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Abstract: The electron density and related properties of biguanidinium dinitramide (BIGH)(DN) and
biguanidinium bis-dinitramide (BIGH)(DN) crystals (space groups P1 and C2/c) have been determined
from low-temperature (90(1) K) X-ray diffraction experiments. The Hansen—Coppens multipole model as
implemented in the XD program gave R = 0.0247 and 0.0201 (all reflections) which allowed the calculation
of the electron density and Laplacian distributions. The bonding (3,—1) critical points were also found. The
analysis of the results shows that Bader’s topological theory provides a more useful description of the
chemical bonding in the studied crystals as compared to the classical analysis of deformation densities.
The hydrogen bonding in the crystals was analyzed. The atomic charges were integrated over the atomic

basins.
Introduction - * 2+
h ol N NH

In recent years, there has been a great interest in the O\N/ \N/ NH’\K YNH: NH?\(YNH’
development of new solid energetic materials, especially propel- | ’ AR
lants with low signatures. Desired properties for this class of o o W T 2 N
compounds are halogen-free, nitrogen- and oxygen-rich mo-
lecular composition, high densities, and a high heat of forma- (DNy* (BIGH) (BIGH)"

tion.! The ability of the dinitramide (DN) anion to form stable
oxygen-rich salts with high densities with a variety of cations
makes it a promising candidate in the development of energetic

oxidizers? The high densit}* of biguanidinium dinitramide a concomitant shortening of the terminak-8 bonds® It was
(BIGH)(DN) and biguanidinium bis-dinitramide (BIGHDN). reported that the energy of protonation of neutral biguanide

crystals, partially because of the molecular shape similarity was unusually highAH = —95 kJ/mol) and the addition of a
between anion and cations, makes these crystals very interestingeCOnd proton was also rather energetiéi(= —21 kJ/mol)

candidates for a more detai!ed 5‘9‘?'3/_- o . The high enthalpy of protonation was interpreted as being
The crystal structures of biguanidinium dinitramide (BIGH)- pecause of the replacement of two localized double bonds by

(DN) and biguanidinium bis-dinitramide (BIGHDN). have  the formation of a cation whose electrons were delocalized
been reported previoushand consist of isolated cations and  5yer the whole molecule.

anions linked by extensive hydrogen bonding. The (DN) anion has a surprisingly variable and asymmetric
Both monoprotonated (BIGH)and diprotonated (BIGE** structure in different compoundsThe twist angles used to
biguanidinium cations are composed of two planar halves with gescribe the mutual arrangement of the two nitro groups can
one nitrogen atom in common. The two halves are twisted with pe calculated from the two torsion angles of the NfPoups
respect to each other with twist angles (see below) of*42.1 oyt of the NNN plane and then by averaging these two values.
(BIGH) and 43.8 (BIGH,). All bonds are relatively short  These twist angles are 7.1 and 28t6r the (BIGH)(DN) and
because of extensive-delocalizatior?. The protonation of the (BIGH,)(DN), crystals, correspondingly. The difference of the

bridge N atom leads to a small increase in theNCbridge
bond lengths (as compared to the monoprotonated cation) with
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anion N—N bond lengths is 0.023 A for (BIGH)(DN) and 0.037
A for (BIGH)(DN),. These bond lengths of 1.33.39 A are
not as short as NN double bonds (1.245 A) and not as long

associated (3;1) bond CP. The negative eigenvalugsand

A2 at the bond CP correspond to the directions normal to the
bond path and measure the degree of ED contraction toward
as N-N single bonds (1.454 A). The N(2N(1)—N(3) and all this point;A3 > 0 measures the degree of ED contraction toward
of the N(1)-N(2),(3)-0O angles of 111.2126.8 show that the each of the neighboring nuclei. The spatial distribution of the
geometry at nitrogen is of an intermediate type, between the Laplacian of the EDYV?o(r), characterizes regions of concentra-
ideal sp and sp. It has been pointed outhat if the central tion and depletion of electrons. In the view of the local virial
nitrogen is sphybridized, then a Z7rotation of the nitro groups  theoremi* V2o(r) can be interpreted as the local balance between
from the central NNN plane makes them approximately the kinetic and potential energy of a molecule. The sign of the
perpendicular to the lone pair orbitals, thereby optimizing Laplacian at the bond (3,1) CP, obtained from summing the
possible conjugation. On the other hand, if the central nitrogen principal curvatures of the ED at the CP, reflects the character

is s hybridized, then one lone pair will be in the p orbital
perpendicular to the NNN plane in which case®awist would

of the atomic interactions. If the electrons are locally concen-
trated in the bond CPWp(rc) < 0), then ED is shared by both

optimize possible conjugation for the nitro groups. From a steric nuclei, typical for covalent bonds. If electrons are concentrated

point of view, a twist of 0 or 9¢° would maximize or minimize
steric repulsions between the closest nitro oxygen aféms.
Several theoretical calculatichid showed that the potential
energy surface for rotation of the nitro groups is very shallow.

in each of the atomic basins separateWd(rc) > 0), the
interaction type is closed-shell, typical for ionic and hydrogen
bonds, as well as van der Waals interactidns® The nuclei
of neighboring atoms in a crystal are separated in Vipér)

This explains the variety of twist angles observed in the series field by surfaces of zero flux defined by the gradient lines

of dinitramide saltd.Obviously, the metrical parameters of the
(DN) anion are strongly influenced by the environment.
The traditional way to study chemical bonding in crystals

terminating at the (3;1) CPs. These surfaces define the
bounded atoms in terms of the ED. The properties of these
bounded atoms are defined by the quantum action prin&igfe;

and molecules experimentally is to analyze the deformation they are characteristic and additife.

electron densitydp(r) distribution!? This function was intro-
duced in 1956 by Roux et &t.and has been widely used since

Experimental and Refinements

then. It represents the difference between the electron density

(ED) of the systemp(r) and the ED of a set of spherically
averaged noninteracting neutral atophs), placed at the same

