
Introduction

When a pure crystalline substance is heated up from

very low temperatures, several phase transitions will

occur. Crystal to crystal transitions reveal the pres-

ence of crystal polymorphism. The melting of the

crystal followed, at higher temperature, by the vapori-

sation of the liquid, are some examples of equilibrium

first order thermodynamic transitions, i.e. occurring

at a well defined characteristic temperature, and being

accompanied by sudden changes of energy and vol-

ume. However, most of the phase transitions that we

observe in nature, or that occur in technological pro-

cesses, take place in nonequilibrium conditions. For

example, many liquids can be undercooled below

their freezing point without crystallizing, giving rise

to metastable states that can persist over long periods

of time [1]. This is the case for 2-biphenylmethanol,

that is reported to display excellent glass-forming

ability, with a wide supercooled liquid temperature

region, and high thermal stability against crystalliza-

tion [2]. However, as will be shown in this work, the

isomer 4-biphenylmethanol shows an opposite behav-

iour, with no tendency to undercool, readily

crystallizing on cooling even for high cooling rates.

The study of the behaviour of low molecular mass

substances against crystallization, and of the slow

molecular mobility of glass-forming liquids in the

amorphous state, is presently a very active field of re-

search [1, 3]. In the present work we will compare the

behaviour of the previously referred isomers of

biphenylmethanol. We will use the technique of dif-

ferential scanning calorimetry (DSC) to compare the

thermal behaviour of the two isomers, and to charac-

terise the glass transition in 2-biphenylmethanol.

Moreover, we will report results obtained by using the

dielectric technique of thermally stimulated depolari-

sation currents (TSDC) to get information concerning

the slow molecular motions present in the glassy state

of 2-biphenylmethanol.

Experimental

Materials

Two isomers of biphenylmethanol (C6H5C6H4CH2OH)

have been studied in the present work. The isomer

2-biphenylmethanol (CAS n° [2928-43-0]), was pur-

chased from Aldrich (catalogue n° 18,882-4, 99% pu-

rity). The isomer 4-biphenylmethanol

(CAS n° [3597-91-9]), was purchased from Aldrich

(catalogue n° 12,383-8, 98% purity).

Before the experiments both isomers were puri-

fied by sublimation at P�4·10
–2

Torr and T=30°C

(isomer ortho) and T=55°C (isomer para).

Methods

XRD and elemental analysis

X-ray powder diffractometry (XRD), carried out us-

ing a Rigaku Geigerflex diffractometer employing

CuK
�
-radiation, over the range 5°<2�<35° for both

molecules, do not shown any contamination of one
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isomer by the other. Elemental analysis, made with a

Fisions Instruments EA1108 apparatus, led to the fol-

lowing results for the mass fractions of C and H in

C13H12O: calculated C, 0.8475; H, 0.0656; found (iso-

mer ortho) C, 0.8460; H 0.0681 and (isomer para)

C, 0.8432; H 0.0664 (average of two independent

runs). The Fourier-transform infrared spectrum of

both samples in KBr determined with a Jasco 430

spectrophotometer calibrated with polystyrene film,

are similar to one published in the literature [4].

Differential scanning calorimetry

DSC measurements were performed with a

2920 MDSC system from TA Instruments Inc. The

measuring cell was continually purged with high pu-

rity helium gas at 30 mL min
–1

. An empty aluminium

pan, identical to that used for the sample, was used as

the reference. The baseline was calibrated scanning

the temperature domain of the experiments with an

empty pan. The temperature calibration was per-

formed taking the onset of the endothermic melting

peak of several calibration standards [5]. The temper-

ature calibration for the different heating rates was

performed considering the heating rate dependence of

the onset temperature of the melting peak of indium

and benzoic acid, as explained elsewhere [6]. The

enthalpy scale was also calibrated using indium

(enthalpy of fusion: �fusH=28.71 J g
–1

). Samples of

both sublimed products in the range �6–10 mg were

independently introduced in aluminium pans, hermet-

ically sealed using a sample encapsulating press. The

DSC study was carried out in the temperature range

between –80 to 60°C. The amorphous solid phase of

2-biphenylmethanol was produced by cooling the iso-

tropic melt inside the aluminium pan. The evidence

that the samples prepared by this procedure is fully

amorphous is two-fold: (1) no exothermic crystalliza-

tion signal was detected on cooling from the isotropic

liquid; (2) the value of �Cp across the glass

transformation region is found to be very

reproducible and similar on cooling and subsequent

heating mode.

