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Abstract: Silica molecular sieves with uniform pores on the borderline between micropore (diarieten)

and mesopore (from 2 to 50 nm) ranges were synthesized by a novel method using judiciously chosen mixtures
of short double-chain alkylammonium surfactants. These silicas were characterized using X-ray diffraction
(XRD), thermogravimetry, and nitrogen and argon adsorption. The calcined materials exhibited either
2-dimensional (2-D) hexagonal or disordered structures with XRD interplanar spacing from 2.51 to 2.93 nm,
including the value of as small as 2.69 nm for highly ordered 2-D hexagonal silica. The dependence of the
pore size and surfactant content on the surfactant chain length provided strong evidence for supramolecular
templating being operative in the formation of small-pore silicas, even for the surfactant chain length of six
carbon atoms. Both hexagonally ordered and disordered calcined samples were shown to exhibit narrow pore
size distributions with maxima in the range from 1.96 to 2.61 nm (reliably evaluated on the basis of the
unit-cell dimension and pore volume for 2-D hexagonal materials, and calculated using a properly calibrated
procedure), tailored by the surfactant chain length. The samples exhibited primary pore volumes from 0.28 to
0.54 cnf g~! and specific surface areas from 730 to 930gn'. Because of their small yet uniform pore size

and large specific surface area, the silicas reported herein promise to be useful in applications in adsorption
and catalysis. Adsorption studies of these materials provided a unique new insight into the pore-filling mechanism
for small-pore materials. Moreover, the approach proposed herein is expected to facilitate the synthesis of not
only small-pore silicas but also materials with other framework compositions, thus largely contributing to
bridging the gap in attainable pore sizes between micropore and mesopore ranges.

Introduction MCM-41-type materials) claimed that the materials with
The recent discovery of synthesis routes using surfactants asﬂ:Zng:ﬁggr:?u?ﬁ 633%;&2:; t%%ﬁﬁ::gﬁ';é%ﬁ'gﬁ](;}lléﬁlgi'r']
structure-directing agents remarkably extended the range of porelengths, without or with the addition of a proper amount of

sizes attainable for periodic porous materials, from conventional . . .
micelle expandersNumerous following works confirmed that

zeolite pores (diameter1.3 nm) to those of ordered meso- . o . .
porous materials (from 2.7 to 12 nrh)? The initially reported highly ordered MCM-41-type silicas with (100) interplanar
spacingsdigg, from ~3 to 7 nm and pore sizes from2.7 to at

studies$ of silicas with 2-dimensional (2-D) hexagonally ordered least 6.5 nm can be synthesized using the alkylammonium
arrays of approximately cylindrical pores (herein referred to as surfactants of chain lengths from 10 to 22 carbon atTa.
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attempts to further decrease the unit-cell size and pore size of The results discussed above point to the need for exploring
MCM-41-type silicas synthesized using octyltrimethylammo- new methods for the synthesis of ordered silicas having pore
nium surfactant afforded poorly ordered materidig! and sizes on the borderline between the micropore and mesopore
hexyltrimethylammonium surfactant was found to be unsuitable ranges. The successful synthesis of ordered non-silica materials
as a supramolecular templadfen contrast, short-chain neutral  using judiciously chosen short-chain templété333suggests
alkylamines and diaminealkyls were found to be suitable as that this methodology may also afford highly ordered small-
supramolecular templates for the synthesis of hexagonally pore supramolecular-templated silicas. To this end, the synthesis

ordered or disordered niobium oxide with very small unit-cell
dimension and pore size within the micropore raffe.

of SBA-1 silica of cubic ordered pore structure, which is capable
of providing materials with relatively small pore size, perhaps

Unfortunately, the extension of this templating procedure unto close to the micropore range has been repottéd this case,

porous silicas was only partially successftihecause it afforded
silicas of the desired small interplanar spacing-@.5 nm and

alkyltriethylammonium surfactants of different chain lengths
were used. Likewise, the use aof-hydroxyalkylammonium

pore size<2 nm, but the materials had a tendency to collapse bolaform surfactants afforded ordered silicas with relatively
upon storage. It was also observed that the calcined materialssmall pore size& although the reported adsorption data did

might contain a mesostructured impurity phase.

not provide any evidence that the pore diameters of these

In some cases, it was possible to obtain MCM-41-type silicas materials were smaller, and pore structure uniformity was better

with small unit-cell dimensions using common alkylammonium
templates, such as cetyltrimethylammonium (CTNA® 28 due

than those for the alkyltrimethylammonium-templated
silicas121719.21 As recently demonstrated, templating with large

to the exceptionally large degree of shrinkage upon surfactantSingle molecule¥ and collective templating with small rigid

removal via calcinatio® 27 In this way, ordered films with
dioo as small as 2:22.8 nm were prepareld:?® From the

moleculed’ are also promising for the synthesis of ordered
materials having pore sizes of1.3—2 nm, but further studies

reported dat&® it is clear that at least one of these samples Will be needed to elucidate the details of pore structures of these
(prepared via calcination of material obtained from co- interesting materials.

