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Introduction

The phenomenon of polymorphism, namely, the existence of
more than one crystal structure for a given compound, is
well known and widely studied.[1,2] However, the structural,
thermodynamic and kinetic factors associated with the nu-
cleation and crystallization of molecular compounds are not
yet fully understood. The experimental investigation of crys-
tal polymorphism is still mainly based on a systematic, and
sometimes tedious, exploration of all possible crystallization
and interconversion conditions[1–3] (“polymorph screening”),
while theoretical polymorph prediction is still embryonic.[4,5]

The screening of different crystal forms of a compound is

not only an academic challenge but it is becoming one of
the most important goals in the pharmaceutical industries,
since 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 characterisation of these forms and
of the relationship among the different solid phases should
be studied, which is best achieved by using complementary
techniques such as X-ray diffraction, differential scanning
calorimetry combined with IR, Raman and solid state NMR
(SSMNR) spectroscopy.

Cinchomeronic acid (CA, 3,4-dicarboxypyridine) is one of
the six isomers of pyridinedicarboxyl acid. All isomers are
widely utilized in the construction of coordination networks,
since their metal coordination modes allow for different ar-
chitectures.[6–8] Furthermore
some of these isomers are bio-
logically active and CA has
been studied for its ability to
promote the growth of radi-
shes.[9,10] Although CA has been
known for almost a century[11]

and the presence of two forms
is reported in the PDF-2[12]

since 1971, no scientific report seems to mention the exis-
tence of these two polymorphs. The crystal structure of form
I (according to the name in PDF-2) was described by Taku-
sagawa et al. in 1973.[13,14]

The molecule is present as a zwitterion both in the solid
state and in solution,[15] with one acid hydrogen on the ring
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nitrogen. The presence of different kinds of acceptor and
donor groups for hydrogen bonding makes it a worthy can-
didate for the study of the competition among of different
supramolecular synthons that can be formed.[16]

In this paper the full characterisation by single crystal X-
ray diffraction and spectroscopic methods of both form I
and II is reported and the preparation of the polymorphs is
described. Form II and I were initially obtained as concomi-
tant[17] polymorphs from an ethanol/water solution.

Results and Discussion

Two main reactions are known for the production of
CA.[18,19] In terms of crystal structures recrystallization of
form I (see also Experimental Section) from EtOH, MeOH,
EtOH/H2O, MeOH/H2O yields form I or a mixture of form
I with a small portion of form II. Form I and II appeared
concomitantly as rods (form I) and blocks (form II) as
shown in Figure 1 from recrystallization of form II in etha-

nol/water solution. Form II was produced quantitatively by
acidification with HCl (pH�2) of a water solution of Na-
ACHTUNGTRENNUNG[C7H4NO4]. Conversion of form II to form I was observed
via slurry conversion experiment. The two polymorphs de-
compose before melting.[20] The decomposition temperature
was measured several times with capillary methods revealing
that form II decomposes always at lower temperature than
form I: with a scan speed of 2 8Cmin�1 CA form I decom-
posed at 263 8C while form II decomposed at 259 8C. Since
in DSC no interconversion between the two compounds is
present, we surmise that a monotropic system is present
where form I is the thermodynamic stable phase, while form
II is the metastable one.[21]

Crystal structure of form I : The form I of 3,4-pyridinedicar-
boxylic acid crystallizes with a rod-like habit in the ortho-
rhombic system, for which we have re-determined the crys-
tal structure previously reported by Takusagawa.[13] Al-
though no significant differences were found, our crystal
structure is used for the discussion in preference to the one
previously reported because of a slightly better structural
model. The internal geometry of CA conforms to the zwit-
terionic form of the other pyridinedicarboxylic isomers (2,3-
pyridinedicarboxylic[22] and 3,5-pyridinedicarboxylic[23,24]).
The carboxylic group [C6ACHTUNGTRENNUNG(=O2)-O1-H101] is tilted with respect
to the aromatic ring with a torsional angle of �40.88 [C1-C2-
C6-O1]. The C�O bond lengths of C6=O2 1.213(2) K and C6�
O1 1.301(2) K are in agreement with the average values
tabulated by Allen[25] in which C=O distance is 1.23(2) and
C�O is 1.31(2) K for a carboxylic group attached to an aro-
matic ring (see Figure 2). This carboxylic acid donates the

