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Supramolecular inter-ionic charge-transfer
complexes between derivatives of pyridinium-4-
oxime cations and hexacyanoferrate(II) anions†

Blaženka Foretić,‡*a Robert Vianello, b Dubravka Matković-Čalogović,c

Dijana Jadreškod and Igor Picek ‡*a

Mono- and bis-pyridinium-4-oxime compounds are introduced as new electron acceptors for the

formation of colored, supramolecular, inter-ionic charge-transfer complexes with hexacyanoferrate(II) as

a donor. The structure and properties of the formed complexes are characterized by a combination of

experimental and computational studies. In water, the electron-donor/acceptor dyads exhibit a

characteristic charge-transfer band in the visible spectral region whose energy is closely related to the

acceptor’s electron affinity, LUMO orbital energy and one-electron reduction potential. Such influence

of the acceptor’s electrochemical nature is revealed through varying the group attached to the N atom

of the pyridinium-4-oxime moiety. The color, composition and spectroscopic analysis of the complexes

in the solid state provide insights into binding of the cationic and anionic counterparts and the role of

lattice water. Crystal structures are reported for two mono-pyridinium-4-oxime/hexacyanoferrate(II)

complexes, characterized in solution by UV/Vis and 1H-NMR spectroscopy. Comparison of the solid-

state structures and the aqueous-phase dyads reveals the nature of the charge-transfer interactions

involving conjugated pyridinium-4-oximes as electron acceptors.

Introduction

Coordination complexes continue to play a central role in the
long-standing field of electron transfer chemistry, and their
implications for the design of novel systems (e.g. molecular
electronics and sensor devices) are being intensively pursued
in combination with detailed mechanistic studies.1,2 Oxime
ligation has emerged as a powerful tool for the engineering of
various types of bioconjugates, which have been successfully
used as artificial vectors for drug delivery, imaging probes,
synthetic vaccines, and functional arrays.3 Oximes offer great
opportunities in supramolecular chemistry as hydrogen-bond
donors/acceptors and in coordination chemistry as metal

coordinating ligands.4,5 When the oxime functionality is com-
bined with an additional coordination site for a metal ion, as in
pyridine-oximes, a link is established between coordination
complexes and supramolecular assembly. The geometry
inherent to such coordination complexes is propagated into
low-dimensional architectures via intermolecular oxime-oxime
hydrogen bonds.5 Pyridinium oximes are quaternized cationic
derivatives of pyridine-oximes in which the pyridine N coordi-
nation site for a metal ion is blocked. In such compounds,
p-electron delocalization alters the oxime ionization properties,
making the compounds more acidic (pKa values around 7–9).
Consequently, many acidic pyridinium oximes, being excep-
tionally effective nucleophiles, are pharmacologically well-
known esterolytic agents used as reactivators of the enzyme
acetylcholinesterase initially inhibited by organophosphorus
poisons.6,7 However, these pharmacological compounds
possess multiple modes of action, and alternative bioactivities
are an active research topic. A particular focus is placed on
electron transfer, because useful energetic features are asso-
ciated with the one-electron reduction product of pyridinium-4-
oxime and structurally related compounds.8 Substantial inter-
dependences between the structure, ionization properties,
reactivity and stability in aqueous media have been revealed
in the study of carbonyl derivatives of pyridinium-4-oxime.9,10

The s-donor and p-acceptor potential of pyridinium-4-oxime
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derivatives as the sixth ligand in pentacyano(ligand)ferrate(II)
complexes, equilibrium and kinetic studies of the aqueous
substitution reactions with [FeII(CN)5(H2O)]3� complex, as well
as spectroscopic characterization of the isolated solids were
reported.11,12 In the presence of a p-donor, such as the electron-
rich metal center in {FeII(CN)5}3�, pyridinium oximes acted as
weak p-acceptors resulting in exclusive formation of inner-
sphere metal-to-ligand charge-transfer (MLCT) complexes in
dilute aqueous solutions. Additionally, because of the affinity
of the pyridinium system towards electron, outer-sphere inter-
ionic charge-transfer (IICT) associations in solids have been
found.12 For the well-known chromophoric properties of
various pyridinium iodide derivatives, which arise from
charge-transfer (CT) association, it has been shown that the
CT transitions involve an electron transfer (ET) to the pyridi-
nium ring resulting in pyridinyl formation.13 The role of
pyridinium cations in electrochemistry has been believed
known for decades, and their radical forms have been proposed
as key intermediates in modern photo-electrocatalytic reduc-
tion processes.14 Recently, the formation of organic donor–
acceptor systems, including the cyano-pyridine derivative
(which functions as an electron acceptor in CT systems) has
also been investigated.15 The presence of weakly coupled
donor–acceptor CT states has been detected using their charac-
teristic spectroscopic features, while pyridinium derivatives
and pyridinyl species have been discussed as potential redox
mediators for the acceleration of net multielectron substrate
conversions.14,15 Evidently, the pyridinium-4-oxime cations
have great potential in donor–acceptor CT/ET processes, but
to the best of our knowledge, no studies of such an application
have yet been reported.

The present study delivers insights into the donor–acceptor
complexation between mono- and bis-pyridinium-4-oxime
cations (Scheme 1) and hexacyanoferrate(II), [FeII(CN)6]4�, in
aqueous solution and the solid state. The use of the highly
charged [FeII(CN)6]4� donor, which is inert to substitution,
and N-heterocyclic mono- and dications to build IICT com-
plexes has attracted much attention,16 especially with the
4,40-dipyridinium dication and its derivatives (viologens).17

The inter-ionic charge transfer in such systems resembles the
intervalence charge transfer of Prussian blue and Prussian blue
analogues,18 important in construction of novel inorganic/
organic hybrid polymeric materials. In particular, metal–
organic frameworks have been able to unite physical and
chemical properties of different organic/inorganic components

for many applications, including catalysis, separations, mag-
netism, sensing and gas storage.19

Here we report a combined experimental and computational
study of the intricate relationship between the optical and redox
properties and supramolecular structure in aqueous solution.
Structural characterizations of supramolecular organic–inorganic
hybrid crystalline materials are also presented.

