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Abstract: Single crystals of
Sr[C2(COO)2] were formed at the phase
boundary of an aqueous silica gel that
contained acetylenedicarboxylic acid
and an aqueous solution of SrCl2. The
crystal structure (I41/amd, Z� 4) shows
a diamond-like topology, with the stron-
tium ions in an eightfold co-ordination
by the oxygen atoms of six carboxylate
ligands with two of them co-ordinating
in a chelating-type bidentate mode. As
each oxygen atom of the carboxylate
groups is involved in both a chelating-
type bidentate and unidentate co-ordi-

nation and, therefore, bridging two
strontium atoms, a three-dimensional
framework results. Sr[C2(COO)2] exhib-
its a surprising thermal stability. In air
decomposition starts at about 720 K and
in an argon atmosphere around 750 K.
This decomposition is accompanied by a
mass loss of approximately 12%, which

is probably due to the loss of one CO
molecule. The resulting residue is amor-
phous to X-rays. A small negative ther-
mal expansion is found between 30 and
280 K, whereas between room temper-
ature and 573 K almost no thermal
expansion is observed. Single-crystal
investigations at different temperatures
show a strong ™guitar string∫ vibration
of the oxygen atom perpendicular to the
contacts to the strontium atoms; this
could be responsible for the thermal
expansion behaviour.

Keywords: carboxylate ligands ¥
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expansion

Introduction

The design of new solid-state architectures consisting of metal
ions and polydentate organic ligands has received much
attention in the last years.[1] The interest is mainly driven by
two aspects: the crystal engineering of co-ordination poly-
mers, with the aim to gain control of the topology and
geometry of the frameworks formed,[2] and the synthesis of
porous materials as zeolite analogues.[3] In both cases the co-
ordination geometry of the metal, which is a transition or rare-
earth metal in most cases, and the structure of the polydentate
ligand are essential for the desired tuning of the properties of
inorganic ± organic frameworks. Therefore ligands with a rigid
carbon backbone are preferred. In this respect we have
started to investigate possible co-ordination polymers of the
acetylenedicarboxylate dianion (C2(COO)22��ADC2�),[4]

which has not received too much interest up to now.
To the best of our knowledge–besides some salts of the

hydrogen acetylenedicarboxylate anion (HADC�)[5±11]–only
BeADC ¥ 4H2O,[12] MnADC ¥ 2H2O,[13] BaADC ¥H2O[14] and
very recently Zn(ADC)2 ¥ (HTEA)2,[15] which contains disor-

dered ADC2� ligands and disordered triethylammonium
cations (HTEA�) in the cavities of the Zn ±ADC framework,
are known and have been structurally characterised. Be-
ADC ¥ 4H2O consists of Be(H2O)42� tetrahedra and ADC2�

anions linked to a three-dimensional framework. In Mn-
ADC ¥ 2H2O the manganese cation is octahedrally co-ordi-
nated by four oxygen atoms of the ADC2� ligands and two
water molecules to form a three-dimensional framework. A
three-dimensional framework is also formed in BaADC ¥H2O,
but the barium cation is co-ordinated by seven oxygen atoms
of the ADC2� ligands and two water molecules. Furthermore
information on the thermal properties of hydrated transition
metal acetylenedicarboxylates is available based on TG/DTA
measurements.[16±18]

Here we report on the synthesis and crystal structure of
Sr[C2(COO)2] (1), the first anhydrous salt of the acetylene-
dicarboxylate dianion, which shows a surprising thermal
stability up to 750 K and a small negative thermal expansion
between 30 K and 280 K.

Results and Discussion

Sr[C2(COO)2] (1, C2(COO)22�� acetylenedicarboxylate di-
anion) was synthesised from an aqueous silica gel that
contained acetylenedicarboxylic acid (see Experimental Sec-
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tion) layered with an aqueous
solution of SrCl2. Single crystals
of 1 formed at the phase bound-
ary. After washing with ethanol
and diethyl ether a single-phase
product was obtained as
checked by X-ray powder dif-
fraction and elemental analysis.
The resulting colourless powder
and the single crystals are stable
to air and moisture and can be
stored without any further pre-
cautions. No melting was ob-
served up to 643 K. The Raman
spectrum of 1 shows a strong
signal at 2230 cm�1, which can
be attributed to the C�C
stretching vibration, and two
signals at 1598 and 1415 cm�1

for the antisymmetric and sym-
metric stretching vibrations of
the carboxylate group. For pure C2(COOH)2 two signals for
the C�C stretching vibration were found at 2272 and
2241 cm�1. Thus, the respective frequency of 1 is slightly
shifted to lower values. This is agreement with the results
obtained for CoADC(H2O)2 (�� � 2232 cm�1).[19]

The crystal structure of 1 was determined by X-ray single-
crystal structure analysis at three different temperatures
(170 K, 293 K, 593 K; see Experimental Section). Details of
the structural investigations are given in Tables 1 and 2;
selected interatomic distances and angles are listed in Table 3.