Crystals of biguanidinium dinitramide (BIGH)(DN) and biguani-
dinium bis-dinitramide (BIGH)(DN), were grown from dry acetonitrile
by slow evaporation. Colorless parallelepiped crystals with well-defined

positions as the atoms of the system. Therefore, it describes,

R _ faces were selected. Preliminary examinations and data collections were
the redistribution of electrons after neutral atoms combine to performed with Mo Kx radiation on an Enraf-Nonius CAD4 kappa

form the cry;tal (or m9|?CU|e)- One can thus expect m.axima axis diffractometer using an Oxford Cryostream cooling device. Cell
associated with the positions of chemical bonds, lone pairs, etc.constants and orientation matrices were obtained from least-squares

Another approach, which has gained popularity in the past refinement, using the setting angles of 25 reflections (Table 1), measured
decade, is the analysis of the total electron density using theby the diagonal slit method of centering. The intensity data were
theory of atoms in molecules (AIM} This theory is rooted in collected using th@ — 20 scan technique, the scan rate being varied
quantum mechanic$;it describes a crystal in terms of the ED, gC)?mAE)iS t‘(’j7h-0:f/ min. r']“ f“"ffei)'lf;ro?algjfieflesoi zflia up to SI?:M t:d

r), its gradient vector fieldyp(r), ED curvature, critical point -/ A=and halt a sphere for U.# sin . \were coflecte
A(r) g -, dvie( .) . p (Table 1). For the high-angle data, only reflections calcufatedbe
(Vp(re) = 0) positions, and their characteristiésThe critical -

int (CP) is defined b K th b f . above (1) were measured. The stability of the measurement was
point (CP) is ,e ine . y rank, : € num. ero r.10nzer0 €I8€N-  hecked by the measuring of three representative orthogonal reflections
values of the diagonalized Hessian masixand signature, the  gyery 50 min. Data reductidhwas carried out as follows. The peak
sum of the algebraic signs @f. The ED exhibits four kinds of

g \ profiles were analyzed and Lorentz and polarization corrections applied
nondegenerate CPs of rank 3, with a«3) saddle point cor-  to the data using the programs REFPK and BGLP. A linear scaling

correction was applied using the computer program SCALE3. An
analytical absorption correction was applied using the program

responding to a chemical bond in the crystal or molecule. In
the Vp(r) field, pairs of gradient lines originating at a {3l)

CP and terminating at two neighboring nuclei (determined by ABSORB? A correction for errors in the measured crystal shape,
the eigenvector corresponding to the only positive eigenvalue @bsorption due to the capillary and glue, and X-ray beam inhomogeneity
of the Hessianis, at the CP) form the atomic interaction lines Was applied in the program SORTAV. An empirical TDS correction
along which the ED decreases for any lateral displacement. At was applied using the computer program TDSCORR. The maximum

S s . L correction applied was 27.1% for the (BIGH)(DN) crystal.
equilibrium, this line is named a bond path containing the op 0 ( X ) i )
The crystal structures were resolved and preliminary refinements

carried out with the SHELXTL program suitéThe Hanser Coppen®
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Table 1. Crystal Data and Structure Refinements
(BIGH)(DN) (BIGH,)(DN),
empirical formula GHgO4Ng CoHgOgN11
temperature 90(1) K 90(1) K
crystal size 0.2k 0.15x 0.13 mm 0.32x 0.23x 0.13 mm
wavelength 0.71073 A 0.71073 A
crystal system triclinic monoclinic
space group P1 C2lc
unit cell dimensions a=4.280(1) Ab=9.288(1) A,c = 10.530(4) A, a=11.667(2) Ab=28.131(1) Ac=12.973(1) A,
o= 85.34(2), f = 117.41(1), y = 81.32(1y p=117.41(1)
unit cell @ range 8< 6 <17 11<0 <29
v,z 409.1 8,2 1096.8 &, 4
/26 scan width 0.8+ 0.34 tang, ° 1.0+ 0.34 tand, °
D(calc) 1.69gcmd 1.91gcm?
absorption coefficient 0.1443 mrh 0.1725 mnt
0 range 2.2272.78, (SiNO/A)max= 1.34 A1 3.17-73.02, (SiN0/A)max= 1.34 A1
reflections collected 16 752 21625
independent reflections 827R;; = 0.0152) 9455Ri = 0.0238)
reflections usedl (> 4o(l)) 6095 5967
refinement method full-matrix least-squaresfon full-matrix least-squares oR
weighting scheme P (Fobd 1/0%4(Fobd
number of parameters 470 356
GOF 1.14 1.18
final Rindices
spherical atom refinement 0.0392 0.0390
aspherical atom refinement 0.0247 0.0201

multipole model as implemented in the XD progréwas then used

charges, a so-calledrefinement! has been performed, the results of

in further refinements. The positional and displacement parameters for which have also been deposited.
the non-hydrogen atoms were refined with the high-angle reflections
(sin 6/A > 0.7 AY). The multipole P,, Ppm, «, «'-parameters and
extinction were refined with the low-angle reflections (8ii < 1.0
A-1). For hydrogen atoms, all of the parameters including positional
and displacement ones were refined with@h < 0.5 A-%, The N—H

