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We present an approach for the determination of covalent

bond orders from the experimental electron density and its

derivatives at the bond critical points. An application of this

method to a series of organic compounds has shown that it

provides a bonding quantification that is in reasonable

agreement with that obtained by orbital theory. The ‘experi-

mental’ atomic valence indices are also defined and their

significance for the characterization of chemical problems is

discussed.
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1. Introduction

Currently, the experimental electron density reconstructed

from accurate X-ray diffraction data using the multipole

model is widely used to obtain a wide spectrum of functions

and quantities characterizing the electronic structure and

properties of molecules and solids (Tsirelson & Ozerov, 1996;

Popelier et al., 2000; Koritsanszky & Coppens, 2001; Macchi &

Sironi, 2003; Scherer & McGrady, 2004; Tsirelson & Stash,

2004; Gatti, 2005; Lecomte et al., 2005), in good agreement

with theory. Among them, a few density-based functions such

as the electron localization function (Tsirelson & Stash,

2002a), localized-orbital locator (Tsirelson & Stash, 2002b)

and Fermi hole density (Tsirelson & Stash, 2006) are closely

related to the orbital notions of chemistry. Since orbital

models play an important role in modern chemistry, the search

for orbital-like characteristics, which might be expressed

approximately in terms of the experimental electron density,

deserves special attention.

The fundamental chemical notion of covalent bond order,

which defines the number of electron pairs shared between

two bonded atoms, is closely related to orbital representations

of chemistry and is widely used for the characterization of

bonding (Coulson, 1939, 1961; Mulliken, 1955a,b,c,d; Wiberg,

1968; Borisova & Semenov, 1973; Mayer, 1983, 1986; Angyan

et al., 1994; Reed & Schleyer, 1990; Bridgeman et al., 2001;

Angyan, 2000; Mayer et al., 2004). The bond order can also be

expressed in terms of the bond lengths and electron-density

parameters. Pauling (1960) has quantitatively estimated the

bond-order value for the different types of the covalent bonds

using (1)

nPauling ¼ exp½�ðr� r0Þ=a�; ð1Þ

where r0 is an idealized single-bond length and a = 0.3 for any

type of bond. Lendvay (1994, 2000) and Howard & Lamarche

(2003) confirmed this exponential relationship by non-

empirical Hartree–Fock and DTF/B3LYP calculations. They

reported that the a parameter depends on the atoms forming

the bond and it varies from 0.29 to 0.41 Å for C—C, C—N, C—



P and C—S bonds and has a value of 0.26 Å for the C—H

bond.

Bader and co-workers (Bader et al., 1983) proposed a

simple exponential relationship between covalent bond order

and the electron density at the bond critical point (BCP), �bcp

nBader ¼ expbað�bcp � bÞc: ð2Þ

This expression was tested on a series of hydrocarbons and

was used to estimate the C—C bond-order indices by using the

two-parameter equation exploiting electron-distribution

features. Matta & Hernandez-Trujillo (2003, 2005) suggested

calibrating Bader’s bond order (2) to reproduce the delocali-

zation index between bonded atoms. This index counts the

number of pairs shared between any two atoms in a molecule

by integrating the exchange density once over each of the two

atomic basins (Fradera et al., 1999). Zhurova, Matta et al.

(2006) have implemented this approach for C—C bonds using

the experimental density of the estrone molecule.

Cioslowski & Mixon (1991) combined the orbital and

topological descriptions of the electron density to describe

covalent bond order. Their approach includes the following

steps. First, the zero-flux surfaces in the electron-density

gradient field are determined; these surfaces are identified

with the atomic boundaries (Bader, 1990). Second, the

elements of the atomic overlap matrix are computed by

integrating the atomic orbital products over the corresponding

atomic basins. Third, the unitary transformation among the

occupied spin orbitals that maximizes the sum of the squared

diagonal elements of each atomic overlap matrix is performed.

Finally, the bond-order, nCM, is computed by summing corre-

sponding contributions for A and B atoms

nCM ¼
X

k

n2
kh’kj’kiAh’kj’kiB: ð3Þ

Here ’k are the localized orbitals, k is the number of the

orbital and nk is the occupancy of kth orbital.

