
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Solvent Effects on the Rate of Radiation-Induced Grafting of Vinyl
Monomers on Polymeric Films
J. E. Wilsona

a Physical Science Department, Bishop College, Dallas, Texas

To cite this Article Wilson, J. E.(1974) 'Solvent Effects on the Rate of Radiation-Induced Grafting of Vinyl Monomers on
Polymeric Films', Journal of Macromolecular Science, Part A, 8: 4, 733 — 751
To link to this Article: DOI: 10.1080/00222337408066395
URL: http://dx.doi.org/10.1080/00222337408066395

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222337408066395
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. SCL-CHEM., A8( 4), pp. 733-751 ( 1974) 

Solvent Effects on the 
Rate of Radiation-Induced Grafting of 
Vinyl Monomers on Polymeric Films 

J. E. WILSON 

Physical Science Department 
Bishop College 
Dallas, Texas 75241 

A B S T R A C T  

Ear l i e r  work indicated that in the radiation-induced grafting 
of vinyl monomers on polymeric fi lms, the plasticity of the 
film being grafted is determined by the Hildebrand 
solubility parameter  of the grafting solution. Film plas- 
ticity affects the termination step of the grafting reaction, 
and thus strongly influences the overall  rate of monomer 
grafting on the polymeric film. 
In the grafting of styrene on nylon film, a sequence of ir- 
radiation runs  was made at selected volume ratios of 
styrene/benzene/methanol, all grafting solutions having a 
constant solubility pa rame te r  value of 9.5 Under these 
conditions, a l inear plot of grafting rate  vs  volume percent 
styrene in the grafting solution was obtained. A s imi l a r  
sequence of runs grafting pentafluorostyrene on nylon film at 
constant solubility parameter  also produced a linear plot of 
grafting rate vs volume percent PFS. 
Styrene was grafted on polyethylene film in a sequence of four 

733 
Copyright c 1474 hy Marcel Eekker. Inc. All Rights Reserved. Neither this work nvr any part may he 
repriduced o r  transmitted in any form or hy an) means. rlrctronic or mechnniral. includlnp photocopying. 
microfilming. and recording. or  hy any Information c r inge  and retrie\al system. without permission in 
writing from the puhlishrr. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
0
2
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



734 WILSON 

runs using styrene dissolved in methanol, ethanol, l-pro- 
panol, and 1-butanol, each solution having the same  
solubility parameter  of 10.4. A straight-line plot of 
grafting rate  vs volume percent s tyrene was obtained under 
these conditions. 

I N T R O D U C T I O N  

The wri ter  recent-/ developed [ 13 a new theoretical  approac to  
the rate of radiation-induced grafting of vinyl monomers on polymeric 
fi lms which assesses the plasticizing efficiency of the grafting solution 
in  t e r m s  of its Hildebrand solubility parameter.  The purpose of this 
report  is t o  compare the experimental grafting rate resul ts  for  
s eve ra l  monomer/polymer systems with the predictions of the theory. 

Before discussing the experimental methods, it is necessary to 
present a brief summary of the new theory, which can be based on the 
following conventional equation for the rate of free radical polymeriza- 
tion (grafting): 

where k and k are the rate constants fo r  termination and propagation, 
respectively, R.  is the rate of initiation, and [ M I  represents  average 

monomer concentration within the film. Assuming that R.  is rather  

constant because it is based on radiation intensity, and that k is 

relatively constant because it involves the diffusion velocity of small  
molecules, i t  is deduced that the principal causes for  grafting rate 
variation are 1) changes in [ M ]  o r  2)  changes in  k due to viscosity in- 

c r e a s e  o r  decrease within the polymeric medium. 
An increase i n  [ M] can take place when a solvent is added to  the 

monomer which causes increased penetration of the monomer into the 
interior of the film. A change in  kt resul ts  when a solvent is added t o  

the grafting solution which changes the plasticizing efficiency of the 
grafting solution, thus changing the viscosity of the polymeric medium 
(film inter ior)  where the grafting reaction takes place. 

