
Alabama Supercomputer.

■ RESULTS AND DISCUSSION
Figure 3a shows cyclic voltammograms (CVs) obtained for 1
mM NiII(dtc)2 with 0.1 M TBAPF6 in a range of solvents.
Here, the anodic and cathodic peak positions as well as the
reversibility of each redox wave changes in each solvent
environment. Table S1 provides a summary of all peak
potentials and peak currents for each solvent at a scan rate of v
= 100 mV/s. The solvent dependence for the oxidation of
NiII(dtc)2 is proposed to be due to the coordination ability of
the solvent, with more strongly coordinating solvents
producing a larger negative shift in the anodic peak. This has
been discussed in detail in our previous work on titrations of
different pyridine derivatives where the redox wave shifted
according to the concentration of the pyridine and the
equilibrium constant for coordination to the [NiIII(dtc)2]+
intermediate.25,27 A similar proposition is presented here,
where any solvent may coordinate to [NiIII(dtc)2]+ and shift
the redox wave according to its binding strength. Equations
6−8 describes this process whereby Esol represents the solvent-

Figure 3. (a) CV data for 1 mM NiII(dtc)2 at 100 mV/s measured in a range of solvents. In all cases, 0.1 M TBAPF6 was used as supporting
electrolyte. (b) Epa and E1/2 versus the solvent coordination power.
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shifted redox potential and Eo is the standard potential for the
[NiIII(dtc)2]+/NiII(dtc)2 couple in the absence of solvent
coordination. Given that some solvents produce an irreversible
wave, the anodic peak potential (Epa) was used to monitor this
shift. Figure 3b shows a plot of Epa (and E1/2 when available)
versus the coordination power of each solvent as determined
by Munakata et al. for coordination to Ni(II) ions.31

Coordination power is a logarithmic ratio of the coordination
ability of a given solvent relative to that of MeCN with values
of −0.48 (Ac), 0.00 (MeCN), 0.11 (MeOH), 0.72 (DMF),
1.24 (DMSO), and 2.24 (Py). This scale is qualitatively similar
to the donor number scale developed by Gutmann for solvent
coordination to the hard acid antimony(V) chloride,32 but is
more specific to the intermediate acidity of nickel ions. For
comparison, Figure S1 shows Epa and E1/2 plotted versus the
solvent donor number. The observation that Epa (and E1/2) was
shifted to more negative potentials with increased coordination
power is expected based on the solvent coordination argument.

x KNi (dtc) sol Ni (dtc) (sol)x
III

2
III

2 sol[ ] + [ ]+ + (6)

x ENi (dtc) sol Ni (dtc) (sol) ex
II

2
III

2 sol+ [ ] ++

(7)

E E F K(RT/ ) ln( sol )x
sol

o
sol= [ ] (8)

In the case of noncoordinating DCM, we observed two
irreversible oxidation waves in sequence. Based on the
thermochemical cycle in Figure 2, we believe this result
indicates oxidation along the bottom horizontal path with the
first oxidation being consistent with oxidation at the standard
value Eo represented in eq 8. Although this peak is highly
irreversible, a small shoulder cathodic peak was observed at Epc
= 0.12 V, resulting in an E1/2 = 0.18 V vs Fc+/0. The similarity
of this value to oxidation peaks inMeCN and Ac suggests weak
binding of these solvents. Notably, the value of E1

o = 0.25 V
given in eq 2 and Figure 2 was derived from simulations of the
CV data in MeCN solvent and is very close to the E1/2 = 0.18
V determined for DCM solvent.25

