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Abstract

Solid-state physical characterization of a pharmaceutical substance is necessary for successful development and approval of
the final product. Different physical analytical techniques are available to do so: X-ray diffraction (XRD), IR, Raman, DSC,
TG and NMR. Moreover, all of them detect the presence of excipients perturbing the analysis of the pure substance in low
doses. In order to study polymorphism and pseudo polymorphism of drug, this paper introduces possible applications of pure
nuclear quadrupole resonance, as a non-destructive technique in qualitative and quantitative approaches. Chlorpropamide and
diclofenac sodium were used as examples. Unlike the mentioned techniques, the nuclear quadrupole resonance (NQR) signal of
pharmaceutical compounds is not perturbed by the presence of solid excipient or other substances unless they possess resonance
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frequencies in the same frequency range of the compound studied.
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1. Introduction

Most pharmaceutical products are typically admin-
istered in solid dosage form (over 70%) and their
physicochemical properties are of high importance in
establishing therapeutic efficacy. It is well-known that
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different polymorphic forms have different propertie
Therefore, a good characterization of polymorphism
necessary.

Classical and usually employed methods for t
study of pharmaceutical polymorphs include X-r
crystallography, optical microscopy, thermal metho
infrared spectroscopy, solubility and dissolution ra
measurements, solid-state NMR (Saindon et al., 1993
Tishmack et al., 2003), near-IR spectroscopy, and Ra
man spectroscopy (Findlay and Bugay, 1998; Anquet
et al., 2003; Szelagiewicz et al., 1999).
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In the present work, pure nuclear quadrupole reso-
nance (NQR) is introduced as another technique for the
investigation of different crystal forms with important
advantages in low dose pharmaceutical products. To
demonstrate the potentiality of this technique, chlor-
propamide and sodium diclofenac were used as test
drugs.

2. Theory

Pure NQR is based on the interaction of the nuclear
quadrupole moment, used as a sensor, with the elec-
tric field gradient (EFG) generated by the surrounding
charges (Slichter, 1990). This interaction gives place to
discrete energy levels that can be detected, as in NMR
by measuring the absorption (dispersion) of a signal in
a resonant circuit that contains the sample studied. In
this sense, this technique is equivalent to NMR, where
discrete energy levels are generated by the interaction
of the nuclear magnetic moment with a static external
magnetic field.

From a theoretical point of view, it is necessary to
begin with a description in terms of the classical charge
density of the nucleusρ. Classically, the quadrupole
interaction energyE2 of a charge distribution density
ρ with a potentialV due to external sources is:

E2 = 1

6

∑
i,j

Vi,jQi,j

where:

Vi,j = ∂2V

∂xi∂xj

)
r=0

,

Qi,j =
∫

(3xixj − δi,jr
2)ρ dv

To obtain a quantum mechanical expression for the
quadrupole coupling, only the replacement of the clas-
sicalρ by its quantum mechanical operator is necessary.
The quadrupolar Hamiltonian is then given by:

HQ = 1

6

∑
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QijV
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= 1
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eQ

I(2I − 1)

∑
ij

(
3

2
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whereQij is the nuclear quadrupole moment tensor,
Vij the electric field gradient tensor andI > 1/2 is the
nuclear spin.

In terms of principal axes of the potentialV, such
thatVij = 0 if i �= j, it results:

HQ = e2qQ

4I(2I − 1)

[
(3I2

z − I2) + η(I2
x − I2

y )
]

where symbolsη andq, called as the asymmetry pa-
rameter and the field gradient, respectively, are defined
by the equations:

eq = Vzz, η = Vxx − Vyy

V zz

For an axially symmetric field gradient, the energy
levels are given by:

Em = e2qQ

4I(2I − 1)
(3m2 − I(I + 1))

This result holds for both half-integral and integral
spins. The energy levels are, thus, doubly degenerated
in m. For half-integral spins, there areI + 1/2 energy
levels all doubly degenerated; while for integral spins,
there areI + 1 energy levels, whereI of these are doubly
degenerated, and only one of them withm= 0 is non-
degenerated. For35Cl, I = 3/2, the resonance frequency
is:

VQ = e2qQ
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NQR frequencies of chlorine atoms in C–Cl bo
re usually in the range 28–43 MHz, while the frequ
ies of14N atoms are usually in the range 0.5–3.5 M

The fact that the EFG is due to the distribution
lectrical charges in the crystal makes it a very sens

echnique to any structural or dynamical modifica
hat occurs in the crystal. Therefore, different po
orphic forms of a solid compound will have differe
ell-defined NQR frequencies.
Finally, it is important to mention that: (1) the nu

er of lines is proportional to the number of no
quivalent nuclei in the crystal cell and (2) the a
nder the NQR line is proportional to the numbe
esonant nuclei at that frequency, and therefore
ntensity of the signal is proportional to the sam
ize.

Another important characteristic is the line wid
ine broadening is mainly due to two factors. T
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first one, named homogeneous line broadening (of the
order of a few kHz), has its origin in dipolar inter-
actions. The second one, named inhomogeneous line
broadening, is due to many factors, such as impurities,
vacancies, dislocations, disorder, etc. For this reason,
NQR line widths could range from 1 kHz to hundreds
or thousands of kHz (disordered systems, amorphous
systems).

Other NQR parameters are, as in NMR, the
spin–lattice relaxation time (T1) and the spin–spin re-
laxation time (T2). The study of temperature depen-
dence of all NQR parameters makes also possible to
detect phase transitions as well as dynamic modifica-
tions (molecular reorientations) (Perez and Brunetti,
1995; Meriles et al., 1997; Schneider et al., 1996).

3. Experimental

Chlorpropamide and dichlofenac used in the exper-
iments were provided by Marsing Co. Ltd. A/S and
Calao Resfar Division, respectively. The samples mea-
sured were not only pure raw materials but also a mix-
ture with excipient (lactose) and commercial tablets.

Non-specific sample preparation for NQR mea-
surements was needed. The sample containers were
glass cylinders of 2 cm length and diameter 1 cm.
These glass tubes were put inside the resonant coil
(Fig. 1). Commercial tablets were introduced directly
inside the coil wrapped with Teflon tape.

35Cl NQR measurements were done using a Fourier
transform pulse spectrometer (Fig. 1) with a Tecmag
Fig. 1. Schematic representati
on of an NQR spectrometer.
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NMRkit II multi nuclei observe unit, and a Tecmag
Macintosh-based real time NMR station. The line
shape was obtained by using Spin–Echo Fourier Trans-
form mapping spectroscopy (Bussandri and Zuriaga,
1998). The measurements were made upon the echo
by the standard two-pulseπ/2–100�s–π sequence.
The number of average was 5000 andπ/2 = 15�s.

3.1. T1 effects

A repetition ratetw ≥ 10T1 is needed with the aim
that magnetization is fully recovered after each shot. As
an example,tw = 100 ms was set up for chlorpropamide
A and C. TheirT1 values are 3.5 and 1.5 ms, respec-
tively.

3.2. T2 effects

Since all the measurements were made upon the
echo atτ = 100�s, the effect ofT2 on the signal is
always the same. Therefore, the intensity of each line
must be corrected multiplying by the corresponding
factor e2τ/T2.

In the case of chlorpropamide,T2 = 720�s for A
form, and T2 = 630�s for C form. In dichlofenac,
T2 = 422�s for the lowest frequency, andT2 = 643�s
for the two upper lines.

X-ray patterns were recorded on Bruker D8 Ad-
vance Diffractometer using Cu K� tube (λ = 1.5418Å).
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Fig. 2. 35Cl NQR spectra of pure: (a) chlorpropamide A and (b)
diclofenac sodium.