Howard & Lamarche (2003; hereafter

H&L) used the Cioslowski–Mixon

(1991) approach to generate the set of

the covalent bond-order data and to

model them using the topological BCP

properties. They considered the C—C,

C—N, C—O, C—P and C—S bonds and

tested a few expressions which relate

the covalent bond-order value with

electron density, �BCP, the Laplacian of

electron density, the eigenvalues of the

Hessian of electron density (�1, �2 and

�3), the bond ellipticity (�1/�2 � 1) and

the kinetic energy density; all the

quantities were taken at the BCP. It was

found that the expression

ntopo ¼ a0 þ a1ð�1 þ �2Þ þ a2�3 þ a3�BCP

ð4Þ

yields the best (from statistical point of view) bond-order

description, based on the electron density and its derivatives at

the BCPs. It is important that this expression is applicable to

multiple bonds and has a simple physical interpretation. The

values �BCP and �3 measure the � character of the covalent

bond, while the curvatures of the electron density perpendi-

cular to the bond line, �1 and �2, measure the degree of its �
character. H&L have recommended applying expression (4)

to the bond-order description for both the polar and non-polar

covalent bonds mentioned above.

It is very attractive to apply this approach to the determi-

nation of topological bond-order indices (4) from the experi-

mental electron density derived by the accurate high-

resolution X-ray diffraction experiment. First attempts to

realise this idea have proved to be encouraging (Stash, Tanaka

et al., 2005; Tsirelson et al., 2006). At the same time, the

application of expression (4) with the original H&L coeffi-

cients to the wide range of organic compounds listed in the

deposited Table D11 have shown that the correlation coeffi-

cients between the values ntopo(H&L) (4) and nCM (3) for the

C—C and C—O bonds are only 0.84 and 0.57, respectively

(r.m.s. errors 0.12 and 0.17). We also found that indices

ntopo(H&L) for C—O bonds in carboxyl groups as well as in

carboxylate anions significantly deviate from nCM. The prob-

able explanation lies in the fact that coefficients a1 and a3 in

expression (4) were taken to be zero for the C—O bonds by

H&L. Besides, ntopo(H&L) for the C—C bonds appeared to be

systematically higher than nCM values computed from the

same wavefunction, exhibiting reasonable correlation only in

the limited range 1.1 < nCM < 1.4.

In this work we present a systematic study of the H&L

approach for compounds consisting of the first-row atoms. We

have made the training set more representative by including

compounds with a wide spectrum of bonds. We have also
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Table 1
Summary of the three-parameter bond-order model ntopo = a0 + a1(�1 + �2) + a2�3 + a3�BCP (4).

Coefficients given by Howard & Lamarche (2003) for some covalent bonds are in italics.

Bonds a0 a1 a2 a3

Correlation
coefficient R

Fisher statistics
F(N)†

R.m.s. error,
S

C—C �0.522 0 �1.695 8.473 0.82 106.8 (55) 0.12
�1.004 2.839 0.634 17.633 0.98 458.7(55) 0.04

C—N �0.284 0.559 0.331 6.569 0.94 616.1 (82) 0.08
�0.851 0.715 0.221 8.561 0.95 221.2 (82) 0.07

C—O 0.776 0 0.267 0 0.57 20.6 (45) 0.17
�0.668 0.567 �0.199 8.382 0.94 94.7 (45) 0.07

N—O �0.628 0.448 0.505 5.275 0.97 297.1 (63) 0.02
N—N �0.755 2.041 0.525 13.432 0.93 55.1 (28) 0.04
C—H �0.153 0.983 0.481 8.087 0.75 42.0 (101) 0.02
N—H �0.247 0.518 �0.025 7.020 0.96 115.3 (30) 0.02
O—H 0.908 �0.219 �1.005 0.086 0.98 138.6 (22) 0.01

† N is the number of bonds of a given type.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: AV5078). Services for accessing these data are described
at the back of the journal.



undertaken an attempt to improve

the coefficients in (4) for C—C and

C—O bonds and we have expanded

the coefficient set given by H&L to

span the N—O and N—N bonds.

H&L did not consider X—H bonds

(X is a non-H atom), which are

important structural elements of

both organic and organoelement

compounds and their ensembles, as

being responsible for forming

hydrogen bonds. In addition, the X—

H bonds are located on the periphery

of the molecules. Hence, they define

the molecular shape and conse-

quently the features of the molecule

packing in the condensed phases.

Therefore, another aim of this work is

an approximation of the X—H (X =

C, O and N) covalent bond-order

indices from expression (4).