The second oxidation peak observed in DCM is proposed to
result in a doubly oxidized [Ni(dtc)2]2+ species. We hesitate to
assign [Ni(dtc)2]2+ to a Ni(IV) oxidation state as all other
literature examples of Ni(IV) have exhibited high coordination
numbers with only a few exceptions of organometallic four-
coordinate species.33,34 It is more likely that oxidation of the

sulfur atoms on the dtc− ligand or a combination of metal and
ligand-based redox activity is responsible for this wave.
Regardless, the doubly oxidized species still appears to convert
to the ultimate [NiIV(dtc)3]+ as evidenced by the cathodic
waves at −0.43 and −0.92 V, which are similar to those
observed in other solvents when [NiIV(dtc)3]+ was produced.
Therefore, the oxidation mechanism in DCM appears to be
EEC, as opposed to the ECE mechanism established for
MeCN. We note that DCM was the most difficult solvent to
achieve reproducible results and while it serves as an
interesting counterpoint to the other coordinating solvents,
we did not pursue further studies on the kinetics of Ni(III)
intermediates as was done for other solvents.
The reversibility of the solvent coordinated redox wave also

trended toward higher reversibility with more strongly
coordinating solvents. The new cathodic peak which emerged
in the case of MeOH, DMF, DMSO, and Py is assigned to
reduction of [NiIII(dtc)2(sol)x]+ back to NiII(dtc)2 coupled
with dissociation of the solvent. For irreversible oxidation
peaks like those observed in MeCN and Ac, we believe the
solvent bound Ni(III) intermediates are too short-lived to be
observed at this scan rate, and thus quickly convert to
[NiIV(dtc)3]+.
Figure 4 shows scan rate dependent CV data for 1 mM

NiII(dtc)2 in MeCN and MeOH from v = 50 to 5000 mV/s at
25 °C. Note that the current axis has been normalized by v1/2
to better show the changes in reversibility of the solvent
coordinated Ni(III/II) wave as a function of scan rate. In
MeCN, a small reduction peak at 0.25 V appeared at high scan
rates, assigned to reduction of the solvent bound
[NiIII(dtc)2(MeCN)x]+ species. Likewise a slight decrease in
the current observed at high scan rates for the Ni(IV/III)
reduction at −0.28 V is due to a lower concentration of
[NiIV(dtc)3]+ being produced at high scan rates. These
observations are replicated and magnified in the case of
MeOH, where the cathodic peak current near 0.25 V assigned
to reduction of [NiIII(dtc)2(MeOH)x]+, is much larger than
was observed for MeCN and clearly contains an inverse
relationship as a function of scan rate with respect to the
cathodic peak current for the Ni(IV/III) wave at −0.20 V.
These data reinforce our previous results from Py titration

studies in MeCN in which Py coordination to the Ni(III)
intermediate decreased the rate of [NiIV(dtc)3]+ formation.25,27

Here, the result is shown to be general for any coordinating

Figure 4. Scan rate normalized CVs of 1 mM NiII(dtc)2 in (a) MeCN and (b) MeOH at 25 °C. 0.1 M TBAPF6 used as supporting electrolyte.
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solvent with the attenuated rate dependent on the solvent
coordination ability. In our previous work, we measured the
observed rate constant (kobs) using the ratio of the peak
currents (−ipc/ipa) for the solvent coordinated Ni(III/II) redox
wave as a function of scan rate. In the present study, we
employed a similar strategy to measure kobs in pure solvents as
a function temperature to extract activation parameters related
to each solvent. Temperature dependent CV experiments were
performed in triplicate using 5 °C intervals from 25−60 °C,
except for Ac (25−50 °C), with varied scan rate (Figures S2−
S7). For all solvents, an increase in temperature corresponded
with a decrease in reversibility of the [NiIII(dtc)2(sol)x]+/
NiII(dtc)2 redox couple, as indicated by a decrease in |ipc| and
increase in ipa, thus lowering the −ipc/ipa ratio. Figure 5 shows
representative data for MeOH and pyridine at v = 200 mV/s
for the range of temperatures studied. Similar figures for other
solvents are presented in Figure S8. In the case of MeOH, the
downward arrow shown in the figure is meant to indicate that
the cathodic current for reduction of [NiIII(dtc)2(MeOH)x]+
decreased at higher temperatures while the upward arrow
indicates cathodic current for reduction of [NiIV(dtc)3]+
increased. Data for DMF and DMSO show similar results
and reinforce the assignment of a kinetic process which
converts [NiIII(dtc)2(sol)x]+ into [NiIV(dtc)3]+ on the CV time
scale. In the case of Py, the solvent coordinated Ni(III/II)
redox couple is shifted negatively to the point of overlapping

