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Abstract

The crystal structure, spectroscopic and thermal properties of ammonium dicyanamide NH4IN(CN),] have been thoroughly
investigated by means of temperature-dependent single-crystal X-ray and neutron powder diffraction, vibrational and MAS-NMR
spectroscopy as well as thermoanalytical measurements. The comprehensive elucidation of structural details is of special interest
with respect to the unique solid-state transformation of ammonium dicyanamide into dicyandiamide. This reaction occurs at
temperatures >80°C and it represents the isolobal analogue of Wd&hler’s historic transformation of ammonium cyanate into urea.
NH4[N(CN),] crystallizes in the monoclinic space group P2, /c with lattice constants a = 3.7913(8), b = 12.412(2), ¢ = 9.113(2) A,
B =91.49(2)° and Z =4 (single-crystal X-ray data, T = 200K). The temperature dependence of the lattice constants shows
anisotropic behavior, however, no evidence for phase transitions in the investigated temperature range was observed. The hydrogen
positions could be localized by neutron diffraction (10-370 K), and the temperature-dependent behavior of the ammonium group
has been analyzed by Rietveld refinements using anisotropic thermal displacement parameters. They were interpreted by utilizing a
rigid body model and extracting the libration and translation matrices of the ammonium ion by applying the TLS formalism. The
results obtained by the diffraction methods were confirmed and supplemented by vibrational spectroscopy and solid-state >N and

13C MAS-NMR investigations.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Over the last decade, considerable research efforts
have been focused on the synthesis of two- and three-
dimensional structures with C3Ny stoichiometry, owing
to the predicted ultra-hardness combined with thermal
stability of such lightweight materials [1-3]. Recently,
the focus on carbon nitride chemistry has been foremost
centered on potential molecular precursors for the
synthesis of extended g-C;Ny-like networks.

On this background, simple inorganic nitridocarbo-
nates (IV) such as cyanamides and dicyanamides,
containing the linear [N=C=N]*" and bent planar
[N(CN),]™ anions, respectively, have been investigated.
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Among these, the cyanamides and dicyanamides of the
metals M =Li [4,5], Na [6,7], K [8,9], Cs [10], Ag
[11-13], Mg, Ca, Sr, Ba [14-16], Zn [17-19], Pb [20] and
Co, Ni, Cu [21-23] have been structurally characterized.
A particularly intriguing feature of dicyanamide chem-
istry is the thermal behavior of the alkali salts Li—Rb:
upon heating, the [N(CN),]  anions undergo trimeriza-
tion forming the respective tricyanomelaminate salts
M;[C6No] [5,7,9]. In this context, the investigation of the
ammonium salt of dicyanamide NH4[N(CN),] (1) is of
special interest since it combines interesting structural
features with a unique thermally induced solid-phase
reactivity: at temperatures above 80°C, the solid—solid
isomerization into dicyandiamide H4C,N4 (2) is ob-
served [24,25]. This reaction represents the isolobal
analogue of Woéhler’s historic synthesis of urea starting
from ammonium cyanate (Fig. 1).
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Fig. 1. Transformation of ammonium dicyanamide (1) into dicyan-
diamide (2) in the solid phase. The reaction represents the isolobal
analogue to Wohler’s historic transformation of ammonium cyanate
into urea.

The X-ray crystal structure of NH4[IN(CN),] has been
communicated recently [25]; however, no detailed
information concerning the thermal behavior has
been given yet. In this contribution we report on the
synthesis and crystal structure characterization by both
X-ray and neutron powder diffraction in a large
temperature range between 10 and 370K, as well as
thermoanalytical and spectroscopic investigations. The
transformation of NHyN(CN),] into dicyandiamide
H4C,N, and detailed studies on the temperature-
dependent dynamics of the ND, group based on
solid-state NMR spectroscopic investigations will be
published in a forthcoming paper.

2. Experimental
2.1. Synthesis

NH4[N(CN),] was prepared by ion exchange in
aqueous solution. A column containing an ion exchange
resin in strongly acidic form (Merck, Ionenaustauscher
I, H"-Form, Art. 4765) was loaded with an aqueous
solution of NHyCl (Fluka, >98%, 1-2.5M) and
thoroughly washed with deionized water to remove
excess chloride. Subsequently, a solution containing
Na[N(CN),] (Fluka, >96%, 0.5M) was poured onto
the column. The eluate, evaporated at room tempera-
ture, gave a crop of colorless, needle-shaped crystals
(yield~100%). For the neutron diffraction measure-
ments, 3.0g NH4[N(CN),] were dissolved in 20mL
D,0O (Deutero GmbH, 99.9%) and stirred under
argon at 50°C. After 1h, the D,O was completely
removed in vacuo. To yield the fully deuterated product,
the former procedure was repeated twice and the
white powdered product stored in a Schlenk flask
under argon.

2.2. Vibrational spectroscopy

FTIR spectra of NHy4N(CN),] were recorded at
room temperature on a Bruker IFS 66v/S spectro-
meter. The samples were thoroughly mixed with dried
KBr and compressed to pellets (500mg KBr/5mg
sample).

Raman spectra were recorded on a Spectrum 2000
NIR-FT-Raman spectrometer (Perkin—Elmer) which
is equipped with a Nd-YAG laser optics system
(4 =1064 mm). During the measurements at room
temperature, the sample (30 mg) was contained in a
glass tube (diameter 2 mm) open to the atmosphere.

