
CHAPTER 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 i s

3.1.1 Synthesis o f  b is(e thane-1.2-d iv ld ioxy)silane. S i f o c i u c m o บ. 

tetra-coordinated spirosilicate

In  this study, b is(e tha ne-l,2 -d iy ld ioxy)s ilan e  (K e m m itt and 

M ilestone, 1995) m onom er product was synthesized d ire c tly  from  a m ixture  

o f  s ilicon  d ioxide, S i0 2, and ethylene g lyco l, EG, in the presence o f  

trie thylene-tetram ine, T E T A , as a base or catalyst and w ith /w ith o u t 

potassium hydroxide, K O H , as a co-catalyst. Since water occurred during the 

e q u ilib riu m  reaction and also hydro lyzed the product, it m ust be removed out 

from  the system to push the reaction forw ard, as illustrated in equation (3.1).

+ T E T A  / -H 20
S i0 9 +  HO C EÇ C H 9OH , 7 -

2 2 2 พ /  or w /o  K O H
(3.1)

In this synthesis, the reaction m ixture  w h ich  composed o f  s ilicon  

dioxide, ethylene g lyco l, T E T A  w ith /w ith o u t K O H  was started w ith  c loudy  

solution. A fte r  heated to the b o ilin g  po in t o f  ethylene g lyco l, 2 0 0 ° c ,  under 

nitrogen w ith  constant m agnetica lly  s tirring , ethylene g lyco l and water 

form ed as by-product were d is tilled  o ff, during the reaction. The m ixture  

was given continued heating t i l l  it  turned clear, m eaning that the reaction was 

completed.

3.1.1.1 Effect of TETA concentration on the synthesis of bis 

(ethane-1,2-diyldioxy) silane
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A t T E T A  concentrations o f  25 and 50 m ole percent 

equivalent to silica, the reaction took very long tim e to com plete as compared 

w ith  the reactions run w ith  75, 100, 125, 150, and 200%  o f  T E T A , w h ich  

took place m uch faster. However, T E T A  concentrations o f  150 and 200 m ole  

percent equivalent to silica gave s lig h tly  d iffe ren t reaction tim es, suggesting 

that at T E T A  concentration higher than 150 m ole %  equivalent to silica, the 

reaction is preudo firs t order in base concentration, as shown in Table 3.1.

Therefore, the best T E T A  concentration to synthesize 

b is (e th a n r-l,2 -d iy ld io xy)s ila n e  was 125 m ole %  equivalent to  s ilica, w h ich  

was took 22 hours fo r the reaction solution to become clear.

T a b l e  3 . 1  E ffect o f  the T E T A  concentration on the reaction tim e.

[T E T A ] (m ole %  equivalent to S i0 2) Reaction T im e (hours)

25 72

50 40

75 28

100 24

125 22

150 21

200 20

3.1.1.2 Effect of K O H  concentration on the synthesis of bis 

(ethane-1,2-diyldioxy) silane

A ccord ing  to Laine et al's w o rk , they used 100 mole  

percent o f  potassium hydroxide equivalent to s ilica  as catalyst to synthesize 

pentacoordinated spirosilicate. Therefore, this w o rk  was repeated at much 

low er K O H  concentration to specifica lly  obtain tetracoordinated spirosilicate. 

The K O H  concentration used was less than 10 m ole percent equiva lent to 

silica. I t  decreased the reaction tim e from  22 to 10 hours w ith  K O H
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concentration less than 10 mole percent equivalent to s ilica  w ith o u t show ing  

any penta-coordinated spirosilicates.

3.1.1.3 Effect of E G  quantity on the synthesis of bis(ethane-l ,2- 

diyldioxy) silane

A t the reaction temperature o f  2 0 0 ° c ,  some o f  ethylene 

g lyco l was d is tilled  o f f  w ith  water. Ethylene g lyco l quantity  o f  5 m L  gave 

the longest reaction tim e, as compared to 7.5, 15, and 20 m L. M oreover, the 

volum es o f  15 and 20 m L gave the same reaction tim e. Thus, 15 m L  o f  

ethylene g lyco l was the best vo lum e w ith  enough am ount o f  EG to react w ith  

silica although some was d is tilled  o ff, as shown in Table 3 . 2 .

T a b l e  3.2 E ffect o f  the EG qua lity  on the reaction time.

EG Q uantity  (m L ) Reaction T im e (hours)

5 32

7.5 22

15 18

20 18

3.1.1.4 Effect of reaction time on the synthesis of bis(ethane-

1,2-diyldioxy) silane

3.1.1.4.1 Without potassium hydroxide (KOH)

Synthesis o f  b is (e th a n e -l,2 -d iy ld io xy)s ila n e  

was con-ducted by m ix in g  12.5 m m ol silica, 15 m L  o f  ethylene g lyco l, and 

15.63 m m ol T E T A . The percent ceramic y ie ld  increased w ith  decreasing 

reaction tim e {percent ceramic y ie ld  =  [w e igh t o f  s ilica  from  

pyro lys is* 100]/weight o f  sample before p y ro lys is }, see Table 3.3. The 

increase in ceram ic y ie ld  was caused by incom plete ly  reacted silica. 

M oreover, th is increase is also the result o f  fu rther po lym eriza tion  o f  

spirosilica te m onomer. Therefore, the optim um  reaction tim e fo r bis(ethane-

l , 2-d iy ld io xy )s ila n e  synthesis was at 18 hours when fused s ilica  was used as
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starting m aterial. However, fo r fumed s ilica the reaction tim e was much 

faster, 6 hours. This is because fumed silica  has higher surface area resulting  

in higher reactiv ity . The found ceramic y ie ld  40.82 was nearly the same as 

the calculated value, 40.54% , where the structure belonged to the 

tetracoordinated spirosilicate.

T a b l e  3 . 3  Effect o f  the reaction tim e on the percent ceram ic y ie ld  in 

the absence o f  KO H .

Reaction T im e (hours) Percent Ceram ic Y ie ld  (% )

8 87.00

10 72.47

14 59.00

18 40.82

20 45.39

24 62.50

3.1.1.4.2 With potassium hydroxide (KOH)

W hen less than 10 m ole percent equivalent o f  

K O H  to s ilica  was added, the reaction tim e decreased from  18 to 10 hours for 

fused s ilica  and from  6 to 4 hours fo r fumed silica. This is because K O H  is a 

very strong base, acting as co-catalyst, and fumed s ilica  has higher surface 

area, see Table 3.4.

T a b l e  3 . 4  E ffect o f  the reaction tim e on the percent ceram ic y ie ld  in

the presence o f  K O H .

Reaction T im e (hours) Percent Ceram ic Y ie ld  (% )

4 77.25

6 66.67

8 55.00

10 40.82

12 44.00
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3.1.2 Synthesis o f  b is(2-am ino-2-m ethylpropane-1.3 -d iv ld ioxv)s ilane . 

tetracoordinated spirosilicate

เท this study, b is (2 -a m ino-2 -m ethy lp ropan e-l,3 -d iy ld ioxy)  

silane(K em m itt and M ilestone, 1995) m onom er product was synthesized 

from  a m ixture  o f  s ilicon dioxide, S i0 2, and 2 -am ino-2 -m ethy l- 1,3- 

propanediol, C 4 ,  in the presence o f  T E T A , as solvent and catalyst 

w ith /w ith o u t co-catalyst K O H . S im ila rly , water occurred during  the 

equ ilib rium  reaction and also hydrolyzed the product, it must thus be 

removed out from  the system to push the reaction forw ard, as illustrated in 

equation (3.2).