the [NiIV(dtc)3]+ reduction peak; however, our previous results
for low [Py] in MeCN show similar results as MeOH, DMF,
and DMSO, in which the two reduction peaks are separated
and a clear inverse relationship can be observed.25,27

Figure 6 shows representative plots of −ipc/ipa vs log(v) for
(a) MeOH and (b) Py at different temperatures. Similar data
for DMF and DMSO are shown in Figures S9. Note that −ipc
and ipa were extracted from raw peak currents without
subtraction of nonfaradaic background currents. We have
found that subtracting nonfaradaic currents can be highly
subjective depending on how the linear extrapolation of
nonfaradaic current is performed, especially in the case of the
return wave (−ipc). The end result is that −ipc/ipa maxima are
well below the expected value of 1 even though ratios observed
at high scan rates reach near constant values, consistent with
reversible behavior. Although temperature and scan rate
dependent CV data were collected for MeCN and Ac, the
irreversibility of their redox waves precluded the determination
of −ipc/ipa ratios that could be analyzed over a wide range of
scan rates.
Figure 6 shows that the −ipc/ipa ratio increased with higher

scan rates. This result is consistent with an ECE mechanism in
which the −ipc/ipa ratio represents the chemical reversibility of
the first E-step. Higher scan rates thus result in a more
appreciable reduction of [NiIII(dtc)2(sol)x]+ by limiting the
time for the intermediate C-step to occur. Each temperature

Figure 5. Temperature dependent CVs of 1 mM NiII(dtc)2 in (a) MeOH and (b) Py at v = 200 mV/s. 0.1 M TBAPF6 used as supporting
electrolyte.

Figure 6. −ipc/ipa vs log(v) plots used for determination of kobs in (a) MeOH and (b) Py. Dashed lines indicated fits to eq 9 with kobs determined
from eq 10.
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yielded a different sigmoidal curve for the increase in current
ratio with scan rate and thus reflects a change in the kobs for the
C-step. Higher kobs values are represented by curves which are
shifted toward higher scan rates.
Observed rate constants for each temperature were

calculated by two methods: (1) an empirical fitting analysis
of the −ipc/ipa curve and (2) digital simulations of CV data.
Each of these methods represents different levels of rigor
required for extraction of kobs values with pros and cons to each
approach. As will be discussed below, the −ipc/ipa analysis
offers a quick way to measure kobs with little, but important,
assumptions about the redox system. On the other hand, CV
simulations provide a thorough analysis of the entire
voltammogram; however, they require multiple chemical
reactions to properly execute, each with their own list of
floating parameters and thus multiple ways to achieve a best fit.
In our previous work, a working curve analysis of the −ipc/ipa

curve was employed to extract values of kobs for different
concentrations of Py. A working curve was developed from
digital simulations of CVs collected in MeCN as a function of
scan rate using a standard rate constant (kobs = 1 s−1) for the
C-step reaction. The working curve was then shifted
horizontally along the x-axis until visual alignment with the
data points was achieved. The amount to which the data was
shifted was then used to calculate kobs. This method is common
to the field of mechanistic electrochemistry; however, the
fitting procedure is inherently subjective as it does not employ
a statistical, iterative fitting analysis and relies on the scientist
to make their best judgment on the quality of the fit.
Furthermore, unique working curves must also be generated
for different mechanisms (e.g., ECE, DISP1, and DISP2),
potential ranges, and electron transfer rate constants. As an
example, we generated 15 working curves for each of these
differences and found that while the curvatures of the −ipc/ipa
vs log(v) plots were constant for a DISP1 mechanism, the
maximum current ratio achieved at high scan rates was highly
dependent on the potential range and electron transfer rate
constants. These latter terms are subjective to the solvent and
temperature for each experiment and thus make it difficult to
generate unique working curves for each condition.
As an alternative approach, we fit the −ipc/ipa data using eq