2.3. X-ray-diffraction

X-ray diffraction data of a single crystal were
collected on a four-circle diffractometer (STOE Stadi
4) using graphite monochromated MoKa radiation
(Akx = 71.073 pm). Complete data sets were recorded
between 200 and 340K using a 600 Series Cryostream
Cooler (Oxford Cryosystems). The space group could be
unambiguously determined as P2;/c¢ (No. 14). The
crystal structure was solved by direct methods using the
software package SHELXS-97 [26] and refined using
SHELXL-97 [27] with anisotropic displacement para-
meters for all non-hydrogen atoms.

Further details of the crystal structure determination
reported in this paper may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen, Germany, by quoting the deposi-
tory number CSD-413097.

Temperature-dependent in situ X-ray diffractometry
was performed on an STOE Stadi P powder diffract-
ometer (CuKo, radiation, Agy, =154.051 pm), which
is equipped with a 600 Series Cryostream Cooler
(Oxford Cryosystems) for measurements below room
temperature.

2.4. Neutron powder diffraction

Time-of-flight (TOF) neutron diffraction data of a
deuterated sample of ammonium dicyanamide were
obtained on the ROTAX instrument at the ISIS
spallation source of the Rutherford Appleton Labora-
tory, UK [28]. The polycrystalline sample (deuteration
grade >95% as determined by solid-state NMR and IR
spectroscopy as well as mass spectrometry) was trans-
ferred into a vanadium vessel (length 60 mm, diameter
8 mm) in a glove-box and sealed air-tight using copper
rings. Data were collected on two medium resolution
banks in forward scattering geometry and a high-
resolution backward scattering bank being composed
of linear position-sensitive °Li glass scintillation detector
systems. A prominent feature of the ROTAX-TOF
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instrument is the constant high resolution Ad/d =0.0035
(d is the lattice spacing) in backscattering geometry
(for higher order reflections). The detector banks cover a
TOF range from 2.4 to 12.0ms (d = 202—998 pm), 2.7
to 20.0ms (d = 80—595pm) and from 4.0 to 19.4ms
(d = 60—290 pm) at diffraction angles 20 = 17.2°, 52.6°
and 122.0°, respectively. The data were normalized with
respect to those of a standard vanadium sample.
Complete powder diffraction patterns were recorded at
temperatures between 10 and 370K at 13 different
temperatures using a hot-stage closed-cycle refrigerator
[29] with a Eurotherm type 2408 temperature control
(Eurotherm Controls Limited), the Pt sensor (Pt 100)
being in contact with a copper block mounted on top of
the vanadium can. For safety reasons, there was no heat
exchange gas in the chamber surrounding the sample. A
thin vanadium foil radiation shield was used as thermal
shielding against ambient temperatures. Accordingly,
the copper block served as the major heat transfer
medium and thus, a heat gradient within the sample
container occurred. The acquisition time for the low-
temperature runs was typically 2h, whereas the data
sets at 10K and room temperature were collected
within 6 h.

The data of the three detector banks were refined
simultaneously with the structure refinement program
GSAS, which is based on the Rietveld method [30,31]
(Fig. 2). Anisotropic atomic displacement parameters
were used for the deuterium atoms and the ammonium-
nitrogen from 10 to 365 K. The profile of the ROTAX-
TOF data could satisfactorily be described by a
convolution of two back-to-back exponentials with a
pseudo-Voigt function, the background was modeled
using a Chebyschev polynomial of the first kind with
typically 12 coefficients [31]. The cell constants, atomic,
line shape and background parameters were varied
simultaneously, whereas the characteristic diffract-
ometer constants were kept at their original values in
order to obtain accurate lattice constants. For the
investigation of the librational and translational dy-
namics of the ammonium group as a whole, the
structural parameters of the ammonium group were
parameterized as rigid body, using a model with four
variable N-D bond lengths and a fixed tetrahedral angle
(average D-N-D angle of the respective unrestrained
refinement).

Further details of the neutron diffraction data
recorded at 10 K may be obtained from the Fachinfor-
mationszentrum  Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany, by quoting the depository
number CSD-413096.

2.5. Thermal analysis

Thermoanalytical measurements between room tem-
perature and 300°C or 500°C were carried out using a
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Fig. 2. Rietveld profile fits of NDyN(CN),] at 10K. Observed
(crosses) and calculated (line) neutron powder diffractograms as
well as difference profiles (lower line). The lower rows of vertical
lines indicate the possible reflection positions of ND4N(CN),]
(lower row) and ND,4CI (upper row). Top: bank 1 (2.4-12.0ms, d=
202—998 pm, 2¢=17.2°); middle: bank 2 (2.7-20.0 ms, d = 80—595 pm,
20 = 52.6°), bottom: bank 3 (4.0-19.4ms, d =60—290pm, 20 =
122.0°).

Mettler DSC 25 (variable heating rates between 0.5°C/
min and 50°C/min); for combined DTA/TG measure-
ments in the same temperature range a Setaram
thermoanalyzer TGA 92-2400 was used.



2.6. Solid-state NMR spectroscopy

13C and "N CP-MAS-NMR studies have been
conducted on a DSX Avance 500 solid-state NMR

Table 1

X-ray crystallographic data for NH4[N(CN),]

Formula

Diffractometer, monochromator
Radiation
Temperature (K)
Space group

Lattice constants (/D\, °)

Cell volume (10°pm?)

