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Abstract The growth of atenolol, pindolol and betaxolol

hydrochloride from melt was investigated by differential

scanning calorimetry (DSC) and polarized light thermal

microscopy (PLTM). Phase transitions occurring on cool-

ing and subsequent reheating runs performed between

-160 �C and a temperature above the respective melting

points were studied by DSC. The thermal cycles were also

followed by PLTM. Details about the dynamic of the

crystallization front taken from microscopic observations

are given. An explanation of the results on the basis of

molecular supramolecular recognition is advanced.
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Introduction

Melt growth techniques are widely used in industry for the

preparation of inorganic crystals, alloys and polymeric

materials [1–3]. Efforts to reduce the use of solvents in

the development of products in food, polymer and phar-

maceutical industries have been made by using hot-melting

procedures [4–7]. Melt kneading methodologies are

promising techniques to be used in the near future in

pharmaceutical production since they are very valuable

from the ecological and quality stand points [8].

Much of this investigation, such as polymorph screening

from the melt [9], or identification of organic solid forms [10],

requires a deep knowledge of the behaviour of the compounds

under investigation during heating/cooling cycles.

Despite its importance, melt quenching is a field still open

to investigation, and most the available information comes

from metallurgy and polymer chemistry. In contrast, data

about medium size organic molecules are relatively scarce.

The present article deals with the growth from the melt

of b-adrenergic agents, an important group of drugs used in

the treatment of heart diseases. The compounds studied are

atenolol, pindolol and betaxolol hydrochloride (Fig. 1).

These have, in common, the 2-isopropylaminoetanol

group, and differ each other in the size and polarity of the

remaining molecular moieties. Since the three compounds

under investigation were in their racemic form, any refer-

ence to chirality has been dropped. The methods used in

this research were differential scanning calorimetry (DSC)

and polarized light thermal microscopy (PLTM).

The patterns of solidification provide information about

the structure of the compounds in both liquid and solid

states, and also acts as guides to the understanding of the

crystallization processes.

Materials and methods

The compounds used in the present study are of the best

quality commercially available. All of them had a stated
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degree of purity better than 99 mol%, which was confirmed

by HPLC.

DSC curves were traced with a Perkin Elmer Pyris 1

calorimeter. Details on the experimental procedure can be

found in the authors’ previous publications [9]. Special

attention was paid to the cell assembling of the atenolol

[10] and pindolol [8] because both are oxidised in the

liquid state. In the case of atenolol, the degradation process

was studied [10]. In the liquid state the amide group is

converted into imine giving rise to a dimeric structure,

which in turn starts a degradation process. Likewise, indol

is converted by oxygen into 3-hidroxy-indol and subse-

quently into indigo [11, 12]. Since the structural alterations

in both compounds are favoured by oxygen the pan con-

taining the samples were assembled inside a glove box

under nitrogen atmosphere.

The PLTM equipment consists of a DSC 600 hot/cold

stage from Linkam, which allows heating/cooling runs

between -160 and 600 �C at rates from 0.1 to 130 �C/min.

The liquid nitrogen flux around the cell acts as the cooling

agent. The central part of the optical observation instru-

mentation is a Leica DMRB microscope. A video camera

CCD-IRIS/RGB adapted to the microscope sends the

image to a DVD recorder or to a computer.

A small amount of the sample under study was intro-

duced into a glass cell in such a way that small aggregates

were spread over the bottom. Upon fusion, these aggregates

give rise to liquid droplets and their thermal behaviour can

then followed during the cooling run. In order to get further

information on the phase formed upon cooling a sequent

heating run was undertaken on the sample. The scans were

performed under a nitrogen atmosphere.

The average linear velocity of crystallization front was

determined by recording the position of the solid/liquid

interface as a function of the time.

Results

Atenolol

A typical curve on cooling the melt is represented in Fig. 2.

