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conduct ins  proper t ies .  w i th  I . ' s  o f  l l7  K be ing increased
to 135 Kon anneal ing in  f lowing 02 at  300 'C.  as shown bv
ac susceptibi l i ty data in Figure 4b. In addit ion. a volume

fract ion o i  >  80% at  100 K is  observec l .Lr ' l  An in-c lepth
studv of the superconducting propert ies of samples prc-
parec lbv th is  route is  repor ted e lsewhere. l l l l

A  v i ta l  cons iderat ion when prepar ing mercurv-based
cuprates in sealed quartz tubcs is the possihi l i tv ol 'pressure
build-up in the tubes. causing explosions. and I 'or this rca-
son quar tz  tubes have a lwavs been encased in  s tee l  bombs
to conta in  z inv  such eventua l i tv .  ln  the s tuc l ics  rcpor tcc l
here. x'c havc del iberately increased the apparent pressurc
u i th in  thc  quar tz  tubes to  exceed the i r  es t imatcc l  to lcnrncc.
The pressurc tolcrance of sealed quartz. tubes ol '  thc cl intcn-
s ions c l iscussec l  ear l ie r  is  approx imate lv  1-5 a tm.  A qu ick
ca lcu la t ion l 'o r  a  s imple.  s ing le-sk inned react ion r  cssc l
u 'ou ld  te l l  us  t l - ra t  for  thesc tubes (o f  in tcrna l  r  o lur .nc
- -5 . -5  x  l0  6  m' t ) .  th is  maximum prcssure woulc l  bc  l t ta incc l
u ' i t h  j us t  1 .08  x  10  r  mo l  o f  HgO.  i . e .  j us t  0 .23  g  o l ' n t c r cun
ox ide in  the in i t ia l  s tar t ing mix ture.  Of  coursc.  in  t l tc  cuscs
o1 ' the DSRV-typc react ions.  the in terna l  vo luntc  is  src t r t l r
rcc luced.  thus reduc ing yet  fur ther  the a tpparcnt  n l r r in tunt
c luar r t i tv  o f  HgO poss ib le  to  s tav u , i th in  the to lc runcc l i r r r i rs
s tu tcc l  above.

I r r  prev ious s tud ies.  sample mass has genera l l r  bccn ke p1
lo r i  i n  o rde r  t o  s i ve  a  m in imum p rcssu re  o l ' r l c r cun .  t hus
nt in i rn iz ing the poss ib i l i tv  o f  exp los ions.  Hou,crcr ' .  in  lh t rsc
rcpor ts .  and others  which havc ca lcu la tcc l  thc  prc \ \urcs
u i th in  the rezrc t ic tn  vcsse ls .  i t  has been assurncr l  th i r t  l r l l  o l '
thc HgO clecompc-rses at the reaction tcntpcri l tLlrc. 

' l -hroLrglr

our  s tcndv increase of  the ra t io  o f  HgO to  i t ra i lub lc  \pacc
s i th in  the react ion vesse l .  we have s l - ro lvn lh l t  not  l l l  o l '
t hc  n re rcu rv  i s  i n  t hc  vapo r  s ta te  s i nce  i 1 ' t h i s  sc r c  t l t c  c r r sc .
crp losrons would cer ta in lv  have occurrcc l .  Inc lcc t l .  sc  h l r rc

l - r rc l ' rurcd samples o f  up to  20 g o f  Hg-1113 (cor rcspont l rng

to - i  s  o f  HgO in  the in i t ia l  mix turc)  in  DSR\ ' ' - I \ l )c  rcac-
t ions.  s i thout  exp los ions.  Thus.  th is  f ina l  const ra in t  on su l t - l -
p lc  n l tss  has bccn l i f ted.  s ince the actua l  press l t rc  in  thc
quur tz  tubes is  constant .  s iven that  enough HgO is  prcscnt
to  suturate  the atmosphcre.  For  thc  case of  thc  c luur tz  tub-
ins  uscc l  here (wi th  the d imcns ions s ta tec l  erbr lvc) .  th is  con-
s t i rn t  react ion pressure is  s t i l l  be low the s t rcngth l in t i t  o t '
thc  c luar tz .  and thus any sample mass could .  in  pr inc ip lc .  be
usc cl.

