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The nature and the energy of the intermolecular bifurcated N—H...N hydrogen bond in the
crystal of 3�amino�6�(3,5�dimethylpyrazol�1�yl)�1,2,4,5�tetrazine were studied by analyzing
the electron density distribution based on X�ray diffraction data. In contrast to two�center
hydrogen bonds, the total energy of the N—H...N interaction is virtually independent of the
geometric parameters of two contacts and is determined only by the nature of the interacting
atoms.
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Hydrogen bonds occupy a prominent place among a
variety of chemical interactions due, primarily, to their
great role in various biochemical processes.2 Reliable ex�
perimental methods have been developed for studying
hydrogen bonds of various nature and estimating their
energy. Spectroscopic methods, such as IR and Raman
spectroscopy, take the leading position. These methods
allow one not only to evaluate the energies of interactions
but also to elucidate the proton transfer mechanism.3 Con�
ventional X�ray and neutron diffraction studies provide
primarily a "visual information"4 because the presence of
shortened interatomic distances and the directionality of
contacts not always allow unambiguous conclusions about
hydrogen bonding, as well as about the formation of any
other specific interaction (see Ref. 1). Therefore, diffrac�
tion and spectroscopic methods essentially supplement
each other and enable one to study various systems with
inter� and intramolecular hydrogen bonds.

However, spectroscopic methods and conventional
X�ray diffraction studies, as well as their combinations, as
applied to the solution of certain problems give no results.
This refers to studies of unsymmetrical bifurcated H bonds.
In the latter case, spectroscopic methods only give evi�
dence for the presence of hydrogen bonding, but do not

allow one to distinguish whether the hydrogen atom is
involved in one or two hydrogen bonds. X�ray diffraction
studies, in turn, provide information only about inter�
atomic distances and do not enable one to distinguish
bifurcated and usual two�center interactions.

The topological analysis of the experimental electron
density distribution function ρ(r) in crystals in terms of
Bader's theory "Atoms in Molecules" (AIM)5 is the only
experimental method for studying bifurcated H bonds,
which gives exhaustive information on the nature and
energy of these interactions. This approach is of particular
interest because it allows one not only to distinguish at�
tractive interactions from a totality of contacts but also to
estimate their energies Econt from the semiquantitative
dependence on the potential energy density, v(r), at the
bond critical point (3,–1).6

Earlier,7 topological investigations of ρ(r) for bifur�
cated H bonds have been carried out only based on the
results of quantum�chemical calculations, whereas stud�
ies of unsymmetrical bifurcated H bonds in crystals are
virtually lacking and have been limited to analysis of weak
C—H...O interactions (H...O distances are approximately
equal to 2.4 Å).8,9

Since the strength of hydrogen bonds depends on the
polarity of the medium and specific solvation, which are
difficult and sometimes impossible to take into account in
quantum�chemical calculations, it was of interest to per�
form an experimental investigation of bifurcated H bonds

* For Part 3, see Ref. 1.
** Dedicated to Academician V. I. Minkin on the occasion of
his 70th birthday.
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in crystals, which, in part, simulate specific features of
interactions in solution. We chose 3�amino�6�(3,5�di�
methylpyrazol�1�yl)�1,2,4,5�tetrazine (1) (Fig. 1), whose
crystals contain both usual two�center N—H...N bonds
and rather strong bifurcated N—H...N bonds.

This class of compounds is also of interest because of
their potentiality in the preparation of energetic mate�
rials. For example, it was reported10 that 3,3´�azo�
bis(6�amino�1,2,4,5�tetrazine) has an usually high den�
sity (1.84 g cm–3), which is the maximum density for
compounds consisting only of C, H, and N atoms.

Hence, studies of the character and energy of inter�
molecular contacts in the tetrazine series is not only of
theoretical but also of applied interest for the design of
energetic materials.

