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In the preceding paper, we highlighted the ambiguity that
exists in the literature concerning the nature of crystalline
aspirin.[1] In 2004, Ouvrard and Price demonstrated computa-
tionally that the long-established aspirin crystal structure[2–4]

was amongst those predicted to be most stable, but they
identified a slightly more stable structure as the thermody-
namic minimum.[5] At the time, it was unclear whether the
predicted minimum-energy structure was a remnant of
inadequate energy assessment,[6] or whether it was a plausible
structure that awaited discovery. This issue appeared to be
resolved in 2005, when Peterson, Zaworotko, and co-workers
(hereafter referred to as PZ) claimed to have obtained the
predicted second polymorph,[7] following X-ray analysis of
aspirin crystals obtained from hot acetonitrile solution in the
presence of either levetiracetam or acetamide. The proposed
new polymorph was labelled aspirin “form II”, and the long-
established aspirin crystal structure was thereby designated
“form I”.

The distinction between the proposed aspirin polymorphs
is subtle. They contain identical arrangements of O�H···O
hydrogen-bonded dimers lying in layers, but these layers are
arranged differently with respect to each other in the two

forms (Figure 1). In form I, the layers are arranged so that C�
H···O interactions form centrosymmetric dimers (arrange-
ment A, Figure 1). In the proposed form II, adjacent layers

are arranged so that C�H···O interactions generate catemers
(arrangement B, Figure 1). Both interlayer arrangements are
reasonable and acceptable in terms of the C�H···O inter-
actions. Taken with the accord between the experimental and
computational findings,[5] the PZ description of aspirin
polymorphism appeared superficially to be plausible.[7] How-
ever, there are serious problems with their structure refine-
ment. For the proposed form II, their crystallographic R-
factors are unacceptable (R1= 0.162, wR2= 0.327), and
several refined displacement parameters are close to or
equal to zero, with anisotropic refinement being impossible.
Combined with very close metric similarity between the unit
cells of the form I and form II structures, this caused us to
raise the question of whether the proposed form II might
actually be an experimental artifact originating from erro-
neous handling of diffraction data collected from a form I
crystal.[1] Indeed, we showed that form II of aspirin as
reported by PZ may be derived, to the accuracy and precision
reported by those workers, from experimental diffraction data
collected on an aspirin crystal that was most certainly form I.
Thus, we stressed that the PZ report did not establish the
existence of aspirin form II to any acceptable level of
scientific rigor.[1] In this report, we are able to resolve the
issue fully. Aspirin exhibits a tendency to crystallize with an

Figure 1. Illustration of the two interlayer arrangements within a
representative aspirin crystal. Arrangement A, comprising centrosym-
metric C�H···O dimers, exists between the layers that are colored red.
Arrangement B, comprising C�H···O catemers extending along 21
screw axes, exists between the layers that are colored blue. The change
in color within the central layer is for illustration only; all O�H···O
hydrogen-bonded layers are identical.[*] Dr. A. D. Bond

Department of Physics and Chemistry
University of Southern Denmark
5230 Odense (Denmark)
Fax: (+45)6615-8780
E-mail: adb@chem.sdu.dk

Prof. Dr. R. Boese
Institut f<r Anorganische Chemie
Universit=t Duisburg-Essen
Universit=tstrasse 5, 45117 Essen (Germany)
Fax: (+49)201-183-2535
E-mail: roland.boese@uni-due.de

Prof. Dr. G. R. Desiraju
School of Chemistry
University of Hyderabad
Hyderabad 500 046 (India)
Fax: (+91)40-2301-0567
E-mail: gautam_desiraju@yahoo.com

[**] G.R.D. and R.B. acknowledge financial support from the DST and
the DAAD in the form of a joint Indo-German research project.
A.D.B. is grateful to the Danish Natural Science Research Council
and the Carlsberg Foundation (Denmark) for funding and for
provision of the X-ray diffraction equipment in Odense. R.B. thanks
Dr. Carsten Schauerte and Anika Szesni for their assistance. We are
grateful to Prof. H.-B. B<rgi (University of Berne) for contributing to
the qualitative description of the diffraction data during the
refereeing process, and for kindly identifying himself at the
penultimate stage of this process.

