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ABSTRACT: Rubidium guanidinate, RbOCN;H,, was synthesized from guanidine and
rubidium hydride, and the crystal structure was determined from powder X-ray
diffraction (PXRD) data. RbCN3H, crystallizes in the orthorhombic space group
Pnma (No. 62) with four formula units per cell. The guanidinate anions are arranged
in double chains running along the b axis, stacked almost perpendicularly to each
other to form a three-dimensional network. The rubidium cations, coordinated by 11
N atoms, occupy the vacancies of the network in a zigzag motif along the b axis.
Because the PXRD structure of the CNj core clearly indicates the N-atom
functionalities and the location of the H-atom positions, the latter spatial parameters
were determined from Perdew—Burke—Ernzerhof generalized gradient approxima-
tion (GGA-PBE) density functional theory calculations. The corresponding v(NH)
stretching modes can be observed in the IR spectrum, and the volume chemistry of

RbCN,H, mirrors the efficient packing of the saltlike phase.

B INTRODUCTION

The guanidine molecule, (NH,),C=NH, is an important
ingredient of both organic and inorganic chemistry. Despite its
early synthesis in 1861," the elucidation of its crystal structure had
to wait for another 148 years.” Among its chemical properties, the
very strong basic character of guanidine (pKy = 0.4)—thus being
one of the strongest organic bases, similar to alkali hydroxides—is
certainly worth mentioning,® and the basicity goes back to the fact
that the molecule eagerly binds one proton to form the mesomer-
ism-stabilized cation [(NH,);C]".* It is therefore not at all
surprising that a large number of salts containing the guanidinium
cation may be found in the literature, for example, (NH,);CCI®
and [(NH,);C][HSO,],° and the cation has been extensively
studied, both experimentally and theoretically. In addition, there is
arich coordination chemistry of substituted guanidine ligands, both
neutral and negatively charged, together with various metals.’

In sharp contrast, guanidine compounds containing a nega-
tively charged, unsubstituted guanidinate anion are almost un-
known, simply because such a strong base does not lend itself to
easy deprotonation. There is only one report, by Franklin in
1922, which states the formation of dipotassium guanidinate,
K,CN;Hj;, and monosilver guanidinate, AgCN3;H,.” According
to that pioneering work, the two salts were obtained by the
reaction of guanidine nitrate with the metal amide in liquid
ammonia, but because of the noncrystallinity of the products, it
was impossible to clarify their crystal structures. Instead, the
compositions were determined from elemental analysis, namely,
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the amount of potassium (as K,SO,), silver (as AgCl), and
nitrogen (Kjeldahl technique) in the two compounds.

We here report on the synthesis and structure determination
from powder X-ray diffraction (PXRD) data of the first fully
characterized guanidinate compound, RbCN;H,. With this
compound, made by a new synthetic approach, the heretofore
almost unexplored class of unsubstituted guanidinate salts is now
easily accessible.

B EXPERIMENTAL SECTION

Synthesis. Because of the sensitivity of the product and also the
starting materials against air and humidity, all experiments were carried
out either in a dry argon line or in a glovebox. The syntheses of the
educts were performed as described in the literature.>” "' Rubidium
guanidinate was synthesized by simply mixing guanidine and rubidium
hydride in a 1:1 ratio at room temperature. A substantial gas evolution
indicates the start of the reaction, which leads to the colorless title
compound in practically quantitative yield:

(NH,),C=NH(s) + RbH(s) — RbCN;H,(s) + H,(g)

PXRD. The PXRD data at room temperature were collected with the
help of a calibrated STOE STADI2/PL diffractometer with strictly
monochromatized Cu Ko, radiation and an image-plate position-
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Figure 1. Final Rietveld refinement plot of RbCN3H, at T = 10 K,
showing the observed (red) and calculated (black) patterns as well as

their difference (blue). Green bars indicate the calculated Bragg peaks
for both the main phase and the impurity phase RbOH(H,0).

