How temperature varies with depth in
the deep ocean depends on the ratio, z*,
of the vertical eddy diffusivity to the up-
welling rate (23, 24), and temperature-
depth relationships have been used to
calculate z*. The z* value can, in fact, be
calculated from the depth dependence of
any conservative tracer in a region
where only two water masses are mix-
ing. The 880 of calcite precipitating in
isotopic equilibrium with seawater is a
function of temperature and of the sea-
water 880, and therefore is, to a first ap-
proximation, a suitable conservative
tracer (25). The 8'80-depth trend in the
early Pliocene (Fig. 1) is adequately fit
by a curve having a z* value equal to the
present Pacific value of about 1 km (23,
24). Today, the area of the Pacific stud-
ied here is marked by mixing of more
than two water masses, and thus cannot
be strictly treated by the diffusion-advec-
tion model. Furthermore, temperature-
depth relationships may be influenced by
lateral mixing as well as vertical advec-
tion and diffusion. The calculated z* val-
ue must thus be considered with caution;
we simply wish to point out that it is in-
distinguishable from the present-day val-
ue.

In summary, early Pliocene oxygen
isotope data from Pacific Ocean ben-
thonic foraminifera reflect a relative pa-
leotemperature change of about 3.5°C
between 1 and 4.5 km. The structure of
the early Pliocene Pacific deep-water
column is similar to the modern struc-
ture. This result is consistent with the
fact that the early Pliocene has been
compared with interglacial episodes dur-
ing the Quaternary, when the most sig-
nificant Northern Hemisphere continen-
tal ice was restricted to Greenland. The
approach used in this study may be use-
ful for other problems in deep-water
paleoceanography.

LiLoyp D. KEIGWIN, JRr.
MICHAEL L. BENDER
JAMES P. KENNETT
Graduate School of Oceanography,
University of Rhode Island,
Kingston 02881
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Single Crystals of Linear Polyethylene

Crystallized from the Glass

Abstract. Isolated single crystals of polyethylene have been crystallized from the
glassy state by annealing uniformly thick films of amorphous linear polyethylene just
above their glass transition temperature. In agreement with previous results for poly-
carbonate, substantial molecular mobility at the glass transition temperature is im-

plied.

Recent reports from our laboratory de-
scribed a reproducible method of
quenching linear polyethylene (LPE) to
the glassy state (/, 2). Electron dif-
fraction and differential scanning calo-
rimetry showed that crystallization from
the glass occurs on warming, at about
190 K. This is in agreement with the val-
ue reported previously by Hendra et al.
(3) based on infrared measurements.
More recently, we replaced the liquid ni-
trogen slurry quenchent with isopentane
at its melting point and performed dy-
namic mechanical spectroscopy studies
which indicate that the glass transition
temperature (7,) is ~ 190 K ¢, 5). A
large peak in tan 8 (loss angle) is ob-
served at this temperature, as well as a
rise in rigidity. This peak is not observed
on cooling and reheating the sample or in
normally crystallized samples. In agree-
ment with Boyer (6) we define it as T(L),
the T, of unconstrained amorphous LPE,
whereas the large 8 peak (~ 260 K) ob-
served in these samples would be T,(U),
the T, of molecules constrained by crystal-
lites.

The effect of annealing the samples
above and below T (L) on the dynamic
mechanical spectra and the morphology
has been examined (¢). We have shown
that it is possible to grow isolated single
crystals from uniformly thick, amor-
phous films of polycarbonate (PC) by
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annealing just above T (L) (7). Here
we report similar results for amorphous
LPE. In addition to their intrinsic inter-
est, the results have implications for the
current controversy over the degree of
molecular mobility during crystallization
from the melt (8-10).

Thin-film samples of LPE (Dow HB-
PE; melt index, 1.2; density, 0.955 g/
cm®) mounted on electron microscope
grids were prepared as previously de-
scribed (/, 2). These films are of essen-
tially uniform thickness, displaying a
nodular surface structure ~ 100 A in di-
ameter when shadowed cold. Rapid
heating through 7, results in the develop-
ment of a microcrystalline texture, the
crystals being 100 A or less in size and
the surface resembling that observed in
the amorphous state (2). The sample
shown in Fig. 1 was annealed for 5 hours
at ~ 200 K in a test tube immersed in an
acetone-Dry Ice bath. It was then
warmed rapidly to room temperature and
shadowed with Pt/C before being placed
in the microscope.

