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Abstract 

Thermal and thermobarometric analysis of three n-paraffins having an even number of 
carbon atoms (C,, C,, and C,) and of one paraffin having an odd number (C,,) are 
reported. The two techniques used yield consistent results in agreement with high-pressure 
literature data. The thermobarometric technique allows one to detect low-enthalpy or weak 
transitions, especially in the case of the short paraffins exhibiting more complex phase 
diagrams. It appears that the stability domain with respect to pressure and temperature of 
the rotative phase, which is stable in the fusion vicinity for paraffins, decreases when the 
pressure and/or the chain length increases. 

INTRODUCTION 

Long chain n-alkanes or paraffins (CnH2n+2) are of great importance in 
the petroleum industry because of their presence in crude oil and gas oil. 
These molecules are also important as model molecules of some simple 
polymers [2]. The knowledge of their physical properties as functions of 
temperature and pressure and, more generally, the knowledge of their P-T 
phase diagrams is then essential. Several studies have been devoted to the 
establishment of the (P-T) phase diagrams of pure paraffins, using a wide 
range of techniques. Very often differential thermal analysis has been used 
to measure the energetic modifications associated with the observed phase 
transitions [3-51. 
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TABLE 1 

Stated purities and origins of pure components. Temperatures of fusion Tr and of transition 
Ttr in “C as measured by differential thermat analysis (DSCI or by thermobarometric 
analysis (metabolemeter); values in parentheses are from the literature 

DSC Metabolemeter Purity Manufacturer 

%H,22 

Tf 100.0 (99.6) [2] 100.5 > 98% Fluka 

W%2 

Tf 80.0 (81.4) [2] (81.6) [3] 80.6 99% Sigma 

T,, 72.2 73.5 

W-Is, 
Tr 55.0 (56.5) f5] 57.3 99% FIuka 

T,, 51.2 (51.1) 151 50.6 

(VI,, 
Tf 58.5 (59.5) 131 (60.6) 141 58.8 99% Fluka 

7-q 52.2 (53.5) [3] (53.9) [41 53.4 

T,,, 45.4 (46.3) [3] (44.8) [41 45.3 

It is known that paraffins may show very different phase diagrams 
depending on their number of methylene groups and whether this number 
is odd or even. However, although the temperature effects on these phase 
diagrams have been quite well investigated, the effect of pressure has 
seldom been taken into consideration. 

In this work we have selected four paraffins, three with even numbers of 
carbon atoms (C,, CJO, C,,) and one with an odd number (C,), in order 
to check the possibilities of using a new the~obarometric technique. To 
detect the structural transitions at atmospheric pressure we used a differ- 
ential temperature scanning calorimeter. The pressure effect upon the 
structural changes has been evaluated using a thermobarometric analyser 
recently developed by Buisine et al. [l]. This technique allows one to obtain 
directly the boundary P =f(T) curves between the existing phases. 

EXPERIMENTAL 

Chemicals 

The compounds studied were hexacosane (C&H,,), heptacosane 
(C27H56), tetracontane (C,H,) and hexacontane (C,H,,,). Their origins 
together with their respective stated purities are indicated in Table 1. They 
were used without further pur~ication. Their temperatures of fusion Tf 
and of solid-solid transition T,, are given in Table 1, together with 
literature values for comparison. 



D. Lourdin et al. / ~hermochim. Actu 204 (‘19923 99- 110 101 

Experimental 

Two instruments were used: a differential temperature scanning 
calorimeter and a thermobarometric analyser. 

The temperatures corresponding to a phase change at atmospheric 
pressure were determined with a DSC 111 Setaram calorimeter. This 
calorimeter is based on the well-down Calvet principle using a differential 
detection of the thermal flux between the measuring and the reference 
cells and the thermoregulated block. The temperature scanning of the 
block is programmed by means of a computer, which also collects and 
stores the data of the measured flux. Each experiment was carried out 
under argon at the same normalized temperature scanning rate (1’C 
min-I) on a sample of about 5 mg. In these conditions, the reproducibility 
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Fig. 1. Scheme of the thermobaromet~c technique using an MTh4 Leader ~etabolemeter. 
The free volume corresponds to the space between the product (striped) and the seal (dark). 
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of the characteristic temperatures was about f O.l’C, as obtained from the 
conventional the~ograms. 

