
CHAPTETER V

F A B R I C A T I O N  O F  D E N D R I M E R  P O R O G E N - C A P S U L A T E D  
M E S O P O R O U S  S I L I C A  V I A  S O L -G E L  P R O C E S S  O F  S I L A T R A N E

P R E C U R S O R

5.1 A b s t r a c t

M e so p o r o u s  s ilic a  m a ter ia ls  w ith  ord ered  stru ctu res w e r e  p repared  from  a 
sila tran e  p recu rsor  and a p o ly (a m id o  am in e) d en d r im er  p o r o g e n  u n der th e  d ilu te  
a c id ic  c o n d it io n  v ia  th e  so l-g e l p r o cess . W ith  d e c r e a s in g  th e  c o n cen tra tio n  o f  the  
d en d rim er and ad d in g  m u ch  w a ter , th e  p ro d u ctio n  o f  u n d e s ir a b le  a m o rp h o u s s il ic a  
w a s  d im in ish e d  and sp h erica l p a r tic le s  w ith  sm o o th  su r fa ce  b e c a m e  in m ajority . T w o  
arrays w e r e  fab rica ted  in th e  s il ic a  p artic les. A lth o u g h  p ore  d ia m eters  w e r e  w ith in  
s iz e s  o f  shrank and e x ten d ed  d en d r im ers, c e n te r -to -c e n te r  d ista n ce  o f  te m p la te  p o res  
w a s  d ifferen t b e tw e e n  tw o  arrays, and the d if fe r e n c e  w a s  c lo s e  to  a m o le c u la r  len g th  
o f  sila tran e. T h is  in d ic a te s  that o n e  m o le c u le  o f  s ila tran e  co n str u c te d  p o ly s i lo x a n e  
w a lls  in th e  first array and o r ig o m e r ic  s ila tra n e  fo rm ed  w a lls  in th e  se c o n d  array. It 
w a s  referred  that th e  in tr in sic  (h y d r o g e n  b o n d in g )  ch ara cters  o f  th e  h y d r o ly z e d  
sila tran e resu lted  in h y d ro g en  b o n d ed  o lig o m e r s  and r e in fo rced  th e h y d r o g e n  
b o n d in g  in tera ctio n  w ith  d en d r im er p o r o g e n  as w e l l  as e le c tr o s ta t ic  in tera ctio n , 
g iv in g  r ise  to  tw o  ty p e s  o f  te m p la te  arrays.

5 .2  I n tr o d u c t io n

A  n e w  g en e r a tio n  o f  m e so p o r o u s  m ater ia ls  h as b een  a ttra ctiv e  d u rin g  m o re  
than  th e p ast 10  years. In m an y s tu d ie s , tetraeth y l o r th o s il ic a te  (T E O S )  w a s  u se d  as a 
s il ic a  so u r c e  for th e  sy n th e se s  o f  v a r io u s  s il ic a  m e s o p o r o u s  m a ter ia ls  su ch  as th e  
M 41 ร fa m ily  (M C M -4 1 , M C M -4 8  and M C M -5 0 ) , and th e  fo rm a tio n  m e c h a n ism s  
w ith  su rfa cta n ts  as te m p la te s  u n d er  a c id ic  or b a s ic  c o n d it io n  w e r e  d isc u sse d  [ 1 - 1 2 ], 
H o w e v e r , a n e w  s il ic a  so u rce , sila tran e, w a s  in tro d u ced  in p la c e  o f  it. S ila tra n e  is an  
o r g a n o s ilic a te  that has b een  b e c o m e  a grea t in terest fo r  th e  p ast fe w  yea rs to  p ro d u ce
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a d v a n ced  m ater ia ls , e s p e c ia lly  m e so p o r o u s  m a ter ia ls  v ia  s o l-g e l p r o c e s s  [1 3 , 14] 
W o n g k a se m jit  and her c o w o r k e r s  [1 5 -2 3 ]  h av e  sy n th e s iz e d  h ig h ly  p u re  sila tran e v ia  
th e  “ O x id e  O n e P o t  S y n th e s is” p r o c e ss  for  p ro d u c in g  m e so p o r o u s  m a ter ia ls  th ro u gh  
th e  s o l-g e l p ro cess . T h e  r ea c tio n  o f  sila tran e  p recu rsor  w ith  d iffe r e n t su rfactant  
te m p la te s  p ro v id ed  va r ie ty  o f  h ig h ly  q u a lity  p rod u cts , d en o ted  b y M F1, Z S M -5 , and  
M C M -4 1  [1 6 ,1 7 ,2 2 ] , In ad d ition , th e  p ro d u cts  h av e  n o t o n ly  h ig h  su r fa ce  area but 
a lso  h ig h  ord ering . H o w e v e r , w h e n  th is  m eth o d  w a s  ap p lied  fo r  sy n th e s is  o f  S B A -1  
c u b ic  m e so p o r o u s  s ilica , th r e e -d im e n s io n a lly  ord ered  m e so p o r e s  w e r e  in v a r ia b ly  
p ro d u c e d  at d ifferen t su rfactant c o n cen tra tio n s  and reac tio n  tem p era tu res [2 4 ] ,