The theory postulates that the plasticizing efficiency of the grafting 
solution is related [ 21 t o  i ts  cohesive energy density (CED), which is 
the energy of vaporization pe r  unit volume in  cal/cc: 

t P 
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RADIATION-INDUCED GRAFTING OF VINYL MONOMERS 735 

AHzus - RT 
CED = 

M/d 

where AHzg8 is the latent heat of vaporization at  298”K, T is the 
absolute temperature, R is the gas constant, M is the molecular 
weight, and d is the density of the liquid at 298°K. Hildebrand [ 31 
defined the solbuility parameter,  6, as the square root of the CED: 

Mutual solubility of two substances will be observed [ 41 if the free 
energy of mixing is negative: 

A H - T A S = A F < O  ( 4 )  

Since AS is always positive for polymer/solvent systems, the sign of 
A F  is determined by the sign and magnitude of AH, the heat of mixing. 
If there is a strong interaction between polymer and solvent, such 
that AH is negative, the polymer wil l  dissolve since A F  will be 
iiegative. If there  is no strong polymer/solvent interaction, AH being 
positive, the magnitude of AH will determine whether o r  not the solvent 
wil l  dissolve the polymer. Only solvents that produce small  AH values 
will dissolve the polymer, and the smaller  AH the better the solvent 
[ 4, 51. In selecting an effective solvent (or  plasticizer), one t r i e s  to 
make AH as small  as possible by minimizing 16 - 6s I, since AH is 

proportional to  ( 6 - 6 s )  according to Hildebrand [ 31. In these ex- 
P 

pressions,  6 and 6 are the parameter values for polymer and solvent, 

t’ respectively. Since efficient plasticization is correlated with large k 

the rate of grafting should become larger  as 16 - 6 I increases,  other 

things being equal. In other words, for efficient plasticization one 
attempts to minimize 16 - bS I ,  but for faster grafting one attempts to  

maximize 16 - 6sl. 
Work with 6 values and CED values is facilitated by the fact that 

lists of such values for many substances have been compiled by 
Hildebrand [ 31, Immergut [ 41, and others [ 2, 51. 

In many radiation-induced film grafting studies described in the 
l i terature,  irradiation runs were made with various amounts of solvent 
added to the monomer, and then grafting rate was plotted as a function 
of monomer concentration in the grafting solution. The resulting curve 
often passed through a maximum at a particular concentration of added 
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736 WILSON 

solvent. Examples of such behavior include the radiation-induced 
grafting of methyl acrylate on polyethylene in the presence of added 
methanol [ 61 ; pentafluorostyrene on polyethylene with added acetone 
[ 11; pentafluorostyrene on nylon with added methanol [ 11; ter t -  
but ylam inoethyl met hac r ylate on pol yet h ylene with added n- hexane 
[ 61; and styrene on nylon with added methanol [ 11. 

The complicated shape of such rate vs concentration curves is 
probably due to the simultaneous variation of [ M] and kt in Eq. (1). 
More simple kinetic behavior might result in some cases  i f  k were t 
held constant, which could be accomplished by adjusting the 
compositions of the grafting solutions so as to  hold the 6 value con- 
stant (since kt depends on the internal plasticity of the film, which 
depends in turn on the 6 value of the grafting solution [ 51). Experi- 
mental sequences of grafting runs at constant 6 values a r e  described 
below for the pentafluorostyrene/nylon and styrene/nylon systems. 

E X P E R I M E N T A L  T E C H N I Q U E  

The ‘OCo source and the method of reproducibily placing samples in 
the source has been described [ 71. Careful positioning of film sample 
and grafting solution resulted in good reproducibility of rate measure- 
ments. An exposure dose rate of 540 R/hr was measured by ferrous 
sulfate dosimetry [ 81. 

