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In view of our interest in the vibrational spectra of crystalline hydrates of metal(Il) malonates, in the present
communication we report the FT infrared spectra of the protiated and slightly deuterated analogue of aqua-
(malonate)cadmium(Il) hydrate, recorded (in the 4000—400 cm™' region) at room temperature and the boiling tem-
perature of liquid-nitrogen (RT and LNT, respectively). On the basis of the observed temperature effects and the
spectral changes on deuteration, the bands originating from the internal and external vibrations of the water mole-
cules (with the exception of the H-O—H bendings) were assigned.

Key words: malonate ion; cadmium(IT) malonate dihydrate; rhombohedral polymorph; aqua(malonate)cadmium(Il);

FT infrared spectra

INTRODUCTION

In the recent years, crystalline hydrates of
metal salts of organic acids such as acetic [1-6],
formic [7], and malonic [8] have received much
attention, especially in the field of crystal engineer-
ing [9]. In some cases, when the ligand possesses
suitable properties, a spontaneous aggregation of
small molecular building blocks in solution that
recognize each other through multiple molecular
recognition sites to form extended architectures
may take place. Such a process is then suitable for
use in the design of new materials.

The malonate ion (henceforth abbreviated as
mal), the dianion of 1,3-propanedioic acid, is a
dicarboxylic ligand with a unique behavior differ-
ent from that of the oxalate ion and can exhibit
diverse coordination modes. It is a versatile ligand,
frequently used for designing complexes with de-
sired magnetic properties [10] and in the design of
molecular magnets [11]. Since the malonate ion
has four potential proton-acceptor sites, ligands
with proton-donor atoms may be introduced in or-
der to create building blocks for self-assembling
into metal-containing supramolecules by non-

covalent forces, such as hydrogen bonding [12—14]
and aromatic -7 stacking interactions [15].

The latest literature data show that the malo-
nate derivatives of divalent metals provide the
framework for supramolecular crystal engineering
[16—-19] (when ligands such as 2,2'-bipyridine and
4,4'-bipyridine are used as spacers) and in the
structure of the polymetalic active site in biological
processes [20]. Thus, cadmium(Il) malonates are
suitable models for examining the coordination of
metalloproteins in saccharide-specific lectin con-
canavalin A [21] and parvalbumin [22-23].

The structural diversity of divalent metal
malonates arises from the low point-group symme-
try of the compounds which leads to the formation
of polymorphs. Thus, we focused on the synthesis
of different metal(II) malonates and determined, by
single crystal X-ray analysis, the crystal structures
of the Cu(II) malonate trihydrate [24] and a novel
rhombohedral polymorph cadmium(II) malonate
formulated as aqua(malonate)cadmium(Il) hydrate,
[Cd(C3H,04)(H,0)]-H,0 [25].
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As a part of the spectroscopic studies of vari-
ous crystalline hydrates of metal(Il) carboxylate,
we now report the results of our studies on the FT
IR spectra of the rhombohedral polymorph.

Cadmium malonate, the starting material, exists
as a monohydrate [26] whose Cd atom is seven-
coordinate and as a dihydrate, whose structure was
determined by Chung et al. [27] who characterized
it as tetraaquobis(malonato)dicadmium(Il). Un-
usual six- and eight-coordinated metal atoms are
present in the structure. The mode of coordination
of the carboxyl entity in the compound was estab-
lished by '"*Cd NMR spectroscopy [27].

In the structure of the rhombohedral modifica-
tion of [Cd(CsH,04)(H,0)] -H,O the Cd atoms are
seven-coordinated: chelated by the O atoms of two
carboxyl entities, as well as by one malonate dian-
ion through its two carboxyl ends. The seventh

coordination site is occupied by a water molecule.
The Cd atom shows pentagonal bipyramidal coor-
dination. The malonate dianion links the water co-
ordinated cadmium ions into a three-dimensional
network.