Supporting information for this article is available on the WWW
under http://www.angewandte.org or from the author.

Communications

618 � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 618 –622



intergrowth structure, in which layers of O�H···O hydrogen-
bonded dimers form domains with arrangement A and
domains with arrangement B, within the same single crystal.
The distribution and total ratio of the domains is variable but
appears to be limited. Aspirin form I, which comprises 100%
arrangement A, is commonplace, but pure form II, which
would comprise 100% arrangement B, has not been realized.

The crucial experimental result was first obtained after we
freshly synthesized aspirin from salicylic acid (see the
Supporting Information) and prepared single crystals by
rapidly cooling a solution in hot acetonitrile (Table 1). Single-
crystal X-ray diffraction analysis of these crystals (denoted
1a, laths of typical dimension 0.20 ; 0.10 ; 0.05 mm) pro-
ceeded apparently routinely to provide the form II structure,
with R1= 0.071 and wR2= 0.197, against data measured to
2q= 508 (MoKa).

[8] Unlike the PZ report, our refinement was
anisotropic and entirely satisfactory, although we noted that
our R-factors were a little higher than expected. These
crystals were obtained without addition of levetiracetam or
acetamide, demonstrating that the additive is not a significant
factor. We obtained similar results by slow evaporation of an
acetonitrile solution, indicating that the rapid cooling proce-
dure also is not important. Powder X-ray diffraction seemed
to confirm that the single crystal 1a was representative of the
bulk sample,[9] and the polymorphism of aspirin might there-
fore appear to be clear-cut. However, reconstruction of
precession photographs in the a*c* planes of our experimen-
tal data (Figure 2a) revealed numerous additional reflections
lying halfway between those of the principal form II lattice in
the odd l rows, together with diffuse streaks along a* between
the Bragg reflections. In physical terms, the diffraction
pattern demonstrates that aspirin crystals contain layers of
O�H···O hydrogen-bonded dimers that are consistent
(Figure 1), but that these layers form domains in which they
adopt arrangement A (form I) and domains in which they
adopt arrangement B (form II). The existence of the form I
and form II domains is shown by the two sets of Bragg

reflections, while the streaks indicate some degree of stacking
disorder.

From analyses of numerous crystals obtained under
various experimental conditions, including crystallization in
the presence of acetamide[10] (Table 1), we find that both the
relative intensities of the two sets of Bragg reflections and the
extent of the streaking are variable. In crystal 2 (Figure 2b),
for example, all Bragg reflections are relatively sharp, and
there are no obvious streaks, consistent with extended well-
ordered domains of form I and form II. In crystals 1a and 1b,
sharp Bragg reflections for the form II lattice indicate
extended form II domains, while the broader Bragg reflec-
tions between these lattice points indicate smaller domains of
form I. The diffuse streaks also indicate regions with a less
ordered pattern of interlayer arrangements A and B. Thus,
both the sizes and distribution of the form I and form II
domains are variable.

The interpretation of one-dimensionally diffuse diffrac-
tion data has a long history[11] and has been summarized

Table 1: Summary of crystallization conditions and single-crystal refinements.