Table 1. Crystal Data and Structure Refinement Details for
RbCN;3H, at T = 10 K and at Room Temperature

temperature (K) 10 293
empirical formula RbCN;H,

fw (g mol ") 143.5

cryst syst orthorhombic

space group Pnma (No. 62)

a(A) 6.9369(4) 6.9969(12)
b (A) 7.0009(3) 7.0469(12)
c(A) 7.5087(4) 7.6072(12)
volume (A®) 364.657(1) 375.084(4)
z 4

calcd density (g cm ™) 2.61 2.55
pattern range, 20 (deg) 6—100 2—125
step scan increment, 26 (deg) 0.020 0.015

no. of data points 4701 9467

no. of reflns 222 390

no. of restraints 0 2

profile function pseudo-Voigt

U 0.17(2) 1.33(7)

v —0.07(1) —~1.01(7)
w 0.050(2) 021(1)

n 0.11(4) 0.71(7)

X —0.003(1) —0.009(3)
preferred orientation (011) parameter 0.06(1)

asymmetry parameter 0.210(7)
RS 542 5.19
Rpragg 3.74 440

aRp = 100(2|y1 - yca[c,il)/zlyil- bRBragg = lOO(leobs,i - Icalc,il)/leobs,il-

sensitive detector combined with a glass capillary (d = 0.3 mm) as a
sample holder; the range of measurement was 2—125° in 26 with
individual steps 0of 0.015°. The PXRD data at 10 K were collected instead
using a Huber G645 diffractometer with strictly monochromatized Cu
Ko, radiation and a scintillation-counter detector; the range of mea-
surement was 6—100° in 26 with individual steps of 0.02°. Here, a flat
air-proof sample holder was used and was cooled in an evacuated closed-
cycle refrigerator.

Structure Determination and Refinement. After PXRD mea-
surement, the positions of 34 strong reflections in the 293 K data were
accurately determined for the purpose of indexing, which was then

Table 2. Spatial and Isotropic Displacement Parameters for
RbCN3H4 at T =10 Ka

atom  Wyckoff position 5 y z B (A%)
Rb 4¢ 0.0266(3) /4 0.5767(4)  0.71(6)
C 4¢ 0.3529(27) 3/, 0.6286(29) 0.3(2)
N1 4c 0.5168(23) '/, 0.5205(17) 0.3(2)
N2 8d 0.2996(16) 0.5801(15) 0.6866(14) 0.3(2)
H1 8d 0.448 0.125 0.560

H2 8d 0.800 0.099 0.214

“The positions of the H atoms were determined from GGA-PBE
electronic-structure calculations.

performed using the Visser algorithm and the ITO" program. Among
others, an orthorhombic cell was found that could host between three
and four formula units based on the approximate volume increments for
Rb*'? and molecular guanidine.” The FULLPROF"* program was used
for the subsequent profile matching and extraction of X-ray intensities.
The lowest possible orthorhombic space group (P222) was presumed,
and a pseudo-Voigt profile function with four terms for correction of the
asymmetry in the low-angle region was applied. This resulted in 210
approximate intensities that were subjected to space-group determina-
tion using the HKL tool as implemented in the WinGX"> program
package. The systematic absences immediately pointed toward space
group Pnma and its noncentrosymmetric subgroup Pn2,a.

The positions of the Rb and N atoms were determined using direct
methods built into the SHELXS-97 code'® assuming centrosymmetric
Pnma symmetry. After the missing C atom was manually placed in the
middle of the nitrogen triangle, the crystal structure was successfully refined
using FULLPROFE."* Upon refinement, additional Bragg peaks were
identified as belonging to the impurity phase RbOH(H,0),"” and its
contribution (ca. 3%) was simultaneously refined using identical pseudo-
Voigt profile parameters. The presence of RbOH(H,O) results from
impure RbH. Fortunately, the quality of the 10 K data allowed the unres-
trained refinement of the spatial parameters of the heavy Rb atom and also
the much lighter C and N atoms, but for reasons of greater refinement
stability, identical isotropic displacement parameters were utilized for C and
N. The room temperature data, on the other side, require C—N bond-
length restraints and fixed isotropic displacement parameters (1 A%); one
might well take the view that rigid-body motions, impossible to model using
PXRD Rietveld techniques, already persist at 293 K. We therefore restrict
ourselves to a discussion of the more accurate 10 K data.

In the final refinements, a preferred orientation parameter on (011)
was included in the low-temperature diffraction data while an asymmetry
correction was needed for room temperature, a consequence of the two
different sample holders. Eventually, the backgrounds of both data sets
were smoothed by applying a Fourier filtering (200 points), as was also
implemented in FULLPROF. The resulting Rietveld plot at 10 K is
shown in Figure 1, and the crystal data and refinement details for both
temperatures are listed in Table 1.

