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Abstract

FT-IR and Raman spectroscopic methods are suggested for identification of orthorhombic (form II) and
monoclinic (form I) paracetamol and for their quantitative determination in mixes. The intensity ratio of the 836
cm−1 FT-IR band (attributed to the presence of both forms) to the 806 cm−1 monoclinic band plotted against the
inverse monoclinic molar fraction (X) yields a straight line: I836/I806=0.515/X+0.700, r=0.9965 for eight calibration
points on the regression line. Similarly, the area under the 454 cm−1 band in FT-Raman spectra (which is attributed
to both forms) over the area under the 465 cm−1 band of monoclinic form is inversely related to its molar fraction
(X): A454/A465=0.482/X−0.324, r=0.9954 for eight calibration points. Precision (RSD%) was �5% for both
methods. Linear regression analysis between content and intensity of characteristic XRD reflections for four different
samples gave r=0.9964 at 4.62 A� and r=0.9894 at 3.70 A� , for form II. For the content of form I, r=0.9596 at 3.37
A� . The limit of detection for monoclinic form was estimated to be 0.012 mole fraction for both methods. © 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction

There is an ever-growing interest for fast, sim-
ple and reliable analytical methods for the deter-
mination of active pharmaceutical substances in
the solid state. Such methods become more attrac-
tive when two substances co-exist in the same
commercial dosage form or two polymorphs of

the same compound are present in mixture. IR
spectroscopy is a widely recommended method,
wherein the spectrum of the test compound is
compared with that obtained concomitantly of the
reference standard. Also, X-ray diffractometry
(XRD) is a powerful technique for the identifica-
tion of crystalline solid phases [1,2]. It is unique,
because combines absolute specificity with high
degree of accuracy. Despite these attributes, the
XRD method finds very limited application for
the evaluation of drug product quality. Recently
FT-Raman spectroscopy has been suggested as a
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capable method for identifying polymorphs and
testing crystallinity of substances [3–6].

For paracetamol (acetaminophen, 4�-hydroxy
acetanilide) two polymorphs are fully described in
the literature: the monoclinic, form I, and the
orthorhombic, form II [7–10]. A third form has
been reported, but is very unstable [9,10]. The

monoclinic form is thermodynamically stable and
is used commercially, but it lacks slip planes and
therefore it is not suitable for direct compression
into tablets. Orthorhombic paracetamol is charac-
terized by well-developed slip planes in its crystal
structure and undergoes plastic deformation mak-
ing it suitable for tabletting by direct compression

Fig. 1. Experimental XRD patterns for the characterization of the reference monoclinic and orthorhombic samples (form I and II).
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[11,12]. Experimental preparation of orthorhom-
bic paracetamol by crystallization from solution
has been reported recently in a laboratory scale by
seeding [12]. This requires a quick identification of
orthorhombic form because it is used as seeding
material and is obtained by irreproducible crystal-
lization from melt [9]. Therefore, a simple, fast
and reliable identification and quantification
method for the orthorhombic paracetamol in
powder mixes with monoclinic was thought of
interest.

The objective of the present work was the de-
velopment of an FT-IR spectroscopic method be-
cause thermal behavior of form II precludes the
use of differential scanning calorimetry (DSC) as
a reliable method for its quality control [12,13].
XRD and FT-Raman spectroscopy were used to
validate the method developed.

2. Materials and methods

2.1. Materials

Monoclinic paracetamol of pharmaceutical
grade, in microcrystalline powder form, was used.
Boehringer Ingelheim, Athens, Greece, kindly of-
fered it. KBr and ethanol were of analytical grade.

2.2. Preparation of orthorhombic paracetamol
( form II)

Orthorhombic paracetamol (form II) was pre-
pared using monoclinic raw material (form I)
according to Nichols and Frampton (1998), from
ethanolic solution by seeding [12]. Monoclinic raw
material and orthorhombic paracetamol were
characterized by X-ray powder diffractometry
(XRD) and used as reference samples. Mixtures
of form I and II were prepared in different molar
fractions and ground gently with an agate pestle
and mortar. Each fraction was examined by FT-
IR and FT-Raman spectroscopy and by XRD.