9, which modeled the sigmoidal shape of the data and allowed
for iterative fitting methods to be applied. This empirical
analysis resulted in statistical values of the −ipc/ipa maximum

(max), the inflection point (m), and the width (w). The
dashed lines overlaid on the data in Figure 6 represent fits to
eq 9 where the max and m values were allowed to float to find
best-fit conditions while the width was held constant at w =
0.58. Comparisons of eq 9 with working curves derived for
specific mechanisms found that the width was constant for a
DISP1 mechanism with w = 0.58 (Figure S10). Our analysis of
the simulated working curves using eq 9 further found that
changes to the potential range (Figure S11), caused by shifts in
Epa with temperature and scan rate, was the most likely source
of changes in max with temperature, as observed for Py and
DMF. These changes could introduce errors of as much as
20% in the measurement of kobs.Ä
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The observed rate constants were then calculated using eq
10, where F is Faraday’s constant, R is the ideal gas constant, T
is temperature, m is the inflection point obtained from the fit,
and λm is the kinetic parameter at the inflection point. The
kinetic parameter for the C-step of an DISP1 mechanism is
defined as λ = kobsRT/Fv. This value changes with scan rate
and reflects the extent to which the C-step proceeds. For high
scan rates, λ is small and thus the C-step is less significant,
resulting in more reversible Ni(III/II) behavior. For low scan
rates, λ is large and the C-step is more prominent, resulting in
irreversible behavior. Given that the m value corresponds to a
specific scan rate (vm) at the inflection point [i.e., m = log(vm)],
a value of λm = 0.089 can be calculated from fits of the standard
working curve to eq 9 (See Supporting Information for further
details). Provided that the general mechanism does not change
with temperature, and thus the curvature of the −ipc/ipa data
remains constant, then λm = 0.089 will be applicable for any
temperature.
Digital simulations of the CV data as a function of

temperature and scan rate were also performed using a
DISP1 mechanism. The methods for these simulations are
described further in the Supporting Information. Figure 7
shows simulated CV data (dashed lines) overlaid on
experimental data (solid lines) obtained in MeOH and Py at
25 and 60 °C with v = 200 mV/s. Figures S12 show similar

Figure 7. Comparison of experimental and simulated CV data for 1 mM NiII(dtc)2 collected at 25 and 60 °C with v = 200 mV/s and 0.1 M
TBAPF6 in (a) MeOH and (b) Py.
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figures for DMF, DMSO, MeCN, and Ac. In all cases, digital
simulations of the data provided visual agreement with the
experimental CV data. Importantly, this agreement was
achieved over a wide potential range and contained multiple
redox features, not just the solvent-coordinated Ni(III/II)
redox feature.
Table 1 provides a summary of kobs values determined in

MeOH and Py for the C-step of the DISP1 mechanism using

−ipc/ipa analysis of the Ni(III/II) feature and CV simulations.
Rate constants for DMF, DMSO, MeCN, and Ac are shown in
Table S5. Rate constants obtained from −ipc/ipa analysis
represent the average from three, independent experiments in
which scan rate dependent CVs were collected over a range of
temperatures for each experiment. Rate constants obtained
from CV simulations were obtained from analyzing a single set
of experimental data. The data agree remarkably well at lower
temperatures with the −ipc/ipa analysis estimating slightly larger
kobs values at higher temperatures. Overall, the agreement
between the two methods shows that the −ipc/ipa analysis is an
accurate and simple method for estimating kobs without the
need for digital simulations of the entire CV. Notably, the CV
simulations also require a total of six reactions to achieve the
DISP1 mechanism, all of which come with their own
equilibrium constants and rate constants that increases the
error in the resulting kobs. Likewise, the generation of a working
curve also requires simulating CV data based on key
assumptions about the reaction steps. These results show
that by using the empirical analysis of −ipc/ipa data with eqs 9
and 10, kobs can be obtained with fewer assumptions.
Nonetheless, the −ipc/ipa analysis is inherently limited to the
ability to quantify the current ratio in an accurate manner.
Such requirements precluded us from being able to analyze
data fromMeCN and Ac, whereas CV simulations were able to
estimate kobs given the global nature of the fitting method.
Determination of Apparent Activation Parameters.