T h e in c lu s io n  o f  g u e s t  m o le c u le s  in m e so p o r o u s  m a ter ia ls  is  o n e  o f  fo c u se d  
su b jec ts . S o m e  e ffo r ts  h ave  b e e n  m ad e to  in co rp o ra te  a lu m in u m  or o th er a to m s su ch  
as V , M o , C o , F e  and T i in to  m e so p o r o u s  s il ic a  m ater ia ls  b y  u s in g  s ila tran e  as a 
p recu rsor , and th e  p rod u cts w ith  ca ta ly tic  fu n c tio n a lity  w e r e  n a m ed  b y  T S -1 , T i- 
M C M -4 1 , M o -M C M -4 1 , V S -1  and F e-M F I [1 8 -2 1 ,2 3 ] ,  D en d r itic  g u e s t  m o le c u le s  
(p o ly (p r o p y le n e im in e )  d en d r im ers) co n ta in in g  a m id o fe r r o c e n y l m o ie t ie s  w e r e  a lso  
in co rp o ra ted  in to  a m e so p o r o u s  s ilic a  h o s ts  (M C M -4 1 )  w ith  h ig h ly  ord ered  c h a n n e ls
[2 5 ] , T h is  is a n o v e l ty p e  o f  r e d o x -a c t iv e  m ateria ls . M e a n w h ile , 
p o ly (p r o p y le n e im in e )  te tra h ex a co n ta a m in e  d en d r im ers ( D A B -A m -6 4 )  w a s  u se d  as a 
s in g le  m o le c u le  te m p la te  to  p rod u ce  m e so p o r o u s  s il ic a  from  T E O S  [2 6 ], X -ra y  
d iffr a c tio n  (X R D )  patterns rev ea led  th e  o cc u r r e n c e  o f  m e s o p o r o u s  s il ic a  but 
tra n sm iss io n  e le c tr o n  m ic r o sc o p ic  (T E M ) a n a ly s is  o f  a s ta in ed  p rod u ct sh o w e d  th e  
im a g e s  o f  “g lo b u la r ” and “d isord ered  f ila m e n ts” . T h e  4 .0 th g e n e r a tio n  (G 4 )  
p o ly (a m id o  a m in e)  (P A M A M ) d en d r im er w a s  a lso  u sed  as a te m p la te  fo r  th e  s o l-g e l  
r ea c tio n  o f  T E O S  [2 7 ],

L ater, P A M A M  d en d r im er-tem p la ted , T E O S -b a se d  m e s o p o r o u s  s il ic a  w a s  
ch ara cter ized  b y  T E M  [2 8 ] , A fte r  th e  r e m o v a l o f  d en d r im ers b y  c a lc in a tio n , 
n a n o p o r e s  w e r e  d isord erly  m a in ta in ed  in  th e  s i l ic a  m atrix . A  P A M A M  d en d r im er  
w a s  a ls o  u tiliz e d  as a s in g le  m o le c u le  te m p la te  to  sy n th e s iz e  n a n o p o r e s  in  iron  
p h o sp h a te  m e so p o r o u s  m ater ia ls  [2 9 ] , A lth o u g h  T E M  im a g e s  c o n fir m e d  th e  
fo rm a tio n  o f  h e x a g o n a l o rd erin g  o f  n a n o p o res , w e l l-d e f in e d  o rd er in g  at w id e  
d o m a in s  w a s  n o t fou n d .
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In th e  p resen t w o rk , s ilica  g e l w a s  sy n th e s iz e d  b y  u s in g  a sila tran e p recu rsor  
and a G 4  P A M A M  d en d rim er p o r o g e n  in stead  o f  a su rfactan t tem p la te . S in c e  
sila tran e  and d en d r im er are b o th  w a ter  so lu b le , the e x p e r im e n ts  w e r e  th o r o u g h ly  
carried  ou t in  a q u eo u s  m ed iu m . T h e ord ered  m o r p h o lo g y  and te m p la te  array w e r e  
d eterm in ed  b y  e le c tr o n  m ic r o sc o p y . T h is  research  is  a rep ort o n  th e fo rm a tio n  o f  
ord ered  m e so p o r o u s  s il ic a  ca p su la tin g  d en d r im er p o ro g en .

5.3 Experimental

5.3.1 Materials

F u m ed  s il ic a  ( S i 0 2 , 9 9 .8 % ) (S ig m a -A ld r ic h ), tr ie th a n o la m in e  (T E A ) (C arlo  
E rb a), e th y le n e  g ly c o l  (J .T .B ak er , U S A ), a cetron itr ile  (L a b sca n , A s ia ) , a m in e -  
term in ated  G 4  P A M A M  d en d rim er (A ld r ic h ), H 2 S O 4 (L ab scan , A s ia )  and NaO EI 
(L a b sca n , A s ia )  w e r e  u sed  w ith o u t treatm ent.

5.3.2 Synthesis of silatrane precursor

S ila tran e  p recu rsor  (N (C H 2 C H 2 0 ) 3 S i0 C H 2 C H 2 N (C H 2 C H 2 0 H ) 2 , S c h e m e  1) 
w a s  sy n th e s iz e d  from  a m ix tu re  o f  S i 0 2 and T E A  in e th y le n e  g ly c o l  v ia  th e  O x id e  
O n e P o t S y n th e s is  p r o c e s s  [1 3 ,1 4 ] , T h e  rea c tio n  w a s  tak en  p la c e  at a b o ilin g  p o in t  
(2 0 0  °C ) o f  e th y le n e  g ly c o l  u n der a n itro g en  a tm osp h ere . It w a s  c o m p le te d  w ith in  1 0  

h, and th e  rem a in in g  e th y le n e  g ly c o l  w a s  r e m o v e d  u n d er v a c u u m  at 11 0  ° c .  T h e  
cru d e b ro w n  so lid  w a s  w a sh e d  w ith  a ce to n itr ile  to  r e m o v e  u n rea c ted  T E A  and  
e th y le n e  g ly c o l .  T h e  w h ite  sila tran e p ro d u cts  w e r e  dried in a v a c u u m  d e s ic c a to r  
o v e r n ig h t prior to  b e  ch aracterized .

