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The structure of potassium dinitramide (KDN), KN3O4, has

been re®ned in the temperature range 85±298 K from single-

crystal X-ray diffraction data. The unit-cell axial lengths and

the cell volume decrease linearly on cooling with the b axis

being the most sensitive to the change of temperature. The �
cell angle increases with decreasing temperature. The thermal

expansion of KDN is signi®cantly anisotropic, expanding

along the b axis [010] more than three times the amount

parallel to any other crystallographic direction. Other

eigenvectors of the thermal expansion tensor lie approxi-

mately parallel to the diagonals of the ac plane. A rigid-body

analysis of the dinitramide ion using the TLS formalism was

performed and shows that the thermal motion of the anion is

well represented by the rigid-body model. The eigenvalues of

the libration tensor show signi®cant anisotropy, whereas the

translation tensor is close to isotropic. The variation of all

descriptions of the thermal motion with respect to tempera-

ture indicates an anharmonic contribution to the mean ®eld

potential. The direction of greatest unit-cell expansion

coincides with the largest components of the displacement

tensor of the potassium ions and the direction of the largest

atomic amplitudes due to the libration of the dinitramide

anions.
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1. Introduction

The dinitramide anion N(NO2)2
ÿ (1) is an inorganic member

of the nitramine class of compounds (2), which have been

extensively studied due to their applications as explosives and

low-signature propellants (Yinon & Zitrin, 1981; Olah &

Squire, 1991). The ®rst reported synthesis of a dinitramide

compound was of the ammonium salt (Bottaro et al., 1991,

1993). Since that time there has been intense activity, a

number of authors having reported syntheses of various

dinitramide salts, their structural characterization, spectral

properties, details of their thermal decomposition as well as

theoretical studies of their structure, bonding and decom-

position (see, for example, Tanbug et al., 1999, and references

therein).

There is current interest in the anisotropic properties of

energetic materials, in particular as they may relate to shock

sensitivity (Dick, 1995; Jindal & Dlott, 1998; Franken et al.,

1999; Dlott & Fayez, 1990). In this study we report the
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determination of the thermal expan-

sion of one member of the dinitramide

family, potassium dinitramide (KDN),

as well as the variations of the atomic

thermal displacement parameters

using single-crystal X-ray diffraction

data in the temperature range 85±

298 K. The anisotropy of the thermal

expansion is analyzed with respect to

the thermal motion of the potassium

cations and the rigid-body motion of

the dinitramide anions.

2. Experimental

A crystal of KDN suitable for single-

crystal diffraction studies, 0.34 � 0.14

� 0.08 mm, was mounted on a ®ne

glass ®ber with epoxy resin. Preli-

minary examination and data collec-

tion were carried out at ambient

temperature with a Siemens SMART

(Siemens, 1996a) Platform diffract-

ometer using Mo K� radiation. In

subsequent experiments, the crystal

was cooled by nitrogen gas using an

Oxford Cryostream system. Data

collections were carried out at 298 (1),

250 (1), 200 (1), 150 (1), 100 (1) and

85 (1) K. 0.3� ! scans were performed

at three different ' settings corre-

sponding to a nominal hemisphere of

data. The frame time was set at 20 s

for all experiments. The unit-cell

parameters were determined at each

temperature from the observed XYZ

centroids for the complete data set.

The intensities of the re¯ections were

empirically corrected for absorption

using SADABS (Sheldrick, 1996). The

structures were redetermined by

direct methods using the SHELXS

program package (Sheldrick, 1985).

Re®nement of each structure was

performed by full-matrix least-

squares based on F2 (SHELXL,

Sheldrick, 1996). All atoms were

re®ned with anisotropic displacement

parameters. The details of the data

collections and re®nements at all six

temperatures are given in Table 1. A

rigid-body analysis (Schomaker &

Trueblood, 1968) of the dinitramide

anion was performed for each

temperature using unit weights for

each atom. Thermal expansion

tensors were calculated from changes

Table 1
Experimental details.

