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M
olecular imprinting can be defined
as the assembly of a cross-linked
polymer matrix around an imprint

molecule that is held in place, either cova-
lently or noncovalently, by judiciously cho-
sen functional monomers. The removal of
the imprint molecule yields an imprint cav-
ity of a specific size. The surface of the
imprint cavity contains functional groups
that are able to interact, either covalently
or noncovalently, with certain moieties on
an appropriately sized target molecule. This
concept was first demonstrated in silica in
1931,1 yet the majority of the literature to
date is focused on molecular imprinting in
organic polymers;2 it is only in the past
decade that interest inmolecular imprinting
in silica has seen a revival.3-5 This could be
due to a major difference in the swellability
of commonly used organic polymers com-
pared to silica. While organic polymers can
easily be customized to swell and shrink by
controlled amounts in response to stimuli
such as solvent exposure and applied
voltage,6 silica is more rigid, and this can
cause a problem for molecular imprinting.
Slow diffusion through bulk silica can se-
verely hamper access to imprint sites,7

which could be why the molecular imprint-
ing community first abandoned silica as a
matrix. A simple way to overcome this diffu-
sion problem is to reduce the diffusion
distance. Several reports of molecular im-
printing in thin films of silica have con-
firmed that significantly improved target in-
teraction can be achieved by reducing the
diffusion length.4,8-10 Alternatively, surface
imprinting on silica eliminates the need for
diffusion altogether,11,12 but in the case of
organic molecules, this method does risk
sacrificing the size and shape selectivity that
can be achieved by creating a closed im-
print cavity.
Thin films may be useful for sensing and

other analytical applications, but ifmolecularly

imprinted silica is to be used for preparative
applications or produced in larger quanti-
ties for industrial use, a better choice of
morphology is silica powder; it can easily
be packed into columns or other vessels,
suspended in various solvents and then
isolated by centrifugation or filtration, and
washed and dried for reuse. In this case, the
way to overcome the diffusion problem is to
make the silica powder highly porous. Spe-
cifically, the solution is to create a close-
packed network of nanometer-sized chan-
nels in the silica matrix, thereby reducing
the diffusion distance to the order of a few
nanometers. The choice of channels instead
of closed pores increases the likelihood that
they will be open at the outer surface of
individual particles, thus further reducing
the amount of silica through which a mole-
cule must diffuse to reach an imprint site
and allowing for easier flow through the
material.
This type of porosity is easily created

using a sol-gel approach involving a mi-
celle template in aqueous media, to gener-
ate a mesoporous material. Two common
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ABSTRACT We have prepared molecularly imprinted mesoporous organosilica (MIMO) using a

semicovalent imprinting technique. A thermally reversible covalent bond was used to link a

bisphenol A (BPA) imprint molecule to a functional alkoxysilane monomer at two points to generate

a covalently bound imprint precursor. This precursor was incorporated into a cross-linked periodic

mesoporous silica matrix via a typical acid-catalyzed, triblock copolymer-templated, sol-gel

synthesis. Evidence of imprint sites buried in the pore walls was found through careful

characterization of the imprinted material and its comparison to similarly prepared non-imprinted

mesoporous organosilica (NIMO) and pure periodic mesoporous silica (PMS). After thermal

treatment, the imprinted material (MIMO-ir) removed more than 90% of appropriately sized

bisphenol species from water, yet showed significantly lower binding for both smaller and larger

molecules containing phenol moieties. Identically treated NIMO-ir showed much poorer retention

behavior than MIMO-ir for the same bisphenol species and behaved only slightly better than PMS-ir.