5.3.3 Synthesis of mesoporous silica

S ila tra n e  (1 .4  g , 5 m m o l)  w a s  su sp en d ed  in a so lu tio n  o f  0 .3  M  H 2 S O 4 (1 4  
c m 3), and a so lu tio n  o f  N a O H  (0 .0 6 8  g , 1.7 m m o l) w a s  ad d ed  to  th e  su sp e n s io n . 
A fte r  stirring fo r  0 .5  h, requ ired  am o u n t o f  d en d rim er w a s  ad d ed  to  th e  su sp e n s io n
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u n d er  v ig o r o u s  stirring. A fte r  0 , 10 or 3 0  c m 3 o f  w a te r  w a s  ad d ed , th e  m ix tu re  w a s  
stirred for  4  h and a llo w e d  to  a g e  for  5 d a y s at roo m  tem p era tu re. T h e  w h ite  
p r e c ip ita te s  w e r e  filtered , w a sh ed  w ith  w a ter , and dried o v e r n ig h t in  th e  a tm o sp h ere  
(w ith o u t r em o v ed  th e  te m p la te ). T h e  p ro d u cts  la b eled  D nH O  (ท =  1 -4 )  w e r e  
s y n th e s iz e d  v ia  fo u r  c o n cen tra tio n s  o f  d en d r im er at 1 .4 1 , 2 .8 1 , 4 .2 2  and 5 .6 4  m M , 
r e sp e c tiv e ly . T h e  p ro d u cts  ad d ed  10 and 3 0  cm 3 o f  w a ter  w e r e  d en o ted  D n H IO  and  
D n H 3 0  (ท =  1 -  4 ) , r e sp e c tiv e ly .

5.3.4 Measurements

T h e p recu rso r  and th e p ro d u cts  w e r e  ch a ra cter ized  b y  F ou rier  tran sform  
in frared  (F T -IR ) ab so rp tio n  sp ectra , w h ic h  w e r e  reco rd ed  o n  a N ic o le t  6 7 0 0  F T -1S  
sp ec tro m eter , u s in g  K B r d isc s . T h e  th erm o g ra v im etr ic  a n a ly s is  w a s  carried  o u t on  a 
S e ik o  E X S T A R  6 0 0 0  T G /D T A  an a lyzer . U s in g  3 0 0  cm 3/m in  a ir flo w , th e  

tem p era tu re  w a s  ra ised  to  7 0 0  °c at a co n sta n t rate o f  5 ° c /m in . M o r p h o lo g y  and  
p a rtic le  s iz e  o f  th e  p rod u cts  w e r e  a n a ly zed  u s in g  a X L -3 0 E S E M  sc a n n in g  e le c tr o n  
m ic r o s c o p e  (S E M ), o p era tin g  at 3 0  k v .  T h e  o b se r v a tio n s  o f  T E M  im a g e s  w e r e  
p erfo rm ed  w ith  a H itach i H -7 0 0 0  in stru m en t at an a c c e le r a t in g  v o lta g e  o f  1 0 0  k v .  
Prior to  th e  T E M  o b serv a tio n , a sm a ll am o u n t o f  p rod u ct w a s  so n ic a te d  in m eth a n o l 
for  10 m in  w ith  a B ra n so n  1 5 1 0  in stru m en t, and th en  a d rop  o f  th e  d isp e r s io n  w a s  
dried  o n  a h o le y  carb o n  grid  at ro o m  tem p era tu re. P o w d e r  X R D  p attern s w e r e  
m ea su red  o n  an X -r a y  d if fra c to m eter  ( D 8  A D V A N C E , B ru k er  A X S )  u s in g  C u K a (k 
=  0 .1 5 4  nm) rad ia tion  in  2 0  ran g e  o f  1 .5  - 10° w ith  a step  o f  0 .0 2  °/s.

5.4 Results and discussion

M e s o p o r o u s  s ilica  w a s  p ro d u ced  fro m  silatrane p recu rsor  b y  u s in g  G 4  
P A M A M  d en d rim er as a p o ro g e n . P rep ara tion  c o n d it io n s  o f  s i l ic a  w e r e  lis te d  in  
T a b le  5 .1 . In th e  F T -IR  a d so rp tio n  sp ectru m  o f  sila tran e  p recu rsor  (F igu re  5 .1 ) , th ere  
w e r e  ch a ra c ter is tic  v ib ra tio n  b a n d s at 3 4 0 0 - 3 3 0 0  (m , v O H ), 2 9 8 6 -2 8 6 0  (m , v C H 2), 
1 0 9 3 , 1 0 7 3 , 7 8 5  and 7 2 9  c m ' 1 (ร, v S i-O , v S i-O -C  and v C -O ) . O n th e  o th er hand, th e
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b an d s, in d ic a tin g  the fo rm a tio n  o f  O H  g r o u p s  as a resu lt o f  h y d r o ly s is  o f  a lk o x y  
g r o u p  in th e  p recu rsor. M o r e o v e r , b an d s at 7 8 5  and 7 2 9  c m ' 1 d isa p p ea red , and n e w  
b an d s w e r e  o b serv ed  at 1 2 0 0 , 9 7 0  and 7 9 5  c m '1, w h ic h  w e r e  attr ib uted  to  th e  
fo rm a tio n  o f  S i-O -S i bands. T h e se  v a r ia tio n s  co n firm  th e s o l -g e l  rea c tio n  o f  
sila tra in e . A d d it io n a lly , a m id e  I and II b an d s w e r e  o b se r v e d  at 1651 and 15 53  c m '1, 
r e sp e c tiv e ly , su g g e s t in g  th e  c o e x is te n c e  o f  P A M A M  d en d rim er in th e  c o m p o s ite  
m ateria ls . W h e n  th e d en d r im er c o n ten t w a s  in crea sed , th e  in te n sity  o f  1R b an d s  
attr ib utin g  to  s il ic a  d ecrea sed  r e la tiv e ly  in  c o m p a r iso n  w ith  a m id e  b an d s. S im ila r  IR  
sp ectra  and te n d e n c y  w e r e  o b se r v e d  e v e n  for  D n H 3 0  p rod u cts . T h is  m e a n s  that th e  
in co rp o ra tio n  o f  d en d r im ers d e p en d s on  th e  su p p lied  am ou n t.

