
New Tricks by Old Anions: Hydrogen Bonded Hexacyanoferrous
Anionic Networks
Ivica Cvrtila† and Vladimir Stilinovic*́

Department of Chemistry, Faculty of Science, University of Zagreb, Horvatovac 102a, HR-10002 Zagreb, Croatia

*S Supporting Information

ABSTRACT: Hexacyanoferrates are well-known to form metal−organic frameworks
by coordination to metal atoms or acting as hydrogen bond acceptors. In this paper
we report a new type of hexacyanoferrate self-assembly, based on direct hydrogen
bonding of partially protonated hexacyanoferrate anions. By preparing a series of 15
hexacyanoferrates with various organic bases, we have found that protonated
hexacyanoferrates (present in 10 structures) readily form chains (two structures),
two-dimensional (four structures), or three-dimensional networks (four structures),
whereby the dimensionality of the network generally increases with the protonation
degree of the hexacyanoferrates. The exact mode of the self-assembly, including the
network type, depends on fine interplay of the pKa value of the base, its steric properties, and the stoichiometry of the formed
solid.

■ INTRODUCTION

Hexacyanoferrates (HCFs) have a special place in chemistry
ever since the accidental discovery of Prussian blue ca. 1703,
and preparation of potassium hexacyanoferrate(II) (gelbes
Blutlaugensalz) in 1752.1−3 After centuries of the use of
Prussian blue as a pigment, and decades of intense study of its
structure, physical and chemical properties,4−9 recent advances
in crystal engineering and materials chemistry have led to an
explosion of the diversity of Prussian blue analogues, as such
compounds can act as electrode materials,10−16 molecular
magnets,17−24 or photoswitchable magnetic solids,25−29 and can
also be applied as molecular sieves,30−32 antidotes or
decontaminants for radioactive metals,33−35 and for gas
storage.36−39 Design of these compounds generally relies on
formation of coordination networks of polycyanometalate
(PCM) anions and metal cations, as well as on hydrogen
bonding between the PCMs and organic proton donors. The
transition from purely inorganic to metal−organic frameworks
(MOFs) broadens the scope of properties of these materials
and allows for their fine-tuning, which are necessary require-
ments for the rational design of functional materials.
The design of PCM based structures is primarily based on

the ability of such anions to act as (multiple) electron pair
donors. This property enables them to act as (bridging) ligands
for metal cations (Scheme 1a), which can lead to discrete
clusters or polymeric structures.21,40−56 However, the electron-
donating potential of PCMs is not limited to formation of
coordinative bonds. Several material design strategies have been
devised based on hydrogen bonding of PCM (most commonly
HCF) anions with organic hydrogen donors (Scheme 1b). In
such structures, the finite or infinite structures are formed by
interposing organic functions or molecules, rather than metal
cations, between PCM anions.54,57−66 Bridging PCM units by
multiple proton donors may lead to formation of specific

structural motifs, such as chains or 2D networks, which can be
used to control their self-assembly, as best shown by
preparation of isostructural compounds.60 A more recent,
although essentially equivalent, strategy employed in the design
of PCM based MOFs is based on the potential of metal-bound
cyanide to act as a halogen acceptor and form halogen bonds
with iodo- and bromo-derivatized organic cations (Scheme
1c).67−70

The versatility of PCMs as electron donors (Lewis bases) in
materials design leads to an interesting questionis it possible
to devise a design strategy which would employ them in some
fundamentally different manner? A possible method would be
to use partially protonated PCMs which could simultaneously
act as electron and proton donors (Scheme 1d). A strong
indication of the viability of such a strategy is the presence of
extremely strong hydrogen bonds formed by metal bound
HNC ligands, particularly in the case of ionic [MCN···H···
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Scheme 1. Basic Types of Connecting PCMs: (a) Metal
Coordination; (b) Bridging by Hydrogen Bond Donors; (c)
Bridging by Halogen Bond Donors; (d) Bridging by Protons
(This Work)
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NCM]− complexes.71,72 Therefore, despite the current
scarcity of such compounds in the literature,73−82 it is possible
that an entire new family of materials may be designed on the
basis of hydrogen bonded poly(hydrogenpolycyanometalate)
anionic architectures.
Protonation of PCM anions can in principle be achieved in

