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Continuity of the Mesophase in Hydrocarbons 
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ABSTRACT The relationship is explored between the plastic “rotator” phase (RP), which occurs in n-alkanes 
up  t u  Cd0, and the “liquid-crystalline” high-pressure hexagonal phase (HPHP) in polyethylene. The radia- 
tion-induced hexagonal phase (RIHP) of polyethylene, which is intermediate between the two, has been shown 
in a previous study to behave with increasing pressure essentially like HPHP. In this work a link is demonstrated 
between RP and RIHP through a study of paraffin Cll, binary paraffins C m C W  and C,-C,, as well as irradiated 
polyethylene by Fourier-transform infrared spectroscopy. Absence of GG defects and presence of GTG* kinks 
was confirmed in both RP and RIHP. A smooth continuity was established between the two phases by the 
defect concentration criterion. More evidence for such continuity is provided by a systematic comparison 
of published pressure-temperature diagrams for paraffins and polyethylenes. Moreover, the available data 
for high-temperature forms in related systems (high-modulus polyethylene fibers, cycloalkanes, and substituted 
n-alkanes) d suggest that a single master relation between the degree of order and variables such as temperature 
and chain stem length can, to a good approximation, describe the qualitative behavior of the wide range of 
hexagonal or pseudohexagonal phases in hydrocarbon chain systems. 

Introduction 
n-Alkanes up to tetracontane (C4& undergo on heating 

a strong first-order transition a few degrees below the 
melting point into the so-called rotator phase (RP). This 
has been extensively studied both experimentally1-12 and 
theoretica1lyl3-l6 partly because of the importance of RP 
in understanding the order and mobility in chain molecular 
systems and partly because of its direct relevance to phase 
behavior in phospholipid layers” and, recently, in Lang- 
muir-Blodgett films.18 

Quite independently of the research on paraffiis, studies 
were performed on the high-pressure hexagonal phase 
(HPHP) in polyethylene.1“26 The two phenomena have 
mostly been treated separately and have generally been 
considered to be qualitatively different. 

The distinction between RP and HPHP originates from 
the following. The earlier studies of RP were mainly 
performed on relatively short paraffiis, around 20 C atams 
long. X-ray diffraction1 and Raman spectroscopy2 indi- 

0024-9297/86/2219-1317$01.50/0 

cated that chains retain their all-trans conformation in RP, 
the disorder being accounted for by hindered rotation 
around the chain axis together with a degree of transla- 
tional motion.12 The nearest description of RP would thus 
be that of a plastic-crystal state. In contrast, HPHP is 
considered to contain a large proportion of gauche bonds. 
Largely on the basis of the similarity of Raman spectra of 
HPHP and the melt,23 it was concluded that the chain 
conformation in HPHP does not differ significantly from 
that in the melt. Further, while the ratio of entropies of 
the orthorhombic-hexagonal (0-h) and hexagonal-melt 
(h-m) transitions in paraffins ranges from (sh  - s,)/(s, - 
sh) = 0.3-0.6,27 in polyethylene at high pressures this ratio 
is around 3.22 HPHP has accordingly been described as 
a liquid crystalz8 or a “condis” (conformationally disor- 
dered) crystal form.29 

The different behavior of RP and HPHP with increasing 
pressure has been taken as a further distinguishing feature: 
while RP disappears with increasing pressure, HPHP is 
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1318 Ungar 

stable only at  high pressures, the triple point being at 
about 4 kbar.22 From the Clapeyron equation two ine- 
qualities for RP and HPHP were thus derived,30 relating 
changes in specific volumes (u )  and entropies (s) 

Paraffins (h = RP) 

sh-so u h -  uo 

s , - s h  u , - u h  
c- (la) 

Polyethylene (h = HPHP) 

s h  - so uh  - u o  

S m - S h  u , - u h  
>- Ob) 

In view of these relationships RP has been termed a 
“high-volume”, and HPHP a “high-entropy” phase.30 

In this paper evidence is presented in favor of a unified 
description of RP, HPHP, and related me so phase^^^ in 
polyethylenes, cycloalkanes, and end-substituted hydro- 
carbons. More specifically, it is shown that the increasing 
temperature a t  which the hexagonal phase is stable in 
progressively longer paraffms results in increasing disorder 
which is, in the main, continuous and which ties up well 
with the observed features of HPHP. Bridging the gap 
between RP and HPHP, the radiation-induced hexagonal 
phase (RIHP) in polyethylene helps in establishing the 
continuity. The evidence stems from already published 
data, as well as from new, mainly IR, spectroscopic ex- 
periments. Additional X-ray diffraction evidence will be 
presented e l ~ e w h e r e . ~ ~  

