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Electrodeposition behavior of homoleptic transition metal 
acetonitrile complexes interrogated with piezoelectric gravimetry 
David J. Sconyers and James D. Blakemore* 

Homoleptic acetonitrile complexes of first-row transition metal ions are a common product of the detrimental speciation of 
coordination complexes and organometallic compounds. However, the electrochemical properties of such species are 
mostly unknown, introducing ambiguities into interpretation of electroanalytical data associated with studies of molecular 
electrocatalysis. Here, we have cataloged the cyclic voltammetric properties of the solvento complexes of Mn(II), Fe(II), 
Co(II), Ni(II), Cu(I), and Zn(II) in acetonitrile electrolyte, providing information on the cathodic electrodeposition and anodic 
stripping processes occuring with each ion. The electrochemical quartz crystal microbalance (EQCM) has been used to 
quantify these processes, as well as the rates of the in situ corrosion of electrodeposited materials by the strong organic acid 
dimethylforamidinium, [DMFH]+. Ex situ X-ray photoelectron spectroscopic results confirm the interpretations of the 
voltammetric and gravimetric data, and confirm the periodic relationship between the metals. Taken together, the results 
described here provide an electrochemical roadmap useful in distinguishing currents arising from homogeneous 
electrocatalysis from currents associated with the redox cycling of secondary heterogeneous materials. 

Introduction 
The study of electrocatalytic processes for energy storage 
and/or conversion (e.g., proton reduction for the generation of 
H2 or CO2 reduction for production of liquid fuels) is a robust 
field, in part due to the importance of developing more 
sustainable industrial processes to power society.1 Molecular 
metal complexes are attractive for studies of such processes, as 
they can be characterized by commonly available analytical 
techniques, are readily derivatized, and can be interrogated in 
solution for insights into their mechanisms of action. The earth 
abundant first-row transition metals are increasingly targeted 
for development of molecular catalysts, despite the challenges 
of ligand lability and propensity to undergo radical chemistry 
that they present to researchers in this area.2  
In studies of molecular catalysis for energy conversion, isolated 
precatalyst species must often undergo activation by 
electrochemical reduction at a negatively polarized electrode 
surface in order to generate one or more active intermediates 
that react with substrates and eventually release the desired 
product(s). As most of the target reactions involve multiple 
electron and/or proton transfers, the operative catalytic 
mechanisms are often complex and multistep in nature.3 Cyclic 
voltammetry and other electroanalytical techniques can probe 
these mechanisms, but information on the structure of 
intermediates or unexpected reaction side products is 
challenging to obtain from purely electroanalytical data.4 

Moreover, findings from a number of studies of molecular 
catalysis have revealed the challenges associated with 
speciation and/or decomposition of the molecular catalysts 
under electrochemical conditions. There is an emerging 
understanding that catalysts, exquisitely tuned through ligand 
design, are often rather sensitive to the operating conditions 
that are chosen for their use. In some examples, 
electrochemical activation of precatalyst materials results in 
formation of solid particles that function as the true catalytically 
active species.5 In other cases, minor equilibria between active 
molecular catalysts and highly active secondary materials 
impact the analysis of catalyst performance since multiple 
species are in fact participating in product generation and 
energy conversion.6  
In recent work, we have been developing techniques in which 
the electrochemical quartz crystal microbalance7 (EQCM) is 
used to probe both molecular catalyst homogeneity8 and the 
reactivity properties of transient heterogeneous materials that 
may form under conditions relevant to molecular catalysis.9,10 
In a series of control studies, we investigated degradation of 
two derivatives the well-known cobaloxime-type catalysts, 
which are capable of electrochemical hydrogen generation 
from organic acids. With EQCM measurements, we have shown 
that the cobaloximes can undergo demetallation under 
sufficiently acidic conditions, resulting in generation of a 
homoleptic cobalt acetonitrile complex, [Co(NCMe)6]2+, that 
serves as a precursor to formation of catalytically active 
heterogeneous material on the electrode surface. This material 
contributes to the majority of the observed activity of the 
nominally molecular cobaloxime catalysts.  
A key finding from this cobaloxime work described above was 
assignment of the [Co(NCMe)6]2+ homoleptic complex as the 
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product of precatalyst speciation (via spectroscopic methods) 
and independent voltammetric and piezoelectric gravimetric 
studies showing that reduction of chemically prepared 
[Co(NCMe)6]2+ results in formation of heterogeneous cobalt(0) 
material on the electrode surface. Similar features appear in 
voltammetric and EQCM studies of both the pure [Co(NCMe)6]2+ 
and the acid-exposed cobaloximes, confirming involvement of 
this species in the observed catalyst system speciation under 
active, electrochemical conditions. The synthetic accessibility of 
the known homoleptic [Co(NCMe)6]2+ complex was especially 
helpful, since such a complex would be the logical product of 
ligand demetallation under the solvent/supporting electrolyte 
conditions (0.1 M NBu4PF6 in MeCN) typically used for 
electrochemical studies of molecular catalysts.  
Imagining extension of these findings to other first-row 
transition metal systems, we have considered that 
decomposition pathways similar to those operating with the 
cobaloxime derivatives could operate in other molecular 
catalyst systems. This is particularly true in studies of reactions 
requiring addition of strong acids, since acid-promoted ligand 
loss can be anticipated to plague complexes of first-row 
transition metals. Appealingly, synthetic methods are available 
for isolation of homoleptic acetonitrile complexes of a variety 
of first-row transition metals, including Mn(II), Fe(II), Ni(II), 
Cu(I), and Zn(II).11 On the other hand, we are not aware of any 
comprehensive studies aimed at probing the redox and/or 
EQCM gravimetric behavior of these homoleptic solvento 
species in common acetonitrile electrolyte; as these species are 
anticipated to be among the product(s) of speciation of a 
molecular catalyst, their redox properties have received less 
attention than they deserve. Notably, focused studies have 
appeared, however, on copper electrodeposition from organic 
solvento species in supercritical carbon dioxide (scCO2) and 
under nonaqueous conditions that preclude H2 generation.12,13 
Here, we report electroanalytical, EQCM, and spectroscopic 
investigations of homoleptic acetonitrile complexes of Mn(II), 
Fe(II), Ni(II), Cu(I), and Zn(II). The hexakis(acetonitrile) 
complexes of the +2 ions have been isolated and studied in all 
cases in the form of the tetrafluoroborate (BF4–) salts, except for 
the case of copper, which has been studied in the form of 
[Cu(NCMe)4]PF6. Cyclic voltammetry on both carbon and gold 
electrodes has been used to quantify the redox behavior of 
these systems, revealing information on the reduction 
potentials required for electron transfer and subsequent 
deposition of metallic solids. As in the case of prior work with 
cobalt, we find that a layer of transient, heterogeneous material 
forms following cathodic polarization of the electrode; in most 
cases, this material is entirely lost from the electrode surface 
over the course of a single cycle of voltammetry that includes 
potential excursion through visible anodic stripping features. 
Most of the deposited materials are also found, via EQCM and 
X-ray photoelectron spectroscopic studies, to be susceptible to 
chemical corrosion by the strong organic acid 
dimethylformamidinium triflate (pKa = 6.1 in MeCN).14 Taken 
together, these data provide a counterpoint to the known 
electrodeposition behavior of transition metal ions in aqueous 
solutions, as well as a practical roadmap for understanding how 