two manners: by acidifying a solution of an alkali metal PCM
salt, or by using a PCM acid as the source of the (protonated)
anions. We have opted for the latter method, which, in spite of
involving an additional step in the synthesis (preparation and
isolation of the acid), has significant advantages: PCM acids are
usually more soluble in organic solvents than the corresponding
salts, which widens the range of organic bases that can be used.
Also the introduction of additional ions into the system is
avoided, thus enabling better control over the composition of
the final product. For this study we have employed stable and
easily synthesized hexacyanoferric(II) acid (H4[Fe(CN)6]).

83

The acid was crystallized with a variety of organic bases
spreading over a wide range of basicities and steric properties
(Scheme 2). Although H4[Fe(CN)6] is very strong in the first

two dissociation stages (pKa1 and pKa2 are too low to be
determined), and can hardly be expected to exist in the fully
protonated form even when crystallized with very weak organic
bases, relatively low values of subsequent dissociation constants
(pKa3 = 2.2 ± 0.2; pKa4 = 4.17 ± 0.02)84 render the presence of
H2[Fe(CN)6]

2− and H[Fe(CN)6]
3− anions likely in the crystal

structures of organic HCFs.

■ RESULTS AND DISCUSSION
By crystallizing H4[Fe(CN)6] with 13 organic bases we have
obtained 15 distinct solids (Table 1). In 10 of them protonated
HCF species were found. The most commonly appearing was
the expected H2[Fe(CN)6]

2− ion found in six structures, while
the other expected species, H[Fe(CN)6]

3−, was found only in
one structure. Surprisingly, as many as four structures comprise
the highly acidic H3[Fe(CN)6]

−. Hydrogen bonding pattern
changes with the protonation state: in XII and XV only HCF−
HCF hydrogen bonds are present, in VI−XI, XIII, and XIV
they are partly replaced by hydrogen bonds to other species,
while the fully deprotonated [Fe(CN)6]

4− anions in I−V, being

exclusively hydrogen bond acceptors, formed hydrogen bonds
only with other species.
Presence of protonated HCFs invariably leads to formation

of hydrogen bonded polyanionic architectures, and the
dimensionality of the architecture is determined primarily by
the protonation state − H[Fe(CN)6]

3− anions can only
assemble into chains, while H2[Fe(CN)6]

2− and H3[Fe(CN)6]
−

anions, depending on the spatial arrangement of the protons,
may form 2D sheets or 3D networks. Thus, in I−V, where the
anions can only act as hydrogen bond acceptors, complex
hydrogen bonded networks are present (network type ‘a’ in
Table 1, an example shown in Figure 1), comprising
[Fe(CN)6]

4− anions bridged by multiple hydrogen bond
donors (Figures 1a, 2c,d, and 4). H[Fe(CN)6]

3− anions in
VI, as well as alternating [Fe(CN)6]

4− and H2[Fe(CN)6]
2−

anions in VII, form {H[Fe(CN)6]
3−}n chains (type ‘b’), which

are further connected by water molecules (Figures 1b, 3c,d, and
5c). H2[Fe(CN)6]

2− anions in VIII, IX, and XI, as well as
H3[Fe(CN)6]

− anions in X, form 2D sheets (type ‘c’), which
form separate layers, with cations and other molecules attached
as pendants (Figures 1c, 2b, and 3a,b). The same anions,
H2[Fe(CN)6]

2− in XIII, and H2[Fe(CN)6]
2− and H3[Fe-

(CN)6]
− in XIV, in different relative orientations, form

truncated 3D cuboid networks (type ‘d’), again with the
cations attached as pendants (Figures 1d and 5a). Finally,
H3[Fe(CN)6]

