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SYNOPSIS.  

Electronic structure of five species of chloranilic acid (neutral molecule, mono- and dianion, and 

two chelating modes – bidendate and (bis)bidentate) is determined by X-ray charge density studies. 

Electron density at the bond critical points yields an accurate measure of bond order and therefore 

electron delocalisation. π-electron system of chloranilic acid is especially malleable, so it can adopt 

various degrees of delocalisation, depending on ionisation and molecular environment. 
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ABSTRACT Herein, we present a detailed X-ray charge density study of the electron 

delocalisation in five species of the chloranilic acid: neutral molecule, mono- and dianion, and two 

chelating modes – bidendate and (bis)bidentate. The experiments provide the electron density at 

the bond critical points, which yields an accurate measure of bond order (and therefore electron 

delocalisation), and complements previous literature and our data on bond lengths extracted from 

crystal structures and infrared spectra. Mapping of the electrostatic potential indicates electron-

rich and electron-poor areas in the molecule, corresponding to single (electron-poor), double and 

delocalised bonds (electron-rich) that can explain stacking interactions of quinoid rings in crystal 

packing. 

 

INTRODUCTION 

Motivation for an extensive investigation of the electronic structure of chloranilic acid, 3,6-

dichloro-2,5-dihydroxy-1,4-quinone (H2CA) as  a member of a well-known group of substituted 

2,5-dihydroxyquinones[1] has been found in its versatile chemical properties. It was first prepared 

in 1891 by Graebe.[2] Its OH groups are easily deprotonated due to an inductive effect of the 

electronegative chlorine substituents stabilising the anion. Chloranilic acid is therefore an acid of 

moderate strength with pKa values of 0.73 and 3.08.[3] It is a quinoid compound with very diverse 

chemical behaviour: it is a good metal ligand,[4,5] proton donor and acceptor[6] and it is prone for 

strong stacking interactions.[7-9] Versatility of its functions originates from highly malleable π 

electron system, which can adopt various degrees of delocalisation, depending on ionisation and 
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molecular environment. The neutral form of chloranilic acid (Scheme 1) is a typical para-

quinone, while its dianion form reveals two delocalised 1-oxo-3-hydroxyallyl-like systems 

joined together in a six-membered ring by two single C-C bonds. The mono anion, however, has 

a delocalised system over one half of the ring, while the other half has distinguishable single and 

double bonds. It can also bind to metals either as a bridging (bis)bidentate ligand, which has a 

dianion-like structure or as a terminal bidentate ligand with an ortho-quinoid structure (Scheme 

1). 

Differences in molecular geometry, related to changes of electronic structure, affect significantly 

infrared (IR) spectra: C-C and C-O stretching bands display a variety of red- and blue-shifts. 

Like other 2,5-dihydroxyquinones, it is a versatile ligand towards transition metals,[4,5] and 

behaves similarly to oxalate.[10] A variety of chloranilate complexes are known with topologies 

ranging from discrete mono- and binuclear units,[10-14] 1D linear[15-18] and zig-zag[12,18-23] 

polymers, 2D[16,24-27] and 3D networks.[28,29] The most common coordination modes are bridging 

(bis)bidentate[12,15,30] and terminal bidentate.[10,11] Their topologies affect magnetic exchange 

interactions.[24,31-33] 

Chloranilic acid also readily forms salts and co-crystals with alkali[1,7,8] and organic cations 

involving a proton transfer.[6] These properties of chloranilic acid have been widely used in 

analytical procedures exemplified by visible spectrophotometric determination of various 

pharmaceuticals, such as valsartan (blocking the action of angiotensin and dilating blood vessels 

manifested by reduced blood pressure).[34] Determination of metals using complexation ability of 

chloranilic acid in adsorption stripping voltammetry for metal traces has been exploited: 

detection of uranium traces in nuclear reactor IEA-R1 pool-water[35] and for sensitive 

quantification Ge (IV).[36] 
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Chloranilic acid is a strong donor and acceptor of hydrogen bonds[6,37] and also possesses an 

unusual propensity for cycle stacking. While chloranilate dianions stack similarly to aromatic 

rings,[1] hydrogen chloranilate monoanions and neutral molecules are able to form unprecedented 

face-to-face stacks with very short inter-planar distances (~3.3 Å).[7,8] Energy of these close 

interactions is comparable to medium-strong hydrogen bonds,[9] exhibiting potential for crystal 

engineering. Similar stacks are observed in analogous compounds such as bromanilic acid[38] and 

unsubstituted 2,5-dihydroxyquinone.[39] 

