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A synthetic method has been developed that can control both
multifunctionalization and morphology of the mesoporous
organic—inorganic hybrid materials by introducing different
molar ratios of organoalkoxysilane precursors to a base-
catalyzed co-condensation of silicate.

Recent advances in synthesizing organically functionalized
mesoporous silicast have highlighted the potential of utilizing
these materials as selective catalysts, P2 adsorbents,3 and
sensors.4 Further progress in such applications will rely on the
ability to tune the extent of functionalization with multiple
organic moieties and to control the particle morphology in order
to direct the mass-transport properties of the resulting organic—
inorganic hybrid materials. Morphology control of inorganic
mesoporous silicas has been studied intensively ever since the
first report of MCMs family a decade ago. The desired particle
shapes were prepared via pH control,5 utilization of base
catalysts,® and by the use of co-solvents,” e.g. in a modified
Stoeber process.”ed We describe herein a new approach, in
which various organoal koxysilane precursorsintroduced during
the co-condensation reactions, rather than the co-solvents, are
used for morphology control. An added advantage of this
method is that it results in simultaneous anchoring of multiple
functional groups to the mesopores (multifunctionalization).
The roles and quantities of these moieties may be tailored
independently and/or cooperatively for various applications,
such as gatekeeping. To the best of our knowledge, the synthetic
pathway that controls both multifunctionalization and morphol-
ogy of such hybrid materials has not been reported before.
The FE-SEM images of two mesoporous silicas function-
alized through the introduction of 3-[2-(2-aminoethylamino)e-
thylamino]propy! (AEP) and 3-cyanopropyl (CP) as organoalk-
oxysilane precursors, are shown in Fig. 1aand b, respectively.t
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T Electronic supplementary information (ES|) available: experimental
details, SEM images, N, adsorption isotherms, pore size distributions, TEM
images, and details of solid state 13C and 29S| NMR experiments. See http:
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In contrast to the pure MCM-41 synthesized under the same
conditions, which exhibits irregular spherical shape,¥ mono-
functionalization with AEP or CP resulted in different particle
shapesand sizes, i.e., spheres with an average diameter = 3um
and rods with an average size of 1 X 0.2 um. These materials
were prepared by sodium hydroxide-catalyzed condensation
reactions of tetraethoxysilane (TEOS) with AEP-trimethox-
ysilane (AEPTMS) or CP-triethoxysilane (CPTES), in the
presence of a low concentration of cetyltrimethylammonium
bromide (CTAB) surfactant, under stirring (550 rpm) at 80 °C
for 2 h. The reaction mixture molar ratio was 1.00 CTAB : 8.16
TEOS : 1.05 total organoalkoxysilanes : 2.55 NaOH : 4857
H>O. Surfactant-free materials were obtained with an acid
extraction.t The observed difference in particle morphology
prompted us to synthesize a series of bifunctional materialsin
which the molar ratio between AEPTMS and CPTES was
varied from 100% AEPTMS to 100% CPTES, with the total
amount of AEPTMS + CPTES relative to TEOS fixed at 12.8
mol%. Herein, we will refer to the monofunctionalized
microparticle (MP) as AEP-MP (CP-MP) and to the bifunction-
alized materials as AEP/CP-MP.

Asdepicted in Fig. 1c, d, and e, the FE-SEM micrographs of
the AEP/CP-MP materials synthesized with different molar
ratios of AEPTMS/CPTES showed only spherical particles. In
contrast to the micron-sized AEP-MP, the average diameters of
the AEP/CP-MP spheres decreased as the relative ratio of
AEPTMS/CPTES changed from 5/5 to 1/9. It is interesting to
note that even in the 1/9 case (1.28 mol % of AEPTMS and
11.52 mol % of CPTES, Fig. 1e), no rod-like particles were
observed, which isin stark contrast with CP-MP sample (12.8
mol % of CPTES, Fig. 1b). Evidently, the presence of AEPTMS
precursor in the co-condensation reaction played a crucial role
in governing the particle shape.

