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High. pressure DSC investigations on n-alkanes, 
n-alkane mixtures and polyethylene 

Abslrect 

A high pressure cell for a power-compcnsatcd DSC is prcscntcd, allowing mensurc- 
mcnls at pressures up to 500 MPa. With Ihc aid of khis spparatus. rr-alkanes. binary 
It-alkarc mixtures. and two linear polyethylcncs hnvc been invcstignted. The fusion 
tcmperaturc and the heal of fusion have been mcasurcd for different rr-aIknncs in the 
prcssurc rugion hctwccn normal prcssurc and up to X10 MPa. For five cutcctic and 
non-cutcctic binary mixtures. the liquidus and sol;dus tcinpcraturcs were detcrmincd. It is 
possible to dcscribc the mixing behnviour af rr-alknncs with the one-parnmetcr 
approximation dcrivcd by Porter. The increase of the Porter parameter with prcssurc 
implies decreasing miscibility at highci prcssurcs. From the Porter paramcwr thu critical 
point cnn be calculated. Thus, it can bc seen lhnt #r-alkarics which build mixed crystals at 
normal pressure demix at higher prcssurcs. From thcsc results. it can hc concluded that the 
same is true for polycthylenc. 

INTRODUCTION 

n-Alkanes have often been considered as model systems that can assist in 
understanding the structure of polymers of polyethylene type. The 
multi-lamellar partial crystallization behaviour of polyethylene has led 
several authbrs (see, for example, refs. 1 and 2) to describe this material 
with the help of the thermodynamics of a multi-component tz-alkane 
system [3]. It is well known that n-alkanes build a lamellar structure in the 
solid stat&. The melting point, the heat of fusion and the structure correlate 
well with the number of carbon atoms iri the chain [4,5] and can be 
calculated quantitatively from that miinber [6,7]; It has beefi shown that 
the thermodynamic potential functions depend only on almost unchanged 
incremental values per CH, group and on additional terms due to the end 
group [ES]. Thus it seems prdmising to try to.dalculate the mixing behaviotir 
of n-alkanes quantitatively aqd then to transfer the results to poly- 
ethylenes. In this way, Kilian and co-workers for example, succeeded in 
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describing polyethylene wax as a quasi-eutectic system in which the 
components are ltiainly chain-folded tamellae organized in spherulites atid 
chain-extended IameIlaC within and outside the spherulites, respectively 
t93. 

Et was found that at normal pressuie the superstructure f6llows the same 
thermodynamic rules as minor complex systems in.which the c&-nponents 
are small molecules, e.g. n-alkanes. The thermodynamics of mixtures would 
seem a powerful tool with which to describe the behaviour of these 
systems. The aim of pur investigations was to complement that work by 
adding another variable, namely the pressure, which is mostly held con- 
stant. We first investigated the influence of its variation on the thermo- 
dynamic behtiviour of n-alkane mixtures and polyethylene. 

Because there is no high-pressure DSC available on the market, we had 
to conslruct one suitable for use up to a hydrostatic pressure of 500 MPa. 

EXPERIMENTAL 

Because our group already had several power-compensated DSCs 
(Per-kin-Elmer Corp.), we constructed a high-pressure cell that could be 
plugged into the DSC, instead of the normal double furnace. Thus, we had 
to use PT-10 resistors as both temperature probe and heater. To avoid 
difficulties in compatitlility, we took these resistors from the original 
Perkin-Elmer DSC furnaces. We chose silicon oil as the pressure medium 
because of the very complicated and dangerous handling of high-pressure 
gas installations. The disadvantages of ysing a liquid, namely the limited 
temperature range arid the larger heat conductivity, were of minor 
importance, because the material being investigated was also organic. Thus 
the temperature range of the high-pressure DSC cell could be limited to 
300°C and there were ,minor difficulties with heat leaks. For the same 

,reason, the furnace could be built of aluminium (with a much better heat 
conductivity than platinum) with the convection shields being made of glass 
ceramics. For details of the construction (see ref. 10). 

