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Abstract: The frequency of twin occurrence in saccharin crystals grown from ethanol and acetone has been
quantified and the solubility of saccharin in these solvents measured. Structural and thermodynamic interpretation
of the data are consistent with a solvent dependence of both the molecular structure of jreuf@2 (the

twin plane) and the identity of the growth synthon. In acetone solutions this surface is terminated by the polar
functional groups of saccharin and the crystal grows from a solution rich in monomer species, while in ethanolic
solutions it is terminated by aromatic hydrogens and the growth solution is rich in dimeric species. This is the
first time that such a combined study of solution and solid-state chemistry has led to a clear indication of how
surface structures may change with solvent.

Introduction and polymorphic for® of molecular crystals, factors which
The nature of the crystaliquid interface is of enormous  are of considerable practical importance. In this context, too, it
importance and underlies much current technology by which has been appreciated for many years that the choice of solvent
active ingredients are isolated and converted to stable productgn crystallization processes can have a significant influence on

in the pharmaceutical, agrochemical, food, and specialty chemi-the nucleation, growth, and morphology of molecular cry¥tals
cals businessésMuch of our understanding and manipulative either as a result of specific recognition processes between
ability in this area derives from advances in colloid science and solvent molecules and subsets of surface sites or because of
its considerable success in defining conditions for stability in global adsorption of solvent and the stabilization of surface
emulsion and dispersion systems. Overall, this progress has beestructures whose interfacial tensions are solvent dependent
achieved through a consideration of the global characteristics (surface roughening). Until now all attempts to define the nature
of interfaces defined in terms of their electrostatic and interfacial of the crystat-solution interface and its solvent dependency have
thermodynamic propertiés.From the developing arena of been based on data derived from the solid side of the interface.
materials chemistry in which crystal engineering occupies a Thus, for example, crystal morphologypolymorphic form}2
central position, a different perspective on the nature of the contact angle measureméfitand most recently GI have
crystak-liquid interface has developed. Here, initially by all been used to infer not only details of the molecularity of the
extrapolation from crystal structure détdut more recently crystal surface but in some ca%és suggest the nature of the
using state of the art scanning probe and glancing incidencegrowth synthon. The work reported here continues our previ-
X-ray diffraction (GID) technique$? the interface is viewed  ously reporte$ study of twinning in saccharin crystals and

as having periodicity, functionality, and stereochemistry deter- shows how a combination of solid state (the occurrence of
mined by a combination of the terminated crystal structure and twinning) and solution chemistry (solubility and thermal data)
its interaction with the adjoining fluid phase. This level of probes can be used to determine the solvent dependence of
structural understanding has made it possible to use specificallyboth the growth synthon and the functionality of the crystal
tailored additive molecules to control both the morphofegy  surface.

T Current address: Rhone-Poulenc Rorer Ltd., Central Research, Dagen- (7) Davey, R. J.; Maginn, S. J.; Bromley, Advances in Industrial
ham Research Centre, Rainham Road South, Dagenham, Essex RM10 7XSCrystallisation Butterworth-Heineman Ltd: 1991; pp 150165
U.K. (8) Davey, R. J. Blagden N, Potts, G. D.; Docherty, RAmM. Chem.

(1) Aulton, M. E., Ed.Pharmaceutics. The Science of Dosage Form
Churchill Livingstone: New York, 1996.

(2) Evans, D. F.; Wennerstrom, fihe Colloidal Domain. Where Physics,
Chemistry, Biology, and Technology Me¥CH: New York, 1994.

(3) Weissbuch, I.; Popvitz-Biro, R.; Leiserowitz, L.; Lahav, M. The
Lock and Key PrincipleBehr, J. P., Ed.; John Wiley & Sons: New York,
1994: pp 173-246.

(4) Gidalevitz, D.; Feidenhans’l, R.; Smilgies, D. M.; Leiserowitz, L.
Surf. Re. Lett. 1997, 4, 721-732.

(5) Gidalevitz, D.; Feidenhans’l, R.; Matlis, S.; Smilgies, D.-M.; Chris-
tensen, M. J.; Leiserowitz, lAngew. Chem., Int. Ed. Endl997, 36, 955—
959.