In  conc lus ion.  wc have developed a svnthet ic  mcthoc lo l -
orr) '  tor.vards the bulk-scale preparatic-rn of high puritv sanr-
plcs of Hg-1223. Importantlv. rve havc found that increas-
ing thc sample mass actua l lv  increases the phase-pur i tv .
and by th is  roufc .  we have preparec l  bu lk  samples (up to
20 g)  wi th  exr .  r  t  phase pur i tv .  substant ia l  superconduct -
ing volume fract ion. and f.  values in exccss of 130 K. We
bel ieve that  there is  no upper  l imi t  to  the sample mass
u'hich mav be prepared by this methodology: there rs a
c lcar  potent ia l  for  the product ion o f  k i logram-s ized
batches. or even larger. We have shown that the reaction
for formation of Hg-1223 from the binary oxides proceeds

sure. rvhich mav be gained from

decreased vo lume of  the react ion

increased sample mass. or
vessel. lvi l l  sive enhanced
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pr imar i ly  v ia  a  so l id-s ta te  route.  and thus that  appl iec l  pres-

phase-pur i tv  bv coax ing HgO in to  the so l id  s ta te .
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Fabrication of Poh'meric Microstructures
with High Aspect Ratios Using Shrinkable
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Bv Xiuo-Mci  / . l t t r , , .  ) ' , ,11111111 ) ' iu .  Dot tg  Qin.
and Georgc . \1 .  l l  l r i t ts i t l t l "

Micrc ' rs t ructLr rcs  u  i th  h igh aspect  ra t ios  arc  incrcas ing lv

impo r tan t  i n  n r i c r ' ( ) - c l cc t romechan i ca l  sys t cms  (MEMS) .

These s t ructurcs l r rc  o t tcn l 'abr icatcc l  by  screen-pr in t inu. l r  I

and more rcccnt l r  [ . r r  r r  nroc l i f icc l  photo l i thographic  prutce-

dure: l r ' i l  X-nr r  photo l i thographv (L IGA) is  a lso an i rnpor-

tant  nerv  technic ;ue .  I  F l r l ' r r ic t r t ion o f  s t ructures r i ' i th  h ish

aspec t  r a t i os  ch l l l cngcs  conven t i ona l  pho to l i t hoe raphv  i n  a
number  o f  as l - rcc ts .  Spcc ia l  sp l in-coaters  are ncccssan '  to
prepare honrogcneous I ' i lms of  p l io tores is ts  th ickcr  than
-20 prm. l r l  Mr , r l t ip lc  c \posures to  tJV l . ight  or  a  s ing lc  cxpo-
surc  to  a  svnchrot ron X-rav rad ia t ionFl  is  tvp ica l lv  neec lcc l
in  order  to  pat tcnr  a  f i l r r r  o f  photores is t  th icker  than 50 prm.

Wi th  spcc ia l  o l r t ics  ( l i i rec  exposure gap opt ics) .  i t  i s  now
poss ib le  for  IJV l i thoeraphv to  pat tcrn  lavers  up to  1(X)  pm

thick in a singlc 
"*p, ' ,rurc.{t ' i l  
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quires a careful lv carr ied out process of mult i layer spin

coating/baking and special ly designecl proximitv print ing

equipment which is not avai lable in most research labora-

torics. Here. wc rcport a simple technique for fabrication

of  po lymcr ic  s t ructurcs- rL 'ac t ivc '  ion e tch ing (RIE)  o f  a

s t ress-or ientcd.  shr inkable  po lys tyrene f i lml " l  coupled wi th

thermal lv  induced shr inkagc and shape-ch i ingc in  th is  f i lm

for fabriczrt ion ol '  polvmeric microstructures rvith lvi th an

aspect  ra t io  o f  -10.  and up to  120 ptm in  he ight .

