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a-Ca3N2 has been characterized by X-ray powder diffraction
and its structure confirmed by a crystal structure refinement with
the Rietveld method. Ca3N2 and the isostructural Mg3N2 crystal-
lize in the anti-bixbyite structure of the mineral (Mn,Fe)2O3 in
the body-centered space group of Ia3(T7

h), and the general ap-
pearance of their infrared and Raman spectra resembles that of
the sesquioxides belonging to the same space group. The de-
composition of M3N2 (M 5 a-Ca,Mg) into M(OH)2 and NH3,
when exposed to the atmosphere, is reported. The presence of
NH1

4 vibrational bands in the decomposition products is ex-
plained in terms of the existence of Brønsted acid centers on the
surface of the solid. During the initial stages of decomposition,
infrared bands characteristic of adsorbed NH3 were observed,
showing that Lewis centers also exist on the surface. The de-
composition product Mg(OH)2 has weaker proton-donating
centers than Ca(OH)2. The kinetics of the decomposition of
Mg3N2, which is a much slower reaction than that of a-Ca3N2,
has been studied with FT-IR microspectrometry, and it is shown
that the formation of Mg(OH)2 is a three-dimensional diffusion
process while the proton donation by the hydroxide to adsorbed
NH3 to form NH1

4 ions is a quasi-first-order reaction. ( 1998

Academic Press

INTRODUCTION

Calcium nitride is a salt-like nitride, and its properties
have been reported extensively in the literature (1—5). It
exists in various modifications, viz. a-Ca

3
N

2
(reddish-

brown) (2), b-Ca
3
N

2
(black) (6), c-Ca

3
N

2
(yellow) (7), and

a high-pressure phase (yellow) (8). a-Ca
3
N

2
is unusual in the

sense that the calcium ions have the very low coordination
number of 4 (1). This compound has been used as a catalyst
1To whom correspondence should be addressed.
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for the phase transition in BN under high pressures (5),
particularly since the crystal structures of the two nitrides
show a close resemblance. It is further well known that
a-Ca

3
N

2
is very sensitive with respect to moisture, and it is

therefore important to study the decomposition of this com-
pound. Mg

3
N

2
and a-Ca

3
N

2
are isostructural (9), and it is

of interest to compare these compounds with respect to
their vibrational spectra and decomposition to learn more
about the bonding in and the solid state reactions of these
two nitrides.

In the present study, the crystal structure of a-Ca
3
N

2
is

further investigated by means of X-ray powder diffraction
using the Rietveld method, and the infrared and Raman
spectra have been obtained of both a-Ca

3
N

2
and Mg

3
N

2
.

Some infrared spectra of salt-like nitrides were published
(10), but we could not find any references to the Raman
spectra of these materials. In this paper, the decomposition
products of both compounds, when exposed to the air, have
been studied with infrared and Raman methods, and the
decomposition reaction of Mg

3
N

2
, which is much slower

than that of a-Ca
3
N

2
, has been followed with time using

FT-IR microspectrometry.

EXPERIMENTAL

a-Ca
3
N

2
and Mg

3
N

2
were obtained from Alfa Co. Ltd.,

with stated purities of 99% and 99.5%, respectively. a-
Ca

3
N

2
was ground into a fine powder in a glovebox

and placed in a quartz ampule which was sealed under
vacuum. The ampule was heated in a muffle oven at 700°C
for 1 day. Some of the powder was then transferred to
a capillary tube, and the X-ray powder diffraction of the
compound was obtained using a STADI P automatic pow-
der diffractometer from the company STOE in Darmstadt,
Germany.
0022-4596/98 $25.00
Copyright ( 1998 by Academic Press

All rights of reproduction in any form reserved.