− anions in XII and XV form 3D cuboid networks
(type ‘e’) comprising exclusively HCF−HCF hydrogen bonds,
while the cations and solvent molecules are hosted within the
cavities of the networks (Figures 1e and 6b,d).
The natural path toward the control of the network type

therefore appears to be using organic bases of different
basicities in order to control the protonation state of the
HCF anions (see Figures S71 and S72). Indeed, H3[Fe(CN)6]

−

anions are primarily found in the cases when very weak organic
bases were used (10 and 11), while stronger bases (2, NH3, 4,
and 5) lead to structures with the fully deprotonated
[Fe(CN)6]

4− anions (Table 1). However, the effect of the
base pKa is far from straightforwardthere does not seem to
be any statistically significant difference between the base pKa
span where H3[Fe(CN)6]

− (0.56−4.98), H2[Fe(CN)6]
2−

(0.56−5.32), or H[Fe(CN)6]3− anions (2.27−4.94) are present
in the structures, and while it would seem that protonated HCF
anions will rarely be found when bases with pKa > 5 are used
(with the exception of the sterically demanding 9), 1 with pKa
< 5 leads to fully deprotonated [Fe(CN)6]

4− anions. It is
therefore evident that other factors also have a significant
influence on the protonation state of the HCF anions, as well as
the resulting hydrogen bonding architectures.
Among these, most noticeable are the effects of the hydrogen

bonding and steric effects. Thus, in VIII and I the cations
bridge the anions via multiple hydrogen bonds, but with
different distances between the hydrogen atoms involved in
hydrogen bonds (hydrogen atom spans), which affects both the
protonation state and the dimensionality of the HCF network.
The hydrogen atom span of the H8+ cations in VIII (ca. 3.6 Å)
fits the period of the 2D {H2[Fe(CN)6]

2−}n network (Figure
2a), so that they easily hydrogen bond to neighboring
H2[Fe(CN)6]

2− anions, thus forming zigzag chains over and
below the HCF layers (Figure 2b). As a consequence, the 2D
network is stabilized. This stabilization through bridging by the
cation may also account for the lower protonation state of the
acid in VIII as compared to X and XII, even though 8 and 10
are bases of similar strength (Table 1). The longer H21

2+

Scheme 2. Organic Bases Used in This Research: 4,4′-
Bipyridine (1), Morpholine (2), Urotropine (3), 1,3-
Diaminopropane (4), Tetramethylammonium Hydroxide
(5), Quinoline (6), 2,4,6-Tris(pyrid-2-yl)-1,3,5-triazine (7),
Benzotriazole (8), Tribenzylamine (9), Phenazine (10),
Quinoxaline (11), 1,5-Naphthyridine (12), and
Phenanthroline (13)
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cations in I (hydrogen atom span ca. 8.7 Å) push the anions
from one another and water molecules are interpolated in
between (Figure 2c). This leads to full deprotonation of the
acid despite the intermediate basicity of 1 and to formation of a
HCF-water network (Figure 2d), instead of (exclusively) a
HCF network, such as present in VIII (and also in IX−XI).
Unlike in the previous examples where HCF architecture was

determined by hydrogen bonding abilities of the base
molecules, in VII and IX the effect of basicity upon the
protonation state and self-assembly of the HCF anions is
overcome by the size of the cations. The large H9+ cations in
IX (Figure 3a) are compelled to form separate layers (Figure
3b), which in turn facilitates formation of the 2D network of
H2[Fe(CN)6]

2− anions (in contrast to I, where hydrogen
bonding led to interpolation of water between the HCF anions
and full deprotonation). The H7+ cations in VII are also too

large to fit into cavities of 3D or 2D networks, while the
position of the proton on 2-pyridyl group (see Scheme 2)
hinders the approach of the anion and thus prevents formation
of HCF layers hydrogen bonded to the cations. Thus, only
H[Fe(CN)6]

3− chains are allowed to form (with water
molecules interpolated between the chains; Figure 3c), while
at the same time a significant amount of the cell space is filled
by polymeric water clusters (Figure 3d).
Possibly the most pronounced example of the hydrogen

bonding and steric effects is V, derived from 5 and HCF(III).
As 5 is a hydroxide, the strongest base possible in aqueous
environments, full deprotonation of the acid is expected.
However, although the anions indeed are fully deprotonated