Results and Discussion

Molecular and crystal structure. Principal geometric
parameters of molecule 1 are given in Table 1. The
pyrazole ring is planar, whereas the tetrazine ring adopts a
strongly flattened boat conformation with the C(1) and
C(2) atoms deviating from the N(1)N(2)N(3)N(4) plane
by 0.1228(8) and 0.0945(8) Å, respectively. The pyrazole
and tetrazine rings are coplanar; the N(4)C(2)N(6)N(7)
torsion angle (φ) is 0.2°. By contrast, the φ angle in the
structure of related N,N″�bis[6�(3,5�dimethylpyrazol�1�
yl)�1,2,4,5�tetrazin�3�yl]piperazine is 50°,11 whereas this
angle in 3,6�bis(pyridin�2�yl)�1,2,4,5�tetrazine12 is 19°.
Therefore, conjugation between the pyrazole and tetrazine
rings is, apparently, absent and a decrease in the twist
angle φ in 1 is attributable to the influence of intermo�
lecular interactions. Actually, our quantum�chemical cal�
culations at the B3LYP/6�311+G** level of theory dem�
onstrated that the φ angle in the isolated molecule is 35°.
It should be noted that, in spite of the fact that the twist
angle in the crystal differs from that in the isolated mol�
ecule, the geometric parameters of the pyrazole ring (see

Table 1), as well as the C(2)—N(6) bond length (1.403(1)
and 1.400 Å, respectively), are virtually equal.

On the contrary, the geometry of the tetrazine ring in
the crystal differs essentially from that in the isolated
molecule. For example, the difference in the N—N bond
lengths is 0.021(1) Å, whereas the N—C bond lengths
vary from 1.330(1) to 1.367(1) Å. In the isolated mol�
ecule, the N—N and N—C bonds are equalized to a con�
siderable extent (see Table 1). Analysis of CSD (Cam�
bridge Structural Database)13 information demonstrated
that this nonequivalence of the N—N bond lengths is
typical, primarily, of amino�substituted tetrazines. Ap�
parently, alternation of the C—N and N—N bond lengths
in the ring and a slight elongation of the C—N bonds at
the C(1) atom compared to the corresponding bonds at
the C(2) atom are attributable to a strong conjugation
between the N(1)N(3)C(1) fragment and the NH2 group,
which is evident from shortening of the C(1)—N(5) bond

Table 1. Main geometric parameters of molecule 1 (bond
lengths (d), bond angles (ω), and torsion angles (τ)) determined
by X�ray diffraction study and quantum�chemical calculations

Parameter X�ray B3LYP/6�311+G**
diffraction

Bond d/Å
N(1)—N(2) 1.330(1) 1.313
N(3)—N(4) 1.309(1) 1.305
C(1)—N(1) 1.353(1) 1.346
C(1)—N(3) 1.367(1) 1.353
C(1)—N(5) 1.338(1) 1.355
C(2)—N(4) 1.330(1) 1.343
C(2)—N(2) 1.346(1) 1.334
C(2)—N(6) 1.403(1) 1.400
N(6)—N(7) 1.379(1) 1.371
C(5)—N(6) 1.380(1) 1.383
C(3)—N(7) 1.328(1) 1.321
C(3)—C(4) 1.417(1) 1.423
C(4)—C(5) 1.378(1) 1.374
C(3)—C(6) 1.494(1) 1.496
C(5)—C(7) 1.486(1) 1.494
Angle ω/deg
N(5)—C(1)—N(1) 117.4(1) 118.2
N(1)—C(1)—N(3) 123.2(1) 124.3
N(2)—C(2)—N(4) 125.0(1) 124.8
C(2)—N(6)—N(7) 129.8(1) 129.1
C(4)—C(5)—C(7) 129.3(1) 129.7
C(3)—C(4)—C(5) 106.6(1) 106.3
C(4)—C(3)—C(6) 128.0(1) 128.3
C(3)—N(7)—N(6) 104.6(1) 105.1

τ/deg
N(5)—C(1)—N(1)—N(2) –170.8(2) –172.4
C(1)—N(1)—N(2)—C(2) –1.9(2) –2.7
C(1)—N(3)—N(4)—C(2) 0.7(2) –1.5
N(2)—C(2)—N(6)—C(5) –0.2(2) 32.4
C(2)—N(6)—C(5)—C(7) 2.0(2) 2.2
C(5)—C(4)—C(3)—N(7) 0.3(2) –0.4

Fig. 1. Overall view of compound 1 with displacement ellipsoids
drawn at the 50% probability level.