2.3. FT-IR and Raman spectroscopy

FT-IR spectra were obtained employing a
Perkin–Elmer FT-IR 1605 Spectrophotometer

with a DTGS detector. Samples were scanned as
KBr disks (1% w/w); resolution: 4 cm−1; OPD
velocity: 0.3 cm s−1. The data region was 4000–
500 cm−1, operation in auto mode and the num-
ber of scans per spectrum 16. Spectra were
obtained in transmission and absorption mode for
the identification and the quantitative determina-
tion, respectively. Two milligrams of sample was
mixed with 200 mg KBr and ground gently with
an agate pestle and mortar under an infrared
lamp and afterwards was pressed into a 13-mm
diameter disk by applying 10 tons pressure for 2
min.

Raman spectra were recorded using a FRA-
106/S FT-Raman spectrometer (Bruker, Karl-
sruhe, Germany) using a Nd:YAG laser (1064
nm). A reference source (He–Ne laser) was used
to measure the instrumental response and for
checking of the interferometer. Filters were em-
ployed to remove the Rayleigh line and the opti-
cal output of the He–Ne laser. The scattered light
was collected at an angle of 180o (backscattering).
The system was equipped with a LN2 cooled Ge
detector (D 418). The power of the incident laser
beam was about 150 mW at the sample’s surface.
Typical spectral resolution was 1 cm−1. The sys-
tem was interfaced with a computer and ‘Peak fit’
v4.0 software (Jandel Scientific) was employed for
Raman band de-convolution. Specimen prepara-
tion for the Raman spectroscopy was similar to
that for XRD. Powder samples were lightly
packed into an aluminium holder prior to
analysis.

2.4. X-ray powder diffractometry (XRD)

XRD patterns were recorded at room tempera-
ture (25 °C) for the characterization of mono-
clinic and orthorhombic paracetamol on a Philips
PW 1710 diffractometer (Cu anode operated at 40
kV and 25 mA). The samples were scanned from
5 to 60° two theta at a rate of 1.5° min−1. For the
evaluation of the FT-IR method or for quantita-
tive analyses, the XRD patterns were recorded on
a Philips PW 1730/10 diffractometer (Ni filtered
Cu–K�, voltage 35 kV, current 25 mA, 1.2°
min−1) from 3 to 63° two theta. Form I and form
II paracetamol and their mixtures were prepared
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Fig. 2. Partial FT-IR spectra of monoclinic and orthorhombic paracetamol reference samples (form I and II).
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Table 1
Experimental XRD dataa for the reference samples of monoclinic and orthorhombic paracetamol

Orthorhombic (form II)Monoclinic (form I)

d-spacing (A� ) % Relative intensity d-spacing (A� ) % Relative intensity

7.32 5.96.9320.4
6.01 11.115.26.43

– 16.7– 5.91
5.72 55.3 5.07 33.1
5.31 29.910.8 4.89
5.26 52.06.1 4.65

58.6100.0 4.624.88
4.69 7.54.3219.6

34.039.3 4.074.35
3.73– 85.3–

100.03.703.82 47.4
54.7 23.33.78 3.63

25.13.593.65 97.5
– – 3.47 17.9
– 7.1– 3.41

3.22 13.43.37 57.5
47.13.35 3.10 27.8

3.08 20.37.93.28
30.42.957.63.09

5.08.3 2.873.05
9.62.76 2.8022.5

2.75 8.42.74 26.7
– – 2.71 5.3
2.48 7.5 8.02.60

–– 2.58 9.4
17.42.442.43 14.9

–– 2.43 14.3
2.33 8.82.33 7.1

a Only lines with relative intensities �5% are considered.

as flat plate specimens using aluminium holders.
For mixtures, the traces of form I and/or II were
detected and the intensities of the characteristic
reflections gave the ratio of the two forms, known
that the sensitivity threshold of detection is 2%
[9,14,15].