3.1.2.1 Effect of reaction temperature on the synthesis of bis(2- 

amino-2-methylpropane-1,3-diyldioxy)silane 

The ceramic y ie ld  decreased w ith  increasing  

temperature, m eaning that at low  temperature, 1 4 0 ° c ,  under vacuum  at

O .lm m H g, there is not enough energy fo r s ilica to react w ith  2-am ino-2- 

m ethyl- 1,3-propanediol, C 4 .  However, at high temperature, 1 6 5 ° c ,

O .lm m H g, most o f  the starting m aterial and solvent, 2 -am ino-2 -m ethy l- 1,3- 

propanediol and T E T A , respectively, were d is tilled  o ff. Thus, the 

temperature o f  1 6 0 ° c  at O .lm m H g was the most suitable cond ition  to 

synthesize b is (2 -am ino-2 -m ethy lp ropane-l,3 -d iy ld ioxy)s ilane , as illustrated  

in Table 3.5.
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T a b l e  3 . 5  Effect o f  the reaction temperature on the percent ceramic 

yie ld .

Reaction Tem perature (°C), O .lm m H g Percent Ceram ic Y ie ld  (% )

140 81.00

150 67.83

160 52.32

165 71.72

3.1.2.2 Effect of 2-amino-2-methyl-l,3-propanediol, C4, 

concentration on the synthesis of bis(2-amino-2- 

methyl propane-1,3-diyldioxy) silane 

A t the reaction temperature o f  1 6 0 ° c  under vacuum,

O .lm m H g, 2 -am ino-2 -m ethyl- 1,3-propanediol concentrations o f  13.34, 20.01, 

and 26.68 m m ol gave high ceramic y ie ld , meaning that at C4 concentration  

low er than 26.68 m m ol, s ilica was incom plete ly reacted, because some o f  2 - 

a m in o -2 -m e th y l-1,3-propanediol was d is tilled  o ff, whereas 40.02 and 53.36 

m m ol o f  C4 gave 26.88%  ceramic y ie ld , w h ich  is nearly the same as the 

calculated value, 25.42% , where the structure belonged to tetracoordinated  

species. Hence, 2-am ino-2-m ethyl- 1,3-propanediol concentration o f  40.02 

m m ol (4.2g) at 1 6 0 ° c  under vacuum, O .lm m H g, was the most suitable 

cond ition  to  synthesize b is(2 -a m ino-2 -m ethy lp ropan e-l,3 -d iy ld ioxy)s ilane , 

see Table 3.6.

T a b l e  3.6 E ffect o f  the C4 concentration on the percent ceram ic yie ld .

C4 Concentration (m m ol) Percent Ceram ic Y ie ld  (% )

13.34 52.32

20.01 42.97

26.68 38.44

40.02 26.88

53.36 26.88
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3.1.2.3 Effect of TETA quantity on the synthesis o /b is (2 -a m in o -  

2-m ethylpropane-1,3 -d iy ld ioxy)s ilane

T E T A  amount o f  0.0 and 5.0 m L  gave very h igh ly  

viscous solution resulting in d iff ic u lty  for molecules to move and react 

together. However, 12.0 and 15.0 m L were too d ilu te  causing the reaction to 

occur very s low ly . Therefore, 10.0 m L o f  T E T A  was the best concentration  

to synthesize b is(2-am ino-2-m ethylpropane-1,3-d iy ld ioxy)s ilane.

3.1.2.4 Effect of K O H  concentration on the synthesis of bis(2- 

amino-2-methylpropane-1,3-diyldioxy) silane

A gain  referring to Laine et al'ร w ork, w h ich  used 100 

m ole percent o f  K O H  equivalent to silica as catalyst to synthesize 

pentacoordinated spirosilicate, therefore, the K O H  concentration used in this 

w o rk  was less than 10 m ole percent equivalent to s ilica  in order to synthesize 

tetracoordinated spirosilicate monomer. The result from  this study showed 

that K O H  concentration, less than 10 m ole percent equivalent to s ilica gave 

on ly tetracoordinated spirosilicate.

3.1.2.5 Effect of reaction time on the synthesis of bis(2-amino- 

2-methylpropane-T 3-diyldioxy) silane

3.1.2.5.1 Without potassium hydroxide (KOH)

The synthesis study o f  b is(2-am ino-2- 

m eth y lp ro p a n e -l,3 -d iy ld io xy)s ila n e  was conducted by m ix in g  6.67 m m ol 

fumed silica  and 40.02 m m ol 2-am ino-2-m ethyl- 1,3-propanediol in 10 m L  o f  

T E T A  as catalyst and solvent. The percent ceramic y ie ld  increased w ith  

decreasing reaction tim e {percent ceramic y ie ld  =  [w eight o f  s ilica  from  

pyro lys is* 100]/w eight o f  sample before p y ro lys is }. The increase in ceramic 

y ie ld  was caused by incom plete ly reacted silica. M oreover, the longer 

reaction tim e resulted in further po lym erization. Therefore, the optim um  

reaction tim e for b is(2-am ino-2-m ethylp ropane-1,3 -d iy ld io x y  )silane

synthesis was at 24 hours, see Table 3.7.
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T a b l e  3.7 E ffect o f  the reaction tim e on the percent ceram ic y ie ld  in the 

absence o f  KO H .

Reaction T im e w ithou t K O H (hours) Percent Ceram ic Y ie ld  (% )

14 77.60

18 54.12

20 38.41

24 26.88

28 29.21

34 47.35

48 63.52

3.1.2.5.2 With potassium hydroxide (KOH)

The same reason as that m entioned in the stiidy  

o f  the reaction tim e w ithou t K O H  was applied in this case. H ow ever, when 

less than 10 m ole % equivalent o f  K O H  to s ilica was added, the reaction tim e  

was decreased from  24 to 14 hours, ow ing  to the strong base o f  K O H , acting  

as co-catalyst, see Table 3.8.

T a b l e  3 . 8  E ffect o f  the reaction tim e on the percent ceram ic y ie ld  in

the presence o f  K O H .

Reaction T im e w ith  KO H (hours) Percent Ceram ic Y ie ld  (% )

6 61.51

10 47.34

14 26.88

18 47.30

3.1.3 Synthesis o f  b is(3-am inopropane-1.2-d iv ld ioxy)silane,

S i{O C H 7C H (C H 7N H O O l7. tetracoordinated spirosilicate



2 9

In this study, b is (3 -a m inopropa ne-l,2 -d iy ld ioxy)s ilan e  

(K e m m itt and M ilestone, 1995) m onom er product was synthesized from  a 

m ixture  o f  s ilicon  dioxide, S i0 2, and 3-am ino-1,2-propanediol, C3, in the 

presence o f  T E T A  as solvent and catalyst w ith /w ith o u t K O H  as co-catalyst. 

The reaction was in equ ilib rium , water produced during the reaction must 

thus be rem oved out from  the system to push the reaction forw ard, as 

illustrated in equation (3.3).