Formula units

Calc. density (gecm )
Diffraction range (°)

Scan type
Observed reflections

Independent reflections

F(000)

Corrections

Extinction coefficient

Refined parameters
R indices (for all data with
F2>20F?)

GooF

Min./max. residual electron
density (e~ x 10~ pm )

NH4[N(CN),]

STOE STADI 4, graphite
MoKa (A = 71.073 pm)
200

P2, /c (No. 14)
a=3.7913(8)

b =12412(2)
c=9.113(2)

p =91.49(2)

V =428.66(12)

Z=4

1.303

5.5<20<55

w

1923

979 (Rin = 0.034)

176

Lorentz, polarisation, extinction
7 =0.048(11)

72

R, =0.0357

WR, = 0.1000
wl = ¢?F2 +0.0475P% +
0.0497P

1.091

~0.174/0.160

Table 2
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spectrometer (Bruker, Karlsruhe) equipped with two
phase sensitive detectors in quadrature. The proton
decoupled measurements using a commercial double-
resonance MAS probe (Bruker, Karlsruhe) were carried
out by transferring the powdered sample into a ZrO,
rotor (diameter 4 mm) which was sealed by a pierced /-
BN cap for pressure equalization. The MAS spectra
were recorded with an eightfold phase cycled cross
polarization (CP) impulse sequence (contact times 10
("3C) and 20ms (*°N)) at 5 ("*C) and 1.5kHz ("°N)
spinning frequency, respectively. The spinning frequen-
cies were optimized in order to extract isotropic and
anisotropic properties of the chemical shift interaction.
The proton decoupling was effected by a two pulse
phase modulation (TPPM) pulse sequence [32]. The
spectra were simulated and iteratively fitted with the
NMR simulation software package Simpson [33].

3. Results and discussion
3.1. Crystal structure

Details of the X-ray crystal structure solution and
refinement are summarized in Table 1, lists of the
positional coordinates and displacement parameters are
given in Table 2. NHyN(CN),] is built up from
crystallographically equivalent NH, and [N(CN),]~
ions, respectively, which are alternately stacked forming
parallel chains along [001] (Fig. 3). The monoclinic unit
cell contains four formula units of which one is

Positional coordinates and displacement factors (in pm?, standard deviations in brackets) of NH4[N(CN),] (X-ray single-crystal data at 200 K, upper
row) and NDy[N(CN),] (neutron powder diffraction data at 10K, obtained from Rietveld refinements, lower row)

Atom x y z Ucq/ Uiso Un U Uss Ux; Uis U

NI 0.5605(3)  0.38261(9) —0.11592)  0.0366(3)  0.0470(7)  0.0405(6)  0.0225(5)  —0.0015(4)  0.0044(4)  —0.0021(5)
0.5476(7)  0.3837(2)  —0.1151(3)  0.0131(6)

C1 0.4917(3)  0.35899(9)  0.0021(2)  0.0271(3)  0.0335(6)  0.0248(5) 0.0229(5) —0.0025(4)  —0.0020(4)  —0.0017(4)
0.4816(9) 0.3604(3) 0.0027(4) 0.011(9)

N2 03914(3)  0.322329)  0.13022)  0.0369(3)  0.0557(7)  0.0354(6)  0.0195(5)  —0.0009(4) —0.0006(4) —0.0188(5)
03811(7)  0.3235(2) 0.1298(4)  0.0133(6)

2 0.4894(3)  0.371238)  0.2516(2) 0.0256(3)  0.0302(6)  0.0236(5)  0.0231(5)  0.0036(4)  0.0009(4)  —0.0031(4)
0.4812(9) 0.3705(4) 0.2511(4) 0.0124(8)

N3 0.55693)  0.40782(8)  0.3656(2)  0.0322(3)  0.0441(6)  0.0308(5) 0.0214(5)  —0.0006(4) —0.0030(4)  —0.0038(4)
0.5501(7)  0.4081(2) 0.3661(3)  0.0101(6)

N4 0.0041(3)  0.11548(8)  0.1341(2)  0.0257(3)  0.0293(5)  0.0264(5)  0.0212(5) —0.0016(4) —0.0012(4)  —0.0009(4)

—0.0010(7)  0.1124(2) 0.1324(4)  0.0140 0.0152)  0.009(1)  0.018(1)  —0.0022)  —0.001(1)  —0.003(1)

HI 0.151(4)  0.059(2) 0.1392)  0.042(4)

DI 0.175(1)  0.0500(4) 0.1349(5)  0.0296 0.0233)  0.0443)  0.022(3) 0.005(2) 0.003(2) 0.0192)

H2 ~0.126(4)  0.1122) 0.0522)  0.037(4)

D2 —0.162(1) 0.1084(4) 0.0391(5) 0.0206 0.028(3) 0.019(2) 0.014(2) —0.000(2) —0.005(2) —0.001(2)

H3 ~0.124(5)  0.114Q2) 0216(2)  0.042(4)

D3 —0.158(1)  0.1104(5) 0.2258(4)  0.0287 0.0353)  0.0323)  0.0192)  —0.003(3) 0.008(2)  —0.002(3)

H4 0.125(4)  0.177(2) 0.1322)  0.039(4)

D4 0.141(1)  0.1832(3) 0.1356(6)  0.0300 0.0413)  0.0132)  0.036(3) 0.001(2)  —0.0043)  —0.0052)

All atoms on Wyckoff position 4e, SOF =1. U is defined as one-third of the trace of the orthogonalized Uj; tensor.
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Fig. 3. Crystal structure of NH4[N(CN),], view along [100]. N: black
circles, C: big white circles, H: small white circles.

symmetrically independent. The coordination sphere of
the ammonium ion can be described as that of a
distorted cube, the corners being composed of eight
dicyanamide ions. Six of these are terminal N and two
are bridging amido N of the dicyanamide ions, resulting
in four short N4---N contacts (287-307 pm) and four
longer contacts ranging from 307 to 346pm (Fig. 4).
Relevant bond distances and angles can be found in
Table 3.