34 HEYNS ET AL.
For the Raman measurements, the samples were sealed in
capillary tubes under vacuum and the spectra were meas-
ured using an X—½ Dilor Raman spectrometer with a 100]
objective of a microprobe attached to the instrument. The
514.5 nm line of an Ar` ion laser, Innova Model 305, ob-
tained from Coherent Radiation was used to excite the
spectra. The Raman spectra were also obtained of samples
in the bulk mode. The spectral resolution was 2.0 cm~1 in
all the spectra. Samples of a-Ca

3
N

2
and Mg

3
N

2
were

pressed into KBr or polyethylene pellets for the mid- and
far-infrared spectra, respectively. The infrared spectra were
obtained using a Bruker 113 V FT-IR spectrometer at a
resolution of 2 cm~1 in the spectral range 50—4000 cm~1.
The decomposition reaction of Mg

3
N

2
was followed with

time in situ, using infrared microspectroscopy. These
spectra were recorded with a Bruker A590 infrared micro-
scope in the transmission mode, attached to the 113V spec-
trometer. The spectral range of the microscope is
600—4000 cm~1; a liquid nitrogen cooled MgCdTe detector
was used, and 32 scans were taken for each recording with
a spectral resolution of 4 cm~1. The experiment was repeat-
ed four times. The decomposition reaction of a-Ca

3
N

2
,

ground into a finely divided powder ((0.04mm), proceeded
too rapidly to follow with the present experimental proced-
ure. The size of the particles of both of these nitrides is an
important factor in determining the rate of the reaction,
very clearly demonstrating the fact that it is a surface reac-
tion and therefore dependent on the surface area.

STRUCTURAL DETAILS AND VIBRATIONAL
SELECTION RULES

Structures for a-Ca
3
N

2
have been proposed from earlier

powder diffraction data (3), and a single-crystal X-ray study
of this compound has also been undertaken (4). It belongs to
the space group Ia3 (No. 206), Z"16, and has the anti-
bixbyite structure. In the present study, the powder diffrac-
tion data were recorded on a two-circle powder diffrac-
tometer and Rietveld refinement was used to obtain the
exact structural parameters. The atomic coordinates ob-
tained in the present study are listed in Table 1, and the
lattice parameters and atomic coordinates of various studies

TABLE 1
Atomic Coordinates in a-Ca3N2

Atomic coordinates
Wyckoff

Atoms notation x/a y/b z/c º
*40

(As 2)

Ca 48e 0.392(1) 0.155(1) 0.381(1) 0.0001
N(1) 8b 1/4 1/4 1/4 0.0001
N(2) 24d 0.956(3) 0 1/4 0.0001
TABLE 2
A Comparison of the Lattice Constants and Atomic Positions

in a-Ca3N2 Obtained in Various Studies

Atomic coordinates

Reference a (As ) x(N(2)) x(Ca) y(Ca) z(Ca)

This study 11.467(1) 0.956(3) 0.392(1) 0.155(1) 0.381(1)
Y. Laurent

et al. (3) 11.473(1) 0.960(2) 0.389(1) 0.153(1) 0.382(1)
P. Höhn (4) 11.474(2) 0.960(2) 0.39011(5) 0.15394(4) 0.38244(5)

are compared in Table 2. The bond angles and lengths,
which appear in subsequent figures, were calculated from
our own data; however, it is also evident from Table 2 that
the results of the different studies agree rather well.

The fourfold coordination of the calcium ions is shown in
Fig. 1 and it is clear that it can be described as a distorted
tetrahedral configuration. The N(1) ions are surrounded by
six Ca2` ions in a distorted octahedral configuration, as can
be seen in Fig. 2. The N(2) ions are surrounded by six Ca2`
ions in a distorted trigonal prismatic configuration, as can
be seen in Fig. 3.