Results and Discussion

(a) Electron Density Distributions. The residual electron
density (the difference between experimental and calculated

bond lengths were then extended and fixed to the tabulated neutronm.ur[lpoIe EDS: Opresia = Pexper ™ .pm““) mapsi\ivere calculated
values?’ The scale factor refinement was carried out with all reflections, W'th the ',OW'a"Q"? reflections (si/Z < 1.0 A )- The I.a.rgelst
and the procedure was repeated until total convergence of the refinedr€Sidual is a minimum of-0.2 e A3 at the N(1) position in
parameters. For the heavy atoms, the multipole refinement was (BIGH)(DN); however, there are no peaks greater théhl e
performed up to the octapole levelni = 3) because all of the A~ on the interatomic bonds. For most of the bonds, the
hexadecapole |4 = 4) parameters appeared to be statistically residual peaks do not exceg.05 e A3, Thesedpesig Of ca.
insignificant. For the hydrogens, only dipole and quadrupble & +0.05 e A3 can be considered as the error estimations of the
2) populations were refined. The molecule electroneutrality condition deformation ED. The maps have been deposited.
was imposed during the refinement. A total of sevesets were used The dynamic multipole deformation EDs obtained from
in the refinement with one value for all of the oxygens, one for all of Fourier summations (the difference between calculated multipole
the hydrogens, one for all of the carbons, but several values for the and spherical EDs3 _ — pepr) are shown in Figures
chemically distinct nitrogen atoms. For the (BIQEDN), crystal, P Prmuit = Pmult = Psph) € 9
isotropic secondary extinction type | with a Gaussian mosaic distribution 3_5' Every expected covalent bond. is represented by well-
was described according to Becker and Coppéfiseymi, values were deflne?ddpmun peaks. Electron lone pairs of oxygen, N(1), and
0.48, 0.72, 0.73, and 0.77 for the4 0 4), -1 1 3), -1 1 4), and  N(6) [in (BIGH)(DN)] are also seen. Note that the oxygen lone
(=3 1 3) reflections, correspondingly. No extinction could be refined pairs are located almost perpendicular to the@bonds and
for the (BIGH)(DN) crystal. The rigid-bond té8tshowed that the almost in the plane of the nitro groups (Figure 3). Similar
differences of mean-square displacement amplitudes along the inter-disposition of the oxygen lone pairs has been observed in other
atomic vectors were less thanxl 10~4 A? for the (BIGH)(DN) and neutral nitro compound® 34 For the (BIGH)(DN), crystal,
5 x 10°* A*for the (BIGH)(DN), crystal. The largest least-squares  the O(1) and O(2) lone pairs are slighly twisted out of the N(1)
correlation coefﬂuents_ ob_served were 0.39 and 0.51. Thg statistical N(2)—N(3) plane. The N(1) lone pairs in both crystals are
\fvoerrrscctr?sslfegfbth?h\gi%?;;grsscgigig:g!eeﬂz :?:mtite dl"?;gg_suns significantly extended in the directions perpendicular to the
Y ' P N(1)—N(2)—N(3) plane (Figure 4). In the (BIGH)(DN) crystal,

ment ellipsoids (50% probability) are shown in Figure 1, the packing .
diagrams showing the hydrogen bonding schemes are in Figure 2, andalthOugh the N(1)}N(3) bond (1.38 A) is longer than the N(1)

the interatomic distances, the refined multipole, kappa, positional, and N(2) bond (1.36 R), thépmur peaks have practically the same

thermal parameters have been deposited. To estimate atomic sphericaneights (0.35 and 0.34 e“A, respectively). In (BIGH)(DN),

the difference in the NN bond lengths is greater (1.35 and

(26) Koritsanszky, T.; Howard, S.; Mallison, P. R.; Su, Z.; Ritcher, T.; Hansen, i i i
N. K. XD. A Computer Program Package for Multipole Refinement and 1.39 A)’ and the N(£yN(3) dpmur peak is a little higher (0.34
Analysis of Electron Densities from Diffraction Data. User's Manual,
University of Berlin: Germany, 1995.

(27) Allen, F. H.; Kennard, O.; Watson, D. G.; Brammer, L.; Orpen, A. G;
Taylor, R.J. Chem. Soc., Perkin Trans.1®87, S1-S19.

(28) Becker, P. J.; Coppens, Rcta Crystallogr.1974 A30, 129-147.

(29) Hirshfeld, F. L.Acta Crystallogr.1976 A32, 239-244.

(30) Abrahams, S. C.; Keve, E. RActa Crystallogr.1971, A27, 157—165.

(31) Coppens, P.; Guru Row, T. N.; Leung, P.; Stevens, E. D.; Becker, P. J,;
Yang, Y. W.Acta Crystallogr.1979 A35, 63—72.

(32) Chen, Yu-Sh.; Pinkerton, A. 2001 to be published.

(33) Zhurova, E. A.; Pinkerton, A. AActa Crystallogr.2001, B57, 359-365.

(34) Kubicki, M.; Borowiak, T.; Ditkiewicz, G.; Souhassou, M.; Jelsch, C.;
Lecomte, CJ. Phys. Chem2002 106, 3706-3714.
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Figure 1. The (BIGH)(DN) (a) and (BIGH)(DN). (b) molecules with 50%

atomic displacement ellipsoids overlaid with atomic charges integrated over

atomic basins (see text for details). In (BIQHDN),, the N(6)-H(6) bond
coincides with the 2-fold crystallographic axis. The total charge of the (DN)
anion is—0.711 e for (BIGH)(DN) and—1.087 e for (BIGH2)(DN)..

as compared with 0.30 e &), but this difference is not
significant with respect to the error$0.05 e A3). In (BIGH,)-
(DN)2, the N=N dpmuir is observed to be more diffuse in
agreement with the N(2),N(3)-parameter being 0.838(8) in
(BIGH)(DN) and 0.827(5) in (BIGH)(DN),. The N(6) (cation)
lone pair in (BIGH)(DN) (Figure 4c) is more compact than those
of N(1) (anions), having it's maximum slightly shifted away
from the N(6)-C(1)—C(2) plane toward an associated H(4)
atom. The N(6)-C bonds are more diffuse in the dication in
(BIGH2)(DN), as compared to the monocation in (BIGH)(DN)

8744 J. AM. CHEM. SOC. = VOL. 124, NO. 29, 2002

Figure 2. The packing diagrams of (BIGH)(DN) (a) and (BIGKDN),
(b). The oxygen, nitrogen, carbon, and hydrogen atoms are represented by
red, blue, gray, and green ellipsoids, correspondingly.

