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X-ray Diffraction and Molecular Simulation Study of the Crystalline and
Liquid States of Succinic Anhydride

Valeria Ferretti,*! Paola Gilli,'*! and Angelo Gavezzotti*!"!

Abstract: The crystal structure of suc-
cinic anhydride was studied at five
temperatures between 100 K and the
melting point by single-crystal X-ray
diffraction. The temperature depen-
dence of molecular libration tensors
was determined. Intermolecular interac-
tions, in particular through unusually
close molecule —molecule contacts, are
discussed, with a detailed calculation of
electrostatic energies. A method for the

oped; the adapted force field was used
to study molecular motion and rota-
tional diffusion with increasing temper-
ature. Equilibration of the crystalline
system becomes impossible at a temper-
ature very close to the experimental
melting temperature, where a sudden
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transition to the liquid state occurs, and
a partial kinetic picture of the melting
process is obtained. After validation of
the force field against experimental
crystal data, the state equation of the
liquid was predicted. Enthalpies of sub-
limation, melting, and vaporization were
calculated. The dynamics of a solution of
succinic anhydride in a nonpolar solvent
was simulated, for a discussion of the
aggregation process leading to demixing

adaptation of existing crystal force fields
to molecular dynamics has been devel-

diffraction

Introduction

In the last few decades, single-crystal X-ray diffraction on
organic crystals has provided a detailed picture of crystal
architecture and packing, and the Cambridge Structural
Database!!l (CSD) now has extensive facilities for the analysis
of intermolecular geometry. However, it is seldom remem-
bered that this picture results from time-averaging over
molecular librations and has a deceptively static character.
Dynamic aspects of crystal packing have been much less
considered, and little effort has been devoted to studies of the
thermal dependence of intermolecular parameters; the dy-
namic information obtainable from X-ray atomic displace-
ment parameters is, at best, indirect; the theory and practice
of librational tensors has been recently revisited by Burgi
et al. In traditional crystallography, which aims at molecular
geometries, it is not surprising that most studies on temper-
ature dependence have been dedicated to low temperatures,
where molecular motion is quenched; the number of crystal
structures in the CSD that were determined above room
temperature is estimated at less than 0.1 %. In the perspective
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and to crystal nucleation.

of a structural and energetic study of the properties of
materials and of their phase behavior, more effort should
instead be devoted to high-temperature studies, in which the
relevant phenomenon of molecular motion is enhanced, even
at the price of a loss of resolution. However, X-ray diffraction
on organic crystals above room temperature is still sporadic,
due to both lack of interest and experimental difficulties, even
though X-ray diffractometers have been developed to the
point that a full crystal structure determination is a matter of a
few hours, and temperature control is no longer such a severe
problem.

Much progress in the field of the phase behavior of organic
substances is expected from theoretical studies. Lattice
dynamics allows an evaluation of crystal free energies,
although in its traditional form it is restricted to the harmonic
approximation. Recently, attempts were made to overcome
this obstacle, with a full molecular dynamics (MD) treat-
ment,* 4 which becomes increasingly necessary as the tem-
perature is raised toward the melting point. In fact, molecular
dynamics is by now a fully affordable method in crystal
structure analysis> ! and in the study of phase transitions.[-*!

We use a combination of theoretical and experimental
methods to investigate molecular properties and intermolec-
ular energies and forces in a variable-temperature regime,
from the zero-point energy limit up to as close as possible to
the melting temperature. Herein we report: 1) an analysis of
temperature-dependent crystal structure and thermal libra-
tion parameters from single-crystal X-ray diffraction; 2) the
calculation of electrostatic energies in the crystal structure; 3)
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molecular dynamics simulations of the state equation of the
solid, analysis of pre-melting phenomena, and simulation of
melting; 4) prediction of the state equation of the liquid by
molecular dynamics; 5) molecular dynamics simulations of
the very first steps of nucleation from nonpolar solvents. The
molecular mechanism of melting of organic crystals has
seldom been studied, and apparently has never been ex-
plained (see refs.[9, 10], and discussions therein). This is even
more true for the reverse process of crystal nucleation.[''-2]
Succinic anhydride was chosen as test molecule for this case
study because a) it is a nearly ideal object for theoretical
studies: small, rigid, and with a possibility for reliable
parameterization of the intermolecular force field; and b) it
is a cheap and stable chemical that is sufficiently high melting
to allow easy handling at and above ambient temperature.

