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The structure of the title compound was redetermined using X-ray diffractometer
data collected at 293 K for a single crystal grown by condensing the oxoacetate
vapor. The compound crystallizes in the cubic space group Fd3m with a =
16.402(1) A, V = 4412.6(8) A’ and Z = 8. Anisotropic refinement gave R = 0.037
for 304 reflections corrected for absorption. The Zn,O(CH;COO)¢; molecule has
a central oxygen atom which is tetrahedrally coordinated to four zinc atoms. Each
zinc atom is tetrahedrally surrounded by four oxygen atoms: three from different
bidentate acetato groups [Zn—O = 1.946(4) A], with the fourth one being the
central oxygen [1.936(1) A}. Other structures with p-oxygen in the center of a
metal atom tetrahedron are also discussed.

The thermal behaviour of zinc acetate dihydrate was investigated by thermo-
analytical methods (TG, DSC, DTA) and by mass spectrometric studies. Zinc
acetate has a considerable vapor pressure above 180 °C which makes it a possible
candidate for thin-film growth of zinc chalcogenides by the Atomic Layer Epitaxy
(ALE) technique. High growth rates are obtained because the condensation
of anhydrous zinc acetate leads to formation of the tetrameric phase
Zn,0(CH3COO); which then sublimes.

The oxoacetates of beryllium and zinc possess
some physical properties which are uncommon
for most simple metal complexes, viz. high vola-
tility without decomposition, and solubility in or-
ganic solvents but not in water. The exceptional
characteristics of the oxoacetates aroused interest
already at the turn of the century! and later led to
attempts to use the beryllium compound in puri-
fication of the metal and in chromatographic sep-
arations.”? The covalent nature of the oxoacetate
complexes has been attributed to the unusual
coordination whereby the metal atoms are at the
corners of an oxygen-centered tetrahedron and
the acetato groups form bridges between the
metal atoms at the edges. The early structural
predictions*’ were confirmed later by Saito et
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al. ®° who showed that in the isomorphous com-
pounds the tetrahedral arrangement is rather reg-
ular, with Be~O and Zn—O distances ranging
from 1.61 to 1.65 A and from 1.96 to 1.98 A,
respectively.® The accuracy of the X-ray determi-
nations was low (R = 0.18)° according to present
day standards, however.

Our interest in zinc carboxylates stems from a
search for new volatile starting materials to be
used for growing electroluminescent zinc sulfide
thin films by the Atomic Layer Epitaxy (ALE)
method.'®!! The conventional zinc source in the
industrial process is zinc chloride, which has a
relatively low volatility requiring growth temper-
atures around 500°C. Replacing zinc chloride by
zinc acetate resulted, indeed, in lower growth
temperatures and simultaneously increased the
growth rate.”? The mechanism of volatilization
and thin-film growth turned out to be much more
complicated than in the case of zinc chloride,”



however, and prompted us to undertake the pre-
sent detailed structural and thermoanalytical in-
vestigation.

Experimental

Materials. Zinc acetate dihydrate was an analyti-
cal reagent from E. Merck, Darmstadt, and it
was used as such in thin-film growth experiments
by the ALE process.'? Single crystals of Zn,O
(CH;COO), up to 1 mm in length were obtained
originally from the condensate in the ALE reac-
tion chamber; an additional batch was prepared
by vacuum evaporation and condensation of zinc
acetate vapor. Zinc oxoacetate forms white octa-
hedrally shaped crystals which melt at 252-3°C.
The crystals are somewhat sensitive to atmos-
pheric moisture.

X-Ray measurements. X-ray intensity data were
collected at room temperature on a Syntex P2,
automatic four-circle diffractometer using MoKa
radiation. Details of crystal data and structure
refinement are presented in Table 1. After the
final cycles of refinement a difference electron

Table 1. Summary of crystal data, intensity coliection
and structure refinement for Zn,0(CH3;COO)s.

Crystal data

Formula Zn,0(CH,CO0)q
Mol. wt. 631.8

Crystal system Cubic

Space group Fd3m (No. 227)

a/A 16.402(1)

viA® 4412.6(8)

z 8

eaic/Mg M3 1.902

Radiation MoKa (A = 0.71069 A)
w(MoKa)/cm™! 44.35

Crystal size/mm 0.25x0.20%x0.20

Data collection and structure refinement
20 scan speed°min~'  Variable 1-30 (6/20)

No. of data collected 384 (3<20<60)
No. of unique data
[fops > 30(lops)] 304

Abs. correction Min. trans. factor range
(empirical, y-scan) 0.60-0.92 (max. trans. 1.0)
No. of variables 20

R 0.037

R,[w = 1/6*(F)] 0.034
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density map was calculated, but attempts to lo-
cate the methyl hydrogen atoms at expected loca-
tions were unsuccessful. Tables of observed and
calculated structure factors and anisotropic ther-
mal parameters are available from the authors
upon request.