Crystallization conditions No. Conventional refinement
of single-crystal data[b]

Single-crystal refinement
with batch scaling factors

Refined batch
scaling factors[c]

form R1 wR2 form R1 wR2

rapid cooling of solution in hot MeCN 1a[a] I 0.344 0.658 I 0.075 0.202 0.132(1)
II 0.071 0.197 II 0.054 0.132 0.747(2)

1b[a] I 0.544 0.846 I 0.076 0.220 0.038(1)
II 0.041 0.116 II 0.034 0.080 0.858(2)

rapid cooling of solution in hot MeCN 2 I 0.059 0.175 I 0.056 0.140 0.803(3)
in the presence of 1 equiv acetamide II 0.305 0.631 II 0.076 0.288 0.146(1)

as synthesized 3[d] I 0.033 0.089 I 0.033 0.089 0.982(4)
(see the Supporting Information) II unstable II 0.076 0.141 0.003(1)

[a] Crystals 1a and 1b are different single crystals from the same crystallization batch. [b] Based on data sets obtained from two separate standard
integrations of the CCD frames, considering only Bragg peaks. Refinements are performed against all F 2 data to 2qmax=508 (MoKa). R1 is quoted for
data with I>2s(I), wR2 is quoted for all data. [c] The high precision refers to that obtained from the least-squares refinement. See the text for
discussion of the approximations and limitations of the approach. [d] A pure form I crystal. For form I refinement, the batch scale factor refines to be
essentially unity. Conventional form II refinement against all F 2 data is unstable. For batch refinement, the scale factor refines to zero, effectively
omitting all odd l reflections, thereby emulating a data set that contains only the even l reflections. This is exactly the situation that we noted in our
previous manuscript.[1]

Figure 2. Reconstructed (h�1 l) precession photographs for crystals
1a and 2. a) Crystal 1a exhibits sharp Bragg reflections corresponding
to the form II lattice (reciprocal lattice vectors shown), broader
maxima halfway between these reflections in the odd l rows, and
diffuse streaks along a*. This indicates extended form II domains,
smaller domains of form I, and regions in which there is a disordered
distribution. b) For crystal 2, the most intense Bragg reflections
correspond to the form I lattice (reciprocal lattice vectors shown), and
Bragg reflections of comparable profile exist for the form II lattice. This
indicates a relatively more ordered structure than in 1a (a) with
extended form I and form II domains.
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recently for molecular crystals.[12] The literature includes
examples in which layered structures exhibit only one kind of
interlayer arrangement, that is, structures for which there are
alternative positions of adjacent layers that have exactly
equivalent interatomic/intermolecular contacts (as for the
close packing of spheres, for example).[13] The aspirin case is
apparently the first of its kind in that it exhibits two distinctly
different interlayer arrangements (A and B), both of which
are physically and chemically reasonable. The accidental
energetic degeneracy of the two possibilities,[5,6] combined
with the specific metric relation between the form I and
form II lattices, is the reason for the unusual crystallographic
observations, since it allows aspirin diffraction patterns to be
processed in two different ways to provide two different
structures, both of which are physically reasonable. The
metric transformation [1 0 1=2 0 �1 0 0 0 �1] that relates the
form I and form II unit cells causes all Bragg reflections hkl
with even l to overlay but places the odd l reflections of
form II halfway between those of form I.[14] Thus, the Bragg
reflections arising from the two types of domain appear to a
first approximation as a weighted overlay of the form I and
form II diffraction patterns, with the distribution dependent
on the relative domain ratio. If such a diffraction pattern is
indexed in the usual way to one or other of the form I or
form II unit cells, standard integration (that is, considering
only Bragg reflections, and discounting any other features),[15]

will provide a data set in which the even l reflections are of the
correct intensity, but the odd l reflections are systematically
weak. This is the path that was followed by PZ.[7] The extent
to which the odd l reflections are in error reflects the ratio of
the form I and form II domains.

