
C H A T E R  III
R E S U L T S  A N D  D I S C U S S I O N

3 .1  S y n t h e s is

T h e  n o v e l  c o p o ly m e r  s y n th e s iz e d  fro m  s ilic a , c a te c h o l, h y d r o q u in o n e ,  
and 4 - /-b u ty lc a te c h o l v ia  th e  o n e  step  O O P S  (o x id e  o n e  p o t sy n th e s is )  p r o c e ss  
u s in g  tr ie th y le n e te tr a m in e  (T E T A ) and e th y le n e  g ly c o l  (E G ) as th e  c a ta ly s t  
an d  s o lv e n t , r e sp e c t iv e ly . T E T A H 44+ (p K a ,=  3 .3 2 ,  p K a 2=  6 .6 7 , p K a 3=  9 .2 0 ,  
p K a4=  9 .9 2 )  w a s  th e  b a s ic  c a ta ly s t  w h ic h  fo rm s d iffe r e n t  T E T A H n+ c o u n te r  io n  
s p e c ie s  d e p e n d in g  o n  th e  p H  o f  so lu tio n . C a te c h o l (p K a ,=  9 .4 6 ,  p K a 2=  1 2 .7 0 ) ,  
h y d r o q u in o n e  (p K a ,=  9 .9 1 ,  p K a 2=  1 2 .0 4 ) , and  4 -te r t-b u ty lc a te c h o l in  th e  
e th y le n e  g ly c o l  (p K a =  1 4 .2 2 )  so lu tio n , b e c a m e  n u c le o p h il ic  s p e c ie s  w ith  
T E T A H n+ s p e c ie s  as th e  co u n ter  io n . T h e se  n u c le o p h ilic  a n io n s  a ttack  S i - 0  
b o n d s  o n  s i l ic a  p a r tic le s  su r fa ce  to  fo rm  n e w  S i-O -C  b o n d s . S im u lta n e o u s ly ,  
b y p r o d u c t  w a te r  fo rm s to  d r iv e  th e rea c tio n  forw ard .

T h e  rea c tio n  t im e  req u ired  to  fo rm  th e sy n th e s iz e d  p ro d u cts  d e p e n d s  o n  
th e  stru ctu re , p ro p o rtio n  o f  raw  m a ter ia ls  an d  c o n d it io n s  fo r  th e  r e v e r s ib le  
rea c tio n . T h e  p ro p er tie s  o f  th is  c o p o ly m e r  v a r ied  w ith  th e  stru ctu re  o f  p ro d u cts  
w h ic h  w e r e  fo r m e d  b y  v a r ia tio n  o f  m o le  ratio  o f  raw  m a ter ia ls , a m o u n t o f  
c a ta ly s t  a n d  rea c tio n  tim e . T h e se  v a r ia tio n s  w e r e  c o n d u c te d  to  e x a m in e  th e  
p ro p er tie s  o f  th e  s y n th e s iz e d  c o p o ly m e r .
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A fte r  a ll startin g  su b sta n ce s  w e r e  m ix e d  to g e th er , lig h t y e l lo w  so lu t io n  
w a s  o b ta in ed , and b e c a m e  dark y e l lo w  so lu tio n  w h e n  T E T A  c a ta ly s t  w a s  
a d d ed . T h e  m ix tu re  turned  c lea r  after  h ea tin g  for  10 m in u te s . T h e  c o lo r  o f  

so lu t io n  b e c a m e  darker y e l lo w  w ith  in crea se  a m o u n t o f  h y d r o q u in o n e  or  
T E T A  ca ta ly st . A fte r  5 h , th e rea c tio n  w a s  s to p p e d  and c o o le d  to  ro o m  

tem p era tu re . F lu f fy  p r e c ip ita te  w a s  o b ta in e d  w h e n  4 -te r t-b u ty lc a te c h o l  
c o n c e n tr a tio n  w a s  h ig h er  (H T 1 4 , H T 0 5 ). R e m o v a l o f  E G  s o lv e n t  re su lted  in  
p re c ip ita tio n  o f  dark b ro w n  so lu tio n s . T h e  p rec ip ita te  w a s  w a sh e d  w ith  
m e th a n o l, and  th e sy n th e s iz e d  p ro d u cts, p a le  b ro w n  p o w d e r s , in  g en era l, w e r e  
o b ta in ed . T h e  c o lo r  o f  th e p ro d u ct b e c a m e  darker w ith  in c r e a se s  in  
h y d r o q u in o n e  co n cen tra tio n . S u rp r is in g ly , it returned  to  b e  lig h ter  in c o lo r  and  
g a v e  h ig h e r  y ie ld  w ith  th e  v a c u u m  rem o v a l o f  E G  so lv e n t  w a s  in c r e a se d  (1 6 0 °  
C /2 0  m m H g ), as sh o w n  in  ta b le  3 .1 .

