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We in ves ti gated de tailed con di tions for syn the siz ing the tu bu lar form of MCM-41 mesoporous alu mi no -
sili cate. The method is the de layed neu tral iza tion method in which the rate of neu tral iza tion is one of the con -
trol ling fac tors. Rapid neu tral iza tion re sults in the par tic u late form while grad ual neu tral iza tion leads to tu -
bules. It is found that the tu bule mor phol ogy has sev eral sub-categories. There are thick-walled, think-walled
hol low tu bu lar MCM-41 and solid core tu bules. There are void struc tures in the chan nel frame work that makes
the nanochannels to be ef fec tively in ter con nected.

IN TRO DUC TION

Re cently, we re ported that sev eral mi cron-sized hi er ar -
chi cal struc tures, i.e. tu bules-within-tubule (TWT)1 and hol -
low pil lared spheres (HPS),2 could be suc cess fully syn the -
sized through soft and bend able in ter me di ate of surfactant/sil -
i cate mesophase at the high al ka lin ity con di tion by care ful
con trol of the rate of acid i fi ca tion and the syn thetic com po -
nents. The MCM-41 nano-channels form the wall of these mi -
crom e ter-sized hi er ar chi cal struc tures. Thus, the prep a ra tion
of mesoporous alu mi no sili cate ma te ri als was el e vated to a
newly ex cit ing level by hav ing at least two length scales,
namely, mi cro- and nano-meters.3 The abil ity to con trol struc -
tures in both length scales will have cru cial im pacts on cat a -
lysts, biomineralization, and de sign of the nanomaterials. In
pre vi ous works that re ported hi er ar chi cal or der, the mi -
cron-scale struc ture is mostly gen er ated by a sep a rate mold,
for ex am ple, by microemulsion4 or bac te ria,5 as a tem plate for
grow ing the nanostructure. In con trast, our pro cess in volve a
“liq uid crys tal phase trans for ma tion” mech a nism.1,2 This then 
opens up a new ap proach to the de sign of hi er ar chi cal or ders
in in or ganic nanomaterials, for many other com plex or ders
can be achieved in com plex liq uid crys tal line phases and mod -
ern the o ries of com plex flu ids6 have de vel oped to the ex tent
that it can help us to un der stand the as so ci ated phase changes.

In our pre vi ous re ports,1 we found that an or dered meso -
porous mo lec u lar sieve MCM-41 with the tu bules-within-
 a-tubule (TWT) hi er ar chi cal struc ture could be suc cess fully
syn the sized in a highly al ka line con di tion by care ful con trol
of the surfactant-water con tent and the sil ica con den sa tion
rate. Liq uid crys tal phase trans for ma tion un der a grad ual neu -

tral iza tion pro cess, was pro posed for the for ma tion of the hi er -
ar chi cally or dered struc ture of C16TMAB-aluminosilicate
sys tem.

Sub se quently, we found that this spe cial tu bu lar form of
MCM-41 has a pe cu liar 3D pore sys tem.7 This is due to many
voids sit u ated be tween the chan nels which ef fec tively make
the chan nels inter-connected as a three-dimensional net work,
and hence, inter-channel dif fu sion is pos si ble. We dem on -
strated its ad van tage as a sup port in ethylbenzene dehydro -
genation as the probe re ac tion.7 The tu bu lar MCM-41 was
shown to have higher cat a lytic ac tiv ity when used as a cat a lyst 
sup port for ethylbenzene dehydrogenation.7 The en hanced ac -
tiv ity in dif fer ent mor phol ogy was at trib uted to the in ter con -
nec tion of the chan nels through voids in the frame work.

Be cause the microtubular mor phol ogy of MCM-41
prod ucts is un usual in its fac ile trans port, the de tails of this
new mor phol ogy need to be ex am ined care fully. In this pa per,
cru cial fac tors, which al ter the for ma tion of MCM-41 ma te ri -
als in tu bu lar struc tures are in ves ti gated in greater de tail. It is
found that the TWT struc ture ac tu ally en com passes many dif -
fer ent tu bu lar forms in di cat ing vari a tions in the mi cron-scale
struc tures. And the void de fects also vary. We re port in these
pa per dif fer ent forms of tu bu lar MCM-41 from var i ous syn -
thetic con di tions, which will be use ful for the em ploy ment of
TWT MCM-41 ei ther in ca tal y sis sup port or in ad sorp tion.