(6) Weissbuch, I.; Addadi, L.; Lahav, M.; Lieserowitz, ciencel 991,
253 637—645.

10.1021/ja984112q CCC: $18.00

Soc.1997 119 17671772,

(9) Blagden N, Davey, R. J.; Rowe R.; Robertsli®. J. Pharm.1998,
172,169-177.

(10) Davey, R. JCurrent topics in Materials Scienc&aldis, E., Ed.;
North-Holland: 1982, Vol. 8, Chapter 6.

(11) Chen, B. D.; Garside, J.; Davey, R. J.; Maginn, S. J.; Matsuoka,
M. J. Phys. Chem1994 98, 3215-3221.

(12) Blagden, N.; Davey, R. J.; Lieberman, H. F.; Williams, L.; Payne,
R.; Roberts, R.; Rowe, R. Chem. Soc., Faraday Trarnk998 94, 1035~
1044.

(13) Wang, J.-L, Lieserowitz, L.; Lahav, M. Phys. Chem1992 96,
15-16.

(14) Lieberman, H. F.; Williams, L.; Davey, R. J.; Pritchard, R.JG.
Am. Chem. Sod998 120, 686-691.

© 1999 American Chemical Society

Published on Web 04/27/1999



4564 J. Am. Chem. Soc., Vol. 121, No. 19, 1999 Williams-Seton et al.

a 45
40 | ] [ Acetone
35 1 — B Ethanol
T 30|
g
'E 25
b % 20
(100) E 15
002) E’. 10
5
(102) 0 . -
0.2 0.3 0.4

0.1
o1
supersaturation

o Figure 2. The frequency of twinning in acetone and ethanol over a

range of supersaturations.
Figure 1. The morphology of single and twinned saccharin crystals:
(a) optical mocorpgraph, (b) schematic indexed morphology of single ously! Intergrown crystals and those deformed by growing in contact

crystal. with the vessel walls were not included.
Solubility Determination. In the absence of literature data, the
Program Objective and Strategy solubility of saccharin in acetone and in ethanol was determined

. . . experimentally. The method described by Mulffinvas used with a
The objective of this work was to extend our previous sample volume of approximately 100 mL and a 60 W lamp as a heating
experimental and modeling studiésn which we concluded  source. Each data point was repeated twice, and the mean values are
that the nucleation of a twinned saccharin crystal was driven reported. For a given composition the saturation temperature was
by the formation of a three-centered hydrogen bond across themeasured with a reproducibility a£0.1 °C.
(102 twin plane. Of specific interest to us was the possibility =~ The measurements of melting point and heat of melting were
that this twinning process might be solvent dependent. Strategi-Performed on a Mettler TA 4000 DSC. .
cally three avenues were explored. First, a solvent was sought Modehﬁng. The lattice energy of saccharin was calculated using
in which twinning was less common than in the original growth CERIUS together with the Dreldmg 2.21 force field. _Charges were
. . enerated using the AM1 method within MOPACSolvation calcula-
solvent, acetone. Second, the relationship between the frequencyﬂ

f twinni d turati di h solvent ons were carried out using the commercial program GR®which
ortwinning and supersaturation was measurea in €ach SolVent,, qates the interaction potential (the sum of Lennard-Jones, hydrogen

in order to separate solution chemistry and kinetic effects. Third, ponding, and electrostatic potentials) between a chemical probe group
the solution chemistry of saccharin in ethanol and acetone wasand a target molecule. Both a saccharin monomer and dimer (extracted

quantified through solubility measurements, to define the likely from the crystal structure) were chosen as target molecules and scanned
nature of the growth synthon in each case. Molecular modeling for possible hydrogen bond interactions using probes corresponding to
and visualization have been used throughout to aid interpretationan aliphatic hydroxy group (to simulate ethanol) and a carbonyl oxygen