Masks used in  RIE can be e i ther  commerc ia l  products .

such as TEM grids and mctal l ic masks fabricatccl bv clcc-

troforming. or home-mzide. free-standing polvrrcric rnicro-

s t ructures fabr icated by MIMIC z inc l  l i f t -o f f . l - '  F icurc  la

shows a scanning c lect ron micrograph (SEM) o1 '  a  t rcc-

s tanding epoxy web.  Th is  custom-des igned pat tcrn .  r ih ich

we ca l l  an inver ted honevcomb.  is  in terest inq ls  r r  po:s ib lc

negat ive Poisson ra t io  mater ia l . [ " ]  The po lyc l i r rc thr ls i lo r -

ane (PDMS) mold uscd to  I 'abr icate  th is  f rec-s tandins nr i -

crostructure was made bv a recently developecl rapicl pr()t()-

typ ing technique. I r0 i  
- fh is  

f ree-s tanding f i lm \ \AS -9  unr

thick. -5 mm wide. and 7 mm long. This polymcric u cl ' r  u us

coated wi th  -30 nm of  Au to  protect  i t  f rom bc ins c tchct l

in  the 02 p lasma.  The arca of  the homc-maclc  po l r  nre  r ic

mask is  l imi ted bv thc  f rag i l i tv  o f  thc  micron- th ick  l i ln r :  thc

largest  mask we have ever  made is  1  x  1  cml  in  s ize .  Fr r l . r i -

cat ion of the polvmcric mask requires careful u'ork l-rccuuse

the f i lm is  f ras i lc .  but  an in tact  mask.  whcn coatcd u i t l i  . \L r .

is  reusablc  manv t imes.

The pat tern o f  inver ted honevcomb shown in  F i -eure 1a

was t ransfer rcd in to  a  shr inkable  po lvs tvrene f i lm by RIE.

F igure 1b shows an SEM image of  the po lvs tvrene f i lm that

has been etchecl for 30 min in an O1 plasma. Thc fcaturc

shown in  F igure lb  was 2.3  p tm deep.  nreasurcd us inq a pro-

f i lometer .  Th is  e tchcd po lys tvrene l ' i lm was a l lowcd to

sh r i nk  a t  110 ' ( '  f o r  - 2  h .  The  sh runkcn  f i lm  i s  shown  i n

F isurc  lc .  Th is  po l i , ' s tv rcnc f i lm shrank bv a  fac tor  o l ' -5  in

the -r direct ion ancl bv a factor of -.--1 in thc l  direct ion. The

depth (-45 prnr ) of the pattcrnccl I 'caturcs increased by zr

factor  o1 ' -20 ( -15 l tnr  =  2 .3  Fm r  l0) .  F- iqLr rc  ld  shows an

SE,M imagc  o t ' a  po l vu rc thane  rep l i cu  o l  t h i s  sh runken  f i lm .

The prot rus ivc  [ ror r - t rc - t r1 ' re  s t ructurcs ucrc  -4-5 p tm h igh.

We have nrac lc  \ t rLrc t l l res  \ i th  us l - rcc t  ra t ios  as h igh as
-10.  F igure 2 l r - r l  shous cpox\  rc i r l i c l r :  t ronr  shrunkcn po lv-
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Fig .  l .  SEM j rn r lgdS o f  a )  a  qo ld -coatcd  f ree-s tand ing  po l l "mcr ic  mic ros t ruc-
tu re  used as  the  mask  in  RIE:  b )  a  po lvs tv rcne f i ln t  a f te r  30  min  o f  RIF-
t h r o u q h  t h e  m a s k  s h o w n  i n  a ) :  c ) t h e  s h r u n k c n  l i l m  b ) :  a n d  d ) a  p o h ' u r e t h a n e
rep l i ca  i rom the  samplc  shorvn  in  c ) .  The mask  shown in  a )  rvas  made o1 '
heat -curab lc  cpoxv  anc l  was  coatec i  w i th  -30  nm o f  go ld  bv  sput te r ing .  The
fea tures  in  th is  f ree-s tand ing  f i lm were  a  l i t t le  buck led  a f te r  be ing  coated
wi th  Au.  The he igh t  o f  the  honevcomb s t ruc tu res  was b)  -2 .3  pm before
shr ink ing  and c )  - ,15  pm a l tc r  shr ink ing .  

' l -he  
i rnaqe in  d )  wt rs  takcn  a t  a  t i l t

ans le  o l  -30" .

