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Abstract The results of theoretical analysis of the crystal

structure and bonding in relation to thermal decomposition

process in anhydrous mercury oxalate are presented. The

methods used Bader’s Quantum Theory of Atoms in Mole-

cules formalism with bond order model (by Cioslowski and

Mixon), applied to electron density obtained from ab initio

calculations carried out with FP-LAPW Wien2k package

(Full Potential Linearized Augmented Plane Wave Method)

and Brown’s Bond Valence Model are described. The

analysis of the obtained results shows that most probably the

thermal decomposition process of mercury oxalate should

lead to metal and CO2 as products (as it is experimentally

observed). Presented results (as well as the results of our

similar calculations carried out previously for zinc, cadmium

silver, cobalt and calcium oxalates) allow us to state that

such methods (topological and structural), used simulta-

neously in analysis of the crystal structure and bonding

properties, provide us with the additional insight into given

compound’s behavior during thermal decomposition pro-

cess. As a result, these methods can be considered as valu-

able supporting tool in the analysis of thermal decomposition

process in given compound.

Keywords Bond order � Bond strength � Bond valence �
Electron density topology � FP-LAPW DFT calculations �
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Introduction

Anhydrous bivalent metal oxalates MC2O4 form an inter-

esting group of compounds with very similar layered

crystal structures (monoclinic unit cell) and well-defined

oxalate anions surrounded by metallic cations, but different

pathways of thermal decomposition process (M ? CO2,

MO ? CO ? CO2 or MCO3 ? CO [1–10]).

Despite many experimental results available, there is

still lack of consistent theoretical description and expla-

nation of the pathways of thermal decomposition of these

compounds. It can be expected, however, that the key role

in thermal decomposition process plays the properties of

electronic structure and chemical bonding (which in turn

due to the structural similarities depend mainly on the

characteristic properties of metallic cation). Thus, theo-

retical studies of fundamental features of electron density

(topological analysis) and chemical bonding (bond order,

bond valence, bond strains, etc.) carried out for this group

of compounds should in principle allow to explain and

predict the pathway of thermal decomposition process in

given compound (or at least shed some light on the rela-

tions between their electronic and crystal structure and

bonding properties and pathway of thermal decomposition

process).

Recently in a series of papers [11–15], we have proposed

theoretical approach, based on the topological analysis of

electron density (Bader’s Quantum Theory of Atoms in

Molecules [16] formalism) obtained from first principles

FP-LAPW calculations and structural and bonding proper-

ties—bond valence, bond strength, and stresses associated

with deviation of given structure from ideal one (Brown’s

Bond Valence Method [17] founded on Pauling’s ‘‘electro-

static valence rule’’ [18]). As our previous results suggest,

such approach can give us the additional insight into the
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thermal decomposition process and help not only to explain

thermal decomposition path in given oxalate, but also—to

some extent—to predict such most probably path for the

compounds for which experimental results are unavailable.

In this article, the results of similar analysis carried out

for anhydrous mercury(II) oxalate HgC2O4 are presented

(detailed description of methods used here has been pre-

sented in our previous papers [11–15]).

Computational details

The electronic structure calculations for anhydrous mer-

cury oxalate have been performed using WIEN2k

FP-LAPW (Full Potential Linearized Augmented Plane

Wave Method) package [19], within density functional

theory (DFT) formalism [20–25]. The following parame-

ters have been used in calculations: 200 k-points (6 9 5 9

5 mesh within the irreducible Brillouin zone), cut-off

parameter Rkmax = 7.5, GGA-PBE exchange–correlation

potential [26], the values of muffin-tin radii (Ri) [au]: M:

1.8, O: 1.17, C: 1.17 and the convergence criteria for SCF

calculations set to DESCF� 10�5Ry for total energy and

DqSCF� 10�5e � au�3 for electron density topology analy-

sis. The crystal structure parameters and fractional atomic

coordinates used in calculations are listed in Table 1.

Crystal structure of anhydrous mercury oxalate

The crystal structure of anhydrous mercury(II) oxalate [27]

is formed by layers of edge sharing distorted cubes (each

one consists of mercury atom surrounded by eight oxygen

atoms) lying in xz plane (Fig. 1c) connected via oxalate

anions along y-direction (Fig. 1a, b). One can also analyze

the structure from the oxalate environment point of view:

every oxalate anion is surrounded by six mercury atoms—

two groups of three atoms from neighboring planes

(Fig. 2a, b).