solvated metal ions may become involved in the chemistry of 
molecular (electro)catalytic systems. 

Results  
Synthesis and characterization 

Synthesis of the homoleptic acetonitrile complexes of Mn(II), 
Fe(II), Co(II), and Ni(II) was carried out as described by 
Hathaway, Holah and Underhill.11 Briefly, under dry and air-free 
conditions, metal powders or shavings undergo oxidation by 
treatment with nitrosonium tetrafluoroborate, [NO]BF4, in 
acetonitrile solvent. Nitrous oxide gas (NO) generated by the 
oxidation of the metal and excess solvent present for the 
synthesis is then removed in vacuo to concentrate the solution. 
Cannula filtration of the concentrated solution to a fresh flask is 
followed by the addition of diethyl ether; this results in 
precipitation of the desired solvento metal dication 
tetrafluoroborate salts, which can be isolated following removal 
of excess solvent by cannula filtration and washing with ether. 
We attempted to prepare the [Cu(NCMe)4](BF4)2 with literature 
methods, but obtained mixtures containing predominantly CuI 
on the basis of the observed solution color. Due to the challenge 
of purifying this mixture, we instead used the commercially 
available [Cu(NCMe)4]PF6 complex for further electrochemical 
work.  
Solid state infrared spectra (see ESI, Figures S1 – S6) collected 
with the synthesized homoleptic complexes exhibit absorption 
features in close agreement with those previously reported for 
these complexes in the literature.11 Notably, the position of a 
pair of strong nitrile C–N stretches at ~2300 cm–1 shifts from the 
value expected for free acetonitrile (2250 cm–1), consistent with 
minor perturbation of the properties of MeCN upon 
coordination.15 Alkyl C–H stretches at ~2900 cm–֪1 are also 
observed, consistent with the presence of the methyl groups in 
the coordinated MeCN ligands. A further signal near 1600 cm–1 
was detected in a few cases, consistent with prior work on these 
complexes11; this signal is very weak in our experience, and is 
apparent only with the zinc and nickel complexes. It may be 
consistent with an unavoidable minor impurity of nitrosyl 
complexes, which could form during insufficient evacuation of 
the product NO gas from the reaction vessel following addition 
of [NO]BF4.16  
All of the prepared tetrafluoroborate salts are acutely moisture 
sensitive. Their hygroscopic nature is extreme, in that upon 
exposure to ambient atmosphere the material quickly develops 
a liquid layer surrounding the isolated powders (i.e., the 
materials may be deliquescent). This behavior is reflected in the 
infrared spectra, where in some cases the complexes present 
broad absorption bands near 3300 cm–1 which may be 
attributed to the presence of water. We have elected to handle 
and store the homoleptic complexes with the most rigorous 
possible air and water-free methods in an inert atmosphere 
glovebox; however, it appears that even over the timecourse of 
a few days under our strict conditions, the homoleptic 
complexes can act as dessicants in the trapping of trace 
moisture from rather hermetic environments.  This is consistent 
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with their structure, and the loosely bound nature of the MeCN 
ligands. 
Regarding the structure of the ions, prior work in the solid state 
has established the identity of the homoleptic complexes as 
[Mn(NCMe4]2+,17 [Fe(NCMe)6]2+,18,19 [Co(NCMe)6]2+,20 
[Ni(NCMe)6]2+,21,22 [Cu(NCMe)4]+,23,24 and [Zn(NCMe)6]2+.25,26 
However, it should be noted that the actual coordination 
environment could vary in homogeneous solution. 
Determination of the ligation of these first-row transition metal 
complexes is especially challenging due to their propensity to 
undergo ligand loss.27 Minor thermal instability (on the order of 
1-2% loss of solvent by gravimetry) has been observed at 
ambient pressures even below 100°C, resulting in the 
generation of secondary species containing motifs such as 
weakly coordinating counter ions or η2-bound acetonitrile.28 In 
summary, routine handling of these complexes is difficult. On 
the other hand, homoleptic complexes matching the spectral 
characteristics and stability profiles from the literature can be 
successfully isolated. With these materials in hand, we next 
turned to investigation of their electrochemical properties at 
carbon electrodes.  
 
Electrochemical properties of the homoleptic metal ions  

In all the cases discussed here, we find that the potentials 
required for the reduction of the homoleptic acetonitrile 
complexes fall within the working range accessible under typical 
conditions used in cyclic voltammetry on carbon electrodes. In 
dry acetonitrile solvent containing 0.1 M NBu4PF6 in MeCN, 
cathodic excursions as negative as –2.5 V vs. 
ferrocenium/ferrocene (denoted hereafter as Fc+/0) can be 
readily performed under our conditions. Notably, this potential 
range is commonly used for studies of molecular catalysis, and 
thus our results generally confirm our hypothesis that the 
homoleptic solvento complexes could serve as precursors to 
heterogeneous materials if formed under the relevant 
conditions.  
The voltammetry of the homoleptic complexes undergoing 
reduction/electrodeposition has a characteristic profile that is 
shared across the full series (Fig. 1). In the voltammetry, a single 
chemically irreversible two-electron reduction event (or, a one-
electron event in the case of copper) is observed on scanning to 
a sufficiently negative potential. Within our working model, 
previously demonstrated for cobalt,9 the M+ or M2+ ion 
undergoes reduction to form transient reduced species that can 
participate in nucleation and growth of heterogeneous material 
on the electrode surface. Reduction-induced displacement of 
the weakly bound acetonitrile ligands no doubt contributes to 
this behavior; formation of lower-coordinate species can also 
promote ECE-type electrochemistry, in which transfer of two 
electrons at similar potentials is enabled by the intervening 
chemical step.29 In the case of the systems studied here, the  
chemical processes involved in the reduction-induced 
behaviour are sufficiently fast that at modest scan rates (<250 
mV/s) there are no signs of an oxidative feature at potentials 
near to that of the initial reduction. This suggests that the 
soluble reduced species are only present as short-lived 