In various regions of the samples we
observed numerous structures that were
~ 0.15 um in diameter, frequently more
or less hexagonal in outline, and inter-
connected with fibrils ~ 100 A in diame-
ter. No polymer remained between the
fibrils, indicating that the molecules from
at least these regions had moved dis-
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Fig. 1 (left). Portion of a thin film of uniform thickness of amorphous polyethylene crystallized from the glass at 200 K.

Microbeam electron-diffraction pattern from an area similar to that in Fig. 1.

tances greater than several hundred
angstroms during the crystallization. [In
the PC samples no fibrils were seen and
the voids were micrometers in lateral
size (7). There is some possibility of deg-
radation in the thin-film PC samples at
145°C, but degradation cannot explain
the absence of LPE molecules at
—75°C.] In other regions of these sam-
ples spherulites were observed, appar-
ently composed of poorly defined la-
mellae, and again interconnected with fi-
brils «).

Figure 2 shows a microbeam (diameter
~ 1200 A) electron-diffraction pattern
from an area in a sample such as that in
Fig. 1. Although it has not yet been pos-
sible to clearly localize the region giving
rise to such a pattern, similar microbeam
patterns have been obtained from nu-
merous areas of samples such as that in
Fig. 1 and even from spherulitic samples.
As in the case of the PC samples, where
clearly defined lamellae were observed
in both single crystals and spherulites,
these patterns are single crystal in na-
ture, with the molecular axes oriented
normal to the plane of the film.

Although the platelets in Fig. 1 are not
well enough defined to be described even
as stacks of lamellae (their thickness ap-
pears to be about 150 to 200 A, some-
what thicker than we expect for individ-
ual lamellae grown at this temperature),
we suggest that further annealing at this
temperature will result in perfection of
these structures. This was the case for
PC, for which 1 to 2 days of annealing at
T, was required to permit observation of
clearly defined lamellae (7). Undoubt-
edly, however, it is these platelets that
are giving rise to the single-crystal pat-
terns, with domains of commonly orient-
28 SEPTEMBER 1979

ed lamellae in the spherulites giving rise
to similar patterns.

Even without clearly defined lamellae
the concept of chain folding must be in-
voked, since the overall thickness is less
than the extended molecular length. No
conclusions can be drawn about the reg-
ularity of the folding or the number of
‘“‘tie chains.”” However, if the PC mole-
cules can move distances of micrometers
at T,, as we have shown before (7), and
considering the large-scale motion that
occurs in the crystal lattice when crys-
tals thicken during annealing (near the
melting point, Ty,), then the development
of some degree of regularity of folding in
these PE crystals during both growth and
subsequent warming to room temper-
ature is not inconceivable.

We note that the diffraction pattern
has pseudohexagonal symmetry, con-
sisting of three orthorhombic patterns at
120° angles to each other. This was found
frequently, and the three patterns had
varying ratios of intensity. We suggest
that the crystals develop with a hexago-
nal crystal structure and undergo a ran-
domly nucleated phase change to the or-
thorhombic phase either at the crystal-
lization temperature or, more likely, dur-
ing warming to room temperature. A
similar phase change from order-dis-
order hexagonal to hexagonally twinned
monoclinic has been observed in multi-
layer films of vinyl stearate during crys-
tal growth (11).

In summary, the electron micrographs
and diffraction patterns clearly indicate
the growth of polyethylene single crys-
tals from the glassy amorphous state
when it is annealed just above Tg(L). It is
anticipated that longer annealing times
will result in further perfection of these

Fig. 2 (right).

crystals. In addition, regardless of theo-
retical calculations to the contrary (8, 9),
we claim that polymer molecules can and
do undergo substantial motion during
crystallization not only at T, but also at
T,. This is clearly shown by the isolated
single crystals of polyethylene reported
here and the previous description of
crystallization of PC at its T,. We suggest
that the difficulty in the theoretical pre-
dictions lies in attempts to correlate the
molecular motions involved in viscosity
effects with those involved in crystalliza-
tion.
R. LAmM*

P. H. GEILT
Department of Macromolecular
Science, Case Western Reserve
University, Cleveland, Ohio 44106
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