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Abstract

Enthalpies of sublimation of acridine, 9-acridinamine, N-methyl-9-acridinamine, 10-
methyl-9-acridinimine, N,N-dimethyl-S-acridinamine and N-methy!-10-methyl-9-acridin-
imine were determined by fitting to thermogravimettic curves with the Clausius-Clapeyron re-
lationship. These values compare well with crystal lattice energies predicted theoretically as
the sum of electrostatic, dispersive and repulsive interactions. Partial charges for these calcu-
lations were obtained on an ab initio level, while atomic parameters were taken from literature.
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Introduction

Crystal lattice energy reflects the natural tendency towards the organization
of matter. In the case of molecular crystals, the lattice energy can be determined
experimentally as sublimation enthalpy [1]. Crystal lattice energy may also be
predicted by using various theoretical approaches [2—4]. All of these assume that
three contributions are important, namely, electrostatic, dispersive and repul-
sive, which together give an energy corresponding to the minimum on the poten-
tial energy surface. To bring the system to ambient temperature or any tempera-
ture above 0 K, the zero point energy and thermal energy must be added {2].

In this communication we describe the application of thermogravimetric
technique and theoretical methods to determine the lattice energy of molecular
crystals of acridine, as well as 9-acridinamine and its derivatives, compounds
important for cognitive and applicative reasons [3].

Methods

Volatilization enthalpy determination

Thermogravimetric measurements were carried out on a Netzsch TG 209
Thermobalance.
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Volatilization enthalpies (A.H") were obtained from the Clausius-Clapeyron

relationship [6]
AH (1Y (A (1

in which o represents the extent of volatilization (o equals to p/p°, where p is the
equilibrium vapour pressure at a given temperature (7) and p° the standard at-
mospheric pressure (°)), R denotes the gas constant and T, is the temperature at
which p attains p°.

As obtained in the above described manner, values of the volatilization en-
thalpy can suffer as the outcome of errors difficult to assess, we standardized the
procedure by performing measurements for anthracene whose A,29sH" equals
100.2 kI mol™ [7-9 1.

Calculations

Crystal lattice energies (E.) were calculated by summing up three contribu-
tions: electrostatic (£.), dispersive (E4) and repulsive (£;) [1-4]

Ec=FEg+ Eg+ E+E, )
Eqin Eq. (2) represents Coulombic interactions [10],

1 Ne? 0
Eg== — === 3
] 22%4n£0 Ry )
1

while the sum of E4 and E; can be expressed by the formulae of Lennard-Jones

[11]

1 DiD;  AiA;
Ed+E,:222[— _LRQ +_1R<‘-2} (4)
P g ij ij
or Buckingham [12]
1 DD,
Ed+Er=52 Z |:—-—~—gi+BiBjexp(—CiCjRij):| (5)
i J# ij

In Egs (3)—(5) N is the Avogadro number, ¢ — the elementary charge, €, — the
permittivity of free space, while 0i((;) denote the relative partial charges at at-
oms, Di(D;), Bi(B;) and C;(C;) atomic parameters, and R;; the distance between in-
teracting centres (summation extends over all pairwise interactions between
each atom of a molecule chosen as a basic stoichiometric unit (denoted as /) and
all atoms from its surroundings (denoted as ).

J. Thermal Anal., 54, 1998



STORONIAK et al.: CRYSTAL LATTICE ENERGIES 185

Table 1 Atomic parameters for calculating energies of dispersive and repulsive interactions [3, 4]

Parameter®
Atom
D A B C -
H 20.3 198.4 36.1 1.64
C 50.0 1389.6 520.3 1.94
N 39.2 825.% 213.0 1.86

®Din kJ”ZImol'mAS; Ain kJI/Zmol_lAﬁ; Bin k]”zmol_”z; and Cin A2,

The relative atomic partial charges necessary when calculating the energy of
electrostatic interactions were fitted so, as to reproduce the molecular electro-
static potential around molecules (MEP fitted charges) [13] derived on the ab ini-
tio density functional theory (DFT) level [14]. These charges were obtained us-
ing the Becke 3 LYP functional [15, 16] together with the 6-31G** basis set [17,
18] included in the SPARTAN 5.0 program package [19]. Atomic parameters
(Table 1) were taken from literature [3, 4]. Crystal lattice energy was calculated
using PCK 83 program [20].

Results and discussion

Extent of volatilization (o) vs. temperature (7) dependencies seen in Fig. 1
represent thermogravimetric curves. The smooth shape of these is evidence of
the simple release of molecules held in the crystalline to gaseous phase. The en-
ergy barrier for such a process equals the thermodynamic one, i.e. enthalpy of
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Fig. 1 avs. T dependencies for the compounds investigated. Conditions (mass of the sample

in mg/heating rate in K min'l): 1(3.170/1.0), 2 (3.500/1.0), 3 (3.600/2.5),
4 (3.600/10.0), 5 (6.889/10.0), 6 (3.800/2.5)
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volatilization. It may thus be expected that the system attains rapidly equilibrium
on temperature increase. If so, o represents the ratio p/p® and o vs. 7 depend-
encies can be fitted with the Clausius-Clapeyron relationship (1) in order to ob-
tain the enthalpies of volatilization (listed in Table 2).