transients which are quickly deposited as part of the growing 
mass of insoluble material. The sole exception to this is the 
behavior encountered for the cobalt complex (Fig. 1c), which 
exhibits a small oxidative feature (Ep,a –1.14 V) near the 
reduction wave which likely arises from the re-oxidation of a 
transient Co(I) solvento species. Seemingly, the chemical step(s) 
involved in reorganization of the cobalt system following 
reduction is slower than the analogous reactions in the other 
systems.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Cyclic voltammograms of the homoleptic acetonitrile complexes. Working 
electrode: highly oriented pyrolytic graphite (HOPG). Pseudoreference electrode: Ag+/0. 
Counter electrode: platinum wire. All the experiments were carried out in solutions 
where [Mn+] =  2 mM. Scan rate: 100 mV/s. 

Manganese, copper, and zinc (Fig 1a, 1e, 1f) all display features 
at distinctive potentials that resemble the electrochemistry of 
metal ions involved in electrodeposition from aqueous 
electrolytes. Their reductions are particularly sharp, with 
notable “crossover” behaviors that appear upon reversal of the 
potential sweep following cathodic excursions in potential. 
There is a marked increase in the cathodic current flow between 
the forward and reverse sweeps, indicating that there has been 
a change in the composition of the electrode surface. This can 
be ascribed to more facile reduction of the homoleptic solvento 
complexes at electrodes featuring nucleated islands of solid 
metal, versus the rather inert pristine carbon electrode surface. 
However, this “crossover” behavior is not observed for all of the 
solvento complexes; iron, cobalt and nickel (Fig 1b, 1c, 1d) 
qualitatively share similar current-voltage responses and lack 
distinct crossover event that indicate a role for changes in the 
electrode surface in the chemistry occurring as a function of 
potential.  
On the anodic sweep, all of the homoleptic complexes display a 
distinctive, broad, and symmetric feature attributable to the 
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two- or one-electron oxidation of electrodeposited material 
generated following reduction. The shape of the wave in all 
cases supports the identity of the material undergoing oxidation 
as heterogeneous and surface-bound in nature; this supposition 
is confirmed by the EQCM results discussed elsewhere (vide 
infra). We thus refer to this feature as an anodic stripping wave 
in all cases. Our working model proposes that passage through 
this anodic stripping wave results in regeneration of M+ or M2+ 
ions simultaneous with their liberation from the electrode 
surface as solvated species.  
As the majority of work in electrodeposition of metal species 
has been carried out in aqueous conditions, we were interested 
to tabulate the potentials associated with reduction/deposition 
and oxidation/stripping in our system against the standard 
reduction potentials for aqueous metal ions in the oxidation 
states relevant to this study.30 Table 1 shows the values for the 
cathodic peak potential (Ep,c), anodic peak potential (Ep,a), and 
average “midpoint” potential between these two values (Eavg). 
Also shown for comparison are the standard aqueous potential 
values (Eo) for the analogous M+2/M0 couples in water. 
Examination of this data reveals no substantial trend between 
Ep,c or Ep,a and the standard potentials; this is consistent with 
significant contributions of kinetic influences and irreversibility 
to the single-wave peak potentials. On the other hand, there is 
a reasonable match in trend between Eavg (calculated as the 
mean of Ep,c and Ep,a) and Eo for all the metals (except copper) 
discussed here; this may suggest that similar thermodynamic 
considerations drive the properties of the ion/metal systems in 
all the cases discussed here. For the apparently anomalous case 
of copper, inspection of the standard potentials30 reveals the 
feature giving rise to its uniqueness in the series. Cu(I) is 
unstable and undergoes disproportionation in aqueous 
solution, since Eo(CuII/I) = 0.159 V and Eo(CuI/0) = 0.520 V; on the 
other hand, Cu(I) is stabilized and indeed isolable in acetonitrile. 
 
Table 1. Potential values associated with the homoleptic ions and reference potentials 
for analogous aqueous metal ions under standard conditions.  

Ion Ep,c  Ep,a Eavg Eo 
Mn(II) –1.44 –0.03 –0.74 –1.18 
Fe(II) –1.06 +0.20 –0.43 –0.44 
Co(II) –0.63 +1.06 +0.22 –0.28 
Ni(II) –0.85 +0.97 +0.06 –0.26 
Cu(I) –0.43 +0.11 –0.16 0.52 
Zn(II) –0.83 –0.22 –0.53 –0.76 

All standard potentials are reported in V vs. NHE. The position of the Fc+/0 couple 
with respect to the NHE was assumed to be +0.63 V, based on an approximate 
conversion previously used in the literature.31 Standard potentials32 in aqueous 
solution (Eo) are from the standard tables.30 

 
Addition of three equivalents (6 mM) of the strong organic acid 
dimethylformamidinium triflate (DMFH+; pKa =  6.1 in MeCN)14 
to the electrochemical cells containing the homoleptic metal 
acetonitrile complexes results in changes to the cyclic 
voltammetry profiles in each case (see ESI, Figs. S7-11). As an 
aside, we consider DMFH+ as an especially useful strong organic 
acid, as it can be readily synthesized33 from triflic acid in Et2O 

