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Abstract

A computational search for polymorphs of cytosine, 5-flucytosine and a 1 : 1 mixture of the two
substances not only rationalised the preferred packing arrangements but also enabled the finding
and characterisation of cytosine/5-flucytosine solid solutions. The structures of the new solid
forms were determined by combining laboratory powder X-ray diffraction data and computational
modelling.

The formation of multi-component systems, in particular co-crystals, has gained significant
attention in crystal engineering fields, as their physicochemical properties can be altered and
oftentimes enhanced.1,2 By adding an appropriate second component, it is possible to
generate multi-component crystals of an active substance with improved solubility,
bioavailability, hygroscopicity, physical and chemical stability, processability, efc. In
contrast to salt formation, which requires ionisable components, the formation of solvates,
co-crystals and solid solutions is introduced through a non-covalently bonded solvent
molecule or neutral molecule (co-former), typically held together by hydrogen bonds.3

Solvent molecules or co-formers can occupy regular positions in the crystal lattice, leading
to a well-defined stoichiometric ratio (e.g., mono-, di- and hemi-) of the two or more
components, best described as stoichiometric solvates (hydrates)4 or co-crystals, depending
on the nature of the co-former.5 In contrast, a second substance (typically a structural
homologue) may be incorporated into the crystal lattice substitutionally, by replacing the
molecules of the first component in the lattice (isomorphism). Smaller molecules may also
be incorporated interstitially by fitting into the space in the crystal lattice leading to a
variable composition of the components, termed solid solution6 or nonstoichiometric
solvate.4 Such non-stoichiometric behaviour, in particular of nonstoichiometric hydrates,7
complicates not only the processing, handling and storage of industrial materials but also the
characterisation of the solid state forms.

Polymorphism screens aim at finding all (relevant) solid forms of a substance.8 Solution-
based screening is the most common approach and routinely employed to identify accessible
solid forms,9 although often applied on a trial and error basis to find the appropriate
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nucleation and growth conditions that lead to alternative forms. Crystallisation from the
melt,10,11 sublimation,12 moisture sorption/desorption experiments,13 systematic
desolvation (dehydration) studies14,15 and pressure crystallisation16-18 are other
successful ways to obtain new forms. Furthermore, the use of seed crystals or additives to
induce the formation of new forms by heterogeneous nucleation (templating, isomorphic
seeding, efc.) has been shown to be very promising.19-22 The biggest problem with
templating is the vast number of possibilities. Crystal structure prediction (CSP), which can
be successfully implemented in (industrial) polymorphism screening programs,15,23-26 not
only has the ability to warn us of putative alternative forms27,28 but may also help targeting
these forms, 7.e. selecting promising seeds/templates.22,29

In our recent study on hydrates of the two chemically related and pharmaceutically
important compounds cytosine and 5-flucytosine (Fig. 1), we reported a monohydrate solid
solution of these two substances. Preliminary dehydration studies of this monohydrate
indicated the formation of two distinct solid forms with powder X-ray diffraction and IR
spectroscopy data showing structural resemblance with the data of the two known 5-
flucytosine anhydrates.30 This observation motivated us to take a closer look at the
existence of isomorphic phases and isopolymorphs in this binary system. Isopolymorphism
is a common phenomenon in structural homologues and describes phase systems, where
each polymorph of one substance is isomorphous to a respective polymorphic form of
another substance.19,31 Thus, such pairs of isomorphs may form mixed crystals (solid
solutions).

Cytosine is known to be polymorphic (anhydrate C-1: Cambridge Structural Database32 ref-
codes CYTSIN33 and CYTSINO1;34 C-I1: CYTSINO2 (ref. 35)) and to form a monohydrate
(ref-code family: CYTOSM34,36-40). Also, 5-flucytosine shows anhydrate polymorphism
(F-1: MEBQEQO1 (ref. 41) and F-11: MEBQEQA41) and a rich solvate/hydrate crystal form
landscape: hemihydrate,42 two monohydrates,41 hemipentahydrate41 and six solvates
(methanol,41 ethanol,30 2,2,2-trifluoroethanol,41 dimethyl acetamide,42 dimethyl
sulfoxide42 and dimethyl formamide30).

