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CRYSTAL STRUCTURE OF 9(10-METHYL)-ACRIDINIMINE
HYDRIODIDE. LATTICE ENERGETICS OF THIS COMPOUND AND
HALIDE SALTS OF NITROGEN ORGANIC BASES

JACEK RULEWSKI*, KAROL KRZYMIN SKI°, ANTONI KONITZ**, PAWEL
DOKURNO?, JANUSZ RAK*® and JERZY BLAZEJOWSKI®

*Department of Chemistry, University of Gdarisk, Sobieskiego 18, 80-952
Gdansk, Poland

®Department of Pharmaceutical Technology and Biochemistry, Technical
University of Gdansk, Narutowicza 11/12, 80-952 Gdarisk, Poland

Abstract The crystal structure of hydriodide of 9(10-methyl)-acridinimine, the
cation of which originates from the imino tautomeric form of 9-acridinamine,
was determined by X-ray analysis (monoclinic; space group P2/c; Z=4;
R=0.0368 for 1651 observed reflections). The bond between the egzocyclic N
atom and the acridine moiety retains a length typical for double bonds, while
lengths of adjacent C-C bonds are contained between those characteristic for
single and aromatic bonds. The central ring system is strongly conjugated with
the side rings through bonds at the endocyclic N atom which results in the
acridine skeleton being almost planar. For this molecule and fifteen halide salts
of simple nitrogen organic bases, the electrostatic, dispersive and repulsive
contributions to the lattice energy were evaluated, boiling down the problem of
intermolecular interactions to atom - atom interactions. Coulombic energies
arising from charges fitted to the molecular electrostatic potential on the DFT
level, compare well with experimental values of the crystal lattice energy and
show a decreasing tendency with growth of dimensions (volume of a
stoichiometric unit) of interacting ions.

INTRODUCTION

Discussions as to whether 9-acridinamine exists in one or two (amino or imino)
tautomeric forms (Figure 1), which can occur as a result of migration of the H atom
between egzocyclic and endocyclic N atom (prototropic tautomerism) have been
conducted for many years.! While some investigations seemed to support the
existence of this phenomenon,*® others did not.”"? The results of experimental® and

*To whom correspondence should be addressed.
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theoretical “** studies already published by us, as well as recent theoretical calculations
(which will be published soon) revealed that the phenomenon actually exists and to
prove this we have synthesized and determined the structure of the hydriodide of the
methyl derivative of 9-acridinamine with fixed imino structure.

B oo it

9-acridinamine 9(10-H)-acridinimine mesomeric structure of cation

FIGURE 1 Canonic structures of tautomeric forms of 9-acridinamine and its
methylated cation.

Another problem on which our attention was concentrated is the crystal lattice
energetics of this compound and halides of nitrogen organic bases. These salts are the
simplest ionic derivatives remaining on the boundary between organic and inorganic
matter. In our previous works we presented a theoretical prediction (for the first time)
of the energies of Coulombic interactions of several such salts whose structures in the
solid phase were established.'*'® Here we demonstrate the possibilities of evaluation
of electrostatic, dispersive and repulsive contributions to the lattice energy on the basis
of a model which boils down the problem of intermolecular interactions to atom -
atom interactions. The results of these calculations are compared with available
literature data in order to reveal which of the theoretical methods provide
characteristics closest to the experimental ones. Furthermore, the influence of
dimensions (volume of a stoichiometric unit) of interacting fragments on the energy
of the crystal lattice is considered in brief.

MATERIALS AND METHODS

9(10-methyl)-acridinimine hydriodide was formed as the result of the reaction of
methyl iodide with 9-acridinamine.'” Crystals, purple needles, suitable for X-ray
analysis were grown from ethanol solution.

Details concerning data collection are given in Table I. The structure was solved
by conventional heavy atom method using SHELXS-86 program.'® The anisotropic
displacement coefficients were applied to all non-hydrogen atoms. The hydrogen
atoms were treated as ’riding’ at a fixed distance of 1.00 A from the carbon atom and
0.97 A from the nitrogen atom and included in the refinement with individual isotropic
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temperature factors. Neither the absorption corrections nor extinction ones were used.
The structure refinement was carried out using the SHELX-76 program'® and
converged at R=3.68%. The atomic scattering factors were taken from the
International Tables for X-ray Crystallography (1974). Illustrations concerning the
crystalline phase were drawn using the ORTEP program.?

