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The solid salt [C(NH2)3]2[Fe(η5-C5H4SO3)2] forms a two-dimensional
network based upon pillared discrete bilayers formed via charge-
assisted hydrogen bonds and is electrochemically active when
adhered to a glassy carbon electrode.

Charge-assisted hydrogen bonds play a significant role in
crystal engineering.1 They have been utilized to assemble
coordination networks of varying dimensions, including host
frameworks and even so-called nanostructures.2 In particular,
the use of guanidinium cations and organo-sulfonate anions
(Figure 1) to optimize these intermolecular forces has allowed
rational design and synthesis of a wide range of crystalline
materials.1a,2a,3

We are exploring ways to spontaneously assemble redox-
active 2D networks on electrode surfaces, i.e., to engineer a
network to bind to the electrode surface with high affinity.
Substituted ferrocenes are obvious candidates as electron-
transfer centers in such materials. The reaction of guani-
dinium chloride and ferrocene-1,1′-disulfonic acid4 produced
the salt [C(NH2)3]2[Fe(η5-C5H4SO3)2] (1) which displays a
pillared discrete bilayer structure (Figure 2). This contrasts
with the interdigitated monolayer structure observed in the
monsulfonate salt [C(NH2)3][Fe(η5-C5H5)(η5-C5H4SO3)].5 Salt
1 is electrochemically active when adhered to a glassy carbon
electrode.

Crystal structure analysis6 revealed that1 crystallized in
the triclinic P1h space group with one crystallographically
independent guanidinium ion in the asymmetric unit (Figure
2a). The iron atom Fe(1) occupied a center of symmetry and
the ferrocene unit adopted a staggered configuration. All
Fe-C bond lengths [1.992(8)-2.056(8) Å] are within the
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structure of1 was solved using direct methods (SHELXL V5.1)7 from
single-crystal data on a Bruker SMART/CCD area detector diffrac-
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monochromator. Structure refinements were performed using the
SHELXL97 program, which uses a full-matrix least-squares refinement
based onF2.7 All non-hydrogen atoms except the carbon atoms on
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Figure 1. Quasi-hexagonal (6,3) net formed by guanidinium and sulfonate
ions. Each ion is involved in six charge-assisted N-H‚‚‚O hydrogen bonds.
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ranges observed in related complexes.5 Charge-assisted
hydrogen bonding between the ions enforced the quasi-
hexagonal (6,3) net (Figure 1) within a lamellar architecture
with six charge-assisted N-H‚‚‚O hydrogen bonds per
guanidinium ion (Table S1). The staggered configuration of
the ferrocene unit leads to a well-defined pillared discrete
bilayer (Figure 2b), as seen in other organodisulfonate
networks.1a,2a If based on the nearest S‚‚‚C distance, the
interlamellar space is around 3.95 Å.

Ferrocenemonosulfonate derivatives have been explored
as electron mediators in redox enzyme catalysis and in doped
polyaniline electrodes.8 Here we report initial results on
immobilization of the bilayer ferrocenedisulfonate salt1 on
a glassy carbon working electrode.9

Salt 1 is soluble in water andN,N′-dimethylformamide
(DMF) but insoluble in MeCN. It exhibited a reversible,

diffusion-controlled, one-electron event (Figure 3a) in the
electrolyte H2O/MeCN (7.5:92.5 v/v; Bu4NBF4, 0.05 M),
typical of ferrocene derivatives. For cyclic voltametric scan
rates,ν, in the range 20-1000 mV s-1, Ip

ox/Ip
red was close

to unity and∆Ep was 75 mV for a scan rate of 100 mV s-1,
indistinguishable from that obtained for the ferrocene refer-
ence standard under the same conditions. The difference from
the theoretically predicted value of 56 mV at 20°C can be
attributed to a low level of uncompensated resistance.10