Evidence for Continuity from 
Pressure-Temperature Behavior 

A fair number of pressure-temperature (pT) diagrams 
of n-alkanes and polyethylene has been published over the 
years. Figure 1 is a collection of most of them, placed on 
the same scale. The figure also includes diagrams for two 
irradiated polyethylenes as well as that for 1,20-eicosan- 
edioic acid, HOOC(CH2)18COOH. The point to note in 
Figure 1 is that the convergence of the orthorhombic- 
hexagonal and hexagonal-melt phase boundaries, Le., 
(dT,h/dp)-(dTh-,/dp), becomes progressively smaller 
with increasing chain length. At  a length of about 40 C 
atoms or somewhat higher the two lines become parallel, 
thus satisfying the condition 

(sh - so) / (sm - s h )  = (uh  - u o )  / (um - uh) 

By extrapolation to still longer chains it is only to be 
expected that TWh@) and Th-,(p) would start diverging 
as in polyethylene. Thus p-T diagrams give no evidence 
of a qualitative difference between RP and HPHP but 
rather suggest continuity between the two. 

The main remaining problem, however, is that in the 
large gap between paraffin C4 and extended-chain poly- 
ethylene the mesophase cannot normally be observed as 
the 0-h transition is intercepted by melting. Nevertheless, 
at the melting point the free enthalpy gh of the hexagonal 
phase is not much higher than go and g,. Thus by pref- 
erentially increasing one or both of the latter free en- 
thalpies the hexagonal phase can be made stable within 
the temperature gap range 110-230 “C. For example, in 
the case of Cz0-dicarboxylic acid (C,,DCA) an increase in 
g, is achieved by reducing the configurational entropy of 
the melt through intermolecular hydrogen bonding.26 In 
irradiated polyethylene a similar effect is achieved through 
covalent cross-linking, but in addition go is increased 
through the introduction of lattice defects.37 As seen in 
Figure 1, a sufficiently high irradiation dose (500 Mrad) 
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Figure 1. Pressure-temperature diagrams of n-alkanes and 
polyethylene. Shaded areas indicate regions of stability of the 
mesophase (“hexagonal” phase). Data for alkanes C15, C17, C19, 
CZ1, C25, C2,, and GB1 are from ref 32, for Cd0 from ref 33, for c60 
and Cleo from ref 34, and for polyethylene from ref 22. Diagrams 
for irradiated polyethylene (225 and 500 Mrad) are included35 
as well as that for 1,20-eicosanedioic acid, C20DCA.36 

makes RIHP stable even at  atmospheric pressure. Ac- 
cording to criterion 1 the hexagonal phases in both C&CA 
and in irradiated polyethylene would be designated as 
“high-entropy” phases. I t  may be remarked that the ne- 
matic phase in most cases is also of this type; Le., it is 
stabilized by p r e s ~ u r e . ~ * , ~ ~  

The fact that RIHP can be observed at  atmospheric 
pressure allows the chain conformation to be conveniently 
studied by infrared spectroscopy. IR results on RIHP and 
RP will be described later on. 

A comment on the p-T behavior of paraffin C40 is in 
place at this point. Whereas all other diagrams in Figure 
1 were determined by thermal analysis, the one for Cd0 was 
derived optically.33 The two transitions Twh and Tbm were 
so close (only 0.3 K difference at 1 bar) that they could not 
be resolved by thermal analysis. Raman spectra were re- 
corded at temperatures between T& and Th-m at different 
pressures,33 and due to their close resemblance to melt 
spectra it was concluded that the intermediate phase was 
not of the R P  type but rather of the HPHP type. However, 
this conclusion is open to question since the close proximity 
of Twh to the melting point means that at any temperature 
between the two transitions a significant portion of the 
material is molten. It is thus likely that the Raman spectra 
represent a mixture of the intermediate phase and the melt, 
rather than the pure intermediate phase. In view of the 
fact that extrapolation of Twh and Th-m values from shorter 
paraffins predicts a rotator phase in C4,, stable over a 0.8 
K interval at 1 bar,27 it seems reasonable to treat the in- 
termediate phase observed in Ca as a continuation of RP 
of the shorter chain homologues. Additional support for 
this proposal comes from our IR results on a C36-C40 pa- 
raffin mixture, which show the high-temperature phase 
falling in line with other rotator phases (see further below). 
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Table I 
Thermodynamic Data for Alkane C p ,  

meas at temp, value at T I  = 
value K source 308 K 

s h  - so this worka 0.180 J/gK 
s m  - s h  this workn 0.513 J /gK 
V.. this workb 1.085 cm3/g , -  

and ref 6 

and ref 6 

4 

this workb 1.139 cm3/g 

293.2 1.264 ref 42, Figure 1.280 cm3/gc 

298 1.85 this work" 1.85 J / g K  

298 2.25 ref 43e 2.25 J/gK 
298 0.51 X K-' this work and 0.51 X K-' 

this work and 1.75 X K-' 