A crystallization peak at the temperature of 146 �C is the

only thermal signal detected in the temperature range from

-160 to 160 �C. The subsequent heating profile is also

included. Fusion is the only transition exhibited by atenolol

during the heating process. Table 1 shows the temperature

and the enthalpy characterizing the phase transformations

observed for atenolol in a cooling/heating thermal cycle.

Due to its structural significance, we should stress, from

right now, the relevance of the small difference found for

the temperature and enthalpy between the crystallization

and fusion processes.

The crystal growth from molten atenolol was also

accompanied by PLTM at scanning rates from 10 to

50 �C min-1. On cooling, as the temperature reaches

approximately 147 �C, the crystalline phase forms a point

inside the liquid droplets and suddenly spreads over the

drops. The crystallization time lasts \0.04 s. Figure 3

shows the liquid/solid transition for atenolol upon cooling.

(R,S)-Pindolol

The DSC experiments show that the crystallization of

pindolol occurs at 143–132 and/or 75–68 �C according to

the cooling rate program. At 10 �C min-1 the frequency of

the crystallization at the higher temperature range is about

7% and at the lower temperature range is 92%. At a cooling

rate of 2 �C min-1 the crystallization also occurs at two
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4-(2-hydroxy-3-((1-methylethyl)amino)propoxy)-
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1-(1H-indol-4-yloxy)-3-((1-methylethyl)amino)-
2-propanol 
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hydrochloride 

1-(4-(2-(cyclopropylmethoxy)ethyl)phenoxy)-
3-((1-methylethyl)amino)-2-propanol hydrochloride 

Fig. 1 Structural formula of the b-blockers under study
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Fig. 2 DSC curves corresponding to the crystallization and fusion of

atenolol. Scanning rates, 10 �C min-1
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temperatures ranges, both of which are higher than those

observed for a scanning rate of 10 �C min-1. The decrease

of the cooling rate increases the probability of crystalli-

zation at the higher temperature range although this

remains less frequent than that at the lower temperature.

Crystallization outside of the temperature intervals speci-

fied above or crystallization at the higher and lower tem-

perature both occurring in the same drop are rare events.

The DSC curve patterns corresponding to the thermal

cycles run on the pindolol are summarized in Fig. 4 and the

relevant values in Table 2.

The comparison of the enthalpy changes for the crys-

tallization leads to the conclusion that the degree of crys-

tallinity of the solid at the higher temperatures is greater

than that found at the lower temperature range. However,

both solid forms are far from perfect crystalline state which

is achieved on heating the solid phase further.

The study of the crystallization of pindolol was also

undertaken by PLTM. The main features of the phase

transition at the higher temperature can be seen in Fig. 5.

The nucleation takes place at the surface of the droplet at

137.7 �C, giving rise to a directional growth. The crystal-

lization in the drop proceeds until a sudden stop occurs.

A close examination of the solid/liquid interphases

shows that liquid and solid frontiers are a few micrometers

apart. As the liquid domain becomes exhausted under

crystallization, the growth stop and the border of the

neighbouring liquid domain become more pronounced due

to the difference of refraction index between the liquid and

the surrounding empty space.

A slight motion of the liquid surface, 10 s latter trigger

the contact with solid at the point P1 separated from the

liquid by about 5 lm. A secondary crystallization occurs

and the solidification process continues (Fig. 5c). Again, a

narrower liquid discontinuity is reached and the separated

phases are very closely spaced. A slight late crystalline

growth at P2 makes contact with the liquid and the solid-

ification continues.

The variation of the position of the solid/liquid interface

as a function of time is depicted in Fig. 7a. The velocity of

the crystallization front is about 30 lm s-1. Interruptions

of crystal growth in 2–11 and 14–15 s intervals are clearly

observed.

