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Introduction

The investigation of crystal forms, that is, solvates, salts, co-
crystals and their respective polymorphs, as well as of amor-
phous solid phases has become one of the major issues of
modern solid-state and materials chemistry.[1] This interest
stems from the realization that different crystal forms of the
same chemical entity may be exploited in different environ-
ments and/or for different scopes depending on the physico-
chemical characteristics of the compound, and its utilization
or processability. Moreover, these features are of great con-
sequence in patenting and marketing issues.[2] Even though
crystal polymorphism is well-known and widely studied,[3]

the structural, thermodynamic and kinetic factors associated
with the nucleation and crystallization of molecular com-
pounds are not yet fully understood. The experimental in-

vestigation of crystal polymorphism is still mainly based on
a systematic, and sometimes tedious, exploration of all possi-
ble crystallization and interconversion conditions[3] (“poly-
morph screening”), whereas theoretical polymorph predic-
tion is still embryonic.[4]

The screening of different crystal forms of a compound is
not only an academic challenge but is also becoming one of
the most important goals in the pharmaceutical industry, be-
cause the majority of drugs are administered as solids, and
solid-state properties significantly influence the bioavailabil-
ity and stability of the final product. When two or more
polymorphs occur, a full characterization of these forms and
of the relationship among the different solid phases should
be obtained, which is best achieved by using complementary
techniques, such as X-ray diffraction and differential scan-
ning calorimetry (DSC) combined with IR, Raman and
solid-state NMR (SS NMR) spectroscopy. This also applies
to co-crystals, that is, the association in the solid state of dif-
ferent molecules, which have been argued to represent a
new route to improved drugs or materials and possibly to be
less prone to polymorphism.[1m,n]

We have been involved for some time in the engineering
of crystalline materials starting from a knowledge of the
supramolecular bonding capacity of the component building
blocks. In our studies, as well as in those of many other re-
search groups worldwide, the hydrogen bond has been the
interaction of choice.[5] The hydrogen bond allows a certain
degree of predictability as far as the structure of the aggre-
gate is concerned, predictability being at the core of any
crystal engineering exercise. Together with the use of hydro-
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gen-bonding interactions to assemble (or rather “to let self-
assemble”) components in the solid state, we have explored
direct combination between solid reactants, with or without
the presence of small quantities of solvent, to prepare crys-
talline materials under essentially solvent-free conditions[6]

Herein, we apply some of our previous findings to the
preparation and full characterization by powder and single-
crystal X-ray diffraction, calorimetric and spectroscopic (1H
magic angle spinning (MAS), 2D 1H double-quantum (DQ)
MAS, 13C and 15N cross-polarization (CP) MAS NMR)
methods of the co-crystalline material obtained by reacting
4,4’-bipyridine (bipy) and pimelic acid. We provide evidence
for the existence of three crystal modifications of the 1:1 co-
crystal (hereafter termed Forms I, II and III) and the crys-
tallization conditions under which these crystals can be pre-
pared, separated and/or interconverted.

Furthermore, we employ grinding, kneading (also called
“wet grinding” or “solvent drop grinding”)[7] and vapour di-
gestion[8] methods to obtain these crystal forms besides con-
ventional solution crystallization methods.

Results and Discussion

Forms I–III: How they are obtained and how they transform
into each other : Forms I and II of the co-crystal 4,4’-bipy/pi-
melic acid, [NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC ACHTUNGTRENNUNG(CH2)5COOH], were
obtained by dissolution in hot water (70 8C) of an equimolar
mixture of solid 4,4’-bipy and pimelic acid, previously
ground together in an agate mortar. Rapid cooling of the
aqueous solution in an ice bath affords single crystals of
Form I, which are needle-shaped, whereas slow cooling of
the aqueous solution yields prismatic single crystals of
Form II, which have a block-like habit. Form II can also be
obtained in a kneading experiment, in which the reagents
are ground together in the presence of a small drop of THF
or MeOH, and in a vapour di-
gestion experiment by grinding
together equimolar quantities
of 4,4’-bipy and pimelic acid
and leaving the polycrystalline
powder under an atmosphere of
different solvent vapours
(MeOH, H2O or THF; see the
Experimental Section). Single
crystals of Form III could only
be obtained by slow evapora-
tion at 120 8C of a solution ob-
tained by dissolution of an
equimolar mixture of reagents
in hot dimethyl sulfoxide
(DMSO).