Figure 8 shows Eyring plots for kobs values used to extract
apparent activation parameters for all solvents. These plots also
show a comparison of fitting methods used to measure kobs
with both methods producing linear relationships of ln(kobs/T)
vs 1/T according to eq 11, where kB is Boltzmann’s constant,
and h is Planck’s constant. From these linear fits, values of
ΔHapp

⧧ and ΔSapp⧧ were extracted for each method, with the
−ipc/ipa analysis producing slightly larger ΔHapp

⧧ values and
slightly lower ΔSapp⧧ values than those determined from CV

simulations. Table 2 provides a summary of these apparent
activation parameters.
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We stress the apparent nature of these activation parameters
because of the inherent complexity of the C-step for the DISP1
mechanism. This mechanism is written formally in eqs 12−14
to aid in the discussion. From the C-step shown in eq 13, it is
clear that solvent dissociation from [NiIII(dtc)2(sol)x]+ is
required for the reaction to proceed; however, the addition of a
third dtc− ligand is also necessary to produce NiIII(dtc)3. These
reactions may occur sequentially or simultaneously, and thus
the rate limiting step for eq 13 is not straightforward.
Inspecting the activation parameters, the apparent enthalpy
of activation increased generally with the expected coordina-
tion strength of the solvent, although Py yielded a lower
ΔHapp

⧧ than DMSO for both kobs fitting methods. This
increase in ΔHapp

⧧ with coordination strength supports the
dissociative requirement of solvent being removed from
[NiIII(dtc)2(sol)x]+. However, the ΔSapp⧧ values were found
to indicate an overall associative mechanism for the rate
limiting step in all solvents for both methods in which kobs was
determined. This result suggests that association with
NiII(dtc)2 must also be involved.

xNi (dtc) sol Ni (dtc) (sol) e

E step
x

II
2

III
2+ [ ] ++

(12)

Ni (dtc) (sol) 1/2Ni (dtc) Ni (dtc)

1/2Ni (sol) C step
x

x

III
2

II
2

III
3

II

[ ] +

+

+

(13)

x

Ni (dtc) (sol) Ni (dtc) Ni (dtc)

Ni (dtc) sol DISP
x

III
2

III
3

II
2

IV
3

[ ] +

+ [ ] +

+

+
(14)

Figure 9 shows trends in the ΔHapp
⧧ and ΔSapp⧧ vs solvent

coordination power. As previously discussed, the coordination
power scale was developed specifically for solvent coordination
to nickel.31 Similar plots using the Gutmann donor number for
each solvent are shown in Figure S13. Both ΔHapp

⧧ and ΔSapp⧧

parameters follow a similar trend, regardless of the solvent
coordination scale, increasing generally with coordination
power but also showing a surprising decrease for Py. As stated
above, the increase in ΔHapp

⧧ with coordination power is
expected for solvent dissociation and would be expected to
trend in a more linear fashion if solvent dissociation were the
sole rate limiting step. The increase in ΔSapp⧧ with
coordination power suggests broadly that weaker coordinating
solvents allow for a more associative mechanism to proceed
while more strongly coordinating solvents trend in the
dissociative direction. The balance of these two parameters
suggests that there is no single rate limiting step in the reaction
mechanism. Instead, solvent dissociation and NiII(dtc)2
association may occur with similar activation energies and
therefore kobs is a mathematical combination of their individual
rate constants. Interestingly, the best trend for these activation
parameters is when ΔSapp⧧ is plotted versus ΔHapp

⧧ for the
range of solvents (Figure 10). Here, a linear trend is observed
where a smaller ΔHapp

⧧ resulted in a more associative ΔSapp⧧

and a larger ΔHapp
⧧ resulted in a less associative ΔSapp⧧.