Despite their excellent quality, the difference Fourier map of the 10 K
data did not reveal the positions of the leftover H atoms, very well
understandable because of the presence of the heavily scattering Rb
neighbor. Nonetheless, the C—N bond lengths immediately allowed one
to classify the two different N atoms according to their amino (two
bonded H atoms) and imino (one bonded H atom) functionalities. The
spatial parameters of the two symmetry-independent H atoms were then
straightforwardly calculated from electronic-structure theory (see
below). All spatial and isotropic displacement parameters of RbCN;H,
at a temperature of 10 K are given in Table 2. More details about the
crystal-structure investigation may be obtained from Fachinformations-
zentrum Karlsruhe, Eggenstein-Leopoldshafen, Germany, on quoting
the depository number CSD 422591.
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Figure 2. Perspective view”’ into the crystal structure of RbCN3H,
along the b axis (top) and projection of the double chain made up of
[CN3H,]  units (bottom). The positions of the H atoms were
determined from electronic-structure calculations. Rubidium is in red,
nitrogen in green, carbon in black, and hydrogen in blue.

NH, - NH NH, T+

HN NH HoN NH, HoN - NH»
a) b) c)
Figure 3. Lewis drawings of (a) the guanidinate anion, (b) the

guanidine molecule, and (c) the guanidinium cation. For characteristic
bond lengths, see Table 3.

Theory. In order to assist the structural discussion of the guanidine
molecule, its cation, and also its anion, high-quality molecular-orbital
calculations were carried out using the Gaussian 03'® program suite. All
wave-function-based theory was carried out at the MP2(full)6-311+G-
(d,p) level.

In addition, periodic density functional theory (DFT) calculations were
performed using the VASP suite.'” ' Plane-wave basis sets and PAW
potentials®>*® were applied, with the kinetic energy cutoff set to 400 €V,
combined with an exchange-correlation functional of the Per-
dew—Burke—Ermzerhof generalized gradient approximation (GGA-PBE)

Table 3. Comparison of Experimentally Determined and
Theoretically Calculated C—N Bond Lengths (A) of a Gua-
nidinate Anion (Left), a Neutral Guanidine (Middle), and a
Guanidinium Cation (Right) as a Function of the Bond
Order”

RbCN;H, (this work) CN,H{* CN,H(CI®

bond order 10K caled 100K caled RT caled
1.0 1.44 1.437 1.37 1.394

1.5 1.32 1.336 1.33 1.336
2.0 1.30  1.292

“The calculated values for all three species were obtained with the
Gaussian 03 program at the MP2(full)6-311+G(d,p) level of theory.

type.** Integration in the Brillouin zone was done using the improved
tetrahedron method** ona § x 6 x 6 set of Monkhorst—Pack k points.*®
To calculate the site parameters of the H atoms, the space-group
symmetry, lattice parameters, and all non-H-atom positions (Rb, C, and
N) were locked to their experimental values. Then, the approximate
positions of the amino- and imino-bonded H atoms were optimized from
variational electronic-structure theory (see also the discussion) until
vanishing interatomic forces were achieved.

B RESULTS AND DISCUSSION

Rubidium guanidinate has been synthesized in quantitative yield,
and its crystal structure was determined from PXRD data at room
temperature and 10 K (Tables 1 and 2). There is no evidence for
any phase transition between these two temperatures. In addition, a
PXRD scan between 10 and 430 °C shows that decomposition, but
not melting, occurs around 140 °C. We conclude that rubidium
guanidinate is stable up to this temperature.

RbCN3H, crystallizes in the orthorhombic space group Pnma
(No. 62) with four formula units per unit cell, as depicted”’ in the
upper part of Figure 2. The substructure made up from the
complex [CN3H,]  anions corresponds to double chains which
run along the b axis, and two such neighboring chains are
oriented almost perpendicular to each other to eventually gen-
erate the three-dimensional guanidinate network. Within each
double chain, a projection of which is shown in the bottom part of
Figure 2, every second guanidinate group is shifted slightly out of
the plane, by 0.412(8) A, making the chains a bit noncoplanar.

The rubidium ions occupy the vacancies of the guanidinate
network, and the motif corresponds to zigzag “chains” along the b
axis, with Rb™ —Rb " distances of 3.704(1) A in the “chains” and
4.339(2) A between them, significantly larger than twice the
effective ionic radius of Rb™ (1.69 A) for 11-fold coordination.®
Each Rb " is coordinated by 11 N atoms between 2.98 and 3.55 A,
and Schwarzenbach’s method”” arrives at a likewise large effec-
tive coordination number of 8.95, not at all surprising for the
voluminous Rb atom.