F i g .  2 .  S E M  i a n r g c s  o l ' a ) a r r  A u - c o r r t e  t l  \ r  n r . r . k  . r n t l  l r  c l  ) t h r c c  c p t t x v  r c p l i

c a s  f r o n t  c l i l l c r c n t  s h r u n k c n  t i l n r s .  I l r e  t l r r . . ' l . r , l r : l r r c n c  f i l n t s  h l t v e  b t c n

c tche c l  in  an  orvgcn p lusnra  th r -ough t i re  n r r r ' k  r l r t ' u  n  i r . t  a )  fo r  ,15 .  60 .  un t l

7 - 5  r n i n .  r c s p c c t i r c l r .  l i r l l o r r c d  b v  t h c r n r r r l  : h r n r k r r ! e  r r t  I l 0 ' ( - .  T h e  c l i l i n r c l c r '

o l  t h c  1 - r o s t s  s h o u n  i n  l ) l r t s  h  c l  w a s  . - l l  t t n r .  t l r . ' h e i r . l r t  i v a s  b )  - 7  I  p r n .  c )
- 9 6  p L m .  a n d  c l  )  - l l l  p r n r .  I n l r g c s  b  d  r t c r e  l i r k ! n  . t l  r r  t i l t  i t n g l e  o f  - 5 0 ' .

styrene f i lms thut  have been e tchct l  in  ln  O.  p lasma for  4-5.

60. and 7-5 min. rcspcctivelv. folkxrccl br the rrnal shrinkage

a t  110 'C  f o r  I  h .  Duc  t o  t hc  so l ' t ncss  o l  t he  po l vmers

(epox1 '  and po lvurc thane)  used in  rep l ic i t t io t r .  e ind the ca-

p i l la ry  forcc l r l l  ac tcc l  between these s t r l lc turcs .  posts  wi th

aspect  ra t ios  h igher  thr in  e ight  tcnd to  co l lapse and s t ick

wi th  each other  (F ig .  2d)  a f ter  son icat ion in  c ther .  removal

f rom the so lvent .  and drv ing.

We have also fabricatcd complex 3-cl irncnsionzi l  struc-

tures usin.e mult iple cvcles of RIE through a cl i f fe rent mask

in each cycle. A shrinkable polystyrene f i lm cove rcd with a

meta l l ic  mask (F ig .  3a)  was exposed to  an O1 p lasma for

10  m in .  The  mask  we rs  t hen  ro ta ted  -90 ' (F ig .3b )  and  re -

used to  fur ther  pat tern the same f i lm in  the second l0  min

exposure to the plasma. The etched f i lm was then al lowed

:i!:fui ..;;&
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Sample 1

W
-  100 pm ffi

Experimentul

Figure  -1  sunrnr i r r - i zcs  thc  cxpcr i r rcn ta l  p roccc lu lc  l i r r  labr ica l ion .  A  n tc -
ta l l i c  (C 'u .  o r  Au coa lc ( l  N i )o r  lnc t i t l - co i t l cc l  po lvnrc r ic  r t task  u 'as  c lanrpcc l
rv i t l r  s tcc l  c l ips  on to  thc  su l tucc  o l  a  po lvs lv renc  f i ln r .  Thc  l i lm r rus  cxposcd
to  i t t t  O2 p lasr r l t .  an t l  t l te  p l l l l cn r  in  thc  n rask  r ' ,as  tn rns lc r rcc l  in to  lhc  po l r ' -
s t v r c n e  l i l r l  b r  c t c h i n g  t h l o u u h  s l o t s  i n  1 h c  n r u s k .  T h c  r l i n r c n s i o n  ( r )  o l  t h c
f c a t u r e s  c t c h c c l  i n t ( )  t h c  l r o l r s t r  l c n c  l ' i l r n  u ' a s  s l i c h t l r  l l r g c l  t h a n  t h a t  o l  t h c
c o r r e s p o n c l i n g  s l o t  i n  t h e  r n l r s k  d u c  l o  u n c l c r c u l . ' l - h c  p u l l c r n c d  l i l m  u a s  t h c n
t r a n s f c r r c c l  i n t o  u n  o r c n  h r r r t c c l  a t  l l 0 " ( ' i t n t l  l c l 1  t h c r e  l o r  I  h .  [ 1  s h r a n k  l r r
a  f  ac to r  o f  -4 -5  rn  l ro th  \  i l r r l  \  r l i l cc t ions  ( r  -  J r ' to  5 r / ) .  uh i l c  exPanc l inu  b t
a  l r r c t r r r  o l ' - 1 0  i n  t h e  . -  r l i r e  e t r o n  ( : '  =  l 0 : :  l t '  -  ) O l t \ ' .  l h c  r o l u n t c  o 1 ' t h c  f  i l n t
rc r ra incc l  rough l r  u r rchr rnsu . l .  Ihc  uspcc t  r l t l i o  ( l t ' i r '  =  l (X) / r i r ' )  o l  thc  n r ic l r r -
s t r u c t u r c s  i n c r c l s c t l  l r r  i r  l r r e l o r  o l  -  l ( X )  i n  t h i s  s h r i n k i n g  p r o c c s s .  A  l i q u i c l
p repo lvmcr  u 'as  thcn  u \e r l  [ ( )  r ' c I l i c l t c  thc  s t r l l c tu rcs  on  1hc  sur lacc  o l  thc
s h r u n k c n  f i l n r  ( [ t i g u r ' .  1 r 1  r r n r l  c  ) .  r \ l t c r -  c u r i n g .  t h c  s h r u n k c n  l ' i l n t  u u s  r c -
rnovec l  bv  c l i sso l r  i r tg  in  . ' l h . ' r .