Finally, we derived the bond-order

indices and atomic valence indices

defined below for a series of organic

compounds using the topological

features of the experimental electron

density, and have discussed the

chemical significance of these

descriptors.

2. Computational

To produce the coefficients allowing

the approximation of the ordinary

and multiple covalent bond orders by

expression (4) we have selected the

following set of organic molecules:

benzene, C6H6, formamide, CH3NO,

urea, CH4N2O, methanol, CH4O,

ethanol, C2H6O, propanol, C3H8O,

ethylene glycol, C2H6O2, glycerin,

C3H8O3, oxalic acid, C2H2O4, malonic

acid, C3H4O4, lactic acid, C3H6O3, �-

d-ribopyranose, C5H10O5, �-d-gluco-

pyranose, C6H12O6, asparagine,

C4H8N2O3, histidine, C7H10N2O2, and

tetrafluoroterephthalonitrile, C8F4N2.

Bridgeman et al. (2001) found that

the quantity nCM exhibits very little

dependence on the DFT exchange

and correlation functions, provided a

middle-size basis set is used. There-

fore, the geometries of the above-

mentioned molecules have been

optimized at the DFT B3LYP/6-

311G(d,p) level of theory using the

PC version of the program
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Table 2
Observed values of covalent bond order, nCM (3), theoretically calculated according to Cioslowski &
Mixon (1991) and estimated values of the bond order ntopo (4) derived from the experimental electron
density, as well as atomic valence indices, VA, calculated from these quantities.

Molecule Bonds nCM ntopo,exp Atoms VA,CM VA,topo,exp

C1—C2 1.39 1.48 C1 3.74 4.00
C1—C3 1.39 1.04 C2 3.74 3.98
C2—C3 1.39 1.49 C3 3.74 3.98
C1—H1 0.96 1.47 H1 0.96 1.04
C2—H2 0.96 1.03 H2 0.96 1.03
C3—H3 0.96 1.02 H3 0.96 1.02

C—O 1.23 1.34 C 3.15 3.66
C—N 0.96 1.16 O 1.23 1.34
N—H1 0.82 0.80 N 2.62 2.75
N—H2 0.84 0.79 H1 0.82 0.80

H2 0.84 0.79

C—C 0.79 0.78 C 2.69 3.48
C—O1 0.74 1.29 O1 1.30 1.98
C—O2 1.16 1.41 O2 1.16 1.41
O1—H1 0.56 0.68 H1 0.56 0.68

S—C2 1.52 1.46 S 1.52 1.46
O1—C50 1.26 1.59 O1 1.26 1.59
O2—C50 0.87 1.10 O2 1.69 1.81
O2—C7 0.82 0.71 N1 2.85 2.83
N1—C2 1.02 1.09 N3 2.83 2.76
N1—C6 1.06 1.00 C2 3.68 3.79
N1—H1 0.77 0.74 C4 3.71 3.83
N3—C2 1.14 1.23 C40 3.82 3.94
N3—C4 0.90 0.74 C5 3.53 3.67
N3—H3 0.79 0.79 C50 3.15 3.83
C4—C40 0.95 1.04 C6 3.60 3.53
C4—C5 0.97 1.07 C60 3.82 4.54
C4—H4 0.90 0.98 C7 3.63 3.69
C40—H410 0.95 0.97 C8 3.87 4.09
C40—H420 0.96 0.96 H1 0.77 0.74
C40—H430 0.96 0.97 H3 0.79 0.79
C5—C50 1.02 1.13 H4 0.90 0.98
C5—C6 1.55 1.46 H410 0.95 0.97
C6—C60 0.99 1.06 H420 0.96 0.96
C60—H610 0.94 1.20 H430 0.96 0.97
C60—H620 0.96 1.16 H610 0.94 1.20
C60—H630 0.93 1.12 H620 0.96 1.16
C7—C8 0.98 1.02 H63’ 0.93 1.12
C7—H71 0.91 0.98 H71 0.91 0.98
C7—H72 0.91 0.98 H72 0.91 0.98
C8—H81 0.96 1.04 H81 0.96 1.04
C8—H82 0.96 1.01 H82 0.96 1.01
C8—H83 0.96 1.01 H83 0.96 1.01