T a b le  3 .1  W e ig h t  o f  th e  p ro d u cts at 5 h rea c tio n  tim e

sa m p le m o le  ratio
/-b u ty lca t. :h y d ro q u in o n e

w e ig h t  g a in  ( g ) l w e ig h t  g a in  (g )^

FIT05 0 .0  ะ 0 .5 4 .3 0 5 .9 6
H T 1 4 0.1  ะ 0 .4 4 .1 4 5 .0 4
H T 2 3 0 .2  : 0 .3 3 .6 4 4 .7 1
H T 3 2 0 .3  ะ 0 .2 1 .54 4 .5 7
H T 41 0 .4  : 0.1 3 .2 5 4 .6 8
H T 5 0 0 .5  : 0 .0 3 .7 0 5 .9 2

N o te  1 : v a c u u m  d is t illa t io n  at 1 1 0 °C /2 0  m m F Ig  
2  ะ v a c u u m  d is t illa t io n  at 1 6 0 °C /2 0  m m H g
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B y  c o n s id e r in g  th e v a r ia tio n  o f  th e ca ta ly st  a m o u n t, th e m o re  T E T A  u sed  
in th e  r ea c tio n , th e  m o re  w e ig h t  o f  p ro d u cts  o b ta in ed . B e c a u s e  th e  p ro d u cts  

d is s o lv e s  o n ly  s l ig h t ly  in m eth a n o l, th e w a sh in g  s tep  th ere fo re  u se d  m e th a n o l  
s o lv e n t . T h e  p ro d u cts  at lo w e r  a m o u n ts  o f  T E T A  d o  n o t p r e c ip ita te  u n le s s  
s o lv e n ts  in  th e  filtra te  are r e m o v e d . F or th e  p o s s ib le  rea so n , at th e  sm a lle r  
a m o u n t o f  T E T A  it m a y  form  m o n o m e r  or  d im er  as th e  m a in  p ro d u c t w h ic h  
d is s o lv e s  in  M e O H  so lv e n t  w h ile  at th e  h ig h er  a m o u n t o f  T E T A  it g iv e  
p o ly m e r  an d  h e x a c o o r d in a te  a n io n s  w h ic h  are d if f ic u lt  to  d is s o lv e  in  c o m m o n  
so lv e n t . M o r e o v e r , th e  m ix tu re  g a v e  m o re  SiC>2 w h e n  d e c r e a s in g  th e  a m o u n t  
o f  T E T A , s e e  T a b le  3 .2 .

T a b le  3 .2  W e ig h t  o f  p ro d u cts at th e  m o le  ratio  o f  h y d r o q u in o n e  : 4 -ter t-
b u ty lc a te c h o l o f  0 .2  : 0 .3 , at 10 h rea c tio n  t im e  at 160°c v a c u u m  
tem p eratu re

m o le  % T E T A w e ig h t  g a in  (g )
10 2 .7 7
3 0 2 .6 4
5 0 1 .60
100 3 .6 4
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3 .2  C h a r a c t e r iz a t io n

3 .2 .1  V a r ia tio n  o f  h y d ro q u in o n e  : 4 -te r t-b u tv lc a tec h o l m o le  ratio
W h en  u s in g  100  m o le  % T E T A  in  o f  s i l ic a  p er  1.5 m o le s  o f  

c a te c h o l for  5 h , m o le  ratio  o f  h y d ro q u in o n e  and 4 -te r t-b u ty lc a te c h o l w a s  
v a r ie d  from  0 .0 :0 .5  to  0 .5 :0 .0  w h ic h  rep resen ted  in  H T 0 5 , H T 1 4 , H T 2 3 , H T 3 2 ,  
H T 4 1 , and H T 5 0 , r e sp e c t iv e ly . T h e  p o w d e r  p ro d u cts  h a v e  a s p e c if ic  o d o r , turn  
b ro w n  w h e n  e x p o s e d  to  air, and  m o istu re . T h e y  w e r e  in so lu b le  in  a w id e  
v a r ie ty  o f  s o lv e n ts  b u t d is s o lv e d  s lig h t ly  in  M e O H  and r ea d ily  in  D M S O , h o t  

E G . T h ere fo re , m a n y  m e th o d s  for p u r ifica tio n  and ch a ra c ter iza tio n , e .g .  
c h r o m a t o g r a p h y ,  e x t r a c t i o n , . . . e t c .  w e r e  n o t  p r a c t i c a l .  S t r u c t u r a l  
c h a ra c ter iza tio n  and th erm al p ro p erties  w e r e  p er fo rm ed  b y  F T IR , T G A , D S C ,  
X R D , N M R  an d  E I+ -M S  as d is c u s se d  b e lo w .

3.2.1.1 F ourier Transform  In frared  Spectroscopy (FTIR). W h e n  
p e a k  p o s it io n  o f  p ro d u cts  w e r e  p o s it io n s  co m p a red  w ith  th o se  o f  th e  raw  

m a ter ia ls , th e  v ib ra tio n  o f  O H  gro u p s in th e  p ro d u cts  d e c r e a se d  as S i-O -C  
b o n d s  fo rm  in  th e  p ro d u ct. T h e  p e a k s  in th e sp ec tru m  o f  th e  p ro d u cts  at h ig h  
v a c u u m  tem p era tu re  w e r e  sharp er than  th o se  o f  th e  p ro d u cts  fro m  at lo w  
v a c u u m  tem p eratu re . F ig u re  3 .1  sh o w s  th e  F T IR  sp ec tra  o b ta in e d  fro m  th e  

v a r ia tio n  o f  h y d r o q u in o n e  to  4 -te r t-b u ty lc a tec h o l m o le  ratio  at h ig h  v a c u u m  
tem p era tu re . T h e  p ea k  a ss ig n m e n t are in  T a b le  3 .3 .
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to  4 -te r t-b u ty lc a tec h o l m o le  ratio  at 5 h rea c tio n  t im e  w ith
1 00  m o le  % T E T A .