Further structural details have been published, parti-
cularly as far as the values of the bond angles are concerned
(11), and they will not be repeated here. The isostructural
Mg

3
N

2
has a lattice parameter of 9.964 As and the following

FIG. 1. The distorted tetrahedral coordination of the calcium ions in
a-Ca

3
N

2
.
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FIG. 2. The distorted octahedral coordination of the N(1) ions in
a-Ca

3
N

2
.

atomic coordinates: Mg, 0.387x, 0.152y, 0.382z; N(1), 1
4
x, 1

4
y;

1
4
z; N(2), 0.963x; O; 1

4
z (9).

The vibrations that can be expected to occur in this type
of anti-bixbyite structure have already been published (12).
The distribution among the different representations of
¹7

h
symmetry is as follows: !

T05!-
"4A

'
(R)#4E

'
(R)#

14F
'
(R)#5A

6
(—)#5E

6
(—)#16F

6
(IR). Accordingly, the

Raman spectra of these nitrides are expected to display
more features than the infrared spectra. It is shown in Fig.
1 that each Ca2` ion is bonded to one N(1) ion and three
N(2) ions, the latter being of different bond lengths. There

FIG. 3. The distorted trigonal prismatic coordination of the N(2) ions
in a-Ca

3
N

2
.

are consequently 24 Ca—N(1) bonds in the primitive unit cell
of a-Ca

3
N

2
(N(1) is surrounded by six Ca2` ions) and 24

Ca—N(2) bonds for each of the 2.48, 2.49 As and 2.44 As bond
lengths. A large number of Ca—N stretching modes can
therefore occur in the vibrational spectra of a-Ca

3
N

2
, viz.

!
453%5#)

"4A
'
#4E

'
#12F

'
#4A

6
(—)#4E

6
(—)#12F

6
(IR)

(13). However, if one considers that the different bond
lengths in a-Ca

3
N

2
are not widely different, except perhaps

for the value of 2.44 As for Ca—N(2), it will be unrealistic to
expect a resolution of all the possible modes in the vibra-
tional spectra recorded of powdered solids.

VIBRATIONAL SPECTRA

The Raman spectra of a-Ca
3
N

2
and Mg

3
N

2
are shown in

Fig. 4, the infrared spectra are shown in Fig. 5, and these
results are summarized in Table 3.

FIG. 4. (a) The Raman spectra of a-Ca
3
N

2
(top) and Mg

3
N

2
(bottom).

(b) The same spectra recorded using longer integration times.
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FIG. 5. The infrared spectra of Mg
3
N

2
(top) and a-Ca

3
N

2
(bottom) in

the wavenumber range of 200—650 cm~1.

As can be seen in Fig. 5, the infrared spectrum of a-Ca
3
N

2
has broad, intense features at 353 and 302 cm~1, and the
broadness of these peaks, weak shoulders and asymmetries
that are not well resolved, suggest an undetermined number
of components in this wavenumber range. The Raman spec-
trum shows bands at 350, 311, and 289 cm~1 in this wave-
number range. These bands are most probably asymmetric
stretching modes since they are very weak in the Raman
spectra and strong in the infrared spectra. In Mg

3
N

2
, these

modes are better resolved and at least six components can
be identified in the infrared spectrum between 410 and
610 cm~1 (Table 3, Fig. 5) and seven Raman bands between
420 and 612 cm~1 (Table 3, Fig. 4). It is obvious that
a detailed assignment of the bands cannot be made at this
stage, but it must be noted that the general pattern of these
spectra very much resembles that of the isostructural ses-
quioxides (12).

It is evident from Fig. 4 that the Raman spectra are
dominated by intense modes at 258 cm~1 in a-Ca

