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We recorded both carbon-13 and nitrogen-15 NMR spectra of the three solid forms of sulfanilamide most
commonly known. This study led to an interpretation of the solid-state effects seen in cross-polarization
magic angle spinning spectra. Relaxation times for the different forms were measured. These show
different behaviour for the three forms, arising from mobility variations. To obtain information on local
environments, static spectra and spinning sideband manifolds were recorded and analysed for the >N

resonances, using isotopically enriched samples. Shielding asymmetries and anisotropies for the two
nitrogen nuclei were obtained, showing very different behaviour for the two sites. Shielding calculations
were carried out for both 3C and ®N nuclei, and the results are discussed in relation to the experimental

values. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

The term “polymorphism’ refers to the existence of different
molecular packing arrangements of a given compound
in the solid state.!”® The study of polymorphism and
related solid-state phenomena has a long history, but
has been given added impetus within the past decade,
largely because of increasing awareness of its importance
in the pharmaceutical industry. Unrecognized polymorphs,
hydrates and amorphous forms, or unintended polymorphic
transitions, can adversely affect the processing, stability and
bioavailability of a drug substance in solid dosage forms.*®
Polymorphism and hydration have been associated with
patent protection issues with major financial implications.*
Despite their importance, our ability to predict and some-
times even systematically prepare polymorphic crystal forms
is limited.® The preparation and detection of polymorphs
is therefore largely an empirical matter. Although many
analytical methods can be used, often in complementary
fashion,7~1% solid-state NMR spectroscopy has been recog-
nised as a major tool in the detection and quantification
of polymorphs and in the study of polymorphism.!!? Its
virtues include high discrimination between polymorphs,
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linked with molecular and intermolecular structural infor-
mation.

In our laboratories, we have been studying in detail
aspects of the solid-state behaviour of the sulfa drugs:
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R=H sulfanilamide
R = 2-pyridyl, sulfapyridine
R =2-thiazolyl, sulfathiazole
R =2-pyrimidyl, sulfadiazine

These derivatives of sulfanilamide, which act as antibac-
terials, are extraordinarily versatile in their ability to
crystallize in multiple solid-state structures. The polymor-
phic behaviour of the sulfa drugs has been repeatedly
investigated'>~1° since their discovery in the late 1930s,
but our recent studies have revealed unusual solid-state
behaviour, new polymorphs and hundreds of solvates.!®1”
Crystal structures of the three most accessible poly-
morphs of sulfanilamide itself (o, 8 and y), obtained from
single-crystal x-ray diffraction measurements, are to be found
in the literature.’®-* and can be retrieved from the Cam-
bridge Crystal Structure Database. However, these data are
relatively old and proved to be insufficiently accurate for
our purposes, especially since they contain no information

Copyright © 2004 John Wiley & Sons, Ltd.



314

A. Portieri et al.

about proton positions. We also used data obtained for
one form by neutron diffraction experiments.”! In addition,
recent x-ray diffraction results for the three forms, of greater
precision, have been obtained (M. ]J. Hursthouse and T. L.
Threlfall, unpublished results; A. Portieri, R. K. Harris and
H. Puschmann, unpublished results).

Other polymorphs (usually referred to as §-sulfanilamide)
have been sporadically reported.'*1>?2 We have recently
determined the crystal structure of a new polymorph, but
have not been able to produce a sufficient quantity of pure
material for spectroscopic characterization. Its calculated
powder XRD pattern and stability indicate that it is not
the § polymorph reported by Sekiguchi ef al.'* An unstable
anhydrate appears erratically during attempts to crystallize
sulfanilamide polymorphs from aqueous solution. Its crys-
tal structure has been reported.?® The stability relationships
between the polymorphs remain confused despite extensive
investigation. The stable form at room temperature is -
sulfanilamide. All the other forms gradually revert to this
on storage, although the lifetimes vary from sample to sam-
ple. On slow heating, g-sulfanilamide changes slowly to «,
which then transforms to y, the highest melting form. There-
fore, the y and B forms must be enantiotropically related,
but the situation in respect of «/f and «/y is not clear.
Burger!® and Toscani and co-workers?*?
B forms as monotropically related, but this is partly based on
small melting enthalpy differences on samples of doubtful
polymorphic purity. Sekiguchi et al.'* suggested that they