From these tables the high quality of the crystal structure
analyses is evident.
The resulting crystal structure of 1–as obtained from the

structure analysis at room temperature–viewed along the
body diagonal of the tetragonal unit cell is depicted in
Figure 1.
The carbon backbone of the ADC2� dianion is aligned

along the c axis of the tetragonal unit cell with the two
carboxylate groups being perpendicular to each other. The
bond distances and angles in the anion are as expected (see

Abstract in German: An der Phasengrenze einer Acetylen-
dicarbons‰ure enthaltenden w‰˚rigen Silicagel-Lˆsung und
einer w‰˚rigen SrCl2-Lˆsung konnten Einkristalle von
Sr[C2(COO)2] erhalten werden. Die Kristallstruktur (I41/amd,
Z�4) zeigt eine diamantartige Topologie, wobei die Strontium-
ionen achtfach von den Sauerstoffatomen von sechs Carboxy-
latliganden koordiniert sind, zwei von ihnen in einer chelat-
artigen zweiz‰hnigen Anordnung. Da wiederum jedes
Sauerstoffatom der Carboxylatgruppen sowohl an einer zwei-
z‰hnigen chelatartigen als auch an einer einz‰hnigen Koor-
dination beteiligt ist und somit zwei Strontiumionen verkn¸pft,
resultiert eine dreidimensionale Ger¸ststruktur. Sr[C2(COO)2]
zeigt eine ¸berraschende thermische Stabilit‰t. An Luft wird
erst ab ca. 720 K eine Zersetzung beobachtet und in einer
Argonatmosph‰re oberhalb von 750 K. Diese Zersetzung wird
von einem Massenverlust von ca. 12% begleitet, der hˆchst-
wahrscheinlich auf den Verlust eines CO Molek¸ls zur¸ck-
zuf¸hren ist. Der resultierende R¸ckstand ist rˆntgenamorph.
Zwischen 30 und 280 K wird eine kleine negative thermische
Ausdehnung beobachtet, w‰hrend oberhalb von Raumtempe-
ratur bis ca. 573 K praktisch keine thermische Ausdehnung
auftritt. Einkristalluntersuchungen bei verschiedenen Tempe-
raturen zeigen eine starke ™Gitarrensaiten∫-Schwingung des
Sauerstoffatoms senkrecht zur Verkn¸pfung zweier Strontiu-
mionen. Diese kˆnnte f¸r das ungewˆhnliche thermische
Ausdehnungsverhalten von Sr[C2(COO)2] verantwortlich sein.

Table 1. Details of the single-crystal X-ray investigations on Sr[C2(COO)2].

170 K 293 K 593 K

space group I41/amd (No. 141) I41/amd (No. 141) I41/amd (No. 141)
Z 4 4 4
a [pm] 721.8(1) 721.0(1) 720.5(1)
c [pm] 1035.6(2) 1033.8(2) 1036.9(2)
V [nm3] 0.5396(2) 0.5375(1) 0.5382(2)
�calcd [kgdm�3] 2.458 2.468 2.464
2� range [�] 6.88 ± 55.68 6.88 ± 57.76 6.88 ± 56.00
index range � 8�h� 8 � 11� h� 11 � 9� h� 9

� 9�k� 9 � 11� k� 10 � 8� k� 8
� 12� l� 13 � 16� l� 16 � 13� l� 13

measured reflections 2418 4614 2416
unique reflections 192 203 194
observed reflections [I0� 2�(I)] 160 168 158
Rint 0.0512 0.0648 0.0602
parameters 18 18 17
R1/wR2 [I0� 2�(I)] 0.0208/0.0458 0.0124/0.0284 0.0255/0.0475
R1/wR2 (all data) 0.0289/0.0467 0.0235/0.0304 0.0398/0.0499
��min/max [�10�6 pm�3] � 1.094/0.570 � 0.278/0.224 � 0.804/0.504

Table 2. Atomic co-ordinates and equivalent isotropic displacement
parameters [pm2] of Sr[C2(COO)2].

