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The infrared and Raman spectra of CdCl,-H,O as well as those of a series of its partially deuterated analogues
were recorded at room and at liquid-nitrogen temperature (RT and LNT, respectively). The combined results from the
analysis of the spectra were used to assign the observed bands. In the difference IR spectrum of the compound with
low deuterium content (=~ 4 % D) recorded at RT, one broad bands is observed at around 2590 cm ™ while in the LNT
spectrum two bands appear (at 2584 cm™ and 2575 cm ). The appearance in the LNT spectrum of these two bands
which are due to the stretching OD modes of the isotopically isolated HDO molecules points to the existance of two
crystallographically different hydrogen bonds and is in accordance with the structural data for this compound. In the
LNT infrared and Raman spectra of the protiated compound, one band, at 1583 cm™, is observed in the region of the
bending HOH vibrations with a frequency that is decreasing with lowering the temperature. An interesting finding
related to this band is that its frequency is lower than that for the water molecule in the gas phase (1594 cm ™). In the
RT and LNT IR spectra, only one strong band (at 560 cm ) is observed in the region of the librations of water
molecules (700 cm ™ — 400 cm™Y).
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INTRODUCTION spectra of this compound and its deuterated

analogues recorded at RT and LNT have not been

Various types of aquahalogeno complexes
have been studied in the last decades by the
structural chemistry group at the Institute of
Chemistry, Faculty of Natural Sciences and
Mathematics in Skopje. Continuing our research in
studying the vibrational spectra of aquahalogeno
complexes [1-16], in this work we report the
results from the analysis of the infrared and Raman
spectra of the protiated cadmiun chloride
monohydrate (CdCl,-H,O) and its deuterated
analogues recorded at room temperature (RT) and
at the liquid nitrogen boiling temperature (LNT).
To the best of our knowledge, the IR and Raman

previously studied and reported.

The structure of CdCl,-H,O has been
determined by single-crystal X-ray diffraction [17].
It was found to crystalize in the orthorhombic space
group Pnma with a = 925(2) pm; b = 377.6(8) pm;
¢ =1189(2) pm and four formula units in the unit
cell. The crystal structure consists of
m-symmetrical [CdCls(H,O)] octahedra sharing
edges to form [Cd,Cly;p(H20),], columns along
[010], the columns being connected by O-H---Cl
bonds of the H,O molecules. There is only one type
of water molecules in the structure. The positions
of the hydrogen atoms have not been found, but

*Dedicated to academician Bojan Soptrajanov on the occasion of his 80™ birthday
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from the surrounding of the oxygen atoms, it may
be deduced that the water molecules are trigonally
coordinated and oriented in the mirror planes of the
structure forming two different weak and strongly
bent hydrogen bonds of the O-H---ClI type to two
different but symmetry related ClI atoms (Cl; and
Cly) with O---Cl distances of 330(3) pm and
321(3) pm. The Cd-O distance is 232(2) pm. It
should be noted here that the hydrogen bond
acceptor angle Cl,-0,~Cl, is 132.6(8)° and is
among the highest angles of this type found in solid
hydrates [18].

EXPERIMENTAL

Synthesis of CdCl,-H,0 and its deuterated
analogues

The monohydrate of cadmium chloride used
in the study was a commercial compound from
Merck (Darmstadt, Germany) with a pro analysis
purity. It is soluble in water, so that
recrystallization was performed from water and
well shaped crystals were obtained. To check its
identity, an X-ray diffractogram of a powder
sample was obtained and analyzed, which
corresponded to the one for CdCl,-H,O — JCPDS
(PDF-00-027-0073).

The deuterated analogues were prepared by
dissolving a small amount of the protiated com-
pound in H,O-D,0O mixtures of appropriate compo-
sition. The crystallization of these solutions was
carried out in a vacuum desiccator over silica.

