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A low-temperature high-resolution X-ray and neutron diffraction study of charge distribution in the superacid
dipicrylamine (DPA) has been carried out. This structure exhibits interesting weak interactions including
bifurcated N-H-:-O and C-H---O H-bonds which consolidate it. The corresponding interaction lines appear
to be modified in the vicinity of the critical points of the covalent bonds of the hydrogen atoms. The presence
of six nitro groups generates some short-® contacts. On the basis of the experimental interaction paths,
an attractive interaction is found, in agreement with the prediction of such an effect from earlier model ab
initio calculations performed for simple dimers. For these weak interactions, a linear relationship is found
between the charge density at the interaction critical points and #@ bistance.

Introduction large amount of published structural data available in the
The understanding of the packing in crystalline lattices and Cambridge Structural DatabaS&ecently Koch and Popelfer

the subsequent generation of “engineered” interactions between_ha“’e demonstrated an alternative approach: the theqry of “atoms
pre-selected constituent blocks in the resulting assemblies form!n Molecules” (AIMY can be used to characterize weak
the basis of modern-day crystal engineering. The weaker typesinteractions on the basis of theoretical charge density (CD)
of interaction, such as-€H:+-C, C—H-+-0, and C-H-++xr, not distributions in the donor and acceptor molecules and in
only generate such structures but they play a crucial role in intermolecular regions. Such an informative analysis of both
many chemical and biological systems, since they can be the theoretical and experimental charge density is based upon
switched on and off with energies which correspond to small the topological properties of the densitfr). Any bonded pair
temperature fluctuations. Crystal packing, molecular conforma- of atoms has a bond path, i.e., a line of the highest electron
tion, molecular recognition processes, stabilization of inclusion density linking them. The point on this line where the gradient
complexes, stability, and, possibly, activity of biological of tho vp(r), is equal to zero, is termed the bond critical point
molecules are all influenced by or depend on the directionality (CP), and the properties of the density at this point give
of hydrogen bonds; the numerous possibilities for the formation guantitative information on that bond’s characteristics. A bond

ggmisi}w:.?}(g t’zllgzs”(.(z())mgtir;a dmv;:zg ttl:lzr\:]veg]:kngg?nzﬁg?g path between a pair of nonchemically bonded atoms is called
X P P an interaction line. The Laplacian of the density?¢(r))

importance. The topicality of this area of chemistry is exempli- . N X 4 L
contains a large amount of chemical information. Since this is

fied by the following articles:3 < R
An important class of weak, directional interactions comprises the second derivative of the electron density, it indicates where

C—H...O hydrogen bonds, which have typical bond energies the density is locally concentrate&4p(r) < 0) and depleted
around 5 kJ/mot. Most work to date has focused on their (V2o(r) > 0) and, hence, graphically shows features such as
characterization by the “crystal correlation” technique in which bonds and lone pairs, which are not observablg(in) itself.
geometrical features are analyzed statistically on the basis of aEspinosa, Molins and Leconithave analyzed H-bond strengths
in terms of the experimental kinetic and potential energy
" Dedicated to Prof. T. M. Krygowski on his 65th birthday. densities at the critical points (CP), using published, experi-
* To whom correspondence should be addressed. Chemistry Department,men,[ally observed electron density data. An interesting AIM
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Figure 1. (a) Structural patterns formed by terminal oxygen atoms and a nitro group, (b) selected examples of attraQiugédactions in the
DPA crystal lattice: N(3)-O(9) [1— X, —0.5+ Y, —0.5— Z] and N(11):-O(5) [1.5— X, 1 — Y, —0.5+ Z]), (c) arrangement of DPA molecules
in 3D crystal lattice, showing coexistence of weakg€:--O H-bonds (dotted lines) and attractive-ND interactions (dashed lines).