H(5N2)

H(5N1)

N(5)

N(1)

N(4)N(3)

C(1)

N(6)

C(2)

N(2)

H(73)H(72)

C(7)H(71)

C(4)

H(4)C(5)

C(6)
N(7)

C(3)

H(63)

H(62)H(61)



Lyssenko et al.926 Russ.Chem.Bull., Int.Ed., Vol. 54, No. 4, April, 2005

(1.338(1) Å) and flattening of the NH2 group (sum of the
angles at the N(5) atom is 359.5°). In the isolated mol�
ecule, the equalization of the bond lengths is associated
with weakening of this conjugation, which is manifested
in pyramidalization of the NH2 group (sum of the angles at
the N(5) angle is 355.5°) and elongation of the C(1)—N(5)
bond (1.355 Å). The differences in the degree of conjuga�
tion, in turn, can be associated with the crystal packing
effects. For example, the presence of H bonds formed by
the amino group in the crystal results in an increase in the
p character of the lone electron pair of the N(5) atom
and, consequently, is favorable for conjugation with the
tetrazine ring.

Actually, analysis of the crystal packing demonstrated
that both hydrogen atoms of the amino group form
medium�strength N—H...N hydrogen bonds (Table 2,
Fig. 2, a). In the crystal, the molecules are linked by these
bonds to form corrugated layers parallel to the crystallo�
graphic bc plane. In addition to the N—H...N bonds, the
molecules in the layer are linked by weak C—H...N con�
tacts (H...N, 2.49—2.51 Å) and stacking interactions be�
tween the atoms of the tetrazine and pyrazole rings with
the following shortest distances: C...N, 3.302(1), 3.428(1)
and 3.475(1) Å; C...C, 3.317(1) Å; N...N, 3.401(1) Å (see
Table 2, Fig. 2, b). The contacts between the layers are
substantially weaker than the contacts within the layer.
Only C—H...N interactions (H...N, 2.56 Å) can be dis�
tinguished based on the geometric criteria.

The N—H...N bonds in the crystal differ substantially
in length. The shortest H bond, through which molecules 1
are linked into the centrosymmetric dimer A (see Fig. 2, a),
is formed by the H(5N(2)) atom and the N(1B) atom of
the tetrazine ring (N...N, 3.139(1) Å). However, the bi�

furcated H bond formed by the H(5N(1)) atom with the
N(4A) atom of the tetrazine ring and the N(7A) atom of
the pyrazole ring (see Fig. 2) is of most interest. The
components of this bonds differ substantially in strength,
which is evident from the differences in the interatomic
N...H (2.35 and 2.26 Å) and N...N distances (3.052(1)
and 3.234(1) Å) and, primarily, in the N...H—N angles
(126° and 163°) for the H bonds involving the N(4A) and
N(7A) atoms, respectively. Therefore, in spite of the
shorter N...N distance in the case of the H bond with the
N(4A) atom, the N(5)—H(5N(1))...N(7A) angle is closer
to 180°. The stronger H(5N(1))...N(7A) hydrogen bond�
ing is also evidenced by the corresponding short N...H
distance. However, it cannot be ruled out that the
H(5N(1)) atom is involved only in one H bond
(N(7A)...H—N), whereas the contact with the N(4A)
atom is forced and is determined by the geometric fea�
tures of the molecule (close arrangement of the N(4) and
N(7) atoms).

