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Anion-π recognition between [M(CN)6]
3-

 complexes and HAT(CN)6: 

structural matching and electronic charge density modification  

Jedrzej Kobylarczyk, Dawid Pinkowicz, Monika Srebro-Hooper, James Hooper and Robert 
Podgajny*

 

Hexacyanidometalates (M = FeIII, CoIII) and multisite anion receptor HAT(CN)6 (1,4,5,8,9,11-

hexaazatriphenylenehexacarbonitrile) recognize each other in acetonitrile solution and self-assemble into the novel 

molecular networks (PPh4)3[M(CN)6][HAT(CN)6] (M = Fe, 1; Co, 2) and (AsPh4)3[M(CN)6][HAT(CN)6]∙2MeCN∙H2O (M = Fe, 3; 

Co, 4). 1-4 contains the stacked columns {[M(CN)6]3-;[HAT(CN)6]}∞ separated by the organic cations. All of the M-C≡N 

vectors point collectively towards the centroids of pyrazine rings on neighboring HAT(CN)6 molecules, with  

Ncyanide∙∙∙centroidpyrazine distances that are under 3 Å. The directional character and structural parameters of the new 

supramolecular synthons correspond with collective triple anion-π interactions between the CN- ligands of the metal 

complexes and the π-deficient areas of HAT(CN)6. Physicochemical characterisation (IR spectroscopy, UV-Vis spectroscopy, 

cyclic voltammetry) and dispersion-corrected DFT studies reveal the dominating charge-transfer (CT) and polarisation 

characters of the interactions. The electronic density flow occurs from the CN- ligands of [M(CN)6]
3- to the HAT(CN)6 orbital 

systems and further, toward the peripheral –CN groups of HAT(CN)6. Solid-state DFT calculations determined the total 

interaction energy of HAT(CN)6 to be ca. -125 kcal∙mol-1, which gives ca. -15 kcal∙mol-1 per one CN-∙∙∙HAT(CN)6 contact after 

subtraction of the interaction with organic cations. The UV-Vis electronic absorption measurements prove that the 

intermolecular interactions  persists in solution and suggest a 1:1 composition of the anion-π {[M(CN)6]3-;[HAT(CN)6]} 

chromophore, with the formation constant Kadd = (5.8 ± 6)∙102 dm3∙mol-1 and the molar absorption coefficients εadd = 180 ± 

9 cm-1∙dm3∙mol-1 at 600 nm, as estimated from concentration-dependent studies. 

Introduction  

 

Weaker does not mean worse, to paraphrase a popular 

sentiment, and it is perfectly illustrated by non-covalent 

interactions,1 which play a crucial role in the formation and 

stabilization of molecular platforms as well as in determining 

their functional character. An important aspect in designing 

new materials is to exploit such interactions towards 

recognition between molecular fragments. The formation of 

specific molecular arrangements occurs through hydrogen 

bonds, π-π interactions or ion-π adducts assisted by 

electrostatic interactions, van der Waals interactions and 

hydrophobic interaction; such interactions are known to 

reinforce or to work against coordination bonding, and can 

therefore influence the dimensionality and properties of 

coordination compounds.2-10 Coordination complexes can 

themselves participate in the formation of extended 

supramolecular systems of various character and function. 

They serve as building block for supramolecular coordination 

cages,11 polymers12 and nanoscale systems,13 oligomeric 

switchable catenane and rotaxane systems,14, 15 or act as 

catalytic sites for a variety of organic reactions or biological 

processes,16 All of these applications exploit the sophisticated 

organisation of the complexes’ second coordination spheres 

via intramolecular or intermolecular scaffolding.  

Page 1 of 11 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t

Pu
bl

is
he

d 
on

 1
6 

Fe
br

ua
ry

 2
01

7.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

Sa
n 

D
ie

go
 o

n 
16

/0
2/

20
17

 1
1:

45
:1

1.
 