Thermally stimulated depolarisation currents

TSDC experiments were carried out with a TSC/RMA

spectrometer (TherMold, Stamford, CT, USA) covering

the range from –170 to 400°C. For TSDC measurements

the sample was placed between the electrodes of a paral-

lel plane capacitor with effective area of �38 mm
2

(thickness of �0.5 mm). The sample is immersed in an

atmosphere of high purity helium (1.1 bar). The amor-

phous samples of 2-biphenylmethanol submitted to

TSDC measurements were prepared by cooling the iso-

tropic melt inside the electrode assembly.

The fact that the relaxation time of the motional

processes is temperature dependent and becomes lon-

ger as temperature decreases, enables to immobilize

them by cooling. This is the basis of the TSDC tech-

nique, which is particularly adequate to probe slow

molecular motions. In order to analyse specific re-

gions of the TSDC spectrum, different methods of

polarising the sample can be used, namely the

so-called TSDC global polarisation experiment and

the partial polarisation (PP) experiment (often called

thermal sampling or windowing or cleaning). The PP

method, where the polarising field is applied in a nar-

row temperature interval, enables to resolve a global

peak into its individual relaxation modes. The thermal

sampling procedure allows to retain (or to freeze) a

polarisation that arises from a narrow variety of

dipolar motions. In the limit of a very narrow polaris-

ation window, the retained polarisation (and, of

course, the current peak that is the result of a partial

polarisation (PP) experiment) would correspond to a

single, individual dipolar motion [7].

The capability of directly calculating the relax-

ation time from the results of a single partial polaris-

ation experiment constitutes an essential quantitative

feature of TSDC, and that is why TSDC is an experi-

mental technique that provides important information

on molecular mobility in solids, i.e. on the kinetics of

relaxational processes and the distribution of

relaxation times.

The physical background of the TSDC technique

is presented elsewhere [8, 9]. The basic description of

the TSDC experiment, and the discussion of the na-

ture of the information it provides, is presented in de-

tail in previous publications [7, 10, 11].

Results and discussion

Thermal behaviour of 2- and 4-biphenylmethanol

As underlined before, 2-biphenylmethanol is reported

to display excellent glass-forming ability, with a wide

supercooled liquid temperature region, and high ther-

mal stability against crystallization. The isomer

4-biphenylmethanol shows an opposite behaviour,

with no tendency to undercool, readily crystallizing

on cooling even at high cooling rates. It is interesting

to note that, contrarily to biphenylmethanol, the iso-

mers 2- and 4- of hydroxybiphenyl show a similar be-

haviour against crystallization: both isomers readily

crystallize on cooling, and thus show a poor

glass-forming ability.

The melting temperature of the isomer

2-biphenylmethanol is reported to be Tm=327 K=54°C

and the glass transition temperature Tg=244 K= –30°C

(without indication of the value of the heating rate) [2].
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Our crystalline sublimed samples showed an endother-

mic melting peak with onset at Ton=(49�0.3)°C and

maximum intensity at Tm=(51�0.3)°C at 10 K min
–1

(curve a in Fig. 1). No crystallization was detected by

DSC on cooling from the isotropic liquid. However,

cold crystallization was sometimes observed when the

amorphous solid sample was heated up. It was found

that cold crystallization originated a polymorph with

melting temperature at Tm=44°C (curve b in Fig. 1). We

are not able to further quantify this point. In fact, the be-

haviour of the substances upon crystallization often

lacks reproducibility due to the fact that nucleation and

crystal growth are somewhat probabilistic events [12].

The melting enthalpy of the most stable

polymorph 2-biphenylmethanol (Tm=51°C) was

found to be �mH=(19.7�0.1) kJ mol
–1

(average of

6 determinations).

The endothermic melting peak of the isomer

4-biphenylmethanol showed an onset at

Ton=(100.5�0.3)°C and a maximum at

Tm=(102�0.3)°C=375 K (at 10 K min
–1

, curve c in

Fig. 1), and the enthalpy of melting was

�mH=(27.0±0.1)kJ mol
–1

(average of 21 determina-

tions). Other polymorphs have been detected with

melting temperatures of 98 and 101°C, but the respec-

tive formation conditions could not be unequivocally

determined.

Molecular mobility in amorphous 2-biphenylmethanol

Conventional differential scannning calorimetry

Since no crystallisation is observed on cooling from

the melt, 2-biphenylmethanol becomes a metastable

liquid below the melting temperature, and vitrifies on

further cooling. The DSC signature of the glass transi-

tion is a sigmoidal change in the heat flux, that arises

from a difference in the heat capacity, �Cp, between

the glassy state and the metastable supercooled liquid

(insert in Fig. 1). The glass transition temperature

(identified with the onset of the DSC glass transition

signal) was found to be Tg= –34°C=239 K (at

10°C min
–1

, on heating). On the other hand, the heat

capacity jump at the glass transition was found to be

�Cp=(116�1) J K
–1

mol
–1

(average of 44 determina-

tions on heating and on cooling).