Quantum�chemical calculations at the PBE/TZ2P//
B3LYP/6�311+G** level of theory for the dimer B, in
which molecules 1 are linked by the above�described bi�
furcated H bond, gave a larger difference in the N—H...N
interactions of the bifurcated type (see Table 2). The N...N
distances change inversely in going from the crystal to
the isolated state: the N(5)...N(7A) contact is short�
ened (3.033 Å), whereas the N(5)....N(4A) contact is
elongated (3.104 Å); the N(5)H(5N(1))N(7A) and
N(5)H(5N(1))N(4A) angles also change to 175.2° and
106.2°, respectively. Hence, the differences in the geo�
metric parameters and strength of interactions in the re�
gion of the bifurcated H bond become even larger in the
isolated state.

Table 2. Geometric parameters of intermolecular contacts in the crystal of 1

Fragment (symmetry code) Distance/Å Angle/deg

H...Ba A...B
A—H...B

Interactions N—H....N
N(5)—H(5N(2))...N(1) (1 – x, –y, –z) 2.15 3.139(1) 167
N(5)—H(5N(1))...N(4) (1 – x, –0.5 + y, 0.5 – z) 2.35/2.67b 3.052(1)/(3.104)b 126/(106.2)b

N(5)—H(5N(1))...N(7) (1 – x, –0.5 + y, 0.5 – z) 2.26/2.00b 3.234(1)/3.033)b 163/(175.2)b

Interactions C—H...N
N(3)...H(61)—C(6) (1 – x, –0.5 + y, 0.5 – z) 2.49 3.499(1) 154
N(3)...H(72)—C(7) (x, 0.5 – y, 0.5 + z) 2.51 3.472(1) 148
N(2)...H(62)—C(6) (–x, 1 – y, –z) 2.56 3.448(1) 139

Stacking interactionsc

C(1)...C(4) (1 – x, 1 – y, –z) — 3.317 —
C(5)...N(4) (1 – x, 1 – y, –z) — 3.475 —

a The distance was calculated by the PBE/TZ2P//B3LYP/6�311+G** method for the dimer stabilized by the
bifurcated N—H...N bond.
b The C—H bond lengths were normalized to the ideal distance (1.08 Å), and the N—H distances were evaluated by
quantum�chemical calculations (B3LYP/6�311G**).
c For the stacking interactions, only contacts characterized by the critical points (3,–1) are given.
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Fig. 2. Fragments of the layer in the crystal of 1 illustrating N—H...N hydrogen bonding, C—H…...N contacts (a), and stacking
interactions (b).
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To elucidate the character of the bifurcated N—H...N
bond, stacking interactions, and weak C—H....N con�
tacts and to evaluate their energy parameters, we carried
out the topological analysis of the electron density distri�
bution function ρ(r) in the crystal of 1, which was deter�
mined in the analytical form by the multipole refinement
of X�ray diffraction data (see the Experimental section).

Topological analysis of the electron density distribution
function. Before proceeding to the topological analysis of

the electron density distribution, let us consider the char�
acteristic features of the deformation electron density
(DED) distribution in the molecule and also in the region
of the N—H...N bonds in molecule 1. The deformation
electron density map (Fig. 3, a) in the rms plane of the
tetrazine ring shows electron accumulation in all bonds,
as well as in the vicinity of the lone electron pairs of the
nitrogen atoms. The DED peaks in the N(1)—N(2) and
N(3)—N(4) bonds are shifted toward the N(2) and N(3)
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atoms, which is, apparently, associated with the effect of
the amino group and the pyrazole substituent. An inter�
esting feature of the deformation electron density distri�
bution in the tetrazine ring is that the peaks are displaced
from the N—N bond line toward the center of the ring.
The presence of "bent bonds" in tetrazines has been ob�
served earlier in a series of organic derivatives.14 This fact
was accounted for by the influence of the lone pairs of the
nitrogen atoms, which push electron density from the
N—N bond line toward the center of the ring. In contrast
to the tetrazine ring, the DED peak in the N(6)—N(7)
bond of the pyrazole ring (Fig. 3, b), in spite of the pres�
ence of the lone pair of the N(7) atom, is located in the
N—N bond line. The peak in the N(6)—C(2) bond is
shifted from the midpoint to the nitrogen atom, whereas
the peak in the C(1)—N(5) bond is shifted to the carbon
atom, which is in good agreement with the electron�with�

drawing and electron�donating properties of the pyrazole
ring and the amino group, respectively.