C—H-:-O hydrogen bonds has recently been published by energies up to a few kJ/mé&l:1t Within the past few years
Wang and Balbueng. weaker and weaker interactions have been proved to play an
Some of the weakest hydrogen bonds, formed betweed C  important role in the formation of 3D structures of organic and

groups and olefinic or aromatia@-electron systems, have inorganic solids. €H---O, C—H---N, and C-H---C hydrogen
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Figure 2. Labeling scheme and thermal vibration ellipsoids at 50%
probability level for DPA.

bonds and X--X (where X is Cl, Br, or N) contacts are good
examples of such weak interactions. Also, a possibility of
attractive interactions betweerCO and—CN groups has been
examined;? although the conclusions of this paper were
negative.

The study ofN,N-dipicrylamine and related compouri#s!®
demonstrated a new class of weak intermolecular-Ql
interactions. Many close approacheshorter than the sum of

J. Phys. Chem. A, Vol. 106, No. 29, 2002399

the van der Waals radiifor the nitrogen in RN@groups and

the terminal oxygen atoms in neighboring molecules have been
found. The oxygen atoms from the neighboring molecules tend
to form with the—NO; structural fragment regular patterns such
as pyramids and bipyramids (Figure 1a,b) which is well
illustrated in the DPA crystal lattice shown in Figure 1c.

This suggests that, as in the case of hydrogen bonds, the
N---O interactions should be vectorial in nature and sensitive
to stereochemistry. According to ab initio calculatidfhghe
energy of such interactions is comparable in strength with weak
hydrogen bonds. Dimer binding energies of-1B kJ/mol were
obtained at the optimal N-O distance of ca. 2.85 A at the MP2/
6-31++G** level, which is close to the energies characteristic
for weak H-bonds, such as—@H:--O and C-H--N. Atoms-
in-molecules calculated charge distribution suggests that these
interactions are dominated by dispersive forces. Just as in the
case of the weaker types of the H-bonds, the® interactions
can be statistically analyzed in terms of the average values of
structural parameters.

Since according to the ab initio calculations, the--®
interactions appear to be sufficiently strong to compete with
other types of weak interactions in the ordering of molecular
and biological systems, we aim to study their nature by neutron

TABLE 1: Experimental X-ray and Neutron Data for Dipicrylamine (DPA)

formula

formula weight
temperature

space group

unit cell dimensions /&

volume/A3

z

DJ/Mg m=3

F(000)

radiation

diffractometer

max [ sin()/A], 26}

crystal dimensions/mm
absorption coefficient/crt

Index ranges: min. max

no. of reflections measured

no. of symmetry-independent reflections
no. of reflections with=, > 40(F,)
agreement factoriR

refinement method

NobJNvar

goodness-of-fit orr

final Rindices

weighting scheme

positional and thermal parameters for H-atoms
taken from neutron diffraction

neutron data
collection method and site

neutron wavelength

temperature

crystal size/mm

6 range for neutron data collection
(sin 8/A)maxfor A = 0.7107/K1

index ranges: min, max

refinement method for neutron data
agreement factdRin

no. of unique reflections witk, > 4o(F,)
restraints/parameters
goodness-of-fit orfF?

final Rindices

weighting scheme

G2HsN7O12

439.19

100(2) K
P2,2,2, (orthorhombic)
a=7.3586(1)
b=11.6401(2)
c=18.7345(4)
1604.70(5)
4

1.818
816
Mo Ka; 1 =0.71073 A
SMART CCD
1.196 A1, 116.62
0.260.30x 0.25
1.7
—12,14;,-20,27;,—34,44;
60996
20370
16677
0.043
full-matrix least-squaresfon
21
0.960
R=0.030,R, = 0.034
w = 1/0%(F) = 4F?/0?(F?)
whereo?(F?) = 0%counind F?) + P?F*

time-of-flight Laue diffraction, instrument SXD,
ISIS pulsed neutron source (RAL, U.K.)
05 A
100K
4 3x3
t46°
1.012
—16,16;—29,29;—63,63;
full-matrix least squares?on
0.056
3980
0/325
1.067
R=0.0538,R, = 0.1150
WR(F2) + (0.069P)2+ 11.7F]
whereP = (max(.2,0) + 2FH)/3
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TABLE 2: Inter- and Intramolecular Interactions in DPA

