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High-Resolution Electron Microscopy of Virgin
Poly(tetrafiuoroethylene)

HENRI! D. CHANZY " and PAUL SMITH?®, E. . du Pont de Nemours &
Company, Inc., Central Research and Decelopment Department,
Experimental Station, Wilmington, Delaware, 19898 USA and
JEAN-FRANCOIS REVOL, Puip & Paper Research Institute of Canada,
Pulp & Paper Building, McGill Unicersity, 3420 Unicersity Street,
Montreal, P.Q., H1A 247 Canada

Virgin poly(tetrafiuoroethylene) (PTFE) has some unusuval physical properties (cf.
ref. 1} such as a very high melting point, a high degree of crystallinity,? and
remarkeble flow properties.’ These properties indicate that the polymer as-polymer-
ized contains véry few topological defects.! Indeed, it has been suggested that virgin
PTFE is comprised of extended chain crystallites. This suggestion is corroborated by
results ebtained in various merphological and structural studies®* of PTFE disper-
sions. In these invesdgations it has been demonstrated that virgin PTFE dispersions
consist of various kinds of particles; most of these particles are noauniform spherical
endties having dimensions in the range from 0.1 to 0.5 pm, whereas a minor fraction of
the particles occurs a3 rods. The latter have previously been shown to be extended-chain
crystals with the chain axis parallel to the long axis of the rods” The structure of the
“spherical™ particles has been suggested to be irregularly folded ribbons’ With the
advancament of electron microscopic techniques, such as lattice imaging, it bas become
passible to provide more condusive evidence for these hypotheses. In this article we
present the results of & low dose, high-resolution, electron microscopic study of the
morpho-ogy of virgin poly(tetrafluoroethylene) dispersion particles.

Cormwmon PTFE dispersion was used throughout this study. No spedial specimen
preparazion techniques were employed. Droplets of diluted dispersion were pisced onto
carboa-cosved 400 mesh grids and the dispersion medium {(water) was allowed to
#vaporaze at room temperature. These specimens were examined both in & Jeol 200CX
and a Philips 400 T electron microscope. -

The Jeol instrument wes operated at 200 kV and was employed for conventional
hmp‘.n[mddecﬁwdiﬂ'n&ﬁmlnadetowdddamqingofthehiﬂ:!yhum
sensitive PTFE (see o.g. rel. 9) electron microscopy was carried out at low irradistion
dose. The dose was monitored using a Gatan analytical sample holder fitted with =
Faraday cup. In some experiments the irradiation dose was purposely incressed in
order to visualize and record beam damage.

Lattice imaging was performed at 120 kV with the Philips electron microscope that
was equipped with a low dose attachment. This setup permitted maintaining high
resolution even st low magnification. Photomicrographs were recorded with the low-
dose unit of never-examined areas of the specimen. For esch photograph a cumulative
dose of " electron/A! was selected. High-resolution images were recorded at & magnifi-
cation of 46,000 and st a defocus setting of about 1000 A. The expasure time was 2 sec;

*Permanent addrems: CERMAV. (CNRS), B.P. 68, 38402 Saint Martin dHeres Cedex,
France.

rPreseat address: University of Califomis, Department of Chemical and Nuclear Engineering,
Materials Program, Santa Harbars, CA 93106,

doarnal of Polsmer Science: Polymer Lutters Edition, Vol M, 557364 (1948}
= 1986 John Wiley & Sons, Ine, CCC 1360.6184 /86 /110337 41-304.00
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an ILFOSET emulsion (ILFORD. France) was used, which wus developed i von-
contrated D19 Kodak developer. The high-resolution micrographs were scanned oa a
laser bench in order to detect areas that contained periodic arrangements. Such areas
were enlarged 13 times using a Wild-Leitz Photomacroscope. The enlargements were
recorded on 35-mm Kodalith Ortho 6336 emulsion, which was developed in con-
centrated D19, Thess negatives were used as intermediates (or the final enlurzernent.

Figure | shows electron micrographs of typical virgin PTFE dispersioa particles. The
micragraph of Figure 1A displays the rodlike structures dasceibed in the introduction.
The insert in Figure 1A is a selected-area electron diffitaction pattern of the framed
single rod: it is properly oriented with respect to the image. The pattern can readily be
indexed as an a*c*® section of the reciprocal lattice of PTFE in its room temperature
polymorph form. The rod axis is parallel with ¢* and perpendicular o &°. Four strong
reflections are found aloag a® at 0.49, 0.24, 0.16, and 0.12 nm, which index as 41001,
(200}, {300}, and {400}, respectively.'” Along c*, only one strong reflectien is present at
0.13 nm, corresponding to (0013). Other features of the pattern are the sharp (1013)
and streaked (101) and (107) reflections.

The electron micrograph in Figure 1B is of the “spherical™ particles found im the
seme dispersion. Typical dimensions of these structures are of the onder of 0.2 pm.
Micrograph 1C is an enlarged view of one spherical particle. This particle exhibits two
wedge-shaped dark regions arising from diffracdon contrast. Figure 10 shows the
selected-area diffraction pattem of the particle in Figure 1C, in proper cdentation. The
pattern consists of individual (100} diffraction spots in two small arcs corresponding to
the two dark diffracting aress of the particle. Within these sreas the PTFE chairs sre
tangentially oriented with respect to the particle. The “spotty”™ nature of the diffrac-
tion pattern and the narrow line width are indicative of & very high degree of
erystailine order in relatively large domains. The electron micrograpa of Figure 1B
reveals no consistent shape, size, or position of the dark Bragy extinctian areas within
the particies.

