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THE CHARACTERIZATION OF SILANOL DISPROPORTIONATION AND POLYMERIZATION I N  TERNARY 

MIXTURES OF SILANOL, EPOXIDE AND A l ( a c a c ) 3  B Y  MULTI-NUCLEAR NMR SPECTROSCOPY 
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A b s t r a c t  

Ox i rane  species,  when heated w i t h  A l ( a c a c ) 3  and d ipheny lme thy l  s i l a n o l ,  w i l l  

undergo a p o l y m e r i z a t i o n  r e a c t i o n .  T h i s  r e a c t i o n  has been c h a r a c t e r i z e d  by 13C. 

2 9 S i  and 2 7 A l  NMR spect roscopy u s i n g  s e l e c t e d  epoxides as model compounds. 

found t h a t  an a luminum-cata lyzed s i  l a n o l  d i s p r o p o r t i o n a t i o n  r e a c t i o n  occurs,  and 

forms p o l y s i l o x a n e s .  A r e a c t i o n  mechanism has been developed, and e x p e r i m e n t a l  

aspects  f o r  t h e  f o r m a t i o n  o f  d e s i r e d  polymer species a r e  d iscussed.  

We 
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652 GAUL AND CARR 

I n t r o d u c t i o n  

S i l oxane-epox ide  copolymers have r e c e i v e d  much comnerci a1 a t t e n t i o n  

r e c e n t l y .  I t  was t h e o r i z e d  t h a t  a numher o f  u s e f u l  m a t e r i a l s  c o u l d  he 

p repared  i f  t h e  s p e c i a l  p r o p e r t i e s  o f  s i l i c o n e s  and epoxies c o u l d  he com- 

b i n e d  i n t o  t h e  same molecule.  

t h a t  o f  Bank and M ichae l  (1). They were success fu l  i n  c r e a t i n g  novel  

c u r a b l e  composi t ions and i m p r o v i n g  mo ld ing  compounds f o r  a p p l i c a t i o n s  i n  

c o a t i  ngs, 1 ami nates and adhesi ves. 

One p a r t i c u l a r l y  no tewor thy  development was 

T h e i r  work was c h a r a c t e r i z e d  by two p r i n c i p a l  f ea tu res .  The f i r s t  was 

t h a t  a v a r i e t y  o f  aluminum compounds i n  sma l l  amounts w i l l  f u n c t i o n  as 

r e a c t i o n  promoters. The second was t h a t  e i t h e r  monomeric o r  p o l y m e r i c  

s i l i c o n  compounds, w i t h  a t  l e a s t  one s i l i c o n - b o n d e d  OH o r  h y d r o l y z a h l e  

group p e r  molecule,  w i l l  r e a c t  w i t h  a v a r i e t y  o f  o x i r a n e  spec ies  t o  fo rm 

p roduc ts  w i t h  a range o f  d e s i r e d  p r o p e r t i e s .  It was proposed t h a t  t h e s e  

p roduc ts  con ta ined  s i l i  cone-po lye the r  copolymers t h a t  were j o i n e d  th rough  

Si-0-C l i nkages .  These l i n k a g e s ,  i t  was assumed, developed as a r e s u l t  o f  

t h e  f o l l o w i n g  g e n e r a l i z e d  r e a c t i o n  mechanism: 

/ O\ 
S i  - OH + C -C -+ Si-0-C-C-OH. ( 1  1 

Recent work by Hayase and h i s  co-workers ( 2 )  has p l a c e d  t h e  v a l i d i t y  o f  

t h i s  mechanism i n  doubt .  They s t u d i e d  t h e  polymer t h a t  r e s u l t e d  from reac -  

t i o n  m i x t u r e s  o f  cyc lohexene ox ide ,  p h e n y l - c o n t a i n i n g  s i l a n o l  spec ies  and 

Al (acac)- j .  A number o f  exper imen ta l  o b s e r v a t i o n s  were made t h a t  were 

i n c o n s i s t e n t  w i t h  an a luminum-cata lyzed o x i r a n e  r i n g  opening hy s i l a n o l  

spec ies.  