and has a pKa that is significantly lower than alternative acids 
such as anilinium triflate (pKa = 10.6 in MeCN) or 
triethylammonium triflate (pKa = 18.8 in MeCN).34 
In the case of Mn(II) (see ESI, Figure S7), significant attenuation 
of the peak cathodic current is observed along with the 
appearance of a new reductive feature at more positive 
potentials. This may be the result of further speciation of the 
system, perhaps via coordination of dimethylformamide (DMF) 
to some of the population of Mn(II) species present in solution. 
In addition, the the voltammetric features of the system are 
significantly broadened, suggesting decreased electrochemical 
reversibility and attenuated electron transfer kinetics for all the 
processes involved. Further consistent with this notion, the 
anodic stripping wave is shifted to more positive potentials by 
ca. 0.5 V in the presence of acid.   
In the case of Fe(II) (see ESI, Figure S8), the voltammetry in the 
presence of three equivalents of acid lacks an appreciable 
anodic stripping wave but retains a significant cathodic process 
similar to the case without acid present. On the basis of this 
profile and our prior work examining the cobalt(II) system,9,10 
this behaviour can be attributed to rapid chemical corrosion of 
the electrodeposited iron during the voltammetric experiment. 
In this situation, corrosion occurs rapidly when the nascent 
iron(0) material is not cathodically protected (Eapp ≥ –1.6 V) but 
prior to reaching the threshold potential required to observe 
anodic stripping (Ep,a = –0.42 V). This temporal balance of 
ineffective cathodic protection is, in part, a consequence of the 
modest scan rate used (100 mV/s). However, scan rates on this 
order are most common in molecular catalysis research, and 
therefore we have focused on that regime here. Finally, minor 
enhancement of the reductive current associated with the 
single cathodic process observed for Fe(II) is observed, an 
appearance that suggests a possible role of Fe(0) in catalytic or 
pseudo-catalytic generation of hydrogen gas. In any case, Fe(0) 
on the carbon electrode surface can be seen to  react quickly 
with DMFH+.  
Exposure of the homoleptic Ni(II) complex to three equivalents 
of DMFH+ for cyclic voltammetric studies (see ESI, Figure S9) 
results in similar reductive chemistry to that observed in 
experiments that lack acid. However, the anodic stripping wave 
for the metallic nickel formed on the electrode surface is 
retained in the voltammetry despite modest current 
enhancement to the reductive wave. This suggests that 
electrodeposited nickel is more resilient to chemical corrosion 
than iron, which is borne out in the gravimetric data described 
later (vide infra). It is also consistent with the apparently more 
reducing nature of Fe(0) vs. Ni(0) (Ep,c = –1.68 vs. –1.55 V, 
respectively).  
Cu(I) exhibits attenuated oxidative current associated with its 
anodic stripping feature following treatment of the system with 
acid for voltammetry (see ESI, Figure S10). This situation is in 
agreement with similar arguments made earlier regarding the 
occurrence of chemical corrosion at potentials where the 
nascent heterogeneous Cu(0) material is no longer cathodically 
protected. Our prior work with the cobalt system examined this 
phenomenon in detail, and confirmed that corrosion, an acid- 
and time-dependent process, does impact voltammetric 
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profiles across variations in scan rate, potential sweep width, 
etc.10 
The voltammetry of Zn(II) in the presence of three equivalents 
of DMFH+ (see ESI, Figure S11) is nearly identical to that 
observed without acid, with only minor current enhancement 
and virtually no changes in the appearance of the anodic 
stripping wave. This suggests that the electrodeposited zinc 
metal is relatively stable, with little material undergoing 
chemical corrosion processes during the window where the 
nascent zinc(0) is not cathodically protected. 
 
Voltammetric properties interrogated by piezoelectric gravimetry 

The inferences made in the preceding section regarding 
formation of heterogeneous material on the electrode surface 
can be directly confirmed and studied further by use of the 
electrochemical quartz crystal microbalance (EQCM). An EQCM, 
useful for carrying out piezoelectric gravimetry in real-time 
during electrochemical experiments, relies on the converse 
piezoelectric effect to monitor the apparent mass of the 
working electrode.7 The electrodes used here were AT-cut 
quartz crystals sputtered with gold, which serves as the 
electroactive surface in contact with the solution for 
voltammetric studies. Using the Sauerbrey equation,35 we can 
relate the readily measured vibrational frequency change of the 
quartz disk to an apparent change in mass. We have previously 
leveraged the high sensitivity of this technique to quantify the 
formation and properties of heterogeneous material arising 
during molecular electrocatalysis, and can routinely measure 
mass changes on the order of ±5 ng (±5 Hz).9,10  
Generally speaking, the voltammetric profile of the homoleptic 
metal complexes at a gold working electrode closely resembles 
that of the complexes at a carbon electrode. A single major 
cathodic and anodic wave are measured in each case, 
corresponding to electrodeposition and stripping, respectively. 
The gravimetric data from simultaneous EQCM monitoring 
during voltammetry confirm generation of heterogeneous, 
electrode-bound material at sufficiently negative potentials to 
carry out reduction of the homoleptic metal complexes. Stated 
another way, onset of current corresponding to reduction of the 
[M(NCMe)n]m+ complexes corresponds with the onset of mass 
deposition and increasing mass of the electrode. Mass 
continues to deposit at all potentials negative of the onset, 
including during both the cathodic and anodic sweeps of the 
voltammetry.  
Qualitative variations of this behavior pattern distinguish the 
Co(II), Ni(II), Cu(I), and Zn(II) complexes in EQCM studies (see 
Figure 2). For analogous 2-mM solutions containing the latter 
three ions, ca. 425 ng of solid are deposited during typical cyclic 
voltammograms. Notably, the system with Co(II) appears to 
deposit significantly more mass, ca. 800 ng; we suspect this may 
be due to surface trapping of significant quantities of solvent or 
supporting electrolyte. Electron transfer to the Zn(II), Cu(I), and 
Co(II) ions seems rapid, on the basis of rather sharp reduction 
waves in each case. On the other hand, the reduction of the 
Ni(II) complex is broad and bifurcates into two distinct waves at 
the gold electrode; this may be ascribable to unique 

interactions between the Ni(II) system and the gold electrode, 
considering mass deposits during both cathodic processes. 
Similarly, multiple overlapping contributions are apparent in 
the anodic stripping wave for the Zn system—this profile is 
considerably more complex than the behavior encountered for 
the carbon electrodes, and suggests unique interactions and/or 
deposition of unique zinc species on gold. 
As anticipated from the behavior of the systems on carbon 
electrodes, passage of the applied potential through the 
symmetric anodic waves results in loss of virtually all the new 
mass deposited during the cyclic voltammetry experiment. 
Thus, extension to multiple cycles shows negligible change in 
electrode mass over time. Connecting to studies of molecular 
catalysis, this finding suggests that both EQCM studies and 
careful interpretation of electroanalytical features present in 
the voltammetric data are needed to implicate involvement of 
the homoleptic solvento species in observed reactivity. No 
significant solid material is anticipated to remain on the 
electrode following voltammetric redox cycling of the 
homoleptic Zn(II), Cu(I), Ni(II), and Co(II) ions.  
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Figure 2. EQCM studies of homoleptic cobalt, nickel, copper and zinc acetonitrile 
complexes.. Potential-dependent current (black lines) and gravimetric mass data (gray 
lines) are shown for four species. Working electrode: gold-sputtered quartz disc. 
Pseudoreference electrode: Ag+/0. Counter electrode: platinum wire. All 
electrochemistry carried out in solutions where [Mn+] =  2 mM. 100 mV/s scan rate. 

