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   The appreciable effectiveness of cryo-protection in high-resolution imaging of radiation-sensitive 
polymer crystals with a transmission electron microscope [TEM] was demonstrated by comparing 
the total end-point dose [TEPD] at 4.2k with that at room temperature, where TEPD means an 
electron dose needed for complete destruction of crystallinity of a specimen by electron irradiation. 
As the specimens, solution-grown single crystals of polyethylene, poly(4-methyl-l-pentene) form-III 
and poly(bisphenoxyphosphazene) a-form were used. By grace of the increase in TEPD by cryo-
protection, high-resolution TEM images of three kinds of specimens mentioned above were success-
fully obtained at 4.2k using a cryo-TEM with a superconducting objective lens. 

KEY WORDS: Radiation damage, Cryo-protection, Lattice image, Molecular 
             image, Image processing, Polyethylene, Poly(4-methyl-l-
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                      INTRODUCTION 

   Present-day transmission electron microscopes [TEM] are widely used in order to 
clarify the atomic or molecular arrangement in crystalline materials, provided that the 
materials are resistant enough against electron irradiation. Though most of the 

polymer crystals are vulnerable to electron bombardment, several high-resolution 
TEM works have been reported so far for some polymers at room temperature mostly 
with a conventional 100^-200kV instrument. In particular, the high-resolution image of 

poly(p-xylylene) [PPX] single crystal of /3-form revealed the molecular arrangement 
in the unit cell, being utilized for the structure analysis of the f-form crystal". The 
lattice images of poly(p-phenylene terephthalamide)2>, PPX" and poly(aryl-ether-ether-
ketone) [PEEK] 4) directly demonstrated the crystallite orientation/size in their ori-
ented films, and their curved lattice fringes suggested the lattice distortion ac-
companied with bending of chain stems. In the case of some radiation-sensitive 

polymers, lattice images of isotactic polystyrene", cellulose", a-chitinn, 
poly(tetrafluoroethylene)" and polyethylene [PE]", and molecular images of /1-
chitin1", poly(tetramethyl-p-silphenylene siloxane)11) and poly(/3-hydroxybutyrate)12' 
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were successfully obtained using a low-dose technique with a minium dose system 

[MDS] 13) installed in JEOL TEM's or with a low dose unit [LDU]") in Philips ones. 
The low-dose technique is, however, a method to avoid electron irradiation of speci-
mens except at image recording. Even if with the MDS or LDU, it is still rather 
difficult to take high-resolution images of most of the polymer specimens which will 
lose their crystallinity at a dose less than some hundreds of electrons/nm2. 

   There are two ways to extend the life span of crystalline state of the specimens 
under electron irradiation; (1) to raise accelerating voltage of TEM, and (2) to cool the 
specimens down to a low temperature in TEM ("cryo-protection"). In this communica-
tion, the effectiveness of cryo-protection in high-resolution imaging of polymer crystals 
is discussed, and some results using a cryo-TEM with a superconducting objective lens 

are presented. 

                      EXPERIMENTAL 

Samples 
   The specimens used in this study are single crystals of PE, poly(4-methyl-l-

pentene) [P4M1P] and poly(bisphenoxyphosphazene) [PBPP] grown from respective 
solutions. 
   The lozenge-shaped single crystals of PE were grown isothermally at 86°C from a 
0.01% solution of "NBS SRM-# 1483(Mw-32,100)" in p-xylene. 

   The square single crystals of P4M1P form-III") were kindly supplied by Dr. R. St. 

John Manley, Pulp and Paper Research Institute of Canada and Department of 
Chemistry, McGill University, as a suspension in a sealed glass tube. The crystals were 

grown isothermally at 63°C from a 0.03% solution in xylene. 
   The lath-shaped single crystals of PBPP a-form") were kindly supplied by Dr. M. 

Kojima, Chisso Corporation, as a suspension. The crystals were grown isothermally at 
60°C for 20 hours from a 0.015% solution in xylene. 

Electron microscopy 

   Morphological observation and electron diffraction [ED] experiments were car-
ried out at room temperature using a JEOL JEM-200OS operated at 200kV. Cryogenic 

electron microscopy was performed at 4.2K using a JEOL JEM-2000SCM17) with a 
superconducting objective lens, operated at 160kV for high-resolution imaging and 
200kV for measuring the total end-point dose [TEPD] of the specimens. Here, the 
TEPD is defined as a dose needed for complete disappearance of all crystalline 
reflections in the ED pattern. TEPD at room teperature, however, was measured for 
the specimens using a JEOL JEM-2000FX operated at 200kV, which is a conventional 
TEM with the same device for measuring electron beam current as a JEM-2000SCM. 