Table 1. Overview of the Prepared Compounds

compound base, pKa(B) B: HCFa product composition networkb

I 1, 4.85/4.9285 2:1 (H21)2HCF(H2O)4 a (0D)
II 2, 8.3686 4:1 (H2)4HCF(H2O)4 a (0D)
III 3/NH3, 4.89/9.25

87 4:1 (H3)2(NH4)2HCF(H2O)4
c a (0D)

IV 4, 8.55/10.6588 4:1 (4·CO2)2(H24)2HCF(H2O)2
d a (0D)

Ve 5, 7 (H2O) 4:1 (Me4N)2(H5O2)HCF a (0D)
VI 6, 4.9489 4:1 (MeOH) (H6)3(HHCF)(H2O)2 b (1D)
VII 7, 2.72/3.5590 1:1 (MeOH) (H27)2(H3O)2(H2HCF)HCF(H2O)13 b (1D)
VIII 8, 1.689 2:1 (MeOH) (H8)2(H2HCF) c (2D)
IX 9, 5.3291 2:1 (MeOH) (H9)2(H2HCF)(MeOH)2 c (2D)
X 10, 1.2389 5:1 (EtOH) (H3O)2(H3HCF)2105(H2O)6 c (2D)
XI 11, 0.5692 4:1 (MeOH) (H11)4(H2HCF)211 c (2D)
XII 10, 1.23 1:1 (MeOH) (H10)2(H3HCF)210(MeOH)2 e (3D)
XIII 12, 2.9192 2:1 (H12)2(H2HCF) d (3D)
XIV 13, 4.9893 2:1 (MeOH) (H13)2(H2HCF)(H3 HCF)13 d (3D)
XV 11, 0.56 4:1 (MeOH) (H11)(H3HCF)11(H2O)2 e (3D)

aStoichiometric ratio of the reactants used for the synthesis. Water is always used as a solvent; cosolvent, if any, is noted in parentheses. bNetwork
types refer to Figure 1, where examples are presented; 0D means discrete HCF anions. cNH4

+ cations formed by decomposition of 3 in acidic
solution. d4·CO2 carbamate zwitterions formed from 4 and atmospheric CO2.

eHCF(III), likely formed due to oxidation by atmospheric oxygen.

Figure 1. Examples of types of HCF architectures: (a) type ‘a’: HCF
acting as hydrogen bond acceptor only ([Fe(CN)6]

4− anions bridged
by hydrogen bond donors in the structure of III); (b) type ‘b’: 1D
chain of H[Fe(CN)6]

3− anions (in VI); (c) type ‘c’: 2D network of
H2[Fe(CN)6]

2− anions (in IX); (d) type ‘d’: truncated 3D network of
H2[Fe(CN)6]

2− anions (in XIII); (e) type ‘e’: cuboid 3D network of
H3[Fe(CN)6]

− anions (in XII).

Figure 2. Effects of hydrogen bonding upon the architecture of HCFs:
(a) H8+ cations bridging H2[Fe(CN)6]

2− anions, resulting in type ‘c’
connectivity (VIII); (b) 2D HCF network with the H8+ cations
(green) attached (VIII); (c) interpolation of water between
[Fe(CN)6]

4− anions bridged by H21
2+ cations, resulting in type ‘a’

connectivity (I); (d) H21
2+ cations (green) bridging the HCF anions

in the HCF−water network (I).
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and consequently not directly hydrogen bonded, they are
bridged by (H5O2)

+ (Zundel) cations, altogether forming a 2D
network equivalent to those in VIII−XI, but with one-half HCF
anions replaced by (H5O2)

+ cations (Figure 4, compare with
Figure 1c). The presence of (H5O2)

+ cations (one of the
“hydrates” of H+ present in aqueous acids) in a compound
crystallized from a hydroxide solution, strongly contrasts the
supposition that the deprotonation of HCF anion occurred
because of the presence of a strong base (OH−; note that
reaction conditions − Table 1 − were such that there was
sufficient amount of base to completely neutralize the acid).
Instead, the structure appears to be essentially a 2D network of
H[Fe(CN)6]