A l though  s i l a n o l  was observed t o  he consumed, o x i r a n e  p o l y m e r i z a t i o n  was 

found t o  cease a t  l ow  convers ion .  Presumahly, a number o f  s i l a n o l  groups 

were l e f t  unreacted.  C h a r a c t e r i z a t i o n  o f  t h e  r e s u l t i n g  polymer hy 1 3 C  NMR 

demonstrated t h a t  an amorphous. a t a c t i c  po l y - ( cyc lohexene  o x i d e )  was p r o -  

duced w i t h  no i n c o r p o r a t i o n  o f  s i l o x a n e  spec ies  i n t o  t h e  polymer. 

more i n t e r e s t i n g  was t h e  o b s e r v a t i o n  t h a t  t h e  polymer y i e l d  decreased w i t h  

an i n c r e a s e  i n  t h e  mo la r  r a t i o  o f  A l ( a c a c ) g  t o  s i l a n o l .  However, no reac -  

t i o n  was observed f o r  b i n a r y  m i x t u r e s  o f  cyc lohexene o x i d e  w i t h  e i t h e r  t h e  

s i l a n o l  spec ies  o r  Al(acac1-j.  A l l  t h r e e  components needed t o  h e  presen t  

f o r  p o l y m e r i z a t i o n  t o  occur .  From t h e s e  obse rva t i ons ,  t h e  a u t h o r s  

concluded t h a t  t h e  s i l a n o l  spec ies  and t h e  A l ( a c a c ) 3  were components of  a 

compound c a t a l y s t  f o r  p o l y m e r i z a t i o n  o f  ox i ranes .  

Even 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
4
:
1
3
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



SILANOL DISPROPORTIONATION 653 

I n  a subsequent r e p a r t  by Hayase (3 ) ,  an a t tempt  was made t o  r e l a t e  c a t a -  
l y t i c  a c t i v i t y  t o  s i l a n o l  s t r u c t u r e .  Such p r o p e r t i e s  as s t e r i c  h indrance,  

i n t r a m o l e c u l a r  hydrogen bond ing  and s i l a n o l  a c i d i t y  were evaluated.  T h e i r  

s t u d i e s  i n d i c a t e  t h a t  i t  i s  t h e  i n t e r a c t i o n  between A l ( a c a c ) 3  and t h e  

s i l a n o l  spec ies  which i s  o f  impor tance  i n  t h e  p o l y m e r i z a t i o n  r e a c t i o n  o f  

o x i  ranes. 

I n  an  a t tempt  t o  more t h o r o u g h l y  c h a r a c t e r i z e  t h i s  t y p e  o f  i n t e r a c t i o n ,  

13C, 2 9 S i  and 2 7 A l  NMR spect roscopy was employed t o  s tudy  model systems of  

1,2 epoxybutane (1,2-EB). cyc lohexene o x i d e  (CHO) and phenyl  g l y c i d y l  

e t h e r  (PGE) w i t h  A1 (acac )3  and d ipheny lme thy l  s i l a n o l  (DPMS). 

Exper imenta l  

1-2 epoxybutane (ALDRICH), cyc lohexene o x i d e  (ALFA) and phenyl  g l y c i d y l  
e t h e r  (SHELL) were c o m m e r c i a l l y - a v a i l a h l e  m a t e r i a l s  w i t h  h i g h  p u r i t y  and 

were used w i t h o u t  f u r t h e r  p u r i f i c a t i o n  th roughou t  these  s t u d i e s .  D ipheny l -  

m e t h y l s i l a n o l  was p repared  f r o m  t h e  co r respond ing  c h l o r o s i l a n e  (PETRARCH) 

th rough  h y d r o l y s i s  and subsequent d i s t i l l a t i o n .  The d ipheny lme thy l  s i l a -  

no1 was found t o  c o n t a i n  a smal l  amount o f  t h e  co r respond ing  d i s i l o x a n e  as 

an i m p u r i t y .  

used w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  B i n a r y  and t e r n a r y  m i x t u r e s  o f  t h e s e  

m a t e r i a l s  (as d e s c r i b e d  below) were p repared  under  ambient c o n d i t i o n s  i n  

sea led  t e f l o n  vesse ls  and hea ted  a t  100°C f o r  s p e c i f i e d  p e r i o d s  o f  t i m e  

( u s u a l l y  4 hours) .  

A l ( a c a c ) 3  c h e l a t e  was o b t a i n e d  f rom ALDRICH Chemical and 

The mo la r  r a t i o  o f  o x i r a n e  t o  s i l a n o l .  where a p p l i c a h l e ,  was k e p t  i n  a 

range o f  ca. 1.5-2.5:1, t h e o r e t i c a l l y  s u f f i c i e n t  t o  cause complete con- 

sumption o f  t h e  epoxy species. 

Samples f o r  13C and 29S i  NMR spect roscopy were p repared  by d i s s o l v i n g  t h e  

m a t e r i a l s  o f  i n t e r e s t  i n  d e u t e r o c h l o r o f o r m  (CDCl3) [NORELL], which se rved  

as b o t h  a s o l v e n t  and as a f i e l d  homogeneity re fe rence .  A l l  samples for 
13C and 29S i  NMR s tudy  were doped w i t h  chromium(II1) 2,4-pentanedionate 

[Cr(acac)3]. (ALFA), A s h i f t l e s s  r e l a x a t i o n  agent, a t  t h e  0.1 11 l e v e l .  