Even though no structural information is available, it
is possible to infer the existence of two nonequivalent
molecules in the reduce cell. Each molecule has two
chlorine atoms and it would be expected to have
two resonant frequencies; however, the spectrum
shows three peaks. Since one of the peaks has double
area compared to the other two, this means that two
chlorine atoms are contributing to this resonance, and
the other two peaks are associated to different chlorine
atoms. Therefore, four chlorine atoms in the reduce
cell are needed to explain this spectrum. This implies
two molecules in the reduce cell.

Table 1
NQR frequency of chlorpropamide A and diclofenac sodium at room
temperature

Compound 35Cl NQR frequency (MHz)

Chlorpropamide 34.325

Diclofenac sodium 34.997
35.269
35.445
. Results

.1. Qualitative NQR spectroscopy

Two pharmaceutical compounds containing
uclei have been chosen to present NQR t
ique. These are: chlorpropamide (Polymo
) (C10H13ClN2O3S) and dichlofenac sodiu

C11H12Cl2N2O5). Fig. 2 shows the NQR spectra
hese two compounds at room temperature, an
able 1the NQR frequency values are detailed. Ch
ropamide A has only one resonance frequency.
nown that in Polymorph A, there are four molecu
n the unit cell (Koo et al., 1980). Since only one lin
s observed, it is possible to say that all chlorine at
one for each molecule) are equivalent in agreem
ith crystallographic data. In the case of dichlofen

hree lines are observed with area relationship 2
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Fig. 3. 35Cl NQR spectra and X-ray patterns of pure chlorpropamide: (a) Polymorph A and (b) Polymorph C.

Similarly, it is also possible to identify different
polymorphic forms. InFig. 3 the spectra of chlor-
propamide Polymorphs A and C are compared to their
respective X-ray patterns. It can be noticed that not only
their frequencies (34.325 MHz for Polymorph A and
34.631 MHz for Polymorph C at room temperature) but
also their line width are different (chlorpropamide A:
18 kHz, chlorpropamide C: 8 kHz). The frequency dif-
ference is 306 kHz, and it is easily detected by an NQR
spectrometer, since it has around 1 kHz frequency reso-
lution. It is important to remember that in NQR, energy
is transferred to the nuclear two-level system through
a syntonized resonant circuit. Thus, only those nuclei
with that resonance frequency will absorb energy. To
be sure that there is not a mixture of polymorph, it is
necessary to irradiate at both frequencies. If only one

polymorph is present, a signal will be gotten at one of
the frequencies and not at the other.

Each crystal structure of a molecular crystal presents
a spectrum with specific frequencies so that NQR can
differentiate not only different compounds but also
their polymorphs. As a consequence, it could be used
to identify testing if NQR spectra libraries of pure
substances were created. In literature, NQR table al-
ready exits for many molecular crystals (Chihara and
Nakamura, 1997).

4.2. Variable temperature NQR spectroscopy

Polymorph C was obtained by heating Polymorph
A from room temperature up to 110◦C. At this
temperature, it was necessary to wait for about
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Fig. 4. Temperature dependence of35Cl NQR frequency: (�) heat-
ing process of chlorpropamide Polymorph A from−196 to 110◦C;
the upper arrow indicates the transition to Polymorph C; (�) cool-
ing process of chlorpropamide Polymorph C from a temperature of
110◦C to−85◦C; the down arrow shows the transition to other poly-
morph different from A and C, which is stable until−196◦C.

half an hour to complete the transition from A
to C. After that, Polymorph C is stable until the
fusion temperature is reached.Fig. 4 shows the
temperature dependence of the NQR frequency in
this process. If the heating process is stopped above
110◦C but below the fusion temperature, and then
the sample temperature is decreased, it is observed
that Polymorph C is stable down to−85◦C. At this
temperature, a phase transition occurs to another

polymorphic form different from Polymorph A, since
its frequency does not match with the corresponding
frequency of Polymorph A. Therefore, temperature
dependence of NQR frequency allows detecting phase
transitions.

