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FIRST PRINCIPLES STUDIES OF THERMAL DECOMPOSITION OF
ANHYDROUS ZINC OXALATE

A. Kolezyriski™ and A. Malecki

AGH University of Science and Technology, Faculty of Materials Science and Ceramics, Al. Mickiewicza 30
30-059 Cracow, Poland

The results of first principles calculations of band structure, density of states and electron density topology of ZnC,0, crystal are
presented. The calculations have been performed with WIEN2k FP LAPW ab initio package. The obtained SCF electron density
has been used in calculations of Bader’s QTAIM (quantum theory of atoms in molecules) topological properties of the electron den-
sity in crystal. Additional calculations of bond orders (Pauling, Bader, Cioslowski and Mixon) and bond valences according to bond
valence model have been done. The obtained results are analyzed from the point of view of the thermal decomposition process, and
this analysis indicates, that most probably this compound should decompose to metal oxide, carbon oxide and carbon dioxide, in

agreement with the experiment.
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Introduction

Anhydrous zinc oxalate belongs to the isostructural
family of anhydrous metal oxalates 3-MC,0, (where
M is Fe, Co, Ni, Zn, Cu — Kondrashev et al. [1];
Cd — Jeanneau et al. [2]), with monoclinic unit cell
P2,/n, with similar cell parameters, arrangement of
the MOg octahedra and oxalate anions, but different
thermal decomposition to M, MO or MCO; [3-11].
Since there is still lack of consistent description and
explanation of the origin and thermal decomposition
path in given oxalate, the theoretical analysis of the
electronic properties based on the ab initio calcula-
tions can give additional insight into the thermal de-
composition process and help not only to explain
thermal decomposition path in given oxalate, but also
to predict such most probably path for the compound
for which experimental results are unavailable.

In this paper we present the results of the theoret-
ical studies undertaken for anhydrous zinc oxalate.
The obtained results of the ab initio electronic struc-
ture calculations, bond orders and bond valences are
discussed in the light of the thermal decomposition
process.

Computational details
The ab initio calculations of the electron density to-

pology, band structure and density of states in
ZnC,04 crystal, have been performed using
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WIEN2k FP-LAPW ab initio package [12] within
density functional theory (DFT) formalism [13—18§].
As in our previous calculations performed for cad-
mium and silver oxalates [19], 500 £k-points
(7x7x8 mesh within the irreducible Brillouin zone),
cut-off parameter Rkn.x=7.5 and GGA-PBE ex-
change-correlation potential [20], have been chosen
for calculations. The values of muffin-tin radii (R;)
were set to [a.u.]: Zn — 1.7, O — 1.08, C — 1.08. The
following convergence criteria for SCF calculations:
AEsc¢<107 Ry for total energy and Apscp<10~ e for
electron density topology analysis has been chosen.
The band structure was calculated for selected high
symmetry points defined for monoclinic unit cell
(Group no. 14 on Bilbao Crystallographic Server
http://www.cryst.ehu.es).

Based on the SCF electron density distribution in
crystal cell, the topological properties of bond critical
points has been calculated (within Bader’s quantum
theory of atoms in molecules [21] formalism). Ac-
cording to his formulation, every bond critical point
BCP, can be described by its position, electron den-
sity in this point, Hessian matrix eigenvalues A, A,,
A3 and Laplacian V*p(r), defined as a trace of Hessian
matrix and these parameters allow to characterize
bond properties, among the others the bond character
(covalent, ionic, etc.) and bond ellipticity (thus its
n-character). The results of the ab initio calculations
have been used in calculations of bond orders as de-
fined by Pauling [22], Bader [23], Cioslowski and
Mixon [24] and Jules and Lombardi [25] and bond va-
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lences, according to the bond valence method (an ex-
cellent review of BVM can be found in Brown [26]).
The more detailed description of methods used in
present calculations can be found in our previous pa-
pers [19, 27].