STRUCTURE OF 9(10-METHYL)-ACRIDINIMINE HYDRIODIDE

The summary of crystallographic data is given in Table I. Table II contains the non-
hydrogen atom coordinates, while Table III supplies information on the molecular
geometry. Tables of H-atom positions, anisotropic thermal parameters, and F,, F,
structure factors are available from the authors. The ORTEP® view of the
stoichiometric unit of 9(10-methyl)-acridinimine hydriodide, with labelling sequence,
is shown in Figure 2. On the other hand, Figure 3 demonstrates the arrangement of
molecules in the solid phase.

The cationic fragment is almost planar within the acridine moiety and H,N(15)
group containing the egzocyclic N atom. The C(9)-N(15) bond maintains the length
(1.308 A) typical for double bonds, while lengths of adjacent to C(9) the C-C bonds
are contained between values characteristic of single and aromatic bonds.?! The
central ring system is strongly conjugated with the side rings through bonds at the
endocyclic N atom. All these facts clearly demonstrate that cationic fragment retains
the structure originating from the imino tautomeric form of 9-acridinamine (Figure 1).

Two 9(10-methyl)-acridiniminium fragments are engaged in hydrogen bonds
with iodine (Figure 3). The latter entity presumably also-participates in weak non-
specific interactions with hydrogen atoms of side rings, since the sum of van der
Waals radii of atoms involved in these exceeds their separation (three such interactions
are shown in Figure 3). Both hydrogen bonding and non-specific interactions seem to
be the main cohesive forces maintaining molecules in the solid phase.

CRYSTAL LATTICE ENERGY OF HALIDE SALTS OF NITROGEN
ORGANIC BASES

It is generally recognized that there are four contributions to the lattice energy (E,) of
molecular crystals, namely, electrostatic (E,), dispersive (E,) and repulsive (E)
interactions, as well as the term of zero point energy (E,), which makes®

E =E, +E +E +E ¢y
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TABLE I Crystallographic data for 9(10-methyl)-acridinimine hydriodide.

Crystal data Data collection
Chemical formula [C, H;N, ]I Diffractometer Kuma KM-4
Formula weight 336.2 Radiation MoK, (A=0.71069)
Crystal system monoclinic Temperature 293 K
Space group P2\/e Absorption coefficient 2430
sin ®/A 0.049-1.322
Unit cell dimensions Independent reflections 2455
a = 10.356(2) (A) Reflections observed 1651
b = 17.784(4) (A) Index range 0-14, 0-12, -13-14

c= 7.280(1) (A)
B = 105.64(3) (deg)

Volume V = 1291.1(5) (AY)

Molecules/unit cell Z=4

Density’ D, = 1.728 ‘g/cm’

Refinement

Solution Heavy atom method R =3.68%

Refinement full-matrix least-squares WwR = 6.38%

Weighting scheme w'! = ¢?+0.001 F* GOOF = 0.97

Largest and mean A/a  0.270, 0.043 Amax = 034 (0.70 close to I)
Data to parameter ratio 10:1 Amin = 041

TABLE II Fractional atomic coordinates (x10%) and equivalent isotropic temperature factors
(A%x10%) with es.d.’s in parentheses for 9(10-methyl)-acridinimine hydriodide.

Atom x/a y/b z/c Ueq®
I 7256(0) 605(0) 6858(1) 51(0)
C() 1061(6) 1390(3) 2713(10) 58(1)
C -244(6) 1463(4) 1601(9) 52(1)
C(3) -767(6) 2172(4) 1158(10) 55(1)
C4) -31(6) 2820(4) 1749(9) 45(1)
C(5) 4125(8) 4000(3) 5290(9) 49(1)
C(6) 5407(8) 3945(3) 6443(10) 66(1)
(¢4)] 6009(7) 3242(4) 6975(10) 54(1)
C(8) 5326(6) 2601(3) 6331(9) 38(1)
C9) 3254(5) 1958(3) 4479(8) 34(1)
N(10) 2070(6) 3398(3) 3503(8) 41(1)
c(11) 1862(6) 2037(3) 3380(8) 32(1)
C(12) 1318(6) 2763(3) 2905(8) 34(1)
c(13) 3388(6) 3347(3) 4633(9) 36(1)
C(14) 3976(6) 2632(3) 5173(8) 34(1)
N(15) 3793(5) 1293(3) 4898(8) 50(1)
C(16) 1497(9) 4148(4) 2929(12) 77(1)