condensation of tetraethyl orthosilicate and vinyltriethoxysilane)  In this work, we demonstrate that the application of mixtures
had accessible primary pores of size exclusivel®2 nm. of judiciously chosen short double-chain amphiphilic surfactants
However, the details of the porous structure of these materialsresulted in significant improvement of the long-range ordering
as well as the reproducibility of the pore size and the suitability of silicas having small unit-cell sizes and made it possible to
of this synthesis approach for silicas in other forms, such as synthesize materials which exhibit X-ray diffraction (XRD)
powders, are yet to be explored. Non-silica ordered mesoporougeflections, even in the case of surfactant templates with
materials with relatively small unit-cell sizes and pore diameters extremely short alkyl chains. In particular, materials with
have also been obtained using CTMAecause of the large  uniform pore sizes were obtained using the short double-chain
shrinkage that accompanied the surfactant removal via calci- surfactants with hexyl, heptyl, octyl and decyl chains, including
nation22-31 In addition, the unit-cell shrinkage can be induced highly ordered MCM-41-type samples with XRfoo as small

by heating at temperatures well above those necessary for theas 2.69 nm synthesized using surfactants with octyl chains. The
surfactant removal and facile framework condensation. This details of a novel synthesis strategy using the short double-tail
approach was used to synthesize hexagonally ordered silicassurfactants are unveiled, and the results of detained characteriza-

with dygodown to~3 nm32However, the quality of the resulting

tion of these important materials using XRD, thermogravimetry,

materials was at best comparable to that of the samples prepareditrogen adsorption, and argon adsorption are reported.

using alkyltrimethylammonium templatés18-21
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Materials and Methods

Materials. The double-chain surfactants used in the synthesis were
N,N'-dialkyl-N,N,N',N'-tetramethylpropane-1,3-diammonium bromides
[CrH2n+1(CHz)2N(CHz)sN(CHs)2CrHan+1Br2; Ch—s-n surfactants in short]
andN,N-dialkyl-N,N-dimethylammonium bromides [(Bl2n+1)2(CHs),-

NBr, C,—, surfactants in short]. TheG-,, surfactants were synthesized
by reaction betweeN,N,N',N'-tetramethyl-1,3-diaminopropane [(@N-
(CH,)3sN(CHz)2, 98%, TCI] and 1-bromoalkanes ({&:n+1Br, Aldrich)

in acetonitrile solvent under reflux at 353 K for 12 h. After the reaction,
the solvent was removed using a rotary evaporator. The products were
recrystallized using a chloroforirethylacetate mixture. Theig10and

Cs-s surfactants were synthesized by reaction betwédhdimethyl-
n-alkylamine [GHzn+1(CHs)2N 95%, TCI] and 1-bromoalkane {B2+1-

Br, Aldrich) in acetonitrile solvent at 353 K for 12 h under reflux.
After the reaction, the acetonitrile solvent was removed using a rotary
evaporator. The 1-bromoalkane in excess was extracted with a hexane
water—ethanol system in a separatory funnel. The product contained
in the water-ethanol layer was then extracted into chloroform to remove
water-soluble impurities. The/C; and G- surfactants were synthe-
sized by a reaction between dimethylamine [(ENH, 2.0 M solution

in tetrahydrofuran, Aldrich], sodium hydroxide (NaOH, Aldrich), and

(33) Antonelli, D. M. Adv. Mater. 1999 11, 487—492.

(34) Kim, M. J.; Ryoo, RChem. Mater1999 11, 487—491.

(35) Bagshaw, S. A.; Hayman, A. Rhem. Commur00Q 533-534.

(36) Larsen, G.; Lotero, E.; Marquez, i@hem. Mater200Q 12, 1513~
1515.

(37) Sun, T.; Wong, M. S.; Ying, J. YChem. Commur200Q 2057
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Table 1. Molar Composition of Synthesis Reaction Mixtures to 0.02. The total pore volumé& was calculated from the amount

product Sio NaO Cosn Con H,O adsorbed at the relative pressure of about 0.99. The primary mesopore
volume,V,, and the external surface area were evaluated usingsthe
C6-D 4 1 0 1 1000 plot method2431t should be noted that in the current study, pores are
C7-D 4 1 0.5 0.5 1000 classified on the basis of their size as micropores (diamegenm),
ggg g 12 2'75 8'25 11550000 mesopores (diameter from 2 to 50 nm), and macropores (diambter
- . 41 i

C10-H 6 15 1 0 700 nm).# Furthermore, uniform pores of the samples are referred to as

primary pores, whereas other mesopores and macropores (the latter of
1-bromoalkane in an autoclave, equipped with a mechanical stirrer, at Sizé below about 268400 nm only, because pores of size above this
338 K for 12 h. The purification of these surfactants was performed in limit are not detectable using nitrogen porosimetry) are referred to as
amanner similar to the cases ofsGoand G_s, except that NaBr was secondary pores. The plot calculations were performed in a standard
filtered after the reaction. The syntheses of thgsG, and G n reduced adsorptionys, |n_terval from 1.3_tc_) 1.65ds is equal to the
surfactants were confirmed By NMR spectroscopy. amount a_dsorbed at a given pressure divided by the amount adsorbed
Disordered or hexagonally ordered silica samples were synthesizedat @ relative pressure of 0.4 for the reference adsorbent) using the
using the G_s_» and G, surfactants as templates. The samples will r(_aference_ nitrogen adsorption isotherm reportgd elsevfAdiiee pore
be denoted asIED or Cn-H, depending on the number of carbon atoms ~ Size distribution (PSD) was calculated from nitrogen adsorption data
(n) in the alkyl chain of the surfactant used, and on the structure type Y employing the relation between the pore size and capillary
as inferred from XRD patterns: disordered (D) for materials with a condensation pressure determined using MCM-41 sifitasd the
single well-pronounced XRD peak, or 2-D hexagonally ordered (H) algorithm based on the concept of Barrett, Joyner, and Haféril,
for materials with three XRD peaks that can be indexed as (100), (110) Without the simplifying assumptions employed by the latter authors.
and (200) reflections of a 2-D hexagonal structure. Synthesis of the The nitrogen statistical film thickness curvtec(irve) suitable for these

samples was performed using the starting compositions given in Table Calculations was reported in tabular form elsewté&he primary pore
1. To obtain the starting compositions, an aqueous solution ofhe,C size is defined as a maximum on PSD calculated as described above.