Results and discussion
IICT complex formation in aqueous solution

When aqueous solutions of [FeII(CN)6]4� and the presently-
investigated pyridinium-4-oxime were mixed, an immediate
reddish violet coloration occurred. These optical properties
are reflected in the UV/Vis spectrum, featuring a distinct, broad
and low-intensity absorption band with the maximum observed
in the visible range as shown in Fig. 1 and Fig. S3 in the
ESI.† The band is result of the optical IICT assigned to
the d(t6

2g)p(p0)* - d(t5
2g)p(p1)* electronic transition, i.e. from the

highest occupied metal-based orbitals of the donor (HOMO) to
the lowest unoccupied ligand-based orbitals of the acceptor
(LUMO). More specifically this is the optical anion to cation
charge-transfer (ACCT) revealing the formation of donor/
acceptor compounds in aqueous media. Analogous, new IICT
absorption bands were observed when [FeII(CN)6]4� was
exposed to various other N-heterocyclic acceptors,16,17a and
comparison of their energies is presented in Table 1. Similar
to other optical CT complexes in water, the absorbance of an
IICT band decreases with increasing ionic strength, which can
be attributed either to the competing equilibria and/or activity
coefficient effect.17a Nevertheless, at defined pH and ionic
strength the predominant formation of donor/acceptor dyads

Scheme 1 General structures of investigated electron acceptors.

Fig. 1 UV/Vis spectra of the aqueous IICT complexes formed between
[FeII(CN)6]4� and mono-pyridinium-4-oxime cations (PAM4+ or BPA4+) at
a concentration of 12 mM, and bis-pyridinium-4-oxime dications (TMB42+

or TOXO2+) at a concentration of 2 mM. pH = 5.65� 0.25, t = (25.1 � 0.1) 1C
and I = 0.12 M.
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can be presented as:

Anþ þDz� �! �
Kass

½Anþ : Dz�  ! A�ðn�1Þþ �Dðzþ1Þ��

electronic ground state

��!hnCT ½Anþ : Dz� $ A�ðn�1Þþ �Dðzþ1Þ���

excited state

In general, the resonance hybrid wave function of an IICT
complex is composed of an interacting donor and acceptor
state that can be described as the sum of all the terms for the
An+:Dz� and dative A�(n�1)+–D(z+1)� states. The inclusion of the
states where an electron has been transferred from Dz� to An+

(A�(n�1)+–D(z+1)� state) gives rise to partial ground-state charge
transfer. The description of these IICT complexes was originally
developed by Mulliken and the trend in the optical IICT
energies obeys the relationship:20,21

EmaxCT = hnCT = ID � EA + D (1)

In this equation EmaxCT is the energy of the IICT band maximum,
ID is the ionization potential of the donor, EA is the electron
affinity of the acceptor and D corresponds to the difference
between the sums of van der Waals, exchange and repulsion
energies of the excited and ground states of the charge
transferred, plus the CT resonance energy. For a given donor,
as the electron affinity of the acceptor increases, the optical
IICT band energy is expected to decrease proportionally. The
Mulliken formulation of the CT state energy, written in terms of

the donor’s ID and acceptor’s EA, is closely associated with their
respective one-electron oxidation and reduction potential.
In addition, in simple molecular orbital theory, the HOMO
energy is related to the vertical ionization potential of the
donor, while the reduction potential of an acceptor is asso-
ciated with EA and indicates LUMO energy.

The mono- and bis-pyridinium-4-oxime acceptors, as well as
simple N-methylpyridinium iodide (MPy-I), were studied by
cyclic voltammetry (CV) in water and their relevant electro-
reduction potentials are presented in Table 1, together with
the literature data for selected N-heterocyclic cations for
comparison.22–24 Cyclic voltammograms on a glassy carbon
electrode (GCE) in unbuffered 0.1 M NaClO4 aqueous electro-
lyte at a mean pH value of 5 are shown in Fig. 2 and Fig. S1
in the ESI.† Similar current responses are observed for all
the investigated compounds, and the cyclic voltammograms
exhibit irreversible behavior typical of pyridinium and oxime-
type compounds when using a GCE.25–28 The irreversible
reduction peak at –1.50 V obtained for MPy+, attributed to the
one-electron process resulting in formation of MPy�+, is in
excellent agreement with the value determined for the pyridinium
cation in analogous experimental conditions.25 In the cyclic
voltammogram of BPA4-Cl shown in Fig. 2, two anodic peaks
(A1 and A2) and four cathodic peaks (C1–C4) in the potential
range from –1.6 V to 1.2 V are seen. To determine the origin of
peak C1, another CV experiment was carried out but with the scan
direction reversed at 0 V, before the occurrence of peak A2 (see red
curve in Fig. 2). As can be seen, only the A1, C3 and C4 peaks
are observed, indicating that the peak C1 corresponds to the
irreversible reduction (i.e. DEp = EpA2 � EpC1 = 0.724 V) of the
hydroxy-nitroso intermediate formed during the initial oxidation
of the oxime group. A closely related oxidation manner has been
found for the N-methylpyridinium-2-oxime in aqueous media.26

In accordance with the redox behavior of MPy-I itself (see inset in
Fig. 2) the highly negative potential (peak C4) results in electro-
reduction of the parent pyridinium nucleus, while peaks C2 and
C3 relate to the consecutive two-electron electroreductions of

Table 1 UV/Vis absorption maxima, optical IICT energies, equilibrium
constants Kass (25 1C, I = 0.12 M) and one-electron reduction potentials
in water

An+/[FeII(CN)6]4�

Acceptor, An+
lmax CT (nm) emax CT
(M�1 cm�1)

Emax CT
(eV)

Kass
(M�1) Ea (V)

PAM4+ 433 2.86 13.6 �
4.4

–0.84

133 � 64
BPA4+ 452 2.74 11.7 �

4.8
–0.77

104 � 31
TMB42+ 459 2.70 28–45b –0.77

790–920b

TOXO2+ 478 2.59 45–69b –0.69
B1000b

MPy+ B360 sh 3.44 — –1.50
—

MPz+ 470c

N-Methylpyrazinium 150–200 2.64c 10–13c –0.65e

MBPy+ 435c

N-Methyl-4,40-
bipyridinium

150–200 2.85c 10–13c –0.90 f

MV2+ 525d 2.36d 54.2d –0.65g

Methyl viologen 690d

a Epc or E1/2. b Estimated values (the low solubility of the IICT complex
prevented accurate spectral measurements in solution). c Data from
ref. 16. d Ref. 17a. e Data from ref. 22. f Data for the ligand bound to
{FeII(CN)5} from ref. 23. g Data from ref. 24 (�0.446 vs. NHE is con-
verted into potential vs. Ag/AgCl (3 M KCl)).