(Figure 5) [N(6)x" is 0.90(2) for (BIGH)(DN) and 0.84(2) for
(BIGH2)(DN)]. In the (BIGH,)(DN); crystal, the N(6) and H(6)
atoms are located on the 2-fold axis, so the N{G}1) and
N(6)—C(1A) bonds are exactly equal. The N{8}(1) and
N(6)—C(2) bond lengths are almost equal in (BIGH)(DN) being
1.34 A, but thedpmur peak on the N(6C(1) bond of 0.46 e
A-3is a little greater than that on the N¢E(2) bond of 0.38

e A-3. Although this difference is still within the estimated
maximum ED error of 0.1 e 23, it will be shown below that
the topological analysis of the total ED gives us a more
satisfactory picture of the chemical bonds in these crystals. The
C(1)—N(4) and C(1)-N(5) [and C(2)-N(7), C(2)~N(8)] bond
lengths differ by 0.1 A in (BIGH)(DN), the shorter bonds having
greaterdpmur peaks (by~0.1 e A3), as expected.

(b) Topological Analysis of the Electron Density. The
topological analysis was performed with the 3@and TOPX®
programs. Using the static multipole model of the ED, we found
the (3;71) critical points characterizing the covalent and
hydrogen bonding in the crystals (Tables 2 and 3). For every
atom, all of the interactions withia 5 A cluster were taken
into account. The second lines in Tables 2 and 3 contain the
data for the procrystal constructed from overlapping neutral
spherical atoms. It is clear, that for every expected covalent

(35) Volkov, A.; Gatti, C.; Abramov, Yu.; Coppens, Rcta Crystallogr.200Q
A56, 252—-258.
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Figure 3. The multipole deformation electron densi®ypfnut = pmutt — Psph
maps of the (DN) anion of (BIGH)(DN) (a) and (BIGHDN); (b) in the
N(1)—N(2)—N(3) plane. The contour interval is 0.05 e &

Figure 4. The N(1) electron lone pair of (BIGH)(DN) (a) and (BIGH
(DN)2 (b) in the plane perpendicular to NEN(2)—N(3); the N(6) lone
pair of (BIGH)(DN) (c). The contour interval is 0.05 e A

bond, there is a significant contraction of the ED toward the
CP in the directions perpendicular to the interatomic limgs (
and ;) as compared to the neutral procrystal. Together with
smaller values oflz curvatures, this results in the negative

Figure 5. The multipole deformation electron densi®ypfnut = pmutt — Psph)
maps of (BIGH)(DN) (a) and (BIGE(DN); (b) in the N(6)-C(1)—C(2)/
C(1A) plane. The contour interval is 0.05 e A All of the hydrogen atoms
are twisted out of this plane.

Laplacian values at the CPs showing the shared character of
the atomic interaction'

Analysis of the chemical bonds indicates significant conjuga-
tion of all the bonds in the dinitramide anion, as well as the
N—C bonds in the cations. The highest ED values are observed
for the N—O bonds, whereas the smallest ED values are
observed for the single NH bonds. The ellipticities of the
conjugated bonds are generally higher than those for thel N
bonds. For the (DN) anion, the properties at the CPs can be
compared with the theoretical values calculated for the isolated
dinitramide anion at the B3LYP/6-3¥G(d) level® The
experimental ED values at the CPs agree within 4% with those
from the theoretical calculatiorfsalthough the experimental
Laplacian values are systematically more positive. This tendency
in the Laplacian values has been observed béfaned could
be a result of limited flexibility of the N and O radial functions
adopted in the multipole ED mod&.For the N-N bonds in
the (DN) anion, the expected correspondence between the bond
lengths and ED values at the bond CPs is observed: the shorter

J. AM. CHEM. SOC. = VOL. 124, NO. 29, 2002 8745
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Table 2. Bond Critical Points in the (BIGH)(DN) Crystal?

bond path o ehA Vep, e A8 Ay, e AS Ja e A5 As, e A8 Ri A dy, A dy, A D, kd/mol e=Mld—1
N(1)-N(2) 247(3)  —822(8) —2226  —16.99 31.02 1359  0.645 0714 0.31
2.06 8.23 —13.18 —12.94 34.35 1.359 0.678 0.681 0.02

N(1)-N(3) 234(3)  —6.41(88) —2037  —15.99 29.96 1381 0648 0733 0.27
1.96 8.91 —-12.41 —-12.16 33.48 1.381 0.689 0.692 0.02

O(1)-N(2) 3.36(4) —15.4(1) 3298  —2754 4512 1231 0631  0.600 0.20
2.88 8.56 —21.21 —21.03 50.80 1.231 0.662 0.569 0.01

0(2)-N(2) 3.28(4) —12.3(1) 3096  —26.79 45.41 1248 0635 0613 0.16
2.78 9.95 —20.32 —20.05 50.31 1.248 0.667 0.581 0.01

0(3)-N@3) 3.22(4)  —10.9(1) -30.90  —25.06 45.02 1235 0631  0.604 0.23
2.86 9.01 —20.98 —20.72 50.70 1.235 0.663 0.572 0.01

O(4)-N(3) 3.24(4)  —11.1(2) 3136  —24.77 45.00 1226 0627  0.599 0.27
2.91 8.12 —21.50 —-21.31 50.93 1.226 0.660 0.566 0.01

N(6)—C(1) 2.38(4)  —22.0(1) —2012  —16.54 14.63 1.344 0756  0.588 0.22
1.78 -3.37 —9.15 —8.88 14.66 1.344 0.776 0.568 0.03

N(6)—C(2) 2.33(4) —20.9(1) -19.85  —15.43 14.38 1.340 0755  0.585 0.29
1.79 —3.58 —9.20 —8.93 14.55 1.340 0.775 0.565 0.03

N(4)—C(1) 2.38(3) —29.3(2) —21.47  —16.47 9.07 1.341 0816  0.525 0.27
1.79 —3.55 —9.18 —8.89 14.53 1.341 0.777 0.564 0.03

