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JOURNAL OF UOOD WEHISTRY AND TECHNOLOGY, 7 ( 4 ) ,  499-512 (1987) 

D i n i t r i s  S. Argyropoulos* and Henry I. Bolker 
pulp and Paper U s e a r c h  I n s t i t u t e  of Canada 

Pointe Claire, P.Q., Canada H9R 359 
and 

Department of olemistry,  Will Univers i ty ,  
Montreal, P.Q., Canada W3A U 7  

Yan and Johnson's k i n e t i c  m d e l ,  which has been developed 
f o r  t h e  purpose of describing wood de l ign i f i ca t ion ,  recognizes 
t h e  polymer network s t r u c t u r e  of l ignin. Their mdel i a  experi- 
mentally examined with a syn the t i c  network polpr .  The starting 
material was fuoctionalized monodisperse polystyrene crosslinked 
t o  y i e ld  noworks i n  which t he  p a r o a t e n  of t h e  theo re t i ca l  
equations yare known. By the  hydro ly t i c  random cleavage of the  
c ros s l inks ,  k i n e t i c  da t a  f o r  t h i s  model netvork degradation 
experiocnt was obtained. 

Thus, the  k ine t i c s  of t h i s  model degradation were found t o  
be adequately d e s c r i b d  by the  Pan and Johason expressions,  vhich 
f u r n i s h  addi t iona l  support f o r  t h e  g e l  degradation theory and the  
model examlned herein. 

The e luc ida t ion  of kineticm is of vi ta l  importance tcrvarde 

coqrehanding  a c h d c d  process, with wood de l ign i f i ca t ion  

represent ing  no exception. 

Present address: Polysar Ltd., Sarpia,  Ontario, Canada N7T 7U2 
Paper presented a t  the  4th In t e rna t iona l  Symposium of Wood and 
Pulping Chemistry, Paris,  April 27-31, 1987. 
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500 ARGYROWULOS AND BOWER 

There are bas ica l ly  tm approaches developed to  k i n e t i c a l l y  

treat  t h e  pulping of mod, which probably r ep resen t s  one of the  

o l d e s t  chemical processes horn t o  Pankind. Empirical k i n e t i c s  

and those based on t he  recogni t ion  of t he  polymeric na ture  of 

l i g n i n l .  The r a t h e r  colplex and c o n t m r 8 i a l  na tu re  of l i g n i n  

i n  m o d  has l e d  towards t h e  development of m l r i c a l  k i n e t i c  

expressions which have been use fu l  in se rv ing  t h e  industry 
d e s p i t e  t he  serious e r r o r s  involved when they are judged from a 

polymer chemists The advancing s t a t e  of our  knoul- 

edge with regard t o  t h e  chemical na tu re  of l i g n i n  p o i n t s  towards 

i t  b e i n g  a three-dimensional c ros s l i&ed  ne twrk3-6 .  According- 

ly, one cannot apply a h p l e  homogeneous molecular k i n e t i c s  to an 

inhomogenous macromolecular system. 

The t h e o r e t i c a l  inadequacy of t he  empir ica l  approach is 

apparent from an examination of t y p i c a l  master & l i g n i f i c a t i o n  

curves. I n  these,  concentration is never expressed i n  moles but 

r a t h e r  in m i g h t .  The i d e a  of a mole l a  of no s ign i f i cance  vhen 
t h e r e  is Inuleqrute knwledge on t h e  s t r u c t u r e  of l ignin.  Yan’i 
admirable efforts1’2’7-9 t o  e s t a b l i s h  d e l l g n i f i c a t i o n  k i n e t i c s  on 
a sound s c i e n t i f i c  basis us ing  t h e  p r i n c i p l e s  of polymer c h e d s -  
t r y  and the  g e l  degradation theory have provided t h e  l i t e r a t u r e  

w i t h  a corprehenaive handle on t h i s  i n t r i c a t e  and mathematically 

involved subject.  