   The specimens were deposited onto a carbon support-film mounted on a Cu grid, 

and then shadowed with Pt-Pd or Au for morphological observation. For ED experi-
ments, Al, Ag or Au was evaporated onto some of the specimens as an internal 
reference material for calibrating the camera length. In the case of high-resolution 
observations, a very thin carbon support (< 10nm in thickness) was used, which was 
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           Table 1 Temperature dependence of TEPD at 200kV for the poly-
                    mer single crystals used in this study 

         PolymerNRTa) N4.22'N4.2/NRT 

                          [electrons/nm2] [electrons/nm2] 

        PE3.9 x 1026.0 x 10315 

P4M1P01.5x1023.6 x 10324 

          PBPPd)1.5 x 1022.1 x104140 

            a) NRT is TEPD at room temperature, which was measured with a 
             JEOL JEM-2000FX. 

           b) N4.2 is TEPD at 4.2K, which was measured using a JEOL JEM-
             2000SCM equipped with a superconductng objective lens and a 

                  cryo-stage. 
c) —{—CH2—CH} 

                     CH2—CH(CH3)2 
         d) O-0 

0-0 

mounted on an Ag- or Au-coated Triafol "microgrid". In taking high-resolution images, 
MDS was used. All the ED patterns and images were recorded onto Mitsubishi electron 
microscope films [MEM]. 

                  RESULTS AND DISCUSSION 

   Table 1 shows the temperature dependence of TEPD for the specimens used in this 

study. In this table, N4.2 and NRT denote TEPD at 4.2k and that at room temperature, 
respectively. The ratio of N4.2/NRT of more than 10 was confirmed for all the speci-
mens used here). In 1982, Knapek reported the ratio of 10- -300 for various materials 
using a cryo-TEM with a superconducting objective lens12). Thereafter, Yamagishi et 
al. obtained the ratio of ca. 20 for t-RNA crystals, which was calculated from the 
critical doses measured using a specially designed TEM both at 7.9K and at room 

temperature for the reflection of 0.9nm spacing20>. The NRT's of three kinds of speci-
mens used here are 150-'-400 electrons/nm2. These low values imply the difficulty in 
recording their high-resolution images on a photographic film. However, lattice images 
of single crystals of PE21> and P4M1P22> and of highly oriented thin films of PEO> were 
really obtained so far at room temperature with a conventional TEM operated at 
120kV, although their image quality is not always high due to an extremely low dose 
for image recording. Now, the N4.2 of PE, for example, increases up to the value 

equivalent to the NRT of PEEK: an oriented thin film of PEEK gives a high-resolution 
image at room temperature, the optical diffraction [OD] pattern of which shows the 
220 reflection corresponding to the lattice spacing of 0.236nm4>. Consequently, improve-

ment of resolution limit is greatly expected for polymer crystals owing to the definite 
increase in TEPD by cryo-protection. 
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PE single crystal 
   Figure 1 shows a lattice image of the PE single crystal, which image was taken at 

4.2K and an electron optical magnification of M=90,000. The OD pattern (the inset of 
Fig. 1) from the original negative shows 110, 110 and 200 reflections. In Fig. 1, (110) and 

(110) lattice fringes of 0.41nm spacing and (200) fringes of 0.37nm spacing are actually 
identified. In particular, the (200) fringes are clear and seemingly straight over a fairly 
wide area. Some of the micrographs showed the 020 reflection of 0.25nm spacing with 

110 or 200 in their OD patterns. Figure 2 demonstrates such an example: the OD pattern 
of the image (the inset of Fig. 2) shows 020, 110 and 110 reflections but no 200, probably 

   •~.~*' ^~'^+,.•.se~.Fig.2 
            ;,t:,mHigh-resolution image of PE single crys-

   a 'T,1~~°i~'<,°~,,~,~=y~±b,.~r,rF<,,;:..,.,,~ratal taken at 4.2K and M=60,000. 
      •~: '.1.4°"-„'t s•;+I't.hrThe inset is the OD pattern of the image. 

 4.im'~to;4The lattice fringes of 0,41nm spacing are     r,,,,;'4~",i;ty ," .,'`•+i;,,`°% recognized in the image. 
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                                    Fig. 3 P4M1P form-III single crystal shadowed 
                                             with Pt-Pd. 

                                           The inset is the corresponding ED pattern 
                                               from the mono-layered crystal, showing 

                                          that the chain axis(c-axis) is set normal to 
                                          the basal surface of the single crystal 

                  1 pmplatelet. 

because the crystallites were tilted slightly around the b-axis so that no condition for 

imaging was fulfilled. 

P4M1P single crystal 

   Figure 3 shows a square single crystal of P4M1P and the corresponding ED 

pattern. As concluded from ED patterns calibrated with diffraction rings of Ag, the 
crystals were assigned to form-III: tetragonal, a=1.93nm, c(chain axis)=0.698nm15) 

   Figure 4 shows a high-resolution image of P4M1P taken at 4.2K and M=60,000. 