Recording of spectra and X-ray diffractograms

The infrared spectra were recorded of oil
suspensions in Nujol and Fluorolube using the
infrared interferometer Perkin-Elmer System 2000 in
the spectral range from 4000 cm™ to 370 cm™ by
accumulating 32 scans with a resolution of 2 cm™
and 4 cm™. The spectra were recorded at room
temperature (RT) and the liquid nitrogen boiling
temperature (LNT). The low temperature measure-
ments were made in a specially designed cell P/N
21525 (Graseby Specac). For collecting and
processing the Fourier-transformed infrared spectra
the software packages GRAMS ANALYST 2000
[19] and GRAMS 32 [20] were used.

The Raman spectra were recorded at room
temperature using the LabRam 300 (Horiba Jobin-
Yvon) micro-Raman spectrometer with a He—Ne
laser (red) at 633 nm and a Nd:YAG laser (green)
at 532 nm. Olympus MPIlanN microscope with an

enlargement factor 50 was used for focusing the
laser. The spectra were recorded in the region from
4000 to 100 cm™* by accumulation of 15-30 spectra
with a resolution of 2 cm™ using a grating with
1800 lines/mm. The low temperature Raman
spectra were recorded in glass capillaries using the
Fourier-transforme Raman spectrometer RFS 100/S
(Bruker) with Nd:YAG laser excitation at 1064 nm
(resolution of 2 cm™). The software packages
GRAMS ANALYST 2000 [19] and GRAMS 32
[20] were used for collecting and processing the
Raman spectra.

The X-ray diffractograms of powdered
samples (XRPD) were obtained using a Rigaku
Ultima 1V diffractometer with CuKa. radiation with
a generator with 40 kV voltage and 40 mA current.
The powdered sample was placed on a silicon
sample holder and data were collected at room
temperature using a D/tex detector in the 26 region
from 5 to 70° with a recording speed of 10°/min.

RESULTS AND DISCUSSION

The infrared spectra of CdCl,-H,O recorded
in Nujol mull (N) at room temperatute and at the
boiling temperature of liquid nitrogen are shown in
Fig. 1, and the Raman spectra recordet at RT and
LNT are presented in Figure 2.

Internal vibrations of water molecules

Group theory considerations suggest that
three IR and three Raman active internal vibrations
of the water molecules are expected due to the
existence of a static field (Table 1). If the
correlation field is also taken into consideration, the
number of bands would significantly increase.

Transmittance
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Figure 1. Infrared spectra of CdClI,-H,O recorded in Nujol
(N) at RT (upper curve) and at LNT (lower curve).
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Very low H-O-H bending frequencies. V1. vibrational spectra of CdCl,-H,0 93

Stretching vibrations of water molecules

In the IR spectra of CdCl,-H,O recorded at RT,
two intensive bands, at 3525 cm* and 3470 cm?,
appear in the region of the OH stretching vibrations
(Fig. 1, upper curve). In the same region, four
intensive bands are observed at 3540 cm ™, 3520 cm ™,
3475cm™ and 3462cm™ in the LNT spectrum
(Fig. 2, lower curve) as a result of correlation splitting
of the antisymmetric and symmetric stretching HOH
modes (Table 1). In the same region of the IR
spectrum, one low intensity band is observed at 3133
cm* what might be attributed to a second order
transition of the bending HOH modes. In the Raman
spectrum recorded at RT, the corresponding bands in
this region appear at around 3470 cm™ and 3139 cm™*
(Fig. 2, lower curve) whereas in the LNT spectrum,
they are found at 3520 cm*, 3467 cm * and 3130 cm ™
(Fig. 2, upper curve).
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Figure 2. Raman spectra of CdClI,-H,O recorded at RT
(lower curve) and at LNT (upper curve).