EX PER I MEN TAL

Ma te rials
The sil ica source is so dium sil i cate (27% SiO2, 14%
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NaOH) from Aldrich, and the source of alu mi num is so dium
aluminate (AlNaO2) from Riedel-de Haën. The alkyl tri -
methyl ammonium halides (CnH2n+1(CH3)3NX (n = 10-16,
CnTMAX, X = Cl or Br); Cetylpyridinium chlo ride
(C16H33C5H5NCl) used as the surfactant tem plates are pur -
chased from To kyo Chem i cal In dus try, Acrôs, Aldrich. The
1-alkyanols (CmOH) are from Merck. Sul fu ric acid (H2SO4;
96%) is from Merck. All of these ma te ri als were used di rectly
with out fur ther pu ri fi ca tion.

Syn the sis
The typ i cal syn thetic pro ce dure for pre par ing the pure

sil ica and alu mi no sili cate MCM-41 mesoporous ma te ri als is
based on the de layed-neutralization pro cess re ported in one of 
our pre vi ous pa pers.8 The “fast neu tral iza tion” pro ce dure was
used for pre par ing the microparticle-shaped mesoporous
MCM-41 sam ples, and the “grad ual neu tral iza tion” pro ce dure 
was per formed to syn the size the TWT hi er ar chi cal struc ture.
The mo lar com po si tion of the re sul tant gel is: 1.0 CnTMAX :
2.10 SiO2 : (0-0.21) AlNaO2 : (1.63-1.20) NaOH : (0-1.0)
CmOH : (0.67-0.40) H2SO4 : (50-500) H2O. The re sulted gel
mix ture hy dro ther mally re acted at 100 C for 48 h in a static
au to clave. The as-synthesized prod uct was re cov ered by fil -
tra tion and wash ing pro cess with a va ri ety of deioned wa ter,
then cal cined at 560 or 580 C in air for 6 h for re mov ing the
tem plates.

Char ac ter iza tion
The pow der x-ray dif frac tion (XRD) pat terns of the

as-synthesized and cal cined sam ples were col lected on a
Scintag X1 diffractometer us ing Cu K  (  = 0.154 nm) ra di a -
tion. N2 ad sorp tion-desorption iso therms of the cal cined sam -
ples were ob tained on a Micromeritics ASAP 2010 sys tem at
77 K with sam ples outgassed at 250 oC un der 10-3 torr for at
least 3 h. Bulk mesoporous ma te ri als for TEM char ac ter iza -
tion were em bed ded in Spur resin and cured at 60 oC over -
night. Ultrathin sec tions (ap prox i mately 30-50 nm) were cut
from the em bed ded spec i men us ing a di a mond knife at room
tem per a ture. Sec tions were picked up on cop per grids. The
trans mis sion elec tron mi cro graphs (TEM) were re corded on a
Hitachi H-7100 mi crom e ter op er ated at 75-100 keV. Scanning 
elec tron mi cros copy (SEM) was per formed on a Hitachi
S-800 op er ated at an ac cel er at ing volt age of 20 keV.

RE SULTS AND DIS CUS SION

In this sec tion, we pres ent the re sults of mor phol ogy in -
ves ti ga tion un der var i ous syn thetic con di tions. It has been
known that the con di tion for mak ing tu bu lar MCM-41 is much 

more re stricted than the nor mal par tic u late form.1,9 There are
many fac tors that need to be care fully con trolled. These are
the wa ter/surfactant ra tio, surfactant chain length, counterion, 
and the rate of acid i fi ca tion of the gel so lu tion. We will ex am -
ine them in di vid u ally.