..Thcre are no. temperature and heat calibration materials for high- 
pressure DSC. The pressure dependence of the fusion temperature of 
indium has been measured Ill, 123, but the results differ depending on the 
assumptions, made concerning the pressure dependence, of the resistor 
thermometer used. The pressure behaviour of the enthalpy of fusion of 
inditim is ndt known, apart from thermodynamic valuations. 



Therefore, we measured both quantities using a high-pressure 
meter and (for comparison) the new DSC cell [13]. The results 
condensed into the linear equations 

T&(() = 429.744 + (0.0473 f O.OOO5)~ 

A.fr :Zs( p ) = 28.62 - (7 zt 13) X 10-sp 
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d&to- 
can be 

with temperature T in kelvin, specific enthalpy IT in .!I g-l, pressure p in 
MYa. 

The fusion enthalpy is independent of pressure within the limits of 
accurticy, whereas the fusion temperature changes distinctly, but to a 
somewhat minor extent, as already known from the literature. With our 
results, both temperature and heat calibration of the high-pressure DSC are 
possible. 

Commercially available n-alkanes (Humphrey, Ventron and Fluka) of 
highest possible purity (95%-99% depending on chain length n) were used 
for DSC measurements and preparation of the binary mixtures of different 
compositions. 

The components were weighed directly into the original Perkin-Elmer 
sample pans, mixed by heating abovi the melting points, cooled quickly to 
room temperature and hermetically sealed. Care wc7.s taken to avoid 
inclusion of bubbles or cavities, which can cause severe deformation and 
leaking of th& pans under pressure. The sample masses used were 1 to, 
10 mg. and the heating rates were 0.5 to 10 K min-‘. Small masses and low 
heating rates are preferable in order to avoid peak falsification (smearing) 
as a result of thermal reIaxation processes. However, this leads to a bad 
signal-to-noise ratio and thus restricts the accuracy of the evaluation. An 
approximate compromise had to be found for each individual case. 

The samples of high-density polyethylene (Lupolen 601 I, M, = 120,000, 
MJM, = 3.43; number of side CH3 groups per 1000 C-atoms< 1) and 
polyethylene wax (PE130, M, = 46S& MJM,, = 3.63; number of side CHa 
groups per 1000 C-atoms < 1) were prepared in a similar manner. 

Evdccntion 

The high-pressure DSC experiments yielded measuring curves that are 
typical .-of those from common power-compensated DSCs (Fig. 1);’ In 
general, a baseline run (with empty pans) was recorded and subtracted’ 
from the sample run. The evaluation Ied, as usual, to extrapolated onset 
temperatures and peak areas, from which the beginning of the transition 
process and the heat of transition could be determined with the aid bF the 
calibration results. 
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Fig. 1. TvpiCikI original muasurcd .curvus from high prcssurc DSC. Upper curve: C&/C,, 
niixturc with solid srduhilily at 150 MPa (moss. 4.4 mg: hcutinp rutc. LIB K min ‘>_ Lnwcr 
curve: cutcclic C.,,/C,, mixture at 400 MPn (mass. 3.7s mg: hating rate, S K min ‘>. 

With binary mixtures and polyethylene, the end of the temperature 
region of the fusion process must also be known, because it characterizes 
the liquidus curve of the phase diagram. This temperature is not easy to 
determine.. The ,extrapolated peak end temperature is sys O’matically too 
large, because of thermal relaxation processes in the DSC and aIso in the 
sample. The magnitude of the necessary correction depends on sample 
mass, heating rate and the quality of the thermal contact, and must be 
determined separately in a series of experiments. Theoretical considera- 
ticjns [14] have provided a formula for determining the true end of the 
fusion protiess from the shape of the measured peak, i.e. at the end of the 
linear part tif the increasing flank of the peak. But this method only hoIds in 
special cases (e.g. e’utectic fusion) and, because of its systematic un- 
certainty, yields no better results than the empirical method. 

The evaluation described was usutilly made on heating runs. CooIing 
runs were also carried out, but a precise evaluation is generally not possible 
here, because of undefined undercooling phenomena. 