The insolubility in most organic solvents as well as hydrate formation and decomposition at
higher temperatures drastically limits the experimental space for polymorphism screens of
each of the two compounds and also for co-crystals or solid solutions thereof. Our
experimental screens30 (sections 2.3-2.5 of the ESIT) were limited to sublimation, slurry
and dehydration studies and were therefore complemented with computational searches,
CSP, for anhydrate (cytosine and 5-flucytosine) and 1 : 1 co-crystals. The crystal energy
landscapes (Z =1 & 2) for cytosine and 5-flucytosine, as well as the 1 : 1 cytosine/5-
flucytosine crystal energy landscape (Z = 1) were generated by searches for the low energy
minima of the keto tautomer on the lattice energy surface,43-46 and the final lattice energies
were evaluated using DFT-D calculations.47-51 For more details, see section 1.1 of the
ESIL.t

The aim of this study was to unravel the possible molecular arrangements of neat cytosine,
5-flucytosine and mixed crystals thereof and to expand the solid form landscapes of these
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well-known compounds by combining experimental and computational polymorphism
screening methods, extending previous studies.30,41

The structure of the known C-I anhydrate emerged as the global minimum structure on the
computed crystal energy landscape (Fig. 2a and d), independent of the dispersion correction
used. Based on experimental solid form screening and characterisation of the three cytosine
solid forms, C-1 was identified to be the thermodynamically most stable cytosine anhydrate
at room temperature.30

The second cytosine polymorph, C-11, was found as a low energy structure on the crystal
energy landscape, albeit +7.86 kJ mol~1 (rank 14) and +2.64 kJ mol™1 (rank 3) less stable
than C-I using PBE-TS and PBE-D2, respectively. Analyses of the packing52 and hydrogen
bonding motifs53 of the lowest-energy structures provide a unique insight into the possible
and preferred packing arrangements. The majority of the lowest-energy cytosine structures
forms the RM1-H ribbon motif (Fig. 2g), with adjacent ribbon motifs being linked through
N-H---O hydrogen bonds to form three-dimensional (3D) hydrogen-bonded structures. An
alternative hydrogen bonding motif (M2-H) could be identified among low energy

structures, which can be related to RM1-H. In M2-H, one of the R§(8) dimers is replaced by

C%(S) chains. Thus, RM-1H is the preferred building block for cytosine and is the common

one-dimensional (1D) building block in the three experimental structures (C-1, C-Il and
monohydrate).