Film samples used in the individual runs weighed 0.01 to 0.02 g. 
The polyamide film was a nylon 6 film of 0.0080 in. thickness supplied 
by Nylonic Engineering of Herts, England. All nylon samples were 
stored in a desiccator before use to prevent any change in ra te  being 
caused by a variation in water content. The polyethylene film samples 
were of 0.93 density and 0.0120-in. thickness, and were supplied by 
Consolidated Therrndplastics of Woonsocket, Rhode Island. 

washed three t imes with 10% aqueous sodium hydroxide solution, then 
three t imes with distilled water, and stored over anhydrous calcium 
sulfate at refrigerator temperature pr ior  to use. Styrene was handled 
in the same way, and was also distilled at reduced pressure. 

this work: methanol, ethanol, 1-propanol, 1-butanol, kenzene, and 
pentafluorobenzene (PFB). Each solvent was stored in its bottle over 
anhydrous calcium sulfate for several  days pr ior  to use, and then 
always used from the same bottle throughout the course of the in- 
vestigation. These precautions were necessary to produce comparable 
grafting rates ,  since the slightest change in water content of the 
grafting solution can sometimes cause a significant change in  grafting 
rate. 

The 2,3,4,5,6-pentafluorostyrene (PFS) from PCR Incorporated was 

The following solvents of reagent grade were obtained for use in 
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RADIATION-INDUCED GRAFTING OF VINYL MONOMERS 737 

Just  p r io r  to making a run, the grafting solution of s tyrene o r  PFS 
was freed of oxygen by freeze-thaw cycling in a vacuum system 
already described [ 71. The reaction tube containing film and de- 
oxygenated grafting solution was frozen down and sealed from the 
vacuum system while pumping, then placed inside the 'Co source in  
the predetermined position. 

After making a run, the PFS-grafted samples  of nylon were ex- 
t racted by s t i r r ing  in warm acetone for 2 days, while styrene-grafted 
samples  were extracted by s t i r r ing  in warm benzene. Such extractions 
were ca r r i ed  out to remove homopolymer formed within the films. In 
each extraction a blank film sample was extracted which had not been 
grafted, and any weight loss  observed was used to  co r rec t  the percent 
grafting computation for  the corresponding grafted film. 

All grafting runs were made at the temperature  of the irradiation 
room, 23 * 1°C. Percent  grafting was calculated from original film 
weight (Po) p r io r  to grafting, and the weight after grafting and drying 
t o  constant weight ( P  ) by use of 

g 

percent grafting = r p g  - PO 1 x 100 ( 5) 

The weight of the monomer-swollen film ( P  ) at the end of each run 

was measured by quickly blotting the film between filter papers  and 
then weighing it in a closed weighing bottle. The  percent swelling 
(uncorrected for  homopolymer content) was computed as 

S 

percent swelling = r p s  - p o i  

E X P E R I M E N T A L  R E S U L T S  

P F S / N y l o n  S y s t e m  

When an  attempt is made to  graft d ry  PFS on nylon film, little o r  
no grafting takes  place [ 91. Addition of methanol t o  the PFS aids 
penetration of the nylon film and produces a large and easily measured 
rate of grafting [ 11. This  behavior is similar  t o  that of many 
monomer/polymer systems,  with the rate v s  concentration curve pass-  
ing through a maximum at some particular concentration of added 
solvent. 

According to the theory outlined above, the observed behavior 
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73 8 WILSON 

should be s impler  i f  the 6 value of the grafting solution (and hence 
kt)  could be held constant, which should not be difficult t o  arrange. 

Suppose it is first decided to  hold methanol concentration constant at 
10 vol% throughout a planned sequence of runs. Assuming a 6 value 
of 6.7 for PFS and 14.3 for  methanol [ 21, the 6 value for  a 90/10 
volume rat io  of PFS/methanol can readily be estimated: 

CED = (0.9)( 6.7)' + (0.1)( 14.3)' = 60.9 (7) 

6 = (60. 9)1'a = 7.8 ( 8) 

In order  t o  hold the 6 value of the solution constant at 7.8, it would 
be necessary to replace various amounts of the PFS by an auxiliary 
solvent having the same  6 value as the PFS. While the 6 value for 
P F B  is not known, it is known that the 6 value for benzene, 9.2, is the 
same  as the value for styrene. Hence, it is reasonable to  assume that 
the 6 value for  P F B  is approximately the same,  6.7, as for PFS. 