Fig. 2 Cyclic voltammogram (–) of 1 mM BPA4-Cl (and inset: that of
1 mM MPy-I) on glassy carbon electrode in (� � �) 0.1 M NaClO4. Scan rate,
v = 100 mV s�1. Arrows indicate the scan direction.
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oxime and imine moieties. Similar electrochemical properties
have been found for pyridine and bis-pyridinium oxime deri-
vatives and a detailed mechanistic insight was provided.27,28

Specifically, the electroreduction mechanism of the pyridinium-
4-imine formation at a given pH involves two successive mono-
electronic steps: a fast one-electron transfer to produce the
pyridinium-4-oxime radical, which is followed by a slow, rate-
determining, second one-electron transfer.27 Therefore, in this
study the electroreduction potential EpC2 (peak C2) is taken
to represent the one-electron reduction of the investigated
pyridinium-4-oxime derivatives into the corresponding pyridinyl
radicals (pyridinium-4-oxime+/pyridinium-4-oxime�+ or bis-
pyridinium-4-oxime2+/pyridinium-4-oxime�2+). The presumed
analogy between the electrochemical behavior of the mono-
and bis-pyridinium-4-oxime derivatives is justified by the key
role of the mono-pyridinium counterparts in symmetric bis-
pyridinium compounds. The aqueous reduction potential of
these pharmacologically active compounds, which increases
significantly at low pH (pH B 2), suggests the validity of a
one-electron transfer process to rationalize their bioactivities.8

The CV of K4[FeII(CN)6] in aqueous medium under the same
experimental conditions (Fig. S2 in ESI†) revealed quasi-
reversible waves, with a peak-to peak separation of ca. 0.18 V
and midpoint potential of E1/2[FeIII/II] = 0.24 V vs. Ag/AgCl (3 M
KCl), in agreement with the literature.29

The CT character of the electronic transition within the
An+/[FeII(CN)6]4� complexes is found to be in accordance with
the Mulliken correlation between the one-electron reduction
potentials of the acceptors (Ered) and the IICT band energies
(EmaxCT) of the complexes (Fig. 3).

As can be seen from Table 1, introduction of the oxime
group to the fourth position of the MPy+ ring, to create PAM4+,
induces two equal-sized effects: on the one hand increasing
the PAM4+/PAM4�+ reduction potential (by ca. 0.6 V), and on
the other hand decreasing the energy of the CT transition
(EmaxCT by ca. 0.6 eV) within the PAM+/[FeII(CN)6]4� complex.
The electronic effect of the oxime group substantially
improves the electron-accepting properties of the conjugated

pyridinium-4-oxime system. Additionally, the IICT band energy
of the An+/[FeII(CN)6]4� complexes, containing BPA4+ and
bis-pyridinium-4-oxime acceptors (TMB4+, TOXO2+), decreases,
while the reduction potentials of these acceptors themselves
increase. These changes are clearly affected by the phenylmethylene
group attached to the N atom of the pyridinium-4-oxime moiety and
by the oxydimethylene or propylene linkers in the bis-pyridinium
acceptors. Furthermore, the subtle differences between the
investigated pyridinium-4-oxime acceptors, which form inner-
sphere complexes by coordinating with {FeII(CN)5}3�, are clearly
reflected in the very intensive MLCT bands11 in the visible
region, whose energies are also linearly dependent on the
reduction potential of the corresponding free ligand (see the
ESI,† Fig. S4). Therefore, the correlation between the optical
ET energies (both, IICT and MLCT) and the electrochemical
properties of the respective donor and acceptor ions clearly exist.

For the investigated An+/[FeII(CN)6]4� complexes, the driving
force for an ET process can be readily estimated as an ender-
gonic process, with DGET = F�(Eox – Ered) ranging from 90 to
168 kJ mol�1. Thus, the electron-transfer rates are prohibitively
slow, enabling the spectral observations of transient CT absorp-
tions commonly applicable to electron-donor/acceptor dyads.30

Consequently, at room temperature, in the electronic ground
state of the IICT complexes the presence of a coupled
An+:Dz� charge-transfer state rather than A�(n�1)+–D(z+1)–

electron-transfer state with radical ion-pair character was detected.
The equilibrium association constant for An+/[FeII(CN)6]4� complex
formation (Kass, M�1) and the molar absorption coefficients
(emaxCT, M�1 cm�1) of the IICT-bands were evaluated through
analysis of the concentration-dependent intensities of the absorp-
tion maximum (Table 1, see Experimental for details). The associa-
tion constants agree reasonably well with those reported for
similar An+/[FeII(CN)6]4� complexes.16,17a

Deeper understanding of the relationship between the
optical and electrochemical properties was obtained from
theoretical calculations. Computational analysis was performed
using the M06-2X DFT functional with implicit SMD solvation.
The calculated ionization potential, IP, of 4.05 eV for the
[FeII(CN)6]4� donor agrees reasonably with the previously
published value of 3.50 eV.17a The one-electron reduction
potentials for the studied pyridinium-4-oxime acceptors
obtained by high-level ab initio theoretical calculations, along
with the electron acceptor affinities, EA, are presented in
Table 2. The calculated values are in accordance with the

Fig. 3 Mulliken plot for [FeII(CN)6]4� complexes with various acceptors,
as indicated.

Table 2 Calculated reduction potentials, electron affinities (EA) and LUMO
energies for the pyridinium-4-oxime derivatives

Acceptor, An+ Ecalcd solution (V) –EA
a (eV) IP – EA

a (eV) E(LUMO)b (eV)

PAM4+ �0.98 3.43 0.62 0.74
BPA4+ �0.92 3.49 0.56 0.71
TMB42+ �0.88 3.53 0.52 0.63
TOXO2+ �0.70 3.71 0.34 0.47

a Obtained at the (SMD)/M06-2X/6-311+G(2d,p)/SDD//(SMD)/M06-2X/
6-31+G(d)/SDD level of theory. b Obtained at the (SMD)/HF/
6-311+G(2d,p)/SDD//(SMD)/M06-2X/6-31+G(d)/SDD level of theory.
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recently shown rationalization that among the terms contri-
buting the acceptor’s reduction potential, even for a series
of similar compounds, the difference in the free energy of
solvation plays a crucial role for accurately estimating the
electron acceptor properties in solution (see the ESI† for
details, Table S1).31 The theoretical one-electron reduction
potential for the family of pyridinium-4-oximes are in excellent
agreement with the experimental electroreduction potentials
EpC2 (Table 1), with the largest absolute deviation being 0.15 V
for BPA4+. The calculated electron affinities, EA, (Table 2) for
PAM4+ and BPA4+ are very similar, suggesting that the addi-
tional benzene moiety in BPA4+ does not significantly affect the
ability of these systems to accept an electron. This is further
supported by the analysis of the corresponding frontier orbitals
(Fig. 4), where it becomes clear that no significant electron
density is observed in the additional phenyl ring in the LUMO
of BPA4+, while the majority of the electron density is located
in the pyridinium-4-oxime moiety, just as in PAM4+. For the
bis-pyridinium-4-oxime acceptors, TMB42+ and TOXO2+, the
corresponding electron affinities are higher, yet only marginally
in the former (–3.53 eV), while notably in TOXO2+ (–3.71 eV).
As expected, the highest electron affinity of TOXO2+ is related
to the inductive effect of the oxydimethylene linker on the
pyridinium-4-oxime system, resulting in its decreased electron
density. In addition, the mutual differences among the optical
IICT energies are also related to the EA of the mono- and
bis-pyridinium-4-oxime acceptors (Tables 1 and 2).