The 5-flucytosine anhydrate crystal energy landscape (Fig. 2b and e) has three structures
which are more stable than the other computed packings, with the two experimental forms
F-1 and F-11 being among those. Depending on the used dispersion correction, either F-I
(D2) or F-11 (TS) is indicated as the most stable polymorph at 0 K. Experimentally, the two
polymorphs were found to be related enantiotropically,54 with F-11 being the low
temperature and room temperature form and 0.55 + 0.02 kJ mol~1 more stable than F-I. The
F-11 to F-1 phase transformation occurs at approx. 170 °C.30 PBE-TS (Fig. 2b) estimates
the stability order correctly, F-11 being 0.48 kJ mol~1 more stable than F-1, but has another
packing as the global minimum structure (f3194), albeit only 0.24 kJ mol~1 more stable than
F-11. The PBE-D2 energy landscape (Fig. 2e) has F-I as the global energy minimum and F-
I1 as the rank 3 structure, 2.11 kJ mol~1 less stable, which may be the error of the applied
method. Therefore, based on the calculations, it is not possible to conclude the stability order
of the two forms. The 3194 structure was found to be the second most stable structure in
Fig. 2e. The three lowest-energy structures share the same 1D supramolecular motif,52 the
RM1-F chain (Fig. 2h). Exchanging the C5 hydrogen-atom (Fig. 1) with a fluorine-atom
does not affect the preferentiality for the RM1 motif, but influences the 3D arrangement of
the common building block (RM1-H and RM1-F). Alternative hydrogen bonding
interactions of 5-flucytosine are possible, e.g. M3-F (Fig. 2h), but lead to less stable packing
arrangements. The RM2 ribbon motif seen in 5-flucytosine monohydrate 11 (ref. 41) and
other computed low energy monohydrate structures30 has not been observed among the low
energy 5-flucytosine anhydrates, indicating that water is essential for its formation.
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The cytosine and 5-flucytosine crystal energy landscapes exhibit candidate structures for
alternative polymorphs, in particular c123 and 3194 (*.res files are given in the ESIt). The
formation of the latter two may be complicated by the fact that the experimental structures
have the same strong 1D packing arrangement and may convert to one of the experimental
forms. Across the two compounds' crystal energy landscapes, isostructural packings can be
identified. The cytosine crystal energy landscape has both experimental 5-flucytosine
structures among the lowest-energy structures (c1307 and c304), suggesting that isomorphic
seeding or vapour deposition experiments22,29 may enable the formation of the two
polymorphs. Similarly, the 5-flucytosine crystal energy landscape shows structures which
correspond to the experimental cytosine polymorphs. Structure f777 is in the energy range
for a putative polymorph, but 2266 is too high in energy to be expected as an observable
form. Furthermore, the low energy structures ¢123 and 7, as well as 3194 and ¢4437, are
isostructural.

Packing comparisons of the four experimental forms (Table 1), ignoring the C5 substitution,
revealed that with the exception of the structure pair C-1/F-11, all possible pairs show only
1D similarity, the RM1 chain. C-I and F-II share 2D stacks of the RM1 motif.

The cytosine/5-flucytosine 1 : 1 “co-crystal” energy landscape (Fig. 2c and f) has the F-I
and F-I1 packings, denoted as CF-1 and CF-11, among the lowest-energy structures, but not
the C-I and C-11 packing arrangements among the low energy structures. All of the lowest-
energy structures have the RM1 ribbon motif, either as a mixed type (RM1-HF, Fig. 2i) or a
combination of RM1-H and RM1-F. The CF-I packing was found once in Fig. 2c and f,
exhibiting the mixed ribbon motif, RM1-HF. In contrast, 13 computed structures in Fig. 2c
and f are isostructural with F-11, differing in the relative location of the cytosine and 5-
flucytosine molecules in the same packing arrangement. Furthermore, the structure cf21 is
isostructural with ¢123 and f7 and cf3232 with 3194 and c4437. Based on the lattice
energies, the three lowest energy packings, CF-1, CF-11 and cf21, may be expected to be the
experimental forms, either co-crystals or solid solutions.

Seeding experiments in methanol, acetonitrile and a THF/methanol mixture and vapour
deposition experiments onto C-I, C-11, F-I and F-II crystals were attempted but
unsuccessful in obtaining specific one-component isopolymorphs of cytosine or 5-
flucytosine. This is not surprising for the high energy structure 2266, but we expected to get
at least some indications for the existence of c304 or c1307. However, crystallisation
experiments from mixed cytosine/5-flucytosine solutions resulted in a monohydrate solid
solution from (water)30 and fine powder of CF-I and/or CF-II crystals (THF/methanol and
acetonitrile). The PXRD (Fig. 3a) and IR data (Fig. 3b) of the latter two correspond to CF-I
and CF-11 phases obtained in systematic dehydration studies of the cytosine/5-flucytosine
monohydrate solid solution (section 2.4 of the ESIT). The use of seed crystals allowed, to
some extent, the control of the outcome of the crystallisation experiments.