On the basis of our description, a practical procedure to
obtain an estimate of the total domain ratio is to introduce a
batch scale factor into the crystallographic
refinements, applied only to reflections with
odd l. The refined value of this scale factor
gives the relative weights of the form I and
form II reciprocal lattices and therefore a direct
estimate of the crystal composition. This esti-
mate will be good for crystals that exhibit only
sharp Bragg peaks and no diffuse streaks, while it
will be more approximate when the streaking is
more significant. Thus, the approach would be
exact for two perfectly ordered domains with a
single domain boundary, but it becomes pro-
gressively more approximate for real aspirin
crystals as the extent of the domain disorder
increases. The procedure gives a total composi-
tion estimate but no direct information concern-
ing the sizes of the form I and form II domains or
their distribution. For crystal 1a, such a refine-
ment against the form II data set[16] gives R1=
0.054 and wR2= 0.132, a significant improve-
ment on the standard refinement, and the
refined batch scale factor indicates that roughly
75% of the crystal comprises form II domains.
The practical effectiveness of the process is
illustrated more dramatically by batch refine-
ment of the form I data set obtained from the

same crystal. While standard treatment of the form I structure
givesR1= 0.344,wR2= 0.658 and does not permit anisotropic
refinement, introduction of the batch scale factor allows
routine refinement with all non-H atoms anisotropic to give
R1= 0.075, wR2= 0.202. In this instance, the refined batch
scale factor indicates approximately 15% form I domains.
The discrepancy between the two indications of the crystal
composition (in other words, that they do not sum to 100%)
reflects principally the failure to account for the diffuse
features of the diffraction pattern.[17] With this procedure, the
refined crystal structure will be either pure form I (100%
arrangementA) or pure form II (100% arrangement B) if the
batch scale factor should refine to unity. This is the case for
crystal 3 (Table 1), which is pure form I. In all other cases, the
intergrowth structure is present, and a more complex analysis
of the entire diffraction pattern, including diffuse features, is
necessary to extract further information regarding domain
size and distribution.[12]

Using our straightforward approach, a general correlation
can be derived between approximate domain ratio and the
expected crystallographic R-values for a conventional treat-
ment of the X-ray data.[18] Figure 3 provides a guide for
assessment of the total domain ratio in any aspirin crystal
using the R-values obtained from F 2 refinement on the basis
of either the pure form I or the (hypothetical) pure form II
structure if standard data reduction and refinement proce-
dures should be followed. Using the correlation shown in
Figure 3, the R-factors reported by PZ[7] show that their
crystal actually comprised approximately equal proportions
of domains with interlayer arrangement A and domains with
interlayer arrangement B.

Chemically speaking, it is reasonable (albeit realized in
hindsight) that aspirin crystals should provide intergrowth

Figure 3. Correlation between total domain ratio and expected crystallographic R1
value, obtained for conventional refinement against all F 2 data. The correlation is
derived from experimental data for crystal 3 (see the Supporting Information for full
details). The red and blue curves refer to standard data reduction and refinement on
the basis of the form I and form II structures, respectively, for an aspirin crystal with
domain ratio indicated by the horizontal axis. The experimental points correspond to
the R values obtained for the crystals listed in Table 1. For these, the composition
estimate is taken from the batch scale factor refinement, with error bars indicating
�5% composition. For example, conventional refinement of crystal 1a as form II
gives R1=0.071. The separate batch scale factor refinement indicates 75% form II
domains. The same crystal 1a refined conventionally as form I gives R1=0.344, with
the separate batch scale factor refinement indicating 15% form I domains.
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structures in this way. The strongest interactions (O�H···O,
herringbone) occur within the layers parallel to the (100)
planes, which constitute the persistent building blocks within
aspirin crystals. These are presumably the most robust growth
units[19] in the system. Shearing of these layers relative to each
other along [001], which is in effect the movement that
transforms arrangement A into arrangement B, involves
rupture and creation of weak C�H···O interactions. The
energy difference between the A and B arrangements is
clearly very small,[5, 6] and together with the consistent layer
surface at (100), this permits facile turnover between the two
possibilities in the composite crystal. If the energy difference
were significantly greater, individual crystals of one pure
polymorph (either form I or form II) would be accordingly
more stable. Ouvrard and Price[5] noted that form II should
have “a low shear elastic constant, implying that it is so
readily deformed that there may be problems in its growth”.
In the course of our present study, we have frequently
observed crystals of pure form I (at least to the limits of
detection possible for single-crystal and powder X-ray
diffraction[20]), but the maximum proportion of form II
domains that we have observed is approximately 85%.
Thus, aspirin form II has not been documented in a pure
form so far. Whether this means that arrangement A is
inherently more stable than arrangement B, contrary to the
calculations,[5] is a matter that remains to be firmly estab-
lished. If it were, form II might be a metastable kinetic
product[21] which could still potentially be observed, but which
might transform to the more stable form I. However, we have
not observed any such transformation, at least for single
crystals standing in air over a period of two months.[22] It is
also possible that arrangement B is indeed more stable than
arrangement A,[5] but that the growth problems associated
with arrangement B prevent the isolation of a pure aspirin
form II. In this case, approximately 85% arrangement B may
be the most that we can expect. Clearly, much future work
remains to clarify completely the thermodynamic and kinetic
aspects of crystalline aspirin.