Thermoanalytical experiments. TG and DTG
curves were recorded in a dynamic nitrogen at-
mosphere with Perkin-Elmer Series 2 and 7 ther-
mogravimetric instruments, respectively, con-
nected to the TADS data station. DSC curves
were recorded with DSC-4 and DSC-7 instru-
ments from the same manufacturer and were
evaluated using the TADS programs. Simultane-
ous recording of the TG and DTA curves to-
gether with EGD data was obtained with a
Netsch 429 thermoanalyzer. In all cases, standard
platinum or aluminium (DSC) crucibles were
used. The DSC crucibles were equipped with a
lid having a pin-hole in the centre. Alumina was
employed as reference material in DTA and DSC
experiments.

Owing to the high molecular weight of vapor-
phase zinc acetate the quadrupole MS system'
connected to our TGA-7 apparatus could not be
used. The evolved gas analysis (EGA) of zinc
acetate had to be performed with a separate Kra-
tos MS 80 RF high-resolution mass spectrometer
which has a heated inlet for solid samples. The
temperature of the sample chamber was in the
range 250-400°C.

Results and discussion

Crystal structure of Zn,O(CH;COO),. The final
atomic coordinates are listed in Table 2, while
Table 3 gives the bond lengths and angles within

Table 2. Fractional coordinates and equivalent
isotropic thermal parameters (x10?) for

Zn,0(CH,CO0),.

Atom x y z Uy VA2
Zn —0.06815(4) —0.06815(4) —~0.06815(4) 3.98
o(1) o 0 0 3.31
0(2) —0.0476(2) —0.0476(2) —0.1832(2) 5.67
C(1) 0.2192(5) 0 0 4.59
C(2) 0.3105(5) O 0 5.57

“‘an = 13 22 U, a'a’aa;
ij
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Table 3. Bond lengths (A) and bond angles (°) within

the Zn,0(CH;COO)s molecule.

0(1)-2Zn 1.936(1)
0(2)-2n 1.946(4)
Zn—Zn’ 3.162(1)
0(2)-C(1) 1.252(5)
C(1)-C(2) 1.497(11)
0(2)-0(2)" 2.207(6)
0(2)-0(2)’ 3.145(6)
0(1)-2Zn-0(2) 111.1(1)
0(2)-Zn—0(2)’ 107.8(1)
Zn—-0(2)—-C(1) 132.4(6)
0(2)-C(1)-C(2) 118.2(4)

Symmetry code: none: x, y, z; (i): X, ¥, Z, X, ¥, Z;
z; (ii): X, ¥, z; (ifi): z, x, y.

) Y,

the complex. Our X-ray work confirms the ear-
lier structural reports concerning the unit cell
dimensions, space group and the tetrahedral ar-
rangement of Zn atoms,*® as well as the isostruc-
turality with the Be compound.’ The tetrahedral
arrangement of zinc atoms around the central
oxygen is highly symmetrical (Fig. 1 and Table 3).
Each zinc atom is also tetrahedrally coordinated
by four oxygen atoms: three from different bi-
dentate acetato groups, with the fourth one being

Fig. 1. A perspective view of the Zn,0(CH,CO0),
complex.
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the central oxygen. The Zn—O distance involving
the central oxygen is slightly shorter [1.936(1) A]
than the other Zn—O distances, which are
1.946(4) A. A reversed trend in distances was
observed in the beryllium compound [1.664(4)
and 1.624(10) A]." The Zn—O distances of 1.936
and 1.946 A may be compared with those ob-
served in ZnO [1.973(2) and 1.992(7) A], where
the zinc atoms are also tetrahedrally coordi-
nated.'

The distances within the acetato groups are
normal and comparable to those found in the
beryllium complex. For instance, the C—C and
C-0O bond lengths in the Zn complex are
1.497(11) and 1.252(5) A, respectively, while the
corresponding values in the Be compound are
1.500(6) and 1.264(8) A (Table 3 and Ref. 15). In
contrast to the distances associated with the
strong intramolecular bonds, the intermolecular
distances are long, viz. >4.3 A between the non-
hydrogen atoms. This indicates only very weak
interactions and partly explains the unusual ther-
mal properties.