N(5)—C(1) 2.52(4) —29.6(2) —2224  —18.66 11.29 1.334 0771  0.563 0.19
1.81 -3.91 —9.28 —8.94 14.31 1.334 0.776 0.558 0.04

N(7)—C(2) 2.44(3) —31.0(2) —2158  -17.97 8.52 1337 0819 0518 0.20
1.80 —-3.73 —9.25 —-8.91 14.43 1.337 0.776 0.561 0.04

N(8)—C(2) 234(3) —26.9(2) -20.84  —1548 9.44 1334 0812 0522 0.35
1.81 —3.93 —9.26 —8.97 14.30 1.334 0.776 0.558 0.03

N(4)—H(1) 2043) —23.0(2) 2693  —2401 27.95 1.009 0765  0.244 0.12
1.57 —8.70 —-17.21 —-17.12 25.64 1.009 0.763 0.246 0.01

N(4)—H(2) 211(4)  —32.2(2) 3012  —26.97 24.93 1.009 0774  0.235 0.12
1.57 —8.70 —17.24 —17.11 25.65 1.009 0.763 0.246 0.01

N(5)—H(3) 207(4) —32.7(2) —29.75  —26.46 23.47 1.009 0778  0.231 0.12
1.57 -8.71 —17.24 —17.12 25.65 1.009 0.763 0.246 0.01

N(5)—H(4) 2.02(4) —27.9(2) —29.43  —24.97 26.51 1.009 0785  0.224 0.18
1.57 —8.69 —-17.23 —-17.12 25.66 1.009 0.763 0.246 0.01

N(7)—H(5) 2.16(4) —34.1(2) —-31.06  —29.41 26.34 1.009 0792  0.217 0.06
1.57 —-8.72 —-17.23 —17.13 25.65 1.009 0.763 0.246 0.01

N(7)—H(6) 2.12(4) —33.8(2) -30.14  —29.40 25.74 1.009 0787  0.222 0.03
1.57 —-8.72 —17.24 —=17.12 25.64 1.009 0.763 0.246 0.01

N(8)—H(7) 2.09(3) —27.8(2) —28.86  —27.17 28.23 1.009 0781  0.228 0.06
1.57 —8.69 —-17.21 —=17.12 25.64 1.009 0.763 0.246 0.01

N(8)—H(8) 2.09(4) —28.4(2) —28.76  —25.33 25.69 1.009 0765  0.244 0.14
1.57 —8.70 —-17.24 —=17.12 25.65 1.009 0.763 0.246 0.01

O@3)++H(®), 0.13(3) 2.53(4)  —0.91 —0.58 4.02 1.948 1247  0.701 213 0.57
—X—y—z (001} 0.21 2.27 —0.97 —0.95 4.19 1.942 1.167 0.775 0.02
02)+H(2), 0.13(3) 1.98(3)  -0.91 ~0.66 3.54 1985 1264  0.719 19.3 0.39
—X —Yy—z (200} 0.198 2.134 —0.88 —0.87 3.88 1.976 1.181 0.795 0.02
N(6)-+-H(4), 0.15(3) 242(4)  —1.06 ~0.60 4.07 1996  1.302  0.694 24.8 0.78
{—x—y—1z (110} 0.21 1.96 —0.89 —0.85 3.70 1.995 1.205 0.790 0.05
0@)+-H(7) 0.15(1) 1.58(2) —0.84 ~0.63 3.04 2078 1.268  0.810 20.6 0.33
0.17 1.86 —0.68 —0.640 3.18 2.078 1.227 0.851 0.07

O@1)+-H(5), 0.09(2) 1.82(2) —0.50 —0.40 2.73 2103  1.314  0.789 13.7 0.25
{xyz (0—10)} 0.16 1.81 ~0.68 ~0.65 3.14 2073 1221 0852 0.04
O(1)+H(3), 0.06(3) 1.53(3) —0.43 ~0.29 2.25 2134 1363  0.771 9.6 0.47
{-X—y—12 (200}  0.17 1.88 -0.72 ~0.69 3.29 2052 1215  0.837 0.04
O(4)-+H(6), 0.07(2) 1.00(2) ~0.36 -0.31 1.67 2278 1432  0.846 7.9 0.17
{-x—y—2z (001}  0.11 1.28 ~0.40 -0.38 2.06 2265 1304  0.961 0.05
O(4)-+H(5), 0.06(1) 1.43(1) —0.29 -0.17 1.89 2321  1.370  0.951 9.1 0.64
{xyz (0—10)} 0.11 1.38 —0.42 —-0.34 2.14 2.262 1.293 0.969 0.22
N(L)--H(L), 0.06(1) 0.990(8) —0.254  —0.223 1.466  2.480  1.474  1.006 7.4 0.14
{xyz (—100} 0.09 0.970 -0.275  —0.256 1501 2435 1395  1.140 0.08
O@3)+H(®), 0.03(1) 0.840(8) —0.107  —0.081 1.028 2782 1272 1510 45 0.32
{xyz (—100)} 0.06 0.863 -0.191  —0.098 1152 2630 1413  1.217 0.94
O(L)+0(4) 0.12(1) 2.40(1)  —0.50 —0.46 3.36 2531 1270  1.261 0.09

aWe report the values of the electron densipy, Hessian eigenvalueds( A2, andA3) and Laplacian Y20 = A1 + 12 + 13) at the critical point, the
distances from the critical point to the first and second ataiarfddy), their sum R;j = dy + dy), the ellipticity of the bondd), and the dissociation energy
D estimated for hydrogen bonds. The first line contains the experimental results; the second line contains the data for the atomic procrystal.