T a b le  3 .3  P ea k  a ss ig n m e n ts  o f  th e  freq u en cy  v ib ra tio n  o f  fu n c tio n a l g ro u p s  in  
th e  p ro d u ct H T 2 3

Part o f  c o m p o n e n ts P ea k  p o s it io n  (c m - A s s ig n m e n t
1,2 -d io x y -4 - te r t - 2 9 5 8 ,2 9 0 4 v C H  o f C H 3(a s )
b u ty lp h e n y l grou p 2 8 6 6 v C H  o f C H 3(s )

1 9 0 0 -1 7 0 0 a  C H (su m ) o f  1 ,2 ,4 -su b s t .
1 6 2 8 , 1 5 2 4 , 1601 V C = C (sk e le ta l)
1 4 2 6 a  C H  o f  C H 3(a s)
9 3 8 .6 ,  8 3 8 .6 a  C H (o u t o f  p la n e )  o f  1 ,2 ,4 -
1 1 2 4 ,1 0 9 3 p (= C H ) ( in  p la n e )
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Part o f  c o m p o n e n ts P eak  p o s it io n  (c m '1} A ss ig n m e n t
1 ,4 -d io x y p h e n y l g rou p 3 0 2 9 V C H (a r o m a tic )

1 9 0 0 -1 8 0 0 V C H (su m ) o f  1 ,4 -su b st.
1 ,2 -d io x y p h e n y l g rou p 3 0 7 0 , 3 0 5 5 , 3 0 4 0 V C H (a r o m a tic )

1 5 8 9 , 1 4 9 0 , 1 4 5 4 V C = C (sk e le ta l)
1251 V C - 0
7 4 8 a  C H  o f  1 ,2 -su b st.
6 6 8 a  C H  o f  1 ,2 -su b st.

s i l ic o n  g ro u p 1 3 5 5 V S i-O -C
1 1 0 2 V S i-O -a r y l
1 0 1 7 V S i-O -a r y l
9 1 0 CT S i-O -a r y l

T E T A 3 3 4 4 V N H 2(fr e e )
3 2 7 4 , 3 1 7 0 V N H 2(a s s o c ia te d ) , V N H 3+
3 3 0 6 , 3 5 5 0 (b r o a d ) V N H , V N H 2+
2 9 3 7 ,  2 8 1 6 V C H  o f  C H 2(a s )
1 5 8 9 a  N H (a s )
1 4 5 4 CT C H  o f  C H 2
1 1 2 0 v C - N
7 8 0 V C H  o f  C H 2(r o c k in g )

T h e  o v e r a ll sp ec tru m  o f  th e  p ro d u c ts  w e r e  sim ila r , e x c e p t  that th ere  
w e r e  s l ig h t ly  d iffe r e n t  p e a k s  at 2 9 5 8 ,  2 9 0 4  and 2 8 6 6  c m '1, c o r r e sp o n d in g  to  
th e  C -H  s tr e tc h in g  o f  C H 3 in  th e  ter t-b u ty l g rou p , C -H  d e fo r m a tio n  o f  th e  4 -  
ter t-b u ty l g r o u p s  at - 1 4 2 6 ,  1 3 3 8  c m '1, an d  C H  stre tch in g  o f  p a r a -su b stitu en t o f  
h y d r o q u in o n e  at 3 0 2 9  c m 1.
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W h en  4 -te r t-b u ty lc a tec h o l c o m p o n e n t in crea sed , th e  a b so rp tio n  o f  
4 -te r t-b u ty l g r o u p s  w a s  s l i g h t ly  in c r e a s e d ,  s im i la r ly ,  in c r e a s in g  in  

h y d r o q u in o n e  c o m p o n e n t a lso  in crea sed  th e  C H  stre tch in g  o f  p a ra -su b stitu en t. 
T h e s e  p e a k s  co rresp o n d ed  s p e c if ic a l ly  to  para- and o r th o -su b stitu t io n  o n  
b e n z e n e  r in g  in th e  p ro d u cts. H o w e v e r , th e p ea k  o f  o r th o -su b stitu tio n  at 7 4 8  
c m ' l  (C H  d e f .(o u t  o f  p la n e ))  and 6 6 8  c m ' l  (C H  d e f .(su m m a tio n  b a n d )) w e r e  
n o t d iffe r e n t  in  all m o le  ratio  v a r ia tio n  o f  c o m o n o m e r s . T h e s e  sp ec tru m  w e r e  

d iffe r e n t  w h e n  co m p a red  w ith  sp ectru m  o f  b is ( l ,2 - d io x y p h e n y l) s i la n e  w h ic h  
c o n ta in e d  n o  c o m o n o m e r , s e e  F ig u re  3 .2 , b e c a u se  h y d r o q u in o n e  an d  4 -ter t-  

b u ty lc a te c h o l w e r e  p a r t ic ip a te d  in  th e  la d d e r  s tr u c tu r e  o f  b i s (  1 ,2 -  
d io x y p h e n y l)s i la n e .