The structural chemistry of oxygen-centered
metal complexes (metallo complexes) has been
discussed by Bergerhoff and Paeslack,"” and
more recently by Kauffman e al.®® M,O(LL),
type complexes, with Zn,O(CH;COO), and
Be,O(CH;COO), as representative examples,
may be classified as two-shell compounds be-
cause, in addition to the M,O entity, there are
chelating ligands coordinating to the metal. Table
4 lists the M,O(LL), complexes as well as other
M,O compounds for which X-ray structural data
are available. In all cases M is a relatively small
divalent cation. The majority of the compounds
contain Cu?* as the metal coordinating to the
central oxygen, other divalent ions being Be?*,
Zn** and Mg?*. The Cu,O arrangement is appar-
ently a stable configuration, as indicated by the
existence of the oxide Cu,0. Trivalent ions,

- however, appear to prefer planar trigonal coor-

dination, as in e.g. [Fe;O(CH;COO)4(H,0),]-
ClO,,”  [Fe;0(CH;COO)4(4-Mepy)s] - CHe, >
and [Cr,;0(CH,COO0),(H,0)]CIO, - 6H,0.?

Thermal behaviour. When zinc acetate dihydrate
is slowly heated in air or nitrogen it first de-
hydrates, after which more or less complete vola-
tilization follows. The sequence and extent of
thermally induced reactions are strongly influen-
ced by experimental conditions such as sample
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Table 4. Compounds containing the M,O tetrahedron.

(a) M,O(LL)s type compounds

Compound M,O tetrahedron MO, tetrahedron Ref.
M-0O/A M-M/A M—-0-MP M-0O/A
Zn,0O(CH,COO0)g 1.936(1) 3.162(1) 109.5 1.946(4) Present work
Zn,0(BO,)s 2.01 3.28 109.5 1.84 27
Be,O(CH,COO0), 1.666(4) 2.721 109.5 1.624(10) 15
(b) Other compounds
Compound M,O tetrahedron Ref.
M-O/A M-M/A M-0-MF
Cu,0(Se0,) (cubic) 1.916(4)—1.970(4) 28
Cu,0(Se0;) (monoclinic) 1.933(3)—1.974(3) 28
Cu,0O(Se0,); (monoclinic) 1.889(5)—1.968(6) 28
Cu,0(Se0g), (triclinic) 1.907(4)—1.984(4) 28
[(CH,4)4N],[Cu,OCl,,] 1.95(1) 3.18(1) 109.0-109.7 29
1.92(1) 3.14(1)
[teedH,),{Cu,OCl,o] 1.911(6) 3.117 108.9(4) 30
1.922(6) 3.119 108.8(1)
Cu,OClq (3-quin), 1.915(5)—1.925(3) 3.120(2)—-3.155(1) 108.9(2)-110.3(2) 31
Cu,OClg (2-Mepy), 1.86(2)—1.93(2) 3.041(6)—3.206(6) 106.3(8)—115.8(8) 32
Cu,OCl¢(TPPO), 1.905(3) 3.110(3) 109.5 33
Cu,OCls(OPEt;), 1.896(10) 3.130(2) 110.3(3) 34
1.919(4) 3.116(2) 108.6(3)
Cu,OCls (py)s 1.88(2) 3.09-3.11 108(1)—-111(1) 35
1.92(2)
Mg,OBrg - 4C,H,,O 1.952(8) 3.118 109.5 36
100 - ~
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Fig. 2. Thermogravimetric (TG) curves for Zn(CH;COO), - 2H,0 recorded in dynamic nitrogen atmosphere
using two heating rates: —— 5° min~', ——— 40° min~". Sample weight approx. 8 mg.
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Fig. 3. Differential scanning calorimetric (DSC) curves in nitrogen for (a) Zn(CH;COO), - 2H,0 and (b) Zn,0
(CH;CO0)g. Heating rate is 5° min~'; sample weights 9.43 mg and 12.89 mg for (a) and (b), respectively. The

first derivative is also depicted in (a) (broken line).

size, heating rate and crucible shape. The last-
mentioned factor influences the self-generated
atmosphere and may have a significant effect on
the decomposition of Zn(CH,COO), - 2H,0.%
Fig. 2 depicts the TG curves in nitrogen for
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zinc acetate dihydrate at two heating rates, 5 and
40°C min~!, indicating that only with slow heat-
ing rates is there no or very little unvolatilized
residue. When the heating rate is further in-
creased to 200°C min~! the amount of residue



increases, being under these conditions 15 % of
the original weight. Even at this heating rate a
significant part is therefore volatilized as com-
plete conversion of zinc acetate dihydrate to ZnO
would lead to a residue of 37 weight %. The TG
curve for Zn,O(CH;COOQ); at low heating rate is
very simple, showing only volatilization above
200°C.

