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Summary 

Polymer films were deposited on paper by a photoinitiated cationic 
process. These films possessed enhanced resistance to deterioration' by 
folding and acid-aging. 

Introduction 

A variety of actors contribute to the degradation of papers and 
documents. Light, temperature, humidity and type of sizing agent are 
important in addition to mechanical sources of deterioration involved in 
lending and photocopyingJ The prime offender however is decay by acid 
(sulphuric and nitric) from atmospheric pollution. Acid hydrolysis of 
cellulose reduces its chain length by one tenth at ph5.6 

Hethods of preservation adopted to date have been uneconomical z or, 
restricted by the nature of the reactants. 3 Photoinitiated cationic 
polymerisation represents a departure from these restrictions. A wide 
range of initiator/monomer systems are available which function at room 
temperature in the presence of oxygen and use conventional sources of 
ultraviolet radiation. 4 

In this study we have used the photoinitiator 4,4 s -dimethyldiphenylio- 
donium hexaflurophosphate (4,4' -DMDPI) in conjunction with a variety of 
monomers to prepare films on paper which display good resistance to acid 
and superior mechanical properties. 

Experimental 

Materials 

The initiator, 4,4 t -DMDPI, was prepared by the reaction of an aqueous 
solution of the iodide5 with aqueous ammonium hexaflurophosphate. The 
recrystallised product (from 25/75 vol. methanol/water) was a white solid 
(33% yield, m.p. 170~ possessing a X~=, in methanol at 239nm (~=7, 453). 

Monomers 2-chloroethyl vinyl ether (2-CEVE), ethyl vinyl ether (EVE), 
n-butyl vinyl ether (BVE), epichlorohydrin (ECH), cyclohexene oxide (CO), 
styrene oxide (SO) and diallylamine (DAA) were all obtained from Aldrich 
and were dried over calcium hydride prior to distillation under nitrogen 
atmosphere. Propylene oxide (PO) was distilled in vacuo before use. 
Styrene (S} and ethyl acrylate (EA) monomers were treated with aqueous 
sodium hydroxide, washed with water, dried over calcium chloride then 
calcium hydride prior to distillation. Methyl methacrylate (MM) was treated 
with aqueous sodium carbonate, washed with water, dried over magnesium 
sulphate then calcium hydride prior to distillation. Tetrahydrofuran (THF) 
was distilled from sodium/benzophenone. Dicyclopentadiene {DCPD) from 
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A l d r i c h  was  d i s t i l l e d  u n d e r  r e d u c e d  p r e s s u r e ,  ~ - c a p r o l a c t a m  (~-CM) was  
r e c r y s t a l l i s e d  t w i c e  f r o m  c y c l o h e x a n e  a n d  d r i e d  in  v a c u o .  1 , 3 - b u t a d i e n e  
(1 ,3-BD) f r o m  C a m b r i a n  C h e m i c a l s  w as  d i s t i l l e d  in  v a c u o  f r o m  s u c c e s s i v e  
s o d i u m  m i r r o r s .  A l l y l c y c l o h e x a n e  (ACH) was  p r e p a r e d  b y  a c o n v e n t i o n a l  
G r i n a r d  s y n t h e s i s .  6 D i a l l y l d i p h e n y l s i l a n e  (DADPS) a n d  d i a l l y l m e t h y l s i l a n e  
(DAMS) w e r e  d o n a t e d  b y  E.B. K r o n f l i . :  

UV 

UV r a d i a t i o n  w as  s u p p l i e d  b y  a R a y o n e t  P r e p a r a t i v e  R e a c t o r - 2 0 8 .  F o u r  
RUL-30Onm a n d  f o u r  R U L - 3 5 0 n m  l a m p s  p r o v i d e d  maximum e m i s s i o n s  a t  300nm 
a n d  35Onto r e s p e c t i v e l y  w i t h  a t o t a l  o u t p u t  of  100W. 

Scanning Electron Microscopy 

S c a n n i n g  e l e c t r o n  m i c r o s c o p y  (SEM) was  c a r r i e d  o u t  u s i n g  a JEOL 
JSM-35C.  S a m p l e s  w e r e  m o u n t e d  o n  a l u m i n i u m  s t u d s  a n d  c o a t e d  w i t h  go ld  
to  e n s u r e  g o o d  e l e c t r i c a l  c o n d u c t i v i t y .  