High-resolution electron micrographs of the rodlike PTFE particles are displayed in
Figure 2. The micrograph of Figure 2A is a low magnification overview of a number of

“rods. A high-resolution image of & single rod (framed in 2A) is presented in Figuse 2B,
‘The figure displays weil-resolved 0.49-am lattice fringes {corresponding to the (1001
spacings of PTFE" throughout the entire width of the rod. These fringet appesr to be
continuous along the rod axis over a distance of approximately 0.1 pm, despita some
slight bending. Figure 2C shows an enlarged section. [t is illustrative of the perfection
of the erystalline lattice within the rods, in complets agreement with the well.docu-
mented high crystallinity of virgin PTFE? The lattice images wese analyzed by
optical difiraction {see insert in Fig. 2A). The opdcal diffractogram is similar to the
electron diffraction pattern in Figure 1A, with the exception that the diffraction
information in the former is limited to spacings exceeding about 0.2 am due to the
image resolution of the electron microscope used. Accordingiy, the optcal diffracto-
gram of Figure 2A consists of only the (100} and (2001 diffraction spota.

Plate 3 displass 8 et of micrographs of spherical PTFE partichx. The high-rerolu-
tion lattice image of Figure 3H is observed within the area of the particke thut is in
diffraction contrast. The lattice fringes, which appear less evident than in the rods, are
curved slong the boundary of the particle and are indicative of the tangential
wrrangement of the polymer chains. The corresponding optical diffractogram is pre-
sented in the insert in Figure 3B. Note its close resemblance with the ectron
diffraction pattemn in Figure 1B.

Figure 4 displays an lectron micrograph of spherical PTFE particles that were -

hemmn etched with a cumulative dose of 40 electrons/A*. This picture reveals many
different convoluted arrangements of rods, presumably within the spherical particles,
PTFE, like many other organic polymers. is highly sensitive to electron hewm durage.”
This luorapolymer rapidly degradus and simpiy evaporates under the vacuum in the
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Fig- 4. Tmﬂli-fmclmw-phomede«imdwdduthathndhmb_m
etched at 200 kV with a cumulative doss of 40 electrons /A%,

electron microscope, which, in principle, permits to “etch away™ successive layers of
the pasticles. The danger of introducing srtifacts with this technique is gnificant, and
the micrograph of Figure 4 cannot be interpreted without caution.

The electron micrographs and diffraction patterns presented above indicate that the
rodlike particles present in virgin PTFE dispersion are fully extended chain crystals
containing few defects. The spherical particles appear to be composed of similar rodlike
entities which are wrapped around themselves in a more oc less random tashion. These
conclusions are in agreement with electron diffraction and morphological information
obtained in earlier studies” The lattice images presented in this paper are, however,
tnore conclusive. They directly reveal the local chain ocientation, the size of crystalliae
domains, and the presence of defects.

The mechanism by which tetrafluoroethylene polymerizes into exténded-chain
crystals can readily be envisaged. PTFE is commercially produced by free-radical
polymerization in the presence of water and a surfactant. The surfactant is present w0
incresse the solubility of the monomer in the reaction medium and to stabilize the
growing polymer particles. The polymerization is carried out at a temperature of about
80*C. This temperature is far below the dissolution tempersture of FIFE in any
solvent!' and therelore the polymerization proceeds under conditions similar 1o &
gas phase polymerization;'*¥ at no instant during the polymerization is the growisg
polymer chain, ot any significant portion, in the liquid state, Thus the mscromolscube
have no freedom to adopt a coiled conformation or to fold back onto themselves: under
these conditions of near simultaneous polymerization and crystallization, extencad.
chain crystals are usually obtained (for an excellent review <f. rel. 141 The quaation
remuina as to why both rods and spherical particles are observed. This issue has beven

., .
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Lattice imaging in polytetrafluoroethylene single crystals

H. CHANZY", T. FOLDA®, P. SMITH, K. GARDNER
EJ1. du Pont de Nemaours and Company. Inc., Central Ressarch snd Development Departmiant,
Experimentsl Station, Wikmington, Delaware 19898, USA

J.-F. REVOL

Puip and Paper institute of Caneda, 570 St-John's Bowlevard Pointe Claire, Québec, Can'via HIR 349

Electron microscopy and, in particular, diffraction-
contrast clectron microscopy has been an important
tool in the study of the supra-molecular structure of
crystalline polymers (I, 2). In the last few years the
resolution of clectron microscopes has been improved
to the point that it has become possible to analyse
crystals at » molecular level, provided that the
matenial is sufficiently resistant 40 the clectron beam
[3-3]. This technique, commonly referred to as Iaftice
imaging, has not been applied to polymers until
recently; it is expected to yield a wealth of structural
information such as direct views on the shape of pro-
Jjected macromolocules, local orieatation of crystalline
blocks and even molecular defects within crystals.

Lattice images have been presented in the literature
of several polymers that are relatively resistant to the
electron beam {3-12] and, very recently, of polymeric
materials that are morc sensitive to beam damage,
such as ceflulose {12, 14] and polyethylene (15].

‘The present work deals with lattice imaging of poly-
(tetrafiuorocthylene) (PTFE) single crystals. This
study was prompted by the observation that in several
conventional tetrafluorocthylene polymerizations a
substantial amount of single crysials was produced,
especially in the early stages of the reactions.