interactior? symmetry code o [eA-9] V2p [eA9] internuclear distance [A] angle at H-atom
Ne+--O
N(1)---O(3) [1-X —05+Y,05-2] 0.02 0.4 3.110(1)
N(1)---O(11) [1+ XY, Z] 0.01 0.2 3.361(2)
N(3)---O(1) [2—X 054Y,05-7 0.01 0.2 3.430(2)
N(3)---0(2) [2— X 05+Y,0.5- 7] 0.02 0.3 3.246(1)
N(3)-+-O(9) [1-X —05+Y,05-2] 0.04 1.0 2.779(2)
N(5)---O(5) X-1,Y,7 0.01 0.2 3.351(2)
N(11)--O(5) [1.5—X,1-Y,Z—0.5] 0.04 0.7 2.895(1)
N(11)---O(8) X-1,Y,7 0.02 0.3 3.275(2)
N(13)--O(1) X-1,Y7 0.03 0.6 2.968(2)
N(13)--0(2) [X—0.5,05-Y, 7] 0.02 0.3 3.391(1)
N_H...O
N(7)—H(7)-+-0(2) XY, 7] 0.19 2.8 1.930(1) 120.98(4)
N(7)—H(7)-+-0(3) [L—X Y —0.5,0.5- 7] 0.03 0.5 2.799(1) 116.39(5)
N(7)—H(7)---O(11) [0.5+ X, 05—, —Z] 0.03 0.5 2.725(2) 111.86(3)
N(7)—H(7)-+-0(12) XY, 7] 0.16 2.9 1.896(1) 123.62(4)
C—H---O
C(2)-H(2)---0(4) [1+XY,Z] 0.06 0.9 2.538(1) 104.22(4)
C(2)-H(2)---0(7) [2— X, Y—0.5,05 7] 0.02 0.9 2.428(1) 170.11(7)
C(4)-H(4)---0(1) [2—X 05+Y,05- 7] 0.03 0.5 2.949(1) 89.71(6)
C(4)—H(4)---O(10) [05—-X,1-Y,05+7Z 0.04 0.7 2.584(1) 110.78(4)
C(4)-H(4)---0(12) [1-— X, 05+Y,05-7 0.04 1.0 2.304(1) 159.98(3)
C(10)-H(10)---O(9) [0.5+ X, 15— Y, —Z] 0.04 0.7 2.619(1) 93.18(4)
C(12)-H(1)-+-0(12) X—0.5,05-Y, -7 0.04 1.1 2.298(1) 167.28(4)
aFor some N--O contacts, critical points were not located.
and high-resolution X-ray diffraction. By deriving an experi- Regression of rho on lap for N=0 bonds
mental electron density distribution based on aspherical atomic 3.5t
scattering factors, and analyzing its gradient and Laplacian, one
can get a far deeper insight into properties of solids than in the
case of simple structural analy3fs18 s4r
As the object of our study we have selected a simple model U
compoundN,N-dipicrylamine (hereafter abbreviated as DPA,; Rho, of +
Figure 2), which is well-known to be one of the strongest +
organic acids. 39 4
The crystal structure of DPA exhibits a number of short '
intermolecular N--O contacts and potentially illustrates some + +
trends in their electronic and structural parameters. On the basis 3.1p, . . . . .
of an experimental electron density distribution we can, in 12 9 6 3 0 3
principle, characterize the-NO interactions, and NH---O and Laplacian

C—H--0O hydrogen bonds, in DPA in_t_erms (_Jf Cr_itical point Figure 3. Linear dependence between rho {€fand Laplacian [eAI):
properties. Although the presence of critical points is commonly Rnho= 0.022(4)Laplacian+ 3.15(3), with correlation coefficier =
thought to be a necessary but not sufficient condition for the —0.87 for 12 N=O bonds.

