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16. Abstract I- 1 

I 
Glass s l i d e s  wcre con tcd  wi.th ~d lasma-po lyn~er izcd  ' te ' t ra-  
Eluoroc  t l ly lcnc  f i l m s  o f  diXfcrc11.t t h i c l ~ n c s s c s  u s i n g  tllc 
glow c l i  s c h a r g e  t e c l ~ n i q u c  i n  a tube-  shaped chombcr , ancl t h e  
plasma c o n d i . t i o n s ,  f i l m  grov1t11 rates,  l i g h t  y e r m c a b i l i t y  o f  
t h e  polymer f i l m s ,  and p a r . t i c l s  bond sk reng~kh  i n  t h e  polymer 
f i l m s  wcrc s t u d i e d .  Aslled s e c t i o n s  o f  n~ousc  o r g a n s  and 
asl ied b a c i l l u s  s p o r e s  were a l s o  c o a t e d  t o  g i v e  thcm hydro- 
phob ic  .trcatrnel~.k wi.thout damaging t h e i r  shapes  o r  nppcaxance. 
The hydrophobic c o a t i n g  o f  t h e  specimens w?s  successful, and 
t h e  f i n e  a s h  p a t t e r n s  warc s t r o n g l y  Eixed o n t o  .khe g l a s s  
s l i d e s ,  ma1;ing pcrmancnt p r e p a r a t i o n s .  

17. Key  Words ( ~ c l c c t a d  by ~ u t h o r ( r ) )  10. Dis t r i bu t~on  Stotomant 

T e t r a ~ l u o r o c t h y l e n a ;  fluo3-0- 
carbon yolymcr ; con king;  111 
p o l y m e r i z a t i o n ;  plasma a s h i n g  
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HYDROPIIOBIC COATXNG OF SOLTD MATERIALS BY 
PLASMA-POLYMERIZED TI-IIN FILM USING TETRAFLUOROETHYLENE r13 

K e i i c h i r o  IIozumi, Iteisuke Kitamura and Tatsuya Ki'tade 

Kyoto Col lege o f  Pharmacy E2 J 
i 

Thin f i ln l s  ob t a ined  by conve r t i ng  o rgan ic  monomer gases  o f  0 .1  - 1 /52l* - 
Torr  i n t o  plasma by m a n s  o~. glow d i scha rge  and then d i r e c t l y  polymerizing 

t h c  r a d i c a l s  i n  t h e  vapor phase onto  t h e  s u r f a c e s  o f  s o l i d  s u b s t r a t e s  

a r e  c h a r a c t e r i z e d  by t h e  un i formi ty  of  t h e i r  f i l m  t h i c k n e s s e s ,  t h e i r  

f r e e n e s s  from p inho le s ,  and t h e i r  h igh  degree  o f  c r o s s l i n k i n g .  However, 

by s e l e c t i n g  t h e  lnonomers it i s  f u r t h e r  p o s s i b l e  t o  g i v e  them cons ide rab le  

v a r i e t y  i n  t h e i r  s u r f a c e  f r e e  energy,  o p t i c a l  c h a r a c t e r i s t i c s  and e l e c t -  

r i c a l  p r o p e r t i e s  [ 3 ] .  Carbon f l u o r i d e  type plasma-polymerized f i l m s  i n  
p a r t i c u l a r  have l i t t l e  s u r f a c e  f r e e  energy,  a r e  h igh ly  hydrophobic and 

chemical ly  i n e r t ,  and have abundant d u r a b i l i t y  and s u p e r i o r  l i g h t  perme- 

a b i l i t y  [ 4 ] .  Using t e t r a f l u o r o e t l l y l e n e  (TFE) a s  t h e  monomer, t h e  a u t h o r s  

have been conduct ing s t u d i e s  o f  t h e  p r o p e r t i e s  and a p p l i c a t i o n s  of - - 

polymerized f i l m s .  The examples s t u d i e d  he re  d e a l  wi th  t h e  a t t a inmen t  

o f  hydrophobic p r o p e r t i e s  and t h e  s t r u c t u r a l  re inforcement  of ashel? 

b i o l o g i e a l  specimens wi th  powerful hygroscopic p r o p e r t i e s .  The poly- 

mer i za t i cn  c o n d i t i o n s  and e f f e c t s  a r e  r epo r t ed .  

Experimental Methods 1 
Polymerizat ion Apparatus. A Low-temperature a sh ing  dev ice  [51  wi th  

a  Pyrex chamber approximately 7 cm i n  i n n e r  diameter  and approximate1.y 

25 cm i n  l e n g t h  was used. I t  was arranged so  t h a t  t h e  a i r  and TFE /522 -- 
could be admi t ted  a l t e r n a t e l y  s o  t h a t  it would be p o s s i b l e  t o  ash  and 

p o l y r ~ e r i z e  t h e  specimens conl-.inuously (F ig .  1) .  The high-frequency 

o u t p u t  (13.56 MHz) of. t h e  e x c i t i n g  power source  had a maximum of  1 0 0  N ,  . 
and t h e  p r e s s u r e  i n s i d e  t h e  chamber could be  a d j u s t e d  wi th in  a  range of  

0.2 - 1 Torr .  T h e  e f f e c t i v e  high-frequency i n p u t  i n t o  t h e  chamber was 
w . 7  

*Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  f o r e i g n  t e x t .  



c a r r c c t c d  and nlunsurcd by mcnns o f  

n  s t and ing  wava r a t i o  meter  (n~odcl  
SWIi-200, Oscar Block Co.) . T11e 

r cad ing  of  reflected waves given by 

ti16 s t and ing  wave r a t i o  11ieter was 
1 - 

o r d i n a r i l y  4 0-508 i n  t h i s  appara tus .  