View Article Online
DOI: 10.1039/C7DT00293A

http://dx.doi.org/10.1039/c7dt00293a


ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

Anion-π systems offer perfect models to study such 

supramolecular matching and a plethora of elegant examples 

have been recently reported.17-20 For the most part, these 

adducts make use of simple and extended π-acidic systems 

involving -F,21 -CN,22-24 -NO2
25 (or other) substituted aromatic 

rings, naphtalenediimides systems,26-30 polyazines,18, 31-33 and, 

recently, some of their N-oxides reported by some of us.34 

Their potential applications include recognition and selective 

binding of both simple and more extended anions (e.g F-, Cl-, 

Br-, CN-, NO3
-, CO3

2-, ClO4
-, BF4

-, PF6
-, AsF6

-, SbF6
-, glutamate, 

aspartate),17, 23, 30, 35, 36 controlled formation of macrocyclic 

oligomeric complexes,17, 31 catalysis supported by 

intramolecular covalent scaffolds,26, 37 tuning of physical 

response,38 influencing the magnetic exchange interaction39, 40 

and activity in biological systems.36, 41 Beyond the systems 

which include simple anions, little attention has been paid to 

the binding of the classical Werner anionic complexes. A 

particular interest could be paid to the polycyanidometalates, 

as they are important in syntheses of polynuclear cyanido-

bridged complexes with interesting magnetic, electron 

transfer, chiral, spin crossover, or luminescent properties, 

among others.5, 42-50 To the best of our knowledge only the 

groups of Bianchi and López-Garzón performed systematic 

research on binding parameters for systems {complex;L1} and 

{complex;L1/AC} in solution (complex - octahedral [M(CN)6]n- 

(FeII, CoIII) or planar [Pt(CN)4]2-; L1 - pyrimidine derivative 

substituted with tris(2-aminoethyl)amine, tren; AC – activated 

carbon).51 A single very short CNN∙∙∙centroidpyrimidine contact in 

the cation assisted intramolecular {[Co(CN)6]3-;pyrimidine} 

adduct, with the distance of 2.786 Å and angles α1 = 9.9o and 

α2 = 46.2o (to be discussed below) was found.52 Very recently 

some of us reported the observation of very similar anion-π 

type contact between [W(CN)8]3-/4- anion and pyrazine-N,N’-

dioxide with the distance CN∙∙∙centroidpzdo approaching 3 Å.34  

Addressing the obvious need to explore this field further, we 

are currently interested in the supramolecular interaction and 

crystal formation between polycyanidometalate complexes 

and molecules from the prominent HAT 

(hexaazatriphenylene)-based family.53 Our first choice herein is 

the planar molecule HAT(CN)6 (1,4,5,8,9,11-

hexaazatriphenylenehexacarbonitrile), which is shown to the 

right of Fig. 1a.54 HAT(CN)6 has a specific triangular puzzle-like 

shaped π-deficient area (colored in blue in Fig.1a), which is 

granted by three pyrazine rings that are side-condensed to the 

central benzene ring on the one side, and capped by six –CN 

substituents around the periphery. This building block offers 

great potential in constructing systems with a tunable 

photophysical response in stacked layered composites (e.g. 

organic light emitting diodes, OLEDs), due to the low-lying 

LUMO orbitals close to the Fermi level.38 Recently, it has also 

been recognized as an efficient multisite triangular anion 

receptor in THF, CH3NO2
23 and MeCN24 solutions. It has been 

shown already to create anion-π adducts based on either 

charge-transfer (CT) systems (Br–, I– and SCN– anions) or 

electron-transfer (ET) systems (F–, OH– and OCN– anions), in 

accordance with the increasing strength of Lewis basicity of 

the anion.24 HAT(CN)6 and its reduced radical anion form 

HAT(CN)6 ▪– has been very scarcely used in a construction of 

solid state molecular crystals55-58 or nanosystems,22 however, 

its affinity to the anionic species was documented. The infinite 

columnar stacked {anion–;HAT(CN)6}∞ (anion– = PF6
–,56 Br–,23 I– 

54) was observed when the neutral form was incorporated in 

the crystal. The anion-π synthons were not “saturated”, as 

only a part of π-deficient areas were involved in the anion-π 

contact in these cases. The classical local binding of PF6
–, into 

the {PF6
–;HAT(CN)6;PF6

–}∞ adducts was observed only in the 

cavity composed of HAT(CN)6
▪– and phenyl rings, 

coordinated/attached to CuI centres in {[CuIL]3[HAT(CN)6]} 

complexes with triple chelating coordination mode CuI-(N,N-

diimine)HAT.55, 56  

Herein, we report the supramolecular recognition between 

hexacyanidometalates and HAT(CN)6 towards novel adducts 

{[M(CN)6]3-;[HAT(CN)6]} in MeCN solution, leading to four new 

crystalline phases, (PPh4)3[M(CN)6][HAT(CN)6] (M = Fe, 1; Co, 2) 

and (AsPh4)3[M(CN)6][HAT(CN)6]∙2MeCN∙H2O (M = Fe, 3; Co, 4). 

1-4 are described using structural, physicochemical and 

computational (density functional theory (DFT) with both 

periodic and molecular cluster models) methods. The anion-π 

synthons are saturated in all four compounds. This, therefore, 

represents a new approach to observe anion-π interactions 

between a π-deficient multisite anion receptor HAT(CN)6 and 

anionic ligands which are pre-organized in a metal complex. 