KEYWORDS: molecular imprint . periodic mesoporous organosilica .
solid-phase extraction . bisphenol A . hybrid material
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periodic mesoporous silicas (PMSs), MCM-4113 and
SBA-15,14 prepared using an alkoxysilane sol-gel pre-
cursor with ionic surfactant and nonionic copolymer
templates, respectively, have the same hexagonal
close-packed channel pore structure but differ in sur-
face area, pore diameter, and wall thickness. Periodic
mesoporous organosilica (PMO) can be prepared in
exactly the same way as PMS but has bridging organic
groups covalently bound to at least two silicon atoms
each in the silica matrix. Organosilica can refer to any
silica-based material that contains silicon-carbon
covalent bonds. We report herein the synthesis, char-
acterization, and utility of a molecularly imprinted
mesoporous organosilica (MIMO). Reports on ionic
and molecular imprinting in MCM-41 have shown
good target response,15,16 yet to our knowledge, there
has not yet been reported a thorough study of the
mesoporous material itself at all stages of the material
synthesis to state with confidence the actual location
of imprint sites in the material and the preservation
of the material's morphology (particularly the meso-
structure) throughout. We believe this is essential to
proving successful molecular imprinting in (not on)
mesoporous materials, as most large silane-functiona-
lized organic moieties are very difficult to incorporate
into the pore walls of micelle-templated mesoporous
silica, preferring instead to occupy surface sites or
extend into the pores. For this study, a covalently
bound imprint molecule was incorporated into SBA-
15-type mesoporous silica, as it possesses larger pore
diameters, thicker walls, and better hydrothermal sta-
bility thanMCM-41. This provides both better access to
imprint sites through wider channels and a more
robust silica matrix due to thicker pore walls that are
better able to maintain the shape of the imprint cavity
compared toMCM-41, while still offering the necessary
high surface area and short diffusion distances for
better access to imprint sites than in bulk silica. The
chosen imprintmoleculewas bisphenol A (BPA), awell-
known endocrine disruptor that has received signifi-
cant attention in recent years due to concern over its
presence in a variety of consumer products including
food packaging, food storage containers, and baby
bottles.17 BPA is not only a relevant choice of imprint; it
comes from a large family of phenol-containing mole-
cules, the bisphenols, which offers the opportunity
for a systematic study of the relationship between
small, stepwise changes in structure and a BPA-imprinted
material's response to the corresponding target
molecule.
In order to create awell-defined imprint site yet achieve

rapid targetmolecule interaction, a semicovalent imprint-
ing approach was used.18 The imprint was covalently
bound to the functional monomers through a thermally
reversible carbamate bond that was formed by a direct
coupling between phenol moieties on BPA and iso-
cynanate groups on (3-isocyanatopropyl)triethoxysilane

(ICPTES) (Scheme 1). The precursor, BPAP, was produced
nearly quantitiatively (90%byNMR) from the reaction of a
1:2 stoichiometric mixture of BPA and ICPTES. This direct
coupling reaction uses no catalysts or co-reactants and
requires only a solvent evaporation step to isolate thepro-
duct. It is a simple synthetic method that is highly amen-
able to scale-up.
Molecularly imprinted periodic mesoporous orga-

nosilica (MIMO) powder was prepared by a triblock-
copolymer-templated sol-gel method (Scheme 2). A
solution of 10 mol % Si from BPAP in 90 mol % Si from
tetraethyl orthosilicate (TEOS) was prepared and com-
pletely dissolved to ensure uniform distribution of
BPAP throughout the TEOS cross-linker. This solution
was added to a solution of Pluronic P123 (PEO20PPO70-
PEO20) and NaCl in aqueous HCl with a Si:HCl:P123:
H2O:NaCl molar ratio of 1:6.13:0.022:228:0.006. A non-
imprinted periodic mesoporous organosilica (NIMO)
with a terminal organic group instead of a bridging one
was similarly prepared using the same molar amount
of Si from ICPTES in place of BPAP. A control periodic
mesoporous silica (PMS) was also prepared by the
same method using only TEOS. In order to cleave the
carbamate bonds in MIMO and produce the final
imprinted material, MIMO-ir, a portion of the powder
was suspended in wet dimethylsulfoxide (DMSO) and
stirred at 160 �C. Identical treatments were done on
NIMO and PMS samples, yielding NIMO-ir and PMS-ir,
respectively.