The relationship between the
three crystal forms was investi-
gated by DSC, powder X-ray
diffraction and SS NMR spec-
troscopy. In all cases, X-ray

single-crystal data, besides an exact knowledge of the struc-
ture of the products, allowed comparison between the
powder diffractograms measured on the reaction products
and those calculated on the basis of the single-crystal struc-
tures. Details of the various experiments will be provided
below. Scheme 1 summarises the relative stability of the
three forms and the transformation conditions.

Form II is the thermodynamically most stable form at
room temperature. Crystals of Form I left in water convert
spontaneously into Form II in a matter of a few days. Poly-
crystalline Form III can easily be obtained by heating crys-
tals of Form II: the process can be followed both by varia-
ble-temperature X-ray powder diffraction and DSC. Crystals
of Form III, once formed, can be cooled down to room tem-
perature, where they remain as a metastable form. Only
traces of the conversion Form III!Form II are detectable
by X-ray powder diffraction if the cooling process is very
slow (see below). On the other hand, kneading of Form III
with a drop of water affords rapid and complete transforma-
tion into Form II. Both Form I and Form II can readily be
transformed into Form III by overnight heating at 120 8C in
an oven.

DSC measurements allowed analysis of the monotropic/
enantiotropic nature of the polymorphic systems. As can be
seen in Figure 1, the conversion of Form I into Form III
(T=92.3 8C, onset) is an endothermic process, and therefore
Forms I and III are enantiotropically related. Melting of
Form III is observed at 141.1 8C (onset).

Figure 2 shows the thermal behaviour of Form II on heat-
ing. Conversion into Form III (T=102.9 8C, onset) is ob-
served at a higher temperature with respect to Form I. The
process is endothermic; therefore, Forms II and III also con-
stitute an enantiotropic system. The two broad and shallow
peaks on the right and left side of the Form II!Form III
transition point are due to traces of unreacted pimelic acid
(which first undergoes a phase transition and then melts),

Scheme 1. Preparation and transformation conditions of the three crystal forms of 4,4’-bipy/pimelic acid (tr.p.:
transition point; m.p.: melting point).
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not revealed by X-ray diffraction. Their nature was con-
firmed by intentional addition of a known quantity of pimel-
ic acid to a Form II sample and subsequent observation of
an increase in the enthalpy content of the corresponding
peaks.

Figure 3 shows the thermal behaviour of Form III on
heating. A single peak corresponding to melting is observed.
DSC measurements on cooling after melting of Form III
only show one exothermic event corresponding to the crys-
tallization of Form III, and no conversion is observed to
Form II. This must certainly be due to kinetic “inertia” of
the system, which allows Form III to exist at room tempera-
ture as a metastable form.

On the basis of temperature and DH values for the transi-
tion and melting processes obtained from the DSC measure-
ments (see the Experimental Section), we can draw a quali-
tative energy versus temperature diagram,[9] which graphi-
cally summarises the thermodynamic relationship of the

three forms (see Figure 4). Both Forms I and II transform
endothermically to Form III; therefore, according to the
“heat of transition rule”,[9] the two polymorphs are enantio-

tropically related to Form III, which is the thermodynami-
cally stable form above the transition temperature. No mon-
otropic transition between Form I and II has been observed,
but, because crystals of Form I spontaneously convert into
Form II at room temperature in aqueous solution, we can
conclude that Form II is the stable form below the II!III
transition point. In addition, both the transition temperature
and DH value for the II!III transition are higher than
those observed for the I!III transition, which is also in
agreement with the higher stability of Form II at room tem-
perature. Form III has a high kinetic inertia and does not
convert back to Form II on cooling.