bonds have significantly higher ED values at the CPs. For the standard deviations. Significant polarization of all bonds is
N—C bonds in the cations, the shorter bonds also have higherobserved, as the CPs are shifted toward the less electronegative
ED values. The “equivalent” N(6)C(1) and N(6}-C(2) bonds atoms. It is interesting that at the NEAN(2) and N(1)>N(3)

in (BIGH)(DN) have the same ED value at the CPs within 1.25 bonds of the dinitramide anion, the CP position is shifted toward
the N(1) atom. The same effect is observed in ammonium
(36) BBiSaZ"ih?ivl_R‘fg_f*{}iéIE(-)?\/’A‘}’;_’;Visbi‘r’ér}]’gv',\‘ﬂSf'”C' O“S‘pcéiggi‘agg%;lggg dinitramide crysta® and in a series of other energetic com-

Crystallogr.2000 A56, 332-339. Iversen, B. B.; Larsen, F. K.; Figgis, B.
N.; Reynolds, P. AJ. Chem. Soc., Dalton Tran$997, 22272240. (37) Zhurova, E. A.; Martin, A.; Pinkerton, A. A. 2001, unpublished result.
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Table 3. Bond Critical Points in (BIGH2)(DN),?2

bond path o, eAs V2p, e A® A, eAs Jo e A5 As, e A8 Rj, A di, A dy, A D, kd/mol €=Ml -1
N(1)-N(2) 2.22(1) —424(4) —19.36  —1541  30.53 1.391 0662  0.729 0.25
1.92 9.16 —12.09 —11.84 33.09 1.390 0.694 0.696 0.02

N(1)-N(3) 2.50(1) —7.42(4)  —2286  —17.81  33.26 1.354  0.654  0.700 0.28
2.08 8.10 —13.33 —13.08 34.51 1.354 0.676 0.678 0.02

O(1)-N(2) 345(2) —11.29(5) —32.00 -2860  49.31 1220 0625 0.595 0.12
2.96 7.54 —21.86 —21.68 51.08 1.220 0.658 0.562 0.01

0(2)-N() 347(2) -13.08(5) —3330 -2956  49.77 1230 0639  0.591 0.12
2.89 8.58 —21.26 —21.01 50.85 1.230 0.661 0.569 0.01

0(R3)-N@3) 3.16(2) —585(5) —2826  —2532  47.73 1248 0634 0614 0.11
2.78 9.95 —20.31 —20.05 50.31 1.247 0.667 0.580 0.01

O(4)-N@3) 3.34(2) -8.66(5) —30.46  —27.25  49.05 1229 0629  0.600 0.12
2.90 8.38 —21.33 —21.15 50.86 1.229 0.661 0.568 0.01

N(6)—C(1) 2.20(1)  —18.75(5) —17.93  —1590  15.08 1.370 0793 0577 0.13
1.70 =171 —8.78 —8.48 15.56 1.369 0.780 0.589 0.04

N(4)—C(1) 2.61(2) —28.15(6) —23.24  —1870  13.79 1312 0768  0.544 0.24
1.87 —5.28 —9.53 —-9.24 13.49 1.312 0.775 0.537 0.03

N(5)—C(1) 2.50(1)  —25.38(5) —21.66  —17.97 14.26 1319 0765  0.554 0.20
1.85 —4.82 —9.45 —-9.13 13.77 1.319 0.775 0.544 0.04

N(4)—H(1) 212(2)  —33.2(1) —3324  —3048  28.70 1.009 0779  0.230 0.06
1.57 —8.69 —17.22 —-17.13 25.66 1.009 0.763 0.246 0.01

N(4)—H(2) 2.06(2)  —31.6(1) —2910  —26.92  24.45 1.009 0772  0.237 0.08
1.57 —8.73 —17.25 —-17.13 25.65 1.009 0.764 0.245 0.01

N(5)—H(3) 2.002)  —30.6(1) —28.80  —27.38 2554 1.009 0787  0.222 0.05
1.57 —8.72 —17.24 —17.13 25.65 1.009 0.763 0.246 0.01

N(5)—H(4) 2.102)  —33.6(1) —3060 -28.92 2591 1.009 0785 0.224 0.06
1.57 —-8.71 —17.24 —17.13 25.65 1.009 0.763 0.246 0.01

N(6)—H(6) 1.97(2)  —34.7(1) —32559  —2847  26.33 1.009 0811  0.198 0.15
1.57 —8.69 —17.26 —17.08 25.65 1.010 0.764 0.245 0.01

N(L)-+-H(1), 0.15(1) 2.332)  —1.04 -0.81 4.18 1.955  1.304  0.651 23.8 0.27
{0.5+x 05—y, 0.23 2.08 —0.98 —0.96 4.02 1.954 1.183 0.771 0.03

0.5+27 (-11-1)}

O(4)-+H(4), 0.11(1) 1.63(1)  —0.61 —0.57 2.81 2073 1325 0748 14.8 0.07
{0.5—x05-y,—7 0.16 1.84 —0.68 —0.66 3.18 2.069 1.219 0.850 0.02
O(L)y+H(2) 0.063(8) 1.728(9) —0.351  —0.280  2.359 2174 1333  0.841 11.0 0.27
0.150 1.719 —0.607 —0.587 2.913 2.113 1.234 0.879 0.04

O(3)++H(6), 0.095(3) 1.263(3) —0533  —0.340 2136 2220 1.380  0.840 11.9 0.85
{0.5—x05-y,—7 0.134 1.572 —0.493 —0.469 2.533 2.181 1.265 0.916 0.05
O@3)+H(@3), 0.062(9) 1.150(8) —0.291  —0.271 1712 2286 1444  0.842 8.3 0.15
{—x, —y, —z (010} 0.112 1.338 —0.396 —0.239 1.972 2.290 1.325 0.965 0.66
0@)+-H(4), 0.044(6) 1.347(4) —0.235  —0.163 1745 2412 1394 1018 7.8 0.41
{x v,z (010} 0.107 1.331 —0.383 —0.301 2.015 2.305 1.305 1.000 0.27
O@)+H(2), 0.032(5) 0.756(3) —0.153  —0.122 1.030 2.630 1578  1.052 4.4 0.41
{—x, —y, —z (010} 0.074 0.934 —0.236 —0.198 1.368 2.465 1.379 1.086 0.19
O@)y+-H(3) 0.035(3) 0.677(1) —0.149  —0.110 0937 2776 1490  1.286 4.2 0.31
0.055 0.738 —0.149 —-0.121 1.008 2.642 1.438 1.204 0.24