The bent planar dicyanamide ions exhibit only minor
deviations from point symmetry C,,, the bond distances
and angles being similar to those of other ionic
dicyanamides. The bond lengths correspond to the
formula [N=C-N-C=N]~ with localized single
(131 pm) and triple bonds (115-116 pm). The data sets
recorded at higher temperatures (250-340K) confirm
the structure model of the low-temperature data. No
significant change of the structural parameters other
than the expected increase of the temperature factors
and anisotropic thermal expansion was detected (see
below), the R-factors being similar to those of the
low-temperature data (wRy: 10.0-11.0%, Ry: 3.6-3.7%,
Rin: 3.4-2.2%, goodness-of-fit (Goof): 1.091-1.063,
200340 K).

Besides the completion of the structural model
obtained from single-crystal X-ray investigations, the
accurate position of the hydrogen atoms is of special
interest with respect to the temperature-dependent
dynamics of the NH, group and reactivity of ammo-
nium dicyanamide. For this purpose, neutron diffrac-
tion data were collected at 10K for a fully deuterated
sample of ammonium dicyanamide. Details of the

3

Fig. 4. Coordination sphere of the ammonium ions in NH4[N(CN),],
displacement ellipsoids are drawn at the 50% probability level. N:
black ellipsoids, C: white ellipsoids, H: white circles.

neutron diffraction experiment and Rietveld refinement
at 10K are listed in Table 4, the atomic coordinates
and displacement parameters are given in Table 2.
The structure model obtained from the Rietveld
refinement is consistent with the single-crystal X-ray
investigations at 200 K. The positions of the hydrogen
atoms could be unambiguously established from the
simultaneous Rietveld refinement of the three detector
banks (for further details see below), the four
D---N hydrogen bridge contacts range from 185 to
203 pm.

The hydrogen bridge network is believed to play a
major role in terms of a pre-orientation of the ionic
reactants towards each other, and thus to influence the
high-temperature reactivity of the compound. A promi-
nent feature of the medium strong hydrogen bridge
ensemble is the partition into two weaker (i.e. longer,
N4-D1:--N3/N4-D4---N2) and two stronger (i.e.
shorter, N4-D2---N3/N4-D3---N1) hydrogen bridges,
the latter being roughly directed along the crystallo-
graphic c-axis, while the former run perpendicular to it.
These findings may be indicative of the fixation of
the ammonium ion by the two stronger hydrogen
bridges which may significantly direct the dynamics of
the ammonium group as a whole and affect the
trajectories of the deuterium atoms in particular.
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Table 3
Intra- and intermolecular bond distances (in pm) and angles (in °) for NH4[N(CN),] (200K, 2. and 5. column) and NDy[N(CN),] (10K, 3. and
6. column)
N4-H1 90(2) 101.1(4) HI1-N4-H2 110(1) 110.2(5)
N4-H2 89(2) 103.0(5) HI1-N4-H3 107(1) 110.0(5)
N4-H3 90(2) 104.9(5) H1-N4-H4 111(2) 108.2(4)
N4-H4 90(2) 102.0(5) H2-N4-H3 114(1) 110.2(4)
CI-N1 115.1(2) 114.6(4) H2-N4-H4 107(1) 110.8(5)
C2-N3 115.7(2) 117.0(4) H3-N4-H4 108(1) 107.4(5)
N2-Cl1 131.8(2) 131.1(4) CI-N2-C2 120.5(1) 121.3(4)
N2-C2 130.7(2) 129.4(4) NI1-C1-N2 173.2(1) 172.5(4)
N3-C2-N2 173.7(1) 174.5(5)
N4--- N1 287(3) 289.4(4) N4-H1-N3 172(2) 169.8(4)
307(3) 304.1(4)
N4---N2 295.3(2) 296.7(4) N4-H2-N3 175(2) 176.5(4)
346.2(2) 347.6(5)
N4(—H1)---N3 306.8(2) 302.7(4) N4-H3-N1 175(2) 175.7(5)
334.2(2) 324.6(4)
N4(—H2)---N3 295(3) 292.5(4) N4-H4-N2 178(2) 175.0(4)
328(3) 323.8(5)
Table 4 1260 950
Neutron diffraction and Rietveld refinement data for NDy4[IN(CN),] 1
c 1250 940
Diffractometer ROTAX, ISIS 2 4240 1930 g_
Temperature (K) 10 e} 1 ~
Lattice parameters (A, °) a=3.7328(1) o 1230 ] 920 f,,’
b=123177(3) £ 4220 910 &
¢ =9.1303(3) S ol Te00 &
S =91.596(2) @ c | g
Cell volume (10° pm?) V = 419.64(2) T 1200, 1800 =
Calc. density (gecm ™) 1.395 .8 390 L ] 880 2
Scan mode TOF E=) ©
20 (banks 1-3) 17.24, 52.62, 122.18 T 380 a 1870
Range of d-spacings (A) (banks 1-3) 2.0-10.0, 0.8-5.9, 0.7-2.9 370 = . ) \ X , X X ]

