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Abstract

The solid±liquid phase transition of n-dodecane has been studied with a modulated adiabatic scanning calorimeter (MASC).

The well-known features of melting Ð such as the existence of a pre-melting region and the dependence of the melting curve

on the scanning rate Ð were observed, together with completely new features which, to the best of our knowledge, have never

been reported before, such as the presence of a small secondary, non-reproducible peak in the melting curve. This last result

was obtained working in the scanning operation mode, at rates lower than 3:3� 10ÿ4 K sÿ1. The complex melting process

occurring in the sample was studied inside the melting temperature interval, using the temperature step scanning and the

adiabatic-like enthalpy step operation mode of MASC. A very slow rate of attainment of equilibrium was observed when the

liquid and solid phases were co-existing. Temperature modulation, in both the continuous scanning mode and the quasi-

isothermal step-scanning mode, was also used to obtain a clearer characterisation of the melting kinetics. The melting

transition of n-dodecane is discussed in the light of the results obtained by applying to one and the same sample different

operation modes. The transition enthalpy values measured are compared to the data in the literature. The two peaks observed

in the melting curve of n-dodecane are analysed and possible explanations for the second peak are discussed. # 2000 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Ideal thermodynamic conditions in the melting and

crystallisation of molecular compounds are only

rarely achieved due to the presence of structural

relaxation processes and precursor effects caused by

the non-equilibrium conformations explored by the

sample [1]. The complexity of the phenomena occur-

ring at the phase transition increases with the size of

the molecule, and the temperature interval involved is

generally quite large. This is particularly evident in

case of the phase transitions of polymers, which are

currently being widely used to test theoretical models

[2,3]. The melting and crystallisation of the n-alkanes

have also been the subject of intensive study due to

very interesting features related to their polymorphism

[4,5]. Calorimetric data point to the existence of

rotator phases and surface crystallisation, at least in

those n-alkanes with more than 20 carbon atoms [6±8].

The aim of the present study was to gather data on

these processes by means of a modulated adiabatic

scanning calorimeter (MASC) recently built by the

authors [7]. MASC operates in three different modes:

(i) scanning the sample temperature; (ii) modulating
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the temperature at a ®xed frequency and amplitude;

and (iii) maintaining adiabatic-like conditions. For

these preliminary experiments (before attempting to

study the polymorphism of polyole®ns and n-alkanes

with longer molecular chains), n-dodecane was chosen

as the reference n-alkane, and all measurements were

performed on a single sample.

MASC was ®rst used in the temperature scanning

mode to obtain the apparent speci®c heat (Capp) of the

sample during melting. Successively, temperature

modulation was introduced in order to measure simul-

taneously the Capp and the complex heat capacity,

C0�o� ÿ iC00�o�, of the sample.

To study the time evolution of the process taking

place in the sample, the temperature was step-scanned

within the melting interval by supplying equal energy

pulses under adiabatic-like conditions and extending

the duration of the isothermal part of each step, in

order to observe the structural relaxation and re-crys-

tallisation processes of the polycrystalline solid±liquid

mixture [1,9].

The calorimetric data thus obtained on n-dodecane

provide considerable insight into the complexity of the

melting processes in polycrystalline samples and

underline the intrinsic dif®culty of their characterisa-

tion in systems with transitions that are remote from

the ideal thermodynamic behaviour. The main features

of the experimental curves, such as the presence of a

second peak for the melting region, are discussed and

the fusion enthalpy values obtained are compared with

the data in the literature.

2. Experimental

MASC is a single cell calorimeter, which has been

described in detail elsewhere [7,10]. The sample

consisted of n-dodecane (>99.8% purity) purchased

from Fluka Chemical Co. and used without additional

puri®cation. The sample container was a cylindrical

Pyrex tube (o:d: � 3 mm; i:d: � 2:2 mm; L �
90 mm), which was partially ®lled with 182.60 mg

of n-dodecane and then ¯ame-sealed. The three opera-

tional modes of MASC, built into the instrument's

software, were used in successive runs on this sample.