”he uork described in t h i s  c o l u n l c a t i o n  represents  an 

e x p e r b e n t a l  e f f o r t  t o  test f o r  t h e  v a l i d i t y  of t he  I a n  and 

Johmon k l a e t i c  -dell. Thus, an appropr i a t e  a d e l  network 
polymer has been syrrthesizedlo i n  which a11 parmters of the  
t h e o r e t i c a l  expressions are knam. The hydro ly t i c  degrada t ion  of 

t h i s  network, attempts t o  experimentally a i n u l a t e  an Idea l  

d e l i g a i f i c a t l o n  expe rben t .  The k i n e t i c  d a t a  thus  derived is 
coPpared wi th  t h e  Ian and Johnson model In an  e f f o r t  t o  shed -re 
l i g h t  in t h i s  con t rove r s i a l  subjea t .  
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GEL DEGRADATION THEORY. 111 501 

Bolker and Brenne+, i n  t h e i r  e f f o r t s  t o  e l u c i d a t e  the  

s t r u c t u r e  of l i g n i n  a r r ived  a t  a eoocvhat d i f f e r e n t  p i c tu re  f o r  

t h e  network t o  t h a t  of Stabo and Coring3. They proposed t h a t  

t h i s  aa tu ra l ly  occurring network was one f o w d  by t h e  random 

cross l ink ing  of primary wnodlsperse  chains of DP - 18 and an 

avmrage degree of c r o r s l i d i n g  equal  t o  0.277. Our work under- 

took the  t e s t i n g  of t he  primary asscapt ion  of r e v e r s i b i l i t y  of 

ge l a t ion  both f o r  t he  Szabo and GoringlZ and t h e  Bolker and 

Brrnnerl0 p i c t u r e s  by synthes iz ing  and then degrading w d e l  

networks which f i t  t h e i r  descriptionm respec t ive ly .  I n  both 

cases t h e  bas i c  premises of t h e  g e l  degradation theory have been 

fouud t o  hold. 

Yan and Johnson1, i n  t h e i r  e f f o r t s  t o  treat c h d c a l  pulping 

as a degelation process, derived a k i n e t i c  Podel based on an 

extended vers ion  of t he  Plory-Stoduayer theory13-15, and the  

k i n e t i c s  of Uhitt le16. The Yau and Johnson Paodel aasmes the  

Bolker and Brenner desc r ip t ion  f o r  l i g n i n  and it  can be b r i e f l y  

smmarized a8 f o l l w s :  it takes  two unreacted func t iona l  groups 

t o  form a cross l ink .  Thus, t h e  number of reac ted  func t iona l  

g ra rp r  a t  my t lme  i s  L a ,  h e r e  N i s  t h e  t o t a l  number of func- 

t i o n a l  groups and a is t h e  ex ten t  of reaction. Consequently, t he  

number of unraacted groups w i l l  be N ( l  - a). In a k i n e t i c  sense,  

t h e  Plory-Stockuyer theory14 iPplies Equation 1. 

Uhi t t le16 ,  however, considered a more genera l  case by allowing 

f o r  d e p o l p e r i r a t i o n ,  in which t h e  ne t  rate w i l l  be represented 

by Equation 2, which descr ibes  t h e  process in Equation 3. 

&/d t  - (kzN/b)(l - a)2 - k la  ( 2 )  
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502 ARGYROPOULOS AND B O M E R  

The concent ra t ions  of the  r eac t ive  groups A are w r i t t e n  below 

them. The d o t  between tvo A groups r ep resen t s  a crooalink. Yen 

and Johnson assume t h a t  "experimentally t h e  t o t a l  number of 

r eac t ive  groups N can be made constant' ,  t hus  k2N/4 * k2. The 

d i f  fusion of l i g n i n  areroaolecllles through t h e  porous s t r u c t u r e  

of u00d17'18 is  a l s o  ignored. For dege l r t i on ,  therefore ,  one pay 

r eve r se  t h e  k i n e t i c  expression (2 ) ,  giving Q u a t i o n  (4). 

& / d t  = k la  - k2(l - aI2 (4) 

For such an opposing uninolecular-binolecular r eac t ion ,  Margenau 

and P(urphy19 supply Equation ( 5 )  as t h e  s o l u t l o n  t o  Quat ion  (4) 

-1 (r  + 2 - 20) 2 
B T + C = t anh  ( 5 )  

where r - k r / k 2  

T = k Z t .  dimensionless tine 

B * [r(t  + 411 

C = t h e  in t eg ra t ion  cons tan t  f o r  7 - 0 ,  a = a . 
4 

0 

Yan and Johnson s ta te  t h a t  as t + 0 ,  when equi l ibr ium is reached, 

d a / d t  = 0 ,  a - ac (ac t h e  dege la t lon  poin t ) .  With such a bound- 

a r y  condi t ion ,  Quation ( 5 )  can be transformed t o  Equation ( 6 ) .  

