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EFFECT OF INTRAMOLECULAR INTERACTION ON
MOLECULE CONFORMATION STABILITY AND
CRYSTAL PACKING OF POLYNITROCOMPOUNDS

Atovmyan L O Golovina N |
" (Institute of Chemical Physics,Russian Academy of Sciences)

"ABSTRACT In study of polynitrocompounds it is found that a dense crystal must

not riecessarily be constructed from dense molecules, and the main factors affecting the

" crystal structure are the electronic structure of their molecules. The correlation between

.the value of non-bonded intramolecular contact and the megnitude of the respective inter-
molecular contact seems to be unusual for this kind of compounds.

Alkoxydiazene-N-oxide and 1, 1, 4, 4.-tetranitrobutanediol-2, 3 derivatives were
taken as examples in this stm;ly. The obtained results concluded that the intramolecular
interaction can stabilize the crystal conformation , while the increase in the intermolecular -
contact decreases the crystal density.

KEY WORDS intramolecular interaction, polymtrocompounds, crystal packing.

1 INTRODUCTION ,
It is well known that the density of crystal compounds determines a variety of their
important physico-chemical characteristics. In view of that, polynitrocompounds are of
special interest. \ o
' Eariiér we carried out a series of investigations directed to elucidating the correla-
tion between the crystal structure of polynitrocompounds and their density that in some
cases varied from 1.5 to 2. 0 g/em*"~* for the componunds involving only the elements of
the second period. We discovered a seemingly unusual correlation between the values of
nonbonded intramolecular contacts on the one hand, and the magnitudes of the respec-
tive intermolecular cbntacts son the other. A selfagreement between the contacts was es-
tablished that shortenmg one kind of the contacts leads to elongation of the other~*,
This result is unexpected as it exceeds the limits of the classical works of Kitaigorods-
kii"*who noted only the e{fect of geometrical parameters of the molecule on its crystal
packing snot taking into account the nature and electronic structure of the molecule.
The obta,ined results led us to conclude that .the density decrease in polynitrocom-

pound crystal resulted from the increase in their intermolecule contact magnitude is con-
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nected with the increase in electrostatic repulsion between the molecules™.

In further investigation of this relation we took an additional attenition to the short-
ening of intramolecular contacts and the effect of intramolecular electrostatic attraction
or orbital interactions. These interactions stabilize the conformation of a complex over-
loaded molecule, and in their turn, determine the character of intermolecular interac-
tions.

The present work, based on the comparison of the data of X-ray analysis of alkoxy-
diazene-N-oxide compounds and 1,1,4,4-tetranitrobutanediol-2,3 derivatives with qua-
litative consideration of orbital interactions within the framework of perturbation theo-
rysas well as with the data of quantum-chemical calculations of the appropriate model
compounds,traces the interrelation between all kinds of intramolecular orbital interac-

tions and intermolecular interactions in crystals.

2 EFFECT OF SUBSTITUENTS ON ORBITAL INTERACTIONS IN

MOLECULES OF ALKOXYDIAZENE-N-OXIDES

In the chemistry of power intensive compounds,alkoxydiazene-N-oxides atiract our
attention in view of the fact that, being isomers of nitramines, they have higher en-
thalpies of formation and higher thermostability.

Numerous X-ray studies of the compounds belonging to the class of alkoxydiazene-
N-oxides™ ) record a planar diazenoxide fragment in Z-configuration with attractive in-
teraction between chemically nonbonded oxygen atoms. Construction of a molecule based
on qualitative approaches to orbital interactions by using perturbation theory leads to
the following for the fragment under consideration: a lone electron pair (LEP) on a ni-
trogen atom n (N) interacts with an o-type LEP on an oxygen atom (an interaction in
the plane of the N(O)—N—0O group) (Fig. 1). Destabilization of an antibonding combi- -
nation of LEP is greater than stabilization of a bonding combination. The antibonding
LEP combination interacts with a vacant MO of the N—O polar bond. The ¢" -antibond-
ing orbital is localized mainly on a positively charged atom of the N—O bond.