The procedure used to obtain the solid phase in the

calorimetric cell was the following: the melt was

heated to ÿ58C, then cooled at a rate of 3 K sÿ1

and, after freezing, stored at ÿ208C for 1 h. The

sample thus obtained was studied over three runs at

a heating rate of 1/6000 K sÿ1. A good repeatability of

the area of the melting peak was obtained, although a

few features of the melting pro®le were not always

reproduced. The cell temperature and the power sup-

plied to the cell were measured at time intervals of 2 s

and the values were recorded. The quantities of inter-

est were calculated using the equations described in

reference [11]. The temperature was measured with an

accuracy of 0.01 K, while the instrument is capable of

measuring temperature differences as small as

0.0001 K. The accuracy of the heat ¯ow rate was

100 mW and the minimum detectable power was

20 mW.

3. Experimental results

The temperature dependence of the apparent heat

capacity, Capp, calculated from the measured heat ¯ow

rate at different temperature scanning rates, is shown

in Fig. 1. The experimental curves changed in shape

and the melting peaks shifted towards the lower

temperature values with the decreasing rate of the

temperature scan, b. The same behaviour has been

observed in standard DSC measurements, although

these are generally obtained at much higher scanning

rates. The Capp curve at b � 10ÿ5 K sÿ1 has a width of

approximately 0.4 K, while at b � 1:25� 10ÿ2 K sÿ1,

the width is >2 K. The Capp curves at b < 5�
10ÿ4 K sÿ1 sometimes display a shoulder after the

peak.

The values for the melting enthalpy, DHm, reported

in Table 1 were obtained by integrating the Capp (T)

curve over the entire temperature range after subtract-

ing the baseline value as reported in Fig. 2. The

baseline, which represents the heat capacity of the

co-existing liquid and solid phases, was calculated

from an equation ®tting the heat capacity values

measured below and above the melting temperature

interval. The errors in Table 1 were calculated by

multiplying the minimum detectable power (20 mW)

by the integration time and summing the baseline

uncertainty.

The average of the DHm values calculated from the

data obtained at b > 1:66� 10ÿ4 K sÿ1 is close to the

value reported in the literature, 214.76 J gÿ1 [12]. The
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integration of the curves at b � 1:66� 10ÿ4 K sÿ1

yielded lower values due to limits in the sensitivity

of the instrument, which was not suf®cient to measure

the contribution of an increasing part of the pre-

melting curve.

Fig. 2 shows a typical melting peak with the most

signi®cant parameters studied. The melting tempera-

ture, Tonset, was calculated as the intersection of the

extrapolated baseline from the solid phase region and

the tangent at the ¯ex point of the low temperature side

of the curve Capp (T). The points of the curve in Fig. 3

represent the temperatures, calculated from the curves

in Fig. 1, at which the end of melting, the peak of the

melting curve, and the melting onset occur (Teom, Tpeak

and Tonset, respectively, as de®ned in Fig. 2). The b-

dependence of Teom and Tpeak was signi®cant and non-

linear over the explored b range: at low b values a

sharp increase was evident in the two curves. At

b > 1=1200 K sÿ1, the slope of the straight line ®tting

the Teom values was twice the slope of the line ®tting

the Tpeak values, as was to be expected due to the signal

deformation caused by the scanning rate. On the

contrary, the b-dependence of Tonset was negligible,

even at low b values.

Fig. 4 shows the behaviour of Capp and of the real,

C0(o), and imaginary, C00(o), components of the

complex heat capacity, calculated from a modulated

temperature scanning run at: o � 0:021 rad sÿ1 (mod-

ulation period t � 300 s); modulation amplitude

dT � 0:025 K; and b � 1=6000 K sÿ1. Under these

experimental conditions, the response of the sample�
cell system was linear within the melting region, as

may be deduced from the absence of any signal at 2o
and 3o.

The melting and re-crystallisation processes

provoked by the small temperature modulation ampli-

tude are re¯ected in the C0(o) and C00(o) curves. In

Fig. 1. The apparent speci®c heat of n-dodecane plotted against temperature at different heating rates.