reported the o and

are enantiotropes with a transition point below room tem-
perature. The usual (kinetic) transformation temperature
recorded under typical differential scanning calorimetric
heating rates is just above 100°C. Our own work suggests
a true transition temperature between 75 and 90°C. The
slow and variable transformation rates and the persistent
formation of concomitant polymorphs®® are the main rea-
sons for the difficulty in determining the thermodynamic
relationships.

In this paper, a detailed 1*C and °N solid-state NMR spec-
tral study is presented of sulfanilamide and, in particular, of
its three most accessible polymorphs: «, f and y. Cross-
polarization magic angle spinning (CP/MAS) 3C NMR
spectra of sulfanilamide have been presented previously,27
although the assignment of some of the resonances was
ambiguous because of the difficulties in crystallizing pure
polymorphs, and also issues concerning the limited stability
of the o form. Here we report a re-investigation of the 3C
NMR spectra of the sulfanilamide polymorphs, with a clar-
ification of the assignments, aided by a study of the proton
spin-lattice relaxation times in the laboratory and rotating
frames, T1(H) and T,,(H), respectively. We also measured
the high-resolution ®'N CP/MAS spectra of ®N-enriched
samples for all the three solid forms for the first time. The
value of 1N spectra as an aid to the understanding of poly-
morphic behaviour has been shown previously in respect
of dyestuffs?®?’ and pharmaceuticals.’® In the present work,
the separate enrichment of sulfanilamide at the N(1) and the
N(2) positions allowed an insight into molecular mobility.
The principal components of the nitrogen shielding ten-
sors were also determined. Finally, Hartree—Fock (HF) and
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density functional theory (DFT) calculations of the shield-
ing tensors of both *C and N were carried out both for
isolated molecules with the reported solid-state geometries
and for molecular clusters. The effects of conformation and
hydrogen-bonding patterns are discussed.

EXPERIMENTAL

Commercial sulfanilamide was used for the 3C NMR
study, and the three forms were crystallized using literature
techniques.*?* For the o form, about 500 mg of the sample
were dissolved in 15 ml of n-butanol and the solution was
heated to 90°C and then cooled to ambient temperature.
Long, needle-shaped crystals appeared when the residual
solvent was left to evaporate overnight. For the g form, about
the same amount of sample was dissolved in water, which
was then heated until the water evaporated to saturation
conditions. Just after removing the solution to cool, crystals of
the B form started to crystallize. The y form was crystallized
from ethanol. The solution was heated to about 80 °C and left
to cool rapidly by positioning the flask in an ice-bath.

The isotopically enriched samples were synthesized by
enriching in turn the two nitrogens of the molecule.

For the enrichment of N(2), the procedure followed was
similar to that given in the literature® 3 Thus, 12.5 ml of
sulfonyl chloride were added to acetanilide (5g) and left
refluxing for about 1 h until no solid acetanilide was left. Ice
was added to the solution, which was then filtered. A mixture
of ammonium sulfate (Aldrich, 82.6% !®N; 9 mmol), the
sulfonyl chloride acetanilide previously prepared (18 mmol)
and K;CO; (72 mmol) in acetonitrile (100 ml) was cooled
in an ice-bath. Water (72 ml) was then added, the flask
was stoppered and the mixture was stirred magnetically
overnight. The organic layer was separated, the solvent was
removed under vacuum and the residue was recrystallized
from water. Then, following reflux with acid hydrolysis
(2.5 ml of concentrated HCl and 7.5 ml of H,0O), the final
product was obtained. Finally, the resulting sulfanilamide
was crystallized in the different forms.

