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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 anc
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 resonanc
frequencies in the same frequency range of the compound studied.
© 2005 Elsevier B.V. All rights reserved.
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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 properties.
Therefore, a good characterization of polymorphism is
necessary.

Classical and usually employed methods for the
study of pharmaceutical polymorphs include X-ray
crystallography, optical microscopy, thermal methods,
infrared spectroscopy, solubility and dissolution rate
measurements, solid-state NM8aindon et al., 1993;
Tishmack et al., 2003 near-IR spectroscopy, and Ra-
man spectroscopy(ndlay and Bugay, 1998; Anquetil
et al., 2003; Szelagiewicz et al., 1999
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In the present workpure nuclear quadrupole reso-
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where Qj is the nuclear quadrupole moment tensor,

nance (NQR) is introduced as another technique for the Vi the electric field gradient tensor ahg 1/2 is 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

guadrupole moment, used as a sensor, with the elec-

tric field gradient (EFG) generated by the surrounding
charges$lichter, 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 nucleug. Classically, the quadrupole
interaction energy¥e? of a charge distribution density
o with a potentiaV due to external sources is:
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To obtain a quantum mechanical expression for the
guadrupole coupling, only the replacement of the clas-

sicalp by its quantum mechanical operator is necessary.

The quadrupolar Hamiltonian is then given by:
1 .
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nuclear spin.
In terms of principal axes of the potentid) such
thatV! =0 if i #], it results:
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where symbols; andq, called as the asymmetry pa-

rameter and the field gradient, respectively, are defined
by the equations:

(@12 = 1) + (12 - 12)]
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For an axially symmetric field gradient, the energy
levels are given by:

eq = V%=, n=

qQ
™7 41021 — 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 ate 1/2 energy
levels all doubly degenerated; while for integral spins,
there aré + 1 energy levels, wheleof these are doubly
degenerated, and only one of them witkx O is non-
degenerated. FGPCI, | = 3/2, the resonance frequency
is:

(Bm? — I(I + 1))

<40
2n

NQR frequencies of chlorine atoms in C—Cl bonds
are usually in the range 28—-43 MHz, while the frequen-
cies oftN atoms are usually in the range 0.5-3.5 MHz.

The fact that the EFG is due to the distribution of
electrical charges in the crystal makes it a very sensitive
technique to any structural or dynamical modification
that occurs in the crystal. Therefore, different poly-
morphic forms of a solid compound will have different
well-defined NQR frequencies.

Finally, it is important to mention that: (1) the num-
ber of lines is proportional to the number of non-
equivalent nuclei in the crystal cell and (2) the area
under the NQR line is proportional to the number of
resonant nuclei at that frequency, and therefore, the
intensity of the signal is proportional to the sample
size.

Another important characteristic is the line width.
Line broadening is mainly due to two factors. The

Vo
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first one, named homogeneous line broadening (of the 3. Experimental
order of a few kHz), has its origin in dipolar inter-
actions. The second one, named inhomogeneous line  Chlorpropamide and dichlofenac used in the exper-
broadening, is due to many factors, such as impurities, iments were provided by Marsing Co. Ltd. A/S and
vacancies, dislocations, disorder, etc. For this reason,Calao Resfar Division, respectively. The samples mea-
NQR line widths could range from 1 kHz to hundreds sured were not only pure raw materials but also a mix-
or thousands of kHz (disordered systems, amorphousture with excipient (lactose) and commercial tablets.
systems). Non-specific sample preparation for NQR mea-
Other NQR parameters are, as in NMR, the surements was needed. The sample containers were
spin—lattice relaxation timerg) and the spin—spinre-  glass cylinders of 2cm length and diameter 1cm.
laxation time {2). The study of temperature depen- These glass tubes were put inside the resonant coil
dence of all NQR parameters makes also possible to (Fig. 1). Commercial tablets were introduced directly
detect phase transitions as well as dynamic modifica- inside the coil wrapped with Teflon tape.
tions (molecular reorientationspPérez and Brunetti, 35CI NQR measurements were done using a Fourier
1995; Meriles et al., 1997; Schneider et al., 1996 transform pulse spectrometdfig. 1) with a Tecmag