Number of Bragg reflections (all banks) 3370

Absorption coefficient (cm ™) w=0.1448

Refined parameters 87

R values (banks 1-3) Ryp: 0.0403, 0.0337, 0.0438
Rp2:0.0318, 0.0302, 0.0217
Rgsq: 0.0200, 0.0302, 0.0247

Red. * 1.950

3.2. Thermal behavior of the lattice and atomic
parameters

The lattice parameters and cell volume of ammonium
dicyanamide were determined by both X-ray and
neutron diffraction at various temperatures. The results
are shown in Figs. 5 and 6. Both diffraction methods
reveal the same tendencies, of which the most striking
one is the pronounced anisotropic thermal expansion of
the lattice parameters in the temperature range investi-
gated (a: +1.8%, b: +1.0%, ¢: —0.4%, p: +0.1%).
Whereas the a- and b-axis show normal thermal
expansion with increasing temperature, the c-axis
exhibits a negative coefficient of thermal expansion.
The thermal behavior of the cell volume, which is
relevant for the evaluation of possible phase transitions,

860
0 50 100 150 200 250 300 350 400
temperature / K

Fig. 5. Thermal behavior of the lattice constants of NH4[N(CN),] and
NDy4[N(CN),] as monitored by temperature-dependent X-ray powder
diffraction between 100 and 298 K (open symbols) and neutron powder
diffraction between 10 and 370K (filled symbols), respectively. Both
neutron and X-ray data are interpolated by second-order polynomials
(solid lines).

is shown in Fig. 6. Both X-ray and neutron diffraction
data indicate a normal thermal expansion without any
evidence of structural phase transitions in this tempera-
ture range. The systematically lower values obtained
from neutron diffraction may be due to the insufficient
temperature transfer and the resulting heat gradient
within the sample tank.

Besides the temperature dependence of the lattice
constants, the thermal behavior of the anisotropic
displacement amplitudes and certain geometric para-
meters of the ammonium group have been investigated
on the basis of unrestricted anisotropic refinements of
the data sets between 10 and 370 K. Importance was
primarily attached to thermal changes with respect to
the deuterons, insofar as the latter serve as main
indicators for underlying changes of the dynamics and
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Fig. 6. Thermal behavior of the cell volume of ammonium dicyana-
mide as monitored by temperature-dependent X-ray (open symbols)
and neutron powder diffraction (filled symbols) from 100 to 298 K and
10 to 370K, respectively. Both data sets are interpolated by fourth-
order polynomials (solid lines).
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Fig. 7. Thermal behavior of the N-D bond lengths without libration
correction, based on the anisotropic Rietveld refinements of the
neutron diffractograms recorded between 10 and 370 K.

reactivity of the ammonium group. According to the
enhanced thermal movement of the deuterons, the
anisotropic displacement factors steadily increase with
temperature. Whereas the temperature factors of the
deuterons D2-D4 increase about linearly, those of D1
can be approximated by a parabolic interpolation,
indicating a more pronounced thermal movement of
the latter deuteron. The N4-D bond lengths (Fig. 7)
similarly show a rather heterogeneous behavior in that
the N4-D4 distance severely drops at high temperatures,
whereas the other bond lengths remain practically
constant taking into account the error of experimental
data. This result might be tentatively correlated with the
nature of the hydrogen bond network. The latter does
not exhibit unexpected changes with temperature. The

contacts D2---N3 and D3---N1 range between 185
and 199pm while D1:--N3 and D4:--N2 amount to
195-217 pm within the temperature interval of 360K,
again reflecting the pertaining partition into two
stronger and two weaker contacts. The angles N4—
D---N associated with the hydrogen bridges do not alter
considerably with temperature either; however, the
angles involving the deuterons D1 and D4 (170°—
164°, 175°—165°) generally deviate from 180° more
significantly than those involving D2 and D3 (176°—
175°, 176°—177°), which is also consistent with the
differentiation into two weaker and two stronger
hydrogen bonds. The D-N-D tetrahedral angles remain
largely undistorted until room temperature, while above
300K the angles D2-N4-D4 and D3-N4-D4 signifi-
cantly widen (—120°, —117°), whereas DI-N4-D4
decreases considerably (— 99°).

3.3. Librational and translational motion
of the NDy group

In order to yield information about the low-tempera-
ture motional behavior of the ammonium ion, a
parameterization of the anisotropic displacement para-
meters was carried out. The separation of the libra-
tional, translational (external modes) and vibrational
modes (internal modes) is based on the implementation
of a rigid body model, which, however, has physical
significance only if the amplitudes of the internal modes
are negligible compared to those of the external modes.
This can be assumed to be applicable in this case as is for
most of the N-D bonds [34,35]. The mean-square
displacements of the ammonium ion can be described
in terms of a (symmetric) translation matrix T, a
(symmetric) libration matrix L, and a (non-symmetric)
correlation matrix S [36], taking into account the
existence of mixed translational-librational modes.
The center of gravity (N4) of the cation was chosen to
be the molecular center for the parameterization and
thus coincides with the origin of the Cartesian reference
coordinate system in which the TLS matrices are
defined. Since the monoclinic angle is very near to 90°
(91.3° at 10 K), the reference coordinate system is almost
aligned with the crystallographic coordinate system. In
this case, where the molecular center is identical with the
center of gravity location, the correlation matrix can be
set to zero as is stated in the literature [37]. Since all
ammonium ions are located on general positions, no
geometric restrictions of the L and T matrices must be
considered a priori. Some of the most relevant refine-
ment parameters of the rigid body fit at 10K are listed in
Table 5. The R-values of the rigid body refinements did
not significantly deteriorate compared to the unrest-
ricted refinements.