Results and discussion 

Synthesis and crystal structures 
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Combining   A3[M(CN)6] (A = PPh4
+, AsPh4

+; M = FeIII, CoIII) salts with 

HAT(CN)6 we present a new example of pre-programmed 

supramolecular self-assembly. These building blocks match 

structurally and electronically: both the centroids of HAT(CN)6, with 

well determined π-deficient regions, and the fac-oriented anionic 

cyanides of M(CN)6 form equilateral triangles with very similar edge 

lengths (Fig. 1a). The needle shape crystals of 1-4 were obtained by 

a slow diffusion of diethyl ether into a MeCN solution of the 

reactants. 1 and 2 crystallize in the trigonal system, space group 

R3c, while 3 and 4 crystallize in the monoclinic system, space group 

Cc. The detailed crystallographic data and metric parameters are 

presented in Figures S1-S6 and Tables S1-S4 (ESI†). The uniformity 

1-4 was confirmed by PXRD measurements (Figures S7-S10, ESI†). 

The stability of 1 and 2 up to 100 oC was determined by TGA 

measurements and PXRD measurements (Figures S7-S12, ESI†). All 

compounds reveal a columnar structure with straight 

{HAT(CN)6;[M(CN)6]3-}∞ supramolecular chains that are surrounded 

and separated by the bulky organic cations (Fig. 1b), and, in the 

case of 3 and 4, additionally supported by MeCN and H2O 

molecules. The novel feature in 1-4 is definitely the orientation of N 

atoms of all CN- ligands towards the centroids of pyrazine rings in 

HAT(CN)6, forming an unprecedented sandwich arrangement of 

triple M-C-N∙∙∙centroidpyrazine supramolecular linkages for each 

complex (Fig. 1c). Each side of HAT(CN)6 is thus accepting all three N 

atoms of the three fac oriented cyanides, with N∙∙∙centroid 

distances of 2.952 and 2.990 Å (1), 2.945 and 2.989 Å (2), 2.90-3.16 

Å (3) and 2.91-3.20 Å (4). Such mutual orientation is a natural 

consequence of the highlighted molecular matching. A similar, but 

less saturated, stacking of HAT(CN)6 was observed recently by 

Dunbar et al. in {([n-Bu4N][Br])3[HAT(CN)6]}∙3C6H6 compound, 

where Br– anions were positioned above and below the saturated 

C-C fragments of HAT(CN)6 with a non-complete occupation.23 The 

[M(CN)6]3- units have only slightly distorted octahedral geometry 

(Table S5, ESI†). The Fe-C and Co-C distances are 1.95-1.97 and 

1.91-1.92 Å, respectively, which are notably longer (by 0.02-0.04 

and 0.01-0.02 Å) than related reference [M(CN)6]3--based 

compounds. At the same time, the M-C-N angles keep their usual 

linearity of 175-180o. The observed subtle shift of the CN- ligands 

from the complex towards the HAT(CN)6 centroids is interpreted as 

evidence of an anion-π interaction. The oxidation state of FeIII in 1 

was confirmed by magnetic moment measurements and 57Fe 

Moessbauer spectroscopy (Figure S13, ESI†).    

For a complete and exact description of the Fe-C-N∙∙∙centroidpyrazine 

synthons we examined angles of incidence at each CN-∙∙∙HAT(CN)6  

contact, α1 and α2, with respect to d, the distance between CN- 

vector and HAT(CN)6 centroid (Fig. 2a), according to the protocol 

proposed recently by Bianchi et al.52 (see also ESI†). The full set of 

results for compounds 1-4 is presented in Figs. 2b,c and in Table S6 

(ESI†). Compared to the structural data obtained from a CSD search 

for [M(CN)6] based compounds (black points in Figs. 2b,c), the 

geometrical parameters of the contacts in 1-4 with α1 < 15o and α2 < 

65o, allow them to be classified as a group of compounds with 

significant anion-π interactions between a multisite anion receptor 

(HAT(CN)6) and the three CN- anions that are pre-organized within 

each adjacent [M(CN)6]3- complex. The spread of data points in Fig. 

2 illustrates how the crystal structure affects the anion-π 

interactions; the d, α1, and α2 parameters are only subtly different 

in 1 and 2, but much more spread out in compounds 3 and 4 (ESI†). 

Their variance relates to the degree to which HAT(CN)6 bends in the 

crystal lattice; this is a small effect in 1 and 2 but there is a severe 

bending of one –CN group when it is crystallized with solvent H2O 

molecules in 3 and 4. 