Experimental Section

Succinic anhydride was purchased from Aldrich and recrystallized from hot
chloroform as large white needles. Recrystallization from THF, chloroform,
or acetonitrile yielded the same crystal form, as confirmed by repeated
powder diffraction patterns. Differential scanning calorimetry (DSC)
confirmed a melting point of 392-393 K and the specific heat of the
crystal at 298 K (see below). No pre-melting features appeared in the DSC
trace.

Single-crystal diffraction data were collected at 100, 150, 225, 295, and
353 K, and no significant difficulties were encountered in temperature
control in this range. Diffraction data were collected on a Nonius Kappa
diffractometer equipped with a CCD detector and an Oxford Cryosystem
cooling apparatus with graphite-monochromatized Mo, radiation (1=
0.71069 A). Intensities were corrected for Lorentz and polarization effects.
The structure was solved by direct methods with the SIR92 suite of
programs,l'¥l and refinements were performed on F? by full-matrix least-
squares methods (SHELX97!'¥). The H atoms were located in difference
Fourier maps and refined isotropically. All other calculations, includig
rigid-body analysis, were performed by PLATONI'S! and WingX.['!

Data collection and refinement parameters: space group P2,2,2,, ortho-
rhombic, Z=4; for cell parameters see Table 1. 100 K: ¢ =0.138mm,
Omax = 41.5°. Of 1638 unique measured reflections, 1561 with I > 2 o(I) were
used in the refinement. R=0.0295 (on F?), R,=0.0789. 150K: u=
0.137mm™", 6,,,, = 30.1°. Of the 755 unique measured reflections, 731 with
I>20(I) were used in the refinement. R=0.0259 (on F?), R, =0.0640.
225 K: u=0.135mm™", 0,,,,=32.5°. Of the 859 unique measured reflec-
tions, 801 with /> 20(J) were used in the refinement. R =0.0333 (on F?),
R, =0.0846. 295 K: u=0.132mm™", 6,,,,=30.0°.0f the 776 unique meas-
ured reflections, 738 with I > 2 ¢(I) were used in the refinement. R =0.0359
(on F?), R,,=0.0935.353 K: . =0.130mm, 6,,,, =29.6°. Of the 709 unique
measured reflections, 561 with 7 > 2 ¢(I) were used in the refinement. R (on
F?)=0.0631 R, =0.2132. CCDC-171946 -171950 contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-

Table 1. Crystal data for succinic anhydride.l?!

bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).

Methods of Calculation

The GROMOS96 program packagel’l was used, but the force field was
parameterized ex novo. In all MD calculations reference molecular
dimensions were taken from the X-ray geometry at 295 K, with hydrogen
atom positions re-normalized at C—H 1.08 A. For a small, rigid molecule
like succinic anhydride the intramolecular part of the force field is not so
crucial: bond stretching was quenched by the SHAKE approximation,!'*]
while bending potentials and improper torsion restraints were applied
mainly to prevent large deformations and deviations from planarity, as in
previous work. 21

The intermolecular part of the force field (FF) is crucial for our purposes.
Two starting points for the optimization of intermolecular interaction
parameters for succinic anhydride were considered, namely, OPLS-FF!!% 201
and UNI-FE.?" 2l The OPLS-FF has no special terms for anhydrides, so
adaptation of parameters used for succinic acid!"! was considered: for E =
4el(alr)2 = (olr)], o(ij)=[(a()o()]"?, e(iy)=[e(i)e(j)]*?, charge, o and
¢ [kImol~!] were assigned as: carbonyl C, 0.550, 3.750, 0.439 (as carbonyl C
in esters); carbonyl O, —0.450, 2.960, 0.879 (as carbonyl O in esters);
methylene C, —0.120, 3.500, 0.276; methylene H, 0.060, 2.500, 0.126; —O—,
—0.400, 3.000, 0.711 (—O— in esters) or —0.400, 2.900, 0.589 (—O— in ethers).

Systematic tests were conducted with these tentative intermolecular
parameters, but the results for crystal density and lattice energy were not
satisfactory. Far from implying a malfunction of the OPLS force field, this
lack of success was probably due to the many approximations involved, also
because the GROMOS96 architecture is not entirely compatible with
certain forms of the OPLS parameterization. A different strategy was then
adopted.