Phase pure CF-I and CF-11 samples were prepared from cytosine : 5-flucytosine starting

ratios of 0.4 : 0.6. CF-I is obtained by slurring the two compounds in 1-butanol between 10
and 40 °C for two weeks. Slurrying the two compounds in water between 10 and 20 °C for
three days led to the monohydrate.30 Dehydration of the monohydrate over P,05 (0% RH)
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at temperatures <25 °C results in CF-I1. Similar to the polymorphic pair F-1/F-11, the CF-11
to CF-l phase transformation is observed as an endothermic peak in differential scanning
calorimetry (DSC) experiments (Fig. 3c). The two forms (CF-I and CF-I1) of the solid
solution are enantiotropically related, with CF-I being the ambient and high temperature
form and CF-I1 the low temperature form (section 2.3 of the ESIt). The transformation
enthalpy of CF-11 to CF-I was measured to be 0.7 + 0.1 kJ mol~! at 197.5 + 6 °C (heating
rate: 10 °C min™1).

The structures for CF-I and CF-11 were determined using powder X-ray diffraction data
(ESI,T Fig. S2) and computed structures to generate the starting geometry. The PBE-TS
models were also used to refine the candidate structures. CF-1 crystallises in the tetragonal
space group P441212 with one molecule in the asymmetric unit.* The cytosine : 5-flucytosine
molar ratio was refined to 0.394(11) : 0.607(11). The structure has the RM1-HF ribbon
motif (Fig. 2i), with ribbons stacking into columns (Fig. 4a). Adjacent columns are inclined
by 67.5° and linked through N7-H---O hydrogen bonds to form a 3D hydrogen-bonding
network structure. The CF-1 packing is isostructural with F-I and corresponds to the third
lowest energy packing in Fig. 2c and the lowest energy structure in Fig. 2f.

The second polymorph, CF-I1, crystallises in the mono-clinic space group £21/nwith one
molecule in the asymmetric unit.8 The structure exhibits the RM1 ribbon motif (Fig. 2i) with
cytosine : 5-flucytosine occupancies of 0.359(9): 0.641(9). The ribbon motifs are linked
through N7---H...O hydrogen bonds to adjacent ribbons (Fig. 4b), leading to sheets parallel
to (102). As suggested from the PXRD and IR data, CF-11 and F-11 are isostructural and
CF-11 corresponds to the set of 13 structures in Fig. 2c and f, the second most stable packing
using PBE-TS and the third most stable packing using PBE-D2. As seen for the 5-
flucytosine polymorphs, the PBE-TS calculations correctly reproduce the experimental
stability order (CF-I1 is slightly more stable than CF-1), whereas with PBE-D2, the 0 K
stability order is inverted.

The question of whether a co-crystal or solid solution of cytosine and 5-flucytosine is
present was addressed experimentally by using different molar ratios for preparing the
mixed crystallisation products. Both forms, CF-I and CF-11, were obtained using different
molar ratios of cytosine : 5-flucytosine, although approx. 20% of 5-flucytosine was required
that the solid solutions emerged as stable forms, similar to that observed for the
monohydrate solid solution.30 In addition to the two neat forms (CF-I and CF-11) and the
monohydrate, the hemipentahydrate and several solvates were obtained (see the next
paragraph). Viasolvation/desolvation (water/solvent content determinations), it was
confirmed that different molar ratios of cytosine and 5-flucytosine crystallised in the same
packing arrangement (see also ref. 30), confirming the presence of solid solutions. The

iCrystaI data of CF-1: C4H4.393F0.607N30, Mr = 122.023, tetragonal, 41212, 7= 25 °C, sample formulation: powder, wavelength:
1.54184 A, a=6.67372(5) A, c=23.6290(3) A, Z= 8, density = 1.540 g cm™3, 2 theta range for data collection: 2 to 70°, background
treatment: Chebyshev polynomial, no. of measured reflections: 135, refinement method: Rietveld, data/parameter/restraints:
135/74/40, goodness of fit: 1.98 (on Yobs), Rwp = 6.29%, Rexp = 3.17%, Ry = 4.45%.