The thermobarometric analyser was used in its commercial version 
(Metabolemeter from MTM Leader). This apparatus measures the varia- 
tion of pressure of a sample subject to a temperature change. The sample 
is confined in an hermetically closed constant volume cell equipped with a 
pressure sensor. Thus any temperature induced volume change of the 
sample manifests itself as a pressure change. The pressure and tempera- 
ture are simultaneously recorded to yield P =f(T) curves, the thermobaro- 
grams. The measuring cell shown schematically in Fig. 1 comprises a low 
expansion metallic block in which a small cavity (20 mm3> is drilled. A 
piezo-resistive pressure transducer operating up to 1200 bar is sealed on 
the bottom of this cavity. A thermocoax-type heating element coiled 
around the cavity ensures temperature control by means of a platinum 
resistance thermometer. The cell is closed by a clamp equipped with a 
screw device. The cell itself is located in a stainless steel block under a 
glass bell-type cover acting as thermal insulation. Flat soft metal (tin) 
gaskets are used to seal the cell cavity. We have adapted a cooling and 
air-pulsed system to control the temperature of the stainless steel block 
down to -20°C. Otherwise in normal conditions the instrument can be 
operated up to 250°C. The sample is placed in the cavity, which is then 
hermetically closed by a metallic cylinder, tightening the tin seal. In a 
typical experiment, once the sample has been sealed in the cell, the 
thermal regulation system is operated by a computer which simultaneously 
collects the P and T data. A second computer is used for programming 
and data storage operations. As a matter of fact this analyser works in an 
isochoric mode in the sense than it detects inside a constant volume cell, 
containing the sample, the pressure changes which result from pro- 
grammed temperature scanning. 

P-T phase diagrams 

Several experiments (i.e. P =f(T) thermobarograms) were used to ob- 
tain a complete P-T phase diagram. Each experiment was performed with 
an initial given free volume above the sample situated in the measuring 
cell. As shown in Fig. 1, this free volume corresponds to the difference 
between the total volume of the cavity and the actual volume occupied by 
the sample. This free volume is adjusted either by varying the volume of 
the sample or by tightening the tin gasket. The tightening is more or less 
controlled by means of the screw-clamp using a dyn~ometric wrench. 
However, the total volume of the cavity remains constant. 

The~obarogra~ of different types were obtained depending on the 
importance of the free volume, as shown in Fig. 2. The superimposition of 
the different thermobarograms on a P-T coordinate system allows one to 
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Fig. 2. Reconstitution of schematic P = f(T) thermobarograms showing the influence of the 
free volume, and typical boundary lines in the case of a solid-solid (S, + S,) transition and 
of a solid-liquid (S, + L) fusion. 

determine the boundaries between phases in the complete phase P-T 
diagram. 

In fact, it is necessary to distinguish along a P =f(T) curve the part 
corresponding to a simple monophasic variation from the part associated 
with a diphasic transition. The thermodynamic equations related to each 
domain are as follows. 

In the monophasic region (for the phases ph) 

dP ph i-1 c+(T) 
=p 

dT XT(P) 

where (Ye and xT characteristic of the single phase are respectively the 
isobaric expansibility (Ye = l/V (W/aT), and the isothermal compressibil- 
ity xr = - l/V (av/aP),. 

In the diphasic region (for the transitions tr) the Clapeyron relation 
holds 

dP tr 

i-1 
AH 

dT =- TAV 

where AH and AV are respectively the enthalpy and volume differences 
related to the identified phase transition. 
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Selected typical curves corresponding to different inital free volumes are 
shown together in Fig. 2; they yield the P-T phase diagram of a compo- 
nent exhibiting a solid-solid transition preceding a solid-liquid phase 
change. 

RESULTS AND DISCUSSION 

Results 

In order to show that the two techniques used in this work are comple- 
mentary, and also to illustrate their consistency, the thermograms obtained 
by differential scanning calorimetry and the thermobarograms and/or 
pressure-temperature phase diagrams obtained by thermobarometric anal- 
ysis have been reported together on Figs. 3-6. In these figures the thermo- 
gram (lower part) and the P-T phase diagrams (upper part) have been 
represented on the same temperature scale, so permitting a direct compari- 
son of the results at atmospheric pressure, i.e. at a pressure corresponding 
to the common zero baseline on each figure. The characteristic tempera- 
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Fig. 3. Thermobarogram and thermogram of hexacontane (Q,,,H1.& showing the single 
transition between the orthorhombic phase I [2] and the liquid phase. 
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Fig. 4. P-T phase diagram and thermogram of tetracontane (C,Hs,) showing a structural 
change in the solid phase from the orthorhombic phase I [Z] as well as the fusion. Open 
circles denote characteristic temperatures from ref. 5. 

tures given by the thermobarograms are obtained by extrapolation to zero 
of the phase transition boundary lines; the characteristic temperatures 
given by the the~ograms are obtained by the conventional extrapolation 
method. Temperatures of fusion obtained with the two techniques agree 
within + lS”C, and in most cases the difference between literature data 
and our present results is less than 2°C. In some cases, we have also 
reported for comparison the characteristic temperatures obtained by vari- 
ous authors using differential thermal analysis under pressure (see Figs. 
4-6). A Sudan of the characteristic temperatures obtained and other 
pertinent properties extracted from the present experimental analysis are 
given in Table 2. For the four paraffins investigated the following observa- 
tions can be made. 