Table 1 shows a planned sequence of grafting solution compositions 
(Runs 1F- 10F) in  which the methanol concentration is held constant at 
10 vol%, while the PFS concentration is varied from 25 to 90 volclb, 

TABLE 1. PFS/Nylon Runs 

Run 
Run PFS P F B  Methanol Solution length Grafting 
no. ( ~ 0 1 % )  ( ~ 0 1 % )  (volclb) 6 value ( h r )  (96) 

1F 25 65 10 7.8 21.5 11.9 
2 F  25 65 10 7.8 28.8 15.1 
3 F  25 65 10 7.8 44.7 28.9 
4 F  45 45 10 7.8 22.2 21.2 
5 F  45 45 10 7.8 29.3 31.5 
6 F  45 45 10 7.8 48.5 51.3 
7 F  70 20 10 7.8 22.7 30.8 
8F 70 20 10 7.8 29.2 44.8 
9 F  90 0 10 7.8 18.9 35.9 

10F 90 0 10 7.8 28. 5 80.5 
11F 40 0 60 11.9 19.2 58.5 
12F  60 0 40 10.4 17.7 62.7 
13F 80 0 20 8. 8 17.5 45.6 
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RADIATION-INDUCED GRAFTING OF VINYL MONOMERS 739 
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FIG. 1. Percent grafting of PFS on 0.0080 in. nylon 6 film vs 
hours of irradiation. ( w )  25% PFS; ( 0 )  45% PFS; ( 0 )  7090 PFS; 
(0) 90% PFS (see  Table 1). 

in each case adding enough PFS so  that the total of PFS plus PFB 
equals 90 vol%. The key to the method is the choice of the auxiliary 
solvent, PFB, which has the same 6 value as PFS and can replace any 
reduction in PFS to give overall constancy in 6 value for the total 
solution. 

the grafting solution compositions of Table 1, and the resul ts  a r e  
presented as percent grafting vs  t ime plots in Fig. 1. The highest 
rate of grafting is for the solution containing 90% PFS, and the lowest 
rate is for the 25% PFS solution. All of the curves show a change in 
ra te  as irradiation continues, which is not surprising because the 
substrate film composition is changing as grafting proceeds. A study 
of the curves shows that the faster the grafting proceeds, generally 
speaking, the faster the rate of grafting changes. 

Only the initial grafting ra tes  in Fig. 1 are valid for substitution in 
Eq. (I), because only the initial ra te  applies to  grafting on pure nylon. 
The dotted line with open points in Fig. 2 is a plot of initial grafting 
rate  in percent/hour v s  PFS concentration in volume percent in the 
grafting solution. The upper solid curve through filled points corres-  
ponds to Runs 11F, 12F, and 13F made at  variable 6 values with only 
PFS and methanol in the grafting solution. The solid curve through 
the maximum represents the typical plot that is obtained when only 
methanol is added to the monomer and no attempt is made to  hold the 
6 value constant. The peak in this latter curve was delineated by the 
use of single 1-day runs, the ra te  in each case being taken as the 

Grafting runs on 0.0080 in. nylon 6 films were carr ied out using 
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FIG. 2. Grafting rate  of PFS on 0.0080 in. nylon 6 film vs volume 
% PFS. ( - - )  constant methanol concentration and 6 value constant 
at 7.8. (-) Variable methanol concentration and variable 6 value 
( see  Table 1). 

percent grafting divided by the run duration in hours (Runs 11F, 12F, 
and 13F). 