In the difference IR spectrum of the
compound with low deuterium content (= 4 % D)
recorded at RT, one broad band is observed at
around 2590 cm™, and two bands (at 2584 cm™ and
2575 cm™) appear in the LNT spectrum which are
due to the uncoupled O-D stretching modes of
isotopically isolated HDO molecules (Fig. 3). The
presence of these two bands in the LNT spectrum is
in accordance with the structural data of this
compound [17], i.e. with the existence of two non-
equivalent hydrogen bonds. The slight frequency
difference between these two bands indicates that
the force field for these two OD stretching
vibrations is almost identical. This conclusion is
strenghted by the spectral picture in the region of
OD stretching modes for the series of partially
deuterated analogues of the studied compound
(Fig. 4). To be exact, in this region of the spectra of

the deuterated analogues, the increase of the
deuterium content leads to the appearance of new
bands symmetrically distributed around the two
bands at 2584 cm® and 2575cm™. These new
bands, found at 2628 cm* and 2535 cm™, certainly
originate from modes of isolated HDO molecules
and can be attributed to the antisymmetric and
symmetric stretching vibrations of the D,0O
molecules. In the Raman spectrum of the analogue
with the highest deuterium content recorded at
LNT, the corresponding bands appear at 2635 cm*
and 2543 cm™, respectively (Fig. 5).
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Figure 3. Deconvoluted difference infrared spectra
recorded at RT (upper curve) and at LNT (lower curve) in
the region of the v(OD) vibrations, obtained by subtracting

the respective spectrum of the protiated sample of
CdCl,-H,0 from the spectrum of the analogue with low
deuterium content (= 5 % D).
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Figure 4. Infrared spectra of CdCl,-H,0O and its partially
deuterated analogues recorded at LNT in the region of the
OD stretching vibrations (the content of deuterium
increases from top to bottom, offset spectra are presented).
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Table 1. The unit-cell group analysis for the internal and external vibrations
of the water molecules in CdCl,-H,0

Internal vibrations

C2v Cs D2h

A (2)
By (1)
Bag (2)

ve, 8 A A (2) Bag (1)

A (1)
B, A" (1) Bu (2)
By (1)
BSu (2)

Librations

Cs D2h
Ay (1)
By (2)

A (1) BZg (l)
Bsg (2)

A" (2) As (2)
Blu (1)
B2 (2)
B3u (1)

Hindered translations

C D2
Aq (2)

Byg (1)
>A’ @ Bz, (2)
Bsg (1)

A A (1)
Bz Blu (2)

Bzu (1)
B3u (2)

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 38 (1), 91-99 (2017)



Very low H-O-H bending frequencies. V1. vibrational spectra of CdCl,-H,0 95
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Figure 5. Raman spectrum of the nearly fully deuterated
analogue of CdCl,-H,O recorded at LNT in the region of
the OD stretching vibrations.

The temperature shift of the OD stretching
mode frequencies of the isotopically isolated HDO
molecules (see Fig. 3) is positive, i.e. dv/dT > 0.
According to Falk et al. [21], this would point to lin-
ear hydrogen bonds. Contrary to that, the X-ray dif-
fraction data [17], require strongly bent O-H---Cl
hydrogen bonds since the hydrogen bond acceptor
angle Cl,—O,~Cl; is 132.6(8)°. A similar behavior
has been found for trans-[CrCly(H,0),]CI-2H,0
[12]. This means that the finding of Falk et al. [21] is
not applicable in these cases.

It should be mentioned that in the case of the
alkaline earth halide monohydrates MX;-H,O (M =
Sr, Ba; X = Cl, Br, 1), the temperature dependence
of the OD stretching mode frequencies of
isotopically isolated HDO molecules is negative
(dv/dT < 0) [22]. In these hydrates, the water
molecules are positioned in a three-dimensional
[M:--O---M---0O], framework showing the same
crystallographic symmetry of H,O and its atoms as
found for CdCl,-H,O forming also weak but this
time bifurcated hydrogen bonds to the surrounding
halide ions with O---Cl distances between 310.4(3)
pm and 344.6(3) pm [23], i.e. the temperature de-
pendence of the OD stretching mode frequencies of
the isotopically isolated HDO molecules for the
alkaline earth halide monohydrates MX,-H,O (M =
Sr, Ba; X = CI, Br, 1) is in accordance with the
finding of Falk et al. [21].

A more thorough explanation of the tempera-
ture dependence of the OD stretching mode
frequencies of isotopically isolated HDO molecules
of CdCl,-H,O and trans-[CrCl,(H,0),]Cl-2H,0
could be given if comparison would be made on the
basis of the respective structure data determinated
by neutron diffraction analysis at room and low

temperature. Unfortunately, the crystal structures of
these two chloride hydrates have been determined
by X-ray diffraction and only at room temperature.