3
N

2
and at

379 cm~1 in Mg
3
N

2
. These intense peaks, as well as their

much weaker components at 225 and 338 cm~1 in a-Ca
3
N

2
and Mg

3
N

2
, respectively, do not have counterparts in the

infrared spectra at exactly the same wavenumbers (although
in Mg

3
N

2
, the well-characterized peak in the infrared spec-

trum at 350 cm~1 could be such a candidate). It is obvious
TABLE 3
Infrared and Raman Bands (in cm~1) of a-Ca3N2 and Mg3N2 a

a-Ca
3
N

2
Mg

3
N

2

IR Raman IR Raman

— — 610 sh 612 vw
— — 572 s —
— !350 vw — 525 vw
\353 vs 311 vw \518 vs 512 vw
— — — 496 vw
— — 479 vs 481 vw
— 289 vw 445 s 442 vw
— — 410 s 420 vw
— 258 vs — 379 vs
— 225 w — 338 m
\302 vs — 350 s —
— — — 260 vw
— — — 243 vw
— — 232 s 232 vw
— — 204 w 213 vw

aKey: vs"very strong, s"strong, m"medium, w"weak, vw"very
weak, sh"shoulder.

that the most intense modes in the Raman spectra must be
the totally symmetric metal—nitride vibrations. A dominant
Raman peak has also been observed in the spectra of all the
sesquioxides with the anti-bixbyite structure and has been
assigned to the metal—oxygen symmetric stretching mode
(12). It may be possible to assign the modes occurring at
lower wavenumbers in both the infrared and Raman spectra
to bending vibrations.

In the study of the sesquioxides of the rare earths (12), it
was shown that the highest frequency infrared band varies
linearly with the metal—oxygen distance and some correla-
tion also exists between the highest frequency Raman band
and the highest intensity Raman band and the metal—oxy-
gen distance. The ratio of the most intense infrared bands in
a-Ca

3
N

2
and Mg

3
N

2
is equal to 353/518"0.68, which is

exactly equal to the ratio of the most intense Raman bands
in the two compounds, viz. 258/379"0.68. The square root
of the masses of the two metal ions is equal to 0.78, and it is
clear that the shift in the wavenumbers of these modes from
a-Ca

3
N

2
to Mg

2
N

2
cannot be due to a mass effect only. The

smaller ionic radius of Mg2` with respect to Ca2` must give
rise to a higher lattice energy for Mg

3
N

2
than for the

isostructural a-Ca
3
N

2
, and this is clearly reflected by the

wavenumbers at which these stretching modes occur. The
Mg—N bonds of 2.13 As are also considerably shorter than
the average value of 2.47 for Ca—N in a-Ca

3
N

2
.

DECOMPOSITION OF a-Ca3N2 AND Mg3N2

It can be expected that a-Ca
3
N

2
and Mg

3
N

2
, in contact

with moisture from the atmosphere, will decompose as
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FIG. 6. The midinfrared spectra of decomposed Mg
3
N

2
(top) and

a-Ca
3
N

2
(bottom).

follows:

M
3
N

2
(s)#6H

2
O(g)P3M (OH)

2
(s)#2NH

3
(g)

(M"Ca, Mg).

The infrared spectra of partially decomposed a-Ca
3
N

2
and

Mg
3
N

2
are shown in Fig. 6, and the Raman spectra of the

former are shown in Fig. 7. These results are summarized in
Table 4.

FIG. 7. The Raman spectrum of decomposed a-Ca
3
N

2
.

The infrared and Raman bands of Ca(OH)
2

and
Mg(OH)

2
(14) are also shown in Table 4, and it is clear from

the occurrence of l
OH

at 3642 cm~1 in the infrared spectrum
of decomposed a-Ca

3
N

2
and at 3620 cm~1 in the Raman

spectrum of the same product that the main decomposition
product is indeed Ca(OH)

2
. The same applies to decom-

posed Mg
3
N

2
where l

OH
has been observed at 3697 cm~1 in

the infrared and at 3652 cm~1 in the Raman spectrum.
However, a closer scrutiny of the spectra in Fig. 6 reveals the
presence of a large number of features which do not belong
to either M

3
N

2
or M(OH)

2
(M"Ca, Mg) and which must

therefore be assigned to the other reaction product NH
3
(g).