For the enrichment of N(1), 99%-enriched acetanilide
(2 g) was purchased from Aldrich and *N-enriched sulfonyl
acetanilide was obtained as above. Ammonia was added to
it, and the solution was heated for about 1 h. The hydrolysis
and crystallization were carried out as above.

Carbon-13 CP/MAS spectra were obtained at ambient
probe temperature (ca 298 K) using a Chemagnetics CMX
200 spectrometer operating at 50.329 MHz (corresponding
to 200.13 MHz for protons). A two-channel Chemagnetics
probe was used, with 7.5 mm o.d. ‘pencil’ rotors made
of zirconia and Kel-F end-caps. The rotors contain about
350 mg of sample. Samples were packed into rotors without
further grinding in order to minimize polymorphic changes.
Operating conditions typically involved 5 ps 90° 'H pulses
and decoupling powers equivalent to 50 kHz. The recycle
delay varied significantly, depending on the relaxation time
of the particular form measured. A contact time of 1 ms was
used for all forms and the spin rate was about 4 kHz. The
experiments were carried out using different conditions for
each polymorph. For T;(H) measurements (via *C spectra
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by pre-contact saturation-recovery) for the « and y forms,
a recycle delay of 240 s was used and the recovery times
were arrayed as 0.1, 5, 10, 20, 50, 80, 100, 120 and 150 s. The
number of acquisitions per recovery time was 32. However,
for the B form spin-lattice relaxation time measurement, the
recycle delay was 60 s, the number of transients was 32 and
the recovery times were arrayed as 0.1, 1, 2, 3, 5, 8, 10, 12, 15,
20,30 and 40 s. For T1,(H), variable contact time experiments
were performed by arraying 18 values: 0.1, 0.2, 0.4, 0.6, 0.8,
1,12,15,2,3,4,5,6,7,8,10,12 and 15 ms. Recycle delays of
50 s were used for the 8 form, but 200 s for the « and y forms.

Probe temperatures were calibrated based on the
measurement of the frequency difference (Av) between
resonances for the methyl and hydroxyl protons of
methanol in the 'H NMR spectrum of a sample of
tetrakis(trimethylsilyl)silane soaked in liquid ethanol.®® The
B3C spectra were referenced to the signal for adamantane
(5c = 38.4ppm from the TMS resonance for the high-
frequency peak) by replacement. Detailed peak assignments
were made using dipolar-dephased spectra,®* which reveal
resonances from quaternary carbons only.

Nitrogen-15 CP/MAS spectra at natural abundance
were recorded using a Varian Unity Plus 300 spectrometer
operating at 30.399 MHz. Spectra of the enriched samples
were also recorded on the CMX 200 spectrometer and were
obtained under approximately the same conditions as for
the *C measurements, but the 90° 'H pulse duration was
7 us in this case, with typical contact times of 3 ms, and
the referencing was obtained from a replacement sample of
’NH4NO;, with the nitrogen resonance from the nitrate
group taken as éy = —5.1 ppm (relative to the signal
for nitromethane). Approximately 250 mg of sample were
packed into the 5 mm outer diameter zirconia rotors (Kel-F
caps) for the probe used.

The convention used herein for shielding parameters
is that of Haeberlen.®® The three tensor components are
designated

|33 — Tiso| = 011 — Tiso| = |022 — Tiso
Anisotropy ¢ = 033 — 0iso

Asymmetry n = (02 — 011)/¢

Isotropic shielding oy, = (011 + 022 + 033)/3

The sign convention means that the chemical shift, §, is
Ovef — Oiso-

Spinning sideband analysis was carried out using both an
in-house computer program,® ssb97, and STARS, supplied
by Varian Associates, each based on the theory described by
Maricq and Waugh.¥” The STARS program was also used to
fit spectra of static samples.