S—C2 1.52 1.54 S 1.52 1.54
O—C50 1.39 1.52 O 1.39 1.52
N1—C2 1.02 1.13 N1 2.83 3.04
N1—C6 1.04 1.01 N3 2.82 2.87
N1—H1 0.77 0.91 C2 3.68 3.97
N3—C2 1.14 1.31 C4 3.66 4.18
N3—C4 0.89 0.77 C40 3.76 4.36
N3—H3 0.78 0.79 C40 0 3.87 4.25
C4—C40 0.93 1.15 C5 3.52 4.02
C4—C5 0.95 1.20 C50 3.40 3.88
C4—H4 0.89 1.07 C5’’ 3.80 4.22
C40—C40 0.99 1.12 C6 3.55 3.82
C40—H410 0.93 1.05 C60 3.83 4.46
C40—H420 0.94 1.04 H1 0.77 0.91
C40 0—H410 0 0.96 1.04 H3 0.78 0.79
C40 0—H420 0 0.96 1.04 H4 0.89 1.07
C40 0—H430 0 0.96 1.05 H410 0.93 1.05



GAMESS(US) (Schmidt et al., 1993;

Granovsky, 2003). The vibration

frequencies were checked to ensure

that the energy minimum for each

molecule was achieved.

In addition, calculations for the

following compounds using accurate

low-temperature X-ray diffraction

geometries were carried out:

1-[(4,5-dihydroxymethyl-1,2,3-triazo-

lyl)-1-methyl]-5-methyl-pyrimidine-

2,4-dione (MTMT), C10H13N5O4

(Stash, Zavodnik et al., 2005), eth-

yl-4,6-dimethyl-2-thioxo-1,2,3,4-tetra-

hydropyrimidine-5-ethylcarboxylate

(EDTTC), C9H14N2O2S (Tsirelson et

al., 2006), ammonium dinitramide

(ADN), NH4�N3O4 (Ritchie et al.,

2003), biguanidinium dinitramide

(BIGH DN), C2H8N5�N3O4 (Zhurova

et al., 2002), � form of 5-nitro-2,4-

dihydro-3H-1,2,4-triazol-3-one (�-

NTO), C2H2N4O3 (Zhurova &

Pinkerton, 2001), pentaerythritol

tetranitrate (PETN), C5H8N4O12

(Zhurova, Stash et al., 2006), octa-

hydro-1,3,5,7-tetranitro-1,3,5,7-tetra-

zocine (�-HMX), C2H4N4O4, (Chen,

2004), trinitrodiazapentalene (TND-

AP), C6H3N5O6 (Chen et al., 2007),

1,3,3-trinitroazetidine, C3H4N3O6

(TNAZ), hexahydro-1,3,5-trinitro-

1,3,5-s-triazine (RDX), C3H6N6O6

(Chen, 2004), and the � and " isomers

of hexanitrohexaazaisowurtzitane (�-

and "-HNIW), C6H6N12O12 (Bolotina

et al., 2004). The standard X—H bond

distances tabulated in International

Tables for Crystallography (1995)

were employed in all structures used

in this work.

The DFT B3LYP/6-311G(d,p)

many-electron wavefunctions

obtained were used to integrate the

orbital products over the zero-flux

atomic basins and the atomic overlap

matrix elements were obtained. Then,

the Cioslowski–Mixon bond orders

nCM in (3) were computed for each

bond by summing the corresponding

diatomic contributions. All the

computations were performed using

locally modified AIMPAC software

(Biegler-Konig et al., 1982) adapted

to the PC.

The whole training set contains

182 C—X bonds, 63 N—O bonds,
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Table 2 (continued)

Molecule Bonds nCM ntopo,exp Atoms VA,CM VA,topo,exp

C5—C50 1.05 1.22 H420 0.94 1.04
C5—C6 1.52 1.61 H410 0 0.96 1.04
C50—C50 0 0.95 1.15 H420 0 0.96 1.04
C50 0—H510 0 0.95 1.01 H430 0 0.96 1.05
C50 0—H520 0 0.95 1.03 H510 0 0.95 1.01
C50 0—H530 0 0.94 1.04 H520 0 0.95 1.03
C6—C60 0.99 1.20 H530 0 0.94 1.04
C60—H610 0.94 1.11 H610 0.94 1.11
C60—H620 0.95 1.08 H620 0.95 1.08
C60—H630 0.94 1.07 H630 0.94 1.07