Finally, the case of aspirin raises issues with regard to
nomenclature. As for any evolving scientific area, crystal
engineering is presently subject to lively and ongoing debate
pertaining to the naming of concepts and phenomena. Terms
such as “co-crystal” and “pseudopolymorph” have been
discussed recently in this context.[23] The term “polymorph”
has so far stayed above such controversies and is used to
signify a situation where the same substance exhibits different
crystal packing arrangements.[24] For crystallographers, this
definition might be considered to encompass only crystals for
which long-range translational order is dominant; in other
words, it is appropriate only at one end of a continuum that
ranges from perfect crystals to systems without long-range
translational order. To chemists, the accepted distinction is
rather more clear. Polymorphism implies that a molecule may
adopt one or other type of packing arrangement in the
crystalline state, and different polymorphs are distinct entities
that display different physical and chemical properties. A
single crystal of a given chemical substance is either one
polymorph or another. In this context, one might ask how
many polymorphs of aspirin actually exist. The domains with

interlayer arrangements A (form I) and B (form II) certainly
represent two different crystal structures that serve as
reference points. However, considering that aspirin crystals
display both arrangements within a single crystal, should
aspirin really be described as polymorphic? What is certain is
that the PZ description of their crystal as a polymorph distinct
from form I is not justifiable. The PZ crystal, like several
other aspirin crystals described in this paper, is an intergrowth
of two “polymorphic” domains. We emphasize that the
intergrowth crystals are exactly that: they are not simply
mixtures of form I and form II, and they are not twins. Each
aspirin crystal is an integral whole in which the domains are
intimately connected with each other, with possibly many
turnovers of domain within a single crystal. Further, it seems
that the ratio of the domains in aspirin crystals is likely to be
constant in any particular batch prepared under the same
conditions.

This issue has implications beyond nomenclature. Should
individual form I/form II compositions qualify for separate
patent protection? Should patents be granted only for ranges
of form I and form II domain ratios and not for specific
compositions?[25] Is (pure) form II entitled to patent protec-
tion considering that it has not been realized as yet? Could
this problem be solved by calling these crystals “polytypes”,
considering the voluminous literature on this topic in
inorganic solid-state chemistry?[26] If so, would different
polytypes then be entitled to patent protection? These and
other issues suggest that one keeps an open mind with regard
to definitions in crystal engineering, including that of the term
“polymorph”.[27] In an evolving subject, no definition should
be carved in stone.

The Supporting Information includes details of the syn-
thesis and crystallization procedures, powder X-ray diffrac-
tion data, reconstructed precession photographs for single
crystals 1a, 1b, 2, and 3, a description of the geometry and
intensities of the Bragg reflections in aspirin diffraction
patterns, and details regarding the correlation between R-
factors and the total domain ratio. The results of all refine-
ments referred to in Table 1 are available in CIF format, with
the corresponding hkl data available in SHELXL HKLF-4
format. All CCD frames (Bruker APEX2 format) can be
obtained from the authors on request.
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