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Summary 

Three polymers  bear ing benzene rings: polystyrene,  poly(2,6-dimethyl-p-  
phenylene  oxide) and poly(diphenylacetylene), were chemically modified with 
bis(heptafluorobutyryl)  peroxide. The heptaf luoropropylated produc ts  have 
higher  gas permeabliit ies than  the parent  polymers. In the pervaporat ion of 
a q u e o u s  e thanol ,  modif ied po ly (d ipheny lace ty l ene )  s h o w e d  e t h a n o l  
permselectlvity. 

Introduction 

Fluor ine-conta in ing polymers have water- and ofl-repellency, high the rma l  
stability, chemical  and  oxidative resistance, and a low refractive index. As 
they  also show relatively high permeabili ty in gas permeat ion  and  e thanol  
permse lec t iv i ty  in pervapora t ion  of aqueous  alcohol,  po lymers  r ich  in 
fluorine are of interest  for use as membranes  in separat ion processes.  1,2 
Fluor inat ion and  perfluoroalkylation of preformed polymers are convenient  
methods  for preparing fluoropolymers. Poly[ 1-(trimethylsflyl)propyne] film is 
d i rec t ly  f u o r i n a t e d  on exposure  to fluorine, the resu l t ing  film having 
improved performance as a gas separation membrane.  3 
Bis(perfluoroalkanoyl) peroxides are useful reagents  for the in t roduct ion  of 
a perf luoroalkyl  group to aromat ic  rings u n d e r  mild c o n d i t i o n s .  4 The 
physical  behavior  and  potential  applications of compounds  f luor inated in 
this way have been studled.5,8, 7 
In the s tudy  reported here, polystyrene(PSt), poly(2,6-dimethyl-p-phenylene 
oxide)(PPO), and  poly(diphenylacetylene)(PDPA) were perfluoroalkylated with 
bis(heptafluorobutyryl)  peroxide, after which use of the modified po lymers  
as separat ion membranes  was evaluated. 

Experimental  

Materlals 

Bis(heptaf luorobutyryl)  peroxide was obtained from NOF Corpora t ion  as  
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a 5 wt% l , l ,2- t r ichlorotr i f luoroethane(F113)  solution. T a n t a l u m  penta-  
chloride and  te t rabutyl t in  were obtained commercial ly and  used  wi thou t  
fur ther  purification. Styrene and diphenylacetylene were distilled from 
calc ium hydride. Toluene distilled from calcium hydride was used as the  
polymerization solvent for dlphenylacetylene. 

Prepolymers 
P S t (  Mn : 4.5 xl05,  Mw / Mn : 2.0; determined by gel permeat ion  chro-  
matography)  was prepared by bulk polymerization with 0.01 mol% 2,2 '-  
azobis(isobutyronitrile) at 60~ for 90 h (56% yield). 
PPO ( Mn : 2.3 xlO 4, Mw / Mn : 2.5; determined by gel permeat ion chro-  
matography) was obtained commercially and purified by reprecipitation from 
ethanol .  
PDPA was prepared by the polymerization of d iphenylaeety lene  with a 
t ransi t ion metal  catalyst:  Tanta lum pentachloride (0.40 g, 1.1 mmol) and  
te t rabutyl t in  (0.78 g, 2.2 mmol) were dissolved in toluene (1 l0  ml) in an 
argon a tmosphere ,  and the mixture was aged with stirring at 80~ for 30 
min.  s Diphenylacetylene (13.0 g, 0.073 mol) was added to this  ca ta lys t  
so lu t ion  and  polymerized at 80~ for 24 h. The so lu t ion  became  
heterogeneous  as polymerization proceeded. The polymer was precipitated 
by pour ing the mixture into a large amoun t  of methanol .  The precipitate 
was washed  several  t imes with methanol  then dried in a v a c u u m  to a 
cons tan t  weight (9.97 g, 77% yield). 
Calcd. for CI4HIo: C, 94.35%; H, 5.66%. 
Found:  C, 94.22%; H, 5.78%. 
PSt and  PPO were soluble in dichloromethane but  insoluble in F113, which 
were the solvents used for perfluoroalkylation. PDPA was insoluble in all 
the organic solvents used and so was granulated prior to use. 
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Pe~uoroalkylation 
In a typical experiment,  a 5 wt% F113 solution of b is (heptaf luorobutyryl )  
peroxide (3.6 g, 8.4 mmol) was added to PDPA (0.50 g, 2.8 mmol  monomer  
unit) dispersed in dichloromethane (75 ml) in an argon a tmosphere .  The 
mix ture  was  st i rred magnet ical ly  at  40~ for 24 h then  p o u r e d  into 
methanol .  The precipitate was filtered out  and  dried u n d e r  a vacuum,  
which gave the heptafluoropropylated polymer (0.83 g). Te t rahydro fu ran  
was  added  to this polymer, and  the soluble par t  was recovered from 
methanol .  The t e t rahydrofuran-so lub le  par t  (0.80 g) with a molecu la r  
weight of 8.0 x l04 ( Mn ) and a polydispersity of 2.3 ( Mw / Mn ) was used 
for fur ther  characterization. 
IR (cm-l): 1350 (CF3), 1230 (CF2); found: C, 60.5%. 
The number  of heptafluoropropyl groups incorporated into the polymer was 
calculated from the carbon content. 