For NMR shielding constant predictions, the Gaussian
94 program® was used for both HF and DFT methods,
with basis sets such as 6-31G** or 6-311G** for carbon and
D95** for nitrogen, all implemented with gauge-including
atomic orbitals (GIAO). The calculations were taken to a
high level of theory, namely triple zeta basis sets (6-311G**)
and DFT methods such as B3PW91, which is a Becke®
three-parameter functional with a Perdew—-Wang gradient-
correlated correction.** The geometries used were taken
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from both x-ray and neutron diffraction (ND) data. The
computing facilities used were mainly those of the High
Performance Computing Service at Durham University. This
particularly involved a computer cluster by the name of
hal, which consists of eight Sun Ultra 80 ‘nodes’, each
having four 450 Hz Ultra Sparc II processors with 2 Gbyte
memory. The computed shielding values were converted to
the chemical shift scale by subtracting the computed isotropic
shielding constants of TMS (tetramethylsilane) (186.4 ppm)*!
for carbon and of nitromethane (—135.8 ppm)* for nitrogen.

RESULTS AND DISCUSSION

In this work, we consider the crystal structures of the poly-
morphs in order to explore the relationship between the
solid-state effects seen in the *C and °N spectra and struc-
tural variations. The main differences that are seen in the crys-
tal structures (M. ]J. Hursthouse and T. L. Threlfall, unpub-
lished results; A. Portieri, R. K. Harris and H. Puschmann,
unpublished results) are associated with the dihedral angle,
C(3)—C(4)—S(1)—N(2), as shown in Table 1. The signs in
this table are defined as positive when the angle is clock-
wise as seen looking down at sulfanilamide from the amino
group.

Proton relaxation times T;(H) and T1,(H) (in the rotating
frame) for the three forms were measured by proton magne-
tization inversion-recovery and spin-locking respectively,
followed by cross-polarization to carbon. These relaxation
times proved to be very different at ambient probe tem-
perature for the three polymorphs (see Table 2), indicating
differences in molecular-level mobility.

Extensive variable-temperature measurements of T;(H)
and T,,(H) were carried out for the g form (only). It is not
appropriate to discuss these in detail here, but suffice it to
state that they showed evidence of at least two motional
processes. Furthermore, the considerable variation in the

Table 1. Dihedral angles (°) for the various forms of
sulfanilamide (M. J. Hursthouse and T. L. Threlfall,
unpublished results; A. Portieri, R. K. Harris and

H. Puschmann, unpublished results)

Dihedral angle o B y 8

C(3)—C@A)—S(1)—N(2) 1242 1082 914 97.1
C(5)—C(4)—S(1)—O(1) 54.8 424 29.4 30.7
C(3)—C(4)—S(1)—O(2) 82  —88 242 —182

Table 2. Proton relaxation times, obtained via
cross-polarization to 13C?, for the three forms of
sulfanilamide (at ca 298 K)

Polymorph T1(H) (s) T1,(H) (ms)
o 94+4 72+03
B 8§+1 71+0.1
y 82+£5 3.0£0.1

 Values averaged over the different *C signals are given and
the errors quoted reflect the variations.

Magn. Reson. Chem. 2004; 42: 313-320

315



316

A. Portieri et al.

observed values helps to explain the significant differences
between relaxation times for the different polymorphs at a
single (ambient) temperature.

The ambient-temperature T; measurements allowed our
experiments on *C spectra to be optimized and revealed
to us that the first samples of the o polymorph which we
examined were contaminated by the presence of the g form.
Itis clear that if relatively short recycle delays are used in the
cross-polarization experiment, then a small admixture of 8
in a predominantly o sample will result in a spectrum with
the B peaks significantly enhanced. Conversely, a substantial
impurity of « in  may go undetected. Indeed, we believe that
this problem was encountered in the work of Frydman et al.,*
so that their results for the o form are probably suspect. Our
optimized *C spectra of the three forms are illustrated in
Fig. 1. Assignment of the signals can be made unequivocally,
given the selection of quaternary carbon signals from dipolar
dephasing experiments together with the known substituent
effects on chemical shifts. The results (together with those
of Frydman et al.?’) are given in Table 3. Further assignment
of the phenylene doublet C(2)/C(6) was feasible following
shielding calculations, as these proved to predict the splitting,
allowing us to assign C(2) [see Table 1 for the designation of

C(3)/C(5)

C(4) C(2)/C(6)

160 150 140 130 120 110
ppm

Figure 1. Carbon-13 CP/MAS spectra of the three forms of

sulfanilamide.