' "\ rotory I ) U ~ ~ I \  

T .  Tho TFE was conta incd  in - 
Ilirj11-prossure c y l i n d e r s .  A g a s  

I:~,;, 1, s, t l ~ l l l , ~ t l c  P ~ , P ; ~ , ~ I I I  I I ~  l b i ~ v 4 ~ u ~ t  \ S ~ I I I U :  cl~roniatograpl~ equippcd wi th  a  Polngclc* 
, \ l \ d  ~ ' \ l * l t l i l g  ~ \ ~ ~ ) l ~ \ l ~ \ t l l ~ ~  colunul was uscd t o  confirnl  t h a t  t h c r c  

were no impur i , t ic.s . 
Organ Sec t ions .  Mousc lung  and l i v e r  i s o l a t e s  were f i x e d  i n  fonnn l in ,  

and tilo sycciincns used were f rozcn  s e c t i o n s  of  25 p m  lnou~lted on y l o s s  

s l i c I c ~ s .  

B a c t e r i a l  -- Spores.  I3aci.llus Mega,kel-ium TI"O 3003 was c u l t u r e d  i n  a 
boui l lon-agar  c u l t u r e  nlediurn t o  which an cxcossivo amount o f  112' was 

added. A f t e r  spo re s  had been produced on t h c  s u r f a c e ,  water  was added 
and tho spo res  were susgendcd. Thc suspension was c c n t r i f u g a l l y  
separo tcd ,  t h e  spo res  acre c o l l e c t e d ,  water  was addcd aga in  t o  suspend 

theal, and centrifugal s c p a r a t i o n  was c a r r i e d  o u t  aga in .  This p rocess  
was rcpca tcd .  P i n a l l y ,  t h e  suspension was coa ted  on to  g l a s s  s l i . A ~ s  

and d r i e d .  

Scanning Electron Microscops. !lode1 JSM35, JEOL,  Ltd .  Accelera- 
t i on  vo l t age  20  k V .  

- 
*Conjectural  s p e l l i n g  supp l i ed  by t r a n s l a , t o r .  O r i g i n a l  has  t r a n s c r i p t i o n  
i n  Japanese phonetics r )  . T r a n s l a t o r  cou ld  n o t  d e t c r n ~ i n e  
c o r r e c t  Engl i sh  s p e l l i n g .  - T r .  
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Resu l t s  and Discussion 

Plasma Condi t ions  

The v e l o c i t y  energy of  e l eck rons  i s  u t i l i z c d  i n  plasma polymeriza- 
j 

t i o n  t o  r a d i c a l i z e  t h e  monomers. Therefore ,  t h e  polymerizat ion r a t e  
1 

w i l l  depend on t h e  high-frequency e l e c t r i c  power which i s  app l i ed .  A t  i 
4 

t h e  same t ime,  however, an unneces sa r i l y  high e l e c t r o n  energy w i l l  a l s o  

a c t  t o  d e s t r o y  t h e  products .  O r d i n a r i l y  a mean e l e c t r o n  energy o f  

s e v e r a l  eV w i l l  be necessary  i.n o r d e r  t o  mainta in  a glow d ischarge .  

I 
This  can correspond t o  t h e  d i s s o c i a t i o n  energy of  3-4 eV r e q u i r e d  f o r  

! 
r a d i c a l i z i n g  o rgan ic  comp~unds.  Thcrcfore ,  i n  terms o f  polymerizat ion 

cond i t i ons ,  it i s  thought  t h a t  t h e  most s u i t a b l e  e l e c t r i c  power would 

be one s l i g h t l y  g r e a t e r  than t h e  minimum power a t  which d i scha rge  i s  
p o s s i b l e .  

A somewhat exces s ive  electric power i s  necessary  a t  t h e  beginning 

o f  d i scharge .  A f t e r  convers ion i n t o  plasma has  occur red ,  t h e  electric 

pswer i s  immediately lowered t o  t h e  t a r g e t  va lue .  The minimum high- 

frequency power necessary  f o r  main ta in ing  t h e  plasma s t a t e  whi le  vary ing  

t h e  flow r a t e  o f  t h e  monomer supply (STP) and t h e  p r e s s u r e  i n s i d e  t h e  

chamber by t h i s  method was p l o t t e d ,  C. ld t h e  r e s u l t s  shown i n  Fig.  2 

w e r e ,  ob ta ined .  The p r e s s u r e  c a l i b r a t i o n s  e l ~ c l o s e d  i n  t h e  paren theses  

i n d i c a t e  t h e  s t a t e  be fo re  t h e  beginning of d i scha rge ,  and t h e  c a l i b r a t i o n s  

which a r e  n o t  enc losed  i n  pa ren theses  

i n d i c a t e  t h e  s t a t e  du r ing  d i scha rge .  

0% 
The l a t t e r  va lues  i n d i c a t e  t h e  dec rease  

40, 
.n 0 i n  t h e  molecular  count  caused by 

0 L - d .  - . . 
O . I J U ?  0 2  0 4  03,064 0 . 4 ~ 0 8 )  O,.hD) 

I'rvzsur*, Turr 

polymer. izat ion of t h e  monomer. The 

electric power contour  l i n e s  i n  t h e  

f i g u r e  were drawn v i s u a l l y  from a p l o t  

of  t h e  number of  w a t t s  w i th in  a range 
Fig. 2. ~ \ p p r o [ ) r ~ . ~ t r :  Il l:  P~ \ scr s  for S t ~ ~ t i ~ i i a -  

ing hr~ltl ['la.;rr~a Contl~t ionr ~ l t h  'ri:iz of  +5 W exp res s ing  t h e  v a r i o u s  l i n e s .  
Rtvi~lrcs itr ~arl l i l l t i .cr  lndtc~tr valut~  bhbra 
dlu11arb.r. The exper imental  b lank p a r t  i n  t h e  upper * 

l e f t  corner  of  t h e  f i g u r e  was due t o  

t h e  i n s u f f i c i e n t  c a p a c i t y  of  t h e  vacuum pump, which had an evacua t ion  

ra te  o f  1 0 0  R,/min. The blank p a r t  i n  t h e  upper r i g h t  p a r t ,  w a s  due t o  



limits on t h e  high-Ercqucncy powor source  necessary  t o  s t a r t  t h e  d i scharge .  