The crystallization of pindolol at the lower temperature

range is initiated with the formation of one or various

nuclei generated inside the droplets exhibiting a radial

growth. The solid/liquid interface has a cellular texture and

proceeds in a wavelike form (Fig. 6a). A pronounced mi-

crosegregation is observed in the crystallization front,

giving rise to a blended solid phase (Fig. 6b). Sometimes

the growth becomes dendritic in the last stage of the

crystallization (Fig. 6c).

The progress of the solid boundary as a function of time

following the direction indicated by the arrow is shown in

Fig. 7b. In order to obtain a more detailed picture of the

instability of the crystal/liquid interface the velocity of the

Table 1 Temperature and enthalpy of crystallization and fusion of atenolol determined by DSC at 10 �C min-1

Cooling run Heating run

Tonset/�C Tmax/�C -DcrystH/kJ mol-1 Tonset/�C Tmax/�C DfusH/kJ mol-1

147.1 ± 1.2 146.5 ± 1.1 36.3 ± 0.7 152.4 ± 0.5 154.7 ± 0.4 36.5 ± 1.1

Mass (2.11 ± 0.3) mg, n = 20

Fig. 3 Starting from P, the crystallization spreads instantaneously

over the liquid
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Fig. 4 Cooling and heating DSC curves of pindolol traced at

10 �C min-1: I, crystallization at higher temperature; II, crystalliza-

tion of most of the sample at higher temperature and a small fraction

at lower temperature; III, crystallization of whole sample at the lower

temperature; and IV, curve pattern upon reheating
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crystallization front versus time is also represented in the

same figure. The pattern of the solid/liquid boundary for

the crystallization of pindolol at the lower temperature

involves a waveform curve characterized by average values

for period and amplitude of 2.6 s and 6 lm s-1,

respectively.

Betaxolol hydrochloride

Betaxolol hydrochloride is the form under which this

b-adrenergic is commonly given as medicine. For this

reason, the study was performed on this salt instead on the

base form. DSC curves on this compound run from 130 to

-160 �C at rates between 2 and 25 �C min-1 do not reveal

any crystallization peak. A glass transition is observed at

temperature around -14 �C and a few thermal signals

characterized by an instantaneous heat capacity variation

localized in the range -75 to -100 �C are also exhibited

(Fig. 8).

Apart from this glass transition the sequent heating run,

evidence a small variation of the heat capacity (about

0.03 kJ-1 mol-1 �C-1), around -142 �C and a few exo-

thermic peaks from 25 �C forwards to fusion. Details of the

glass transitions of betaxolol hydrochloride on heating can

be seen in Fig. 8b, c. The highest value for the enthalpy of

crystallization was reached upon cooling the melt at

2 �C min-1, then leaving the sample for 1 h at 25 �C and

heating till 130 �C. Under such conditions, the crystalli-

zation took place at 53.1 �C accompanied by an enthalpy

variation of 21.3 kJ mol-1, even so, a value much smaller

compared with that obtained for fusion (32.7 kJ mol-1).

The PLTM observations provide valuable information

on the phase transitions undergone by betaxolol hydro-

chloride during the thermal cycle. On cooling the melt

vitrifies at the temperatures referred above and upon further

cooling, the glass becomes brittle and a glass cracking is

Table 2 Temperature and enthalpy corresponding to the crystallization and subsequent fusion of pindolol

Scanning rate/�C min-1 Frequency Cooling run Heating run

Tonset/�C -DcrystH/kJ mol-1 Tonset/�C DfusH/kJ mol-1

10 3 132 ± 5 47 ± 1 170 ± 1 57 ± 2

38 67.5 ± 0.8 29.1 ± 0.8

2 21 143 ± 7 50 ± 3

47 75 ± 1 30 ± 1

1 10 169.7 ± 0.3 58 ± 2

Fig. 5 Micrograph of crystal growth of pindolol from melt. a Liquid

phase, b first stop of the crystallization front, c crystallization is

reinitiated at P1 and d second stop of the crystallization front. The

arrow indicate the direction of the velocity measurements. Cooling

rate: 2 �C min-1

Fig. 6 Microscopic observations of the pindolol crystallization.