C(3), which is bonded to C(2)] to the more shielded peak as
seen from Table 5.

There appear to be, consistently, differences in our
chemical shifts from those of Frydman etal.,” possibly
arising in part from differing practices of referencing (but
also perhaps from different spectral quality). However, the
absolute values are not the major point of interest. The C(1)
signals are split into doublets because of residual (second-
order) dipolar coupling arising from the quadrupolar nature
of the directly bonded N nuclei. A discussion of these
splittings can be found in an earlier paper,* but we report
in Table 3 only the weighted mean position of the signals
(which is the true chemical shift), whereas Frydman et al.”
quote the split peaks separately.

As can be seen, the major characteristic that distinguishes
the three forms in the *C solid-state spectra is the splitting
seen for resonances C(2)/C(6), an observation that is not clear
in the paper of Frydman et al.”” The values we obtain are 2.2,
4.8 and 2.4 ppm for the o, $ and y forms, respectively. This
splitting has been one of our major subjects of interest and,
in this paper, we assign the origin to distortions of the amino
group, which, as will be seen from °N relaxation times, is
rigidly bonded to the phenylene ring.

Whereas raising the temperature for forms o« and B
resulted in only minor variations of chemical shifts, the
spectrum of the y form showed collapse of the C(2)/C(6)
doublet above about 50°C. Whereas this might arise from
accidental shift equivalence at high temperature, it is more
likely to stem from 180° phenylene ring flips, as was
concluded by Frydman et al., who estimated the activation
energy of this process to be ca 63 k] mol . It is concluded
that the y polymorph exhibits more mobility than the other
two forms.

Nitrogen-15 solid-state NMR spectra of the three forms
showed significant differences in the isotropic chemical shifts
only for N(2), as shown in Table 4. This shift seems to be
greatly influenced by the dihedral angle of the sulfonamide
group, since the smaller the angle the greater is the shielding.
The fact that for N(1) the chemical shift is very similar in
the solid and solution states is a sign of the small sensitivity
to possible hydrogen bonds for this particular site in the
molecule. This is confirmed from the crystal structure data,
especially for the y form, in which this nitrogen does not
participate in hydrogen bonding.

Table 3. Sulfanilamide '3C chemical shifts (ppm) and assignments

Polymorph C(1) C4) C(2) and C(6) C(3) and C(5)
«a (this work) 153.72 128.0 113.1,115.3 128.3
o (Ref. 27)° 166.5,157.6 1345 118.8,124.0 1345
B (this work) 153.42 127.1 112.3,117.1 129.5
B (Ref. 27) 165.5,156.0 135.6 118.3,123.1 133.3
v (this work) 151.0° 127.1 112.7,115.1 129.6
y (Ref. 27) 165.1, 156.0 137.1 120.0, 122.5 135.0
Solution in DMSO (Ref. 32) 152.7 130.8 113.5 128.3

2 The splitting magnitudes caused by residual dipolar coupling to N are 131, 116 and 101 Hz for forms «, 8

and y, respectively.

b Data for the & form from this source are suspect (see text).