293-343 0.84 X K-I ref 42, Figure 0.84 X K-l 

this work" 5.2 J/gK 

ref 6 

ref 6 

4 

a DSC measurement. n-Heneicosane was purchased from Sigma 
Chemicals and further purified by recrystallization from acetone/ 
tetrachlorethylene. From X-ray unit cell parameters obtained 
from continuous-temperature scans using a Guinier-Lenne camera. 

DSC 
measurement in cp mode, 15-mg sample, heating rate of 0.62 K/  
min, sapphire standard. eFrom c ~ , ~  values for odd-numbered n- 
alkanes extrapolated to n = 21 carbon atoms. 

The case of C2,DCA (Figure 1) illustrates most clearly 
that the change from convergence to divergence of Teh(p) 
and Th-,(p) is an effect of increasing temperature: in a 
paraffin of the same chain length, i.e., around 20 C atoms, 
RP is stable at around 30 "C at 1 bar and it is "convergent"; 
for C&CA an extrapolation to atmospheric pressure gives 
a "virtual" hexagonal phase in the range of 130 "C, which 
would be "divergent" in the sense that (dTh-m/dp)l bar > 

Assuming constant thermal expansivity given in this table. 

(dTo-h/dp)l bar. 
Thermodynamic data for individual paraffins, notably 

the high heat capacity of RP, in fact predict such a con- 
tinuous change with temperature from convergence to 
divergence of TWh(p) and Th-,(p) a t  p = 1 bar. On the 
basis of the available experimental data for paraffin C21, 
it  is easily shown that the inequality l a  (condition for 
convergence) has a tendency to change into inequality l b  
with increasing temperature. Let 

( -)1 bar = r 

Differentiate 

_ -  - -) (2b) 

where cp's denote heat capacities and a's thermal expan- 
sivities. For r or u to be independent of temperature 
requires that the expression in brackets by zero. However, 
since both cp and a of the rotator phase by far exceed those 
of the melt,10s40 both r and u will increase steeply with 
temperature, thus bringing the hexagonal phase closer to 
the melt both in entropy and in volume. It should be noted 
that such behavior is not unique to RP: thermal expan- 
sivity of HPHP was found by dilatometry to be higher than 

or 

0 1 2 

Figure 2. Rate of increase in relative entropy and volume of the 
rotator phase with temperature, drldT and du/dT, as functions 
of the heat capacity, cPb and thermal expansivity, a h ,  respectively, 
according to eq 2. Thermodynamic values for paraffin Czl at 308 
K are used (Table I). The range of Cp,h measured in the FCO 
rotator phase of 3 / 1  C21-CZ3 binary paraffinlo is indicated. 

that of the melt.20 Similarly, exceptionally high lateral 
linear expansivities were found by X-ray diffraction in 
RIHP31 and in the hexagonal phase of constrained high- 
modulus polyethylene fibers.41 Unfortunately, corre- 
sponding c data are not available. 

Further, gy  taking paraffin CZl as an example, it can be 
readily shown that dr ldt  > du/dT. All necessary quan- 
tities are given in Table I for an arbitrarily chosen tem- 
perature Tl = 308 K, at which RP is stable. Measurements 
on paraffins that the heat capacity of RP varies 
significantly with temperature: e.g., in a single system, a 
3/ 1 mixture of cal and C23, Cp,h was found to vary between 
4.1 and 5.8 J / g K  over the 16 K interval of stability of the 
FCO rotator phase. The effects that changing Cp,h and (Yh 

respectively have on the corresponding values of dr /dT 
and du/dT are illustrated in Figure 2. Since a h  is close 
to 1.7 X K-l in most paraffins, as measured by X-ray 
d i f f r a c t i ~ n , ~ , ~ ~  it is clear that dr /dT significantly exceeds 
du/dT, leading eventually to the observed convergence- 
divergence change in the p-T diagrams (Figure 1). 