hydrogen to the neighbouring carboxylate forming a hydro-
gen bond,[26] and its carbonyl group is involved in a quite
short C-H···O interaction (C-H···O 2.27 K with C–H dis-
tance normalized to 1.08 K, see Table 1). The carboxylate

group forms a torsion angle of �73.98 [C2-C3-C7-O3] with
the aromatic ring; as shown in the Figure 2 the two groups
are rotated in the same direction. The C�O distances in the
carboxylate group, C7�O3 1.253(2) and C7�O4 1.233(2), are
similar and correspond to the C–O lengths in carboxylate
moieties reported by Allen (1.26(1) K). The C1-N1-C6 angle
of 122.48 corresponds to the average C-N-C angle in pyridi-
nium ions 122.0(2)8.[27]

The crystal structure consists of chains of the acid mole-
cules interacting via short hydrogen bonds between the car-
boxylic and the carboxylate groups (2.5068(14) K). Each
3,4-pyridinedicarboxylic acid molecule forms four hydrogen
bonds in a sort of tetrahedral coordination arrangement to
give a three-dimensional adamantoid network. The large

Figure 1. Concomitant polymorphs obtained from a ethanol/water solu-
tion, rods: form I, blocks: form II.

Figure 2. Structure of CA in form I together with the labelling scheme.

Table 1. Hydrogen bonds in form I.

D-H···A D�H [K] H···A [K] D···A [K] D-H···A [8]

O1-H101···O3 1.02(2) 1.49(2) 2.5068(14) 173(2)
N1-H100···O4 0.92(2) 1.79(2) 2.6636(15) 156.9(19)
C1-H1···O1 1.08 2.47 3.2971 133
C5-H5···O2 1.08 2.27 3.2887 156
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cavity present within each ada-
mantoid cage is filled by inter-
penetration of two other, sym-
metry-related, adamantoid net-
works, giving a total of three in-
terpenetrating networks (see
Figure 3).

Crystal structure of form II :
Form II of 3,4-pyridinedicar-
boxylic acid crystallises with a
block-like habit in the mono-
clinic system. The asymmetric
unit consists of half a molecule,
the whole molecule is generat-
ed by the two-fold axis lying in
the plane of the aromatic ring
between the two functional
groups. Since the molecule does
not possess this symmetry oper-
ation, the crystal symmetry re-
sults in a disordered positioning
of the C3 and N1 atoms with
site occupancy 50:50. This par-
ticular situation generates two
crystallographically equivalent,
space-averaged, -COO ACHTUNGTRENNUNG(-CO-
ACHTUNGTRENNUNGOH) groups. The C4�O1 and
C4�O2 (see Figure 4) distances
of 1.208(4) and 1.273(4) K, re-
spectively, correspond to the
average of the distances of C�
O and C=O of the carboxylic
and carboxylate groups. How-
ever the short C4�O1 distances
of 1.208(4) suggests that the C�
O bond lengths in the carboxyl-
ate group are not equal, due to
the presence of the strong hy-
drogen bond (O2�O2

2.472(5) K), which is also sup-
ported by the IR, Raman and
solid state NMR data (see
below). The hydrogen atoms
were not observed in the Fouri-
er map and the zwitterionic
nature of CA in form II was in-
ferred from the hydrogen-bond-
ing pattern, the geometry pa-
rameters and spectroscopic evi-
dence. The C2-N1-C3 angle of
124.48 is closer to the average
C-N-C angle in pyridinium ions
122.0(2)8 than in pyridyl mole-
cules (117.3(2)8) and the proto-
nation of the nitrogen is consis-
tent to IR, Raman and SSNMR

Figure 3. Chains present in form I (a); the adamantoid network formed by N-H+ ···O� hydrogen bonds among
the chains (b) and the overall crystal structure formed by the three interpenetrating networks (c).
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measurements. The carboxylic and carboxylate groups are
tilted with respect to the aromatic ring with an average tor-
sion angle of �55.18.