and support the experimental findings. (to simulate acetone). Using Iris Exploteisosurfaces were drawn
around the saccharin molecules at a levet-dfkcal mol™* (typical of
Experimental Section a hydrogen-bonded interactihin order to visualize the likely extent

o o ) of solvation in both solvents.
Crystallization Procedure. Crystallization assays were carried out

at 40 °C by a simple batch cooling procedure in both stirred and Results and Discussion

unstirred experiments. The former employed a 20 mL thermostated o )

glass vessel and a magnetic stirrer, while unstirred experiments were ~ Crystallization Experiments: The Solvent Dependence of
performed in a 100 mL conical flask held in a water bath. Initially, a Twinning. For both solvents, when the solutions were stirred,

selection of solvents was scanned in unstirred experiments in order tothe crystals produced were very small (@®) and adhered to
identify two solvents, one in which twinning occurred and one in which  the side of the crystallizing vessel, making collection and
it was rare. Saccharin was found to be insoluble in toluene, cyclohexane, phservation difficult. Most of the crystals grew as singlets, and
and acetonitrile; it grew as single and twinned crystals from THF and he occurrence of twinning was infrequent regardless of solvent
acetone and grew mainly as single crystals from ethanohetdpanol. or supersaturation, presumably due to the mechanical action of
On the basis of these data, acetone and ethanol were chosen a e agitator. Crystals grown in unstirred solutions, however,

representative solvents for subsequent experiments. To explore an h d sianifi t diff in twinni functi f
compare the conditions over which twinning took place, crystallization Showed signiicant difierences In twinning as a function o

was carried out from each solvent at supersaturations of 0.1, 0.2, 0.3, SUP€rsaturation and growth solvent as shown in the histogram
0.4. These were calculated from the measured solubility data using theOf Figure 2. Weissenberg X-ray data confirmed that in all cases,

relationship: independent of solvent, the twin plane was (LOthe impor-
tance of these data is that they make it possible to deconvolute
o =In(x/x) 1) the effects of kinetics and solversolute interactions. A priori,
in which x is the starting mole fraction, before the onset of crystal-  (15) Mullin, J. W. Crystallisation 3rd ed.; Butterworth Heinemann:

lization, andxs is the saturation mole fraction at 4C. 1993; vol. .llg(}lll.* pp 190. . . . .
Identification of Twinned Crystals. Figure 1 shows an optical (16) Cerius version 2.0, Molecular S|mu|a_t|ons'|nc. This commer(_:li_al
. . oy : - ; software uses the programme HABIT described in ref 25. The Dreiding
micrograph of single and twinned crystals together with the indexed 2 21 force field was chosen since it gave a predicted morphology in good
morphology of a single crystal. Twinned crystals are easily identified agreement with experiment.
by the presence of a central line separating the two halves. To quantify  (17) Dewar, M J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart J. JJ.P.
differences between solvents, the crystals obtained from 100 mL of Am. Chem. Socl985 107 3902-3909.

solution (typically about 40 in each experiment) were examined ggg gic;?r(ijl;%:’d%yJJMol\l/leec%Ieacrhlgi?cl(?\?esrfﬁt’(?%gnggrz UK
individually and the number of twinned crystals counted. Counting was (20) Iris Explorer, version 2.2.2, Silicon Graphics, 1994.

performed manually and the twin plane checked in selected Samples (21) Vinogradov S. N.; Linnell R. HHydrogen BondingVan nostrand
using single-crystal Weissenberg X-ray diffraction as discussed previ- and Reinhold Company: New York, 1971; pp 32123
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12 - as self-associated aggregates. Conversely, in ethanol, the solution
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To probe the thermochemistry of these interactions, the
measured solubility data were plotted in the form of eq 2 and
from the gradients of these lines the enthalpies of solution at
if the process of twinning was determined by the probability of saturation AHs, for acetone and ethanol were estimated to be
errors occurring during crystal growth, it might be anticipated 3.5 and 7.7 kcal motl, respectively. Comparison with the
that the proportion of twins would increase with growth rate, measured heat of melting (7.23 kcal mblagain reflects the
i.e., with increasing supersaturati&hClearly, while this is the ideality of ethanolic solutions. For each solvent
case in ethanol it is not so in acetone where the greatest
proportion of twinned crystals were in fact grown at low AHg,, = AH, — AH,
supersaturations of 0.1 and 0.2. At these values almost no twins
were observed in ethanol, while at higher supersaturation bothin which AHs is the heat of solutionAHse, is the heat of
solvents produced similar proportions of twins. This provides solvation, andAHsypis the enthalpy of sublimatiomHs,, can
clear evidence that the solvent plays a specific role in the pe estimated from the calculated lattice enétd§, since
formation of twins, with acetone in particular able to overide
the expected effect of kinetics. E.x = AH,,— 2RT