F ig u r e  3 .2  F T IR  sp ec tru m  o f  th e  p ro d u ct (SiC>2 :C A T  =  1 :2) c o n ta in in g  n o  
c o m o n o m e r  o f  h y d r o q u in o n e  and 4 -te r t-b u ty lc a te c h o l at 5 h w ith  
100  m o le  % T E T A .
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3 .2 .1 .2  T h erm og ra v im etric  A n a lys is  (TG A). The mass loss of a 
sample in a controlled atmosphere (O2/N2) was recorded continuously as a 
function of temperature. The thermogram shows the thermal decomposition 
curve and the thermal stability of the products during pyrolysis from ambient 
to 950°c (Figure 3.3).

NETZSCH-Geratebau GmbH Thermische Analyse

Figure 3.3 Decomposition of the products under O2 and N2 atmospheres.
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The theoretical percent ceramic yield of polymer can be calculated 
when the repeating unit structure, molecular weight distribution and chemical 
reaction equation are known for calculation of statistic molecular weight of 
products. If the molecular weight of polymer is low, the weight of end chain 
becomes important. The % ceramic yields expected for the polymer products 
were lower than 24.6% of the bis(catechol)silane polymer.

The % ceramic yield indicates quantity of silica in the product. 
Then the product with low %  ceramic yield indicates the higher organic part 
contented in the product. The experimental %ceramic yields were decreased 
and the higher the first mass loss, the more amount of 4-tert-butylcatechol 
contained in the products, as shown in Figures 3.4 and 3.5.

NETZSCH-Ger&ebau GmbH Thermische Analyse

Figure 3.4 Thermograms of the products obtained by varying the mole 
ratio of comonomer hydroquinone and 4-tert-butylcatechol 
at 5 h with 100 mole % TETA.
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Proportion of 4-f-butylcatechol to 1.5 mole of catechol

Figure 3.5 Percent ceramic yield of the products containing different
amount of 4-tert-butylcatechol at 5 h with 100 mole % TETA.

The product obtained by using high vacuum temperature gave % 
ceramic yield lower than that obtained by using the low vacuum temperature. 
The mass loss of impurity at below 200°c was also reduced.

3 .2 .1 .3  D iffe ren tia l S can n in g  C a lo r im e try  (D SC ). The DSC is a 
thermal technique in which used for measuring differential heat flow as a 
function of sample temperature. DSC profiles show phase transition of each 
mole ratio of comonomers under O2/N2 gas, as shown in Figure 3.6.
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Figure 3.6 DSC profiles of the products obtained by varying the mole
ratio of comonomers hydroquinone and 4-tert-butylcatechol at 5 h 
with 100 mole % TETA.

Generally, the products obtained showed 3 endothermic peaks on 
heating, but no exothermic transition appeared on cooling at all because o f the 
degradation of the products at elevated temperature.

The first endotherm occurred in the range of 250°-285°C, the 
second one appeared at 285°-350°C, as well as the last one exhibited between 
350°-385°C. Note that the peak was shifted to slightly lower temperature at 
higher amount of 4-tert-butylcatechol. The first endothermic peak was 
obviously smaller, broader and shifted into lower temperature as the amount of 
hydroquinone slightly decreased . Simultaneously, the second one was slightly 
higher as the amount of 4-tert-butylcatechol was increased. There was also a 
small endothermic peak around 230°-240°C which can possibly be a 
volatilization of trace amount o f TETA.
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3 .2 .1 .4  X -ra y  D iffra ction  (XRD). The degree crystallinity of 
product can be seen by XRD profile which is the method o f crystallographic 
structure determination. The scattering from an individual atom can be 
represented as the scattered amplitude as a function of angle, 9, where 20 is the 
angle between the direction of the amplitude which are measured and the 
direction of the incident radiation. Amorphous silica of raw material showed 
broad peak in the pattern whereas the silane copolymer of the product revealed 
the high crystallinity. The optimum intensity 20 peak indicated the diffraction 
of elements on benzene ring at about 8.30. The other prominent peaks were
13.8, 16.6, 18.6, 20.5, 22.8, 23.5, 25.3 and 28.8. These peaks in patterns 
represented the main characteristics of bis(l,2-dioxyphenyl)silane that are 
shown in Figures 3.7 and 3.8.

Figure 3.7-a XRD pattern of precipitated silica.
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Figure 3.7-b XRD pattern of pyrocatechol raw material.

Figure 3.8-a XRD pattern of product HT05 at 5 h with 100 mole % TETA.
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Figure 3.8-b XRD pattern of product HT 14 at 5 h with 100 mole %  TETA.

Figure 3.8-c XRD pattern of product HT23 at 5 h with 100 mole % TETA.
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[Sample identification: SCHB 1158382(52)_____________________ 22-apr~1997 12 ะ 34

Figure 3.8-d XRD pattern of product HT32 at 5 h with 100 mole % TETA.