 

Figure 3. IR spectra of 1 (a) and 2 (b) (black line), the reference starting 
complexes (PPh4)3[Fe(CN)6]∙6H2O (a) or (PPh4)3[Co(CN)6]∙7H2O (b) (red 
lines), and HAT(CN)6 (blue lines) in the v(C≡N) range.  
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IR spectroscopy 

The IR spectra of 1 and 2 in v(C≡N) region, 2250-2200 cm-1 for –CN 

groups and 2200-2000 cm-1 of CN- ligands, show a general 

weakening of the vibrations compared to their precursors (Fig. 3, 

Figures S14-S19, ESI†). In the case of HAT(CN)6 vibrations, two 

peaks appear at 2244 (w) and 2235 (w) cm-1 in place of higher 

energy 2255 cm-1 (w) and 2241 cm-1 (s) ones. This may be assigned 

to the decrease of the overall bond order of C≡N group due to an 

increase in the electronic density on delocalised π*-systems of 

HAT(CN)6 in the adducts (see also below), in the perfect agreement 

with the vibrational data reported for reduced HAT(CN)6
- 

compounds.56, 58 In the case of [M(CN)6]3- complexes the whole 

spectral patterns are systematically shifted of ca. 10-15 cm-1, which 

is interpreted in terms of weaker binding of CN- by M inferred from 

the structural data. This supports strongly the existence of anion-π 

interaction along the observed structural synthons. The individual 

absorption wavenumbers, lower for FeIII than for CoIII, are in 

agreement with the binding strength tendency expected for t2g
5 and 

t2g
6 configurations, respectively. 

 

UV-Vis spectroscopy  

While the color of starting organic salts is yellow (Fe) or smoked 

white (Co), the crystals of 1 and 3 (Fe) are dark green and those of 2 

and 4 (Co) are yellow, which suggest the significant spectral 

modifications in UV-VIS range (Figs. 4 and 5, Figs. S20-S21, ESI†). 

Similar colors were found for the MeCN solutions of 1 and 3, and 2 

and 4, respectively. The representative UV-VIS electronic absorption 

spectra are presented in Fig. 4 and Fig. 5 for 1 and 2, respectively; 

the panels in (a) show the Kubelka-Munk (K-M) functions for the 

solid state, while in the panels in (b) show the corresponding 

spectra in MeCN solutions. The strong UV-Vis bands in the solid 

state absorption of 1 in the 200 – 470 nm range (λmax of 240, 330 

and 415 nm) can be assigned to the sum of the intraligand (IL) 

transitions within HAT-CN6
24, 58 and ligand-to-metal charge-transfer 

(LMCT) transitions from CN- to Fe3+,59 with slightly modified energy 

due to the nature of intermolecular interactions in the solid state. 

In the case of 2, a strong absorption of HAT(CN)6 dominates below 

400 nm, covering the ligand-field (LF) bands for [Co(CN)6]3-.59 The 

new broad visible absorption bands are easily seen for 1 in the 

range of 500-800 nm, appearing at λmax 600 nm. The similar 

additional intensity can be also observed in the case of 2, but the 

corresponding bands are strongly blue-shifted comparing to 1, i.e. 

to 400-650 nm with λmax of ca. 440 nm(sh) (overlapping with the 

absorption of HAT(CN)6). 

The appearance of such additional broad absorption bands in the 

visible spectral region (up to 600-700 nm) was found to be also 

characteristic for relatively stable adducts composed of 

octacyanidotungstates(V) and cationic species. It occurs in specific 

circumstances, e.g. when nitrogen atoms of C-coordinated CN- 

ligands are in a close frontal electrostatic contact with s metal 

cations (Li+-Cs+). This is generally seen for such solid-state salts, as 

well as for NaI- or KI-MnII
2(pzdo)-[WV(CN)8]3- adducts in aqueous 

solution.34 Contrary to that, none or very poor visible absorption is 

 

Figure 2. (a) Definition of α1, α2, and d parameters of anion- π 
interaction. (b,c) Comparison of metal-CN-π interaction parameters 
obtained from the crystal structures of our compounds: 1 ( ), 2 ( ), 
3  ( ) and 4 ( ) with those found in CSD ( ). 

 

Figure 5. Electronic UV-Vis spectra of 2 and its precursors in solid state 
as K-M functions (a), and in MeCN solution (b). Concentration of 
precursors was set to 0.65 mmol∙dm3. Colours: (PPh4)3[Co(CN)6]∙7H2O 
(yellow), HAT(CN)6 (blue), and 2 (red)   
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seen for solutions of [W(CN)8]3- salts or its organic salts, e.g. 