Copyright © 2004 John Wiley & Sons, Ltd.
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Table 4. Isotropic chemical shifts, shielding anisotropies and asymmetries for nitrogen-15

N(1) isotropic N(2) isotropic
Polymorph chemical shift (ppm)  chemical shift (ppm) ¢ for N(1) (ppm) #nfor N(1) ¢ for N(@2) (ppm) 5 for N(2)
o -312.2 —288.8 +46 1 70.0 0.4
B -312.1 —284.1 43 0.8 71.2 0.4
y —-312.1 —280.6 +45 1 67.3 0.3
Solution (DMSO)? —-312.4 —284.0
2 From Ref. 32.
One apparent oddity in the N spectra, which made work 0.50 -
with natural abundance samples difficult, is that all three a
forms show an intense resonance for N(2), whereas only weak 0451
signals could be seen for N(1) at ambient probe temperature. \
Enriching the samples showed substantial differences in 0.40 \h\\
relaxation times for the two different nitrogen sites. For = N
. . . . &£ 0.35 A N
N(1) very long spin-lattice relaxation times (measured for z_ N
5N by the cross-polarization method*) of 100s for the g = 0.30 n\\\
form and over 200s for « and y (values which were, for .
obvious reasons, not very accurately measured) contrast 0.25 - b\\
with the relatively short relaxation times for N(2): 2.6 s for o .8
o, 0.2s for g and 1.7 s for y. Unlike the proton relaxation 0.20 anT

measurements, the nitrogen data can be assigned to local
motions around the two different sites. They point clearly
to significant differences in mobility in the region of the
two nitrogens. Although the different values of T;(N)
cannot explain the differences in signal heights for the
two ®N resonances directly, mobility effects can potentially
influence ®N linewidths and lineshapes via interplay with
MAS rates (and/or the decoupler power), perhaps giving
the observed effects. The N relaxation behaviour was
further investigated, although only for the g form, through
variable-temperature relaxation-time measurements. These
experiments (Fig. 2) showed very different behaviour for the
two sites and explain the fact that at ambient temperature
Ty for N(1) is nearly three orders of magnitude longer than
that for N(2). In fact, the value for N(2) is very close to
a minimum for 294K (suggesting an energy barrier of
ca 42kJ mol™), whereas for N(1) it increases steeply as
temperature decreases in that region, implying a significantly
higher energy barrier to local motion. The value of T; for
N(1) becomes much lower [ca 1 s, comparable to the ambient
temperature value for N(2)] at higher temperatures, ca 380 K.

Values of Ty,(**N) were also measured for all three
polymorphs at ambient probe temperature, using spin-lock
powers equivalent to 50 kHz. For N(1) the value for the « and
B forms was 0.64 ms, whereas for the y polymorph it was
1.5 ms. Values for N(2) were significantly longer, namely 6.5,
10.0 and 4.2 ms, respectively, again pointing to substantially
different mobility around the two sites.

We interpret the mobility of only one part of the molecule
as the reason why we see a splitting in the *C resonances
for the ortho carbons only on the side of the amino group
[C(2)/C(6)]. Mobility of the sulfonamide group might (at
least partially) average the influence of this group on the
carbons in the position ortho to it [i.e. C(3)/C(5)]. Small
distortions of the amino group, on the other hand, would
influence significantly the carbons C(2)/C(6) owing to its lack
of mobility. The reason why the magnitude of the splitting

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 2. Variable-temperature spin—lattice relaxation times
for 1®N nuclei in the g form: bottom, N(1); top, N(2).

for C(2)/C(6) for the B form is greater than those for the
other forms could be because this form has a significantly
shorter C(1)—N(1) bond than in the other forms, showing
a greater double-bond character: values for this bond-length
(M. ]J. Hursthouse and T. L. Threlfall, unpublished results;
A. Portieri, R. K. Harris and H. Puschmann, unpublished
results) are 1.374 A for the « form, 1.368 A for the g form and
1.377 A for the y form.