Electronic structure of chloranilic acid, particularly delocalisation of π electrons, changes 

significantly upon (de)protonation and complexation of transition metals (Scheme 1), affecting 

molecular geometries.[1,6,11] These changes are documented by corresponding IR spectra: neutral 

molecule (p-quinoid ring)[37,40] and terminal bidentate chloranilate ligand (o-quinone)[10-12,15] 

have two C-O stretching bands, close to single and double bonds, whereas in dianions and 

bridging (bis)bidentate chloranilate ligands, only one C-O stretch is observed, corresponding to a 

delocalised bond.[12,15] Recent X-ray charge density studies of potassium hydrogen chloranilate 

dihydrate[9] and a series of lutidinium chloranilates[41] confirmed the electronic structure of its 

mono-anion and di-anion forms (Scheme 1, forms II and III). Variability of electronic structure 

of chloranilic acid and its anions prompted us to a detailed X-ray charge density study of its 

species (Scheme 1). Here, we present structures of neutral and metal chelating species (Scheme 

1, forms I, IV, V) and compare them to mono-anion and dianion species (Scheme 1, forms II[9] 

and III, this work and ref. [41]). 

To minimize problems with X-ray absorption, we carefully selected compounds which readily 

grow well-developed crystals, comprise atoms as light as possible and have as small asymmetric 
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units as possible. To emphasize difference in electron delocalisation, we will use the atom 

numbering scheme shown in Fig. 1 for all structures discussed. 

 

 

Scheme 1 The most common species of chloranilic acid (I) and its anions (II and III) capable of 

forming metal and organic salts and metal complexes (IVand V). 

 

RESULTS AND DISCUSSION 

We have determined X-ray charge densities of the following compounds: chloranilic acid 

dihydrate (I), potassium chloranilate monohydrate (III), coordination polymer [Mn(CA)(H2O)]n 

(IV)[18] and a mononuclear complex [Cu(CA)2(H2O)2]Him2 (V, Him = imidazolium).[15] In 

addition, we also consider previously published potassium hydrogen chloranilate dihydrate 
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(II).[9] To facilitate comparison, we use the atom numbering scheme shown in Fig. 1 for all 

structures; in the case of centrosymmetric rings (in I, III and V), the adequate symmetry 

equivalence is indicated. 

Bond orders and main parameters of electron density topology in the chloranilate moieties are 

given in Fig. 2 and Tables 1 and 2; more details can be found in the Supporting Information, 

Tables S1-S5 and Figs. S16-S17. As can be seen from Fig. 2, our results confirm previously 

established structures (Scheme 1). Geometries of hydrogen chloranilate monoanion and 

chloranilate dianion (II and III)[1,6,7] are consistent with Fig. 2 and Table 2. Geometries of the 

coordinated species IV and V[10-12,15] are also in agreement with Fig. 2 and Tables 2. 

Atomic charges (Table 3; more details, including Bader charges are in the Supporting 

information, Tables S6-S13) nicely illustrate stabilisation of the anions by electron 

delocalisation. After deprotonation, both oxygen atoms in the delocalised fragments O1-C1-C6-

C5-O4 and O2-C2-C3-C4-O3 have a partial negative charge between –0.25 and –0.30 e. 

Inductive effect of the chlorine atoms is responsible for further stabilisation: their charge 

increases from –0.11 in the neutral H2CA to –0.36 e in CA2– (Table 3). Thus, the effect of 

chlorine substitution is similar to the one observed in tetrachlorosemiquinone radical anions.[42,43] 

In the coordinated species IV and V, there is no such effect and more negative charge is located 

at the coordinating oxygen atoms, probably due to donation of electron density to the d orbitals 

of the metal cations. Accordingly, electron density and the corresponding bond orders of C-O 

bonds are significantly lower than in the non-coordinated species (Table 2). 