170 K 293 K 593 K

Sr on 4b
Ueq 86(3) 158(2) 275(3)
O on 16 h
x 0.1534(4) 0.1524(2) 0.1512(4)
z 0.1310(3) 0.1311(2) 0.1302(4)
Ueq 178(6) 317(4) 507(9)
C(1) on 8e
z � 0.0677(5) � 0.0673(3) � 0.0681(6)
Ueq 155(10) 255(7) 420(20)
C(2) on 8e
z 0.0749(5) 0.0742(3) 0.0735(5)
Ueq 132(10) 206(6) 332(13)

Table 3. Selected interatomic distances [pm] and angles [�] of
Sr[C2(COO)2].

170 K 293 K 593 K

Sr�Sr 444.16(5) 4� 443.58(5) 4� 443.80(6) 4�
Sr�O 250.2(3) 4� 250.7(2) 4� 251.3(3) 4�

275.9(3) 4� 275.1(2) 4� 276.3(4) 4�
C(1)�C(1) 118.7(11) 119.2(6) 118.0(12)
C(1)�C(2) 147.7(7) 146.3(4) 146.8(8)
C(2)�O 125.0(3) 2� 124.6(2) 2� 123.8(4) 2�
C(1)-C(1)-C(2) 180.0 180.0 180.0
O-C(2)-O 124.7(5) 123.7(3) 123.3(6)
O-C(2)-C(1) 117.7(2) 2� 118.15(15) 2� 118.3(3) 2�
Sr-O-Sr 115.08(11) 114.99(7) 114.45(14)
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Figure 1. Crystal structure of Sr[C2(COO)2] (293 K) in a view along [111].
Short Sr�O contacts are drawn as thin lines.

Table 3). Each Sr2� is surrounded by eight oxygen atoms of six
carboxylate ligands with two of them co-ordinating in a
chelating-type bidentate mode (Sr�O: 275.1(2) pm) and four
in a unidentate mode (Sr�O: 250.7(2) pm). As each oxygen
atom of the carboxylate groups is involved in both a bidentate
and a unidentate co-ordination and, therefore, bridges two
strontium atoms, a three-dimensional framework results. The
co-ordination around one strontium ion is depicted in Figure 2

Figure 2. Co-ordination sphere around one strontium atom. Thermal
ellipsoids are drawn on a 50% probability scale (293 K).

in a representation showing the thermal ellipsoids on a 50%
probability scale. With the exception of U22 of the oxygen
atom, which is slightly larger and will be discussed in another
context later-on, these ellipsoids show the expected behav-
iour.
The Sr2� cations display an almost undistorted diamond-

like arrangement, as can be seen in Figure 3. Each Sr2� is
surrounded by four Sr2� (Sr ¥¥ ¥ Sr� 443.58(5) pm), the result-
ing tetrahedron is only slightly distorted (Sr-Sr-Sr: 108.73�
(2� ) and 109.84� (4� )). This close relationship to the
diamond structure is also reflected in the unit cell (c��

2a)
and space group of 1; I41/amd is a direct subgroup of Fd3≈m,
the space group of the diamond structure. To check for
possible phase transitions a single-crystal analysis of 1 was
also performed at 170 K and 593 K, but no deviation from the

Figure 3. Diamond-like arrangement of the strontium atoms in
Sr[C2(COO)2]. The unit cell and the shortest Sr ± Sr contacts are drawn.

tetragonal symmetry was found. The results of these inves-
tigations are also summarised in Table 1 ± 3.
A surprising result given in Table 1 is that of the volumes of

the unit cells obtained at different temperatures. The smallest
volume is found in the room temperature investigation, the
highest at low temperatures. This could be indicative for a
negative thermal expansion in 1, as found in a few other open
framework materials.[20] However, as lattice parameters
obtained from single-crystal diffraction data are not as
reliable as those obtained from powder diffraction data we
performed additional experiments at low temperatures using
a high-resolution X-ray laboratory instrument, and at temper-
atures above room temperature we used the powder diffrac-
tometer at beamline B2 of the Hamburg synchrotron facility
HASYLAB with a new position-sensitive image plate detec-
tor system, this leads to medium-resolution data (see Exper-
imental Section). For both investigations it was found that
there is almost no shift of the diffraction angles in dependence
of the temperature. A strong overlap of most of the reflections
is found as c��

2a, which makes the analysis of the data
more difficult, but the first reflection of the pattern (101)
does not coincide. For the low-temperature data it shifts from
2�� 15.020(1)� at 280 K to 14.999(1)� at 30 K, thus indicating
a small negative expansion. This is in agreement with the
results of Rietveld refinements of the different patterns, which
gave more reliable lattice parameters as those obtained from a
single-peak fitting procedure because of the strong reflection
overlap. The cell volumes obtained from the Rietveld refine-
ments at different temperatures are shown in Figure 4; these
results confirm a small negative thermal expansion between
280 and 30 K. From these data the thermal expansion
coefficient can be calculated to �V��4.7(13)� 10�6 K�1.
This value is much smaller than the coefficients obtained for
other negative thermal expansion materials like ZrW2O8

(�V��27.2� 10�6 K�1 (0 ± 300 K))[21] and ZrV2O7 (�V�
�21.3� 10�6 K�1 (400 ± 500 K))[20] and almost in the range of
the standard deviation.
At temperatures from 293 ± 573 K, even with the better

resolution of the synchrotron data, no evident trend for the
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Figure 4. Volume of the unit cell of Sr[C2(COO)2] between 280 and 30 K as
obtained from Rietveld refinements of the X-ray powder diffraction data.

cell volume obtained from Rietveld refinements or the
diffraction angle of the (101) reflection on the dependence
of the temperature was found (2�� 6.872(1)� at 293 K and
2�� 6.878(1)� at 573 K). This effect is completely reversible,
as was confirmed by data taken on cooling from 573 K to
room temperature. On heating 1 to higher temperatures a
small irreversible volume decrease and a colour change from
white to brown indicated the start of decomposition. A
confirmation for the unusual thermal expansion behaviour of
1 is the temperature dependence of the anisotropic displace-
ment parameter U22 of the oxygen atom. In Figure 5 the Uii×s
obtained from the X-ray single-crystal analysis at three

Figure 5. Anisotropic displacement parameters Uii of Sr[C2(COO)2] as
obtained from single-crystal X-ray analyses at different temperatures.

different temperatures are given. It is evident that the U22

value of the oxygen atom is distinctively higher at all
temperatures than those of the other displacement parame-
ters. This could be indicative for a strong transverse ™guitar
string∫ vibration, which was assumed to be one of the
requirements for negative thermal expansion.[20] The trans-
verse vibration of the oxygen atom connecting two strontium
atoms is sketched in Figure 6.
More information on the thermal behaviour of 1 was

obtained by measuring their TG/DTA curves in air and argon,
respectively. The resulting diagrams without any baseline
corrections are shown in Figure 7. From Figure 7a it can be

Figure 6. ™Guitar string∫ vibration of the oxygen atoms perpendicular to
the Sr�O contacts.

Figure 7. DTA/TG curves of Sr[C2(COO)2]. a) In argon: temperature
range 293 ± 873 ± 416 K (heating/cooling rate: 10 Kmin�1); b) in air:
temperature range 323 ± 873 K (heating rate: 10 Kmin�1).

seen that 1 starts decomposing in argon at about 750 K, as
indicated by a strong exothermic signal in the DTA curve.
This is accompanied by a mass loss of about 12%, which could
point to the loss of a CO molecule (calcd: 14%) according to
Equation (1).

Sr[C2(COO)2]	 SrCO3 � 2C � CO 
 (1)

Unfortunately, this equation for the decomposition of 1
could not be confirmed by X-ray powder diffraction data, as
the resulting black powder of the TG/DTA investigations
turned out to be amorphous. The result of the TG/DTA
investigation in air is shown in Figure 7b. The decomposition
starts at about 720 K, only 30 K lower than the decomposition
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temperature in argon. Again a mass loss of about 12% is
observed, which could be due to the loss of a CO molecule.
This decomposition is followed by a second exothermic
reaction at about 790 K, which is probably due to the reaction
of the resulting carbon of Equation (1) with oxygen. The mass
loss of approximately 11% is close to the calculated value
(12%). The high thermal stability of 1 in argon and especially
in air is surprising for a compound with a reactive C�C triple
bond. Pure C2(COOH)2 already decomposes at about 450 K.