Let us first ex am ine the ef fect of the rate of neu tral iza -
tion. In the de layed-neutralization pro cess, the surfactant/sil i -
cate so lu tion is ini tially at high al ka line con di tion, pH > 13.
One has to add acid to start the for ma tion of oligomer of sil i -
cates. Only then can the sil i cates be gin to ex change for the
counterions of the rod mi celles which fi nally lead to the for -
ma tion of the hex ag o nal phase.10 It turns out the rate of neu -
tral iza tion is cru cial for the for ma tion of tu bu lar MCM-41.11

Fig. 1 shows the frame work struc ture and mor phol ogy
of the MCM-41, from CTAB and so dium sil i cates, un der rapid 
neu tral iza tion Pro cess. Only the sub-micron par tic u late form
of MCM-41 is ob served (Fig. 1A). TEM (Fig. 1B, C) mi cro -
graph in di cates the nanostructure of the hex ag o nal frame work 
is well-ordered con tain ing lit tle de fects. Fig. 1D il lus trates
sche mat i cally the well-ordering of the hex ag o nal phase.

How ever, when one de creases the pH value of ini tial
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Fig. 1. The SEM and TEM mi cro graphs of the mi cro-
 particle shaped mesoporous sam ple syn the sized
from the com po si tions of 1 C16TMAB : 2.10
SiO2 : 0.68 NaOH : 0.29 H2SO4 : 165 H2O by a
fast neu tral iza tion pro cess. A. SEM mi cro graph; 
B. TEM mi cro graph viewed along the chan nels
di rec tion; C. TEM mi cro graph viewed per pen -
dic u lar to the chan nels di rec tion; D. a sche matic
di a gram of the mesostructures of the mi cro-
 particle.



surfactant/sil i cate very slowly by grad ual neu tral iza tion, the
mor phol ogy of MCM-41 be comes pre dom i nately tu bu lar. The 
tu bu lar form is formed in the room tem per a ture stage and it
sur vives the sub se quent hy dro ther mal treat ment and cal ci na -
tion. Fig. 2A shows the mor phol ogy of tu bu lar MCM-41; the
lengths of the tu bules are more than 100 mm. Fig. 2B shows
that the tu bules are hol low. It should be noted that the sam ples
shown in Fig. 1 and Fig. 2 start from al most ex actly the same
gel com po si tion. The rate of neu tral iza tion is the only dif fer -
ent fac tor.

Next, we add alu mi num source NaAlO2 to the ini tial gel, 
while the surfactant and sil i cates are still the same. Here the
wa ter con tents also in creased some what in or der to keep pro -
duc ing the tu bu lar form of the alu mi no sili cate MCM-41. Fig.
3A shows the SEM mi cro graph of the cal cined prod uct. The
di am e ters of the tu bules are rather uni form at about 0.5 mi -
crom e ter. The yield is rather high at about 95%. This is the re -
sult of phase trans for ma tion rather than chem i cal ki netic con -
trol. Fig. 3C, how ever, shows that the tu bules are solid in side
(not hol low), but con tain ing many voids.

The TEM pic ture in Fig. 3D and E again con firm that the 
tu bules do not have the cen tral end-to-end big chan nel as in
the hol low TWT. In stead, one finds many small voids dis -
persed among the nanochannels. Fig. 3F shows the sche matic
draw ing of the de fects in the tu bule.

On the other hand, when one used the surfactant C16PyCl, 
the wa ter con tent needs to in crease to a higher value to form
tu bu lar MCM-41. In this case, one finds a hol low tu bu lar
MCM-41 with a much big ger cen tral cav ity. Fig. 4 and B show 
the mor phol ogy of the ma te ri als; the yield is again rather high. 
On closer ex am i na tion by TEM (Fig. 4C), one sees the tu bules 
are rather empty in side. Fig. 4D shows an ul tra-thin sec tion
across the tu bule with a hol low tu bule with a very thin wall,
which is rather trans par ent un der a TEM elec tronic mi cro -
scope. The TEM mi cro graph in Fig. 4E shows the ex ter nal

wall is rather de fec tive.
To suc cess fully syn the size the tu bu lar MCM-41, the