Structural characterization of Forms I–III : Interestingly, it
has also been possible to structurally characterise all three
forms by single-crystal X-ray diffraction. Form I crystallises
with a rod-like habit, Form II shows a block-like habit (as
shown by the photographs in Figure 5), whereas crystals of
Form III have a more irregular shape and are inhomogene-
ous in sise.

The structural characterization (see Experimental Sec-
tion) allowed a comparison of the three crystal forms in

Figure 1. DSC trace of Form I.

Figure 2. DSC trace of Form II (peaks before and after the transition
point are due to traces of unreacted pimelic acid).

Figure 3. DSC trace of Form III.

Figure 4. Qualitative energy versus temperature diagram of the three
polymorphs. H, enthalpy; G, Gibbs free energy; DHf, heat of fusion;
DHtr, heat of transition; liq, liquid phase (melt); Ttr, transition tempera-
ture. Thermal data from DSC.

Figure 5. From left to right: crystals of Forms I–III, as obtained from so-
lution.
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detail. Figure 6 shows that the main packing motif is the
same in the three crystals, and is represented by a wavy
chain constituted by an alternate sequence of 4,4’-bipy and

pimelic acid molecules linked by O�H···N hydrogen bonds
between the hydrogen atoms of the COOH groups and the
nitrogen acceptors. The O(H)···N hydrogen-bonding distan-
ces in the three polymorphs do not differ considerably, al-
though it can be noted that, both as ranges and as mean
values, they become longer on passing from Form I to II and
to III (O···N distances in the ranges 2.638(2)–2.677(2),
2.645(2)–2.697(2) and 2.674(3)–2.756(4) M; mean values
2.660(2), 2.675(2) and 2.715(4) M for Forms I, II and III, re-
spectively).

The three polymorphs essentially differ in the relative dis-
position in their solids of these chains: the most visible dif-
ference between Forms I and II, for example, is due to the
fact that the acid molecules are almost superimposed in
Form I, whereas the chains are shifted with respect to each
other in Form II, so as to bring the acid molecules in close
contact with the bipyridine moieties (see Figure 6, bottom).

Form III can be considered a conformational polymorph,
as the OH(COOH) groups are located almost on the opposite
sides of the aliphatic chain (torsion angle ca. 1208, see
Figure 7).

Figure 8 shows the hydrogen-bonding pattern within the
single chains. It can be appreciated that in Form I (Figure 8,
top) and in Form II (middle) one in every two N�H···O

bonds is accompanied by the presence of a short C�H···O
interaction (from 2.66 to 2.67 M in Form I, and from 2.54 to
2.62 M in Form III), with formation of a hydrogen-bonded
dimer. This pattern resembles the one observed years ago
for glutaric and adipic acid adducts with 4,4’-bipy.[5g] The
pattern changes in Form III, as dimer formation is observed
for all carboxylic groups (C�H···O distances of 2.44 and
2.85 M).

Variable-temperature X-ray diffraction experiments : The
phase transformations of the three crystal forms were inves-
tigated by variable-temperature X-ray powder diffraction
experiments. Samples of 4,4’-bipy/pimelic acid co-crystals of
Forms I and II were first obtained from solution, and unam-
biguously identified as pure polymorphic co-crystals by com-
paring the X-ray powder diffraction patterns measured at
room temperature with those calculated on the basis of the
single-crystal structures (see Figure 9).

Forms I and II were heated from 25 to 110 8C, and diffrac-
tion patterns were recorded every 5 8C in the range 70–
110 8C, each time leaving the sample at the new temperature
for 3 min before recording the pattern. Figure 10 shows the
diffraction patterns of Forms I and II at 25 and 110 8C. On
heating, both forms convert to the same crystal phase, which
has been identified as Form III by comparing the diffracto-
grams measured back to room temperature with those calcu-
lated on the basis of the single-crystal data (Figure 11). On
cooling Form III from 110 8C to room temperature, the ki-
netic inertia of this form is such that no traces of Form II
are detectable at room temperature.

The powder patterns of the 110 8C phase obtained from
Forms I and II (Figure 10), however, are different from the
one observed for Form III at room temperature. For this
reason, Form III was also subjected to the same variable-
temperature experiment (see Figure 12a), and its pattern at
110 8C compared with those obtained for Forms I and II: it
can be seen that the three patterns are exactly superimposa-
ble (see Figure 12b).