For the pyridinium-4-oximes studied here, the electron-
accepting ability follows the sequence TOXO2+ 4 TMB42+

Z

BPA4+
Z PAM4+. An exceptionally good correlation is observed

between the acceptors’ electron affinities in solution (as well as
the matching LUMO orbitals) and the experimentally deter-
mined reduction potentials (Table 2). In addition, the optical
IICT energies correlate very well with the calculated LUMO
energies (see Fig. S4a in the ESI†) and with the calculated
IP � EA energy difference (Table 2). By comparing the values of
IP � EA, which are in the range of 0.3 to 0.6 eV, with the optical
IICT energies, it is obvious that the electrostatic forces are of
predominant importance for complex stabilization in solution.

Further insight into the local effects occurring upon
formation of the PAM4+/[FeII(CN)6]4� and BPA4+/[FeII(CN)6]4�

complexes in D2O solutions was obtained from 1H-NMR
spectroscopy at room temperature. For the 15 mM solution of
both complexes, a change in color upon mixing was accompa-
nied by pronounced downfield hydrogen shifts for all pyridinium
and alkyl hydrogen atoms (Fig. 5, Fig. S5 and Table S2 in the
ESI†). Analogous changes in the 1H-NMR shifts have been
found for viologen2+/[FeII(CN)6]4� complexes.17d The observed
deshielding effect is a result of increased polarization of Cpy–H
and Calkyl–H bonds and points to direct hydrogen-bonding
interaction with the cyano groups in [FeII(CN)6]4�. Moreover,
increasing the IICT complex concentration (up to 65 mM)
resulted in larger downfield shifts, reflecting the stronger
attraction between the donor and acceptor because of the

Fig. 4 Representation of HOMO and LUMO orbitals for the pyridinium-4-oxime mono- and dications together with orbital energies (in eV) calculated
with the (SMD)/HF/6-311+G(2d,p)//(SMD)/M06-2X/6-31+G(d) level of theory in water.
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exclusion of water molecules from the complex sphere, as was
first reported by Haque et al.32a

This is further rationalized by the substantially small
downfield shift of the oxime hydrogen observed in the 15 mM
solution, consequence of the strong hydration shell around the
highly polar oxime group, which diminishes its direct inter-
action with the cyano groups in [FeII(CN)6]4�. The 13C-NMR
spectra were measured, with the focus on the cyano carbon
atoms. As was previously found for the D2O solutions of the
inner-sphere MLCT pentacyano(pyridinium-4-oxime)ferrate(II)
complexes, the significant amount of charge transferred from
{FeII(CN)5}3� to PAM4+ or BPA4+ induced a notable change in
the CRN bond length, detectible by 13C-NMR as significant
upfield shifts of the cyano carbon atoms in comparison
with the solution of simple K4[FeII(CN)6].11,12 In contrast, the
association of [FeII(CN)6]4� and PAM4+ or BPA4+ does not
lead to any considerable chemical shift (Dd E 0.08 ppm),
suggesting a low extent of charge transferred and the predomi-
nance of an electrostatically-driven donor–acceptor complex.
To support this, the model complexes PAM4+/K3[FeII(CN)6]�

and BPA4+/K3[FeII(CN)6]� were chosen as the thermodynami-
cally most stable association complexes,32b and computation-
ally analyzed using M06-2X with implicit SMD solvation. The
calculated electron affinities for PAM4+ or BPA4+ in these
model complexes are only marginally changed relative to the
free species. Specifically, the electron affinity of the PAM4+/
K3[FeII(CN)6]� complex is –3.39 eV, only a 0.04 eV change
relative to PAM4+, while for the BPA4+/K3[FeII(CN)6]� complex
it is –3.44 eV, representing a change of only 0.05 eV from
BPA4+. This in turn reveals that the electron density of the
respective pyridinium-4-oximes only slightly changes upon
complex formation. This also agrees closely with the NBO
charge analysis, showing that in the corresponding com-
plexes, the total charge on PAM4+ and BPA4+ is +1.03 |e|.
More specifically, only 3% of the overall charge density is
perturbed upon association.

Spectroscopic analysis of the supramolecular solids

The freshly isolated supramolecular solids (PAM4)6[Fe(CN)6]I2,
(BPA4)4[Fe(CN)6]�10H2O, (TMB4)2[Fe(CN)6]�5H2O and (TOXO)2-
[Fe(CN)6] are poorly soluble in water and exhibit colors
which are not composites of the constituents. The association
between mono-pyridinium-4-oxime cations and [FeII(CN)6]4�

resulted in a relatively slow precipitation, allowing the
formation of SCXRD-quality crystals. In contrast, the fast
precipitation of the complexes between bis-pyridinium-4-oxime
dications and [FeII(CN)6]4� resulted in microcrystalline powdery
solids. We attempted to prepare single crystals by heating
the aqueous suspensions. However, thermal degradation of
[FeII(CN)6]4� led to formation of an insoluble mixture of both
an inner-sphere complex formed by bis-pyridinium-4-oxime
coordination to the {FeII(CN)5}3� moiety and an outer-sphere
association complex.

All of the isolated solids, like the analogous cyanoiron(II)
complexes containing low-spin Fell with fully occupied t2g

levels,33 produced a single line in 57Fe Mössbauer spectra.
The corresponding isomer shift and line width values relative
to a-Fe at 298 K were found to range from –0.08 mm s�1 to
–0.06 mm s�1 and from 0.29 mm s�1 to 0.32 mm s�1,
respectively (Fig. S6 in the ESI†). These values are comparable
with those found for K4[FeII(CN)6] itself, without a notable effect
of the zeolitic or crystallization water on their 57Fe Mössbauer
spectra.33 In the FTIR spectrum of K4[FeII(CN)6]�3H2O, charac-
teristic absorption bands for CRN stretching appeared at
2093 (A1g), 2072 (Eg) and 2045 (F1u) cm�1; for O–H bending in
water at 1649 and 1619 cm�1; and for Fe–C bending and Fe–C
stretching at 586 and 417 cm�1. All of these were in close
agreement with the reported values.34 The FTIR spectra of the
highly hydrated solids showed n(CN) absorptions characteristic of
[FeII(CN)6]4� with Oh symmetry, containing two bands: a very
strong one at 2042 � 2 cm�1 and a weak one at 2094 � 3 cm�1.
In contrast, in the spectra of the anhydrous or less hydrated
(up to 3H2O) solids, the n(CN) was split into at least three
absorption bands in the cyanide stretching region (see Fig. S7
in the ESI†). In all of the supramolecular solids an Fe–C bending
band was found at 584 � 2 cm�1. The absorption bands
associated with the pyridinium-4-oxime cationic counterparts
are practically identical to those reported for the respective
pyridinium-4-oxime salts.11,12 Therefore, within the vibrational
time scale at room temperature, the results are consistent with a
An+:Dz� trapped formulation of the supramolecular complexes.
The same was found for the intervalence-charge-transfer
complexes of the [RuIII(NH3)6][FeII(CN)5L] type (Prussian blue
analogues, which contain the electronic state equivalent to
A�(n�1)+–D(z+1)�).35 The FTIR results are in accordance with the
57Fe Mössbauer study, showing that at room temperature there is
no quantifiable degree of ET which would lead to the formation
of charge-separated states, such as [FeIII(CN)6]3� or pyridinyl
radicals, in the solid state.