Table 1

Melting enthalpy for n-dodecane measured at different temperature

scanning rates

b (K sÿ1) DHm (J gÿ1)

12.5 � 10ÿ3 212.9 � 1.2

8.33 � 10ÿ3 213.1 � 1.2

3.33 � 10ÿ3 212.1 � 1.4

1.66 � 10ÿ3 211.5 � 1.8

8.33 � 10ÿ4 211.0 � 2.4

3.33 � 10ÿ4 214.0 � 4.0

1.66 � 10ÿ4 213.0 � 8.0

8.33 � 10ÿ5 201.0 � 15.0

1.00 � 10ÿ5 180.0 � 50.0
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particular, C0(o) is nearly coincident with Capp and

C00(o) is nearly null at T < ÿ11:58C. At higher tem-

peratures, C00(o) rises and C0(o) becomes more and

more different from Capp, decreasing to the value of

the heat capacity of the liquid just before the end of the

melting.

The adiabatic-like operation mode was used to

carry out a time-domain analysis within the melting

Fig. 3. Teom, Tpeak, and Tonset plotted against the scanning rate, calculated from the curves in Fig. 1 following the procedure outlined in Fig. 2.

Fig. 2. The apparent speci®c heat of n-dodecane plotted against temperature at b � 1=600 K sÿ1. The melting peak analysis which was used

to determine the `̀ end of melting'' temperature (Teom), the peak temperature (Tpeak), and the onset temperature (Tonset) is also shown.
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interval. The results are summarised in Fig. 5, which

shows the cell temperature measured during succes-

sive, equal heat pulses of 2.40 J supplied for a 50 s

period at time intervals of 400 s. The temperature

range explored included the pre-melting interval,

the melting interval, and the liquid phase. The melting

interval was then explored by applying energy pulses

(0.24 J for 50 s) to the cell at time intervals of 400 s.

The T(t) curve is shown in Fig. 6. The data reported in

Figs. 5 and 6 underline the fact that intervals of 400 s

are not suf®cient to attain equilibrium during the ®nal

part of the melting interval, when the process becomes

slower.

The characteristic heat diffusion time within the

sample cell was very short (ti � 1 s) in the liquid

phase region, as may be seen from the Q-steps (see

inset A of Fig. 6). In the melting region, the evolution

over time of the cell temperature after the heat pulse

followed the energy absorption process as a conse-

quence of the heat diffusion, phase transformation and

structural relaxation of the sample (see inset B of

Fig. 6).

Finally, the temperature step-scanning mode was

used to study the kinetic processes taking place in the

sample. In Fig. 7, the behaviour of the heat ¯ow rate,

P(t), is shown. P(t) was measured during a run where

the temperature was scanned between ÿ11.8 and

ÿ9.48C with steps of 0.28C followed by isotherms

of 1800 s. The liquid fraction, xliq, calculated from

the integral of P(t) normalised to the total DHm, is

also shown in Fig. 7. When equilibrium between

the co-existing phases was attained (as was the case

in this run except during one step), the ®nal values

for xliq at the end of each isotherm describe the solid±

liquid co-existence curve of n-dodecane in the melting

interval.

The P(t) curves obtained from a temperature step-

scan performed between ÿ10.4 and ÿ9.98C (equal

steps of 0.058C followed by isotherms of 6000 s) are

displayed in Fig. 8. One curve was obtained with

superimposed temperature modulation (t � 300 s;

dT � 0:0258C). Each data point in the ®gure repre-

sents the average of P(t) over a modulation period;

in the case of the non-modulated run each point

Fig. 4. The real and imaginary components of the complex heat capacity and the apparent speci®c heat plotted against the temperature

measured at b � 1=6000 K sÿ1, dT � 0:025 K, and t � 300 s.
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Fig. 6. Cell temperature plotted against time, measured using the adiabatic-like step-scanning mode (heat pulses: 0.24 J supplied for 50 s at

time intervals of 400 s).

Fig. 5. The cell temperature plotted against time (and against the amount of energy supplied to the cell) measured in the adiabatic-like step-

scanning mode (heat pulses: 2.4 J supplied for 50 s at time intervals of 400 s). The method used to calculate Tonset and the melting interval DTm

is also shown.
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represents the mean value of 10 readings at time

intervals of 2 s. The two curves display practically

the same pro®le. The values for C0(o) and C00(o),

calculated from the modulated run using the procedure

described in [11], are shown in Fig. 9. The C0(o) and

C00(o) curves are in agreement with the curves in Fig. 4

for the corresponding temperature interval. They con-

tain further information on the reversibility and

kinetics of the processes by which the sample attains

equilibrium.