§Crystal data of CF-11: C4Hz.359F0.641N30, Mr = 122.635, monoclinic, 221/n, T= 25 °C, sample formulation: powder, wavelength:
1.54184 A, a=7.00808(9) A, b=19.43931(11) A, c=13.0306(2) A, = 91.179(2)°, Z= 4, density = 1.653 g cm~3, 2 theta range for
data collection: 2 to 70°, background treatment: Chebyshev polynomial, no. of measured reflections: 163, refinement method:
Rietveld, data/parameter/restraints: 163/69/40, goodness of fit: 1.80 (on Yphs), Rwp = 6.05%, Rexp = 3.36%, Rp = 4.41%.
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thermal decomposition did not allow us to determine the melting points of the non-solvated
solid solutions. Therefore it was not possible to construct binary temperature/composition
diagrams with different cytosine/5-flucytosine ratios. The computed crystal energy
landscapes support the conclusion that CF-1 and CF-I1 are solid solutions, as the packings
can be found among the lowest-energy structures in all three crystal energy landscapes. Even
though we were not able to produce the single component isopolymorphs of cytosine or 5-
flucytosine, modelling, substitution calculations and CSP give us access to these structures.
That cytosine can substitute the 5-flucytosine positions in F-I and F-I1 can be related to the
fact that both structures are the lowest-energy structures in Fig. 2b and e (5-flucytosine) and
Fig. 2c and f (cytosine/5-flucytosine). Also, the fact that more than one structure on Fig. 2c
and f corresponds to the F-11 packing indicates that a solid solution is formed.

The limited experimental solvent screen for cytosine/5-flucytosine solid solutions resulted,
in addition to the novel anhydrates, in the monohydrate I, the hemipentahydrate and four
solvate forms: two hemisolvates with methanol and ethanol and two monosolvates with
dimethyl sulfoxide and dimethyl formamide (section 2.7 of the ESIt). The methanol solvate
exhibits low stability and desolvates on storage under ambient conditions within one day,
while the ethanol, DMSO and DMF solvates remain unchanged for approx. five to seven
days. Based on the fact that the four cytosine/5-flucytosine solvates are isostructural with the
corresponding 5-flucytosine solvates, the existence of two other solvates (2,2,2-
trifluoroethanol and dimethyl acetamide) and two additional hydrates (hemihydrate and
monohydrate 1) can be predicted with certainty.

Conclusions

For all solid forms of 5-flucytosine which we attempted to co-crystallise with cytosine, the
molecule can be substituted with cytosine, as experimentally shown for F-I, F-I1,
hemipenta- and monohydrate I (ref. 30) and four solvates, leading to solid solutions (Fig. 5).
Thus, we can assume that the same holds for the remaining four 5-flucytosine forms. The
presence of 5-flucytosine is essential for the formation of the 3D packings. Computationally,
the formation of solid solutions could be rationalised based on the fact that the experimental
structures were found in the cytosine, 5-flucytosine and mixed cytosine/5-flucytosine crystal
energy landscapes and that the anhydrate solid solutions (CF-I and CF-I1) and 5-flucytosine
anhydrates (F-1 and F-I1) are the lowest-energy structures.

The computed crystal energy landscapes doubtlessly suggest that other anhydrate
polymorphs exist. It is very likely that the putative neat forms exhibit the RM1 ribbon motif.
The hydrogen <> fluorine atom exchange in the anhydrous compounds does not affect the
predominance of the RM1 ribbon motif. The most promising candidate for another 5-
flucytosine polymorph, different from a cytosine isopolymorph, is the structure f3194 and
for another solid solution cf21, with 5-flucytosine molecules replacing cytosine positions
(structure c123).

To conclude, this study is another successful demonstration of the complementarity of
computational and experimental screening and characterisation methods, allowing targeting
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crystallisation using isomorphous seeds/templates to produce novel solid forms and

Ssu

Supplement

pporting structure solution from laboratory powder X-ray diffraction data.

ary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Prof. Price (UCL) for the use of DMACRY'S and Profs. Pantelides and Adjiman (Imperial College

Lo

ndon) for the use of CrystalPredictor and CrystalOptimizer. DEB gratefully acknowledges funding from the Elise

Richter (FWF, project VV436-N34) program of the Austrian Science Fund. The computational results presented have
been achieved using the HPC infrastructure LEO of the University of Innsbruck.