Analysis of the deformation electron density in the
region of the N—H...N bonds demonstrated that the elec�
tron distribution in the centrosymmetric dimer is close to
that expected for hydrogen bonding. The DED maxima
in the N(5)—H(5N(2)) bond and in the region of the lone
electron pair of the N(1B) atom are in a single line
(Fig. 4, a). The difference in the peak heights corre�
sponding to the lone pairs of the N(1) and N(2) atoms is

Fig. 4. Deformation electron density maps in the region of
N—H...N bonds for a fragment of the centrosymmetric dimer (a)
and the bifurcated hydrogen bond (b).The maps are contoured
at 0.1 е Å–3 intervals. The negative and zero contours are dashed.
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Fig. 3. Deformation electron density maps in the planes of the
tetrazine (a) and pyrazole rings (b). The maps are contoured at
0.1 е Å–3 intervals. The negative and zero contours are dashed.
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indicative of a greater electron density accumulation at
the lone pair of the N(1) atom, which is, apparently,
associated with its polarization due to hydrogen bonding.

To the contrary, the linear arrangement of the hydro�
gen atom and the nitrogen lone pair in the region
of the bifurcated bond is observed only for the
N(5)—H(5N1)...N(7A) interaction (Fig. 4, b). The height
and degree of polarization of the DED maximum corre�
sponding to the lone pair of the N(7A) atom differ from
the analogous characteristics for N(4A). The observed
deformation electron density distribution suggests that, in
spite of the shorter N(5)...N(4) distance, the contact with
the pyrazole nitrogen atom is forced.

The topological analysis of ρ(r) revealed the critical
points (CP) (3,–1) for all chemical bonds and the critical
points (3,+1) for two rings (pyrazole and tetrazine).
A comparison of the topological characteristics at CPs
(3,–1) in the isolated molecule 1 and in the crystal re�
vealed small differences in the electron density and ellip�
ticity (ε) at these points (Table 3). These differences are
to a large extent determined by the differences in the
geometry of the isolated molecule and the molecule in the
crystal (see above). For example, an elongation of the
C(1)—N(5) bond with the amino group in the isolated
molecule reflects the weakening of conjugation, resulting
in a decrease in the ellipticity ε.

The most considerable differences in the topological
characteristics of ρ(r) at CPs (3,–1) in the crystal and in
the isolated molecule are observed for the N—N bonds in
the tetrazine and pyrazole rings. It should be noted that
the ellipticities and electron densities differ only slightly,
whereas the Laplacian of the electron density ∇2ρ(r) in
the crystal is more than half as large (in magnitude) as
that in the isolated molecule. The difference in ∇2ρ(r) at

CPs (3,–1) for the C—N and C—C bonds are insignifi�
cant and can be attributed to the changes in the bond
lengths.

The values of ∇2ρ(r) at CPs (3,–1) for the N—N bonds
in 1 remain virtually unchanged with changes in the pa�
rameters of the radial functions used in the multipole
refinement. Analogous discrepancies in ∇2ρ(r) for ho�
mopolar bonds have been observed earlier, and they have
been most comprehensively studied for the O—O bonds.
It has been demonstrated15 that quantum�chemical cal�
culations systematically underestimate ∇2ρ(r) at CP
(3,–1), thus overestimating electron sharing upon the
O—O bond formation. A change in the polarity of the
medium leads not only to an increase in ∇2ρ(r) but also to
a change in its sign to positive.

Since analogous problems have been observed for other
homopolar bonds formed by second�period elements, for
example, for F—F (see Ref. 15 and references cited
therein), it cannot be ruled out that the differences in
∇2ρ(r) at CPs (3,–1) of the N—N bonds in compound 1
are associated with the influence of the crystal environ�
ment rather than are a consequence of the systematic
error introduced by the multipole model.