* Ueq = (U;,(2'a)’ + Upy(b'b)’ + Usy(c’c)® + 2(U,,a’b’abeosy +
+ U,a'c’accosB + U,,b c’becosa))/3.
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TABLE III Molecular geometry of 9(10-methyl)-acridinimine hydriodide.
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Bond lengths (A) in the cation (with e.s.d.’s in parentheses)

C()-CQ) 1.382(8) C(8)-C(14) 1.426(8)

C(1)-C(11) 1.425(8) C(9)-C(11) 1.455(7)

C(2)-C(3) 1.376(10) C(9)-C(14) 1.431(7)

C(3)-C(4) 1.385(9) C(9)-N(15) 1.308(7)

C@)-C(12) 1.427(8) N(10)-C(12) 1.374(8)

C(5)-C(6) 1.370(10) N(10)-C(13) 1.394(8)

C(5)-C(13) 1.401(8) N(10)-C(16) 1.474(9)

C(6)-C(7) 1.404(9) C(11)-C(12) 1.414(8)

C(7)-C(8) 1.357(9) C(13)-C(14) 1.419(8)

Bond angles in the cation (deg) (with e.s.d.’s in parentheses)
C(2)-C(1)-C(11) 120.8(6) C(13)-N(10)-C(16) 118.8(6)
C(1)-C(2)-C(3) 119.0(6)  C(1)-C(11)-C(9) 120.6(5)
C(2)-C(3)-C(4) 122.8(6)  C(1)-C(11)-C(12) 119.8(5)
C(3)-C(4)-C(12) 119.6(6) C(9)-C(11)-C(12) 119.6(5)
C(6)-C(5)-C(13) 119.9(6)  C(4)-C(12)-N(10) 120.6(5)
C(5)-C(6)-C(7) 121.27) N(10)-C(13)-C(14) 120.0(5)
C(6)-C(7)-C(8) 120.1(6) C(4)-C(12)-c(11) 118.1(5)
C(7)-C(8)-C(14) 120.6(6) N(10)-C(12)-C(11) 121.2(5)
C(11)-C(9)-C(14) 117.4(5) C(5)-C(13)-N(10) 120.3(6)
C(11)-C(9)-N(15) 1209(5)  C(5)-C(13)-C(14) 119.6(6)
C(14)-C(9)-N(15) 121.7(5) C(8)-C(14)-C(9) 120.8(5)
C(12)-N(10)-C(13) 121.0(5)  C(8)-C(14)-C(13) 118.5(5)
C(12)-N(10)-C(16) 120.2(6) C(9)-C(14)-C(13) 120.6(5)
Dihedral angles in the cation (deg) (with e.s.d.’s in parentheses)
C(1)-C(2)-C(3)-C(4) 1.3(10)  C(6)-C(5)-C(13)-N(10) 178.2(6)
C(1)-C(11)-C(9)-C(14) -1772(5)  C(6)-C(5)-C(13)-C(14) 0.2(10)
C(1)-C(11)-C(9)-N(15) -09(9)  C(6)-C(7)-C(8)-C(14) -2.5(10)
C(1)-C(11)-C(12)-C(4) -03(9)  C(7)-C(6)-C(5)-C(13) 0.5(11)
C(1)-C(11)-C(12)-N(10)  -179.1(6)  C(7)-C(8)-C(14)-C(9) 179.6(6)
C(2)-C(1)-C(11)-C(9) -177.3(6)  C(7)-C(8)-C(14)-C(13) 3.1(9)
C(2)-C(1)-C(11)-C(12) 0.19) C(8)-C(14)-C(9)-C(11) 177.3(5)
C(2)-C(3)-C(4)-C(12) -1.5(10)  C(8)-C(14)-C(9)-N(15) 1.09)
C(3)-C(2)-C(1)-C(11) -0.6(10) C(8)-C(14)-C(13)-N(10) -180.0(6)
C(3)-C(4)-C(12)-N(10) 179.8(6)  C()-C(11)-C(12}-N(10)  -1.7(9)
C(3)-C(4)-C(12)-C(11) 1.0(9)  C(9)-C(14)-C(13)-N(10) 3.6(9)
C(4)-C(12)-N(10)-C(13)  180.0(6)  C(1)-C(9)-C(14)-C(13) -6.3(8)
C(4)-C(12)-N(10)-C(16) -1.0(9)  C(D-C(12)-N(10)-C(13) -1.3(9)
C(4)-C(12)-C(11)-C(9) 177.1(5)  C(1)-C(12)-N(10)-C(16)  177.7(6)
C(5)-C(6)-C(T)-C(8) 0.7(11) C(12)-N(10)-C(13)-C(14) 0.4(9)
C(5)-C(13)-N(10)-C(12)  -177.6(6)  C(12)-C(11)-C(9)-C(14) 5.4(8)
C(5)-C(13)-N(10)-C(16) 33(9)  C(12)-C(11)-CO-N(15) -178.3(5)
C(5)-C(13)-C(14)-C(8) -1.909)  C(13)-C(14)-C(9)-N(15)  177.4(6)