85 K 100 K 150 K

Crystal data
Chemical formula KN3O4 KN3O4 KN3O4

Chemical formula weight 145.13 145.13 145.13
Cell setting, space group Monoclinic, P21=n Monoclinic, P21=n Monoclinic, P21=n
a, b, c (AÊ ) 6.5891 (4), 9.0653 (5),

7.1459 (4)
6.5918 (4), 9.0778 (5),

7.1540 (4)
6.6010 (3), 9.1253 (5),

7.1657 (4)
� ��� 97.975 (2) 97.946 (2) 97.890 (1)
V (AÊ 3) 422.71 (4) 423.98 (4) 427.55 (4)
Z 4 4 4
Dx (Mg mÿ3) 2.280 2.274 2.255
Radiation type Mo K� Mo K� Mo K�
No. of re¯ections for cell

parameters
2897 2901 2857

� range (�) 6.39±24.37 6.38±28.04 5.04±28.27
� (mmÿ1) 1.172 1.169 1.159
Temperature (K) 85 (1) 100 (1) 150 (1)
Crystal size (mm) 0.34 � 0.14 � 0.08 0.34 � 0.14 � 0.08 0.34 � 0.14 � 0.08

Data collection
Diffractometer Platform Platform Platform
Data collection method ! scans ! scans ! scans
Absorption correction Empirical: Multipole

Expansion (Blessing,
1995)

Empirical: Multipole
Expansion (Blessing,
1995)

Empirical: Multipole
Expansion (Blessing,
1995)

Tmin 0.7905 0.7677 0.7801
Tmax 0.9903 0.9903 0.9904

No. of measured, inde-
pendent and observed
parameters

3515, 1034, 902 3547, 1041, 918 3517, 1046, 917

Criterion for observed
re¯ections

I > 2�(I) I > 2�(I) I > 2�(I)

Rint 0.0484 0.0463 0.0402
�max (�) 28.33 28.36 28.28
Range of h, k, l ÿ8! h! 7 ÿ8! h! 7 ÿ7! h! 8

ÿ12! k! 12 ÿ12! k! 12 ÿ12! k! 12
ÿ8! l! 9 ÿ8! l! 9 ÿ9! l! 8

Re®nement
Re®nement on F2 F2 F2

R�F2>2��F2��, wR�F2�, S 0.0311, 0.0717, 1.053 0.0294, 0.0664, 1.036 0.0302, 0.0697, 1.084
No. of re¯ections and

parameters used in
re®nement

1034, 73 1041, 73 1046, 73

Weighting scheme w = 1/[�2(F2
o) +

(0.0423P)2 + 0.0000P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0380P)2 + 0.0000P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0401P)2 + 0.0000P],
where P = (F2

o + 2F2
c )/3

��=��max 0.000 0.000 0.000
��max, ��min (e AÊ ÿ3) 0.552, ÿ0.601 0.533, ÿ0.595 0.363, ÿ0.386

200 K 250 K 298 K

Crystal data
Chemical formula KN3O4 KN3O4 KN3O4

Chemical formula weight 145.13 145.13 145.13
Cell setting, space group Monoclinic, P21=n Monoclinic, P21=n Monoclinic, P21=n
a, b, c (AÊ ) 6.6029 (4), 9.1694 (5),

7.1731 (4)
6.6114 (1), 9.2299 (2),

7.1878 (2)
6.6162 (2), 9.2831 (2),

7.2000 (3)
� ��� 97.805 (1) 97.639 (1) 97.583 (1)
V (AÊ 3) 430.27 (4) 434.73 (2) 438.35 (2)
Z 4 4 4
Dx (Mg mÿ3) 2.240 2.217 2.199
Radiation type Mo K� Mo K� Mo K�
No. of re¯ections for cell

parameters
2788 2693 2568

� range (�) 5.94±23.82 6.31±23.35 5.00±27.94
� (mmÿ1) 1.152 1.140 1.130
Temperature (K) 200 (1) 250 (1) 298 (1)
Crystal size (mm) 0.34 � 0.14 � 0.08 0.34 � 0.14 � 0.08 0.34 � 0.14 � 0.08



in the Bragg angle with temperature for all re¯ections across

all six data sets with the program ALPHA (Jessen & KuÈ ppers,

1991). The changes in the interplanar distance, d, were

observed to be linear with respect to temperature and were

then constrained to be so, thus smoothing the data. Full details

of all re®nements have been deposited as supplementary

material.1

3. Results and discussion

The crystal structure of potassium

dinitramide at room temperature has

been previously reported (Gidaspov et

al., 1995; Gilardi et al., 1997). Our

room-temperature result is in good

agreement with that reported by

Gilardi et al. (1997), however, there

are signi®cant discrepancies with the

report from Gidaspov et al. (1995),

especially with respect to the unit-cell

parameters. From our results, KDN

crystallizes in space group P21/n with

a = 6.6162 (2), b = 9.2831 (2), c =

7.2000 (3) AÊ , � = 97.583 (1)� at room

temperature. The unit cell contains

four dinitramide anions and four

potassium cations (Fig. 1).