EXPERIMENTAL KESULTS 

The transition temperatures of eight IT-aikanes were measured at 
different pressures up to.500 MPa. ,The results agree with earlier measure- 
tients [I 5-171. Table 1 and Fig. 2 illustrate the dependence of the fusion 
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temperature on pressure. The measured values can be fitted with 
second-order polynomials; the average curve reads 

Ls = LAP = 0.1) + (0.2451 f 0.009)~ - (1.33 f 0.2) x 10--‘~z (1) 

where T is in K or “C and p is in MPa. 
The fusion temperature of tr-aikanes at normal pressure can be 

calculated from the number of carbon atoms in the chain as follows (data 
from ref. 4) 

I 
-= (16.48 =t 0.01) x lo--‘n-’ -I- (2.4096 f 0.0015) 
T rla* 

(2) 

where T is in K and IZ is the number of carbon atoms. 

Fig. 2. Prcssurc depcndcncc of fusion tempcrnturcs uf rz-alkunas. Points arc muasurkd 
values corrkctcd for xro heating rate: solid lines arc cnlculutcd parabolic least-squares fiis. 



1.8 , 1 I 

0.0 0.01 0.02 
I 

0.03 
L 

0.04 Cl.05 

I/n 

Fig. 3. Dcpcndcncc of fusion Icmpcraturcs on numbers of carbon atoms. Points arc 
mcasurcd v~~lucs currcctcd for zero heating rate solid lines arc calculated Icasr-squaws fits. 

In other words, the reciprocal fusion temperature depends on the 
reciprocal number of carbon atoms in a linear manner. As can be seen from 
Fig. 3, the same is true for larger pressures, but the slope of the straight line 
in question decreases with increasing pressure. From these fit lines the 
fusion temperature of the infinite n-alkane chain (see Table 1) and its 
pressure dependence can be obtained by extrapolation 

T;;s(/?) = 414.8 + 0.2503J? - 1.348 x lo--‘+ (3) 
with T in K and p in MPa. This function is only slightly steeper than that of 
rt-alkanes with TV ranging from 24 to 60 (eqn. (1)). 

A figure similar to Fig. 2 can also be plotted for the solid-solid transition 
(Table 2) of the lower rz-alkanes, The slopes of these curves are larger. Thus 
the distance between the transition and fusion peak (which can rrasily be 
resolved at low heating rates both in the normal and in the high-pressure 

TAI3LE 2 

Pressure dep~mkncc of the transition tcmpcratures (K) and triple points of different 
~l-alkZlIllZS 

0.1 32 1.4 325.8 330.7 334.x 338.2 349.5 
25 327.5 332.4 342.X 344.8 357. I 

50 334.9 338.6 3511.6 351.3 364.6 
1 [I[) 363.X 376.7 

Triple’ poirit/MPn 70-7s s20- 130 70-x0 110-120 1x0-19D 
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Fig. 4. Prcssurc dcpcndcnce of the total heat of transition and fusion of rz-zllkancs. Points 
arc averaged mcastired values; solid lines arc catculated parabolic least-squares fits. 

cell of the DSC, see Fig. 1) decreases with increasing pressure, and the 
former ceases at the triple point in the region of 100-200 MPa, in 
accordance with the results of Koppitz and Wiirflinger [16]. 

The pressure dependence of the total heat of transition (solid-solid and 
fusion) is represented in Fig. 4. There is only a slight increase of 10% up to 
300 MPa; then the heat of transition seems to decrease again. Similar results 
were found by Dollhopf [17] using high pressure dilatometry, also for 
shorter n-alkanes. 

Two eutectic n-alkane binary mixtures and three non-eutectic mixtures 
have been investigated in the high-pressure DSC, The measured heat 
curves (Table 3) yielded mainly phase diagrams, two examples of which, 
one eutectic and one with solid miscibility, are presented in Figs. 5-8. 

The determined heats of transition, within the limits of accuracy were 
equal to those calculated from the pure components, corresponding to the 
composition of the mixture. The pressure dependence of the transition 
heats did not differ significantly from that for the pure n-alkanes. 