The diffuse reflectance spectra of the supramolecular solids,
compared with the corresponding pyridinium-4-oxime salts
and K4[FeII(CN)6]�3H2O, are characterized by a new absorption
band in the range of 200 to 1000 nm, with the maximum in the

Fig. 5 1H-NMR spectra of PAM4+ (red) and PAM4+/[FeII(CN)6]4� (blue) in
D2O at 25 1C; c(PAM4+) = c([FeII(CN)6]4�) = 25 mM.
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Vis spectroscopic region (Table 3, see ESI† for details). From the
spectra (see Fig. S8 in the ESI†), the optical band gap energies
(Eg) were evaluated and are presented in Table 3. These Eg

values are within the typical range of organic semiconductor
materials36 and highlight these supramolecular materials
as good candidates for further investigation of photo- and
thermally induced charge separation in the solid state.

In addition, the loss of lattice water in (BPA4)4[Fe(CN)6]�
10H2O and formation of the corresponding dihydrate, upon
drying the solid under reduced pressure or heating it to 100 1C,
results in an irreversible red-brown to deep blue color change,
evidenced by a new, very broad and asymmetric band with the
maximum at 645 nm. This is presumably indicative of
a quantifiable amount of the charge-separated state within
the solid complex, as was found for the solid viologen-
hexacyanoferrate.17b Thus, further studies in the context of
both photo- and thermally induced charge separation, by
means of EPR, solid-state NMR and in situ high-temperature
XRD, are in progress.

Crystal structures of the supramolecular complexes

SCXRD analysis of two mono-pyridinium oxime hexa-
cyanoferrate(II) complexes, (PAM4)6[FeII(CN)6]I2 (1) and
(BPA4)4[FeII(CN)6]�10H2O (2a), revealed their unique supra-
molecular networks based on different intermolecular inter-
actions, reflecting the importance of N-substituents on
pyridinium-4-oxime. A Cambridge Structural Database (CSD)37

search for outer-sphere IICT complex structures with the electron
donor [FeII(CN)6]4� and organic pyridinium derivatives as
electron-acceptors revealed only 17 crystal structures. Crystal data
and selected bond distances (Å) for 1 and 2a are given in Tables S4
and S5 in the ESI.† The Fe–C bond lengths are in the range
1.913(2) to 1.927(2) Å in 1 and 1.899(2) to 1.913(2) Å in 2a, which
are consistent with the oxidation state FeII. For the crystal
structures in the CSD containing the [FeII(CN)6]4� anion, the
FeII–C bond lengths, solved by the single-crystal diffraction
method and refined to an R factor less than 0.075, are in the
range 1.886 to 1.947 Å, with a mean value of 1.914(16) Å. The bond
lengths of FeIII–C are greater, with the mean value of 1.943(18) Å.

The asymmetric unit in the crystal structure of 1 consists of
half of the [FeII(CN)6]4� anion (because the FeII lies at the center
of symmetry), one I� ion and three PAM4+ cations whose atoms
are labeled as A, B and C (Fig. 6a and Fig. S9a in the ESI†). Each
[FeII(CN)6]4� anion is connected to six PAM4+ cations by strong
O–H� � �Ncyano hydrogen bonds ranging from 2.610(3) to 2.683(3) Å
(Fig. 6a and Table S6 in the ESI†). The PAM4+ cations are
connected to cations from the neighboring hexamers by weak

Cpy–H� � �Ncyano and Cpy–H� � �O hydrogen bonds (Fig. 6b). In this
way a layered structure is formed, with every other layer con-
taining iodide ions (Fig. 6b), each being an acceptor of five
weak C–H� � �I interactions. Two such 2D-sandwich iodide layers
are connected by very weak CMet–H� � �Ncyano hydrogen bonds
(Fig. 6c). There are parallel-displaced p–p interactions between
the oxime group of one cation and the pyridinium ring of its
centrosymmetrically related pair, in such a way that the C8
of one cation lies approximately above the centroid of the
pyridinium ring of the other cation. The distances C8� � �Cg
are 3.561(2) Å, 3.531(2) Å and 3.589(2) Å in cations, A, B and C,
respectively. The layers in this structure are parallel to (11�1),

Table 3 UV/Vis absorption maxima and optical band gap energies of the
supramolecular solids

lmax CT (nm) Eg (eV)

(PAM4)6[Fe(CN)6]I2 554 1.82
(BPA4)4[Fe(CN)6]�10H2O 563 1.71
(BPA4)4[Fe(CN)6]�2H2O 645 —
(TMB4)2[Fe(CN)6]�5H2O 535 1.82
(TOXO)2[Fe(CN)6] 548 1.76

Fig. 6 (a) Drawing of the [FeII(CN)6]4� anion and six PAM4+ cations in 1
with the atom labeling scheme (I� ions are not shown) connected by
hydrogen bonds (thin blue lines). Ellipsoids are at the 30% probability level.
Symmetry code for cyano ligands: (i) �x, 1 � y, �z. Symmetry code for
PAM4+ cations: (ii) 1 � x, 1 � y, 1 � z; (iii) x � 1, y, z � 1; (iv) 1 � x, �y, �z;
(v) x � 1, 1 + y, z; (b) drawing of the [FeII(CN)6]4� anion, six I� and twelve
PAM4+ cations connected by hydrogen bonds shown by dotted lines
colored by distance (dark blue for short and light blue for long). PAM4+

cations from neighboring hexamers situated under and above the
PAM4+ cations from the given hexamer are shown in yellow and orange,
respectively; (c) drawing of one 2D-sandwich iodide layer in 1 with
hydrogen bonds shown by dotted lines colored by distance as in (b).
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the ‘‘top’’ face of the plate-like crystals, indicating that the crystal
growth is slowest in the direction [11�1] (Fig. S10 in the ESI†).