For  t h e  ca l cu la t ion ,  t he  model a l s o  r e q u i r e s  c e r t a i n  pos tge l  

quan t i t i e s .  The croas l ink ing  index, y ,  i n  t h e  pos tge l  region is 

def ined  by Equation (71, 

y -Xa > 1 (7 1 
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GEL DEGRADATION THEORY. I11 503 

- 
yc  - c r i t i ca l  v a l u e  * 1 a t  t h e  cr i t ical  point,  and A - yw - 1, 

where Twis t h e  weight average  d e g r e e  of p o l p r i z e t i o n  of the  

primary ChaiM (4). The q u a n t i t i e s  U and U are a l s o  required,  
and represent t he  m i g h t  f r ac t ions  of g e l  and so l ,  respec t ive ly ,  

remaining a t  any stage beyond t h e  g e l  point. They can be obtain- 
ed from Equation (8). 

g S 

Plory defined u as the  probabi l i ty  of an uncrosslinked group 

se l ec t ed  a t  random from the  system, belonging t o  t h e  so lub le  

f rac t ion .  The values of u depend on t h e  a o l e a d a r  w i g h t  dis-  
t r i h r t f o n  of t he  primary chbins, and for t h i s  purpocle they have 

been t abula ted  by vang for  t h e  broad and narrcw m l e c u l a r  weight 

d i s t r i b u t i o n  cases. 

I n  accordance with the  p r inc ip l e s  of t he  g e l  degradation 

theory3", t he  random cleavage of c ros s l inks  in a network would 

i n i t i a l l y  r e s u l t  in minute amount of material being f reed  f rop  

t h e  network. The s i z e  and mount of t h e  f r a g m n t s ,  however, 

should increase  as the  c r m s l i u k  cleavage proceeds. This is 
because t h e  p robab i l i t y  increases  t h a t  t h e  larger number of bond 

cleavages w i l l  have occurred t h a t  are required t o  detach l a r g e r  

fr-nts. Thud, in t he  la t ter  s t ages  of t h e  degradation process 

t h e  c ross l ink  cleavage reac t ions  becomc progressively -re effec- 

t i v e  in f r ee ing  more so luble  material. A t  t h i s  stage, fewer 

bonds need t o  be cleaved t o  f r e e  l a r g e r  f ragnants  from a less 
densely c r w s l i d r e d  nehrork. Several concepts flow from t h i s  

desc r ip t ion  which a t tmts  t o  put  i n t o  words the  network-forming 

process in t e v e n e .  

One of the  f ea tu res  of t h i s  descr ip t ion ,  i n  t h e  context with 

t h e  sub jec t  matter of t h i s  paper, is t h a t  t he  g e l  degradation 

t h e o q  p red ic t s  acce lera ted  Lineticm as t h e  degradation poin t  is 
approached. Our oxperiaants,  have modtored  t h e  q u m i t y  of 
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504 ARGYROPOULOS AND BOLKER 

material (US) detached f r a  t he  netvork during degr8dation a s  a 
function of degradation time. In Figure 1, the  two maaurable  

q u a n t i t i e s  have k e n  p lo t t ed  and t h e  q u a l i t a t i v e  co r re l a t ion  with 

the  above descr ipt ion is obvioum. In an e f f o r t  t o  quant i fy  the 

m8gnitude of t h e  co r re l a t ion  t h e  k i n e t i c  model of I a n  and Johnson 
was applied t o  the results of Figure 1. The m d e l  k ine t i ca l ly  

treats the process of degelat ion of a crosslinked network formd 

by t h e  random c r o s s l i n k i n g  of primary c h a i n s  of knovn 7 and 
ao l e c u l  ar ve igh t dis t r ibut ion.  

w 

Thus, according t o  our s t a r t i n g  polymer, the value of A is 
20. The i n i t i a l  v a l u e  of a - a - 1.0 ( r e p r e s e n t i n g  a f u l l y  

0 

crosslinked network i n  which a l l  funct ional  groups have been used 

up) in i n  accordance with Szabo and Goring3 and Yan and Johnsonl. 

For the  c r i t i c a l  point Equation (91 gave: 

- l/iw - 1 - 1/19 0.0526 ( 9 )  

r w a s  then evaluated from Equation (6) as being equal t o  17.064. 