As well in form I, in CA form II the short hydrogen bond
between the carboxylic and carboxylate groups (O2�O2

2.472(5) K; Table 2) generates infinitive chains, and these
run parallel to each other and the groove of one chain is
filled by the hunches of the adjacent chains (Figure 5). This
structure brings the oxygen atom not involved in the short
hydrogen bond close to the nitrogen atom and to the crys-
tallographically equivalent carbon (2.958(5) K). The appar-
ent lengthening of the N-H+ ···O� interaction compared with
the hydrogen bond present in
form I as well as and the short
C-H···O interaction is a conse-
quence of this disorder inside
the crystal structure. The chains
run parallel to each other and
are linked by the N-H+ ···O� hy-
drogen bonds forming a two di-
mensional network. The result-
ing layers are laid one on the
top of the other.

It is worth noting that both
polymorphs prefer the forma-
tion of intermolecular O-H···O
interactions over that of the in-
tramolecular hydrogen bonds,
although the molecular geome-
try makes intra-molecular
bonding possible as observed in
the structure of 2,3-pyridinedi-
carboxylic acid. Moreover, ab
initio calculations on the hydro-
gen-bond strength of CA sug-
gest that the intramolecular
bond in gas phase is more
stable than the intermolecular
one.[15] However, all the experi-
mental evidence confirms the
presence of the intermolecular
hydrogen bond between the
carboxylic and carboxylate
groups. While in the kinetic
form II the chains are disor-
dered and the entropic factors
are maximized, during crystalli-
zation of form I, the stable one,
the molecules had time to order
up and optimize the formation
of hydrogen bonds to decrease
the lattice energy.

IR and Raman measurements :
Figures 6 and 7 show the IR
and Raman spectra of the two
polymorphs of CA. As far as

Figure 4. Structure of CA in crystals of form II; the atom C3 and N1 are
disordered with occupancy 50:50 over the same position.

Figure 5. Hydrogen bonded chains formed by molecules of CA in form II and the interactions N-H+ ···O� and
C-H···O� among the chains a); and the crystal structure view along the b axis b).
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we know, IR and Raman spectroscopies have been used
here for the first time to distinguish the two polymorphic
forms of CA. Wasylina et al.[28] and Harmon and Shaw[15]

have reported the IR spectrum of only one polymorphic
form of CA and have given partial vibrational assignments.
Several metal complexes of CA have been characterised by
IR[7,29–32] and Raman[33] spectroscopies.

As can be easily seen from Figures 6 and 7, the two poly-
morphs show significant differences in both IR and Raman
spectra for either the presence of some bands only for one
polymorph or the wavenumber positions of many bands or
their relative intensities.

The IR spectrum of form I (Figure 6a) shows a broad ab-
sorption in the ñ=3300–2300 cm�1 region, centred at about
2600 cm�1. Also the IR spectrum of the form II (Figure 6b)
shows an analogous broadening, but its maximum appears
shifted to higher wavenumbers (i.e. , about 2900 cm�1). Both
spectral features can be ascribed to nNH stretching modes
of hydrogen-bonded NH groups.[29]

A reasonably good correlation between nOH stretching
frequencies and dACHTUNGTRENNUNG(O···O) distances in O-H···O hydrogen-
bonded systems has been proposed.[34] According to this cor-
relation, the frequency shifts to lower wavenumbers with
shortening of the hydrogen bond. Although N-H···O hydro-
gen-bonded systems have been investigated less extensively
than O-H···O ones, a similar correlation can be considered
valid. Thus, it can be affirmed that N-H···O hydrogen bonds
are shorter in form I than in form II. This result is in agree-
ment with the diffraction data which indicated the presence
of stronger N-H···O hydrogen bonds in the form I
(2.6636(15) K) than in the form II (2.957(5) K).