A  T G A  cu rv e  o f  th e  sila tran e  p recu rso r  ex h ib ite d  o n ly  o n e -s te p  tran sition  o f  
w e ig h t  lo s s  at around 3 7 0 ° c ,  co rr esp o n d in g  to  th e  d e c o m p o s it io n  o f  o r g a n ic  
c o m p o n e n t  [ 1 7 ,1 9 ,2 0 ,2 2 ] ,  O n  th e  o th er hand, th e  d e c o m p o s it io n  o f  d en d r im er  
o ccu rred  at tem p era tu re  a b o v e  2 0 0  ° c ,  but th e  o x id a t io n  o f  d en d r im ers and th e  
d e c o m p o s it io n  o f  o x id iz e d  d en d r im ers a d d it io n a lly  p r o c e e d e d  up to  7 0 0  ° c .  A  T G A  
c u rv e  o f  th e  p rod u ct D 2 H 0  w a s  su p erp o sit io n  o f  th o s e  o f  sila tran e and d en drim er, 
that is, it r e su ltin g  c o n s is ts  o f  th ree  s tep s , as seen  in  F ig u re  5 .2 . T h is  m ea n s th e  
r e a so n a b le  in co rp o ra tio n  o f  d en d r im ers in  th e  s il ic a  p a rtic le s. T h e  s im ila r  m u ltis tep  
d e c o m p o s it io n  w a s  o b serv ed  fo r  s il ic a  m a ter ia ls  p rep ared  b y  u s in g  a m in e -te r m in a te d  
te m p la te s  [3 0 ] ,

M o r p h o lo g ie s  o f  th e  p rod u cts , w h ic h  w e r e  p rep ared  at d ifferen t c o n d it io n s , 
w e r e  com p a red  in S E M  im a g e s , as rep resen ted  in F ig u re  5 .3 . T h e  im a g e s  d isp la y e d  
sp h er ica l p a r tic le s  w ith  sm o o th  su rface  and d ia m eter  in  th e  ran ge o f  2  -  5 pm . W ith  
in c r e a s in g  th e  co n cen tra tio n  o f  d en d rim er, am ou n t o f  a m o rp h o u s s il ic a  s lig h tly  
in crea sed . In terestin g ly , w h e n  w a te r  w a s  ad d ed  in to  th e  reac tio n  m ix tu re , th e  rate o f  
c o n d e n sa t io n  p o ly m e r iz a tio n  s lo w e d  d o w n .

T E M  im a g e s  o f  th e  s il ic a  p ro d u cts  are sh o w n  in  F ig u re  5 .4 . A ll im a g e s  
p resen t ord ered  pattern o f  th e  h e x a g o n a l array. V e r y  im p o rtan tly , it w a s  for  th e  first

IR absorption spectra of the silica products (DnHO) including dendrimer porogens
were fairly different from that of the precursor, as compared in Figure 5.1. The OH
stretching band at -3400 cm"1 was intensified in comparison with the CH2 stretching
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t im e  so  far as w e  k n o w  that th e se  ord ered  m e so p o r o u s  s il ic a  m ater ia ls  w e r e  
s u c c e s s fu lly  p repared  b y  u s in g  d en d r im er p o ro g en . A lth o u g h  th e  p rep aration  o f  
d en d r im er-in co rp o ra ted  m e so p o r o u s  s il ic a  h as b een  p erfo rm ed , n o  report sh o w e d  
T E M  im a g e s  o f  w id e -r a n g e  ord ered  array [2 5 -2 7 ] , It m u st b e  a lso  n o ted  th at th e  
T E M  im a g e s  sh o w e d  tw o  k in d s o f  cry sta l arrays w ith  d ifferen t u n it la ttice . T h e  sh ort-  
and lo n g -sp a c in g  arrays w e r e  fou n d  in  th e  d iffe r e n t s il ic a  p r o d u cts , in th e  d ifferen t  
sa m p lin g  from  sa m e  p rod u ct and e v e n  in th e  sa m e  sa m p lin g  o f  th e  sa m e  p rod u ct, 
in d ic a tin g  th e  c o e x is te n c e  o f  tw o  arrays, w h ic h  w e r e  d en o ted  b y array ร and L.

T h e  p ore  s iz e s  (cppore) ( 3 .7  -  4 .9  nm  fo r  array ร , 5 .9  -  6 . 8  nm  for  array L ) 
o b se r v e d  is  w ith in  th e s iz e  reg io n  o f  G 4  P A M A M  d en drim er, b e c a u se  th e  d en d r im er  
s iz e  is  v a r ia b le  d e p e n d in g  on  th e  c o n d it io n . T h e  standard s iz e  w a s  4 .0  ~  4 .5  n m  [2 9 ] ,  
T h e  c e n te r -to -c e n te r  d ista n ce  a0 o f  p o r e s  in tw o  arrays are lis ted  in  T a b le  5 .1 . T h is  
d is ta n c e  (4 .2  -  7 .0  n m  for  array ร , 9 .4  -  1 1 .0  nm  for  array L ) w a s  fa ir ly  d iffe r e n t  
b e tw e e n  tw o  arrays. H o w e v e r , as it w a s  c le a r  from  T a b le  5 .1 , e v e n  i f  th e  
co n ce n tr a tio n  o f  d en d r im er in crea sed  and th e  reac tio n  m ix tu re  w a s  d ilu ted , th e  
a rra n gem en t o f  arrays w a s  n ot se r io u sly  ch a n g ed .

