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Abstract
Ferrocenylcarboxylic acid Fe, Co, and Ni complexes were synthesized as model complexes to investigate how many fer-
rocene units of multi-ferrocenyl system can react with the electrode. The molecular structures of model complexes were 
characterized by X-ray single-crystal diffraction, the diffusion coefficient of the complexes and ferrocene was determined 
by the diffusion-ordered spectroscopy and Einstein–Stokes equation, the electrode reaction numbers of ferrocene units were 
determined by cyclic voltammetry and the Randles–Sevcik equation. A model of electrode reaction of multi-ferrocenyl 
system was proposed in this paper, which was used to explore how many ferrocene units of multi-ferrocenyl complexes can 
react with the electrode.
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List of symbols
ip	� Current maximum (A)
n	� Number of electrons transferred in the redox process
A	� Electrode area (cm2)
F	� Faraday constant
D	� Diffusion coefficient (cm2 s−1)
C	� Concentration (mol cm−3)
ν	� Scan rate (V s−1)
R	� Gas constant
T	� Temperature (°C)
K	� Boltzmann constant

Greek letters
α	� Molecular radius (Å)
η	� Solution viscosity (m Pa s)

Introduction

Multi-ferrocenyl system has been extensively used as a 
model system for investigating intra-molecular charge 
transfer processes, the research topics are generally 
focused on the electrochemical communication and charge 
transfer numbers about the ferrocene units (Li et al. 2016; 
Chandrasekhar and Thirumoorthi 2008; Kuhnert et al. 
2009; Liu et al. 2002; Collins and Pettit 1967). Hence, 
more and more multi-ferrocenyl model molecules have 
been synthesized for researching their charge transfer 
processes and conforming intra-molecular charge trans-
fer numbers (Wang et al. 2008; Wu et al. 2013a, b; Pinel 
et al. 2015; Turlington et al. 2016). For example, the cyclic 
voltammetry of (ortho, meta, para) diferrocenylbenzene 
displays two pairs of redox waves, which involve two 
steps of one-electron charge transfer processes (Patoux 
et al. 1997; Meyer et al. 2015). The cyclic voltammetry 
of 1,2,4-triferrocenylbenzene displays two pairs of redox 
waves, one is one-electron charge transfer process, the 
other is two-electron charge transfer process (Luo et al. 
2010). However, the cyclic voltammetry of 1,3,5-trifer-
rocenylbenzene only takes on one pair of redox waves, it 
is a one-step three-electron charge transfer process (Iyoda 
et al. 1997). The cyclic voltammetry of tetraferrocenylb-
enzene has three pairs of redox waves, which involve two 
one-step one-electron processes and a one-step two-elec-
tron process (Xie et al. 2015). The cyclic voltammetry of 
hexaferrocenylbenzene also has three pairs of redox waves 
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with a one-step one-electron process, followed by a one-
step two-electron process, and a one-step three-electron 
electrode reaction process at last (Yu et al. 2006).

For more large multi-ferrocenyl system (Li et al. 2016; 
Tan et al. 2018; Villalonga et al. 2013; Morita et al. 2008), 
the cyclic voltammetry of ferrocenyldendrimer with n ferro-
cene units takes on only one pair of redox waves, it means its 
electrode reaction is one-step n electrons process (Beer et al. 
1991; Didier 2011). The cyclic voltammetry of ferrocenyl-
modified polystyrene latex particle with more than 4.5 × 108 
ferrocene units also takes on only one pair of redox waves, 
but the number of ferrocene units that can take part in the 
electrode reaction is related to the particle size (Han et al. 
2007a, b). For the smaller multi-ferrocenyl model molecules, 
such as diferrocenylbenzenes, triferrocenylbenzenes, and 
hexaferrocenylbenzene, their electrode reaction processes 
are unambiguous (Deng et al. 2008; Bai et al. 2006), but for 
the larger multi-ferrocenyl molecule, how many ferrocene 
units can react with the electrode still is a scientific problem 
(Han et al. 2007a, b; Esma et al. 2017). In this paper, we 
synthesized three ferrocenylcarboxylic acid Fe, Co, Ni com-
plexes as model compounds to investigate the charge transfer 
numbers in their electrode reaction processes.