Knowing the slope of the dotted line in  Fig. 2, the proportionality 
between ra te  and PFS concentration becomes 

%/hr = 0.0198 [ PFS] (9)  

where [ PFS] is the volume percent concentration of PFS in the graft- 
ing solution. If it is assumed that the average concentration of PFS 
in the film is proportional to its concentration in the solution, then the 
grafting rate  is proportional to the first power of monomer concentra- 
tion in the film, in agreement with the conventional polymerization 
kinetics indicated by Eq. (1). 

A plot of percent swelling vs percent grafting for Runs 1F-1OF of 
Table 1 is shown in Fig. 3. Most of the data points f a l l  close to the 
straight line. Minor deviations from the line may be the fault of the 
experimental technique in removing too much o r  too little monomer 
from the swollen film prior to weighing. It is of interest that the linear 
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1 
0 2 0  40 GO 80 

PERCENT GRAFTING 

FIG. 3. Percent  swelling v s  percent grafting for PFS/nylon samples;  
6 value of 7.8 for all grafting solutions (see Table 1). 

plot in Fig. 3 resul ts  in spite of the wide variations in  composition of 
the grafting solution (at constant 6 ). This behavior is in agreement 
with the comments of Doolittle [ 51, who theorized that the extent of 
swelling of the polymer depends on the 6 value of the surrounding 
solution rather  than on its composition. 

S t y r e n e / N y l o n  S y s t e m  

A planned series of runs for styrene/nylon was also ca r r i ed  out, 
s imi l a r  t o  the series for PFS/nylon in  that the 6 value for the grafting 
solution was held constant while monomer concentration w a s  varied. 
The solution compositions for the runs are presented in Table 2. 
Benzene was chosen as the auxiliary solvent because it has the s a m e  6 
value, 9.2, as styrene. Methanol concentration was held constant a t  5% 
by volume for Runs 1s through 8s. In these eight runs the 6 value of 
the grafting solution was held constant at 9.5, which can readily be 
verified by the computational methods already described. 

Percent  grafting vs  t ime plots at the different s tyrene concentra- 
tions are shown in Fig. 4. A s  in  the PFS/nylon system, the slope of 
each curve changes with t ime,  and the more rapid the grafting the 
more rapid the change in the rate of grafting (corresponding to the 
more rapid change in the composition of the substrate  film). 

against styrene concentration in  Fig. 5, resulting in a straight-line 
plot (dotted line with open points). The upper solid curve with filled 

The initial grafting rates computed from Fig. 4 are plotted 
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742 WILSON 

TABLE 2. Styrene/Nylon Runs  

Run 
Run Styrene Benzene Methanol Solution length Grafting 
no. ( ~ 0 1 % )  (vololo) (vololo) 6value (h r )  (%) 

1s 25 
2s 25 

3s  50 

4s  50 
5s 70 

6s 70 

7s 95 
8s 95 
9s  80 

10s 60 

70 
70 

45 

45 
25 
25 

0 
0 

0 

0 

5 
5 

5 

5 
5 

5 
5 
5 

20 
40 

9.5 
9.5 

9.5 

9.5 
9.5 

9.5 
9.5 
9.5 

10.4 
11.5 

28. 5 
45.7 

21.1 
44.4 

18.1 

28.8 

21.4 
28.2 
23.7 
21.7 

29.5 
58. 5 

40.7 

133 
42.6 

122 
79.0 

152 
158 

120 

150 
+ 
Z 
w 
0 
12: 
W a 100 
0 z 
t- 
lL 
Q 
a: 
a 50 

? 

