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Synopsis

Phase diagrams of low molecular weight oolyethylene
(M=1000, 2009, 6500, 16000) and polyethylene (M=1000) atfter
fuming nitric acid treatment are determined from 20°C to 300°C
up to pressures of about 10 kbar. The fractions with
molecular weight 1000 and 2000 do not exhibit the hexagonal
phase, but the others do. Effects of molecular weight and
fuming nitric acid treatment on the phase diagrams are

discussed in terms of the entropy of the melt.



Introduction

The high-pressure hexagonal phase of polyethylene was

-

discovered and studied by Bassett™, and is the subject of a

recent review . The structure of this form has been clarified
; » o e . 3,4 . 8., a3

oy X-ray diffractieon and Raman spectroscopy ; i1t has been
found that many defects are involved in the crystal. The

stability of such a disordered ghase has also been discussed

, : 7 ; ; 4 ;

tnermodynamlcally5’ and studied experimentally reiferring to
- - ; . 8 ; : ;

the effects of cross linking . Since this phase 1is closely

related to the appearance of extended-chain crystals (ECC), it

=y

is important to study the effect of molecular weight on the
stability of the hexagonal phase.

The hexagonal phase has been studied mainly in
polyethylene with molecular welight greater than 11104. The
effect of molecular weight distribution on the phase

i ; . ; 9,10
transition was discussed by Hikosaka =2t al.”’

L

A study by
Takamizawa et al. is the only one which shows experimentally
the effect of molecular weight on the chase diagram of
polvethylene of relatively low molecular weight, although at
that time the hexagonal phase had not been recognized. Thelr
differential thermal analysis (DTA) =zt »=5 kKbar can be

interpreted as follows: 1) A lower limit of molecular weight

. 2, = , 3 -
exists for the hexagonal phase; it is greater than 6.5x10" and

ra

smaller than l.3><l()‘1 at o=5 Xbar. ) As the molecular weight

increases, the melting temperature of the hexagonal phase
increases more rapidly than the transition cemperature for =zhe

orthorhombic to hexagonal transicion.

13 -
On the other hand, Yamamoto and Asal showed that low



molecular weignt polyethylene (Mn=1260) obtained by fuming
nitric acid (FNA) treatment exhibited the high pressure phase.
They ascribed this result to the change in the structure of
lamellar surface caused by the FNA treatment.

Here we report phase diagrams of low molecular weight
fractions and FNA-treated polyethylene up to 15 kbar. The
structure of the high-pressure phase of FNA-treatred
polyethylene 1s examined by X-ray diffraction. The effects of
molecular weight and FNA treatment on the stability of the
hexagonal phase are discussed in terms of the entropy of the

melt of polyethylene of finite chain length.

Experimental

The materials used were four kinds of fractionated
polvethylene and two kinds of FNA-treated polyethylene. Their
characteristics are shown in Table 1.

M1000FNA was prepared as follows : melt crystallized
M1000 was immersed in FNA at 70°C for 8 days. Since 41000
crystallized without folding, it was attacked by FNA only at
the chain ends. Therefore, the molecular weight of M1000FNA
is believed to be about 1000.

ShélexFNA was pbrepared as follows: melt crystallized
Sholex 6009 (i =1.4x10%, ¥ /M =8.1) was drawn and immersed in
FNA at 60°C for 4 days. In this case, chains were attacked at
folds as well as chnain ends. The long spacing determined by
SAXS was 180A before FNA treatment, so that the molecular
weight of SholexFNA is estimated as about 1300.

Phase diagrams of the materials except for SholexFNA were



determined by X-ray diffraction. A high-pressure cell of the
diamond anvil type was used with 2 stainless-steel gasket

0.3 mm thick. The pressure transmitting fluid was water. The
X-ray diffraction photographs were taken on flat films with
MoKa radiation filtered by 2irconium. Pressure was measured
by the shift of the 002 reflection of graphite3. Coexistence
of the orthorhombic phase and the hexagonal phase was
ascertained by X-ray diffraction. Melting of the orthorhombic
phase and the hexagonal phase was observed optically with a
polarized microscopeB.

The structure of the hexagonal chase of FNA-treated
polyethylene was studied on the oriented material, SholexFNA.
X-ray fiber photographs were taken on flat films with MoKa
radiation monochromatized by a graphite single crystal3’4.
Infrared spectra were obtained on FNA-treated

polyethylene dispersed in XBr pellets.

Results
1. Phase diagrams

Phase diagrams of the four xinds of fractionated
volyethylene are shown in Fig. L.

M1000 and M2000 do not show the hexagonal phase in the

pressure range of the experiment. In particular , M2000 shows
no hexagonal phase up to p=15 kbar. The melting temperature
™79 0f the orthorhombic M2000 is higher than that of 1000 by

14°C at each pressure. These phase diagrams agree well with

' & 1.3
those obtained by DTA measurement at pressures below 5 kbar

M6500 and M16000 exhibit the hexagonal phase. The



transition temperatures for the orthorhombic to nexagonal
- h-0 : :
trapsition; T , are almost the same for both specimens at
each pressure. On the other hand, the melting temperature of
) Tl_h. ~ . P 1
the hexagonal phase, T , Of M16000 is higher than that of

M6500 by 10 or 15°C.