The IR spectra of the two polymorphs show also broad,
strong structured absorptions in the 1400–400 cm�1 range,
which are characteristic of strong three-centre O-H-O hy-
drogen bonds.[34] The spectral pattern is similar to that ob-
served in several acid salts of carboxylic acids:[34] the nOH
band has been reported to appear as a very broad absorp-
tion extending over several hundreds cm�1 interrupted by
Evans-type transmission “windows”. In the IR spectra of
the two polymorphs of CA (Figure 6), the centre of these
absorptions appears at different wavenumber positions, re-
vealing the presence of hydrogen bonds of different
strengths. More in details, for form II the centre appears
shifted to lower wavenumber values than for form I. Such
shift suggests the presence of a stronger O-H-O interaction
in II, which is consistent with the hydrogen bond distances
observed in the structures.

Similar broadening was not observed in the Raman spec-
tra of the two polymorphs (Figure 7). Actually, Raman spec-
troscopy has proved less sensitive to hydrogen-bonding ar-

rangements.[34,35]

Other spectral features can
be related to the different bond
lengths and hydrogen-bonding
systems present in the two poly-
morphs. Concerning the carbox-
ylic group, its main vibrational
features are the nC=O and nC�
O stretching modes. The latter
can correspond to the IR band
at about 1250 cm�1[28] which ap-
pears quite sharp in the spec-
trum of form II (Figure 6b)
whereas the band is broader in
form I (Figure 6a). In the
Raman spectra (Figure 7), a
band at a similar wavenumber
position was observed (at
1254 cm�1 for form I and

Table 2. Hydrogen bonds in form II.

D-H···A D···A [K]

O2�O2 2.472(5)
N1�O1 2.957(5)
C3�O1 2.957(5)

Figure 6. IR spectra of the two polymorphs of CA : a) form I; b) form II.

Figure 7. Raman spectra of the two polymorphs of cinchomeronic acid: a) form I; b) form II.
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1247 cm�1 for form II). The nC=O stretching mode of the
carboxylic group appears as a strong band in both IR spec-
tra of Figure 6. This mode falls at ñ=1713 and at 1719 cm�1,
respectively, for form I and form II, that is, at wavenumber
positions similar to that of pyridine carboxylic acids.[36] The
relative wavenumber position of this mode in the two poly-
morphs suggests that in form II the C=O bond should be
stronger. In the Raman spectra (Figure 7), the nC=O mode
is noticeably weaker and more difficult to be localised, as
previously observed for similar systems;[37] a broad Raman
band at about 1700 cm�1 was observed only for form I (Fig-
ure 7a).

Concerning the carboxylate group, it must be recalled
that when a carboxylate salt is made from a carboxylic acid,
the C=O and C�O bonds are replaced by two equivalent
carbon�oxygen bonds which are intermediate in force con-
stant between the C=O and C�O. These two oscillators are
strongly coupled resulting in an asymmetric COO� stretch-
ing vibration (nasCOO�) at 1650–1540 cm�1 and a symmetric
COO� stretching vibration (nsCOO�) at 1450–1360 cm�1.[38]

In case of multiple unsymmetrical hydrogen bonds to COO�

groups, one CO will have a little more single bond character
and the other a little more double bond character. This
leads to higher differences between the nasCOO� and
nsCOO� values (Dn=nasCOO��nsCOO�) than in the case
of two equal CO bonds. The same is true when a metal is
more strongly associated with one oxygen of the COO�

group than the other: Dn is higher than in the case of
sodium salts, where the CO bonds are equal.[39]

