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Abstract The results of theoretical analysis of the elec-

tronic and crystal structural properties and bonding in

relation to thermal decomposition process in anhydrous

calcium oxalate are presented. The methods used in this

analysis—topological analysis of electron density (Bader’s

Quantum Theory of Atoms in Molecules approach)

obtained from DFT calculations performed by Wien2k

package (Full Potential Linearized Augmented Plane Wave

Method); bond order model (Cioslowski&Mixon), applied

to topological properties of the electron density; as well as

Brown’s Bond Valence Model (bonds valences and

strength’, and bond and crystal strains, calculated from

crystal structure and bonds lengths data) are described. The

analysis of the obtained results shows that these methods

allow us to explain the way of thermal decomposition

process of anhydrous calcium oxalate to calcium carbonate

as a decomposition product, and to describe the structural

transition taking place during such process (from mono-

clinic anhydrous CaC2O4 to rhombohedral calcite struc-

ture). In the light of the results of our similar calculations

performed previously for other anhydrous oxalates (zinc,

cadmium silver, cobalt, and mercury) the proposed theo-

retical approach can be considered as promising and reli-

able tool, which allow analyzing the properties of the

structure and bonding and hence predicting the most

probable way of thermal decomposition process for given

crystal structure.
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Introduction

Anhydrous metal oxalates form a group of compounds with

very interesting properties, which makes them important

materials for nanopowders technology (e.g., conducting

precisely controlled thermal decomposition process of

given oxalates to metallic or metal oxide products in a form

of nanoparticles, one can obtain nanopowders possessing

technologically desirable properties). Despite the fact that

these compounds have very similar layered structures with

monoclinic unit cells and well-defined oxalate anions sur-

rounded by metallic cations, they decompose thermally

differently to M ? CO2, MO ? CO ? CO2, or MCO3 ?

CO [1–10].

There is still lack of consistent theoretical description

and explanation of the ways of thermal decomposition

paths in anhydrous oxalates, despite many experimental

results available. One can however expect that the key role

here plays the character and properties of chemical bonding

in given oxalate, which in turn depend on the characteristic

properties of metallic cation. Thus, it seems reasonable to

expect that the theoretical study of fundamental features of

electron density (topological analysis) and chemical bond

(bond order, bond valence, bond strains etc.) should in

principle lead to prediction (or at least to explanation) of

metal oxalates decomposition ways.

In this article, we present the results of the theoretical

analysis of electronic and crystal structural properties of

anhydrous calcium oxalate and their relations with the way

of thermal decomposition process (to MCO3 ? CO),
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carried out by means of theoretical approach we have

previously proposed and applied to silver, cadmium,

cobalt, zinc, and mercury anhydrous oxalates [11–15], the

theoretical analysis of the electronic properties based on

the topological properties of electron density obtained from

first principle calculations (Bader’s Quantum Theory of

Atoms in Molecules [16] formalism) together with struc-

tural consideration of bonds valence, bond strength and

stresses associated with deviation of given structure from

ideal one, based on the Brown’s Bond Valence Method

[17] founded on Pauling’s ‘‘electrostatic valence rule’’

[18]. As our previous results suggest, such approach can

give us the additional insight into the thermal decomposi-

tion process and helps not only to explain thermal

decomposition path in given oxalate, but also, to some

extent, to predict such most probably path for the com-

pounds for which experimental results are unavailable.

Computational details

The electronic structure calculations for anhydrous calcium

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 calculations has been per-

formed for 500 k-points (9 9 8 9 6 mesh within the irre-

ducible Brillouin zone), cutoff parameter Rkmax = 7.5,

GGA-PBE exchange-correlation potential [26], the values

of muffin-tin radii (Ri) [a.u.]: M—1.8, O—1.17, C—1.17

and the convergence criteria for SCF calculations set to

DESCF B 10-5 Ry for total energy and DqSCF B 10-5 e

for electron density topology analysis. The crystal structure

parameters and fractional atomic coordinates used in DFT

calculations are listed in Table 1.

