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Abstract

The polymorphism of (R,S) propranolol hydrochloride was investigated by differential scanning calorimetry (DSC),

thermogravimetric analysis (TGA), X-ray powder diffractometry (XRPD) and thermomicroscopy (HSM) coupled with FT-IR

spectroscopy.

Propranolol hydrochloride existed in three different crystalline forms, denoted as forms I, II and III, according to their

decreasing melting temperatures. Modi®cation II was the commercial product. The forms I and III were obtained by melting

form II in different experimental conditions. Form III was obtained only by solidi®cation of the melt in the presence of an

alkali halide matrix (as a crystalline ®lm on an alkali halide window or as powder dispersion in a KBr pellet). Forms I and II

were also obtained by crystallization from 95% aqueous ethanol and acetone, respectively. The three forms were easily

differentiated by their IR spectra in the 3400±2000 cmÿ1 range. The different crystalline structures of forms I and II were

characterized by means of their X-ray powder diffraction patterns. # 1998 Elsevier Science B.V.
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1. Introduction

The identi®cation and characterization of poly-

morphic behaviour are essential aspects of drug devel-

opment. The presence of metastable crystalline forms

can in¯uence the physicochemical properties of

bulk powders (batch to batch reproducibility) and

the bioavailability of the preparations by affecting

the dissolution rate [1].

Propranolol hydrochloride (�1-[(2-methylethyl)-

amino]-3-(1-naphthalenyloxy)-2-propanol hydrochlor-

ide), is a non-selective, b-adrenergic antagonist of the

b1 and b2-receptors, mainly used in the treatment of

systemic hypertension. The solid-state properties of

this drug with regard to the relationships between the

racemic mixture and the (�) and (ÿ) enantiomers

have been previously investigated by DSC [2,3].

Kuhnert-Brandstatter and Vollenklee [4] reported that

propranolol hydrochloride exists in more than one

solid form. By observing crystalline ®lms (obtained

by solidi®cation of the melt) with thermomicroscopy,

two crystalline modi®cations (which were designated

I and II) were noted and their IR spectra reported.

Poorly-de®ned melting points and discrepancies in the

IR spectra have also been reported [5]. Nevertheless,

no reference of propranolol hydrochloride polymorph-

ism is made in the most recent European Pharmaco-

poeia, despite the compound being included in lists of

drugs exhibiting polymorphism [6,7].
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The purpose of the present work was therefore to re-

examine the different crystalline forms of propranolol

hydrochloride in more detail and to elucidate their

thermal behaviour with particular regard to poly-

morphism by DSC, TGA, X-ray powder diffraction

and hot stage microscopy coupled with FT-IR.

2. Experimental

2.1. Material

(R,S) Propranolol hydrochloride was purchased

from Sigma (99.5% purity by the Ph. Eur. HPLC

assay procedure) and used without further puri®ca-

tion.

2.1.1. Preparation of polymorphic forms

The commercial product consisted of modi®cation

II. The polymorphic forms I and III of propranolol

hydrochloride were prepared by melting form II

directly on the hot-stage compartment of the thermo-

microscope. The glassy material obtained was recrys-

tallized under different experimental conditions.

Modi®cation I was obtained in an aluminum DSC

pan by cooling at room temperature, reheating and

holding the glassy solid at a temperature of 1008C for

several min (usually 15 min) up to complete crystal-

lization. Modi®cation III was prepared by cooling

the melt at room temperature on an alkali halide

window.

Form II was easily produced by evaporation of

solutions from several solvents like methanol, water,

propanol and acetone. The crystallization from a

saturated solution of the drug in acetone on an ice

bath produced form II crystals consisting of ®ne

particles of homogeneous size. Efforts were made

to obtain form I by solvent crystallization with a

variety of solvents. Form I was obtained by vacuum

evaporation of a 95% aqueous ethanol solution and by

heating the residual glassy product at 1008C for at

least 60 min (to permit complete crystallization) in a

Heraeus vacutherm oven. Evaporation from 95% aqu-

eous ethanol solution at room temperature gave mix-

tures of form I and III.