An aqueous disperson of “as-polymerized” PTFE,
sampled at the very carly stage (conversion (1%) of a
conventional tetrafluorethylene emulsion polymeriz-
ation [16) was used in this study. The dried material
was found to exhibit a very sharp melting point of
IM° C (differential scanning calorimetry st a scan
speed of 10° Cenin~'). This temperature is well below
the melting poiat of about 345°C that it commonly
obscrved for the as-polymerized high polymer; it is
estimated to correspood to the melting temperature of
exicaded chain crystals of PTFE baving a chaia leagth
of abowt 60 C-atoms (MW = 3000) [17, 8].

Drops of the PTFE dispersion were deposited on
400-tacth cloctron microscope grids covered with &
10-um-thick carboa film. The specimens were allowed
0 dry and were subscquently examined in a Philips
EM 400T electron microscope. This instrument was
operated at an aocelerating voltage of (20kV and was
equipped with a low-dose wnit. Electron micrographs
were recorded of mever-examined arcas of the speci-
men at a plate magnification of 46000 and using
under-focusing conditions of around 100nm. An

cxposurc time of 2scc was sclected; the illumiaation
conditions were coatrolled to deliver an sccurvalated
dose of only 200 electrons am - ? 10 the specimen. The
images were recorded on ilfoset eflsion (liford,
France) and developed in Smin with Kodak D19
full-streagth  developer. The clectron micrographs
‘were recorded with an optical density betwoen 0ud and
0.6.

Optical diffraction paticrasiof the micrographs were
obtained using & Polaron electronmicrograph optical
diffractometer. Regions of the micragraphs that dis-
played optical diffraction of the highest resolution and
symmetry were sclected for further photopraphic
cnlargemcat. These intermedinte  megatives were
scanned on & Photomation P1200 microdensitometer
(Optronics, Inc, Cheimaford, Mass.) wsicg a 5 4m
rasier, resulting in an offective sampling of the
material of ~0.04nm. Regions of 400 x 480 pixils,
corresponding to 192 x (92nm® were digitired,
fast-Fourier transformed, filtered and back trans-
formed, to produoce s filicred image, For the computer
processing of the imagrs, the micrograph processing
software package (MDPP) [19]. runaing on 2 DEC
VAX 11750 (under VMS 4.1), was wsed.

A gevenal view of the as-polymerized PTFE ofi-
gomer crystals is prescated in Fig. 1. The crystals
appeared as platelets baving a laters] dimension of
sbout 100 am. They bad geometrical shapes, such as
hexagons and truncated lozenges with obtuse angles
of 120" C. Electron diffraction revealed that the:chain

axis was perpendicular to the crystal surface, The

thickness of the crystals ranged fromn about 50 nm,
where they were transparent, 1o higher values a3 was
inferred from their opacity 1 the eleciron beamr. This
runge of the crystal thickness norresponds to extended
chain leagths of perfluoroalkanes having 40 C-stoms
or more, which agrees ressonably well with the mum-
ber of CF;-units that was déduced from the melling
poinL

A typical high-resolutionflow-dosc electron micro-
waph of an individual crysal is shown in Fig 2a,
Examination of the micrograph by optical diffraction
yiclded 3 diffractogram (insert} comprising six sharp
spols organized in bexagonal symmetry, The spots
were found st & 4 spacing of 0.49 pra, which cocre-
sponds to the (100) spacing of PTIFE in its room
temperature crystalline polyshorph [20).

* Pevimsment sddrcas: CERMAY (CNRS), BP 68, 33402 Saimt Mastia 4'Héres Codex, Franoe.
lmmwmsmu.mw_amnmmm
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Figwre | Typical clocton micrograph of & dispersion of “ay-
polymerized™ oligomeric pot o hylene) (PTFE) single
erywads,

Anenlargement of the crystat in Fig. 2a is shown, in
severse contrast, in Fig. 2b. At this magnification, a

Figwe 3 Further enlargernemt (same comteamt a4 in Fig. 2a) 4

fine and cather sregular honcycomb structure was
observed throughout the crystal. A further enlarge-
ment, in direct contrast, is presented in Fig, ). Three
sets of lattioe fringes crossing at an angle of 120° can
be detected in these figures, despite & significant noise
level due to grain in the photographic film and to the
structure of the carbon support film. Reduction of this
nouse was schieved by the image-cnhancement method
descnbed above. Upon Fourier-transforming the digi-
tized image, a patiern in all respects similar (o the
opiical transform was obuined. A Blter of 5 x 5
pixils was constructed sround each reflection and the
back transform was produced. This filtered image is
shown in the insert of Fig. ). This hgure shows &
weil-nesolved Iatiice consisting of rows of hexagonally
packod whitc circular dots. The row of dots arc
0.49am apart and corcespond to the projection of
individual PTFE chain molecules. Remarkably, no
defiect or dislocation appeared to be present in the
onginal micrograph and in the computer-processed
image.

