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Abstract: Crystal structure predictions for glycol and glycerol are reported. A series of increasingly accurate
energy calculations is applied, and the final predictions are based solely on ab initio derived energies. A recently
developed transferable ab initio potential is used for intermolecular interactions, augmented with ab initio
derived conformational energies. The experimental structure of glycol was predicted with a low energy, 1.1
kJ/mol above the global minimum. For glycerol the experimental structure corresponded to the global minimum.
This latter result provides a proposal for the positions of the hydrogen atoms in the crystal structure of glycerol.
A three-dimensional hydrogen-bonded network is formed which consists only of intermolecular hydrogen
bonds. Together with previous work, the ab initio intermolecular potential has now been applied to predict the
crystal structures of six different compounds. The energy difference between the observed crystal structure
and the global energy minimum varied from 0 to 2 kJ/mol. Standard force fields fail to consistently produce
such low values. This demonstrates the importance of highly accurate force fields in crystal structure prediction.

Introduction possible crystal structures which most probably contains the
experimental structure(s), at least for fairly rigid molecules that
crystallize with one independent molecule in the unit cell. In
more complex cases, the structure generation can still easily
fail to locate the experimental structifrein energy-based
predictions it is assumed that the experimental structure should
correspond to the structure with the lowest energy, although it
is realized that due to force field inaccuracies as well as more
fundamental objections, one can only expect the experimental
structure not to have an unacceptably high enérgyleed, in

explosives, and nonlinear optical materials. Therefore, the ability lter;feegfsprgfghn(ggﬁ:gg?t'r\‘lghliactr:'cfse?;[rhge'?saﬁleesﬁﬂaﬂg k'gsgﬁ

to predict the crystal packing for an unknown compound would considerations may lead one to the conclusion that crystal
be desirable. This packing need not be unique, as is shown by Y y

the existence of polymorphic forms for many organic crystals structures are not predictable at 8l - .
(see, e.g., ref 2 and references therein). Polymorphism is of Nevertheless, many crystal structure prediction studies have

particularly high interest to the pharmaceutical industry, where Irspgti?csggts;%;%geri?ugﬁizFeegcfgltilzattgit%irz?rls?gfsﬂftﬁe-
new crystalline forms can cause problems with the handling, grap g Y

shelf life, bio-availability, and patent protection of a product. prediction" Eleven participants were allowed to propose at most
Nowadays a multitude of computational strategies exist to three structures for a few compounds. On one hand, this test

generate possible crystal structures. Nearly all these approacheghowe.oI that rell.able ab Initio structure prediction s still a distant
search for structures with a low energy in some empirical force goal, since no single participant predicted all structures correctly.

field (e.g., refs 3-5). More recently, approaches based on On the other hand, four out of the fl\_/e_ structures were predicted
successfully by at least one participant, and in total seven

database statistics have been proposed (€.g., ref 6). We will nOtsuccessful redictions were done. These were exclusively based
describe the details of all methods, as recent reviews are P : y

available’® At present such methods can produce a list of on lattice-energy calculations. So, despite all theoretical limita-
) tions, such calculations have proven to be a reasonable approach

Can crystal structures be predicted solely from their molecular
constitution? Since John Maddox in his citation-classic stated
that “one of the continuing scandals in the physical sciences is
that it remains in general impossible to predict the structure of
even the simplest crystalline solids from a knowledge of their
chemical composition®,research into this area has intensified,
driven by both academic and industrial interest. The way
molecules are packed in a crystal influences the properties of
many practical materials, such as pigments, pharmaceuticals
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To increase the accuracy of the calculated lattice energies,molecular geometry, and for flexible molecules all possible conforma-
most attention has been given to the electrostatic interactions.tions have to be considered. For glycol this involves two different
Impressive results in crystal structure predictions for rigieHN conformations, for glycerol six. This excludes the conformations of
hydrogen-bonded molecules have been obtained by using arthe hydroxyl groups, WhICh are treated in a spemaL mann?r within the
elaborate ab initio derived electrostatic model (e.g., ref 12 UPACK program: in the initial stages united OH “"atoms” are used,

