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The reaction of [N(CH2CH2)3N] with malonic acid
[HOOC(CH2)COOH] in the molar 1:2 ratio yields two different
crystal forms of the salt [HN(CH2CH2)3NH][OOC(CH2)-
COOH]2 depending on the preparation technique and crystal-
lization speed: form I, containing malonate anions with
intramolecular hydrogen bonds, is obtained by solid-state co-
grinding or by rapid crystallization, whereas form II containing
intermolecular hydrogen bonds is obtained by slow crystalliza-
tion. Form I and II do not interconvert, and form I undergoes an
order–disorder phase transition on cooling.

The controlled preparation and characterization of crystal poly-
morphs,1 e.g. of different crystal forms of the same substance, has
become one of the major issues of modern crystal engineering and
solid-state chemistry.2 This is not only because of the economical
issues arising from drug patent litigations but also because studies
of polymorphism afford fundamental information on molecular
recognition, crystal nucleation, crystallization, and the relationship
between solid phases.3 An aspect of relevance in studies of
polymorphism is the possibility of preparing crystal forms by
means of non-solution methods, such as the solvent-free mecha-
nochemical co-grinding of solids.4

In this communication we report the discovery of an intriguing
case of polymorphism, namely the formation of different crystal
forms of the salt [HN(CH2CH2)3NH][OOC(CH2)COOH]2 depend-
ing on whether the crystals are obtained by grinding together the
reactants (form I) or by slow crystallization in solution (form II).

The two crystals are nearly isomorphous and differ essentially in
the O–H…O hydrogen bonding interactions established by the
hydrogen malonate anion [OOC(CH2)COOH]2. In form I all
hydrogen malonate anions show only intramolecular O–H…O
hydrogen bonding, whereas in form II one intramolecular hydrogen
bond opens up and transforms into an intermolecular hydrogen
bond.

The two forms can be separately obtained by reacting the organic
base [N(CH2CH2)3N] with malonic acid [HOOC(CH2)COOH] in
the stoichiometric ratio 1:2. Form I (intra) is easy to prepare by
solid-state co-grinding of the diamine and the dicarboxylic acid in
the stoichiometric ratio 1:2 using an agate mortar. A similar
procedure has been recently used to generate a whole family of
acid–base adducts.5 Form I can also be obtained by dissolving 4
mmol of acid and 2 mmol of base in 20 ml of ethanol at 50 °C and
allowing the solution to cool slowly. Within about 12 h this
procedure yields crystals suitable for X-ray single crystal diffrac-
tion.† The comparison between calculated and measured powder
diffraction patterns was used to ascertain that the same phase had
formed via the two routes.‡

Form II (inter) is obtained by adding at room temperature
directly 10 mL of a 0.2 M ethanolic solution of malonic acid to 10
mL of a 0.1 M ethanolic solution of [N(CH2CH2)3N] without
stirring. After leaving the solution at room temperature for 24 h
without crystal formation, the solution was kept in a fridge for a
further seven days and single crystals suitable for X-ray single
crystal diffraction were recovered. Manual grinding of the crystals
did not cause phase transition.†

As mentioned above, the two forms differ in the hydrogen
bonding motifs adopted by the hydrogen malonate anions in the two

crystals. The hydrogen malonate anions in form I [see Fig. 1(a)]
form typical intramolecular hydrogen bonds [S(6) in the graph set
notation6], [O…O 2.4032(5) Å] and interact via O…H…N
hydrogen bonds [N…O distance 2.7127(5) Å] with the organic base
on both sides. Hence the supramolecular motif can be described by
the sequence [OOC(CH2)COOH]2INTRA…[HN(CH2CH2)3N-
H]2+…[OOC(CH2)COOH]2INTRA. The base is affected by orienta-
tional disorder around the O…H…N#N…H…O vector.

Form I can be cooled down to 214 K without transforming into
form II. At low temperature (134 K) the disorder disappears. The
orthorhombic–monoclinic order–disorder phase transition is re-
versible and can be monitored on the same crystal specimen.†

Form II contains ‘oligomers’ formed of six units: two outer
anions [OOC(CH2)COOH]2INTRA [S(6)] linked to two
[N(CH2CH2)3NH]+ cations, which are in turn joined by a twelve-
membered ring formed of two [OOC(CH2)COOH]2INTER [R(12) ]
anions as shown in Fig. 1(b). The supramolecular sequence is
[OOC(CH2)COOH]2INTRA…[HN(CH2CH2)3N-
H]2+…([OOC(CH2)COOH]2INTER)2…[HN(CH2CH2)3N-
H]2+…[OOC(CH2)COOH]2INTRA. As expected, the intramolecu-
lar O–H…O hydrogen bond is shorter than the intermolecular one
[2.429(2) versus 2.615(2) Å]. The N…O distances, 2.607(2) and
2.698(2) Å, are both shorter than in form I.