A rather complex fusion behtivi&tr was found for high-density poly- 
ethylene (HDPE), in agreement with the results of other authors [lS, 191. 
Figure 9 shows the change in shape of the fusion (and transition) peak of 
HPDE with pressure. In this figure, the, temperature axes for each pressure 
have been shifted relative to the temperature of the infinite chain obtained 
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Fig. 5. Phase diagram of C,,/C_ -a mixture at normal prcssurc. Points arc mcasurcd values 
with mnsscs of U-4.5 mg and heating rates of S-10 K min ‘; solid lines are calculated 
values. 

from eqn. (3). Thus the overlapping temperatures, are equivalent relative 
to the fusion behaviour of long chain rz-alkanes. At pressures above 
300 MPa the peak splits into two, where the first peak characterizes the 
transition into the hexagonal phase (the so-called ‘condis phase’ [20]) and 
the second represents the fusion peak. (An additional low temperature 
peak also appears, see the discussion on PE wax.) In Fig. 10, the 
end-of-fusion temperatures and the transition temperatures are plotted as a 
function of pressure. The curve undergoes a parallel shift in the region of 
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7-, 6. Phase diagram of C,,/c,, mixture at 350 MPa prcssurc. Points are measured values 
with masses of 4-5 mg and heating rnte 10 K min ‘: solid lines are calculated values. 
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Fig. 7. Phase diagram of C,,/C,, mixture at normal pressure. Points (a, E> arc measured 
values with mass of 1 .S-ICI mg and heating rates of OS-10 K min ‘: solid lines are calculated 
values. 

200 to 300 MPa. We ass!lme that this is caused by the change from folded- 
to extended-chain crystals with a corresponding change in fusion 
temperature. 

Figures 11 and 12 show similar curves for polyethylene wax. In this case 
no transition into a condis phase could be found. But at increasing pressure 
another small peak seems to develop on the lower temperature side of the 
fusion peak. This small peak suggests phase separation phenomena 
(possibly carried by molar mass induced segregation) rather than a 
solid-solid transition as in HDPE. 

42* q 420 

NO! . , . , - , I I . , . , I , . I . I . 390 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I.0 

Volume fraction tp2 

Fig. d. Phase diagram of C,l/C,, mixture at 400 MPa pressure. Points (m, 1) are measured 

values with masses of 2-5 mg and heating rate II) K min- ‘; . solid !‘, cs are calcuhted values. 



4OQ MPa 

200 MPa 

Fig. 9. DSC cndothcrm curves of HDPE at different pressures (mass. 11 mg: heating rate. 
111 K min. ’ ). The tcmpcraturc has been shifted for the different prcssurcs corresponding to 
cqn. (3). 

DETERMINATION OF EXCESS THERMODYNAMIC POTENTIAL FUNCTIONS 

Thermodynamics gives the theoretical background for the caiculation of 
the liquidus and solidus curves of phase diagrams [21]. In the case of ideal 
binary mixtures the formula reads 

Pressure / MPa 

Fig. 10. Prcssurc depcndcncc of the corrcctcd maximal fusion tcmpcrnturc for HDPE. At 
higher presstires. thcrc is an additbnai Iransiticvt into hcxogonal phsse. The thin lint marks 
the fusion temperature of the infinite chain. Points arc ticasurcd values. 
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Fig. 1 I. DSC cnothrrm curves of PE 1.30 at different pressures (mass, 1 I mg; heating rate. 
IO K min ‘)- The tcmpcratutc has been shifted for the different pressures corresponding to 
cqn. (3). 

where i is 1 or 2, 1 is liquidus, s is solidus, .Y mole fraction, AH,* transition 
enthalpy of pure component r’, T temperature, and 7;I transition temperature 
of pure component i. 

In the case of non-ideal mixtures, we have to exchange the mole fraction 
x with the activity CI. The activity is expressed 

a =xf . . 