According to the topology of electron density (Table 4), metal-oxygen bonds can be 

characterised as intermediate cases between strongly polar and ionic.[44-48] Mn-O bonds have 
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significantly lower electron density (0.24–0.29 e Å–3) than Cu-O (equatorial bonds: 0.36–0.42 e 

Å–3), indicating more pronounced ionic character, as has been previously observed in different 

complexes.[44-46] The apical Cu-O bond is elongated, and its maximum electron density is only 

0.14 e Å–3; thus it can be regarded as predominantly ionic. 

 

Figure 1 Atom numbering scheme used for the structures discussed. Bonds with delocalised π 

electrons are represented as dashed double lines. Labelling on the left is used for compounds I and 

II and the right one for compounds III, IV and V. 
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Figure 2 Structures studied among the five most common species of chloranilic acid and its anions 

with bonding parameters indicated: bond length (first entry), bond order (second entry, bold), cp 

electron density at the critical point (third entry, italic), Laplacian (fourth entry, red). 
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Table 1 Bond lengths in the five most common form of chloranilic acid. Bonds C4-C5, C5-C6, 

C6-C1, C4-O3 and C5-O4 are symmetry equivalents of bonds C1-C2, C2-C3, C3-C4, C1-O1 and 

C2-O2, respectively, in compounds I, III and IV, obtained with the following symmetry operators: 

i) x, –y, –z; ii) –x, –y, –z; iii) ½–x, 3/2–y, 1–z. 

 I II III IV V 

C1-C2 1.5083(3) 1.5059(17) 1.5413(1) 1.5372(3) 1.5183(9) 

C2-C3 1.4515(3) 1.4551(16) 1.4009(2) 1.3984(3) 1.3842(8) 

C3-C4 1.3576(3) 1.3577(15) 1.4045(3) 1.4044(3) 1.4153(8) 

C4-C5 1.5083(3)i 1.5419(17) 1.5413(1)ii 1.5372(3)iii 1.5480(9) 

C5-C6 1.4515(3)i 1.4068(15) 1.4009(2)ii 1.3984(3)iii 1.4250(8) 

C6-C1 1.3576(3)i 1.4095(16) 1.4045(3)ii 1.4033(3)iii 1.3785(8) 

C1-O1 1.3117(3) 1.3182(15) 1.2467(3) 1.2570(3) 1.2831(8) 

C2-O2 1.2241(3) 1.2450(14) 1.2484(3) 1.2621(3) 1.2739(9) 

C4-O3 1.3117(3)i 1.2430(14) 1.2467(3)ii 1.2570(3)iii 1.2342(8) 

C5-O4 1.2241(3)i 1.2227(14) 1.2484(3)ii 1.2621(3)iii 1.2322(8) 
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Table 2 Experimentally derived bond orders in the five species of chloranilic acid. More details 

on topology of electron density are given in the Fig. 2 and Tables S1-S5 in the Supporting 

Information. When the atoms are symmetry related, the operators are shown: i) x, –y, –z; ii) –x, –

y, –z; iii) ½ –x, 3/2–y, 1–z. 

 I II III IV V 

C1-C2 0.89 0.69 0.76 0.90 0.64 

C2-C3 1.55 1.33 1.25 1.56 1.37 

C3-C4 0.94 1.41 1.25 1.53 1.18 

C4-C5 0.89i 0.89 0.76ii 0.90iii 0.55 

C5-C6 1.55i 1.63 1.25ii 1.56iii 1.17 

C6-C1 0.94i 1.10 1.25ii 1.53iii 1.46 

C1-O1 1.49 1.55 1.45 1.29 1.27 

C2-O2 1.19 1.44 1.48 1.29 1.30 

C4-O3 1.49i 1.59 1.45ii 1.29iii 1.38 

C5-O4 1.19i 1.20 1.48ii 1.29iii 1.38 
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Table 3 Atomic charges in the five forms of chloranilic acid derived from refined population of 

valence shell (Pval) values. Atoms C4, C5, C6, O3, O4, H2 and Cl2 are symmetry equivalents of 

atoms C1, C2, C3, O1, O2, H1 and Cl1, respectively, in compounds I, III and IV, obtained with 

the following symmetry operators: i) x, –y, –z; ii) –x, –y, –z; iii) ½–x, 3/2–y, 1–z. More details are 

given in Supporting Information, Tables S6-S13. 

