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The crystal structure of cadmium cyanamide was investigated by X-ray powder analysis and refined using the
Rietveld method. Very fine powders of CdCNj in the nanometre range were obtained by chemical bath
deposition. The size, shape and microstrain were characterised by X-ray diffraction and transmission electron
microscopy. The refined structure is very close to that of MgCN,. Infrared spectroscopy and thermogravimetric

analysis were also performed to fully characterise the compound.

Introduction

The first reference to cadmium cyanamide is given by Bolis-
Cannella! who performed a thermogravimetric analysis under
ambient air or nitrogen. He precipitated CdCN, as a white
powder by reaction of cyanamide (H,CN,) with cadmium
acetate in 10% NHj solution. Later, in the 1970s, cadmium
cyanamide was identified in the bulk precipitate and in CdS
films obtained on glass by Chemical Bath Deposition (CBD).>*
Consequently CACN, was separately synthesised* and first
analysed by infrared spectroscopy and XRD.>> The authors
used a solution of H,CN, together with a solution of cadmium
chloride in the presence of ammonia for a precipitation
reaction. More recently, a growing interest in cadmium
cyanamide has been noticeable due to the presence of
carbon-nitrogen impurities in the CdS layer both in CdTe-
and in Cu(In,Ga)Se,-based thin-film solar cells.*® One of the
possible reasons for these impurities is the formation of
cadmium cyanamide.’

This study is part of the work on deposition of CdS thin films
by the CBD method.”™! For the first time we have obtained a
new crystalline phase of CACN, different from that already
reported by Dvoinin ef al.> We have characterised this phase by
X-ray powder diffraction (XRPD), transmission electron
microscopy (TEM), infrared spectroscopy (FTIR) and thermo-
gravimetric studies (TG-DSC).

Experimental

Cadmium cyanamide was prepared starting from CdCl,-2.5H,0
(p. a. Acros, 28 g) and ammonia (RPE reagenti, Carlo Erba,
about 70 cm® of 30% NHj3). CdCl, is firstly dissolved in de-
ionised water. Then, ammonia is added to the solution. At the
beginning of this reaction, cadmium hydroxide is deposited but
it disappears as soon as an excess of NH; is added. Sodium
hydroxide (98%, Labosi, 0.23 g) is then added for the
optimisation of pH and the solution is made up with water
to 250 cm®. The optimum pH for the reaction is in the range
12.2-12.5. This solution is subsequently heated in a sealed
round-bottomed flask at 348 K. Then cyanamide H,CN, (99%,
Aldrich, 150 cm? of 0.9 M solution in water) is added to the
flask. A white cadmium cyanamide precipitate is formed.
Heating at 348 K is maintained for 15 minutes, followed by
natural cooling at room temperature. Very fine CACN, powder
is obtained. The use of a 0.7 um cut-off filter is needed to
separate the precipitate from the aqueous solution.
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Methods
X-Ray diffraction

XRD patterns were collected in Bragg—Brentano geometry on a
prototype diffractometer'? equipped with a graphite mono-
chromator on the detector arm. Cu-Kf} radiation was selected
to obtain a simple profile for the Rietveld refinement. Because
of the crystallite characteristics, particular attention was paid
during the sample preparation in order to reduce any
preferential crystallite orienting. Since the grain size is very
small and almost monodispersed, there was no need to use a
mesh to obtain a uniform granularity. The powder diffraction
patterns are recorded with an accurate temperature control
(use of a gas cooled cryostat at 294 K). The sample temperature
was kept stable within an interval of 0.5 K. The diffraction
pattern was collected during multiple scans until the counting
statistic was considered satisfactory. The multiple scans were
then rebinned to obtain a single diffraction pattern with the
proper statistical weights for each point. The diffraction
pattern was then refined using the Rietveld program XND.!?

Transmission electron microscopy

TEM observations were carried out with a JEOL JEM 1200EX
instrument. The ethanol suspension of the powder was
deposited on carbon coated copper grids to insure a good
electrical conductivity. The samples were examined at 120 kV.

Thermal analysis (TG-DSC)

Thermogravimetry (TG) coupled with differential scanning
calorimetry (DSC) was performed with a Setaram TGA92
under a stream of oxygen heating and cooling in the
temperature range 300-1100 K. A sample mass of 16 mg was
put in an alumina sample holder and an equivalent mass of
corundum was used as reference. The rates of heating and

cooling were 5 K min~".

Infrared scattering

FTIR spectra were recorded with a Bruker IFS66 spectrometer
in the wavenumber range 400-4000cm™'. The sample is
obtained by mixing 1 mg of fine powder of CdCN, with 100 mg
of KBr to insure a good signal to noise ratio. The mixture is
then pressed to form a disk. The infrared spectrum was
obtained from an accumulation of 50 scans collected with a
4 cm™ ! resolution.
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Fig. 1 ED diffraction pattern for a synthesised CdCN, sample.