Results

The total electron density distribution data obtained from

FP-LAPW SCF calculations has been used as a basis for

Bader’s Quantum Theory of Atoms in Molecules [16]

analysis of electron density topology. As Bader et al. [29]

Table 1 Anhydrous mercury(II) oxalate crystal structure data [27]

Structure Space group a/Å b/Å c/Å b/� V/Å3

CaC2O4 P21 (No. 4) 5.029 (1) 5.228 (1) 6.437 (1) 108.82 (1) 160.19

Fractional atomic coordinates

Atom x y z Wyckoff position Atom x y z Wyckoff position

Hg 0.5060 0.2500 0.2470 2a O1 0.8740 0.0420 0.1110 2a

C1 0.0680 0.8800 0.2290 2a O2 0.2980 0.9370 0.3310 2a

C2 0.9620 0.6070 0.3040 2a O3 0.6790 0.5940 0.1390 2a

O4 0.1040 0.4910 0.4220 2a

ca

b

ac

b

a

cb

(b)(a)

(c)

Fig. 1 Anhydrous mercury oxalate crystal structure projected onto

yz, xy, and xz planes. All crystal structure figures have been prepared

with VESTA visualization software [28]
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Fig. 2 a Oxalate anion environment in anhydrous mercury(II)

oxalate. Respective bond lengths are presented in Table 2. The values

of AIM total charges calculated for pseudoatoms are presented close

to respective atoms (b)
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have shown, the gradient vector field, derived from the

scalar electron density distribution allows one to separate

uniquely the total electron density by means of zero flux

surfaces into non-overlapping, pseudoatomic subsystems of

the whole many electron many nuclear system, containing a

single nucleus (such pseudoatoms possess very important

feature: the expected value of any observed quantity

described by a Hermitian operator Â for the whole system

can be presented as a sum of pseudoatomic contributions

Â
� �
¼
P

i ÂðXiÞ, regardless of whether Â is a one-electron

or a many electron operator). What is more, Bader has

pointed out the important role of electron density gradient

rqðrÞ and Laplacianr2qðrÞ—the topological properties of

electron density are revealed in the analysis of the corre-

sponding gradient field and important features of q are

described by critical points rCP at which rqðrCPÞ ¼ 0 (we

constrained ourselves in our present analysis to bond critical

points only), while Laplacian provides important informa-

tion about the character of electron density distribution in

both, bonding and non-bonding regions [30] (r2qðrÞ mea-

sures electron density concentrationr2qðrÞ\0 or depletion

r2qðrÞ[ 0 in given region). He has also introduced an

important characteristic of bonding in many-electron many-

nuclear system—the local electron energy HeðrÞ ¼ GðrÞþ
VðrÞ, which can be expressed in terms of electrostatic

potential, electron density, and its Laplacian by the formula

HeðrÞ ¼ 1=2½VðrÞ þ 1=4r2qðrÞ�. The sign of HeðrÞ uniquely

indicates whether the kinetic or potential energy dominates

in given region in space—negative value of HeðrÞ means

that the potential energy dominates and the accumulation of

electrons is stabilizing in this region of space (thus the

condition r2qðrÞ[ 0 in the inter-nuclear space is not suf-

ficient for system to become unbounded, since the electron

energy HeðrÞ can still be negative in case of sufficiently

strong electrostatic potential here [31]).

Such topological analysis of electron density has been

carried out for anhydrous mercury(II) oxalate, and the

results obtained for bond critical points are presented in

Table 2. Characteristic parameters of BCPs have been in

turn used as a basis for the calculations of bond orders.

As in our previous calculations [11–15], the bond

order formula proposed by Cioslowski and Mixon [32]

(in an improved form suggested by Howard and Lamar-

che [33]) has been used here. The respective bond orders

calculated for anhydrous mercury oxalate are presented in

Table 3.

Additional and complementary information about the

bonding properties has been obtained from experimental

crystal structure data using Bond Valence Method pro-

posed by Brown [17]. This method not only gives us

information about the atomic and bond valences (which

can be related to bond strength and thus to bond order), but

also allows us to estimate the values of the strains acting on

single bonds as well as the overall strains present in given

structure. There are two different types of indicators of

such stresses: di and D measuring, respectively, the level of

deviation of given atom environment or entire crystal

structure from ideal one and strain factor d providing

information about the strains acting on single bonds or

groups of bonds [see details in [11, 12]). The values of

bond valences sij and bond strain factors calculated from

structural data for anhydrous mercury(II) oxalate are pre-

sented in Table 4 (only bond valences and bond strain

Table 2 Bond lengths RAB and BCP parameters: Hessian eigenvalues k1–k3, electron density qBCP, Laplacian r2q(r), potential energy density

V(r), and electronic energy density He(r), calculated for anhydrous mercury(II) oxalate