The Raman spectra did not reveal these features to the same
extent as infrared spectroscopy, and the latter method is of
course a classical one for the detection of Br+nsted and
Lewis centers on the surface of a solid when gaseous ammo-
nia is adsorbed (15). The criterion for determining the pres-
ence of these centers is the detection of ammonium ions for
Br+nsted centers and coordinated ammonia on Lewis
centers (15). The infrared and Raman spectra of gaseous
NH

3
, solid NH

3
, coordinated NH

3
, and solid NH`

4
are

summarized in Table 5.
Gaseous NH

3
has four fundamental vibrational modes

under C
3v

symmetry for the ‘‘free’’ NH
3

molecule. The
totally symmetric bending mode l

2
can be split into two

bands because of inverse doubling and is sensitive to the
environment. Formation of a coordination bond between
NH

3
and a cation complex-forming agent leads to radical

changes in the character of its vibrations. The formation of
a coordination band enhances the force constant and conse-
quently the wavenumbers of l

2
. The wavenumber of l

4
, the

asymmetric NH
3

bending mode, is the least sensitive to the
charge and nature of the metal.

If gaseous NH
3

is adsorbed on to the surface of a solid
hydroxide, a hydrogen bond is formed between the N atom
and the surface hydroxyl group (H

3
N---H—O) and if the

centers on the surface of the hydroxide are capable of
protonating the adsorbed ammonia molecules, ammonium
ions are yielded. Two distinct infrared-active modes of the
NH`

4
ions occur at 3145 and 1400 cm~1, and they can be

assigned to the asymmetric stretching and bending modes
l
3

and l
4
, respectively, which are both of F

2
symmetry

under ¹
d

symmetry. Two Raman-active modes occur at
3040 and 1680 cm~1, and they can be assigned to l

1
and

l
2

modes which are of A
1

and E symmetry, respectively.
Upon lowering the symmetry, for example to C

3v
when

H
3
N---H---O is formed, all the Raman-active modes are

infrared-active and vice versa; however, it can be expected
that primarily two infrared-active NH`

4
modes will be ob-

served, viz. l
3

and l
4
, although the l

2
band of NH`

4
has also

been observed at \1690 cm~1 in some of these spectra (15).
The splitting of l

4
into two or three components can be

a useful criterion to determine the symmetry of the
(H

3
N—H`---O~2) entity. If two components of l

4
(NH`

4
) are
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TABLE 4
Infrared and Raman Bands (in cm~1) of Ca(OH)2 and Mg(OH)2 Compared with Those of the Decomposition Products

of a-Ca3N2 and Mg3N2 a

CaOH
2

(14) Decomposition product of a-Ca
3
N

2
Mg(OH)

2
(14) Decomposition product of Mg

3
N

2

IR Raman IR Raman IR Raman IR Raman Assignment

— — 3930 vw — — — — — ?
— — 3870 vw — — — — — ?
— — — — — — — 3738 vw
— — 3691 m 3638 w — — 3711 w 3674 w l

OH
— — — — — — — 3712 w l

OH
3640 — 3642 vs — !3688 — 3697 vs — l

OH
-A

26
— 3620 — 3620 vs — !3652 vs — 3652 vs l

OH
-A

1'
— — \3456 — — — \3442 — l

4
(NH`

4
#NH

3
)

— — — — — — — 3300 w l
3
(NH`

4
#NH

3
)

— — 2926 vw — — — 2926 vw — —
— — 2854 vw — — — 2854 vw — —
— — \2120 w — — — — — —
— — — — — — 2035 vw — —
— — 1986 w — — — 1981 w — —
— — 1641 m — — — 1653 m — l

4
(NH

3
)

— — 1459 m — — — 1472 m — l
4
(NH`

4
)

— — 1406 m — — — 1419 m — l
4
(NH`

4
)

— — \1224 — — — — — —
— — 1129 — — — — — —
— — — 1080—1100 w — — — 1080 w l

2
(NH

3
)