0 10 2 0  3 0  40  5C 

TIME, HOURS 

FIG. 4. Percent grafting of styrene on 0.0080 in. nylon 6 film vs 
hours of irradiation. ( 0 )  25% styrene; ( m )  50% styrene; ( 0 )  '7Wo 
styrene; ( 0 )  95% styrene (see Table 2). 
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RADIATION-INDUCED GRAFTING O F  VINYL MONOMERS 743 

VOLUME PERCENT STYRENE 

FIG. 5. Grafting rate of styrene on 0,0080 in. nylon 6 film vs 
volume % styrene. ( - - )  Constant methanol concentration and 6 value 
constant at 9.5. (-) Variable methanol concentration and variable 
6 value (see Table 2). 

points corresponds to runs 9s and 106, made at variable 6 values with 
only styrene and methanol in the grafting solution. The solid curve 
illustrates the behavior commonly observed when no attempt is made 
to  hold the 6 value of the grafting solution constant. From the slope 
of the line in Fig. 5, the rate dependence on styrene concentration can 
be expressed as 

%/hr = 0.0387 [styrene] ( 10) 

where [styrene] is the volume percent concentration of styrene in the 
grafting solution. If it is assumed that the average concentration of 
styrene in the film is proportional to its concentration in the grafting 
solution, then the grafting rate is again proportional to the first 
power of monomer concentration in the film. 

Figure 6 presents a graph of percent swelling vs percent grafting 
for Runs 1s through 8s. Again the points lie close to a straight line, 
just as was observed for  the PFS/nylon system. 

S t y r e n e / P o l y e t h y l e n e  S y s t e m  

The PFS/nylon and styrene/nylon systems both involve accelera- 
tion in grafting by methanol owing to the improved penetration of 
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744 WILSON 

3 

PERCENT GRAFTING 

FIG. 6. Percent swelling vs percent grafting for styrene/nylon 
samples. 6 value of 9.5 for all grafting solutions (see Table 2). 

monomer into the film in the presence of methanol. Another type of 
acceleration is exhibited when methanol is added to the styrene/ 
polyethylene grafting system. In the la t ter  system, according to  the 
theory, the high 6 value (14.3) of methanol increases the 6 value of 
the grafting solution, thus increasing 16 - 6s 1, since 6 for polyethyl- 

P P 
ene is 8.5. The increased value of I 6 - 6 I corresponds to reduced 

P S  
plasticizing efficiency of the grafting solution, which reduces k 

thereby increasing the overall rate according to  Eq. (1). 
It is also possible to raise the 6 value of the grafting solution by 

adding ethanol to  styrene,  but more ethanol than methanol must be 
used for an equivalent effect because the 6 value for ethanol is only 
12.7. In order  to  compare the effects of adding different alcohols, a 
selected sequence of grafting solution compositions was prepared as 
shown in  Table 3, in which the 6 value of the grafting solution is held 
constant at 10.4 by adjusting the alcohol/styrene ratio. Each grafting 
solution in the table contains 20 vol% benzene to  insure mutual 
solubility of all components during the irradiation run, including any 
homopolymer formed from the styrene. 

A single 1-day run was carr ied out for  each grafting solution in 
Table 3, the grafting rate being taken as the percent grafting divided 
by the duration of the run  in hours. Figure 7 presents  a plot of the 
computed grafting rate  v s  the volume percent styrene in the grafting 
solution, which shows a linear relation between grafting rate and 
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w 
2 2 -  

WILSON 

VOLUME PERCENT STYRENE 

FIG. 7. Grafting ra te  of styrene on 0.0120 in. polyethylene film 
vs volume percent styrene. Added solvents as follows: (0) methanol; 
( 0 )  ethanol; ( 0 )  1-propanol; ( = )  1-butanol (solution compositions in 
Table 3). 

styrene concentration. Computation of the slope of the line indicates 
that 

%/hr = 0.0278 [styrene] (11) 

where [styrene] is the volume percent concentration of styrene in the 
grafting solution. If the concentration of styrene in the film is 
proportional to its concentration in  the grafting solution, then the 
grafting rate is again proportional to the first power of [MI as 
indicated in Eq. (1). 