The results presented in this letter demonstrate that
[oligomeric) PTFE can be successfully analysed by
high-reselution cleciron microscopy. in spite of the

P Khicrod image (imscrt).

known electron beam sensitivity of this material [2
More specifically, lattice imaging. revealing 1
0.49 nm spacing, seemns to be possible. The chain mw
ecules, viewed in projection, had the expected 2
circular shape. More details 3t higher resolution cou
not be obiained, however, because images such

Fig. 3 were produced with interfe having a
spacing of 0.49 nm, which neturally limits the resc
ution (o this value. The next equatorial d spacing
the PTFE crystal lattice oocurs at 0.28nm [X
Presently, this spacing and its corresponding latti
image cannol be resolved.
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Microfibrils

J.-F. REVOL AND H. CHANZY, Pulp and Paper Research Institute of
Canada, 3420 University Street, Montreal, Quebec H3A 247, Canada, and
Centre de Recherches sur les Macromolicules Végétales, B.P. 68, 38402,
St Martin d'Héves Cedex, France

Lattice imaging is rapidly becoming an important toot for the investigation of the
morphology of crystalline synthetic and natural polymers. Recently, it has been shown
that the technique is not Limited only to polymers that are reaistant to electron beams
such as Kelvar,' polyparaxylylene? and polymeric sulfur nitride {(SN),1* but that it
alwo can be spplied to substances of intermediate resistance such as the isotactic
polystyrene,* and those of very low resistance such as polyethylene® or teflon (H.
Chanzy, J.-F. Revol, and P. Smith, in preparation). It has also been found that native
polymer micvofibrils such as those of Valonia cellulose, can yield high-resclution
lattice images."? In this case, the photomicrographs gave evidence for a highly perfect

" laktice ordering within the cellulose microfibrils. In particular, no substructure, either

pnnﬂe!wpupmdicuhrtoﬂuenﬁmﬁbdldirecﬁm,muldbedetectedmditwu
concluded that each Valonia microfibeil is in fact a crystalline cellulose whisker of high
perfection. '
“wprumtstudyduhwiththehigh*mluﬁonelectmmiumpyofﬁ-dﬁﬁn
miﬂoﬁbtil;w}ﬁchburndaemnbhnuetooeﬂulmenﬁmﬁbﬁh&mplahmnthe
sﬁmofTMmMﬁ&meaﬂdyinuthmdiWahigh
crystallinity together with the sheence of contaminating proteins.
Adﬁedprepnnﬁonoftheqinufrundndiatanﬂnhuiaﬁmﬂuiaﬂhwu
kindlypmﬁdedbyDr.R.Cdvim'Themdmmmimmudwcnightinaw/SO
(v/v)nluﬁmdm&:tdﬂdhmﬂhmolmwwﬁnginmdmd.
umumphmdispaudbymiuﬁm.mmoithemulﬁn;mmdlwed
todrym@mshd&hmmiumpeuidswvuadwiﬂnnuﬂmﬁ!mlOnmin
thickness. The slectron mi used was a Philips EM400T instrument operated at
the accelerating voltage of 120 kV and equipped with a low-dose wmit.? The photomi-
mphmrmdadatnmmiﬁaﬁonofﬁﬂ.ﬂﬂﬂXonmmﬁh(lLFORD.
France). An exposire time of 2 3 was chosen and the sccumulated
dectlwdouneo-rytomdmepiumamﬁ.ﬁC/pm’(lﬁe‘/A’).ﬂn
Mniuom'wﬁdlmdudopdfGSﬁninﬁﬂlMD-mKod.k
developer, were baqumtbmdyndﬁthn?ohmdmwopﬁul
diffractometer.
Amdmwdﬂ-dﬁ&mﬁmkdwnhﬁ;l.
ngﬁmﬂhimmﬁ&wﬂthmﬁgﬁmlﬂto&quo&mmﬂ
nﬁuoﬁhihﬂodutedht-ﬂlytofmhrgcﬁbbuu.ﬂnopﬁuldiﬂncﬁmpauqn
Mnmiuetinﬁg.lmﬁomtbehmedultubibiﬁuﬂec&m
corresponding 4o & portion of the a*c* projection of the reciprocal lattice of B-chitin
-daﬁnedbyGudncmchckde"mmMec&ommmuMdmgﬂwc'
uiandthelﬂ)reﬂectimnkngﬂna‘ﬁi:mduﬂyvin‘blehmhwtoﬂhc
ﬁ'ﬂnedlmofﬁg.lkdminﬁg.lhtﬁmﬁnqmduﬂyuminthetwo
dimﬁmplmlldmdp&pmdiwhrhthenﬁmﬁhrﬂuhwiumummdinlw-
inpofo.“nnlndo.sznm'l‘hilntofcm-edhttieelinqmbelollawdllm;the

Biopolymers, Vol. 25, 1599-1601 (1986)

€ 1986 John Wiley & Sons, Inc. COC 0006-3525 /86 /091599-03304.00



Fig. 1. Electron micrograph of a dispersion of p-chitin microfibrils frdm the spines of
TMM[MOpﬁddiﬂrxﬁmmtumdthelunndm

Fig. 2. Enlargenmt of the framed ares of Fig. 1. The arrow points toward the axis of the
microfibeil.

microfibril over distances exceeding 100 nm. Although the Iattice lines wding to
the (004) planes, -ithlp.cingofo.zsnm.unmtbesemonthemctu_ue,tluyn.ue
clearly detected in the optical diffraction of Fig. l.’l!ﬁsi.sduetod\elql?np\d-to-aoluf
ratio resulting from the limited dose of electrons used toreootd the image, logemu
with the granularity of the photographi¢ emulsion. An mmtld the signal-to-
noise ratio by spatial filtering of the image transform, either optically or by computer,
would probably allow these lattice lines to be clearly revealed.

-

RESEARCH COMMUNICATIONS 1601
The results presented here show that there is a similarity between cellulose micro.
Fibrils, as in the Valania cell wall, and -chitin microfibels from the diators spines of

display any lateral substructure such as elementary fibrils or subelements. This implies
that the observation of such subelements after mechanical shearing'! is the result of a
lengitud nal disruption of the original extended chain crystals.