The n-o* interaction stabilizes Z-configuration of the fragment,since the occupied
combined MO lies lower than the orbitals interacting due to partial overlap in the N—N
region. In the case of E-configuration such an overlap is much smaller (Fig. 1).

Besides, there is an attractive interaction betweem the oxygen atoms lying at a dis-
tance less than 2.5 A.In the case of two neighbouring LEP interaction, chemically non-
bonded oxygen atoms of the same symmetry leads to formation of a bonding MO with an
insignificant stabilization and to an antibonding MO with-a considerable destabilization
of the molecular levels (Fig. 2). When there is a vacant antibonding MO in the system,
the antibonding LEP combination may interact with this vacant MO if they have the

same symmetry and their energies are close.
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An interaction between the levels occurs together with charge transfer from the an-
tibonding region;as a result, the interaction of LEP becomes attractive. These argu-
ments may be best confirmed by calculations of occupation between the interacting atom

centres.
_ .0 O—CH,
Calculations for molecule \N—N/ were carried out in minimal basis set
H,C , o
(STO-3G) by using the MONSTER-GAUSS-81 program with extensive geometry opti-

mization. It follows from the calculations that the central four-atom fragment is a unified
conjugated system with six m-electrons and attraction between the oxygen atoms. The
high occupied MO has a n-character it makes the greatest contribution to the positive el-
ement of the m-overlap occupation of oxygen atoms; the atomic coefficients are high and
positive in their sign (Fig. 3).

Qualitative construction of molecules with different substituents in a four-atom
fragment, for example, with an electronegative o-type substituents on the nitrogen
atom,leads to lowering the bonding MO’s and rising the antibonding MO’s,hence the n-
7’ interaction is decreased. 1f a w-donor is a substituent on a nitrogen atom,the multiple
N-N bond is polarized, which leads to lowering the 7* (N—N) MO, 1. e. the orbital in-
teraction should increase. Analogously,if a n-donor happens to be an oxygen atom sub-

stituent in the diazenoxide fragment,the n-7* interaction increases. The results of the
MONSTER-GAUSS-81 program calculations confirm the qualitative analysis: an in-
crease in the orbital interaction is followed by elongation of the N—N bond and shorten-
ing of the O+-+O distance;in this case the positive calculated occupration between the in-
teracting atoms increaes, Charge distribution in the orbitals (Teble 1) of the four-atom
fragment illustrates the substituent effect on the character of interaction. (The orbitals
are classified with respect to plane of symmetry of the fragment). An increased attrac-
tive interaction between the oxygen atoms is explained by charge decrease on py-orbitals
of these atoms and charge increase on #, and p. orbitals of the nitrogen atoms. Fig. 4
shows the dependence of N — N bond lengths on the O+ O distance for the com-
pounds*""*Istudied by X-ray technique at low temperature and theoretical calculations
respectively.

It can be seen from both the experimental and theoretical data, the N—N bond
length is inversely proportional to the distance between the oxyge atoms. An analogous
experimental dependence was obtained for symmetric molecules (Fig. 5) ({or the pur-
pose of experiment geometric parameters of both the molecuiar fragments were previ-
ously averaged).

It should be noted that the above consic!erations on p-n" and n-¢* about the pre-
ferred Z-configuration over E-configuration are correct for the methylene-bis (nitrosohy-

droxylamine) anion as well.
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Attractive interaction between oxygen atoms in molecules of alkoxydiazene-N-ox-
ides is not an exception. Literature!*'*) reported on structural investigations of the
molecules of 1, 2-difluoroethylene and 1, 2-difluorodiazene in which cis-configuration is
preferred because of attractive interactions of lone electron pairs on fluorine atoms.

Thus the final molecular conformation makes a compromise of the two interactions;
the repulsive interaction between chemically nonbonded atoms and the prevailing attrac-
tive interaction between orbital centres. The attractive interaction between oxygen atoms
diminishes the charge distribution on these atoms, thus diminishing the electrostatic re-

pulsion between the neighbouring molecules.