2− anions with two water molecules per anion

interpolated into the hydrogen bonding system. Such enlarge-
ment of the {H[Fe(CN)6·2H2O}n

2n− hydrogen bonded net-
work is necessary in order to enlarge the space between the
terminal cyano groups sufficiently to accommodate the bulky
Me4N

+ cations.
Base content, i.e., base to HCF ratio, can also influence the

protonation state through steric effects upon the self-assembly
of the HCF anions. This is best demonstrated by the salts of
planar aromatic bases (6, 10, 11, 12, and 13), particularly
within a series of salts of sterically identical bicyclic bases (6, 11,
and 12; Figure 5). The structures of salts with lower base
content3/2 (XII and XIV) or 2 (XIII and XV) base
molecules per HCF anioncomprise 3D hydrogen bonded
HCF networks, with base molecules neatly filling the voids
(Figures 5a and 6b,d). Increasing the base to HCF ratio to 5/2
(X and XI) disrupts hydrogen bonding of anions in one
direction, resulting in 2D layers hydrogen bonded to
protonated base molecules (Figure 5b). This happens

Figure 3. Steric effects upon the architecture of HCFs: (a) bulky H9+

cations (green) hydrogen bonded to the 2D HCF network (IX; ‘c’
type connectivity); (b) double layer of H9+ cations (green) between
the HCF networks (IX); (c) H7+ cations attached to the HCF chains
bridged by water molecules (VII; ‘b’ type connectivity); (d) H7+

cations stacked between the HCF chains connected by polymeric
water clusters (VII; water molecules represented by oxygen atoms
only).

Figure 4. HCF-Zundel 2D network (type ‘a’ connectivity) hosting
bulky Me4N

+ cations (V).

Figure 5. Effects of base content upon the HCF architecture in a series
of structures derived from bicyclic aromatic bases: (a) two protonated
molecules of 12 per HCF unit neatly fit the network in XIII, with
anions forming a 3D hydrogen bonded network of type ‘d’
connectivity; (b) in XI, the base/HCF ratio is increased to 5/2 by
interpolation of disordered neutral molecules of 11, disrupting the
hydrogen bonding in one direction (the structure comprises hydrogen
bonded HCF layers (type ‘c’ connectivity), parallel to the direction of
viewing); (c) further increase of the base to HCF ratio to 3 by
doubling the number of interpolated neutral base (6) molecules in VI
disrupts a second series of hydrogen bonds, causing interpolation of
water molecules between the HCF ions, leaving only hydrogen
bonded HCF chains (along the direction of viewing), belonging to the
type ‘b’ connectivity.
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regardless of the protonation state of the HCF anions, as XI
comprises H2[Fe(CN)6]

2− anions, while X comprises H3[Fe-
(CN)6]

− anions. Although the latter are able to build the
cuboid 3D assembly, the stacked base molecules separate the
HCF layers in both structures. A further increase of the ratio to
3:1 in VI disrupts a second series of hydrogen bonds and leads
to interpolation of water molecules (cf. structure of I described
above), leaving only 1D hydrogen bonded chains of H[Fe-
(CN)6]

3−anions (Figure 5c). It is also noteworthy that the
increase of base content may affect the hydrogen bonding of
the HCF anions, without necessarily changing their protonation
statee.g., both XI and XIII comprise H2[Fe(CN)6]