C(5)-C(13)-C(14)-C(9)  -178.4(6)  C(14)-C(13)-N(10)-C(16) -178.6(6)

Possible hydrogen bonds in the crystal (with e.s.d.’s in parentheses)

distance (A) angle (deg) symm 1.
-HN - H..I -HN-H H..I -HN..I -HN-H...I OP.
N(15)-H(15a)..1°  0.971(7) 2.733(3) 3.669(5) 162.1(7) 1-X,-Y,1-Z
N(15)-H(15b)..I°  0.971(10)  2.735(9) 3.693(5) 169.0(7) XY,Z
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TABLE III (continuation)

Van der Waals contacts with I anion
distance symm].OP.

I.H(1a) 3.133(8) XY,Z

1.H(4a) 2.990(5) 1-X,1/2+Y 3/2-Z

1..H(8a) 3.102(5) 1+X,3/2-Y,1/2+Z

6!

FIGURE 2 The ORTEP view of the stoichiometric unit of 9(10-methyl)-acridinimine
hydriodide.

FIGURE 3 The molecular arrangement of 9(10-methyl)-acridinimine hydriodide in the
solid phase (dashed lines indicate possible hydrogen bonding (-HN-H-I) and non-
bonding ()C-H-1) interactions).

Values of the electrostatic term result from the summing up of Coulombic
interactions,”

2 .
_ gy Ne? Q9
2 ipidme, R

E

el
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The magnitude of the dispersive (attractive) term can be evaluated considering the
problem in the category of the van der Waals interactions, %
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1 DD,
E,=-_XX 1 3)
2 i R,_j6

while repulsive interactions can be estimated using the relevant fragments of the
Lennard-Jones, 2%

1 AA.
E =_zz_J ]
2 imi R12
ij
or Buckingham®?
E - 1s3BBexp(-C,CR,) )

i

equations. In Equations (2)-(5) N is the Avogadro number, e the elementary charge
and ¢, the permittivity of free space; Q, () represent the relative partial charges at
atoms, D, (D), B; (B) and C, (C)) denote atomic parameters, while R, the distance
between interacting centres; all summations extend over all pairwise interactions
between each atom of the basic stoichiometric unit (denoted as i) and all atoms from
its surroundings (denoted as j). We neglected the E, term since it is insignificant in
the case of ionic crystals.”

The evaluation of the crystal lattice energy requires knowledge of the solid phase
structures. The search for these structures has been carried out in the Cambridge
Structural Database System®® and information concerning the compounds examined
in this work is given in Table IV.