Zinc oxalate structure

Zinc oxalate can be described [1] as built from chains
(Fig. 1) -C,04~Zn—C,04~Zn—, or alternatively as lay-
ered material, formed by cationic layers built from
corner-shared ZnOg octahedra, linked together via
bidentate chelating oxalate groups. Each zinc atom is
surrounded by six oxygen atoms, all belonging to ox-
alate groups: two O; and four O, atoms, forming
highly distorted octahedron (Fig. 2) with 3 different
Zn—O distances (1.946, 2.055 and 2.317 A). All
octahedra are connected by corners; in each zinc
octahedron, all four O, atoms are shared by two
octahedra, belonging to neighboring chains, almost
perpendicular to each other (Fig. 2). The oxalate
group is distorted — the angle between carboxide
group and C—C bond is about 22°. The crystal struc-
ture parameters and fractional atomic coordinates,
used in ab initio calculations are listed in Table 1.

Results and discussion

The band structure of zinc oxalate (Fig. 3) contains
50 valence bands; calculated Fermi energy and direct
band gap are 0.26793 and 0.173 Ry respectively (in
case of cadmium oxalate [19] we had 52 valence
bands, £r=0.26882 Ry, indirect band gap 0.246 Ry,
so the Fermi energies are almost identical, while band
gaps differ by one third). Despite the known fact, that
Fermi energies and band gaps calculated with this
method are often in disagreement with experimental
values, they can be used for comparison with respec-
tive values calculated for similar compounds. Thus
based on their calculated band structures, taking into
account that zinc and cadmium have similar elec-
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Fig. 1 Anhydrous zinc oxalate chain structure projected onto
xz and xy planes. In the right figure, the plane is
slightly rotated in x direction to show the chains spatial
orientation (chains are parallel to z-axis). Atoms are
represented by circles identical as at Fig. 2
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Fig. 2 Anhydrous zinc oxalate crystal structure. Calculated
Bader's QT AiM total charges for the atoms are pre-
sented in upper right corner of the figure

tronic configuration — both are closed shell d'’s*
elements — but different size (zinc atomic radius is
much smaller) and their anhydrous oxalates are
isostructural crystals, it is likely, that they will have
significantly different properties in these crystals (as
this exceeds the scope of this paper, more detailed
analysis of band structure including band characters
and occupancies will be published elsewhere). This
supposition has strong support in calculated density
of states. Figures 4 and 5 show the total and partial
densities of states for the individual atoms in zinc ox-

Table 1 Anhydrous zinc oxalate experimental crystal structure data and fractional atomic coordinates [1]

Structure Space group alA b/A c/A [ VIA®

ZnC,0, P2//n 5.831 5.123 5.331 113.20 146.37
Fractional atomic coordinates

Atom symbol X Y zZ

Zn 0 0 0

0O, 0.17990 0.19590 0.36110

0, 0.13980 0.18690 0.77510

C 0.07314 0.12817 0.54821
646 J. Therm. Anal. Cal., 96, 2009
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Fig. 4 Total density of states calculated for anhydrous zinc

oxalate (only total DOS-es for individual atoms are
shown in the picture)
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alate crystal. For the total DOS, one can find three
sharp peaks in valence region. The carbon 2s and 2p
electrons are mixed with O; and O, oxygen 2s elec-
trons in two peaks (carbon 2s electrons mainly at
about —1.45 Ry and carbon 2p electrons at about
—1.45 and —1.1 Ry). The 2s electrons of O, are mixed
with carbon electrons almost entirely in peak located
at about —1.1 Ry, while the same electrons originating
from O, are mixed in peak at about —1.45 Ry. The
next small peak at about —0.55 Ry consists of compa-
rable amounts of 2s and 2p electrons from carbon and
both oxygen atoms.

There are also two broader regions with filled
states up to Fermi level. The first one broader, built up
from zinc 3d electrons, mixed with carbon 2p, O, ox-
ygen 2p and to some extent with O, oxygen 2p elec-
trons; the narrower one consists of zinc 3d, carbon 2p
and O, 2p electrons with small participation of O, 2p
electrons. In conduction region there are mainly
mixed states of oxygen 2p, carbon 2p and metal s
electrons. The total and partial DOS pictures shows
high asymmetry in localization of 2s and 2p states, re-
lated to inequivalent O; and O, atoms, thus one can
expect significant differences in properties of bonds
formed by these oxygen atoms.