TBA3[W(CN)8] in solid state. A distinguishable visible absorption 

may also occur due to the donor-acceptor interaction involving 

polycyanidometalates, which was shown for [PtIILn]2+-[WV(CN)8]3- [Ln 

= (NH3)4, (en)2] systems, as well as for the range of 

cyanidometalate-based systems.60, 61       

Accordingly, we tentatively link the new absorption bands observed 

for 1 and 2 to the anion-π CT interaction between the CN– ligands in 

the metal complexes and the π-deficient electron system of the 

HAT(CN)6 molecule. This appears to be qualitatively supported by 

the calculated electronic structure of 1 and 2. The computed (DFT,62 

periodic conditions) electronic band energies of both systems are 

shown in Fig. 6; see the ESI† for computa\onal details and 

additional calculated results. The peaks in Fig. 6 are colored 

according to which fragments contribute to each energy level, and 

the energy levels are scaled such the highest occupied electronic 

state is assigned to 0 eV. It is clearly seen that the lowest 

unoccupied energy levels, i.e. the conduction bands (CB’s), 

correspond with HAT(CN)6 electronic states, and that the highest 

occupied energy levels correspond with [M(CN)6]3– states. This is 

consistent with the M/CN– → HAT(CN)6 CT assignment of the new 

long-wavelength adsorption bands. Furthermore, the presence of 

unpaired spin density in 1 results in a smaller band gap; 2.1 eV for 1 

(with a spin-doublet d5 electronic configuration of Fe) vs. 2.9 eV for 

2 (with a closed-shell d6 configuration of Co). This nicely correlates 

with the experimentally observed bathochromic shift of low-energy 

adsorption bands for 1 as compared to 2. 

The colors and spectra of the MeCN solutions of 1-4, with similar 

additional broad absorption bands at λmax = 540, 600 nm (for 1) and 

λmax = 500, 590 nm (for 2) indicate preservation of anion-π contacts 

after dissolution. The absorption is of rather moderate intensity and 

it strongly resembles that presented by Ballester et al. for the CT 

contact pairs {anion–;[HAT(CN)6]} engaging weak nucleophilic anions 

as Br–, I– or SCN–.17,23,24 This indicates a relatively weak electrophilic 

character of CN–, while C-coordinated to the metal ion, and 

supports anion-π CT assignment of the solid-state adducts. As 

reference studies, we performed the UV-Vis titration of HAT(CN)6 

with free CN- anion provided by TBA+CN- salt or with [Fe(CN)6]3– and 

[Co(CN)6]3–. In the former case, the sequential appearance and 

disappearance of absorption peaks at λmax = 761, 690 and 630 nm 

characteristic for the reduced HAT(CN)6
▪– was observed (see Fig. 

S22, ESI†)24, 58 suggesting the redox pathway from the CT {CN–

;HAT(CN)6} adduct through the radical anion HAT(CN)6
▪– towards the 

dianion HAT(CN)6
2- and/or possible unrecognized products of its 

decomposition.24 Such electron-transfer (ET) behaviour was 

observed when the strong electrophiles such as HO–, F–, or OCN– 

were used for a titration. With [Fe(CN)6]3– and [Co(CN)6]3– used as a 

titrant no spectral signatures for HAT(CN)6
▪– were observed in the 

UV-Vis absorption which may be due to weakening of Lewis basicity 

and suppression of kinetic movements of coordinated CN–, in 

comparison to the free CN–.      

Interestingly, the HAT(CN)6
▪– electronic absorption characteristics 

can be observed for the MeCN solutions of 2, as well as for the 

solid-state samples of 2, exposed to UV-Vis light irradiation. It is 

expected that the extent of redox reaction should be rather 

dependent on the light intensity and degree of diffusion. 

Preliminary results indicate that the effect is stronger in the case of 

2, which can be tentatively assigned to the facile release of cyanide 

from [Co(CN)6]3- complexes under the 365 nm irradiation.63 At the 

same conditions, no or very little ET was exhibited by the solutions 

of 1, probably due to the different character of its absorption 

spectra compared to 2. As this are the very preliminary results, the 

above photophysical phenomena could be studied in details in 

future work. 

 

Figure 4. Electronic UV-Vis spectra of 1 and its precursors in solid state 
as K-M functions (a), and in MeCN solution (b). Concentration of 
precursors was set to 0.11 mmol∙dm3. Colors: (PPh4)3[Fe(CN)6]∙6H2O 
(yellow), HAT(CN)6 (blue), and 1 (red)   

 

 

Figure 7. Evolution of visible electronic absorption spectrum of 1 
dissolved in MeCN upon decrease in concentration of adduct within c 
range of 1.5-3.0∙10-3 mol∙dm3 Inset: the fitted Aλ(c1) dependence (left) 
and the Joe-Jones plot (right) for λ = 600 nm.  