Figure 6. Comparative view of the main packing motifs in the three crys-
tal forms of 4,4’-bipy/pimelic acid; from top to bottom: Form I, II and III.
Note that all three forms contain wavy chains created by alternation of
4,4’-bipy and pimelic acid molecules linked by O�H···N hydrogen bonds.

Figure 7. Conformation of the two, four and one independent pimelic
acid molecules in crystalline Forms I, II and III, respectively.

Figure 8. N�H···O and C�H···O hydrogen bonds within the infinite
chains in crystalline Form I (top), II (middle) and III (bottom). It can be
seen that alternate COOH groups are involved in the creation of dimers
in Forms I and II, whereas all COOH groups produce dimers in Form III.
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We then heated Form III from 25 to 110 8C (and cooled it
again to 25 8C) and recorded powder patterns every 10 8C to
observe the change in the pattern profile with temperature.
A continuous shift of the peaks can be seen, which is attrib-
uted to continuous changes in the cell parameters due to
thermal expansion (on heating) or contraction (on cooling).
An expanded section of the pattern is shown in Figure 13.
The change in the cell parameters, however, is not isotropic
(see Figure 14). As a result, patterns of Form III at 25 and
110 8C look quite different, but they refer to the same phase
(as observed in the DSC measurement).

In addition, we can exclude with confidence the formation
of decomposition products at 110 8C, because 1) on cooling
the sample (that was heated to 110 8C) back to room tem-
perature, the room-temperature pattern of Form III is fully
restored (Figure 11) and 2) a thermogravimetric analysis
(TGA) measurement on Form III shows no weight loss up
to 130 8C (see Figure 15).

SS NMR spectroscopic data : It is well-known that SS NMR
spectroscopy is a reliable tool for the distinction of different
crystalline and amorphous phases and polymorphs.[10] It pro-
vides useful information on both the structure and the con-

version process between polymorphs.[11] Moreover, because
it refers to the short- rather than the long-range order, it
can show which site or functional group differs from one
form to another or give information on inter- and intramo-
lecular weak interactions.[12] Recently, not only have 13C and
15N nuclei been observed but also, with the development of
new probes able to spin the rotor up to 50 kHz, 1H spectra
are routinely feasible.[13] This new approach opens innova-
tive perspectives in crystal engineering for the study of hy-

Figure 9. Comparison of the X-ray powder diffraction patterns measured
at RT and those calculated on the basis of the single-crystal structures for
Form I (top) and II (bottom).

Figure 10. Diffraction patterns measured at RT and 110 8C on pure sam-
ples of Form I co-crystal (top) and II co-crystal (bottom).

Figure 11. Comparison of the experimental patterns obtained by heating
Form II to 110 8C and cooling measured back at RT and that calculated
on the basis of single-crystal data of Form III.
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drogen-bond interactions and in the evaluation of the
proton proximity in supramolecular adducts, crystals and
polymorphs. 1D 1H spectra can provide valuable informa-
tion on the hydrogen-bond strength, because the chemical
shift parameter is directly correlated to the X�H bond po-
larization and thus to the energy of the interaction. Schnell
et al.[14] have shown that the extension of the experiment to
a second dimension, namely 2D 1H DQ MAS, offers new in-
formation about, for example, the proximity or connectivity

of different nuclei. In 1H–1H DQ NMR spectroscopy, the
generation of DQ coherence requires the existence of a di-
polar coupling between two protons. Thus, the observation
of particular DQ peaks implies the existence of a sufficient
dipolar coupling between the respective nuclei. In this way,

detailed information about in-
ternuclear proximities can be
readily obtained from the 2D
peaks.

Here, we combine the infor-
mation arising from 1H (1D and
2D), 13C and 15N SS NMR spec-
troscopic experiments with the
aim to a) check spectroscopic
differences among polymorphs,
b) assess the co-crystal or salt
nature of the polymorphs and
c) probe hydrogen-atom prox-
imities.