The asymmetric unit of 2a consists of one half of the
[FeII(CN)6]4� anion (FeII lying at the center of symmetry), two
BPA4+ cations and five water molecules (Fig. 7a). In the crystal
structure the strongest hydrogen bonds are, as in 1, those
involving the hydroxyl groups; however in this structure only
BPA4+ (atoms labeled as A) is connected to a cyano ligand (with
an O–H� � �Ncyano distance of 2.590(3) Å), while BPA4+ (atoms
labeled as B) interacts with a water molecule (with an
O–H� � �Owater distance of 2.529(4) Å). Packing of 2a viewed along
the a-axis is shown in Fig. 7b. Five hydrogen bonds inter-
connect the water molecules situated in hydrophilic pockets,
three water molecules are bonded to the anion (O–Hwater� � �Ncyano),
and one water molecule to BPA4+ (atoms labeled as B)
(O–Hwater� � �Noxime), revealing the essential role of water molecules
in the supramolecular assembly of this complex (Table S6 in the
ESI†). Through this hydrogen bonding network, layers are formed

parallel to (001). Both cations also form two weak C–H� � �Ncyano

hydrogen bonds. The layers are connected through weak
C–H� � �Owater hydrogen bonds and van der Waals interactions into
a 3D network. The solvent-accessible area amounts to 16.5% of the
unit cell volume but does not form a continuous void (Fig. 7b).
Cations BPA4+ show no significant evidence for internal ground-
state charge-transfer; the dihedral angles between the phenyl and
pyridyl rings in cations A and B amount to 81.92(17)1 and
79.57(18)1, respectively. In 2a the layers are also parallel to the
smallest crystal dimension, indicating that the slowest growth is in
the [001] direction (Fig. S11 in the ESI†). If left in air, the crystals
gradually lose water molecules and cracks appear.

Experimental
Materials

The synthetic procedures for N-methylpyridinium-4-oxime
iodide (PAM4-I) and N-benzylpyridinium-4-oxime chloride
monohydrate (BPA4-Cl�H2O), their spectroscopic characteriza-
tion (FTIR, FT-Raman, FT-MS, 1H- and 13C-NMR) and crystal
structure parameters have been provided in previous studies.11,12

Potassium hexacyanoferrate(II) trihidrate, K4[Fe(CN)6]�3H2O
(Sigma-Aldrich), N-methyl-pyridinium iodide (MPy-I; Sigma-
Aldrich), N,N0-(trimethylene)bis(pyridinium-4-oxime)dibromide
(TMB4-2Br; Sigma-Aldrich) and N,N0-(oxydimethylene)bis(pyridi-
nium-4-oxime)dichloride (TOXO-2Cl, Merck Darmstadt) were used
as purchased. The ultra-pure water (ASTM Type 1 quality)
obtained using a Millipore Direct-Q 5 purification system was
used to prepare solutions.

General physical measurements

The UV/Vis measurements were performed at 25 1C on a Varian
Cary Bio 100 and UNICAM UV4 spectrophotometers with
thermostated cell holders using 1 cm and 4 cm cuvettes. The
1H and 13C NMR spectra were recorded at room temperature
with a Bruker AV-600 spectrometer, operating at 600.13 and
150.9 MHz, respectively. Cyclic voltammograms were recorded
using the electrochemical system PGSTAT 101 (Eco-Chemie,
Utrecht, Netherlands), controlled by the NOVA 1.5 software
and a glassy-carbon electrode of 3.0 mm diameter (MF-2012,
Bioanalytical Systems, Inc., West Lafayette, Indiana, USA) as a
working electrode. Elemental analysis was performed by using
a Perkin Elmer 2400 Series II CHNS elemental analyzer with
accuracy percent of +/� 0.3%. The thermogravimetric analysis
was performed using a Shimadzu DTG-60H instrument, in the
stream of N2 (50 mL min�1) at a heating rate of 10 1C min�1.
The Mössbauer spectra were recorded at 25 1C in the trans-
mission mode using a standard WISSEL GmbH (Starnberg,
Germany) instrumental configuration. The 57Co in a rhodium
matrix was used as the Mossbauer source. The velocity scale
and all the data refer to the metallic a-Fe absorber at 25 1C.
Quantitative analyses of the Mossbauer spectra were performed
using the MossWin program.38 Diffuse-reflectance spectra were
recorded using Shimadzu UV/Vis-NIR spectrometer (model
UV-3600) equipped with an integrated sphere and was calibrated

Fig. 7 (a) Drawing of the [FeII(CN)6]4� anion and two BPA4+ cations in 2a
with the atom labelling scheme. Ellipsoids are at the 30% probability level.
Symmetry code: (i) �x, 1 � y, 1 � z; (b) packing of 2a in the unit cell.
Hydrogen bonds interconnecting the cations, anions and water molecules
are shown by dotted lines colored by distance (dark blue for short and light
blue for long). Voids occupied by water molecules are shown in yellow.
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against the surface of BaSO4 for 100% reflectance (R). Absorption
spectra were constructed from diffuse reflectance measurements
by expressing the apparent absorbance as log(1/R). FTIR spectra
were recorded on a Perkin Elmer Spectrum GX, Series R
spectrometer in the range of 4000–400 cm�1 using KBr pellets.
A Mettler Toledo pH-meter with an open junction combination
polymer electrode was used for pH measurements accurate to
�0.01 pH units.

UV/Vis spectral studies. The stock solutions of the corres-
ponding pyridinium-4-oxime and [FeII(CN)6]4� were always
freshly prepared. Each reaction mixture was prepared by injecting
a stock solution of [FeII(CN)6]4� into a thermally equilibrated
solution of the corresponding pyridinium-4-oxime contained in
a cuvette. The ionic strength was maintained at 0.12 M (NaCl
solution was added as needed). The spectrophotometric runs were
started immediately. In each reaction mixture, the solutions of
corresponding pyridinium-4-oxime and [FeII(CN)6]4� were mixed
within concentration range of 3.0–12 mM for mono-pyridinium-4-
oximes and of 0.5–2.0 mM for bis-pyridinium-4-oximes. For the
bis-pyridinium-4-oxime2+/[FeII(CN)6]4� complexes, the solubility
product is very small, preventing accurate spectral measurements
in solution. The [FeII(CN)6]4� stock solution was kept in the dark
to avoid photochemical degradation and was deaerated with
high purity nitrogen continuously bubbled through the system
to suppress oxidation of [FeII(CN)6]4� to [FeIII(CN)6]3�. The
time-dependent spectrum collection have shown that within
10 minutes after reactant mixing the absorption band maxi-
mum is exclusively associated with the CT state of the formed
IICT complex, which is the only species to have an appreciable
absorbance. The equilibrium association constants (Kass/M�1)
for the IICT complex formation and corresponding molar
absorption coefficients (emaxCT/M�1 cm�1) at 25 1C and
0.12 M ionic strength have been evaluated by non-linear
regression of the experimental data to the following general
expression valid for simple 1 : 1 binding:

A¼emaxCT

2
� cAþcDþ

1

Kass

� �
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cAþcDþ

1

Kass

� �2

�4 �cA �cD�

s8<
:

9=
;

where A is absorbance and cA and cD refer to the initial
concentrations of the acceptor and donor.