— — 879 w — — 725 — — —
— 680 — 686 — — — — l(R)-E

'
334 — — — 461 — — — l(T)-A

26
— 357 w — 357 w — 443 w — 441 w l(T)-A

1'
373 — \375 w — 416 w — — — l(R)-E

6
288 — \290 w — 361 — — — l(T)-E

6
— 254 — 258 — 280 — 277 l(T)-E

'

aThe vibrational bands and assignment in Ref. (14) were used for both Mg(OH)
2

and Ca(OH)
2
.

observed, as well as one absorption peak representing
l
2
(NH`

4
), the symmetry of the hydrogen-bonded complex is

C
3v

. If l
4
(NH`

4
) is split into three components, the sym-

metry is C
2v

(or lower) and indicates the presence of two
hydrogen bonds between the ion and the surface (15).

Being so insensitive to the environment, the asymmetric
bending mode (l

4
) of ammonia is very difficult to separate

from that of l
2

of NH`
4

because they both occur in the

TABLE 5
Vibrational Bands of Gaseous, Solid, and Coordinated NH3 and

NH1
4 Ions (15)

Species l
1
-stretch l

2
bend l

3
stretch l

4
bend

NH
3
(gas) 3336 968—932 3444 1628

NH
3
(solid) 3223 1060 3378 1646

NH
3

in amino complexes 3115—3330 1170—1361 3200—3412 1550—1655
NH`

4
a 3040 (R) 1680 (R) 3145 (IR) 1400 (IR)

aR, Raman active; IR, infrared active.
wavenumber range of 1640—1700 cm~1 (15). If both physi-
sorbed and chemisorbed NH

3
species are present on the

surface of a solid, the bands occurring in this wavenumber
range cannot be used as criteria to draw any con-
clusions regarding the concentrations and properties of
these species. To separate chemisorbed from physisorbed
NH

3
, the latter is usually outgassed at elevated temper-

atures so that only chemisorbed NH
3

remains on the sur-
face of the solid (15).

The infrared spectra of decomposed a-Ca
3
N

2
and Mg

3
N

2
can now be analyzed in the light of the abovementioned
facts. With decomposition of these nitrides, NH

3
(g) will be

formed and will diffuse to the surface of the sample where it
will be physisorbed and then chemisorbed as a result of the
protonation of the NH

3
groups by the OH ones. Br+nsted

acid centers with hydroxy groups with sufficiently mobile
protons will form on the surface of the compounds as
a result of the decomposition reaction and NH`

4
ions will be

formed. This process is demonstrated in Fig. 8 showing the
decomposition of Mg N followed under the infrared
3 2
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FIG. 8. The decomposition of Mg
3
N

2
followed with time with FT-IR

microspectroscopy.

microscope. At the onset of the reaction when Mg(OH)
2

has
not been formed to any considerable extent, a very broad
and diffuse absorption maximum at \3000—3700 cm~1 rep-
resents H

2
O and NH

3
species and to a much lesser extent

NH`
4

ions as well. The same is true in the 1600—1700 cm~1

wavenumber range, while there are some indications of
a very weak absorption maximum at 1400—1480 cm~1, in-
dicative of the presence of NH`

4
ions. The increase in the

concentration of the Mg (OH)
2

species, is accompanied by
a concomitant increase in the intensity of the l

4
(NH`

4
)

bands. It is also further evident in Fig. 9 that the intensity of
the band centered at 1653 cm~1 stabilizes with time while
the components of l

4
(NH`

4
) continue to grow in intensity,

even beyond the point where the intensity of l
OH

seems to
have stabilized. (In the FT-IR measurements under the
microscope, the resolution of l

4
into two peaks was not

possible.) The decomposition reaction of a-Ca
3
N

2
proceeds

much faster and could not be followed in the same way as
with Mg

3
N

2
.