. nly in a second stage explicit hydrogen atoms are introdbitelth
14). Problems arose in cases where the molecules were nog y 9= exp ydrog

g . ddition to the molecular geometry, some space groups of interest have
m 11,15 ) ;
completely rigic:*> Although the electrostatic part of such to be chosen. In this work the eight most abundant space groups for

models is theoretically sound, the potential as a whole is not, ¢rystal structures with one independent moleEdfavere investigated.

since the ab initio electrostatics are combined with an empirical The united-atom force field UNITA® was used in the initial stages

dispersion-repulsion potential. Recently we have gone beyondof the search procedure, later on UNITAT, OP¥&nd the carbohy-

such a mixed ab initio/empirical approach and derived a drate version of CHARMM2? due to Reiling, Schlenkrich, and

complete intermolecular potential from high-level ab initio ~Brickmanr® (CHARMM-RSB) were employed.

calculations on methanol dimers and trim&gdhis potential Stage 2: Ab Initio Intermolecular Potential + Molecular

was seen to be transferable from methanol to other aIcohoIs,MeChan'Cs Intramolecular Potential. The most favorable structures

alkanes, and ethers, as well as from the gas phase to the solid® @M€ from the search procedure were subsequently minimized within
! ’ . - . our recently developed ab initio intermolecular potential for alkanes,

phase. Crystal structure predictions based on this theoretically

. . L alcohols, and ethef§,augmented with an intramolecular force field.
well-founded model were in all cases superior to predictions the intermolecular potential involves atomic multipole moments

based on standard empirical force fields. (AMMs), atomic dipole polarizabilities, a damped atemtom r—6

In this work we report crystal structure predictions for
flexible, hydrogen-bonded molecules, viz., glycol and glycerol.
Molecular flexibility requires a highly accurate intramolecular

dispersion contribution, and an exponential repulsion term, which is
anisotropic for oxygen. The AMMs include charges and dipoles on
hydrogens, and charges, dipoles, and quadrupoles on carbon and

model to complement the ab initio intermolecular poterifial.  oxygen. They were derived by fitting to the electrostatic potential of a
It seems unlikely that empirical force fields can achieve the SCF/DZ(2¢) wave function, as described previoudhfor intramo-
desired accuracy for conformational energies of molecules such!ecular interactions the MM3(96) force fiett#* as implemented in
as glycol and giycerol. Therefore, we resort in the end to ab TINKER?® was used, including its own van der Waals parameters and

initio calculations to obtain accurate intramolecular energetics bond dipoles. Our choice for MM3(96) was based on the belief that
9 " this force field currently gives the best description of intramolecular

During the process of structure generation many thousandsgnerqy and structure for small organic molecules. The crystal structure
of possible crystal structures are investigated. This number is gptimizations were performed with a previously developed progfam,
so large that it is computationally too demanding to use our using a cutoff radius of 20 A. Ab initio calculations were performed
elaborate ab initio potential throughout the procedure. Even moreusing GAUSSIAN94’ the AMMs were derived by using fitting
so, it is out of the question to perform ab initio calculations of routines that were implemented in MOLDER.
the intramolecular energies for all these structures. Therefore, Just as some standard force fields require the calculation of
we perform the procedure in different stages. In each consecutivee|eCt_r°5tatiC potenti_al derived 9harge_s, our intermolecular potential
stage we increase the accuracy of the calculated energies at thEfauires the calculation of atomic multipole moments. The AMMs are
expense of computational effort. defined in local axes systems. In this way the moments maintain their

In the initial stages of structure prediction a huge number of prientation relative to the chal atomic enyironment, to follow changes