4.3. Quantitative NQR spectroscopy

As mentioned above, the area under the NQR line
is proportional to the number of quadrupole nuclei
present in the sample. Therefore, NQR could be used
as a quantitative technique after an appropriate cali-
bration. In order to do the calibration, the peak areas
for different known amounts of sample have to be de-
termined by numerical integration. It is important to
notice here that parameters, such asτ, tw, high power
of the spectrometer, etc.,. . ., must be kept fix through
the experiments.Fig. 5shows a calibration curve of our
spectrometer for pure chlorpropamide A. It is observed
that it is possible to quantify over than 20 mg of pure
active agent.

For this experiment five different glass tubes
containing the amount of pure sample, indicated in
Fig. 5, were prepared. Two extra glass sample holders
were prepared in order to test the calibration. They
were both prepared as mixture of lactose with pure
chlorpropamide A. One (sample A) had a total mass
of 852.9 mg with only 98.2 mg of chlorpropamide,
and the other (sample B) had a total mass of 843.7 mg;
however, only 52.5 mg were chlorpropamide. Using

Fig. 5. NQR spectrometer calibration using chlorpropamide Polymo
obtained with the different mass used to calibrate.
rph A.Right graph:calibration curve.Left graph:fit of NQR spectra
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Fig. 6. 35Cl NQR spectra and X-ray pattern of: (a) 250 mg of pure chlorpropamide Polymorph A and (b) commercial tablet containing 250 mg
of chlorpropamide Polymorph A and excipients.

the calibration curve, the peak area values of both
samples correspond to 93.4 and 49.8 mg of chlor-
propamide, respectively. This means a discrepancy in
mass determination of approximately 5 %.

It is also possible to detect as low as 10 mg of
chlorpropamide. In this case, 15,000 averages are
needed so as to improve the S/N ratio, but still the
error associated with the peak area determination is
high compared to that of samples over 20 mg. These
detection and quantification limits will depend on
the characteristics of the spectrometer and on the

compound itself (i.e. number of quadrupole nuclei in
the volume unit, impurities, etc.).

Due to the fact that NQR uses as a sensor a
quadrupolar nucleus belonging to the compound un-
der study, the spectrum is not modified by the presence
of other pharmaceutical active agents or excipients in
the sample unless chemical interactions exist between
them or they have resonance frequencies in the same
range. As an example, no difference was observed in
the comparison of the spectra of a glass tube containing
250 mg of pure chlorpropamide and commercial tablet

Fig. 7. 35Cl NQR spectra and X-ray pattern of sample containing a mixture of pure chlorpropamide Polymorph A (21 mg) and excipient (lactose
900 mg). In the X-ray pattern, the arrow indicates the one peak corresponding to chlorpropamide that could be clearly identified.
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(containing excipients) with an equal dose of the ac-
tive agent (Fig. 6). Other techniques frequently used in
the characterization of pharmaceutical compounds are
seriously affected by the presence of excipients, espe-
cially dealing with small amounts of the active agent,
such as X-ray data.Fig. 7presents the NQR spectra and
X-ray pattern of 21 mg of chlorpropamide A mixed
with 900 mg of lactose. While NQR spectrum is not
affected, X-ray pattern is affected by the overlapping
of peaks corresponding to the lactose and clearly only
one peak of chlorpropamide can be identified. At least
10 peaks are advisable in X-ray diffraction to identify
the crystal structure of a compound. Unfortunately, no
example of pharmaceutical compounds or excipients
with resonance frequencies in the same range is avail-
able. Nevertheless, it is possible to mention an exam-
ple of a molecular crystal, where three different phases
of a same compound coexist. This is the case ofp-
chlrofluorobenzene (Cerioni et al., 2004). When this
compound is quenched to liquid nitrogen temperature,
a coexistence of phases appears with frequencies in the
same range. The reference shows how this problem can
be solved, and the frequencies assigned to each of the
crystal phases.

It is also possible to determine the percentage of
each crystalline polymorph in a mixture of them using
the area under the NQR peaks. For this experiment,
six glass tubes containing the mixture of Polymorphs
A and C were prepared in different proportions. After
acquiring the NQR lines at both resonance frequen-
c was
p peak
o
t ained
b ith
t at a

T
A

Sample 2

By NQR By weight By NQR

E 640
C 93a 50 46a

A 107b 150 154b

% 53 75 77

rve shown inFig. 5.
the total sample weight and crystalline sample weight.