Fig. 2 Transmission electron micrograph of the CdCN, particles.

Elemental analysis

This was performed with Elemental Analyser NCS2500 in
order to determine the elemental composition of the com-
pound. The process is known as Dynamic Flash Combustion.
We determined in a single analysis nitrogen and carbon while
cadmium was deduced by difference. The sample masses were

approx. 2-3 mg. Elemental composition found: N, 18.12%, C,
7.65% and Cd, 74.23%.

Results and discussion
TEM observations

We have analysed the diffraction patterns collected on
nanocrystalline powders. The various electron diffraction
patterns mainly correspond to the 001 zone axis (Fig. 1). All
the diffraction spots can be indexed according to the space
group derived from the analysis of the X-ray powder
diffraction patterns. We have tried to obtain high resolution
images of the nanopowders but the sample is not stable under
the electron beam and focusing the beam invariably leads to the
destruction of the sample. Therefore, it was possible to obtain
good images at an average resolution only in few cases. These
images reveal crystallites having a very complex shape (Fig. 2).
The measured size and shape of the crystallites are in very good
agreement with the X-ray model for the lineshape broadening
produced by the finite size and microstrain effects.

Analysis of line widths

It was possible to index the diffraction pattern using a trigonal
R centred lattice (¢ = 3.5317(1) A, ¢ = 14.5558(4) A at 294 K).
The profiles of the peaks in the high resolution X-ray
diffraction patterns present a complex broadening due to size
or strain effects. In order to determine the reasons for this
anisotropic broadening, we have measured the width at half
maximum of the different peaks. The angular dependence of
the widths is best displayed using a Williamson—Hall plot.'
As can be seen in the Williamson—Hall plot (Fig. 3), all peaks
are affected both by a size broadening and a strain broadening.
The size of the coherent diffracting domains in A, along a given
direction, is obtained by the reciprocal of the intercept of the
linear regressions at the y axis while the strain effect is given by
the slope of these regression lines. The common feature of the
diagram is that the strain component is almost isotropic since
the slopes of the different regression lines are almost equal. On
the other hand, the coherent diffracting domains have a rather
complex shape. The largest diameters are along the 001
threefold axis (where the broadening is almost instrumental)
and along the directions k0, normal to this axis. The size of the
coherent diffracting domains along the ¢ axis is 630 A while it is

0.03

0.025

0.02

0.015

cos g/ rad

A28

0.01

0 0.1 0.2 0.3 0.4

T T
0.5 0.6 0.7 0.8 0.9 1
sing

Fig. 3 A Williamson—Hall plot for the crystallite of CdCN,.
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Fig. 4 Representation of the average structure of CACN,. C is shown
as large grey spheres that are two coordinate with nitrogen. Cd is sitting
at the centre of the N6 octahedra.

450 A in the hexagonal plane. The minimum size (130 A) for
the coherent domains is reached for directions far from both
the trigonal axis and the hexagonal plane. On the other hand,
the diffraction peaks are almost symmetrical (they only present
a weak instrumental asymmetry), suggesting a normal disper-
sion for the domain sizes.

Structure refinement

Since no systematic extinction is observed in the indexed
diffraction pattern and the lattice metric is trigonal, the space
group was supposed to be R3m. It is interesting to point out
that one other cyanamide compound crystallises within this
space group, (MgCN,) as described by Berger and Schnick.'®

Therefore we have taken the structure of this compound as
an initial guess for refining the CdCN, structure. The crystal
structure of CdCN, can be viewed as an ionic layered structure
consisting of layers of edge-sharing CdNg octahedra. These
slabs are then connected together by C atoms so that
alternating layers of anions and cations are stacked along the
c-axis (Fig. 4).

As we have discussed in the previous section, the diffraction
peaks exhibit an anisotropic broadening. In order to obtain a
reliable estimate for the integrated intensities, we have taken
into account these anisotropic lineshapes of the diffraction
peaks. The structural parameters and the results of the Rietveld
refinement are satisfactory and they are summarised in Tables 1
and 2.