All NMR spectroscopic data
with their relative assignments

Figure 12. a) Comparison of the diffraction patterns measured at RT and
110 8C on a pure sample of Form III co-crystal. b) Comparison of the dif-
fraction patterns observed for Forms I (top), II (middle) and III (bottom)
at 110 8C.

Figure 13. Form III: Expansion of the 24–278 of the 2q zone, which shows how the peak positions shift continu-
ously on heating from 25 to 110 8C (left) and on cooling back from 110 to 25 8C (right).

Figure 14. Form III: The whole pattern for the heating process; for sake
of clarity, the pattern has been expanded. It can be appreciated how the
shift is not always towards lower angles, due to an anisotropic change of
the cell parameters.

Figure 15. TGA trace of Form III, which shows that the compound is
thermally stable up to 130 8C. c : TGA trace; a : first derivative.
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are listed in Table 1. Due to the very similar crystal packing
of the three forms, the 13C CPMAS spectra (Figure 16) pres-
ent comparable features: the high-frequency region of the
spectra is characterised by carboxylic signals around d=

175–176 ppm. The bipyridine resonances fall at about d=

147 and 123 ppm with the former attributed to quaternary
and HC�N carbon atoms and the latter related to CH
carbon atoms. The CH2 carbon atoms of the acid moiety
give rise to peaks around d=36–31 ppm.

Small but significant differences among spectra allow the
distinction of the three forms, and are in agreement with the
same wavy-chain motifs of alternating 4,4’-bipy and pimelic
acid molecules linked through O�H···N hydrogen bonds dis-
played by the three polymorphs.

Another difference concerns the splitting, observed in
Form I, of the signal relative to the a-CH2 group (d=36.6
and 35.4 ppm), even though the main difference can be
found on the bipyridine moiety. Indeed, Form I shows three
CH peaks (d=124.4, 122.9 and 120.6 ppm) instead of the
two (d=123.0 and 121.6 ppm) and one (d=123.2 ppm) ob-
served in Forms II and III, respectively. Similar remarks can
also be made for the multiplet arising from the overlapping
of quaternary and HC�N carbon resonances (see Table 1).

To ascertain whether the proton transfer from the acid to
the base takes place along the hydrogen bond or, in other
words, to determine the co-crystal or salt nature of the poly-
morph, it is well-known that the 13C chemical shift of the
carboxylic carbon atom represents a good indicator of the
protonation state of the COOH group.[15a,b] For these com-
pounds, the observed chemical shift (around d=175 ppm) is
reminiscent of the value previously found for similar adducts
containing 1,4-diazabicyclo ACHTUNGTRENNUNG[2.2.2]octane instead of bipyridi-
ne.[15c] In that study, the obtained value was referred to a
COOH rather than a COO� group. This is in agreement
with the co-crystal nature of the adducts observed by single-
crystal X-ray diffraction and confirmed by 15N CPMAS spec-
tra. Several 15N NMR studies on hydrogen-bonded systems
have shown that formation of hydrogen bonds results in
high- or low-frequency shifts of the nitrogen signal, accord-
ing to the type of nitrogen atom and the nature of the inter-
action.[13c,15d–f] In our case, the free bipyridine nitrogen signal
falls at d=288.2 ppm, whereas in the three co-crystal forms
it falls around d=262 ppm. Similar shifts have already been
reported by us[16a] and by Limbach and co-workers[16b] for
hydrogen-bonded pyridine nitrogen atoms: in the former
case for co-crystals between dipyridineferrocene [Fe(h5-
C5H4-C5H4N)2] and pimelic acid and in the latter case for
pyridine molecules adsorbed on mesoporous silica. Thus, the
shift is consistent with a nitrogen atom involved in an O�
H···N interaction rather than a charge-assisted �O···H-N+

hydrogen bond.
The 1H MAS spectra of the three polymorphs (Figure 17)

appear quite similar even for the hydrogen-bonded proton
signals, which suggests that the higher thermodynamic sta-
bility at room temperature of Form II with respect to
Forms I and III does not arise from stronger or weaker hy-
drogen-bond interactions. As mentioned above, the exten-
sion to a second dimension of the 1H spectra may provide
further information about proton connectivity, proximity
and thus about structural differences among the poly-
morphs.[14a,17]

Table 1. 13C, 15N and 1H NMR spectroscopic chemical shifts [ppm] with
assignments of the three crystal forms (Forms I, II and III) of the 4,4’-
bipy/pimelic acid co-crystal.