or G, surfactants was added to 9 wt % aqueous solution of sodium !N the case of hexagonally ordered C8-H and C10-H samples, the pore
silicate (Na/Si= 0.5)8in a polypropylene bottle. The bottle was shaken ~SiZ€ wWas also eyaluated using a relation between the primary mesopore
vigorously for 5 min immediately following the addition. After further ~ diameterwq, primary mesopore volume, and XRD (100) interplanar
stirring for 1 h by amagnetic stirrer, the mixture was heated in an SPacing in hexagonally ordered array of uniform pétes

oven at 353 K for 1 day without being stirred. After cooling to room

temperature, acetic acid corresponding to 1/3 of the molar amount of wy = cd, PVp vz )

silica source was added to the mixture, drop by drop under vigorous d o1+ oV,

magnetic stirring (the omission of this step would lower the yield of

the product and result in a less ordered structure). The polypropylenewhere o is the pore wall density, assumed to be equal to that of
bottle containing the mixture was heated again in an oven at 353 K for gmorphous silic4? that is 2.2 g cm?3, andc is a constant dependent

3 days. The product was filtered after the oven temperature was on the pore geometry and equal to 1.213 for cylindrical pores. The
increased to 373 K for 12 h. The filtered product was dried at 373 K |atter pore shape was assumed herein. The statistical film thickness of

without washing. The as-synthesized product was used for thermo- nitrogen adsorbate in the pores of hexagonally ordered silicas was
gravimetric investigation or calcined in air under static conditions at cajculated as described in detail elsewHére.

823 K after washing with an HGlethanol mixture?®
Other silica samples, denoted asNICM-41 (n = 6, 7, 8, and 10) Results and Discussion

were synthesized using the same silica source as forre &d G-H . .
samples, but using alkyltrimethylammonium bromidesH&:1(CHs)s- Synthesis Effects Due to Double-Chain SurfactantsAs
NBr, G, surfactants in short] as the structure-directing agents. These can be seen in Figures 1 and 2, XRD patterns for all of the
samples were obtained in order to compare the effects of the double-samples synthesized using double-chain surfactants or mixtures
chain surfactants to those of the single-chainsGrfactants. The C thereof (samples €H and G-D with n = 6, 7, 8 and 10)
surfactants were synthesized via a reaction between trimet_hylamineexhibited at least one peak, even for the C6-D material prepared
[(CHs):N, Aldrich] and 1-bromoalkane at 353 K for 12 h using an  ysing the structure-directing agent having a very short hexyl
autoclave. The surfactants were purified as in the case of the L chain. The peak intensity and resolution for these samples were
surfactants. The details of the, ®ICM-41 synthesisi{ = 6—10) are much better than those of samples prepared using common
the same as those reported earlier feg—C,, MCM-41 synthesi®¥ . ) . . .

single-chain alkyltrimethylammonium surfactants. One of the

except that the molar composition of the starting mixtures was changed . . ; .
to 2.8 SiQ/0.7 NaO/1.0 G, surfactant/400 hLD. samples that was synthesized using surfactants with octyl chains

Measurements.Powder XRD patterns were acquired on a Rigaku (C8-H) and the sample that was synthesized using a surfactant
Miniflex diffractometer (30 kV, 15 mA) using Cu & radiation source. ~ With decyl chains (C10-H) exhibited additional XRD peaks that
Weight change curves were recorded under flowing nitrogen on a TA were clearly seen, especially after calcination. XRD patterns
Instruments TGA 2950 high-resolution thermogravimetric analyzer in for these samples indicated 2-D hexagonal structural ordering
high-resolution mode using the maximum heating r&té & min~. similar to that of MCM-41 silicas. The values of the interplanar
Nitrogen and argon adsorption isotherms were measured at 77 K USingspacing Correspond|ng to the main XRD peak for the Samples
a Micromeritics ASAP 2010 volumetric adsorption analyze_r. Before |\ nder study were in the range from 2.5 to 3 nm (see Table 2).
the measurements, the samples were outgasséthfat 473 K in the In particular, the interplanar spacing of 2.51 nm for C7-D silica

degas port of the adsorption analyzer. .
Calculations. The nitrogen BET specific surface afe® was is among the smallest reported for supramolecular-templated

calculated from adsorption data in the relative pressure range from 0.015ilicas and comparable only to those of some calcined silica
: films26 and silicas synthesized using hexylamine as a temfflate.
(38) Ryoo, R.; Kim, J. Ml. Chem. Soc., Chem. Commd®95 711-

712, However, in the latter case, there was evidence that samples
(39) Ryoo, R.; Jun, S.; Kim, J. M.; Kim, M. Them. Commurl997, calcined at 673 K or higher temperatures were contaminated
2225-2226. by some mesostructured ph&één contrast, calcination of the
(40) Ryoo, R.; Ko, C. H.; Park, I.-£hem. Commuri999 1413-1414.
(41) Sing, K. S. W.; Everett, D. H.; Haul, R. A. W.; Moscou, L.; Pierotti, (43) Jaroniec, M.; Kruk, M.; Olivier, J. R.angmuir1999 15, 5410~
R. A.; Rouquerol, J.; Siemieniewska, Fure Appl. Chem1985 57, 603— 5413.
619. (44) Kruk, M.; Jaroniec, M.; Sayari A.angmuir1997, 13, 6267-6273.
(42) Gregg, S. J.; Sing, K. S. Vikdsorption, Surface Area and Porosity (45) Barrett, E. P.; Joyner, L. G.; Halenda, PJPAmM. Chem. So951,