Conclusion

Compound 1, which can be synthesised and crystallised by a
simple procedure in a two-phase aqueous system, is a
compound with a surprising thermal stability up to 720 K in
air. It can be speculated that this stability is caused by a close
packing of the C2(COO)22� anions in the highly symmetric
tetragonal crystal structure of 1, which does not contain
additional water molecules. MnADC ¥ 2H2O decomposes
completely to Mn3O4 after loss of its water molecules at
temperatures as low as 480 K.[13] Compound 1 shows a weak
negative thermal expansion between 30 and 280 K and almost
no expansion between 293 and 573 K. However, the resulting
effect is almost in the range of the standard deviations of the
lattice parameters obtained from powder diffraction experi-
ments at different temperatures. Therefore we are trying to
grow larger crystals of 1 to perform dilatometric measure-
ments, which should give more precise results for the thermal
expansion. Furthermore we are planning to extend our
syntheses to other strontium salts of dicarboxylic acids with
rigid carbon backbones to see whether anhydrous compounds
with similar thermal expansion properties can be obtained.

Experimental Section

Preparation : Strontium acetylenedicarboxylate (1) was prepared by
crystallisation at the phase boundary of a two-phase system. HNO3 (2�,
2 mL) was added to a solution of acetylenedicarboxylic acid (0.57 g,
5 mmol; Fluka, 99%) in water (10 mL). A pH of approximately 5.5 was
adjusted by adding an aqueous Na2Si3O7 solution (™Sodium water-glass∫,
Fluka). This solution was layered with an aqueous SrCl2 solution (1� ;
SrCl2 ¥ 6H2O; Fluka, �99%). At the phase boundary crystals of 1 grew
within a few days. They were isolated and washed with ethanol and diethyl
ether. No yield was determined.

The resulting colourless solid was free of crystalline impurities, as checked
by X-ray powder diffraction (see Figure 8: STOE Stadi P, Ge monochro-
mator, CuK�1 radiation (�� 154.059 pm), linear position-sensitive OED
detector; Rietveld refinement using GSAS software[22]). Elemental analysis
calcd (%) for C4O4Sr (199.66): C 24.06; found: C 23.10.

X-ray diffraction investigations : A single crystal of 1 (colourless polyhe-
dron, 0.2� 0.2� 0.1 mm) was isolated and sealed in a glass capillary under
argon (�� 0.3 mm). Single-crystal X-ray data were collected on a STOE
image-plate diffractometer (IPDS) by using graphite-monochromatised
MoK� radiation (�� 71.069 pm) at 170(2), 293(2) and 593(2) K. The
structure was solved by direct methods (SIR-92)[23] and Fourier synthesis.[24]

The refinement was done by full-matrix least-squares procedures using
anisotropic thermal parameters (SHELXL-93).[24] Further details of the
structural investigations are given in Tables 1 and 2; some selected
interatomic distances and angles are listed in Table 3.

CCDC-168647 (170 K), CCDC-168648 (293 K) and CCDC-168649 (593 K)
contain the supplementary crystallographic data for this paper. These data

can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrie-
ving.html (or from the Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or e-mail :
deposit@ccdc.cam.ac.uk).

Temperature-dependent X-ray powder diffraction data at low temper-
atures (280 ± 30 K) were collected on a Huber G645 Guinier camera (Ge
monochromator, CuK�1 radiation (�� 154.059 pm), scintillation counter)
equipped with a Huber closed-cycle cryostat. A thin flat sample (trans-
mission geometry) was used for the measurement. The halfwidth of the
(101) reflection was determined to 0.103� (280 K) given in 2�.

High-temperature powder diffraction investigations (293 ± 573 K) were
carried out on the powder diffractometer at beamline B2 of the Hamburg
Synchrotron facility HASYLAB (direct beam, �� 70.8785 pm, position
sensitive imaging plate detector system (OBI)[25]) equipped with a STOE
furnace. The sample was sealed in a capillary (�� 0.3 mm) under argon for
the measurement. The halfwidth of the (101) reflection was determined to
0.056� (293 K) given in 2�.

All diffractograms were analysed using the STOE software Win XPOW.[26]

For the Rietveld refinements the GSAS software package was applied.[22]

To obtain a reliable trend of the lattice parameters the same sets of
variables were refined in the Rietveld computations of the high and the low
temperature data, respectively.

Differential thermal analyses : Differential thermal analyses were carried
out on a Netzsch STA 409C. The measurement in argon (sample: 20.73 mg)
was performed between 293 and 873 K with a heating rate of 10 Kmin�1

and between 873 and 416 K with a cooling rate of 10 Kmin�1. The curve in
air (sample: 14.50 mg) was measured between 323 and 873 K with a heating
rate of 10 Kmin�1.

Raman spectrosocopy : The Raman spectrum was recorded on a Bruker
FTIR spectrometer IFS 66v/S with the Raman module Bruker FRA 106/S
(Nd:YAG laser, �� 1064 nm). The sample was sealed in a capillary under
argon.
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