X R D  pattern s o f  th e  p ro d u cts  are sh o w n  in  F ig u re  5 .5 . B ro a d  B r a g g  p ea k s  
w e r e  o b se r v e d  at lo w  2 0  re fle c t io n , in d ica tin g  th e  ord ered  m e so p o r o u s  s ilica . T h e  2 9  
v a lu e s  fo r  all p r o d u c ts  w e r e  listed  in  T a b le  5 .1 , w h ic h  a lso  in c lu d e s  th e  sp a c in g  
v a lu e s  (d  v a lu e s )  ca lc u la te d  from  a B r a g g  eq u a tio n  and th e  ao v a lu e s  ca lc u la te d  fro m  
d v a lu e s . T h e  sp a c in g  ( 3 .8 4  - 4 .3 2  n m ) o f  th e  lo w  a n g le  r e f le c t io n  ( 2 .0 4  - 2 .3 0 ° )  can  
b e  a s s ig n e d  to  a [ 1 0 0 ] p la n e  o f  h e x a g o n a l array, b e c a u se  it is  c lo s e ly  s im ila r  to  th e  
d is ta n c e  (3 .7  -  6 .1  n m ) o f  [1 0 0 ]  p la n e  from  T E M . C o rr e sp o n d in g ly , b o th  a0 v a lu e s  
fro m  X R D  and T E M  w e r e  c o n s iste n t. S in c e  th e  sp a c in g  o f  a B r a g g  p ea k  at a h ig h  2 0  
v a lu e  is  a lm o st  h a lf  o f  th e  [ 1 0 0 ] p la n e , th is  sp a c in g  co r r e sp o n d s  to  th e  [2 0 0 ] p lane. 
T h e d v a lu e s  o f  [1 0 0 ]  and [2 0 0 ]  p la n e s  or th e  a0 v a lu e s  w e r e  in d e p e n d e n t o f  th e  
c o n c e n tr a t io n s  o f  d en d r im er and r ea c tio n  m ix tu re  in  c o n s is te n c y  w ith  th e  b e h a v io r  o f  
th e  a0 v a lu e s  from  T E M .

C rysta l arrays in d en d r im er-in co rp o ra ted  m e so p o r o u s  m a ter ia ls  p r e v io u s ly  
rep orted  [2 6 -3 0 ]  is  co m p a red  to  th e  p resen t array in  T a b le  5 .2 . W h ile  th e  d v a lu e s  o f  
a [1 0 0 ]  sp a c e  ob ta in ed  from  X R D  fo r  P A M A M  d en d r im er-in co rp o ra ted  m e so p o r o u s  
m a ter ia ls  are c o m m o n ly  c lo s e  and in d ep en d en t o f  p recu rso r  m ater ia ls , th o s e  are
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larger  than th e  v a lu e  for  D A B -A m -6 4 - in c o r p o r a te d  s ilica . T h is  is  d u e  to  th e  
d iffe r e n c e  o f  d en d r im er s iz e . In c id e n ta lly , th e  h y d r o d y n a m ic  d ia m eter  o f  s o f t-c o r e  
D A B - A m - 6 4  is  3 .9 6  nm  and th e  d ia m eter  at d e n se -c o r e  lim it  is p red ic ted  to  b e  - 2 . 5 0  
nm  [2 6 ] , O n th e o th er  hand, th e  d ia m eter  o f  G 4  P A M A M  d en d r im er w a s  ca lc u la te d  
as 4 .0  nm  and e v a lu a te d  to  b e  -  4 .5  nm  in so lu t io n  [3 1 ] , T h e  ao v a lu e s  (4 .9  and 4 .4  -  
5 .0  ททา, r e sp e c t iv e ly ) , w h ic h  w e r e  ca lc u la te d  from  a [1 0 0 ]  sp a c e  o f  P A M A M  
d en d r im er-in co rp o ra ted  m e so p o r o u s  m ater ia ls  prep ared  from  F e P 0 4 and sila tran e  
p recu rso rs, w e r e  c o n s iste n t  w ith  th e v a lu e s  from  T E M , and th e p ore  s iz e s  in  b o th  
m e s o p o r o u s  m a ter ia ls  w e r e  r e a so n a b ly  id e n tif ie d  w ith  p o r o g e n  size .

T h e  fo rm a tio n  o f  m e so p o r o u s  m ater ia ls  fro m  in o rg a n ic  p recu rso r  and  
ch arg ed  su rfa cta n t tem p la te  is d riven  b y th e  e lec tro sta tic  in tera ctio n  [2 ], A d d it io n a lly , 
in th e  p resen t c a se  w h ere  io n ic  d en d r im er w a s  u sed  as a te m p la te  in stead  o f  
c o n v e n tio n a l io n ic  su rfactan t, h y d ro g en  b o n d in g  in tera ctio n  b e tw e e n  a m id e  (and  
a m in e)  g ro u p s  o f  d en d rim er and h y d r o x y l g ro u p s  o f  h y d r o ly z e d  s ila tran e  is p o s s ib le  
a s a d r iv in g  fo r c e  for  th e  c o n stru c tio n  o f  m e so p o r e s  b e s id e s  e le c tr o s ta t ic  in tera ctio n  
(S c h e m e  5 .1 ) . S u c h  in tera ctio n  o f  p recu rsor  w ith  p o r o g e n  m o le c u le  is  s tim u la ted  at 
h ig h  d en d r im er co n ce n tr a tio n  or in th e  co n cen tra ted  reac tio n  m ix tu re , b ut th e  
p r e c ip ita tio n  o f  c o m p o s ite s  o c c u r s  c o m p e t it iv e ly  w ith  th e  form atio n  o f  m e so p o r o u s  
s il ic a . T h ere fo re , d ilu te  co n d it io n  o f  d en d r im er and rea c tio n  m ix tu re  is  p re fera b le  to  
p rep are th e  in g e n io u s  m e so p o r o u s  m a ter ia ls  su ch  as sp h e r e s  w ith  sm o o th  su rfa ce , as 
n o tic e d  from  S E M  resu lts . It can  b e  n o te d  that th e  s lo w  s o l-g e l  r ea c tio n  in th e  d ilu te  
so lu t io n  is  e v o c a t iv e  th e  fo rm a tio n  o f  w e l l-a g e d  s il ic a  p a rtic le s.