F o l d  E n d u r a n c e  & A c i d - A g i n g  

Fo ld  e n d u r a n c e  m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  o n  a M.I.T. fo ld  
e n d u r a n c e  t e s t e r .  S a m p l e s  (15ram wide )  a r e  b e n t  t h r o u g h  2 7 0 ~  0 . 5 k g  
t e n s i o n  u n t i l  f a i l u r e ;  50% r e l a t i v e  h u m i d i t y  a n d  a t e m p e r a t u r e  of  23~ _+1~ 
a r e  m a i n t a i n e d  t h r o u g h o u t .  

Two t y p e s  of  a c i d - a g i n g  p r o c e d u r e s  w e r e  a d o p t e d .  T h e  s a m p l e s  w e r e  
e i t h e r  t r e a t e d  w i t h  40% v o l / v o l  s u l p h u r i c  a c i d  u n t i l  c o m p l e t e  d i s i n t e g r a t i o n  
o c c u r r e d ,  o r  t r e a t e d  w i t h  a c i d s  of  v a r y i n g  s t r e n g t h s  (10%, 30% v o l / v o l  
s u l p h u r i c  a c i d )  f o r  d i f f e r e n t  l e n g t h s  of  t ime  p r i o r  to e x a m i n a t i o n  b y  fo ld  
e n d u r a n c e .  

Liquid-Phase Polymerisation 

M o n o m e r s  w e r e  p i p e t t e d  u n d e r  n i t r o g e n  i n t o  p y r e x  a m p o u l e s  c o n t a i n i n g  
t h e  i n i t i a t o r  4,4X-D>IDPI to g i v e  1% w t . / v o l  s o l u t i o n s .  A f t e r  d e g a s s i n g  a n d  
s e a l i n g ,  t h e  a m p o u l e s  w e r e  o p e n e d ,  t h e  p o l y m e r i s a t i o n  t e r m i n a t e d  b y  t h e  
a d d i t i o n  o f  co ld  m e t h a n o l / a m m o n i u m  h y d r o x i d e  a n d  t h e  p o l y m e r s  
p r e c i p i t a t e d  in  m e t h a n o l  a n d  f i l t e r e d .  P o l y m e r s  w e r e  r e p r e c i p i t a t e d  f r o m  
m e t h a n o l .  

In-Si tu  Liquid-Phase Polymerisation 

S h e e t s  of  W h a t m a n n s  No.1 f i l t e r  p a p e r  (1.5 x 12cm} w e r e  w a s h e d  w i t h  
a c e t o n e  p r i o r  to  u s e .  T h e  s i n g l e  s h e e t s  w e r e  i m m e r s e d  in  a 
4 , 4 t - D M D P I / m o n o m e r  s o l u t i o n  (1% w t . / v o l ) ,  p l a c e d  in  i n d i v i d u a l  s t o p p e r e d  
t e s t  t u b e s  a n d  e x p o s e d  to  UV r a d i a t i o n  a t  20"C.  A f t e r  i r r a d i a t i o n  t h e  
p a p e r s  w e r e  d i p p e d  in  m e t h a n o l  a n d  d r i e d  in  v a c u o  a t  room t e m p e r a t u r e .  

In-Situ Vapour-Phase Polymerisation 

Whatmanns sheets (batches of sLx) were immersed in a 4,41-DMDPI/ace - 
tone solution (1% wt./vol) prior to air-drying for thirty [ninutes. The 
required volume of degassed monomer was transferred in vacuo to a pyrex 
pressure vessel (rigA) at liquid nitrogen temperature, containing the paper 
s h e e t s .  T h e  v e s s e l  w a s  b r o u g h t  to room t e m p e r a t u r e  a n d  l e f t  to  
e q u i l i b r i a t e  f o r  t w e n t y - f o u r  h o u r s  p r i o r  to  e x p o s u r e  to UV r a d i a t i o n  a t  
20 '  C. 
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R e s u l t s  