ร ‘ ๐ 2 + HO ÇHCfEO H

c h 2n h 2

+TETA / -H20  _

พ / or w/o KOH

H2N H 2C
A *

CH2N H 2
(3.3)

3.1.3.1 Effect of reaction temperature on the synthesis of bis(3- 

aminopropane-1,2-diyldioxy) silane 

The reaction temperature o f  1 5 0 ° c  under vacuum at

O .lm m H g  gave much higher ceramic y ie ld  than theoretical ceram ic y ie ld , 

m eaning that s ilica  was not com plete ly reacted due to in su ffic ie n t energy for 

silica  to react w ith  3-am ino-1,2-propanediol. The reaction temperature o f  

1 6 0 ° c  under vacuum  at O .lm m H g gave much closer ceram ic y ie ld  to the 

calculated value, 29.13% , therefore, the temperature o f  1 6 0 ° c  at O .lm m H g  

was the most proper condition to synthesize b is(3 -am inopropane-l,2 - 

d iy ld io xy)s ila ne , Table3.9.

T a b l e  3 . 9  E ffect o f  the reaction temperature on the percent ceramic 

yie ld .

Reaction Temperature (°C) Percent Ceram ic Y ie ld  (% )

150 67.56

160 40.00

3.1.3.2 Effect of 3-amino-1,2-propanediol concentration on the 

synthesis of bis(3-aminopropane-1,2-diyldioxy)silane
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Referring to the reaction temperature, 1 6 0 ° c  under 

vacuum, O .lm m H g, 3-am ino-1,2-propanediol concentrations o f  10 and 20 

m m ol gave high ceramic y ie ld , meaning that s ilica was not com plete ly  

reacted, because some 3-am ino-1,2-propanediol was d is tilled  o ff. 30 and 40 

m m ol C3 gave 30.45 and 30.42 %, respectively, w h ich  is nearly the same 

ceramic y ie ld  as the calculated value, 29.13% , where the structure was 

tetracoordinated species. Hence, 3-am ino-1,2-propanediol concentration o f  

30 m m ol at 1 6 0 ° c  under vacuum, O .lm m H g, was the most suitable cond ition  

to synthesize b is(3 -am inopropane-l,2 -d iy ld ioxy)s ilane , see Table 3.10.

T a b l e  3 . 1 0  Effect o f  the C3 concentration on the percent ceramic 

yie ld.

C3 Concentration Percent Ceram ic Y ie ld  (% )

10 68.38

20 40.00

30 30.45

40 30.42

3.1.3.3 Effect o f TETA quantity on the synthesis o f his(3- 
aminopr opane-1,2-diyldioxy) silane.
The T E T A  amount o f  0.0 m L gave the solution w ith  

very h igh v iscosity , resulting in d iff ic u lty  for molecules to move and react 

together. H ow ever, 7.0 and 10.0 m L were too dilu te, causing a long reaction  

tim e. 5.0 m L  T E T A  was thus the best quantity  to synthesize bis(3- 

am in opropan e-l,2 -d iy ld ioxy)s ilane , see Table 3.11.
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T a b l e  3 . 1 1  Effect o f  the reaction tim e on the T E T A  quantity.

Reaction T im e (hours) T E T A  Q uantity  (m L )

26 0.00

14 5.00

18 7.00

20 10.00

3.1.3.4 Effect of K O H  concentration on the synthesis of bis(3- 

aminopropane-1,2-diyldioxy)silane.

R eferring to Laine et al's w o rk, using 100 m ole percent 

o f  K O H  equivalent to s ilica  as catalyst to synthesize pentacoordinated  

spirosilicate, therefore, the KOEI concentration used in this w o rk  was less 

than 10 m ole percent equivalent to s ilica in order to synthesize 

tetracoordinated spirosilicate m onomer. The result from  this study showed 

that the reaction tim e was decreased from  14 to 10 hours w ith  K O H  

concentration less than 10 m ole percent equivalent to s ilica  w ith o u t g iv in g  

any pentacoordinated spirosilicate.

3.1.3.5 Effect of reaction time on the synthesis o /b is (3 -a m in o  

propane-1,2 -d iy ld ioxy)s ilane

3.1.3.5.1 Without potassium hydroxide (KOH)

The synthesis study o f  b is(3-am inopropane-

1,2-diyl d ioxy)s ilane was conducted by m ix in g  5 m m ol fumed s ilica  and 30 

m m ol C3 in  5 m L o f  T E T A  as catalyst and solvent. The percent ceramic  

y ie ld  increased w ith  decreasing in reaction tim e {percent ceram ic y ie ld  =  

[w e ight o f  s ilica  from  pyro lys is* 100]/w e igh t o f  sample before p y ro lys is }. 

The increase in ceramic y ie ld  was caused by incom plete ly  reacted fumed  

silica. The percent ceramic y ie ld  also increased w ith  increase in the reaction  

tim e, 18 and 20 hours. This increase is the result o f  fu rther po lym eriza tion
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caused by longer reaction time. Therefore, the optim um  reaction tim e fo r bis 

(3 -a m inop rop ane-l,2 -d iy ld ioxy)s ilan e  synthesis was at 14 hours, Table 3.12. 

T a b l e  3 . 1 2  E ffect o f  the reaction tim e in the absence o f  K O H  on the

percent ceramic yie ld .

Reaction T im e w ith o u t K O H  (hours) Percent Ceramic Y ie ld  (% )

10 42.50

14 30.45

18 32.80

20 37.51

3.1.3.5.2 With potassium hydroxide (KOH)

W hen less than 10 m ole percent equivalent o f  

K O H  to s ilica  was added, the reaction tim e decreased from  14 to 10 hours 

because o f  the strong base K O H , acting as co-catalyst.

A s a sum mary o f  tetracoordinated spirosilica te synthesis the 

m echanistic m odel can be demonstrated in Scheme 3.1.

The mechanism to synthesize b is (e tha ne-l,2 -d iy ld ioxy)s ilan e , 

where R: C H 2C H 2, and R ’ : C H 2C H 2N H C H 2C H 2N H C H 2C H 2, was shown in 

Scheme 3.1. (B lo h o w ia k  et al. 1994, found the rate o f  d issolution o f  s ilica  

during the synthesis o f  pentacoordinated s ilicon complexes was linearly  

dependent on the surface area and in itia l base concentration).

T E T A  is a weak base, w h ich  has a lone pa ir electron. W hen  

T E T A  was used as catalyst and solvent, the reaction took much longer as 

compared to that having K O H  as co-catalyst. I t  is s im ply explained that 

K O H  is a strong base and pu ll proton from  ethylene g lyco l m uch faster.

S im ila rly , the mechanism to synthesize bis(3-am inopropane-

l,2 -d iy ld io xy )s ila n e , where R: C H 2C H (C H 2C N 2) and b is(2-am ino-2-

methylpropane-l,3-diyldioxy)silane, where R: CH2(CH3)C(NH2)CH2 could
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b e  s e e n  in  Scheme 3.1. I n  t h e s e  t w o  c a s e s ,  t h e  d i o l s  c o n t a i n i n g  a m i n o  g r o u p

w i l l  a l s o  a c t  a s  c a t a l y s t .