 I II III IV V 

C1 0.00(8) +0.07(7) –0.03(3) +0.06(5) +0.22(5) 

C2 –0.04(5) –0.10(9) –0.03(3) +0.06(8) +0.22(8) 

C3 +0.13(7) –0.23(7) +0.05(5) +0.10(7) –0.33(7) 

C4 0.00(8)i +0.16(7) –0.03(3)ii +0.06(5)iii +0.23(5) 

C5 –0.04(5)i –0.01(8) –0.03(3)ii +0.06(8)iii +0.23(8) 

C6 +0.13(7)i –0.13(7) +0.05(5)ii +0.10(7)iii –0.28(7) 

O1 –0.20(3) –0.27(6) –0.28(2) –0.17(3) –0.43(3) 

O2 –0.06(3) –0.17(5) –0.28(2) –0.265(3) –0.42(3) 

O3 –0.20(3)i –0.33(4) –0.28(2)ii –0.17(3)iii –0.35(3) 

O4 –0.06(3)i –0.14(4) –0.28(2)ii –0.265(3)iii –0.34(3) 

H1 +0.23(3) +0.33(6) – – – 

H2 +0.23(3)i – – – – 

Cl1 –0.11(3) –0.09(3) –0.36(3) –0.06(3) –0.08(3) 

Cl2 –0.11(3)i –0.22(3) –0.36(3)ii –0.06(3)iii –0.08(3) 
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Table 4 Topology of bonds in the metal coordination spheres derived from experimental and 

theoretical (periodic calculations by CRYSTAL17) electron density after multipole refinement. 

Symmetry operators: i) -x, y, ½-z; ii) 1/2-x, 3/2-y, 1-z. 

 Length  
(Å) 

Electron Density 

cp  (eÅ-3) 

Laplacian

∇2 cp  (eÅ-5) 

Ellipticity 

 exp exp theo exp theo exp theo 

IV        

Mn1-O1 2.2009(3) 0.33(1) 0.30 5.87(14) 4.87(5) 0.2(2) 0.37(4) 

Mn1-O2ii 2.2027(3) 0.36(1) 0.31 6.11(25) 5.15(3) 0.3(3) 0.41(3) 

Mn1-O3i 2.1404(3) 0.37(3) 0.34 7.40(33) 6.00(2) 0.2(2) 0.22(2) 

V        

Cu1-O1 2.0008(7) 0.50(1) 0.35 9.69(20) 7.28(7) 0.01 0.01(1) 

Cu1-O2 1.9432(7) 0.59(2) 0.40 11.90(44) 8.67(6) 0.02(1) 0.02(1) 

Cu1-O5 2.3747(8) 0.21 0.14 3.30(8) 2.55(2) 0.01 0.00 
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Figure 3 Multipolar experimental electrostatic potential mapped on electron density isosurface of 

0.5 e Å-3 for neutral chloranilic acid (I), hydrogen chloranilate monoanion, (II), chloranilate 

dianion (III), chloranilate moiety acting as a bridging (bis)bidentate ligand (IV) and chloranilate 

moiety acting as a terminal bidentate ligand (V). Colour scale: -0.1 (red) to +1 (dark blue) e Å-1. 

Apical water molecules in IV and V have been removed for clarity. 

 

Neutral chloranilic acid: p-quinone (I) 

As an example of the neutral acid, we selected the well-known chloranilic acid dihydrate, 

H2CAꞏ2H2O,[49] which is more stable and forms better crystals than its anhydrous analogue;[50] so 
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it is more suited for a charge density study. The molecule has a crystallographic symmetry Ci, and 

we will use atom numbering analogously to other structures (Fig. 1). 