The assignment of the nasCOO� and nsCOO� modes in
the spectra of the polymorphs of CA can be a challenging
task; actually, the 1650–1350 cm�1 range is a complex spec-
tral region since it contains the bands which result from the
stretching vibrations of the heterocyclic ring (nCC, nCN)
and of the carboxylate group (nasCOO� and nsCOO�). In
the case of form I, the IR nasCOO� and nsCOO� modes
appear at 1641 and 1406 cm�1, respectively (Figure 6a). Simi-
lar wavenumber values have been reported for these modes
in dibutyltin(IV) complexes of CA.[29] In the Raman spec-
trum of form I (Figure 7a), the corresponding bands were
observed at similar wavenumber positions (1646 and
1402 cm�1). In form II, the nasCOO� mode falls nearly in the
same wavenumber position as in form I (1639 and 1647 cm�1

in the IR and Raman spectra, respectively, Figures 6b and
7b), while the nsCOO� mode shifts to lower wavenumber
values (1384 and 1380 cm�1 in the IR and Raman spectra,
respectively, Figures 6b and 7b). Therefore, in form II the
Dn difference between the nasCOO� and nsCOO� modes ap-
pears higher than in form I. This result is consistent with the
other information: in form I the carboxylate group shows
almost equal C–O distances and both oxygen atoms are in-
volved in hydrogen bonds (with the carboxylic acid and the
pyridinium), in form II the X-ray data are less helpful since
the CO distances are averaged values between the carboxyl-
ic and carboxylate group. However the 13C SSNMR indi-
cates the presence of a carboxylate group with an intermedi-
ate character between a carboxylic and carboxylate, inas-

much as the C=O and C�O bond lengths appeared more
differentiated than in form I (see below).

The IR band at 1608 cm�1 in the spectrum of form I (Fig-
ure 6a) can be attributed to the skeleton vibration of the
pyridine ring[28,37] as well as the corresponding Raman band
at 1615 cm�1 (Figure 7a). In the spectra of form II, this vi-
brational mode appears shifted to lower wavenumbers (1592
and 1589 cm�1 in the IR and Raman spectra, respectively,
Figures 6b and 7b). A detectable shift involves also the IR
bands due to the aromatic C–H stretching vibrations: in the
spectra of form I and II they appear at ñ=3087–3069 and
3098–3074 cm�1, respectively. In the corresponding Raman
range, form I shows three bands at 3118, 3089 and 3073 cm�1

(Figure 7a), while form II is characterised by a prominent
band at 3102 cm�1 with a shoulder at 3086 cm�1 (Figure 7b).
These different spectral patterns can arise as a result of
overtones from other vibrational modes or from crystal
splitting effects. However, for this purpose, it must be
stressed that the Raman spectrum of form II shows a minor
number of distinct components than that of form I (two in-
stead of three). The same behaviour is clearly observable
also in the spectral range below 1000 cm�1 (Figure 7) and
can be related to the disorder inside the crystal structure of
form II.

The Raman spectral region below 200 cm�1 has proved to
be a valid tool for the recognition of different polymorphic
forms,[35] since lattice vibrations fall in this range. As can be
easily seen from Figure 7, the two polymorphs of CA show
significant differences in both the wavenumber positions
and relative intensities of the low frequency bands, clearly
reflecting the existence of two different crystalline unit cells
characteristic of the two polymorphic forms.

SSNMR measurements : All NMR data are reported in
Table 3. The 13C CPMAS spectrum of form I (Figure 8a)
shows two resonances in the carboxylic region at d 172.0
and at 167.5 ppm, respectively, in agreement with the pres-
ence of two different groups observed in the X-ray structure.
The former is attributed to the COO� group with C�O dis-
tances of 1.2526(16) and 1.2331(15) K, while the latter to
the COOH group with C�O distances of 1.3005(15) and
1.2126(16) K. Other parameters for determining the carbox-
ylic or carboxylate character are the chemical shift tensors,
listed in Table 3, obtained by spinning sideband analysis[40]

As previously reported,[41] the carboxylate group is charac-
terized by higher d22 ((159.7 ppm) and lower d11 (160.3 ppm)
values with respect to the carboxylic group ((d22=138.7 ppm
and d11=264.6 ppm). The d33 tensor is not very sensitive to
the protonation state. The difference of 21 ppm between the
two d22 values confirms the reliability of these data.