The thermogram in Fig. 3 presents a single peak associated with the 
fusion; the thermobarogram shows a single solid-liquid transition boundary 
line in the P-T diagram. In this particular case, when the cell is filled 
keeping an “intermediate free volume” (see Fig. 21, this thermobarogram 
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Fig. 5. P-T phase diagram and thermogram of hexacosane (Ca6Hs4) showing transition in 
the solid phase where the monoclinic phase VI [6] and the triclinic phase VII [6] are present 
as well as the hexagonal phase II [6]. The equilibrium line at low temperatures in the P-T 
diagram would correspond with the VII -+VI phase change. The main peak in the 
thermogr~ corresponds to the fusion. q and o denote characteristic temperatures from 
ref. 5. 

corresponds directly to the P-T phase diagram. The agreement between 
temperatures of fusion determined at atmospheric pressure with both 
instruments is satisfying and the values are close to the literature data [2], 
as indicated in Table 1. 

At atmospheric pressure, the thermogram in Fig. 4 reveals two peaks, 
The temperature of fusion is at about 80°C. The other peak obtained, close 
to 72”C, corresponds to a low-enthalpy solid-solid transition as mentioned 
by Josefiak et al. [3] at 72°C. However, under high pressure, Wiirflinger [SJ 
does not mention the existence of a transition before the fusion. The 
thermobarograms allow the detection of two first order transitions under 
pressure; the phase diagram is reproduced in Fig. 4 (upper part). It is 
worth noting on the P-T phase diagram that there is a good agreement 
between the temperatures of fusion from the literature and our solid-liquid 
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Fig. 6. P-T phase diagram and thermogram of heptacosane (C,,H,,) showing the two 
transitions in the solid phase between orthorhombic phases I and IV f7] and between the 
orthorhombic phase and hexagonal phase II f7] respectively. II and * denote characteristic 
temperatures from ref. 3. 0, A, Cl and o denote characteristic temperatures from ref. 4. 

transition curve; also, the solid-solid transition boundary line appears well 
established. In addition a triple point, at 600 bar and 96”C, is detected, 
corresponding with the vanishing of the second solid phase. The solid-solid 
transition is slightly energetic (AH = 14 kJ mol- ‘, Table 2) but also 
exhibits a relatively low volume change (AV= 0.030 cm3 g-l). The rela- 
tively low pressure at which the second solid phase disappears and the 
corresponding small energy of this solid-solid transition would explain why 
Wiirflinger 151 did not observe this transition under pressure. 

Hexacosane CC,, Hj4 ) 
As shown in Fig. 5, the two techniques permit identification of a 

solid-solid transition at a temperature below that of fusion. The thermo- 
barometric results at atmospheric pressure and under pressure are in 
excellent accord with the data obtained by Wiirflinger [51. However, the 
the~obarometri~ curves present a more complex pattern than expected 
for a three phase system: at low temperature a first order transition with a 
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TABLE 2 

Characteristic quantities and properties extracted from experimental analysis. T,, Tt,: 
temperatures of fusion and transition respectively; AH,, AH,,: enthalpy changes for fusion 
and transition respectively; ((Y, /xr): thermal pressure coefficient for solid (s) and liquid (1) 
phases; (dP/dT)f, (dP/dT)“: Clapeyron slopes for fusion and transition respectively; 
X AH, YZ AV: total changes for enthalpy and volume respectively 

T, (“0 
T,,, (“0 
Ttrz (“0 
A Hf (kJ mol-‘) 
AH,,, (kJ mol-‘) 
A Htrg (kJ mol- ‘) 

c AH (kJ mol-‘) 
5 

AV, (cm3 g-r) 0.103 
AK,] (cm3 g-‘) 0.055 
Al& (cm3 g-l) 0.004 

c AI/ (cm3 gg’) 0.162 

58.9 55.0 80.0 
52.2 51.2 - 

45.4 - 72.2 
59.0 57.6 133.5 
26.3 32.2 - 

2.2 - 14.0 

87.5 89.8 147.5 

2.2 2.4 8.0 12.5 

8.8 9.2 8.6 7.9 

44.9 44.3 39.2 35.6 

37.9 

27.3 

33.7 

0.106 
0.079 
- 

0.185 

100.0 

- 

186.8 

- 

186.8 

23.6 - 

0.169 0.165 
- - 

0.030 - 

0.199 0.165 

positive pressure change of 50 bar is evident. The corresponding P-T 
phase diagram is given in Fig. 5 (upper part). 