NMR studies in solution. The spectra were recorded in D2O
without internal standard present. The 1H-NMR spectra were
calibrated by using residual undeuterated solvent as an internal
reference (4.80 ppm). A set of reaction mixtures containing
different but equal concentrations of PAM4+ or BPA4+ and
[FeII(CN)6]4� were prepared in D2O. The concentration range
from 15 mM to 65 mM was found to be optimal regarding to
the NMR sensitivity restrictions and to avoid precipitation of
complexes. Because of these restrictions, the NMR studies of
bis-pyridinium-4-oxime2+/[FeII(CN)6]4� complex solutions was
precluded. The initial solutions of PAM4+ or BPA4+ and
[Fe(CN)6]4� were mixed just before recording the 1H-NMR.
To obtain the chemical shift difference, Dd (Dd = dcomplex – doxime),
the solutions of PAM4+ and BPA4+ were also prepared in the
same concentration range under same conditions and the

1H-NMR spectra were recorded. The 13C-NMR spectra of
15 mM solutions of both, the free ligands and their complexes
were obtained in analogous manner.

Cyclic voltammetric measurements. Successive cyclic
voltammograms were recorded in the potential range from
–1.60 V to 1.40 V at different scan rates (10 mV s�1 to 300 mV s�1).
Before each run the glassy-carbon electrode was polished
with diamond spray (6 mm), and rinsed with ethanol and
deionized water. The platinum rod served as an auxiliary
electrode whereas all potentials were given with respect to
reference electrode: Ag/AgCl (3 M KCl) with 3 M NaCl in the
electrolyte bridge (to prevent formation of sparingly soluble
KClO4 in the frit). The 1.0 mM, 6.0 mM and 11.0 mM solutions
of mono-pyridinium-4-oximes and 0.76 mM solutions of
bis-pyridinium-4-oximes were analyzed at 25 1C. The ionic
strength of 0.1 M was adjusted by the addition of analytical
grade NaClO4. Before starting each new set of measurements,
the solution in the electrolytic cell was deaerated with high
purity nitrogen (99.999%) for 15 min. A nitrogen blanket was
maintained thereafter.

SCXRD structure determination. Diffraction data were
collected from suitable single crystals of 1 and 2a on an Oxford
Diffraction Xcalibur single-crystal diffractometer with Xcalibur
Sapphire 3 CCD detector and Mo Ka radiation. The CrysAlis Pro
Software system, Version 171.38.43 was used for data collection
and reduction.39 The crystal structures were solved by the
direct methods using SHELXS program40 and refined by the
full-matrix least-squares method based on F2 against all
reflections using SHELXL-14 program,41 both integrated in
the WinGX system.42 All non-hydrogen atoms were refined
anisotropically. Hydrogen atoms bound to carbon atoms were
placed in calculated positions and refined using the riding
model, with Uiso(H) values set at 1.2Ueq of their carbon atom.
Hydroxyl hydrogen atoms were refined by using the rotating
group refinement (HFIX 147) with Uiso(H) values set at 1.5Ueq of
the oxygen atom. Water hydrogen atoms were fixed at O–H of
0.85 Å. Geometry parameters were calculated using PLATON.43

The structure drawings were prepared using MERCURY.44 The
crystallographic data are summarized in Tables S4 and S5,
in the ESI.† The voids occupied by water molecules were
calculated by the Hydrate analyzer program in MERCURY
(probe radius 1.2 Å).

Computational details. As a good compromise between
accuracy and the computational feasibility, all molecular geo-
metries were optimized in the gas-phase by the very efficient
M06-2X DFT functional employing the 6-31+G(d) basis set
for carbon, nitrogen, oxygen and hydrogen atoms and the
Stuttgart–Dresden (SDD) effective core potentials45 for the
inner electrons of iron atoms and its associated double-z basis
set for the outer ones. Radical species were treated with the
unrestricted UM06-2X approach. Thermal Gibbs free energy
corrections were extracted from the corresponding frequency
calculations without the scaling factors. The final single-point
energies were attained with a highly flexible 6-311+G(2d,p)
basis set giving rise to the M06-2X/6-311++G(d,p)/SDD//
M06-2X/6-31+G(d)/SDD model used here in the gas-phase.
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In this way, all thermodynamic values reported in this work
correspond to a room temperature of 298.15 K and a normal
pressure of 1 atm. To account for the solvation effects, thermo-
dynamic parameters in the aqueous solution were calculated
from the corresponding gas-phase values on structures reoptimized
with the (SMD)/M062X/6-31+G(d)/SDD model with all parameters
corresponding to pure water, and utilizing the experimental value
of DGSOLV(K+)WATER = �79.4 kcal mol�1.46 In this way, the solvation
free energies were calculated as a difference between the corres-
ponding SMD and gas-phase calculations at the same level of
theory. Atomic charges were obtained by natural bond orbital
(NBO) analysis47 as single-point calculations using the (SMD)/
M062X/6-31+G(d)/SDD model in water. All of the calculations were
performed using the Gaussian 09 software.48

Isolation of the supramolecular materials

(PAM4)6[FeII(CN)6]I2 (1). To the aqueous solution of
K4[FeII(CN)6]�3H2O (52.9 mg; 0.125 mmol in 0.5 mL), four-fold
excess of PAM4-I solution (133.2 mg; 0.50 mmol in 1.0 mL) was
added. The clear reddish-brown mixture was left overnight in
the dark at room temperature, yielding SCXRD-quality crystals
which were filtered off, washed several times with deionized
water and absolute ethanol and then dried in the desiccator
under reduced pressure over P4O10 for 24 hours. The mass of
the complex was 76 mg (Z = 49.3%). Anal. calcd for
C48H54N18O6FeI2: C, 44.74; H, 4.22; N, 19.56 found: C, 44.65;
H, 4.35; N, 19.59. FTIR (cm�1): n(CN)cyano, 2057 (vs), 2040 (vs);
n(CQN)oxime, 1643 (vs); n(C–C, C–N)pyridinium ring, 1612 (m), 1572
(m), 1553 (m), 1520 (s); n(NO), 1019 (vs), 1002 (vs); d(Fe–C),
582 (m).