length of the surfactant chain and the com po si tion need to be
in a rather nar row range. An other ex am ple is by us ing the
mixed surfactant C18TMAB and C10TMAB in the syn thetic
gel. The change of octadecyltrimethylammonium bro mide
(C18TMAB)/decyltrimthylammonium bro mide (C10TMAB)
ra tio gives dif fer ent mi crom e ter-scaled struc tures. Given an
op ti mum neu tral iza tion rate, the mor phol ogy of MCM-41
at both [C18TMAB ]/[C10TMAB] = 1 and [C18TMAB]/
[C10TMAB] = 5-8 is a small par ti cle, also while at [C18TMAB
]/[C10TMAB] = 3, the sys tem gives TWT struc ture. We found
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Fig. 2. The SEM mi cro graphs of the micro particle-
 shaped mesoporous sam ple syn the sized from
the com po si tions of 1 C16TMAB : 2.10 SiO2 :
0.68 NaOH : 0.29 H2SO4 : 163 H2O by a grad ual
neu tral iza tion pro cess. A. SEM mi cro graph; B.
SEM of a hol low TWT struc ture.

Fig. 3. The SEM and TEM mi cro graphs of the mi cro-
 particle shaped mesoporous sam ple syn the sized
from the com po si tions of 1 C16TMAB : 2.10
SiO2 : NaAlO2 : 0.68 NaOH : 0.29 H2SO4 : 178
H2O by a grad ual neu tral iza tion pro cess. A.
SEM mi cro graph; B. larger-magnification SEM; 
C. microtome TEM mi cro graph; D. microtome
TEM mi cro graph viewed along the chan nels di -
rec tion; E. microtome TEM mi cro graph viewed
per pen dic u lar to the chan nels di rec tion; F. a
sche matic di a gram of the mesostructures of the
TWT hi er ar chi cal struc ture.



that the op ti mum av er age chain length for pre par ing TWT
struc ture is 15 ~ 16 for the mixed CnTMABr sys tem and 16 ~
17 for the mixed CnTMACl sys tem.9 The un der ly ing de ter -
min ing fac tor is the av er age hydrophobicity of the sur fac tants
em ployed.9

For shorter chain sur fac tants, add ing a cosurfactant, me -
dium chain al co hol, can also help the for ma tion of better
struc tured MCM-41. We also tried its use in help ing the for -
ma tion of tu bu lar MCM-41. Fig. 5 shows the SEM mi cro -
graphs for CnTMAX (n < 16) with the use of the co-surfactant
al co hol. With out al co hols, these sur fac tants could not form tu -

bu lar mor phol ogy at all con di tions we tried. The SEM of the
MCM-41 ma te ri als syn the sized from C12TMAB-C4OH-
 silicate with dif fer ent wa ter con tent shows that the tu bu lar
mor phol ogy could be formed only in a suit able range. At
lower wa ter con tent, the sam ple is only in mi cro-particle even
with chang ing the CmOH con cen tra tion. When in creas ing the
wa ter con tent, the tu bu lar mor phol ogy can be syn the sized at a
proper range of the CmOH/surfactant ra tio.12 All of these sam -
ples have well-arranged hex ag o nal MCM-41 struc ture. To ad -
just the proper hydrophobicity for tu bu lar mor phol ogy,
butanol is proper for match ing C14TMA+ surfactant (Fig, 5B
and C) and hexanol is better for C12TMA+ (Fig. 5D).

The phys i cal char ac ter iza tion of these tu bu lar MCM-41
ma te ri als is also per formed us ing XRD. Fig. 6A shows the
XRD pat terns of the cal cined MCM-41 sam ples syn the sized
from C16TMABr-silicate by us ing the de layed neu tral iza tion
pro cess. In Fig. 6, sam ple I. II. III. IV. V. cor re spond to ma te ri -
als im ages shown in Figs. 1, 3, 4, 5C and 5D, re spec tively.
There ex ist at least 4 sharp XRD peaks for all these sam ples,
in di cat ing a well-ordered hex ag o nal struc ture of MCM-41.
These re sults are con sis tent with pre vi ously re ported re sults
that the in cor po ra tion of alu mi num into sil ica frame work do
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Fig. 4. The SEM and TEM mi cro graphs of the micro -
particle-shaped mesoporous sam ple syn the sized 
from the com po si tions of 1 C16PyCl : 2.10 SiO2 :
0.68 NaOH : 0.29 H2SO4 : 206 H2O by a grad ual
neu tral iza tion pro cess. A. SEM mi cro graph; B.
larger-magnification SEM; C. microtome TEM
mi cro graph; D. microtome TEM mi cro graph
viewed along the chan nels di rec tion; E. micro -
tome TEM mi cro graph viewed per pen dic u lar to
the chan nels di rec tion; F. a sche matic di a gram
of the mesostructures of the TWT hi er ar chi cal
struc ture.