The conclusion of the present section can thus be sum- 
marized as follows: (a) high heat capacity and thermal 
expansivity of the hexagonal phase, the necessary prere- 
quisites for its continuous transformation from one (RP) 
that is close in entropy and volume to the ordered crystal 
to one (HPHP) that is close to melt, are indeed found 
experimentally; (b) the collection of published p-T dia- 
grams indicates that the change from convergence of 
TOTh(p) and Th-,(p), typical of paraffins, to divergence, 
typical of polyethylene, takes place continuously; (c) 
measured values for heat capacity and thermal expansivity 
in a representative paraffin, together with other relevant 
thermodynamic data, concur with a steep increase in en- 
tropy of RP relative to the increase in its volume as the 
temperature is increased, thus predicting the observed 

ahx103 (K- ' )  
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Table I1 
Results of the  1306-cm-' IR Band Intensity Measurements 

T+10 
C t p n e l t [  Ckink 

T,  K CCTC,melt (kinks per 100 bond$ 
c11 242 0.04 1.1 

0.17 1.0 

C27d 330 
c36-c40 346 0.20 1.0 
irrad PE 380-400 0.25 f 0.04 1.1 

0.098 

0.20 1.00 (ref) 
c23-c25 i E 

0.5 

{ ;:: 
2.3 
2.3 
3.2 

Ratio of measured integral absorbance of the 1306-cm-' band in the hexagonal phase and in melt. *Ratio of the number of GTG (GTG 
+ GTG') conformers in molten (CHJ, at temperature T + 10 K and at 340 K, calculated on the basis of the RIS modelu and assuming a 
gauche-trans energy difference of 500 cal/mol. CNumber of kinks per 100 (internal) C-C bonds in the hexagonal phase derived from = 
k [ ~ ~ ~ , , , ~ / c ~ ~ ~ , , , I t l ( A ~ / A ~ ) .  Constant k is determined from the data for paraffin C27.9 dFrom ref 8 and 9. 

convergence-divergence change in p-T diagrams. 
IR Spectroscopic Results on RP and RIHP 

Infrared spectroscopy is particularly suited for evalu- 
ating conformational disorder in hydrocarbons. A number 
of localized defect modes have been identified in IR spectra 
of linear hydrocarbons, notably in the CH2 wagging region 
between 1300 and 1400 cm-1.8 For example, GTG con- 
formers (GTG and GTG*) appear around 1306 and 1367 
cm-'; the band at  1352 cm-l is ascribed to GG defects and 
that at 1341 cm-' in n-alkane spectra to GT ... conformation 
of the chain end. Contrary to previous views Zerbi and 
co-workers' found that a small proportion of CI9 molecules 
have "tilted heads" in the rotator phase, as judged, among 
other things, by the presence of a weak 1341-cm-l band. 
Both end-gauche and interior GTG* "kink" defects were 
observed by Maroncelli, Snyder, and co-w~rkers .~~~ Within 
the range of paraffins studied (up to Czg) both defect 
concentrations were found to increase with increasing chain 
length and, within a single paraffin, with increasing tem- 
perature. Evidence for the presence of kinks in RP of 
longer alkanes has also been provided by the analysis of 
001 X-ray diffraction i n t e n s i t i e ~ . ~ ? ~ ~  

We have extended a part of the IR study to cover RP 
in as wide a range of paraffin chain length as is practicable, 
as well as to RIHP in polyethylene. Only selected results 
are presented here, while the full account of the IR work 
will be published ~ e p a r a t e l y . ~ ~  

The shortest paraffin studied was Cll. For the longest, 
a mixture of C36 and C40 (85/15 by weight) was chosen. 
The reason for mixing the paraffins is that Twh can thereby 
be sufficiently lowered with respect to Th-m to enable ob- 
servation of pure RP free from partial melting. Thus, the 
addition of C40 has lowered TWh from 73.8 "C for pure CM 
to 72.7 "C. To minimize the interference of the melt still 
further, the spectrum analyzed was that of a slightly su- 
percooled RP, recorded at a temperature 0.1 "C above the 
h-o transition on slow cooling, i.e., at 72.5 "C. The DSC 
cooling thermogram in Figure 3 shows that no melt is 
present a t  this temperature. 

As the representative of the paraffins in the intermediate 
range another binary solid solution, C,-C, (7624 wt ratio) 
was selected. In this case the reason for choosing a mixture 
was the possibility of observing the rotator phase in as wide 
a temperature range as possible within a single paraffin 
system,1° i.e., 15 "C in this case. 