‘The A-chitin lattice images such as those shown in Fig. 2 exhibit better resolution
than thase published so far fnroellulcne.’[‘lﬁnisduetothehigherelimnoeofcldtin
to electren-beam irradiation. With the use of 120-keV electron beams, it thus appears
feagible to resolve all the chitin lattice lines within 0.3-0.25 nm resolution. In
particular, with the a*c* projection of B-chitin, at leest five different lattice lines
giving reflections of strong and medivm intensitics should be detected. Work is
presently inpmgremtoobtainsudxlattioeirmgm,the;oalbeingtoadﬁeveﬂw
molecula- resolution by using image processing (J.-F. Revol, K. H. Gardner, H. Chanzy,
in prepamtion).
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ABSTRACT

High-ressluction elecsiron aicroscopy vas perforaed on ultradravn gel-~
filas wf high ooleculsr weight polyechylene. Micrographs featuring lattice
lioe informac-on wera produced under u.lec:ed microscope condicions. Thase
lactice images vare found to be subscancially more informative than conven—
tioaal bright- and dark-fleld fnages. Structural inforsation was obtained
from tress iceges such as the position of the crystalline blocks withfn the
ultrachin filss, cheir idencification {.s. ortherhonbic or triclinic eryscal

forn, and thefr exsct orientaciocn with Tespect to the drawing direction.
KEYWORDS
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INTRODUCT 1ON

Re
cently, substanciy] Progress has beeq Dade {n huh-runlnl:ion 1
elee~

tron af
croscopy of crystalling Polymers (1). Thig &dvanced ioaging 14 Pa
=

ticularly Spectacular fo¢ ¢laccron-bean sangitive Polyzacs (2 6)
0} Thesq

deve opRencs -3 p t H4 c 4} of “Jt 1
1 roapted us (] I'IIIVCIC! L rthe sCrues tTe Ta-g ‘hl

modu)
us po.l:nthylenc. vith the objecrive of {nagiag these unusy i
mAteTialy

{7-10
) at the mlecular lavel. Indeed, g¢ i3 at enig resolution tha
: ‘ ¢

ading of the factors rhee detar-

In this repor: we Present geope prelimi-

e ..
Y resulrs showing latetce inuges of high-vodulus filng Produced by

drlll"
88 polyethylens 2els (a.g. rof. 16, 11). The £1lgs were Spacially

Prepared fo
E direce exaninarion by transmigsion electron aicroacopy As

expected, the hi;b—ruolutlon images revea} dew feup
ures

. thae are et
observed by standard dlffrnct!on—contrut

alectron -icrolcopy (12~15).

EXPERIMENTAL

Solucions of 12 w/w of URpE

In ocder o reduce degradation of the

pPolymer 0.1%
. w/u of the Aotioxydane Irganox 1010 way added. The solutiong

Vere cast at roon tenperature g fora gel f1),,

These gel filas wvers
allovad ¢o dry ac ambfent tenparatyre.

Rectangyiay SLTips of 50 om x § -

Vers cut frog the drieq filag.

These Specinens ugpg -oun;:qd 12 an Instron

with 4 tenpersture tegulacted gveq, The

filns wers dravn at a crosshead speed of 10 ms/min. The final drav ratio
vas unur‘ed from the displacement of ink c2rks princed oaro the sanplas
prior to defraation. A first series of sacples was drawn to a drav ratio
of 60x st 120°C; a second secies 25x at 70°C. The dravm filos, which had an
average thiczness of around 0.1 ud, vere flosted on vater. Snal] sections
Vare cat from the films with : dissecting knife and mounced oo carbor-coated
400 nesh elexcron alcroscope grids. 4 layer of carbon having a thickness of
about 5 oo vas evaporated onta che spacimens in order to Iloprove their
lnhu::y-lnt prevent chal:glng under slectron irradiation. '
Electron microscopy was performed with & P‘Illlipl EM 400T fnstrument
that was equ_pped with a lov-dose woit. The inscrusental conditions used
vara _Hta:lul to those described elsawhere (4). Photomicrographs were
cecorded at a magnification of 36,000x on Ilfoget (Ilford, France) filns.
These micrographs, which had an optical fhnsity of around 0.5, were scanced
with a Polarso. optical diffractomster. Regions of the micrographs thac
displayed opt cal diffraccion pacterns wvere enlarged 15 times on Kodak elec—
tree microscope fila (4489). .rhuc ealargaments were scanned with the
optical diffrmctomater sod uch_ :q“u-u“ block that corresponded to a
diffrac:zion epot ﬁu {dencified and its coatours marked. The optical dif-
fractog=ams were calibrated using images, also recordad at 36,000x, of

sraphitized carbon black as & standard.
RESULTS AND DISCUSSION

The micrograph in Figurs 1A, taken in the bright~field node, {1lus—

Craces the corxugated appesrance of the 60 times drawn polyethylene filas.