Film Preparation 
The films of the modified polymers were prepared by cas t ing ca. 5 wt% 
solut ions  of PDPA in te t rahydrofuran,  PSt and PPO in chloroform, on a 
glass surface. The solvents were evaporated at room temperature ,  and  the 
films formed were dried under  a vacuum at 40~ for 24 h. 

Permeability Measurement 
The gas permeabilities of the polymer films were est imated at 25~ by gas 
c h r o m a t o g r a p h y  with air (02, N2) and mixed gases (CO[I0%], CH4127%], 
CO217%], N2156%]), the ups t ream sides of the membranes  being mainta ined 
at a tmospher ic  pressure  and 113 cmHg respectively, and  the downs t ream 
sides at  ca. 10 -2 mmHg. The permeability coefficient P was determined from 
the slope of  t ime-pe rmea te  volume curve in the s teady  s ta te  and  the 
diffusion coefficient D was es t imated by the t ime- lag  m e t h o d .  9 The 
apparen t  solubility coefficient S was calculated from the former two coeffi- 
cients using equation: S=P/D, al though the glass transit ion tempera ture  of 
the polymer was higher than  25 ~ 
In the pervaporat ion,  aqueous  ethanol  was fed to the upper  sides of the 
membranes ,  the downs t ream sides being main ta ined  at ca. 10 -I mmHg.  
Under  this  condit ion,  the membranes  were allowed to s t a n d  overnight.  
Pe rmea te s  were sampled  after s teady s ta tes  had  been reached .  The 
composi t ion and  flux of the permeates were determined at 25~ with a gas 
c h r o m a t o g r a p h  c o n n e c t e d  direct ly  to the pe rvapora t ion  cell. The 
permeat ion rate, P in g.m.m-2h -1, was calculated by correcting the flux for 
the membrane  thickness.  The separation factor, a, a measure  of the prefer- 
ential permeat ion of componen t  A, was defined as the value obtained by 
dividing the concentrat ion ratio YA/YB in the permeate by the concentra t ion 
ratio XA/XB in the feed, A indicating ethanol and B water. 
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Instruments 

IR s p e c t r a  w e r e  o b t a i n e d  w i t h  a J A S C O  I R - 8 1 0  i n f r a r e d  s p e c t r o p h o t o m e t e r .  

M o l e c u l a r  w e i g h t s  o f  t h e  p o l y m e r s  w e r e  e s t i m a t e d  w i t h  a T o s o  H L C - 8 0 2 A  

G P C  w i t h  t e t r a h y d r o f u r a n  a s  t h e  e l u e n t .  G a s  p e r m e a b i l i t y  c o e f f i c i e n t s  o f  

t h e  p o l y m e r  f i l m s  w e r e  m e a s u r e d  w i t h  a Y a n a k o  GTR- 10. P e r v a p o r a t i o n  w a s  

d o n e  w i t h  a Y a n a k o  GTR-12L .  

R e s u l t s  and d i s c u s s i o n  

R e s u l t s  o f  t h e  p e r f l u o r o a l k y l a t i o n  o f  P S t ,  P P O ,  a n d  P D P A  b y  b i s ( h e p t a -  

f l u o r o b u t y r y l )  p e r o x i d e  a r e  s h o w n  in  T a b l e  1. T h e  r e a c t i o n s ,  e x c e p t  fo r  P S t  

a n d  P P O  i n  t h e  d i c h l o r o m e t h a n e  s o l u t i o n s ,  w e r e  h e t e r o g e n e o u s ,  t h e  

p o l y m e r s  b e c o m i n g  p a r t i a l l y  s o l u b l e  a s  t h e  r e a c t i o n s  p r o c e e d e d .  