For N, shielding anisotropies and asymmetries were
measured for both the nitrogens of the molecule. Spinning
sideband analysis was used for N(2), with the average values
listed in Table 4. However, for N(1) it is not feasible to obtain
an adequate number of resolved spinning sidebands for
accurate analysis since the anisotropies are relatively small,
so static spectra for N(1) were recorded and analysed instead,

Magn. Reson. Chem. 2004; 42: 313-320
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T T T T T T T T 1
—200 -250 -300 -350 -400
ppm
Figure 3. Nitrogen spectrum of the g form for N(2): bottom,
experimental; top, computer fitted. For the former, the spinning
speed was 587 + 3 Hz. The centreband is at —284.1 ppm.

with the results, which are of lower precision than those for
N(2), shown in Table 4. An example of experimental and
fitted spinning sideband manifolds for N(2) is illustrated
in Fig. 3. Although the values of the anisotropies and
asymmetries are different from one nitrogen to the other,
there do not seem to be major differences from one form
to another. The values for the asymmetries are near unity
for N(1), making the sign of the anisotropy difficult to
define.

Computational procedures

The results of the computations of the isotropic *C chemical
shifts for the isolated molecules with geometries as given
in the crystal structures are listed and compared with

the experimental data in Table 5. The shifts are clearly in
the correct order, although errors in individual values are
substantial in some cases.

Computations were also carried out for clusters of two,
three or four molecules, corresponding to the arrangements
in the crystal structures, in order to account for the effects of
intermolecular interactions, particularly hydrogen bonding.
Relevant contacts between heavy atoms below 3.11 A were
taken into account. For example, Fig. 4 shows the tetramer
used for the a-form computations. However, intermolecular
effects were found to be relatively small. The most interesting
aspect of the calculated results is that they are able to
predict the splittings between carbons C(2)/C(6), which,
when intermolecular effects are included, reach values
near to the experimental data: 3.0 ppm for the « form,
49 ppm for the g form and 3.3 ppm for the y form, to
be compared with the experimental values of 2.2, 4.8 and
2.4 ppm, respectively. The results for the computations on
the hydrogen-bonded clusters are shown in Table 6. The
evidence of two distinct shielding constants for C(3)/C(5)
is present in the calculations but not in the spectra, and
this is presumably due to the fact that the sulfonamide
group is fairly mobile so that the shielding values are
averaged, as mentioned above. The best results were
obtained when neutron diffraction data?! were considered
(available for only the B form), indicating that the most
important parameters required in order to obtain reasonably
accurate shielding constants are precise hydrogen positions

Table 6. Computed isotropic chemical shifts for '3C (in ppm)
for hydrogen-bonded molecules, obtained using
B3PW/6-311G** basis functions

o form B form y form
C4) 1329 133.8 1335
C(3) 129.6 132.0 131.8
C(2) 109.6 112.5 108.9
C(1) 153.2 153.4 149.5
C(6) 112.6 1174 112.2
C(5) 126.2 130.8 128.7
Rm.s. 2.9 3.2 3.8

Table 5. Experimental and calculated isotropic '3C chemical shifts for the isolated molecules using the
B3PW91/6-311G** model and single-crystal geometries derived from x-ray diffraction (M. J. Hursthouse and
T. L. Threlfall, unpublished results; A. Portieri, R. K. Harris and H. Puschmann, unpublished results) and

neutron diffraction data for the g form

o form B form y form B form?

Atom Model Expt. Model Expt. Model Expt. Model Expt.
C(4) 136.1 128.0 135.9 127.1 135.8 127.1 134.6 127.1
C(3) 129.9 128.3 131.0 1295 129.6 129.6 1329 1295
C(2) 108.3 113.1 110.3 1123 107.1 112.7 110.1 1123
C(1) 153.8 153.7 153.2 153.4 149.8 151.0 152.9 153.4
C(6) 109.7 1153 111.1 117.1 110.0 115.1 114.5 1171
C(5) 127.7 128.3 128.7 129.5 129.2 129.6 131.3 129.5
R.m.s. error 4.5 4.5 4.7 3.7

2 Using geometry data from neutron diffraction results.?!

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 4. Tetramer used for the shielding calculations of the « form.

(see Table5). Results using the neutron diffraction data
show that the errors are not due to limitations of the
basis sets but to imperfections of the positioning of the
hydrogens.