I n  Fig.  2 ,  when t h e  monomar f low r a t e  i s  conskant ,  t h c  minimum 
ilcccssory power i nc rcnscs  oo t h e  p r e s s u r c  rises, o11d when t h o  p r e s s u r c  

i s  cons t an t ,  t h e  ncccssary  power i n c r c o s e s  t o g c t h c r  wi th  t h e  flow mtc. 
In the  Eor~ner ca se ,  t h i s  mcans t h a t  tlie power/pressure r a t i o ,  which i s  
a y r o p o r ~ t i o n a l  parameter o f  t h e  c l e c t r o n  cnargy,  i s  maintaincd nlorc o r  
less cons t an t .  I n  t h e  l a t t e r  ca se ,  t h i s  i s  i n t e r p r e t e d  a s  meaning on 
i n c r e a s e  i n  t h e  cncrgy consumed p e r  u n i t  o f  time in convers ion i n t o  a 
plnsrna. The p o i n t s  p l o t t e d  o u t  on .the graph arc be l ieved  t o  exp res s  

plasma s t n t e s  having more o r  l e s s  t h e  same energy l e v e l .  

Fi11;l Growth Rates 

blicroscopic g l a s s  s l i d t ? s  w c r f  c u t  i n t o  ha l f - l eng th  p i e c e s  nncl p u t  

a t  t h e  c e n t e r  o f  t h e  high-frequency c o i l s  i n  t h e  chamber. TPE was 

admit ted,  and t h e  f i l m  growth r a t e s  on t h e  g l a s s  s u b s t r a t e s  were 

measured. The f i l m  th i cknesses  were found by measuring t h c  weight 

i n c r c a s c s  o f  t h e  s u b s t r a t e s  by means o f  a chcmicnl microbalance,  and 

c a l c u l a t i n g  from t h e  s u b s t r a t e  a r e a  and tllc d e n s i t y  of  f l u o r o r e s i n  

(approsimately  2.3) . 

Thc r c l a t i o n s b i p  between t h e  

changes i n  Slow r a t e  o f  t h e  monomer 
and growth r a t e  o f  t h e  polymer f i l m  

was measured wi th  a f i s e d  p re s su re  

o f  0 .4  Torn and a f i x e d  power o f  35 

W du r ing  d i scharge .  The r e s u l t s  

ob.tained a r e  shown i n  P ig .  3. Thesn 1523 

plasma c o n d i t i o n s  corresponding t o  

t h e  reg ion  i n  Pig.  2 where t h e  b roades t  

range o f  f low r a t e s  i s  a v a i l a b l e .  

When t h e  f i l m  growth r a t c  f o r  20 

minutes was 2 mR/min, t h e  f i l m  t h i c k -  

n e s s  was a p p r o s i n ~ a t e l y  2 , 0 0 0  A, and t h i s  i nc reased  more o r  less l i n e a r l y  

a s  t h e  f low r a t c  was inc reased .  S ince  t h e  c o n d i t i o n s  involve  c o n s t a n t  



I power, it would seem t h a t  t h e  r a d i c a l  concentration i n  t h e  vapor phase 
I dec reases  t o g e t h e r  w i t h  increases i n  t h e  f low r a t e .  However, it i s  I 

be l i eved  Chat t h e  e f f e c t  of  t h e  renewal o f  t h e  d i f f u s i o c  l a y e r s  on t h e  

s u r f a c e  sf t h o  g l a s s  s u b s t r a t e  i s  more pronounced than  t h e  concentra-  

t i o n  e f f e c t .  

I 

i Fig.  4 shows t h e  i n f l u e n c e  o f  
* 10110 

* .- _ _ - = -  . t h e  p r e s s u r e  d u r i n g  d i scha rge  when 

%he monomer f low rate was f i x e d  a t  

. X 
1 

" " and t h e  power was f i x e d  a t  t h e  
I sanie va lue  a s  t h a t  given above. The 

polymerizat ion rate decreased a s  t h e  

p r e s s u r e  was lowered, b u t  t h i s  can be 

i n t e r p r e t e d  as r e s u l t i n g  from t h e  

f a c t  t h a t  s c i s s i o n  of  t h e  chemical 

bonds i n  t h e  monomers and ol igomers  

becomes more and more pronounced a s  

tllc e l e c t r o n  energy o f  t h e  plasma gas  

i s  increased .  

I n  o r d e r  t o  f i n d  t h e  r e l a t i o n -  
I 

I 

s h i p  between t h e  p o s i t i o n s  of t h e  
I 

g l a s s  s u b s t r a t e s  i n  t h e  chamber and I 

t h e  f i l m  growth r a t e s ,  we took measure- i 

ments whi le  vary ing  t h e  power a t  1 
i 1IF ilo\\cr, \i' 

I t~g .  5. l i , ~ ~ p s  of I'olyli~cr 1:llllr T)cl~osltlOIl p o s i t i o n s  upstream from t h e  high- 
for 211 eltn at \ ' ary~ i i~  I , \ \ i + ~ t ~ ~ t l \  of SIIIF frequency c o i l s  ( A ) ,  i n  t h e  c e n t e r  
stratt. In 1'1~snln Cllari~bcr 

I*~rui~rc., o 3 TOW, n( w r a ~ r ,  J 111l [SI"I'*j!~nln. of  t h e  c o i l s  ( B ) ,  and downstream from 
them (C)  a s  shown i n  F ig .  5. The 

r e a c t i o n  c o n d i t i o n s  were: monomer f low rate 3 mR/min, p r e s s u r e  0 . 3  Tor r ,  
i 

l 

and power 25-65 W .  A t  p o s i t i o n  A,  t h e  f i l m  growth r a t e  i nc reased  wi th  I 1 