O(1)+-0(4) 0.12(1) 2.35(1)  —0.43 —0.40 319 2562 1283 1279 0.08

aThe definition of the values is the same as in Table 2.

pound$§?33as well. As a result of this polarization, the effective atoms having higher-V2o(r) peaks as compared to those of
N(1) negative charge, integrated over the atomic volume (seenitrogens.
below), is less than it would be in a nonpolarized case. Critical ~ (c) Hydrogen Bonding. Significant hydrogen bonding can
points between the closest oxygens in the (DN) anion in both be expected in these crystals, and only those interactions with
compounds have been located as well. The analysis of thisinteratomic distances less th& A are shown in Tables 2 and
interaction has been reported elsewhére. 3. Details of the hydrogen bonding scheme have been discussed
The Laplacian maps for the dinitramide anions are shown in earlier? It is worth noting that most of the H atoms are involved
Figure 6, and other Laplacian maps have been deposited. Than two hydrogen bonds with different oxygen atoms and vice
solid contours show the negative values of the Laplacian; that versa. In the (BIGH)(DN) crystal, the O(3) atom associates with
is, they represent the accumulation of ED in the crystal. This two H(8) atoms at the same time, the nearest one at a distance
accumulation is mostly concentrated around the atoms alongof 1.948 A, and one from a symmetry related molecule at 2.782
the chemical bonds and in the nonbonding directions associated®. The values ofo(r¢) at the hydrogen bond CPs are a little
with lone pairs. No elongation of the N(1) Laplacian peaks in higher than those with similar bond lengths previously reported
the nonbonding direction (both in the NAAN(2)—N(3) and in (see, for example, Espinosa et@IGoppens et &%. However,
the perpendicular plane) is observed in contrast to the featuresit is important to keep in mind that, in this case, the hydrogen
seen in the deformation electron density maps (Figures 6 andbonding is accompanied by electrostatic catiamion interac-
7b). All of the Laplacian peaks are compact and well shaped. tions. The ED values at the CPs are lower when compared to
The —V2p(r) peaks not associated with chemical bonds can be the procrystals, thus stressing the closed-shell type of these
considered as the preferred sites of protonation with oxygen interactions.

(38) Zhurova, E. A.; Tsirelson, V. G.; Stash, A. |.; Pinkerton, A. A.Am. (39) Espinosa, E.; Souhassou, M.; Lachekar, H.; Lecomt@c€ Crystallogr.
Chem. Soc2002 124, 4574-4575. 1999 B55, 563-572.
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Figure 6. The negative Laplacian of the electron density of (BIGH)(DN)
(a) and (BIGH)(DN)2 (b) in the N(1)-N(2)—N(3) plane. The contour
interval is 2,4,8x 10733 ¢ A5,

Following Espinosa et at! the dissociation energies for the
hydrogen bonds have been estimated as

D=—ury/2
Here u(rc) is a potential energy density at the CP, which

in turn can be calculated from the local form of the virial
theorem**

29(ro) + u(r) = (L4)Vp(r )

The kinetic energy at the C{r) can be calculatéd from the
values of the EDp(r) and the Laplaciaiv?p(r) at the CP from

(40) Coppens, P.; Abramov, Yu.; Carducci, M.; Korjov, B.; Novozhilova, I.;
Alhambra, C.; Pressprich, M. Am. Chem. S0d.999 121, 2585-2593.

(41) Espinosa, E.; Molins, E.; Lecomte, Chem. Phys. Letl998 285 170—
173

(42) Masunov, A. E.; Vyboishchikov, S. F. XVI Intern. Crystallogr. Congress.
Collected Abstracts: Beijing, 1993; p 380. Abramov, Yu. Acta
Crystallogr.1997, A53 264—-272. Tsirelson, V. GActa Crystallogr2002
B58 in press.
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Figure 7. The multipole deformation electron density (a) and the negative
Laplacian of the electron density (b) in the N{¢tH(1) hydrogen bond
region in the (BIGH)(DN); crystal. X8_N(4) and X8_H(1) are the atoms
N(4) and H(1) obtained using symmetry operdtdr5+ x, 0.5—y, 0.5+ z,
(—11-1)}; X3_H(3) is the H(3) atom obtained using operdteix, —y, —z,

(01 0}. The N(4)-H(1)—N(21) plane is shown; contours are as in Figures
3 and 6 plus a contour of 70 eAfor Figure 7b.

Kirzhnits gradient expansidfof the one-particle Green function
around the ThomasFermi term. At the CP:

a(r) = (3/110)(319)%%0(r )*" + 1/6V2o(r )

These dissociation energies are shown in the 10th columns
of Tables 2 and 3. Although for the (BIGHDN), crystal, the
shortest hydrogen bond has the highest dissociation energy, this
is not the case for the (BIGH)(DN) crystal. The shortest is the
O(3)--H(8) bond, whereas the strongest hydrogen bond is
created by the N(6) atom of the cation in agreement with the
strong exothermic second protonation enetyye consider the
ellipticities of these bonds to be meaningless because of the
small values ofly, 1.