M o s t  im p ortan t n o tif ic a tio n  is  that th e  se co n d  cry sta l array (L )  w a s  fou n d  in  
th e  P A M A M  d en d r im er-in co rp o ra ted  m e so p o r o u s  s i l ic a  fro m  sila tran e  p recu rsor.

S in c e  c a lc u la te d  m o le c u la r  le n g th  o f  s ila tra n e  is  ~ 1 .4  nm , th e  ao v a lu e  o f  ~ 5 .9  n m  can

b e  e stim a ted , i f  th e  d en d riem r s iz e  is 4 .5  nm . T h e  ao v a lu e  o f  array ร c o in c id e s  w ith  
th is  v a lu e , but that o f  array L  d o e s . F ig u re  5 .6  illu stra tes  th e  C P K  m o d e ls  o f  s ila tran e , 
sila tran e  o l ig o m e r s , and G 4  P A M A M  d en d rim er. T h e  o b se r v e d  ao v a lu e  o f  array L  is  
rea so n a b le , i f  s ila tra n e  o l ig o m e r s  (p ro b a b ly  tr im er o r  te tram er) in te r p o se  and form  
p o ly s i lo x a n e  w a lls  b e tw e e n  d en d r im er p o r o g e n s  ( s e e  sc h e m e  5 .1 ) . S u ch  o l ig o m e r  
fo rm a tio n  is  p o s s ib le  b y  h y d r o g e n  b o n d in g  b e tw e e n  h y d r o x y l g r o u p s  in h y d r o ly z e d
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sila tran e but d o e s  n ot o c c u r  on  T E O S  and F e P 0 4 p recu rsor. T he hydrogen bonding  
characters o f  the hydrolyzed silatrane w il l  r e in fo r c e  th e  h y d r o g e n  b o n d in g  in tera ctio n  
w ith  d en d r im er p o r o g e n  as w e ll  as e le c tr o s ta t ic  in teraction .

5 .5  C o n c lu s io n s

M e so p o r o u s  s il ic a  m ater ia ls  h a v e  b een  s u c c e s s fu lly  sy n th e s iz e d  b y  u s in g  
sila tran e as a s il ic a  so u r c e  and G 4  P A M A M  d en d r im er as a p o r o g e n  under th e  d ilu te  
a c id ic  c o n d it io n  v ia  th e  s o l-g e l p r o c e ss . A t  th e  o p tim u m  c o n d it io n s , sp h er ica l 
p artic le s  w ith  sm o o th  su rfa ce  w e r e  ob ta in ed . T h e  ord ered  crysta l arrays w e r e  
o b serv ed  in T E M  im a g e s . T h is  is  th e  first report for  th e  T E M  im a g e s  o f  d en d r im er-  
in co rp o ra ted  m e so p o r o u s  s il ic a  w ith  ord ered  array, as far as w e  k n o w . N o t ic e a b le  
to p ic  is that tw o  k in d s o f  crysta l arrays w e r e  crea ted  in  th e  m e so p o r o u s  s ilic a . O n e  
array is  sa m e  as th e  ord ered  stru ctu re from  c o n v e n tio n a l d en d r im er-in co rp o ra ted  
m eso str u c tu r e s , but th e  o th er  o n e  is in term ed ia ted  b y  o l ig o m e r s  o f  h y d r o ly z e d  
sila tran e, w h ic h  are in teracted  b y  h y d r o g e n  b o n d in g  b e tw e e n  h y d r o x y l g r o u p s  on  
h y d r o ly z e d  sila tran e. T h is  u n iq u e  ch ara cter  o f  h y d r o ly z e d  sila tran e  a lso  a c ts  fo r  the  
h y d r o g e n  b o n d in g  in tera ctio n  w ith  d en d r im er p o r o g e n  and g iv e  r ise  to  th e  strict 
o rd erin g  o f  n a n o p o res . T h e  d en d r im er-in co rp o ra ted  m e so p o r o u s  m a ter ia ls  are u se fu l  
for  a p p lic a tio n s  lik e  c a ta ly s is , m o le c u la r  se g r e g a tio n  and so  on , b e c a u se  d en d r im ers  
h a v e  e n o u g h  v o id  v o lu m e s  in  th e  in tern al to  in c lu d e  g u e s t  m o le c u le s .

5 .6  A ck n o w led g em en ts

T h is  research  w a s  f in a n c ia lly  su p p o rted  b y th e  T h a ila n d  R ese a r c h  F u nd  
(T R F ), th e  P o stg ra d u a te  E d u c a tio n  and R e se a r c h  P rog ram  in  P e tro leu m  and  
P e tr o c h e m ic a l T e c h n o lo g y  (A D B )  F u nd , and th e  R a tc h a d a p isa k e  S o m p o te  F und, 
C h u la lo n g k o rn  U n iv e r s ity .

5 .7  R e fe r e n c e s



38

1. J .s .  B e c k , J .c .  V artu li, พ . ] .  R oth , M .E . L e o n o w ic z , C .T . K r e sg e , K .T . S ch m itt,
C .T -W . C hu, D H  O lso n , E .w .  S h epp ard , S B . M c C u lle n , J .B . H ig g in s , and  
J.L. S ch len k er , J. Am. Chem. Soc. 1 9 9 2 , 11 4 , 1 0 8 3 4 -1 0 8 4 3 .