3 INTRAMOLECULAR INTERACTIONS IN MOLECULES OF 1,1,4,4-
TETRANITROBUTANEDIOL-2, 3 DERIVATIVES AND THEIR INFLU-
ENCE ON THE CHARACTER OF INTERMOLECULAR INTERACTIONS

For synthesis of superdense compounds from complex strained molecules, a trini-
troethylenic fragment is often used; a strained propeller conformation of a fragment
with dihedral angels of ~80° between the nitrogroup planes is stabilized by n-n" -orbital
interactions between the occupied n-type orbitals of each nitrogroup with vacant x* -or-
bitals on the neighbouring nitrogroups. The electrostatic attractive interaction between
the neighbouring nitrogroup atoms N* O~ of unlike charges acts into the same direction,
i.e. towards enhancing the stabilization of the trinitroethylenic fragment conformation.

However,quite dense molecules with appreciable intramolecular interactions stabi-
lizing the conformation of 2 molecule and reducing its molecular level are packed rather
loosely in the crystal.

In this paper,an interrelation between intra-and intermolecular interactions involv-
ing an interaction of lone electron pairs is shown,exemplified by the structure of a rather
dense fluorbdinitromethyl fragment which is also quite often used in synthesis.

Crystallochemical analysis of the structures of 1,4-dihaloid-1,1,4,4-tetranitrodiols-
2,31 )shows that the conformation of the fragment is stabilized in the molecules by or-
bital interactions; both the lone electron pairs of the haloid atom interact simultaneously
with the high MQO’s of the lone n-type electron pairs of both the nitrogroups in two in-
terperpendicular planes. For the molecule geometry, the p-r° interaction must lead
haloid-oxygen atoms to approaching each other,as well as to shortening C—Hal and N~
O bonds and lenghthening C—N bond. This geometry was observed in the experiment
(Fig . 6). An additional confirmation of attractive interactions between the nitrogroup
oxygen and haloid atoms was obtained by quantum-chemical calculations of a 2-chloro- °
2, 2-dinitroethanol molecule. Optimization of geometric parameters and torsion angles of
the molecule was carried out. The calculatded conformation of a separate molecule coin-

cides with the experimental conformation of the molecular fragment. The calculations
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showed the HOMO to be a bond of n-type,with pairwise levels MO, (E,=0. 319H) and
MO, (E,= —0. 311H) (Fig. 7). The oxygen atoms in nitrogroups and the chlorine atom
make the greatest contribution into the positive occupation of m-overlap. On MQO,;, AO
3p. Cl' and AO p, O° are in the phase; on MO;, AO 3p, Cl' and AO p, O® are in the
phase. The net calculated occupation between the interacting atoms Cl and O of the ni-
trogroups has a positive value. The p-x* interaction in the haloiddinitromethy! fragment
decreases the charge distribution in nitrogroups as compared to the molecule not involv-
ing a haloid atom; with increase of the haloid atomic number the orbital interaction in-
creases, and the charge distribution on nitrogroups decreases respectively. Further,with
increase of the haloid atomic number in a series of structures a shortening of the inter-
molecular O++O contacts is observed; all the intermolecular contacts are less than 3. 3
A, i. e. the electrostatic intermolecular repulsion in the crystal structure decreases.
Hence in the calculation of the energy of the structure we must take into consideration,
along with Van der Waals interaction, the electrostatic interaction that affects signifi-
cantly the crystal density. However, this approach is too formal; it is necessary to ex-
amine the packing details. In the actual structure of 1,1, 4, 4-tetranitrobutanediol-2,
301 the details of the molecular packing are the following (Fig. 8): two types of inter-
.actions are found between the nitrogroups of the two neighbouring molecules. First ythis
is an interaction between the lone electron pairs of the ¢” and #-type with a subsequent
interaction with the vacant n-c" orbitals of the nitrogroups. Second , this is an interac-
tion of the 7-n" type between the occupied orbital of one nitrogroup and the vacant or-
bital of another nitrogroup; the interaction gives rise to charge transfer. Quantum-
chemical calculations for three pairs of the model dinitromethane molecules were carried
out for those conformational ratios which were discovered in the structure of 1,1,4,4-
dinitrobutanediol-2,3; ss a result of this the criteria of estimation of the character of in-
termolecular orbital interaction were established. In the interaction of the LEP on the
nitrogroups of two neighbouring molecules,the greater is the splitting of a twice degen-
erate HOMO, the stronger is the interaction between the orbitals of the nitrogroups; in
the case of the interaction giving rise to charge transfer there is a total lowering of the
localization of all the levels.