I 

I t h e  i n c r e a s e s  i n  t h e  power, b u t  a t  p o s i t i o n s  B and C it decreased.  It 
I 
I 
I i s  assumed t h a t  t h i s  phenomenon can b e  expla ined  i n  terms o f  t h e  follow- - I 

ing .  That  i s ,  a t  p o s i t i o n  A t h e r e  i s  a  low f i e l d  i n t e n s i t y  o u t s i d e  o f  1 

t h e  c o i l s ,  and r a d i c a l i z a t i o n  of t h e  monomer i s  i n t e n s i f i e d  as t h e  power 

i s  inc reased .  However, a t  postt ion B t h e  r a d i c a l i z a t i o n  has  approached 



s a t u r a t i o n ,  and it i s  assumed t h a t ,  as t h e  e l e c t r o n  energy i n c r e a s e s ,  
t h e r e  i s  r a t h e r  a p rog res s ive  t r e n d  towards lower molecular  weights  i n  
t h e  vapor phase. A t  p o s i t i o n  C, t h e r e  i s  t h e  same f i e l d  i n t e n s i t y  as  
a t  p o s i t i o n  A, bu t  t h e  gas  p a s s i n g  over  t h e  s u b s t r a t e  c o n t a i n s  low- 

molecular  s p e c i e s  which are n o t  s u i t a b l e  f o r  t h e  formation o f  polymer 
f i l m s  a t  p o s i t i o n  B. Consequently, t h e  f i l m  growth ra te  p a t t e r n s  w i l l  
have t h e  same tendency a s  a t  p o s i t i o n  B .  

hllt~stratr Itrat~rrns A .  U. al~d C nrr as indtraitd 
ln 1 s t ~ .  b. t f l .  ~ I H L I ,  ?:lV', nl,w rale, S nrl 
ISJI~:IIIIII,  ptt-wtrr, 11.3 'lorn. 

T i m e  p l o t s  o f  f i l m  growth were 
measured f o r  s u b s t r a t e  p o s i t i o n s  A,  

B and C .  The r e s u l t s  were as shown 

i n  Fig .  6 .  Good l i n e a r i t y  was a t t a i n e d  

i n  a l l  t h e  p o s i t i o n s .  However, once 

t h e  appa ra tus  had been s h u t  down, 
when o p e r a t i o n s  were resumed on 

ano the r  day, d i f f e r e n c e s  o f  about, 1 0 %  /524 - 
were observed i n  t h e  growth r a t e  even 

when t h e  plasma c o n d i t i o n s  were set 

i n  t h e  same way. Measurements o f  

t h e  weights  o f  t h e  g l a s s  p l a t e s  cannot  be a p p l i e d  t o  measurements o f  

t h e  t h i c k n e s s e s  of  t h i n  f i l m s .  However, one can form a  polyner  f i l m  

f o r  20-30 minutes a f t e r  t h e  c o n d i t i o n s  have once been set and then  

c a l c u l a t e  t h e  f i l m  growth rate p e r  minute f r o n  t h e  measurements of 

t h e  weights .  This  makes it p o s s i b l e  t o  e s t i m a t e  wi th  cons ide rab le  

accuracy t h e  t h i c k n e s s  of  t h e  f i l m  grown i n  any s h o r t  per iod  of  t i m e  
under t h e s e  cond i t i ons .  

L igh t  Pe rmeab i l i t y  of  Polymer Films { 3 I O ~  50 (=---.-.-- 
The u s u a l  purpose o f  a  coa ted  

E 
t= f i l m  i s  t o  i n t e r r u p t  mass t r a n s f e r  

0 ?;-d-- --+-A 
JOO 600 800 between t h e  s o l i d  phase and t h e  vapor 
Wnke length, nm phase. However, t h e  added va lue  w i l l  

I 7 .\L~sc)rptiot~ Spcrtr 1 of fJla\r~~fi l'olynlcri. 
mi .I 1.1: be f u r t h e r  i nc reased  i f  t h e r e  i s  a  

FIIIIL I I I I C ~ ~ , , ~ ,  (11 ? I I ~ U I  A, [ [ I )  SINMI :\. good l i g h t  permeabi l i ty .  We formed 

f i l m s  of  about  2 , 0 0 0  a and 5,000 a 



on q u a r t z  p l anes  and measured t h e  uLCravioleC and v i s i b l e  abso rp t ion  

s p e c t r a .  A s  i s  shown i n  Fig .  7 ,  t h e  f i l m s  were more o r  less pe rZcc t ly  

t r n n s p a r c n t  i n  t h e  v i s i b l e  s e c t i o n .  I n  the u$Cravio le t  s e c t i o n ,  

a l though  abso rp t ion  inc reased  g radua l ly ,  t h e r e  was s t i l l  cons ide rab le  

t ransmiss ion  even a t  200 nm. 

., I= =,- % ' -  . w r , We a l s o  formed 2,000 and 10,000 
,. - h- * * - - -  ---*-.- I '"j . = = * =.-=mv,m =- 

(I 
a f i l m s  on NaCl p l a t e s  and measured 

-6 * 1 $ .,OF . t h e i r  i n f r a r e d  s p e c t r a .  The r e s u l t s  
S 1 a r e  shown i n  Fig .  8 .  A t  2,000 A t h e r e  

E= 
I L & . % . . I  .i61o  GO 21i0u 140 A lh2011 IUUO 800 was a lmost  no abso rp t ion  excep t  f o r  a 