J80 - 

Pressure / MPa 

Fig. 12. Prcssurc dependence of the corrected maximal fusion tcmperaturc for PE 130. The 
thin line marks the fusion icmperature of lhe infinite chain. The broken line marks an 
additional peak. Points are measured vaIucs. 
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where f is the.activity coefficient. Substituting this into eqn. (4) 

..The activity coefficient can be expressed in a different manner. The 
easiest is as described by Porter [22], with only one parameter. This usually 
holds for non-eIectro1yte solutions, as is the case for n-alkane mixtures 

RTlnf; =A(p, T)x$ 
and 

RT lnfi = A(y, T)x: (6) 
The so-called Porter parameter A is usually different for the liquid (I) 

and solid (s) solutions, and also depends on pressure and temperature. 
Inserting eqn. (6) into eqn. (5) yields a system of two implicit coupled 
equations, which must be solved to obtain the liquidus T(xl) and solidus 
T(x”) curves. Normally this can only be done iteratively with the aid of a 
computer. In the case of n-alkanes, eqn. (5) simplifies because the 
enthalpies of transition and fusion do not depend significantly on 
temperature and can, therefore, be inserted in front of the integral, yielding 
the equation system 
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In the case of eutectic systems (with no miscibility in the solid phase), the 
activity coefficients in the solid phasef” are equal to unity, and the third and 
fourth terms of the left side of eqns. (7a) and (7b) disappear. 

From t’nermodynsmics, it folloL.uT that the excess free enthalpy can be 
expressed 

GE = x1 RT lnfi + x,RT lnfz 

Inserting eqn. (6) gives 

GE = Ax,xa (8) 
This is a parabolic function with a maximum at xI = 0.5. The same is true for 
the other excess functions 

XIX2 

I’ 

fJE=(A-/~~,,+. (Sd 
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Measurements have shown [23,24] that the excess functions are slightly 
asymmetric relative to the mole fraction, but become more symmetric if tie 
replace the mole fraction by the volume fraction. This is also a result of the 
principle of congruence [25]. The volume fraction is defined as 

(9) 

where fi the :lumber of volume elements in the molecule i, and nl is the 
number of moles in the mixture. In the case of n-alkanes, one C&!&group 
has the same volume as one CH,-group; this we can calculate r, from the 
number of C-atoms n in an ri-alksne 

as the number c,i’ L:- 
fraction is onl)b rub 3’ 

1;s: I ‘!I<. tinme iclc.::i for polymer solutions, but he takes ri 
l[c~rls of molecule i. The difference in the exact volume 
vant for smaller r-rolecuIes. However, in terms of the 

volume fraction, cqn. (8) reads 

GE = A(p, T)Q, Qz WV 

but with a different A parameter. Equations @a)-(8c) read 
correspondingly. 

Using eqn. (lo), the following formulae can be deduced 

RTInf,=GE-x, ifx -=A& + (1 - r-,/r,)<1 + 2Q)] 
z 

These equations must be inserted into eqn. (5) together with the definition 
of the volume fraction Q and the mole fraction x, to obtain a set of 
equations similar to eqns. (7) but with the other definition of the Porter 
parameter A. 

Thus, we have to fit the measured phase diagrams of the binary mixtures 
at different pressures by the liquidus and solidus curves calculated from this 
equation system. The fit parameters are A’ for the liquidus arid As for the 
solidus curve. The results of these calculations ,are shown in Table 4. The 
Porter parameter is plotted in Figs. 13-15, and, together with other results, 
in Figs. 16 and 17. In every case the Porter parameter increases with 
pressure. The calculated liquidus and solidus curves fit the measurements 
rather well (see Figs. S-8). it should be added that, for the mixtures with 
solid solubility, the calculation of the pressure dependence of the A 
parameters must be considered to be very approximate, because too few 
measurements have been made. 



TABLE 4 

Prcssurc dcpcndcncc c>f fit par;unclcr 

0. I 
so 

10[1 
1 so 
200 
250 
X10 
350 
400 
500 

2100 
2 100 
2 1 OH 
2S(lI1 
4 100 
4400 
5700 
6SOO 

19(H) 
24NJ 
32I111 
37110 
4 1 II(l 
4S1Kl 
s41111 
hS[JO 

- 25I10 
-2SIJO 
-25110 
- 2.500 
-2SIJil 
- 2500 
- 2sw 
- ZSIJO 

4.500 - lSO[J -4OIJ I4110 1200 
bIl(lO (1 HOI) 