The calculated total SCF electron density distribution in

crystal cell has been used as a basis for the calculations of

the topological properties of bond critical points (within

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

formalism).

Crystal structure of anhydrous calcium oxalate

The crystal structure of anhydrous calcium oxalate [27]

contains two types of layers which are stacked alternately

along x-axis (Fig. 1—the majority of the figures have been

prepared with VESTA visualization software [28]): layer1

consisting of Ca ions together with Ox1 oxalate anions,

forming two alternate chains of Ca1 and Ca2 cations con-

nected in (001) direction via Ox1 anions (Fig. 1, upper

left), and layer2 consisting of Ox2 anions only, linking

layer1 layers together (Fig. 1, upper right). The oxalate

ions (Ox1 and Ox2) are in two different structural envi-

ronments: Ox1 is in a planar coordination by six calcium

ions (Fig. 2), and Ox2 is surrounded by four calcium ions

(Fig. 3).

Results

Electron density topology

The total electron density distribution data obtained from

FP-LAPW SCF calculations have been used for Bader’s

QTAiM analysis of electron density topology. As Bader

et al. [29] have shown, the analysis of the gradient vector

field derived from the scalar electron density distribution

provides us with the crucial information about properties of

the electron density in topologically special points (so

called critical points) for which gradient of the electron

density rq(r) is equal to zero and thus about bonding in

given molecule or crystal (detailed description of methods

used in present calculations can be found in our previous

articles [11–13]). The parameters characterizing bond

critical points for Ca4 and Ca6 environment, calculated

Table 1 Anhydrous calcium oxalate crystal structure data [27]

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

CaC2O4 P2/m (No. 10) 6.1644 7.3623 9.53720 90.242 432.83

Fractional atomic coordinates

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

Ca1 0.0930 0.0000 0.3070 2m O5 0.4921 0.5000 0.1880 2n

Ca2 0.0660 0.5000 0.1820 2n O6 0.7850 0.5000 0.0404 2n

O1 0.0596 0.3120 0.3864 4o C1 0.0000 0.3919 0.5000 2k

O2 0.0364 0.1880 0.1180 4o C2 0.0000 0.1081 0.0000 2i

O3 0.5319 0.0000 0.3131 2m C3 0.4071 0.0000 0.5577 2m

O4 0.2100 0.0000 0.5133 2m C4 0.5798 0.5000 0.0659 2n

948 A. Kole _zyński, A. Małecki
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according to Bader’s theory, are presented in Tables 2

and 3, respectively. Characteristic parameters of BCPs

have been in turn used as a basis for the calculations of

bond orders. As in our previous calculations [11–13], the

bond-order formula proposed by Cioslowski and Mixon

[30] (in an improved form suggested by Howard and

Lamarche [31]) has been used here. The respective bond

orders calculated for calcium oxalate are presented in

Table 4.

Additional information about the bonding properties can

be obtained from experimental crystal structure data using

Bond Valence Method proposed by Brown (present state of

the art and perspectives of Bond Valence Model in inor-

ganic crystal chemistry has been reviewed by Urusov and

Orlov [32] and recently 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 (the magnitude of unbalanced

charge for given atom in the structure or for the whole

structure) and so called strain factor d providing informa-

tion about the magnitudes of and differences between the

strains acting on single bonds or groups of bonds [see

details in [12]). The values of bond valences sij and bond

strain factors calculated from structural data for anhydrous

calcium oxalate are presented in Table 5 (we have focused

here only on bond valences and bond strain factors, as ones

directly related to bond properties and thus 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 calcium oxalate, according to Valence Sum

Rule:

Ca1 ¼ r1 þ 2r2 þ 2r3 þ r4 ¼ 2=3þ 2 � 1=4þ 2 � 1=4þ 1=3
¼ 2

Ca2 ¼ r5 þ r6 þ 2r7 þ 2r8 ¼ 2=3þ 1=3þ 2 � 1=4þ 2 � 1=4
¼ 2

O1 ¼ r3 þ r8 þ r9a ¼ 1=4þ 1=4þ 1 � 1=2 ¼ 2

O2 ¼ r2 þ r7 þ r9b ¼ 1=4þ 1=4þ 1 � 1=2 ¼ 2

O3 ¼ r11 ¼ 2

O4 ¼ r1 þ r4 þ r10 ¼ 2=3þ 1=3þ 1 ¼ 2

O5 ¼ r12 ¼ 2

O6 ¼ r5 þ r6 þ r13 ¼ 2=3þ 1=3þ 1 ¼ 2

C1 ¼ 2r9a þ r14 ¼ 2 � 11=2þ 1 ¼ 4

C2 ¼ 2r9b þ r14 ¼ 2 � 11=2þ 1 ¼ 4

C3 ¼ r10 þ r11 þ r15a ¼ 1þ 2þ 1 ¼ 4

C4 ¼ r12 þ r13 þ r15b ¼ 2þ 1þ 1 ¼ 4

Discussion

Since Ca4 and Ca6 environments of oxalate anions are very

different, it is reasonable to analyze them separately. We

begin our analysis for the Ca4 environment, where in our

opinion decomposition process starts. The results presented

Fig. 1 Anhydrous calcium

oxalate crystal structure

projected onto yz, xz, and xy
planes
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in Table 4 show that the weakest bonds here are those

created between carbon atoms within oxalate groups (r15a

and r15b), slightly stronger are Ca–O bonds (r1–r4), and the

strongest ones are C–O bonds (r9–r12) and in addition r9

and r11 are slightly stronger than r10 and r12. From Table 2,

we can draw the conclusions that Ca–O bonds are

ionic-covalent with strong ionic component of bond char-

acter, while C–O and C–C bonds are covalent (with quite

high values of ellipticity and higher localization of electron

density in BCP region for C–O bonds). These results allow

us to propose the most probable order of bond breaking in

Ca4 environment during thermal decomposition process

(see Fig. 4) first, the C–C bonds (r15a and r15b) break. This

will result in charge flow to remaining C–O bonds (pre-

sumably to a higher extent to r10 and r12 bonds, since the

oxygen atoms O3 and O5 are connected only to carbon

atoms via these bonds) and their strengthening. Next, the r9

and the r11 bonds break and CO molecules are set free and

the layer layer1, along x direction, are being separated and

at the same time oxygen atoms O4 and O6 remain bonded

to respective calcium atoms. These conclusions are con-

firmed by the results of BVM calculations. The internal

strains calculated for calcium oxalate structure (Table 5)

show that in comparison to the ideal relaxed structure, the

C–C bonds are stretched, which—taking into account the

fact of their relative weakness—will promote their break-

ing; Ca–O bonds (r1–r3) are stretched and will tend to

shorten after C–C bonds break, while r4 bond will only

slightly increase its length; two C–O bonds (r9 and r11) are

too short and thus should lengthen, while the other two (r10

and r12) are too long and should decrease their lengths.

The case of Ca6 environment is slightly different. Here,

we have more symmetrical bonds (Table 4) as in previous

case the weakest are C–C bonds (r14), the Ca–O bonds (r5–

r8) are little bit stronger, and the strongest are C–O bonds

(r13a and r13b). From the results of the topological proper-

ties of electron density calculations (Table 3) follow that

again Ca–O bonds are ionic-covalent with strong ionic

component of bond character, while C–O and C–C bonds

are covalent (similarly as in Ca4 case with noticeable high

values of ellipticity and at the same time higher localiza-

tion of electron density in BCP region for C–O, than for

C–C bonds). According to these data, we propose the fol-

lowing sequence of consecutive steps during the thermal

decomposition process (see Fig. 5): first, the C–C bond

breaks as the weakest one (Fig. 5a). This allows both

carbon atoms connected to neighboring oxygen atoms to

rotate freely around the axis connecting respective oxygen

atoms in COO group. Since as a result of bond breaking in

Ca4 environment, O4 and O6 oxygen atoms have remained

bounded to neighboring calcium atoms, they also can freely

rotate around the virtual axis connecting these calcium

atoms. Due to these rotational (and simultaneously trans-

lational) vibrations of carbon and oxygen atoms, the
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O6