 
Surprisingly, the situation regarding deposition/stripping of 
mass from the electrode for Mn(II) and Fe(II) as studied by 
EQCM is quite different from the other cases (see Figure 3). For 
Mn(II), the generation of heterogeneous material implied by the 
electroanalytical work is confirmed by the EQCM. Namely, the 
[Mn(NCMe)6]2+ species undergoes reduction on gold at Eapp ≤ –
2.20 V, leading to formation of heterogeneous material. A 
paired anodic wave is seen, and similar to the case of carbon 
(see Figure 1a) could be assumed to lead to stripping of 
manganese material off the electrode surface. However, the 

gravimetric EQCM data in Figure 2a show that passage of the 
potential through the anodic “stripping” feature is not 
associated with any mass change at the electrode surface. This 
finding, reproducible across multiple experiments and several 
unique runs, suggests that the anodic feature merely changes 
the oxidation level of the surface-bound material. Thus, upon 
multiple cycling, mass aggregates at the electrode.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3. EQCM studies of homoleptic manganese and iron acetonitrile complexes.. 
Potential-dependent current (black lines) and gravimetric mass data (gray lines) are 
shown for both species. Working electrode: gold-sputtered quartz disc. Pseudoreference 
electrode: Ag+/0. Counter electrode: platinum wire. All electrochemistry carried out in 
solutions where [Mn+] =  2 mM. 100 mV/s scan rate. 

A similar situation to that of Mn is encountered for the Fe 
system on gold electrodes as studied by EQCM (see Figure 3b). 
Specifically, electroreduction of [Fe(NCMe)6]2+ leads to 
formation of solid material on the electrode surface. However, 
passage of the applied potential through the anodic “stripping 
wave” leads to only a minor drop in the electrode mass. This, 
like the case of Mn, suggests that internal redox cycling of the 
surface-attached metal material is occurring, rather than 
oxidation followed by dissolution of the solid layer to 
regenerate [Fe(NCMe)6]2+. This behavior does not seem to be 
affected by the speciation or electron transfer properties of the 
homoleptic solvento complexes, as the Mn system displays fast 
electron transfer as judged by the voltammetry data on gold, 
whereas the Fe system shows multiple, apparently slower 
reduction events, much like the case of Ni shown in Figure 2b). 
Only minor variability in the voltammetric features is observed 
across multiple cycles of electrochemistry with the homoleptic 
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acetonitrile complexes. Following the first scan, there are minor 
shifts (<80 mV) in the onset potential of reduction during the 
cathodic excursions as well as in the onset of the oxidative 
features during the anodic return sweep. This is readily 
attributable to changes in the gold surface following nucleation 
of deposited metal, with the consequence that deposition or 
anodic stripping may be influenced by the composition of the 
working electrode, which varies from scan to scan.  
Comparison of the actual mass deposited (as measured by 
EQCM) and the theoretical mass change (based on charge 
passed for formation of M0) reveals similar values across 
multiple cycles as well. However, Fe, Ni, and Zn show relatively 
high efficiency for M0 formation at 80% whereas Mn and Cu 
show lower efficiencies of 45-60%. This suggests reduced forms 
of the metal may be soluble and diffuse away from the 
electrodes prior to precipitation.  
Fundamentally, generation of the solid heterogeneous M(0) 
materials in each case discussed here involves a multistep 
process. For Mn(II), Fe(II), Co(II), Ni(II), and Zn(II) transfer of two 
electrons and an unknown number of discrete chemical steps 
may be involved in the formation of the heterogeneous 
material. To further investigate the potential dependence of the 
formation of heterogeneous material, and to interrogate for 
vestiges of the two overlapping one-electron reduction 
processes that must be involved, we analyzed the mass data 
collected during cyclic voltammetry more deeply. Specifically, 
we carried out mathematical differentiation of the change in 
mass versus time data. The resulting plots of dΔm/dt versus 
time (see ESI, Figures S17 to S26) show, in general, only a single 
regime of accelerating mass deposition as the applied potential 
is swept to increasingly negative potentials during the cathodic 
excursions. This is true for Mn, Fe, Ni, and Cu in the present 
work. We interpret the appearance of the dΔm/dt data as 
indicating a single zone of increasing mass deposition rate (as 
electron transfer accelerates at more negative applied 
potentials) followed by a zone of decelerating mass deposition 
due to the inevitable depletion of the starting homoleptic ions 
from the reaction-diffusion layer near the working electrode. 
The appearance of the data here for Mn, Fe, Ni, and Cu is 
reminiscent of that previously collected by our group for Co 
species.10  
The dΔm/dt versus time data for Zn(II) are unique, and indicate 
the involvement of at least three zones in apparent mass 
increases at the electrode. In addition to the two discussed 
above, there is an addition plateau-like region that we 
hypothesize may suggest (i) dynamics within the 
electrodeposited material and/or formation of multiple surface 
species or (ii) diminished depletion of the starting Zn(II) species 
from the reaction-diffusion layer. The observation of multiple 
overlapping anodic stripping features for the deposited Zn 
material (see Figure 2d) may support the former theory, but 
further work will be needed to distinguish the details of this 
more complex case.  
 
 
 
 