As is evident in Fig. 6, l
4
(NH`

4
) occurs at 1419 and

1472 cm~1 in decomposed Mg
3
N

2
. The splitting of

l
4
(NH`

4
) into two components in both of these species

confirms a C
3v

symmetry for the (NH
3
—H---O) species.

These NH`
4

bands occur at 1406 and 1459 cm~1 in partially
decomposed a-Ca

3
N

2
. l

4
(NH`

4
) can also be used as a
FIG. 9. The normalized intensities of the infrared bands at 1472 cm~1

(l
4
(NH`

4
)), 1653 cm~1 (l

2
(NH

3
)), 3697 cm~1 (l(OH)) with time during the

decomposition of Mg
3
N

2
.

criterion to probe the strength of hydrogen bonding of the
NH`

4
ion; the higher the wavenumbers at which the compo-

nents of l
4

occur, the stronger the hydrogen bond. The
positions at which l

4
occur show that the hydrogen bonds

(NH`
4
---O) are stronger in Mg(OH)

2
than in Ca(OH)

2
. The

strength of the hydrogen bond is an indication of the degree
of the proton transfer into the NH

3
molecule, which in turn

is governed by the polarity of the O—H bond of the proton-
donating center. This in turn characterizes Br+nsted acidity.
Mg(OH)

2
therefore has weaker proton-donating centers

than Ca(OH)
2
or, in other words, demonstrates the fact that

the O—H bond is stronger in Mg(OH)
2

than in Ca(OH)
2
.

This is obviously due to the existence of weaker hydrogen
bonds in pure Mg(OH)

2
than in pure Ca(OH)

2
.

Apart from the intense l
OH

modes at 3642 and 3697 cm~1

in the infrared spectra of Ca(OH)
2

and Mg(OH)
2
, respec-

tively, and at 3620 and 3652 cm~1 in their Raman spectra,
several weaker features in these wavenumber ranges also
occur during the decomposition process. In Mg(OH)

2
they

occur at 3738, 3712, and 3674 cm~1 and can be due to
hydrogen-bonded hydroxide species such as H

3
N---H—

O—Mg--- or even relatively ‘‘free’’ OH ions formed during
the reaction.

According to Wilmshurst (17) the wavenumber at which
the totally symmetric bending mode l

2
occurs in adsorbed

NH
3
, can be directly related to the electronegativity of the

metal in the compound. The following equation was pro-
posed relating l

2
with the electronegativity of the metal in

the compound:

l2
2
]10~5"3.66X#8.12.

It is evident in Fig. 6 that a broad absorption peak occurs at
1080—1100 cm~1 in decomposed a-Ca

3
N

2
, and, although

not shown in this figure, the same adsorption peak was
observed in some samples of partially decomposed Mg

3
N

2
at very much the same position. Using the abovementioned
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empirical relationship, the electronegativity X is calculated
to be equal to 0.97 eV, which is rather close to the value of
1.1 eV for calcium (17). It is therefore likely that at earlier
stages of the decomposition process, Lewis acid centers, or,
in other words, unsaturated metal cations, exist at the sur-
face of the solid. This can also explain the fact that the
infrared bands at 1641 cm~1 in a-Ca

3
N

2
and 1653 cm~1 in

Mg
3
N

2
were more intense at the onset of the decomposition

reaction before protonation of the adsorbed NH
3

molecules
had started.

The intensities of the infrared bands representing the
hydroxide, ammonia, and ammonium species in the de-
composition product of Mg

3
N

2
are graphically represented

against time in Fig. 9. It is evident from this figure that the
determination of t

0
presents a problem in the case of the

formation of Mg(OH)
2

and that the measurements were
actually started at a value of 0.2 for the normalized infrared
intensity. When the sample is exposed to the atmosphere,
Mg(OH)

2
is formed immediately and the first measurement

can only be made after 30—60 s, with the result that an error
is introduced. This uncertainty in the determination of t

0
can give rise to serious errors in the determination of the
solid state kinetics of this reaction, as has already been
pointed out in the decomposition of NH