O1—C2 1.24 1.53 O1 1.24 1.53
O2—C50 1.39 1.52 O2 1.39 1.52
N1—C2 0.89 1.06 N1 2.73 2.90
N1—C6 1.05 1.00 N3 2.72 2.85
N1—H1 0.79 0.84 C2 3.14 3.78
N3—C2 1.02 1.19 C4 3.69 4.06
N3—C4 0.90 0.77 C4’ 3.82 4.11
N3—H3 0.80 0.89 C5 3.53 3.82
C4—C40 0.94 1.06 C50 3.40 3.79
C4—C5 0.95 1.17 C50 0 3.80 4.42
C4—H4 0.89 1.06 C6 3.55 3.66
C40—H410 0.96 1.04 C60 3.82 4.48
C40—H420 0.95 1.00 H1 0.79 0.84
C40—H430 0.96 1.01 H3 0.80 0.89
C5—C50 1.06 1.15 H4 0.89 1.06
C5—C6 1.52 1.51 H410 0.96 1.04
C50—C50 0 0.95 1.13 H420 0.95 1.00
C50 0—H510 0 0.95 1.09 H430 0.96 1.01
C50 0—H520 0 0.95 1.12 H510 0 0.95 1.09
C50 0—H530 0 0.95 1.08 H520 0 0.95 1.12
C6—C60 0.99 1.15 H530 0 0.95 1.08
C60—H610 0.94 1.11 H610 0.94 1.11
C60—H620 0.95 1.11 H620 0.95 1.11
C60—H630 0.94 1.11 H630 0.94 1.11

O3—C3 1.32 1.54 O3 1.32 1.54
O5B—N5 1.63 2.03 O5B 1.63 2.03
O5A—N5 1.66 1.96 O5A 1.66 1.96
N1—C5 1.40 1.37 N1 2.71 2.79
N2—H2 0.74 0.70 N2 3.00 3.11
N2—N1 1.30 1.42 N4 2.71 2.73
N2—C3 0.95 0.99 N5 4.15 4.83
N4—H4 0.73 0.61 C3 3.22 3.55
N4—C3 0.94 1.02 C5 3.30 3.31
N4—C5 1.05 1.10 H2 0.74 0.70
N5—C5 0.85 0.84 H4 0.73 0.61

O1—N2 1.61 1.82 O1 1.61 1.82
O2—N2 1.47 1.81 O2 1.47 1.81
O3—N3 1.56 1.79 O3 1.56 1.79
O4—N3 1.61 1.81 O4 1.61 1.81
N1—N2 1.25 1.50 N1 2.41 2.95
N1—N3 1.16 1.45 N2 4.33 5.13
N4—C1 1.09 1.12 N3 4.33 5.05
N4—H1 0.76 0.75 N4 2.64 2.57
N4—H2 0.80 0.70 N5 2.65 2.57
N5—C1 1.06 1.24 N6 2.35 2.41
N5—H3 0.82 0.68 N7 2.65 2.47
N5—H4 0.78 0.66 N8 2.58 2.55
N6—C1 1.19 1.22 C1 3.34 3.57
N6—C2 1.15 1.19 C2 3.34 3.46
N7—C2 1.06 1.14 H1 0.76 0.75
N7—H5 0.79 0.67 H2 0.80 0.70
N7—H6 0.81 0.65 H3 0.82 0.68
N8—C2 1.12 1.13 H4 0.78 0.66
N8—H7 0.66 0.69 H5 0.79 0.67
N8—H8 0.79 0.73 H6 0.81 0.65

H7 0.66 0.69
H8 0.79 0.73



82 C—N bonds, 28 N—N bonds and 163 X—H bonds (X = C,

N, O). The BCP characteristics for all these bonds were

computed and the multiple regression models (4) defining the

topological bond-order indices, ntopo, for these bonds were

determined. These quantities are collected in Table D1 toge-

ther with computed quantities, nCM, (3) and have been

deposited. The model coefficients, as well as the statistical

estimates characterizing the quality of the fit, are given in

Table 1.

Then, the derived coefficients were used to calculate the

bond-order indices using the topological features of the

experimental density presented in terms of the Hansen &

Coppens (1978) multipole model. We have selected for

calculations a set of molecules with a wide spectrum of

covalent bonds. Multipole parameters were taken from the

following sources: benzene (Bürgi et al., 2002), urea (Birkedal

et al., 2004; Stash, 2004), oxalic acid (in oxalic acid dihydrate)

(Scherer, 2004), EDTTC (Tsirelson et al., 2006), 5-acetyl-4-

ethyl-6-methyl-1,2,3,4-tetrahydropyrimidine-2-thione (AE-

MTT), C9H13N2OS (Potemkin, Rykounov, Bartashevich et al.,

2006), 5-acetyl-4,6-dimethyl-1,2,3,4-tetrahydropyrimidin-2-

one (ADT) C8H12N2O2 (Potemkin, Rykounov, Stash & Tsir-

elson, 2006), �-NTO (Zhurova & Pinkerton, 2001), BIGH DN

(Zhurova et al., 2002) and PETN (Zhurova, Stash et al., 2006).