(43) Kirzhnits, D. A.Saw. Phys. JETP1957, 5, 64—71.
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Table 5. AIM Atomic Charges (e A~3)/Volumes (A3) of the Nitro
Group Nitrogen Atoms in Various Organic Compounds

Table 4. The Atomic Basin Volumes, A3

(BIGH)(DN) (BIGH,)(DN),
o) 14.76 15.15 compound 0 N
0(2) 15.67 14.39 p-nitroaniline —0.45/17.2 +0.18/7.9
0(3) 14.51 15.42 1-phenyl-4-nitro- —0.35,—0.48/17.59, 17.03 +0.21/8.16
o(4) 17.09 14.55 imidazole
N(1) 12.86 12.52 NTO —0.38,—0.35/16.33, 15.22 +0.50/6.70
N(2) 6.02 6.27 (BIGH)(DN) —0.47,—0.60,—0.42, +0.65,+0.71/6.02, 6.28
N(3) 6.28 6.36 —0.34/14.76, 15.67,
N(4) 16.85 15.33 14.51, 17.09
N(5) 17.91 15.66 (BIGH)(DN);  —0.58,-0.53,—0.54, +0.64,40.59/6.27, 6.36
N(6 14.75 . —0.59/15.15, 14.39
N(7)/N(5A) 20.29 15.66 15.42 1455 ’
N(8)/N(4A) 15.98 15.33 e
c() 5.27 4.92 .
C(2)/C(1A) 567 4.92 Average values.
H(1) 2.88 1.81
H(2) 2.38 1.89 molecular volume, multiplied by the number of molecules in
:2431; é'g? i'gi the unit cell and the unit cell volume, demonstrates the quality
H(5)/H(4A) 219 1.94 of the atomic partitioning of space. The atomic charges, calcu-
H(6) 1.69 lated from AIM theory, are generally higl¥rthan those one
:E%:gﬁg ggg i-g‘l‘ would expect from the spherical atom modesee deposited
H(8)/H(2A) 2.44 1.89 material) or Mulliken analysis. Nevertheless, the AIM analysis,
molecular volume 203.9 272.9 being based on first principles, gives a more rigorous definition
molecular volumex Z# 407.8 1091.5 of the atomic charges. Every charge, shown in Figure 1, has a
unit cell volume 409.1 1096.8

reasonable value and sign expected for this type of compound.
These charges can be compared with those calculated using AIM
theory applied for the theoretical data for the (DN) arfion:
The deformation ED and the Laplacian maps for the shortest do).0(2).0@).0@= —0.51€, 0y = —0.18 €, Onpe)nE)=10.63 €.
N(1)--*H(1) hydrogen bond in (BIGE(DN), are shown in These values are very close to the average of our experimental
Figure 7. The polarization of the N(1) electron density can be charges{0.51,—0.16, and+0.65 €, respectively). It will be
clearly seen. On the N(4H(1) line, the deformation ED peak  particularly interesting to compare these atomic charges and
is shifted from H(1) toward the N(4) atom, as is expected for a volumes with those from nonexplosive compounds when more
H atom involved in hydrogen bondirf§.However, this polar- AIM studies of the nitro-compounds will be available. Currently,
ization is not as high as is observed for very strong hydrogen the only data available for nonenergetic materials are for
bonds3345 Although the N(1) peaks of th&omur(r) and V2p(r) p-nitroaniliné®® and 1-phenyl-4-nitroimidazo,for molecular
functions are directed toward the H(1) atom, their maxima are energetic materials for NT&,and for ionic energetic materials
slightly shifted from the N(I}-H(1) line toward the H(3) atom.  for the current compounds. The values are reported in Table 5.
Nevertheless, no critical point was found between the N(1) and Although there is an apparent enhancement of nitrogen charge
H(3) atoms (2.36 A), and, according to Bademno bonding and reduction in the atomic volumes for energetic materials, it
interaction exists between these two atoms. is premature to draw conclusions from such a small sample of
(d) Atomic Charges and Volumes. The atomic basin compounds.
boundaries were defined, and some of the atomic properties were
integrated within the basins with the TOPXD progréhThe Conclusion
integrated atomic chargg(2) over the atomic basi is
defined as a difference between nucléarand electronidN(<2)
charges:

aZ is the number of molecules in a unit cell.

We have obtained the multipole model parameters for the
electron density distribution in biguanidinium dinitramide and
biguanidinium bis-dinitramide from experimental X-ray dif-
fraction data and analyzed some of the physical and chemical
properties of these compounds using Bader’s topological theory.
For these molecules, the topological theory provides a more
satisfactory description of the chemical bonding as compared
to the classical analysis of the deformation densities. The
wherep(r) is the electron density. significantly shorter N-N bond of the dinitramide anion has a

The atomic charges thus derived are shown in Figure 1. The higher value of the electron density and a more negative
electroneutrality condition was fulfilled up to 0.002 &r the Laplacian at the bond critical point, although the deformation
(BIGH)(DN) and 0.0004 efor the (BIGH)(DN); crystals. The electron density peaks are of almost the same height. The
atomic basin volumes are reported in Table 4. As expected, theygeometry of oxygen’s lone pairs was found far from the
are generally larger for the negative atoms and much smallerexpected sp configuration; the lone pairs are located ap-
for the positive atoms. The good agreement between the proximately perpendicular to the-ND bonds and almost in the
plane of the nitro groups. The N(1) lone pairs are significantly

Q) = Zo — N(Q)

N(Q) = [, p(r)dr

(44) Krijn, M. P. C. M.; Graafsma, H.; Feil, DActa Crystallogr.1988 B44,

609-616

(45) Zavodnik, V.; Stash, A.; Tsirelson, V.; De Vries, R.; Feil, Bcta

Crystallogr. 1999 B55 45-54.
(46) Bader, R. W. FJ. Phys. Chem1998 A102 7314-7323.

extended perpendicular to the N(IY(2)—N(3) plane. Signifi-

(47) Zhurova, E. A.; Tsirelson, V. G.; Stash, A. |.; Yakovlev, M.; Pinkerton,
A. A. J. Phys. Chem2002 submitted.
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cant conjugation of all the bonds in the dinitramide anion, as making the TOPXD program available for us and for valuable
well as N-C bonds in the cations, was found. The atomic comments.

charges and volumes have been determined by the integration

over the atomic basins. The extensive hydrogen bonding was
analyzed, and the dissociation energies were estimated for
hydrogen bonds.

Supporting Information Available: Tables of refined pa-
rameters, distances and angles, and maps of the residual,
deformation and Laplacian of the electron density, and the
electrostatic potential (PDF). This material is available free of
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