TT TR Rl Tu o e pm——
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This corrugacion is foferred from the succession of vhite and dark filamentcs
that are encouatered upon scaoning the filss perpendicular to the draw
direction which is indicated by the arrov. These thread-like dooains, vhich
have & width of abour 50 am and a length of several microns, are aloost
perfeczly aligned aleng the drav direction. The difference im cootrast from
one dooain to the rext is due ‘tn differences in thickness. The thickress {s
escimared to be a few tenths of a mm for the clearer areas and ac least 100
nn i{n the darker regions. When a square micron of the film shown Ia Figure
1A is probed by electron diffraction, the pattern in Figure 1B is obtalned.
This plttlern corresponds to a fiber diffractfon diagram of polyethylene,
with neu; perfect chain orientation along the drav axis. Anslysis of the
dizgram in Figure 1B reveals information related moatly tn_the orthorhombic
polyethylene phase. A small amount of triclinic phase (17) 1s also present,
as {3 evidenced by the faint pair of 010 spors diffracting at a d-spacing of
0.45 om. TFigure 1C {2z a typical dark-field image produced with the 110 and
200 diffracting beams from orthorhombic polyethylene together with the 010
from the triclinic phase. This derk-field micrograph indicates that wichin
aach of the elongated domains ucﬁ in Figore 1A, there is a succession of
irregularly shaped bright areas (pélyethyhu crystalline blocks which pro—
ducc_ the diffracted beans previously mentioned) with dimensions of the order
of 40 to 60 nu. These observstions, obtalined here on extremely thin films,
are in full agreement with our previous work dealing with thicker ultradrawva
poiyuhyhm films, examined by high-voltage electron microscopy (16).
Lattice ifmages of the same specimen ﬁtrc obtatoed at magnificactions as -

low as 36,000x. " This was achieved by cosbining low-dose lluglu; technlques

vith instrumental conditfons where a resolution of at least 0.3 om is pain-

tained, even ar such lov nmagnificacion. Exaoples of lactice ipages are
presented in Figures 2-4. Figure 1A displays & region of the 60 times dravn
polyethylane filn. VWhen this micrograph is anxlyzed by optical diffraction,
spots are datected that correspond m. the (110) planes of polyethylene at a
spacing eof 0.1 om. This is illuscrared {n cthe opricel diffractogran from
the frioed area In Figure ZA. {ioset). This diagrao exhibits ooe pair of
ahary spots sligned perpendicular to the drawing direccion. An enlarge=enc
of. tie 'fraced atea [a Figure 2A i3 presenced in Figure 23. At this cagnifi-
cacisn, the htt!rce lines are visible almoat throughout the entire photo—
graph, !1.#. over distances of at least 40 nm along the drawing directlon
and 20 n; 30 oo across. The lattice lines which rus diigmully are aligoed
parallel to the draving direction without apparent dislocation, wvhich
reveals the Migh parfectien of the polyethylene crystals coocained in such
ultradoawn filas. ) )

"In Figute 3a, the opti‘cll diffraction disgram (inset) corresponds to
tha entire a-ez of the image vhich was obtained from the 60 times drava
£ilm. ﬁm fairs of sharp te!le-cl:ion spots aligned perpendicular to the
stretching directfon are present with spacings of u;il om and 0.45 nm, cor—
responding te the orthorhombic and triclinic crystal structutes respec—
tively) This shows thac the chain axis of the two polymorphs coantained in
Figure JA is parallel to the drsving direction. Figure 3B, obrained as
dascyiled in the experimental part, fs a schesmatic illustration of the tri-
elinicland orxhorheombic domsins localized in two elongated regions in close
contact. The triclinic doazin is over 50 nm in length sod 13 ea 1o width.
The orthorhozbic area is of comparable length but has a wid.r.h of 10 na. The

very low sigral-to—ncise ratio does not allow us to determine the exact

rama ey et




nature of the tracsition zone betveen che tio phases. However the ccyscal-
line dooains are {n vary closs coatact since the gap becveen the two defined
regions is less than 1 nao.

The {zage of Figure 4A was obtained oo the polyethyleas film that was
strecched 25 tices, at 70°C. 1In this imags adjacenr crystallipa bipcks,
featuting lactice lipes ac 0.:&1 na spacing and nisorienced vith respac: to
one another by approximately 2 degrees, are clearly revealed by the split-
ting of the refleciion spocs in the currnpm;din; optical dMifractogran
(inn:): By laser-bean scanning the fngge of Figure u..u waras abie to
outline the cootours of two cqlt;‘lune 'hloc'ks il‘l;un 4B). 1Ia chis fijure
there is' a samll block on the lefr, with dinensions of 40 unm along the
draviog direction and 25 onm pcrpcndlc\_lh: to ie. The block on the right is
larger; it extends over 7"0 om aloag the drawing direction and 40 nm across.
4s was deduced from the optical diffractogram in Figure 44, the twe blocks
are nisaligned by abour 2 'degrgn- Unlike the decains in Figurm 3, these
two blocks appear not tc be in close contact, except perhaps at a wery
localized spot vhere lattice informetion is uufn:uny uuiltin..

By cooventicoal du!l:a_ction contullt :.ln the dark-field wode savarzl
diffracted beams are frequently selected sioultanecusly with the objective
ap.e:turc- 4s a result, and in particular for structures having a fidbre syo—
matry, the imaged crystalline dooains canuot be ideotifiad. Whan latclce
inaging is performed the incerfarence between the central beam and the dif-
Iricr..cd beams produces lattice lines from -uch corresponding crystal.
Accordfingly, a subsequent optical analysis of the resulting images will
idencify thess ifndividual crystalline blocks, showing the full poteccial of
this technique. For example,

ia Figure 3, it 1s possible te localize

~

- DT T T e e ik e g —

P

exacily the triclinic pbase and to differenciace it froa the orthorhoabic,
vhile in Figure 4, a slight misoriemcation of rwo crystalline blocks {s
clearly seen.