Radiofrequency ‘ l I
generator ‘
To receptor

Mixer [~ RF Amplifier > Fiter [ Der =

Transmision
GF‘ulsest line and sample —1
enerator holder coil
HUL L
\I/ To receptor Temperature l
trigger control
system
Driver ciucuit Sample holder
inside the coil
/4 To receptor|
Adquisiton
Power in Receptor | Detecto sysc%eem

/4

Fig. 1. Schematic representation 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 spectroscopyyssandri and Zuriaga,
1998. The measurements were made upon the echo
by the standard two-pulse/2-100us—t sequence.
The number of average was 5000 aréd = 15u.s.

3.1. T, effects

A repetition rater,, > 10T7 is needed with the aim
that magnetization is fully recovered after each shot. As
an exampler,, = 100 ms was set up for chlorpropamide
A and C. TheirT; values are 3.5 and 1.5ms, respec-
tively.

3.2. T, effects

Since all the measurements were made upon the
echo atr =100us, the effect ofT, on the signal is
always the same. Therefore, the intensity of each line
must be corrected multiplying by the corresponding
factor €772,

In the case of chlorpropamid@, =720us for A
form, and T,=630ns for C form. In dichlofenac,
T2 =422s for the lowest frequency, arnid =643us
for the two upper lines.

X-ray patterns were recorded on Bruker D8 Ad-
vance Diffractometer using Cudtube ¢ = 1.54185\).

4. Results
4.1. Qualitative NQR spectroscopy

Two pharmaceutical compounds containing ClI
nuclei have been chosen to present NQR tech-
nigue. These are: chlorpropamide (Polymorph
A) (C10H13CIN20O3S) and dichlofenac sodium
(C11H12CI2N205). Fig. 2 shows the NQR spectra of
these two compounds at room temperature, and in
Table 1the NQR frequency values are detailed. Chlor-
propamide A has only one resonance frequency. It is
known that in Polymorph A, there are four molecules
in the unit cell Koo et al., 198]. Since only one line
is observed, itis possible to say that all chlorine atoms
(one for each molecule) are equivalent in agreement
with crystallographic data. In the case of dichlofenac,
three lines are observed with area relationship 2:1:1.

S.C. Rrez et al. / International Journal of Pharmaceutics 298 (2005) 143-152

3426 3428 3430 3432 3434 3436 3438 3440

(a)

Intensity [u.a.]

349 350 351 352 353 354 355

Frequency [MHz]

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 35CI NQR frequency (MHz)
Chlorpropamide 34.325
Diclofenac sodium 34.997

35.269

35.445
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Frequency [MHz]

Fig. 3. 35CI NQR spectra and X-ray patterns of pure chlorpropamide: (a) Polymorph A and (b) Polymorph C.

Similarly, it is also possible to identify different polymorph is present, a signal will be gotten at one of
polymorphic forms. InFig. 3 the spectra of chlor-  the frequencies and not at the other.
propamide Polymorphs A and C are compared to their ~ Each crystal structure of amolecular crystal presents
respective X-ray patterns. It can be noticed that not only a spectrum with specific frequencies so that NQR can
their frequencies (34.325 MHz for Polymorph A and differentiate not only different compounds but also
34.631 MHz for Polymorph C at room temperature) but their polymorphs. As a consequence, it could be used
also their line width are different (chlorpropamide A: to identify testing if NQR spectra libraries of pure
18kHz, chlorpropamide C: 8 kHz). The frequency dif- substances were created. In literature, NQR table al-
ference is 306 kHz, and it is easily detected by an NQR ready exits for many molecular crystalSkihara and
spectrometer, since ithas around 1 kHz frequency reso-Nakamura, 1997
lution. Itis important to remember thatin NQR, energy
is transferred to the nuclear two-level system through 4.2. Variable temperature NQR spectroscopy
a syntonized resonant circuit. Thus, only those nuclei
with that resonance frequency will absorb energy. To  Polymorph C was obtained by heating Polymorph
be sure that there is not a mixture of polymorph, itis A from room temperature up to 12C. At this
necessary to irradiate at both frequencies. If only one temperature, it was necessary to wait for about