The topological analysis of ρ(r) in the crystal of 1 in
the region of intermolecular contacts also revealed the
critical points (3,–1) (Table 4) for the N—H...N bonds,
stacking interactions, and C—H...N contacts listed in
Table 2. The bond paths and/or CPs (3,–1) were not
observed for other intermolecular contacts, including con�
tacts in the dimer formed through stacking interactions.
In the region of the presumably bifurcated N—H...N
bond, two CPs (3,–1) for the H(5N(1))....N(4A) and
H(5N(1))...N(7A) contacts were localized. Analogous re�
sults were obtained for the isolated dimer B, in which the
differences in the strength of H...N interactions, accord�
ing to the geometric criteria (see above), are more pro�
nounced. Apparently, the stability of the bifurcated
N—H...N bond in the crystal differs from that in the
isolated molecule. For example, the minimum distance
between CP (3,–1) of the N...H bonds and CP (3,+1) of
the five�membered H�bonded ring is 0.55 Å, whereas
this distance in the isolated dimer decreases to 0.24 Å.
Such a short distance between CPs (3,–1) and (3,+1)
indicates that further distortion of the molecule as the
N(5)H(5N(1))N(7A) angle approaches 180° will lead to
coalescence of two types of CPs, (3,–1) and (3,+1), and,
as a consequence, to a change from the bifurcated�type
N—H...N interaction to the usual two�center interaction.

Since the H(5N(1)) atom is involved in two (rather
than in one) hydrogen bonds, it is reasonable that each
component of the bifurcated H bond is, in sum, weaker,
than the two�center H(5N(2))...N(1B) interaction. How�
ever, a comparison of the topological characteristics at CPs
(3,–1) of the H(5N(2))...N(1B) and H(5N(1))...N(7A)
hydrogen bonds demonstrated that they are virtually equal.

Table 3. Topological characteristics ρ(r) at CPs (3,–1) in 1
calculated by the quantum�chemical method at the
B3LYP/6�311G** level and determined by X�ray diffraction

Bond Calculation Experiment

ρ(r) –∇2ρ(r) ε ρ(r) –∇2ρ(r) ε
/e•Å–3 /e•Å–5 /e•Å–3 /e•Å–5

N(1)—N(2) 2.687 20.32 0.08 2.551 5.57 0.07
N(3)—N(4) 2.742 21.28 0.08 2.694 9.26 0.04
C(1)—N(1) 2.316 25.93 0.14 2.562 22.70 0.22
C(1)—N(3) 2.345 26.39 0.15 2.433 22.20 0.18
C(1)—N(5) 2.210 24.15 0.17 2.381 25.49 0.21
C(2)—N(4) 2.342 25.71 0.19 2.587 23.62 0.24
C(2)—N(2) 2.371 25.60 0.22 2.555 24.24 0.22
C(2)—N(6) 2.029 21.72 0.15 2.054 20.29 0.29
N(6)—N(7) 2.348 14.46 0.12 2.378 5.25 0.07
C(5)—N(6) 1.988 15.40 0.15 2.136 17.59 0.10
C(3)—N(7) 2.374 20.79 0.22 2.333 20.59 0.24
C(3)—C(4) 1.974 18.27 0.20 2.148 18.69 0.21
C(4)—C(5) 2.161 21.51 0.31 2.122 17.69 0.22
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Moreover, both these interactions, unlike the second com�
ponent of the bifurcated bond, as well as of all other
intermolecular contacts in the crystal of 1, are character�
ized by the negative energy density, he(r) and, conse�
quently, correspond to an intermediate type of interatomic
interactions. Quantum�chemical calculations demon�
strated that the intermediate type of interactions is ob�
served for the H(5N(1))...N(7) hydrogen bond in the iso�
lated dimer B as well.