Fioally, it is inceresting to oots thac within all tha (irzegularly

shapai) crystalline blocks observed, the lactice lines are periaccly

stralght.  Particularly {lluscracive in this respect are cthe alcrographs

taken from the 25 cimes drawn specimen. Hisalignoenc berwean two ad jacent

crystalline blocks is clearly obsarved by optical diffraction and lactice
inzging (uc‘l‘iguu.&.\ and 483). Within l1'lch cryscalline block, the poly-~
e¢chylene mmcromoleculas are perfectly aligned, hovever, and the misorienta-
tion Is 'confiped batween the crystalline blocks rather than withig then.
This observation {s in concrast with related studies on poly(tetratflucro-—
echylene) (5), vhere curved lattice lines wers frequently encounterad. This

findirg seems ro indicate that poiyethylene crystals bave s higher-=flexural

—madulus® thaw.poly{tecrafinoroathylene) crystals.
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FIGURE CAPTIONS

Figura 1A - A Polyethylene Transmission elactron alcrograph of u 6t 1drawn

. £1la prepared at 120'(:.I The arrov {ndicacas the drauimg Joirec -
tion.

B - Electron diffraction d.l.l;nu of an srea of one squamit ienon.

The arrow poincs twarzl 4 diffraction spoc corresponiding ceo ¢

-pacin; of 0.45 np, vhlch is indicative of the Presamca toi' 4

uull amgunt of the :ucunic polyt:hylen- cryseal il ies-~
tion.

C - Dark-field electron aicrograph obtafned with the eguardrial

diffraction spora 110 ani 200 of the orthorhowbic phasin umt gha

010 spoc of che triclinic crystal phase.

Figure 24 - Lw-dou alectron micrograph of the n:rctdnd film of Fygure. 14.
Inset: optical dilffucte‘r;nn of the framed area. This (S S can~
tbgrm displays one pair of ltrnug spots thac eurrupml kol the
(110) plaues of polchhyhm it its orthorhombie forn.

B - Enlargement of  the frased srea of Figure 2i. Lattde: |lioas
A sepavrzted by 0.41 pn [('11:0) Planes of the orthorhombic phasm cf
Polyechylane] are seen thioughour the nicrograph.

Figura JA -~ Low-dosae e¢lectrom d:to;ﬂph of the 60x drawn filam. Thim adzco-

sraph containg laceice 1.1nn corresponding te 0.41 m Inpadinp
. [{110) places of orthorho’lhlc Polysthylase), and latcion. Miwes
1 0.&5 na spacing [(010! Planes of the triclinic phash), 1as

shovn by the eptical diffracrogran (insec).

10

B - Schemacic dizgran of Flgure 3A, in which the contours of the
ortharhonbic and triclinic phases gre outlined.
Figure 4A - Polyethylene low-doge elactron aicrographs of 5 13x dravm filg
Prepared st 70°C. Ipger: corresponding optical diffraccograg
Tevaaling a -pu:ting of the 110 diffraction $port {0.41 pp
spacing) of the or:horhonb.{c ctyscal phass of polyechylecs.
B - Schematic diagran of Figure 4A, in which the contours of tha two

€rystalline blocks are ouclined.
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8-CHITIN : MOLECULAR IMAGING AT 0.1S MM RESOLUTION »Y
CONVENTIONAL ELECTRON MICROSCOPY

J.F. REVOL, X.H. GARDNER and H. cranzy'®

Pulp and Paper Research Institute of Canada, and Department of Chenintry,
McGill University, 3420 University Street, Montreal, Quebec, Canads, HIAM?,

* Cantral Ressarch and Developmant, Experimental Station, Z.I. du Pont de
Watours Inc., Wilmington, Delawvare 19898, U,.S.A.

e Cantre de Recherches sur les Macromoldcules Végétales (C.N.R.5.),
B.P, 68, 38402 saint Martin d'Heéres Cédex (France), affiliated with the

Scientific and Medical University of Grencble (Prance).

Pclymers are very sensitive to damage by slectron beam radfation and a8
L conssquence, high resolution alectron alcroscopy of such -n.e-znu has
alvays bean a tour de force. Rowever, with recent developmenty in alectron
mdcroscope, ic g how possible to maintain high resolution at vary low

vers recorded 7. More recently, wieh such specimen, we have obtained
improved lattice inagey 9iving symmetric optical diffractograny of high
quality. The present Paper dascribes how these new images can he Computer
Processed to yield an a*c* projection of the chitin chaing in  their
crystalline sovironment, at 0.1s e resolution, The Teconstituted imsges are

originally Prepared by J. McLachlen vas kindly forwarded to us by n.
Colvin. The specimen was treated overnight in a sg/so {v/¥) solution of

it possible to record plctures from vn-irradiated aress, the focussing boi-nq
carried . cut on' an adfacent Area. Ilfoset filws from Ilfora {Prance) wars
selected asd the electron micrographs recorded on & never irradiated area of
the soecimen, at 5 magnification of 46,000X and with o 32 sscondz exposure
time, corrwsponding to a totay dccumulated electron dose of 1.5 elec./a2.
Undar such tonditiong, the files which wers developed in Kodak D1%( fuli
strengthl for S5 minutes at 20°C had an opticat density close tv 0.5, They
vers then anelyzed wien , Polarvn  electron micrograph optical




These second negatives were then digitized with a Photomation Pi700
microdensitometer {Optronice Intsrnational, Inc., Chelmgford, MA} uaing a 25
micron raster resulting in an effective .04 nm sampling of the matex:al.
Typically regions of 800 x 800 pixels were digitized, Subarrays of 100 » 200
pixels were PFourier t.:mfomd tc detarmine the regions of the original
array that had the highest symetry. Two adjacent subarrays which had shown
the most highly symsetric dfffraction patterns wers coobimed for further
analysis. Translational averaging of the 400 x 200 array wvas then perfoawmed
to obtain an average unit cell. This unit cell showed an asymmatry betsean
the contzributions iunterpreted as the sugar residuas. The unit cell was
symmatrized with a glide parallel to the ¢ axis (z-D squivalent to the 21
screv axis that is known to exist along the chain axis) and was used a8 a

reference  structura for cross—corrslation. The result of the -

cross—correlation was a symmetrized unit cell that has been Teplicated to
form the unit cell array shown in Fiqure 3. The digitized images wmre
procassed using the Micrograph Processing Software ‘Package (mr?lm.