3. Results and discussion

The experimentally obtained XRD patterns for
the characterization of the reference monoclinic
and orthorhombic samples (form I and II) are
presented in Fig. 1, and show that have different
crystal structures. In Table 1 are given the
experimental peaks. Those that are characteristic

for each form, are not closely spaced to others
and correspond to relatively high intensity were
selected (3.70, 4.62 and 3.37 A� ) for quantitative

Table 2
Experimental data of quantitative XRD analysis of the reference
samples and their mixtures

Orthorhombic XRD peak intensity [counts] at d-spacing
mole fraction

3.37 A�3.70 A�4.62 A�

12 566 –1.000 7496
179896780.750 5930

7652 23880.500 4112
3404 40980.250 1834

– –0.000 6930
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Fig. 3. FT-Raman spectra of monoclinic and orthorhombic paracetamol reference samples (form I and II).

determination of the two forms in mixtures. In-
tensities for the above peaks of the reference
samples and of their mixtures in different mole
fraction are listed in Table 2. Linear regression
analysis between content and intensity gave for
form II correlation coefficient r=0.9964 at 4.62 A�
and r=0.9894, at 3.70 A� . For form I the value of
r was 0.9596 at 3.37 A� .

The IR spectra of reference samples (form I and
II) are shown in Fig. 2. Noticeable differences are
assigned for the C–N amide stretching peaks
(1566, 1507 and 1560, 1513 cm−1) and the C–C
aromatic stretching peaks (1614, 1507, 1442 and
1626, 1513, 1453 cm−1). But, the most distinct
difference between the two spectra is the presence
of extra absorption peaks. They should corre-
spond to inter- or intra-molecular interactions.
For the monoclinic form such peaks are at 806,
682 and 1228 cm−1. In addition, other absorption
peaks vary in intensity. Ratios of characteristic
peaks (at 806 cm−1) with others present in both
spectra (at 836 cm−1) are considered for quantifi-
cation of the two forms in mixture.

Repeated IR spectroscopic analysis on three
replicate samples for each mole fraction was ap-
plied and the results of mean peak ratio together

with between assay precision data (RSD%) are
presented in Table 3. Linear regression analysis
between content and the peak ratio data gave a
straight-line plot y=0.52 (�0.02)X−1+0.70(�
0.08) with confidence intervals 0.56 to 0.48 and
0.89 to 0.51 for slope and intercept, respectively.
Therefore, the linear relationship is:

I836/I806=0.515/X+0.700 (1)

where X is the mole fraction of monoclinic form
and r=0.9965 for eight calibration points on the
regression line. Using the criterion of minimum
delectability as three times the system noise, the
limit of detection for monoclinic form was esti-
mated to be 0.012 mole fraction.

Since reproducibility is high (RSD�4.5%) and
correlation coefficient (r) for IR peak ratio is
close to one, it means that IR spectroscopy can be
used not only for the identification, but also for
the quantitative determination. Precision and ac-
curacy data for the FT-IR spectroscopic determi-
nation of monoclinic paracetamol in mixes with
orthorhombic form are given in Table 4.

Specimen preparation for the IR spectroscopy
includes grinding of crystals with KBr while Ra-
man spectroscopy gives information that comple-
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Table 3
Calibration points on the regression line and reproducibility data of the FT-IR and Raman spectroscopic methods for determina-
tions of paracetamol polymorphs in powder mixes (n=3)

Mole fraction of monoclinic form 836/806 Peak height ratio in FT-IR spectra A454/A465 band area ratio in FT-Raman
spectra

RSD (%)MeanX−1X MeanRSD (%)

10.000 5.704 2.8 4.430 5.00.100
5.714 3.8000.175 4.5 2.380 3.9

2.31.7900.250 4.000 2.897 3.9
2.500 2.1670.400 1.5 1.124 3.4

3.00.5342.10.600 1.4641.667
1.429 1.3600.700 0.8 0.266 2.9

3.7 0.1110.850 1.176 3.11.258
2.11.1071.0001.000 0.032 4.0

ments that of IR and involves specimen preparation
similar to XRD (without grinding). A molecule
absorbs IR radiation when the dipole moment
changes during molecular vibration while the Ra-

man effect is a scattering process and results from
an induced dipole moment, dependent on a change
in molecular polarisability during a vibration. Non-
centrosymmetric molecules (like paracetamol) of-
ten exhibit important intensity differences between
the Raman and IR bands. Also, a principal advan-
tage of FT-Raman is that scattering is directly
proportional to the concentration, whereas IR does
not relate linearly to absorber concentration. This
is important for quantitative analytical studies,
although there are attendant problems in quantita-
tive Raman spectroscopy with source stability and
with refractive index [6,10]. Furthermore, the Ra-
man spectrum of water is weaker than the IR.
Therefore, effect of moist material frequently noted
in the IR is minimised in the Raman spectrum. The
principal disadvantage of Raman spectroscopy at
present is that the technique is generally less widely

Fig. 4. Partial FT-Raman spectra of monoclinic and or-
thorhombic paracetamol reference samples (form I and II).