\Vase nun~brar. cm ' 
broad m u l t i p l e  abso rp t ion  band o f  rCWF 

1 . l ~ .  H. I I t  b;ljtbc krlb ol I'I . l$t t \~  I)OIVI~~C~IZI.CI I [:I3 
~+III!I II:I, L I I ~ * W ,  111 YV#I  ,\, ( 1 1 1 ,  I I I I M ~  A. observed a t  1 ,400 - 1,000 om-'. A t  a 

t h i c k n e s s  o f  10,000 A ,  vC-O - appeared 

a t  1 ,720 c a - l ,  b u t  t h e r e  was no 

pronounced absorp t ion  f o r  rCMC - which a d j o i n s  t h i s  on t h e  low-frequency 

s i d e .  General ly  speaking,  t h e  chemical  s t r u c t u r e  was e s t ima ted  t o  be 

one wi th  a  high degree  of  s a t u r a t i o n .  A s  f o r  t h e  format ion of a s l i g h t  

amount of  t h e  carbonyl  group, it i s  be l i eved  t h a t  t h i s  r e s u l t e d  when t h e  

f r e e  r a d i c a l  t rapped  i n  t h e  polymer f i l m  was ox id ized  by t h e  d i f f u s i o n  

of oxygen i n  t h e  f i l m  when t h e  s u b s t r a t e  was taken  o u t  i n t o  t he  a i r .  

This  i s  a  phenomenon which i s  c o n s t a n t l y  exper ienced i n  plasma polymer- 

i z a t i o n .  A t h i c k n e s s  o f  100 a i s  s u f f i c i e n t  f o r  t h e  s u r f a c e  o f  a  hydro- 

p h i l i c  s o l i d  t o  be rendered hydrophobic, and TFE f i l m s  a r e  be l i eved  t o  

be  m a t e r i a l s  which e x c e l l e n t  i n f r a r e d  pe rmeab i l i t y  s u i t a b l e  f o r  c o a t i n g s  

f o r  r ende r ing  hydrophobic o p t i c a l  c r y s t a l s  which have hygroscopic 

p r o p e r t i e s .  

P a r t i c l e  Bond S t r eng th  i n  Polymer Films 

S ince  polymer f i l m s  grow on t h e  s o l i d  phase d i r e c t l y  from t h e  vapor 

phase ,  t h e y  can be a p p l i e d  a l s o  t o  s t r eng then  t h e  bond c o n s t r u c t i o n  

between powder p a r t i c l e s .  A s  a  f a m i l i a r  example, we took up t h e  

p r e s e r v a t i o n  of ash  s t ruc . t u re  i n  ashed b i o l o g i c a l  specimens. A s  a  

p re l imina ry  experiment,  w e  f i r s t  measured t h e  bond s t r e n g t h  of p a r t i c l e s  

on g l a s s  su r f aces .  

7 



S l i d e  g l a s s  was washed w i t h  a n e u t r a l  d e t e r g e n t ,  a n d  s i l i c a  g e l  

( p a r t i c l e  d i a m e t e r  a b o u t  1 0  pm), Po lapac*  ( p a r t i c l e  d i a m e t e r  a b o u t  20 

pm) , k a o l i n  ( p a r t i c l e  d i a m e t e r  a b o u t  150 pm) a n d  Amberlite ( p a r t i c l e  

d i a m e t e r  a b o u t  150  pn) were s c a t t e r e d  on t h e  g l a s s ,  which  waa t h e n  

c o a t e d  w i t h  TFE. Then t h e  p i e c e s  of g l a s s  werc mounted,  w i t h  t h e i r  

c o a t e d  s i d e s  f a c i n g  downwards, o n  t h o  u p p e r  end  o f  t h e  t u b e  case o f  a  

c e n t r i f u g a l  s e p a r a t o r  so t h a t  t h e  p a r t i c l e s  would come o f f  t h e  g l a s s  

s u r f a c e s  i n  a  r e c t a n g u l a r  d i r e c t i o n  when s u b j e c t e d  to  c e n t r i f u g a l  

f o r c e .  The c e n t r i f u g a l  f o r c e  r e q u i r e d  to  remove t h e  p a r t i c l e s  w a s  

c a l c u l a t e d  a s  t h e  s h e a r i n g  f o r c e  p e r  p a r t i c l e  f rom t h e  r e v o l u t i o n  s p e e d  

and  t h e  t u r n i n g  r a d i ~ s .  

When t h e  p a r t i c l e s  were s c a t t e r e d  d i r e c t l y  3 n t o  t h e  washed g l a s s  

s u r f a c e ,  t h e y  had c o n s i d e r a b l e  bond ing  s t r e n g t h  w i t h  t h e  g l a s s  s u r f a c e  

even  w i t h o u t  a c o a t i n g .  T h i s  was e s p e c i a l l y  t r u e  o f  t h e  s i l i c a  g e l ,  

no  d o u b t  l a r g e l y  b e c a u s e  o f  t h e  s m a l l  p a r t i c l e  d i a m e t e r .  I t  d i d  n o t  

corn o f f  t h e  g l a s s  even  a t  t h e  maximum r e v o l u t i o n  s p e e d  o f  t h e  c e n t r i -  

f u g e  ( 4 , 0 0 0  rpm) .  S i n c e  i t  seemed l i k e l y  t h a t  t h e  p o l a r i t y  on t h e  

g l a s s  s u r f a c e  and  t h e  i n t e r m o l e c u l a r  f o r c e  o f  t h e  a d s o r b e d  m o i s t u r e  

was s t r e n g t h e n i n g  t h e  bond ing  p r o p e r t i e s  w i t h  t h e  p a r t i c l e s ,  t h e  g l a s s  

s u r f a c e  was g i v e n  o n e  c o a t i n g  o f  TFE a t  a  t h i c k n e s s  o f  a p p r o x i m a t e l y  

5 ,000  A, and t h e  p a r t i c l c s  were t h e n  s c a t t e r e d  o v e r  it.  The s i l i c a  

g e l ,  P o l a p a c  a n d  A m O e r l i t e  s t i l l  e l s p l a y e d  some bond ing  f o r c e  a n d  d i d  

n o t  f a l l  o f f  e a s i l y ,  b u t  t h e  k a o l i n  f e l l  o f f  even  a t  s l o w  s p e e d s .  