Fig. 8. The cell temperature and power supplied to the cell plotted against time during a step-scanning run (T-step: 0.05 K, step-length 6000 s)

with and without modulation at o � 0:021 rad sÿ1 (t � 300 s) and dT � 0:025 K.

Fig. 7. The power supplied to the cell and the sample liquid fraction, calculated from the power integral curve, plotted against time during a

step-scanning run (T-step: 0.2 K; step-length 1800 s). The scanned temperature interval was ÿ11.8 to ÿ9.48C.
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4. Discussion

This experimental study underlines the dif®culty of

determining a temperature value associated with the

melting transition, since the melting curve is so

strongly dependent on the scanning rate. Indeed the

main peak shifts towards higher temperatures by an

amount bti, where ti is the sum of the heat diffusion

time from the cell heater to the sample's solid

fraction� the characteristic time of the melting pro-

cess. Moreover, the melting peak width decreases with

the scanning rate towards a limit value which is

in¯uenced by the sample's purity and polycrystalli-

nity. Indeed, the melting temperature of any crystallite

changes with its size, shape and defect/impurity con-

tent; moreover, crystallites can perfect through local

melting and re-crystallisation processes [9].

The standard thermodynamic de®nition of the melt-

ing temperature is based on the existence of a plateau

in the T versus sample enthalpy curve. No such plateau

was observed for n-dodecane, as can be seen in Figs. 5

and 6, but it was possible to de®ne a temperature

interval, DTm, in which the melting occurs.

The pre-melting region extends for many degrees

below ÿ10.408C and is detectable down to ÿ158C
(see Figs. 2 and 4). As Fig. 3 shows, Tonset, calculated

using a procedure equivalent to that used to determine

the melting temperature in standard DSC [13], is

practically independent of the scanning rate. Its value,

ÿ10:35� 0:038C, is in good agreement with the

initial temperature value for the melting interval,

DTm (compare the adiabatic-like run in Fig. 5). More-

over, the value for DTm in Fig. 5 (DTm � 0:368C) is

very close to the melting curve width (Teom ÿ Tonset �
0:38�C) for the run at b � 10ÿ5 K sÿ1 in Fig. 1.

These data support the use of Tonset to represent the

melting transition, but the complexity of this transition

de®nitely requires a more detailed description and the

use of other parameters such as DTm, Teom and Tpeak

for its characterisation.

The curves obtained using the modulated tempera-

ture scanning mode can be analysed in terms of the

following three different regions (see Fig. 4).

1. The region below ÿ11.58C, where Capp � C0�o�
and C00�o� � 0, demonstrates the reversibility of

the processes contributing to Capp since the

response time is very short compared to the

modulation period. This interval can be de®ned as

the pre-melting region which has as its lower limit

the temperature at which Capp attains the solid

phase Cp value.

Fig. 9. The cell temperature, C0(o) and C00(o) plotted against time, as calculated from the experimental curves in Fig. 8.
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2. The melting interval ÿ11:5 < T < ÿ9:75�C,

where Capp 6� C0�o�, C00�o� 6� 0, and Capp is

much greater than C0 and C00, shows that the heat

diffusion time within the cell (which depends

upon (a) the heat transfer from the heater to the

sample; and (b) the heat diffusion in the co-

existing phases which supplies the latent heat of

the transition) increases more and more, such that

the cell� sample system is unable to follow the T

modulation. Indeed, C00(o) increases with T as

C0(o) decreases. This is supported by the

observed increase in the relaxation time during

the step-scanning measurements (see Figs. 5±8).

We are currently developing a theoretical model

that will link these time domain and frequency

domain results with the heat diffusion and process

kinetics of a given system.

3. The region above ÿ9.758C, where C0�o� � 0 and

Capp � C0�o�. Here, the melting of the sample is

complete and C0�o� � Cp � 2:37 J Kÿ1 gÿ1 is the

speci®c heat of liquid n-dodecane, a value which

is in good agreement with the one reported in

[13,14].