0 20 40 60 [ * 20 ] 80

Figure 3.8-e XRD pattern of product HT41 at 5 h with 100 mole % TETA.
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The XRD pattern of synthesized products obtained from mole ratio 
variation gave 29 peak at 5.8 which appeared broader when the amount of 
hydroquinone increased, indicating more amorphous behavior.

From FTIR, TGA, DSC and XRD information, the sample at 
hydroquinone to 4-tert-butylcatechol mole ratio, 0.2:0.3, (HT23) was selected 
for further analysis for NMR, EI+-MS and kinetic study.

3 .2 .1 .5  M a ss  sp e c tro sc o p y  (M S). The complex mass spectra that 
resulted from electron impact ionization are of importance in structural 
identification because its fragmentation provides the molecular weight of the 
molecular ion peak. The EI+mass spectra of sample E1T23 showed the 
fragmentation pattern which the base peak occurs at the mass of 244 (Figure
3.9).

MASS SPECTRUM DATA: K23N #268 BOSE M.-Z: 24402/15/96 19:39:08 ♦ 4:21 CALI: AMP0RN1S238 #3 RICs 4333570.SAMPLE: K23COHOS.: DIP 40C/300C eeOC/HIH TEMP: 0 DEG. c 532480.0.

Figure 3.9 EI+ mass spectra of sample HT23 at 5 h with 100 mole % TETA.
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The molecular ion peaks for the oligomers and polymers were not 
observed because they were broken into repeating unit ion by the ionization 
with high electron energy (70 eV). The mass peaks at 244 m/z of bis( 1,2- 
dioxyphenyl)silane radical cation and at 300 of (l,2-dioxyphenyl-r,2’-dioxy- 
4 ’-tert-butylphenyl)silane radical cation are proposed as fragments o f the 
random copolymer product. The fragments of m/z 285 and m/z 151, were 
derived from the ioss of a methyl groups from those of m/z 300 and 166 
respectively.

Apparently, TETA fragmentation is seen at m/z 142 in which only 
trace amounts still remains in the product, as indicated by NMR spectrum. 
There were also the ion peak of free catechol (m/z =110) from unreacted 
sublime catechol, som e decom position o f  organic ligand from 
tri(catecholato)silicate and fragment of mass peak 244 m/z. The suggested 
fragment structure of the products is shown in Table 3.4.

Table 3.4 Proposed structures of the product fragments HT23

m/z Intensity Species
300 1.0 COOT
285 3.6

COOT'
257 0.9

COOT
244 100.0 coco
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m/z Intensity Species
151 (152+H+) 1.7

136 38.9
QÇ>

123 (122+H+) 17.8

110 48.6 .

ะo -  <£
99 10.3 C7H 15+
73 47.0 C4H9 0 +
64 20.8

o -
44 66.6 CH2=CH(OH)+-,

c 2h 6n +, c o 2+-, 
c 3h 8+-

30 31.3 CH2=NH2+
28 41.3 c 2h 4+-, CO+-, n 2+-

3 .2 .1 .6  N u c lea r  M ag n etic  R eson a n ce  S p e c tro sc o p y  (N M R). The 
NMR spectra of a synthesized compound at the mole ratio HT23 were been 
investigated using DMSO-dg as a solvent. DMSO-d6 is a common polar- 
aprotic solvent capable of dissolving organic compounds and having ability to 
solvate ion of many salt. Effect of different solvents on 1H-NMR spectrum 
causes the deshielding effect by hydrogen bonding between compound with
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solvent by attracting around nuclei and shifting to downfield. The chemical 
shifts can thus be compared with referenced compound at the same type of 
solvent. ! แ - and 13C-NMR spectra of compounds are always recorded relative 
to TMS as the reference and set as zero. The chemical shift (8) of nuclei can 
then be correlated with molecular structure in various molecular environments.

2.80 2.86 ๔.82 2.00 2.78 2.70 2.60 ' 2.50 2.56 1 1.20 1.18

Figure 3.10 1H-NMR spectrum of the product HT23 at 5 h with 100 mole %
TETA.
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The 'H-NMR spectrum of product HT23 is shown in Figure 3.10, 
the multiplet peaks at 6.27 ppm represented the proton on benzene ring of 
bis(l,2-dioxyphenyl)silane polymer which shifted to upfield from the proton 
on benzene ring of catechol at 6.7 ppm because electronegavities of silicon 
atom is lower than H, c , N or o. Unoccupied d-orbital of silicon atom offers 
free space for lone pair electrons from oxygen atom to reside and reduces the 
deshield effect on the four proton around the outer side of benzene ring. As a 
result, aromatic ring current from the interaction of ท electron with the applied 
magnetic field is thus decreased.

The same rational is applied to the protons on aromatic ring of 1,2- 
dioxy-4-tert-butylphenyl proton. Three protons at 6.55, 6.4 and 6.2 ppm 
showed a little relative intensity as the intensity of proton in tert-butyl group at
1.2 ppm. The proton of hydroquinone comonomer showed a small singlet peak 
at 6.6 ppm. The other two symmetrical multiplet peaks at 6.7-6.6 ppm and 6.5-
6.4 ppm were from the protons on benzene ring of 1,2-dioxyphenyl group of 
tris(l,2-dioxyphenyl)silane which were couple with protons of free catechol 
molecule. The TETA left in the product displayed the coupling protons at 8.3 
ppm (singlet, RNH3+, RNH2+), 2.7-2.8 ppm (double triplet of CH2 in TETA),
2.6 ppm (triplet of NH2), 1.2 ppm (singlet of RNH3+, RNFE+) which formed 
amine salts, 2.9 and 2.5 ppm (triplet of proton in derivative of TETA).