The phase diagram of M1000FNA is shown in

]

ig. 2. TFor
comparison, the phase diagram of 41000 is also shown. There
are two marked effects of FNA treatment. First, =0 of
M1000-FNA is higher than that of M1000 by 10°C at atmospheric
pressurel4. Secondly M1000FNA exhibits a hexagonal phase at
pressures above 4 kbar.
2. Structure of the hexagonal ghase of FNA-treated

polyethylene

X-ray fiber photographs of SholexFNA in the hexagonal

phase are shown in Fig. 3. These photographs are essentially
the same as those of nontreatad polyethylene3'4; thare are
three Bragg retflections, 100, 110 and 200, on the egquator, and
diffuse scattering with no appreciable Bragg reiflection off
the equator. Positions and widths of the diffuse scattering
of SholexFNA agree well with those of NBS standard
polyethyvlene. This result shows that the degree of disorder
in the hexagonal phase of FNA-treated polyethylene 1is

comparable to that of non-treated pclyethylene.

Discussion

1. Effect of molecular weight on the hexagocnal phase
Figure 1 shows that the lower limit of molecular weight

for which the hexagonal phase exists is greater than 2000 and



smaller than 6500 for <15 kbar. a

w0

molecular weight

decreases the melting temperature of the hexagonal phase,

m—-n

T , decreases more rapidly than the transition temperature

ror the orthorhombic to hexagonal transition Tﬂ_o. Eventually
hexagonal phase disappears within the pressure range of

the experiments for M2000 and M1000.

Low molecular weight polyethylene crystallizes without
folding under nigh pressure 1n this experiment. Therefore,

the theory developed by Flory and VrijlS on melting of

n-paraffin is applicable to this problem. The difference in
molar Gibbs' Zree energy between the orthorhombic phase and

the melt can be expressed as fcllows.

: =0 m—0 i) . %
™ - 3% = %G, + AG, - RT-lnx (1)
. : & Am=0 . &
where x 1s the carbon number of molecule, AG| is the free

energy of fusion 2er CH2 in the limit x== at the temperture T
and &Gz—o is the end-group contribution assumed to be constant
for all x. The most important term in the present case is the
last term, RT ln x. It comes from the "unpairing of end
groups"” of neighboring molecules upon melting; end groups

can adjoin to any portion of other chains in the melt.

Lattice theory of chain liquids also gives this term.

m—{ : i : .
3 . : .
SG is approximately given DV:
=0 n—2a n—0
M (T) = (T = T)-ASg , (2)
; =Y is fusi £ limiti meltin
where AS_ is the entropy of fusion at the limiting g



m-0 . . ; -
temperature T, : Then we obtain the melting temperature T:n 9

for a given carbon number 3 from eqg. (1) :

—_
AT }
P00 = p@-0( | Mo ) /f: . B-ia x
"X Teo M1 m—> ,~m-2 4 2=0
By &30 x-ASy;
. Afe - 18 % AGEP
T Te - Sl (3)
=0 . ~=3 ’
gt x- A5,

Similarly, the melting temperature of the hexagonal phase for

finite chain length is given by the following agquation.

=7 % Z‘il—- :l
i e S BT, ~ld x AGe
Tx = Tm - - (4)

~ y

i) M=l
x: A3, x-ASg,

-h

where ﬁSf is the entropy of melting at the limiting melting

m—h m-h . - :
temperature T, and lGe 1s the end-group contribution. On
the other hand the transition temperature for the orthorhombic

to hexagonal transition is given as follows.

L=
n-o Rl s
s‘L\ { = \T g - T » (5)
¢- A

because the "unpairing or end groups" does not occur in the
solid state transition. The equations (3), (4) and (5)
represent the effect of molecular weight on the transition
tempertures for a given pressure.

Here we can check the applicability orf eg.(3) to low
melecular weight polyethvlene. The results are shown 1in Table
2. In this calculation we used the following values for the

several parameters : Tm-o=4lSKl6, lSm-O=9.91 J/mol K,

sa) o
m-0_ 7

and AGE ==13 .7 E—:J/’moll . The agreement is satisfactory. It



should be noted that the second term, the
length on the entropy of the melt, is as impor<zant

contribution of the end group to the free snergy of the

crystal. For eq.(4), the second term plays an essential
contribution, since isf_h 1s about one Zourth

m-0 m—-n = = 18 - - .
of A4S, ": A48, "=2.3 J/mol°X~". For 46500 and M16000, the

values of the second term are 12K and 25K raspectively:; the

difference, 13K, is comparapble to the experimental wvalue, 10 or
15K. This fact shows that the last term in eg.(4) can
contribute at most a few degrees for M6500 and M16000. The
last term in eq.(5) also contributes to Ti_o by a few degrees
for M6500 and M16000 as shown in Fig. 1.
2. Effect of FNA treatment