 

Figure 6. The computed (DFT/HSE0662) electronic band energies of 1 
(right) and 2 (left). The Fermi energy is set to zero in each plot. The 
lines are colored according to the projection of the electronic band 
structure onto the atoms of the molecular building blocks. The location 
of the conduction band (CB) is shown in each plot. See also ESI†.   
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To estimate a character and a degree of association between 

HAT(CN)6 and [M(CN)6]3-, dependence of absorbance Aλ on the 

molar ratio complex:HAT(CN)6, n:1, (so called Joe-Jones method) 

and on the concentration of adduct c, at the selected wavelengths λ 

in the novel absorption range was carefully studied (Fig. 7). We 

have selected the {Fe(CN)6]3-;HAT(CN)6} adduct as its diagnostic 

absorption above 550 nm did not interfere with the absorption of 

the precursors. The A600 nm(n) curve suggest the formation of 1:1 

adduct with a moderate formation constant, as can be deduced 

from the slopes of A600 nm(n) on both sides of the critical point. 

Indeed, the fitting of A600 nm(c) curve for the solution of 1 with the 

equation derived for 1:1 adduct gave the reasonable set of values of 

the formation constant Kadd = (5.8 ± 6)∙102 dm3∙mol-1 and molar 

absorption coefficients εadd = 180 ± 9 cm-1∙dm3∙mol-1 (see eq. 1, εs – 

the molar absorption coefficient of the substrates, ctot – total 

concentration of substrates).60  

 

 

The coexistence of other adducts cannot be however excluded and 

thus, the presented data should be treated with caution as the first 

approximation of adduct formation in the solution.64  

 

Cyclic voltammetry  

The cyclic voltammograms of 1 and 2 show generally three redox 

waves assignable to the HAT(CN)6 (Fig. 8, Table S8 ESI†).57,58 For 2 

the notable shift of ca. 100 mV towards higher potential values is 

observed, while the shape of the signal is reasonably preserved. In 

the case of 1 the intensity of the oxidizing waves 

HAT(CN)6
2/HAT(CN)6

- and HAT(CN)6
-/HAT(CN)6 is significantly 

reduced, which may be due to the interference with redox pair 

[Fe(CN)6]3-/4-. The direct observation of the latter redox pair is 

difficult due to its relatively weak signal at the conditions applied. A 

general increase of redox potentials of HAT(CN)6 indicates the 

increase of electronic density on its aromatic systems, in line with 

the claimed CT transfer character of our anion-π synthons.  

 

Theoretical study of the 

anion-π interactions 

To gain deeper insight into the electronic structure of these 

unprecedented complexes 1-4, dispersion-corrected (DFT-D3)65 

calculations have been performed for both periodic66, 67 and 

molecular cluster models68-70 (see ESI†). The calculated (PBE-D3, 

periodic conditions) interaction energies ΔEint of HAT(CN)6 with the 

surrounding chemical environment, i.e. with the adjacent [M(CN)6]3- 

complexes and the surrounding cations and/or solvent molecules, 

were found to be -124, -126, and -126 kcal∙mol-1 for compound 1, 2, 

and 4 respectively. The estimated strength of the interaction 

between HAT(CN)6 and the nearby [M(CN)6]3- metal complexes is -

78 kcal∙mol-1 in 1 and -81 kcal∙mol-1 in 2 and 4. This amounts to the 

anion-HAT(CN)6 interactions making up most of the total interaction 

energy (over 60%) and, furthermore, suggests that the net 

 

Figure 8. Cyclic voltammograms for HAT(CN)6 (black), compound 1 
(blue), compound 2 (orange), versus Ag/AgCl in MeCN. Concentrations: 
(Bu4N)PF6, 0.1 M; 1 and 2, 0.002 M. The arrows show the shift of the 
potential waves.  

 
 

Figure 9. (a) The computed electrostatic potential (ESP) around 
HAT(CN)6 in two chemical environments: in the HAT(CN)6 / PPh4

+ 
sublattice of 2 when the P atoms are substituted with Si atoms (left), 
and in 2 (right). The ESP is coloring an isosurface of the total electron 
density from a single HAT(CN)6 molecule (isovalue of = 0.02 au); X is 
the middle of the range of ESP values which are sampled on the 
isosurface. (b) The charge density difference (CDD) surrounding a 
HAT(CN)6 molecule (bottom) and a [M(CN)6]

3- molecule (top) in 2.The 
CDD is coloring an isosurface of the total electron density from a single 
HAT(CN)6 or [M(CN)6]