2. Q  H u o , D .I . M a r g o le se , D .I . C ie s la , D .G . D em u th , P. F en g , T  E. G ier, P 
S ie g e r , A . F iro u z i, B .F . C h em elk a , F. S ch u  ' th, and G .D . S tu ck y , Chem. Maler. 
1 9 9 4 , 6 , 1 1 7 6 -1 1 9 1 .

3. J S. B e c k , J.C . V artuli, G .J. K en n ed y , C .T . K re sg e , W .J. R o th , and S .E . 
S ch ram m , Chem. Mater. 1 9 9 4 , 6 , 1 8 1 6 -1 8 2 1 .

4 . Q . H u o , D .I . M a r g o le se , บ . C ies la , D .G . D em u th , P. F en g , T  E . G ier, P. S ieg er , 
A . F iro u zi, B .F . C h em elk a , and G .D . S tu ck y , Chem. Mater. 1 9 9 6 , 8 , 1 1 4 7 -  
11 60 .

5. T .p . T a n ev  and T .J. P in n av a ia , Chem. Mater. 1 9 96 , 8 , 2 0 6 8 -2 9 7 9 .
6 . พ .  Z h an g , T .R . P au ly , and T .J. PinnavaiaCTîe/w . Mater. 1 9 9 7 , 9, 2 4 9 1 -2 4 9 8 .
7. M .s .  M o rey , A . D a v id so n  and G .D . S tu ck y , J. Porous. Mater. 1 9 9 8 , 5, 195-  

2 0 4 .
8 . L. H u an g , พ .  G u o , P. D e n g , Z. X u e, and Q . L i, J. Phys. Chem. B 2 0 0 0 , 104 , 

2 8 1 7 -2 8 2 3 .
9. T .R . P au ly , and T.J. P in n a v a ia , Chem: Mater. 2 0 0 1 , 13, 9 8 7 -9 9 3 .
10. A . Sayari, and ร . H am o u d i, Chem. Mater. 2 0 0 1 , 13, 3 1 5 1 -3 1 6 8 .
11. Z . Y u an , and พ .  Z h ou , Chem. Phys. Lett. 2 0 0 1 , 3 3 3 , 4 2 7 -4 3 1 .
12. B . S m arsly , ร . P o larz , and M . A n to n ie tti, J. Phys. Chem. B 2 0 0 1 , 1 0 5 , 1 0 4 7 3 -  

1 0 4 8 3 .
13. V . Jitchum , c .  รนท, ร. W o n g k a se m jit  and H . Ish id a , Tetrahedron, 2 0 0 1 , 5 7 , 

3 9 9 7 -4 0 0 3 .
14. พ .  C h aroen p in ijk arn , M . รน'พankruhasn , B . K esa p a b u tr , ร . W o n g k a se m jit , and  

A  M . J a m ieso n , Eur. Polym. J. 2 0 0 1 , 3 7 , 1 4 4 1 -1 4 4 8 .
15. M . S ath u p an ya , E . G ulari, and ร . W o n g k a se m jit , J. Euro. Ceram. Soc. 2 0 0 3 , 2 3 ,  

1 2 9 3 -1 3 0 3 .
16. N . P h on th a m m ach a i, T . C h a ir a ssa m e e w o n g , E . G ulari, A .M . J a m e iso n , and ร. 

W o n g k a se m jit , J. Met. Mater. Min. 2 0 0 3 , 12 , 23 .
17. P. P h ir iy aw iru t, R. M agarap h an , A . M . J a m ie so n  and ร. W o n g k a se m jit , Mater. 

Sci. & Eng. A 2 0 0 3 , 3 6 1 , 1 4 7 -1 5 4 .



39

18. P. P h ir iy aw iru t, A .M . Ja m ieson , and ร. W o n g k a se m jit , Micropor. Mesopore. 
Mater. 2 0 0 5 , 77 , 2 0 3 -2 1 3 .

19. N . T h an a b o d eek ij , พ .  T a n g lu m lert, E. G ulari, and ร. W o n g k a se m jit , Apph. 
Organomet. Chem. 2 0 0 5 , 19 ,1 0 4 7 -1 0 5 4 .

2 0 . N . K ritch a ya n on , N . T h an a b od eek ij, ร . Jitkarnka, A . M . J a m ieso n , and ร. 
W o n g k a se m jit , zl/?/?//. Organomet. Chem. 2 0 0 5 , 2 0 , 1 5 5 -1 6 0 .

2 1 . N . P h on th a m m ach a i, M . K r issa n a sa era n ee , E . G ulari, A .M . J a m ie so n  and ร. 
W o n g k a se m jit , Mater. Chem. Phys. 2 0 0 6 , 9 7 , 4 5 8 -4 6 7 .

2 2 . N . T h an a b o d eek ij , ร . S ad th ayan on , E . G u lari,an d  ร. W o n g k a se m jit , Mater. 
Chem. Phys. 2 0 0 6 , 98 , 1 3 1 -1 3 7 .

2 3 . N . T h an a b o d eek ij , E . G ulari and ร . W o n g k a se m jit , Powder Tech. 2 0 0 7 , 173, 
• 2 1 1 -2 1 6 .

2 4 . พ .  tan g lu m lord , T. Im ae, T. J. W h ite , and ร. W o n g k a se m jit , 1/ .  Am. Ceram. 
- Soc., 2 0 0 7 , 9 0 , 3 9 9 2 -3 9 9 7 .

2 5 . I. D ia z , B . G arcia , B . A lo n so , c .  M . C a sad o , M . M o ran , J. L o sa d a , and J. P - 
P arien te , Chem. Mater. 2 0 0 3 , 15, 1 0 7 3 -1 0 7 9 .