HO-R-cP-H +  11-,N  - R '  - N i l ,  -  H O - R - O H j N - R ' - N H ,  

H O — R — C p - h p ^ - f  K ^ O H  H O — R — O , K  +  H 2 0

Scheme 3.1
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3.2 Characterization
3 . 2 . 1  S y n t h e s i s  o f  b i s ( e t h a n e - 1 . 2 - d i v l d i o x v ) s i l a n e ,  SifOCHjCHlOh .

t e t r a c o o r d i n a t e d  s p i r o s i l i c a t e

B i s ( e t h a n e - l , 2 - d i y l d i o x y ) s i l a n e  w a s  p r e p a r e d  a c c o r d i n g  t o  

e q u a t i o n  3 . 1 ,  i n  m o r e  t h a n  8 0  %  o v e r a l l  y i e l d  d i r e c t l y  f r o m  f u s e d  o r  f u m e d  

s i l i c a  a n d  e t h y l e n e  g l y c o l  i n  t h e  p r e s e n c e  o f  T E T A ,  a s  c a t a l y s t  w i t h / w i t h o u t  

K O H ,  a s  c o - c a t a l y s t .  T h e  s t r u c t u r e  o f  g l y c o l a t o  s p i r o s i l i c a t e  w a s  c o n f i r m e d  

b y  F T - I R ,  N M R ,  I G A ,  D S C ,  a n d  F A B +- M ร .

3.2.1.1 Fourier Transform Infrared Spectroscopy (FT-IR)
T h e  s p e c t r a  o f  b i s ( e t h a n e - l , 2 - d i y l d i o x y ) s i l a n e  a n d  a l l  

s t a r t i n g  m a t e r i a l s ,  n a m e l y ,  s i l i c a  { S i 0 2 } a n d  e t h y l e n e  g l y c o l  { H O C H 2.  

C H 2O H ,  E G }  a r e  s h o w n  in  F i g u r e  1 . T h e  F T - I R  s p e c t r u m  o f  b i s ( e t h a n e - l , 2 -  

d i y l d i o x y ) s i l a n e  s h o w e d  b r o a d  b a n d  a t  3 3 8 6  c m ' 1 c o r r e s p o n d s  t o  t h e  O - H  

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

h y d r o g e n  b o n d i n g  ( C a i r n  1 9 6 5 ) ,  w h e r e a s  2 9 4 9 - 2 8 8 2  c m ' 1 r e s u l t s  f r o m  t h e  C -  

H  s t r e t c h i n g .  T h e  p e a k s  a t  1 0 8 5 ,  9 6 6 ,  a n d  8 8 3  c m ’ 1 a r e  a s s i g n e d  t o  S i - O - C H  

s t r e t c h i n g  ( L a u n e r  1 9 7 8 ,  B i e m a n  1 9 8 9 ,  a n d  R o b i n s o n  1 9 9 0 ) .

3.2.1.2 Nuclear Magnetic Resonance Spectroscopy (NMR)
3.2.1.2.1 Proton Nuclear Magnetic Resonance 

Spectroscopy ('H-NMR)
T h e  1 F I - N M R  s p e c t r u m  o f  b i s ( e t h a n e - l , 2 -  

d i y l d i o x y ) s i l a n e  ( F i g u r e  2 )  s h o w e d  a b s o r p t i o n  a t  8  = 3 . 2 7 p p m  w i t h  b r o a d  

s i n g l e t ,  i n d i c a t i n g  t h e  O - F l  f r o m  H 2 0  i n  D M S O  a n d  a b s o r b e d  b y  t h e  p r o d u c t ,  

w h i c h  i s  i n  a g r e e m e n t  w i t h  F T - I R .  T h e  s h a p e  s i n g l e t  p e a k  a t  8  = 3 . 3 8 p p m  

r e s u l t s  f r o m  t h e  C F E - O - S i  ( L a i n e ,  1 9 9 1 ,  s y n t h e s i z e d  p e n t a c o o r d i n a t e d  g a v e  

b r o a d  s i n g l e t ) .  T h e  ' H - N M R  r e s u l t s  o f  a l l  s t a r t i n g  m a t e r i a l s ,  e t h y l e n e  g l y c o l ,  

t r i e t h y l e n e t e t r a m i n e ,  m e t h a n o l ,  a c e t o n i t r i l e ,  a n d  b i s ( e t h a n e - l , 2 - d i y l d i o x y )  

s i l a n e  a r e  i n  T a b l e  3 . 1 3 .
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Figure 1 F T - I R  o f  ( a ) ,  ( b ) ,  a n d  ( c ) .

X  1 ค  > > o c  1 -t  o



3 6

8.5 8,0 7.5 7.0 6,5 6.0 5.5 5.0 4,5 4.0 3.5 3.0 2.5 2.0 1,5 1.0 0,5

Figure 2 1H - N M R  o f  b i s ( e t h a n e - 1, 2 - d i y l d i o x y ) s i l a n e .
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D M S O

ทพ»พ»»».»พ/■ เพ
p p m

T U น5163 120 100 30
t rrnm . rrrrp n m n jn r

60 40 20

Figure 3  l3C - N M R  o f  b i s ( e t h a n e - l , 2 - d i y l d i o x y ) s i l a n e .
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3.2.1.2.2 Carbon Nuclear Magnetic Resonance Spectro
scopy (ljC-NMR)
T h e  l3 C - N M R  r e s u l t s  o f  a l l  s t a r t i n g  m a t e r i a l s

a n d  s o l v e n t s  a r e  a l s o  s h o w n  i n  T a b l e  3 . 1 3 .  T h e  l3 C - N M R  s p e c t r u m  s h o w e d  

o n l y  s i n g l e  a b s o r p t i o n  a t  Ô = 6 2 . 7 5 p p m  c o r r e s p o n d i n g  t o  t h e  C H 2 - 0 - S i ,  

F i g u r e  3  ( T a i n e  1 9 9 1  s y n t h e s i z e d  p e n t a c o o r d i n a t e d  g a v e  t w o  p e a k s  o f  t h e  

l3 C - N M R ) .

o n l y  o n e  p e a k  a t  8  =  - 1 0 4 p p m ,  s e e  T a b l e  3 . 1 3 ,  w h i c h  i s  c o n s i s t e n t  w i t h  t h o s e  

p r e v i o u s l y  r e p o r t e d  f o r  a l i p h a t i c ,  p e n t a c o o r d i n a t e d  s p i r o s i l i c a t e s  s h o w i n g  t h e  

m o n o m e r i c  p e n t a c o o r d i n a t e d  s p e c i e s  ( K e m m i t t  a n d  M i l e s t o n e  1 9 9 5 ) .  

H o w e v e r ,  i n  t h i s  c a s e  t h e  2 9 S i - N M R  w a s  c o n d u c t e d  u s i n g  t h e  r e a c t i o n  

s o l u t i o n .  T h e r e  i s  t h e r e f o r e  a  p a r t i a l  b o n d i n g  b e t w e e n  t h e  p r o d u c t  a n d  T E T A  

i n  t h e  s o l u t i o n ,  a s  i n d i c a t e d  b y  F r y e ' s  g r o u p .

-y— I--- 1----1----1----1----1— T~—I----1----1----1----1----1----1 I I I » I I I I I I I I
0 -20 -40 -60 -00 -100 -120
Figure 4 'F I - N M R  o f  b i s ( e t h a n e - l , 2 - d i y l d i o x y ) s i l a n e .

3.2.1.2.3 Silicon Nuclear Magnetic Resonance Spectro
scopy (29Si-NMR)
T h e  29S i - N M R  s p e c t r u m ,  s e e  F i g u r e  4 ,  s h o w e d

H 2 N ( C F I 2 C F I 2 N H ) C H 2 C H 2 N H 2
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Figure 5 T G A  o f  b i s ( e t h a n e - l , 2 - d i y l d i o x y ) s i l a n e .
LOoo
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T a b l e  3 . 1 3  S u m m a r y  o f  ' H - N M R ,  i 3C - N M R ,  a n d  29S i - N M R  r e s u l t s  o f  

s t a r t i n g  m a t e r i a l s ,  s o l v e n t s ,  a n d  b i s ( e t h a n e - l , 2 - d i y l d i o x y )  

s i l a n e .