Thc  nrc t l l l i c  n l r :ks  s l rou  n  in  I  igu lcs  ]  i rnc l  . l  l c l c  o l r ta incc l  as  g i l ' t s  I ronr
D v n a m i c s  R c s c t r t c l t  (  o t I r , l r t i o r t  { \ \ ' i l l t t i l r g t o n .  \ 1 A ) .  r \  r r t i t s k  t t t t c l  a  s t r c s s -
o r i e n l c c l  p o l r s t r r c n e  l i l r r r  ( K r r l r r r r  ( ' o r 1 ' r . .  H a z e l l o n .  P r \ )  l i r s  b r o u g h t  i t r t r r
c ( )n lac t  anc l  hc l r . l  in  11111. .  r r  i l i r  r t t ' r l  c l i l ' r s  on  thc  s l i l { c  in  l  hornc  nrac lc  r -c l rc -
t i vc  ion  e tchcr .  

' l ' he  
l r l r r r  u r r  e  \Po.cd  to  an  O.  p lusn ta  (170 nrTor r .  -1 - l  W.

1 . 1  s c c r n )  f t r r  5  l l 0  n r i n .  I l r .  | . r l t f  l n c d  l i l n r  r i u s  u l l o u e c l  t o  s h l r n k  i r . r  u n  o r e n
l r c t r t c d  a 1  1 1 0 ' ' ( ' l o t  '  1 ,  \  l l t t t t  l r r r c t  o l  t r  l i q u i t l  p r c p o l r r t t c r  l l t s  l t p p l i c c l  1 < r
t h e  p a l t c r t t c d  s u t  l l r e  e  r i l  . r  r l r r L r r t k c n  l i i r r :  t h c  u h o l c  s v s t c n r  u l t s  p l l c c t l  r n  u
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I ' i g .  .1 .  SEM i rnases  o l 'd i l l c ren t  n tc ta l l i c  masks  (a .  b .  c l .  anc l  c )  and po lvur -
c thunc  rcp l i cas  (c  and l ' ) .  Thc  f i rs t  po l r ,s tv rcnc  I ' i l rn  has  bccn c tchcd tu ' i cc  in
ru  rcuc l i ve  ion  e lchcr  l i r r  l0  n t in  each dura t ion  us ing  thc  mask  shorvn  in  a ) in
thc  l i r s t  10  rn in  o l 'e rposure  and the  mask  shorvn  in  b )  in  the  seconc l .  Thc
sccor . rc l  po l r ,s tv rcnc  f i ln t  has  bcen exposec l  to  an  oxvgen p lasn ta  Io r  i0  rn in
th rough thc  mask  shou,n  in  d )  (a  ro ta rv  cncoder  d isc )  and fo r  .10  n t rn
th rough the  mask  shorvn  in  e  ) (an  ar rav  o l ' squares) .  The two pa t te  rncd  f i ln ts
\ \c r r '  l l l owed to  shr ink  a t  l  l0 " ( l  fo r  2  h .  The poh 'u rc lhane rep l i cas  [ ron t  the
t u o  s h r u n k c n  s a m p l e s  a r c  s h o r v n  i n  c ) a n c l  f ) .  T h c  i m a g e  i n  c ) u ' a s  t a k e n  a t  i r
l i l t  unc lc  o1 ' '15u :  imaqc 1)  a t  30 ' .