The energy of electrostatic interactions was calculated assuming that halide
anions and organic cations gain 1- and 1+ charges, respectively, and that the charge
in a complex cation is spread over all atoms. The relevant partial charges were derived
on the ab initio Hartree-Fock (HF)*' or density functional theory (DFT)* level, as
Mulliken charges,”® or those fitted so as to reproduce the molecular electrostatic
potential (MEP fit).* These charges were derived using the 6-31G™ basis sets
included in GAUSSIAN 94 program package.” Table V shows such charges in
ammonium and 9(10-methyl)-acridiniminium cation. The excess of a negative charge
is usnally predicted at more electronegative atoms, i.e. on nitrogen or carbon atoms,
whereas the defficiency of a negative charge at hydrogen atoms. This does not
correspond to our traditional belief that deficiency of a charge imparted to the proton
is shared by the nitrogen atom of the base molecule upon its attachment.

Parameters for evaluating the energy of dispersive interactions between the same
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entities (atoms or monoatomic ions) were obtained following the London* or Slater-
Kirkwood*’ approach. Relevant parameters of repulsive terms were found taking into
account that the energy of short-range (dispersive and repulsive) interactions attains
minimum at a distance equal to the sum of van der Waals radii of interacting entities.**
This fact enables parameters of repulsive interactions in relation to dispersive ones to
be expressed. In evaluation of parameters of dispersive and repulsive interactions we
assumed that halogens retain 1- charge and atoms of organic cations are devoid of a
charge. Details regarding the manner of evaluating atomic parameters are given
elsewhere,” while Table VI provides those used in this work.

TABLE IV  Structural data for halide salts of nitrogen organic bases.

Compound® Space group Al \//AL Ref.
3

No. Formula (A )

1 [NH,]CI Pm3m 1 57.8 27,28
2 [(CH,),NH,]CI Iham 8 1315 29

3 [(CH,),NHICI P2,/m 2 149.8 30

4 [(CH)NICI P4inmm 2 157.4 31,32
5  [C,H,NH,ICI Pemb 4 170.8 33

6 [CHNH,ICI Ce 4 177.8 34

7 [CHNHICI P2//c 8 149.8 35

7 Pi 2 143.5 36

8 [NH,]Br Pm3m 1 66.3 27,28
9  [(CH,)N]Br PA/nmm 2 163.3 31,32
10  [C,H,NH,]Br P2,/m 2 121.0 37

11 [(»-C,H,)NIBr A 2. 370.7 38

12 [NH,]I Fm3m 4 83.5 28

13 [(CH,),NH]I P2,/m 2 161.4 39
14 [(CH)NJI P4/nmm 2 181.8 31,32
15  [(C,H,)NJI I 2 272.1 40
16 [C,H,N,]I P2 Jc 4 3202 this work

* § - piperidinium chloride; 6 - benzenaminium chloride; 7 - pyridinium
chloride; 16 - 9(10-methyl)-acridiniminium chloride.

® Number of stoichiometric units in the unit cell.

¢ Ratio of volume of the unit cell to the number of stoichiometric units in the
cell.

All three contributions to the crystal lattice energy were evaluated using the PCK
83 program.* This program requires knowledge of individual atomic partial charges
(see Table V for example), as well as parameters of dispersive and repulsive
interactions for each pair of interacting entities. These latter parameters were obtained
multiplying relevant atomic parameters (shown in Table VI) in the manner described
by Equations (3)-(5). The results of calculations are compiled in Table VII. The sum
of relevant E, and E, contributions is negative in the majority of cases which would
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TABLE V  Atomic partial charges (Q) in ammonium (compound 12) and
9(10-methyl)-acridiniminium (compound 16) cations.