C
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r9
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r10r9

r1 r2
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Fig. 3 Ox2 oxalate anion Ca4 environment. Respective bond lengths

are presented in Table 3
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Fig. 2 Ox1 oxalate anion Ca6 environment. Respective bond lengths

are presented in Table 2

950 A. Kole _zyński, A. Małecki
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respective carbon and oxygen atoms approach to each other

(the shortest C–O distance is about 1.23 and 1.3Å
´

for C–O6

and C–O4 pairs, respectively) and new C–O bonds are

created (Fig. 5e). As a result, the CO3 functional group is

formed (we can treat it as a well-defined functional group

since C–O bonds are strongly covalent, while remaining

Ca–O bonds are strongly ionic, with small component of

covalent character). Once again, above conclusions are

confirmed by the results of BVM calculations: the results

presented in Table 5 indicate that C–C bonds are stretched,

which similarly as in case of Ca4 environment will promote

their breaking; the Ca–O bonds (r5–r8) are pressed and will

tend to lengthen, while C–O bonds are slightly stretched

and should shorten a little.

To Sum up, as a result of the proposed sequence of

consecutive steps of bond breaking/creating during the

thermal decomposition process, we obtain the structure of

loosely connected set of layers of Ca atoms with CO3

groups located between them and removed CO molecules;

an intermediate structure in the process of calcite structure

formation as a product of decomposition process.

Two questions arise here: first, is the process of structure

transformation from intermediate structure described above

to calcium carbonate rhombohedral one likely to occur; and

the second, even more important, how one can obtain the

calcite structure from such intermediate structure? Our

answer for the first question is positive, since according to

the data from Table 5, the oxalate structure strongly

deviates from ideal one and is a subject of high strains.

Hence, after first bonds break this structure will surely

transform to minimize the strains. For the second one on

Table 4 Bond orders calculated from topological properties of

electron density in bond critical points for anhydrous calcium oxalate

for Ca6 and Ca4 anion environments (2nd and 4th column,

respectively)

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

r5 (Ca1–O2) 0.86 r1 (Ca1–O4a) 0.93

r6 (Ca2–O2) 0.84 r2 (Ca1–O4b) 0.82

r7 (Ca2–O1) 0.84 r3 (Ca2–O6a) 0.89

r8 (Ca1–O1) 0.84 r4 (Ca2–O6b) 0.86

r13a (C1–O1) 1.03 r9 (C3–O4) 1.05

r13b (C2–O2) 1.02 r10 (C3–O3) 1.01

r14 (C1–C1; C2–C2) 0.73 r11 (C4–O6) 1.04

r12 (C4–O5) 1.01

r15a (C3–C3) 0.72

r15b (C4–C4) 0.72

Table 2 Bond lengths RAB, Hessian eigenvalues k1–k3, electron density qBCP, Laplacian r2q(r), and ellipticity in BCP, calculated for anhy-

drous calcium oxalate (Ca4 oxalate environment)