The results are listed in Table 2.

3. Discussion

The electron-density features at the bond-critical points are

widely used in theoretical and experimental studies of

different aspects of the atomic and molecular interactions

(Bader, 1990; Cremer & Kraka, 1984; Knop et al., 1988;

Cioslowski et al., 1991; Tsirelson & Ozerov, 1996; Gibbs et al.,

1997; Martin Pendas et al., 1998; Espinosa et al., 1998; Rincon

& Almeida, 1998; Tsirelson et al., 1998; Popelier, 1999, 2005;

Espinosa & Molins, 2000; Knop et al., 2001; Exner & Schleyer,

2001; Downs et al., 2002; Popelier & Aicken, 2003; Costales et

al., 2004; Gervasio et al., 2004; Gatti, 2005; Stash, Tanaka et al.,

2005; Matta et al., 2006; Zhurova, Matta et al., 2006; Zhurova,

Stash et al., 2006). Determination of the bond-order indices

using topological features of the

experimental electron density at the

BCP extends this approach and

provides the information which is

similar to the orbital description of

bonding.

Let us analyze the efficiency of the

application of model (4) to the cova-

lent bonds formed by atoms in the

organic compounds. Statistical esti-

mates characterizing the quality of

model (4) are given in Table 1. These

are coefficients of correlation

between the estimated bond-order

indices ntopo (4) and observed values

nCM (3), equal to the fraction of

variance accounted for by the model,

R, the root-mean-square (r.m.s.) error, S, and Fisher’s statis-

tics, F, which represents the statistical significance of the

model and is calculated as the ratio of variances derived by

computation with a model under consideration (predicted

values) and those of a corresponding model with zero-equaled

parameters. The F statistics depend on both the number of

variables in the regression equation and the number of points:

the higher the F value, the more statistically significant the

model under consideration (Jennrich, 1977)

Analyzing Table 1 we can conclude that model (4) with new

coefficients for C—C and C—O bonds derived using more

representative data sets yields much better statistics than the

initial H&L coefficients. The data for the C—N bond show

comparable statistics. However, they provide results in better

agreement with the Cioslowski–Mixon bond order nCM. Fig. 1

presents results which confirm this conclusion, which is why

hereafter we will consider the results of calculations based on

the coefficients for covalent X—Y and X—H bonds (X, Y = C,

N, O) derived in this work. For the C—S bonds, the original

H&L parameters have been used.

3.1. Bond orders based on theoretical electron density

Figs. 1 and 2 show the agreement of the estimated ntopo and

computed nCM bond orders, both quantities being derived

from the same wavefunctions. The training set for the covalent

bond used to derive ntopo (4) is dominated by the ordinary

covalent bonds and bonds in aromatic systems with significant

electron delocalization. In spite of this, the deviation, � = ntopo

� nCM, for the C—C bonds is small and ranges from � =�0.11

to 0.08. In general, the ntopo(C—C) values are overestimated

for bonds adjacent to nitro groups, while they are slightly

underestimated in benzene.

The C—O bond sampling considered includes bonds in the

hydroxyl and carbonyl groups, carboxylate anions, as well as

bonds in heteroaromatic systems. Topological C—O bond

orders reflect this diversity of C—O bonds and are in the range

0.72 < ntopo(C—O) < 1.36 with deviations �0.25 < �(C—O) <

0.10. The value of ntopo(C—N) ranges from 0.65 to 2.19 with

�0.23 < �(C—N) < 0.20. We note that the deviations |�| >
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Table 2 (continued)

Molecule Bonds nCM ntopo,exp Atoms VA,CM VA,topo,exp

C1—C2 0.92 1.02 C1 3.68 4.09
C2—O3 0.82 0.69 C2 3.52 3.66
C2—H21 0.88 0.97 O1 1.66 1.93
C2—H22 0.89 0.98 O2 1.68 1.96
O1—N1 1.66 1.93 O3 1.85 1.86
O2—N1 1.68 1.96 N1 4.36 5.06
O3—N1 1.02 1.17 H21 0.88 0.97

H22 0.89 0.98



0.20 are observed for the C—O and C—N bonds in amino

acids. The maximum underestimated value ntopo(C—N) is

observed for the triple C—N bond group in tetra-

fluoroterephthalonitrile.