. - . . in the molecular conformation. However, it has been shown that AMMs
structures are considered. Therefore it is essential to use & simpljerjyed in one conformation do not achieve an accurate description of
model, such as a standard force field. Apart from being simple, jntermolecular interactions when rotated to another conformation: the
this force field should be accurate enough to identify the molecular charge distribution and the corresponding atomic multipole
experimental polymorph(s) as reasonably favorable. The bestmoments are conformation depend&nEor glycerol this effect can
few hundred structures are taken over to the second stage wherée very large: rotating the AMMs derived from one conformation to
the ab initio intermolecular potential is employed. Still, the a completely different conformation can cause errors of 10 kJ/mol in
number of structures is too large to allow accurate ab initio the intermolecular electrostatic part of the lattice energy.
calculations of the conformational energies. Therefore, we (19) Cole, J. C. Ph.D. Thesis, University of Bristol, Bristol, 1995.
employ molecular mechanics for all intramolecular interactions, _ (20) Jorgensen, W. L.; Maxwell, D. S.; Tirado-Rives JJAm. Chem.
and optimiz_e the crystal structures in the combined ab iritio 50232'1?%?0%}(2131.2%5;181&26'%’ R. E.: Olafson, B. D. States, D. J.:
MM potential (AHMM). Finally, for the most favorable Swaminathan, S.: Karplus, M. Comput. Cheml983 4, 187-217.
structures we replace the molecular mechanics conformational (22) Nilsson, L.; Karplus, MJ. Comput. Chenl986 7, 591-616.
energies by ab initio derived values. So, in the end the (23) Reiling, S.; Schlenkrich, M.; Brickmann,J.Comput. Chenl996
predictions are based solely on nonempirical energies.

17, 450-468.
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111, 8551-8567.
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Computational Methods

Stage 1: Standard Force FieldsCrystal structures were generated
with the grid search algorithm of the UPACK prografnysing the
standard program settings. Crystal structure generation starts from
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Soc.1998 120, 8986-8993.
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Table 1. Experimental Structures of Glycol and Glycerol as Found in Crystal Structure Generations Using Various* Models

glycol (P212:2;) a A b, A c, A AX A6 2 7 73 ranking AE
exptl 5.01 6.92 9.27 —64 81 139
UNITAT 4.67 7.31 9.65 0.53 25.0 72 70 155 71 3.0
OPLS 4.75 6.81 9.09 0.09 6.4 —56 59 140 261 15.0
CHARMM-RSB 4.98 6.82 9.18 0.02 2.2 —63 71 132 46 5.1
Al+MM 4.76 6.99 9.76 0.22 3.6 —67 90 152 11 2.9
ab initio 8 11
glycerol (P212;2;) a A b, A c, A AX A6 T4 s 6 77 8 ranking AE
exptl 7.00 9.96 6.29 67 —60
UNITAT 6.84 9.95 6.47 0.10 6.4 70 —71 =177 66 92 12 1.9
OPLS 6.87 9.82 6.06 0.05 1.4 66 —60 167 62 81 2807 35.4
CHARMM-RSM 6.93 9.88 6.31 0.08 5.6 62 —60 173 61 80 1 0
Al+MM 7.01 9.86 6.21 0.13 1.6 58 —69 160 65 75 1 0
ab initio 1 0

a AlI+MM: ab initio intermolecular force fiele- molecular mechanics (MM3(96)) for intramolecular interactions. Ab initio: ab initio intermolecular
force field + MP2/6-31HG(2d,2p) conformational energies; geometries as foFMM. AX is the net translation of the center of mass (A),
calculated via fractional coordinates6 is the net rigid-body rotation of the molecule (degrees). For glycol this is the average of the rotations for
the two O-C—C planes; for glycerol it is the rotation of the<C—C plane.AE (kJ/mol) is the energy difference with the lowest-energy structure
that was found. A ranking af means that the structure was ttik lowest in energyr;, O—C—C—0; 1, 73, H—O—C—C; 74, 01-C1-C2-02,;

75, 02— C2—C3-03; 76, H1-01-C1-C2; 17, H2—02—-C2-C3; 75, H3—03—-C3—C2 (atom numbering according to Figure 3, torsional angles in
degrees).

We developed a procedure to incorporate this conformational and the model for the energy would be perfect, then the
dependency by calculating the atomic multipole moments more or less experimental structure would be the first on this list (neglecting
on-the-fly during a crystal structure optimizati&rupon any significant differences in zero-point vibrational energy). In general, we will
change in the conformation of the moleculé (b a torsional angle), find it at a certain place on the list (ranking), and we define the
optimization of the crystal structure is interrupted and an ab initio energy difference with the most favorable structuré\EsSince

calculation is performed to obtain new AMMs, after which the crystal all the generated structures are eneray minima. the closest thin
structure optimization is continued. g )% , g