Since neutral quinones lack delocalisation of π electrons, distribution of electron density and 

electrostatic potential in the ring is not uniformly distributed.[42] The electrostatic potential map of 

neutral chloranilic (Fig. 3) reveals an expected excess of negative charge at the carbonyl oxygen 

atoms, and a slight excess of electron density at the double bonds, whereas the single ones are 

electron-poor. According to the topology of electron density (Tables 2 and S1), formally single 

bond C2-C3 (and its symmetry equivalent C5-C6) is stronger than C1-C2 (and its symmetry 

equivalent C4-C5): their respective bond orders are 0.94 and 0.89. This is in accord with molecular 

geometry: bond C2-C3 is by 0.057 Å shorter than C1-C2. Double bond C3-C4 (and its symmetry 

equivalent C6-C1) is slightly longer than average C=C bonds (d = 1.299-1.331 Å),[51] with bond 

order of 1.54. The C-O bonds are more similar. The carbonyl bonds are slightly elongated with 

bond order 1.50 and have considerably lower cp electron density than formal double bonds. On 

the other hand, the hydroxyl C-O bonds are nearly 0.1 Å shorter than typical single bonds (in 

hydroquinones they are typically 1.38–1.40 Å long) with bond order of 1.19. Accordingly, a weak 

electron delocalisation in the conjugated system O1-C1-C6-C5-O4 and its symmetry equivalent, 

O2-C2-C3-C4-O3 was observed. These two systems are separated by single C1-C2 bond. 

Chloranilic acid contains distinguishable formally single and double bonds as revealed by their 

geometrical parameters, electron density and IR bands.[37,40] Thus, one can conclude that the 

neutral chloranilic acid has indeed a structure of p-quinone as shown in Scheme 1. 

 

Hydrogen chloranilate monoanion (II) 
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A detailed charge-density study of potassium hydrogen chloranilate dihydrate, KHCAꞏ2H2O, 

has already been published[9] and we only provide data for comparison to other structures. 

Electrostatic potential is shown in Fig. 3. Topology of electron density reveals two different 

halves of the molecule: the protonated fragment (O1-C1-C6-C5-O4) shows similarity with one 

half of a neutral molecule, with distinguishable single and double bonds (Tables 1, 2, and S2). On 

the other hand, the deprotonated fragment (O2-C2-C3-C4-O3) has a fully delocalised system with 

all bond orders between 1.33 and 1.59 (average about 1.50, Tables 2 and S2). The negative charge 

is delocalised throughout the fragment O2-C2-C3-C4-O3 (Tables 3 and S7). The C1-C2 and 

symmetrically equivalent C4-C5 bonds are even weaker than in the neutral molecule since their 

orders are significantly lower than 1. 

 

Chloranilate dianion: two delocalised systems separated by two single bonds (III) 

Among several salts comprising chloranilate dianion tested, the best diffraction data were 

obtained from its potassium salt monohydrate, K2CAꞏH2O.[1] 

From electrostatic potential (Fig. 3) and topology of electron density (Tables 1, 2 and S3), it is 

evident that the chloranilate dianion comprises two fully delocalised π systems (O1-C1-C6-C5-O4 

and O2-C2-C3-C4-O3, respectively) joined by two single bonds (Fig. 2). The two units of negative 

charge are also delocalised on the two pairs of oxygen atoms (Tables 3 and S10). Since the dianion 

has a crystallographic symmetry Ci, its two π systems are equivalent. It is interesting to note the 

descending electron density value and topological order of the single bonds C1-C2 and its 

symmetry equivalent C4-C5: They are strongest in the neutral molecule and the weakest in the 

dianion (bond orders of 0.89 and 0.76, respectively). Additional charge of the anions or perhaps 

enhanced electron delocalisation apparently weakens these bonds. 
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Bridging (bis)bidentate ligand: dianion-like (IV) 

One of the simplest coordination polymers with bridging (bis)bidentate chloranilate ligand is 