F ig .  -1 .  Schcmat rc  c l iaqram o l  the  l 'a t r r i ca l ion  o l  m ic ros t ruc lL r rcs  r r i th  h ig l r  as -
pe  c t  ra t ios .  Thc  s l rcss-or icn le  d  po lvs tv rcnc  f r ln t  l vas  1 .5  pnr  th ick .  A t  I  l0  ' 'C ' .

i t  shrank  bv  a  lac to r  o f  - .1  in  the  n tach inc  c l i rec t ion  and l rv  a  l ' ac to r  o l  -  5  in
the  t ransvcrse  d i rcc t ron .  I t  expanc lcc l  bv  a  fac to r  o f  -20  ( ,1  x  5 )  in  thc :
d i rcc t ion  ( i r  anc l  : ) .  l cav inq  the  vo lume o f  the  f i lm unchanged.  The aspcc l
ra t io  o l  the  s l ruc tu rcs  ( / r / r )  in  the  sur facc  o f  the  po lvs tv rc r rc  I ' i l n r  inc reased
at  l cas t  hv  a  lac to r  o l  - l (X)  ( l i r l l t r ' \ .

t
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to  shr ink  a t  l l0oC for  2  h .  F igure 3c shows a po lyurethane
repl ica irorn this shrunken f i lm. A similar proccdure was
appl ied in  the fabr icat ion o f  the second sample (F ig .  3 f ) .
cxcept  that  the mask shown in  F igure 3d was used in  the
t i rs t  cxpc-rsure (30 min)  to  the p lasma and the mask shown
in F isure 3e in  the second (40 min) .  The mask shown in
Figure 3d was a rotary encocler disc having 80 l ines/revolu-
t ion.  S ince s t ructures in  the two masks (F ig .3d anc l  e  )  had
dil ' l 'erent spacinss. the arra1, of square posts (Fig. 3f ) scat-
tc rec l  over  the reg ion of  the ro tarv  d isc .  The he ight  o f  ind i -
r iclr-ral structures depended on the t ime of exposure. Thc
to1 ' r  o l 'a  post  ( -62 ptm h igh)  s i t t ing r ight  on a l ine ( - .18 gn i
h igh )  r i  as  -1  l0  pm awav f rom the base.

- l -hc  
procedure descr ibed herc  combines RIE.  shr inkablc

po l )  rner ic  l i lms.  and the rap id  proto tvp ing techniqL le  inro  a
con\  cn ient  svstem for  rap id  fabr icat ion o f  contp le  x  3-
c l i r rcns ion i l l  s t ruc tures (wi th  aspect  ra t ios  up to  -10)  r i i th
cL ls tonr-des igned pat terns a t  low cost .  Th is  svstent  pro\  ide s
a ne\ \  route  in  th ick- f i lm tcchnologv to  fabr icatc  n t ic ro-
s t ructL l res r .v i th  h igh aspect  ra t ios  wi thout  access to  sophi : t i -
catcc l  photo l i thographic  fac i l i t ies .  The tvpes of  s t ructurcs

that we have made so far do not

sharp angles between p lanes.  and

types of  app l icat ions.  Thcv can.

curved surfaces. and readi lv yield

leve ls  o f  re l ie f  (e .g .  F ig .  3c  and f ) .

have s t ra ight  s ides and

are unsuitable for some

however. be made on

st ructures wi th  mul t io le

hffie*
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c les icca tor  undcr  vacuum for  20  min  to  remove a i r  bubb les  t rapped i r r  t l t c

l iqu ic l  p rcpo lvme r .  When fea turcs  on  thc  sur face  o l ' thc  shrunkcn f  i lm u 'c rc

deep.  manv snra l l  a i r  bubb les  cou lc l  no t  escape bu t  se  t t l cc l  c lown a t  1hc  in tc r -

face  be tx 'een the  l i c lu ic l  p repo lvmer  anc l  thc  s t t l id  shrunkcn l i ln t . ' l -hc  r r i r '

bubb les  wcrc  thus  rep l i ca tcc l  in to  thc  rep l i ca  a f te r  thc  p repo lvn tc r  uas  so l i -