F i g .  9 .  On t h e  whole ,  t h e  bond inq  

b 

A,. ,.,:, d+*v~t# I , ,*  * , I  L. ,~~ , , , ,  I.+~,CT, s t r e n g t h  i n c r e a s e d  t o g e t h e r  w i t h  t h e  

- 
; 2 1 1 -  
? - 
; 1;- 
T 

1 
5 I n .  
C 
C 
L - "- (1 r -  

*See transistor's n o t e  on p. 2 .  - Tr .  

K a o l i n  was s c a t t e r e d  on c o a t e d  
1 I - )  ,.if!- I g l a s s  s u r f a c e s ,  a n d  t h e s e  werc a g a i n  
' ! I  r:' c o a t e d  to  have  v a r i o u s  f i l m  t h i c k -  

'! j 4  ,il n e s s e s .  These  spec imens  were p u t  

' y i n t o  a c e n t r i f u g e ,  and  t h e  bond ing  + 1 f '  
c _ _  . . . . - ,  - s t r e n g t h  p e r  p a r t i c l e  w a s  measured.  
& 1 t i 1  : l t a l l l  : t i ! , l  4!I(lJ .p(lUU 

I ,IW t ~ , t , v , #  - .  I Thc r e s u l t s  o b t a i n e d  a r e  shown i n  



f i l m  t h i ckness .  A t  a thickness o f  1,000 8 j.t was 1 dync/pr t r t ic le ,  and 
a t  5,000 A it reached 2  dyne /pa r t i c l c .  8 bcnding s t r e n g t h  o f  1 dyne/ 

I 

I 

p a r t i c l a  means thaC a k a o l i n  p a r t i c l e  ( p a r t i o l . ~  dianicrar  190 ~ m )  can 
I 

withstand a wcight about  200 times i t s  own weight.  I 
I n  Fig.  9 ,  t h e r e  i s  seen a  pronounced dec reasc  i n  t h e  bonding 

s t r e n g t h  i n  tho v i c i n i t y  o f  2,000 A. This  dec rease  i s  r r g r o d u c i b l c .  
The rcason i s  n o t  c l e a r l y  understood,  b u t  it is  be l icved  t h a t  p a r t i c l e s  
which have an i r r e g u l a r  s u r f a c e  s t r u c t u r e  a r e  a t  f i r s t  i n  c o n t a c t  wi th  
t h e  s u b s t r a t e  a t  a number o f  p o i n t s .  Tho polymer f i l m  a t  t h e  beginning 
o p e r a t e s  t o  s t r eng then  t h e  j unc t ions  a t  t h e  p o i n t s  o f  c o n t a c t ,  b u t  t h e  
TFE i s  coa ted  on t h e  p o l a r  base  on t h e  bottom s u r f a c e s  of  t h c  p o r t i c l c s  
a t  a  l a t e r  time than on t h e  upper s u r f a c e s  o r  s i d e s .  When t h e  c o a t i n g  
on t h e  bottom s u r f a c e s  o f  t h e  p a r t i c l e s  is  completed, t h e  bonding 
skrength of  t h e  p a r t i c l e s  w i l l  d ec rease  appa ren t ly  i f  t h e r e  i s  an 
e l e c t r o s t a t i c  r e p u l s i o n  caus t c  by oppos i t i on  wi th  t h e  TPB f i l m  on t h e  
s u b s t r a t e .  Not on ly  t h e  n e u t r a l  r a d i c a l s ,  b u t  a l s o  some c a t i o n i c  r a d i -  
c a l s  a r e  p r e s e n t  i n  t h e  plasma space.  ~ o n s e q u e n t l y ,  t h e  accumulation 
o f  a  p o s i t i v e  charge  on t h e  opposing s u r f a c e  would n o t  be  inconce ivab le .  
One explana t ion  of t h e  p a t t e r n  i n  F ig .  9 could be  fu rn i shed  Sf it were 
assumed t h a t ,  when t h e  polymer f i l m  grew even t h i c k e r ,  t h o  s ta te  o f  
c o n t a c t  between t h e  p a r t i c l e s  and t h e  s u b s t r a t e  changed t o  a s t a t e  of 
p lane  c o n t a c t  and t h e  i n c r e a s e s  i n  t h e  bonding s t r e n g t h  g radua l ly  came 
c l o s e r  t o  s a t u r a t i o n .  

Hydrophobic Coat ing o f  Ashed Organ Sec t ions  

The low-temperature a sh ing  method us ing  oxygen plasma has  been 
u t i l i z e d  f o r  obse rva t ions  o f  t h e  d i s t r i b u t i o n  p a t t e r n s  o f  i no rgan ic  
matter i n  b i o l o g i c a l  t i s s u e s .  The method i s  used because of  i t s  good 
p re se rva t ion  o f  t h e  o r i g i n a l  shapes  [6]. However, ashed vege tab le  
t i s s u e s  a r e  r e l a t i v e l y  s t a b l e  even i n  t h e  atmosphere and can be observed 
microscopica l ly  w i thou t  any f u r t h e r  mod i f i ca t ions  as  long  as they  a r e  
n o t  sub jec t ed  t o  impacts.  Never the less ,  l a r g e  amounts o f  f r e e  phosphoric 
a c i d  a r e  p r e s e n t  i n  ashed organs  of  animals.  When they  a r e  removed 

from t h e  chamber a f t e r  ash ing ,  t h e y  w i l l  r a p i d l y  absorb  mois ture ,  f u s e  
and t u r n  i n t o  drops  o f  wate r ,  