Fig. 5. The SEM mi cro graphs of the mesoporous sam -
ple with hol low TWT struc ture pre pared from
the com po si tions of 1 CnTMAX : 2.10 SiO2 :
0.68 NaOH : 0.29 H2SO4 : (0-1.0) CmOH : (200-
 300) H2O by a grad ual neu tral iza tion pro cess. A. 
SEM mi cro graph of C16TMACl; B. SEM mi cro -
graph of 1 C14TMAB : 0.80 C4OH; C. SEM mi -
cro graph of 1 C14TMACl : 0.96 C4OH; D. SEM
mi cro graph of 1 C12TMAB : 0.35 C6OH.



not have a sig nif i cant ef fect on the or der ing of meso-structure. 
How ever, ex am in ing the N2 ad sorp tion-desorption iso therms
of these sam ples (Fig. 6B), one can clearly see that a sharp in -
flec tion which is com mon to all these sam ples ex ists at p/p0 =

0.32. This in flec tion is typ i cal of a cap il lary con den sa tion pro -
cess and the p/p0 value cor re sponds to a pore size of about 2.6
nm (cal cu lated from the BJH method), ex cept for a smaller
pore size for sam ple V. The pore size dis tri bu tion of these
sam ples is also nar row, and the full width at half max i mum
(FWHM) is only about 0.15 nm. From the cor re spond ing
TEM mi cro graphs, we found that those sam ple (par tic u late)
show ing lit tle struc tural de fects also give no or lit tle ad sorp -
tion hys ter esis. How ever, all the tu bu lar sam ples (II to V)
have an ad di tional and un com mon type-H3 hys ter esis loop
(de Boer’s clas si fi ca tion) at p/p0 be tween 0.5 and 1. Here, we
de fine the size of hys ter esis loop in the iso therm as the dif fer -
ence in N2 ad sorp tion vol ume be tween the desorption and ad -
sorp tion branches in the afore men tioned range. The size of the 
hys ter esis loop is the high est for sam ple II in which are also
ob served the most abun dant voids. The ex is tence of such a
type-H3 hys ter esis loop can be at trib uted to the for ma tion of
void de fects in the MCM-41 hex ag o nal ma trix, in which the
sharp drop of iso therm in the desorption hys ter esis curve as
due to pore-blocking of those voids.

CON CLU SIONS

In this pa per, we have ex am ined the dif fer ent tu bu lar
morphologies made from quateriumn am mo nium surfactant,
co-surfactant, and sil i cates. The cen tral hol low chan nel of the
mi cron-size tu bules could have var i ous sizes or do not ex ist at
all. Re gard less of these dif fer ences, all the tu bu lar MCM-41
ma te ri als pos sess void de fects in the frame work. This leads to
an ef fec tively in ter con nected 3D nanochannel sys tem. This
void de fects pro mote the trans port of adsorbents or re agents in 
ap pli ca tions.

We also found that al though the surfactant hydro pho -
bicity is rather re stricted for the for ma tion of tu bules, one
could use co-surfactant(al co hol) or ad just ing wa ter con tent to
pro mote the for ma tion of tu bules. This make pos si ble some
lim ited room of ad just ment to form tu bu lar MCM-41 with dif -
fer ent pore size.
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Fig. 6. The XRD pat terns and N2 ad sorp tion-desorption 
iso therms of the mesoporous sam ple in Fig. 1-4.
A. XRD pat terns; B. N2 ad sorp tion-desorption
iso therms. I. sam ple of Fig. 1; II. sam ple of Fig.
2; III. sam ple of Fig. 3; IV. Sam ple of Fig. 4C;
V. sam ple of Fig. 4D. In Fig. 6B, the amount ad -
sorbed for sam ple II, III, IV, V was in creased by
200, 400, 600, 800 cm3/g STP, re spec tively.
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