L i q u i d - P h A - e  P o l y m e r i a a t i o n  

4 ,4LDMDPI  i n i t i a t e d  t h e  p o l y m e r i s a t i o n  o f  
some  of  t h e  m o n o m e r s ,  b u t  n o t  o t h e r s .  T a b l e  
1 i n d i c a t e s  w h i c h  m o n o m e r s  w e r e  p o l y m e r i s e d  
b y  t h i s  i n i t i a t o r ,  t h e  t ime  a t  w h i c h  c o n v e r s i o n  
r e a c h e d  i t s  max imum a n d  t h e  p e r c e n t a g e  
c o n v e r s i o n .  C u r v e s  d e p i c t i n g  p e r c e n t a g e  
c o n v e r s i o n  to  p o l y m e r  a g a i n s t  i r r a d i a t i o n  t ime  
a r e  g i v e n  in  f i g s . 2 - 5 .  T h e  r e a c t i v i t y  o f  
m o n o m e r  to  4 ,4 ' -DMDPI  f o l l o w e d  t h e  o r d e r  
2-CEVE, EVE, BVE>S~*EA>SO>ECH>PO>THF>S-MM~ 

DADPS. 

W 

aJ 
Z 

hfl 

O~ 

I-3cm-I 
F i g . l :  V a p o u r - p h a s e  
p o l y m e r i s a t i o n  a p p a r a t u s .  

T h e  i s o l a t e d  p o l y m e r s  v a r i e d  i n  a p p e a r a n c e  a n d  c o n s i s t e n c y .  P o l y ( P O )  
a n d  po ly (ECH)  w e r e  t r a n s p a r e n t  r u b b e r s ;  p o l y ( E A )  w a s  a w h i t e  r u b b e r .  
P o l y ( S ) ,  p o l y ( S - M M )  a n d  po ly (DADPS)  w e r e  w h i t e  s o l i d s .  P o l y ( 2 - C E V E ) ,  
p o l y ( E V E )  a n d  p o l y ( B V E )  w e r e  p a l e  b r o w n  t a c k y  r u b b e r s .  Po ly (CO)  w a s  a 
p a l e  b r o w n  f l a k y  m a t e r i a l  a n d  p o l y ( S O )  a b r i g h t  y e l l o w  c r y s t a l l i n e  s o l i d .  
P o l y ( T H F )  w a s  a t a n - c o l o u r e d  l e a t h e r y  m a t e r i a l .  

Monomer P o l y m e r  % I r r a d .  M o n o m e r  P o l y m e r  
f o r m e d  C o n v e r s i o n  t i m e  f o r m e d  

2-CEVE + 

EVE + 

BVE + 

SO + 

ECH + 

CO + 

PO + 

S + 

EA + 

t p ~  r 

Conversion 

to 

)olymer 

I 00  120sec .  THF + 62 
. . . .  S-MM + 3 
95 " DADPS + 2 

88 l h r .  DAMS - - 
82 " DAA - - 

92 30ra ins .  ACH - - 

100 2 h r .  DCPD - - 
" l h r .  1 ,3-BD - - 

95 " e-CM - - 

Irrad. 

t ime  

7hr. 

lhr. 

3 h r .  

T a b l e  1: P o l y m e r i s a t i o n  o f  m o n o m e r s  b y  4,41-DMDPI i n i t i a t o r  
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Fig .2 :  C o n v e r s i o n  to  p o l y m e r  a g a i n s t  F ig .3 :  C o n v e r s i o n  to p o l y m e r  a g a i n s t  
i r r a d i a t i o n  t ime  f o r  2 -CEVE ([3), EVE i r r a d i a t i o n  t i m e  f o r  CO(D) ,  ECH(O) ,  
((9) and BVE~@I and PO(Q). 
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Fig .5 :  C o n v e r s i o n  to  p o l y m e r  a g a i n s t  i r r a d i a t i o n  t ime  f o r  THF. 