Table 1 Cell parameters and reliability factors for the CACN, structure
at 294 K

294 K 294 K

Crystal system
Space group

Trigonal
R3m (no 166)

Trigonal
R3m (no 160)

Formula weight 152.4

Volume/A? 157.28(5)

Density calc./g cm ™3 4.827

V4 3

20 range/° 14-133

Wavelength/A Cu KB = 1.39223

alA 3.5316(9) 3.5321(7)
c/A 14.555(5) 14.557(4)
Observed reflections 131 131
R,,,(70) 10.11 9.99
Ry(%) 4.55 4.45
Rp(%) 3.30 3.31

Table 2 Positional and anisotropic displacement parameters for
CdCN, at 294K 1n the R3m Space group. Because of the site
symmetries, U'! = 0.5*U" and U® = U" = 0. The thermal
displacement parameters of C and N were constrained to be equal

Site x y z UM v
Cd 3a 0 0 0 0.0034(5) 0.0193(10)
C 3b 0 0 Va 0.0010(20) 0.086(8)
N 6¢ 0 0 0.4175(7) 0.0010(20) 0.086(8)

One interesting point is that, within this space group, the
bond lengths between a C atom and the two first-neighbour N
atoms belonging to two different anionic layers are identical.
Now we can expect that these two C-N bonds would be
different since the IR spectra suggest the existence of triple and
simple C-N bonds. The thermal ellipsoid of the C atom is
actually noticeably elongated along the c-axis (the N-C-N
bonding direction). Within this model, the two C—N bonds are
equivalent and the only way to differentiate them is to reduce
the symmetry of the structure. One possibility is to perform the
refinement in the R3m space group (i.e. removing the inversion
centre in the previous space group). It is well known that the
refinement of powder data in an acentric space group is very
difficult because of peak overlap. Within this group, the two N
atoms are no longer symmetry related and two independent N
atoms sitting on the threefold axis will be needed to describe the
cyanamide structure. The z positions of C, N1 and N2 are in
principle free but the simultaneous refinement of these three
parameters leads to very large estimated square deviations for
the z parameter of N1 and N2. Therefore we have chosen to
constrain some of these parameters: we have assumed a
symmetric stretching of the N1-N2 distance while letting the C
position be unconstrained along the axis. The result of this
refinement is summarised in Tables 3 and 4. The observed,
calculated and difference patterns are shown in Fig. 5.

Though the reliability factors are only slightly better, this
model presents the advantage of giving a more accurate
description of the [N(1)=C—N(2)]*~ configuration, compatible
with our FTIR observations.

FTIR

The FTIR spectrum of cadmium cyanamide shows one strong
and broad vibration band with the maximum at 2113 cm™!
(Fig. 6a). Within this band, a shoulder is observed at
2071 em™! (Fig. 6b). On the other hand, the strong vibration
band at 655cm ™! is sharp. According to the literature, the

Table 3 Positional and anisotropic displacement parameters for
CdCN, at 294K in the non centrosymmetrlc sgace grouP R3m.
Because of the site symmetries, 0.5*U"™ and

U? = U" = 0. The thermal dlsplacernent parameters of C and N1
and N2 were constrained to be equal

Site X y z U U
Cd 3a 0 0 0 0.0033(5) 0.0215(10)
C 3b 0 0 0.489(4) 0.0010(20) 0.085(11)
N1 3b 0 0 0.4176(7) 0.0010(20) 0.085(11)
N2 3b 0 0 0.5824(7) 0.0010(20) 0.085(11)

Table 4 Bond lengths (A) at room temperature (294 K) according to
the refinement of the X-ray diffraction pattern in the R3m space group

Cd-NI1 2.380(4)
Cd-N2 2.380(4)
C-NI1 1.04(4)
CN2 1.36(4)
NI-N2 2.400(13)
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Fig. 5 Experimental, calculated and difference powder XRD patterns
for CdCN,. The complex size and strain corrections are the main
responsible for the discrepancies between observed and calculated
diffraction patterns. The good quality of the structural model is
assessed by the low R; factor.

absorption band at frequencies close to 2000 cm ™! is due to a
stretching vibration of the triple bond (C=N) in the cyanamide
ion [N(2)-C=N(1)]*~ whereas that at 655 cm ™! is attributed to
the vibration of a simple bond (N-C).> Uritskaya et al.’
observed a broad band close to 2000 cm ™' while Dvoinin ez al.”
noticed two vibration bands in the same frequency range: at
1980 and 2100 cm ™~ '. These authors also observed two bands at
3400 and 1640 cm ™' and weak vibration bands at 2860, 3020,
3155, 3250 cm~'. The absorption band in the range 1660-
1590 cm ™! may be assigned to the existence of H,O or/and to
NH; bending modes.®'® The broad band between 3700 and
2900 cm™! can also be assigned to the presence of water
molecules.®'® Other weak bands are related to impurities.
Literature gives many explanations for the splitting at
2000 cm ™ !: Sukhorukov ef al.!” assign this phenomenon to the
formation of a crystalline structure of the compound;
according to Ichikawa'® two vibration bands above 2000 cm !
can be associated to the presence of cyanamide [N-C=NJ>~ and
isocyanamide [N — N EC]% groups. The isocyanamide group
has a longer C=N bond length (0.016 A) than cyanamide. The
cluster size also influences the bond length.!® Berger er al.'®
comparing the IR spectra of MgCN,, SrCN, and BaCN,
observed the splitting for SrCN,. According to them, this
splitting is the result of two crystallographically independent
nitrogen atoms in the cyanamide ion. The splitting of the band
at about 2000 cm ™' is also observed for lead cyanamide®
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Fig. 6 FTIR spectra of CdCN,: (a) spectrum in the range 400—
4000 cm ™!, (b) detail of the spectrum above.

which has two C-N bond lengths significantly different.?!
However, in this case it is justified that the two C-N bond
lengths in cyanamide group are different because these are
single and triple bonds.