Table 2 Volatilization enthalpies and crystal lattice energies theoretically predicted (in kJ mol™)

Compound® A° ~E," k]
Eqgs (3) and (4) Eqgs (3) and (35)

1 86 8.4 88.9 85.1
2 115 18.9 161.8 132.2
3 107

4 94

5 86 6.4 77.8 71.2
6 72 9.9 97.0 73.3

%1 — acridine; 2 — 9-acridinamine; 3 — N-methyl-9-acridinamine; 4 — 10-methyl-9-acridinimine;

5 —N,N-dimethyl-9-acridinamine; 6 — N-methyl-10-methyl-9-acridinimine.

b crystal phase structures required for the lattice energy calculations were taken from: 1 [21], 2 [22],
5[23] and 6 [23].

1, 5 and 6 form typical molecular crystals in which molecules are bonded as a
result of van der Waals interactions. On the other hand, in 2, 3 and 4 hydrogen
bonding occurring additionally is reflected in higher enthalpies of their volatil-
ization.

Electrostatic energies are relatively small (Table 2) which arises from the fact
that the compounds are only slightly polar and do not exhibit any ionic character
(in the case of ionic crystals the electrostatic term dominates in the lattice energy
[10D.

Crystal lattice energies compare quite well with the enthalpies of volatiliza-
tion in the case of 1, 5 and 6. This fact confirms reliability of both experimental
and theoretical data, as well as methods of their determination. On the other
hand, a relatively large discrepancy between both characteristics in the case of 2
most probably results from uncertainties of theoretical predictions. The im-
provement of theory could be directed towards the search for more adequate
atomic parameters. This is an issue which we are currently tackling.

The results of this work provide further evidence of successful application of
the thermogravimetric technique for determination of the enthalpies of volatil-
ization. Theoretical methods used in the lattice energy evaluations are still far
from perfection but afford unique insight into the nature of interactions retaining
molecules in condensed phases.

J. Thermal Anal., 54, 1998



STORONIAK et al.: CRYSTAL LATTICE ENERGIES 187

The authors acknowledge the financing of this work from the Polish State Committee for Sci-
entific Research (KBN) under Grant BW/8000-5-0353-7.

References

1 A. L Kitaigorodsky, Molecular Crystals and Molecules, Academic Press, New York - Lon-
don 1973.
2 J. Blazejowski, J. Rak and P. Skurski, J. Thermal Anal., 45 (1995) 829.
3 J. Rulewski, K. Krzyminski, A. Kenitz, P. Dokurno, J. Rak and J. Blazejowski, Mol.
Cryst. Lig. Cryst., 276 (1996) 91.
4 J. Rulewski, P. Skurski, P. Dokurno and J. Blazejowski, Mol. Cryst. Lig. Cryst., 279
(1996) 219.
S J. Rak, P. Skurski, M. Gutowski, L. Jézwiak and J. Blazejowski, J. Phys. Chem. A, 101
(1997) 283 and references cited therein.
6 . Lubkowski, T. Janiak, J. Czerminski and J. Blazejowski, Thermochim. Acta, 155 (1989) 7.
7 H. Hoyer and W. Peperle, Z. Electrochem., 62 (1958) 61.
8 J. D. Kelley and F. O. Rice, J. Phys. Chem., 68 (1964) 3794.
9 C. G. De Kruif, J. Chem. Thermodyn., 12 (1980) 241.
10 J. Btazejowski and J. Lubkowski, J. Thermal Anal., 38 (1992) 2195.
11 J. E. Lennard-Jones, Proc. Phys. Soc. (London), 43 (1931) 461.
12 R. A. Buckingham, Proc. Roy. Soc. (London), A 168 (1938) 264.
13 B. H. Besler, K. M. Merz and P. A. Kollman, J. Comput, Chem., 11 (1990) 431.
14 J. K. Labanowski and J. W. Andzelm (Eds.), Density Functional Methods in Chemistry,
Springer Verlag, New York 1991,
15 A. D. Becke, J. Chem. Phys., 98 (1993) 1372, 5648.
16 C. Lee, W. Yang and R. G. Parr, Phys. Rev. B, 37 (1988) 785.
17 M. M. Francl, W. J. Pietro, W. J. Hehre, J. S. Binkley, M. S. Gordon, D. J. DeFrees and J.
A. Pople, J. Chem. Phys., 77 (1972) 3654.
18 P. C. Hariharan and J. A. Pople, Theor. Chim. Acta, 28 (1973) 213.
19 Available from Wavefunction, Inc., 18401 Von Karman, Suite 370, Irvine, CA 92715, USA.
20 D. E. Williams, PCK &3: A crystal molecular packing analysis program (Quantum Chemis-
try Program Exchange, Indiana University, Bloomington, USA), Program No. 481.
21 D. C. Phillips, F. R. Ahmed and W. H. Barnes, Acta Crystallogr.,13 (1960) 365.
22 8. Chaudhuri, J. Chem. Soc., Chem. Commun., (1983) 1242.
23 J. Rak, K. Krzyminski, P. Skurski, L. Jézwiak, A. Konitz, P. Dokurno and J. Blazejowski,
Aust. J. Chem., submitted.

J. Thermal Anal, 54 1998