The carboxylate group is involved in two hydrogen-bond
interactions, one with the pyridine nitrogen and the other
with a COOH group. In the former the presence of a proper
base yields a proton transfer from the acid to the nitrogen
(Table 3). The proton involved in the O···H-N interaction
falls at d 15.1 ppm in the 1H MAS spectrum (Figure 9a),
characteristic of a weak-intermediate interaction, as con-
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firmed also by the large distance from the heavy atom
(2.6636(15) K). Conversely, the carboxylic group does not
yield the proton transfer reaction and it forms a strong-inter-
mediate interaction O-H···O characterized by a short heavy
atom distance (2.5068(14) K) and by a proton chemical shift
of 16.2 ppm (Figure 9a). In the 1H MAS spectrum the three

peaks in the aromatic region at 8.4, 7.5 and 6.6 ppm have
been assigned to H2, H6, and H5 protons, respectively.

The protonation of the pyridine nitrogen is also confirmed
by the 15N CPMAS spectrum (Figure 10) that shows a single
resonance at d 179.5 ppm. Indeed, the free pyridine nitrogen
signal falls at 293.8 ppm and it is well known that the pres-
ence of a hydrogen bond on aromatic amines leads to a low-
frequency shift.[42] In this case the shift observed is quite
large (114.3 ppm), probably due to the concomitant pres-
ence of COOH groups in meta- and para-positions.

A single resonance located at 170.6 ppm is present in the
carboxylic region of the 13C CPMAS spectrum of form II
(Figure 8b). This chemical shift value is indicative of an in-
termediate situation between a carboxylic and carboxylate
character, in complete agreement with the presence of two
equal COOH groups with C–O distances of 1.208(4) and
1.273(4) K observed in the X-ray structure. The linewidth
(166 Hz) is twice as wide with respect to the peaks (COOH
80 Hz and COO� 80 Hz) of form I in agreement with the
presence of a static disorder detected by X-ray. The disorder
is also confirmed by the broad and partially overlapped pyr-
idine carbon resonances in the 13C spectrum. Thus, in this
case, X-ray and SSNMR give an average value of the
COOH group, while IR and Raman data are able to distin-
guish between two slightly different groups: one with a
more carboxylic character and the other with a pronounced
carboxylate character. Again the d22 value (Table 3), as the
isotropic chemical shift, is intermediate (150.7 ppm) be-
tween the carboxylic and carboxylate d22 values observed
for form I.

The COOH group is involved in both an O···H-N and a
O···H-O hydrogen bonds. In the former the proton is trans-
ferred from the acid to the base as confirmed by the 15N
CPMAS resonance at 176.1 ppm (Figure 10b). In this case
the nitrogen signal is more displaced that in form I probably
because the nitrogen lone pair is partially removed due to a

Table 3. Chemical shift for form I and form II.

Compound 1H
[ppm]

15N
[ppm]

13C [ppm] d11 d22 d33

form I 16.2
15.1
8.4
7.5
6.6

179.5 172.0* (COO�)
167.5* (COOH)
155.0* (C4)
144.8 (C2-C6)
128.9* (C3)
124.8 (C5)

260.3
264.6

159.7
138.7

96.6
99.6

form II 18.1
13.0
7.7

176.1 170.6* (COOH/COO�)
151.9* (C4)
146.5 (C2)
143.5 (C6)
130.8* (C3)
126.1 (C5)

274.2 150.7 87.5

[*] C quaternary.

Figure 8. 13C CPMAS spectra of CA : a) form I and b) form II recorded
at 67.9 MHz with a spinning speed of 5 kHz.

Figure 9. 1H MAS spectra of CA : a) form I and b) form II recorded at
600 MHz with a spinning speed of 35 kHz.

Figure 10. 15N CPMAS spectra of cinchomeronic acid: a) form I and b)
form II recorded at 27.2 MHz with a spinning speed of 5 kHz.
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closer proton position and to the larger heavy atom distance
(2.957(5) K). The larger O–N distance and the low frequen-
cy hydrogen bonded proton peak at 13.0 ppm in the 1H
MAS spectrum (Figure 9b) enable us to classify it as a weak
interaction. Conversely the O···H-O is a strong interaction
as confirmed by the short O–O distance (2.472(5) K) and by
the hydrogen-bonded proton signal at 18.1 ppm.