Notes and references

1. Duggirala NK, Perry ML, Almarsson O, Zaworotko MJ. Chem Commun. 2016; 52:640-655.
2. Almarsson O, Peterson ML, Zaworotko M. Pharm Pat Anal. 2012; 1:313-327. [PubMed: 24236844]
3. Weyna DR, Cheney ML, Shan N, Hanna M, Wojtas L, Zaworotko MJ. CrystEngComm. 2012;

14:2377-2380.

. Griesser UJ. Polymorphism: In the Pharmaceutical Industry. Hilfiker Rolf, editorWiley-VCH;

Germany: 2006. 211-233.

. Aitipamula S, Banerjee R, Bansal AK, Biradha K, Cheney ML, Choudhury AR, Desiraju GR,

Dikundwar AG, Dubey R, Duggirala N, Ghogale PP, et al. Cryst Growth Des. 2012; 12:2147-2152.

. Romasanta AK, Braga D, Duarte MTT, Grepioni F. CrystEngComm. 2017; 19:653-660.
. Braun DE, Koztecki LH, McMahon JA, Price SL, Reutzel-Edens SM. Mol Pharmaceutics. 2015;

12:3069-3088.

8. Llinas A, Goodman JM. Drug Discovery Today. 2008; 13:198-210. [PubMed: 18342795]

10.
11.
12.
13.
14.

15.

16.
17.
18.

19.
20.
21.
22.
23.

24.

25.

. Florence AJ. Polymorphism in Pharmaceutical Solids. 2nd edn. Brittain Harry G, editorInforma

Healthcare; New York: 2009. 139-184.

Burger A, Koller KT. Sci Pharm. 1996; 64:293-301.

Gunn E, Guzei IA, Cai T, Yu L. Cryst Growth Des. 2012; 12:2037-2043.

Gelbrich T, Braun DE, Ellern A, Griesser UJ. Cryst Growth Des. 2013; 13:1206-1217.
Braun DE, Griesser UJ. Cryst Growth Des. 2016; 16:6111-6121.

Braun DE, Kahlenberg V, Gelbrich T, Ludescher J, Griesser UJ. CrystEngComm. 2008; 10:1617—
1625.

Braun DE, McMahon JA, Koztecki LH, Price SL, Reutzel-Edens SM. Cryst Growth Des. 2014;
14:2056-2072.

Boldyreva EV. Acta Crystallogr, Sect A: Found Crystallogr. 2008; 64:218-231.
Moggach SA, Parsons S, Wood PA. Crystallogr Rev. 2008; 14:143-184.

Fabbiani FPA, Allan DR, David WIF, Davidson AJ, Lennie AR, Parsons S, Pulham CR, Warren JE.
Cryst Growth Des. 2007; 7:1115-1124.

Zencirci N, Gelbrich T, Kahlenberg V, Griesser UJ. Cryst Growth Des. 2009; 9:3444-3456.
Arlin JB, Price LS, Price SL, Florence AJ. Chem Commun. 2011; 47:7074-7076.
Lancaster RW, Harris LD, Pearson D. CrystEngComm. 2011; 13:1775-1777.

Srirambhatla VK, Florence AJ, Guo R, Price SL. Chem Commun. 2016; 52:7384—7386.

Bhardwaj RM, Price LS, Price SL, Reutzel-Edens SM, Miller GJ, Oswald IDH, Johnston B,
Florence AJ. Cryst Growth Des. 2013; 13:1602-1617.

Price LS, McMahon JA, Lingireddy SR, Lau SF, Diseroad BA, Price SL, Reutzel-Edens SM. J Mol
Struct. 2014; 1078:26-42.

Kendrick J, Stephenson GA, Neumann MA, Leusen FJ. Cryst Growth Des. 2013; 13:581-589.

CrystEngComm. Author manuscript; available in PMC 2018 November 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Braun and Griesser

26.

217.
28.

29.

30.
31.
32.

33.
34.