Academic Press: London, 1982. 73, 373-380.
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Table 2. XRD and Thermogravimetric Properties of the Samples

XRD interplanar XRD interplanar weight loss between  residue at 1270 K estimated Si@N
sample spacing (uncalcined), nm spacing (calcined), nm 373 and 623 K% % molar ratio
C6-D 291 2.91 21 70 11.8:11
C7-D 2.57 2.51 27 65 7.6:1
C8-H 2.79 2.69 25 64 8.0:1
C8-D 2.72 2.70 25 64 7.7:1
C10-H 3.05 2.93 28 65 7.9:1

a |nterplanar spacing corresponds to the position of the main peak on the XRD pattern. In the case of C8-H and C10-H samples, this peak can
be indexed as (100).

(b) and the pore interioté and led to a small decrease in the XRD
interplanar spacing, thus showing that surfactant can be removed
without degradation of the porous structure. C8-H is most likely
the first reported example of supramolecular-templated silica
with (100) interplanar spacing as low as 2.69 nm, that exhibits

(@

Ci C o310 (C10-H) three clear peaks characteristic of 2-D hexagonal porous
structure. The quality of the XRD pattern for C10-H silica was
~Mi_ xS Coast Cys comparable to that for recently reported MCM-41 samples

(C8-H) synthesized using decyltrimethylammonium surfaéfantith
N (o MW-D) the same alkyl chain length as that for the surfactant used for
the preparation of C10-H. The sample templated by a surfactant
N G w with a hexyl chain had unexpectedly large XRD interplanar
e spacing.
2 4 6 8 10 2 4 6 8 10 ~As iIIust(ated in Figure 2, two qlesign factors were considered
20 (degree) 20 (degree) in the choice of the double-chain,G-, and G-, surfactants

. ) . . . ) in the present synthesis: (i) enhancement of the ability to form
Figure 1. XRD patterns of calcined silica materials obtained following - o6 “and (iji) optimization of surfactant packing properties.
the synthesis procedure for MCM-41 using alkyltrimethylammonium _. . . . .
bromides (a) and those synthesized using judiciously chosen surfactant%: irst, the |ncrea§ ed propensity to micelle formation WQS eXpeCted
(or mixtures of surfactants) with double-€Cyo alkyl chains (b). These or double-chain surfactants when compared to single-chain
XRD patterns are similar to those of as-synthesized samples, exceptSurfactants with the same alkyl chain length. To this end, the
for an increase in intensity and decrease in thespacing after reported critical micelle concentration fos£3-1- surfactarft’
calcination. is >1 order of magnitude lower than that reported for, C
surfactant® However, it should be noted that one needs to be
cautious when predicting the supramolecular-templating ability
of a given surfactant on the basis of the micelle formation
behavior of pure surfactant in solution. This is because the
formation of ordered surfactant-inorganic composites usually
involves the formation of surfactantnorganic ion pairs and
their subsequent self-assembly and thus does not require the
existence of preformed micellar templaté$Because of this
nature of the process, surfactaimiorganic interactions may
largely modify the surfactant behavior. This commonly mani-
fests itself in the formation of surfactaninorganic micellar
structures (i) at surfactant concentrations much lower than those

20 / degree 26 / degree

Css necessary for the formation of such micellar structures in the
absence of inorganics, or (i) under conditions otherwise
Coss unfavorable for micelle formatioff

The second design factor considered here was to optimize
the surfactant packing properties by choosing an appropriate
double-chain surfactant or, if needed, by mixing two types of
double chain surfactants. The need for such optimization

26/ degree becomes clear on the basis of the following findings, C
Figure 2. XRD patterns and a schematic model for the cross section Surfactants were found to favor the 2-D hexagonal phase for
of surfactant micelles, illustrating the effects of double-chain surfactants = 10—18, whereas the lamellar phase was a typical product
in the present synthesis. Silica sample (C8-D) synthesized with double-for n = 20.” However, the increase in the effective headgroup
chain G-s-g surfactant exhibited a very intense XRD peak, as compared size using alkyltriethylammonium in addition to or instead of

to samples obtained with single-chaip €urfactant. When synthesis  C, surfactants resulted in the formation of a highly ordered 2-D
was performed with the addition ofsG surfactant to the £33
surfactant, the resultant silica (C8-H) exhibited three narrow XRD (46) Marler, B.; Oberhagemann, U.; Vortmann, S.; GiesViitroporous

peaks, indicating a highly ordered hexagonal structure. Mater. 1996 6, 375-383.
(47) Alami, E.; Beinert, G.; Marie, P.; Zana, Rangmuir1993 9, 1465~
samples described herein (carried out at much higher temper-l4i(37.) . ved oid .
; i ; ; 48) Tanaka, A.; lkeda, Solloids Surf.1991, 56, 217—-228.
atur.e) did not resplt n a.'ny _major_change in the XRD patterns (49) Huo, Q.; Margolese, D. I.; Ciesla, U.; Demuth, D. G.; Feng, P.;
but increased their relative intensity, as was expected from thegje; T E.: Sieger, P.; Firouzi, A.. Chmelka, B. F.; Schuth, F.. Stucky, G.