T h i s  was done t o  remove t h e  d e l e t e r i o u s  e f f e c t s  o f  l o n g  s p i n - l a t t i c e  
r e l a x a t i o n  t imes t h a t  a r e  o f  p a r t i c u l a r  concern i n  29Si NMR (4). I t  was 

no t  necessary t o  do t h i s  f o r  samples used i n  t h e  2 7 A l  NMR s tudy,  because 

o f  t h e  ve ry  s h o r t  r e l a x a t i o n  t imes  a s s o c i a t e d  w i t h  recogn ized  quadrupo la r  

e f fec ts .  
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654 GAUL AND CARR 

Parameter 

Observation Frequency (MHz) 
Spectral  "Window" (Hz)  
Measured 90" Pulse (usec.) 

Acqu is i t i on  Time (sec.) 

Add i t iona l  Pulse Delay (sec.) 

Pulse Dura t ion  (usec.) 

F 1 i p Angl e (degrees ) 

Number o f  Data Po in ts  i n  F I D  

TABLF 1 * 
50.31 
16,000 

12.0 

1 .o 
1 .o 
9.1 

68.4 

32K 

29s i 

39.75 

10,000 

18.5 

0.8 
1.2 

14.1 

68.4 

16K 

2711 1 

52.13 

10,000 

14.0 

0.1 

0.0 
14.0 

90.0 

2K 

13C NMR chemical s h i f t s  were referenced t o  the  resonance s igna l  of t he  

COCl3 solvent [&(lk) = 77.2pprn(5)]. 29Si  NMR chemical s h i f t s  were 

referenced t o  added te t ramethy ls i lane  (TMS) [6(29Si)  = 0.0 ppm ( 6 ) l .  
2 7 ~ 1  NMR spectra were unreferenced. 

A l l  NMR spectra were obtained on a Varian XL-200 pulse-Four ier  Transform 

NMR spectrometer w i t h  the  use o f  a broadband probe, which accepts lorn 
sample tubes and a l lows convenient sw i tch ing  between observat ion frequen- 

cies. The pe r t i nen t  a c q u i s i t i o n  parameters are l i s t e d  i n  Table 1. 

I n  addi t ion.  gated decoupl ing dur tng  s igna l  a c q u i s i t i o n  was performed 
dur ing  13C and 29Si NMR observat ion t o  avo id  s igna l  i n t e n s i t y  d i s t o r t i o n s  

(7 )  due t o  nuclear overhauser e f fec ts ,  bu t  such an arrangement was not 

needed f o r  2 7 A l  observations. 

Resul ts and Discussion 

A. Phenyl Cleavage and t h e  Generation o f  Benzene 

Inves t i ga t i ons  i n t o  t h e  na ture  o f  t h e  po lymer iza t ion  reac t i on  were 

i n i t i a l l y  centered around a ma te r ia l  t h a t  was r e a d i l y  ava i lab le ,  con- 

ven ien t ly  handled and whose I 3 C  NMR spec t ra l  l i n e s  would be e a s i l y  

i n te rp re ted  by not over lapp ing  w i t h  those o f  t he  s i l ano l .  Fo r  these 

reasons, 1,2-epoxybutane (1,2-EB) was selected. The 1% chemical 
s h i f t s  a re  shown i n  Table 11. 
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SILANOL DISPROPORTIONATION 655 

TABLE I 1  
13C CHEMICAL SHIFTS OF 1.2- EPOXY BUTANE 

P\ 
CH3 - CH2 - CH - CH2 

1 2 3  4 

1 9.3 ppm 
2 25.0 

3 52.6 

4 46.0 

It was observed ( 3 )  t h a t  s i l a n o l  condensation must be avoided f o r  

polymerizat ion.  For t h a t  reason, diphenylmethyl s i l a n o l  (DPMS) was 

selected because i t  would not self-condense under the  reac t i on  con- 

d i t i ons ,  as we l l  as be ing  r e a d i l y  ava i l ab le  and convenient ly handled. 

This i n a b i l i t y  t o  self-condense was v e r i f i e d  by 29Si NMR spectroscopy. 

The DPMS [6(29Si)  = -3.1 ppm] was observed t o  conta in  a s igna l  a t  

-10.0 ppm, which was due t o  the  presence o f  a small (ca. 2 mole X )  
amount o f  d is i loxane.  

hours and then examined by 2 9 S i  spectroscopy. 
was near ly  i d e n t t c a l  t o  t h a t  o f  t h e  unheated sample. 