S a m p l e ’ H - N M R ( p p m ) 13C - N M R ( p p m ) 29S i - N M R ( p p m )

T r i e t h y l e n e - 1 . 2 5 ( s ) 3 9 . 2 ,  4 0 . 3

t e t r a m i n e 2 . 5 0 ( f ) 4 2 . 0 ,  4 6 . 3

2 . 7 5 ( f ) 4 6 . 9

M e t h a n o l 3 . 3 4  a n d  4 . 1 1 4 9 . 0 0

A c e t o n i t r i l e 2 .0 0 1 .3  a n d  1 1 7 . 7

E t h y l e n e  G l y c o l 3 . 6 2 ( s )  a n d 6 3 . 4

4 . 2 3 ( s )

B i s ( e t h a n e - 1 , 2 - 3 . 2 7 ( b r o a d ,  ร ) 6 2 . 7 5 - 1 0 4

d i y l d i o x y ) s i l a n e a n d  3 . 3 8 ( s )

3.2.1.3 Thermo gravimetric Analysis (TGA)
T h e  r e s u l t  f r o m  T G A ,  a s  i n d i c a t e d  i n  F i g u r e  5 ,  g a v e  

4 0 . 8 2 %  c e r a m i c  y i e l d  w h i c h  w a s  n e a r l y  t h e  s a m e  a s  t h e  c a l c u l a t e d  v a l u e ,  

4 0 . 5 4 % ,  w h e r e  t h e  s t r u c t u r e  w a s  t e t r a c o o r d i n a t e d  s p e c i e s .

3.2.1.4 Differential Scanning Calorimetry (DSC) 
B i s ( e t h a n e - l , 2 - d i y l d i o x y ) s i l a n e  s h o w e d  t w o

e n d o t h e r m i c  p e a k s  w i t h  d i f f e r e n t  t e m p e r a t u r e s .  T h e  f i r s t  o n e  o c c u r r i n g  a t  

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

3.2.1.5 Positive Fast Atomic Bombardment Mass Spectroscopy 
(FAB+-MS)
M a s s  s p e c t r a l  a n a l y s i s  s u g g e s t s  t h a t  t h e r e  i s  o n l y  o n e  

b i s ( e t h a n e - l , 2 - d i y l d i o x y ) s i l a n e  m o n o m e r  ( m / e  1 4 9 ) .  H o w e v e r ,  t h e  m o l e c u l a r  

w e i g h t  o f  t h i s  m o n o m e r  w a s  h a r d l y  s h o w n ,  d u e  t o  t h e  h i g h  e n e r g y  u s e d  i n  t h e  

F A B +M S  m o d e .  T h e r e f o r e ,  t h e  s t a b i l i t y  o f  m o l e c u l a r  s t r u c t u r e  w i l l  n o t  b e
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s t a b l e  g i v i n g  t h e  b a s e  p e a k  a t  m / e  =  5 7 .  T h e  f r a g m e n t a t i o n  o f  t h e  p r o d u c t  i s  

s h o w n  i n  T a b l e  3 . 1 4 .

T a b l e . 3 . 1 4  T h e  p r o p o s e d  s t r u c t u r e  a n d  f r a g m e n t a t i o n  o f  p r o d u c t .

m / e I n t e n s i t i e s P r o p o s e d  S t r u c t u r e

1 4 9 7 . 0 0 r 0 '  ^

^ ' ' (ว

1 3 2 3 1 . 5 7 ; C H 2C H 20 - S i (
c r

7 2 9 . 1 1 + C H 2C H 20 — S i

5 8 1 0 0 + C H 20 — S i

4 4 8 0 . 9 4 + 0 — S i

3 . 2 . 2  S y n t h e s i s  o f  b i s ( 2 - a m i n o - 2 - m e t h v l p r o p a n e - l , 3 - d i y l d i o x v )  

s i l a n e .  Si[OCH?(CHi)CfNHT)CHiO] ?, t e t r a c o o r d i n a t e d  

s p i r o s i l i c a t e

B i s ( 2 - a m i n o - 2 - m e t h y l p r o p a n e - l , 3 - d i y l d i o x y ) s i l a n e  w a s  p r e 

p a r e d  a c c o r d i n g  t o  e q u a t i o n  3 . 2  in  m o r e  t h a n  8 0 %  o v e r a l l  y i e l d  d i r e c t l y  f r o m  

f u m e d  s i l i c a  a n d  2 - a m i n o - 2 - m e t h y l -  1 , 3 - p r o p a n e d i o l  in  t h e  p r e s e n c e  o f  T E T A  

u s e d  a s  b o t h  c a t a l y s t  a n d  s o l v e n t .  T h e  s t r u c t u r e  o f  b i s ( 2 - a m i n o - 2 -  

m e t h y l p r o p a n e - l , 3 - d i y l d i o x y ) s i l a n e  w a s  a l s o  d e t e r m i n e d  b y  t h e  f o l l o w i n g  

t e c h n i q u e s .



41

ร. 2.2.1 Fourier Transform Infi-ared Spectroscopy (FT-IR)
T h e  s p e c t r a  o f  b i s ( 2 - a n i i n o - 2 m e t h y l p r o p a n e - l , 3 -  

d i y l d i o x y ) s i l a n e  a n d  a l l  s t a r t i n g  m a t e r i a l s ,  n a m e l y ,  s i l i c a  { S i 0 2 } a n d  2 -  

a m i n o - 2 - m e t h y l - 1 , 3 - p r o p a n e d i o l  { H O C H 2( C H 3) C ( N H 2) C H 2O H ,  C 4 }  a r e  

s h o w n  i n  F i g u r e  6 . T h e  F T - I R  s p e c t r u m  o f  o f  b i s ( 2 - a m i n o - 2 - m e t h y l p r o p a n e -

l , 3 - d i y l d i o x y ) s i l a n e  s h o w e d  b r o a d  b a n d  a t  3 4 0 6  c m "1 i n d i c a t i n g  t h e  O - F I  

s t r e t c h i n g ,  f r o m  w a t e r  w h i c h  i s  a b s o r b e d  b y  t h e  p r o d u c t ,  N - H  s t r e t c h i n g  in  

t h e  m o l e c u l e ,  a n d  i n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g  ( C a i r n  1 9 6 5 ) ,  w h e r e a s  

2 9 5 3 - 2 8 6 8  c m ' 1 c o r r e s p o n d s  t o  t h e  C - H  s t r e t c h i n g .  T h e  p e a k s  a t  1 0 8 2 ,  9 6 2 ,  

a n d  8 8 3  c m ' 1 a r e  a s s i g n e d  t o  S i - O - C H  s t r e t c h i n g .