improvement of the scattering contrast between the pore wall D. Chem. Mater1994 6, 1176.
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hexagonal phase for long-chain surfactamts=(20 and 22)° and (200) diffraction lines characteristic of 2-D hexagonal
This suggests that as the surfactant alkyl chain increases, a largestructure. Samples synthesized using double-chain surfactants
headgroup is necessary to optimize the surfactant packingwith hexyl and heptyl chains (C6-D and C7-D) were disordered,
parameter that affords the 2-D hexagonal phase. It can, thus,despite the optimization of surfactants used (see Figure 1);
be expected that for short-chain surfactants, it may be beneficialnonetheless, the XRD patterns of these samples did exhibit
for the formation of the 2-D hexagonal phase to decrease theclearly pronounced peaks, in contrast to featureless XRD
effective headgroup area. Furthermore, the aforementionedpatterns, or at best, some observable increases in intensity for
example of the structure-directing behavior of €irfactants products synthesized using Surfactants. The optimal mixtures
showed that the increase in surfactant chain length favors phasesf C,-3-, and G-, gradually evolved from pure£s-, to pure

with lower surface curvature, because longer alkyl chain length C,—, as n decreased from 10 to 6. This showed that as the
resulted in the formation of a lower-surface-curvature lamellar surfactant alkyl chain length decreases, the headgroup area per
phase. Similarly, for alkyltriethylammonium, high-surface- single alkyl chain needs to be lowered (as expected from the
curvature SBA-1 phase with cage-like structure was favored discussion presented above) by adding an increasing proportion
for n = 10—18, whereas 2-D hexagonally ordered silica was of C,—, surfactant. It should be noted that Gwith longer alky!
obtained forn = 207 This suggests that for a given type of chain =12, 16, 18) was found to favor low-surface-curvature
surfactant, the longer the alkyl chain is, the easier it is to form lamellar phasé so its ability to form supramolecular-templated

a lower curvature phase, and on the contrary, the shorter thematerials with higher surface curvatures for a smaiieis
chain is, the easier it is to form a higher curvature phase. Theseanalogous to the behavior of,Gurfactants that favor the
results on the influence of headgroup size and alkyl chain length lamellar phase fon > 18, as already discussed. Finally, the
on the mesophase formation suggest that in the case,of C findings discussed above provide some insight as to why short-
surfactants, the problems with the formation of 2-D hexagonal chain alkylamines (fH2.,+1NH2) and diaminealkyls (ENC,Hzn-
phases for short-chain alkyla & 10) may arise from their too ~ NH,) were found suitable for the synthesis of supramolecular-
large effective headgroup area. This problem may be overcometemplated small-pore niobium oxitfe3 and promising for the
using short-chain £3-n and G-, surfactants that have smaller  preparation of small-pore silicd$Now it is possible to relate
effective headgroup areas per single alkyl chain in the surfactantthis behavior to the small size of the primary amine headgroup
structure and, thus, may be more suitable templates for the 2-Dand, thus, to a better ability to form inorganisurfactant
hexagonal silicas. This contention fop-G-n, is supported by mesophase with micelles of small diameter.

the literature data indicating that in the case ofs-G 16 The scope of the present work is distinctly different from
surfactant, its effective headgroup area is 1.052 rfand, earlier studies, wherein double chain and mixed surfactants with
therefore, 0.525 nhper single cetyl chair)] whereas G has n > 10 have been successfully applied to control the structural

an effective headgroup area of 0.605 %4fh Consequently,  type of silicate-surfactant composite®. The current study
Ci6-3-16 is expected to exhibit a slightly larger value of local demonstrated that for short-chain surfactants, which are typically
effective surfactant packing paramegewhen compared to {g not suitable as supramolecular templdi&he supramolecular
(g = Vlagl, whereV is the total volume of surfactant chains templating effect can be induced by the judicious choice of an
plus cosolvent molecules, if angg is the effective headgroup  appropriate double-chain surfactant or a mixture thereof, al-
area, and is the kinetic surfactant chain length), and thus, the lowing for the synthesis of silicas with very small pore
former surfactant is expected to be more prone to form lower- dimensions.
surface-curvature phases. This was actually observed, because Thermogravimetry. Listed in Table 2 are thermogravimetric
Ci6-3-16 Was reported to favor low-surface-curvature lamellar residues at 1270 K and weight losses between 373 and 623 K
phase more than ¢ did. Thus, G-s—n surfactants actually  for as-synthesized samples (the weight-change curves are
appear to exhibit slightly smaller effective headgroup sizes per provided as Supporting Information). The residue can be
alkyl chain in the surfactant structure than desrfactants of  regarded as percentage of silicon dioxide in the sample, because
the same alkyl chain length. The use @f Csurfactants provides  this temperature is high enough to ensure the essentially
additional opportunities, because it allows one to further reduce complete surfactant removal and a significant degree of dehy-
an effective headgroup area per surfactant alkyl chain; the droxylation, whereas the weight loss from 373 to 623 K is
headgroup area for these surfactants is not expected to be faexpected to be close to the surfactant contePtOn the basis
from that of G, surfactant, whereasnC, has two alkyl chains  of the above identification of weight loss events, one can
instead of one. Thus, using,G-n and G-, double-chain  conclude that the surfactant weight percent in as-synthesized
surfactants, one can systematically decrease the headgroup sizgaterial had a tendency to increase, whereas the silica content
corresponding to a single alkyl chain in the surfactant structure, had a tendency to decrease, as the surfactant chain length
thus leading to surfactant packing properties favorable for increased (see Table 2). These findings are consistent with the
formation of 2-D hexagonally ordered or disordered supra- previous reports on as-synthesized MCM-41 and MCM-48
molecular-templated materials, even for extremely short sur- materials synthesized using surfactants withfrom 12 to
factant chain length. 22165354 Moreover, the surfactant weight percentages for the
To illustrate the effects of the implementation of the two samples studied herein (i) did not exceed those for MCM-41
design criteria, XRD data for several silica samples synthesizedsamples synthesized using longer-chain dodecyltrimethyl-
using surfactants with octyl chains £ 8) are shown in Figure  ammonium templaté54 (ii) were comparable to those for
2. The use of double-chaingG-g surfactant instead of using : : :
Co surfactant resulted in a significant increase in intensity of ¢, K1, U Sayar & Jaoniey W, menoporous e I
the XRD peak. Further optimization involving the use @f €5 pp 567-576.
with the addition of a certain amount 0§ G surfactant allowed (52) Busio, M.; Janchen, J.; van Hooff, J. M. icroporous Mesoporous