Table I Heptafluoropropylation Results a 

Feed Polymer 

polymer solvent peroxide b yield c C3F 7 cont. d Mn e Mw / Mn 

{g) (ml} (g) (g) ( 10 4) 

PSt 1.0 CH2 C12 80 

PSt 1.0 CH2C12 8O 

PSt 1.0 CH2C12 80 

PSt 2.0 CH2C12 160 

PSt 2.0 CH2CI 2 160 

PSt 0.50 F113 40 

PSt 1.0 F113 80 

PDPA 0.50 CH2C!2 75 

PDPA 1.0 CH2C12 50 

PDPA 1.0 CH2C12 25 

PDPA 0.50 F113 50 

PPO 1.0 CH2 C12 35 

PPO 1.0 F113 35 

6.1 (l.5eq.) 2.5 (2.5) 0.96 6.5 1.6 

4.1 (1.0) 2.1 (2.1) 0.69 8.9 �9 1.9 

1.6 (0.40) 1.4 (1.4) 0.31 7.5 2.0 

0.82 (0.I0) 2.3 (2.3) 0.08 11 2.3 

0.08 (0.01) 2.0 (2.0) 0.01 12 2.0 

3.1 {1.5) 1.4 (0) 1.20 

3.9 (0.95) 2.2 (0) 0.74 

3.6 (1.5) 0.83 (0.82) 0.46 8.0 2.3 

2.4 (0.5) 1.4 (0.92) 0.22 5.4 2.9 

1.2 (0.25) 1.2 (0.19) 0.19 4.0 2.7 

2.4 (0.95) 0.97 (0) 0.57 

1.8 (0.50) 1.2 (1.2) 0.36 1.6 1.8 

1.8 (0.50) 1.4 {0) 0.31 

a Reactions were carried out at 40~ for 24h. 

b Bis(heptafluorobutyryl) peroxide added as a 5 wt% F113 solution. The mole ratio of the 

peroxide to the benzene rings in the polymer is given in parentheses.  

c Methanol- insoluble part. The yield of the te t rahydrofuran-soluble  par t  is given in 

parentheses.  

d Number of heptafluoropropyl groups per benzene ring calculated from the C content  of the 

polymer for the tetrahydrofuran-soluble part. 

e Est imated by GPC with tetrahydrofuran as the eluent and correlated to s t andard  poly- 
styrenes. Polymers with low molecular weights had been removed by reprecipitation. 
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All the  po lymers  recovered by reprecipi ta t ion f rom m e t h a n o l  had  inc reased  
weights ,  a n d  the  f luorine con t en t  of the  po lymer s  i n c r e a s e d  wi th  the  
a m o u n t  of peroxide used.  For example,  in the  h o m o g e n e o u s  r eac t ions  of 
PSt  wi th  the  peroxide  when  d ich lo romethane  was  used,  the  hep ta f luoro-  
propyl  c o n t e n t s  of the  po lymers  could be control led by the  a m o u n t  of  
peroxide added;  i .e . ,  ca. 70% peroxide reacted with the po lymer  to give the  
heptaf luoropropyl  group. 
The molecu la r  weights  of the recovered polymers  were lower t h a n  those  of 
the  p a r e n t  po lymers  when  d ich lo romethane  was  the co-solvent;  whereas ,  
the  r eac t i ons  in F I I 3  afforded insoluble  polymers .  In the  p r e s e n c e  of 
d ich loromethane ,  ma in  chain  sclssion of the polymers  m a y  occur  radically. 
As for PDPA, the  absence  of the carbonyl  groups,  which could have  been  
formed by  the  reac t ion  of the conjugated  double  bonds  in Its m a i n  cha in  
with peroxide, was  confirmed by the infrared spectra,  i0 
Perf luoroalkylat ion with peroxides is descr ibed by a single electron t r an s f e r  
m e c h a n i s m  from the aromat ic  nuc leus  of the s u b s t r a t e  to the  peroxide. 4,1~ 
As the  reactivity of  heptaf luoropropylated benzene rings was  low, because  of 
the  e lec t ron-wi thdrawing na tu re  of the perfluoroalkyl  group,  each  benzene  
ring first would be subs t i tu ted  by, at  most ,  one heptaf luoropropyl  group.  
The lowering of the molecular  weight improved the solubility of the  m o d i f e d  
polymers ,  m a k i n g  it possible  to prepare  their  films by the  solut ion cas t ing  
technique.  
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Figurel  Oxygen Permeability and  Selectivity in 
Heptafluoropropylated PSts 