RESULTS AND DISCUSSION

In order to state that MIMO does indeed contain
molecular imprint sites and that MIMO-ir does indeed
function as an effective molecularly imprinted mesopor-
ous organosilica material, simple rebinding tests alone
are not sufficient. An inherent challenge in the genera-
tion of a newPMO species is the limitation of the types of
organic bridging groups that can be used. It is generally
accepted that large flexible organic bridging groups are
difficult, if not impossible, to incorporate into the pore
walls of a PMO, as they either disrupt the self-assembly to
such a degree that a disordered or nonporousmaterial is
produced, phase separate to yield a mixture of dense
organosilica and PMS, or interact with the pore template
and resideon thepore surfaces insteadofwithin thepore

Scheme 1. Synthesis of BPAP by a direct coupling reaction
between stoichiometric amounts of phenol on BPA and
isocyanate on ICPTES.
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walls. Even if a given PMO is successfully synthesized, it is
difficult to state unequivocally the location of the organic
bridging groups. Thus, the introduction of a new orga-
nosilica precursor of the size used here carries with it the
concern that one of the above three situations will arise
during thematerial synthesis, and careful examination of
MIMO and its comparison to NIMO and PMS (and their
thermally treated counterparts) is thereforeof theutmost
importance. This comparison relies on a combination of
common characterization techniques for periodic meso-
porousmaterials and the behavior ofMIMO-ir, NIMO-ir, and
PMS-ir in size- and shape-selective target rebinding studies.

In order to ensure a valid comparison, significant care
was taken to control the distinctions between the three
materials, from the molar ratios of the different precur-
sors in the material synthesis to the postsynthetic treat-
ment steps. This was necessary to reduce the number of
variables in the system, and consequently, the chemical
composition, organic loading, pore structure, and phys-
icochemical properties were carefully determined for all
materials at each step. Rebinding tests were not per-
formed until all parameters were evaluated and a satis-
factory and controllable degree of variation between
materials was demonstrated.

Chemical Composition of the Materials. To confirm the
successful cleavage of the carbamate bond in MIMO-ir,
the solid materials were characterized by Fourier trans-
form infrared spectroscopy (Figure 1). The carbamate
CdO stretch at 1720 cm-1 is clearly visible for the as-
synthesized MIMO sample (solid trace) and is eliminated
after thermal treatment (dashed trace). No isocyanate
(NCO) stretch appears at 2270 cm-1 in the MIMO-ir
spectrum, showing that the thermal bond cleavage does
not regenerate the original NCO group and indicating
that the carbamate is indeed converted to a primary
amine. The NH2 bending mode at about 1670 cm-1

overlaps with an OH bending mode at 1640 cm-1, but it
can still be identified by the asymmetry of the peak.
NIMO shows no isocyanate stretch, indicating that the
NCOgroupwas converted to an amine during heating in
the presence of water and acid in the synthesis solution.

Figure 1. Fourier transform infrared spectra of MIMO (solid
trace), MIMO-ir (dot-dashed trace), NIMO (dashed trace),
and NIMO-ir (dotted trace).

Scheme 2. Synthesis of molecularly imprinted mesoporous organosilica (MIMO), imprint removal to yield MIMO-ir, and
interaction of a target molecule with the imprint site: (a) the mixture of TEOS and BPAP assembles around and between the
hexagonal close-packed core-shell micelles of P123 in acidic aqueous media; (b) stirring at room temperature for 24 h
followed by quiescent curing at 80 �C for 24 h; (c) P123 template removal by Soxhlet extraction with ethanol for 20 h; (d)
thermal cleavage of the imprint by heating in wet DMSO for 5 h; (e) sequestration of an appropriately sized target bisphenol
molecule by hydrogen bonding between phenols and amines.
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The asymmetric peak at 1640 cm-1 can again be as-
signed to overlapping NH2 bending and OH bending in
silica. NIMO-ir shows no difference, which was antici-
pated as no further chemical modifications were ex-
pected to occur for this sample (for full spectra of all
samples, see Supporting Information).