Computations were also performed on N shielding
(Tables 7 and 8), and in this case the full tensor parameters
were derived for comparison with the experimental results.

values are expected to be more reliable than the absolute
shieldings. Actually, the agreement between experimental
and computed data is reasonable. However, in each case
the experimental anisotropy is less than the computed
value, presumably because of molecular motion. It is,
though, surprising in this context that the experimental and
theoretical ratios of the anisotropies for the two nitrogens in

Since N is more sensitive to intermolecular effects, it each form are similar.
proved to be important to include more than one molecule
in the calculation; see Fig. 4. Including hydrogen bonds
(two molecules per calculation, considering one hydrogen
bond at a time), the differences between computed and
observed N isotropic chemical shifts (Table7) become

lower but they were still not completely satisfactory. For

Table 8. Comparison of calculated and experimental 1°N
shielding anisotropies for the hydrogen-bonded molecules

Computed Computed Experimental Experimental

anisotropy asymmetry anisotro asymmetr
5N the reference calculation is clearly inadequate, as has by ey Y il Y Y
been noted previously for theophylline.?® Since the principal o(HB)—
interest here lies in comparing data for the two nitrogens N, » —65 0.61 +46 1

and for the different polymorphs, the values have been N@),, 2 839 0.48 70.0 0.4

rebased by 37 ppm to facilitate such comparisons. In fact, N@),, ; 861 0.47 70.0 0.4

the shift differences between N(1) and N(2) are well B (HB)—

represented by the computations, whereas the variations N, . » —51 0.8 43 0.8

between polymorphs appear to be too small to be accounted N@),,, ; 82 047 71.2 0.4

for by the theoretical results. N(z)svoo s 869 0.44 71.2 04
Results from the calculations of the full shielding tensors y(HB)—

are shown in Table 8, where two molecules are considered N(Q2) . 832 050 67.3 0.3

for each computation. Since anisotropies and asymmetries N(Z)Z'Z? g 821 0.51 673 0.3

are differences involving a single molecule, the computed

Table 7. Experimental and calculated isotropic chemical shifts (in ppm) for N(1) and N(2)

Referenced Rebased by

Nitrogen® B3LYP/D95** (o) (8) (—135.8 ppm) 37 ppm Experimental () Difference®
a(HB) N(l)3 o A 212.7 —348.5 -311.5 —-312.2 0.7

N@), 0 A 188.3 —324.1 —287.1 —288.8 1.7

N@),. 2 189.8 —325.6 —288.6 —288.8 0.2
B(HB) N(l)3 0 A 213.2 —349.0 -312.0 —-312.1 0.1

N@), ., 2 188.1 —323.9 —286.9 —284.1 -2.38

N@), , « 1914 —327.2 —290.2 —284.1 —6.1
y(HB) N@), ., 2 182.4 —318.2 —281.2 —280.6 —0.6

N@),,, « 1825 —318.3 —281.3 —280.6 -0.7

2 The subscript is the H-bonded distance used for the computation.
b Computed minus experimental.

Copyright © 2004 John Wiley & Sons, Ltd. Magn. Reson. Chem. 2004; 42: 313-320
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CONCLUSIONS

We have shown here that the «, § and y forms of
sulfanilamide may be clearly distinguished by their 3C
NMR spectra, but only if detailed attention is paid to
the experimental conditions. This is especially important if
mixtures of polymorphs are to be quantified. Moreover, it is
important to combine data from '*C and '°N spectra in order
to understand the mobility of the whole system. Further
light has been thrown on the molecular-level behaviour of
the polymorphs by relaxation time measurements and, in
the case of N, by analyses of spinning sideband manifolds
and of static spectra, yielding shielding tensor information.
Computations of the shielding parameters using both
isolated molecule and molecular cluster approaches have
brought additional understanding of the differences between
polymorphs in the splittings of the ortho-carbon resonances
and in the ratio of °N shielding anisotropies.
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