us to obtain silica with XRD pattern exhibiting (100), (110) Mater. 19955, 211-218.
(53) Kruk, M.; Jaroniec, M.; Ryoo, R.; Joo, S. Bhem. Mater200Q
(50) Stucky, G. D.; Monnier, A.; Schuth, F.; Huo, Q.; Margolese, D.; 12, 1414-1421.
Kumar, D.; Krishnamurty, M.; Petroff, P.; Firouzi, A.; Janicke, M.; Chmelka, (54) Jaroniec, M.; Kruk, M.; Shin, H. J.; Ryoo, R.; Sakamoto, Y.;
B. F. Mol. Cryst. Lig. Cryst.1994 240, 187—-200. Terasaki, OMicroporous Mesoporous Mate200J, in press.
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Table 3. Structural Properties of the Samples Determined from Nitrogen Adsorption Data

BET specific surf area total pore vol ext surf area primary pore vol primary pore size
sample m?gt cmigt m2gt cmig?t nm
C6-D 730 0.70 110 0.29 1.96
C7-D 930 0.56 10 0.54 2.22
C8-H 850 0.54 20 0.50 2.39
C8-D 850 0.51 30 0.47 2.32
C10-H 820 0.63 70 0.51 2.61
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00 02 04 06 08 10 equatiof*249. For the other samples, the multilayer adsorption/

capillary condensation in the interparticle pores did not provide
Figure 3. Nitrogen adsorption isotherms measured at 77 K for the any significant contribution to the overall adsor_pt_lon, a_nd thus,
calcined samples. Data are offset by 100, 200, 300, and 50GtiR one can expect that most of the_se pOres exhlbl_ted_5|ze above
g~ for C8-D, C8-H, C7-D, and C6-D, respectively. 200—4OQ nm. Except for C6-D, nitrogen adsorption isotherms
shown in linear scale for the samples featured more or less
MCM-41 prepared using decyl- and octyltrimethylammonium pronounced, yet distinct condensation steps centered at relative
surfactants, and (iii) were higher than those for amorphous andpressures of 0.07, 0.10, 0.09, and 0.14, for C7-D, C8-H, C8-D,
zeolitic phases obtained in the presence of hexyl-, octyl-, decyl-, and C10-H, respectively (see Figure 3 and Supporting Informa-
and dodecyltrimethylammonium surfactatftsFurthermore, tion). In particular, the steps were clearly visible for hexagonally
when one adopts the aforementioned interpretation of weight ordered C8-H and C10-H samples. To the best of our knowl-
loss events and further assumes that mixed surfactants areedge, these are the lowest relative pressures for which the pore
incorporated into as-synthesized materials in the same molarfilling steps were observed on nitrogen adsorption isotherms
ratios as those in the synthesis mixture, one can conclude thatshown in linear scale (as can be seen in Figure 4, the nitrogen
the number of moles of silica per mole of alkylammonium adsorption isotherms for all of the samples under study exhibited
groups of surfactants is relatively constant and equal to aboutdiscernible condensation steps when shown in logarithmic scale).
8:1, except for C6-D material that exhibited a somewhat smaller The previously reported relative pressures for such steps were
surfactant content (see Table 2). The 8:1 ratio is similar to that at or above 0.1%21835The finding that the stepwise, rather
for MCM-41 prepared under similar conditions using alkyltri- than continuous, pore filling of nitrogen at 77 K in cylindrical
methylammonium or alkyltriethylammonium, or mixtures thereof siliceous pores extends down to the relative pressure of 0.1 or
with n from 12 to 2234 All of these results clearly point to the  perhaps even lower (which corresponds to the pore size of about
supramolecular templating’s being operative in the formation 2.4 nm, as will be shown below) provides new insight into an
of the materials under study. important question regarding the relation between the pore size
Nitrogen Adsorption. Nitrogen adsorption isotherms for the and the mechanism of gas adsorption in porous media. In the
calcined samples are shown in Figure 3, and the structural case of C6-D, the step of condensation of nitrogen in the pores
parameters derived from nitrogen adsorption data are listed inwas not well-pronounced, but the corresponding relative pressure
Table 3. In general, these isotherms exhibited an increase incan be estimated as 0.05, which is remarkably low. The
the amount adsorbed up to the relative pressure somewhereadsorption isotherm for the latter material leveled off at a relative
between 0.06 and 0.18, depending on the particular sample, angressure of about 0.07, which indicates no broadening of the
then leveled off. Such a behavior is usually associated with pore size distribution toward larger pore sizes. For all of the
adsorption in micropores, but as will be shown later, the pore samples considered, the adsorption isotherms shown in a
size of the materials under study is close to the micropore sizelogarithmic scale exhibited an initial gradual increase related
range, but not necessarily within this range. The C6-D sample to the monolayermultilayer adsorption, followed by a more
exhibited a major increase in the amount adsorbed at pressuresteep increase attributable to the condensation of nitrogen in
close to the saturation vapor pressure. This behavior is attribut-the primary pores (see Figure 4). Subsequently, the isotherms
able to capillary condensation of nitrogen in secondary pores leveled off after the primary pores were filled with condensed
(interparticle voids) with some contribution of multilayer adsorbate and a further increase in the amount adsorbed resulted
adsorption on the surface of these pores. This indicates that amerely from multilayer adsorption (and capillary condensation
considerable fraction of interparticle pores was of size below at pressures close to the saturation vapor pressure) on the
~200-400 nm (as predicted on the basis of the Kelvin external surface. This pattern of adsorption behavior clearly