It was impossible to obtain form III by solvent

evaporation. Form III was obtained by crystallization

of the melt on a rectangular alkali halide window

(4�5 cm) in an oven. As the glassy product exhibited a

pronounced inertia towards crystallization, the sample

was reheated and held at 1008C to increase the process

rate. On removing the layer of the crystalline ®lm from

the surface of the alkali halide window with a spatula,

form III tended to be transformed to a mixture of forms

I and III.

UV and HPLC analysis (by the Ph. Eur. assay

procedures) performed on polymorphs I and II

obtained by crystallization, either from solvents or

from the melt, indicated that no degradation had taken

place.

In order to obtain good infrared spectra, the forms I

and II were pre-ground with a pestle in an agate

mortar, while modi®cation III was pressed and rubbed

with a spatula and a Perkin±Elmer roller knife (a

device which consists of a razor knife at one end

and a roller wheel device for pressing samples at the

other end) directly on to KBr window. The crystalline

structures did not seem to alter in these experimental

conditions.

2.1.2. Preparation of forms II and III dispersions in

KBr pellets for DSC analysis

KBr pellets of form II were prepared by accurately

weighing 4 mg of the commercial sample which had

been previously gently ground. This sample was dis-

persed in 200 mg of dried KBr (IR grade), placed in an

evacuable stainless-steel die and pressed in a Perkin±

Elmer manual hydraulic press to obtain a KBr pellet

(13 mm diameter �1 mm thickness).

The same KBr pellets, heated in a hot-stage appa-

ratus at 1708C and then cooled to room temperature,

resulted in the formation of KBr pellets of form III. In

these conditions, propranolol hydrochloride recrystal-

lized completely as form III. This was con®rmed by

FT-IR spectroscopy.

Each pellet was accurately weighed and divided

into four parts. Each part was accurately weighed and

placed in a sample pan. The theoretical contents of

form II and III of each fragment were obtained by

calculation.

2.1.3. Preparation of forms I and II mixtures

The mixtures of forms I and II at 10/90, 50/50 and

90/10 w/w ratios were prepared by mixing and grind-

ing, for 1 min, accurately weighed quantities of each

polymorph, with an agate mortar and pestle.
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2.2. Methods

2.2.1. Thermomicroscopy coupled with FT-IR

spectroscopy

Thermomicroscopy experiments were performed

on an i-Series Perkin±Elmer hot-stage microscope

(HSM) coupled with a Perkin-Elmer system 2000

FTIR spectrometer, employing a MCT (mercury-

cadium-telluride) detector. The apparatus was set to

collect both transmittance and re¯ectance spectra. A

small amount of pre-ground sample was placed into

the hot stage compartment either on a KBr or NaCl

window or on a DSC aluminum pan in order to collect

re¯ectance spectra. Large crystals were pulverized

and distributed by lightly pressing and rubbing with

a spatula or the roller knife. The HSM experiments

were performed at 0.5, 2, 5 and 108C minÿ1 to enable

a correct comparison with DSC experiments. The

heating and cooling rate of 58C minÿ1 was suitable

for the microscopic observation of thermal phenom-

ena. Furthermore, the observed melting and cooling

ranges almost completely overlapped at these different

rates.

Room-temperature and variable-temperature infra-

red spectra were recorded from 4000 to 580 cmÿ1; 32

scans were collected for each sample at a resolution of

4 cmÿ1.