The influence of organoalkoxysilanes on the pore properties
and structure was studied using the powder XRD diffraction
patterns. As shown in Fig. 2a and in the ESI,T the observed
patterns exhibited a strong digo peak and a broad peak derived
from the combination of d;10 and dxqo diffractions, most likely
due to a disordered wormhole-like porous structure. This
observed diffraction pattern is very similar to that of the AEP-
MP material. Also, the TEM micrographst reveaed the
disordered, wormhole pore structurein both AEP-MP and AEP/
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Fig. 2 (a) Powder XRD diffraction patterns of materials synthesized with
different molar ratios of AEPTMS/CPTES. (b) 13C CPMAS NMR spectra
of AEP-MP and CP-MP.
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CP-MP. Interestingly, the XRD (Fig. 2a) and TEM measure-
ments of the CP-MP rods showed a typical MCM-41 type of
hexagona symmetry of the mesopores packed in a parallel
fashion aong the long axis of the rod-shaped particles. These
observations provided further evidence that the sample mor-
phology isvery sensitive to the presence of AEPTM Sduring co-
condensation.

13C solid-state NMR was used to (i) obtain spectroscopic
evidence for the presence of the organic moieties in the
mesopores, (ii) confirm their chemical structure, and (iii)
measure their relative concentration. The spectrawere obtained
at 9.4 T on aVarian/Chemagnetics Infinity spectrometer, using
1H13C cross polarization with magic angle spinning
(CPMAS).8 The spectra, shown in Fig. 2b, demonstrated that
the mesopores were indeed functionalized as intended.

Measurements of the “build-up” of carbon magnetization
during cross-polarization revealed details about the molecular
motions of both functional groups and allowed to measure their
relative concentration in all samples.t In AEP-MP, al CH,
carbons were polarized with atime constant e on the order of
60 us, whichistypical for such functional groupswhen they are
sufficiently rigid (in this case, do not undergo motions on akHz
scale). A similar time constant has been found for the C1 carbon
in CP-MP. However, the evolution of resonance at 19 ppm
assigned to the C2 and C3 groups in this sample involved two
time constants of approximately 100 and 700 us. This result
showed that the C2-H, and C3—H, groups in CP-MP experi-
enced increasing mobility, which weakened the *H-3C dipolar
coupling and inhibited the cross polarization process. The 7cn
value of 5 ms observed for carbon C4 was consistent with the
nitrile end of CP-MP being the most mobile.

Our measurements also showed that in the AEP/CP-MP
samples the cross polarization dynamics was the same, within
the experimental error, as for the corresponding carbon species
in AEP-MP and CP-MP. This allowed us to use the physical
mixture of AEP-MP with CP-MP in aknown molar ratio as the
intensity standard for quantitative analysis of the spectra of
bifunctionalized samples, which are shown in Fig. 3. Two
unigue resonances, at around 48 ppm in AEP (carbons C4—C7)
and at 120 ppm in CP (carbon C4), offered best indicators of
both functionalities. The exact procedure used for quantitative
measurements is described in the ESI. T

In order to investigate the chemical accessibility of the
organic functional groups, we examined the Cu2* adsorption
capacity of representative samples.® Because of the chelate
effect of the diethylene triamine moiety of the AEP group, we
anticipated significantly higher Cu2+ adsorption capacities for
the materials with higher amount of AEP. Indeed, our results
indicated that the AEP-MP and CP-MP materials showed
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Fig. 313C CPMAS spectra of AEP/CP-MP's. Arrows show the resonances
that are unique for each species and thus were used for quantitative analysis.
The numbers represent the molar ratio between two components used for
preparation and obtained from analysis of NMR spectra.
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Fig. 4 Diagram of Cu(i1) adsorption capacity for selected samples.

adsorptivities of 0.284 and 0.017 wmol m—2, respectively (Fig.
4). The corresponding values for 5/5 and 1/9 AEP/CP-MP
silicaswere 0.073 and 0.028 umol m—2. We note, however, that
the Cu2+ adsorption capacity increased by a factor of only 2.6
between the 1/9 to 5/5 AEP/CP-M P samples, whereas solid state
NMR showed an 8-fold increase of the relative AEP/CP ratio.
Given that the total loading of both organic groups was fixed at
12.8 mol %, these results indicated that the chemical accessi-
bility did not increase linearly with the amount of AEP groups
in bifunctional silicas. The CP functionality, which is hydro-
phobic in nature, might have played an active role in decreasing
the adsorption capacity per AEP group.

This research was supported at Ames Laboratory by the U.S.
DOE, Office of Basic Energy Sciences, Division of Chemical
Sciences, under contract W-7405-Eng-82.
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