Conclusion

In this paper we reported the results of an investigation of
the crystal polymorphism of CA. In order to fully under-
stand the relationship between the two crystal phases of this
widely used molecule a comparative use of diffraction and
solid state spectroscopy has been exploited. The form I and
II of CA constitute a monotropic system, that is, the two
crystals do not interconvert at any given temperature before
melting or decomposition. The form I is the thermodynami-
cally stable form and decomposes at 263 8C, while the latter
is the metastable form and decomposes at 259 8C. The single
crystal structures give us a view of the hydrogen bonds
formed by the molecule of CA in the solid state while the
zwitterionic nature is confirmed by the spectroscopic mea-
ACHTUNGTRENNUNGsurements. In both structures the molecules of CA form in-
finite chains via short O-H···O hydrogen bonds between the
carboxylic and carboxylate groups. The intermolecular chain
appears to be favoured over the alternative possibility of-
fered by the intramolecular hydrogen bond. In form I the
zwitterion chains are ordered and are connected via N-
H···O interactions to form a three-fold interpenetrating net-
works. In form II, on the other hand, the presence of static
disorder leads to crystallographic equivalence between the
-COO and -COOH groups. The SSNMR spectrum of form
II also shows a chemical shift indicative of an intermediate
situation between a carboxylic and carboxylate character.
The presence of a carboxylate group with unequal C�O
bond lengths is also consistent with the IR and Raman spec-
tra.

The solid state NMR, IR and Raman spectra confirm the
presence of strong N-H···O interactions in form I while in
form II they are significantly weaker. The possibility of opti-
mizing the hydrogen bond interaction in form I, with respect
to the somewhat looser interactions allowed by the packing
in form II might be responsible for the stabilization of the
crystal structure of form I.

On closing, this study demonstrates how the use of differ-
ent and complementary techniques affords a thorough un-
derstanding of the nature and structural relationship of crys-
tal polymorphs.

Experimental Section

CA was purchased twice form Aldrich and used without further purifica-
tion. The first batch was characterized as pure form II from the powder
diffraction database (PDF-2 by ICDD) and recrystallization from etha-

nol/water solution yielded rod (form I) and block (form II) crystals suita-
ble for X-ray single crystal. The second batch purchased was character-
ized as the pure form I reported by Takusagawa,[13] and recrystallization
from ethanol, methanol, water and mixture of them yielded crystal or
crystalline powder of form I and in some cases with a small portion of
form II. Form II can also be obtained quantitatively by precipitation of
the water-soluble sodium salt of CA with HCl. It may well be that the
two batches came from a different production, since two main reactions
are known for the production of CA.[18,19]

Crystallization of form II : A sample of CA form I (300 mg) was dissolved
in NaOH (18 mL, 0.1m). The solution was concentrated on a rotary evap-
orator to obtain a white solid. The Na ACHTUNGTRENNUNG(C7H4O4N) was dissolved in the
minimum amount of water and HCL concentrated was added dropwise
until the formation of a precipitate. The solid (CA form II) was filtered
and washed with methanol and characterized by X-ray powder diffrac-
tion.

Slurry experiment : A sample of CA form II (100 mg) was suspended in
methanol (0.5 mL) and stirred in a closed vessel in presence of seeds of
form I for one week. X-ray powder diffraction confirmed the complete
conversion of form II to I.

Raman spectroscopy : Raman spectra were recorded on a Bruker IFS66
spectrometer equipped with a FRA-106 FT-Raman module and a cooled
Ge-diode detector. The excitation source was a Nd3+/YAG laser
(1064 nm) in the backscattering (1808) configuration. The focused laser
beam diameter was about 100 mm, the spectral resolution was 4 cm�1, and
the laser power at the sample was about 50 mW.

Melting point apparatus : The melting point was observed with a Buchi
B-540 at rate 2 Kmin�1.

IR spectroscopy : IR spectra were measured on a Nicolet 5700 Fourier
Transform spectrophotometer (Thermo Electron Corporation) using KBr
pellets (about 0.5% w/w). The spectral resolution was 4 cm�1.