The UNI potentials, originally given in the form E=Aexp(—BR) — CR®,
were recast in the 12-6 functional form used by the MD programs. These
chargeless potentials, calibrated for a wide variety of organic crystals, are
known!l to fail in reproducing some of the critical features of the crystal
packing of succinic anhydride, which exhibits strong interactions between
atoms of different electronegativity (see below). Also, previous experience
showed that for use in dynamic simulations the steepness of the repulsive
part of the potentials must be reduced. The UNI potentials were therefore
supplemented by the introduction of charge parameters and R~! terms, and
rescaled by reducing the equilibrium distance o and by slightly increasing
the depth of the potential well e. After several tests, a 3% rescaling (¢' =
1.03¢ and o’ =0.97 o) was found to give the best results. Note that a 1%
change in these parameters has a substantial effect on performance. The
OPLS charges!" were used as a guideline, but slight rearrangements were
necessary for keeping the anhydride group and each methylene group
neutral, to comply with the charge-group procedure in GROMOS96.!'¢]
The final optimized parameters, calibrated to reproduce enthalpies of
sublimation and densities at room temperature, are collected in Table 2.
The heat of sublimation was calculated at 295 K, as in previous work, by
taking the sum of electrostatic and van der Waals potential energies and
adding 3% to account for the lack of convergence due to the summation
cutoff, to be 79.6 kJmol™! (30% coulombic), which compares to an
experimental value of 80.7 kJmol~' at 298 K.*l The calculated crystal
density at 295K for a box volume of 26.712(97) nm? is 1.493 gcm™

TIK a[A] b [A] c[A] p [gem™) Shortest
d(C--0) [A] d(C--0) [A]
S, S,
100 5.3548(1) 6.8163(2) 11.5628(3) 1.575 2.94 3.03 3.03
150 5.3696(2) 6.8471(2) 11.5935(3) 1.559 2.96 3.04 3.04
225 5.3947(1) 6.9068(2) 11.6491(3) 1.531 2.99 3.07 3.07
295 5.4257(2) 6.9746(2) 11.7167(3) 1.499 3.02 3.11 3.10
353 5.4435(4) 7.0293(5) 11.7550(13) 1.478 3.04 3.14 3.13
[a] See text for definition of S, and S,.
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Table 2. Parametersi®! for Ej(atom-atom)=AR;"?—BR;°+ (q.4,)R;
in the final force field.

1004 10°B q
H--H 0.06263 010396  H:+0.10
H--C 0.24035 045100 -
H--0 0.08416 041845 -
c-C 3.3329 23064  C:+0.50 (C=0), —0.20 (CH,)
Cc-0 2.3574 25578 -
00 1.1708 12742 O: —0.375 (C=0), —0.25 (ether)
CCLP  6460.0 3245 -

[a] R is an intermolecular interatomic distance [A], E is in kJmol~'.
Charges in electrons. [b] Usual square-root combination rules were used
for interaction parameters between solvent and other atomic species.

(experimental room-temperature value 1.499 gcm~3). There is no straight-
forward way of estimating the C,(crystal) from the results of our MD
simulations for comparison with experiment (110.9 JK~'mol~'24).

Molecular dynamics (MD) calculations were performed in an NPT
ensemble (constant number of particles, pressure, and temperature), with
periodic boundary conditions: the coupling constants were 0.1 and 0.5 ps
for T and isotropic P, respectively. Energy summations were extended to a
cutoff of 11 A, convergence problems in coulombic interactions being
mitigated by the charge-group approach. Extensive tests with reaction field
corrections™ and checking against calculations with Ewald sums?®!
showed that this convergence criterion is realistic. The integration step
was 2 fs.

For simulations on pure crystal and pure liquid, the computational box
contained 240 molecules from 5 x 4 x 3 crystal unit cells (box dimensions at
300 K were 27.2,27.9, and 35.2 A, that is, well above twice the cutoff radius).
The crystal —liquid phase transition was simulated by a stepwise increase in
temperature from 100 to 420 K, each temperature being held long enough
to allow full equilibration (100-200 ps in the 100 -300 K interval, and up to
300 ps for the higher temperatures in the liquid state). The temperature
step was 5 K in the crucial 390—-420 K range. The last frame at each T'was
taken as the starting frame for the 7+ AT run.

For the simulations in solution, a cubic computational box was prepared
from an equilibrated box of 2196 united-atom CCl, solvent molecules (sides
of 69.71 A) by substituting at random 51 solute succinic anhydride
molecules in place of the same number of solvent molecules. The united-
atom solvent parametersl?’] were merged with those of the solute by the
usual mixing rules (see Table 2). In the starting configuration of the
solution computational box, molecules were placed as far apart as possible,
and only one distance between molecular centers of coordinates was
smaller than 7 A. Energy minimization cycles were first performed to

dispose of a number of hard repulsive contacts in the initial configuration.
The output of this minimization was used as input for a startup MD run at
200 K, assigning Boltzmann velocities, and then for warm-up cycles at 250,
and finally for production runs at room temperature (298 K) for 4.5 ns.