The OD pattern (the inset of the figure) shows reflections up to 220 (0.69nm spacing at 

room temperature). Clear (200) and (020) lattice fringes (0.97nm spacing at room 

temperature) are seen in the whole image, which intersect one another at an angle of 

90°. No defects are recognized in this image. Another micrograph gives the reflection 

up to 420 (0.43nm spacing at room temperature) in its OD pattern. 

PBPP single crystal 

   Figure 5 shows lath-shaped a-form single crystals of PBPP. The inset is the 

corresponding ED pattern of a multi-layered single crystal, which pattern was indexed 

based on the unit cell dimensions reported by Suzuki et a1.23): triclinic, a' = 1.66nm, b' = 

1.38nm, c(chain axis) = 0.98nm, y' =97° (here, the prime (') means the projected dimen-

sions of the unit cell onto the plane normal to the chain axis). This hk0 net-pattern 

means that electron beams are incident upon the crystal in the direction parallel to the 

chain axis. The directional relationship between an image and its corresponding ED 

pattern hints that the long side-surfaces of the crystal are the (110) plane. 
   Figure 6 is a high-resolution image of a portion of the crystal in which two 
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   Fig. 6High-resolution image of PBPP a-form single crystal, which was recorded at 4.2K 
         and M=60,000. 

         The thick arrow shows the edge of the superposed platelet. This image was taken 
         at an appreciable amount of underfocus, so that the edge is easily recognized. The 

         inset is the OD pattern of the image, showing reflections up to 310 (0.49nm spacing 
           at room temperature). 
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                                                   Array of molecular images of 
                                                     PBPP a-form, which were 

                                                   obtained from Fig. 7 by com-
                                                     puter Fourier filtering24'. 

                                                   Each dark dot corresponds to 
the PBPP molecular stem vi-

                                                   ewed along its axis. The inset 
                                                        is a model structure"): a'= 

            100,000 

                                                        1.66nm, b'=1.38nm, and the 

 owangle y' between a' and b' 
axes is 97°. The arrow indi- 

0f,~cates the direction parallel to                              ~~the (110) lattice plane. 

M=45,000. The inset is the corresponding OD pattern from the original negative, 
showing reflections up to 330 (0.37nm spacing at room temperature). In the image, 
distinct (110) fringes (1.123nm spacing at room temperature) and weak (110) fringes are 
observed, but others are not recognized due to a rather low signal-to-noise ratio [S/N]. 
To improve S/N, computer Fourier filtering') of the image in Fig. 7 was executed. 
Figure 8 is the resulted image indicating the array of molecules. The crystal structure 

of a-form PBPP has never been fully analyzed. The inset of Fig. 8 is a model proposed 
by Suzuki et al., showing the crystal viewed in the direction parallel to the chain axis 

(c-axis)23). Each dark dot in Fig. 8, thus, is attributed to the molecular stem viewed 
along its axis. Careful inspection of the image by viewing in the direction parallel to 
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(110) fringes, i.e., along the arrow in Fig. 8, reveals that the centers of individual dark 
dots align seemingly on a straight line but in a slightly zigzag fashion. This seems to 

indicate that the back-bone main chains are arranged in a similar zigzag fashion. 

Superposition of the model structure onto the image well demonstrates that the 

position of dark dots in the image is in good agreement with that of molecular stems 
in the model. At present, however, any images detailing directly the molecular shape 

of PBPP stems are not yet obtained. 

                   CONCLUDING REMARKS 

   As mentioned in INTRODUCTION, there are two ways to increase the TEPD; (1) 

higher accelerating voltage of TEM, and (2) cryo-protection. The former way is not so 

advantageous for radiation-sensitive specimens, because both the image contrast and 

the sensitivity (speed) of photo-emulsion for image recording decrease with increasing 
 voltage25,25> 

   Cryo-protection for high-resolution TEM observation of polymer crystals was 

proved to be definitely effective at 4.2K using a cryo-TEM with a superconducting 
objective lens. The ratio N4.2/NRT of more than 10 was confirmed1s). High-resolution 

images of single crystals of PE, P4M1P and PBPP were successfully obtained at 4.2K 

using the cryo-TEM operated at 160kV. It is noticed, however, that the images reflect 

the structures at 4.2K, not those at room temperature. For example, the PE crystal 

lattice is different at low temperatures from that at room temperature: the dimensions 

a and b will decrease and cwill slightly increase at low temperatures27l. The degree of 

contraction for both a and b of the single crystal measured with the cryo-TEM, 

nevertheless, was smaller than that estimated by an X-ray diffraction method: the a 

and b dimensions of PE single crystals used in this study were estimated as a = 

0.742nm, b = 0.496nm at room temperature, and a = 0.735nm, b= 0.494nm at 4.2K. This 

is probably due to the effect of the support film for TEM experiments. The details will 

be reported elsewhere. 
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