A sample o f  DPMS was heated a t  100°C f o r  f o u r  

I t s  2 9 S i  NMR spectrum 

F igu re  1 i s  t h e  1% NMR spectrum o f  a polymeric ma te r ia l  t h a t  r e s u l t s  

from the  reac t i on  o f  a m ix tu re  o f  f i v e  grams o f  1,2-ER, f i v e  grams of 

DPMS and 0.05 grams o f  Al(acac)g t h a t  i s  heated f o r  f ou r  hours a t  
100DC. 

t h e  presence o f  polymeric mater ia l .  

about t h i s  spectrum t h a t  i s  absent i n  a s i m i l a r  spectrum o f  t h e  

unreacted s i l a n o l  mater ia l :  t he  appearance o f  a new s igna l  a t  128.3 

ppm. Th is  i s  cons is ten t  w i t h  t h e  fo rmat ion  o f  benzene ( 5 ) .  and t h i s  
observat ion has been confirmed by GC-MS analysis.  Together, these 

observations demonstrate t h a t  phenyl cleavage o f  t h e  s l l a n o l  occurs 

under t h e  reac t i on  condi t ions.  No reac t i on  was observed f o r  a s i m i l a r  

b inary mix tu re  o f  1.2-EB and DPMS t h a t  was heated i n  t h e  same manner. 

From t h i s  in fo rmat ion  i t  has been concluded t h a t  i t  i s  t h e  aluminum 

species which causes phenyl cleavage and subsequent benzene formation. 

It d isp lays  a degree o f  f i n e  s t r u c t u r e  t h a t  i s  cons is ten t  w i t h  

There i s  one i n t e r e s t i n g  fea tu re  

B. 29Si NMR Studies o f  DPMS Dispropor t ionat ion  

F igure  2 i s  t he  29S i  NMR spectrum of t h e  prev ious ly  descr ibed reac t i on  
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mass. 

the  format ion o f  a copolymer. 

the  s i l a n o l  mater ia l  i s  occu r r i ng  w i t h  the  format ion o f  polysi loxanes. 

This idea i s  supported'hy F igu re  3, which i s  the  2 9 S i  NMR o f  a s im i -  

l a r l y  heated mix tu re  o f  DPMS and A l (acac)3  w i thout  t he  a d d i t i o n  o f  1.2 

EB. The great degree o f  s i m i l a r i t y  between the  two spectra i s  an 

i n d i c a t i o n  t h a t  a po lymer iza t ion  reac t i on  through d i sp ropor t i ona t ion  o f  

the  s i l a n o l  by A l (acac)g  i s  occurr ing.  

It d isp lays  a degree o f  complexi ty t h a t  i s  incons is ten t  w i t h  

Th is  suggests t h a t  d i sp ropor t i ona t ion  o f  

One i n t e r e s t i n g  fea ture  o f  i n t e r e s t  i n  F igure  2 i s  t he  presence of 

minor resonance s igna ls  a t  ca. -1.0 t o  -3.0 ppm ("A") ,  which are  not 

present i n  F igure  3. These s igna ls  a re  a t t r i b u t e d  t o  the  format ion 

o f  a small number o f  Si-0-C bonds, t he  s ign i f i cance  o f  t h i s  w i l l  be 

discussed l a t e r .  

From consu l ta t i on  w i t h  the  publ ished 2 9 S i  NMR chemical s h i f t  l i t e r a -  

t u r e  (8). t he  fo l l ow ing  assignments can be made. Signal "B" a t  -3.1 

ppm i s  due t o  unreacted DPMS. The group s igna ls  a t  " C "  (ca.-11 ppm) 

are a t t r i b u t a b l e  t o  the  presence o f  diphenylmethyl s i loxane cha in  

terminators [M(Ph2)], t h a t  cou ld  r e s u l t  from a simple condensation o f  

DPMS w i t h  another s i l a n o l  species (9).  However, i t  was ohserved t h a t  
t he  amount o f  water t h a t  i s  generated i n  t h i s  system i s  t o o  small f o r  

extensive s i  l ano l  condensation. Another mechanism must account fo r  

the  fo rmat ion  o f  these groups as we l l .  

The group o f  s igna ls  a t  "E"  (ca. -35 ppm) i s  r e a d i l y  assignable t o  

the  presence o f  phenylmethyl l i n e a r  s i loxane u n i t s  [D(Ph)]. 

con t ras t ,  t he  group o f  s igna ls  a t  "0" (ca. -24 ppm) was not r e a d i l y  

assignable by comparison t o  t h e  ava i l ab le  l i t e r a t u r e .  

par ison t o  o the r  data t h a t  was obtained i n  our labora tory ,  i t  was 

proposed t h a t  "D" i s  due t o  the  presence o f  phenylmethylhydroxy chain 

te rmina tors  [O l f i  SiPhMe-OH = M(Ph,OH)]. 

a d d i t i o n  o f  hexamethyldisilazane, [(Me3Si)?NH], an a c t i v e  t r i m e t h y l -  
s i l y l a t i n g  reagent (10).  t o  the  sample whose spectrum i s  shown i n  

Figure 3. 
decreases i n  s igna l  i n t e n s i t y  i n  both "6" and "D", demonstrating s i l a -  

no1 f u n c t i o n a l i t y ,  t h a t  were accompanied by corresponding increases i n  

"C" and "E". 