Experimental

Chemicals

All chemicals were commercially available and used without 
purification. Ferrocenylcarboxylic acid and Co(NO3)2·6H2O 
were purchased from Shanghai Aladdin Biological Tech-
nology Co., Ltd. (Shanghai, China). FeCl2·4H2O and 
Ni(NO3)2·6H2O were purchased from Sinopharm Chemical 
Reagent Co., Ltd. (Shanghai, China).

Apparatus

Elemental analyses (C, O and H) were performed using an 
Elementar var EL Cube-type analyzer. FT-IR spectra were 
measured on a PerkinElmer FT-IR spectrum. Cyclic vol-
tammetry were performed on a CHI 760C electrochemical 
analyzer. The working electrode was a platinum electrode, 
the reference electrode was an Ag|AgCl (3.0 M KCl), and the 
counter electrode was a platinum wire. Oxygen was purged 
from the one-compartment cell before each electrochemical 
run. The molecular structures of ferrocenylcarboxylic acid 
Fe, Co, Ni complexes were obtained by a Bruker D8 VEN-
TURE diffractometer. DOSY-NMR spectra in mixer of THF-
d8 and CD3CN were recorded with an Agilent 500 MHz 
DD2 spectrometer.

Preparation of complexes (1)–(3)

[Fe3(μ3-O)(FcCOO)6(CH3OH) 3]·2CH3OH (1): FcCOOH 
(0.0991  g; 0.431  mmol) and FeCl2·4H2O (0.0546  g; 
0.431 mmol) were dissolved in MeOH (15 mL) in a flask, 
then the reaction mixture was stirred and refluxed for 3 h. The 
resulting dark yellow solution was cooled to room tempera-
ture and filtered. The filtrate was allowed to stand at room 
temperature for slow evaporation. Good-quality black green 
crystals were obtained after several days. Anal. Calcd. (%) 
for C71H74Fe9O18: C, 49.64; H, 4.34; O, 16.76. Found (%):C, 
49.21; H, 4.52; O, 17.11. IR: 1561(s, γas COO), 1471(vs, γs C–C 
Cp), 1385(vs, γs COO), 1353.7(s, γas C-H), 1193.5(m, δC–H), 
1025.4(m, δC–H), 1002(w, δC–H), 818.24(m, γC–H).

[Co3(μ3-O)(FcCOOH)6(CH3OH)3]·2CH3OH (2): the com-
plex (2) was prepared in a manner analogous to that used to 
prepare complex (1). Co(NO3)2·6H2O (0.1253 g; 0.431 mmol) 
reacted with FcCOOH (0.0991 g; 0.431 mmol), black green 
crystals complex (2) was obtained. Anal. Calcd (%) for 
C71H73Co3Fe6O18: C, 49.40; H, 4.26; O, 16.68. Found (%): C, 
49.02; H, 4.49; O, 17.03. IR: 1566.28(s, γas COO), 1474.05(vs, 
γs C–C Cp), 1384.79(vs, γs COO), 1355.04(s, γas C–H), 1191.4(m, 
δC–H), 1105.12(m, δC–H), 1027.77(w, δC–H), 822.48(m, γC–H).

[Ni3(μ3-O)(FcCOOH)6(CH3OH)3]·2CH3OH (3): the 
complex (3) was prepared in a manner analogous to that 
used to prepare complex (1). Ni(NO3)2·6H2O (0.1257 g; 
0.431 mmol) reacted with FcCOOH (0.0991 g; 0.431 mmol), 
black green crystals complex (3) was obtained. Anal. Calcd 
(%) for C71H74Ni3Fe6O18: C, 49.39; H, 4.32; O, 16.68. Found 
(%): C, 48.99; H, 4.52; O, 17.04. IR: 1566.28(s, γas COO), 
1471.07(vs, γs C–C Cp), 1384.79(vs, γs COO), 1355.04(s, γas 
C–H), 1191.4(m, δC–H), 1102.15(m, δC–H), 1000.99(w, δC–H), 
816.53(m, γC–H).