To obtain a more comprehensive characterization
of the composition of the materials, solid-state nuclear
magnetic resonance (SSNMR) spectroscopy was em-
ployed. 13C cross-polarized magic-angle spinning (CP
MAS) spectra (Figure 2a) were obtained for all samples
to confirm the presence of the expected organic
groups. In the MIMO spectrum (trace i), the aromatic
carbons (120-160 ppm) and the methyl carbons
(30 ppm) of the BPA imprint are clearly present, as well
as the anchoring propyl groups (8, 22, and 42 ppm).
Residual ethoxy moieties (16 and 58 ppm) and some
residual P123 template (70-80 ppm) are also present.
P123 is eliminated after thermal treatment, likely due
to the extra washing of the material. The aromatic and
methyl carbon peaks also disappear into the baseline
after thermal treatment, while the relative intensity of
the carbon signals in the remaining aminopropyl (AP)
groups is unchanged, indicating that most of the
imprint molecules were removed without affecting
the anchoring groups. A slight peak at 39.5 ppm
indicates the presence of some residual DMSO from
the thermal treatment, and residual ethoxy groups are
also still present. In the NIMO spectrum (trace iii), the
propyl carbons of the AP groups are clearly present, as
are some residual P123 and surface ethoxy groups. The

P123 signals disappear after thermal treatment (trace
iv), while a residual DMSOpeak appears and theAP and
ethoxy carbon signals persist. As expected for PMS
(trace v), the only carbon signals are those of residual
ethoxy groups and a small amount of P123, which after
thermal treatment (trace vi) remain unaffected. These
data confirm that MIMO-ir and NIMO-ir contain the
same carbon species and therefore the same AP
groups, which makes a comparison of their perfor-
mance in bisphenol extraction valid. Conversely, PMS-
ir contains only residual ethoxy carbon species, making
it possible to use this sample to determine how the
unmodifiedmesoporous silicamatrix interacts with the
chosen analytes.

29Si CP MAS spectra were taken of all samples to
identify the silicon species present in each material
(Figure 2b). For MIMO (trace i), MIMO-ir (trace ii), NIMO
(trace iii), and NIMO-ir (trace iv), five 29Si species can be
identified. Two T species, T2 (RSiO2OR0, -52 ppm) and
T3 (RSiO3, -65 ppm), correspond to the RSiOxOR03-x

sites containing the AP functional groups (R = BPAP
organic bridge or AP anchor; see Scheme 2, R0 = OH or
OCH2CH3), while the remainder of the matrix is com-
posed of Q sites, SiOxOR04-x, namely, Q2 (SiO2(OR0)2,
-92 ppm), Q3 (SiO3OR0,-102 ppm), and Q4 (SiO4,-110
ppm). As expected, PMS (trace v) and PMS-ir (trace vi)
show only Q species.

Quantification of the Imprint Sites. In order to quantify
the number of T sites and to estimate the number of
imprint sites or non-imprinted amine groups in the
MIMO-ir and NIMO-ir materials, respectively, quantitative
29Si high-power decoupling (HPDEC) MAS spectra were
taken of these two samples (Figure 3). The peak positions
of the different Si species in these samples were deter-
mined by fitting Gaussian peaks to the 29Si CP MAS
spectra; thesepositionswere subsequently used to fit the
HPDEC MAS spectra with Gaussian peaks that were then
integrated.19 Both MIMO-ir and NIMO-ir had a higher

Figure 2. (a) 13C CPMAS spectra and (b) 29Si CPMAS spectra
of (i) MIMO, (ii) MIMO-ir, (iii) NIMO, (iv) NIMO-ir, (v) PMS, and
(vi) PMs-ir.

Figure 3. 29Si HPDEC spectra of (a) MIMO-ir and (b) NIMO-ir
(gray traces) and fitting (black traces) showing individual
Gaussian peaks. Insets: integration of the individual
Gaussian peaks for each plot and the corresponding Si
species.
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proportion of T species than expected from the original

synthesis conditions (13.4 and 15.8%, respectively, com-
pared to 10% in the original synthetic mixture). While a

small fraction of this discrepancy may have arisen from

the peak fitting, amore likely reason is that the hydrolysis
and polycondensation (or gelation) rates of (R0O)3SiRSi-
(OR0)3-type silanes, where the bridging R is long and

flexible (as with BPAP), are known to be faster than those
of TEOS.20 It is therefore likely that less BPAP would

remain unreacted than TEOS, some of which which

would be more likely to remain in solution. However,
these results are still below the established 25 mol %

threshold for the successful incorporation of nonrigid or

terminal organicgroups into amesoporous silicamaterial
that does not collapse upon removal of the template.21