4
VO

3
(18). In other

words, if a generalized Avrami—Erofe’ev equation is used to
interpret the data, any uncertainty in t

0
will make distinc-

tions between the various rate laws meaningless. The forma-
tion of the NH`

4
ions, which depends on the protonation of

adsorbed ammonia molecules, is a much slower reaction but
no initial reaction, induction, or acceleratory periods were
observed in Fig. 9. This reaction is slow enough to follow
with infrared techniques, and the data can be analyzed
knowing that the measurements included the start of the
reaction. If it is assumed that the intensities of the infrared
band at 1472 cm~1 represent the amount of product (NH`

4
)

present, then the generalized Avrami—Ero’fev equation,
ln[ln1/(1!s

p
)]"n ln t#ln k, can be used to interpret

these results (s
p
"fraction of NH`

4
present at time t, k is the

rate constant, and n is the order of the reaction). The ln ) ln
method of analysis has been applied to all the reaction
products viz. Mg(OH)

2
, NH

3
, and NH`

4
in Fig. 10. Straight

lines have been obtained, and in the case of the formation of
NH`

4
ions, n was found to be equal to 1.2$0.05 with

a correlation coefficient of 0.995. It is clear from Fig. 10 that
with the formation of Mg(OH)

2
, a straight line is obtained

with a slope very similar to that of NH`
4
; however, the slope

of this graph was actually found to be much closer to n"1
than to 1.2. The rate-determining step in any solid state
reaction will depend on either diffusion, i.e. the transporta-
tion of participants to or from a zone where the reaction
takes place, the making and breaking of chemical bonds, or
on both of these processes. In the decomposition of Mg

3
N

2
,

water vapor has to diffuse to reaction zones within the solid
and the NH (g) has to diffuse away from these zones to the
3

FIG. 10. Plots of ln[ln1/(1!s
p
)] vs ln plots for the infrared bands of

l
4
(NH`

4
), l

2
(NH

3
), and l(OH).

surface of the solid where it is chemisorbed. The kinetic rate
equations based on diffusion mechanisms have been used to
interpret the kinetic data obtained on the formation of
Mg(OH)

2
during the decomposition of Mg

3
N

2
. The results

obtained with the equation describing three-dimensional
diffusion, viz. [1!(1!a)1@3]2"kt (19) are shown in
Fig. 11. A straight line has been obtained with a correlation
coefficient of 0.987, which is a reasonable but not parti-
cularly good fit to these data, as can also be seen in Fig. 11.
k was calculated to be equal to 9.5] 10~4 s~1. However, it
is also evident from Fig. 11 that the data for the formation of
the NH`

4
ions do not fit this equation at all. As mentioned

before, the formation of the NH`
4

ions follows first-order
kinetics rather closely and a plot of !ln(1!a) against t
yielded a straight line with a correlation coefficient of 0.989
and k"7.18]10~4 s~1. Further analysis of the data also
made it quite clear that the formation of Mg(OH)

2
obeys the

abovementioned equation representing three-dimensional
diffusion much better than that representing a first-order
rate equation.

It is known that the particle size and particle size distri-
bution of the reactant can influence the kinetics character-
istics of thermal decomposition reactions (19). This is
particularly true for diffusion-controlled reactions. The
average size of the crystals influenced the reaction rate of
decomposition of a-Ca

3
Na and Mg

3
N

2
with the result that

in the case of very finely divided particles of Mg
3
N

2
(particle

size smaller than 0.04 mm), the kinetics of this reaction
could not be studied using infrared techniques. However, we
were unable to determine any change in the rate law with
a decrease in the average particle size and other faster
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FIG. 11. Obedience of the experimental data of l
4
(NH`

4
) and l

1
(OH~)

to the equation representing three-dimensional diffusion, viz. [1!
(1!a)1@3]2"kt.

measuring techniques must be used to establish this beyond
any measure of doubt.
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