Table 1. Observed Rate Constants Measured for Conversion
of [NiIII(dtc)2(sol)x]+ to [NiIV(dtc)3]+ in MeOH and Py
Solvents Using −ipc/ipa Analysisa and CV Simulationsb

temp/°C MeOH kobs/s−1 pyridine kobs/s−1

−ipc/ipa CV simulation −ipc/ipa CV simulation

25 0.78 ± 0.09 0.67 ± 0.02 0.08 ± 0.01 0.14 ± 0.01
30 0.98 ± 0.04 0.78 ± 0.02 0.13 ± 0.01 0.21 ± 0.02
35 1.13 ± 0.07 0.94 ± 0.02 0.19 ± 0.02 0.29 ± 0.02
40 1.48 ± 0.08 1.22 ± 0.03 0.29 ± 0.01 0.41 ± 0.01
45 2.01 ± 0.05 1.52 ± 0.03 0.42 ± 0.02 0.58 ± 0.04
50 2.62 ± 0.11 1.96 ± 0.06 0.61 ± 0.01 0.68 ± 0.07
55 3.51 ± 0.24 2.54 ± 0.13 0.83 ± 0.04 0.72 ± 0.04
60 4.65 ± 0.38 3.38 ± 0.12 1.12 ± 0.03 0.82 ± 0.03

aError reflects the standard deviation from three separate experi-
ments. bError reflects the standard error of the fit for simulation of a
single experiment.
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DFT Calculations. To further support the conclusion of
competitive dissociative and associative rate limiting steps,
DFT calculations were conducted for species proposed to be
involved in the C-step for all solvents. All calculations were
performed using a 6-31+G* basis set and MN15 functional
with a SCRF for each respective solvent. Multiple spin states
were interrogated for each structure. Triplet states were found
to be the most favorable for structures which included Ni(III),
either as monomeric complexes or as dimeric complexes.
Solvent coordination to the [NiIII(dtc)2]+ species was found

to be favorable in all solvents. Figure 11a and Table S5 show
summaries of calculated free energies for the formation of
so l ven t coord ina t ed [Ni I I I (d t c) 2 ( so l)] + , t r an s -
[NiIII(dtc)2(sol)2]+, and cis-[NiIII(dtc)2(sol)2]+ structures as

Figure 8. Eyring plots for determination of ΔHapp
⧧ and ΔSapp⧧ in different solvents. (a) MeOH, (b) DMF, (c) DMSO, (d) Py, (e) MeCN, (f) Ac.

Table 2. Apparent Activation Enthalpies and Activation
Entropies Determined for Different Solvents Using −ipc/ipa
Analysisa and CV Simulationsa

solvent ΔHapp
⧧/kJ mol−1 ΔSapp⧧/J mol−1 K−1

−ipc/ipa CV simulation −ipc/ipa CV simulation

Ac 35 ± 3 −103 ± 10
MeCN 33 ± 2 −111 ± 5
MeOH 40 ± 2 36 ± 2 −114 ± 6 −128 ± 5
DMF 57 ± 3 44 ± 2 −56 ± 6 −100 ± 5
DMSO 74 ± 1 66 ± 3 −14 ± 1 −39 ± 5
Py 60 ± 1 40 ± 4 −65 ± 3 −126 ± 12