Specimens for FTIR spectroscopy were approximately 
0.05-mm-thick melt-crystallized paraffins and y-irradiated 
polyethylenes, sandwiched between two KBr windows that 
were separated by appropriate PTFE spacers. The sand- 
wich was held in a variable-temperature cell controlled to 
within 0.2 K. Four hundred interferograms were coadded 
for each spectrum by using a Nicolet 7199 instrument with 
parameters set to give 1-cm-' resolution. Integral band 
absorbances were obtained by a combination of self-de- 

T ('C) 
75 70 

m-bh 

Figure 3. DSC cooling thermogram of the 85/15 (by weight) 
mixture of n-alkanes CS6 and C4,, used in the FTIR experiment. 
Crystallization and h-o transition exotherms are seen. Cooling 
rate is 0.62 deg/min. 

convolution and interactive curve fitting.45 
The ratios of 1306-cm-l band intensities in RP and in 

the melt, Ah/Am, are given in Table I1 for the paraffin 
systems studied. Like previous authorsg we consider the 
1306-cm-l absorption in RP to be due almost entirely to 
GTG* kink defects, as GTG conformers are sterically 
unfeasible in the solid. Very small amounts of GG defects 
were detected in both solid phases of the mixtures, their 
presence being attributed mainly to bent chain ends of the 
longer paraffin component. 

The two irradiated polyethylene samples chosen for IR 
experiments were both melt-crystallized linear Marlex 
6002, quenched (9) and slowly cooled ( s )  from melt, having 
average X-ray long spacings of 24 and 38 nm, respectively. 
Samples were y-irradiated in vacuo at  85 "C with 800 
Mrad. The two endotherms in the DSC traces of each 
sample (Figure 4) correspond to the o-h and h-m tran- 
sitions, as confirmed by X-ray diffraction. The tempera- 
ture dependence of the 1306- (GTG) and 1352-cm-l (GG) 
band intensity is shown in Figure 5 and 6 respectively for 
both irradiated samples s and q, as well as for unirradiated 
sample s for comparison. 

As can be seen in Figure 5, the GTG defect concentra- 
tion in both irradiated samples has two regions of steepest 
ascent with increasing temperature. The temperature of 
the first corresponds to T& and that of the second to Th-,,,. 
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I 

Polyethylene 

I 1351cm-1 

140 100 - T K I  
Figure 4. DSC heating thermograms of the two polyethylene 
samples y-irradiated with 800 Mrad at 85 "C. X-ray long periods, 
L, are indicated. Heating rate is 5 deg/min. 

p"c 1306 cm-1 

80 100 120 140 160 
T ( T )  

Figure 5. Temperature dependence of the 1306-cm-' GTG* kink 
band intensity for irradiated polyethylene (samples s and q) and 
unirradiated sample s. The band was best approximated by two 
Gaussian components, a major one around 1306 cm-' and a minor 
one around 1318 cm-'. The curves in the diagrams are normalized 
to the same intensity in the melt and displaced vertically by 0.2 
units for clarity. 

At  the same time the o-h transition does not show up in 
the GG curves (Figures 6), apart from merely a hint of a 
shoulder that might even be due to imperfect resolution 
of the 1352-cm-' band from the nearby GTG band at 1367 
cm-'. As with the rotator phase, all increase in the 1306- 
cm-l band intensity upon the o-h transition is attributed 
to the formation of GTG* kinks within the crystalline 
phase. The absence of the sterically improbable GTG 
defects is among other things supported by the absence 
of GG defeds, both would bend the chain trajectory, while 
GTG* would not. For comparison Figure 7 illustrates the 
conformation of GTG* and GG defects. 

As solid polyethylene contains an amorphous phase in 
addition to the crystalline one and as the amorphous 
content increases somewhat upon for the 
purpose of quantitative analysis we are concerned only 
with the increases in defect band intensities, above the 
amorphous base line, that occur upon the o-h and h-m 
transitions. The height of the o-h step in the 1306-cm-' 
band intensity is estimated as a quarter of that in the 
combined (0-h) + (h-m) transition (Figure 5). Thus 

160 
0 

80 100 120 140 
T ('C) 

Figure 6. Temperature dependence of the 1352-cm-' GG band 
intensity for polyethylene samples. The resolved band was ap- 
proximated by a single mixed Lorentzian-Gaussian profile. 
Normalization factors are the same as in Figure 5 and the dis- 
placement is 0.4 units. 

t 

I 

GTG' G G  
kink 

Figure 7. Conformations of a GTG* and a GG defect, adjoined 
by an all-trans chain on each side. 

Ah/A, is 0.25 in the case of RIHP. The accuracy of this 
value is limited by some arbitrariness in separating the 
contribution of the onset of melting from the o-h transi- 
tion. DSC traces (Figure 4) served as guides in performing 
the separation. 