2.2.2. Differential scanning calorimetric studies

DSC curves were recorded using a Perkin±Elmer

DSC7 instrument, calibrated using indium and zinc

standards. Samples (�1.5 mg) were accurately

weighed into DSC pans; the DSC pro®les were

recorded at 0.5, 2, 5, 108C minÿ1 rate, from 408 to

1758C, under nitrogen ¯ux. Heating rates lower than

108C minÿ1 were time-consuming and did not permit

a better resolution of the melting peaks. The DSC

experiments were run using pans that were open,

closed or closed with a cover hole. As it was impos-

sible to obtain a better resolution of overlapping

thermal events from these different modi®cations,

open pans were used for meaningful comparison with

the thermomicroscopy data.

DSC curves of forms II and III dispersed in KBr

disks were also recorded at a scanning rate of

108C minÿ1, using as reference an aluminum pan

containing a fragment of KBr pellet, as similar as

possible in weight to the sample.

The programmed heat±cool cycles were repeatedly

performed at 108C minÿ1, heating the sample from

408 to 1708C, cooling to 408C and reheating. Cyclic

DSC studies were also performed using scanning rates

ranging from 0.5 to 208C minÿ1. The rate found

suitable to permit the most complete recrystallization

of the melt on reheating the sample was 108C minÿ1.

Each experiment was repeated at least three times.

2.2.3. Thermogravimetric analyses

Thermogravimetric curves were recorded from 408
to 1808C with a Perkin±Elmer TGA7 instrument,

under nitrogen ¯ux, at a heating rate of 108C minÿ1.

Samples (�5 mg) were weighed on a platinum cru-

cible. Temperature calibration was performed using

two standards, Alumel and nickel, whose magnetic

transition temperatures are 1638 and 3548C, respec-

tively.

Fig. 1. FT-IR spectra in the 4000±2000 cmÿ1 range of polymorphs

I, II and III of propranolol hydrochloride at room temperature.
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2.2.4. X-ray powder diffraction measurements

XRPD patterns were obtained with a Philips P.W.

1710 diffractometer in the 2<2#<608 range, using

CuK� radiation-Ni ®ltered (40 kV; 40 mA). The step

scan mode was performed with a step width of 0.028,
at a rate of 1 step/s.

3. Results and discussion

Modi®cation II, heated by HSM on an alkali halide

window, melted inhomogeneously at �1618C with

occasional separation of crystals of form I that melted

rapidly at �1638C. Modi®cations I and III showed

sharper melting at �1638 and �1548C, respectively.

All three modi®cations heated above their melting

point and cooled at room temperature did not imme-

diately crystallize, but formed a glassy solid. It exhib-

ited a pronounced reluctance to crystallize and the use

of different cooling conditions was not helpful in

increasing the crystallization rate. The glassy solid,

cooled to room temperature, spontaneously gave rise

to form III, whereas by scratching or grinding it was

rapidly transformed into form II. Crystallization to

form III could be improved by holding the glassy solid

at a temperature of 1008C. The glassy solid obtained

on an alkali halide window never crystallized into

form I. The alkali halide matrix played a major role in

the preferred crystallization of form III. The in¯uence

of the alkali halide was con®rmed by variable

temperature experiments, using HSM on forms I

and II dispersions in KBr disks. The drug was trans-

formed into form III by heating to above 1708C and

cooling.

Spontaneous cooling of the glassy solid obtained by

melting forms I or II on a DSC aluminum pan mainly

afforded form I crystals, but crystals consisting of

form II or a mixture of forms I and III also showed up

in small amounts; modi®cation III only formed jointly

with I and was not separable from it.

Fig. 2. FT-IR spectra in the fingerprint region of polymorphs I, II and III of propranolol hydrochloride at room temperature.
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The solidi®ed melt kept at a temperature of 1008C,

always gave rise only to form I. Microscopic observa-

tion showed only subtle morphological differences

between the crystal habits of the three polymorphs,

but they were easily differentiated by their IR absorp-

tion bands in the 3400±2000 cmÿ1 range (Fig. 1).

Moreover forms I and II were distinguishable over

the whole 3400±700 cmÿ1 range of frequencies, while

form I and III ®ngerprint regions showed few subtle

differences (Fig. 2).