I n  

From com- 

This was confirmed by t h e  

The 29S i  NMR spectrum o f  t he  de r i va t i zed  ma te r ia l  showed 
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660 GAUL AND CARR 

c. 2 7 ~ 1  NMR Stud ies  

From t h e  exper imen ta l  ev idence  gathered by Hayase e t  al. ,  and t h e  

and 29S i  s t u d i e s  conducted i n  o u r  l a h o r a t o r y ,  i t  seems c l e a r  t h a t  t h e  

A l (acac )3  c h e l a t e  i s  f u n c t i o n i n g  as a d i s p r o p o r a t i o n a t i o n  c a t a l y s t  f o r  

p h e n y l - c o n t a i n i n g  s l l a n o l s .  However, t h e  exac t  n a t u r e  of  t h e  r e a c t i o n  
mechanism was n o t  w e l l - d e f i n e d ,  n o r  was t h e  n a t u r e  o f  t h e  a c t u a l  ca ta -  

l y t i c  spec ies known. 

w i t h  exper imen ta l  o b s e r v a t i o n s  b y  Hayase, has been h e l p f u l .  

It has been found t h a t  2 7 A l  NMR spect roscopy,  

I n  t h e i r  e a r l i e r  work, Hayase and h i s  co-workers ( 2 )  made t h e  obse r -  

v a t i o n  t h a t  no a c e t y l a c e t o n e  was generated from hea ted  m i x t u r e s  o f  

s i l a n o l  and A l ( a c a c ) j .  From t h i s ,  i t  was concluded t h a t  t h e  c a t a l y t i -  

c a l l y - a c t i v e  spec ies  d i d  n o t  c o n t a i n  an Si-0-A1 l i n k a g e .  I n  t h e i r  

subsequent work (3 ) ,  t h e  o b s e r v a t i o n  was made t h a t  t h e  i n i t i a l l y  sharp 

and narrow l H  NMR s i g n a l  o f  t h e  s i l a n o l  p r o t o n  i n  a CDCl3 s o l u t i o n  o f  

t r i  phenyl s i  1 anol  broadened and s h i  f t e d  t o  1 ow f i e 1  d when A1 (acac)  3 was 

added. The degree of change i n  chemical  s h i f t  i nc reased  with t h e  a d d i -  

t i o n  o f  more A l ( a c a c ) j .  These obse rva t i ons  r e s u l t e d  i n  t h e  c o n c l u s i o n  

t h a t  an i m p o r t a n t ,  b u t  unknown, i n t e r a c t i o n  hetween t h e  s i l a n o l  spe- 
c i e s  and A1 (acac )3  was t a k i n g  p lace .  

To d e f i n e  t h e  n a t u r e  o f  t h e  c a t a l y t i c a l l y - a c t i v e  species,  a number o f  

d i r e c t  s t u d i e s  o f  t h e  aluminum atom th rough  2 7 A l  NMR spect roscopy were 

performed. Several o f  advantageous n u c l e a r  p r o p e r t i e s  (11) made 2 7 A l  

NMR i n v e s t i  g a t i  ons conven ien t  t o  conduct .  

has a quadrupole moment, t h e  observed l i n e w i d t h s  a r e  dependent on 

m o l e c u l a r  symnetry about t h e  aluminum atom. The na r rowes t  l i n e w i d t h s  
a r e  observed f o r  h i g h l y  s y m n e t r i c a l  spec ies  l i k e  Al (acac)g.  I f  

ano the r  l i g a n d  were t o  e n t e r  i n t o  t h e  i n n e r  c o o r d i n a t f n g  sphere o f  

t h e  aluminum atom, t h e  symmetry would he  reduced and ohserved 2 7 A l  NMR 
l i n e w i d t h s  would i n c r e a s e  i n  magnitude. 