DSC curves recorded at 5°C min~! (Fig. 3a)
clearly show that three endothermic processes
take place when Zn(CH,COO), - 2H,0 is heated
up to 300°C. The first peak at 80-115°C is due to
dehydration and the second one, with maximum
at 251°C, is caused by melting of the anhydrous
salt. The third peak centered at 257°C is associ-
ated with the formation and melting of Zn,0
(CH,COO);. When the DSC curve for Zn,O
(CH,COO), was recorded for comparison (Fig.
3b), the first and second maxima were absent and
only the enhanced, third peak at 259 °C was visi-
ble. Above 260°C the volatilization of Zn,O
(CH;COO0), takes place, and the curb at 340°C
marks its termination. The main features of the
simultaneously measured DTA/TG/EGD curves
depicted in Fig. 4 are in complete agreement with
the separate TG and DSC data, but in this case
the sensitivity in enthalpy measurements is con-
siderably lower.

STRUCTURE OF ACETATOTETRAZINC

Thermal decomposition of zinc acetate and the
formation of oxoacetate have been studied in
detail by McAdie, who used a thermoanalyzer for
simultaneous TG and DTA measurements as well
as a separate instrument for DTA curves.”® He
concluded that in dynamic nitrogen atmosphere
anhydrous zinc acetate may decompose via two
alternative routes [(1) or (2)]:

Zn(CH3COO)2(s) — Zn(CH,COO),; —
ZnOy, + CH,COCH,,, + COy, 6

4Zn(CH,;COO0),,, — Zn,O0(CH;CO0)
+ (CH;CO0),0(, — Zn,0(CH,;CO0),, —
4Zn0, + 3CH;COCH,, + 3CO,, )

Our conclusions differ from those of McAdie
mainly in the interpretation of the effects associ-
ated with the doublet endothermic peak around
250°C. We have found that when a sufficiently
low heating rate is applied, zinc acetate forms
oxoacetate which can be almost quantitively sub-
limed. The sequence of thermal reactions in ni-
trogen can then be summarized as follows:

4Zn(CH,;COO0),, — 4Zn(CH,COO0),;, —
ZnO(CH,CO0)4) + (CH,CO),0(, —
Zn,0(CH,COO), — Zn,0(CH,COO),,  (3)

T NT i 1 1 ) 1 I
EGD
EX0 DTA
ENDO
100 -
EN TG
2 L
£
=
1 1 L ] 1 1 1

Fig. 4. Simultaneously recorded TG and DTA
- curves for Zn(CH,COO0), in dynamic nitrogen
atmosphere at a heating rate of 5° min~". In
addition, the graph shows the evolved gas

50 100 150 200 250 300 350 400
Temp./°C

detection (EGD) curve. Sample weight 10.2
mg.
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Fig. 5. The high resolution mass spectrum of Zn(CH,COO), - 2H,0 [or that of Zn,O(CH;COO),, which is
identical]. The mass numbers around 205, 389 and 573 correspond to the dissociation fragments of
Zn,O(CH,CO0), viz. Zn,O(CH,CO0)*, Zny(CH,COO0),* and Zn,O0(CH,COO0);*.

Under these conditions only a small fraction of
zinc acetate and/or oxoacetate decomposes to
zinc oxide, thus making it possible to use zinc
acetate as source material for vapor-phase
growth of thin films in the ALE process. High
growth rates, which are obtained for ZnS," are
probably due to the fact that a tetrameric zinc
complex with a suitable geometry is involved in
transport of the zinc atoms onto the substrate.

The mass spectrum of Zn,O(CH,;COO), has
been studied by several authors, who have also
published the fragmentation patterns for this
compound®2 as well as for other related com-
plexes.?*® Our MS results (Fig. 5) confirm the
formation of higher molecular weight clusters
from zinc acetate. The fragmentation pattern de-
pends on experimental conditions.
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