As was alluded to already, the excellent low-temperature data
quality allowed one to characterize the functionality of the
guanidinate anion solely on the basis of the C—N bond lengths,
even without prior knowledge of the H-atom positions. For
illustration, Figure 3 presents schematic drawings of (a) the
guanidinate anion, (b) the guanidine molecule, and (c) the
guanidinium cation. The corresponding C—N bond lengths
are provided in Table 3, both using experimental and theoretical
[at the MP2(full)6-311+G(d,p) level] values. For the neutral
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Figure 4. Molecular structure of the guanidinate anion at T =10 K. The
C and N positions were experimentally determined, while the positions
of the H atoms were calculated from GGA-PBE DFT. A vertical mirror
plane m runs through N1 and C.
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Figure 5. IR spectrum of RbCN;H, taken at room temperature.

guanidine molecule (middle entries), the central C=N double
bond is clearly shorter than the two outer C—N single bonds.
This obvious difference no longer persists in the mesomerism-
stabilized guanidinium cation (right entries), with a 1.5 bond
order throughout the molecule and C—N ~ 1.33 A. The latter
shorter bond length is found experimentally for the C—N2
combination in RbCN3Hy, and an enlarged single-bond length
(7144 A) results for the C—N1 combination. Thus, N1 is
clearly identified as the amino N atom, bonded to two H atoms,
and N2 is the imino N atom, bonded to one H atom. This
assignment is also verified by the quantum-chemical calculation
on the heretofore structurally unknown [CN3H,]  anion be-
cause it arrives at practically the same bond lengths (Table 3, left
entries); the slightly enlarged C—N1 bond length seen both
experimentally and theoretically probably mirrors the anionic
charge.

By using that amino/imino assignment, periodic DFT calcula-
tions allowed one to easily optimize the spatial parameters of the
bonded H atoms, given in Table 2, and thereby corroborate the
differing N functionalities; an alternative but incorrect starting
structure (for example, with the N1 amino atom carrying only
one H atom and one of the two N2 imino atom carrying two H
atoms instead) is less stable by an enormous 111 kJ mol .
Figure 4 depicts the entire guanidinate anion in greater detail. A
vertical mirror plane runs through the N1 and C atoms, and the
bond lengths are 1.44 A for C—N1 and 1.32 A for the C—N2

combination. Likewise, the N2—C—N2 angle is larger (ca. 129°)
than that of N1—C—N2 (ca. 116°), thereby reflecting the greater
(1.5) bond order of C—N2. Both N—H bond distances are
calculated as 1.03 A, but it is only H1 that points toward a
neighboring N2 atom at a distance of 2.01 A (see Figure 2,
bottom). One may assume the presence of such NI—H1- - - N2
hydrogen bridges, in particular because the N1- - - N2 distance,
ca. 3.02 A, is similar to the N+ - - N donor—acceptor distances in
molecular guanidine.” This notion is corroborated by the IR
spectrum of RbCN;H, (Figure S), which exhibits two intense
absorptions at 3278 and 3099 cm ™, assignable to the ¥(NH)
stretching modes. The broad nature of these absorptions in-
dicates the presence of such hydrogen bonds between opposite
imino and amino groups, but no further differentiation can be
done. Similar findings were observed in the spectrum of guani-
dine and the guanidinium cation, each showing three very broad
signals between 3419 and 3140 cm ™', denoted as v(N—H- « - N)
absorptions.*® Finally, the CNj core of the anion is perfectly
planar within two standard deviations because the C atom does
not deviate more than 0.017(10) A from the surrounding
nitrogen triangle.

The volume chemistry of rubidium guanidinate is surprising,
but only at first sight. The compound has a molar volume of
55 cm® mol ™!, which, given the Rb" volume increment,™
translates into a rather compact 35 cm® mol " for [CN;H,] ™.
Thus, the anion looks smaller than the neutral molecule CN3Hs>
by 11 cm® mol ™", despite the fact that the intermolecular C—N
bond lengths are larger; note that the volume increment of H is
zero."® Because of these larger C—N bond lengths, a (slightly)
larger van der Waals surface of [CN3H4] ™ should result com-
pared with the one of CN3H;. Nonetheless, the smaller volume
increment clearly indicates that RbCN3H, is more efficiently
packed than molecular guanidine or even corresponding salts
such as guanidinium chloride.®

Bl CONCLUSION

The first guanidinate compound of rubidium, RbCN;H,, has
been synthesized, and the structure was solved from PXRD data.
Because the positions of the heavy-atom Rb and also C and N
were refinable from the low-temperature (10 K) data, the
nitrogen assignment (amino and imino functionality) was
straightforward, thereby allowing calculation of the H-atom
positions on the basis of GGA-PBE DFT. Neutron-diffraction
measurements on single crystals would be required to collect
anisotropic displacement parameters for all atoms, needed for a
full rigid-body correction of the anionic motion and, thus,
perfectly accurate C—N and N—H bond lengths at room
temperature. The volume chemistry of RbCN3;H, mirrors the
efficient packing of the saltlike compound.
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