X f  it were p o s s i b l e  t o  perform both  a sh ing  arid hydrophobic c o a t i n g  
o f  t h e  ashed p a t t e r n s  one a f t u r  khe o t h e r  i n  t h e  same chamber, t h e  

above-mentioned drawback ought t o  be elirninaked, and aC t h e  same time 
it ought: to b e  p o s s i b l e  t o  s t rengthon  t h e  s t x u c t u r e  o f  t h e  atjh by means 
of a t r a n s p a r e n t  polymer f i l m  and t o  o b t a i n  pc r f ecc ,  permanent p reparak ions-  
For t h i s  reason,  w e  mounted 25 pm f rozen  s e c t i o n s  of mouse lungs  and 
L ive r s  on s l i d e  glass. IJe then vacuum-dried t h e  specimens i n  a chamber 
i n  which Qhe p r e s s u r e  was a d j u s t e d  a t  1 Tor r  whi lc  aa rn i t t ing  a i r  a t  a 
r a t e  o f  s e v e r a l  mR/min, A f t e r  t h i s ,  a high-frequency power o f  about  
20  W was app l i ed ,  and t h e  specimens were ashed a t  a low temperature  for 
7 hours. Next Che gas being  admi t ted  was chan$ed t o  TFE, and c o a t i n g  
w a s  performed f o r  about  30 minutes by apply ing  a high-frequency power 
o f  about  4 0  W whilOt admi t t i ng  the TPE a t  a r a t e  of 2 mR/min ( t h e  p re s su re  
du r ing  d i scha rge  was 0 . 5  T o r r ) .  

I .  I Optical ,\lrc~ttgtrph.s uf ('bntctl and i'tlrc~aled .4kh Z?~ttilr114 tlrrivcd 
fro111 Tll;n Srctrons o l  Jlotrsr Or~ans 



Fig.  10 shows a comparison o f  t h c  a s h  p a t t e r n s  when TFE c o a t i n g  /526 , 

was performed and whcr. it was no t .  I n  t h e  former cnsr, t h e  thickness 
o f  t h e  c o a t i n g  f i l m  was approximately 5,000 A. This  amounts t o  about  I 

2% wi th  r e s p e c t  t o  t h c  s e c t i o n  t h i c k n e s s  o f  2 5  pm. A t  t h e  magni f ica t ion  
o f  a l i g h t  microscope, the. effects o f  t h i s  f i l m  t h i c k n e s s  w i l l  n o t  
i i ~ t c r f c r c  wi th  observa t ion  o f  the. microstructure o f  t h e  ash .  Zn nddi- I 

I 
t i o n ,  t h e  s t r eng then ing  o f  t h e  a sh  s t r u c t u r e  i s  extremely e f f e c t i v e ,  l 

and t h c  shapes  o f  t h e  ash  w i l l  n o t  bo damaged even i f  t h e  s l i d e  g l a s s  
i s  tapped a g a i n s t  t h e  t a b l e  top.  The photographs were taken a f t c r  
t h e  specimens had been s t o r e d  f o r  6 months, and no changes were observed 
a t  a l l  w i t h  t h e  passage o f  t h i s  time. On t h e  o t h e r  hand, i n  t h e  l a t t e r  
c a s e  [ i . e . ,  when c o a t i n g  was n o t  provided - T r .  1, t h e  ash  p a t t e r n s  began 
t o  d e t e r i o r a t e  immediately, and i n  a few hours  t hey  tu rned  i n t o  an 
aggrega te  o f  drops  o f  water .  The photographs were t aken  wi th in  one 
hour a f te r  t h e  ashed specimens had been taken o u t  o f  t h e  chamber. 

 canning E lec t ron  Microscopic Obse-vatians o f  Ash P a t t e r n s  of B a c i l l u s  Spores 
w 

I n  o r d e r  t o  determine a t  t h e  e l e c t r o n  microscopic  l e v e l  t h e  o P f r c t s  
i n  p re se rv ing  t h e  mic ros t ruc tu re  o f  a shes ,  a suspension o f  B a c i l l u s  
Lsgaterium spo res  was dropped a drop a t  a t i m e  on to  s l i d e  g l a s s ,  d r i e d ,  
then ashed and coated.  S ince  t h e  spo res  had o u t e r  c o a t s  wi th  a r e l a -  
t i v e l y  s t rengthened  s t r u c t u r e ,  they  were q u i t e  convenient  t o  use  because 
they  had l i t t l e  mechanical c o l l a p s e  a f t e r  a sh ing  171. Pig.  11 A i s  a 
scanning e i e c t r o n  micrograph o f  t h e  spo res  be fo re  ash ing ,  and B shows 
spo res  which were ashed b u t  n o t  coa t ed .  These were observed one week 
a f t e r  t hey  had been taken o u t  of t h e  chamber. I n  t h e  l a t t e r  ca se ,  drops  

o f  water  were Zorrned once on account  o f  t h e  l a r g e  amounts of phosphoric 
a c i d  i n  t h e  n u c l e i ,  and t h e  ash  p a t t e r n s  were des t royed .  They were t hen  
observed aga in  i n  t h e  z l e c t r o n  microscope, where t h e  dr ied-up c a r c a s s e s  
were v i s i b l e ,  

C shows t h e  spo res  which were coa ted  wi th  a f i l m  o f  about  L O O  

a f t e r  a sh ing  (TFE 2 ml/min, power 4 0  W ,  p r e s s u r e  0.5 Tor r ,  t i m e  60  s e c ) .  
They were observed one week l a t e r .  There was a s l i g h t  i n c r e a s e  i n  

wr ink les  i n  comparison wi th  t h e  s ta te  be fo re  a sh ing ,  b u t  shapes q u i t e  
c l o s e  t o  t h e  o r i g i n a l  shapes were r e t a i n e d .  It  i s  unc lea r  whether t h o  



w r i n k l e s  were produced  d u r i n g  t h e  a s \ i n g  o r  d u r i n g  t h e  c o a t i n g .  