Consequently, t he  fntegrat ion constant C of Equation ( 5 )  

could then be evaluated by using T - 0, B = 18.958 (because 

B - [ r ( r  + 411 ) and Nur, t vu 

calculated as a function of a from Equation (5). Final ly ,  by 
using t h e  values of u supplied i n  Tablh 2 of reference 9, f o r  t he  

case of a narrow Poisson primary chain d i s t r ibu t ion ,  the r8lues 

of Us vere calculated through Equation ( 8 ) .  Balation (7) v.9 

used a t  t h i s  point so t h a t  t h e  Us values calcul8ted uould 

coincide with the  values of y t8hUhtad by Ymg. 
allawed 

Figure 2 t o  be aade. Next the values of time t of the  da t a  of 
Figure 1 had t o  be transformed t o  dimeaeionless t h e  s so t ha t  

t h e  d a t a  could be c q 8 r e d  with the  a d e l  curve. This was done, 

a s  suggested by Yan 8nd Johnson1, by a r b i t r a r i l y  choosing t h e  
degradation tino t o  reach Us - 0.5 (from Figur8 1). This 
t i m e  yis 2.13 hours, and it was coincided with the  s value given 

+ a - a - 1, giving C - 0.1553. 
0 

This procedure 

t h e  t h e o r e t i c a l  plot ( s o l i d  l i n e )  of WS versus T of 
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1.0 

0.9 - 

0.0 - 
0.7 - 

0.6 - 

0.5 

0.4 - 
- 

0.3 - 

0.2 t i 
0 0.5 1.0 1.5 2.0 2.5 3.0 

Degradation time, h 

The Plot of us versus degradation tine as obtained by 
degrading a neNork uhoae prip.ry moodisperre Ch8fnS had a 
DP - 20 and a degree of crossllakfng p - 0.4. 

by the model a t  the same Ws value, i..., s - 0.218. So- 

c r i t i c i m  as to  this  arbitrary scaling of the r parameter could 
prolmbly be n d e .  I t s  use is an unavoidable necessity, however, 
bacruae no i n f o m t i o n  as to  the value of k2 is available. 

0.5 
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506 ARCYROPOULOS AND BOLKER 

1 .O 

0.8 

0.6 

0.4 

0.2 

0 

- YAM AND JOHNSON MODEL 

0 EXPERIMENTAL POINTS 

0 

0 0.1 0.2 0.3 

I, dimensionless time 

Figure 2. Comparison of the Y a n  and Johnaon k i n e t i c  model v f t h  the  
experimntal results c a l c u l a t e d  from t h e  data of Figure 1. 

Excellent agreaPent between t h e .  modal and the  experimental 

points  (except one near the c r i t i c a l  point)  is sham in t he  p lo t  

of Figure 2. This c o d e r a  conmiderablc s t r eng th  on the model 

because although i t  w a s  developed t o  descr ibe t h e  process of wood 

da l ign i f i ca t ion ,  it has urn barn t e s t e d  v f t h  a model spetar,  Its 

success i n  predict ing the  k i n e t i c s  of degradation of the model 

netvork is c o q a r a b l e  t o  t h a t  of an e a r l i e r  e f f o r t  by Yan and 

Johnson1. 
a c t u a l  w o d  de l ign i f i ca t ion  da ta  a s  given by E@glund and 

EcdlundZoBZ1 f o r  t he  k r a f t  process, 

d i s t r i b u t i o n  was aasmed, t he  Eflgglund and Hedlund data f i t  the  

theo re t i ca l  aarve q u i t e  w11 at  lar -r values  but not 10 w e l l  at  
higher r values. The f i t  improved when t h e  most probable primary 

chain d i s t r i b u t i o n  vas a s s u p d  f o r  t he  l i g n i n  na twrk .  

They cwparsd t h e i r  model d e l i g n i f i c a t i o n  curve with 

Whan a narrw primary chain 
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GEL DEGRADATION THEORY. XI1 50 7 

The discrepancy obtained a t  t h e  high 7 value in t h e  p lo t  of 
Figure 2 cannot be accounted f o r  on t h e  basis of t he  molecular 

weight d f r t r i b u t i o n  of t h e  p r i m r y  chainr of t he  ~ t w o r L  because 

they were ca re fu l ly  chosen t o  be of a narrow di s t r ih r t ion .  "he 
e f f e c t  may be t h e  consequence of experimental e r r o r  because the  

discrepancy is very near the  c r i t i c n l  po in t  (WS = 0.941) ,  a 

region suacept ib le  t o  er rors .  Al te rna t ive ly ,  t h e  devia t ion  MY 

ac be due t o  t h e  boundary condition t + a. da/dt - 0. a - 
l.pO8.d by Pan and Johnson. This is a p r a c t i c a l  condition 

became i t  take8 very long t b e  t o  r-pc a l l  t h e  l i g n i n  from 

wood during the  d e l i g n i f i c a t i o n  process. It is thus  probable 

t h 8 t  t h i s  deviant p o i n t  is mre representa t ive  of the  m d e l  
process under 8tudy. k c a u 8 e  i t  has  been observed t h a t  I n f i n i t e  

t h e  is aot required f o r  dege la t ion  to  be e f f ec t ed  in any of t h e  

experinants of t h i s  work. 