2 6 . G. L arsen , E . L o tero , and M . M arq u ez , Chem. Mater. 2 0 0 0 , 12 , 1 5 1 3 -1 5 1 5 .
2 7 . G. L arsen , and E. L o tero , J. Phys. Chem. B 2 0 0 0 , 10 4 , 4 8 4 0 -4 8 4 3 .
2 8 . A . M itra , A . B h a u m ik , and T. Im ae, J. Nanosci. Nanotechol 2 0 0 4 , 14, 1 0 5 2 -  

1055 .
2 9 . X . L u o , and T. Im ae, Chem. Lett. 2 0 0 5 , 3 4 , 1 1 3 2 -1 1 3 3 .
3 0 . J. H u k k a m ak i, and T. P ak k an en , Micropor. Mesopore. Mater. 2 0 0 3 , 6 5 , 1 8 9 -  

196.
A . D . T o m a lia , A . M . N a y lo r , and พ .  A . G od d ard  111, Angew. Chem. Int. Ed. 
Engl. 1 9 9 0 , 2 9 , 138 .

31.



40

Table 5.1. T E M  and X R D  d a ta  fo r crysta l a rrays in  d e n d rim e r-in c o rp o ra te d  m eso p o ro u s  
s ilica

S am ple A rray  ร 
(T E M )

A rray  L 
(T E M )

Space
(XRD)

Product Dend
rimer

(g)

Added 
W ater 
(cm 3) .

P̂pore
(nm )

&0
(nm )

(Ppore
(nm )

a0
(nm )

d[ioo] (nm) 
(angle 

(degree))

d[200] (nm)
(angle
(degree))

D 1 H 0 0.2 0 ' 10.22 3 .9 7 (2 .2 2 )
D 2 HO 0.4 0 -  . 6 .76 9 .37 4 .0 1 (2 .2 0 )
D 2 H 1 0 0.4 10 9.36 4 .0 5 (2 .1 8 )
D 2 H 3 0 0.4 30  : 4 .82 5 .57 4 .0 9 (2 .1 6 ) 1 .91 (4 .62 )
D 3 H 0 0.6 0 - 5.65 11.00 4 .0 8 (2 .1 6 )

D 3 H 1 0 0.6 10 - 4 .88 7.03 4 .0 9 (2 .1 6 ) 1 .8 5 (4 .7 6 )
D 3 H 3 0 0.6 30  - 3 .66 4.23 4 .3 2 (2 .0 4 ) 2 .0 2 (4 .3 6 )
D 4 H 0 0.8 0 - - 6 .56 5.88 9.45 4 .0 3 (2 .1 9 ) 1 .9 7 (4 .4 8 )

D 4 H 1 0 0.8 10 - 4.93 3 .8 4 (2 .3 0 ) 2 .0 8 (4 .2 4 )
D 4 H 3 0 0.8 30 4 .90 4 .0 2 (2 .1 9 ) 2 .0 8 (4 .2 5 )
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Table 5.2. C o m p a riso n  o f  c ry sta l a rray s in  d e n d rim e r- in c o rp o ra te d  m e so p o ro u s  
m a te ria ls3-*

P re c u rso r/te m p la te
(p o ro g en )

d[i00] (nm) 
(angle (degree)) 

(X R D )

a0 (nm ) 
(T E M )

q>pore (nm )
(T E M )

R efe ren ce

T E O S /D A B -A m -6 4 (3 .2 5 )(a s)
2 .5 (3 .5 )(ca l)

26

T E O S /P A M A M  d en d rim er (2 .5 )(as)
3 .2 (2 .7 )(ca l)

27

T E O S /P A M A M  d en d rim er 3 .8 (2 .3 )(ca l) 3 .9 (c a l)b} 28
T E O S /P A M A M  d en d rim er 4 .0 (2 .2 )(ca l) 30
F e P 0 4 /P A M A M  d en d rim er 4 .2 (2 . l) (a s )  

3 .8 (2 .3 )(ca l)
5 .1 (as) 3 .2 (as) 29

S ila tra n e /P A M A M
d e n d rim e r

3 .8 -4 .3  
(2 .0 -2 .3 )(a s)

4 .2 -7 .0 (as) 
9 .4 -
1 l'.O(as)

3 .7 -
4 .9 (a s)
5.9-
6 .8 (as)

p resen t

a) as; a s -p rep a red , cal; ca lc in a ted .
b ) C a lc u la te d  fro m  n itro g en  ad so rp tio n  data .
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HO
Demi rimer ,

 ̂1N---i- SI----o
N — —V h y d r o l y s i s  

/ c o n d e n s a t i o n
p o l y m e r i z a t i o n “0H/Dend rimer

h y d r o l y s i s c o n d e n s a t io n
p o l y m e r i z a t i o n

Dend rim er

oh/d  end rimer

Scheme 5.1 T h e  ch em ica l s tru c tu re s  o f  s ila tran e  and  th e  p ro d u c ts  o f  so l-g e l reac tio n .
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W a v e  n u m b e r  ( c m 1)

Figure 5.1 F T -IR  ab so rp tio n  sp ec tra  o f  s ila tran e  and s ilica  p ro d u c ts .
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D2 H0

G4 PAMAM

Figure 5.2  T G A  cu rv es o f  D 2H 0  and  G 4 P A M A M  den d rim er.
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Figure 5.3 S E M  im ag es  o fD n H O . (a) D 1 H 0 , (b) D 2 H 0 , (c) D 3 H 0 , (d ) D 4 H 0 .
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Figure 5.4 T E M  im ag es  o f  s ilica  p ro d u c ts  (a )-(c ) and an  illu s tra tio n  o f  h ex ag o n a l 
p ack in g  and  in d ices (d). (a) D 4 H 0  (a rray  ร ) , '(b ) D 3 H 1 0  (a rray  L ), (c ) D 4 H 0  (a rray  ร 
and  L).



Figure 5 .5  X R D  d a ta  o f  silica  p ro d u c ts .
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Figlire 5.6  C P K  m odels o f  s ila tran e , s ila tran e  o lig o m ers, and G 4 P A M A M
d en d rim er.
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