148
35.0F
*e, v,
v ®e ° ¥ o
v [}
34.8}1 L Lo
%‘i ®e v :\
N "\ e [ ‘V
= S46r New polymorph % v
=3 poymorp . ¥ y Polymorph C
— ®e v
%: 3441 o v, .
= L . X
sd.2r Polymorph A® -
® Heating process ..'
34.0+ ¥ Cooling process .
.
-200 -150 -100 -50 0 50 100

Temperature ['C]

Fig. 4. Temperature dependence’®t! NQR frequency: @) heat-

ing process of chlorpropamide Polymorph A frep196 to 110C;

the upper arrow indicates the transition to Polymorph Y0; ¢ool-

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 untill96°C.

half an hour to complete the transition from A
to C. After that, Polymorph C is stable until the
fusion temperature is reachedtig. 4 shows the
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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, suchras,, high power
of the spectrometer, etc.,., must be kept fix through
the experiments:ig. 5shows a calibration curve of our
spectrometer for pure chlorpropamide A. Itis 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

temperature dependence of the NQR frequency in were prepared in order to test the calibration. They
this process. If the heating process is stopped abovewere both prepared as mixture of lactose with pure

110°C but below the fusion temperature, and then

chlorpropamide A. One (sample A) had a total mass

the sample temperature is decreased, it is observedof 852.9mg with only 98.2mg of chlorpropamide,

that Polymorph C is stable down te85°C. At this

and the other (sample B) had a total mass of 843.7 mg;

temperature, a phase transition occurs to anotherhowever, only 52.5mg were chlorpropamide. Using

Area [a. u.]

1 L L L L

0 100 200 300 400 500
mass [mg]

34.28 34.32 34.36

Frequency [MHz]

Fig. 5. NQR spectrometer calibration using chlorpropamide PolymorpRight graph:calibration curveleft graph:fit of NQR spectra

obtained with the different mass used to calibrate.
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Fig. 6. 3°CI 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 compound itself (i.e. number of quadrupole nuclei in
samples correspond to 93.4 and 49.8mg of chlor- the volume unit, impurities, etc.).
propamide, respectively. This means a discrepancy in  Due to the fact that NQR uses as a sensor a
mass determination of approximately 5 %. guadrupolar nucleus belonging to the compound un-
It is also possible to detect as low as 10mg of der study, the spectrum is not modified by the presence
chlorpropamide. In this case, 15,000 averages are of other pharmaceutical active agents or excipients in
needed so as to improve the S/N ratio, but still the the sample unless chemical interactions exist between
error associated with the peak area determination is them or they have resonance frequencies in the same
high compared to that of samples over 20 mg. These range. As an example, no difference was observed in
detection and quantification limits will depend on the comparison of the spectra of a glass tube containing
the characteristics of the spectrometer and on the 250 mg of pure chlorpropamide and commercial tablet

Intensity [u.a.]

L . " IUJUMMMMW
3428 34.32 34.36 10 20 30 40 50
Frequency [MHz] 20

Fig. 7. 3°CI 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- 100
tive agent Fig. 6). Other techniques frequently used in s
the characterization of pharmaceutical compounds are »
seriously affected by the presence of excipients, espe- 80t s

cially dealing with small amounts of the active agent, s

such as X-ray dat#ig. 7presents the NQR spectraand
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 a0 4

one peak of chlorpropamide can be identified. At least s

10 peaks are advisable in X-ray diffraction to identify ¢

the crystal structure of a compound. Unfortunately, no 20r //

example of pharmaceutical compounds or excipients 2

with resonance frequencies in the same range is avail- ,o( . . . .
able. Nevertheless, it is possible to mention an exam- % 20 40 60 80 100

ple of a molecular crystal, where three different phases % Pol. C by weight

of a same compound coexist. This is the case-of

chlrofluorobenzeneCerioni et al., 2004 When this Fig. 8. NQR percentage vs. weight determination percentage
compound is quenched to liquid nitrogen temperature, of Polymorph C in samples containing mixtures of Polymorph
a coexistence of phases appears with frequencies in the“/Polymorph A.