In-Situ Liquid-Phase Polymerisation 

Of t h e  m o n o m e r s  p o l y m e r i s a b l e  b y  4,4LDHDPT, o n l y  CO, SO a n d  ECH 
w e r e  c a p a b l e  of  f o r m i n g  p o l y m e r  f i lms  o n  t h e  p a p e r  s u r f a c e .  P e r c e n t a g e  
w e i g h t  i n c r e a s e s  p e r  s h e e t  w e r e  po ly(CO)  = 85%, po ly (SO)  = 76% a n d  
poly{ECH) = 87%. V i s i b l e  e v i d e n c e  of  f i lm f o r m a t i o n  was  s e e n  u n d e r  SEH. 
SEH p h o t o g r a p h s  of  t h e  c o a t e d  p a p e r s ,  u n d e r  h i g h  m a g n i f i c a t i o n  {.xlS00), 
a r e  s h o w n  in  f i g s .  6-8 .  F o r  c o m p a r i s o n ,  u n t r e a t e d  p a p e r  is  s h o w n  in f ig .9 .  
P o l y m e r  is  e v i d e n t  e v e n  a t  low m a g n i f i c a t i o n s  (x200).  8 

T h e  a p p e a r a n c e  of  e a c h  f ihn  u n d e r  SEH is  d i f f e r e n t .  Poty(CO) 
p r e s e n t s  a s m o o t h  f i lm a t  h i g h  m a g n i f i c a t i o n  w i t h  p o l y m e r  f i l l i n g  t h e  s p a c e s  
b e t w e e n  f i b r e s  ( f ig .6 ) .  Poly(ECH) c o a t e d  a t  e q u i v a l e n t  we ighL i n c r e a s e s  p e r  
s h e e t  to  po ly (CO)  r e v e a l s  t h e  p o l y m e r  a d h e r i n g  to a n d  c o n n e c t i n g  t h e  
i n d i v i d u a l  f i b r e s  ( f ig .7 ) .  P a p e r  c o a t e d  w i t h  po ly (SO)  a p t l y  d e m o n s t r a t e s  
how t h e  p o l y m e r  c o n n e c t s  i n d i v i d u a l  f i b r e s  of  t h e  p a p e r  s u b s t r a t e  ( f ig .8 ) .  
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Fig.6: SEM photo of poly(CO) -coated Fig.7: SEM photo of poly(ECH) 
paper (mag.xlS00). -coated paper (mag.xlSO0). 

Fig.8: SEM photo of poly(SO) -coated Fig.9: SEM photo of untreated 
paper (mag.xl800). paper (mag.xl800). 

In-Si tu  Vapour-Phase  Polymerisation 

Only monomers EVE and PO were capable of forming polymer films from 
monomer in the vapour phase. Percentage weight increases per sheet were; 
poly(EVE) : 60%, poly(PO) = 5570. No attempt was made to polymerise these 
monomers by the in-situ liquid-phase process since the vapour-phase 
process was the preferable of the two. EVE was chosen as the most 
suitable vinyl ether in view of its low boiling point (33~ High 
magnification SEM photos of paper coated by these two polymers are shown 
in fig.10 & II. As seen, their appearance is different even at similar 
weight increases. 
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Fig.10: SEM pho tos  of poly(EVE) 
- c o a t e d  p a p e r s  (mag.xl800).  

F i g . l l :  SEM photos  of  poly(PO) 
- c o a t e d  p a p e r s  (mag.xl800).  

Degradation Experiments 

All coa ted  p a p e r s ,  poly(CO), poly(SO), poly(ECH), poly(PO) and 
poly(EVE) were  submi t t ed  to fold e n d u r a n c e  t e s t i n g  and t r e a t m e n t  with 40% 
v o l / v o l  s u l p h u r i c  acid a t  65~ The r e s u l t s  a r e  shown in table  2. I t  was 
e v i d e n t  t ha t  films p r e p a r e d  u s i n g  epoxy  monomers which p o s s e s s  an in tac t  
r i n g  s t r u c t u r e  a f t e r  po lymer i sa t ion  o f f e r  the  most r e s i s t a n c e  to fold and 
acid a g i n g  i.e. poly(CO) and poly(SO). The o t h e r  po lymers  a p p e a r  to 
r e d u c e  the  c r y s t a l l i n e  r e g i o n s  of the pape r ,  f ac i l i t a t ing  acid d e g r a d a t i o n .  

