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The dengity of Marex 50 polvethylene eryaals grown from a .75 Kement salution in p-xvlene at
e

10 °C wae measuted by a pyonometele method.  Diffieulties in making ¢
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sary acenracy are discussed.  The vahzea obtainad were close to 0.9 gfcm® at M *C and significantly

leas than the cerystallographic dengzity of 1.00 gfem®,

deficiency ares mentioned.

Several posgible explanations of Lhis density
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1. Introduction

The measured density of a crystalline polymer is
asually lessz than that ¢alculated from the density of
it unit cell. This reduced density has been attributed
to the amorphous regions in a twe phase amorphous-
crystalline model or ta defects and *mispacking™
of folds in adjacent Jarella in a chain-folded erystalline
model. Crystals of polymers grown from dilate solu-
tion appear to have many of the characteristics of
single crystals of nonpelymeric materials, and there
has been special interest in their denaities.

The density of polyethylene crystals grown From
solution has been measured by a centrifoge method
1, 2].! a gradient tube method [1], and a pyecnometer
method {1, 3. Values around .97 glem® have been
obtained by all theae methods for erystals formed at
70 °C [1, 2] as compared to the crystallographic density
of nearly 1.00 gfem.? However, values of about 1.00
glem? have been obtained by a pyenometer method for
the density of the crystals [3].

Although the density gradient tube method is subject
to some uncertainty [4], the centrifuge method, in
which the density of a buoying liquid is adjusted to
be equal to that of the crystals, appears to be as valid
as pycnometric methods. It is clear that a dis-
crepancy exists. The presemt work was undertaken
to provide another pycnometric measurement of the
density of polyethylene crystala.

| Figmres n brocketn indicare i Jnarature refgrenses s the ened of thin poper.

2, Experimental Procedure

To prepare the crystals, Marlex 507 polyethyiene
iwith a weight average molecular weight of 130,000)
was frat dissolved in xylene at 145 °C, allowed to
orystallize at 80 °C, and rinsed with xylena at 80 °C
tp remove low molecular weight fractions or other
material. The polymer was dried vwnder vacoum at
room temperature. Enough of this treated poly-
ethylene to make a 0.75 percent solution was dis-
solved in distilled p-xyvlene at 145 °C and allowed to
crystallize for a week at 70 °C. Micropraphs of some
typical crystals are shown in figures 1 and 2.

The pycnometers used, which had a nominal vol-
ume of 50 cm?, were made from Pyrex glass as illus-
trated in figure 3. They were annealed and the
standard taper jointz were ground together by hand
using fine emery in water. They were filled by a hypo-
dermic syringe with a needle which was inserted
through the capillary tube. The pycnometers could
be emptied either by using the hypodermic syringe
or by torning upside down and connecting to an
aspirator. This was somewhat inconvenient, but
the single, carefully fitted joint which could be dried
before assembly reduced the rate of evaporation of
an enclased liquid.

The pyenometers were cleaned with a sulfurie
acid and sodium dichromate solution, rinsed several
times with distilled water, and dried overnight at
120 °{. After cleaning they were always handled
with forcepa or rubber gloves.

VA comanerles maiancl i dentlied in this popec im order 1o sdequately specify the
raperimen edare.  Smoh idemifrarion doas noa loply datm wr
mati by rhe Blatlooo) Bursow of Soaodarde
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Ficure 1.
aggregates in the preparation; = 155 (a) Dendrites and axialites in

Optical phase contrast micrographs of the type of crystal

suspension in xylene.
crystals,
drying.

Note distinct splaying of layers in some
(h) Axialite in suspension in xvlene.  (c) Dendrites after

Weights were taken to the nearest 0,05 mg on a
Mettler single-pan balance. The temperature, baro-
metric pressure, and relative humidity were measured
at each weighing and the density of the air was cal-
culated, so that the observed weights could be cor-
rected for the net buovant force of the atmosphere.

The pycnometers were filled at 30,15 °C in a water
bath which was regulated within =0.01 °C. The
liquid was first adjusted above the line on the capil-
lary tube; then small, rolled strips of lens tissue were
dipped in it until the level was lowered almost to the
line. The liquid was then allowed to evaporate until
the meniscus just touched the line when observed
through a jeweler’s eyepiece.