Table 4
Precision and accuracy data of the FT-IR spectroscopic
method of monoclinic paracetamol determination in mixes
with the orthorhombic form (n=5)

RSD (%)Mole fraction Bias (%)
of monoclinic form

Added Found

+3.403.210.206 0.213
2.02 +2.480.282 0.289
1.14 −1.010.495 0.490

0.651 1.720.661 −1.51
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Fig. 5. De-convolution of band in the FT-Raman spectrum, for binary mixture of paracetamol polymorphs (orthorhombic mole
fraction 0.4).

available than IR spectroscopy. For the above
reasons FT-Raman spectroscopy was used to
evaluate the FT-IR method besides XRD.

The Raman spectra of reference samples are
shown in Fig. 3 and the characteristic frequencies
(1244, 1220 and 454 for orthorhombic or 1258,
1238 and 465 for monoclinic) are in agreement
with earlier reports [10]. For the quantitative de-
termination, the 454 and 465 cm−1 bands were
selected.

Representative partial Raman spectra in the
range of 400–500 cm−1 are given in Fig. 4, for
the two polymorphs of paracetamol. The 454
cm−1 bands are attributed to the presence of both
forms and the 465 cm−1 bands to the monoclinic
paracetamol. For the mixtures, complete separa-
tion (de-convolution) of the bands was achieved
by employing the ‘Peak Fit’ statistical package
(Fig. 5). The area under the curve (A(�)) of the
separated bands was used for the quantitative
determination of the two forms in mixtures. Since
the A454 corresponds to the total of paracetamol
present in the mixture (monoclinic and or-
thorhombic) and the A465 to the monoclinic com-

ponent, the ratio A454/A465 should be directly
proportional to the reciprocal mole fraction of
monoclinic form (1/X).

Repeated Raman spectroscopic analysis on
three replicate samples for each mole fraction was
applied. The results of mean value for area ratio
of the bands together with between assay preci-
sion data (RSD%) are presented in Table 3. Re-
gression analysis of the data gave a straight-line
calibration plot y=0.48 (�0.02)X−1−0.32 (�
0.09) with confidence intervals 0.44 to 0.53 and
−0.53 to −0.12 for slope and intercept, respec-
tively. Therefore, the linear relationship is:

A454/A465=0.482/X−0.324, r=0.9954 and n=8
(2)

The validity of Eq. (2) is confirmed from the
spectrum of the pure monoclinic form for which
the ratio A454/A465 is 0.032. The A(�) measured in
the Raman spectrum depends on the intensity of
the laser Io, on a factor K(�) including the fre-
quency dependent terms (such as overall spec-
trophotometer response, self absorption of the
medium and molecular scattering of the Raman
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active species), and on the mole fraction (X) of
the active species:

A(�)=IoK(�)X (3)

Therefore,

A454/A465= [K I
(454)X+K II

(454)(1−X)]/K I
(465)X (4)

Transforming Eq. (4) to

A454/A465=[K I
(454)−K II

(454)]/K
I
(465)+[K II

(454)/K
I
(465)]1/X

(5)

and taking into account the relation between A454/
A465 and 1/X (Eq. (1)), we can calculate the terms
[K I

(454)−K II
(454)]/K I

(465)= −0.45�1.6×10−2 and
[K II

(454)/K I
(465)]=0.489�3×10−3, from the experi-

mental data. Furthermore, we can calculate the
ratio K I

(454)/K I
(465)=0.04�1.6×10−2, which is

very close to the experimental value of A454/
A465=0.032 measured in the spectrum of the pure
monoclinic form, confirming the validity of Eq.
(2). The limit of detection for monoclinic form
was estimated and was found to be 0.012 mole
fraction, as for the FT-IR method.

4. Conclusion

The confirmation of the linearity in the Raman
data together with the reproducibility, the detec-
tion limit and the high correlation coefficients for
the regression equations render the suggested FT-
IR and Raman methods suitable for identification
and quantitative determination of orthorhombic
and monoclinic paracetamol in a powder mixture.
FT-IR requiring conventional laboratory instru-
mentation may be preferable for quick crystal
form monitoring purposes.
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