In agreement with the qualitative examination of the attractive orbital interactions
the calculations show the HOMO of the two molecules to be bonded with a positive oc-
cupation of the n-and s-overlap: either of the nitrogroup orbitals themselves or of their
projections. In our estimation,it is natural that the magnitude of interaction is more sig-
nificant to charge transfer. Hence with the increase in the atomic number of haloid in 1,
4-dihaloid -1,1,4,4-tetranitrobutanediol-2,3 the intramolecular orbital attraction is en-
hanced; however, the intermolecular orbital attraction is also enhanced and the inter-

molecular electrostatic repulsion is decreased. As a result,the increase of crystal density
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in this series is much greater than that shown in Table 2.

Quite different is the relation between the intra- and intermolecular interactions in
the molecules of 1,4-dihaloid-1,1,4,4-tetranitrobutanediol-2, 3 dinitrates, where an in-
teraction between nitro- and nitrate-groups was discovered at 1,2-positions.

The geometric parameters in dinitrates of 1, 4-dihaloid-1, 1, 4, 4-tetranitrobu-
tanediols-2, 3 obtained in X-ray study shows distortion of super conjugation in haloid-
dinitromethyl fragment,as well as a possible n-n" interaction between the 1,2-positions
of the nitro- and nitrate-groups in the molecule with a short O+N contact of 2. 72 A.
With increase of the haloid number this distance becomes shorter (2. 85[F]; 2. 80 [Cl];
2.72 [Be O, ‘

In full agreement with the experiment (Fig. 9), the calculations of the model
molecules of 2-chloro-2,2-dinitroethanol nitrate with optimization of geometrical para-
meters show that the scheme of molecular levels distribution is determined mainly by in-
termolecular n-n° orbital interactions between nitro-and nitrate-groups which destroy
the super conjugation in the haloiddinitromethyl fragment. The high molecular level of
the 7-type decomposes into nonbonding sublevels of three nitro groups. Strained confor-
mation of the molecule in the real crystal and in the calculation is stabilized by orbital in- -
teractions as the conformation calculated by means of the molecular mechanics program
(MMX) changes considerably; the N+++O distance is up to 4. 2 A.The n-r* type inter-,
action decreases the energy of the ground state of the molecule; this,in its turn,brings
on a possibility of rise of intermolecular orbital interactions. In dilxlitrates,the inter-
molecular contacts are longer than in alcohols; mean values of the intermolecular con-
tacts in the range of<(3. 3 A increase with the increase of atomic number of the haloid.

There are some physical parameters that testify objectively to the correctness of our
considerations. The first is the crystal densiéy'-. In a row of alcohols, there is an increase
in the crystal density significantly with the increase of haloid atomic number than ex-
pected from the calculations with the additive scheme. On passing from alcohols to ni-
trates (replacement of an alcohol group with a nitrate one) ,there is a sharp retardation
of the density increase (Table 2). The compared structures have the same type of pack-
ing from centrosymmetric molecules. Secondly, this is a hypsochromic shift of n-n* ab-
‘sorption band in the UV-spectra which was discovered in the study of the concentration
dependence of this band for some polynitro- and nitrate compounds®™. The results ob-
tained show a "blue” shift of the absorption band in polycrystalline samples as compared
to the solutions of these substances. The theory states that the energy gap for n-7* and
m-n” transitions is determined by dipole-dipole and orbital interactions. The experimen-
tal value of the shift, 0. 2~0. 3¢V or 1. 88X 10‘J/mol, allows us to conclude that the en-
ergy of the intermolecular orbital interactions,as well as the energy of dipole-dipole in-

teractions shoud be included in the total energy of crystal structure since this energy ac-
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counts for the motif of molecule packing in a crystal.