CaC2O4 RAB/Å
´ k1/Å

´ -5 k2/Å
´ -5 k3/Å

´ -5 qBCP/e/Å
´ 3 r2q(r)/Å

´ -5 e

r1 (Ca1–O4a) 2.09268 -2.77382 -2.69430 13.51006 0.49770 8.04194 0.030

r2 (Ca1–O4b) 2.54028 -0.69912 -0.69478 4.04868 0.16640 2.65478 0.006

r3 (Ca2–O6a) 2.19192 -1.98722 -1.97710 10.27111 0.38610 6.30679 0.005

r4 (Ca2–O6b) 2.31495 -1.41776 -1.37799 7.47077 0.28880 4.67502 0.029

r9 (C3–O4) 1.28499 -21.28208 -19.57826 24.34028 2.42060 -16.52006 0.087

r10 (C3–O3) 1.28678 -21.41221 -19.16857 21.52307 2.45030 -19.05771 0.117

r11 (C4–O6) 1.28912 -20.81455 -19.28666 23.98361 2.38690 -16.11760 0.079

r12 (C4–O5) 1.28593 -21.51343 -19.15893 21.31341 2.46040 -19.35895 0.123

r15a (C3–C3) 1.59178 -11.30979 -10.03494 9.72888 1.53730 -11.61585 0.127

r15b (C4–C4) 1.59297 -11.29774 -10.00361 9.73611 1.53390 -11.56524 0.129

Table 3 Bond lengths RAB, Hessian eigenvalues k1–k3, electron density qBCP, Laplacian r2q(r), and ellipticity in BCP, calculated for anhy-

drous calcium oxalate (Ca6 oxalate environment)

CaC2O4 RAB/Å
´ k1/Å

´ -5 k2/Å
´ -5 k3/Å

´ -5 qBCP/e/Å
´ 3 r2q(r)/Å

´ -5 e

r5 (Ca1–O2) 2.29810 -1.50524 -1.45848 7.93589 0.30540 4.97217 0.032

r6 (Ca2–O2) 2.38355 -1.11025 -1.09724 6.17423 0.23430 3.96674 0.012

r7 (Ca2–O1) 2.39126 -1.13170 -1.10326 6.14531 0.24500 3.91035 0.026

r8 (Ca1–O1) 2.42766 -0.95457 -0.94083 5.46089 0.20880 3.56549 0.015

r13a (C1–O1) 1.28770 -21.17845 -19.27702 22.75454 2.42060 -17.70093 0.099

r13b (C2–O2) 1.28870 -21.13989 -19.24569 22.39064 2.41930 -17.99494 0.098

r14 (C1–C1; C2–C2) 1.59173 -11.35317 -10.07350 9.73129 1.54000 -11.69538 0.127
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how such reconfiguration and structure transition goes, our

proposition is as follows. Calcite (Fig. 6) has a rhombo-

hedral crystal structure R-3 c (SG no. 167) with CO3

groups surrounded by six calcium atoms (every CO3 group

is located within deformed Ca octahedron). The C–O bonds

are mostly covalent, while Ca–O bonds are mostly ionic.

So this structure seems to be very similar to the interme-

diate structure obtained during thermal decomposition

process. Since this similarity can be apparent, let us take a

closer look at the both the structures.

The detailed comparison of the positions and interatomic

distances in the intermediate structures and in calcite crystal

for both Ca environments in original oxalate structure with

respective parts of calcite structure are presented in Figs. 7

and 8. In case of Ca4 environment (Fig. 7a), we can see that

the structure is strongly deformed and since there are now no

bonds between layers (no oxalate anions here) the structure

will exhibit the tendency to shorten the distance between

layers (after removing CO molecules, vertically); to

lengthen the respective distances (horizontally, due to the

Table 5 Theoretical and experimental bond lengths and valences and bond strain factors calculated for anhydrous calcium oxalates (see details

in text)