(BPA4)4[FeII(CN)6]�10H2O (2a). To the aqueous solution of
K4[FeII(CN)6]�3H2O (31.7 mg; 0.075 mmol in 0.25 mL), a
solution of BPA4-Cl�H2O (80.0 mg; 0.30 mmol in 3.75 mL)
containing four-fold excess of BPA4+ in respect to [FeII(CN)6]4�

was added. The clear reddish-brown solution was sealed and
left in the dark at room temperature. The violet plate-like
SCXRD-quality crystals were extracted directly from a solution.
The water content was confirmed by the thermogravimetric
analysis in the temperature range 25–125 1C; observed mass
loss: 14.13%; calculated mass loss: 14.47% (Fig. S12 in
the ESI†). FTIR (cm�1): n(CN)cyano, 2042 (vs); n(CQN)oxime,
1642 (vs); n(C–C, C–N)pyridinium ring, 1610 (m), 1519 (m); n(NO),
1016 (vs, br); d(Fe–C), 582 (m).

(BPA4)4[FeII(CN)6]�2H2O (2b). After 2a was filtered off and
washed several times with deionized water and absolute
ethanol and then dried in the desiccator under reduced pressure
over P4O10 for 24 hours, the irreversible change in color from
dark purple to dark blue was perceived. The mass of the final,
dark blue material was 34.2 mg (Z = 49.8%). Anal. calcd for
C58H56N14O6Fe: C, 63.27; H, 5.13; N, 17.81 found: C, 63.02;
H, 5.10; N, 17.47. The water content was confirmed by the
thermogravimetric analysis in the temperature range 25–110 1C;
observed mass loss: 3.21%; calculated mass loss: 3.27% (Fig. S12
in the ESI†). FTIR (cm�1): n(CN)cyano, 2095 (w), 2073 (m), 2043 (s);
n(CQN)oxime, 1644 (vs); n(C–C, C–N)pyridinium ring, 1610 (m),
1522 (m); n(NO), 998 (br, vs); d(Fe–C), 583 (s).

(TMB4)2[FeII(CN)6]�5H2O. The dark purple complex
immediately precipitated at room temperature after addition
of TMB4-2Br solution (134.0 mg; 0.30 mmol in 0.5 mL) to the
solution of K4[FeII(CN)6]�3H2O (63.4 mg; 0.15 mmol in 1.0 mL).
The precipitate was filtered off, washed several times with
deionized water, absolute ethanol and diethyl ether and then
dried in the desiccator under reduced pressure over P4O10 for
24 hours. The mass of the complex was 116.0 mg (Z = 88.4%).
Anal. calcd for C36H46N14O9Fe: C, 49.43; H, 5.30; N, 22.41
found: C, 48.90; H, 5.28; N, 21.97. The water content was
confirmed by the thermogravimetric analysis in the tempera-
ture range 25–160 1C; observed mass loss: 10.51%; calculated
mass loss: 10.30% (Fig. S12 in the ESI†). FTIR (cm�1): n(CN)cyano,
2041 (vs); n(CQN)oxime, 1644 (vs); n(C–C, C–N)pyridinium ring, 1612 (s),
1519 (s); n(NO), 1014 (vs, br); d(Fe–C), 582 (m).

(TOXO)2[FeII(CN)6]. The dark purple product instantaneously
precipitated at room temperature by addition of TOXO-2Cl
solution (64.7 mg; 0.18 mmol in 0.5 mL) to the solution
of K4[FeII(CN)6]�3H2O (38.0 mg; 0.09 mmol in 1.0 mL). The
precipitate was filtered off, washed several times with deionized
water and absolute ethanol and then dried in the desiccator
under reduced pressure over P4O10 for 24 hours. The mass of
the complex was 58.4 mg (Z = 82.3%). Anal. calcd for
C34H32N14O6Fe: C, 51.79; H, 4.09; N, 24.87 found: C, 51.13; H,
4.15; N, 24.25. FT-IR (cm�1): n(CN)cyano, 2093 (m), 2073 (s), 2061 (s),
2041 (vs); n(CQN)oxime, 1644 (vs); n(C–C, C–N)pyridinium ring,
1608 (vs), 1515 (s); n(NO), 999 (vs); d(Fe–C), 585 (s).

Once precipitated from aqueous solution, independently
on initial reactant concentrations, complexes could not be
re-dissolved in water and in common polar organic solvents
such as MeOH, EtOH, acetone and DMSO. Attempts to obtain
the SCXRD-quality crystals of the bis-pyridinium-4-oxime2+/
[FeII(CN)6]4� complexes by slowing down the precipitation
at higher temperatures (30 to 40 1C) resulted in thermal
decomposition of [FeII(CN)6]4� and formation of insoluble
mixture of both, inner-sphere complex formed by bis-pyridinium-
4-oxime coordination to the {FeII(CN)5}3� moiety and outer-sphere
association complex.

Conclusions

We have investigated the features of the novel ground-state
complexes of pyridinium-4-oxime derivatives with hexacyano-
ferrate(II) in water. The electrochemical and electron-acceptor
properties of monocationic and dicationic pyridinium-4-oxime
derivatives were studied by a combination of experimental and
computational techniques. The existence of weakly coupled
donor–acceptor complexes with the characteristic coupled
charge-transfer state, rather than an electron-transfer state with
radical ion-pair character, was detected. The charge-transfer
state energies were found to depend on the acceptor’s one-
electron reduction potential, its calculated electron affinity and
its LUMO orbital energy. Furthermore, we have characterized
the supramolecular solids as a new type of organic–inorganic
hybrid material. The crystal structures of two complexes were
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resolved, yielding valuable insights into the interactions
responsible for the supramolecular complex assembly. The
interconnected sandwich-like 2D-layers, stabilized by interstitial
iodide and parallel-displaced p–p interactions, were found to be a
characteristic feature of the anhydrous PAM4

+/[FeII(CN)6]4� supra-
molecular structure. In contrast, the supramolecular crystal
network structure in hydrated BPA4

+/[FeII(CN)6]4� is governed by
water molecules incorporated within hydrophilic pockets, essential
for the formation of a 3D network. If heated or left in air, the water
molecules are lost along with the crystallinity, accompanied by a
color change. Further studies of these supramolecular solids,
in the context of both photo- and thermally induced charge
separation, by means of EPR, solid-state NMR and in situ high-
temperature XRD, are currently underway. Given the widespread
use of pyridinium-4-oxime salts as biologically active and
pharmacologically important substances, we believe that asses-
sing the trends and correlations between the optical charge-
transfer energies and the electrochemical properties of these
p-conjugated acceptors represents an important contribution.
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