I n  m y  event, t he  exce l l en t  co r re l a t ion  between the  Yan and 

Johnson mdel and t h e  experimental reaults of degrading a spa- 

t h e t l c  network suppl ies  o p l e  evidence of the  a p p l i c a b i l i t y  of 
t h e  -1. Thus the  co r re l a t ion  provides t h e o r e t i c a l  and experi- 

mental justification of the  v a l i d i t y  of the  g e l  degradation 

theory. 

Monodisperse p o l y a t y r e n e  (gw/En < 1.06, n'n-1990 g=mle-l, 
Hv=2100 g*mole'l 2 5 % )  wa8 randomly c a r b o x y l a t e d  on i t 8  para- 

pos i t ion  by the  syn the t i c  rou te  described ehcwhere l l .  Its -CW 

content vas then determined by t h r e e  independent techniqueel t o  

be 40 mole I. The polymer was f i n e l y  pulverized i n  a m x t n r  and 

ca re fu l ly  dried by standing over pho8porous pentoxide i n  a vacum 

des icca tor  ( I W 3  u Hg) u n t i l  cons tan t  m i g h t .  

- 

Ten grimm of t h i s  material (nccurately weighed) -re 
thoroughly d x e d  and repulverized wfth 2.86 g of dry 1.10- 
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508 ARGYROWULOS AND BOLKER 

decaDcthylene glycol  (One) (Reg. No. 112-47-0). The powdered, 

hopogenaous mixture was quan t i t a t ive ly  t r ans fe r r ed  t o  a 10- 

round-bottooad flask.  It was then sealed with a rubber sept ln  

a d  i ts  air w a s  replaced by a slol dry nitrogen stre-. The 
needles used f o r  introducing the nitrogen =re remved and the 

f l a s k  w a s  m r s e d  in an o i l  bath a t  160.C. A t  t h i s  temperature, 
both coaponents melted and the  f l a s k  w a s  turned t o  f a c i l i t a t e  the 

nixing of t h e  Pelt. After about 15 d a u t e s ,  t he  temperature of 

t h e  bath was increased t o  160.C and uas kept  a t  t h a t  l e v e l  f o r  an 

add i t iona l  12 hour8. Ibre frequently a t  t h i s  t b e ,  and especial- 
l y  p r io r  t o  gelat ion,  t he  f l a s k  uas again turned uniformly t o  

f a c i l i t a t e  mixing. The septum was a l s o  punched with a needle 

occasionally so t h a t  t h e  l i be ra t ed  vapour would escape. I n  order 

t o  make su re  t h a t  the react ion proceedad smoothly t o  i ts  l i n i t f n g  

conversion value, care w a s  taken t o  remve a l l  l iberated water, 
and t h i s  vas done i n  stages. On occasions the f l a s k  vas wiped 

c l ean  and, v h i l e  hot, was placed i n  a desiccator  over KOA under 

high vacum overnight. This ensured rembval of t he  vater formed, 

and tha  r eac t ion  w a s  continued t o  its M X ~  stage. After su f f i c l -  

eat  heating a t  160.C. t he  theo re t i ca l  amount of water had been 

evolved (0.575 g HZO). A f u r t h e r  2 hour pariod of heating and 

drying ve r i f i ed  the completion of t he  reaction. 

To t h e  hard mass of materlal thus formed 50 nL of d i s t i l l e d  

THF w a s  added. The polymer w a s  allowed t o  swell and so f t en  over- 

n igh t  i n  the  soltFcnt. It was then eas i ly  scraped and poured out  

of t he  flask.  The swollen g e l  w a s  f i l t e r e d  f r o a  the solvent and 

then Sorhlet-extracted f o r  48 hours with THF. Next i t  was trane- 
fu r r ed  i n t o  a 25- beaker (Pyrex USA No. 1000) and pulverized, 
i n  i t s  svo l l en  s t a t e ,  and, f i n a l l y ,  d r i ed  i n  a i r  f o r  24 hours, a t  

55.C overnight i n  a vacuun oven and by s torage i n  a vacuum desic- 

ca to r  over KOH a t  lW3 mm Hg over a perfod of two waeks. 