Stage 3: Ab Initio Intermolecular Potential + ab Initio Con- to the experimental structure one can find is the energy-
formational Energies. Finally, for a limited number of favorable ~ Minimized experimental structure. In a good force field, this
structures in the AFMM potential, we can afford to replace the MM3 ~ should be close to the true experimental structure, otherwise
intramolecular force field by accurate ab initio calculations of the crystal structure prediction cannot succeed at all.
intramolecular energies. Ideally, we would have to optimize the crystal |t should be noted that the occurrence of only small deviations
;tructure in qombination with an ab initio t_re'e?tment of the confprma— between the energy-minimized and the true experimental
tional energies. Since we saw no possibility to achieve this, we g 0tyre js a necessary but not sufficient condition for a good
performed ab initio calculations on the isolated molecules in the force field. It merely proves that the part of the potential energy

conformations as obtained at stage 2. " that i led by th . tal struct :
Ab initio intramolecular energies are already obtained during the surtace that IS sample y the experimental structure 1S

calculation of the AMMSs. However, these energy values are not reliable, @dequately described. In structure prediction, hypothetical
as the SCF/DZ(2¥ level is aimed at optimal intermolecular electro- ~ Structures may sample other, less well-modeled parts of the
static interaction§ rather than accurate conformational energies. potential energy surface. This would result in erroneous energies
Moreover, the geometries at stage 2 contain bond lengths and bondfor these alternative crystal packings. For flexible molecules it
angles close to the optimal values for MM3. The optimal values for is obvious that minimization of the experimental structure does

the ab initio calculation are somewhat different, and the energies that not test the ability of the force field to describe the relative
are associated with these differences will be large. This geometric Offsetenergies of the various conformers of the molecule.

hampers the direct use of the molecular geometries obtained at stage 2 .
in ab initio calculations of intramolecular energies. To remedy this, Glycol. The standard search procedure in the UNITAT force

these geometries were first optimized at the HF/6-31G(d,p) level. The field dellvered~5QO structures. The ge,ome_try of the, experi-

H—0—C—C and O-C—C—O torsional angles were constrained during Mental structure is poorly reproduced in this force field: the

this geometry optimization in order to maintain the essential features Molecule is reoriented by 25The UNITAT force field appears

of the geometry within the crystal packing. Allowing for full optimiza-  to be unsuited for structure predictions on glycol, and ranking
tion would produce predominantly intramolecular hydrogen bonds, and and AE of such a highly distorted structure (Table 1) are of

the corresponding energies would bear no resemblance to the energies'ery limited value. Such problems were also encountered for
of the conformations present in the crystal structures. propane and methandllt has been observed before that crystal

We calculated MP2/6-31G(2d,2p) energies at the geometries  stryctures of small, symmetric molecules are often poorly
obtained in this way. It has been shown that at least this level is neededmodeledgl

to obtain an accuracy in the order of 1 kJ/mol for conformational For th f . hi d bl
energies of glycol. It was seen to produce results similar to computa- _ -©F th€ process of structure generation this caused a problem.

tionally much more costly MP2/6-33#1+G(3df,3dp) calculation® The deformation in the UNITAT force field is so large that
subsequent minimization within the AMM potential did not
Results recover the experimental structure. So, if structure generation

was performed through the UNITAT optimized structures, the
experimental structure was missed. Therefore, we decided to
use another force field. From the point of view of true ab initio
structure prediction, this is not fair, since this ad hoc choice
was made with knowledge of the experimental structure. This

The final result of a crystal structure generation is a list of
possible crystal structures ordered according to their energy,
and each different energy model will result in a different list. If
energy &40 K would be all that determines a crystal structure,

(30) Reiling, S.; Brickmann, J.; Schlenkrich, M.; Bopp, P.JAComput.
Chem.1996 17, 133-147. (31) Nobeli, I.; Price, S. LJ. Phys. Chem1999 A103 6448-6457.
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illustrates a pitfall that is still present in structure prediction.

No matter how accurate the final calculations shall become, .

predictions can still fail when the search procedure does not P ,

yield a structure close enough to the experimental structure.
We employed the OPLS force fietwhich gave satisfactory

results for carbohydraté8ln OPLS the experimental geometry

is reproduced much better than in UNITAT. However, in this

force field the ranking and relative energy were surprisingly -«»**

poor. Therefore, all resulting structuresq00) were taken over

to the AH-MM stage. If we would have continued in stage 2

only for structures within, say, 10 kJ/mol of the global minimum

in OPLS, the experimental structure would have been missed

again. This shows another pitfall present in current structure

_pr_e_dlctlon. P_red_lctlons can fa_ul if the model th_at is used in the Figure 1. Experimental structure of glycol (black) superimposed with
initial screening is not able to identify the experimental structure he energy-minimized experimental structure, which ranked 11th in the
as reasonably favorable. Al+MM potential (gray).