Preliminary studies on the thermodynamic properties show that
there is no transition between the two forms. The two forms have
the same melting point 118(1) °C and probably we are in presence
of a monotropic dimorphic system.7,8

Although it is known that [OOC(CH2)COOH]2 can form either
intermolecular and intramolecular hydrogen bonds, to the best of
the our knowledge the ring motif [R(12)] formed by two hydrogen
malonate anions (or by two malonic acid molecules) has never been
observed before.9

Topologically, form II can be ideally derived from form I upon
conversion of two adjacent hydrogen oxalate anions of the type
[OOC(CH2)COOH]2INTRA into a ring formed by two [OOC(CH-
2)COOH]2INTER anions and formation of the large twelve-
membered ring. Fig. 2 shows a comparison between the crystal
packings of form I and form II (projection down the ab and bc
planes, respectively). In both crystal structures the two moieties are
piled in a very similar geometric arrangement, which suggests the
possible topochemical path not only from form I to form II but also
from form II to a third hypothetical form III where all next-

Fig. 1 (a) Hydrogen bond motif in form I. Only one disordered position of
the base is shown for clarity. (b) Hydrogen bond motif form II. HCH atoms
omitted for clarity.
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neighbouring pairs of [OOC(CH2)COOH]2INTRA anions in form I
are transformed into twelve-membered rings [R(12)] leading to a
hydrogen bonded polymer [OOC(CH2)COOH]2INTER…
[HN(CH2CH2)3NH]2+…[OOC(CH2)COOH]2INTER. However, we
have had, thus far, no hint of the formation of this third hypothetical
phase.

Whether the two forms can be considered bona fide polymorphs
or hydrogen bonded isomers might appear a semantic question.
Certainly, there will be no chemical difference between the two
forms when dissolved in the same solvent because they will
equilibrate. On the other hand the rate of interconversion between
the isomers, which is under temperature control, can be crucial in
determining the composition of the isomeric equilibrium mixture at
nucleation time, which will, in turn, determine which crystal form
can grow to size. The relationship between polymorphs and
interconverting isomers has been commented upon.10 In this study
we have also shown that the seemingly kinetic product can be
obtained also by solid-state methods, while the stable thermody-
namic form can only be prepared by slow crystallization. Work is

in progress to explore the relationship between intra- and inter-
molecular hydrogen bonds in solution and to evaluate the packing
energy of the two forms.
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Notes and references
† X-Ray data collected on a Nonius-CAD4 diffractometer; MoKa
radiation (l = 0.71073 Å).

Crystal data. Form I: M = 320.30, T = 214 K, orthorhombic, space
group Pncm, a = 8.946(2), b = 12.144(2), c = 6.684(1) Å, V = 715.3(2)
Å3, Z = 2, 690 independent reflections (1258 measured), wR2 = 0.2428, R1

= 0.0802. Form I, ordered: M = 320.30, T = 134 K, monoclinic, space
group P21/a, a = 6.417(1), b = 11.861(2), c = 18.164(6) Å, b =
91.42(9)°, V = 1382.1(6) Å3. Form II: M = 320.30, T = 293 K, triclinic,
space group P1̄, a = 6.807(3), b = 8.939(4), c = 11.833(7) Å, a =
94.54(4), b = 90.75(4), g = 94.00(3)°, V = 715.9(6) Å3, Z = 2, 2499
independent reflections (2631 measured), wR2 = 0.1363, R1 = 0.0460.
SHELX9711a and SCHAKAL9911b were used for structure solution and
graphical representation. In form I the carbon atoms of the dication
[HN(CH2CH2)3NH]2+ are disordered, with occupancies of 0.125 and 0.25
depending on the site symmetry; the corresponding hydrogen atoms were
not modelled.

CCDC 229133 and 219134. See http://www.rsc.org/suppdata/cc/b4/
b400901k/ for crystallographic data in .cif or other electronic format.
‡ In view of the poor quality, crystal data of form I (134 K) have not been
deposited. The correspondence between the bulk material obtained via the
two crystallization procedures and the structures obtained by single crystal
diffraction experiments was verified by comparing calculated and observed
powder diffraction patterns.
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Fig. 2 Comparison between the crystal packings of form I (a) and form II (b)
projected along the ab and bc planes, respectively, showing the relationship
between the hydrogen bonded ‘oligomers’. Note the disordered projection
of the [NH(CH2CH2)3NH]2+ cations. Hydrogen atoms omitted for clarity.
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