presence of weak interaction, such a characterization would
allow a better understanding of the role of different types of applied to describe the thermal motion of all atoms. Scattering
weak interactions in molecular crystals. factors for C, H, O, and N were derived from wave functions
Experimental Section tabulated by Clementi and RoettiThe multipole expansion
was truncated at the octapole level for carbon, oxygen, and
Crystals of the title compound (Figure 2) are yellow prisms, nitrogen atoms, and at the dipole level for hydrogen atoms. Since
grown by slow evaporation from acetonitrile. Single-crystal, all atoms are in general positions the space group symmetry
high-resolution, low-temperature X-ray diffraction data were places no restrictions on the allowed multipole functions.
collected using the Siemens SMART diffractometer and low- Separatec’, " were employed for aromatic C, methylene C,
temperature attachment. Data reduction and empirical andN, O, and H. Their values were allowed to vary, except those
analytical absorption corrections were carried out with the relating to H which were fixed at 1.2. Coordinates and
SAINTand SADABSprograms. Crystal data and other experi- anisotropic displacement parameters for the hydrogen atoms only
mental details are summarized in Table 1. were fixed at the values obtained from a neutron diffraction
Neutron Diffraction Data Collection and Refinement. experiment (see above). We found no systematic difference
Neutron measurements were made using the time-of-flight Laue petween the displacement parameters for the non-hydrogen
diffraction technique at a temperature of 100K, the same atoms obtained by X-ray and neutron diffraction. It was therefore

temperature as used in the X-ray experiment. The procedurenot necessary to apply any correction to the parameters of the
used was similar to that described in refs 17 and 19. The crystalhydrogen atom3?

data and a summary of the X-ray and neutron data collections
and refinements are shown in Table 1.

Multipole Refinement. The program XDLSM (described in
an earlier papéf) of the package XB was used for the Details of the finaR-factors and goodness of fit for the 16671
multipole refinement. Anisotropic temperature factors were reflections used in the refinement are given in Table 1. Atom

Results and Discussion
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Figure 4. Interaction lines, lines along which charge is concentrated
and on which critical points are situated, for bifurcated N(7)
H(7)---O(2)/0(12) hydrogen bonds. Positions of critical points are
labeled CP.
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Figure 5. Interaction lines for selected bifurcated intermolecular
C—H---O H-bonds to H(2) and H(4) atoms. Symmetry codes for
oxygens: X1=[1 + X, VY,Z, X2 =[05-X1-Y,05+ Z,
X3=[2- X Y- 05,05-Z.
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Figure 6. An example of interaction lines between the nitrogen and
oxygen atoms, in the directions approximately at right angles to the
plane of the nitro group.

labeling is shown in Figure 2. The largest residual density in
the asymmetric unit appears in the region of the N(1)O(1) bond.
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Figure 7. Linear dependence between CP parameters aneON
distances: (a) rho [eZ] vs N-+-O distance [A], Rha= 0.17(2)[N+-O]

— 0.046(6), correlation coefficienR = —0.93, (b) rho [eA3] vs
Laplacian [eA®], Rho = 0.040(5)Laplaciant 0.005(2), correlation
coefficientR = 0.94, and (c) Laplacian [e/&] vs N-+-O distance [A],
Laplacian= —1.1(1)[N---O] + 3.9(4), correlation coefficienR =
—0.96 for 10 N--O bonds. The dotted lines are the confidence and
tolerance intervals at the significance level= 5%.

example, including hexadecapole terms into the multipole

expansion did not lead to any decrease in Mg values.
Oxygen atoms have significant negative charges as computed

from the monopole populations, ranging from0.15(5) to

The range of residual density values over the whole asymmetric —0.32(4)e. The charges at the nitrogens are close to zero within

unit is —0.276 to+0.284 eA3,

Four bonds fail Hirshfeld's rigid bond tedtwith Aag values
O(1)N(1) 0.0015, O(5)N(3) 0.0022, O(8)N(9) 0.0015, and
O(9)N(11) 0.0010 A Modifications of the model by, for

the level of errors, with the exception of the amino nitrogen
N(7) which carries charge-0.4(1) e. The attached hydrogen
atom H(7) carries the largest positive charge equal to 0.43(5)
e. The other hydrogens are positively charged in the range from
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e ——— e,