Structure determination

Single-crystal X-ray diffraction measurements were carried 
out on a Bruker D8 VENTURE diffractometer. The diffraction 
data were collected with MoKα radiation (λ = 0.71073 Å). The 
structure was solved by direct technique using SHELXS-97 
program (Sheldrick 1997a, b) and refined with SHELXL-97 
by full matrix least-squares refinement on F2 (Sheldrick 1997a, 
b). Crystal data and details of the data collection and the struc-
ture refinements are given in Table S1.

Results and discussion

Crystal structural description

The complexes (1), (2), and (3) show the same configuration, 
and the selected bond lengths and bond angles are listed in 
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Table S2, S3, and S4, respectively. The molecular structure 
and coordination polyhedron of complex (1) are shown in 
Fig. 1.

The result of X-ray diffraction analysis reveals that the 
complex (1), with a formula of C71H74Fe9O18, crystallizes in 
the triclinic system, space group P-1. The complex unit con-
sists of three Fe atoms, deposited in a triangular arrangement 
and bridged by a central μ3-oxido atom O(1) in the plane 
of the Fe-centers (Fig. 1a). The Fe(1)–Fe(2), Fe(1)–Fe(3), 
Fe(2)–Fe(3) distances are 3.283, 3.282, and 3.294 Å, respec-
tively, and the average angle of Fe–O(μ3-O)–Fe is 120.005°. 
Three iron atoms are situated in the corners of an equilateral 
triangle structure. The dihedral angle of Fe(1)–O(1)–Fe(2) 
plane and Fe(1)–O(1)–Fe(3) plane is 0.122°, which indicates 
that the two planes are nearly in the same plane. The aver-
age angle of O(μ3-O)–Fe–O(CH3OH) is 177.356° which is 
close to a straight line. The Fe–O(carboxylate) bond average 

distance is 2.011 Å, which is longer than the Fe–O (μ3-O) 
bond average distance (1.898 Å) and shorter than the Fe–O 
(CH3OH) bond average distance (2.0770 Å). There is a lit-
tle difference from the similar structures in the literature 
(Silvia et al. 2011). There are no intermolecular hydrogen 
bonds. Two solvated methanol molecules are located near 
two coordinated methanol molecules from the inner sphere 
of the complex and form hydrogen bonds with them.

The bridging FcCOO– ligands are placed above and 
below the plane defined by the three Fe atoms in a pseudo-
octahedral arrangement as a result of the local symmetry 
(Fig. 1b). The methanol molecules bound to the three Fe-
ions at the periphery of the structure. Edges of the Fe3 tri-
angle are connected by μ2-FcCOO– ions and each Fe atom 
occupies the center of a distorted octahedron, consisting of 
μ3-O, four carboxylate oxygens and a terminal methanol 
oxygen atom to complete the coordination. Six ferrocenyls 
arraying around Fe connected to μ3-O basically reach spheri-
cal state in three-dimensional direction, and they are evenly 
distributed in entire spheroid. The complexes (2) and (3) 
have the same molecular structures as complex (1) except 
hydrogen bonds shown in Fig. 2.

Electrochemistry

Cyclic voltammetry (CV) of ferrocene and complexes 
(1)–(3) with concentration of 0.5 mmol L−1 was performed 
in mixer of tetrahydrofuran and acetonitrile (v:v 1:1). All 
measurements were carried out on a CHI 760C electrochem-
ical analyzer, the working electrode was platinum electrode 
with diameter of 2.0 mm, which was polished with 50 μm 
and 10 nm alumina before each run. The reference electrode 
was Ag|AgCl electrode. The counter electrode was plati-
num wire. Supporting electrolyte was tetrabutylammonium 
hexafluorophosphate (0.05 mol L−1). The cyclic voltam-
mograms of ferrocene and complexes (1)–(3) are shown in 
Fig. 3.