3- molecule. 
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interaction strength induced by each M-CN-∙∙∙HAT(CN)6 contact is 

moderate, -15 kcal∙mol-1 per contact (ESI†). The similar interaction 

energies suggest that the metal complexes, and the accompanying 

cations, have a similar overall influence on HAT(CN)6 and that the 

CN-∙∙∙HAT(CN)6 anion-π interactions are crucial and consistent in 

guiding the formation of each structure. In Fig. 9, the computed 

profiles of the electrostatic potential (ESP) around HAT(CN)6 are 

shown in two periodic environments, the rightmost of which 

corresponds to HAT(CN)6 embedded in 2. Both ESP profiles show 

the expected electron-deficient regions (coded as dark blue) over 

the center of HAT(CN)6 and the electron-rich regions (red) around 

its periphery. The metal complex in 2 causes slight, but tangible, 

increases in the ESP above the center of HAT(CN)6. This may 

indicate the charge transfer (CT) donation from the electron-rich 

[M(CN)6]3- complex to HAT(CN)6. Bader charge analysis indicates 

that HAT(CN)6 accumulates only a slight negative charge in the 

crystal structures, computed at -0.05 e for both 1 and 2, -0.07 e for 

4. The redistribution of electronic density, i.e.  the charge 

deformation density (CDD), around HAT(CN)6  and M(CN)6 when 

HAT(CN)6 is inserted into 2 is shown in Fig. 9. The most prominent 

feature of the CDD is an increase in electron density (coded as red) 

around the CN groups in HAT(CN)6 and a decrease in electron 

density (blue) over its center, presumably enabling the HAT(CN)6 to 

form stronger C-H∙∙∙N type hydrogen bonding with the cations and 

to enhance the anion-π interactions.  

The features of the CDD around HAT(CN)6 and [M(CN)6]3- in 2 are 

captured quite well with a simple molecular cluster, a [Co(CN)6]3-

∙∙∙HAT(CN)6∙∙∙[Co(CN)6]3- sandwich, that was extracted directly from 

the optimized coordinates of 2 (Fig. 10a).  With this molecular 

cluster (2cluster), we used the ETS-NOCV method71 to decompose the 

CDD into chemically-intuitive orbital-based contributions from the 

fragments’ molecular orbitals. This allows us to comment to a 

degree on the nature of the interaction between HAT(CN)6 and 

adjacent [Co(CN)6]3-. In Fig. 10b, the largest NOCV contribution to 

the total CDD is shown; it corresponds to a visible CT donation from 

[Co(CN)6]3- to HAT(CN)6 which decreases the charge density on the 

metal complex, and a strong charge redistribution (polarization, 

intrafragment CT) within HAT(CN)6 which increases the charge 

density on its CN groups. The contribution of the first six NOCV’s are 

similar in this regard and, together, contribute -25 kcal∙mol-1 to the 

total orbital energy contribution that comes about from the CDD, 

which is ΔEorb = -56.7 kcal∙mol-1. This is consistent with the main 

response of HAT(CN)6 in 2 being a redistribution of the electron 

density in HAT(CN)6  accompanied by a slight decrease in charge 

over the [M(CN)6]3- complex, as was suggested by the computed 

charges. 

Experimental 

Materials 

The organic salts of [M(CN)6]3- complexes were prepared through a 

metathesis reaction of the potassium salts with the chlorides of 

organic cations. HAT(CN)6  was synthesised according to the 

literature protocol.72 Purity of obtained complexes was checked by 

elemental analysis, IR spectra and NMR spectra. AsPh4Cl, PPh4Br, 

K3[Fe(CN)6]∙3H2O, K3[Co(CN)6]∙3H2O, and solvents were purchased 

from commercial sources (Sigma-Aldrich, Alfa Aesar etc.) and used 

without further purification. 

 

General synthetic procedure for 1-4 

The synthesis and all manipulation with 1-4 and their solutions 

were performed in darkness, due to possible photoreactivity (see 

the UV-Vis spectroscopy section). Acetonitrile solutions of the 

organic salts hydrate of a general formula A3[M(CN)6]∙xH2O (A = 

PPh4
+, AsPh4

+; M = Fe, Co; x = 5-7) were mixed with the acetonitrile 

solution of HAT(CN)6, to give a dark-green (1, 3) or yellow (2, 4) 

solution immediately. The solution was stirred for 30 min. The 

green (1, 3) or yellow (2, 4) crystals suitable for crystallographic 

measurements were obtained by diffusion of diethyl ether vapour 

into this mixture. After 1 day, they were filtrated and washed with 

small amount of cold acetonitrile (4ml, -10oC) and dried in air. 1-4 

are soluble in acetonitrile. 1 and 2 are air stable, while 3 and 4 

cracks after solvent removal to produce 3des and 4des, thus the 

crystallographic measurement were performed for samples 

moisturized by solvent or in the Apiezon grease. The formulas were 

determined using SC XRD and elemental analysis. The detailed 

information is included in ESI†. 