2− anions,
although their base content, as well as hydrogen bonded HCF

network differas additional base molecules may be
interpolated as neutral molecules. The presence of neutral
base molecules is indeed a common feature in all structures
found to have hydrogen bonded HCF networks as they appear
in 6 (VI, X, XI, XII, XIV, and XV) out of 10 (VI−XV)
structures with direct hydrogen bonds between HCF anions.
On the other hand, none of the structures comprising isolated
HCF anions were found to contain neutral base molecules.
Taken together, these examples imply that the existence of a

given protonated HCF species in a crystal structure is not
simply a matter of the base strength. The supramolecular
surroundings of the anion, i.e., the base size and shape, as well
as its relative amount, also must be taken into account when
designing a HCF material as they sometimes may even
overcome the effect of the base strength. Practical implementa-
tion of these criteria is best exemplified by the comparing the
structures comprising 3D HCF networks (XII−XV).
The cuboid 3D network of hydrogen bonded HCF anions

observed in XII and XV, with undisturbed chains of nearly
linear hydrogen bonds in all three directions, can be considered
the ideal state of the HCF network, as the cyano groups are
exclusively hydrogen bonded with each other so that each HCF
anion forms six symmetric hydrogen bonds with six neighbors.
For such a structure to form, H3[Fe(CN)6]

− anions must be
present in sufficient quantities, while the cations, and possibly
other molecules, must fit the voids of the network, effectively
acting as guests. Using weak aromatic bases, such as 10 or 11,
meets both criteria. They are sufficiently weak bases to obtain
the necessary H3[Fe(CN)6]

− anions. At the same time, neutral
base molecules may act as hydrogen bond acceptors and
participate in forming supramolecular complexes of cations,
base, and solvent molecules, such as (MeOH)2(10)(H10

+)2
clusters in XII (Figure 6a) and (H2O)4(11)2(H11

+)2 in XV
(Figure 6c). These supramolecular clusters comprise alternating
bulged (base molecules) and thin (solvent molecules) regions
which allow them to spread through several (in both cases
three) “cells” of the [H3[Fe(CN)6]

−]n network and are also
sufficiently flexible to accommodate to the interior of the
network in order to neatly fit the voids (Figure 6b,d). It is
interesting to note that in both cases the structures comprise
both strongly acidic H3[Fe(CN)6]

− anions and neutral base
molecules, demonstrating the dominant effect of hydrogen
bonding (both within the network and within the cation−
solvent−base clusters) over the acid−base speciation expected
on the basis of pKa values. However, this dominance is lost
when stronger bases are used12 in XIII and 13 in XIV
(Figure 5a). This still allows for formation of 3D networks, but
here the network is truncated due to further deprotonation of
the HCF anions and hydrogen bonding to the cations, which in
turn do not form clusters with additional neutral base or solvent
molecules.
Importance of the appropriate guest for stabilization of 3D

networks is also well illustrated by the crystal structures of HCF
acids themselves. In all the known structures thereof there are
3D HCF networks present, but often heavily distorted. In
anhydrous hexacyanoferric(II) acid75 there are four protons per
acid molecule so the cuboid 3D network, which requires exactly
three, cannot form. This still allows for formation of a 2D
network similar to those in VIII−XI, while the connectivity
along the third dimension is achieved by uncommon hydrogen
bonds with the donating hydrogen cyanide groups being
perpendicular to the accepting ones. In the hydrates of
hexacyanoferric(III) acid,76−80 there are three protons per

Figure 6. Supramolecular oligomers formed by hydrogen bonding
between (protonated) base and solvent molecules: (a) (MeOH)2(10)-
(H10+)2 pentamer in XII; (b) the pentamers as guests to the 3D HCF
network (type ‘e’ connectivity); (c) (H2O)4(11)2(H11

+)2 octamer in
XV (water molecules represented as oxygen atoms only); (d) the
octamers as guests to the 3D HCF network (type ‘e’ connectivity).
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HCF moiety so that the 3D structure should be easily formed.
However, the 3D networks are in all cases distorted or even
truncated, as water acts as a base and forms various protonated
clusters. Conversely, in anhydrous hexacyanoferric(III)
acid,76,77 as well as in related hexacyanocobaltic(III) acid,81,82

there are cuboid 3D networks present, though not stabilized by
guests, but by 3-fold interpenetration of the cuboid networks.