35.

36.
37.

38.
39.
40.
41.
42.

43.
44,
45.

46.

47.

48.
49.
50.
51
52.
53.
54.
55.

Page 8

Baias M, Dumez JN, Svensson PH, Schantz S, Day GM, Emsley L. J Am Chem Soc. 2013;
135:17501-17507. [PubMed: 24168679]

Braun DE, Orlova M, Griesser UJ. Cryst Growth Des. 2014; 14:4895-4900.

Braun DE, Oberacher H, Arnhard K, Orlova M, Griesser UJ. CrystEngComm. 2016; 18:4053—
4067. [PubMed: 28649176]

Arlin JB, Johnston A, Miller GJ, Kennedy AR, Price SL, Florence AJ. CrystEngComm. 2010;
12:64-66.

Braun DE, Kahlenberg V, Griesser UJ. Cryst Growth Des. 2017; doi: 10.1021/acs.cgd.7b00664
Mullin JW. Crystallization. 4th edn. Butterworh-Heinmann; Oxford: 2001. 19

Groom CR, Bruno 1J, Lightfoot MP, Ward SC. Acta Crystallogr, Sect B: Struct Sci, Cryst Eng
Mater. 2016; 72:171-179.

Barker DL, Marsh RE. Acta Crystallogr. 1964; 17:1581-1587.

McClure RJ, Craven BM. Acta Crystallogr, Sect B: Struct Crystallogr Cryst Chem. 1973; 29:1234—
1238.

Sridhar B, Nanubolu JB, Ravikumar K. Acta Crystallogr, Sect C: Struct Chem. 2015; 71:128-135.
[PubMed: 25652280]

Jeffrey GA, Kinoshita Y. Acta Crystallogr. 1963; 16:20-28.

Neidle S, Achari A, Rabinovitch M. Acta Crystallogr, Sect B: Struct Crystallogr Cryst Chem.
1976; 32:2050-2053.

Eisenstein M. Acta Crystallogr, Sect B: Struct Sci. 1988; 44:412-426.
Munshi P, Row TNG. Acta Crystallogr, Sect B: Struct Sci. 2006; 62:612-626.
Lee T, Wang PY. Cryst Growth Des. 2010; 10:1419-1434.

Hulme AT, Tocher DA. Cryst Growth Des. 2006; 6:481-487.

Tutughamiarso M, Bolte M, Egert E. Acta Crystallogr, Sect C: Cryst Struct Commun. 2009;
65:0574-0578.

Karamertzanis PG, Pantelides CC. J Comput Chem. 2005; 26:304—324. [PubMed: 15622548]
Karamertzanis PG, Pantelides CC. Mol Phys. 2007; 105:273-291.

Kazantsev AV, Karamertzanis PG, Adjiman CS, Pantelides CC. J Chem Theory Comput. 2011;
7:1998-2016. [PubMed: 26596459]

Price SL, Leslie M, Welch GWA, Habgood M, Price LS, Karamertzanis PG, Day GM. Phys Chem
Chem Phys. 2010; 12:8478-8490. [PubMed: 20607186]

Clark SJ, Segall MD, Pickard CJ, Hasnip PJ, Probert MJ, Refson K, Payne MC. Z Kristallogr.
2005; 220:567-570.

Perdew JP, Burke K, Ernzerhof M. Phys Rev Lett. 1996; 77:3865-3868. [PubMed: 10062328]
Vanderbilt D. Phys Rev B: Condens Matter Mater Phys. 1990; 41:7892-7895.

Tkatchenko A, Scheffler M. Phys Rev Lett. 2009; 102 073005.

Grimme S. J Comput Chem. 2006; 27:1787-1799. [PubMed: 16955487]

Gelbrich T, Threlfall TL, Hursthouse MB. CrystEngComm. 2012; 14:5454-5464.

Etter MC, MacDonald JC, Bernstein J. Acta Crystallogr, Sect B: Struct Sci. 1990; 46:256-262.
Burger A, Ramberger R. Microchim Acta. 1979; 2:259-271.