Form I Form II Form III
13C data

COOH (acid) 176.2 175.3 175.6
HC�N (bipy) 150.1

147.8
149.9
147.2

150.1
147.3

Cq (bipy)[a] 144.2 146.8
144.7 sh

146.9

CH (bipy) 124.4
122.9
120.6

123.0
121.6

123.2

CH2 (acid) 36.6 (a)
35.4 (a)
25.8 (b)
31.0 (g)

35.0 (a)
26.0 (b)
31.1 (g)

35.2 (a)
26.1 (b)
31.2 (g)

15N data

N (bipy) 261.5 262.8 263.2

1H data

proton A (O�H···N) 14.32 14.21 14.68
proton B (CH) 7.92 7.77 8.31
proton C (CH2) 1.04 1.05 1.28

[a] Determined by 13C non-quaternary-suppression (NQS) NMR experi-
ments.

Figure 16. 13C CPMAS spectra of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Forms I, II and III, recorded at 100.63 MHz with a spin-
ning speed of 12 kHz (the peak marked with * is due to unreacted pimel-
ic acid.)
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In the 1D 1H spectra, only three peaks can be distinguish-
ed, which correspond to the O�H···N (A), the aromatic pro-
tons (B) and the alkyl protons (C) at about d=14–15, 7–8
and 1–3 ppm, respectively (Figure 17). The 2D 1H DQ MAS
spectra of Forms I–III are reported in Figures 18, 19 and 20,
respectively. They show trivial aromatic (BB) and alkyl
(CC) auto-peaks and, more interestingly, a BC cross-peak in
agreement with the presence of parallel chains running near
each other and characterizing the crystal structures. Indeed,
by looking at the single-crystal data (see above), in all three

polymorphs the crystal packing leads the bipyridine moiety
near to an acid molecule of the next chain. Due to the r�6

dependence of the dipolar interaction we can say that the
observation of the peak above is indicative of a proton–
proton distance in the narrow range of about 0.18 to
0.30 nm; this is without recourse to a full quantitative inves-

Figure 17. 1H MAS spectra of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC ACHTUNGTRENNUNG(CH2)5COOH]},
Forms I, II and III, recorded at 600.23 MHz with a spinning speed of
32 kHz.

Figure 18. 2D 1H DQ MAS spectrum of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Form I, together with the single-quantum projection.

Figure 19. 2D 1H DQ MAS spectrum of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Form II, together with the single-quantum projection.

Figure 20. 2D 1H DQ MAS spectrum of {[NH4C5-C5H4N]· ACHTUNGTRENNUNG[HOOC-
ACHTUNGTRENNUNG(CH2)5COOH]}, Form III, together with the single-quantum projection.
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tigation.[14a] The O�H···N protons (A) give rise to a cross-
peak to the meta-CH aromatic protons (AB1 for Forms I
and III and A1B for Form II). In addition to this, in Form II
there is some evidence of a weaker cross-peak to the ali-
phatic protons (A1C).

Conclusion

We have reported the identification of three polymorphs of
a molecular co-crystal formed by the dicarboxylic acid pi-
melic acid and the 4,4’-bipy molecule. The three polymorphs
have been fully characterised by single-crystal and powder
X-ray diffraction, calorimetry and 1H MAS (1D and 2D)
and 13C and 15N CPMAS NMR spectroscopic experiments.
By 1H MAS NMR spectroscopic experiments it has been
possible to ascertain that the higher stability of Form II with
respect to Forms I and III depends on the crystal packing
rather than different hydrogen-bond strengths. Furthermore,
the 2D 1H DQ MAS experiments provide reliable informa-
tion concerning proton proximities, that is, useful for dis-
criminating different crystal packings and hydrogen-bond
frameworks.