Alternatively, dimers or trimers extracted from the crystal structure along
what were thought to be special interaction directions were solvated in the
same solvent box and simulated at room temperature for variable time
intervals.

Results

X-ray crystal structure analysis and lattice energies: This work
confirmed the previous®! assignment of the space group.
Crystal data are summarized in Table 1, and molecular
parameters in Table 3. Figure 1 shows ORTEPP®! plots of
the atomic displacement parameters (ADPs) as a function of
temperature, as well as the atom-numbering scheme.

Table 3. Molecular data for succinic anhydride.

T Vibrational C, avd(C—0O) avd(C=0) max. A®l  min.-max. rbcl’
(K] [JK 'mol] [A] [A] [A] [A]

100 172 1.3863(3) 1.1985(3) 0.020 0.003-0.006
150 275 1.3863(8) 1.1932(13) 0.020 0.005-0.009
225 484 1.3848(4) 1.1898(6) 0.017 0.008-0.014
295  70.5 1.382(1) 1.188(3) 0.014 0.011-0.019
353 85.0 1.377(3) 1.182(3) 0.010 0.015-0.025

[a] Maximum distance of an atom from the mean molecular plane. [b] rbc = Rigid-

body correction.

The succinic anhydride crystal is very stable and immutable
in the whole 100-353 K range, as confirmed by crystallization
of the same form from different solvents, by the absence of
special features in the thermograms, and by the smooth
evolution with temperature of all X-ray crystal structure
parameters. This is one case in which the existence of
polymorphs under ambient conditions can be confidently
ruled out. The relatively small difference in heat capacity
between gas and crystal (12 JK-'mol~! at 298 K)[2*24 points

Figure 1. Atom numbering and ORTEP plots at 50 % probability level at the five temperatures of Table 1.
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to the existence of rather strong crystal forces that result in
high-frequency lattice vibrations.

The thermal expansion (see Table 1) is moderately aniso-
tropic, the coefficient along the cell axis b (1.2 x 10~*K™")
being about twice that along a and c. Figure 2a shows the
temperature dependence of the equivalent ADP U, of each
non-hydrogen atom in the molecule: the carbonyl oxygen
atoms have a much larger ADP than other atoms. Figure 2a
also shows the temperature dependence of the eigenvalues of
the translational and librational tensors, respectively. Fig-
ure 2b shows the axis directions.

Data in Table3 confirm that the succinic anhydride
molecule is essentially a rigid body at all temperatures, with
little or no deviation from planarity. The gas-phase vibrational
heat capacities C,;, at different temperatures were obtained
by frequency calculations on the fully optimized geometry at
the B3LYP/6-31 + G(d,p)/B3LYP/6-31 + G(d,p) level® (ex-
perimental and optimized distances: C—O 1.386-1.391, C=O
1.198-1.197, C-C 1.501-1.521, C—C 1.525-1.531A).
The predicted heat capacity (C,=(C,,+3R)+R=
103.8 JK~'mol~!) compares with a literature value of
98.0 JK~'mol~" at 302 K. Interestingly, two intramolecular
vibrational modes—methylene rocking at 47 cm™! and a
“butterfly” motion of the carbonyl oxygen atoms at
141 cm~'—may in principle be allowed to mix into the
external lattice modes.

Further data for the interpretation of the packing of
succinic anhydride can be gathered by considering the first
coordination shell of the molecule in the crystal, which
includes eight closest neighbor molecules (Table 4): two
molecules along each of the three screw axes (labeled S,, S,,
S.), and two molecules translated along the shortest cell axis
(labeled T,). A recognizable molecular interlocking pattern in
the succinic anhydride crystal (Figure 3) includes nesting of
the two carbonyl oxygen atoms against the molecular rings of
two neighbor molecules (S, and S;) with particularly short
C=0--- C=0 contacts, almost an incipient nucleophilic attack;
the shortest O --- C contact distance stretches from 2.94 A at
100 K to 3.04 A close to the melting point. At room temper-
ature, the two short O---C contact distances are 3.02 and
3.11 A, well below the sum of any reasonable atomic radii.
The thermal evolution of atomic displacement parameters
(Figure 2) is not inconsistent with the picture in Figure 3:
molecular motions (L1 libration and T1 translation) that are
less disruptive of the tight intermolecular pattern increase
more steeply with increasing temperature.