The average P(t) measured in the modulated tem-

perature step-scanning mode is analogous to the P(t)

curve measured under the same conditions but without

modulation, as would be expected when linear

response conditions are ful®lled (see Fig. 8). This

®nding shows that, if the degree of modulation is

small enough, modulated calorimetry can be used to

study phase transitions without altering the transition

process.

The values for DHm measured at decreasing tem-

perature scanning rates, as reported in Table 1, show

that at b values lower than 1:66� 10ÿ4 K sÿ1 the

measured DHm values are more and more greatly

in¯uenced by the low sensitivity of the calorimeter

and signi®cant errors are possible.

One unexpected ®nding in this study was the

observation of two peaks in the melting curve of n-

dodecane, which can be explained by the presence of

two melting processes. The melting curves for n-

dodecane reported in the literature have generally

been obtained using scanning rates that are too high

to detect the second peak. The detection of the second

peak by our instrument could be due to the selective

growth of larger and/or higher quality crystallites.

With the very low scanning rate used, these crystallites

had time to perfect during the course of the experi-

mental runs, and the melting of the crystallites

occurred at a higher temperature than that of the rest

of the sample, thus allowing a second melting peak to

emerge if the main peak was suf®ciently narrow (low

b values). This feature was not always reproducible

(compare Fig. 4, where the second peak is absent in

the curve at the same scanning rate shown in Fig. 1);

its occurrence seems to be in part dependent on the

sample preparation procedure (cooling rate, freezing

temperature, storage time, and temperature). These

observations strongly support our hypothesis that the

second peak arises due to structural relaxation through

re-crystallisation and annealing processes of the sam-

ple in the polycrystalline phase [9].

Another possible explanation for the existence of

two peaks is the polymorphism of n-dodecane, but this

hypothesis is not in agreement with the results

reported by Espeau et al. [15]. These authors per-

formed a systematic study of the structure and ther-

modynamics of various n-alkane molecules with a

number n of C atoms ranging from 8 to 21, and

reported observing polymorphism only for odd values

of n and for n > 20. Their calorimetric measurements

were executed using samples of 99.1% purity, but at a

scanning rate of b � 1=30 K sÿ1, a rate much too high

to resolve the second peak. Moreover, the temperature

intervals at which the two solid phases should theore-

tically exist are practically superimposed, so that the

crystallographic characterisation would be dif®cult.

Therefore, the presence of polymorphism cannot be

excluded. To gain further information on the solid

phase of our molecule, a study of n-dodecane crystal-

lisation is now in progress.

5. Conclusions

From this study many interesting features of n-

dodecane melting have come to light. The melting

curve is not always a single-peak curve; it sometimes

shows a shoulder on the higher temperature side which

can be attributed to the presence of a second peak. Two

explanations of this feature are possible: (i) at very

slow scanning rates the melting of a small number of

crystallites, which have had time to become more and

more perfect during the course of the run, occurs at

C. Cardelli et al. / Thermochimica Acta 364 (2000) 1±10 9



higher temperatures; or (ii) under particular conditions

n-dodecane exhibits polymorphism, even if it has a

low and even number of carbon atoms [15].

Our experimental results highlight the dif®culty of

determining the temperature of the melting transition,

due to the effects of the instrument itself on the

parameters being measured. The Tonset value, as

obtained in Fig. 2, is practically independent of the

experimental conditions, even at b values much higher

than those reported in this paper [16]. It therefore

would appear to be a good marker for the melting

transition, even if a single temperature value is not

suf®cient to represent the complexity of a process

which occurs over a temperature interval.

The temperature step-scanning and the adiabatic-

like step-scanning modes of MASC can be used to

study processes with characteristic times longer than

the instrumental time. In the case of the melting

process, the instrumental time becomes very long

owing to the heat diffusion in the cell� sample system

[10]. The modulated temperature scanning mode

would appear to be particularly promising for the

study of the exact nature of the phase transition and

the reversibility of the processes involved [17±19].

Such studies may be further enhanced by the com-

bined application of the adiabatic-like mode, which

can measure the cell temperature relaxation time

necessary for data analysis [20].
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