4 CONCLUSIONS

Polynitrocompounds are a unique class of compounds and the rules affecting their
crystal structure are mainly determined by the electronic structure of the molecule. A
dense crystal must not necessarily be constructed from dense molecules; an additive
scheme of building up & crystal volume suits well to the molecular crystal whose the
structural energy is represented by Van der Waals energy. A contribution of coulomb
energy to the structural eneréy of the polynitrocompounds is rather high. It is 20~40%
of the total energy. We must also take into account the energy of the dipole-dipole and
orbital intermolecular interactions.

The examples of intermolecular interactions of lone electron pairs on oxygen and
haloid atoms in molecules of alkoxydiazen-N-oxide and in haloid-derivatives of 1,1,4.4-
tetranitrobutanediol-2, 3 presented in this review show that such interaction make the
molecule dense, decrease charge distribution on the atomic orbital centres;this, in its
turn, decreases the electrostatic repulsion of the neighbouring molecules and increases
the density of the crystals more appreciably than that from tne additive scheore.

' The ‘intermolecular orbital interactions between the high occupied orbital of one
centre of the molecule and the vacant orbital of another centre of the molecule would
.give rise to charge transfer,thus lowering the total localization of the levels and causing
inhomogeneity in the charge distribution on the nitro groups. All this,in its turn, en-
hances repulsive interactions between molecules and decreases intermolecular orbital in-
teractions. This explains a sharp retardation of the growth of crystal density of 1,4-di-
haloid-1,1,4,4-tetranitrobutanediol-2,3 with the increase of the haloid atomic number.

The investigated compounds were synthesized in the Institute of Chemical Physics
in Chernogolovka : alkoxydiazene-N-oxides were synthesized by Zyuzin. 1,1,4.4-tetran-
itrobutanediol-2,3 and derivatives were synthesized by Fedorov;UV-spectra were stud-

ied by Leksina and gquantum-chemical calculations were performed by Trofimova.
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Table 1 Charge distribution in the orbitals of a four-atom fragment

Molecules Q! N? N* (o)

z{ =z
— 2s =+ 0. 0904 -+ 0.5327 +0. 2747 +0..1530
N s 401810 —0.0429  +0.1900  +0.0069
p,  —0.5260 —0.2879 —0.2448  +0.0900
O  p.  +0.14i2 —0.0774 . —0.2548 —0. 3967

’ ; S —0.1632 +0.1286 —0.0324 —0.1450
HC—ON 7./
N

M

—0.1814 +0.1072 —0.0500 —0.1520
2s +0.0883 +0:.5342 +0.2738 +0.1542
N= p- +0.1000 —0.0636 +0.2002 —0.0022
NF, > —0.5199 —0.2810 —0.2716 -0.0867

p. +0.1500 —0.0863 —0.2551  —0.3922

z —0.2068 +0.0540 —0.0825 —0.1653

H,C—Ox_ /0 2s  +0.0901 +0.5357 +0.2722 +0.1561
Ne=N _pe  +0.0601 —0.1199  +0.2127 —0.0204

CH P, —0.4878 —0.2616  —0.3126 +0.0838

: P +0.1208  —0.1044 —0.2561 —O. 3865

]II S —0.2047 +0.0550 —0.0853 —0.1699
0 25 +0.0902  +0.5362 +0.2736 +0.1566

H'N—(I:"‘O\ /  p. 40,0603 —0.1195 +0.2112 —0.0218
RN p» —0.4851 —0.2622 —0.3155° +0.0863

: CH, - p. +0.1288 —0.1037 —0.2573 —0.3920

. SR S —~0.1803 +0.0663 —0.0830 —0.1906
FC—O\ - 25 +0.0918 -+0.5363 +0.2661 +0.1541
N=N p.  +0.0607 —0.1305 +0.2357 —0.0354