Chemical corrosion interrogated by piezoelectric gravimetry 

Addition of three equivalents of DMFH+ acid to the EQCM 
experiments with the homoleptic ions results in changes in the 
voltammetric and gravimetric profiles that are consistent with 
the model proposed here to explain the behavior of these 
systems (see Figures S12-S16 in ESI). However, an interfering 
feature that impacts clear interpretation of the potential-
dependent mass and current data lies in the tendency for the 
reaction-diffusion layer near the working electrode to become 
depleted of DMFH+ over the course of the cyclic experiment. We 
anticipate this may occur due to the significant background 
currents corresponding to gold-catalyzed hydrogen generation 
measured in our prior work.9  
Therefore, for this study, we have focused on direct 
quantification of chemical corrosion rate induced by three 
equivalents of DMFH+ (on the basis of added homoleptic 
complex in the working electrolyte solution) for each of the 
electrodeposited materials by an alternative approach. 
Specifically, we have carried out linear sweep voltammetry over 
the range of potentials used in the other relevant cyclic 
experiments (see Figure 2 and 3). Following completion of the 
LSV, however, the EQCM was used to continue monitoring the 
mass of the electrode while sitting at open circuit following 
completion of the applied potential program of the LSV. The 
resulting mass data are shown in Figure 4, and in Figures S27-
S29 in the ESI.  
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Figure 4. Corrosion of heterogeneous material generated from reduction of the 
homoleptic manganese and zinc acetonitrile complexes. Gravimetric data is shown for 
times before, during, and after the cathodic linear sweep voltammetry experiments were 
performed on the molecular precursors, over the range of potentials shown in Figures 2 
and 3. (a) Manganese gravimetric data. Upper panel: Applied potential as a function of 
time during LSV. Lower panel: Black line, mass profile of electrode immersed in a solution 
of manganese solvento complex; Gray line, mass profile of electrode immersed in 
solution of manganese complex and 3 equiv. DMFH+. (b) Zinc gravimetric data. Upper 
panel: Applied potential as a function of time during LSV. Lower panel: Black line, mass 
profile of electrode immersed in a solution of zinc solvento complex; Gray line, mass 
profile of electrode immersed in solution of zinc complex and 3 equiv. DMFH+. Mass loss 
indicates surface-bound material instability or chemical corrosion. Working electrode: 
gold-sputtered quartz disk. Pseudoreference electrode: Ag+/0. Counter electrode: 
platinum wire. All electrochemistry carried out in solutions where [Mn+] =  2 mM. 100 
mV/s scan rate. 

In all of the cases measured here, the steep gain in apparent 
electrode mass at early times corresponds to the LSV-driven 
deposition of mass on the electrode surface. The period 
following that rise in mass corresponds to a condition in which 
the nascent heterogeneous material is immersed in the working 
solution, a situation in which it could undergo chemical 
corrosion. For the Mn system (Figure 4a), nearly identical mass 

is deposited (ca. 375 ng) both without and with 6 mM DMFH+ 
added, suggesting that acid does not impact the chemistry 
leading to metal deposition. However, the DMFH+ present in the 
solution corrodes the nascent metal off the surface, as judged 
by the rapid loss of mass (–9 ng s–1). This is quite rapid, and 
contrasts with the virtually indefinite stability of the Mn(0) in 
the absence of acid (Figure 4a, black line). The behavior of the 
Zn system (Figure 4b) offers an interesting counterpoint to 
these findings with the Fe system. Specifically, nearly 2x mass is 
deposited in the case with DMFH+ added, suggesting that Zn–H 
species may accelerate mass deposition in this case. 
Furthermore, two regimes of mass loss (–4.3 and –0.7 ng s–1) 
are observed for the DMFH+-promoted corrosion; this is 
consistent with our other findings, in that multiple species may 
be present on the electrode surface following electrodeposition 
and show differential tendencies toward chemical corrosion. 
Related findings were made for the other ions in this study (see 
ESI for details). Nickel showed a minor enhancement of 
electrodeposition in the presence of acid, and undergoes two 
regimes of rather rapid corrosion with acid (–1.7 and –0.1 ng  
s–1). On the other hand, mass deposition from reduction of the 
homoleptic Fe(II) complex in the presence of DMFH+ is mildly 
attenuated by ca. 80 ng. However, the electrodeposited iron(0) 
does react quickly with acid to corrode off the surface (–2.0 ng 
s–1). Finally, copper also appear to undergo rapid corrosion by 
acid (–2.0 ng s–1). All these results are summarized in Tables 2 
and 3, including both the apparent masses deposited in each 
case as well as the corrosion rates with and without acid added.  
 

Table 2. Quantification of mass deposition from homoleptic acetonitrile complex 
precursors. 

Ion Mass deposited 
without acid (ng) 

Mass deposited with 
acid (ng) 

Mn(II) 446 483 
Fe(II) 320 260 
Co(II) 795 727 
Ni(II) 380 598 
Cu(I) 417 469 
Zn(II) 450 531 

Total mass deposited in the absence of acid determined from cyclic voltammetry 
detailed in Figures 2 and 3. Mass deposited with acid present determined from 
Figures S12-16. 
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Table 3. Quantification of electrodeposited material corrosion rates. 

Ion Corrosion rate 
without acid (ng s–1) 

Corrosion rate(s) 
with acid (ng s–1) 

Overpotential 
for H2 

generation (η) 
Mn(II) –0.12 –9.0 0.98 
Fe(II) –0.01 –2.0 0.67 
Co(II) –0.40 –2.2 0.02 
Ni(II) –0.05 –1.7, –0.14 0.18 
Cu(I) –0.20 –2.8 0.40 
Zn(II) –0.30 –4.3, –0.72 0.77 

Corrosion rates with and without 3 equiv. DMFH+ determined by calculation of the 
slope from a linear fit of the linear sweep voltammetry data in Figure 4 as well as 
Figures S27-29. The final column is the calculated overpotential of each system, 
based upon the reversible thermodynamic potential of the 
dimethylformamidinium-based H2 evolution reaction (Eoʹ (H+/H2) = –0.39 V vs. Fc+/0 
and the value of Eavg in V vs. Fc+/0.14 

Examination of the overpotential for H2 evolution (Table 3) for each 
of the heterogeneous deposits reveals a distinct periodic trend 
across the first-row transition metals. The thermodynamic driving 
force for hydrogen generation decreases from a maximum in the 
series for manganese until reaching cobalt. The trend then reverses 
direction and shows an increasing driving force going across the 
series of nickel, copper, and finally zinc. Plotting the observed 
corrosion rate with DMFH+ present as a function of the estimated 
overpotential (Figure 5), reveals that (i) increased rates of corrosion 
correlate with high apparent overpotentials and (ii) the rates of 
corrosion are reasonably comparable for all the transition metals 
studied here. In line with expectations from thermodynamics, the 
more reducing materials facilitate more rapid proton reduction. 
Assuming that these systems are behaving in a Nernstian fashion, we 
note here that the free energy change for hydrogen evolution follows 
a reasonable trend; hydrogen evolution is significantly more 
exothermic driven by Mn0 than Co0 (for example), and thus the 
process is faster for Mn0 than Co0. 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 

 
 

 
 

 

 

Figure 5. Correlation of the observed corrosion rates measured from the EQCM LSV 
experiments with the estimated overpotential for H2 generation in acetonitrile for the 
electrodeposited metal species. Corrosion was induced by treatment with three 
equivalents of dimethylformamidinium triflate as described in the main text. The gray 
trend line is intended only to guide the eye. The position of the Fc+/0 couple with respect 
to the NHE was assumed to be +0.63 V, based on an approximate conversion previously 
used in the literature.31 