Absorptivity values are required for determining abso- 
lute defect concentrations. Although absorptivity is not 
explicitly available for the 1306-cm-' band, we can utilize 
the published data on paraffin C27. The absorbance ratio 
A,/A,  for the 1306-cm-l band is reported to be 0.20.8 A 
recent independent determination of the G/T  ratio for 
internal bonds in selectively deuterated CZ7 alkanesg gave 
the kink concentration in RP as one in every two mole- 
cules, i.e., 2.3 kinks per 100 internal bonds. Here the total 
GT/TT ratio was measured and the reasonable assump- 
tion made that all-gauche internal bonds in RP belong to 
GTG* kinks. The required absorbtivity ratio was obtained 
both by group-moment calculation and, independently, by 
calculating the GT/TT ratio in the melt using the rota- 
tional isomeric state (RIS) 

In order to translate our measured Ah/A, ratios for the 
1306-cm-' band (Table 11) into kink concentration in the 
hexagonal phase (ckink), utilizing the known C k i n k f o r  C27, 
we only need account for temperature variation in GTG 
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the average chain axis periodicity 
in the hexagonal phase of the same irradiated sample as 
that used here (sample s, 800 Mrad) has been calculated 
as 2.46 A. This value was obtained by combining the p-T 
data (specific volume) with the lateral unit cell cross-sec- 
tion derived from X-rays. The chains therefore contract 
by 3% from the all-trans value of 2.53 A upon the o-h 
transition. In the rotational isomeric state approximation 
one kink shortens the chain by one C-C repeat distance 
(see Figure 7) and therefore a value of 3 kinks per 100 C 
atoms is derived for RIHP from p-T and X-ray data. The 
present IR result of 3.2 kinks per 100 C atoms thus agrees 
well with that derived from chain contraction. This 
agreement is an independent proof of the validity of the 
adopted procedure for spectroscopic determination of the 
number of kink defects. 

There are no IR data on the high-pressure hexagonal 
phase in polyethylene so far. Thus, in order to compare 
the extent of conformational disorder in RP and RIHP 
with that of HPHP, we rely on the data on percentage 
chain-axis contraction upon o-h transition. According to 
most published results, derived from specific volume and 
lateral lattice parameters, the chains contract by 6-8% 
upon the transition at temperatures above 500 K.22 If the 
contraction is due to kink formation, as has been inferred 
but not directly proven, this would mean ca. 6- 8 kinks per 
100 C atoms in HPHP. Thus there appears to be a steady 
increase in kink Concentration in the series: RP(short 
paraffins) - RP(1ong paraffins) - RIHP -+ HPHP. In- 
cidentally, high-pressure IR experiments on HPHP would 
be highly desirable as they would give more detailed and 
quantiative information on conformational disorder than 
is provided by Raman spectroscopy. 

Mesophase Observed under Other  Conditions and 
Its General Behavior 

The hexagonal phase also occurs in polyethylene fibers 
containing highly elongated chains if the fiber is heated 
above the normal melting temperature while the ends are 
held fixed to prevent r e t r a ~ t i o n . ~ ~  The reduced configu- 
rational entropy of constrained melt is clearly responsible 
for the hexagonal phase being more stable than the melt 
in this case. High molecular weight cycloalkanes are an- 
other group that exhibit a hexagonal or nearly hexagonal 
high-temperature phase. The low-temperature crystal 
form contains rings that are collapsed into two parallel 
straight stems joined by tight folds a t  each end. In the 
lower members of the cycloalkane series, (CHJZ2 and 
(CH,),, the high-temperature phase was found to be highly 
disordered: (a) the "solid-state" transition involves an 
entropy 4 times that of final melting,50 and (b) a kink 
concentration in the mesophase equal to that in the melt 
was revealed by spe~troscopy.~~ In intermediate-size rings, 
such as (CH2)48, the solid-solid transition either does not 
occur or is barely separable from melting.52 In (CH2)7253 
and (CH,),,50 the hexagonal phase appears again, but it 
is less disordered than in the lower cycloalkanes, which 
seems anomalous at  first sight (but see below). From the 
shape of the IR spectrum of (CH2)7253 it appears that the 
kink concentration is comparable to that in our RIHP. 
Still higher cycloalkanes, up to (CH2)288, have recently all 
been found to exhibit a m e s o p h a ~ e ~ ~  and results of their 
detailed investigation may be expected in the near future. 

In Figure 9 the hexagonal phases occurring in different 
systems and under different conditions are placed on a 
temperature vs. l l n  map, where n is the number of C 
atoms in the straight chain stem traversing the crystal 
layer. As can be seen, the mesophase in cycloalkanes oc- 
curs at  higher temperatures than that in normal alkanes. 