[Mn(CA)(H2O)]n.[18] It comprises a centrosymmetric chloranilate ligand with a dianion-like 

structure:[12,15] two fully delocalised π electron systems (O1-C1-C6-C5-O4 and symmetrically 

equivalent O2-C2-C3-C4-O3) separated by two single C-C bonds (C1-C2 and its symmetry 

equivalent C4-C5, with bond order of 0.90; Fig. 2). Four C-C bonds in the delocalised system are 

essentially equal, with orders of 1.53 and 1.56, while the four C-O have an order of 1.29 (Tables 

1, 2 and S4). The values obtained are in accord with IR spectra revealing a single C-O stretching 

vibration, only.[12,15] 

Compared to the uncoordinated dianion (III), C-O bonds are apparently weaker when in a 

complex (Tables 1 and 2), due to formation of coordination bonds, i.e. transfer of electron density 

from oxygen atoms towards the manganese centre. However, some electron density is transferred 

to C-C bonds, which are considerably stronger than in III. 

 

Terminal bidentate ligand: o-quinone (V) 

To study chloranilate acting as a terminal bidentate ligand, the complex salt 

[Cu(CA)2(H2O)2]Him2 (Him = imidazolium), recently described by us,[15] was chosen, which 

comprises a centrosymmetric dianion [Cu(CA)2(H2O)2]2-. Molecular geometry (Table 1) and IR 

spectrum suggest an o-quinoid form of the chloranilate moiety,[15] but charge density data indicate 

that a small degree of electron delocalisation is also present (Tables 2 and S5, Figure 2). "Pure" 

single bonds C1-C2 and C4-C5, which do not take part in delocalisation are severely electron-

depleted and thus weakened (their bond orders are 0.64 and 0.55, respectively). The other two 
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formally single bonds (C3-C4 and C5-C6) are in fact considerably stronger than typical single C-

C bonds (respective bond orders of 1.18 and 1.17), while formally double bonds C2-C3 and C5-

C6 are weaker (respective bond orders of 1.37 and 1.46). Difference between C-O bonds is less 

pronounced: those facing the metal are closer to single bonds (respective bond orders of 1.30 and 

1.27), while the uncoordinated ones are stronger (bond orders of 1.38). This implies a partial 

electron delocalisation in the O1-C1-C6-C5-O4 and O2-C2-C3-C4-O3 fragments. The electronic 

structure of the chloranilate acting as a terminal bidentate ligand thus shows a slight variation 

compared to an o-quinone structure. 

 

CONCLUSIONS 

We confirmed by X-ray charge density and AIM analysis the expected structures of the five 

species of chloranilic acid: neutral molecule, mono- and dianion, and two complexation chelating 

modes – bridging (bis)bidentate and terminal bidendate. The neutral chloranilic acid (I) has a p-

quinoid structure with distinguishable single and double bonds and very little electron 

delocalisation. Its monoanion (II) has π electrons delocalised over a half of the ring, while the 

other half has distinguishable single and double bonds. The dianion (III) has two delocalised 

fragments separated by two single bonds. The chloranilate moiety acting as a bridging 

(bis)bidentate ligand (IV) also has a dianion-like structure. Acting as a terminal bidentate ligand 

(V), it has an o-quinone-like structure with a slight degree of electron delocalisation; nevertheless, 

formally single and double bonds can be distinguished. 

We have also quantitatively assessed the role of delocalisation of the negative charge and 

inductive effect of chlorine substituents in stabilisation of the anion. 
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It is interesting to note that simple Lewis-style diagrams shown in Scheme 1 are in a good 

agreement with our structures obtained by AIM-analysis of experimental charge density. 

Therefore, the Lewis model of chemical bonding, over 100 years old,[51-54] is still valid and useful. 

The sophisticated modern methods merely corroborated it. 

 

 

EXPERIMENTAL 

Preparation 

Chloranilic acid dihydrate was prepared by the original Graebe method[2] and recrystallised from 

an aqueous solution. Other compounds were prepared by known procedures.[1,7,15,18] 

 

X-ray diffraction and multipolar refinement 

For all crystals, highly redundant diffraction data were collected to the maximum resolution of 

0.50 Å. 

X-ray diffraction measurements of compounds I and III were performed at 110 K on an Oxford 

Diffraction SuperNova diffractometer equipped with a microfocus Mo tube and CCD detector. 