d i f ied  (c .g .  the  sur facc  tex tu rc  shurvn  in  F ig .2b-d) .  Wc t tscc l  r t  [ ] \ ' - cur r tb lc

po lvurc lhane (NOA7i .  Nor lanc l  Proc luc ts .  Neu Brunsrv ick .  N. l  )anr l  r t  hc r t t

curab lc  cpox) '  (F l l -1 .  T ra  C 'on .  Mec l lo t 'd .  MA)  to  rep l i ca tc  thc  sur l r tcc  o l

shrunken l i l r rs .  l ' he  p repo lvmer  o f  NOA73 t ' i t s  i r rac l ia tcc l  u i th  r t  t rV  l igh t
( ' I vpc  782.5-1 .1 .  ( -anrad-Hanov i l  -150 W mcc l iunr - l . r rcssurc  Hg.  ruPor  1 r rnP.

Ace C l lass .  Inc . .  V ine land.  N. l  )  fo r  -15  nr in .  r r ' i th  santp lcs  p l l ccc l  t r t  l t  t l t s t r t r t cc

o f  - - l - l  cm l ron t  thc  lanrp .  The precursor  o f  F l l ;1  rvas  c ross  l inkc t l  l r t  ( r5  ( '

for .l h.
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The Synthesis of Micrometer- and
Submicrometer-Size Spheres of Ordered
Mesoporous Oxide MCM- 4l'i"i'

By Mic'ltuel Ciriin, Iri.s lnrter, ancl Klrttts K. L'tt,qt't

S incc d iscoverv  in  1992.  MCM- ' I1  hets  bccot rc  thc

most  popular  member  o f  the M4lS fami lv  o f  s i l i cu tc  i t r td

a luminos i l ica te  mesoporous mater ia ls . l  t ' : l  MCM-- l  I  erh ib i rs

a regular pore svstcm which consists of an arra\ ol '  l t r t ic l i -

mensional .  hcxagonal ly  shaped pores wi th  a  narro \ \ '  porc

size distr ibution. The pore walls are composcd of i lntor-

phous s i l ica .  as  ind icatcd by X-ray d i f f rac t ion (XRD) mca-

surements . [1 ]  T iansmiss ion e lcc t ron microscop\  suggests

that the pore walls have an i ipproximate thickncss of etbout

1 nm.lr l  The pore size can bc acl justecl to bctrveen 2 ancl

8 nm during the synthesis br,,  use of surfzictants ol cl i f ferent

chain  length or  by adding orsanic  aux i l ia r ics  such as 1 .3 . -5-

tr imethvlbenzene. High specif ic surface areas of up to

1500 mr/g  have been ach ieved.  Due to  i ts  rcgu lar  pore

Pro l ' .  K .  K .  LJngcr .  M.  Gr l in .  l .  Laucr

Ins t i tu t  f t i r  Anorsan ische C lhenr ie  unc l  Ana lv t i sche Chent ic

. lohanncs  ( iu tenberg-  Un ivcrs i t i i t

J . -J .  t sechcr  Wce 24.  D- .55099 Mainz  (Gcrmanv)

Th is  r .vork  was f inanc ia l l v  suppor tcd  bv  thc  A IF .  p ro jcc t  number

10206 N.

st ructure anc l  nar row pore s ize d is t r ibut ion.  MCM-41 has

been usecl as a modcl svstem for sorption isotherms of var-

ious gases l+ l  as  lve l l  as  a  pack ing matcr ia l  in  s ize exc lus ion

chromatographvl5l ancl normal phasc chromatographv.lhl

Severa l  ar t ic les  havc been publ ished deal ing wi th  the syn-

thes is  and charactcr izat ion.  format ion mechanisms.  s t ruc-

ture.  and cata lv t ic  act iv i tv  o f  MCM-41 and re la ted mater i -

a ls . [ ' t '71 The incorporat ion o f  var ious mcta ls .  e .g .  a luminum

and t i tan ium in to  thc  MCM-41 f rameu'ork  to  ad just  i ts  cata-

ly t ic  proper t ics  hus u lso a t t rac tec l  cons ic lc rab le  a t tent ion. Is  " I