The nCM values for N—O bonds range from 1.47 to 1.69

with 0.05 < �(N—O) < 0.07. The deviations of ntopo(N—N)

are somewhat larger and are in the range �0.15 < �(N—N) <

0.07. The only exception observed for the O—NO2 group is

pentaerythritol tetranitrate, where nCM(N—O) = 1.02 and

ntopo(N—O) = 1.03 are observed. The N—N bonds in the

heterocyclic systems exhibit an average topological bond

order of 1.40, with an r.m.s. error of S = 0.09; the majority of

N—N bonds (90.3%) in nitroamines exhibit an S(ntopo) value

� 0.03.

Covalent bonds C—H, N—H and O—H have satisfactory

statistical indicators and low r.m.s. errors (Table 1). Even in

the worst statistical case of the C—H bond, the deviations of

ntopo from nCM are in the narrow interval �0.06 < �(C—H) <

0.04. For N—H and O—H bonds these deviations are even

smaller: �0.03 < �(N—H) < 0.04 and �0.02 < �(O—H) <

0.02, respectively. Thus, the coefficients derived for model (4)

listed in Table 1 satisfactorily describe the ntopo indices for X—

H covalent bonds.

3.2. Bond orders based on the experimental electron density

Results of the application of model (4) to determine cova-

lent bond order indices ntopo(exp) from experimental electron

density are given in Table 2 and Fig. 3. Before analyzing these

data, we must mention the existence of a serious discrepancy

in the multipole-model-based and wavefunction-based

Laplacians of the electron density for the shared atomic

interactions, which is repeatedly noted in the literature

(Bianchi et al., 1996; Iversen et al., 1997; Spackman et al., 1999;

Volkov et al., 2000; Volkov & Coppens, 2001; Flaig et al., 2002;

Volkov, Li et al., 2004; Volkov, Koritsanszky et al., 2004;

Coppens & Volkov, 2004; Zhurova et al., 2004; Henn et al.,

2004; Hibbs et al., 2005; Tsirelson et al., 2006; Zhurova, Matta

et al., 2006). The fact is that the flexibility of the current

multipole models does not describe the experimental electron

distribution both around the nuclei and in the middle-bond

area simultaneously. The maximum discrepancy is observed

for the electron density curvature along the bond line �3 for

covalent and polar-covalent bonds (Flaig et al., 2002; Volkov et

al., 2000; Tsirelson et al., 2006). Therefore, we can anticipate

that the ‘experimental’ bond-order indices will deviate from

the theoretical ones owing to the presence of the �3 term in

expression (4).
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Figure 1
Plot of the Cioslowski–Mixon bond orders nCM and topological bond
orders ntopo for C—C, C—N and C—O covalent bonds computed using
original H&L coefficients and coefficients derived in this work by the fit
of model (4) to the theoretical electron density – see Table 1.

Figure 2
Plot of the Cioslowski–Mixon bond orders nCM versus the estimated bond
orders ntopo computed for 28 compounds listed in the text (see also Table
D1) using coefficients derived by the fit of model (4) to the theoretical
electron density for the N—O, N—N, C—H, N—H and O—H covalent
bonds.



Table 2 and Fig. 3 show the values of �exp = ntopo(exp) �

nCM for the C—C bond range from �exp = �0.08 to �exp =

0.24. The most overestimated ntopo(exp) values are observed

in the C4—C5 bonds in hydropyrimidines. The �exp(C—O)

values range from � = �0.14 to 0.33; in the case of the stan-

dard C—C bond in oxalic acid �exp(C—O) = 0.55 owing to a

significant distinction in the theoretical (�3 = 1.481 a.u.) and

experimental (�3 = 0.494 a.u.) values of the electron-density

curvature along the bond line. The experimental C—N bond

orders are overestimated to a lesser degree compared with the

C—O bond orders: the deviation scattering is �0.16 < �exp <

0.20. In the case of the N—O bonds, the maximum deviation of

�max(N—O) = 0.39 is observed in the nitro group of �-NTO.

For the three available N—N bonds, the average over-

estimation ntopo(exp) is 0.25.