After weighing empty and filled with boiled, dis-
tilled water, the pyenometers were weighed filled
with distilled p-xylene which had been taken from the
same flask as that used for preparing the crystals
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Ficure 2. Electron micrograph of a portion of a dendrite similar

to those shown in figure 1 (c).

and had been carried through exactly the same heat
treatment prior to having been put in the pycnometers.
The average of six determinations gave a density of
0.852241 gfem® for the p-xylene at 30.15 °C. The
standard deviation of an individual result was 0.000003
alem®,

In the final step in the procedure, after the pycnom-
eter had been weighed filled with the mixture of p-
xylene and polyethylene erystals, it was necessary
to evaporate the liquid and weigh the pyenometer
and dried ervstals alone. Thiz was done in a vacuum.
However, if the pyenometer was placed immediately
in the vacuum chamber, vapor bubbles could form
and cause some of the liquid and crystals to splash
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Ficure 3. Pycnometer, Pyrex glass



out. To avold this the pyenometer was heated be.
tween 35 and 40 °C for several days to evaporate some
of the liguid and create a space below the capillary.
The reservoir above the capillary prevented over.
flowing during the heating. After heating, the pyc.
nometer was placed in a desiceator connected to a
vacuum pump and the valve opened very gradually
s0 that an hour or more was required to produce
the final vacuum. Pumping at room temperature
was continued for a day after the crystals appeared
dry. The pycnometar was then placed in 2 vacuum
oven at 100 °C, for several days. No significant change
in weight was observed after the first day in the
vacuum aven,

After this treatment, it was assumed that there
was not enough xylene left in the crystals 10 have an
appreciable affect on their density. Although we
know of no data on the retention of xylene when crys-
tale of polyethylene are dried under our conditions,
experiments with soch crystals grown in tetrachloro-
ethylene have shown that approximately 0.1 percent
by weight of that solvent remained in the crystals
when they were heated to 80 °C in a vacunm [5).
If this much xylens remained in our crystalz, it would
reduce the density by only 0.0002 glem®, which is
well within the experimental error from other sources.
Moreover, in order for the density of the crystals to
be lowered from the crystallographic value of 1.00
gom? to the observed value of 0.98 gfcm®, the crys-
tals would have had to retgin approximately 12 per-
cent of xylene. This is at best extremely unlikely,
These calculations assume additivity of volumes,
If the volume of the crystals and xylene were slightly
lezs than the sum of the separate volumes, the effect
on the density would be even smaller.

A separate test showed that no oheervable amount of
polymer remained dissolved in the supernatant xylene,
80 1t was not necessary to make a eorrection for this.

3. Colculations

If we let P=wt of empty pycnometer, F'=wt of
pycnometer filled with water, X=wt of pycnometer
filled with xylene, T=wt of pyenometer filled with
mixiure of xylene and crystals, and [ = wt of pyenoimn-
eter and dried crystals, the density of the crystals,
A, can be expreszed in terms of the density of water,

P, by:

__ pX—PD-5
Pe= W —PyX — P—T++ D)

(1

The uncertainty in a density determination may be
estimated from the uncertainties in the weights by
taking the 1otal differential of ge in eq (1). We
assume thal the uncertainty in the “dry™ weights
Pand Dis 00002 g. In the case of #, X, and T
an error of =0.01 em in filling the pycnometer to the
line would produce an additional wncertainty of
+0.0003 g, so the total uncertaimy for these weights
is taken as *+0.0005 g. Using typical values of the

210682 O-t6—1
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weights themselves with these estimates gives an
uncertainty in the density of £0.0040 gfem?, which is
not far from the standard devialions acroually ohserved.

The unecertainty in the density varies approximately
inversely with the amount of crystals wsed. The
uncertainty is caused chiefly by arrors in X and T.
A difference between the density of the xylene used
in taking weight X and that uzed for T cau{d produce
a difference several orders of magnitode greater in
the calculated density of the erystals for the amount
of erystals used here (0.2 10 0.4 gt. The need for fairly
large amounts of crystals was the principal reazon for
using solutions of the relatively high concentration of
(.75 percent rather than a lower concentration, which
would have been desirable because of the lower
complexity of the crystals formed.

The weights used in eq (1) are the calenlated values
in vaicuum, i.e., the observed weights plus the net
huoyant force of the sir. In finding the buoyant force
the volumes of the materials being weighed are com-
puted from the assumed valoes of their weights {and
densities) and used to carry through the calculations.
These new values of weight (and density) are now nsed
and the caleulations repeated. This continues until
the assumed and calculated values are equal. Fort-
unately, we are dealing with a small correclion 10 the
weight and the process converges rapidly.