In Table5 we report a few bibliographic data for the
alkaline-earth metal cyanamides compared with the lead
cyanamide and our cadmium cyanamide. According to these
data we observe that the M-N bond lengths increase for
alkaline-earth metals and they are associated with the decrease
of C-N bond lengths in the cyanamide group. Therefore, the
vibrational frequencies characteristic of triple bonds in the
cyanamide anion shift toward lower values. In this case, the
increase of M-N bond lengths is mainly due to the increase of
M?2" size since the alkaline-earth metal cations have almost the
same electronegativity.

On the other hand, cadmium and lead display a larger
electronegativity?® than the previous alkaline-earth metals,

Table 5 Bibliographic data for H,CN, and a few cyanamide salts compared with our CACN,. M?*-metal ion

Bond length/A

Compound and Tonic radius®* M-N bond

between C and N

C=N stretchin, Atomic

symmetry group for M2*/A length/A in [N(2)-C=N(1)*~  vibration/cm ™ mass of M M-N Ref.
MgCN, R3m 0.72 2.190 1.248 2114 24.30 1.8 15
CaCN, R3m 1.00 2.461 1.224 2032 40.08 2.0 24
SrCN, Pnma 1.18 2.622, 2.658, 1.222 (N1), 2023, 1989 87.62 2.0 15
2.602, 2.643 1.228 (N2)
BaCN, R3c 1.35 2.774,2.843,2.867  1.192 1947 137.34 2.1 15
CdCN, R3m or R3m 0.95 2.377 1.205 or 2113 112.41 1.3 This work
1.04 (N1),
1.36 (N2)
PbCN, Pnma 1.19 23121 2.62 1.156 (N1),*! 2000, 1930 207.19 1.2 20, 21
1.297 (N2)
H,CN, — — 1.15 (N1), 2225 — 0.8 23
1.31 (N2)

“Effective ionic radius for coordination number = 6; Ay: difference of electronegativity in Pauling unity.
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Fig. 7 TG-DSC for cadmium cyanamide.

thus the ionic character of Cd—N and Pb—N bonds is probably
smaller. This fact must influence the length of the C—N bonds in
the cyanamide group. Moreover, it is well known that the
frequency shift in an infrared spectrum also depends on the
cation masses ie. change from cadmium to lead. This effect is
even more visible (Table 5) when we compare lead cyanamide®
to cyanamide H,CN,. 2

The data in Table 5 show that the splitting of the vibration
band at about 2000 cm ™! is not observed for linear compound
structures like MgCNz,]5 CaCN,,%* H,CN,? and CdCN,.

Thermogravimetry

Fig. 7 shows the thermogravimetric results obtained under an
oxygen stream. We observe the beginning of the weight loss at
about 573 K and a sharp weight loss is noticed above
773 K. The red-brown final residue is identified by XRD as
CdO (JCPDS 05-0640). The weight loss recorded in the
experience corroborates also the CdO formation. It can be
supposed that the decomposition of our cadmium cyanamide
occurs according to the reaction proposed by Bolis-Cannella
for air-annealed CACN:!

CdCN;,+3/20,-CdO+CO;+N,

The enthalpy and the transformation temperature determined
in our experience are respectively —534.7 kJ mol ! and 827 K.

It seems that the behaviour of our cadmium cyanamide with
the temperature is similar to that observed by Uritskaya ez al.”
for air-annealed samples. They found traces of cadmium
cyanamide (by infrared analysis) and they identified CdO (by
XRD) after air-annealing at 773 K.

These observations are not completely in agreement with
those reported by Bolis-Cannella! where the CACN, oxidation
under air begins at 573 K and is complete at 673 K.

Conclusion

In this work we described a new phase of cadmium cyanamide
obtained by chemical bath deposition. TEM analyses of
cadmium cyanamide show a nanocrystalline powder with
very complex shape. This observation is in agreement with the
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anisotropic broadening observed in the X-ray diffraction
pattern. We performed the structure refinement by the Rietveld
method within 2 trigonal space groups R3m and R3m. The
assignement of the R3m space group to cadmium cyanamide
gives a better agreement with our FTIR results. Furthermore,
we determined the temperature and the enthalpy of cadmium
cyanamide transformation under oxygen by thermogravimetric
analysis.
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