The main problem in OPLS seems to be in the intramolecular
part of the force field. All low-energy structures have a trans intramolecular energies alone are probably not yet accurate to
O—C—C—0 conformation. Within this force field a large 1-fold  within 1 kJ/mol2°
cosine term (39.8 kJ/mol) is applied to this torsion, which Relative energies at the MM3(96) level differ from the ab
destabilizes the (experimental) gauche conformation by aboutinitio values up to 5 kJ/mol. A general observation is that upon
30 kJ/mol. A speculative explanation for this flaw is that this switching from the MM3 to the ab initio levelTt-like
torsional parameter compensates for a too favorable descriptionconformations become2 kJ/mol higher in energy relative to
of intramolecular hydrogen bonding which, in the gas phase, is the experimental’ Gt conformation (nomenclature as in ref 30).
present in the gauche conformations, but absent in transThe lowest-energy structures in the-AVIM potential aretTt,
conformations. In a crystal environment both trans and gaucheso this explains the reduction RE. On the other hand'Tg
conformations form preferably intermolecular hydrogen bonds. conformations become 2 kJ/mol lower in energy relative to

In search of a simple force field capable of giving both a 9'Gt, and as a result some of those structures become slightly
reasonable ranking and structure for glycol, we additionally tried more favorable than the experimental structure. This is why the
CHARMM-RSB 23 This force field is based on CHARMMZ2:22 ranking is hardly improved. Considering the magnitude of these
for which essential torsional parameters were reparametrizedenergy shifts, itis unlikely that any structure outside the present
based on MP2/6_3]:H_G(2d,2p) calculations for glycol and energy window of 5 kJ/mol in the AtMM pOtentIa| will reach
glycerol. Intermolecular energies are still fully based on the @ lower energy than the present minimum. So, if we would
empirical CHARMM parametrization. This force field gives gxtend the calculation of ap initio conformational energies to
much more satisfactory results than UNITAT and OPLS and include more structures, this would not changg, although
excellently reproduces the experimental structure of glycol the ranking could deteriorate somewhat.
(Table 1). With hindsight, it would have been ideal for use in ~ Glycerol. Due to the conformational flexibility of glycerol
the first stages of the structure generations. excessive numbers of hypothetical crystal structures were

Within the AH-MM potential 33 structures fall within 5 kJ/ generated. In the end;6200 structures were produced by the

mol, and for these structures ab initio conformational energies Upfql( sea}[rch r:N'th'tr.] ti.1e LtJEIf'If'AT ftorc:;e f|eld.f'l;rr1]|s bsFEAISCK
were calculated. Results for the standard force fields and the ¢€"@!NYy not exhaustive. at ditferent stages ot the

ab initio models are summarized in Table 1. Cell parameters procedure only a limited number_ Of_ structures is passed on to
for the experimental structii®are given, together with rankings th? next staggb A.” SSKI?I_[X?I_S W'th'r; 8k kJ/mol c;f thte glol:;al

andAE's for the experimental structure as found in the structure minimum ¢ ) in were taken over lo stage <.

generations with the various models. (These structures are_':'na”y the 10 structures within 5 kJ/mol of the global minimum

; : L ; the AI+MM potential were taken over to stage 3. Addition-
identical to the energy-minimized experimental structures, as n e

they should be.) The results show that improving the accuracy glll-);Agl\(jll\;”\leQT structures were also studied in OPLS and
of the potential improves the ranking and reduces the relative ) )

energy. We note that in the AIMM potential the cell shows a The_ experimental crystal structure f°F glycéfotioes not
5% deviation in both the- and thec-axis, which is large contain hydrogen atoms. Therefore, the list of proposed crystal
compared to deviations previously enC(’)untered for other structures was searched for structures that were consistent with

moleculest” As can be seen in Figure 1, the changes in cell tfge ctell axes and hea\_/y ?It?r:n é).?rs't'orls' %nlly OgﬁA%)I\S/ﬁ\'Able
axes are at least partially related to the small changes in theStructure was common in alf the ditierent modets. )

hydroxyl torsional angles. From this observation it can, however, RSB '.dem'f.'Ed an add't'.o n.al p055|bll!ty Wh'Ch was qnly 2.3 kJ/
not be concluded whether these deformations are due tom0| higher in energy. Within both ab initio models this structure

inaccuracies in the intra- or the intermolecular potential. With was 8.8 k/mol higher in energy compared to the first possibility.