X-ray photoelectron spectroscopic studies 

In order to confirm that the electrodeposition processes 
measured by piezoelectric gravimetry indeed correspond to 
formation of heterogeneous metal(0) solids, X-ray 
photoelectron (XP) spectra were collected. In order to prepare 
the samples for interrogation by XP spectroscopy, 1 cm2 
electrodes were polarized at the Ep,c values measured for each 
ion previously on carbon, immersed in 2 mM solutions of the 
homoleptic solvento species for 5 min. Following the 
electrodeposition, the electrodes were rinsed thoroughly with 
dry acetonitrile and packaged for transport to the XP 
spectrometer. Notably, the samples were exposed to ambient 
conditions (air, water) for loading into the XP spectrometer, and 
thus the nascent metal(0) material could be found in oxidized 
forms. The XP data are summarized in Figure 6.  
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Figure 6. X-ray photoelectron spectroscopy of electrodeposited material. High resolution 
data are shown for regions in the spectra which correspond to the energies required to 
eject electrons from M 2p orbitals. 1 cm2 HOPG carbon blocks served as the electrode 
surfaces for sample preparation. They were subsequently immersed in a 2 mM solution 
of a given homoleptic acetonitrile complex and polarized at Ep,c for the species for 5 min. 
The upper (blue) line details the spectra for the electrodeposited material. The middle 
(dark blue) line shows the spectra of similarly prepared electrodes followed by 5 min 
immersion in 6 mM DMFH+. The bottom (gray) line are blanks for the regions collected 
on a clean, bare carbon surface. 

Survey spectra collected for the electrodes prepared with 
deposited material show signals in each case corresponding to 
the expected metal, as well as oxygen, nitrogen, phosphorus, 
and fluorine. All the electrodes, including a control blank 
electrode not subjected to any electrodeposition, show the 
presence of carbon and a small amount of oxygen arising from 
adventitious adsorbed water and minor oxidized carbon 
species. These are consistent with electrodeposition of 
relatively thin layers of metal in each case, as carbon signals are 
clearly present after electrodeposition; the signals from 
phosphorus and fluorine can be understood to arise from 
trapped Bu4N+PF6– on the surface as well. Moreover, 
contributions from M(0) species were not observed with any of 
the electrodes, suggesting complete oxidation upon air 
exposure. 
The nature of the deposited metal material was investigated by 
collection of high resolution M 2p spectra, shown as the upper 
blue lines in Figure 6. In each case, strong M 2p3/2 and 2p1/2 
photoelectron signals were observed (plus paramagnetic 
satellites in some cases, see ESI), consistent with significant 
electrodeposition of the metal on the electrode surface during 
cathodic polarization. Comparing between the samples, the M 
2p signals obey the expected periodic trends, in that the binding 
energy increases with increasing atomic number (Z). In addition, 
the relative sensitivity factors (RSF) are also Z-dependent; thus, 
the data in Figure 6 are normalized by standard Scofield RSF 
values for clarity.36 On the basis of the M 2p3/2 peak binding 
energy values, the dominant material on the surface of each 
electrode was found to be ZnO, Cu2O, Ni2O3, possibly CoOOH or 
Co2O3, Fe2O3, and Mn2O3, respectively.36 These findings are 
consistent with the air exposure of the samples prior to data 
collection, and moreover, confirm that metal(0) species are the 

most likely primary product of the electrodeposition processes 
in each case.  
Additional high resolution data were collected in the N 1s 
region, in order to investigate the nature of the nitrogen species 
present on the surface. In principle, there are two possible N-
containing species that could be found on the surfaces: N arising 
from bound or trapped acetonitrile (expected to appear with a 
binding energy ca. 400 eV) or N arising from trapped 
tetrabutylammonium cations present in the electrolyte (binding 
energy expected ca. 402-403 eV).37 In all the high resolution N 
1s data (see ESI, Figures S33, S36, S39, S42, and S45), we find 
signals in the range of 402.5-403 eV that are thus consistent 
with inclusion of Bu4N+ in the deposited materials. The presence 
of Bu4N+ may also be attributable to incomplete rinsing to 
remove the supporting electrolyte from the presumably high 
surface area particulate materials on the electrode surface 
following electrodeposition.  
XP spectra were also collected on identical carbon electrodes 
prepared with electrodeposited material but following 
immersion in a solution containing 6 mM DMFH+ for 5 min. The 
resulting data are summarized in the dark blue lines in Figure 6. 
In the cases of Mn, Fe, Co, and Cu, the data are consistent with 
effective corrosion of virtually all the electrodeposited material 
from the surface. Thus, in the XP spectra, there are practically 
no signals corresponding to the presence of the respective 
metal ions on the surface. The Ni 2p and Zn 2p data, however, 
suggest that those metals were not completely corroded off the 
electrode surface by the excess DMFH+ over the timecourse of 
the 5 min immersion carried out prior to XP analysis. These 
findings agree with those for Ni and Zn from the quantitative 
piezoelectric gravimetry study (vide supra); namely, only Ni and 
Zn show multiphase corrosion behavior with DMFH+. Taken 
together with the XP data, these findings suggest that multiple 
forms of Ni(0) and Zn(0) species form under the relevant 
electrodeposition conditions, and that one or more of these 
may be resistant to corrosion. As a result, significant Zn and Ni 
remain on the electrode following exposure to corrosive 
conditions. 