This indicates that the AP sites are likely to be homo-

geneously distributed throughout thematerials, and that
the imprint sites are likely buried in the pore walls, not

dangling on the internal pore or external particle sur-

faces. The low loading of imprint sites was designedwith
this in mind, in order to reduce the possibility that the

overall mesopore structure would collapse following

thermal removal of the imprint molecules, as this step
effectively breaks cross-links in the material.

From the fraction of T species, the number of
imprint sites in MIMO-ir and non-imprinted amine sites
in NIMO-ir were determined. MIMO-ir and NIMO-ir
contain exactly the same functional groups, so their
empirical formulas can be directly compared. MIMO-ir
contains 13.4 mol % T, which yields an approximate
empirical formula of SiO1.93(CH2CH2CH2NH2)0.13. Each
imprint site contains two T species, so for every gramof
MIMO-ir, there are 2.0 � 10-3 mol AP groups, or 1.0 �
10-3 mol imprint sites. NIMO-ir contains 15.8 mol % T,
so its empirical formula is SiO1.92(CH2CH2CH2NH2)0.16.
For every gram of NIMO-ir, there are 2.3� 10-3 mol AP
groups, or the equivalent of 1.1(5)� 10-3mol “imprint”
sites or pairs of AP groups. In other words, NIMO-ir has

approximately 15% more AP groups than MIMO-ir per
gram of material.

Effect of the Organic Groups on the Pore Structure. The
preservation of the mesoporous structure was con-
firmed visually by transmission electron microscopy
(TEM) of all three materials before and after thermal
treatment (Figure 4). There is no discernible difference
in pore structure or size in any of the materials before
and after the imprint removal treatment. However,
there is a clear difference in the long-range order of
the mesopores going from MIMO to NIMO to PMS:
PMS/PMS-ir show long-range ordering both perpendi-
cular and parallel to the channels; NIMO/NIMO-ir show
good ordering and parallel channels, but the domains
are noticeably smaller; MIMO/MIMO-ir show relatively
parallel channels and some evidence of a hexagonal
pore structure, but the pores are significantly more
disordered. This trend is also evident in the small-angle
X-ray diffraction (XRD) data obtained for each of the
samples (Figure 5). The broadest and least intense
(100) reflections were obtained for MIMO and MIMO-
ir; those of NIMO and NIMO-ir are slightly sharper and
more intense. Only PMS and PMS-ir exhibit any higher
order diffraction peaks ((110) and (200)). The large two-
point-attached imprint precursor, BPAP, was expected
to have a somewhat disruptive effect on the self-
assembly of the P123 in solution, so it is logical that
MIMO and MIMO-ir show the poorest pore ordering.
(3-Aminopropyl)triethoxysilane (APTES) has been shown
to have a significantly disruptive effect on the structur-
al ordering of SBA-15when synthesized in acidicmedia
due to the protonation of the amines.22 However, this
effect was not as pronounced in the synthesis of NIMO
since the AP groupswere produced by the reduction of
NCO groups; amine groups were not introduced in
significant amounts until after the micelle self-assem-
bly and intitial condensation of the silica matrix had
occurred. As such, a small amount of disorder due to
the incorporation of nonrigid ICPTES can be expected,
which accounts for themoderate ordering observed in

Figure 4. TEM images of (i)MIMO, (ii)MIMO-ir, (iii) NIMO, (iv)
NIMO-ir, (v) PMS, and (vi) PMS-ir. All images are shown to the
same scale. Scale bar = 100 nm.