Change of the supporting electrolyte from Bu4NBF4 (0.05
M) to [C(NH2)3]Cl (0.05 M) reduced the solubility of1 (via
the common ion effect), and no current response was
detectable (Figure 3b). However, an increase of the propor-
tion of water from 7.5 to 10 vol % in the electrolyte H2O/
MeCN (10.0:90.0 v/v; [C(NH2)3]Cl, 0.05 M) increased the
solubility of 1 sufficiently to allow observation of the
reversible response of a saturated solution of1 in this
electrolyte (ν, 100 mV s-1; Figure 3c). The change of
electrolyte shifted the reversible potentialE0′ ) (Ep

red+
Ep

ox)/2 from 163 to 187 mV (vs Fc+/Fc), presumably due to
the effects of charge-assisted hydrogen bonding between the
sulfonate and guanidinium centers.
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Figure 2. (a) Molecular structure of1. (b) 2D network structure of1
(pillared discrete bilayer) when viewed along thea axis. (c) Quasi-hexagonal
(6,3) net formed by guanidinium and ferrocenedisulfonate ions when viewed
along thec axis.

Figure 3. Cyclic voltammetry of1 (ν, 100 mV s-1): (a) black, saturated
solution in H2O/MeCN (7.5:92.5 v/v; Bu4NBF4, 0.05 M); (b) orange,
saturated solution in H2O/MeCN (7.5:92.5 v/v; [C(NH2)3]Cl, 0.05 M); (c)
red, saturated solution in H2O/MeCN (10.0:90.0 v/v; [C(NH2)3]Cl, 0.05M);
(d) green, powdered sample attached mechanically to the polished glassy
carbon electrode in contact with a saturated solution in H2O/MeCN (7.5:
92.5 v/v; [C(NH2)3]Cl, 0.05 M); and (e) purple, same as (d) but the potential
was held for 30 s at the anodic limit.
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The procedure for mechanical attachment of microcrys-
talline solids onto electrode surfaces has been described in
detail previously.11 In brief, powdered1 was attached
mechanically to the polished surface of the working electrode
via a cotton bud. The electrode was then placed in contact
with the electrolyte solution used to obtain Figure 3b
(saturated solution of1 in H2O/MeCN (7.5:92.5 v/v;
[C(NH2)3]Cl, 0.05 M)).

The change in electrochemical response was dramatic: the
oxidative current observed increased by a factor of at least
50 relative to that observed at the unmodified electrode in
contact with the same electrolyte (compare curves b and d
of Figure 3;ν, 100 mV s-1). The response atEp

ox, 375 mV
in Figure 3d is attributed to oxidation of surface-confined1
(eq 1):12

Reversal of the scan led to detection of a reduction response
at Ep

red, 170 mV. The shape of the peak is typical of a
diffusion-controlled process for reduction of one-electron
oxidized1 in solution, andEp

red is close to that observed for
solutions of1 (compare curve d with curves a and c of Figure
3). This process is attributed to reduction of oxidized1 in
solution following rapid dissolution of the oxidized solid
from the electrode surface (eqs 2, 3):

This interpretation is supported by the experiment shown
in Figure 3e where the oxidative scan was held at the
potential of the anodic limit for 30 s. The return scan showed
no reductive component, consistent with oxidation of all
surface-confined1 and diffusion of the oxidized anion away
from the electrode on the time scale of the experiment. The
interpretation is supported by related experiments atν, 100
and 1000 mV s-1: multiple scans lead to loss of electro-
active material (Figure S3).

In summary, these experiments demonstrate that the
discrete bilayer salt1 is electrochemically active in the solid
state. Further investigation of its redox properties and those
of derivatives are being pursued. The aim is to produce
modified materials in which a single discrete bilayer (such
as that present in salt1 (Figure 2b)) spontaneously assembles
as a redox-active 2D network on electrode surfaces. This
requires sufficient affinity for those surfaces to prevent the
dissociation observed for oxidized1 (eq 2) which, in turn,
requires differentiation of the two surfaces of the bilayer.
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(Figure 3b).
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