3.2.2.2 Nuclear Magnetic Resonance Spectroscopy (NMR)
3 . 2 . 2 . 2 . 1  Proton Nuclear Magnetic Resonance Spectro

scopy (! H-NMR)
T h e  ' H - N M R  s p e c t r u m  o f  b i s ( 2 - a m i n o - 2 -  

m e t h y l - p r o p a n e - l , 3 - d i y l d i o x y ) s i l a n e ,  s e e  F i g u r e  7 ,  s h o w e d  a  s i n g l e t  a t  t h e  

c h e m i c a l  s h i f t  ร  = 0 . 8 3 p p m  c o r r e s p o n d i n g  t o  6 1 4  o f  C H 3 . T h e  s i n g l e t  a t  

8 = 3 . 1 3 p p m  i n d i c a t e s  t h e  C H 2- 0 - S i ,  a n d  b r o a d  s i n g l e t  a t  8  = 3 . 3 5 p p m  r e s u l t s  

f r o m  t h e  O H  o f  H 20  i n  D M S O  a n d  a b s o r b e d  b y  t h e  p r o d u c t ,  w h i c h  i s  i n  g o o d  

a g r e e m e n t  w i t h  F T - I R .  T h e  ' H - N M R  r e s u l t s  o f  a l l  s t a r t i n g  m a t e r i a l s ,  

m e t h a n o l ,  a c e t o n i t r i l e ,  t r i e t h y l e n e t e t r a m i n e ,  2 - a m i n o - 2 - m e t h y l - 1 , 3 - p r o p a n e  

d i o l ,  a n d  b i s ( 2 - a m i n o - 2 - m e t h y l  p r o p a n e - l , 3 - d i y l d i o x y ) s i l a n e  a r e  s h o w n  in  

T a b l e  3 . 1 5 .

ร.2.2.2.2 Carbon Nuclear Magnetic Resonance Spectro
scopy (l3C-NMR)
T h e  l 3C - N M R  s p e c t r u m  o f  b i s ( 2 - a m i n o - 2 -  

m e t h y l - p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e ,  s e e  F i g u r e  8 , s h o w e d  c h e m i c a l  s h i f t  a t  

8  = 2 1 . 9 9 p p m  r e f e r r i n g  t o  t h e  - C F I 3, w h e r e a s  t h e  p e a k  a t  8  = 5 3 . 4 7 p p m  

c o r r e s p o n d s  t o  t h e  t e r t i a r y  c a r b o n  ( C )  a n d  a t  8  = 6 7 . 0 8 p p m  r e s u l t s  f r o m  t h e  

C H 2- 0 - S i ,  w h i c h  i s  i n  a g r e e m e n t  w i t h  b o t h  F T - I R  a n d  ' H - N M R .  T h e  l 3C -
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Figure 6 F T - I R  o f  ( a ) ,  ( b ) ,  a n d  ( c ) .
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N M R  r e s u l t s  o f  m e t h a n o l ,  a c e t o n i t r i l e ,  t r i e t h y l e n e t e t r a m i n e ,  2 - a m i n o - 2 -  

m e t h y l - 1 , 3 - p r o p a n e d i o l ,  a n d  b i s ( 2 - a m i n o - 2 m e t h y l p r o p a n e - 1 , 3 - d i y l d i o x y )  

s i l a n e  a r e  a l s o  s h o w n  i n  T a b l e  3 . 1 5 .

3.2.2.2.3 Silicon Nuclear Magnetic Resonance
Spectroscopy (29Si-NMR)
T h e  29S i - N M R  s p e c t r u m  o f  b i s ( 2 - a m i n o -  

2 m e t h y l p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  s h o w e d  o n l y  o n e  a b s o r p t i o n  p e a k  a t  Ô =  

- 7 7 p p m ,  a s  i l l u s t r a t e d  i n  F i g u r e  1 0  a n d  T a b l e  3 . 1 5 ,  w h i c h  i s  c o n s i s t e n t  w i t h  

t h o s e  p r e v i o u s l y  r e p o r t e d  f o r  a l i p h a t i c ,  t e t r a c o o r d i n a t e d  s p i r o s i l i c a t e s  

( K e m m i t t  a n d  M i l e s t o n e  1 9 9 5 ) ,  a l t h o u g h  t h e  29S i - N M R  w a s  c o n d u c t e d  u s i n g  

t h e  r e a c t i o n  s o l u t i o n ,  s i x - m e m b e r i n g  o f  s p i r o s i l i c a t e  i s  s t e r i c  h i n d r a n c e .

Table 3.15 S u m m a r y  o f ' H - N M R ,  l 3C - N M R .  a n d  29S i - N M R  r e s u l t s  o f  

s t a r t i n g  m a t e r i a l s ,  s o l v e n t s ,  a n d  b i s ( 2 - a m i n o - 2 - m e t h y l -  

p r o p a n e - 1 , 3 - d i y l d i o x y ) s i l a n e .

S a m p l e H - N M R ( p p m ) JC - N M R ( p p m ) 29S i - N M R ( p p m )

1 . 2 5 ( s ) 3 9 . 2 .  4 0 . 3

T r i e t h y l e n e t e t r a m i n e 2 . 5 0 ( t ) 4 2 . 0 .  4 6 . 3

2 . 7 5 ( t ) 4 6 . 9

M e t h a n o l 3 . 3 4  a n d  4 . 1 1 4 9 . 0 0

A c e t o n i t r i l e 2 .0 0 1 . 3  a n d  1 1 7 . 7

2 - a m i n o - 2 - m e t h y l - 1 . 0 4 ,  3 . 4 9 ,  a n d 2 1 . 5 2 ,  5 4 . 7 1 ,

1 , 3 - p r o p a n e d i o l 4 . 7 8 a n d  6 8 . 2 6

B i s ( 2 - a m i n o - 2 - 0 . 8 3 ( s ) , 2 1 . 9 9 ,

m e t h y l p r o p a n e - 1 , 3 - 3 . 1 3 ( s ) ,  a n d 5 3 . 4 7 ,  a n d - 7 7

d i y l d i o x y ) s i l a n e 3 . 3 5 ( b r o a d ,  ร ) 6 7 . 0 8
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7 . 0  6 . 0  5 . 0  4 . 0  3 . 0  2 . 0  1 . 0  0 . 0

Figure 7  ' H - N M R  o f  b i s ( 2 - a m i n o - 2 - m e t h y l p r o p a n e - l , 3 -  
( i i y l d i o x y ) s i l a n e .

Figure 8  l 3C - N M R  o f  b i s ( 2 - a m i n o - 2 - m e t h y l p r o p a n e - l , 3 -  
d i y l d i o x y ) s i l a n e .
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O  O

A 3

2

F igu re 9  2 9 S i - N M R  o f  b i s ( 2 - a m i n o - 2 - m e t h y l p r o p a n e - 1 , 3 -  
d i y l d i o x y ) s i l a n e .

3.2.2.3 Thermogravimetric Analysis (TGA)
T h e  r e s u l t  f r o m  T G A ,  a s  i n d i c a t e d  i n  F i g u r e  1 0 ,  g a v e  

2 6 . 8 8 %  c e r a m i c  y i e l d  w h i c h  w a s  n e a r l y  t h e  s a m e  a s  t h e  c a l c u l a t e d  v a l u e ,  

2 5 . 4 2 % ,  w h e r e  t h e  s t r u c t u r e  w a s  t e t r a c o o r d i n a t e d  s p e c i e s .

3.2.2.4 Differential Scanning Calorimetry (DSC) 
B i s ( 2 - a m i n o - 2 - m e t h y l p r o p a n e - 1 , 3 - d i y l d i o x y ) s i l a n e

s h o w e d  t w o  e n d o t h e r m i c  p e a k s  w i t h  d i f f e r e n t  t e m p e r a t u r e s .  T h e  f i r s t  o n e  

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

c o m p o u n d .