Figure 8. Electrostatic potential in the region between the nitro nitrogen and the closest oxygen atoms in a neighboring molecule. Contour interval
0.05eAL. Negative contours are broken. 1 &A= 1388.9 kJ mot.

0.14(3) to 0.22(3k. The carbon atom charges are either close strong, bifurcated NH---O H-bond and a number of weaker
to zero or slightly positive (see Supporting Information). C—H---O bonds can be identified. The properties of all these
The covalent bonds have typical values of critical point interactions are summarized in Table 2. In generalpthialues
propertiesop and V2pp. The NO bonds of the nitro groups have at the CPs for weak interactions are at the level of uncertainty
the highespy, values [3.13(14)3.45(7) eA 3], consistent with of measurements, which is commonly the case for such weak
their double bond character. The Laplacian values at critical interactions. Some of the interactions listed in Table 2 are longer
points of these bonds are in the range 2.2-tl.4 eA 5. This than the van der Waals distance as defined by Béhdiwe
variation of Laplacian values is correlated with the correspond- are nevertheless considering them because, in principle, such
ing variation ofpp (see Figure 3). In our opinion the positive  weak interactions do not vanish at the sum of the van der Waals
Laplacian value for N(1)O(1) is an indication of the uncertainty radii. Nyburg and Faermahhave analyzed interatomic distances
of measurements of the Laplacian values. found experimentally for various elements in molecular crystals
The bonds to the amino nitrogen N(7) have higher values of and found ranges of distances characteristic for the particular
pb [2.20(5) and 2.18(5) e for C(8)N(7) and C(6)N(7), elements. They defined (not necessarily spherical) van der Waals
respectively] than the other-N bonds [1.67(4) to 1.85(4) radii in terms of the smallest interatomic distances which occur.
eA-3]. This is due to apparent conjugation between the nitrogen Some close contacts exist between amino and aromatic
lone electron pair and the-electron density of both aromatic ~ H-atoms and neighboring oxygen atoms. Figure 4 shows curved
rings. For example bonds to amino nitrogens in 1,8-bis- interaction lines for bifurcated N(#H(7)---O(2)/O(12) hydro-
(dimethylamino)-naphthalene, DMAN havep, values for CN gen bonds. The NH---O interaction lines are curved close to
bonds ranging from 1.7 to 2.2 €A the hydrogen, appearing to approach the critical point in the
For the CC bonds of the aromatic rings,ranges from 2.03- N(7)H(7) bond. This is reminiscent of the “conflict” structure
(4) to 2.27(4) e&3, which well compares with the values for  generated in the dissociation of methanal into moleculgarid
naphthalene rings in DMAN (from 1.97 to 2.37 eA3). For CO?” where a bond path links a nucleus and a bond critical
the C—H bonds the range is 1.77(6) to 1.92(6) €Af 1.83— point.
1.95 eA3 for DMAN. There are several bifurcated intermoleculartG--O H-bonds
Weak interactions in the DPA structure are of two kinds: (Table 2). Two of them, to H(2) and H(4) atoms, are illustrated
those between nitro nitrogen atoms and oxygens in neighboringin Figure 5. They show features similar to those of the-N&l
molecules (N--O), and two types of H-bonds. A relatively interaction lines.
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In the case of the N-O interactions we can identify slightly  angles, neutron anisotropic temperature factors. This material
curved interaction lines between the nitrogen and oxygen atoms,is available free of charge via the Internet at http://pubs.acs.org.
in the directions approximately at right angles to the plane of
the nitro group thus forming a bipyramid as shown in Figures References and Notes
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