CaC2O4 Rtheor Rexp stheor
ij d

r1 (Ca1–O4a) 2.0622 2.0927 2=3 0.6190 dCa–O 0.0955 dCa1�O4a
0.0477

r2 (Ca1–O4b) 2.3464 2.5403 1=3 0.2078 dCa1�O4b
0.1256

r3 (Ca2–O6a) 2.0622 2.1919 2=3 0.4859 dCa2�O6a
0.1808

r4 (Ca2–O6b) 2.3464 2.3150 1=3 0.3599 dCa2�O6b
0.0266

r5 (Ca1–O2) 2.4644 2.2981 � 0.3750 dCa1�O4a
0.1250

r6 (Ca2–O2) 2.4644 2.3836 � 0.3045 dCa2�O2
0.0545

r7 (Ca2–O1) 2.4644 2.3913 � 0.2988 dCa2�O1
0.0488

r8 (Ca1–O1) 2.4644 2.4277 � 0.2734 dCa1�O1
0.0234

r9 (C3–O4) 1.3900 1.2850 1 1.3282 dC–O 0.4452 dC3�O4
0.3282

r10 (C3–O3) 1.1335 1.2868 2 1.3218 dC3�O3
0.6782

r11 (C4–O6) 1.3900 1.2891 1 1.3134 dC4�O6
0.3134

r12 (C4–O5) 1.1335 1.2859 2 1.3248 dC4�O5
0.6752

r13a (C1–O1) 1.2400 1.2877 1� 1.3185 dC1�O1
0.1815

r13b (C2–O2) 1.2400 1.2887 1� 1.3149 dC2�O2
0.1851

r14 (C1–C1; C2–C2) 1.5400 1.5917 1 0.8695 dC–C 0.1312 dC1�O1 ;C2�O2
0.1305

r15a (C3–C3) 1.5400 1.5918 1 0.8694 dStruct 0.2719 dC3�C3
0.1306

r15b (C4–C4) 1.5400 1.5930 1 0.8666 dC4�C4
0.1334
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Fig. 4 Bond breaking sequence

in anhydrous calcium oxalate—

Ca4 environment
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formation of CO3 groups) and to necessary rotations and

translations of whole CO3 groups to minimize the electro-

static forces within the structure at the same time (this

should be relatively easy due to the mostly ionic interactions

between calcium and oxygen atoms).

The necessary structural changes during electrostatic

forces minimization for Ca6 environment is presented at

Fig. 8. The arrows indicate the direction of necessary

translations for respective atoms. As is clearly visible, and

what the similarity of both structures suggests, such

structure transformation is very likely, and as a result the

product of thermal decomposition process will be calcite

structure—in agreement with the experimental data.
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Fig. 5 Bond breaking and forming sequences in anhydrous calcium

oxalate—Ca6 environment

Fig. 6 Calcite crystal structure (a) and single octahedron surrounding

CO3
-2 anion (b)

Fig. 7 Crystal structure transition from a calcium oxalate to b
calcium carbonate (Ca4 oxalate environment; the proximity of two

pairs of calcium atoms is apparent here due to projection along y-axis)

Fig. 8 Crystal structure transition from a calcium oxalate to b
calcium carbonate (Ca6 oxalate environment)
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Summary

The main purpose of this article is the application of pre-

viously proposed theoretical approach based on electron

density topology and structural data to the description and

explanation of the structure and bonding properties of

anhydrous calcium oxalate and their relations with thermal

decomposition process, which in this case leads to calcite

and carbon oxide as products. Presented results allow us to

propose the most probable sequence of bond breaking

during the thermal decomposition process and to explain

how the transition from anhydrous oxalate structure to

calcite one goes. The way of thermal decomposition is in

this case different than in case of d-electron metals oxalates

[11–15]. In our opinion, this important difference in the

behavior and ways of thermal decomposition process of

calcium (and also of the other alkaline and alkaline earth

metals [33]) and d-electron metals oxalates is caused by the

nature of chemical bonds between metal and oxygen

atoms—in former case these bonds are strongly ionic,

giving the oxalate groups some freedom to change their

orientation and position, and thus allowing respective car-

bonate structures to be formed; while in latter case the

Me–O bonds are directional with much more covalent

character, making such movements of the oxalate group

very difficult, and thus the formation of carbonate very

unlikely.
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