It is well known that the temperature of the onset

of the DSC fingerprint of the glass transition tends to

higher temperatures as the heating (or cooling) rate

increases. One of the methods of thermal analysis al-

lowing the determination of glass-former fragility is

based on the scanning rate dependency of Tg [13]. We

thus used the DSC technique in order to estimate the

activation energy of structural relaxation at Tg, Ea and

the fragility index, m, of 2-biphenylmethanol. It was

shown [14, 15] that the dependence of the glass tran-

sition temperature, Tg, on the heating or cooling rate,

|q�, of a conventional DSC experiment is given by

d

d
g

a
ln

/
–

q

T

E

R1
	 (1)

where Ea is the activation energy for the relaxation

times controlling the structural relaxation. The results

of our experiments on the influence of the heating rate

on the onset temperature, Tg,on, of the glass transition

signal are shown in Fig. 2.

Experiments were also carried out on cooling

(not shown in Fig. 2), and the rough experimental re-

sults are presented in the Table 1. It is to be enhanced

that a necessary constrain for correctly applying

Eq. (1) on heating is that, prior to reheating, the glass

must be cooled from above to well below the glass

transition region at a rate equal or proportional to the

reheating rate [15]. Our procedure was such that the
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Fig. 1 Results of DSC experiments performed on

biphenylmethanol. Curves a – first ramp on the

crystalline sample at 4 K min
–1

and b – ramp beginning

from the glassy sample at 5 K min
–1

are relative to the

2-isomer. The insert shows the glass transition signal

observed in ramp b, after cooling from the melt.

Curve c was obtained with the 4-isomer at 5 K min
–1

Fig. 2 ‘Arrhenius plot’ (logarithm of the heating rate, q, as a

function of 1/Tg,on) for the glass transition of

2-biphenylmethanol studied by DSC



heating of the glass was performed with a rate equal

to the vitrification rate. From the linear regression

analysis of the data on heating (points in Fig. 2), the

slope is found to be –35.9 (with a confidence interval

of �1.0). From this slope, the value of 298.2 kJ mol
–1

(standard deviation of �8.4 kJ mol
–1

) was obtained

(using Eq. (1)) for the activation energy.

The fragility index, m, of a substance was de-

fined as the slope of the log
(T) vs. Tg/T line at the

glass transition temperature, i.e. at T=Tg [16, 17],

m
T

T
T T

	

�

�



�

�

�

	

d
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g
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where 
 is the structural relaxation time which slows

down to �100 s at Tg. Equation (2) can be expressed in

terms of the apparent activation energy, Ea, as

m
E
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�
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�
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g

(3)

Introducing the value of 298.2 kJ mol
–1

previ-

ously reported in Eq. (2), and considering

Tg= –34°C=239 K (onset temperature of the glass

transition signal measured on heating at 10 K min
–1

),

leads to the value of m = 65 for the fragility index of

2-biphenylmethanol. From data obtained on cooling

(Table 1), that was found to be more scattered com-

pared with data obtained on heating [6], we found

Ea=(298.3�13.7) kJ mol
–1

and m=64�3.

Thermally stimulated depolarisation currents

The study by TSDC of 2-biphenylmethanol in the

amorphous solid state revealed a very sharp relax-

ation peak at –38°C (at a heating rate of 4 K min
–1

),

which surely corresponds to the relaxation associated

with the glass transition (�-relaxation) given the

proximity of this peak relative to the calorimetric

glass transition temperature Tg= –34°C at 10 K min
–1

on heating. The technique of partial polarisation (PP)

was used to analyse the detail of this relaxation. Fig-

ure 3 shows the results of some of the PP experiments

we carried out in this temperature region. Figure 3a

shows some mobility components of the lower tem-

perature side of the glass transition, while Fig. 3b

displays a number of higher temperature components.

A secondary relaxation was detected at low tem-

peratures. The analysis of the experimental results in

this temperature region (not shown due to the very low

intensity of the corresponding discharge peaks) showed

that the observed peaks corresponded to local motions

(points in the lower temperature side of Fig. 4).

The analysis of the partial polarization peaks ob-

tained in the glass transition region indicated that the

corresponding kinetic parameters display a clear de-

parture from the zero entropy behaviour (Fig. 4). The

so-called zero-entropy behaviour is an important ref-

erence to discuss the mobility features in the TSDC

context. In fact, the zero entropy line depicts the be-

haviour expected for non-cooperative relaxations

[18]. It gives the activation enthalpy of the PP peaks

as a function of the peak’s location, Tm, for a given

heating rate, for local, non-cooperative relaxations,

i.e. for relaxations involving the motion of small

groups of atoms with weak interactions with other

portions of the molecule or neighbouring molecules.