3.2.2.4 Positive Fast Atomic Bombardment Mass Spectroscopy 
(FAB+-MS)
T h e  s p e c t r u m  s h o w e d  t h a t  t h e  e x p e c t e d  p r o d u c t ,  b i s ( 2 -  

a m i n o - 2 - m e t h y l p r o p a n e - l , 3 - d i y l d i o x y ) s i l a n e  m o n o m e r  ( m / e  2 3 2 )  w a s  

o b t a i n e d .  A g a i n ,  w i t h  h i g h  e n e r g y  u s e d  i n  t h e  F A B f - M ร  m o d e l ,  t h e
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C a l c .  : 2 5 . 4 2 %  
F o u n d  : 2 6 . 8 8 %

— I—
5 0 1 0 0 1 5 0 2 0 0 2 5 0 3 0 0 3 5 0

T e m p e r a t u r e  ( ° C )

4 0 0 4 5 0 5 0 0 5 5 0 6 (

F i g u r e  1 0  T G A  o f  b i s ( 2 - a m i n o - 2 - m e t h y l p r o p a n e - l , 3 - d i y l d i o x y ) s i l a n e .
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m o l e c u l a r  p e a k  o f  t h i s  m o n o m e r  w a s  h a r d l y  s h o w n  d u e  t o  t h e  i n s t a b i l i t y  o f  

t h e  m o l e c u l a r  s t r u c t u r e  a t  t h a t  h i g h  t e m p e r a t u r e .  T h e  f r a g m e n t a t i o n  o f  t h e  

p r o d u c t  i s  s h o w n  i n  T a b l e  3 . 1 6 .

T a b l e . 3 . 1 6  T h e  p r o p o s e d  s t r u c t u r e  a n d  f r a g m e n t a t i o n  o f  p r o d u c t .

m / e I n t e n s i t i e s P r o p o s e d  S t r u c t u r e

1 6 1 0 . 7 8
4 C H 2 - O x p - ,  C H 3

ร  X
0 ____f  n h 2

1 4 7 1 .2
O ^ C H ,

0 _ s  X0 ____/  n h 2

1 1 6 1 3 < ° >xo ^ / ^ n h 2

1 0 0 2 8 o
8 8 1 6 + C H 2 0 — S i — O C H 2+

7 4 4 6 + C H 2 0 — S i — 0
5 8 5 4 + C H 2 0 — S i
4 4 1 0 0

+ 0 — S i

3 . 2 . 3  S y n t h e s i s  o f  b i s ( 3 - a m i n o p r o p a n e - 1 . 2 - d i y l d i o x y ) s i l a n e ,

S i f O C T E C H l C P E N f M O X  t e t r a - c o o r d i n a t e d  s p i r o s i l i c a t e  

B i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  w a s  p r e p a r e d  a c c o r 

d i n g  t o  e q u a t i o n  3 . 3  i n  m o r e  t h a n  7 0 %  o v e r a l l  y i e l d  d i r e c t l y  f r o m  f u m e d  

s i l i c a  a n d  3 - a m i n o - 1 , 2 - p r o p a n e d i o l  i n  t h e  p r e s e n c e  o f  T E T A  u s e d  a s  b o t h  

c a t a l y s t  a n d  s o l v e n t .  T h e  s t r u c t u r e  o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y )  

s i l a n e  w a s  a l s o  i d e n t i f i e d  b y  t h e  f o l l o w i n g  t e c h n i q u e s .
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3.2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)
T h e  s p e c t r a  o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  

a n d  a l l  s t a r t i n g  m a t e r i a l s ,  n a m e l y ,  s i l i c a  { S i 0 2 } a n d  3 - a m i n o - 1 , 2 - p r o p a n e d i o i  

{ H O C H 2C H ( C H 2N H 2) O H }  a r e  s h o w n  i n  F i g u r e  1 1 .  T h e  F T - I R  s p e c t r u m  o f  

b i s ( 3 - a m i n o  p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  s h o w e d  b r o a d  b a n d  a t  3 3 9 7  c m ' 1 

r e f e r r i n g  t o  t h e  O - F l  s t r e t c h i n g ,  w h i c h  i s  w a t e r  a b s o r b e d  b y  t h e  p r o d u c t ,  N - H  

s t r e t c h i n g  i n  t h e  m o l e c u l e  a n d  i n t e r m o l e c u l a r  h y d r o g e n  b o n d i n g  ( C a i r n  1 9 6 5 ) ,  

w h e r e a s  t h e  2 9 5 5 - 2 8 8 9  c m ' 1 p e a k  s h o w s  t h e  C - F l  s t r e t c h i n g .  T h e  b a n d s  a t  

1 0 9 0 ,  9 6 6 ,  a n d  8 7 2  c m ' 1 c o r r e s p o n d  t o  t h e  S i - O - C H  s t r e t c h i n g .

3.2.3.2 Nuclear Magnetic Resonance Spectroscopy (NMR)
3.2.3.2.1 Proton Nuclear Magnetic Resonance 

Spectroscopy ('H-NMR)
T h e  ' F I - N M R  s p e c t r u m  o f  b i s ( 3 - a m i n o -  

p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  s h o w e d  o n e  s i n g l e t  a b s o r p t i o n  a t  8  = 2 . 0 5 p p m  

i n d i c a t i n g  t h e  N H 2 ; 5  = 2 . 4 5 p p m  m u l t i p l e  r e s u l t s  f r o m  4 H  o f  t h e  C H 2 - N ;  Ô 

= 3 . 2 9 p p m  m u l t i p l e t  s h o w s  4 1 1  o f  t h e  C H 2- 0 - S i ;  2 H  o f  C H - O - S i  

u n f o r t u n a t e l y  i s  o v e r l a p p e d  w i t h  t h e  F I20  p e a k ;  a n d  Ô = 3 . 3 5 p p m  b r o a d  s i n g l e t  

i s  b e l o n g  t o  w a t e r  i n  D M S O  a n d  a b s o r b e d  b y  t h e  p r o d u c t ,  w h i c h  i s  i n  g o o d  

a g r e e m e n t  w i t h  F T - I R ,  a s  i n d i c a t e d  i n  F i g u r e  1 2 .  T h e  ' H - N M R  r e s u l t s  o f  a l l  

m a t e r i a l s :  m e t h a n o l ,  a c e t o n i t r i l e ,  t r i e t h y l e n e t e t r a m i n e ,  3 - a m i n o - 1 , 2 -

p r o p a n e d i o l  a n d  b i s ( 2 - a m i n o - 2 - m e t h y l  p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  a r e  

s h o w n  i n  T a b l e  3 . 1 7 .