CrysAlis PRO program package[55] was used for was used for data reduction and analytical 

absorption correction. The multiple integrated reflections were averaged for the appropriate space 

groups using SORTAV[56] adapted to area detector data. 

A single crystal of IV was measured at 100 K on an Oxford Rigaku XtaLab Synergy S 

diffractometer with a PhotonJet Mo source and HyPix pixel detector. CrysAlis PRO program 

package[55] was used for data reduction and absorption correction. The multiple integrated 
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reflections were averaged for the appropriate space groups using SORTAV[56] adapted to area 

detector data. 

A single crystal of V was measured on a Bruker D8 Venture diffractometer at 100 K. Program 

package Bruker Apex[57] was used for data reduction and analytical absorption correction. The 

multiple integrated reflections were averaged for the appropriate space groups using SORTAV[56] 

adapted to area detector data. 

Spherical-atom models were refined using SHELXL-97;[58] atomic coordinates were taken from 

the room-temperature structures.[1,15,18,49] 

For multipolar refinement (vs. F2) the program package MoPro[59] was used. Chlorine, copper 

and manganese atoms were modelled up to hexadecapole level, O, N and C as octupolar and 

hydrogen atoms with one dipole along H-X bond directionr. Vibrations of chlorine, copper and 

manganese atoms were refined as anharmonic using third-order Gram-Charlier coefficients in IV 

and V and fourth-order Gram-Charlier coefficients in I and III. Anisotropic parameters for 

hydrogen atoms were calculated by the SHADE3 server[60] and imported into the multipolar model 

(and constrained during the refinement); O-H distances were restrained to 0.967(2) Å. 

Topological bond orders were calculated using the formula[61] 

ntopo = a + bλ3 + c(λ1 + λ2) + dρcp . 

Coefficients a, b, c and d were taken from the literature: for C-C bonds a = –0.522, b = –1.695, 

c = 0.00, d = 8.473;[62] for C-O bonds a = –0.427, b = –0.240, c = 0.280, d = 6,464;[63] for O-H 

bonds and H∙∙∙O hydrogen bonds a = 0.00, b = –0.10, c = 0.14, d = 3.32.[64] ESDs of the charge 

density properties were estimated by the recently published method.[65] 

Geometry, charge-density and electrostatic properties calculations were performed by 

MoPro;[59] molecular graphic were prepared using MoProViewer[66] and ORTEP-3.[67] 
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Crystallographic and refinement data are shown in Table 5; additional details on refinement are 

deposited as Supporting Information. 

 

Quantum chemical calculations 

We performed quantum calculations using the CRYSTAL17 software for periodic DFT.[68] We 

utilised atomic coordinates after multipolar refinement with no further geometry optimisation. 

Compounds were modelled on the B3LYP/6-31G(d,p) theory level, using either the original Pople 

basis sets[69-71] or basis sets modified for periodic DFT calculations when available.[72] The only 

exception was the potassium atom, for which we used a modified pVTZ basis set[73] since basis 

sets became linearly dependent when we introduced potassium 6-31G or 6-311G basis functions. 

Once CRYSTAL17 calculated the wave function, we used the Properties program to obtain 

structure factors. We refined multipolar parameters (i.e. everything but the scale factor, 

coordinates and ADPs) against these structure factors in MoPro.[59] We performed the same 

analyses on theoretical charge density for comparison with experimental results. Additionally, in 

order to obtain information on theoretical atomic charges in the studied compounds, we performed 

topological analysis of the periodic electron density adopting the QTAIM approach using the 

TOPOND14 program,[74] integrated with CRYSTAL17. 

 

  



 21

Table 5 Crystallographic, data collection and experimental charge-density refinement details.  