For a local, non-cooperative motional process, with

zero activation entropy, the equation of the so-called

‘zero entropy line’ is given by [19]:

RT

r H RT

h

kT

H
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m

m m m

2

( )

exp

�

�

�

�

�

	

�

�

�
�

�

�

�
�

(4)

where r is the heating rate, Tm is the temperature of

maximum intensity of the PP peak, and �H
�

is the

activation enthalpy of the corresponding motional

process. Equation (4) defines a simple reference

behaviour, which is the lower limit for the activation
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Table 1 Temperature of the onset, Ton, of the DSC glass

transition signal as a function of the rate of the linear

ramp, q, in the heating and cooling modes

Heating Cooling

q/K s
–1

Ton/K q/K s
–1

Ton/K

0.0167 235.4 0.0167 239.0

0.0167 235.7 0.0333 240.0

0.0333 237.2 0.0333 240.3

0.0500 237.9 0.0500 240.7

0.0500 237.7 0.0500 241.3

0.0667 237.9 0.0667 241.4

0.0833 238.4 0.0833 241.6

0.0833 238.3 0.0833 241.9

0.1000 238.6 0.1000 241.7

0.1167 238.9 0.1167 242.1

0.1333 238.9 0.1333 242.2

0.1500 239.1 0.1500 242.4

0.1667 239.3 0.1667 242.1

0.1667 239.3 0.1667 242.8

0.1833 239.5 0.1833 242.3

0.2000 239.5 0.2000 243.2

0.2167 239.8 0.2167 243.2

0.2333 239.9 0.2333 242.8

0.2500 240.1 0.2500 243.7

0.2667 240.1 0.2667 243.5

0.3000 240.4 0.3000 243.9

0.3333 240.5



enthalpy of viscoelastic relaxations and is shown in

Fig. 4 as a dashed line.

It is clear from this figure that the points corre-

sponding to partial polarization mobility components in

the glass transition region show, as underlined before, a

clear deviation from the zero entropy line. On the other

hand, the individual molecular motions that appear well

below the glass transition temperature, show negligible

activation entropy (the points are in the proximity of the

zero entropy line [7]), which indicates that these mo-

tions have a localised, non-cooperative, nature.

The point in Fig. 4, represented by a full symbol,

corresponds to the PP peak with maximum intensity

in the glass transition region (higher intensity peak in

Fig. 3b). The temperature location of this peak is at

Tm=–37.5°C=235.7 K. As shown elsewhere [20, 21],

this peak is the manifestation of a mobility compo-

nent that is characteristic of the glass transition, and

the analysis of this partial polarization mode allows

the determination of the activation energy for the

structural relaxation, and of the fragility index of the

glass forming system. We found Ea(Tg)=210 kJ mol
–1

for the activation energy at the glass transition tem-

perature and, using Eq. (3) with Tg=235.7 K, the value

m=47�2 was obtained for the fragility index. The

TSDC and DSC values of the fragility, 47 and 64, re-

spectively, show a significant mutual deviation. Note,

however, that in the Angell’s fragility scale,

2-biphenylmethanol thus appears as a strong glass

former, with a fragility of the order of that of glycerol.

Conclusions

The structural isomerism in biphenylmethanol was

found to have a strong influence in the glass forming

ability. While 4-biphenylmethanol shows the

so-called normal behaviour against crystallization,

2-biphenylmethanol can be cooled from the melt be-

low the melting temperature, giving rise to a very sta-

ble metastable supercooled liquid. The metastable liq-

uid vitrifies on further cooling.

The glass transition relaxation of

2-biphenylmethanol was studied by DSC and by
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Fig. 3 Partial polarisation components of the slow mobility of amorphous 2-biphenylmethanol obtained at a heating rate of

4 K min
–1

, with a polarising electric field of E=450 V mm
–1

, and with a polarisation window of �T=2°C. The property in

the ordinate axis is the current intensity expressed in Ampere, I(A). a – Low temperature components of the relaxation at

� – 40°C obtained with polarisation temperatures from Tp= –60°C up to Tp= –53°C. b – Components of the relaxation at

� – 40°C obtained with polarisation temperatures from Tp= –52°C up to Tp= – 40°C

Fig. 4 Activation enthalpy of the partial polarisation peaks of

the slow mobility of amorphous 2-biphenylmethanol, as

a function of the peak’s location, Tm. The uncertainty in

the enthalpy values is less than 2%. The continuous line

corresponds to the zero entropy prediction. The point

represented by a full symbol, corresponds to the PP peak

with maximum intensity in the glass transition region

(higher intensity peak in Fig. 3b)



TSDC, and it was found that it is a relatively strong

glass forming liquid. A �-relaxation was detected and

characterised in the amorphous solid-state.

Crystal polymorphism was detected for both iso-

mers, but the conditions for the formation of the dif-

ferent polymorphs could not be clearly established.
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