The peaks at 2.5 ppm (septet) and 3.4 ppm were from the protons in 
the solvent, DMSO-d6, corresponding to the methyl groups in the molecule, 
and water absorbed in the solvent. The last broad peak at 4.7 ppm was the 
proton exchange of water.

13C-NMR spectrum of the sample HT23 is shown in Figure 3.11.

T ฬ ก fi4 7 3
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Figure 3.11 l ^ C - N M R  spectrum o f  the product HT23 at 5 h with 100 m ole %
TETA
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The peaks at 151.7, 115.4 and 120.0 ppm resulted from carbon 
atoms on the benzene ring of bis(l,2-dioxyphenyl)silane polymer. The 
appearance of a little peaks at 150.0 ppm was due to the carbon atom on 
benzene ring connecting to tert-butyl groups. The peaks at 31.9 ppm (CH3 ) 
and 36.4 ppm (4°-carbon) were representing the carbons in 4-tert-butyl groups. 
The carbon peak of 1,4-dioxyphenyl group cannot be found in this spectrum. It 
might be because there was little amount of hydroquinone in the product.

The peaks of free catechol were also seen at 145.3, 119.2, and 115.7 
ppm by Allcock (1972), while the appearance of the peaks at 117.1 and 109.6 
ppm were due to the carbon atoms of 1 ,2 -dioxyphenyl group in tris(l,2 - 
dioxyphenyl)silane. Effect of having TETA in the products are shown by the 
peak at 38.9 ppm (C-NH), 47.6 ppm (C-NH2 +), 46.5 ppm (C-NH3 +), and their 
derivative forms occurred at 55.0, 52.3, and 36.4 ppm. The septet peaks at
39.7 ppm were from the CH3 of the solvent, DMSO-dg. All results are 
presented in Table 3.5.

Table 3.5 ! แ - and t3 C-NMR chemical shifts of the product at hydroquinone 
to 4-tert-butylcatechol mole ratio is 0.2:0.3 (HT23)

Assigned Structure iH-NMR(ppm) 13C-NMR(ppm)

X  / ° X X N CX i
/*  ^ H I

h 2

multiplet, 6.3 151.7(a)
115.4(c)
109.1(b)

b

AVAW 0----- (\ /)—----0 «'พv\w\  /
y

singlet(decoupled), 
6.62(H 1 )

(invisible)
Ô of c  a >5 o f c  b
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Assigned Structure 'H-NMR(ppm) l3C-NMR(ppm)

/ C t A

doublet, 6.4(H3) 
doublet, 6.4(H2) 
single, 6.2(H|) 
triplet, 1.2(H4), J=5.8

151.7(a) 
115.4(c) 
109.1(b) 
150.0(d) 
36.4(e), 31.9(f)

(Catechol)2Si
/ L A h ,

h2

double quartet of 
doublet, 6.7(H]), 
J=64.7, 5.8, 3.7, 0.31 

double quartet of 
doublet, 6.5(H2), 
J=36.6, 5.8, 3.7, 0.31

151.7(a)
117.1(c)
109.6(b)

h 2
" H ,

multiplet, 6.7 145.3(a)
119.2(c)
115.4(b)

b a
1 ^ nf 

\  /  ^
'' \  /  2 FTN NF

H ?

c

I

tr ip let, 1 .2  (N  H2+ ), 
J=10.1
triplet, 2.6(NH2), J=10.1 
double triplet, 2.7(CH2), 
J=55.2, 5.8, 0.31 
singlet, 8.3(NH3+, NH2+)

47.6(a)
46.5(b)
38.9(c)
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3.2.2. Variation of TETA concentration on the reaction
The amount of catalyst, TETA, also influenced in the product 

properties as indicated in FTIR, TGA, and IfTNMR. The products at 10, 30, 
and 50 mole % TETA that came from precipitation of filtrate by removing the 
methanol solvent. They gave the same pattern in FTIR spectra and TGA 
thermogram, as shown in Figures 3.12 and 3.13.

Figure 3.12 FTIR spectrum of the product HT23 at 10 mole % TETA for 10 h
reaction time.
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NETZSCH-Gerâlebau GmbH Thermische Analyse
TG/%

-

100 ;—̂ ะ:.--
90 "I """--- พ.,_
80 ฯ X'ร70 ๅ " A ; ,
60 ■;■ 'V '■ ’’ - \ \
50 ๅ Ns.
40 \  N30 -j y \ N _ 100VTETA
20 ■" \ \  \<—50%TETA \\ <—.ะ-O0%TETA'N.1Q-; 1Ô%TETA

- ,  -100 200 300 400 500 600 700 800 900Temperature /°c

Figure 3.13 Thermogram of the product HT23 by varying the amount of 
TETA at 10 h reaction time.