The usefulness  of the prepared  
po lymer s  a s  gas  s e p a r a t i o n  
m e m b r a n e s  was  e v a l u a t e d .  
P o l y ( p h e n y l e n e  oxlde)s  a n d  
subs t i tu ted  polyacetylenes  are 
h ighly  gas  p e r m e a b l e ,  a n d  
chemica l ly  modif ied  po lys ty-  
renes  also have  improved  gas  
permeabi l i ty .  1 I, 12,13 

Figure  1 s h o w s  the  o x y g e n  
pe rmeab i l i t i e s  of  PS t s  wi th  
v a r i o u s  h e p t a f l u o r o p r o p y l  
contents .  The perf luoroalkyl-  
ated PSt had  enhanced  oxygen 
pe rmeab i l i t y  wh ich  w a s  re l -  
a ted  to the  i n c r e a s e  in the  
f l u o r i n e  c o n t e n t  o f  t h e  
polymer.  The PSt, which  had  
s u b s t i t u t i o n s  for 96% of its 
benzene rings, had  tenfold the 
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T a b l e  2 Gas  Permeat ion  Behavior of Heptafluoropropylated PSt a 

c d p o  2b pN 2b DO 2c DN2 S o 2 d  S N2 Polymer 

PSt  0.28 0.047 0.77 ~ 0.21 3.7 2.3 
PSt--C3F 7 (0.96) e 2.9 0.89 6.5 3. i 4.4 2.9 

a Measured  at  25~ 

b Permeabi l i ty  coefficient in 10-gcm3(STP)cm c m - 2 s e c - l c m H g  - I .  

c Diffusion coefficient in 10-7cm2sec - I .  

d Solubil i ty coefficient in 10-3cm3(STP)cm-3cmHg -I .  

e Num ber  of  heptaf luoropropyl  groups per  benzene  ring in the  polymer.  

oxygen pe rmeab i l i t y  coefficient of  the original polymer;  but ,  the  p e r m -  
select ivi ty for 02 to N2 was  a decreas ing  funct ion of permeabi l i ty .  The 
permeabi l i ty  coefficients were divided into diffusion and  a p p a r e n t  solubil i ty 
coefficients, and  the resul ts  are shown in Table 2. The diffusion coefficients 
for both  oxygen and  nitrogen were remarkab ly  enhanced  by the in t roduct ion 
of hep ta f luo ropropy l  g roups  into the polymer,  while the  solubi l i ty  coeffi- 
c ients  changed  a little. Thus  the large gas  permeabi l i ty  of the heptaf luoro-  
p r o p y l a t e d  PSt  is m a i n l y  b r o u g h t  a b o u t  by  the  i n c r e a s e d  d i f f u s i o n  
coefficient. 
Table 3 gives the gas  permeabi l i t ies  of the  modified PPO and  PDPA. The 
PDPA, which  had  subs t i tu t ions  for 46% of its benzene rings, h a d  the  bes t  
gas  permeabi l i ty  in these  heptaf luoropropyla ted  polymers ,  a b o u t  twice t ha t  
for poly(dlmethylsiloxane).  11 

T a b l e  3 Gas Permeabil i ty Coefficients of Heptafluoropropylated Polymers a 

Polymer 

P {10-9cm3(STP)cm c m - 2 s e c - l c m H g  -I)  

N2 02 CO CH4 CO2 

PPO 0.50 2.2 - - - 
(1.0) b {4.4} 

PPO-G3F7{0.31 ) c 1.7 6.0 2.2 1.6 24 

{1.0} {3.5} {1.3) {0.94) (14} 

PDPA--C3FT(0.22 } 24 56 - - - 

{1.0} {2.3} 
PDPA--C3FT(0.46} 46 92 56 46 330 

{1.0} {2.0} {1.2} (1.0} (7.2) 

a Measured  at  25~ 
b Relative value to PN2. 
c Number  of  heptaf luoropropyl  groups  per  benzene  ring in the  polymer.  
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Table  4 Pervaporation of Aqueous Ethanol through Heptafluoropropylated Polymers a 

Polymer PH20 b PEtOH b c~EtOH c 

(xl 0-41 (xl 0-41 

PSt 0.99 0.0033 0.034 

PSt-C3F 7 (0.081 d 1.2 0.0079 0.070 

PSt--C3F 7 (0.96) 1.2 0.026 0.24 

PDPA-C3F 7 (0.46) 12 5.7 4.8 

a [EtOH] feed = 8.8 wt%. Measured at 25~ 
b Permeation rate in g.m.m-2h -I.  
c Defined as (~ = (YEtoH / YH20) / (XEtoH / XH20), where X and Y are the respective 

weight fractions in the feed and permeate. 
d Number of heptafluoropropyl groups per benzene ring in the polymer. 