■ CONCLUSIONS

The structures of the prepared series of organic hexacyanofer-
rates show that the potential of the HCFs to assemble into 2D
or 3D networks is not limited to metal coordination and
hydrogen or halogen bonding with organic bases. Protonated
HCFs can form strong mutual hydrogen bonds which give rise
to chains, 2D, or 3D networks of the protonated HCF species,
and the exact mode of their assembly can be tuned by the
strength, steric properties, or the amount of the base. Since the
HCFs share many of their electronic properties with other
PCMs, as well as with more complex compounds such as
nitroprussides, the behavior discovered in this research is likely
to also be observed in the whole class of coordination
compounds. Thus, on the basis of direct hydrogen bonding,
and possibly by combining it with other modes of connecting
PCM anions, a new family of Prussian blue analogues could be
established.

■ EXPERIMENTAL SECTION
Synthetic Procedures. Unless stated otherwise, all starting

materials (solvents, organic bases, reactants for syntheses) were
purchased from commercial sources and used as found.
Hexacyanoferric(II) acid was prepared following a procedure

described in the literature.83 Aqueous solution of potassium
hexacyanoferrate(II) trihydrate (4.2 g in 35 mL) was acidified with
concentrated hydrochloric acid (10 mL). After cooling to about 0 °C,
ether (7.0 mL) was added to the mixture to precipitate the acid. The
precipitate was redisolved in methanol (5.0 mL) and reprecipitated
with another portion of ether (7.0 mL). Yield: 1.40 g (65.2%).
12 was synthesized from 3-aminopyridine and glycerol by a

modified procedure from the literature.94 A mixture of 3-amino-
pyridine (3.0 g), glycerol (2.4 mL), concentrated sulfuric acid (1.6
mL), and arsenic(V) oxide (0.5 g) was heated at 170 °C for 5 h. After
being cooled to room temperature, the reaction mixture was dissolved
in water and neutralized with sodium carbonate (3.24 g). The
neutralized mixture was extracted with ether, the extract was dried by
sodium sulfate, and the product was obtained by evaporation of ether.
Yield: 0.80 g (19%).
All hexacyanoferrates studied in this research were prepared by

reactions of hexacyanoferric(II) acid and organic bases, with various
molar ratios of bases and the acid (Table 1). This was in general
performed by mixing an aqueous solution of hexacyanoferric(II) acid
(20 mg in 2 mL of water) with one, two, or more equivalents of the
base dissolved in 2 mL of water, methanol, or ethanol, except for 2 and
4, which were, being liquid, added directly to the aqueous acid. The
crystals suitable for X-ray diffraction analysis were obtained after
standing for several hours, or by slow evaporation of the solvents over
several days.
X-ray Diffraction Measurements and Crystal Structure

Refinement. Single crystal diffraction experiments were performed
at room temperature on an Oxford Diffraction Xcalibur diffractometer
with Sapphire3 CCD detector, using MoKα radiation, except for XIV,
which was measured on Oxford Diffraction Xcalibur Nova R
(microfocus Cu tube) equipped with an Oxford Instruments CryoJet
liquid-nitrogen cooling device. The crystal structures were solved using
SIR-9295 (except for IV and XIV, where SHELXS96 was used) and
refined using SHELXL-97. Selected crystallographic data are given in
Table S1 in the Supporting Information.

In IV, V, VI, VII, XI, and XIV structural disorder was observed.
Carbamate zwitterion in IV was modeled assuming conformational
disorder, as evident from the differential Fourier electron density maps
after locating the main component. Disordered water molecules in V
and VII were modeled as being bipositionally disordered (except for
one water molecule in VII, which was disordered near the inversion
center), as well as one part of the phenantrolinium cations in XIV. Part
of quinolinium cations in VI, quinoxaline molecules in XI, and the
other part of phenantrolinium cations in XIV were disordered around
the inversion centers, and modeled as being in bipositional disorder
with inversion.

All alkyl and aryl hydrogen atoms were placed at calculated
positions on parent atoms using the riding model. Whenever possible,
hydrogen atoms bonded to oxygen and nitrogen atoms were located
from differential Fourier electron density maps and refined isotropi-
cally. In VI, VII, XIV, and XV, due to disorder and/or poor quality of
the crystals, hydrogen atoms could only be partly located from the
differential Fourier electron density maps.
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