HgC2O4 RAB/Å
´ k1/e au-5 k2/e au-5 k3/e au-5 qBCP/e au-3 r2q(r)/e au-5 V(r)/Ry au-3 He(r)/Ry au-3

r1 (Hg–O2) 2.105 -0.1363 -0.1328 0.6369 0.1012 0.3678 -0.8610 -0.3845

r2 (Hg–O3a) 2.206 -0.1060 -0.1040 0.4621 0.0862 0.2521 -0.7199 -0.3284

r3 (Hg–O3b) 2.493 -0.0433 -0.0416 0.2383 0.0403 0.1535 -0.2127 -0.0872

r4 (Hg–O1) 2.534 -0.0377 -0.0357 0.2089 0.0374 0.1355 -0.1724 -0.0693

r5 (C2–O4) 1.051 -2.2000 -2.1020 6.0350 0.6119 1.7340 -2.5237 -1.0451

r6 (C1–O2) 1.170 -1.3540 -1.3210 3.0000 0.4549 0.3248 -2.0050 -0.9619

r7 (C1–O1) 1.330 -0.7639 -0.6999 0.7015 0.3344 -0.7624 -1.2465 -0.7186

r8 (C2–O3) 1.477 -0.5028 -0.4708 0.4506 0.2460 -0.5230 -2.3366 -1.2337

r9 (C1–C2) 1.649 -0.3965 -0.3592 0.3722 0.2033 -0.3836 -1.6316 -0.8638

Table 3 Bond orders calculated from topological properties of

electron density in bond critical points for anhydrous mercury(II)

oxalate

Bond no. nCM(HL) Bond no. nCM(HL)

r1 (Hg–O2) 0.95 r5 (C2–O4) 2.39

r2 (Hg–O3a) 0.90 r6 (C1–O2) 1.58

r3 (Hg–O3b) 0.84 r7 (C1–O1) 0.96

r4 (Hg–O1) 0.83 r8 (C2–O3) 0.90

r9 (C1–C2) 0.57

Anhydrous mercury oxalate 501

123



factors are presented here, since they are directly related to

bond properties and thus are important for our analysis).

The following equations (formulated with the aid of BCPs

found during the topological analysis of electron density)

have been used for theoretical valences calculation in

anhydrous mercury oxalate, according to Valence Sum Rule:

Hg ¼ r1 þ r2 þ r3 þ r4 ¼ 1=2 þ 1=2þ 1=2 þ 1=2 ¼ 2

C1 ¼ r6 þ r7 þ r9 ¼ 11=2 þ 11=2 þ 1 ¼ 4

C2 ¼ r5 þ r8 þ r9 ¼ 2 þ 1 þ 1 ¼ 4

O1 ¼ r4 þ r7 ¼ 1=2þ 11=2 ¼ 2

O2 ¼ r1 þ r6 ¼ 1=2þ 11=2 ¼ 2

O3 ¼ r2 þ r3 þ r8 ¼ 1=2 þ 1=2 þ 1 ¼ 2

O4 ¼ r5 ¼ 2:

Discussion

The results of topological analysis (Table 2) show that first

of all we have only nine different bond types in a system

and some of mercury atoms neighboring oxalate anion are

not bonded with respective oxygen atoms (gray dotted lines

on Fig. 2b, denoted from r10 to r13). Next, we can see that

all mercury–oxygen bonds exhibit weak ionic character

(positive value of Laplacian in respective BCPs), while

carbon–carbon bonds have strong covalent character

(r2ðqÞ\0). The carbon–oxide bonds fall into two sets of

two similar bonds: r5 and r6 exhibit strong and weak ionic

character, respectively, while r7 and r8 have strong cova-

lent character. These results are quite typical for oxalates

[11–15], except for the bonds r5 and r6, since carbon–oxide

bonds have usually dominating covalent character. How-

ever, careful analysis of the values of potential and elec-

tronic energy density in bond region shows clearly that

potential energy dominates over the kinetic energy here

and overall electronic energy is negative and thus these

bonds are energetically stable. The bond orders calculated

from BCP parameters (Table 3) suggest that the weakest

bonds in anhydrous mercury oxalate crystal are those cre-

ated between carbon atoms within oxalate groups (r9),

while Hg–O bonds (r1–r4) are much stronger. Similarly, as

in case of BCP properties, carbon–oxide bonds form two

sets, two bonds (r7–r8), have similar strength as Hg–O

bonds and two are significantly stronger (r5–r6).