Figure 2. a) Top to bottom: plot of U, [A?] for carbonyl O atoms (upper
symbols) and ring atoms (lower symbols); translational tensor eigen-
values [A?]; librational tensor eigenvalues [deg?], as a function of
temperature. b) Axis labeling and directions.

Table 4. For the four molecular pairs around the succinic anhydride molecule in
the crystal (see text for definitions): distance between molecular centers of
mass [A] and angles between molecular planes [°]. Molecule — molecule electro-
static potential interaction energies E in kJmol~! at 150 K.

TIK S, dis- angle S, dis- angle T, dis- S, dis- angle
tance tance tance tance

100 442 62 465 82 535 611 48

150 443 6l 467 82 537 6.12 49

225 445 6l 471 82 5.39 6.16 49

295 448 60 475 82 5.433 6.19 50

353 450 60 478 83 5.44 621 51

E —4.1 —21.9 —11.8 —16.0
0947-6539/02/0807-1713 $ 20.00+.50/0 1713
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Figure 3. A strong molecular interaction motif in the succinic anhydride
crystal: the molecule at the top interacts with an S,-related molecule (left)
and an S,related molecule (right). C---O and O---O distances [A] at
295 K are also indicated (typical esds are 0.002 A).

Electrostatic interactions: The appearance of these short O ---
C distances in crystals of carbonyl compounds had already
been noted and discussed,?'*4 but their interpretation is still
not clear. Standard arguments invoke electrostatic interac-
tions between atoms of different electronegativity or favor-
ably oriented dipoles. In such a line of thought the molecular
arrangement in Figure 3 is largely dictated by, broadly speak-
ing, a drive for the negatively charged carbonyl oxygens to
reach for positively charged carbonyl carbon sites. Assuming
these to be the key features of the crystal packing, one may
understand the preferential use of screw axes in packing and
hence the choice of the space group, since they can be
obtained only by nonparallel molecular arrangements.

To further investigate the nature of these intermolecular
interactions, the electrostatic interaction energies between the
molecule and its neighbors in the crystal were calculated. The
method™] uses a 6-31G** wavefunction to calculate the
electron density, and involves direct summation of nucleus —
nucleus, nucleus—electron density, and electron density —e-
lectron density coulombic terms. A typical value for the
elementary volume in the electron density calculation was
V=0.001 A3 with some 107 terms in the third term of the
summation. The results in Figure 4 reveal that there is a very

00

ECOUl

-25 1 : ; , , : ;
4 5 6 7 8 9 10
molecule-molecule distance
Figure 4. Molecule —molecule coulombic potential energies [kJ mol~'] as a
function of distance [A] between centers of mass in the succinic anhydride
crystal. The labels define the symmetry operator.
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strong electrostatic stabilizing interaction with the S,, S,, and
T, molecular pairs (see the numerical data in Table 4). The S,
molecular pair is in close contact but contributes much less
stabilizing energy. The O --- C electrostatic stabilization in this
case must be countered by significant repulsion between other
sectors of the electron density, broadly corresponding to O ---
O and C--- C contacts. Somewhat surprising is the appearance
of many moderately destabilizing (E, >0) molecule —mole-
cule interactions. Since the three closest molecular interac-
tions amount to roughly 25 % of the total sublimation energy,
the overall picture that emerges from Figure 4 is one in which
the succinic anhydride crystal is built on strong electrostatic
stabilizing interactions with very few first nearest-neighbors,
the rest of the structure adapting to accommodate this. The
accurate experimental determination of some of the relevant
intermolecular distances (Table 1) shows that there is no
difference in temperature dependence between supposedly
“attractive” (C---O) and supposedly “repulsive” (O---O)
intermolecular distances; the repulsive nature of O---O
contacts at distances of less than about 3.4 A was demon-
strated by careful calculations and experimental analyses by
Leiserowitz et al.’*] The analysis of our 100-K diffraction data
to extract atomic charges and dipoles is considered for future
work.

Perusal of Figure 4, moreover, reveals that the distance
between molecular centers of mass does not correlate with
electrostatic stabilization, and that significantly stabilizing
electrostatic interactions also occur for molecules that are
further apart, without any significant shortening of atom—
atom distances and without any apparent special intermolec-
ular arrangement. The interaction between translation-relat-
ed molecules, whose dipoles must be parallel and of the same
orientation by definition, may also be stabilizing from the
electrostatic viewpoint, and Table 4 shows that there are no
head-to-tail dipoles in the crystal of a highly polar molecule
like succinic anhydride, because the angles between the mean
molecular planes of screw-related molecules are always far
from 0 or 180°.