Through comparing the solubility of the ferrocene and 
complexes (1)–(3) in conventional solvents (see Table S5), 
the mixer of tetrahydrofuran and acetonitrile (v:v 1:1) was 
selected as a solvent. Selecting tetrahydrofuran as solvents 
was due to its excellent solubility for ferrocene and com-
plexes (1)–(3), the addition of acetonitrile was to reduce the 
viscosity and electrochemical impedance.

The ratio of anodic and cathodic peak current of ferro-
cene and complexes (1)–(3) was about 1, and they seemed 
to be electrochemical reversible. But the potential difference 
of complexes (1)–(3) was about 0.21 V, they seemed to be 
quasi-reversible, which might be ascribed to lower coeffi-
cient or by solution impedance (Bard and Faulkner 2001). 
Herein, the electrode reaction of complexes (1)–(3) was 
approximately treated as reversible.

Fig. 1   a Molecular structure of complex (1). All hydrogen atoms are 
omitted for clarity. b Coordination polyhedron of complex (1) 
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The complex (1) was electroactive in the potential domain 
from 0.25 to 1.4 V, and the anodic and cathodic peak poten-
tial of complexes (1) did not vary with the scan rate, shown 
in Fig. 4a, the peak current increased with the increase of 
scanning rate. The anodic peak currents ip were proportional 
to the square-root of the potential scan rate v, as shown in 
the inset of Fig. 4b, indicating a diffusion-controlled process 
(Gao and Chen 2005).

Determination of how many ferrocene units can 
react with the electrode

For large spherical molecules, all redox active moieties can 
not simultaneously contact with the electrode (Jonas et al. 

Fig. 2   a Molecular structure of complex (2). All hydrogen atoms are 
omitted for clarity. b. Molecular structure of complex (3). All hydro-
gen atoms are omitted for clarity

Fig. 3   The cyclic voltammograms of 0.5 mmol L−1 ferrocene (a black 
line) and complex (1) (b red line), (2) (c blue line) and (3) (d green 
line) at the scan rates of v = 0.1 V s−1

Fig. 4   a The cyclic voltammograms of 0.5  mmol  L−1 complex (1) 
at platinum electrode at the scan rates of v = 0.1 V  s−1, 0.15 V  s−1, 
0.2 V s−1, 0.25 V s−1 and 0.3 V s−1. b Variation of the peak currents 
of the complex (1) with the square-root of the potential scan rate. The 
linear proportionality implies that the peak currents should be con-
trolled by the diffusion of complex (1) 
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2002). How many ferrocene units can react with the elec-
trode? Because the electrode reaction process of ferrocene 
is reversible (see Fig. 3), the charge transfer number of fer-
rocene can be calculated by Randles–Sevcik equation (Bard 
and Faulkner 2001).

At 25 °C, the Eq. (1) can be expressed as

For Eq. (2), the ip, C, A and ν can is known value, diffu-
sion coefficient D can be estimated by the Einstein–Stokes 
Equation (Atkins 1998).

where, T is absolute temperature, α can be obtained 
by the crystal structure, η is 0.36 m Pa s, when 298 K, 
measured using Ubbelohde viscometer. The dif-
fusion coefficient D of the ferrocene and complex 
(1)–(3) in tetrahydrofuran and acetonitrile solution are cal-
culated by Eq. (3), which are Dferrocene = 2.26 × 10−5cm2∕s , 
Dcomplex(1) = 7.09 × 10−6cm2∕s , Dcomplex(2) = 7.08 × 10−6cm2∕s 
and Dcomplex(3) = 7.09 × 10−6cm2∕s , respectively.

The ip value of ferrocene is 8.05 μA (see Fig. 3a), take 
the ip value, electrode area A, calculated diffusion coefficient 
D, concentration C and scan rate v into the Eq. (2), the cal-
culated electrode reaction number of ferrocene (n) is about 
1.18 ≈ 1. The result validates the effectiveness of the calcu-
lation approach. Hence, we can estimate electrode reaction 
numbers of ferrocene (n) of the complex (1)–(3) by this way.