With oo liquid in the pycnemeter, it was simply
weighed daily for 4 week or o, the weight in vacuom
calculated each time, and the average of these values
used. The standard deviation of an individual weight
was about 0.13 mg. When this method was applied
to the Liguid-filled pycnometer, it was found that the
weight decreased at a fairly constant rate—a typical
value was 0.1 mg per day. Therefore, the weighta
in vacuum were plotted against the time and a least
squares line was fitted to these points.  Figure 4 shows
typical plots for three of the pycnometers filled with
watet. The least squares line was extrapolated to
zere time 1o find the weight used in the calculations.
The standard error of this estimate was close to .1 mg.
It was found that a reading 1aken a few hours after
remaving the pycnometer from the constant tempera-
ture bath often differed slightly from the value oained
by extrapolation.
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4. Results and Discussion

The resolts of eight determinations of the crystal
density are given in table 1. The first series of two
was not done in the manner outlined. The crystal-
lization was carried out for 48 hr at 70 °C rather than
1 week. Ordinary xylene {a mixture of isomers} was
distilled and wsed instead of p-xylene. Corrections
far the buoyant force of the air were not made, nor
was any allowance made for evaporation of liquid from
the pyenometer, Attempts to repeal these first two
determinations gradually iled to the realization that
xylene from different bottles varied in density, that
the ohserved weighis could change with atmospheric
conditions, and that liquid slowly evaporated from the
prenometers no matter how carefully the joints were
fitted. Hence, it is felt that the close agreement is
not a relisble indication of the accuraey of these two
determinations, but may be partly due to the fact that
they were run at the same time and partly fortuitous.

The second and third series of measuremenis were
carried out by the method outlined using distilled
paylene, calculating the weights in vacuum, and
extrapolating to zero time io determine the weight of
the Lguid-Alled pycnometer. In the second series
the needle used to fill the pyenometers did not reach
the bottom, s¢ the mixture of xylene and crystals was
exposed to a small air gap at the start of the filling
process. For the third series alonger needle was used
znd a little xylene placed in the bottom before adding
the mixture, =0 that there was no exposure to air.
The three determinations in the second series were
run fairly close to the same time. In the third series
#13 was run first using a mixture that had been stored
at room temperature for several months, while #14
and #15 were run together wsing a mixture only a
week ald.

TabBLE 1. Density of palfvethyiene single crysrals
frown _,I‘}:om sodution
Fyenamoier Thenay Avg. denliy Sed, dev, of an
Tor aspies nd|midual valws
e J.I'm' Jlmr‘
Fleah serles  H 037 Lo 15
+#2 a5
Second series #14 B745
#15 i L a0 Ll
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Third verees  HIE SORRY
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A Student’s "t test at the 95 percent confidence
level shows that the averages for the second and third
series are significantly different. A similar test at
the 93 percent conhdence level indicates that the
average for the third series is significantly lower
than the crystallographic density, taken as 0.997
glem?®. However, it is possible that the density of
the crystals increases opon standing at toom tem-

perature and the higher value for pycnometer #13
is due to thiz canse. If pyenometer #13 is ruled ot
and the ather two values in the third series are com-
bined with the second series, the five readings give
an average density of 0.9780 gfcm? with a standard
deviation of 0.0033 gfem? for an individual reading
Whichever interpretation of the data iz made, our
result, though slightly higher than the previously
quoted values arpund 0.97 gfem®, is significantly
lesa than the crystallographic density.

While it is not oor purpose to dwell on the cause of
this low density, several pos=sible explanations may be
mentioned. The ficst iz that there is an amorphoos
phase arising perhaps from nonadjacent reentry.
This model is difbeult 1o reconcile with the regular
crystallographic surfaces usually seen on polyethylene
crystals and with the wall-known behavior of these
crystals upon fracture.  Both these pieces of evidence
indicate adjacent reentry.

A second possibility iz adjacent reentry with a fold
length which is nat well defined, ie., an ircegular,
short-range variation in the fold length of one or two
unit cell r-dimenaions. This i= also dificolt to recon-
cile with the regular surfaces of polvethylene arystals.
However, it should be pointed oot that the experiments
which indicate regular surfaces are usually done on
crystals grown from very dilute solution and such
crystals may be more perfect than the rather complex
ottez used in our study.  If our erystals had isregular
surfaces, with an irregolanty of sofficiently short
period, then the inahility of the solvent to pack regu-
lacly on the surface would give spuriously low density
results.

A third possible explanation is based on the effect
of chain ends, If chain ends are included in the crys-
tals and, as is very likely, if ends of adjacent mole-
cules do not pack in close juxlaposition, an end eould
capsge 3 large vacancy extending on the average half-
way through the thickness of the crystal. This would
lead to a density which is dependent on the number-
average molecular weight. For our polymer such an
effect might cause a density deficiency of about 2
percent, just as was observed.

We are deeply indebted to F. Khoury and J. D.
Barnes for the oplical and electron micrographic
ohaervations.
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