The studied compound has not been examined
by infrared spectroscopy yet. To the best of our
knowledge, only Bickly et al. [28] presented the
result of a vibrational study of nickel(II) malonate
dihydrate in the solid state and in aqueous solution.
This work, however, has a rather limited scope and
is mainly concerned with the assignment of the
bands originating from the malonate ions and only
briefly discusses some of the water modes. Our
infrared study [29] published previously, referred
to the spectra of water and its partially deuterated
analogues in magnesium malonate dihydrate.

EXPERIMENTAL

Solid commercial cadmium carbonate was
dissolved in a malonic acid—water mixture (1 : 2
molar ratio) and the cooled filtered aqueous solu-
tion was left to stand for one month when crystals
of the title compound separated from the solution.
The slightly deuterated analogue was prepared us-
ing vapor-phase exchange reaction with D,0.

The FTIR spectra were recorded, from pressed
KBr pellets, at RT and LNT, using a Perkin—Elmer
System 2000 FTIR spectrometer. All together 16
background and 32 sample scans were averaged
for each spectrum. The resolution was 4 cm™'. A
P/N 21525 variable temperature cell (Graseby Spe-
cac) with KBr windows was employed to record
the LNT spectra.

RESULTS AND DISCUSSION

The O-H stretching region in the FTIR spec-
tra of a [Cd(C;H,04)(H,0)] ‘-H,O recorded at RT
and LNT is presented in Fig.1.

Transmittance

T T T T T T 1
4000 3800 3600 3400 3200 3000 2800 2600

. _—
Wavenumber/cm

Fig. 1. The O—H stretching region in the spectra
of [Cd(C3H,04)(H,0)] ‘H,O recorded at RT (upper curve)
and LNT (lower curve)

A very broad and irregularly shaped feature
centered around 3415 cm™' is immediately apparent
in the RT spectrum. A noticeable substructure
clearly develops at low temperature and at least
five well-resolved components (at 3540, 3429,
3371, 3290 and 3009 cm™) appear. The increased
intensity of the bands below 3100 cm™' is worth
mentioning.

The position of the bands suggest that the hy-
drogen bonds in which some of the water protons
take part are of quite considerable strength, in line
with the structural data. Namely, two types of wa-
ter molecules exist in the structure [25], the coor-
dinated water molecule being hydrogen bonded to
the uncoordinated water molecule and also to an
adjacent carboxyl O2 atom with different strengths
(the O- - -O distances are 266.9 and 275.4 pm, re-
spectively). The uncoordinated water molecule
consolidates the structure by forming weaker hy-
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drogen bonds to another coordinated water mole-
cule (the O---O distance is 289 pm) and also to an
adjacent carboxyl O4 atom (the corresponding dis-
tance is 286.7 pm). The pertinent details of the
structure are shown in Fig. 2.

Fig. 2. ORTEP diagram (50 % probability level) of the
coordination in the structure of [Cd(C;H,04)(H,0)] -H,O

The comparison of the spectra of the protiated
and deuterated compounds makes it easier to locate
the bands that originate from vibrations in which
the exchangeable hydrons play a significant part.
Particularly useful for the interpretation of the re-
gion of the water stretching vibrations are the spec-
tra of the slightly deuterated analogues in which
the HOD molecules are isotopically isolated with
H,0 molecules. The appearance of the LNT spec-
trum of such a sample in the v(O-D) region is
shown in Fig. 3.
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Fig. 3. The O-D stretching region in the LNT spectrum
of slightly deuterated [Cd(C;H,0,4)(H,0)] -H,O

As seen, four bands of unequal intensity are
found. The highest-frequency one (its LNT value
is 2522 cm™ with shoulders on it) is broader than
the two middle bands (at 2424 and 2491 cm") and
the asymmetric band at 2239 cm . If the deutera-
tion factor of 1.34 is employed, the lowest-

Inac. xem. Texnon. Makenonnja, 21, 2, 147-150 (2002)

frequency band at 2239 ¢cm™' would place the cor-
responding OH) frequency around 3000 cm ',
close to the observed value of 3009 cm'. The
above-mentioned bands are apparently due to the
O-H or O-D stretching modes that correspond to
the more strongly hydrogen bonded water mole-
cule — the coordinated one [d(O---O) = 266.9 pm].
The v(OH) bands of the uncoordinated water mole-
cules appear in the 3500-3200 cm™' region.