Additional insight into the bonding properties in anhy-

drous mercury(II) oxalate can be obtained from Table 4. It

is quite evident—according to calculated strain factors d—

that the entire structure is far from ideal one and there are

strong forces acting on all bonds (the bond lengths calcu-

lated from theoretical bond valences deviate strongly from

experimental ones—two mercury bonds r1 and r2 are too

short while the other two r3 and r4 are to long; similarly

two carbon–oxide bonds r5 and r6 are too short and r7 and

r8 are too long and finally C–C bond r9 is too long), which

means, that all bonds are strained, compressed, or stretched

and thus will exhibit the tendency to lengthen or to shorten,

respectively, during bond breaking in thermal decomposi-

tion process.

The obtained results allow us to propose the most

probable pathway of thermal decomposition process in

anhydrous mercury oxalate. Since C–C bond is the weakest

one, it should break as the first one. This will result in

immediate charge flow mainly to C–O bonds (and to some

extent probably also to Hg–O bonds). It is convenient to

analyze the next steps of bond breaking process separately

for groups of bond created by individual oxygen atoms. In

case of O1 atom (bonds r4 and r7), both bonds are too long

and will tend to shorten (r7 bond slightly more due to larger

tensile stress). This will result in bonds strengthening, but

again to greater extent in case of r7 bond and therefore

most likely the r4 bond will break here. For O2 atom, we

have two compressed bonds (r1 and r6), so after C–C bond

breaking, these bonds will tend to lengthen and will

become weaker. Since carbon–oxygen bond (r6) is much

stronger, despite the stronger compression and thus prob-

ably stronger weakening during elongation, mercury–

Table 4 Bond lengths and bond valences (theoretical and experimental ones) and bond strain factors calculated for anhydrous mercury(II)

oxalates (see text for details)

HgC2O4 Rtheor/Å
´

Rexp/Å
´

stheor
ij sexp

ij d

r1 (Hg–O2) 2.228 2.105 � 0.6989 dHg–O 0.2148 dHg�O2
0.1989

r2 (Hg–O3a) 2.228 2.206 � 0.5318 dHg�O3a
0.0318

r3 (Hg–O3b) 2.228 2.493 � 0.2449 dHg�O3b
0.2551

r4 (Hg–O1) 2.228 2.534 � 0.2192 dHg�O1
0.2808

r5 (C2–O4) 1.134 1.051 2 2.4994 dC–O 0.3525 dC2�O 0.4994

r6 (C1–O2) 1.240 1.170 1� 1.8146 dC1�O 0.3146

r7 (C1–O1) 1.240 1.330 1� 1.1772 dC–C 0.2559

r8 (C2–O3) 1.390 1.477 1 0.7894 dStruct 0.2881

r9 (C1–C2) 1.540 1.649 1 0.7441
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oxygen bond (r1) will remain much weaker and thus this is

the one which should break here. The situation in last case

(O3 atom) is as follows: according to topological analysis

(the existence of BCPs), oxygen atom form three bonds,

one with carbon (r8) and two with mercury (r2 and r3).

Bonds r3 and r8 are stretched and will tend to shorten which

will result in their strengthening and bond r2 will shorten

only slightly due to very small compressive strains. Con-

sequently, since the tensile strains acting on bonds r3 and r8

are of similar magnitude, the latter one will remain stronger

and we can expect that at this stage of thermal decompo-

sition process, both mercury–oxygen bonds should break

and carbon–oxide bond (r8) should be preserved. The last

oxygen atom (O4) form only one bond with carbon and this

bond should be preserved with slightly changed length and

strength.

Ultimately, as a result of described above consecutive

steps of bond breaking during thermal decomposition

process, we will obtain metallic mercury and carbon

dioxide as the products (Fig. 3), in agreement with the

experiment [34, 35].

Summary

The main purpose of this article was the application of

previously proposed theoretical approach, based on joint

analysis of the electron density topology and structural

data, to the description and explanation of the crystal

structure and bonding properties in anhydrous mercury(II)

oxalate and their relations with thermal decomposition

process, leading in this case to metal and carbon dioxide as

products. Presented results allowed us to propose the most

probable sequence of bond breaking during the thermal

decomposition process (in agreement with the experiment).

In the light of this results as well as our previous investi-

gations of electronic and crystal structure and bonding

properties carried out for series of anhydrous oxalates, we

are convinced that despite the obvious limitations of

quantum mechanical approach to chemistry (due to nec-

essary approximations and idealizations inherent in all

quantum methods in solid state) the proposed approach can

be consider as valuable additional tool in the analysis

of thermal decomposition process in given compound

(especially that it is based mainly on the modern topolog-

ical analysis of electron density which allow to reinstate the

very chemical concept of atoms in molecules and bonds—

the concepts which are simply missing in classical quantum

mechanical approach based on wave function).
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