Recause t h e  2 7 A l  nuc leus 

Such b e h a v i o r  i s  i ndeed  observed, as shown i n  F i g u r e  4. The upper  

t r a c e ,  4a), i s  t h e  2 7 A l  NMR spect rum o f  a s a t u r a t e d  CDC13 s o l u t i o n  

o f  A l ( a c a c ) j .  

ca. 120 Hz. The l o w e r  t r a c e ,  4b), i s  t h e  2 7 A l  NMR spect rum o f  t h e  

CDC13 s o l u t i o n  o f  t h e  p roduc t  o f  a m i x t u r e  o f  f i v e  grams o f  PDMS and 

1.5 grams o f  A l ( a c a c ) j  [a 5 : l  mo la r  r a t i o ]  t h a t  was heated a t  100°C 

f o r  f o u r  hours. 

A s i n g l e  l i n e  i s  observed w i th  a measured l i n e w i d t h  o f  

L i t t l e  change i n  chemical  s h i f t  Is observed, b u t  t h e  
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SILANOL DISPROPORTIONATION 661 

measured l i n e w i d t h  i s  ca. 340 Hz. These o b s e r v a t i o n s  a r e  c o n s i s t e n t  

w i th  t h e  f o r m a t i o n  o f  a spec ies  w i t h  an Si-0-A1 l i n k a g e .  

0. The Mechanism o f  S i l a n o l  D i s p r o p o r t i o n a t i o n  

From t h e  exper imen ta l  ev idence gathered i n  t h i s  l a b o r a t o r y  and by 

Hayase e t  al., a r e a c t i o n  mechanism has heen developed. 

upon t h e  f o r m a t i o n  o f  an a c i d i c  i n t e r m e d i a t e ,  which would he expected 

t o  i nduce  c leavage o f  Si-Ph l i n k a g e s  ( 1 2 ) .  

be c r e a t e d  i n  t h e  f o l l o w i n g  manner: 

I t  r e l i e s  

Such as i n t e r m e d i a t e  would 

Such a spec ies  accounts f o r  Hayase's o h s e r v a t i o n  t h a t  i nc reased  

s i l a n o l  a c i d i t y  i n c r e a s e s  c a t a l y t i c  a c t i v i t y  (3) .  I n  a d d i t i o n ,  chemi- 

c a l  exchange among l a b i l e  a c i d i c  p ro tons  would account  f o r  t h e  l H  NMR 

l i n e  broadening (13 )  of  s i l a n o l  p ro tons  i n  t h e  presence o f  A l (acac )3 .  

When t h i s  compound spec ies  comes i n  c o n t a c t  w i t h  another  DPMS mo lecu le  

under  the rma l  c o n d i t i o n s ,  phenyl  c leavage through p r o t o n  d o n a t i o n  t o  

t h e  phenyl  r i  ng , w i t h  subsequent benzene f o r m a t i  on, occurs : 

MePh2 S i  Oe A l ( a c a c ) 3  Ht t MePh2 S i - O H  + 

MePh2 S i O e  A l ( a c a c ) 3  t CgHg t MePht S i - O H  (111) 

The aluminum s i l a n o l a t e  i s  u n s t a b l e  i n  t h e  presence o f  t h e  newly 

c rea ted  s i l a n o l  c a t i o n i c  i n t e r m e d i a t e .  As a r e s u l t ,  a h i g h e r - o r d e r  

s i l o x a n e  species i s  formed w i t h  r e g e n e r a t i o n  o f  t h e  A l (acac )3 :  

MePhpSiOe A l ( a c a c ) ~  + MePhSi' - OH (IV) 
MePh2 S i  - 0 - SiPhMe - OH + A l (acac )3  

Such a process accounts f o r  t h e  presence o f  M(Ph2) and M(Ph,OH) c h a i n  

t e r m i n a t o r s .  The regenera ted  A l ( a c a c ) j  i s  f r e e  t o  r e a c t  w i t h  ano the r  

DPMS mo lecu le  o r  w i t h  an M(Ph,OH) c h a i n  t e r m i n a t o r ,  as shown below: 

Me 
M: I 

O& 31-OH + A l ( a c a c ) j  + 01/2 Si-09 A l (acac )3  H+ ( V )  
I 

Ph Ph 
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When i n  contact  w i t h  another s i l a n o l  monomer species, chain extension 

through phenyl cleavage occurs i n  t h e  f o l l  owing manner: 

Me 8 
I Oh S,i - OAl(acac)J H+ + MePhp Si-OH A (VI) 

Ph 

Me Me 

dh dh 

Olh S i  - 0 - S i  - OH + A l ( a c a c ) j  + c ~ H ~ .  

Such a secondary se t  of  reac t ions  accounts fo r  the  observat ion o f  

D(Ph) i n t e r i o r  b u i l d i n g  u n i t s .  

The above reac t i on  pathways i n  combination account f o r  the  f o l l o w i n g  
observations : 

1. s i l a n o l  consumption, 

2. s i loxane bond format ion w i thout  H20 generation, 
3. benzene formation, 

4. lack  o f  copolymer formation, and 

5. lack  of evolved acetylacetone from heat ing  o f  t he  aluminum che- 
l a t e  i n  the  presence o f  s i l a n o l .  