However, it i:: b e l i e - ~ e d  t h a t  mr , rpholoqica l  c h a n g e s  may o c c u r  e a s i l y  

d u r i n g  a s h i n g ,  and it i s  t h e r e f o r e  supposed  t h a t  t h e  f o r m a t i o n  o f  t h e  

c o a t i n g  f i l m  w i l l  p roceed  w i t h o u t  c o n c o m i t a n t  d e s t r u c t i o n  o f  t h e  a s h  

s t r u c t u r e .  T h e r e  were a l s o  n o  c h a n g e s  i n  t h e  s h a p e s  i n  spec imens  which 

had hem k e p t  f o r  t w o  months.  D shows t h e  r e s u l t s  w i t h  a  500 f i l m .  

The d e t a i l s  on  t h e  s u r f a c e  o f  t h e  a s h  p a t t e r n s  have a l ~ c a d y  been lost .  

However, when f i l m s  w i t h  t h e  t h i c k n e s s  o f  D a r e  o x i d i . ? e d  o n c e  a g a i n  w i t h  

plasma i n  a i r ,  t!, - 7  w i l l  r e v e r t  t o  t h e  same s h a p e s  a s  C .  Thus it 1 ss 

l e a r n e d  t h a t  a d d i t i o n s  t o  a n d  d e d u c t i o n s  f rorr~ t h e  f i l m  t h i c k n e s s  c a n  

be  made f r e e l y .  

C o n c l u s i o n  

TFE i n  t h e  vapor  ~ h a s c  was d i r e c t l y  po lymer i zed  o n t o  s o l i d  s u r f a c e s  

b: means o f  g low d i s c h a r g e  i n  a tube-shaped  c?,arnber, a n d  s t u d i e s  w e r e  

made c o n c e r n i n g  t h e  p lasma c o n d i t i o n s  u n d e r  which h i g h l y  hydrophob ic  

c o a t i n g  f i l m s  a r e  formed. F i r s t  a m e a n i n g f u l  c o r r e s p o n d e n c e  was s e e n  

between t h e  f l o w  d i r e c t i o n  o f  t h e  monomer and  t h e  d i s t r i b u t i o n  of t h e  

f i e l d  i n t e n s i t y  I t  was l e a r n e d  t h a t  i n  p l a c e s  where t h e r e  i s  a  s m a l l  /527 

f i e l d  i n t e n s i t y  t h e  growth  r a t e  o f  t h e  polymer f i l m  i n c r e a s e s  t o g e t h e r  



with t h o  nigh-frcquoncy power t h a t  i s  app l i ed ,  b u t  t h a t  i n  pP,.aces where 

t h e r e  is  a g r c a t  f i e l d  i n t e n s i t y ,  a s  t h e  power i s  inc reased ,  t h e  e l e c t r o n  

impacts cause  a p rog res s ive  lowering of t h e  molecular  weights ,  and t h e  

f i l m  growth rate  dcc rcascs .  Ilowcvcr, i n  p o s i t i o n s  downstream from a 

powerful f i e l d ,  t h e r e  i s  an i n c r e a s e  i n  low-molecular s p e c i e s  which do 

n o t  a s s i s t  i n  polymerizat ion,  and f o r  t h i s  reason t h e  samc tendency i s  

d i sp l ayed  i n  weak f i e l d s  a s  w e l l .  

Whcn t h e  plasn~a-polymerized TPE f i l m s  have a t h i c k n e s s  of 2,000 P\, 
t h c i r  v i s i b l e  p a r t  i s  complete ly  t r a n s p a r e n t ,  and it i s  p o s s i b l e  t o  g i v e  

them hydrophobic c o a t i n g s  o f  s o l i d  substances which w i l l  n o t  dan~age 

t h c i r  e x t e r n a l  appearance.  I n  t h c i r  u l t r a v i o l e t  p a r t ,  t h e r e  i s  a g radua l  

i n c r e a s e  i n  abso rp t ion ,  hu t  t h e r e  i s  s t i l l  cons idorab le  t ransmiss ion  a t  

200 nm. I n  t h e  i n f r a r e d  r eg ion ,  a t  t h e  samc f i l m  t h i c k n e s s ,  t h e  t r a n s -  

parence i s  almost  p e r f e c t  w i th  t h e  except ion  o f  rCmF absorp t ion  in  t h e  

v i c i n i t y  o f  1,200 c m - l .  Thus t h e  m a t e r i a l  i s  considered t o  be s u i t a b l e  

f o r  c o s t i n g  hygroscopic o p t i c a l  c r y s t a l s .  

A s  examples o f  a p p l i c a t i o n s  t o  p a r t i c l e  aggrega tes  wi th  complica. 7 

s t r u c t u r e s  and hygroscopic p r o p e r t i e s ,  we a t tempted t o  g i v e  ashed organ 

s e c t i o n s  and b a c i l l u s  spores  hygroscopic t r ea tmen t  and f i x a t i o n  . When 

25 pm s e c t i o n s  of  mouse lungs  and l i v e r s  were coa ted  wi th  5,000 f i l m s ,  

t h e  ash p a t t e r n s  were f i rmly  f i x e d  on t h e  s l i d e  g l a s s ,  and permanent 

p r e p a r a t i o n s  were ob ta ined  which would n o t  come o f f  oven when t h e  g l a s s  

was tapped a g a i n s t  a t a b l e  t op .  I n  scanning e l e c t r o n  microscopic obser -  

v a t i o n s  o f  ashed B a c i l l u s  Megaterium spo res ,  100 f i l m s  were found t o  

be a p p r o p r i a t e .  rfowever, it was found t h a t  specimens which hod f i l m s  

which were too  t h i c k  s o  t h a t  t h e  d e t a i l s  wero l o s t  could bl? r e s t o r e d  by 

plasma o x i d a t i o n  us ing  afs, and t h a t  t h o  f i l m  t h i c k n e s s  can be a d j u s t e d  

f r e e l y .  
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