a Snapshot of the crystallization in progress showing the dynamics of

the solid/liquid interface, b texture of the solid and c dendritic texture
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Fig. 7 a Growth interface for the crystallization of pindolol at the

higher temperature range. Variation of the position of the solid/liquid

interface as a function of time. Scanning rate 2 �C min-1. b Growth

interface for the crystallization of pindolol at the higher temperature

range. Variation of the position of the solid/liquid interface as

function of time and velocity of the crystallization front at every

second (readings on the right hand side scale). Scanning rate:

2 �C min-1
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observed at temperatures between -70 and -100 �C. The

phenomenon is initiated with the fracture of the glass

across the whole microscopic observation field, with the

decrease of the temperature accompanied by cracking

growth out from the original fracture splintering into

smaller and smaller sized pieces. As the temperature

decreases the glass edges become round and concentric

ring bands are observed (Fig. 9).

On heating at any heating rate the crystallization occurs

under spherulitic textures (Fig. 10). The formation of the

fine-rayed spherulites is followed by liquid rejection, which

leads to subsequent solidification. The two solid forms give

rise to two liquid phases which are only miscible at tem-

peratures above 130 �C. This means that one upper critical

solution temperature is found in the liquid betaxolol

hydrochloride at a temperature approximately 20 �C above

the melting point.

An overview concerning the experimental observations

The diversity of thermal behaviour manifested by the

systems under study gives valuable information about the

structure of the compounds and about the crystallization of

melts. We now present a brief survey focusing upon the

most significant features found for the compound under

study.

The low supercooling and the high degree of crystal-

linity of atenolol obtained from the melt are rather

surprising observations. It should be noted that the super-

cooling given for several simple organic compounds varies

from 40 to 120 �C [13]. Thus, the supercooling expected

for a compound with flexible backbone, such as atenolol,

should be much greater than that observed. The crystal-

linity perfection of the yield from the melt for organic

compounds is usually much lower than that obtained for

atenolol. In fact, the degree of crystallinity of atenolol

estimated by the ratio between the enthalpy of crystalli-

zation and the enthalpy of fusion [14] is 0.994.

Liquid phase decomposition, such as that occurring in

pindolol, is a quite common phenomenon in multicompo-

nent polymer systems [15–17]. Liquid–liquid demixing has

also been observed in a few single-component inorganic

systems [18–22]. Although pindolol is a one-component

system, we should bear in mind the fact that like gas [23]

and solid forms [8], the molecules in liquid phases can be

present in several conformational forms. A preferential

interaction between certain types of conformers can pro-

vide enough microheterogeneity to make it capable of

phase separation in the supercooled melt.

The interplay between liquid–liquid demixing and other

phase transitions, in particular crystallization, is still poorly
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Fig. 8 a DSC pattern of a

thermal cycle performed on

betaxolol hydrochloride at

10 �C min-1. b, c Details of the

glass transitions on the heating

run at different scanning rates

Fig. 9 Optical micrographs of the glass cracking

Fig. 10 Optical micrographs of spherulites formed on cold crystal-

lization of betaxolol hydrochloride. The liquid rejected on the

crystallization accommodates in the borderline of the spherulites

giving a poorly ordered material by solidification
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understood. In pindolol this phenomenon is so closely

related with crystallization that one is a consequence of the

other. This behaviour confirms the recent interpretation of

Hu et al. [17] that liquid demixing is driven by a selective

crystallizability of one of the components. The proximity

of the values for the temperature of crystallization and

liquid–liquid demixing means that the processes take place

at a temperature close to the critical point. Indeed, the

metastable zone between the binodal and the spinodal

curves becomes increasingly narrower as the critical point

is approached [24].

Although a previous liquid separation does not occur in

the solidification of the pindolol at the lower temperature,

liquid incompatibility is manifested by microsegregation.