The spectrum of modi®cation II was in agreement

with that previously reported by Kunhert-Brandstatter

and Vollenklee [4] for form II, while the spectrum of

modi®cation I reported [4] is actually representative of

a mixture of forms I and III. DSC, combined with

thermomicroscopy, permitted a better interpretation of

thermal events. The DSC pro®les of forms I, II and III,

containing seed crystals of form I (III impure of form

I), obtained at a heating rate of 108C minÿ1, are shown

in Fig. 3. The DSC data of forms I and II are sum-

marized in Table 1. The DSC curve of form III

(impure of form I) was recorded on the sample

obtained by removing the crystalline ®lm from the

surface of the KBr window with a spatula. Fig. 3

showed a wide melting range for form III that could

be attributed to a concomitant solid±solid transition to

form I (onset temperature of �1548C, peak tempera-

ture of �1598C and heat of fusion of �91 J gÿ1). As

form III, removed from alkali halide surface, tended to

Table 1

DSC data of forms I and II of propranolol hydrochloride

Form Te/8C
a Tp/8C b �Hf/(J gÿ1) c

I 163.0�0.3 166.0�0.5 106.0�0.8

II 161.8�0.1 163.6�0.2 123.8�1.6

a Extrapolated onset temperature.
b Peak temperature.
c Fusion temperature.

Fig. 3. DSC curves for propranolol hydrochloride polymorphs I, II and III impure of I (III with seed crystals of form I); 108C minÿ1 scan rate;

heat flow, endothermic scale.
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be transformed into form I, it was impossible to

accurately measure the melting point and heat of

fusion of form III.

As it was only possible to isolate form III from form

I in the presence of an alkali halide matrix, the thermal

behaviour of form III was investigated by running the

DSC experiments as KBr pellets at 108C minÿ1. The

scan (Fig. 4) showed a fusion endotherm with an onset

temperature of 144.98C (�0.4) and a heat of fusion of

77.4 J gÿ1 (�3.4). A DSC scan of form II as a KBr

pellet gave an onset temperature of 152.68C (�0.7)

and a heat of fusion of 108.4 J gÿ1 (�5.9). These

experiments qualitatively con®rmed that modi®cation

III was the lowest melting polymorph with the lowest

heat of fusion.

DSC curves of form II sometimes showed a

wider melting range or a variable peak shape of the

fusion endotherm. This indicates the presence of over-

lapping thermal events which could be attributed to

the incomplete transition of form II into form I after

fusion. This was in agreement with the HSM results,

as well as to previous reports [4]. Unfortunately, no

DSC curves were shown [4] and, therefore, it was

impossible to make a comparison with the present

results.

Cyclic DSC heating±cooling studies were also per-

formed to clarify further the thermal behaviour. In this

way, the melt was found to recrystallize slowly on an

open pan in the 90±1308C range, either by cooling or

by reheating the solidi®ed melt. Reheating caused the

crystallization to proceed more rapidly and comple-

tely. These results were consistent with the occurrence

of a melt±solid transition. The cooling and reheating

studies con®rmed that the transition of form II into

form I was incomplete and reversible. Although the

temperature of spontaneous crystallization was not

Fig. 4. DSC curves of propranolol hydrochloride forms II and III (dispersions in KBr disks) 108C minÿ1 scan rate; heat flow, endothermic

scale.
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constant, the heating±cooling DSC experiments were

helpful in choosing a suitable temperature range for

obtaining polymorphs I and III, using isothermal

holding [8].