We have also provided further examples of the possibility
of preparing co-crystals by kneading (also called “wet or sol-
vent-drop grinding”) and by vapour digestion.[7,8]

Moreover, by combining X-ray data with 13C carboxylic
carbon and 15N pyridine nitrogen chemical shifts we were
able to conclude that no proton transfer took place from the
acid to the base, along the hydrogen bond, in all three crys-
tal forms. In the co-crystal of pimelic acid with [Fe(h5-C5H4-
C5H4N)2],

[16a] on the contrary, two different situations were
observed depending on the stoichiometry of the adduct: the
1:1 co-crystal is a neutral molecular complex, whereas in the
1:2 co-crystal protonation of the organometallic base takes
place. Further studies are also in progress to fully appreciate
the factors controlling the positions of hydrogen atoms in
acid/base co-crystals. The relationship between molecular
salts and co-crystals in multicomponent crystals has been re-
cently discussed.[18]

With respect to the issue that co-crystalline materials
might be less prone to polymorphism,[1m,n] we think that this
is not so, at least not in co-crystals containing strong hydro-
gen-bonded units, or synthons. When the hydrogen bonding
has been “taken care of”, the resulting unit packs in the
solid as a van der Waals object, even if, as in this paper, the
object is an infinite chain. Small adjustments in the torsional
angle of the constituent molecules and/or chains may suffice
to produce a new crystalline phase. On the contrary, we
think that co-crystals might be less prone to the formation
of solvates, as the hydrogen-bonding requirements of one
constituent molecule are usually fulfilled by the association
with the second molecular entity. We are currently exploring
this idea within molecular hydrogen-bonded co-crystals.

Experimental Section

Solid-state and solution syntheses : All reactants were purchased from Al-
drich and used without further purification. Reagent-grade solvents and
doubly distilled water were used. In all cases, correspondence between
the structure of the solid residue and that obtained by single-crystal X-
ray diffraction was ascertained by comparing measured X-ray powder dif-
fractograms with those calculated on the basis of single-crystal data.

Solid-state synthesis of Forms II and III of the co-crystal 4,4’-bipy/pimelic
acid : The polymorphic modification FormII was prepared by solid-state
synthesis. When equimolar quantities of 4,4’-bipy and pimelic acid were
manually ground in an agate mortar in the presence of drops of solvent
(MeOH, THF), Form II was obtained. Both Forms I and II, placed in an
oven at 120 8C, quantitatively transformed into Form III overnight.

Vapour digestion experiments : Form II was also obtained in a vapour di-
gestion experiment by grinding together equimolar quantities of 4,4’-bipy
and pimelic acid and leaving the polycrystalline powder under different
solvent vapours (MeOH, CH2Cl2 and THF). When MeOH or CH2Cl2
were used, Form II started to appear after 60 min of exposure, and the
transformation was complete after a total exposure time of 90 min. When
THF was used, the reaction was complete only after an exposure time of
24 h.

Solution synthesis of Forms I–III of the co-crystal 4,4’-bipy/pimelic acid :
Single crystals of Forms I and II suitable for single-crystal X-ray diffrac-
tion were obtained by dissolution of a ground equimolar mixture of 4,4’-
bipy (0.666 mg, 4.264 mmol) and pimelic acid (HOOCACHTUNGTRENNUNG(CH2)5COOH;
0.683 g, 4.264 mmol) in boiling water. If the solution was cooled quickly
in an ice bath, colourless needles of Form I were obtained, whereas slow
cooling of the solution yielded colourless prismatic single crystals of
Form II.

Single crystals of Form III suitable for X-ray diffraction were obtained by
dissolution of a ground equimolar mixture of 4,4’-bipy (0.234 mg,
1.495 mmol) and pimelic acid (HOOC ACHTUNGTRENNUNG(CH2)5COOH; 0.240 g,
1.497 mmol) in DMSO at 120 8C. The solution was allowed to evaporate
slowly at 120 8C in an oil bath, to yield colourless crystals of Form III.