The location of the H-O—H bending bands is
practically impossible since in the region above
1600 cm ' the very strong bands (originating from
the antisymmetric COO stretches) appear in this
region. The spectrum of the slightly deuterated
analogue is of little help — the weak 6(H-O-D) bands
are practically indistinguishable among those origi-
nating from vibrations of the anion (see Fig. 4).
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Fig. 4. The 1900-1050 cm ™' region in the spectra recorded
at LNT (upper curve) and at RT (lower curve)

On the other hand, the location of the libra-
tional bands is facilitated if spectra recorded at
various temperatures are available. As the tempera-
ture is lowered, namely, the bands which are due to
water librations shift towards higher frequencies
and gain, at least apparently, in intesity (Fig. 5).
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Fig. 5. The 1100-500 cm™ region in the spectra recorded
at RT (upper curve) and at LNT (lower curve)
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As seen, the above-described behavior is
characteristic for a number of bands in this region.
Such are the bands at 979, 957, 580, 560 and
520 cm' that gain in intensity, while new bands
appear at 885, 783 and 629 cm'. The number of
temperature-sensitive bands is the higher than that

expected for two types of water molecules. In the
case of a rich spectrum such as that presently stud-
ied it is not unconceivable that interactions be-
tween water librations and modes of the anion may
take place as already encountered by us [4].
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Pesume

®OYPUE TPAHC®OPMEH UH®PAILIPBEH CIIEKTAP HA BOJATA
BO AKBAMAJTOHATO)KAIMNYMII) XUAPAT

Mpupjana Pucroga', Ilanue Haymos', Bojan lllonrpajanos'?

'Uncitiuitiyit 3a xemuja, IIM®, Ynusep3uitieiti ,, Ce. Kupua u Meitioou; *,
i. ¢pax.162, MK 1001 Ckoiije, Peitybauka Makedonuja
*Maxeooncka akademuja na Haykuitie u ymeitinociuuitie, MK-1000 Crkoiije, Peityb6auxa Maxedonuja

Kayunu 360poBu: ManonateH jon; kagmuyMm(I)ManoHaT guxunpatr; poMG0oeaapcKu moauMopgu3am;
akBa(Mmasonato)kagmuyM(Il) xunpat; ®ypue TpaHcOpMHU HH(PPALPBEHH CIICKTPH

IIponomKyBajKku 'y HalIUTE UCTIUTYBaka Ha BUOpa-
IIOHWUTE CIEKTPH Ha Kpucramoxuapature Ha Metain(Il)
MaJIOHaTH, BO OBOj TpyA ce oGpaborenun ®Pypue Tpanc-
¢opmHHTE MH(DPALPBEHU CIEKTPH HA IPOTHPAHUOT aKBa-
(manonaTto)kagmMuyM(Il) xuppaT M Ha HETOBHOT MAaJKy
neytepupaH aHanor. CeKTpHTe ce CHIMEHH (BO Mofpad-
jero om 4000 mo 400 cm™) Ha coOHa TemmepaTypa W Ha

TemrmepaTtypata Ha Bpuewe Ha TeueH a3oT (RT m LNT
coofBeTHO). Bp3 ocHOBa Ha TemmeparypHHTe €(heKTH H
Ha IIPOMEHNTE NPHU JIeyTepUpame, ACHTHUPAHU Ce JICHTUTE
IITO TNOTEKHyBaaT Ofi BHATPELIHUTE U HAJBOPEIIHUTE
MOJIOBY Ha MOJIEKYJIHTE BoAa (CO MCKIYYOK Ha Jeopma-
nuonnte H-O—H BuGpauumn).
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