The succinic anhydride crystal is high melting and stable.
The expected heat of sublimation for its molecular dimen-
sionsP? is 71 kJmol~!, much smaller than the actual exper-
imental value. The results of the electrostatic calculations
offer an explanation for the unusually high attractive forces in
this crystal. At the same time, the discussion illustrates the
dangers of crystal structure analysis based on singled-out
atom —atom interactions, parallel versus antiparallel dipoles,
or correlations between atom-—atom distances and energy
stabilization. Labeling certain atom-atom contacts as the
cause, rather than a consequence, of crystal packing is always
a subjective exercise. For a robust and significant discussion of
intermolecular interactions, a quantitative assessment of all
energetic factors is required.

Molecular dynamics simulations: Figure 5 shows the X-ray
and MD results for the molar volume of succinic anhydride as
a function of temperature, or the state equation of the
material. Numerical data are collected in Table 5. The
calculated crystal density at 295 K matches the experimental
one by calibration, but differences never exceed 1.5% in the

0947-6539/02/0807-1714 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 7
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Figure 5. Molar volume [cm?] versus temperature for succinic anhydride.

m crystal, experimental; o crystal and A liquid, calculated from MD
simulations.

T T T ™

Table 5. Results of molecular dynamics simulations. Energies in kJ mol~'.
In parentheses: rms fluctuations.

T ‘/me 1Y Ecoul Eaw AH pivap
(K] [A%] [gem ™

crystal

100(2) 24.76(2) 1.611 -272 —61.1 91.0
149(2) 25.22(3) 1.582 —264 -59.2 882
222(3) 25.94(5) 1.538 -25.0 —56.4 83.9
295(4) 26.71(10) 1.493 —235 —53.7 79.6
353(4) 27.56(10) 1.447 -220 —50.9 752
liquid

300(4) 30.75(18) 1.224 —15.6 —434 60.8
329(4) 31.65(21) 1.260 —14.9 —41.6 582
358(4) 32.58(25) 1.297 —142 —39.8 55.7

whole temperature range. The experimental isotropic thermal
expansion coefficient is 1/V(dV/dT) =2.6 x 10~* K~!, quite in
line with the average value for organic compounds (a studyl*”!
of the distribution of such coefficients, taken from a survey of
variable-temperature crystal structure determinations in the
CSD, gives an average value of 2 K-! for a spread from 1 to
4 K'). The calculated value of 4.4 x 10~*K~! is somewhat
larger, consistent with the large change in heat of sublimation
with temperature, which exceeds that expected on the basis of
the experimental AC,(298 K). For the liquid, we predict a
thermal expansion coefficient of 1.0 x 10> K~! and an en-
thalpy of vaporization of 61 kJmol~! at 300 K. These are
reliable predictions of thermophysical quantities that are
difficult to obtain experimentally.

The force field for succinic anhydride was derived by one-
parameter rescaling of static atom—atom curves, with the
addition of coulombic terms. To test the transferability of this
optimized force field, we performed an MD simulation at
298 K for maleic anhydride, a very similar molecule whose
crystal structure is strictly isomorphous to that of succinic
anhydride. Parameters were the same as in Table 2 with a
+0.10 electron charge separation over the CH groups. Results
were: density: calculated 1.56, experimental 1.50 gecm™3;
sublimation energy: calculated 76, experimental 71 kJ mol~1.
Thus, even for a nearly identical molecule and an identical
crystal structure, the discrepancies were 4 and 7 %, respec-
tively. Although tolerable in the context of a general purpose
force field for static calculations, these deviations are such
that the simulation of more subtle quantities, such as the
melting temperature, would be hopelessly inaccurate.

Chem. Eur. J. 2002, 8, No. 7
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Our conclusion here is that for the dynamic simulation of
phase transitions in organic condensed phases, separate
optimization of the force field for each molecule against
available experimental data is indispensable. Given present-
day computing facilities, the technical task is easy. However,
more widespread and more accurate thermochemical data are
needed for calibration.