T r e a t m e n t  of  poly(EVE) - c o a t e d  p a p e r  with 30% v o l / v o l  and 10% v o l / v o l  
s u l p h u r i c  acid fo r  d i f f e r e n t  l e n g t h s  of time p r i o r  to fold e n d u r a n c e  t e s t i n g ,  
r e s u l t  in the t r e n d s  shown in fig.12. Though  s u b s t a n t i a l l y  weake r  t han  
u n t r e a t e d  paper ,  the  p a t t e r n  of acid d e g r a d a t i o n  is c lear .  The ini t ial  
s t e e p n e s s  of the  t r e n d  is due  to the  amorphous  r e g i o n s  of the  p a p e r  be ing  
a t t a c k e d  f i r s t ,  while the  c r y s t a l l i n e  r e g i o n s  p r o v e  more a r d u o u s  to the 
acid.  

Polymer  Film Fold Value a Acid Res i s tance  b 
(+10) (min.) 

poly(CO) 

poly(SO} 

poly(ECH) 

poky(EVE) 

poly(PO) 

untreated 

330 

240 

17 

10 

10 

43 

30 

20 

-5 

-5 

-7 

0 

a: of non a c i d - d e g r a d e d  samples  
b: 40% v o l / v o l  s u l p h u r i c  acid at  65~ 

Table 2: R e s i s t a n c y  of coa ted  p a p e r s  to fold e n d u r a n c e  t e s t i ng  and 
a c i d - a g i n g .  
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Fig.12: Fold e n d u r a n c e  va lue  a g a i n s t  acid  d e g r a d a t i o n  time fo r  poly(EVE) 
- c oa t ed  pape r .  

Conc lus ions  

The pho to in i t i a t o r  4,41 - d i m e t h y l d i p h e n y l i o d o n i u m  h e x a f l u r o p h o s p h a t e  
has  been  u s e d  to po lymer i se  a v a r i e t y  of monomers.  S e v e r a l  of t hese  
sys t ems  may be u s e d  to depos i t  a c i d - r e s i s t a n t  films on p a p e r  by  a l iquid  
or  v a p o u r - p h a s e  p r o c e s s .  Sys t ems  i n v o l v i n g  p o l y ( c y c l o h e x e n e  o.xig~) and 
p o l y ( s t y r e n e  oxide) a r e  po ten t i a l l y  t he  most u se fu l ,  g i v i n g  t r e a t e d  p a p e r s  
an i n c r e a s e d  r e s i s t a n c e  to fold and a c i d - a g i n g .  

References  

1. Seeley ,  N., Barke r ,  N., Chemis t ry  in Br i ta in  15, No.6, 305 (1979) 

2. Barrow,  W.J., P e r m a n e n c e / d u r a b i l i t y  of the  book-VII;  p h y s i c a l  and 
chemical  p r o p e r t i e s  of  book p a p e r s  1507-1949. Richmond Va.: R e s e a r c h  
L a b o r a t o r y  Inc. ,  (1974) 

3. Williams, J.C., Kelly, G.B., U.S. P a t e n t  No. 3939091, 5 Augus t ,  (1975) 

4. Crivel lo ,  J.V., in "UV Cur ing  Sc ience  & Techno logy" ,  ed.  by  S.P. 
Pappas ,  T e c h n o l o g y  H a r k e t i n g  Co., S tamford  Connec t i cu t ,  Chap.2, (1978) 

5. B e r i n g e r ,  F.M., Drexler ,  H., Gindler ,  E.M., Lumpkin,  C.C., J. Am. Chem. 
Soc., 75, 2705 (1953) 

6. Ketley,  A.D., Ehr ig ,  R.J., J. Polym. Sci. A, 2 4461 (1964) 

7. Kronfli ,  E.B., D.Phil. t hes i s ,  U n i v e r s i t y  of Sussex ,  Falmer,  UK (1971) 

8. Wilson, D.J., D.PhiL thes i s ,  U n i v e r s i t y  of Sussex ,  Falmer,  UK (1983) 

Acknowled gementa  

We wish to thank  Dr. M. Burs ta l l ,  Dr. C.C. Mollett and Mrs. C.E. But le r  
of the  U n i v e r s i t y  of  S u r r e y  Ink  Unit  for  the  fold e n d u r a n c e  m e a s u r e m e n t s  
and a s s i s t a n c e .  F inancia l  s u p p o r t  was p r o v i d e d  by the  Br i t i sh  L i b r a r y .  

Accepted February I ,  1988 C 