Atom(s)* Method
HF DFT
Mulliken MEP fit Mulliken MERP fit
[NH,]
N -0.664 -0.892 -0.592 -0.795
H 0.416 0.473 0.398 0.449
[CiH ;NI

C(1) -0.071 -0.025 -0.099 -0.076
C@) -0.151 -0.246 -0.055 -0.139
C(3) -0.088 0.073 -0.059 -0.002
Cc@ -0.184 -0.409 -0.101 -0.269
C(5) -0.177 -0.344 -0.088 -0.207
C(6) -0.085 0.061 -0.061 -0.018
C(7) -0.160 -0.254 -0.061 -0.145
C(8) -0.058 -0.029 -0.084 -0.078
c® 0.554 0.715 0.366 0.455
N(10) -0.924 -0.156 -0.687 -0.014
can -0.152 -0.329 0.075 -0.158
c(12) 0.451 0.342 0.323 0.183
C(13) 0.446 0.307 0.316 0.145
C(14) -0.147 -0.290 0.076 -0.119
N(15) -0.790 -0.955 -0.666 -0.772
C(16) -0.111 -0.163 -0.179 -0.200
H(1) 0.159 0.149 0.087 0.128
HQ2) 0.189 0.193 0.121 0.161
H3) 0.191 0.155 0.123 0.142
H(4) 0.190 0.233 0.121 0.189
H(5) 0.188 0.197 0.114 0.157
H(6) 0.196 0.162 0.126 0.149
H(7) 0.187 0.194 0.120 0.162
H(8) 0.166 0.155 0.091 0.134
H(15a) 0.339 0.442 0.295 0.398
H(15b) 0.347 0.462 0.298 0.416
H(16a) 0.152 0.116 0.148 0.119
H(16b) 0.171 0.125 0.169 0.130
H(16c) 0.172 0.120 0.170 0.126

® For numbering of atoms, see Figure 2.

imply that dispersive (attractive) interactions dominate over repulsive ones and would
cause thermodynamic stabilization of the crystal lattice. However, if (E; + E,) residues
are combined with any of E, values predicted, one obtains E_ values much lower than
those determined experimentally (Table VII). Actually, very gdod conformity between
E,, values originating from charges fitted to molecular electrostatic potential-calculated
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on the DFT level (DFT/MEP fit), and experimental E; values can be noted. It is thus
evident that Coulombic energy predicted on this latter level of theory reflects very
soundly the energy of cohesion in crystals of halide salts of nitrogen organic bases.

TABLE VI  Atomic (ionic) parameters for evaluating the energy of dispersive and
repulsive interactions.*

Entity Parameter®

Originating from Originating from

the London equation* the Slater-Kirkwood equation®’ (on
D A B D A B

H 20.9 204.3 37.1 20.3 198.4 36.1 1.64
C 50.2 13952 5224 50.0 1389.6 520.3 1.94
N 357 752.0 1939 39.2 825.8 213.0 1.86
Cr 53.6 12654 185.7 105.0 2478.8 363.9 1.76
Br 71.8 2139.7 3074 134.0 3993.3 573.8 1.78
I 104.1 4168.0 665.4 182.9 7323.1 1169.1 1.81

* D in (kJ/mol)?A%; 4 in (kJ/mol)*?A%; B in (kJ/mol)%; and C in (A)'~.
® Values for H, C, N originate from ref. 50 and for CI', Br, I' - from ref. 51.

The electrostatic lattice energies gradually decrease with the increase of
dimensions of ionic fragments (Table VII). This tendency is clearly seen in Figure 4
where -E,, values (originating from DFT/MEP fit) are plotted against the volume of
a basic stoichiometric unit of the compounds, and is in accordance with the well-
known empirical rules.%
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FIGURE 4 Electrostatic lattice energy (values relevant to DFT/MEP fit, Table VII;
compound numbers are given at points) versus volume of a basic stiochiometric unit
(Table IV).
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CONCLUDING REMARKS

X-ray analysis revealed that the cation in 9(10-methyl)-acridinimine hydriodide
maintains theconstitution of the imino tautomeric form of 9-acridinamine. This proves
that the tautomeric phenomenon should not be omitted in the case of this compound
and its derivatives.

Theoretical calculations demonstrate that the Coulombic energy of halide salts
of nitrogen organic bases, evaluated using partial atomic charges fitted to the
molecular electrostatic potential on the DFT level, approximate experimental values
of the lattice energy very well. This fact forms a very convenient framework on which
to consider the lattice energetics of this group of compounds and sheds a new light on
the nature of cohesive forces in organic ionic crystals.
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for Scientific Research (KBN) under grant 2 P303 058 06 (contract no. PB-
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