For the solid-liquid transition, Figure 6 shows the MD
trajectory for the crystal density as a function of temperature
and simulation time. The calculated volume change at the
melting temperature (387 K) is 19%, in line with normal

1.3i
1 198
v 16 353 387
3 ] e ™
Q 4
(=] 4
~
> 147
g 4 397
[ ] 407
8 i
1.2+
0 500 1000 1500 2000 2500
time/ ps

Figure 6. Evolution of density during the MD simulation of (left to right)
the crystal, the melting transition, and the liquid. Temperatures are also
shown.

values for organic crystals.’®! The liquid box obtained from
fusion was then cooled in subsequent MD simulations, and
this yielded estimates for the energy and density of the
supercooled liquid down to room temperature; for obvious
reasons (smallness of the computational box, short duration of
the MD run) crystallization was not observed in the calcu-
lations. These results allow the estimation of the enthalpy of
melting at room temperature, calculated as the difference in
total energy of the liquid and the solid (the PAV term was
neglected) to be 19.6 kJmol~!, in good agreement with the
value obtained by combining the heat of formation of the
liquid® with data in refs. [23, 24]. Figure 7 shows energy
profiles over the melting event; apparently, the percentage
losses in coulombic and dispersion energy are the same.

O .
20 fuasm st
WWM
-40 A

potentials / kJ mol”

-80 T "
1550 1600 1650 1700
time/ ps
Figure 7. Energy breakdown over the melting event in Figure 6. Top to

bottom: coulombic intermolecular, total (intra- and intermolecular),
van der Waals, and total intermolecular potential energies.
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The force field thus correctly reproduces crystal density,
enthalpy of melting and of sublimation, and, within the limits
of the simulation (see the discussion below), also the melting
temperature. Test simulations conducted with small changes
in charge parameters (— 0.30 and — 0.40 electrons for O atoms,
+0.55 for carbonyl C atoms) resulted in a density at 295 K
that was 4 % too high, sufficient to raise the calculated melting
temperature well above 450 K. This theoretical experiment
confirms that very small density differences can have very
large consequences for crystal stability, as already noted.[*!

The solid -liquid transition was also analyzed with regard
to its structural and kinetic features. The density trajectory in
Figure 6 shows that simulated crystal melting occurs more
readily at 387 K than at lower temperatures. This is the most
we can claim about the reproduction of the real melting
temperature (392 K) by our force-field parameterization. The
trajectory shows an abrupt transition, over a time span of less
than 50 ps, from a moderately rotationally disordered crys-
talline state to a fully isotropic liquid state. One could
question the significance of such nonequilibrium molecular
dynamics simulations: strictly speaking, our run at 387 K is
not dissimilar from an equilibration run for the liquid, which
happens to start from an almost crystalline material. The
proper way of analyzing the solid—liquid equilibrium would
be to find the temperature at which the system, simulated for
a sufficiently long time, would show random oscillations
between the liquid and solid states. For obvious reasons of
timescale, such a simulation is far beyond the realms of
possibility. One must then be satisfied with a nonequilibrium,
one-pathway glimpse at the phase space between liquid and
solid, which the simulation at 387 K in fact is, and look for
purely kinetic indications of what molecules may or may not
want to do just before or during the phase transition.

For a detailed analysis of the rotational and translational
molecular motions, a special MD run was carried out at 387 K,
writing trajectories every 0.5 ps. Three rotational axes were
defined, one passing through the carbonyl O atoms (approx-
imately coincident with L1, Figure 2b), one through the ether
O atom and the midpoint of the C—C bond (approximately
coincident with L2, Figure 2b), while the third is the vector
product of the first two. With u as the unit vector along any of
these axes, three corresponding rotational correlation func-
tions over the sample of N molecules in the box were
calculated as Equation (1),

@) = Saknuk0)/N 1)

where i=L1, L2, L3; k runs over molecules in the computa-
tional box (N =240); and each term in the summation is the
cosine of the angle formed by each vector at time ¢ to the
corresponding reference vector at =0 (here chosen as that in
the 100-K run). Translation was described by the three
cartesian orthogonal components of displacement vector d
of the center of coordinates, also with respect to standards at
100 K; the corresponding root-mean-square displacement
functions are given by Equation (2).
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The C(i) traces over the melting event are shown in
Figure 8. All three C(i) start from very near 0.9, that is, a
minor loss of rotational correlation due to thermal libration,
and after melting very quickly drop to zero, as expected for a
pure isotropic liquid. Once the liquid phase is reached,

L2

L2

¢

0 T r T
1000 1200 1400 1600 1800
time/ ps

Figure 8. Rotational correlation functions for the rotation axes L1-L3
over the melting transition. L3 is perpendicular to L1 and L2.

calculated rotational correlation times were about 10 ps, as is
appropriate for liquid organic substances.*!l In partial agree-
ment with the analysis of ADPs in the crystal structure,
Figure 8 shows that the “roll” molecular rotation (the L2 axis)
is more hindered than the other two, since C(2) remains
higher than C(1) or C(3) up to the melting transition. Traces
for the corresponding 7(i) functions show the absence of
significant translational diffusion up to the melting transition.