J. Therm. Anal. Cal., 96, 2009

Fig. 6 Bands characters calculated for zinc oxalate, for high-
est symmetry point I'

The spatial characters of individual bands
change not only from band to band, but also for differ-
ent directions in reciprocal lattice, so we will not go
into details here, but some insight can be obtained
from the analysis of bands characters for the most
symmetric k point —I" point. On Fig. 6, such characters
are presented in the form of cumulative histogram,
where each band is represented by one bar filled with
percentage number of electrons originating from indi-
vidual atoms adding up to 100% (with delocalized
electrons off the bands). Such approach is comple-
mentary to the DOS picture, and it is clearly visible,
that there are few bands dominated by zinc 3d elec-
trons, with small participation of oxygen electrons,
and the dominating rest of the bands, where the elec-
trons from oxygen are mixed with those from carbon.
One can see also the strong asymmetry in bands occu-
pation by the electrons from two types of oxygen at-
oms in zinc oxalate structure, in contrast to bands
character in cadmium oxalate.

The band structure and density of states calcu-
lated for zinc oxalate suggest, that zinc atom is almost
entirely interacting with oxygen atoms, and the two
symmetrically inequivalent O; and O, oxygen atoms,
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are experiencing different influence of the surround-
ings, and therefore different bonding properties.

The electron density distribution obtained from
the SCF calculations was used in Bader’s QTAIM
analysis of electron density topology. The respective
results are presented in Table 2, and the values of cal-
culated total charges are presented on Fig. 2. These
results show that the value of electron density in bond
critical points BCP is largest for C;—O; bond, then
smaller but comparable in value for C,~O} and C,~C,
bonds and much smaller for zinc oxygen bonds, but
again greater for Zn—O; and smaller for both Zn-0,
bonds. Thus the C;—O,; bond is the strongest one, the
strength of C,~O} and C,—C; bonds is similar and the
weakest bonds are created by zinc and oxygen atoms.
Additionally the calculated ellipticity indicates some
n-character of C;—Oy, Cl—Oi2 and C,—C, bonds. This
allows us to suppose, that during thermal decomposi-
tion process, as the first one, the one of the two lon-
gest Zn—O! bonds will be broken.

Since O," atom is corner-shared by two
octahedra (Fig. 2), this will be followed by the pro-
cess of shortening (and thus strengthening) of Zn—O}
and C-O} bonds in neighboring octahedron in which
O} atom remains and in the same time, the electron
flow and substantial change in electron charge distri-
bution. Since the difference in electron densities and
Laplacian values in bond critical points calculated for
both Zn—O} and Zn—O, bonds (Table 2) are similar,
therefore the process of structure reconfiguration af-
ter breaking the first Zn—O} bond will probably result
in greater strength of Zn—O} bond, than Zn—O, bond.
Hence, since the C, -0}, bond is slightly stronger than
C,—C; bond, we may assume the following sequence
of consecutive bond breaking: Zn—Oizi, Zn—0; (O,
from neighboring octahedron, bonded to C, from ana-
lyzed octahedron) and C,—C,, and as the result — free
CO, molecule is created. This leads to shortening of
the rest of bonds in the octahedron and from this
point, the analysis based on the electron density prop-
erties at BCP, can not be conclusive due to the lack of
the respective data about the changes of electron to-
pology after breaking the weakest bond. To make the
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analysis more complete, we have performed the cal-
culations of bond order and bond valences, to get ad-
ditional information about the bonds properties in an-
alyzed structure.

In Table 3, the calculated bond orders, as defined
by Pauling [22], Bader [23], Cioslowski and Mixon
[24] (with parameters obtained by Howard and
Lamarche [28]) and Jules and Lombardi [25], are
shown (more detailed description of these bond or-
ders has been presented elsewhere [27]). The ob-
tained results confirm the picture emerging from top-
ological analysis and show, that in all cases, the
C—0O; bond is strongest, then much weaker are
C,-0} and C,—C, bonds (the latter one is little stron-
ger) and the weakest (except for ncy case) are Zn—O
bonds. Again this allows us to suppose that in process
of thermal decomposition, the above mentioned bond
breaking sequence, leading to freeing of CO, mole-
cule, will take place. The bond order analysis pro-
vides us some extra clarification, concerning the next
steps of decomposition process. Since, as it results
from most reliable bond orders calculated from elec-
tron density topology (Howard and Lamarche defini-
tion, based on Cioslowski and Mixon proposi-
tion — detailed analysis in [27]), bond orders of
C,-0}, Zn-0, and Zn—O}, are comparable (in case of
neman) the Zn—O bonds orders are even greater than
the one for C,~0)), thus we can suppose, that as next
ones, the CI—O;, than Zn—O, bonds will be broken,
leaving Zn—Oi2 and C;—O; bonds unbroken. Eventu-