Probing Solute—Solvent Interactions: Solubility Data. The

measured solubility data are shown in Figure 3, and it is Using the lattice energy calculated here-df9.13 kcal mot?,

immediately clear that saccharin is significantly more soluble j; hag then been possible to evaluate the solvation enthalpies of
in acetone than in ethanol. ac

. . . saccharin in the two solvents = —16.5 kcal mot?
By comparing these measured data with the calculated Idealand AH® — 123 kcal mot! i?;)wacetone and ethanol
solubility, the relative importance of solvergolute interactions ) ’

solv
in the two solvents can be inferred. The ideal solubility has respectively. From these estimates it is again clear that in acetone
been calculated using the standard relatiorfship

Figure 3. The solubility of saccharin in acetone and ethanol compared
to ideal solubility.

the solvation process is more favorable than in ethanol as
expected from the activity coefficients. The assignment of this
AH (1 1 enthalpy difference to specific interactions is difficult, but taking
—_— ( ) (2) the enthalpy of a hydrogen bond to te4 kcal mol™ 21 suggests

R that in acetone the solvation process is associated with an overalll

. o . . . net gain of one more hydrogen-bonding interaction than in
(xis the solubility in mole fractionAHn, is the heat of melting, etha%ol. yerog g

andTy is the melting temperature, measured as 7.23 kcaimol -~ proping Solute—Solvent Interactions: Molecular Model-
and 501 K, respectively). It is clear from Figure 3 that, g The results of molecular modeling throw further light on

T, T

m

IN Xigeas =

independent of temperature, at saturation this issue. For simplicity, only the monomer and dimer states
X X & X of saccharin have been considered. Being both a hydrogen bond
¢ Teth ™ Tideal acceptor and donor, ethanol can form several interactions with

both species; while in acetone, which has no donor hydrogens,
the monomer can form only one hydrogen bond and the dimer
can form no formal hydrogen bonds. The results of the GRID

calculations are shown in Figure 4 as isosurfaces for both
monomer and dimer with acetone and ethanol probes. From this

Since all the solutions are saturated, it follows that the activity
coefficients {sac(ethy Vsac(acy relative to pure liquid saccharin)
and the saturation mole fractions of saccharin in ideal, ethanolic
and acetone solutionSigeay Xeth, Xac respectively) are related

b . .
y approach, it can be seen that in ethanol both the monomer and
= =x the dimer are strongly stabilized by hydrogen-bonding interac-
Y Y )
sacethf(eth) = Vsac(acf(ac) = eal tions, whereas only the monomer can form a hydrogen bond
Therefore, at saturation at 304.8 K, for example(ety= with acetone. Since these calculations only explore the setvent
0.91 andysac(ac= 0.24. solvent interactions, they cannot be compared directly with the

This result shows quantitatively the extent of the negative Solubility data which reflect the balance between solvesolute,
deviation of acetone solutions and the relative ideality of sac- Solute-solute, and solventsolute interactions. Nevertheless,
charin in ethanol. It implies the solvation of saccharin in acetone they do support the conclusion that while in ethanol saccharin

solutions with molecules more likely to exist as monomers than May be solubilized as either monomer or dimer, in acetone only
the monomer can form a significant solveisblute interaction.