Calorimetric analysis : Calorimetric measurements were performed with a
Perkin–Elmer Pyris Diamond DSC differential scanning calorimeter
equipped with a model ULSP 90 intra-cooler. The instrument was cali-
brated with high-purity standards (indium and cyclohexane) at 5 Kmin�1.
The samples (2–4 mg) were placed in closed aluminium pans. Heating
was carried out at 5 8Cmin�1 in the temperature range 60 to 150 8C. Melt-
ing point (onset) and enthalpy of fusion for Form III: (141.1�1.0) 8C and
(46.8�0.5) kJmol�1, respectively; transition temperature (onset) and en-
thalpy of transition for Forms I and II: (92.3�0.3) 8C, (5.5�0.5) kJmol�1

and (102.9�0.3) 8C, (6.7�0.5) kJmol�1, respectively.

TGA was performed with a Perkin–Elmer TGA-7 apparatus. Heating
was carried out in a nitrogen flow (20 cm3 min�1) and by using a platinum
crucible at the rate of 5 8Cmin�1 up to decomposition. The sample
weights were in the range 5–10 mg.

Crystal structure determination : Crystal data of all compounds were col-
lected at room temperature on a Bruker ApexII CCD diffractometer.
Crystal data and details of measurements are summarised in Table 2.
Common to all compounds: MoKa radiation, l=0.71073 M, monochroma-
tor graphite, T=293 K. SHELX97[19a] was used for structure solution and
refinement based on F 2. All non-hydrogen atoms were refined anisotrop-
ically. Hydrogen atoms bound to carbon atoms were added in calculated
positions and refined riding on their respective carbon atoms. Hydrogen
atoms bound to oxygen atoms were all found and refined, with the excep-
tion of one of the two hydrogen atoms in Form III, which was found but
not refined. SCHAKAL99[19b] was used for the graphical representation
of the results. The program PLATON[19c] was used to calculate the hydro-
gen-bonding interactions. CCDC-678762 (Form I), 678763 (Form II) and
678764 (Form III) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Powder diffraction measurements : The identity of the bulk material ob-
tained by either the solid-state or the solution processes and the struc-
tures obtained by single crystals was always verified by comparison of
calculated and observed powder diffraction patterns. X-ray powder dif-
fractograms were collected on a Panalytical XTPert PRO automated dif-
fractometer with CuKa radiation and an XTCelerator detector equipped
with an Anton Paar TTK 450 low-temperature camera. The program
PowderCell 2.2[19d] was used for calculation of X-ray powder patterns on
the basis of the single-crystal structure determinations.

SS NMR spectroscopic measurements : All spectra were recorded on a
Bruker Avance II 400 spectrometer operating at 400.23, 100.65 and
40.55 MHz for 1H, 13C and 15N, respectively. 13C and 15N spectra were re-
corded at room temperature at the spinning speed of 12 kHz. Cylindrical
4-mm-outer-diameter zirconia rotors were employed with a sample
volume of 120 mL. A ramp CP pulse sequence was used with a contact
time of 3 (13C) or 4 ms (15N), a 1H 908 pulse of 3.35 ms, recycle delays of
15–90 s and about 128 and 3000 transients for the 13C and 15N CPMAS
spectra, respectively. A two-pulse phase-modulation decoupling scheme
was used with a radio-frequency field of 75 kHz. For the 13C NQS NMR
experiments, a dephasing delay of 40 ms was used with a 1808 refocusing
pulse on the 13C channel of 4.7 ms.

1D and 2D 1H DQ MAS experiments were performed on a 2.5 mm
Bruker probe at the spinning speed of 32 kHz. The 1H MAS spectra were
acquired with the DEPTH sequence (p/2–p–p) for suppressing the probe
background signal. The back-to-back (BABA) recoupling pulse se-
quence,[20] which efficiently generates DQ coherences in the presence of
very fast MAS, was used to acquire 2D 1H DQ MAS NMR spectra with
excitation times of one rotor period. For all samples, the 1H 908 pulse
length was 3.25 ms, and a recycle delay of 7 s was used. For each of 64 in-
crements of t1, 128 transients were averaged.
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