However, t h e  v a l i d i t y  o f  a reac t i on  mechanism l i e s  i n  i t s  abi1i t .y t o  

p red ic t  t h e  nature o f  reac t ion  product under a spec i f i ed  set  o f  reac- 
t i o n  condi t ions.  

subjected prolonged and more vigorous heating. A 29Si NMR spectrum of 

the  reac t ion  mass should then e x h i b i t  t h e  fo l low ing :  

To demonstrate t h i s ,  a DPMS-Al(acac)j m ix tu re  i s  

1. dep le t ion  o f  DPMS and M(Ph,OH) moiet ies,  

2. increased number o f  D(Ph) u n i t s  r e l a t i v e  t o  M(Ph2) u n i t s  CD(Ph) 
u n i t s  should be more prominent than i n  s i m i l a r  mater ia ls  suh- 

j ec ted  t o  l ess  severe condi t ions] ,  

cleavage from M(Ph,OH) u n i t s  and suhsequent react ions,  and 
SiMe] u n i t s  as a r e s u l t  o f  phenyl 

cleavage from D(Ph) u n i t s  and subsequent reac t ions  and/or t h e  
condensation o f  2 D(OH) un i t s .  

3.  t he  appearance of D(Ph)[O-SiMe(DH)] u n i t s  as a r e s u l t  of  phenyl 

4. t he  appearance o f  T [ O  312 

Figure  5 i s  the  z 9 S i  NMR spectrum o f  a mix tu re  o f  f i v e  grams o f  DPMS 

and 0.05 grams o f  Al(acac)g t h a t  was heated f o r  20 hours a t  1 5 0 O C .  
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SILANOL DISPROPORTIONATION 665 

When compared t o  Figure 3, one sees no OPMS s igna l  and on ly  a small 

one f o r  M(Ph,OH). 

Two new groups o f  s igna ls  appear. 

u n i t s  (-55 ppm). The o ther  group o f  s igna ls  a t  ca. -65 ppm ("G") i s  

assigned t o  T u n i t s .  These observat ions are i n  complete agreement 

w i th  publ ished l i t e r a t u r e  values (9 )  and f u l l y  demonstrate the  v a l i -  

d i t y  o f  the  s i l a n o l  d i sp ropor t i ona t ion  mechanism. 

This shows near l y  complete consumption o f  s i l a n o l .  

One group,"F", i s  assigned t o  D(OH) 

E. S i  l icone-Epoxy Copolymers: Some Experimental Considerations 

I n  t h e  course o f  these inves t iga t ions ,  a number o f  oxirane species were 

examined t o  determine t h e  e f f e c t  t h a t  t he  s i l a n o l / A l  (acac) j  combf na- 

t i o n  would have on t h e  po lymer iza t ion  behavior. 

and a l a r g e  v a r i e t y  o f  f ac to rs  i n f l uence  f i n a l  product d i s t r i b u t i o n .  

The u l t i m a t e  goal o f  t h i s  research was t o  determine t h e  necessary 

experimental cond i t ions  f o r  the  product ion o f  t r u e  s i l icone-epoxy 

copolymers. 

The system i s  complex 

One a t t r a c t i v e  idea i s  t h a t  oxirane s t ruc tu re  may in f l uence  product 

composition, perhaps t o  the  p o i n t  o f  g rea t l y  inc reas ing  t h e  number o f  

S i - O - C  l inkages. 

ra ther  a ser ies  o f  observations t h a t  suggest oxirane s t ruc tu re  i s  

indeed a determining f a c t o r  i n  t h e  format ion o f  Si-0-C linkages. 

The f o l l o w i n g  i s  not a comprehensive discussion, but 

I n  F igu re  2, a few small spec t ra l  l i n e s  were observed t h a t  were a t t r i -  

buted t o  t h e  format ion o f  Si-0-C bonds. We proposed t h a t  29Si NMR can 

be used t o  gain a q u a l i t a t i v e  assessment o f  t he  number o f  Si-0-C 

l inkages which are  formed under a given se t  o f  reac t ion  cond i t ions  hy 

mon i to r ing  t h e  appropr ia te  spec t ra l  region. I n  t h e  case o f  OPMS, t h i s  

i s  from -1.0 t o  -3.0 ppm. 

s tud ied  by 29Si NMR. One was a mix tu re  o f  f i v e  grams o f  cyclohexene 

oxide (CHO), f i v e  grams o f  OPMS and 0.05 gm of  Al(acac)g. The o ther  

was a s i m i l a r  mix tu re  o f  phenyglycidyl  e the r  (PGE), DPMS and Al(acac 

Both mixtures were heated a t  100°C f o r  f o u r  hours and s tud ied  hy 29S 

To t e s t  t h i s  idea, two preparat ions were 

3. 
NMR , 

F igu re  6 i s  a comparison between the  two 29S i  NMR spectra. 

t race, 6a), belongs t o  t h e  CHO preparat ion.  Note t h a t  i n  t h e  reg ion  of 

-1.0 t o  -3.0 ppm, almost no NMR l i n e s  are  observed. 

upper t race ,  6b), which belongs t o  t h e  PGE preparat ion,  d isp lays  a 
number o f  somewhat prominent l i n e s  i n  t h i s  region. 