From the eigenvalues and the direction cosines
belonging to the eigenvectors of the diagonalized
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Table 5

Refined parameters of the rigid body fit, based on the neutron diffraction data for ND4N(CN),] at 10K. Top lines: orientation and positional
parameters R; (°) and T; (A) for transferring the internal rigid body coordinate system into the crystal coordinate system. Middle and bottom rows:

elements of the translation and libration tensors T (Az) and L ((°)®)

R.(o;) Ry (ay) R (o)
—158(6) 88.4(1) 64(6)

T T»n T33
0.014(1) 0.0121(8) 0.0163(9)
L11 L2’_7 L33

43(7) 68(5) 91(5)

Tx T,V T5
~0.0004(4) 0.1133(1) 0.1334(2)
T T T
~0.0033(9) 0.0007(6) 0.000(1)
Ly L3 Ly
—4(5) 20(4) =7(9)

libration matrix one can derive an axis, termed Lss,
which is associated with the direction perpendicular to
the major librational degrees of freedom. At low
temperatures, L33 encloses only a small angle with the
crystallographic c-axis so that the largest amplitudes of
libration may be associated with the N4—D1 and N4-D4
bonds since they are aligned almost perpendicular to the
c-axis. This, however, is in agreement with the findings
that the bonds N4-D2 and N4-D3 are more strongly
involved in the hydrogen bridge network and therefore
less spatially mobile. Whereas at low temperatures, the
direction of the major libration axis can be roughly
associated with the bond N4-D2, the axis continuously
inclines towards the plane perpendicular to the c-axis
(001) (quadrant enclosed by the positive a- and b-axis) at
higher temperatures and approaches the direction of the
N4-D4 bond (Fig. 8). The maximum librational root-
mean-square amplitudes L33 range from 10° at 10K to
17° at 365 K.

As for the librational mobility of the ammonium ion,
its translation is clearly anisotropic in nature. The
maximum root-mean-square translational displacements
can be associated with a major axis of translation,
termed 733, whereas in the perpendicular directions, the
translational amplitudes 77; and T, are persistently
smaller. The principal axis system of the translation
tensor coincides with the principal axis system of the
anisotropic displacement of the central nitrogen atom.
The root-mean-square displacements of the diagona-
lized translation tensor amount to 10-13 pm at 10K and
1624 pm at 365K.

To illustrate the spatial distribution of the nuclear
density as is contained in the thermal displacement
parameters, two-dimensional Fourier cuts of the ammo-
nium group at various temperatures are shown in Fig. 9.
The spatial distribution of the deuterium atoms is
almost spherical at 10K and no pronounced smearing
of the deuterium density is detectable. As expected, this
is indicative of a mnearly static ammonium group
exhibiting only small-angle librations of the deuterium
atoms at this temperature. At higher temperatures, the
probability density function (pdf) of the deuterium
atoms D1 and D4 (left) is becoming increasingly

Fig. 8. Projection of the major axis of libration L33 into the origin of
the unit cell at temperatures between 10 and 365 K. With increasing
temperature, the inclination of the main libration axis towards the
plane (001) is observable.

anisotropic, which applies to the atoms D2 and D3
(right) to a much lesser extent. This nicely demonstrates
the larger librational amplitudes associated with the
deuterons D1 and D4 compared to D2 and D3. At
temperatures higher than 330K, the pdf of the central
nitrogen becomes ellipsoidally distorted, reflecting the
translational trajectory of the nitrogen N4 directed
towards the N4-D1 bond.

In order to obtain accurate bond length data taking
into account the librational motion of the ammonium
group, a libration correction based on the libration
matrix L has been applied to the N-D bond lengths
using the following equation:

oFk = —3[(Tr(L)F — Li)]. (1)

The corrected values together with the original ones
are given in Table 6. The mean N-D bond lengths
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averaged over the whole temperature range and over all
four N-D bonds is 104 pm which is in good coincidence
with the literature data [38-40]. Compared to the
uncorrected values, the shortening due to libration is
apparently compensated and variations with tempera-

Fig. 9. Fourier cuts through the nuclear density of the ammonium
group at temperatures 10, 295 and 365K (top to bottom). Left: view
onto the ab-plane (D1-N4-D4, map size 360 x 360 pm); right: view
onto the ac-plane (D3-N4-D2, top to bottom, map size 360 x 360 pm).
The center of reference is positioned at the (temperature-dependent)
atomic coordinates of the ammonium nitrogen.
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ture are reduced. However, especially for N4-D4, bond
distances <100 pm do still occur at higher temperatures,
which may be explained by inferring a weakening of the
hydrogen bridges or complex dynamics of the ammo-
nium group.