Table 3 Bond orders calculated from theoretical electron
density bond critical points parameters for anhy-
drous zinc oxalate

ZnC,04 np ng NCM(HL) nB(JL)
r Zn-0, 0.24 0.52 0.95 0.65
r Zn-0} 0.18 0.49 0.91 0.60
rs  Zn-0O} 0.10 0.44 0.84 0.51
rs  C—0, 1.62 1.72 1.60 2.56
rs CfOi2 0.87 0.94 0.89 1.07
re C—C, 0.94 1.08 0.91 1.16

Table 2 Topological properties of bond critical points calculated for electron density obtained in FP_LAPW ab initio calcula-

tions for anhydrous zinc oxalate

meo, R RGBS Wl Rl el VRON
7 Zn-0; 1.9465 0.9532 0.9933 -3.2558  -3.2414  16.0598 0.6163 9.5630  0.0045
r, Zn-0} 2.0548 0.9953 1.0595 24172 23767 11.7123 0.4990 6.9160  0.0170
3 Zn-0} 23174 1.1241 1.1933 —-1.1021 —-1.0806 5.4561 0.2714 3.2730  0.0198
4 C-0, 1.1551 0.3891 0.7660  —-35.5465 -33.3052  74.0330 3.2041 5.1960  0.0673
7s C,-0} 1.4114 0.5582 0.8532  —14.5945 —12.5895 9.9916 1.9010  -17.1920  0.1593
76 C-C, 1.5398 0.7699 0.7699  —13.0136 —-11.9340 10.2856 1.7168  —14.6620  0.0905
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ally this process will lead to the decomposition of the
anhydrous zinc oxalate to ZnO+CO+CQO,, in agree-
ment with the experiment.

Another very useful inorganic chemistry concept
we have used to support this analysis is bond valence.
This concept, introduced by Pauling [22] binds the
strength of chemical bond with its length, and the ‘ex-
perimental” values of bond valences s;; can be easily
calculated from experimental bond lengths. The sum
of the experimental bond valences Y s:* will not, in
general, fulfill the valence sum rule, i.e. will not be
exactly equal to the atomic valence V;. The difference
between the ‘experimental” atomic valence ngxp and
the expected value V;,

d, =V, _Zsi’j
j

can be used for calculating the reliability factor of the
crystal structure. The root-mean-square average of
the d; values gives us a convenient measure of the
agreement over the whole structure:

The values of d; and D greater than 0.1 v.u. indi-
cate the existence of strained bonds, which can lead to
instabilities in the crystal and show most strained re-

gions in the structure. In Table 4, the calculated bond
valences and residual strain factors and in Table 5 the
theoretical bond valences and lengths are presented
(again — more detailed description of the calculations
based on this concept has been presented in our previ-
ous paper [27]).

The obtained results show, that the overall struc-
ture is highly strained (D=0.34 v.u.), and the highest
strains d; in the structure are associated with both oxy-
gen atoms (—0.46 and 0.48 v.u.). The respective val-
ues for zinc and carbon environments are much
smaller. As follow from Table 5, the discrepancy be-
tween theoretical (calculated from theoretical va-
lences obtained via the electroneutrality sum rule) and
experimental bond lengths is highest for Zn—O} and
C—Oi2 bonds (~ 9%) — both bonds are to long, and for
Zn—0; bond (~7.8%), which is to short, thus Zn—O,
and Zn-O) are under the influence of opposite
strains. The differences are much smaller for the rest
of the bonds, and in case of carbon—carbon bond there
is practically no deviation from the theoretical value,
predicted for this particular structure. These results
suggest, that most reactive will be O, site — breaking
the Zn—O} bond (the weakest one) will result in high-
est decrease in overall strain field in the structure,
shortening the C,~O} and lengthening C,—O; bonds.
Since C,—C, bond has almost perfect length, it will

Table 4 Bond valences with residual strain factors d; and D, calculated from BVM for zinc oxalate

Bond length/A / bond valence Vi d; D
20, 20} 20%
Zn Rexp 1.9465 2.0548 2.3174
Sjj 0.5193 0.3874 0.1906 2.1945 —0.1945 0.3464
C Zn
0, Rexp 1.1551 1.9465
Sij 1.8869 0.5193 2.4635 —0.4635
C Zn Zn
0, Rexp 1.4114 2.0548 23174
Sij 0.9437 0.3874 0.1906 1.5217 0.4783
0O, 0, C
C Rexp 1.1551 1.4114 1.5398
Sij 1.8869 0.9437 1.0006 3.8291 0.1709