The temperature variation of the

unit-cell parameters normalized to

those at room temperature is shown in

Fig. 2. The unit-cell lengths and cell

volume decrease on cooling, with the b

axis being the most sensitive to change

of temperature. The � cell angle

increases with decreasing tempera-

ture. The temperature dependence of

all unit-cell parameters was found to

be close to linear, with the worst

correlation coef®cient being 0.987 for

the � parameter.

Thermal expansion can also be represented by a symme-

trical second-rank tensor [�ij]. The tensor components, �ij,

were calculated from a least-squares ®t to changes in d values

with respect to temperature (Jessen & KuÈ ppers, 1991). KDN

has a monoclinic unit cell, so that two of the off-diagonal terms

of the tensor must be zero and one axis of the tensor must be

parallel to the crystallographic b axis. The �ij values are

presented in Table 2(a) for the whole temperature range. The

corresponding eigenvalues and eigenvectors of the thermal

expansion tensor are presented in Table 2(b). A representa-

tion of the thermal expansion tensor showing the principal

axes given by their eigenvalues and eigenvectors, visualized as

an ellipsoid in a unit cell, is shown in Fig. 3. The ellipsoid has

been scaled such that the largest principal axis is identical to

the b axial length. KDN expands along the b axis [010] more

than three times as much as any other crystallographic

direction, i.e. this is a signi®cantly anisotropic material. The

other two eigenvectors of thermal expansion are approxi-

mately parallel to the diagonals of the ac plane.

Atomic displacement parameters decrease with lowered

temperature (Fig. 4) giving a non-linear temperature depen-

dence with a small non-zero intercept at 0 K. Fitting the Ueq

values to a quadratic polynomial produces a statistically

reasonable ®t. This is evidence of the anharmonic character of

the atomic thermal motion in KDN, which is necessary both
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Table 1 (continued)

200 K 250 K 298 K

Data collection
Diffractometer Platform Platform Platform
Data collection method ! scans ! scans ! scans
Absorption correction Empirical: Multipole

Expansion (Blessing,
1995)

Empirical: Multipole
Expansion (Blessing,
1995)

Empirical: Multipole
Expansion (Blessing,
1995)

Tmin 0.7226 0.6845 0.2829
Tmax 0.9903 0.9903 0.9903

No. of measured, inde-
pendent and observed
parameters

3510, 1060, 911 3613, 1073, 882 3648, 1084, 854

Criterion for observed
re¯ections

I > 2�(I) I > 2�(I) I > 2�(I)

Rint 0.0402 0.0449 0.0570
�max (�) 28.30 28.33 28.29
Range of h, k, l ÿ8! h! 7 ÿ7! h! 8 ÿ8! h! 7

ÿ12! k! 12 ÿ12! k! 12 ÿ12! k! 12
ÿ8! l! 9 ÿ9! l! 8 ÿ8! l! 9

Re®nement
Re®nement on F2 F2 F2

R�F2 > 2��F2��, wR�F2�,
S

0.0315, 0.075, 1.058 0.033, 0.0768, 1.05 0.0391, 0.0944, 1.058

No. of re¯ections and
parameters used in
re®nement

1060, 73 1073, 73 1084, 73

Weighting scheme w = 1/[�2(F2
o) +

(0.0462P)2 + 0.0000P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0450P)2 + 0.0000P],
where P = (F2

o + 2F2
c )/3

w = 1/[�2(F2
o) +

(0.0528P)2 + 0.0000P],
where P = (F2

o + 2F2
c )/3

��=��max ÿ0.001 ÿ0.001 0.000
��max, ��min (e AÊ ÿ3) 0.359, ÿ0.351 0.306, ÿ0.432 0.429, ÿ0.378

Computer programs used: SMART (Siemens, 1996a), SAINT (Siemens, 1996b), SHELXS86 (Sheldrick, 1985), SHELXL93
(Sheldrick, 1993), Siemens SHELXTL and the Toledo cifomatic (Siemens, 1997).