Compound I III IV V 

Empirical formula C6H6Cl2O6 C6H2Cl2KO5 C6H6Cl2MnO
7 

C9H7Cl2Cu0.5N2O5 

Formula wt. / g mol-1 123.0 264.08 315.94 325.83 

Crystal dimensions / 
mm 

0.199 x 0.141 
x 0.073 

0.267 x 0.166 
x 0.131 

0.15 x 0.08 x 
0.07 

0.415 x 0.052 x 
0.031 

Space group P 21/c C 2/c C 2/c P 1 

a / Å 8.54236(12) 16.0461(3) 4.86973(5) 8.1698(9) 

b / Å 10.29026(16) 4.77889(6) 14.27534(16) 8.6625(9) 

c / Å 5.12411(7) 16.6660(2) 14.03079(13) 9.15250(10) 

α / ° 90 90 90 69.681(4) 

β / ° 104.3875(13) 117.711(2) 93.4823(9) 70.769(4) 

γ / ° 90 90 90 68.000(4) 

V / Å3 436.299(11) 927.75(3) 973.578(17) 548.20(9)   

Z 2 4 4 2 

Dcalc / g cm-3 1.866 2.171 2.149 1.975 

 / mm-1 0.744 1.590 1.915 1.553 

Θ range / °  3.07 - 65.36 2.87 - 65.67 4.07 - 45.26 2.44 - 45.48 

T / K 109.9(3) 109.9(3) 99.97(17) 100(2) 

Radiation wavelength 0.71073 
(MoKα) 

0.71073 
(MoKα) 

0.71073 
(MoKα) 

0.71073 (MoKα) 

Diffractometer type SuperNova SuperNova XtaLab 
Synergy S 

Bruker D8 Venture 

Range of h, k, l –21 < h < 21; 

–26 < k < 25; 

–13 < l < 13 

–16 < h < 15; 

–17 < k < 17; 

–22 < l < 22 

–9 < h < 9; 

–28 < k < 27; 

–27 < l < 28 

–16 < h < 16; 

–17 < k < 17; 

–18 < l < 18 

Reflections collected 110 581 155 428 26 111 97 076 



 22

Independent reflections 7884 8088 4082 9220 

Observed reflections  

(I ≥ 2σ) 

6385 6907 3858 7513 

Absorption correction analytical analytical multi-scan analytical 

Tmin, Tmax 0.539; 1.000 0.673; 1.000 0.85918; 
1.00000 

0.725, 0.972 

Rint 0.064 0.038 0.0132 0.0397 

 

Spherical refinement 

    

Weighting scheme: a  

              b   (*)  

0.040 

0.047 

0.027 

0.184 

0.0241 

0.2357  

0.0344  

0.0577  

R (F) (I > 2σ(I)) 0.0357 0.0229 0.0181 0.0292 

Rw (F2) (I > 2σ(I)) 0.1339 0.1025 0.0424 0.0676 

Goodness of fit 1.078 1.076 1.028 1.031 

H atom treatment riding riding riding riding 

No. of parameters 69 74 98 223 

No. of restraints  0 0 0 0 

max, min  (eÅ–3) 

rms  (eÅ–3) 

0.748; -0.704; 
0.083 

0.748; -0.671; 
0.094 

0.721; -0.249; 
0.069 

0.813; -0.936; 
0.093 

     

Multipolar refinement     

Weighting scheme w* w 
=1/[1.24*\s2(
Fo

2)] 

w 
=1/[0.98*\s2(
Fo

2)] 

w 
=1/[1.20*\s2(
Fo

2)] 

w 
=1/[0.497*\s2(Fo

2)] 

R (F) (I > 2σ(I)) 0.0267 0.0236 0.0099 0.0194 

Rw (F2) (I > 2σ(I)) 0.0458 0.0363 0.0147 0.0427 

Goodness of fit 0.967 1.004 0.957 1.009 
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H atom treatment restrained, 
anisotropic 
(H2CA) & 
isotropic 
(H2O) 

restrained, 
isotropic 

restrained, 
isotropic 

restrained, 
anisotropic 

No. of parameters 233 255 57 413 

No. of restraints  82 76 3 62 

max , min, rms (eÅ–

3) 
0.409; -0.323; 
0.055 

0.496; -0.475; 
0.098 

0.279; -0.277; 
0.043 

0.475; -0.559; 
0.075 

*SHELXL Weighting scheme:  W(h,k,l) = 1 / [s2(Fo2) + (a.P)2 + b.P] where P = (Fo2+2Fc2)/3 

 

ASSOCIATED CONTENT 
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