Figure 5. X-ray diffraction plots for MIMO, NIMO, and PMS
(solid traces) and MIMO-ir, NIMO-ir, and PMA-ir (dotted
traces) showing the (100) peak. All plots are to the same
scale. Inset: enlargement of second-order (110) and (200)
diffraction peaks for PMS (solid) and PMS-ir (dotted).
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NIMO and NIMO-ir. The best ordering is observed for
PMS and PMS-ir because TEOS facilitates micelle self-
assembly23 and is known to yield excellent long-range
ordering when used to prepare P123-templated
PMS.14

Determining the Location of the Imprint Sites. Nitrogen
gas adsorption was performed on each material to
determine surface area, pore size, and pore volume. All
materials exhibited type IV isotherms with H1 hyster-
esis typical of SBA-15-type mesoporous materials con-
taining ordered cylindrical pores (Supporting Informa-
tion).14,24 The pore diameter was found by BJH theory
using the adsorption branch of each isotherm and was
used along with the d-spacing found from XRD to
calculate the pore wall thickness (Table 1). The sur-
face areas, pore diameters, and pore volumes of all
materials fall within the expected range for this class
of material, yet there are noticeable differences in
the precise values. NIMO displays a slightly larger
than typical pore diameter and a smaller wall thick-
ness. This suggests that the ICPTES was mostly
localized at the micelle surface during the material
synthesis, causing swelling of the template, which
resulted in an expanded pore structure with the AP
groups on the pore surface. The pore diameter of
MIMO, however, is muchmore similar to that of PMS,
while the pore wall is slightly thicker. This indicates
that the BPAP resided between micelles during the
material synthesis, causing a slight expansion of the
micellar phase but having minimal effect on the
templated pore sizes. Thus it is reasonable to con-
clude that the imprint sites are indeed buried in the
walls of MIMO/MIMO-ir and not located on the sur-
face of the pores.

Solid-Phase Extraction and Static Binding Tests. To deter-
mine whether MIMO-ir was actually molecularly im-
printed, target binding tests were performed using
three sets of phenol-containing compounds (Scheme 3).
Series 1 contained three targets (BPF, BPA, and BPAF),
which have similar size and arrangement of phenol
moieties but increasing hydrophobicity due to substitu-
tion at the bridging carbon atom (indicated by an asterisk
in Scheme 3, series 1); series 2 contained four targets (P, R,
BP, and BPA), which possess varying numbers and ar-
rangements of phenol groups and aromatic rings; series 3

was a single target (BTB) that possesses the correct
number and arrangement of phenol groups but is sig-
nificantly larger than BPA and has more crowded phenol
groups.

Solid-phase extraction (SPE) is a useful separation
technique that can be used to isolate desired com-
pounds from an impure or mixed solution; as in liquid
chromatography, separation is achieved as a result of
differences in affinity between compounds in a solu-
tion and the stationary phase through which the
solution flows. MIMO-ir, NIMO-ir, and PMS-ir were
evaluated using a simplified SPE method (Scheme 4).
First, a precise amount of powder (MIMO-ir, NIMO-ir, or
PMS-ir) was sandwiched between filter paper in a
polyethylene syringe to create a simple SPE cartridge.
To this cartridgewas added 1.0mL of an aqueous stock
solution (either series 1 or series 2). This load volume
was allowed to flow through the syringe by gravity and
collected in a vial. As soon as the load solution had fully
passed into the cartridge, a rinse of 1.0 mL water was
added to wash out any weakly adsorbed molecules. As
the rinse flowed through, the remainder of the load
solution was forced through the cartridge and col-
lected, and in a second vial, the rinse solution was then
collected. Once the rinse had flowed into the cartridge,
a total of 6.0 mL of acetonitrile (ACN) was used to elute
any strongly bound molecules from the cartridge. The
remainder of the rinse fraction was forced through by
the eluent and collected. Finally, a total of 6.0 mL of

TABLE 1. Physicochemical Properties of the Prepared Mesoporous Materials Determined from Nitrogen Adsorption and

X-ray Diffraction

sample BET surface area (m2/g) pore diameter (nm) pore volume (cm3/g) d(100) (nm) wall thicknessa (nm)

(i) MIMO 552 5.81 0.66 9.7 5.4
(ii) MIMO-ir 398 6.72 0.49 10.0 4.9
(iii) NIMO 629 8.06 0.92 10.8 4.4
(iv) NIMO-ir 552 6.75 0.66 10.0 4.8
(v) PMS 594 6.71 0.69 10.3 5.2
(vi) PMS-ir 661 6.74 0.66 10.5 5.3

a Calculated by thickness = 2 � d(100)/
√
3 - pore diameter.