The synthes is  o l '  MCM-41 can bc accompl ished bv sev-

era l  routes.  r . rh ich c l i t ' l ' c r  main lv  tn  the pH of  the rcact ion

mix ture anc l  thc  source of  s i l i ca .  Amphiph i l ic  templat ing

zrgents .  e .g .  a lkVl t l ' imcthv lammonium halogenides.  are usec l

together  r .v i th  s i l i ca  prccursors  such as tc t raa lkoxys i lz ines or

co l lo ic la l  s i l i ca .  i \ t tc r  thc  react ion the ternp la te  is  rcmoved

bv ca lc inat ion.  \ l ( ' \1 - -+ l  o l ' l c rs  un iquc pr ( )per t ies  as an

ac lsorbent  in  se punr t io l t  sc icnce and technology.  The mate-

r ia l  obta incc l  bv  r l tc  c lass ica l  procedure of  Beck et  a l . , l r l

howcver .  v ic lc ls  loosc uggl t )n tcra tes cons is t ing o f  a  wide par-

t ic le  s ize c l is t r ibut ion.  
. fhc  

agglomerates are composed of

pr imarv par t ic lcs  o l  u l ' rout  . i0 -1(X)  nm.Fl  Thus.  gr ind ing and

s iz ing to  def inec l  nar ro \ \  cuts  v ie lc ls  a  large amount  o f

f ines l t ' l  and the cont ro l  o l ' thc  par t ic lc  morphology of  MCM-

41.  i .e .  thc  svnthes is  o f  beac ls  o l  c lc l ' incc l  s ize cou ld  open up

new poss ib i l i t ies  for  thc  appl icat ion o I  MCM-41 as a  pack-

ing matcr ia l  in  chromatoqraph\  or  AS an easv- to-handle

l 'o rm of  MC' \ , { - -11 I 'o r  cuta l r t ic  purposcs.  So far .  on lv  hex-

agonal  pr isms o l 'NI ( ' \ l - l l  h l t rc  I ' rcen rcpct r ted in  the l i te ra-

ture. [ ] ' l " l  
' fh is  

conrrnunicut ion dcscr ibes the f i rs t  synthes is  o f

spher ica l  s i l i ca  par t ic les  I 'ca tur inq an MCM-41 s t ructure.

A l l  samplcs were chantc tcr izcc l  bv  XRD. n i t rogen sorpt ion

ar l l  K .  and scanninq c lcc t ron nt ic roscc ' rpv (SEM).

Thc synthesis proccclurc i tse l l '  is i t  mttdif icat ion of Sto-

ber 's  wc l l -known svnthcs is  o l '  rnonodispcrse s i l ica

spheres. l r r l  rvh ich invo lvcs thc  hvc l ro lvs is  t t l '  te t raa lkoxys i -

lane in  a  mix turc  o f  a  lorv-bo i l ing a lc t thc l l  and aqueous am-

monia. We mocli f iccl this proccclure b1' adding a cationic

surfactant to the rcitct ion rnixturc. thus providing a source

of  mice l lcs  which p lav a  cruc ia l  ro le  c lur ing the format ion

of  MCM-4l . l l l l  In  th is  s tuc lv .  r i -hexadecv l t r imethy lammo-

n ium bromide (Sarnp le  1)  and n-hexadccv lpvr id in ium ch lo-

r ide (Sarnplc 2) \ \ 'erc used as cationic surfactants. while

ethanol  was choscn as the so lvent  and te t raethoxys i iane

served as thc  s i l i c i t  source.  Aqueous ammonia was used as

a catalvst. After thc reaction. the surfactant was removed

bv ca lc inat ion a t  823 K.

The XRD patterns show several Bragg pcaks at lor.v

re f lec t ion angles between 2. -5  and 7.0"  20 which are tvp ica l

o f  MCM-41 mater ia ls .  They rc f lec t  the quas i  regu lar

arrangement of the rnesopores in the bulk material.  The

Bragg peaks can be indexed assuming a hexagonal  svmme-

try. As no order is present along the /-axis only (f t f t l )  peaks

with /  = 0 are observed. The repeat distance a1; between

two pore cenrers  can be ca lcu la ted f rom ao = (2 l t - l )  ,1 , , , , , .

The norc diameter can bc calculated bv subtraction of

I  199.1.

I ' t  L t t l
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