While the data of Fig. 7 are limited in scope to only four solvents, 
they would appear to indicate that the accelerating effect of the added 
solvent depends on its 6 value rather than on its chemical composition 
o r  on some other property. It is evident that such simple behavior 
would not be shown by any added solvent which functions as a chemical 
re tarder  o r  accelerator of polymerization. 

Figure 8 presents a plot of percent swelling vs percent grafting f o r  
the runs of Table 3. The data points fall close to a straight line in 
spite of the wide variation in composition of the grafting solutions. 
The fact that the points do not f a l l  on the line may be due to the ex- 
perimental e r r o r  in the swelling measurement. The approximately 
linear plot shown in the graph is in accordance with Doolittle's [ 51 
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FIG. 8. Percent  swelling vs  percent grafting for styrene/PE 
samples.  6 value of 10.4 fo r  all grafting solutions (see Table 3). 

comment that the amount of polymeric swelling depends on the 6 
value of the surrounding solution rather  than on its chemical 
composition, 

The fact that polyethylene contains both amorphous and crystall ine 
regions does not disturb the application of the theory t o  the s tyrene/  
polyethylene system, providing [ M I  is considered to  be an average 
concentration over both types of region. This can be shown by con- 
sideration of a hypothetical example in  which f and f represent  

volume fractions of amorphous and crystalline material ,  respectively. 
Let  [MIe equal monomer concentration in  the external grafting 
solution, and assume that Ca [ MIe and Cc [ MIe represent  monomer 

concentration in amorphous and crystall ine regions, respectively, 
where C and Cc are proportionality constants. If the grafting r a t e  
equals K times monomer concentration in the amorphous region, and 

Kc t imes monomer concentration in the crystalline region, the total 
rate of grafting for unit film volume can be written 

a C 

a 
a 

total rate/unit volume = f a a a  K C [ MIe + fcKcCc[ MIe (12) 
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748 WILSON 

indicating that the total  rate is proportional t o  the styrene concentra- 
tion in the grafting solution. The straight line plot in  Fig. 7 tends to  
confirm the additivity of r a t e s  in the amorphous and crystalline 
regions indicated by Eq. (13). In connection with the use of an average 
value of [ M I ,  it should be noted that [ M I  may also represent  an 
average ac ross  the thickness of the film, since the monomer concentra- 
tion under some conditions is much less in the center of the film than 
it is at the film surfaces  [ l o ] .  

D I S C U S S  I O N  

If the number of solvents used in constructing Fig. 7 were to  be in- 
creased from four to eight o r  ten, the theories of Doolittle [ 51 and 
Hildebrand [ 31 indicate that the data points for  all such solvents would 
fall close to  the same  straight line in Fig. 7, regardless  of the  chemical 
nature of such solvents. If any solvent data points deviated from the  
line, it would appear appropriate t o  co r rec t  the 6 values for  those 
solvents so as to cause their  points t o  fall on the line. The calibration 
of solvent 6 values could thus be based on grafting rates involving 
radical recombination in a viscous (polymeric) medium. Such a set 
of 6 values would be self-consistent, and would probably be more valid 
for  present purposes than 6 values from the l i terature  that were 
determined by some other method. (It h a s  been noted that the 6 value 
for a particular substance may vary considerably, depending on the 
method of measurement [ 11). While such a set of 6 values would be 
consistent for the monomer/polymer grafting system employed in their 
measurement, it would have to  be determined by further experimenta- 
tion whether the set would also be consistent for other monomer/polymer 
systems,  o r  even for the grafting of other monomers on the same  
polymer. 