In our previous 6r 1 
I irr PE 
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temperature ( K )  

Figure 8. GTG* kink concentration in the rotator phase of alkane 
Cll, binary alkanes C,-C, and C,-C,, as well as in the hexagonal 
phase of irradiated bulk polyethylene, see Table 11. Error bars 
indicate the estimated absolute error, including that involved in 
absorptivity calibration. Internal consistency of results is much 
better: the error in measured absorbance ratios Ah/A, for pa... 
raffins is *(0.01-0.02). 

concentration in the melt. The CGTG,&t values are calcu- 
lated for temperatures at which melt spectra were recorded 
in this work, i.e., approximately 10 "C above the temper- 
atures of the hexagonal phase spectra. The RIS model48 
was applied. The CGTG,melt values, ratioed against that 
applicable to paraffin C27, are listed in Table 11. In spite 
of considerable variation in the partition function, GTG 
concentration in the melt turns out to be fairly constant 
within the temperature range of interest. Finally, the kink 
concentrations, derived from the measured Ah/Am ratios, 
are listed in the last column of Table 11, and plotted against 
temperature in Figure 8. 

Discussion of Spectroscopic Results 
The first conclusion derived from the IR experiments 

is that the types of conformational disorder in RP and 
RIHP are qualitatively the same; Le., there are GTG* 
defects but few, if any, GG defects. In view of the fact that 
the former leaves the chain direction unaltered, while the 
latter bends it by 90% (Figure 7), this result comes as no 
surprise. 

Second, it is readily seen from Figure 8 that the steady 
increase in kink concentration in RP of paraffins, when 
extended to higher temperature and chain stem length 
(crystal layer thickness), ties up well with that observed 
in RIHP. Thus IR experiments show that there is no 
fundamental discontinuity between RP and RIHP either 
in the type or in the extent of conformational disorder. 

Another feature evident from Figure 8 is that the in- 
crease in kink concentration with temperature in a single 
paraffin system (C23-C25) is much steeper than that be- 
tween paraffins of different chain lengths. In other words, 
occurrence of kinks per C atom decreases with increasing 
chain length, which is consistent with the finding7,9 that 
kinks form preferentially near chain ends. Such behavior, 
i.e., the steep increase in conformational disorder with 
increasing temperature in RP of a single paraffin, resem- 
bles the behavior of the relative entropy/volume ratio 
discussed in the first part of this paper. This similarity 
suggests that it is the incorporation of kinks that, a t  least 
partly, enables a large gain in entropy with a comparatively 
low gain in volume of the hexagonal phase in paraffins and 
polyethylene. 
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Figure 9. Temperature intervals of stability of the mesophase 
in different hydrocarbon chain containing systems as a function 
of the reciprocal number (n) of carbon atoms in the straight stem: 
RP is the rotator phase in n-alkanes (ref 27 and this work); RIHP 
is the hexagonal phase in polyethylene irradiated with 800 Mrad 
(bulk and single crystals); FIB is the gel-spun high-modulus 
polyethylene fibers under constraint;" HPHP is the high-pressure 
hexagonal phase in chain-extended polyethylene;22fl c-CZ4 is cy- 
clotetracosane;60 c-CT2 is cyclod~heptacontane;~~ C2,DCA is 
1,20-eicosanedioic acid under pressure.36 

100/n 

In a thermodynamic description a cycloalkane molecule 
may be regarded as being composed of two n-alkane chains 
joined at each end. By joining the ends the melting point 
is increased with respect to that of the n-alkanes due to 
the disappearance of a Fl~ry-Vrij-type~~ end-unpairing 
term from the free enthalpy of melting. At the same time 
this term does not apply to the solid-state transition, the 
temperature of which is therefore not increased relative 
to that of the n-alkanes (joining the ends would, however, 
prevent chain rotation, which is probably the reason for 
the high hexagonal transition temperature in lower cy- 
cloalkanes). 

The same thermodynamic argument has also been ap- 
plied26 to explain the appearance of the pressure-induced 
hexagonal phase in 1,20-eicosanedioic acid (CzoDCA, see 
Figure 1). The X-ray diffraction pattern of this mesophase 
is similar to that of HPHP. The pairing in C2,DCA melt 
is achieved by hydrogen bonding between carboxylic end 
groups. 

Other end-substituted n-alkanes exhibit similar meso- 
phases. Fatty acid monolayers on waterla and the phos- 
pholipid gel phase17 are closely related to the rotator phase 
in n-alkanes. The main "chain-melting" transition brings 
the phospholipid layers into the biologically important 
smectic state with a high kink concentration.17 

As a further example, the hexagonal unit cell is observed 
in certain ethylene-propylene ~ o p o l y m e r s , 3 ~ ~ ~ ~  where a 
methyl-branch content of about 7 CH3/100 C atoms raises 
the free enthalpy of the orthorhombic lattice sufficiently 
for the hexagonal phase to become stable a t  room tem- 
perature. Introduction of ethyl branches has not been 
found to produce the hexagonal phase by itself, but it 
increases the orthorhombic lattice energy sufficiently for 
the o-h transition to occur a t  a low irradiation dose.56 