aError reflects the standard error of the fit to eq 9.
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a function of the solvent coordination power. Similar plots are
shown in Figure S14 for calculated free energies plotted versus
solvent donor number. For Ac, MeCN, and MeOH, the five-
coordinate [NiIII(dtc)2(sol)]+ structure was found to be lowest
in energy, showing that coordination of a second solvent
molecule in either a cis- or trans-structure was energetically
uphill. For the more strongly coordinating solvents of DMF,
DMSO, and Py, the formation of six-coordinate complexes was
only slightly more favored than the five-coordinate species.
Different cis/trans conformations were found to be energeti-
cally similar in the case of DMF and DMSO; however, Py
exhibited a strong preference for the cis-[NiIII(dtc)2(Py)2]+
structure based on these DFT calculations. We previously
reported similar results for Py coordination using an MeCN
solvent field.27

A large range of dimer structures involving a combination of
[NiIII(dtc)2]+, NiII(dtc)2, and solvent molecules were also
calculated to understand the feasibility of their formation. A
total of 41 dimers were considered, of which 7 were found to
be thermodynamically stable. Figure 11b and Table S6 provide
summaries of their calculated free energies. These seven
structures can be grouped into three general families with the
structures of each dimer shown in Figure 11c with MeCN
coordination for reference and −N(Et)2 groups removed from
the ligands for clarity. Dimer A contains two bridged μ-S atoms
with no solvent coordination. This structure is most similar to

reported dithiocarbamate dimers for cobalt and ruthe-
nium.15,35−37 Solvent coordination to Dimer A was found to
be thermodynamically unfavorable. Dimers B and C represent
slip-stacked structures of [NiIII(dtc)2]+ and NiII(dtc)2 with a
single μ-S bridge. The difference in their structures lies in the
stacking orientation of the two molecules. Dimer B exhibits a
parallel stacking orientation while Dimer C reflects perpen-
dicular stacking. The coordination of a single solvent molecule
was found to be favorable for both Dimers B and C with both
cis- and trans-conformations being favorable. Coordination of
two solvent molecules to a dimer structure was never found to
be thermodynamically stable for any of the calculated dimers.
A comparison of the free energy calculations shown in

Figure 11 shows that many dimer structures are lower in
energy than solvent coordinated Ni(III) monomers, justifying
the thermodynamics for a sequential reaction mechanism in
which solvent first coordinates to [NiIII(dtc)2]+ and then forms
a dimer in the second step. Additionally, in all solvents, the
ultimate conversion of [NiIII(dtc)2]+ to [NiIV(dtc)3]+ through
disproportionation is highly thermodynamically favored (Table
S7). Although correlations between activation parameters and
transition state energies would be most appropriate, the large
number of possible pathways would make this effort exhaustive
and less meaningful. Instead, we use the free energy
calculations to propose two general pathways to explain the
notable dependence of ΔHapp

⧧ on solvent coordination power
while balancing the overall associative nature of ΔSapp⧧.
Path 1 is described by eqs 15 and 16 in which solvent

dissociation from the [NiIII(dtc)2(sol)]+ yields [NiIII(dtc)2]+
which then forms a dimer with NiII(dtc)2. We believe Dimer C
is the likely product for Path 1 given that it is the most stable of
the dimer structures which do not have coordinated solvents.
Path 2 is described by eqs 17 and 18 where solvent dissociation
occurs from a six-coordinate cis/trans-[NiIII(dtc)2(sol)2]+
species to yield [NiIII(dtc)2(sol)]+ followed by dimerization
with NiII(dtc)2 to yield cis/trans-Dimer B or cis/trans-Dimer C.
All solvent coordinated dimers were calculated to be
thermodynamically downhill with respect to their solvent
coordinated Ni(III) monomers; however, cis-Dimer B was
found to be significantly more favorable than other dimers in
the case of DMF, DMSO, and Py. Notably for Py, cis-Dimer C
was also found to be highly favorable, slightly lower in energy
than trans-Dimer B.
Path 1

Ni (dtc) (sol) Ni (dtc) solIII
2

III
2[ ] [ ] ++ + (15)

Figure 9. Summary plots for (a) ΔHapp
⧧ and (b) ΔSapp⧧ plotted vs solvent coordination power.