Chisholm JA, Motherwell S. J Appl Crystallogr. 2005; 38:228-231.

CrystEngComm. Author manuscript; available in PMC 2018 November 05.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Braun and Griesser Page 9

@ 'NH, ® NH,

Fig. 1.
Molecular diagrams of (a) cytosine and (b) 5-flucytosine. The atom numbering system given
in (a) is used consistently throughout this work.
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Fig. 2.

Computed crystal energy landscapes for (a and d) cytosine, (b and e) 5-flucytosine and (c
and f) a 1 : 1 mixture of cytosine and 5-flucytosine. In (a—c) the PBE-TS lattice energies are
given and in (d-f) the single point PBE-D2 lattice energy estimations of the PBE-TS
structures. Each symbol denotes a crystal structure. The experimental structures are
encircled or marked with a diamond and the labels highlighted in yellow (C-I, C-11, F-I, F-
[, CF-l, and CF-II). Computed structures that are isostructural with the experimental
cytosine and 5-flucytosine packings are encircled or marked with a diamond and labelled as
follows: ¢1307 (isostructural with F-1), c304 (F-I1), f777 (C-1) and 2266 (C-I1), with c or f
corresponding to cytosine or 5-flucytosine, respectively, and the number to the initial rank
(CrystalPredictor). In (g—i), the hydrogen-bonding motifs found among the lowest-energy

structures are shown.

CrystEngComm. Author manuscript; available in PMC 2018 November 05.




siduosnuel Joyiny siepund DA 8doin3 ¢

sydosnue Joyiny siepund DA @doin3 g

Braun and Griesser

Page 11

(a)
=
[}
8 [F A
£
CF-l LU
F-ll l
CF-ll
T T T T T T T
5 10 15 20 25 30 35 40 45
2 Theta/°
(b)

F-l /
< |
8
= CF-l
E d
2 F-Il lw )
o
g /

| /i
CF-ll
T T T T T T

()

dH/dT
(endo up)

Fig. 3.

| | |
3540 3170 2670 2170 1680 1380 1180 980

Wavenumber / cm’

CF-ll o

| | | | | | |
50 75 100 125 150 175 200 225 250

Temperature / °C

780 580 380 180

onset: 197.
+

5+6°C
AH: 0.7 0.1 kJ mol”

(a) Powder X-ray diffractograms and (b) IR spectra of 5-flucytosine and cytosine/5-
flucytosine anhydrates. (c) DSC curve showing the cytosine/5-flucytosine anhydrate Il (CF-
[1) to anhydrate | (CF-I) transformation.
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(b)

Fig. 4.

Crgystal packing of (a) cytosine/5-flucytosine anhydrate | and (b) cytosine/5-flucytosine
anhydrate 1. The two packing diagrams are viewed along the a crystallographic axes.
Hydrogen-bonding is indicated by dotted lines. Hydrogen atoms are omitted for clarity.
Fluorine atom positions are not fully occupied.
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Fig. 5.

Overview over cytosine (C), 5-flucytosine (F) and mixed solid forms. Isopolymorphs, with
the exception of C-1 and f777, are connected with blue dashed lines. Structures ¢1307, c304
and 777 are isopolymorphs that have not been observed yet, but are feasible kinetic forms.
Grey symbols indicate the hydrates and solvates of the solid solution that are likely to exist

as well.
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Table 1
Quantification? of the smilarity of cytosine and 5-flucytosine crystal structures (PBE-TS)
showing the packing similarity (rmsd,)55 and common packing motif (RM 1)

c cl F-I F-ll

cl - 5(0.316) 3(0.197) 9(0.211)
Cll RM1 — 5(0.189) 5(0.288)
F-I  RM1 RM1 — 5(0.197)

F-Il  RMlstacks RM1 RM1 —

aThe bold numbers indicate the number of molecules, 7, that match within the distance and angle tolerances of 20% and 20°, respectively, with the
rmsdp; values in brackets. RM1 — ribbon motif (Fig. 2g and i).
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