FNA-treated polyethylene (M1000FNA) exhibits a hexagonal
phase in spite of its low molecular weight. One of the most
important chemical changes induced by FNA treatment is the
replacement of end groups by -CCOH, partlyv by —Nozlg. This
chemical change is coniirmed by the IR spectrum. Thus
FMA-treated polyethylene is a dicarboxylic acid with a large
number of carbon atoms. Carboxvl groups make strong hydrogen
bonds; bond energy is about 7 kcal/molzo. “olecules in the
melt are joined by hydrogen bonds along the chain axis; they
behave as a chain of high molecular weight. The second terms
of eg.(3) and (4) will become very small due to =2ffectively
large x for FNA-treated polyvethylene: dicarboxylic acids.
Thus Tm—O and Tmﬁh are raised. Although the twisting of chain
to make hydrogen bonds and dipcle-dipole interactlon must be

m=0

taken into account in terms of G and iGe , the decrease



in the entropy of the melt is essentizlly responsible for the
appearance of the hexagonal phase.
In fact a2 dicarboxylic acid of very low mclecular weight,

1, 20-Eicosanedioic Acid, HOOC{CH7)18COOH, nas been found to

exhibit a high pressure phase (Fig. 4). At atmospheric
pressure, 1t has a monoclinic crvstal structure and melts
directly without phase transition. But a solid-solid phase

transition was observed at p=5.8 kbar, T=201°C and p=6.8 kbar,
T=215°C. The high pressure phase is similar to the hexagonal
phase of polvethylene. Only one Bragg reflection is strong,
which corresponds to the side packing of chains. Bragg
reflections corresponding to the pericdicity along the chain
direction is not cbserved in the high pressure phase. This
fact implies disorder along the chain axis.

Melting temperatures of the dicarboxylic acid homologsare
almost constant at about 125°C Zfor even carbon numbers from 14
to 3421. These homologswill certainly have a high-pressure
phase. Experiments on them, now progressing in our

laboratory, will help us to understand the high-pressure phase

of polyethylene.

Conclusion

As discussed above, the entropy of the melt plays an
important role in explaining the erffects of molacular weight
and FNA treatment on the stabilitv of the hexagonal pghase.

It was reported that cross linking of solyethylene makes

(o9

the triple point decrease markedly; =ven it atmospheric

3 2 : I
oressure, the hexagonal phase can appear . C(onstrained fibers



=t

rom stirring crystallization of solution also shows hexagonal
F . 22 ]
phase at atmospheric pressure™ . Both of these ghenomena can
be easily described by the decrease of entropv in the molten
.~ 8,22 '’ . ; . .
state . On cross linking, chain configuration is
restricted. The constrained fiber is also restricted in the
elongated state even after melting. Therefore, a decresase in
the entropy of the melt composed of the "long molecular

chains" is the essential factor for the appearance of the

hexagonal phase.
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Table 1 Characteristics of Each Sample: Molecular Weight,
the Ratio of Weight to Number-Averaged Molecular

Weight and Melting Temperature at p=1 atm.

Sample M ijMn i K)
41000 1000 1.l 379
M2000 2000 1.1 395
M6500 6500 1.14 407
M16000 16000 .18 410
M1000EFNA +1000 e 389
SholexEINA w1300 _— 398




Table 2 Calculated Values of the Terms in 2g.(3) and

Comparison with Experimental Values

RT27% 0 « AGS_O <
M < = 1_:3 — _-fiﬂ_—oh ATP 1 A
X-AS, x-AS, calc. exp.
1000 T3 20.9 19.5 40.4 36
2000 143 12.1 9.7 21.38 20
5500 1pd 4.6 3.0 7.6 7
16000 1143 2.1 1.2 Fad 4
: _ af@=d _ am—0

N AEcalc._ ‘oo tx )caic.

I _ N—0 m—0

o Arexp.— (T~ = Ty )EK?-



Figure Captions

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Phase diagrams of fractionated polyethylene,
M1000, M2000, M6500 and M16000: h-m, hexagonal to
melt transition; o-h, orthorhombic to hexagonal

transition; o-m, orthorhombic to melt transition.

Phase diagrams of fuming nitric acid treated

polvethvlene MI1000FNA and M1000.

X-ray fiber photographs of SholexFNA in the
hexagonal phase (%8 kbar, 265°C): (a) fiber axis is
perpendicular to the incident beam, (b) fiber axis
is tilted 16°C from the perpendicular position to
the incident beam to permit the 002 reciprocal

lattice point to intersect Ewald's sphere.

X-ray photographs of 1, 20 Eicosanedioic Acid:
(a) 1n the monoclinic phase (6.2 kbar, 199°C), (b)
in the ccexisting state of the monoclinic and the
nigh pressure phase (6.8 kbar, 215°C), {c) in the
nigh pressure pnase (8.3 kbar, 229°C). The outer

most rings are 002 reflection of graphite.
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