Scheme 3. Compounds used in target binding tests. Series
1: bisphenol F (BPF), bisphenol A (BPA), hexafluorobisphe-
nol A (BPAF). Series 2: phenol (P), resorcinol (R), 4,40-
biphenol (BP), and bisphenol A (BPA). Series 3: bromothy-
mol blue (BTB). Asterisks in series 1 indicate the bridging
carbon at which different substitution gives rise to different
hydrophobicity in this series.
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ACN was collected in a third vial. This eluent fraction
was evaporated to dryness, and the residue was re-
dissolved in 1.0 mL of ACN. The load, rinse, and
redissolved elute fractions were analyzed immediately
by HPLC to find the concentration of each analyte and
compared to the corresponding stock solution.

In the first test, series 1 was used. As expected for a
molecularly imprinted material, MIMO-ir removed most
of all three species from series 1 (Figure 6a). Greatest
retention was observed for the most hydrophobic ana-
lyte, BPAF, followedby the smallest analyte, BPF, with the
smallest retention observed for the imprint molecule,
BPA; overall, however, all three targets were more than
85% retained after the load and rinse steps. This can be
explained by considering that the most favorable bind-
ing is for the most hydrophobic analyte, and that the
smallest analyte would most easily diffuse into the
imprint site. Being non-imprinted, NIMO-ir and PMS-ir
showed an interesting and logical trend: BPF, the least
hydrophobicmolecule, was the least retained, and BPAF,
the most hydrophobic, was the most retained; in fact,
more BPAF was retained after loading in NIMO-ir than
BPA was retained in MIMO-ir. NIMO-ir retained approxi-
mately 5% more of each analyte than did PMS-ir after
loading, suggesting that silica alone does have some
ability to retain bisphenol species in solid-phase extrac-
tion from aqueous solution, and that only a small
enhancement of this retention is achieved through the
incorporation of 15%APgroups. Rinsingwas sufficient to
recovermore than 80%of BPF andBPA fromNIMO-ir and
PMS-ir, indicating that the major contributor to their
moderate retention is weak interactions with surface
functional groups on the mesoporous materials. BPAF

was more strongly retained in both NIMO-ir and PMS-ir,
which is likely due to its significantly larger hydrophobic
character. Rinsing with water, a poor solvent for BPAF,
does little to disrupt theweak interactions betweenBPAF
and the (organo)silica matrix to which it is adsorbed.

In series 2, which contained P, R, BP, and BPA, the
importance of the arrangement and spacing of phenol
groups for binding is clearly demonstrated (Figure 6b).
Although P and R are very small molecules and possess
the appropriate functional groups, they were poorly
retained in MIMO-ir. BP and BPA, on the other hand,
were retained very well; BP was better retained than
BPA, which can again be explained by its smaller size
and greater ease of diffusion into the imprint sites.
NIMO-ir and PMS-ir displayed very similar retention
behavior for series 2, with the general trend corre-
sponding approximately to the hydrophilic/hydropho-
bic nature of the targets. The retention behavior of
MIMO-ir for smaller molecules than the imprint is
encouraging: higher retention than NIMO-ir suggests

Scheme 4. Solid-phase extraction method employing load,
rinse, and elute steps: (a) a syringe packed with powder is
loaded with 1.0 mL of stock solution; (b) the load flows
through by gravity into a vial; 1.0 mL of rinse water is added
immediately following the load, which is collected quanti-
tatively and analyzed; (c) the rinse flows through by gravity
into a second vial; 6.0 mL of ACN is added immediately
following the rinse, which is collected quantitatively and
analyzed; (d) a total of 6.0 mL of ACN is collected in a third
vial as the eluent and evaporated to dryness; the residue is
redissolved in 1.0 mL ACN and analyzed.