' \CH Py —0.4464 —0.2449 —0.361k +0. 0931

? po +0.1125 —0.0987 —0.2263 —0.4040

o S —0.1531 +40.0741 —0.0616 —0.1366

- N=C—On 2s  +0.0939 +0.5342 +0.2478 +0.1686

/ .
N—=N pe  +0.0615 —0.1430 +0.2738 =0.0330
\CH s —0.4020 —0.2290 —0.4120 +0.1210

* pe  +0.0924 —0.0922 —0.1733 —0.3949

‘Table 2 Crystal densities of the studied compounds

Compounds p(g/em®)
 (NO,);HCCH(OH)CH(OH)C(NO,),H - 1. 816
F(NQ,),CCH(OH)CH(OH)C(NO,):F 1.945
CI(NO,>;CCH(OH)CH(OH)C(NO,),Cl 1.992
Br(NO,);CCH(OH)CH(OH)C(NO);Br 2.369
F(NO,);CCH(ONO,)CH(ONOQ,)C(NO,),F 2.047
CI(NO,);CCH(ONO,)CH(ONO,)C (NO,)Cl 2.013

Br(NO,>,CCH(ONO,;>CH(ONO,)C(NO,),Br 2. 362
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Fig.3 Distribution of high occupied and low vacant MO’s
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Fig.4 Plot of N—N bond length as a function of O+QO distance (A4 )

for asymmetric molecules ;calculated (a) and experimental (b)
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r{ N=N )/4

-

CH: .
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‘l N—O
1. 294
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1. 27 4
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Al T T T T
2. 44 2.45 2. 46 2. 47 2.48 2. 49
' d4(00)/ A

Fig.5 Expermental plot of N:<:N bond length as a function of OO

distance ( A ) for symmetric molecules

Fig. 6 Structure of a 1,4-dibromo-1,1,4.4- tetranitro-butanediol-2.3 molecule.
In molecules of 1,4-dihaloid-1.1,4,4-tetranitrobutanediol: r(C—N)=1.549~1.558(8)(Br):
1.533~1. 550 (4) (C1); 1.535~1. 540 (4) (F);1.502~1.504(3) (H) A
r(C—Hal) =1.866(5)(Br)[1.91]51.707(2) (C1)[1.76]; 1.319(2)(F) A
r(O+-Hal)=2.92(Br);2.78(C1):2. 49 (F)A
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Fig. 7 Electronic parameters for molecules of 2,2-dinitroethanol (a) and 2-chloro
-2, 2-dinitroethanol (b)(total charge on nitrogroups is given in brackets jfor structures
RC(NO,),CH(OH)CH(OH)C(NO;);R the mean values of O--O intermolecular
contacts:R=Br,r=3.053 A ;R=C1,r=3.089 A ;R=F,r=3.086 A ;R=H,r=3.106 A

ne Ne

~y Q'_, e 7\ Oy

. ‘ 2,90 #e{NOQy)
o n.(NOS] 74(NOz) N\

. n:(NQ;)
oo € 2 s \g ’
®*(NOy) O

N 4 C
TNy O\, | {k e
o o / _ / " (N0
b0, |

ne(NQ;) /

x° (NO;)

(a)
(b)

Fig.8 Variants of orbital interactions between the nitrogroups of the
neighbouring molecules for the structure of 1,1,4,4-tetranitrobutanediol-2,3 (a)
.and 1,4-dichloro-1,1,4,4-tetranitrobutanediol-2,3 (b)
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(a) . (b)

Fig.9 Molecule of 1,4-dichloro-1,1,4,4-tetranitrobutanediol-2,3 nitrate (a)
and electronic parameters of 2-chloro-2,2-dinitroethanol nitrate molecule (b).
(In molecules of 1,4-dihaloid-1,1,4,4-tetranitrobutanediol-2,3 dinitrates a short O+N
contact is shortened with increase of the haloid atomic number ;2. 85(F);
2. 80(C1)2. 72(Br). ab initio calculations r (O+N)=2, 3574 ,MMX r(O:*N)=4.20 K)
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