The results of the temperature-dependent neutron
diffraction data are of special relevance for further
dynamic investigations, since they can be interpreted in
terms of the slowly proceeding onset of the solid—solid
transformation of NH4[N(CN),] into H4C,N4. The pre-
orientation of the cations and anions as well as the
hydrogen bridge contacts within the crystal are believed
to be requisite for an initial proton transfer from the
ammonium to the dicyanamide ion.

The contraction of the c-axis with increasing tem-
perature can tentatively be correlated with the nature of
the hydrogen bridge network which may be partitioned
into two weaker hydrogen bridges (D1---N3, D4---N2)
and two stronger ones (D2---N3 and D3---N1), the
latter being oriented approximately along the direction
of the c-axis. At higher temperatures it becomes evident
that the librational and translational degrees of freedom
are predominantly associated with the N4-DI1 and
N4-D4 bonds. On the one hand, this can be seen
from the pronounced shortening of the N4-D4 bond
which is presumably due to enhanced librational
movement. On the other hand, a significant increase of
the thermal displacement factor of D1 becomes evident
at higher temperatures, which together with the
translationally elongated pdf of N4 reflects thermally
activated anisotropic movement along the N4-D1 bond
direction.

It might therefore be concluded that an enhanced
mobility of D1 is indicative of the commencing
detachment of this deuteron which is subsequently
transferred to the anion [N(CN)]5. To clarify this issue
as well as the exact proton transfer mechanism during
the course of the isomerization, more detailed neutron
diffraction and solid-state NMR studies are underway.

3.4. Vibrational spectroscopy

IR spectroscopic data of NHy[IN(CN),] have already
been communicated; however, assignments have only

Table 6
Uncorrected (left) and libration corrected (right) N-D bond lengths in ND4[N(CN);,]
T N4-Dl1 N4-D2 N4-D3 N4-D4
10 102.8(4) 105.0 104.7(4) 106.4 104.3(4) 106.6 102.4(4) 104.7
50 103.9(6) 106.3 105.3(6) 107.1 103.9(6) 105.9 101.7(6) 104.2
90 102.1(6) 104.5 105.5(6) 107.2 104.3(6) 106.4 102.4(6) 104.5
295 100.4(8) 103.6 102.3(7) 103.8 102.5(7) 104.4 94.7(9) 97.0
330 96.0(7) 99.4 103.1(7) 105.2 103.8(6) 106.8 95.6(9) 98.3
365 98.7(9) 104.8 100.2(9) 103.7 100.9(8) 105.7 94(1) 96.7
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been made with respect to the dicyanamide ion [41,42].
In order to account for effects of the crystal symmetry
on the vibrational spectrum of NHy4[N(CN),], a factor
group analysis based on the correlation method has
been carried out [43]. Representative IR and Raman
spectra of NHy[N(CN),] are shown in Fig. 10, the
observed vibration bands together with their assign-
ments are given in Table 7 [41-49]. The factor group

P .

3500 3000 2500 2000 1500 1000 500
wavenumbers / cm”

Fig. 10. FTIR (top) and FT-Raman spectrum (bottom) of
NH4[N(CN),], both recorded at room temperature.

Table 7

Observed vibrational frequencies (in cm™') of NH,N(CN),]. The
assignments with respect to the anion were made on the basis of the
vibrational spectra of N(CO); and N3 [44,45], those of the cation
with reference to solid ammonium chloride [48].

viit [41,46,47]  vops (IR)  vops (Raman)  Assignment [44,45,48,49]
3538 3537 sC=N + v, s N-C
3209 3214 viN-H +vsN-H
3138 3158 vz (=vas) (F 2)
3044 3054 3050 v N-H +v4sN-H
3041 2967 v (=vs) (Al)
2810 2843 28438 2 wyN-H
2274 2269 2267 Vs N—C + v, N-C
2229 2225 2200 vC=N (A 1)
2171 2165 2169 v.sC=N (B 2)
1762 1821 1837 v4N-H + vgN-H
1710 v,N-H (=) (E)
1445 1438 1413 wN-H (=d,) (F 2)
1328 1327 1325 vasN-C (B 2)

927 925 924 v N-C (A 1)

668 670 671 GC-N-C (A1)

538 538 537 7 N-C=N (A 2)

519 519 72sN-C=N (B 1)

505 506 d,sN-C=N (B 2)

dN-C=N (A 1)
359 (calc.) veN-H (F 1)
168 176 vsN-H (F 2)

analysis yields a total of 72 vibrational (internal) and
24 translational as well as 24 librational (external)
modes due to the site symmetry 1 of all molecular ions
and the unit cell content of Z = 4. The external modes,
of which six acoustic translational modes have to be
subtracted, are partially located in the low-frequency
region at wavenumbers smaller than 400 cm ™" which is
characterized by significant band overlap. The fact that
hardly any splittings of the vibrational bands attribu-
table to the free molecules are observed in the
vibrational spectra of NH4[N(CN),] is indicative of
only weak ionic interactions between the isolated
molecular ions and hence negligible coupling of their
vibrational modes.