FTIR spectra, surprisingly, gave small the absorption peaks of Si- 
O-C stretching at 1100.6 and 1018 crn'l and bending of Si-0 at 473 cm 'l. 
However, when we considered FTIR spectrum and % ceramic yield of residue 
products obtained after filtration, it showed mainly silica, as shown in Figures
3.14 and 3.15. The more mole % TETA, the less silica left in the products.
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Figure 3.14 FTIR spectrum of the residue products HT23 by varying the 
amount of TETA at 10 h reaction time.

NETZSCH-Gcritebau GmbH Thermisehe Analyse
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Figure 3.15 Thermogram of the residue products HT23 by varying the 
amount of TETA at 10 h reaction time.
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For TGA thermograms of products, the percents ceramic yield of 
products obtained at 10, 30, and 50 % TETA were nearly the same (~11.2%), 
as shown in Figure 3.13. For the product obtained at 100 mole % TETA, the 
reaction that took longer reaction time gave the lower yield than that at 5 h 
reaction time.

The product at 10 mole %  TETA that gives 'H-NMR spectra, as 
shown in Figure 3.16.
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Figure 3.16 'H -N M R  spectrum o f  the product HT23 at 10 h with 10 m ole %
TETA.
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The 'H-NMR spectra of samples at 10 mole % TETA were the 
same as those of products at 100 mole % TETA, except that spectra of 10 
mole % TETA gave higher intensity of protons in hydroquinone and tert-butyl 
group than the other one. The peaks for methanol and acetronitrile still 
remained in the product including low amounts of TETA. However, the 
reaction that used small amounts of TETA gave the lower product yield. The 
reason is that the reaction was incomplete, especially, a lot of unreacted 
starting material, silica, still remained. Therefore, this condition was chosen to 
study kinetics.

For kinetic study, the unreacted Si02 was removed from the 
reaction mixture for quantitative determination. The liquid phase was collected 
for structural analysis followed by removing EG under vacuum at 160°c 
/20mmHg and washing with methanol under N2 atmosphere. The FTIR and 
TGA were used to characterize the products as a function of time and 
temperature, as shown in Figures 3.17 and 3.18, respectively.
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Figure 3.17 FTIR spectrum of the product precipitated from the liquid phase.
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Figure 3.18 Thermogram of the product precipitated from the liquid phase
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Figures 3.19 and 3.20 show the comparison o f  FTIR and TGA o f
the product precipitated from the liquid phase obtained from using 15 or 30
min and 2 h reaction time.

Figure 3.19 Comparison of FTIR spectra between the product precipitated
from the liquid phase at 200°c for 30 min and that for 2 h with 
100 mole % TETA.
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Figure 3.20 Comparison of thermogram between the product precipitated 
from the liquid phase at 200°c for 30 min and that for 2 h with 
100 mole % TETA.

The reaction using 100 % TETA gives good yields of product. It 
provides the fastest reaction although it needs a sufficient time to polymerize 
in the process.

The EI+-MS and NMR of the liquid phase are give in Figures 3.21 
and 3.22, respectively.
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Figure 3.21 EI+ mass spectrum of the product precipitated from the liquid 
phase at 200°c for 2 h with 100 mole % TETA.

Figure 3.22-a 1H-NMR spectrum o f  the product precipitated from the liquid
phase at 200°c for 2 h with 100 m ole % TETA.
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Figure 3.22-b 13Ç-NMR spectrum o f  the product precipitated from the liquid
phase at 200°c for 2 h with 100 m ole % TETA.
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For the TGA thermogram, the first mass loss occurring below 280° 
c , resulted from decomposition of TETA whereas the mass loss between 280° 
C-320°C represented to catechol, hydroquinone and 4-tert-butylcatechol left in 
the product. The mass loss between 320°-430°C corresponded to the 
decomposition of organic ligand and the last mass loss between 430°-650°C 
corresponded to the remaining organic residue in the product (Figure 3.23).

NTETZSCH-Geratebau GmbH Thermische Analyse
TG/%

100 ๆ-----
DTG /%/min

80-
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'•- <— DTG of product 0
-1

! -2 
l" -3
: -440 ' \  / r-5 -: V\< — Producti : ' —
t

ๆ r6: • . •• ________  <— Catechol }-7i - 810C 200 300 400 500 600 700 800 Temperature /°c 900

Figure 3.23 Thermograms of the product precipitated from the liquid phase at 
200°c for 2 h with 100 mole %  TETA as compared to that of 
pyrocatechol raw material.
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The XRD profile showed that the product obtained from 
precipitation of the liquid phase gave more crystalline behavior which is 
possibly belong to ammonium salt of tri(catecholato)silicate, as shown in 
Figure 3.24.

Figure 3.24 XRD spectrum the product precipitated from the liquid phase at 
200°c for 2 h with 100 mole % TETA.

From all results, it shows that the product precipitated from the 
liquid phase was mainly tri(catecholato)silicate.
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3.3 Kinetic study

The silica raw material and unreacted silica were weighed at room 
temperature after its has dried in furnace at 1000°c for 30 minutes. The 
impurities in silica (e.g. humidity, organic residues ) were lost to determine the 
actual unreacted silica. The ceramic yield of silica was measured as silicon 
dioxide (Si02) using TGA. The variation of the %ceramic yield of Si02 before 
and after furnace dried depends on the proportion of impurity contained.