The  m a i n  c h a i n  s t r u c t u r e  of  t h e  p o l y m e r  r e m a i n s  a n  i m p o r t a n t  f ac to r  in  g a s  

p e r m e a t i o n  t h r o u g h  p o l y m e r  f i lms even w h e n  the  p o l y m e r s  have  b e e n  h igh ly  
p e r f l u o r o a l k y l a t e d .  

In  t h e  p e r v a p o r a t i o n  of  a q u e o u s  a lcohol ,  t h e  h y d r o p h o b i c i t y  i n t r o d u c e d  b y  

p e r f l u o r o a l k y l  g r o u p s  to  t he  p o l y m e r s  is  t h o u g h t  to  be  f a v o r a b l e  for  a l c o h o l  
to  d i s s o l v e  in  t h e  po lymer s .  R e s u l t s  of  p e r v a p o r a t i o n  of  a n  a q u e o u s  e t h a n o l  
s o l u t i o n  in  P S t  a n d  PDPA a re  s h o w n  in Table  4. 

The  p e r m e a t i o n  r a t e  of  e t h a n o l  b e c a m e  h igh  in  h e p t a f l u o r o p r o p y l a t e d  PS t  

a n d  r e s u l t e d  in  a l a rge  a v a l u e ,  a n d  the  p e r m e a t i o n  r a t e  o f  w a t e r  w a s  
a l m o s t  i d e n t i c a l  w i t h  t h a t  of  t h e  p a r e n t  PSt .  T h e  p o l y m e r ,  h o w e v e r ,  

r e t a i n e d  w a t e r  p e r m s e l e c t i v i t y  of  PSt  even w h e n  p e r f l u o r o a l k y l a t e d .  

P e r v a p o r a t l o n  is  a l s o  con t ro l l ed  b y  the  m a s s  t r a n s p o r t  m e c h a n i s m  d e s c r i b e d  

in  t h e  so lu t ion - -d i f fus ion  model .  14 There fore  t he  s o l u b i l i t y  of  e t h a n o l  in  PS t  
c o u l d  n o t  b e  so  e n h a n c e d  b y  p e r f l u o r o a l k y l a t i o n  a s  to  o v e r c o m e  t h e  
d i s a d v a n t a g e o u s  d i f f u s i v i t y  of  e t h a n o l  c a u s e d  b y  i t s  m o l e c u l a r  d i m e n -  
s i o n s .  15 

Un l ike  t h e  PS t s ,  h e p t a f l u o r o p r o p y l a t e d  PDPA is h igh ly  l iqu id  p e r m e a b l e  a n d  

e t h a n o l  p e r m s e l e c t i v e .  PDPA, w h i c h  h a s  a r ig id  m a i n  c h a i n  c o n s i s t i n g  of  
a l t e r n a t i n g  d o u b l e  b o n d s ,  m u s t  have  vo ids  b e t w e e n  i t s  p o l y m e r  m o l e c u l e s ,  

a n d  t h e s e  a r e  c o n s i d e r e d  to  r e d u c e  t h e  b a r r i e r  in  e t h a n o l  d i f fu s ion .  The  

d i s a d v a n t a g e o u s  d i f fus iv i ty  of  e t h a n o l  t h e r e f o r e  is  n o t  s i g n i f i c a n t  in  t h i s  

po lymer .  
In  c o n c l u s i o n ,  p o l y m e r s  p e r f l u o r o a l k y l a t e d  w i t h  b i s ( h e p t a f l u o r o b u t y r y l )  
p e r o x i d e  have  h igh  g a s  a n d  v a p o r  pe rmeab i l i t y .  The i r  p e r m e a b i l i t i e s  d e p e n d  
on  t h o s e  o f  t h e  p a r e n t  p o l y m e r s  even  w h e n  t h e y  h a v e  b e e n  h i g h l y  
p e r f l u o r o a l k y l a t e d .  
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