To estimate the strength of interatomic interactions,
we used the correlation between the potential energy den�
sity (v(r)) and the contact energy.6 The lowest contact
energies (1.13—1.39 kcal mol–1) were observed for the
C—H...N interactions. Although the energies of the
C(1)...C(4A) and C(5)...N(4A) interactions are also
low (0.74—0.85 kcal mol–1), the total energy of the
dimer stabilized by a stacking interaction (3.18 kcal mol–1)
is twice as high as the energy of the C—H...N inter�
actions. The latter value is virtually equal to the en�
ergy of the N(5)—H(5N(2))...N(1B) hydrogen bond
(3.14 kcal mol–1) through which molecules 1 are linked
into the centrosymmetric dimer A; the energy of the
latter is 6.28 kcal mol–1. The energy of the dimer B
formed through the bifurcated hydrogen bond is even
slightly higher (6.59 kcal mol–1). The energy of the
N(5)—H(5N(1))...N(7A) interaction (3.54 kcal mol–1)
is slightly higher than the energy of the two�center
N(5)—H(5N(2))...N(1B) bond.

Taking into account all the above�mentioned interac�
tions, the total energy of intermolecular contacts per mol�
ecule in the crystal of 1 is 19.5 kcal mol–1, which is typical
of the sublimation energies of organic compounds.16 In

turn, the crystal lattice energy, which was estimated from
the energy of intermolecular contacts, is 78 kcal mol–1.

Interestingly, although the energies of the
N(5)—H(5N(1))...N(4A) and N(5)—H(5N(1))...N(7A)
interactions (1.57 and 5.33 kcal mol–1, respectively) in
the isolated dimer B differ substantially from the corre�
sponding energies in the crystal, the total energy of the
bifurcated bond in the crystal is virtually equal to that in
the isolated dimer (6.90 kcal mol–1). Moreover, as can be
seen from Table 4, the sums of the values of ρ(r) and
∇2ρ(r) at CPs (3,–1) for the N(5)—H(5N(1))...N(4A)
and N(5)—H(5N(1))...N(7A) interactions in the crystal
(2.226 е Å–3 and 2.38 е Å–5) are nearly equal to those in
the isolated dimers B (2.230 е Å–3 and 2.37 е Å–5, respec�
tively).

The results of the present study demonstrate the ad�
vantages of high�resolution X�ray diffraction analysis in
studies of bifurcated hydrogen bonds. This method allows
one not only to determine the nature of interactions,
but also to estimate their energies. In contrast to the
two�center H bonds, the total energy of the bifurcated
N—H...N interaction in molecule 1 is virtually indepen�
dent of the geometric parameters of two contacts and is
determined exclusively by the nature of the interacting
atoms.

Experimental

Compound 1 (C7H9N7, M = 191.21) was synthesized ac�
cording to a known procedure.17 Orange monoclinic crystals
were grown from a toluene solution, space group P21/c,
a = 6.8748(2), b = 10.3652(3), c = 12.6856(4) Å, β = 104.183(1)°,

Table 4. Topological characteristics at CPs (3,–1) of intermolecular interactions and their energies in the crystal of 1 determined by
X�ray diffraction

Fragment (symmetry code) ρ(r) ∇2ρ(r) –v(r) he(r) E
/e•Å–3 /e•Å–5

Hartree Å–3  /kcal mol–1

Interactions N—H....N
N(5)—H(5N(2))...N(1B) (1 – x, –y, –z) 0.129 0.62 0.0676 –0.0121 3.14
N(5)—H(5N(1))...N(4A) (1 – x, –0.5 + y, 0.5 – z) 0.094 1.47 0.0656 0.0187 3.05

(0.055)a (0.786)a (0.034)a (0.0097)a (–1.57)a

N(5)—H(5N(1))...N(7A) (1 – x, –0.5+y, 0.5 – z) 0.132 0.91 0.0762 –0.0064 3.54
(0.175)a (1.58)a (0.115)a (–0.0013)a (5.33)a

Interactions C—H...N
N(3)...H(61)—C(6) (1 – x, –0.5 + y, 0.5 – z) 0.039 0.79 0.0255 0.0148 1.19
N(3)...H(72)—C(7) (x, 0.5 – y, 0.5 + z) 0.050 0.80 0.0298 0.0133 1.39
N(2)...H(62)—C(6) (–x, 1 – y, –z) 0.043 0.67 0.0243 0.0115 1.13