Heptacosane (C,,H,,) 
As shown by the thermogram in Fig. 6, two solid-solid transitions are 

observed in addition to the fusion. The thermobarograms are also very 
sensitive to these transitions, and the comparison with data from thermal 
analysis under pressure shows good agreement. The P-T phase diagram is 
reproduced in Fig. 6 (upper part). In this case, the solid-solid transition 
points obtained at lower temperature by Takamizawa et al. [4] seems to 
deviate more than expected from the combined precisions generally ac- 
cepted for the two techniques. Moreover, thermobarometric measurements 
seem to confirm the existence of an additional transition, approximately of 
first order (see dotted line on the P-T phase diagram in Fig. 6), and thus 
the existence of a supplementary phase stable up to 220 bar. However, this 
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obse~atio~ is made with a precision close to the instrumental uncertainty 
limits, so that the above interpretation needs confirmation. 

Discussion 

The present study of the thermal behaviour of organic materials allows 
us to confirm or to establish in detail the different phase transitions, The 
thermophysical property data extracted from calorimetric and thermobaro- 
metric analysis are reported in Table 2. The phase coexistence boundary 
lines in the P-T diagram are also well defined. In particular, the triple 
points corresponding to the disappearance of a phase under pressure are in 
evidence. Clearly, the information obtained therefrom does not give insight 
into the nature of the solid phases detected but does indicate the combined 
influence of temperature and pressure on the phase diagrams. However, it 
is interesting to discuss the observed changes in the phase diagrams taking 
into consideration the information on the molecular structures given by 
X-ray or IR spectroscopic methods. Depending on the phases considered 
some aspects are of particular interest. 

In the low-temperature crystalline phase 
X-ray investigations by Doucet and co-workers [6,7] have shown that the 

phase observed at low temperature is orthorhombic as long as the carbon 
number of the aliphatic chain is greater than 26. In the case of hexacosane 
(C,,) its low temperature phase seems to be a mixture of monoclinic (solid 
VI) and triclinic (solid VII) structures. The transformation which appears 
at low pressure could be associated with the transformation of the triclinic 
into the monoclinic phase, showing a monophase domain stable with 
pressure and temperature for the monoclinic phase (Fig. 5). The IR 
investigation by Maroncelli et al. [S] indicates that at low temperature all 
n-alkanes, including long chain n-alkanes, have a planar conformation, 
with all-trans intramolecular conformers predominating. A temperature 
increment induces “defects” starting with the chain-ends. Then, with 
increasing temperature, the number of “defects” progressively increases, 
the crystalline structure remaining however of orthorhombic type (solid I), 
and this is maintained practically up to fusion in the case of hexacontane 
[9]. In contrast heptacosane (C,,) presents an important change in the 
number of defects when the temperature increases; this probably explains 
the low-energy transition observed near 45°C (see Fig. 6). 

In the high-temperature c~stal~i~e phase 
X-ray studies [7] of heptacosane show that when approaching fusion the 

crystalline structure is hexagonal (solid II). This phase, which has been 
studied by different techniques, is called the “rotator phase”. In this phase 
the molecules have sufficient energy to cross over the rotation energy 
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barrier, allowing then a free rotation along their axes [7]. Some cis-cb 
defects (“kinks”) are present in the central part of the molecule as 
established by IR measurements [S]. 

For tetracontane (C,,), the phase detected from our thermobarometric 
study (from 72 up to 80°C at atmospheric pressure) would correspond to 
this “rotator phase”, but the value of (dP/d?‘)‘” associated with the 
solid-solid transition appears abnormally low compared with that for the 
other alkanes. Further investigations should clarify this particular point. 

In the case of hexacontane (C,) either thermobarograms or thermo- 
grams indicate the existence of a “rotator phase” domain. This is most 
likely related to the close proximity of the boundaries between orthorhom- 
bit-hexagonal and hexagonal-liquid coexistence lines. As concerns the 
rotative phase (solid II), it appears from the P-T phase diagram that (i) 
the stability domains decrease with pressure, showing the existence of 
possible triple points; (ii> the stability domains decrease when the chain 
length of the molecule increases. 

CONCLUSIONS 

Differential thermal analysis and thermobarometric analysis deliver the 
characteristic temperatures associated with the various transitions occuring 
in pure component phase diagrams. At atmospheric pressure, as well as at 
much higher pressures (above 1000 bar), the present results are in fair 
agreement with literature data. 

The thermobarometric analysis appears even more sensitive to detect 
either low-enthalpy transitions or small transitions occurring at tempera- 
tures close to other major structural changes, such as fusion. In this context 
some particular aspects of the P-T phase diagrams can be qualitatively 
discussed in terms of the crystalline structures evidenced by spectroscopy. 
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