1900 2 1 w 
3SO1J 
4 1 NJ 26011 27110 

2900 

Now the questioil arises: how does A depend on temperature and 
pressure. By assuming that the excess enthalpy is linearly related to 
pressure p and temperature T, and the excess volume is linearly related to 

temperature only, we have applied the following formulation for A(p, T). 
as derived by HerzfeId and Heitler (see ref. 2 I) 

To determine these parameters, more information is required. First the 
heat of mixing for the system CJ3/C24 was measured in a mixing calorimeter 
(LKB 8700) and the excess enthalpy at normal pressure and 345 K was 
calculated as 17 J mol-’ (at a volume fraction of 0.5). Then the excess 

Pressure I MPa 

Fig. 13. Pressure dependence of the Porter paraheters of &/Cz,, mixturbs. Points (e. a) 
mark calculated values for the best fit of liquids and solidus curves. 
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Fig. 14. Prcssurc dcpcndcncc of Porlcr pnramcters of C,,/Cz, mixtures. Poinls (1. l ) mark 
calculated values for the best lit of liquidus and solidus curves. 

volume of that mixture under the same conditions was calculated u&g a 
formula deduced by Hollemann 1271 as 0.018 cm” mol-‘. Starting from these 
values, we tried to fit the parameters C-J~ and 6, of eqn. (11) so that the 
calculated value of A matches the measured values (Table 4). This was not 
possible. Instead we had to expand eqn. (11) by adding another pressure 
term 

A = 00 4- bt,p - rr,T + b,pT - n,T In ;r + bzp exp(-p/b3) 

which was successful. 

(13 

~Pressurc / biPa 

Fig. 15. Pressure dependence of Porter parameters of C,,,/C,, mixtures. Pojnts (I, m) mark 
calculated values for the best fit of liquidus and snlidus curves; A, calculated with euteciic 
formula. 
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Fig. 16. Pressure dcpcndcncc of Porter parameter and cxccss potential functions of C,,{C,, 
mixture calculated with cqn. (12). 

Using eqns. (Sa)-(8~) and (10) 

AHE = (a, + b,,,v + QT + kp exp(-_p/b3))cpl cp2 (1W 

0’” = (b,, + b, T + b2( 1 - p/&j exp(-p/h,))cp, cp2 WW 

AS” = (a, + n, - kP + a2 1I-l nwP2 WC) 

From this expansion it was possible to calculate the measured pressure 
dependence of the Porter parameter using the set of parameters: ~7~) = 1404, 
0 I = 28, sI_r = -4, b,, =6.24, b, =9.81 x IO-“, II, =6.012, b3 =200. The 
curves in question can be seen in Fig. 16. The same process was applied to 
the mixture C,,/C,,,: the result is plotted in Fig. 17. 
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Fig. 17; Prcssurc de’pendentie df Porter parameter and excess potentia1 functions of C,,,/C,, 
mixture cnlculated with cqn. (12). 



Fig. 18. Prcssurc dcpcndcncc of calculated crilical temperatures of different mixtures. The 
hatched arca rcprcaents the transition and fusion region of the mixtures. 

Knowing the Porter parameter, the critical temperature of demixing 
(and thus the binodal and the spinodal) can be calculated using the formula 
1211 

The res\rlts are shown in Fig. 18. When the critical temperature reaches 
the regiorll of transition, the homogeneous phase in question becomes 
unstable and may separate into two. For some solid solutions of the 
measured binary mixtures, this occurs within the investigated pressure 
region. For the liquid solution, it can be extrapolated that the phase 
separation occurs at pressures above the limit of our apparatus. 

CONCLUSIONS 

It is possible to describe the mixing behaviour of n-alkanes with the 
one-parameter approximation of Porter. The increase in the Porter 
parameter with pressure implies decl*easing miscibility at higher pressures. 
From the Porter parameter, the critical point can be calculated. Thus it can 
be seen that n-alkanes which build mixed crystals at normal pressure demix 
at higher pressures. From our results, it can be concluded that the same is 
true for polyethyIene. High-pressure-crystallized polyethylene is in a 
metastable’ state at normal pressure, because the crystallization takes place 
in another miscibility regime,-i.e. the A parameter is different. 
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