NMR spectroscopy : All 13C and 15N NMR spectra were obtained by
using a Jeol GSE 270 (6.34 T) spectrometer operating at 67.9 MHz for
13C and at 27.25 MHz for 15N, equipped with a Doty XC5 probe. The
spectra were recorded at a spinning rate in the range from 5–6 kHz
under conditions of 1H,13C cross-polarization, high power proton decou-
pling and magic angle spinning. The 908 pulse was 4.5 ms and the contact
pulse was 3.5 ms. The spectra were collected after 1500 scans using a re-
cycle delay of 10 s. The line broadening was set to be 10 Hz. The 15N
CPMAS spectra were recorded at a spinning rate of about 5 kHz. A con-
tact time of 5 ms, a repetition time of 10 s, and a spectral width of 35 kHz
were used for accumulation of 3600 transients. The fids were processed
with a line broadening of 25 Hz. Cylindrical 5 mm o.d. zirconium rotors
with sample volume of 120 mL were employed. For all samples the magic
angle was carefully adjusted from the 79Br MAS spectrum of KBr by min-
imizing the line width of the spinning side band satellite transitions. The
13C Chemical shifts were referred to external hexamethylbenzene, setting
the methyl carbon to 17.4 ppm downfield from tetramethylsilane (TMS),
while the 15N chemical shifts were referenced via the resonance of solid
(NH4)2SO4 (�355.8 ppm with respect to CH3NO2).

The principal components of the chemical shift tensors were extracted by
computer simulation (HBA-graphical)[43] of the spinning sideband pat-
terns obtained at low speed using the algorithm developed by Herzfeld
and Berger.[40] The errors in the evaluation of the chemical shift tensor
were estimated to be less than 4 ppm by repeating the calculation at dif-
ferent spinning speeds. The chemical shift tensors were reported follow-
ing the standard convention where d11 > d22 > d33, diso= (d11+d22+d33)/3
and Dd=d33- (d11+d22)/2.
1H MAS spectra were recorded on a Bruker AVANCE600WB spectrom-
eter operating at 600 MHz for 1H. Powdered samples were spun at about
30–35 kHz in a 2.5 mm MAS BB probe. Spectra were acquired using an
airing sequence for minimizing the proton background signal of the
probe with a p/2 pulse duration of 2.5 ms and a pulse delay of 10 s over a
spectral width of 100 kHz. A total of 16 transients were collected for
each spectrum. Proton chemical shifts were referenced via the resonance
of PDMSO (poly-dimethylsiloxane) at 0.14 ppm relative to TMS.
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X-ray crystallography : X-ray diffraction data of CA form I was measured
on a Apex II Bruxer AXS diffractometer and that of form II was mea-
sured on a NONIUS CAD-4 diffractometer. Common to both com-
pounds: MoKa radiation, l=0.71073 K, monochromator graphite. Crystal
data and details of measurements are reported in Table 4. SHELXS97
and SHELXL97 were used for structure solution and refinement based
on F2.[44] SCHAKAL99 was used for the graphical representation of the
results.[45]

CCDC-609435–609436 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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Table 4. Crystal data and details of measurements for CA form I and II.

Form I Form II

formula C7H5NO4 C7H5NO4

Mw 167.12 167.12
T [K] 293(2) 293(2)
system orthorhombic monoclinic
space group P212121 C2/
a [K] 5.2864(4) 7.665(2
b [K] 11.1966(8) 7.305(2)
c [K] 11.2293(8) 12.148(3)
b [8] 908 104.57(2)8
V [K3] 664.66(8) 658.3(3)
Z 4 4
F ACHTUNGTRENNUNG(000) 344 344
q range 3–28 3–25
m ACHTUNGTRENNUNG(MoKa) [mm�1] 0.140 0.142
measured reflns 7790 612
unique reflns 1584 582
refined parameters 118 56
GOF on F 2 1.056 1.048
R1(onF, I >2s(I) 0.0271 0.0525
wR2 (F 2, all data) 0.0737 0.1675
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