Discussion 
In this study, we have interrogated the electrodeposition 
properties of a group of homoleptic first-row transition metal 
ions that are probable species that could result from speciation 
of molecular electrocatalysts. The electrochemical and 
piezoelectric gravimetric data confirm our initial hypothesis that 
these ions can indeed undergo electrodeposition at the 
moderate to strongly reducing potentials in acetonitrile 
electrolyte that are relevant to studies of molecular catalysis. 
Thus, they could contribute to formation of heterogeneous 
material during reductive redox cycling of a molecular catalyst, 
and could contribute to either productive or parasitic reactions 
and impact the energy conversion efficiency of a system built 
from the relevant components. The new electroanalytical data 
collected here for the first time provide the key current-voltage 
features for the research community that will be useful in 
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anticipating the formation of undesired heterogeneous 
materials from tailored molecular precursors.  
However, as we have found in our prior work focusing solely on 
cobalt, the EQCM approach reveals that the heterogeneous 
material formed by electrodeposition is not static in its 
behavior. Rather, in most of the cases studied here, 
heterogeneous materials form and dissolve back into solution 
on the timescale of single cyclic voltammetry experiments. 
Most troublingly, the heterogeneous materials formed during 
catalysis would not be detectable by ex situ methods, due to the 
propensity of the deposited material to either (a) undergo 
electrochemical oxidation via anodic stripping or (b) undergo 
chemical corrosion by even short exposure to working solutions 
containing moderate to strong acids. This process occurs on the 
minutes timescale in all cases studied here, thus leaving only a 
short window where the transient heterogeneous species can 
be observed.  
On the basis of the XP spectra, the materials formed on the 
electrode surface are complex in nature. Formed under the 
kinetically-controlled conditions of electrodeposition by cyclic 
voltammetry, there are likely multiple “types” of species on the 
surface, corresponding to nucleated metal islands, particle 
agglomerations, and/or small clusters. These features are now 
known to take up some quantity of the tetrabutylammonium 
ion present in the electrolyte. Thus, the nature of the surface-
bound material remains elusive. Notably, we anticipate that 
further work in this area could both improve analytical methods 
for detection of catalyst system speciation products, as well as 
improve the body of knowledge in strategies for preparation of 
improved catalysts. In our own work, we are also pursuing 
further studies of the heterogeneous materials formed by 
electrodeposition in nonaqueous media. 

Conclusion 
The homoleptic acetonitrile complexes of the first-row 
transition metal ions Mn(II), Fe(II), Co(II), Ni(II), Cu(I), and Zn(II) 
are precursors for electrodeposition of heterogeneous metal 
materials in acetonitrile electrolyte. EQCM studies, in concert 
with ex situ XP spectroscopy, confirm electrodeposition of the 
ions and provide quantitative insights into the reactivity profiles 
of the electrodeposited species. As found in aqueous 
conditions, the solid metal electrodeposits are not noble and 
undergo corrosion when exposed to strong acid. Unlike the case 
of aqueous solutions, however, use of dry acetonitrile enables 
virtually total exclusion of protic reagents and thus completely 
independent study of anodic stripping and chemical corrosion. 
Both these processes can impact studies of molecular catalysis, 
and the powerful electroanalytical technique of piezoelectric 
gravimetry (enabled by use of the EQCM) is uniquely poised to 
distinguish the roles of these processes in molecular catalysis 
research and in studies of transient heterogeneous materials.  

 

Experimental Section  
General considerations  

All manipulations were carried out in dry, N2-filled gloveboxes 
(Vacuum Atmospheres Co., Hawthorne, CA) or under a N2 
atmosphere using standard Schlenk techniques unless 
otherwise noted. All solvents were of commercial grade and 
dried over activated alumina using a PPT Glass Contour 
(Nashua, NH) solvent purification system prior to use, and were 
stored over molecular sieves. All chemicals were from major 
commercial suppliers and used after extensive drying. [NO]BF4 
was dried in vacuo overnight. Protonated dimethylformamide 
([DMFH]+[OTf]−), was synthesized by the method of Favier and 
Duñach.33 [Mn(MeCN)4][BF4]2, [Fe(MeCN)6][BF4]2, 
[Co(MeCN)6][BF4]2, [Ni(MeCN)6][BF4]2 and [Zn(MeCN)6][BF4]2  
were prepared according to procedures in the literature.11 
[Cu(MeCN)4][PF6] was purchased and dried in vacuo for 12 h at 
room temperature prior to use (Sigma Aldrich).  
 
Spectroscopic instruments and methods  

Infrared spectra were recorded on a Shimadzu IRSpirit FTIR 
spectrometer at room temperature located within an inert 
atmosphere glovebox. Solid samples of the isolated homoleptic 
acetonitrile complexes were characterised on this instrument 
using the QATR-S single-reflection attenuated total reflectance 
(ATR) measurement attachment without further preparation. 
 
X-ray photoelectron spectroscopy (XPS) X-ray photoelectron 
spectra were collected with a Kratos AXIS Ultra system. The 
sample chamber was kept at was kept at < 5x10–9 torr. Ejected 
electrons are collected at an angle of 90º from the surface 
normal. Survey scans were performed to identify the elements 
on the surface of the carbon electrodes, with additional high 
resolution spectra collected for the transition metal elements of 
interest. 
 
The XPS data were analysed using the program Computer Aided 
Surface Analysis for X-ray Photoelectron Spectroscopy 
(CasaXPS; from Casa Software Ltd., Teignmouth, UK). All XPS 
signals reported here are binding energies and are reported in 
eV. Backgrounds were fit with standard Shirley or linear 
backgrounds, while element peaks were fit with a standard 
Gaussian-Lorentzian line shape. For M 2p high resolution 
spectra, the major features were best fit as the 2p3/2 and 2p1/2 

signals with constrained peak areas of 2:1 respectively. 
 
Electrochemical experiments and methods  

Electrochemical experiments were carried out in a N2-filled 
glovebox in dry, degassed MeCN. 0.10 M tetra(n-
butylammonium) hexafluorophosphate ([nBu4N]+[PF6]−; 
Oakwood Chemical, recrystallized from ethanol) served as the 
supporting electrolyte. Measurements were made with a 
Gamry Reference 600+ Potentiostat/Galvanostat using a 
standard three-electrode configuration. The working electrode 
was the basal plane of highly oriented pyrolytic graphite (HOPG) 
(GraphiteStore.com, Buffalo Grove, Ill; surface area: 0.09 cm2), 
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the counter electrode was a platinum wire (Kurt J. Lesker, 
Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire 
immersed in electrolyte served as a pseudo-reference electrode 
(CH Instruments). The reference was separated from the 
working solution by a Vycor frit (Bioanalytical Systems, Inc.). 
Ferrocene (Sigma Aldrich; twice-sublimed) was added to an 
electrolyte solution prior to the beginning of each experiment; 
the midpoint potential of the ferrocenium/ferrocene couple 
(denoted as Fc+/0) served as an external standard for 
comparison of the recorded potentials. Concentrations of 
analyte for cyclic voltammetry were 2 mM unless otherwise 
stated.  
 
Piezeoelectric gravimetry  

Electrochemical quartz crystal microbalance experiments were 
carried out in a N2-filled glovebox. Measurements were made 
with a Gamry eQCM 10M electrochemical quartz crystal 
microbalance. Solutions were prepared in a static Teflon cell. An 
AT-cut quartz disk sputtered with gold and having a nominal 
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