A typical preparaticn of S-chitin microfibrils is shows in rigue La.
Tha image, obtained by diffraction contrast, shows clearly individaal
microfibrils. Thess microfibrils have a width of up to 30 am and show a
strong tendency to associate and form wider ribbons as can be sesn in the
framed area in Pigurs la. Selected-arwa-slectron diffraction on individaal
aicrofibrils gives rise to diffraction patterns such as the one pressnted in
Pigure 1b. This elactron diffractogram exhibits sharp reflection spots which
represant tha a*c* projectior of the reciprocal lattice. This pattern
indicates that the individual microfibrils are single cxystals of Ligh
| perfection and that the fiber ¢ axis is aligned with the microfibrils axis,

A careful optical diffraction analysis of this and similar nicrographs
reveals domains, such as in the framed area in Figure la, which produce a
highly symsetric diffraction pattern. Ona such pattern is presented in
Figurs lc. It is essentially the same diffractogram as that obtained with
slectrons but with a resolution limited to 0.35 nm instead of 0.1 mm that
was observed on the original negative of Pigure 1b. We previously reported
lattice imaging of B-chitin with a resolution of 0.26 na |, but in that cese
the optical diffractogram was not symmstric and therefors unsuitable sor
molecular imaging of the desired atc* projection. The microfibeil

-

corresponding to the non-symmetric diffraction pattern was not exactly
orierted with the b axis perpendicular to the plane of observation. Rather,
inages of microfibrils producing eptical diffraction patterns as lhOH‘ll in
Figqure lc were prefarred and digitired for further image processing.

Such an image is shown in Piqure 2 along with the calculated Fourier
trangform of the imaqe{ inset in Pigqure 2). As expected, this transform is
identical to the one recorded by optical diffraction. This indicates the
presance of lattice lines corresponding to the (h01) planes up to a
resalution of 0.35 nm. However, it js difficult to cbserve these lines on
the sdcrograph dus to the very low signal-to-noise ratio. Indesd, the image
was racordad at & very low dose of exposurs rasulting necessarily in a lack
of elsctrons for the ‘aignal. In addition, the low magnification used
(46,000X} introduces significant nolss due to the granular naturs of the
photographic emulsicn. For thess reasons the molecular i{maging can be
extracted from the image only by noiss filtering and by avaraging of the
resul:zing signal. A reconstructed image of the a*ct projection of g-chitin
obtained by cross-correlation is presented in Figure 3, together with the
a*c* projection of & B-chitin crystal calculated from the atomic coordinates
givan by Gardner and Blu:kwcll’ » The processed image and the molecular
model are in good agresment. At this level of resolution {0.35 nm), featuras
such as the conformation of the chitin macromolacule, its packing within the
unit cell and sven wolecular details such as the C=0 protubsrance from tha
N-Acetyl moiety can be directly visualized.

The success of the present technique requires that the specimen is thin

snowgl. to be considered az a perfect phase cbject. The above 8-chitin

microfibrils meet this requirement since their thicknesses are of about 20
to 30 nm. Such crystals are not unique in the world of polynceharidun.
The pzesant work, which to our knowledge is the first attempt to obtain
wolecular imaging of a crystalline polysaccharide material, opens the way
for further investigations with several other polysaccharides of biological
or industrial importance.
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CAPTION JOR THE PICURES

| Pigqura

| 1a} Diffraction contrast alectron micrograph of a dispersion of #-chitin
| microfibrils from the diatom Thalassiosira-fluviatilis. The contrast has
! bsen reversed during printing.

| 1t} Elsctrom Aiffraction diagram reprasanting the a*c* reciprocal lattice of
! one isolated S-chitin wmicrofibril. Diffraction spots corresponding to
| spacings as low as 0.1 nm are visible on the original negative.

| 1e) Optical diffractogram from tha framed area in Pigure a. ODiffraction
.| spots eorresponding to the 100 {0.48 nm), 101 (0.44 nl) 102 (0.35 n=) and
- 002 (0.52 nm) are clearly visible,

. ¥igure 2 : Enlaryement of the framed area in Pigure la.
. Inset : Corrmsponding computer calculated Pourier transform. This pnttum is
i similar to the one cbtained by optical diffraction in Figure lc.

. Fiqure 3 : Computer-reconstructed image of Figure 2 showing the projection
of the @-chitin crystal along the b axis. Inset shows, at the same
magnifi-acion, such a projection from the known crystallographic datla-g. In
this madel, the hydrogen atoms have been cemitted for clarity, the carbon
© atsms are in black, th-ommltmindukgnylndmnumnamh
. light gray. Mhlgoodlmtbctﬂuﬂnpmsm image and the
projection derived from the crystallography. °
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