Stacking interactions
C(1)...C(4) (1 – x, 1 – y, –z) 0.040 0.46 0.0182 0.0069 0.85
C(5)...N(4) (1 – x, 1 – y, –z) 0.036 0.42 0.0159 0.0066 0.74

a The value is calculated by the PBE/TZ2P//B3LYP/6�311+G** method for the dimer B dimer stabilized by the bifurcated
N—H...N bond.
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V = 876.40(5) Å3, Z = 4, dcalc = 1.449 g cm–3, µ(Mo�Kα) =
1.02 cm–1, F(000) = 400. The intensities of 25768 reflections
were measured at 110 K on a Smart 1000 CCD diffractometer
(λ(Mo�Kα) = 0.71072 Å, ω scanning technique with a step
of 0.3°, exposure time per frame was 10 s, 2θ < 80°); 5297 inde�
pendent reflections (Rint = 0.0604) were used in the refinement.
The X�ray diffraction data were processed and merged using the
SAINT Plus 18 and SADABS19 program packages.

The structure was solved by direct methods with the use of
successive electron density maps. All hydrogen atoms were lo�
cated from difference electron density maps. The structure was
refined against F2

hkl with anisotropic displacement parameters
for all nonhydrogen atoms and isotropic displacement param�
eters for hydrogen atoms.

The final R factors for 1 were as follows: R1 = 0.0459 (calcu�
lated based on Fhkl for 4012 reflections with I > 2σ(I )),
wR2 = 0.1230 (calculated based on F2

hkl for all 5297 reflec�
tions); the number of parameters in the refinement was 163,
GOOF = 0.971. The calculations were carried out using the
SHELXTL 5.10 program package.20

The experimental electron density function was determined
in the analytical form by the multipole refinement of X�ray
diffraction data in terms of the Hansen—Coppens model21 using
the XD program package.22 In the multipole refinement, the
coordinates, anisotropic displacement parameters, and the mul�
tipole parameters up to the octupole level (l = 3) were refined
for all nonhydrogen atoms against Fhkl. The positions of the
hydrogen atoms and their isotropic displacement parameters
remained fixed. Before the refinement, all C—H distances
were normalized to the ideal distance (1.08 Å). The N—H dis�
tances were calculated by the quantum�chemical method
(B3LYP/6�311G**). In the multipole refinement, the H atoms
were refined up to the dipole level (l = 2) taking into account the
cylindrical symmetry. The correctness of the anisotropic atomic
displacement parameters was estimated using the Hirshfeld test,23

which was at most 6•10–4 Å2 for the bonds. The results of
the multipole refinement are characterized by the following
parameters: R = 0.0303, wR = 0.0337, GOOF = 0.758 for
3935 reflections with I > 3σ(I ). The residual electron density
(ρ(r)exp – ρ(r)mult) was at most 0.16 е Å–3.

The potential energy density (ν(r)) was calculated from
X�ray diffraction data using an approximation in terms of
the Thomas—Fermi theory.24 According to this approach,
the kinetic energy density (g(r)) can be calculated from the
equation

g(r) = (3/10)(3π2)2/3[ρ(r)]5/3 + (1/72)|∇ρ(r)|2/ρ(r) +
+ 1/6∇2ρ(r),

combined with the local virial theorem5 (2g(r) + ν(r) =
1/4∇2ρ(r)), which allows calculations of both the potential en�
ergy density and the local electron energy density (he(r)). The
CPs (3,–1) were found and the corresponding topological char�
acteristics, including he(r), g(r), and ν(r), were calculated using
the WINXPRO 1.5.20 program.25

Quantum�chemical calculations for molecule 1 were per�
formed using the Gaussian 98 program26 with the B3LYP func�
tional and the 6�31+G** basis set. The geometry optimization
of the N—H...N�bonded dimer B was carried out using the
PRIRODA program27 (PBE/TZ2P). The electron density func�
tion was determined from the results of B3LYP/6�311G** cal�

culations using the geometry calculated at the PBE/TZ2P level
of theory. The topological analysis of the calculated function
ρ(r) was performed using the MORPHY 98 program.28
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