An accurately barn M i g h t  of sol-free, pulverized netvork 
(-1.0 g) was mixed with 25 PL of pure TIIF i n  a 100 mL beaker. 
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The beaker vas covered with a l w i n i r m  f o i l  f o l l w e d  by vu p a p r  

surrounded by a rubber baud so as t o  prevent evaporation of t he  

8olvent. Nctrrork rnralling van a l l w e d  t o  proceed overnight under 

mild . t iming  wi th  t h e  a i d  of a mall magnetic follower. The 
add i t ion  of 10 mL s o d i u  m t h o d d e  so lu t ion ,  0.183 I¶ (prepared by 

d i s s o l r i n g  pure sodirn in methanol under n i t rogen) ,  vould coo- 
men- network degradation. Throughout t h e  experiments reported 

i n  t h i s  paper, t h e  samt batch of -0Na s o l u t i o n  vas used. The 
e x t e n t  of degradation from smle t o  sspple w a s  var ied  by varying 

t h e  tim during which t h e  network w a s  i n  con tac t  wi th  t h e  & O M  

reagent. Zero t he  was taken as t h e  mo-nt vhen t h e  last  drop of 
t h e  degrading reagent had been added. At t h e  end of t h e  speci-  

f i e d  degradation period, t h e  r eac t ion  vas terminated by t he  

add i t ion  of regenerated s t rongly  a c i d i c  ion  exchange resin Dovex 

5OU-X8. P r i o r  t o  i s o l a t i n g  the sol, t h e  mixture van s t i r r e d  for 
10-15 minutes i n  order  t o  ensure f u l l  exchange of t he  basic 
species.  A prr meter vas a c t u a l l y  found t o  be use fu l  f o r  monitor- 

i n g  t h e  i o n  exchange process. 

The s o l  i s o l a t i o n  p r o c e h r e  was appl ied  immdia te ly  a f t e r  

t h e  degradation procedure. f i e  s o b  were never a l l a r c d  t o  r a i n  
in contac t  wlth the  i o n  exchange r e s i n  f o r  more than 10-15 

minutes. The mixture of i on  exchange resin, undegraded netuork 

and swel l ing  = d i m  was f i l t e r e d  through a f i n e  porous f i l t e r  

funnel  (preferab ly  v i thou t  vacuum app l i ca t ion )  i n t o  a round 

bottom f lask .  The r e r idue  van than  washed wi th  3 x 20 mL p r b  

d i s t i l l e d  THP and t h e  extracts ware evaporated t o  dryness as soon 

as possible. The M~WO* r e s idue  was then  quan t i t a t ive ly  t rans-  
f e r r e d  from t h e  porous funnel i n t o  a beaker, and was mixed with 
50 aL p r e d i s t i l l e d  TWP. Any r e s i d u a l  s o l  spec ie s  -re f u r t h e r  
r-ved by s t i r r i n g  t h e  l i r t u r e  overnight. After f i l t r a t i o n  i n t o  

t h e  o r i g i n a l  s o l  sample, t h e  process was repeated. This ensured 

q u a n t i t a t i v e  ramoral of so1 from t h e  network. The weight of sol 
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is a critical quant i ty  i n  t h i s  k i n e t i c  experiment, as it is 
f u r t h e r  involmd i n  calat la t ions.  For t h i s  reason i t  w a s  fu r the r  

c l a r i f i ed .  The thus i so l a t ed  dry s o l  was dissolved i n  predis- 

t i l l e d  THF so 88 t o  give =lX wfv solution. The so lu t ion  w a s  then 

quan t i t a t ive ly  f i l t e r e d  thrargh a 0.5 +m Mill ipore type FG f i l t e r  
(Vatem Associates) i n t o  a predried, proweighed round b o t t o n d  

f lask.  After r e m v a l  of the solvent,  t h e  s o l  smle w a s  dr ied i n  

a vacum dess i ca to r  over KO0 at m Rg t o  constant weight. 

Each experiment vas repeated with f r e s h  nahrork so 8 s  t o  a r r ive  

a t  the next degree of so lub i l i za t iou  reported in Figure 1. 
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