A common practice in published monomer/polymer grafting studies 
has been to  plot grafting rate vs  added solvent concentration, generally 
producing a curve passing through a maximum and having a fairly 
complicated shape. Such curves are difficult t o  interpret  in  a quantitative 
way, and the present r e sea rch  indicates that their  shape may depend on 
the simultaneous variation of [ M I  and k in Eq. (1). 

such cases by irradiating a selected sequence of grafting solution 
compositions having the s a m e  6 value (and hence the same  k ) but 
different values of [ M I .  The present work demonstrates that such a 
procedure may lead t o  a linear plot of grafting rate vs monomer con- 
centration in some monomer/polymer systems. Following are some new 
interpretations of monomer/polymer grafting systems described in  the 
l i terature,  and suggestions for  applying a modified experimental approach 
which may lead in each case to  a l inear plot of rate vs [ M I .  

t 
It now appears that a simplified kinetics picture may be obtained in 

t 
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M e t h y l  A c r y l a t e / T e f l o n  P l u s  M e t h a n o l  [ 111 

The addition of methanol in this case gives a strong accelerating 
effect. The addition of methanol ( 6  value 14.3) t o  the monomer would 
tend to increase 16 - 6 1 ,  since Teflon has  a 6 value of only 6.2. It 

would be of interest  t o  make a series of runs  at constant methanol con- 
centration, the balance of the solution being made up of various rat ios  
of methyl acrylate t o  auxiliary solvent, the auxiliary solvent being 
chosen to have the same  6 value as methyl acrylate. 

P S  

S t y r e n e / P o l y e t h y l e n e  P l u s  2 - P r o p a n o l  [ 12, 131 

The addition of 2-propanol (estimated 6 value 11.5) accelerates  the 
grafting of styrene ( 6 value 9.2) on polyethylene ( 6 value 8.5) cor- 
responding to an increase in I 6 - 6 I. It might prove interesting to 

P S  
hold the propanol concentration constant a t  about 30%, while varying 
the rat io  of styrene/benzene, using benzene as the auxiliary solvent 
( 6  value 9.2). 

S t y r e n e / P o l y e t h y l e n e  P l u s  M e t h a n o l  [ 1, 14-17] 

A number of investigators have studied this system, and have noted 
that the addition of methanol ( 6  value 14.3) accelerates the grafting of 
styrene ( 6 value 9.2) on polyethylene ( 6 value 8.5),  probably due to  an 
increase in 16 - 6 1 according to the theory. 

series of runs  could be set up by holding methanol at 20%concentration 
while varying the rat io  of styrene/benzene, making use of benzene ( 6  
value 9.2) a6 the auxiliary solvent. The probability of a straight line 
plot of grafting r a t e  v s  styrene is excellent for this system in view of 
the s t rong evidence from Fig. 7 that the grafting rate is first o r d e r  in 
s tyrene concentration. 

A constant 6 value 
P S  

A c r y l  o n i t  r i 1 e / P o 1 y v  i n y  1 c h 1 o r  i d e  P l u s  H e x  a n e  [ 18 ] 

The addition of hexane ( 6  value 7.3) t o  acrylonitri le w a s  found t o  
accelerate its radiation-induced grafting on PVC ( 6 value 9.7). In 
this system the hexane of very low 6 value increases  16 - 6s I 
because of the relatively high 6 value of the PVC. A sequence of 
constant 6 value runs could be constructed by holding the hexane 
concentration constant, while varying the rat io  of acrylonitrile t o  
auxiliary solvent, the latter selected to have the s a m e  6 value as the 
acrylonitrile. (When an auxiliary solvent of co r rec t  6 value cannot 

P 
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7 50 WILSON 

be found, it is possible to  use a combination of two solvents having 
the co r rec t  average 6 value.) 

2 , 2 , 2 - T r i f l u o r o e t h y l  M e t h a c r y l a t e  ( T F E M ) / N y l o n  
P l u s  M e t h a n o l  [ 9 ]  

Addition of methanol ( 6 value 14.3) accelerates the grafting of 
TFEM on nylon ( 6  value 13.6). In this system the methanol probably 
acts  t o  aid the penetration of TFEM into the nylon, just as in  the graft- 
ing of PFS on nylon. A series of constant 6 value runs could be 
prepared by holding the methanol concentration constant at 20% while 
varying the rat io  of TFEM t o  an auxiliary solvent, the latter having 
the same  6 value as the TFEM. 
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