3.3.1 Variation of reaction time
The reaction time was varied from 0.5, 1.0, 1.5, to 2.0 h for two 

differently initial concentration of Si02 while the other concentrations, amount 
of catalyst and solvent were fixed, as discussed in section 2.3.2., at fixed 
reaction temperature (210°C). The initial rates of Si02 dissolution were 
measured to determine the reaction order with respect to Si02 by the initial 
method. The initial rate of the higher Si02 concentration was higher than that 
of the lower one, see Figure 3.25. The reaction occurs at the surface of silica, 
therefore, the higher the dissolution of silica took the longer reaction time. 
However, the rate of dissolution was slowly retarded because the active site 
groups, silanol groups, on the surface area of silica decreased.
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Figure 3.25 Relationship between [unreacted SiC>2] versus time at the 
reaction temperature 200°c.

The initial rate was obtained from the slope which passed through 
[unreacted SiC>2] at time equal to zero. Thus, the rate of reaction is 

-d[SiC>2]/dt = r = rate 
After integration, we can get 

[Si02]t = [Si02]o - r t 
The order of SiC>2 (a) was determined by

a  = ln[r0)i, r0,2]/ ln{[Si02]o,i/ [Si02]o,2}
As a result see Table 3.2, The order is equal to 1.06. That is, the rate 

of SiC>2 dissolved was the first order function.
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3.3.2 Variation of reaction temperature
The effect of temperature on the rate of reaction was studied. The 

initial rates (ro = -d[Si02]o/dt) and the J (J= k [Cat]p[Hydro]Y[tert-Butcat]À. 
[TETA]1!) constants were increasing as the temperature increased, whereas the 
orders with respect to SiC>2 ( a  ) were decreasing. Thus the activation energy is 
positive, as presented in Figure 3.26 and Table 3.6. The average order ( a  ) is 
equal to 1.05, as the first order with respect to SiC>2.
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Figure 3.26 Relationship between [unreacted SiC>2] versus time at the 
reaction temperatures of 473 K, 483 K and 493 K.
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Table 3.6 Data of kinetic รณdy

T(K) 473 483 493
ratio of S i02 0.5 1.0 0.5 1.0 0.5 1.0
r0(mol r'hr"1) 0.0236 0.0263 0.0309 0.0515 0.0545 0.0603

a 1.12921 1.06125 0.095886
In J -1.97352 -1.96890 -1.96648

The k(T) data of reactions in solution fit the Arrhenius equation ; 
k = Aexp (-Ea/RT). The Arrhenius activation energy, which is a characteristics 
of the reaction, can be determined from the plot of In J versus 1/T where J = k 
[Cat]p[Hydro]y[tert-Butcat]A. [TETA]11 to give a straight line with slope equal 
to -Ea/R, as presented in figure 3.2.3. The certain minimum energy required to 
break the appropriate bonds and allow new compounds to be formed was 
calculated in J/mol or cal/mol.
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1000/T

Figure 3.27 Relationship between In J versus 1/T

the slope = E /R  ; Ea = 0.0823* 103*8.314 = 684.2422 J/mol
= 0.0823*103*1.987 = 163.5301 cal/mol

As a result, the activation energy was 160 cal/mol (680 J/mol).
In most cases, the catalyzed mechanism has a lower activation 

energy than that of the uncatalyzed mechanism and provides an alternate 
mechanism that is faster than the mechanism of the reaction without the 
catalyst. A simple scheme for a catalyzed reaction is

reactant, + catalyst -> intermediate 
intermediate + reactant2 product2 + catalyst 

where reactant, = catechol, hydroquinone, 4-tert-butylcatechol 
reactant2 = Si02
catalyst = triethylenetetramine (TETA) 
intermediate = (reactant, anion ) TETAET
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The rate law of a catalyzed reaction frequently has the following form
r = k„[A]a....... [ L f  + kca, [A]“ ........[L f[cat.]Y

where ko is the rate constant in the absence of catalyst at [cat.] = 0. 
kcat is the rate constant in the presence of catalyst

If the lowering of Ea is substantial, the first term in the rate law is 
negligible, as compared with the second term, unless [cat.] is extremely small. 
For this study TETA, 100%mole of Si02, was used in high amounts, the rate 
law for the calculation of Ea and the order of the reaction can be assumed of 
the form in second term and use the initial method for the calculation.

The equilibrium constant (K°) for the overall reaction is determined 
by AG° = -RT In K° and is therefore independent of the reaction mechanism. A 
catalyst cannot alter the equilibrium constant of the reaction, meaning that a 
catalyst for a forward reaction must be a catalyst for the reverse reaction. A 
TETA catalyst present in the same phase of EG solvent, reactants and products 
will change the activity coefficients (Yi) or others e.g. equilibrium mole 
fractions of reactants and products which the mole fractions equilibrium 
constant (K°) is

K° = n , (aj. eq )v1, aj = Yi Xj,
From the results, it showed that Ea < RT. When Ea »  RT, the 

temperature dependence of Ea and A is usually too small to be detected by the 
rather inaccurate kinetic data available, unless a wide temperature range is 
studied.
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