The complex (1)–(3) bearing six ferrocenyls exhibits only 
one redox process in the CV, which indicates that there is no 
electronic communication about the ferrocenyl units. The ip 
values of complex (1), (2) and (3) are 15.87 μA, 16.12 μA 
and 15.53 μA, taking these ip values into the Eq. (2), elec-
trode reaction numbers of ferrocene in the complex (1)–(3) 
are n1 = 2.71, n2 = 2.74 and n3 = 2.67, respectively. They are 
not equal to 6, this means, only a part of ferrocene units in 
the complex (1)–(3) react with the electrode. The thickness 
of electrode reaction can be estimated as 1.0 nm via the 
molecular crystal data of the complex (1)–(3).

Diffusion-Ordered Spectroscopy Nuclear Magnetic Reso-
nance (DOSY-NMR) can measure the diffusion coefficient 
of the sample in solution, which was used to verify the accu-
racy of the results estimated by the Einstein–Stokes equa-
tion. DOSY-NMR was conducted with an Agilent standard 
bipolar stimulated echo (BPPSET) pulse sequence. 15 
BPPSET spectra with 512 data points were collected for 
each DOSY experiment (Ma et al. 2019). The tests were 
prepared in 10 mmol L−1 solution of the ferrocene and 
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complex (1)–(3) of tetrahydrofuran and acetonitrile (v:v 1:1) 
using 5 mm NMR tubes, with the temperature of 298 K. The 
diffusion coefficients of complex results are as follows, 
D

�
ferrocene

= 4.1 × 10−5cm2∕s , D�
complex (1)

= 6.9 × 10−6cm2∕s , 
D

�
complex(2)

= 6.9 × 10−6cm2∕s , D�
complex(3)

= 6.6 × 10−6cm2∕s 
(see Fig. 5). Especially, the diffusion coefficients of com-
plexes (1)–(3) were similar, and they were also similar to the 
calculation result estimated by the Einstein–Stokes equation. 
The calculating charge transfer numbers of four compounds 
with the DOSY test values are as follows, n�

ferrocene
= 0.96 , 

n
�
complex(1)

= 2.73 , n�
complex(2)

= 2.76 and n�
complex(3)

= 2.56 . 
The results are similar to the calculation results, and the dif-
fe r ences  be tween  t hem a re  Δnferrocene = 0.22  , 
Δncomplex(1) = 0.02 , Δncomplex(2) = 0.02 , and Δncomplex(3) = 0.11 , 
proving the accuracy of the calculation results. There are 
some reasonable errors due to the test concentration.

We propose an electrode reaction model for spherical 
multi-ferrocene system (see Fig. 6). For a large spherical 
multi-ferrocene system, the ferrocene can not react with the 
electrode simultaneously, only a part of ferrocene reacts with 
the electrode. Metal ions located at the coordination center, 
such as Fe, Co, and Ni do not participate in the reflection 
in the model established in this paper, whatever from the 
perspective of the cyclic voltammograms or the number of 
electrons transferred in the redox process. The react number 
can be estimated by the Randles–Sevcik equation and the 
molecular crystal structure data.

Conclusions

In summary, complex (1)–(3) were successfully synthe-
sized and their molecular structures were characterized by 
X-ray single-crystal diffraction. By comparing the cyclic 
voltammetry of ferrocene and complexes (1)–(3), esti-
mating the diffusion coefficient of complexes (1)–(3) and 
ferrocene by diffusion-ordered spectroscopy (DOSY) and 
Einstein–Stokes equation, calculating the electrode reac-
tion numbers of ferrocene of complex (1)–(3), an electrode 
reaction model of spherical multi-ferrocenyl system was 
proposed. If the diameter of a spherical multi-ferrocenyl 
system is larger than about 1 nm, the ferrocene units of 
the spherical multi-ferrocenyl system can not react with 
electrode completely. This model can be used to predict 
how many ferrocene units of the spherical multi-ferrocenyl 
system react with the electrode.
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