same range. The reference shows how this problem can

be solved, and the frequencies assigned to each of theprevious calibration for the percentage determination
crystal phases. is not necessary.

It is also possible to determine the percentage of  Finally, the quantification process of a mixture of
each crystalline polymorph in a mixture of them using crystalline and amorphous forms in a sample consists
the area under the NQR peaks. For this experiment, in the determination of the amount of crystalline form,
six glass tubes containing the mixture of Polymorphs since the amorphous phase is quite difficult to detect
A and C were prepared in different proportions. After (very broad NQR line of about hundreds or thousands
acquiring the NQR lines at both resonance frequen- of kHz). Therefore, a previous calibration of the spec-
cies, the percentage of form C in the total sample was trometer for the crystalline form, and a quantification
possible to calculate as the area of Polymorph C peakof the total amount of active agent presents in the
over the sum of the area of both peaksy. 8 shows sample using typical pharmacopeial techniques are
these results as a function of the percentages obtainedhecessary. As an example, mixtures of crystalline
by weight. NQR results are in good agreement with (form A) and amorphous chlorpropamide with lactose
those obtained by weight. It is important to note that a were prepared (s€Bable J. In Fig. 9, the spectra of

60 7

% pol. C by NQR
N

Table 2
Amorphous content determination

Sample 1 Sample 2

By weight By NQR By weight By NQR
Excipient (lactose) (mg) 653 640
Crystalline sample (mg) 98 93 50 46
Amorphous sample (mg) 102 107 150 154
% amorphous 51 53 75 77

a Crystalline sample weight obtained using the calibration curve showigirb.
b Amorphous sample weight obtained by difference between the total sample weight and crystalline sample weight.
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range. It is quite improvable that this happens, since it
% e | would be necessary that not only they have the same

o Sample 2

guadrupole 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, eveninthis case, itis possible to assign
the frequencies to different crystal states.

Intensity [u.a.]

6. Conclusions

5 2 Applications of NQR technique in solid-state char-
34.96 34.29 34,32 34,35 24 38 acterization of pharmaceutical compounds have been
Frequency [MHz] presented. This technique could be used to identify

and quantify different polymorphs of pharmaceutical

Fig. 9. Quantification of amorphous/crystalline mixtures by NQR. agents. The detection limit for the studied drugs in

The spectra of two different amorphous/crystalline/excipient mix-  tha present work is 10 mg, and the quantification limit
tures are shown®) 98 mg/102 mg/653 mg and{) 150 mg/50 mg/ . . ’ 0 . )

640 mg. The solid line indicates the signal corresponding to 200 mg IS 20.mg, with an error of 5%. It is important to.em
of pure chlorpropamide Polymorph A. The signal intensity loss cor- phasize that NQR measurements could be carried out

responds to the amorphous part of the sample. with the presence of excipients in the sample without
spectrum modifications probably in most cases. The

two different crystalline/amorphous/lactose mixtures Properties of NQR technique allow to study not only
are shown compared to that corresponding to a total PUre raw materials but also different mixtures, such as

amount of chlorpropamide in crystalline state. The S€veral active agents, different polymorphs, and amor-

differences in area represent the part of sample in amor-Phous/crystalline mixture. For this reason, NQR could
phous state. Also, in this case, the limit for crystalline P€&powerfultechnique to detect soild-state uniformity

form quantification is the same mentioned above. content in intermediate and final products.
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