3.2.3.2.2 Carbon Nuclear Magnetic Resonance 
Spectroscopy (UC-NMR)

T h e  13C - N M R  s p e c t r u m  o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 -  

d i y l d i o x y ) s i l a n e  s h o w e d  c h e m i c a l  s h i f t  a t  8  = 4 4 . 9 p p m  r e f e r r i n g  t o  t h e  C H 2-  

N ,  6  = 6 4 . 0 2 p p m  p e a k  r e s u l t s  f r o m  C H 2- 0 - S i ,  a n d  t h e  p e a k  a t  8  = 7 2 . 6 8 p p m  i s  

a s s i g n e d  t o  C F I - O - S i ,  w h i c h  i s  i n  a g r e e m e n t  w i t h  b o t h  F T - I R  a n d  ' H - N M R ,  

a s  i n d i c a t e d  i n F i g u r e l 3 .  T h e  13C - N M R  r e s u l t s  o f  m e t h a n o l ,  a c e t o n i t r i l e ,
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W a v e n u m b e r  ( c m ' 1 )

F i g u r e  1 1  F T - I R  o f  ( a ) ,  ( b ) ,  a n d  ( c ) .
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t r i e t h y l e n e t e t r a m i n e ,  3 - a m i n o - 1 , 2 - p r o p a n e d i o l ,  a n d  b i s ( 3 - a m i n o p r o p a n e - l , 2 -  

d i y l d i o x y ) s i l a n e  a r e  s u m m a r i z e d  in  T a b l e  3 . 1 7 .

ร. 2. ร. 2.3 Silicon Nuclear Magnetic Resonance Spectro
scopy (29Si-NMR)
T h e  29S i - N M R  s p e c t r u m  o f  b i s ( 3 -  

a m i n o p r o p a n e - l , 2 - d i y l  d i o x y ) s i l a n e  s h o w e d  o n l y  o n e  a b s o r p t i o n  p e a k  a t  Ô =  -  

1 0 3 p p m ,  a s  i n d i c a t e d  i n  F i g u r e  1 4  a n d  T a b l e  3 . 1 7 ,  w h i c h  i s  a g a i n  c o n s i s t e n t  

w i t h  t h o s e  p r e v i o u s l y  r e p o r t e d  f o r  a l i p h a t i c ,  p e n t a c o o r d i n a t e d  s p i r o s i l i c a t e s  

( K e m m i t t  a n d  M i l e s t o n e  1 9 9 5 ) .  A s  r a t i o n a l i z e d  p r e v i o u s l y ,  w e  r u n  t h e  2 9 S i -  

N M R  f r o m  t h e  r e a c t i o n  s o l u t i o n ,  t h e r e  i s  a  p a r t i a l  b o n d i n g  b e t w e e n  t h e  

p r o d u c t  a n d  T E T A ,  a s  s u g g e s t e d  b y  F r y e ' s  g r o u p .

Table 3.17 S u m m a r y  o f  ' f l - N M R ,  13C - N M R ,  a n d  2 9 S i - N M R  r e s u l t s  o f  

s t a r t i n g  m a t e r i a l s ,  s o l v e n t s ,  a n d  b i s ( 3 - a m i n o p r o p a n e - l , 2 -  

d i y l d i o x y ) s i l a n e .

S a m p l e F I - N M R ( p p m ) JC - N M R ( p p m ) 2 9 S i - N M R ( p p m )

1 . 2 5 ( s ) 3 9 . 2 ,  4 0 . 3

T r i e t h y l e n e - 2 . 5 0 ( f ) 4 2 . 0 ,  4 6 . 3

t e t r a m i n e 2 . 7 5 ( f ) 4 6 . 9

M e t h a n o l 3 . 3 4  a n d  4 . 1 1 4 9 . 0 0

A c e t o n i t r i l e 2 . 0 0 1 .3  a n d  1 1 7 . 7

3 - a m i n o - 1 , 2 - 2 . 8 0 , 2 . 9 5 , 4 5 . 5 3 ,  6 5 . 5 3 ,

p r o p a n e d i o l 3 . 7 7 ,  a n d  4 . 7 8 a n d  7 4 . 2 9

B i s ( 3 - a m i n o 2 . 0 5 ( s ) , 4 4 . 9 0 ,

p r o p a n e - 1 , 2 - 2 . 4 5 ( m ) , 6 4 . 0 2 ,  a n d - 1 0 3

d i y l d i o x y ) s i l a n e 2 . 6  l ( m ) ,  a n d 7 2 . 6 8

3 . 2 9 ( b r o a d , ร )
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" ร ! 0 1 7 . ' 0 .............. 6. '0 ร ! 0 i  ! 0 .............. 3 c ................2.1 0 1 ! 0 ...............o! 0

F i g u r e  1 2  ' H - N M R  o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e .

(c) ( d ) ( b )

<1! เ̂ ,เ^ พ *»,*»พ»M#ฟ

D M S O

I 86 84 62 80 78 76 74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2 0

F i g u r e  1 3  13C - N M R o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e .
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H 2 N ( C H 2 ) 2 N H ( C H 2 ) 2 N H ( C H 2 ) 2 N H 2

■ I I I ■ I 1 I » I I I I I I " 1 I I I I 1 [ I I i

0 "20 -40 "60 -80 -100 -120

F i g u r e  1 4  2 9 S i - N M R  o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e .

3.2.3.3 Thermogravimetric Analysis (TGA)
T h e  r e s u l t  o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  

f r o m  T G A ,  a s  i n d i c a t e d  i n  F i g u r e  1 5 ,  g a v e  3 0 . 4 5 %  c e r a m i c  y i e l d ,  w h i c h  i s  

n e a r l y  t h e  s a m e  a s  t h e  c a l c u l a t e d  v a l u e ,  2 9 . 1 3 % ,  w h e r e  t h e  s t r u c t u r e  w a s  

t e t r a - c o o r d i n a t e d  s p e c i e s .

3.2.3.4Differential Scanning Calorimetry (DSC)
B i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  s h o w e d  t w o  

e n d o - t h e r m i c  p e a k s  w i t h  d i f f e r e n t  t e m p e r a t u r e s .  T h e  f i r s t  o n e  o c c u r r i n g  a t  

l o w e r  t e m p e r a t u r e  c a n  b e  d e f i n e d  a s  t h e  m e l t i n g  p o i n t  o f  t h e  c o m p o u n d .
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F i g u r e  1 5  T G A  o f  b i s ( 3 - a m i n o p r o p a n e - l , 2 - d i y l d i o x y ) s i l a n e  .
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3.2.3.5 Positive Fast Atomic Bombardment Mass Spectroscopy 
(FAB+-MS)
M a s s  s p e c t r u m  r e s u l t e d  i n  b i s ( 3 - a m i n o p r o p a n e e - l , 2 -  

d i y l d i o x y ) s i l a n e  m o n o m e r  p r o d u c t  ( m / e  2 0 6 ) ,  h o w e v e r ,  t h e  m o l e c u l a r  p e a k  

o f  t h i s  m o n o m e r  w a s  h a r d l y  s e e n ,  d u e  t o  t h e  h i g h  e n e r g y  F A B  M S  m o d e  

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

f r a g m e n t a t i o n  o f  t h e  p r o d u c t  i s  s h o w n  i n  T a b l e  3 . 1 8 .

T a b l e . 3 . 1 8  T h e  p r o p o s e d  s t r u c t u r e  a n d  f r a g m e n t a t i o n  o f  p r o d u c t .

m / e I n t e n s i t i e s P r o p o s e d  S t r u c t u r e

2 0 6 0 . 7 7
J ,  o  / C H 2N H 2  

H 2N H 2C ^ ' ๙  ' ' ๖ ^

1 4 7 1 7 . 6 2
O ^ . C H 2N H 2

+ C H 2 0 - S i ^
0 ......

1 3 3 1 0 0
0 ^ / C H 2N H 2 

^ O - S i ^  " j  
0 ......

5 8 4 . 9 4 + C H 2 o — S i

4 4 4 2 . 2 8 + 0 — S i
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