Relative Pressure
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12 ‘ reported nitrogen adsorption isotherms leveled off below the
E relative pressure of about 04319212426 28jid not show distinct
T 10T steps of condensation in primary pores. This may, perhaps, be
mg 0.8 related to their significantly smaller primary pore size, as in
g the case of samples reported in refs 24, 26, and 28, but in most
2 0.6 cases appears to be related to a much lower degree of structural
= uniformity, as seen from XRD data and, thus, from considerable
R 04 pore size distribution broadening. Refs 24 and 26 reported silicas
8 with very small unit-cell sizes, whose nitrogen adsorption
s 02 isotherms leveled off at very low relative pressures. One of these
gf 0.0 ‘ ‘ ; isotherms revealed a significant extent of the external surface
12 16 20 24 28 32 of the sample, which may be related to the XRD observation
Pore Size (nm) that the material could contain some mesostructured imptfrity.

The second one was characteristic of a microporous material,
but because low-pressure nitrogen adsorption data were not

reported, it is difficult to conclude if the PSD was actually

indicated that the pores of the sgmples are monodisperse ar'qnonodisperse and narrow, although this seems likely on the
that the presence of pores considerably more narrow than thebasis of XRD data reported. It can be concluded that the small-

primary pores is highly unlikely. . . pore samples described herein appear to be the first well-
In the case of the hexagonally ordered samples, it was poss'_bledocumented, phase-pure silicas with narrow PSDs on the
to examine the enhancement of the low-pressure adsorptiony, gerline between the micropore and mesopore size ranges.
resulting from the small pore size by comparing the statistical s, the gap between microporous and mesoporous silicas with
film thickness of nitrogen adsorbed in these pores to that for | niform pores was finally bridged from the mesopore side.
MCM-41 silicas. It was found that the statistical film thickness 114 silicas reported herein have several attractive features
for the small-pore samples (C8-H and C10-H) at relative 5 for materials with pores on the borderline between the
pressures preceding the capillary conden;atlon was appreuabl)fnicropore and mesopore ranges. They were stable upon
larger than that for MCM-41 samples with larger pores (see caicination and exhibited narrow pore size distributions, as
Supporting Informat|on);_ moreover, the statistical film thickness discussed above. In addition, their primary pore volumes and
for the C8-H sample with the smallest pores among the 2-D niyogen BET specific surface areas (Table 3) were large, as
hexagonally ordered samples considered (2.39 nm) was the,, materials with so small pores. The pore volumes were not
highest in the entire low-pressure range. This effect can be g |5rge as for MCM-41 with larger pores, but it can be readily
related to the increased curvature of the surface of the relatively ¢, oin that further increase in the pore volume for hexagonally

narrow pores, which leads to stronger adsorbatisorbent qereq silicas with small pore sizes would imply the decrease
interactions, and to the facilitated interactions of adsorbed in the pore wall thicknes® what in turn would most likely

molecules with closely located opposite side of the pore wall p4ye 5 detrimental effect on the structural stability. It should

and with other molecules adsorbed orft. _ be noted that the values of nitrogen BET specific surface areas
_The pore size distributions for the samples are shown in commonly overestimate the actual specific surface area for
Figure 5. The PSD for C6-D was centered on the borderline mesoporous silics$ and are inherently not reliable for mi-
between the micropore and mesopore ranges (2 nm) (see Tablgroporous material: To check their reliability for the samples
3). C7-D and C8-D exhibited narrow PSD centered at about ynder study, the specific surface area was evaluated for the
2.2 and 2.3 nm, respectively. C8-H had a narrow PSD with & grdered samples as a sum of (i) the primary pore area calculated
maximum at 2.39 nm, which is in excellent agreement with the g the basis of the primary pore volume and primary pore
pore size of 2.43 nm that was determined on the basis of giameter (calculated using eq 1), and (i) the external surface
geometrical considerations (eq 1). C10-H had PSD centered atare# Thus, obtained geometrical specific surface areas were
2.61 nm, which also coincided with the pore size calculated equal to 850 and 860 %y~ for C8-H and C10-H, respectively,
using eq 1 (2.59 nm). The pore wall thickness of these materials anq were in a good agreement with the nitrogen BET specific
was calculated as a difference between the distance betweeryiface areas. These results suggest that nitrBgercalculated
the pore centers (which is equal to 2{3) diog) and the pore iy the relative pressure range employed is also an accurate
size calculated using eq 1. The pore wall thickness for C8-H measure of the actual specific surface area for the disordered
and C10-H was 0.68 and 0.79 nm, respectively, and thus, wassamples under study. As can be seen in Table 3, the pore size
similar to that for typical MCM-41 silicas with larger pore  of the samples increased as the length of the alkyl chain of the
sizestt8On the basis of all of the results presented above, it gyrfactants used increased. The increase corresponding to two
is clear that highly ordered MCM-41-type silicas with pore sizes gqditional carbon atoms in the alkyl chain was about 0.3 nm,
as small as 2.4 and 2.6 nm were successfully synthesized. Toyhich is consistent with earlier studies of MCM-21118,20
facilitate the studies of adsorption in porous media and the Argon Adsorption. Argon adsorption isotherms measured
develop_mer_1t of procedures for calculation of PSDs, a nitrogen 4t 77 K for the small-pore samples are shown in linear scale in
adsorption isotherm for the hexagonally ordered C8-H sample Figyre 6 (their parts in the capillary condensation region are
with very small pore sizeis reported herein in tabular form (see gnown in more detail as Supporting Information). It can be seen
Supporting Information). that the argon isotherms at 77 K were, in general, similar to
It should be noted that many MCM-41 silicas were claimed nitrogen adsorption isotherms; however, in the case of C6-D,