Bending vibrations of water molecules

The region of the bending vibrations of water
molecules in the vibrational spectra is very
interesting as the subtitle of the paper suggests. In
the RT and LNT infrared and Raman spectra of the
protiated compound (4 % D0, Fig. 6 a and b), one
band is observed in the region of the H-O-H
bending vibrations with a frequency that is
decreasing with lowering the temperature.
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Figure 6. Infrared (a) spectrum of CdClI,-H,O recorded at
RT (upper curve) and at LNT (lower curve) and Raman (b)
spectrum of CdClI,-H,O recorded at RT (lower curve) and at

LNT (upper curve) in the region of the HOH bending
vibrations.

In the RT spectra, this band appears at
1588 cm*, and in the LNT spectra it is found at
1583 cm™. The appearance of a single band at 1583
cm ' in both the IR and Raman LNT spectra (Fig. 6

Tpunosu, Ogg. ipup. maiu. buoiuex. nayku, MAHY, 38 (1), 91-99 (2017)
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a and b) of the protiated analogue is in accordance
with the existence of one crystallographically
different type of water molecules in the structure.
The fact that the frequencies in the two types of
spectra coincide indicates an absence of the
correlational splitting of modes. An interesting
finding related to this band is that its frequency is
lower than that for the water molecule in the gas
phase, which is 1594 cm™ [24], whereas in solid
hydrates these frequencies are most often higher
[25-27]. The appearance of the bending HOH
modes at such a frequency corresponds to the
existence of a very large Cl---O---Cl; angle, which
is 132.6(8)° [17]. Soptrajanov [28, 29] has
explained the differences of the frequencies of the
bending vibrations between those of water
molecules in the gas phase and those in solid
hydrates with the respective differences of the
structural features of water molecules.

In the region of the HDO and DHO bending
vibrations, only one band is observed (at 1397 cm™)
in the LNT IR and Raman spectra of the compound
with low deuterium content instead of the expected
two (Fig. 7). Similar to the case of the two OD
stretching vibrations of the isotopically isolated
HDO molecules, this suggests that the force fields
for the HDO and DHO modes are practically
identical. This means that the stretching and
bending vibrations are like those of a symmetric
water molecule, rather than the asymmetric one
indicated by the available crystal structure data
[17].

1397
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E‘ P ~
- I
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Figure 7. Infrared spectrum (lower curve) and Raman
spectrum (upper curve) of CdCl,-H,O analogue with low
deuterium content (= 5 % D) recorded at LNT in the region
of the HDO and DHO bending vibrations.

External vibrations of water molecules

By incorporation of the water molecules in a
crystal, the rotational and translational modes of the
free water molecules become vibrational modes. To
distinguish these modes from the modes of free
water molecules they are referred to as hindered
rotations and hindered translations. Hindered
rotations are also called librations and the three
librational modes of water molecules are denoted as:
rocking, wagging and twisting. Bands from
librational modes in the vibrational spectra are often
found in the region between 1000 cm ™ and 300 cm™
[30]. As a rule, the bands from these modes are
with higher intensity in the IR spectra than in the
Raman spectra (see e.g. [31]).

Besides rotations that become librations in a
crystal, the three translations of the structural units
also become vibrations i.e. external vibrational mo-
des. For coordinated water molecules, these latter
vibrations have the character of metal-water modes.
Hindered translations of water molecules that are not
coordinated to a metal usually appear below 300 cm™,
whereas for coordinated water molecules they
appear in the region between 500 and 300 cm ™ [25].

The librational modes have been reviewed
and results from systematic studies are published in
the works of Falk and Knop [24], Tayal et al. [30]
and Lutz [27]. In spite of the thorough studies,
there are still unresolved questions related to the
nature of the three librational modes, their expected
frequencies, criteria for their exact assignment as
well as the expected intensites of the bands from
the librations of the water molecules in the IR and
Raman spectra.