In order to assess the ef®ciency of DSC in detecting

the various polymorphs, mixtures were prepared con-

taining known amounts of forms I and II; some

mixtures of forms I and III, obtained by melting

and cooling experiments and by crystallization from

solvents, were also analyzed. Fig. 5 shows the curves

obtained with 10 : 90, 50 : 50, 90 : 10 w/w mixtures of

forms I and II. The curve of the 10 : 90 (I : II) mixture

was practically superimposable on that of pure form II,

making it dif®cult to detect the presence of form I

when present at <10% w/w. The DSC pro®le of the I±

III mixture (obtained by evaporation from 95% aqu-

eous ethanol at room temperature) was also not clearly

distinguishable from that of pure form II, the only

remarkable difference being in the value of the heat of

fusion (Fig. 6).

To exclude the possibility of solvent being present,

the isolated polymorphs I and II were investigated by

TGA: no weight loss was detected in the 40±1808C
temperature range. These results con®rmed that the

differences between the two polymorphic forms I and

II in the DSC curves and FT-IR spectra were not due to

the presence of solvates.

Finally, polymorphism was clearly con®rmed by

XRPD patterns of the two isolated polymorphs, forms

I and II: their pro®les were suf®ciently distinct to

characterize each crystalline form (Fig. 7). The XRPD

pattern of form II corresponded to that previously

reported [9,10]. The XRDP pro®le of form I was

clearly different. These differences, both in the

Fig. 5. DSC curves of propranolol hydrochloride mixtures of forms I and II, in 10 : 90, 50 : 50, 90 : 10 w/w ratios; 108C minÿ1, scan rate; heat

flow, endothermic scale.
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positions and in the intensity ratios of the peaks, could

not be attributed to a preferred orientation of crystal

growth. The presence of a peak at 2#�7.09 could not

be accounted for by the unit cell and space group

symmetry reported for form II [10] and was, therefore,

a conclusive proof for the presence of a polymorphic

modi®cation.

4. Conclusions

Propranolol hydrochloride existed in three crystal-

line forms with unique physical and spectroscopic

properties: modi®cation II (which was found in the

commercial sample), is the stable form at room tem-

perature. Form II showed little tendency to transform

into form I after melting, but probably the transition

temperature was so close to the fusion temperature

that it was dif®cult to follow dynamically the heat

induced changes by both, FT-IR thermomicroscopy

and DSC.

Modi®cation I, the highest melting form, was enan-

tiotropically related to form II, in agreement with

previous reports [4] and with the heat-of-fusion ther-

modynamic rule [11].

Modi®cation III, the lowest melting polymorph,

was found only on the alkali halide surface or

in the KBr pellets. The alkali halide matrix seemed

to catalyze recrystallization of the melt into form

III.

According to the thermodynamic infrared rule,

form III, which absorbs at higher frequencies, may

be assumed to have the largest entropy and to be also

the least stable at 08K [11].

Fig. 6. DSC curve of propranolol hydrochloride form I±III mixture obtained by evaporation of 95% aqueous ethanol solution at room

temperature; scan rate, 108C minÿ1; heat flow, endothermic scale. Inset showed the corresponding IR spectrum.
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These experimental ®ndings are in agreement with

the fact that more polymorphic modi®cations can be

obtained by crystallization from the melt than by

solvent evaporation. Moreover, crystallization from

the melt tended to promote the formation of unstable

modi®cations. [12]

Although systematic stability studies have not been

carried out, the crystalline structures of forms I and II

seemed to be neither modi®ed nor destroyed by both,

mild grinding for 1 min and pelleting. Furthermore,

forms I and II had their crystal structures altered by

hard grinding (with mortar and pestle for 15 min) and

gave rise to the glassy solid that rapidly crystallized

into form II. Form I in KBr pellets tended to be

transformed into form III fully on heating and cooling

the pellet and partially by ageing. The presence of seed

crystals enhanced the interconversion process as

checked by IR spectroscopy.

Fig. 7. XRPD patterns for propranolol hydrochloride forms I and II.
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Form III was able to exist for at least nine months at

room temperature on a KBr window or in KBr pellet.

If form III was not removed from the alkali halide

surface, its IR spectrum was not modi®ed by mild

grinding for 1 min.
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