Table S Theoretical bond valences and bond lengths calculated from BVM for zinc oxalate

si‘jhe"r Rieor/ A Rexp/A AR/R/%  Valence sum rule
12 Zn—0, §4 2.1105 1.9465 7.77
7 anOiz §A 2.1105 2.0548 2.64 In=2r 21y 2r5=20 Y2 2 V=2
73 Zn-0; bA 2.1105 2.3174 8.93 O=ritr=)+1%=2
ry C-0, 1% 1.2010 1.1551 382 Oyrobrybre=lt Y1 )4=2
s C-0} 14 1.2836 14114 9.05  Corptrstre=13+1)+1=4
I C—C, 1 1.5400 1.5398 0.01

J. Therm. Anal. Cal., 96, 2009
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stay here unchanged and its breaking will not influ-
ence much the surroundings. This finding supports
strongly the prediction we made earlier, that at this
stage of decomposition process it is likely, that the
CO, molecule will be freed. Similar analysis applies
to the next steps in bond breaking process.

As another indicator of bond strain, the differ-
ence between the theoretically predicted and experi-
mentally observed bond lengths can be used. In this
case, the strain factor o for a certain group of bonds or
the structure as a whole can be described by following
formula:

N " 2
theor exp
Z(Sij S )
n=1
N

While d; indicates the magnitude of unbalanced
charge for given atom in the structure, the strain fac-
tor 0 provides additional information about the differ-
ences in strains acting on single bonds or group of
bonds. In Table 6, the values of bonds strain factors &
calculated for zinc oxalate are shown. Presented re-
sults indicate, that overall strains in the structure are
significant, and the highest strains act on C—O, bonds.
The strains acting on Zn—O bonds are much smaller
and comparable to C-O; bond strains. Thus it fol-
lows, that energetically most favorable should be
breaking or resizing of the C—O, bond. The presented
results show, that BVM, based on the compound’s ge-
ometry, confirms the conclusion we have drawn from
ab initio calculated theoretical electron density (BCP
properties and bond orders).

Table 6 Bonds strain factors & calculated for zinc oxalate

ZI’IC204 62n4) 6(‘70 6C—C 8Stmct
0.1389 0.3165 0.0006 0.2074
6070, 600z
02202  0.389607
Conclusions

The main purpose of the undertaken studies, pre-
sented in this paper, was the attempt to analyze and
explain, on a basis of the electronic structure, the way
of thermal decomposition process in zinc anhydrous
oxalate. In the analysis, we have used the results of ab
initio calculations of band structure, density of states
and electron density topology, in conjunction with
calculated bond orders and bond valences. Despite
the strong discrepancy between experimental and the-
oretical bond lengths, calculated from BVM model,
which suggest the possibility of significant structure
rebuilding after the process of breaking Zn—O} bonds
(the longest bonds in structure), thus leading to poten-
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tial uncertainty about most probable next steps in
bond breaking process, the results of theoretically ob-
tained electron density topology with related bond or-
ders (especially ncmar)) and bond valences, calcu-
lated from geometry of this compound, are consistent
and allow us to predict with high reliability, the most
probable sequence of bonds breaking during the pro-
cess of thermal decomposition and thus its resulting
products — zinc oxide, carbon oxide and carbon diox-
ide, in agreement with experiments [3, 28, 29]. The
similar calculations have been carried out for cad-
mium and silver oxalates [19, 27] and their results
have strongly supported and confirmed the experi-
mental results of the way of thermal decomposition
path for these two compounds (both decompose to
metal and carbon dioxide).

Taking into account above conclusions, despite
the general difficulty of predicting such complicated
dynamical process like thermal decomposition using
results of quantum stationary state calculations, we
are convinced that such type of theoretical studies can
be considered as a promising additional tool for anal-
ysis of the properties of the salts of carboxylic acids
and their thermal decomposition reactions, enhancing
our understanding of the processes taking place dur-
ing such decomposition. Hence we plan to undertake
subsequent studies for other isostructural compounds,
searching for similarities and differences in their
electronic structure and properties.
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