The librations are very sensitive to the effects
related to the environment of the water molecules.
Thus, changes in the structural features from one
solid hydrate to another, as well as changes in
temperature or isotopic substitution, have more
pronounced effects on the frequency, halfwidth and
intensity of the librational bands than on the bands
from internal vibrations of water molecules.

The results for the vibrations of the primitive
cell of the investigated compound (Table 1) show
that, in absence of correlation field, the expected
number of bands due to librations of water
molecules in the IR and Raman spectra is three. If
there is a correlation field, four bands are expected
in the IR spectra and six bands due to librational
HOH modes are expected in the Raman spectra.

The location of the bands from librations is
facilitated by studying the isotopic H,O/D,0 and the
H,O/HDO frequency shifts in the vibrational spectra
[32, 33] as the following discussion will show.

Contributions, Sec. Nat. Math. Biotech. Sci., MASA, 38 (1), 91-99 (2017)



Very low H-O-H bending frequencies. V1. vibrational spectra of CdCl,-H,0 97

In the RT and LNT IR spectra, only one
strong band at 560 cm™ is observed in the region of
the librations of water molecules and, surprisingly,
it is not temperature sensitive (Fig. 1). In the LNT
Raman spectrum, one broad band with lower
intensity is found at 568 cm™ (Fig. 3). The
appearance of only one intensive band suggests that
all three librational modes (pure or mixed) have
approximately the same frequency. In fact, the
model calculations of Eriksson and Lindgren [34]
have shown that in the case of C; (oy, — plane) local
symmetry (as is the case with cadmium chloride
monohydrate), there is an intensive mixing of the
wagging and twisting modes.

Considering the existence of weak hydrogen
bonded water molecules, water librational bands
could be expected below 400 cm™ (see e.g. [30]
and [35]). However, since we have studied the
infrared spectra in the region only down to 400 cm™,
such bands could not be observed in our infrared
spectra. Thus we shall limit our dicussion to bands
appearing above 400 cm™ .

In the LNT IR spectra of the partially
deuterated analogues, new bands, not present in the
spectra of the protiated compound, appear at around
480 cm™ and 427 cm™ with intensities increasing
as the deuterium content increase (Fig.8), the
frequency factors for the H,O/D,0 and H,O/HDO
isotopic shifts being 1.32 and 1.16, respectively.
Such values are sufficient to assign the observed
bands to librations, the higher-frequency band
attributable to HDO librations and that at 425 cm™*
to D,O librations.

Transmittance

450

1 1 1 1 i
700 600 500

Wavenumber/cm™
Fig. 8. IR spectra of CdCl,-H,0 and its partially deuterated
analogues recorded at LNT in the region of the HOH
external vibrations (the content of deuterium increases from
top to bottom, offset spectra are presented).

In the LNT Raman spectra of the protiated
compound and the compound with the highest
deuterium content (Fig. 9) bands are observed at
334/323 and 173/164 cm* (the first value refers to
the protiated species and the second to the
isotopomer with the highest deuterium content) that
may be attributed to vibrations with a significant
M-OH,/M-0D, character, whereas the
corresponding bands at 223 cm™® and 205 cm™
should be attributed to M—-CI modes. It is, of
course, possible that some librational character
could be present in the corresponding vibrational
modes.

[ 164

324

Raman Intensity

350 250 150
Wavenumber/cm™

Fig. 9. Raman spectra of CdCI,'H,O (lower curve) and its
almost completely deuterated analogue (upper curve)
recorded at LNT in the region of the HOH external
vibrations.

CONCLUSION

This paper presents a detatiled interpetation
of the vibrational spectra of crystalline cadmium
chloride monohydrate, CdCl,-H,O, and its
deuterated analogues. The analysis of the infrared
and Raman spectra shows good agreement with the
structural data. In the LNT infrared and Raman
spectra of the protiated compound, one band, at
1583 cm™, is observed in the region of the bending
HOH vibrations. An interesting finding related to
this band is that its frequency is lower than that for
the water molecule in the gas phase (1594 cm™),
whereas in solid hydrates these frequencies are
most often higher. Appearance of a band at such a
low frequency in the region of HOH deformations
can be correlated to the specific structural features
of the water molecules in this compound.
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MHOI'Y HUCKHN H-O-H JE®OPMAIIMOHU ®PEKBEHIIUU. VI. BUBPALIUOHU
CIHEKTPH HA CdCl,-H,0