The values of ntopo(exp) for C—H bonds are overestimated

on average by 0.1 with �max = 0.16 in ADT. The ntopo(exp)

values for N—H bonds are slightly underestimated in nitro-

amines, but overestimated in hydropyrimidines.

The multipole-model parameters used in this work were

derived from the accurate low-temperature (100–120 K) X-ray

diffraction data by applying the same refinement strategy.

Therefore, we suggest that these parameters are of approxi-

mately the same quality. The difference between experimental

and theoretical electron-density values at the bond critical

points is � 0.1 e Å�3. Thus, the main reason for the discre-

pancies observed for the bond orders of Cioslowski & Mixon

(1991), nCM, and topological ones, ntopo(exp), results from the

above-mentioned insufficient flexibility of the mulipole model,

which does not adequately describe the electron density

curvature along the covalent bond lines. This shortcoming is

the most noted in the case of the C—H bonds where it leads to

ntopo(exp) > 1 (as we already noted, the standard X—H bond

distances were employed in the multipole-model refinements).

Fortunately, we can anticipate that the deficiency mentioned

can be overcome by using more sophisticated and flexible

multipole models. What is remarkable is that a small

systematic bias is observed for each type of bond. Therefore,

the bond-order indices can be, in principle, empirically

corrected, if necessary.

3.3. Atomic valence indices

The sum of the bond-order values over the bonds formed by

each A atom can be regarded as the atomic valence index, VA

(Tsirelson et al., 2006), describing the degree of the atomic

valence saturation. The corresponding experimental and

theoretical values of VA are listed in Table 2. The difference

VA,max�VA, where VA,max is the maximum valence of atom A,

is an analogue of the atomic free valence: the larger the

difference, the more additional interactions can be formed by

this atom. This suggests that the atomic valence index can be

useful to estimate the potential nucleophilic reactivity of

compounds using density-derived quantities.

For example, among the typical reactions of hydro-

pyrimidines are substitution, acylation, arylation and alkyla-

tion (Kappe, 2006). An increase in the atomic valence indexes

VA of the N atoms in hydropyrimidines must be accompanied

by an increase of their activities in nucleophilic reactions such

as N-acylation and N-arylation. Table 2 shows that the VA

indices for N atoms in the considered hydropyrimidines

AEMTT, EDTTC and ADT are comparable in value. There-

fore, we can expect a similar behaviour of these compounds in

the mentioned nucleophilic reactions.

The atomic valence indices of C5 and C6 atoms (VC5 and

VC6) in the AEMTT, EDTTC and ADT hydropyrimidines can

also be used to determine the regiospecificity of the addition

processes with the participation of these compounds. Data

given in Table 2 anticipate that an important feature of these

hydropyrimidines is the domination of the C5 atom with

respect to the C6 atom in such reactions.

4. Conclusions

This work develops the approach suggested by Howard &

Lamarche (2003) for the determination of covalent bond

orders from experimental electron density and its derivatives

at the bond critical points. In the present form, this method is

applicable to organic compounds with X—Y and X—H bonds

(X, Y = C, O and N). The ‘experimental’ atomic valence

indices characterizing the degree of atomic valence saturation

have also been defined. It has been shown that these
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Figure 3
Plot of the theoretically computed Cioslowski–Mixon bond orders nCM

versus the bond orders ntopo estimated from the experimental electron
density features for C—C, C—O, C—N, N—O and X—H covalent bonds
(see Table 2 for detail).



descriptors can be used to estimate the chemical reactivity

properties of compounds under consideration.

The important feature of the approach given above consists

of the determination of the bonding descriptors, which can be

expressed both in terms of orbital representations and

experimental electron-density characteristics. This unification

of the theoretical and experimental methods enhances the

information derived directly from X-ray diffraction data. At

the same time, we found that the current problems with the

adequate description of electron density in the case of the

shared atomic interactions restrict the accuracy of the

experimentally derived bond orders for the covalent bonds.

Fortunately this problem can be overcome by using more

sophisticated and flexible multipole models; work in this area

is especially important.

Making an outline of the proposed approach presented

above, we note that topological covalent bond orders can be

related to the bond energies in the spirit of works by Grimme

(1996) and Exner & Schleyer (2001).They can also be related

to the bond valences of the Brown (1992) bond-valence

model. Thus, the latter characteristics can be, in principle,

estimated from the experimental electron density.
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