 

 
 

Figure 10. (a) The CDD surrounding a HAT(CN)6 in 2cluster. 2cluster is a 
molecular [Co(CN)6]

3-∙∙∙HAT(CN)6∙∙∙[Co(CN)6]
3- cluster model that was 

extracted from the optimized geometry of 2. (b) The largest 
contribution to the total CDD of 2cluster, as computed with the ETS-
NOCV method. 
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Physical techniques 

Infrared spectra (IR) were measured tiny crystalline object or 

powder samples in the 3500 – 675cm-1 range using Nicolet iN10 MX 

FTIR microscope, in transmission mode. NMR spectrum was 

measured on Bruker Avance III  300 MHz. Elemental analyses were 

performed on Elementar Vario Micro Cube CHNS analyzer. UV-VIS-

NIR measurements in solution and solid state were carried out with 

PerkinElmer Lambda 35 spectrophotometer. Magnetic 

measurements were performed on Quantum Design MPMS-3 

Evercool magnetometer. Cyclic voltammograms were recorded 

using a standard 3 electrode systems with Pt 1.6 mm as a working 

electrode, Pt wire 0,5 mm as an ancillary electrode and Ag/AgCl as a 

reference electrode, with measured value of ferrocene/ferrocinium 

redox potential of +0.42V.58 The supporting electrolyte was 

tetrabutylammonium hexaflurophosphate (TBAPF6). 

Thermogravimetric studies were carried out using Mettler Toledo 

TGA1. P-XRD patterns were measured on a PANalytical X’Pert PRO 

MPD diffractometer with a capillary spinning add-on using Cu-Kα 

radiation source. The geometry of coordination polyhedrons were 

calculated in SHAPE v2.1 program (ESI†).73
 

 

Crystal structure solution and refinement 

All diffraction data were collected at 120 K using Bruker D8 Quest 

Eco Photon 50 CMOS diffractometer equipped with Mo-Kα radiation 

source, graphite monochromator and Kryoflex II low temperature 

device. Data reduction, cell refinements and absorption correction 

were performed employing Apex suite programs, including SAINT 

and SABADS. Intensities of reflections were corrected using the 

multi-scan method. The structure was solved by direct methods and 

refined anisotropically with weighted full-matrix least squares on F2. 

All solved and refined operations were carried out using shelXT and 

shelXL programs with Olex 2 graphic interface.74 The selected 

crystal data and structure refinement are shown in Tables S1 and S2 

(ESI†) 

Conclusions 

In conclusion, we have described, with both experiment and 

computation, the first example of an anion-π charge transfer 

(CT) systems between anionic complexes and a multisite anion 

receptor in solid state and in solution. The features of 

structural contacts with Ncyanide∙∙∙centroidpyrazine distances < 3 Å 

and preferential mutual orientation allow to establish the 

group family of the anion-π systems and fill the existing gap 

between the only one known [Co(CN)6]3-∙∙∙(tris(2-

aminoethyl)amine-substituted pyrimidine) system and non-

anion-π contacts found in other cyanometalate-based systems. 

The electronic density transfer pathway from cyanide ligands 

of [M(CN)6]3- complexes towards the π-deficient regions of 

HAT(CN)6 and further towards its –CN groups was assigned 

using DFT methods, in qualitative agreement with the results 

of spectroscopic data. The calculations of the supramolecular 

interaction energy in the crystal gave the reasonable values of 

local interactions between C-coordinated CN- ligands and of 

the π-acidic HAT(CN)6, ca. 15 kcal∙mol-1 per one CN-∙∙∙HAT(CN)6 

contact. The formation of 1:1 {Fe(CN)6]3-;HAT(CN)6} anion-π 

adduct was suggested with formation constant Kadd = (5.8 ± 

6)∙102 dm3∙mol-1 and molar absorption coefficients εadd = 180 ± 

9 cm-1∙dm3∙mol-1 at 600 nm, which settle in the range observed 

for other anion-π CT adduct. Our results represent an elegant 

and successful prediction of structural and electronic matching 

based on the features of the building blocks. Our study is an 

important step towards recognition and controlled binding of 

[M(CN)x]
n- in solution. While further research on more efficient 

anionic complex binding systems are now underway in our 

group, we suggest that such anion-π synthons could influence 

the synthesis of cyanide-bridged functional materials. 
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Graphical abstract 

 

Anion-π recognition between [M(CN)6]
3-

 complexes and HAT(CN)6: structural matching 

and electronic charge density modification 

Jędrzej Kobylarczyk, Dawid Pinkowicz, Monika Srebro-Hooper, James Hooper, and Robert 

Podgajny* 

 

The first example of an anion-π charge transfer (CT) system between an anionic complex and 

a multisite anion receptor in solid state and in solution was constructed basing on prediction 

of structural and electronic matching of the building blocks.  
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