Betaxolol hydrochloride is a glass-forming compound

on cooling the melt. A partial crystallization takes place on

heating giving rise to two liquid phases by fusion. The

upper critical solution temperature is observed at about

130 �C.

From the molecules to the crystal

The present investigation deals with three different mole-

cules having in common the isopropylamino-2-propanol

group, which contains functional groups capable of form-

ing hydrogen bonds. Meanwhile they exhibit quite different

crystallization ability from even the simplest medium, the

melt. The interpretation of the data obtained for these

systems is of great importance because, first they provide

deep insights into the structure of the compounds in

question in both solid and liquid states, second, they con-

tribute to clarify important pathways of the crystallization

from the melt and third, they point out the big challenge of

crystal structure prediction from the features of the

molecule.

The supramolecular structure resulting from molecular

self-assembly by progressive cooling of the melt depends,

among other factors, on the nature and strength of the

intermolecular forces, the flexibility of the molecular chain

and the structure of the melt.

Provided that hydrogen bonds are present in most

organic crystals and considering their characteristics (rel-

ative strength, directionality and selectivity), these can be

considered as fundamental design elements in crystalline

architecture [25]. The hydrogen bond network in the

crystalline form of the three b-adrenergic are presented in

Table 3.

In atenolol the intermolecular interaction involve NH2

(amide), CO and OH groups [26, 27]. Besides these three

moderate strength hydrogen bonds given in Table 3, a

weak intermolecular CH���p bond can also contribute to the

structure. The molecules are linked together leaving short

molecular fragments between them. The only molecular

fragment with free internal rotation is the terminal iso-

propyl group. Such a structural pattern formed practically

in thermodynamical equilibrium conditions favours the

formation of a very high crystallinity phase.

The structural features of pindolol molecule with respect

to intermolecular hydrogen bonding and molecular flexi-

bility is rather similar to that of atenolol. Thus, it would be

expected that solidification takes place leading to a crys-

talline form. However, the lower degree of crystallinity as

compared with that of atenolol is due to the more complex

structure of the melt. The high crystallization barrier (high

supercooling) and the liquid immiscibility are strong indi-

cations of the complex mechanism of the crystallization

process.

Finally, betaxolol hydrochloride on cooling the melt is

an excellent glass-forming system. This is an expected

behaviour from the crystal structure [28, 29]. In fact the

ammonium and the hydroxyl groups of the same molecule

are hydrogen bonded to a chloride ion through an inter-

molecular bridge. No other specific bonds exist along the

fully extended backbone whose conformational flexibility

gives rise to a disordered structure.

Conclusions

The combination of DSC and PLTM techniques provides

unique information on main pathways of crystallization

processes. Evidence and interpretation are given of

Table 3 Geometric parameters of D–H���A and enthalpies of

hydrogen bonds for atenolol [26, 27], pindolol [30, 31] and betaxolol

hydrochloride [28, 32]

Hydrogen bond

D–H���A
H���A/Åa D–H���A/�a DH/kJ mol-1b

Atenolol

O–H���Namine 2.49 119.7 17

Namide–H���O=C (i) 2.04 173.9 20

Namide–H���O=C (ii) 2.06 161.5 20

Pindolol

Namine–H���Oether 2.98 106 Weak

O–H���Namine 1.78 172 25

Nindol–H���O–H 2.03 156 12

Namine–H���O–H (intra) 2.31 114 5

Betaxolol hydrochloride

N?–H2���Cl- (i) 2.16 177.2 31

N?–H2���Cl- (ii) 2.45 160.5 5

O–H���Cl- (i) 2.08 166.0 25

a Single crystal X-ray diffraction data
b Calculated from stretching vibration red shift
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liquid–liquid demixing in the supercooled melt of an

organic homomolecular system; the structural interpreta-

tion based on the crystallization front texture and velocity;

the relationship between the crystallization process and

the supramolecular structure of the solids are particularly

relevant points in the present work.
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