Bukrop CTeq)onl’ 2, MeTtoamja Hajz[oclml’ 2, bepuapn EHFe.T[eHS, 371aTKO I/IJIHeBCRI/Il,
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AnHaH Kaxua®*

"MucTuTyT 3a Xemuja, [IpupoHo-MaTeMaTHuky (akynrer, Yaupepsurer C Kupun n Meroauj, 1001
Ckorje, Penybonnka Makenonuja
’HcTpakyBauku EHTAp 3a JKHBOTHA CPEIMHA M MaTepHjany, MakeIOHCKa akaeMuja Ha HayKHTE i
ymetHoctHTe, Crorje, Penyonuka MakenoHuja
*UncTuTyT 32 HeopraHcka xemuja, Y HuBep3utet Bo 3ureH, 57068 3uren, [epmannuja
*MHenaromxu paxynrer, Yausepsurer Cs Kuprn u Meronuj, 1001 Cxomje, Penry6nuka Maxenonuja

Wudpanpsenute u pamarckute crekrpu Ha CACl,-H,0 1 Ha HeroBuTe mapimjaiHo AeyTepupaHy aHajao3u Oea
CHUMEHM Ha coOHa TeMmIepaTypa M Ha TeMmIeparypara Ha BpHEHke Ha TeueH a3oT. CeBKYNHHTE Pe3yNTaThH Oj
aHajM3aTa Ha CHEeKTpuTe Oea KOPUCTEHM 3a acHTHallija Ha COOJBETHUTE JIeHTH. Bo nudepeHTHHOT MHpanpBeH
CIIEKTap Ha COEIUHEHHETO CO HUCKa COApXKUHA Ha jaeyTepuyM (= 4 % D), cHuMeH Ha coOHa TeMmmeparypa, BO
noapadjto Ha BanenTHHTe O—D € HajaeHa efHa WHpPOKa JeHTa Ha okoxy 2590 cm ) 1oJeKa BO CIIEKTApOT CHUMEH Ha
HHCKA TEMIIepaTypa ce MojaByBaar aBe Jentr (Ha 2584 cm ™ i 2575 cm™). ITojaBaTa Ha OBHe JBE JICHTH OJ] BATICHTHH
OD wmozoBH Ha u3oTONCKU M3oupanute HDO Mouiekyiu ykaxKyBa Ha MOCTOCH:E Ha JBE KPUCTATIOrpapCKu pa3iuIHu
BOJIOPOJZIHY BPCKH ILITO € BO COMIACHOCT CO CTPYKTYpHHUTE nonaronu. Bo nHdpanpBeHuTe 1 BO paMaHCKUTE CHEKTPU
HA TIPOTHPAHOTO COEIMHEHHE CHUMEHH HA HUCKA TEMIIEpaTypa, eIHa IeHTa, npu 1583 ¢cm ™, e Hajiena Bo oGmacta Ha
nedopmaumonnte HOH BuOpanuu, unja hpexBeHIMja ce CHIXKYBA CO HAMallyBake Ha Temreparyparta. MHTepecHo e
mTo (hpeKBEHIMjaTa HA OBAaa BHOpAIMja ¢ MOHMCKA O] OHAa Ha MOJEKyJaTa Boja BO racHa ¢asa (1594 cm™). Bo
MH(PALPBEHUOT CIIEKTAap CHUMEH U Ha cOOHA M Ha HHCKa TeMIlepaTypara Bo o0nacta Ha JTUOpalUnuTe Ha MOJICKYJIUTE
Boza (700 cm™ — 400 cm™) ce mojaByBa camo ejHa MHOTY HHTCH3HMBHA JIeHTa Ha 560 CM .

Kiyunu 300poBH: KagMIyM XJIOpUI MOHOXUAPAT; HH(PALPBEHN CIIEKTPH; PAMAHCKHU CIIEKTPH
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