The lower 

I n  cont ras t ,  t h e  

It would appear 
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t h a t  t h e  phenoxy s u h s t i t u e n t ,  perhaps t h r o u g h  e l e c t r o n  d e n s i t y  

w i thd rawa l ,  a f f e c t s  t h e  r e a c t i v i t y  o f  t h e  o x i r a n e  r i n g  toward  a s i l a n o l .  

I n  a d d i t i o n ,  i t  appears t h a t  DPMS consumption i s  g r e a t e r  w i t h  PGE i n  

c o n t r a s t  t o  CHO, as t h e  o x i r a n e  source. O the r  s p e c t r a l  l i n e s  f o r  b o t h  

p r e p a r a t i o n s  a r e  c o n s i s t e n t  w i t h  p r e v i o u s  obse rva t i ons .  

I n  l i g h t  o f  t h e  exper imen ta l  ev idence t h a t  has heen generated i n  o u r  

l a b o r a t o r y ,  i t  appears A1 (acac )g  serves as a d i s p r o p o r t i o n a t i o n  ca ta -  

l y s t  f o r  p h e n y l - c o n t a i n i n g  s i l a n o l  spec ies.  T h i s  occurs i n s t e a d  o f  

f u n c t i o n i n g  as p a r t  o f  a compound c a t a l y s t  f o r  epoxy f o r m a t i o n  o r  

as a promoter  o f  s i l i c o n e - e p o x y  copolymers. 

epoxy copolymer r e q u i r e s  a d i f f e r e n t  method o f  p romot ing  t h i s  reac -  

t i o n ,  and n o t  t h e  use o f  A l (acac )g .  F i n a l l y ,  w i t h  t h i s  i n f o r m a t i o n  a t  

hand, i t  seems t h a t  a number o f  r e c e n t l y  p a t e n t e d  p r e p a r a t i o n s  ( 1 4 ) .  
t h a t  have been c l a s s i f i e d  as epox ide  polymers ( c a t a l y z e d  hy a s i l a n o l  

- A l ( a c a c ) 3  comb ina t ion )  a r e  a l l o y s  o f  two d i f f e r e n t  p o l y m e r i c  

systems. 

To fo rm a t r u e  s i l i c o n e -  

F.  Suggest ions f o r  F u t u r e  Research 

The ahove obse rva t i ons  a r e  r e p o r t e d  w i t h  t h e  i n t e n t i o n  o f  i n d i c a t i n g  

p o s s i b l e  areas o f  f r u i t f u l  research.  They a r e  as f o l l o w :  

1. t h e  a l l o y i n g  o f  epoxy ies and s i l i c o n e s  f o r  a v a r i e t y  o f  a p p l i -  

ca t i ons .  

2. t h e  development o f  an a l t e r n a t i v e  method f o r  c a t a l y z i n g  t h e  

f o r m a t i o n  o f  s i l i c o n - e p o x y  copolymers. 

a comprehensive s tudy  o f  o x i r a n e  s t r u c t u r e  as a d e t e r m i n i n g  

f a c t o r  i n  t h e  p r o d u c t i o n  of s i l i c o n - e p o x y  copolymers. 

3.  

Conc lus ions  

As a r e s u l t  o f  t h e s e  i n v e s t i g a t i o n s ,  t h e  f o l l o w i n g  has been achieved: 

1. A l ( a c a c ) j  has been shown t o  be a d i s p r o p o r t l o n a t i o n  c a t a l y s t  f o r  

phenyl  c o n t a i n i n g  s i l a n o l s  by means o f  1 3 C ,  29Si  and 2 7 A l  NMR 
spect roscopy.  

2. A reasonable r e a c t i o n  mechanism f o r  t h i s  d i s p r o p o r t i o n a t i o n  has 

been developed. 
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670 GAUL AND CARR 

3. The s u i t a b i l i t y  o f  2 9 S i  NMR spectroscopy as an experimental method 

f o r  the mon i to r ing  of s i l i c o n e  - epoxy copolymers development has 

been proposed. 
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