Figure 10. Apparent activation entropy vs apparent activation
enthalpy determined for different solvents.
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Path 1 provides the most straightforward explanation for the
increase in ΔHapp

⧧ with solvent donor number. As ΔGcalc
increased for the formation of [NiIII(dtc)2(sol)]+, so too would
the activation barrier for the reverse step, i.e. solvent
dissociation. However, Path 2 is also in line with our earlier
reports on Py coordination to [NiIII(dtc)2]+ in MeCN
solvent.25,27 In these studies, we observed an inverse
dependence on [Py] in which kobs was found to decrease
with higher [Py]. We proposed that this was the result of
parallel kinetic pathways in which an equilibrium between
mono-Py and bis-Py Ni(III) species allowed the ligand
exchange reaction to shift from one path to another as a
function of [Py]. At low [Py], a kinetically faster ligand
exchange was proposed to occur primarily through the mono-
Py Ni(III) species while at high [Py], a slower kinetic process
occurred through the bis-Py Ni(III) complex. In light of the
DFT calculations discussed here, Path 1 is assigned as the
faster kinetic path, occurring through [NiIII(dtc)2(sol)]+ while

Path 2 is assigned to the slower kinetic path, occurring through
cis/trans-[NiIII(dtc)2(sol)2]+.
In the case of MeCN, Ac, and MeOH, we believe the DFT

calculations support ligand exchange through Path 1. This
conclusion is drawn from the result that each of these solvents
favors the formation of [NiIII(dtc)2(sol)]+ as opposed to cis/
trans-[NiIII(dtc)2(sol)2]+. In addition, ΔGcalc for Dimer C was
found to be lower in energy than all other solvent coordinated
dimers for these respective solvents. In the case of DMF,
DMSO, and Py, we believe that ligand exchange occurs
through Path 2. Strong coordination of these solvents yields
favorable thermodynamics for the formation of cis/trans-
[NiIII(dtc)2(sol)2]+. Furthermore, the formation of solvent
coordinated dimers is more thermodynamically favorable than
the uncoordinated Dimer C. In summary, DFT calculations
support the assignment of two parallel kinetic pathways
involving solvent dissociation and dimer formation, one which
is favored for more weakly coordinating solvents such as
MeCN, Ac, and MeOH and another which is favored for more
strongly coordinating solvents such as DMF, DMSO, and Py.

■ CONCLUSIONS
These results show the impact of solvent coordination on
multielectron redox cycles with transition metal complexes.
Inherently, any transition metal complex which undergoes

Figure 11. Summary of calculated free energies (ΔGcalc) vs solvent coordination power for (a) solvent coordinated Ni(III) complexes and (b)
dimer complexes. Note that structures for cis-Dimer C in the case of DMF and cis-Dimer B in the case of Ac did not converge to a stable structure
and were therefore omitted from the plot. (c) Calculated structures for complexes plotted in parts (a,b) with MeCN coordination shown for
reference and ligands shown as CS2− core with −N(Et)2 groups removed for clarity.
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multielectron LCET reactions can be affected by solvent
coordination given the fact that an intermediate oxidation state
must undergo a change in coordination environment. If the
lifetime of the intermediate is long enough, then solvent
coordination may impact the two-electron redox path. In the
present example, solvent coordination to [NiIII(dtc)2]+ by
MeCN and Ac seem to be in a sweet spot which allows them
to stabilize the Ni(III) intermediate but dissociate as needed
for the ligand exchange reaction to proceed. Notably, the lack
of solvent coordination in the case of DCM does not allow for
the ECE mechanism to proceed. Finally, we note that in some
instances, solvent coordination may even be desired and thus
represents the change in coordination environment needed to
produce potential inversion. In all cases of multielectron LCET
reactions, the role of solvent coordination should be carefully
considered.
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