a value of 2.9 kJ/molAE is considerably larger than what we In addition, some ab initio calculations (MP2/6-34G(2d,2p))

encountered for methanol and ethahoThis can mainly be on the. two conformatllons |nq!cated that CHARMM'RSB
attributed to inaccuracies in the intramolecular potential: im- overestimates the relative stability of the conformation in the

proving the description of the intramolecular energy from the second possible structure by approximately 2 kJ/mol. Therefore,

MM3(96) level to the ab initio level reducesE to 1.1 kJ/mol. We propose the .f'rSt option to be the expgnmental structure.
LN o e Fractional coordinates for this structure within the+AIM
This is well within the error limits of the energy, as the

-
L

(33) van Koningsveld, HRecl. Tra.. Chim. Pays-Bay&968 87, 243—
(32) Boese, R.; Weiss, H.-@cta Crystallogr.1998 C54, 9800024. 254.
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Table 2. Fractional Coordinates of the Glycerol Structure Table 3. Hydrogen Bonds in the Glycerol Structére
experimental predicted (AIMM) exptl Al+MM CHARMM-RSB

atom X y z X y z donor acceptor ©0 OO O-H--O OO O—-H--O

C1l 0.0200 —0.3068 0.2760 0.0188—-0.3042 0.2871 o1 o3 2.72 2.76 170 2.66 173

H4 —0.1305 —0.2952 0.2300 02 o1 274 281 173 2.65 165

H5 0.0482 —0.2202 0.4018 03 02 273 281 156 2.65 168

o1 0.1241 —0.3042 0.0791 0.1469-0.2979 0.1098 03 o1 3.21  3.09 128 3.08 110

H1 0.1003 —0.2305 0.0109 - - - -

c2 0.0483 —0.4428 0.3772 0.0495—0.4421 0.3967 _2Distances in angstroms, angles in degrees. Atom labeling: see
H6 0.0172 —0.5243 02793  Figure 3.

02  0.2460 —0.4526 0.4354  0.2449—0.4454 0.4555 o . .

H2 0.2719 —0.5351 0.5096 Results for the crystal structure predictions with the different
C3 —0.0777 —0.4610 0.5702 —0.0754 —0.4599 0.5986 models are summarized in Table 1. The experimental structure
H7 —0.2272 —0.4445 0.5538 is predicted as the global minimum both within the+AIM

gg 0.0479 05861 0.6669 :8'8222 :g'ggig 8'322 potential and in the fully ab initio model. It was also rather
H3 ’ ' ’ 00654 —05996 07474 favorable within the UNITAT force field, with a very similar

a Atom labeling: see Figure 3. Unit-cell parameters are given in
Table 1.
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Figure 2. Experimental structure of glycerol (black) superimposed with
the structure as predicted by the4AVM potential (gray).

Figure 3. Molecular conformation of glycerol in the predicted crystal
structure.

potential are given in Table 2. A superposition of the predicted
and the experimental structure is given in Figure 2. Figure 3
shows the molecular conformation of glycerol in the predicted
crystal structure.

geometry. In the OPLS force field the experimental structure
has a very poor ranking and very high relative energy. In this
force field, all low-energy structures have both-O—C—0O
conformations trans, which should be energetically unfavorable
due to parallel G-OH dipoles (Hassel-Ottar effec¥)3>Just as

for glycol these results suggest that the high 1-fold torsion term
for O—C—C—-0 (51.2 kJ/mol for triols) leads to an excessive
destabilization of gauche conformations without an intramo-
lecular hydrogen bond.