Fig. 8. NQR percentage vs. weight determination percentage
of Polymorph C in samples containing mixtures of Polymorph
C/Polymorph A.

previous calibration for the percentage determination
is not necessary.

Finally, the quantification process of a mixture of
crystalline and amorphous forms in a sample consists
in the determination of the amount of crystalline form,
since the amorphous phase is quite difficult to detect
(very broad NQR line of about hundreds or thousands
of kHz). Therefore, a previous calibration of the spec-
trometer for the crystalline form, and a quantification
of the total amount of active agent presents in the
sample using typical pharmacopeial techniques are
necessary. As an example, mixtures of crystalline
(form A) and amorphous chlorpropamide with lactose
were prepared (seeTable 2). In Fig. 9, the spectra of
ies, the percentage of form C in the total sample
ossible to calculate as the area of Polymorph C
ver the sum of the area of both peaks.Fig. 8 shows
hese results as a function of the percentages obt
y weight. NQR results are in good agreement w

hose obtained by weight. It is important to note th

able 2
morphous content determination

Sample 1

By weight

xcipient (lactose) (mg) 653
rystalline sample (mg) 98
morphous sample (mg) 102
amorphous 51

a Crystalline sample weight obtained using the calibration cu
b Amorphous sample weight obtained by difference between
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Fig. 9. Quantification of amorphous/crystalline mixtures by NQR.
The spectra of two different amorphous/crystalline/excipient mix-
tures are shown: (�) 98 mg/102 mg/653 mg and (©) 150 mg/50 mg/
640 mg. The solid line indicates the signal corresponding to 200 mg
of pure chlorpropamide Polymorph A. The signal intensity loss cor-
responds to the amorphous part of the sample.

two different crystalline/amorphous/lactose mixtures
are shown compared to that corresponding to a total
amount of chlorpropamide in crystalline state. The
differences in area represent the part of sample in amor-
phous state. Also, in this case, the limit for crystalline
form quantification is the same mentioned above.

5. Advantages (disadvantages) of technique

In order to detect NQR, the compound has to be in
solid state and possess a quadrupolar nucleus, i.e. N, Cl,
Br, I, etc. (I > 1/2). At first sight, it could seem that the
use of this technique is very limited, but it is important
to notice that many of the pharmaceutical compounds
have nitrogen atoms, or are in chlorhydrate form.

The NQR spectrum is unique for each substance,
since it is due to the EFG distribution of the sample
itself, and usually, no more than three or four peaks
characterize the spectrum.

No special sample preparation is needed. The only
problem could be associated with finite-size effects, i.e.
when the surface/bulk ratio of the grains is large, the
line is quite widened. In this case, a recrystallization of
the compound would be needed to observe the signal.

Another problem may arise if the excipients or other
active agents have resonance frequencies in the same

range. It is quite improvable that this happens, since it
would be necessary that not only they have the same
quadrupole nucleus than the substance studied, but also
that they have similar EFG distribution. This is more
likely to happen with different phases of the same com-
pound; however, even in this case, it is possible to assign
the frequencies to different crystal states.

6. Conclusions

Applications of NQR technique in solid-state char-
acterization of pharmaceutical compounds have been
presented. This technique could be used to identify
and quantify different polymorphs of pharmaceutical
agents. The detection limit for the studied drugs in
the present work is 10 mg, and the quantification limit
is 20 mg, with an error of 5%. It is important to em-
phasize that NQR measurements could be carried out
with the presence of excipients in the sample without
spectrum modifications probably in most cases. The
properties of NQR technique allow to study not only
pure raw materials but also different mixtures, such as
several active agents, different polymorphs, and amor-
phous/crystalline mixture. For this reason, NQR could
be a powerful technique to detect soild-state uniformity
content in intermediate and final products.
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