3.5. Thermal analysis

Both calorimetric and thermogravimetric analyses
exhibit an irreversible, strongly exothermic signal
between 110°C and 150°C, depending on the heating
rate and a less exothermic signal around 200°C. A DSC
curve at a heating rate of 0.5°C/min is shown in Fig. 11.
The first signal is attributable to the phase transition of
NH4[N(CN),] to the isomeric dicyandiamide, whereas
the second is assigned to the transformation of
dicyandiamide into melamine. No phase transitions
have been observed between room temperature and
100°C. The isomerization into dicyandiamide is accom-
panied by a weight loss of about 10%, being attributable
to the thermal degasification of ammonia which is
particularly pronounced in open systems. The enthalpy
of transformation decreases continuously with increas-
ing heating rate from roughly 56 to 13 kJ/mol which is
most likely due to the increased tendency towards
polymerization at higher heating ramps.

rel. intensity
- - N
o [4,] o
) ] )

(3]
I

BN

5L 1 . 1 N 1 . 1 N 1

50 100 150 200 250 300
temperature / °C

Fig. 11. DSC curve for NH4[N(CN),] between room temperature and
300°C, recorded at a heating rate of 0.5°C/min. Positive intensity
values refer to exothermic caloric effects.
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3.6. 3C and °N CP-MAS-NMR studies

The crystallographic information obtained by powder
and single-crystal methods is in good coincidence with
the results of *C and '’N CP-MAS-NMR studies of
NH,4[N(CN),] (Fig. 12). The *C spectrum exhibits two
resonances assignable to the two different carbon atoms
present in the dicyanamide molecule, whereas the '°N
spectrum shows the signals of the four nitrogen atoms
distinguishable in cation and anion. These results
coincide with the molecular ions being located on
general sites within the unit cell which are all symme-
trically equivalent.

The two nitrogen atoms of the nitrile group are
shifted downfield with respect to the bridging and the
ammonium nitrogen (o;s, N1/N3: —216.8, —223.2 ppm,
N2: —363.1ppm, N4: —353.8ppm) and exhibit the

5000 |- * *

4000 -

3000

2000

rel. intensity

1000

300 200 100 0 -100

6300 F
5600 |-
4900 [
4200 [
3500 |
2800 |
200
1400 [

R | ” !l TR

-50 -100 -150 -200 -250 -300 -350 -400 -450

rel. intensity

o/ ppm

Fig. 12. Observed (solid line) and simulated (dotted line) CP-MAS-
NMR spectra as well as difference plots (solid, lower line) of the nuclei
13C at 5kHz (top) and >N at 1.5kHz spinning frequency (bottom),
recorded at 305K. For better visualization, the simulated spectra are
drawn with an y-offset (arbitrarily chosen); asterisks denote spinning
side bands. oj: C1/C2: 1164, 122.1ppm, NI/N3: -216.8,
—2232ppm, N2: —363.1ppm, N4: -353.8ppm. 0anso: CI1/C2:
—24872, —24932 Hz, N1/N3: —10024, —9668 Hz, N2: —3034 Hz.

largest chemical shift anisotropy (Ganiso NI1/N3:
—10024, —9668 Hz, N2: —3034Hz). These findings
may indicate rather static nitrile groups, whereas the
chemical shift anisotropy of the ammonium nitrogen is
strongly diminished by the local isotropy due to its
approximate 7T; geometry. Furthermore, the long '°N
CP contact time (20 ms) which was required to allow for
an optimal polarization transfer is indicative of a high
degree of rotational disorder of the ammonium ions at
room temperature. The chemical shift anisotropy for
N4 can therefore not be determined unambiguously
from the simulated data (0anis0 N4: 200-400 Hz).

4. Conclusion

In this contribution we report on the elucidation of
the crystal structure of ammonium dicyanamide via
temperature-dependent single-crystal X-ray and neutron
powder diffraction. It can be described as a structure
composed of molecular ions with alternating cation—
anion contacts which are approximately equally spaced
and connected by two stronger (D2---N3, D3---NI,
185199 pm) and two weaker (DI1:--N3, D4---N2,
195-217 pm) hydrogen bridges. The libration corrected
mean N-D bond length of the ammonium group
amounts to 104 pm. The direction of the major libration
axis shifts within the investigated temperature range
while the pdfs of the deuterons D1 and D4 and the
ammonium nitrogen exhibit increasing anisotropic
character due to thermally activated librational (D)
and translational (N) degrees of freedom. Evidence has
been found for the commencing detachment of the
deuteron DI in the high-temperature range, serving as
an initial step in the solid—solid transformation of
ND4[N(CN)2] into D4C2N4.

The solid-state CP-MAS-NMR spectra confirm the
location of all ions on general positions and of one
molecule in the asymmetric unit. Thermal analyses
indicate that no phase transitions occur below the onset
of the solid—solid transformation of NH4[N(CN),] into
H4C,N4 which is in agreement with the anisotropic, yet
continuous thermal behavior of the lattice constants as
monitored by neutron diffraction within a temperature
range between 10 and 370 K.

The frequently encountered dynamic disorder of
ammonium groups due to the nature of the hydrogen
potential wells is another intriguing feature of ND,
mobility which can be elucidated by neutron diffraction
and H NMR spectroscopy. The 90° jump model of the
ammonium group, consisting of 90° jumps of the
deuterons around the Cs-axis of the tetrahedron and
therefore requiring the nuclear density to be distributed
more or less equally over eight sites, can largely be
excluded on the basis of the present neutron diffraction
data which allow the unambiguous identification of
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exactly four sites. Other familiar jump models, however,
cannot be ruled out and changes between two or more
jump models within the temperature range under
investigation may be possible. For the exact determina-
tion of the actual jump geometry, *H wideline NMR
investigations in a broad temperature range are under-
way to shed light on this issue.
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