Using CHARMM-RSB, the experimental structure is pre-
dicted as the global minimum as well. This indicates that force
fields that are much simpler than ours can be successful in
structure prediction. Note that CHARMM-RSB was derived with
the aid of high-level ab initio calculations on glycol and glycerol,
so the conformational energies should be fairly accurate.
Nevertheless, the intermolecular potential remains empirical and
accurate results are not assured, as can be seen for glycol. For
this molecule the force field should be equally well suited, but
the experimental structure is found withA&E of 5.1 kJ/mol,
compared to 1.1 kJ/mol at the ab initio level.

Within the AI+-MM potential all low-energy conformations
contain only gauche ©C—C—0 conformations. Upon switch-
ing from MM3 to ab initio conformational energies, there is
some reshuffling in the ordering of the predicted structures.
However, in both cases the experimental structure remains the
most favorable one, and the energy difference with second-best
structure even increases from 1.4 to 2.4 kJ/mol. The MM3
conformational energy differences were shifted from the ab initio
values by up to 4 kJ/mol. Some of these shifts involve
conformations that differ only by one hydroxyl group. Consider-
ing the magnitude of these shifts, it seems unlikely that a
structure outside the energy window of 5 kJ/mol in the-MM
potential would get a lower energy than the experimental
structure when its conformational energy would be calculated
at the ab initio level.

Conclusions

In this work we investigated energy-based crystal structure
predictions for two flexible hydrogen-bonded molecules, viz.,
glycol and glycerol. To this end we employed a series of
increasingly accurate models, ranging from standard force fields

In the structure a three-dimensional hydrogen_bonded networkto an ab initio intermolecular pOtential, augmented with ab initio

is present, involving only intermolecular hydrogen bonds.
Details of the hydrogen-bond geometry are given in Table 3.
CHARMM-RSB produces consistently too short @ dis-
tances, whereas these are too long in thé MM potential. A
small difference is that the hydrogen bond for -G32 is
somewhat bifurcated to O1 in the ab initio potential, whereas
in CHARMM-RSB it is fully directed to O2.

calculated conformational energies. Within the latter model the
experimental structure of glycol was predicted with a reasonably
low energy, 1.1 kJ/mol above the global minimum. For glycerol
it was predicted as the global minimum. A practical application
of such crystal structure calculations is the possibility to indicate

(34) Hassel, O.; Ottar, BActa Chem. Scand.947, 1, 929-942.
(35) Jeffrey, G. AActa Crystallogr.199Q B46, 89—103.
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hydrogen positions, which can be difficult to determine from the global energy minimum amounted to zero for propane and
X-ray diffraction data. We propose a three-dimensional hydrogen- glycerol,~0.3 kJ/mol for methanol and ethanol, 1.1 kJ/mol for
bonded network for the crystal structure of glycerol that consists glycol, and 2.0 kJ/mol for dioxane. Standard force fields fail to
only of intermolecular hydrogen bonds. consistently produce such low values. This demonstrates the
The energy of a crystal packing for a flexible molecule is a importance of highly accurate models in crystal structure
tradeoff between intermolecular and conformational energy. prediction. Of course, experiments prove that energy is not the
Therefore it is essential to use intra- and intermolecular only matter of importance, and temperature and kinetics can
potentials that are both as accurate as possible. In any case, thglay a decisive role: polymorphic phase transitions occur, and
two parts should be in proper balarfeHydrogen-bonded different polymorphs can crystallize from different solvents.
molecules are very demanding in this respect, since a delicateyltimately, genuine structure prediction would involve the
balance in the modeling of intramolecular and intermolecular prediction of such phenomena as well, which is obviously
hydrogen bonds is required. If a hydrogen bond would be impossible based on energy alone. However, predictions based
somewhat too unfavorable in the intramolecular force field on empirical force fields involve too much uncertainty in the
compared to the intermolecular force field, crystal structure cajculated energies for their success or failure to be taken as an

predictions would be strongly influenced. In the present work jngication for the importance of kinetic and thermodynamic
this has not been rigorously put to the test, since both glycol gffects.

and glycerol preferably form intermolecular hydrogen bonds
in a crystal environment. This is not the case for molecules such
as monosaccharides, which we are currently studying.
Together with our previous worK, the ab initio intermo-
lecular potential has now been applied to predict the low-
temperature crystal structures of six different compounds. The
energy difference between the observed crystal structure and
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