to exhibit similar or even lower pore sizes. However, nitrogen the argon adsorption did not increase to any significant extent
adsorption isotherms for most of these samples did not level

off at relative pressures0.13, as the isotherm for C8-H did, (55) Kruk, M.; Jaroniec, M.; Sayari, AChem. Mater1999 11, 492~
thus revealing either broader PSDs or average pore si;es above " (56) Kruk, M.; Antochshuk, V.: Jaroniec, M.; Sayari, A.Phys. Chem.
those for C8-H. Those few MCM-41-type silicas for which the B 1999 103 106706-10678.

Figure 5. Pore size distributions for the calcined samples.
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Conclusions

Hexagonally ordered and disordered silicas with narrow pore
size distributions on the borderline between micropore and
mesopore ranges were successfully synthesized using mixtures
of N,N'-dialkyl-N,N,N',N'-tetramethylpropane-1,3-diammonium
bromides [QH2n+1(CH3)2N(CHz)gN(CHg)chH2n+1Br2] andN,N-
dialkyl-N,N-dimethylammonium bromides [(El2n+1)2(CHs).-

NBr] as the structure-directing surfactants. The surfactants with
two chains were used in order to increase the micelle-forming
ability of the short alkyl (hexyl, heptyl or octyl) chains. When
beneficial, these surfactants were mixed in an appropriate ratio
in order to attain the packing parameter required for the
formation of hexagonally ordered mesostructures. On the basis
of the published XRD and adsorption data, one can conclude

Amount Adsorbed (cm3 STP g'l)

: : : : that the degree of ordering of the materials described herein

00 02 04 06 08 10 surpasses that of the materials with pore sizes between 1.9 and

Relative Pressure 2.4 nm reported to date. The obtained materials were clearly

Figure 6. Argon adsorption isotherms measured at 77 K for the formed via supramolecular templating, despite the use of short-
calcined samples. Data are offset by 100, 250, 350, and 68GER chain surfactants. The structural properties, such as the surfactant

-1 - - - - i . e
g* for C8-D, C8-H, C7-D, and C6-D, respectively. content, pore wall thickness, pore volume, and specific surface

area show that the obtained samples are small-pore analogues
in the proximity of the saturation vapor pressure, in contrast to oy larger-pore ordered mesoporous materials, such as MCM-
the nitrogen adsorption behavior. This can be related to the fact41. The ordered silicas, and the 2-D hexagonally ordered ones
that argon at 77 K does not exhibit capillary condensation in j, particular, with highly uniform pores of a size approaching
pores wider than about 20 nththis limit being apparently  the micropore range are important as model adsorbents to study
smaller than the size of interparticle pores of the sample. Argon fundamental aspects of adsorption in porous media. Their use
adsorption isotherms at 77 K exhibited much sharper condensagllowed us to demonstrate that the two-stage pore-filling
tion steps than those on the corresponding nitrogen adsorptionmechanism, that is, multilayer adsorption followed by condensa-
isotherms (compare Figures 3 and 6). This may be related totion, persists down to the relative pressures of 0.07 or lower
smaller statistical film thickness of argon in the pores and, thus, for nitrogen at 77 K and 0.09 or lower for argon at 77 K, which
larger diameter of void space in the pores at the onset of corresponds to pore sizes of 2.2 nm or lower. The reported
condensatiofi® Similarly to the nitrogen adsorption results, the molecular sieves with narrow pore size distributions on the
condensation step for C6-D was not distinct, being centered atborderline between the micropore and mesopore ranges are
a relative pressure of about 0.055, but the steps on the argorattractive for applications in separations and catalysis.
isotherms for the other samples were very clear in the linear
scale. The relative pressures corresponding to the midpoints of ~ Acknowledgment. Korea Science and Engineering Founda-
these steps were 0.09, 0.12, 0.105, and 0.16 for C7-D, C8-H,tjon (project no.: 97-05-02-06-01-3) and the donors of the
C8-D, and C10-H, respectively. The steps on argon adsorptionpetroleum Research Fund administrated by the American

isotherms at 77 and 87 K have already been observed at similarlyChemical Society are gratefully acknowledged for their support
low relative pressure’;>8but were not so clearly pronounced. of this research.

Similarly to nitrogen adsorption isotherms, low-pressure argon

adsorption isotherms exhibited a gradual increase (related to Supporting Information Available: Table (1) of nitrogen
monolayer-multilayer adsorption), followed by a steep rise adsorption isotherm for C8-H silica; graphs (6) with weight
(related to capillary condensation) and a subsequent levelingchange curves (1), nitrogen adsorption isotherms (1), nitrogen
off (see Supporting Information), confirming the monodisperse statistical film thickness curves (2), and argon adsorption
nature of PSDs for the samples. isotherms (2). This material is available free of charge via the
Internet at http://pubs.acs.org.
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