Table 2
Thermal expansion.

(a) Tensor components of thermal expansion (10ÿ6 Kÿ1) for KDN: T =
85±298 K.

�11 �22 �33 �12 �13 �23

23.86 (5) 109.3 (6) 34.52 (4) 0.0 14.7 (1) 0.0

(b) Eigenvalues (10ÿ6 Kÿ1) and eigenvectors of the thermal expansion tensor.

Principal axes Eigenvalue Eigenvector

�1 15.5 0.8110 0.000 ÿ0.5851
�2 109.3 0.000 1.000 0.000
�3 40.0 0.5851 0.000 0.8110

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: BR0101). Services for accessing these data are described
at the back of the journal.
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for thermal expansion and for shock-induced heating in

detonic energetic materials (Jindal & Dlott, 1998).

A rigid-body analysis of the dinitramide ion using the TLS

formalism was performed at each temperature. The S matrix

was small enough to be neglected in all cases. The eigenvalues

of the libration tensor show that the librational motion is

signi®cant (largest value 0.02244 rad2 at 298 K) with a small T2

dependence (Fig. 5a, where L is the average of the three

eigenvalues). The largest of the translational eigenvalues is

0.03136 AÊ 2 at 298 K. The translational eigenvalues also have a

non-negligible T2 dependence (Fig. 5b), only the average

value being reported as the tensor is close to isotropic. In

contrast, the libration tensor is strongly anisotropic with the

largest component parallel to the N(2)ÐN(3) vector (Fig. 1b).

If we consider that anharmonicity is more important for

higher displacement amplitudes, it is signi®cant that the

direction of greatest unit-cell expansion coincides with the

largest component of the displacement tensor of the potas-

sium ions (Fig. 1c). In addition, the most important axis of

libration for the dinitramide anion is close to parallel (29�) to

the a axis (Table 3). When this is combined with the orienta-

tion of the dinitramide anions in the unit cell, the resulting

amplitude of motion of the component atoms is again most

important in the b direction.

Figure 1
(a) Potassium dinitramide, unit cell with 20% atomic probability
ellipsoids at 298 K including the libration tensor L(i) for each anion.
(b) Dinitramide anion, 50% atomic probability ellipsoids at 298 K, with
the libration tensor represented in the same way, superimposed. (c)
Potassium cations, 90% atomic probability ellipsoids at 298 K, with the
translation tensor for the dinitramide anions represented in the same way,
superimposed. (Different probabilities have been used to emphasize the
representation of the translation and libration tensors.)

Figure 2
Temperature variation of KDN unit-cell parameters and volume
normalized to those at room temperature (a = 6.580 + 1.244 � 10ÿ4T,
b = 8.975 + 1.01� 10ÿ3T, c = 7.128 + 2.403� 10ÿ4T AÊ , � = 98.150ÿ 1.907
� 10ÿ3T�, V = 416.54 + 7.231 � 10ÿ2T AÊ 3.

Table 3
Eigenvalues and eigenvectors of libration and translation tensors of the
dinitramide anion at 298 K.

Eigenvalue Eigenvector

Libration (rad2) 0.02244 0.8736 ÿ0.4639 0.1468
0.00235 0.4377 0.6173 ÿ0.6538
0.00489 0.2127 0.6354 0.7423

Translation (AÊ )2 0.03136 0.8470 ÿ0.4722 0.2444
0.02465 0.4141 0.8742 0.2536
0.02146 ÿ0.3334 ÿ0.1136 0.9359



The contact distances between the potassium cation and the

O atoms of the dinitramide anion decrease linearly with

decreasing temperature, as expected from the unit-cell varia-

tion. At room temperature the four closest contacts between

the potassium cation and the O atoms of the dinitramide anion

range from 2.810 (2) to 2.947 (2) AÊ ; at 85 (1) K the contacts

range from 2.7800 (12) to 2.9159 (12) AÊ . The libration-

corrected bond lengths within the dinitramide anion show

only minimal expansion with increasing temperature (average

0.002 AÊ over the complete temperature range).
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