What triggers the melting transition? In a naive perspec-
tive, the increased thermal energy pushes molecules further
and further apart, until rotational and then translational
diffusion set in and the crystal collapses. In our simulations,
rotational diffusion sets in well below the melting point. A
rotational diffusion event is defined here as one of the terms
in Equation (1) becoming less than zero (a rotation of
more than 90°). As Figure 9 shows, a number of such events
already occur some 15K below the melting temperature.
Melting takes place when about 10 % of the molecules show
rotational diffusion around L2 or L3 (Figure 8), while rota-
tion around L1 is restricted up until the very melting
transition. (In the liquid, the number of such rotations
averages to 120, or half the number of molecules in the
computational box.) These pre-melting jumps purely draw
from the thermal energy pool, and there is no hint of
structural phase transitions close to the melting point in the
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Figure 9. Number of rotational jumps in the 240-molecule crystal box over
the melting event. Axis labels in Figure 8.

total energy trajectory of our simulations. This is in agreement
with the absence of pre-melting features in the DSC trace.

Finally, the solvation, demixing, and nucleation processes
were investigated as far as possible. A large number of
molecular dynamics simulations were conducted starting from
bimolecular or trimolecular aggregates extracted from the
crystal (e.g., as in Figure 3), and solvated in a CCl, box. None
of these oligomers survived the input of kinetic energy for
more than a few picoseconds at or around room temperature.
Although the molecule —molecule cohesive energies may be
much larger than kT (see Table 4 and Figure 4), there are easy
stepwise kinetic paths for climbing the dissociation energy
barriers, and data in Table 4 confirm that many different
molecular arrangements can be accessed at the expense of a
few kilojoules per mole. Some dimers showed a propensity to
remain bound for some time, the two partners tumbling one
around the other, but the interaction geometry observed in
the crystal was invariably destroyed almost immediately.
These computational experiments further demonstrate that a
correlation between small molecular aggregates in solution
and molecular motifs in the crystal may not exist, even for a
molecule that can use a strong electrostatic interaction for
molecular recognition purposes. Similarly, oligomers of car-
boxylic acids were seenl!? to be relatively stable and bound in
solution in nonpolar solvents, although hydrogen-bond break-
ing and transitions from dimer to catemer structures were
frequent.

Dynamic aggregation studies with a larger number of
solutes correctly reproduce the experimental fact that succinic
anhydride readily demixes from weakly polar solvents (e.g.,
chloroform). Figure 10 shows the progress of demixing within
the 50-molecule solution computational box, as shown by the
steady increase in solute—solute cohesion at the expense of
solute —solvent stabilizing interactions. In a few nanoseconds
almost complete segregation of the solute is reached. The
resulting molecular agglomerates seem to be stable at the size
of 10-20 molecules, although they are of course completely
liquidlike and fluxional, without a trace of crystalline order.

Conclusion and Perspective

Temperature-dependent X-ray diffraction analysis coupled
with molecular dynamics simulation allow molecular inter-

Chem. Eur. J. 2002, 8, No. 7
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Figure 10. Evolution and breakdown of cohesive energies during the
simulation of demixing in a solution box with 50 solute and 2145 solvent
molecules. Top to bottom: solute—solute coulombic and van der Waals,
solvent—solvent, and solute—solvent cohesive energies. The structural
origin of the discontinuity at t=2200 ps is unknown.

action and molecular recognition phenomena to be studied,
from macroscopic properties, such as expansion coefficients
or phase transition enthalpies, to molecular level properties
like the number and type of rotational defects in a melting
material. For such simulations, the empirical force field
approach is the only viable one, since ab initio quantum
chemical or DFT methods are not cost-effective and suffer
from basic inadequacies. For the study of subtler phenomena,
however, the force field should be accurately calibrated for
each compound, although with an eye to economy in the
number of parameters. Transferability seems to be a require-
ment of the past.

On the experimental side, for better insight one would need
a study of X-ray thermal diffuse scattering, and more
sophisticated spectroscopic experiments, such as neutron
inelastic scattering and the like, to probe the crystal dynamics.
On the computational side, the ultimate goal is the simulation
of a complete path from pure liquid or solution to crystalline
solid with a view of the first steps in the formation of
crystalline nuclei. Bridging the size and timescale gap is not
yet feasible. Besides the obvious requirement of more
computing power, one would perhaps need strategic protocols
for control of temperature, pressure, and concentration
gradients during the simulation. We believe that such studies
are well within the maintstream of the physical chemistry of
years to come.
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