When all the available information on the hexagonal 
phase is put together, it appears that all degrees of order 
intermediate between the highest (RP in paraffin Cll) and 
the lowest (HPHP) are covered in one system or another. 
Furthermore, it appears that the disorder can be regarded 
as a continuous function of a few primary variables such 
as temperature and stem length n. Kink concentration per 
CH2 unit, Ckink, may be chosen as one of the parameters 
describing the degree of disorder. Figure 10 is an attempt 

Y 
temperature + 

Figure 10. Schematic representation of the extent of confor- 
mational disorder in the mesophase as a function of temperature 
and reciprocal stem length (cf. Figure 9). 

to depict the qualitative features of such a master function. 
It has cIdnk increasing with temperature and decreasing with 
stem length, as found experimentally. The approximate 
ckink a l l n  relationship is suggested, e.g., by the fact that 
in n-alkanes kinks preferentially appear near chain ends? 
Whenever, in a given system, the free energy of the me- 
sophase becomes the lowest, the phase appears and sam- 
ples the master relation for a given set of external (e.g., 
temperature, pressure) and internal (e.g., chain length) 
variables. Given the limitations of the qualitative approach 
adopted here, a reasonably coherent pattern emerges of 
the relationship between the different manifestations of 
the mesophase. Thus, for instance, in (CH2)72 the phase 
is similar to that in RIHP according to the similarity in 
the IR spectra and in the values of lattice cross-section area 
per chain (A) :  in (CH2)77 this is 21.1 A2,53 while it is be- 
tween 21 and 22 A2 in our irradiated samples s and q. 
Likewise, from the X-ray pattern reproduced in ref 49, A 
can be seen to range from 22 to 23.5 A2 in the hexagonal 
phase of gel-spun polyethylene fibers, indicating a higher 
disorder than that in RIHP. As to the lower cycloalkanes, 
(CH2)22 and (CH2)24, they could be considered as more of 
a special case due to the very small length of stems between 
the folds (n = 8 and 9, respectively). Nevertheless, the 
higher disorder in their mesophase compared to that in 
larger rings, such as (CH&, is qualitatively not incon- 
sistent with the present scheme. It is attributed to the fact 
that in the smaller cycloalkanes the mesophase occurs a t  
temperatures ca. 100 K above that of the rotator phase in 
corresponding n-alkanes. On the other hand, the hexag- 
onal phase in (CH2)72 becomes stable only 5 K above the 
melting point of RP in its n-alkane counterpart C33. 

It is clear that specific features of individual systems 
would, to some extent, also affect the degree of order in 
the mesophase. Thus, irradiation is found to increase the 
hexagonal lattice cross-section area per chain, folds 
or polar chain ends would prevent rotation of stems, 
chain-end packing would have some effect, etc. However, 
it appears that to a good approximation these effects can 
be treated only as perturbations. 

Conclusion 
There is abundant evidence, including IR spectroscopic 

and p-T data, that the rotator phase (RP) in n-alkanes, 
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the high-pressure phase (HPHP) in polyethylene, the ra- 
diation-induced hexagonal phase (RIHP) in polyethylene, 
as well as the hexagonal phase in constrained polyethylene 
fibers, the high-temperature phase in cycloalkanes and 
end-substituted n-alkanes, etc., are all manifestations of 
essentially the same mesophase. Its nature appears to vary 
continuously, covering a very wide range of orientational 
and conformational disorder. At the low end is the ori- 
entationally disordered "rotator" phase in short paraffins, 
starting with Cll: this consists of ordered domains en- 
compassing tens of molecules,10J6 there are only four 
equivalent orientations of a chain around its long axis,l0J6 
the unit cell is "less hexagonal" (lower a / b  ratio) than the 
ordered orthorhombic one,6 and there is negligible con- 
formational disorder. At the high end is HPHP with high 
conformational disorder30 and an entropy close to that of 
the melt.22 The continuity may be attributed to the fact 
that reorientational jumps of whole stems ("plastic state") 
gradually give way to conformational disorder ("condis 
statenB) in n-alkanes as the temperature increases and that 
a high kink concentration and torsional motion can be 
tolerated while still maintaining the lateral chain register 
and considerable lattice energy. 

While most theories have so far dealt only with indi- 
vidual mesophase ranges (e.g., either with RP13-16 or 
HPHP24i25), a more comprehensive treatment should be 
able to account for the full mesophase range, from the 
well-ordered plastic paraffins to almost liquidlike poly- 
ethylene. 
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