(22) Buerger, M. JAm. Mineral.1945 30, 469-482.
(23) Atkins, P. W.Physical Chemistry6th ed.; Oxford University (24) Okaya, Y.Acta Crystallogr.1969 B25 2257-2263.
Press: 1998; pp 179180. (25) Docherty, R.; Roberts, K. J. Cryst. Growth1988 88, 159-168.
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Figure 4. Isosurfaces drawn at4 kcal mol for the interaction of
acetone with monomer and dimer species (a and b) and ethanol with
monomer and dimer species (¢ and d).
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Figure 5. The surface structures of t}i&02 faces: (a) cut A exposing

phenyl hydrogens, (b) cut B exposing sulfoxide and amide functionality.
Figure 6. The development of a twinned interface: (a) the hydrogen-

Taken together, the combination of solubility measurements Ponded dimer pair taken from the proposed twin interface (14), (b)
and modeling demonstrate a clear difference in the solution docking a dimer onto surface A, (c) docking a dimer onto surface B.

chemistry of saccharin in a solvent that favors twinning maintained by addition of single molecules to the surface and
compared with one that does not. The solvent, acetone, whichgitfers fromA in that the exposed surface amide and carboxyl
favors solvation and a high concentration of monomeric groups would be able to form hydrogen bond contacts with
saccharin also promotes twin formation. Twinning is not favored sgjvent molecules.
in ethanol which stabilizes molecular dimers. Given the solution chemistry of saccharin in ethanol and
acetone, as analyzed above, it may be proposed that only in
growth from acetone where the synthon is expected to be
monomeric can the surface be maintained with strudBuaad

In this section, with the aid of molecular graphics and the only in ethanol where the synthon is dimeric dabe stabilized.
known crystal chemistry of saccharin, the data is interpreted in This suggests a solvent dependency of the surface structure.
its entirety. ~ As a test of the above assignment of the solvent dependent

Given that the (10@surface is the twin plari¢and a relatively surface structure of the (1pface, we now discuss the observed
fast growing facet in solution-grown crystals (Figure 1), we have solvent dependency of twinning. In twinned crystals of saccharin
focused our structural interpretation of the data on this surface.we have previously shown that dimers are juxtaposed about
Examination of the crystal structifeshows that there are two (102 such that a new three-center hydrogen bond across the
possible (102surfaces depending on how the facet is cleaved. twin plane gives additional stability to the crystal. Molecules
Cleaving between dimers gives the surféceas displayed in linked by this bond are related by the necessary mirror
Figure 5a and exposes the phenyl hydrogens to the growthsymmetry, and Figure 6a shows two such dimers with molecules
environment. Breaking the hydrogen bonds joining the dimers labeled 1, 2, 3, and 4. To examine how the different surface
exposes the functional groups of saccharin, shown in Figure structures might impact upon the twinning process, a pair of
5b as surfac®. The surface structure correspondingdt@an such dimers have been docked with surfaéeandB in turn
only be conserved if growth occurs by the addition of dimer so as to mimic the structural change needed for twinning to
pairs to the surface. Surfa& on the other hand, can only be occur. This is shown in Figures 6b and 6c. Molecules 1 and 2

Conclusions: Combining Solution Chemistry and
Structural Processes
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adopt (102 surface sites in each case with molecules 3 and 4 same picture emerges: the surface structure of)(20@ the

taking the positions required to form the new twinned crystal. growth synthon for saccharin crystallization are solvent de-
In doing this it is clearly apparent that in docking onto surface pendent. This leads to solvent dependency in the propensity of

A (Figure 6b) molecule 3 would have to occupy a site already saccharin crystals to twin. Overall we believe that this central

occupied by the neighboring molecule, 5, which forms part of issue of crystal engineering has never been addressed by this

the existing (10p surface. On the other hand, docking into combined approach before and that this is the first time that

structureB allows the dimer pair, molecules 3 and 4, to adopt such a clear change in surface structure and growth synthon

the “twinned” position without any significant steric clashes. with solvent have been demonstrated.

This structural interpretation can only be reconciled with the

enhanced propensity to twin in acetone if the surface has the Acknowledgment. This work was supported by the EPSRC:
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Thus from both structural and thermodynamic standpoints the JA984112Q