Figure 6. (a) Stacked solid-phase extraction plots for series
1: the concentration of BPF, BPA, and BPAF relative to an
aqueous stock solution of BPF, BPA, and BPAF, each at a
concentration of 1 � 10-4 M. (b) stacked solid-phase
extraction plots for series 2: the concentration of P, R, BP,
and BPA relative to an aqueous stock solution of P, R, BP,
and BPA, each at a concentration of 1� 10-4 M. Numbers at
the top of each column indicate the total percent of each
target recovered.
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that there are indeed imprint cavities in the material
which are able to trap some molecules as they flow
through the SPE cartridge, yet low retention after
rinsing confirms that good binding can only be
achieved when the target is of a large enough size
that two-point binding within the imprint site is
possible.

Solid-phase extraction relies on rapid interaction
between the solid-phase material and the target mo-
lecule. A concernwith the use ofmesoporousmaterials
was that most of the load solution would pass around
theMIMO-ir particles instead of entering themesopore
channels, thus negating the imprinting altogether. If
this was the case, it was expected that MIMO-ir and
PMS-ir would show similar behavior in retention of the
targets in series 1 and 2 since the outer surfaces of
particles of these two materials are similar: since the
imprint sites are mostly buried within the pore walls of
MIMO-ir, the outer surface of MIMO-ir particles con-
tains almost no organic functional groups, and as such
it very closely resembles unmodified silica. The few
imprint sites that may exist on the outer surface of
MIMO-ir particles can only account for a tiny difference
from PMS-ir in retention behavior. However, as a
significant difference was observed in the extraction
properties of MIMO-ir and PMS-ir, it is possible to
conclude that the load solution is indeed penetrating
into the mesopores of the materials and, therefore,
able to access imprint sites buried in the walls. Like-
wise, if the binding were simply due to interactions
with amine groups on the surface of the pores or the
outer surfaces of the particles, it was expected that
NIMO-ir would show better binding than MIMO-ir, due
to its larger concentration of AP groups and the
localization of these groups on the pore walls. This,
too, was not the case, indicating conclusively that,
although buried in the pore walls, the imprint sites
are accessible to aqueous solutions. Additionally, bind-
ing in the imprint site must occur rapidly since the load
solutions were flowed through each cartridge by grav-
ity in five minutes or less. If binding were slow, only
very low flow rates would yield good extraction. Over-
all, it is clear that for the removal of bisphenol species
from water that the addition of AP groups alone to
silica is not sufficient; in other words, the arrangement
and spacing of these groups, achieved in this case by
molecular imprinting, are necessary to achieve good
sequestration.

To confirm that a size-selective imprint cavity had
been created in MIMO-ir, an aqueous solution of
bromothymol blue (BTB, Scheme 3) was used. The
number and arrangement of phenols in BTB is similar
to BPA (Scheme 3, series 3), so similar binding for these
two molecules should be observed if the imprint sites
are either not buried in the walls or are not size-
selective. Qualitatively, the solutions suspended with
PMS-ir (2) andMIMO-ir (3) still retainmost of their color

(Figure 7a), while the solution suspended with NIMO-ir
(4) is colorless. This somewhat counterintuitive result
can be explained by considering the nature of the pore
surfaces of each of the three materials. Surface silanol
groups are present on all three species, as indicated by
the Q2 and Q3 signals observed in 29Si CP MAS NMR
(Figure 2b). Additionally, NIMO-ir and MIMO-ir possess
primary amine groups, with NIMO-ir having about 15%
more amines per gram of material than MIMO-ir. BTB is
only slightly soluble inwater, so it is to be expected that
it would readily be desolvated by appropriate interac-
tions with the surface of thematerials. In this case, 31%
of the BTB is adsorbed from solution 2 by PMS-ir,
indicating that there is some interaction but not
enough to completely desolvate the dye (Figure 7b).
MIMO-ir removes 71% of the dye from solution 3,
slightly less than half of which can be attributed to
silica interactions, indicating that only 40%of the dye is
removed from solution by interactions with amine
groups. In contrast, 98% of BTB is removed from
the solution exposed to NIMO-ir (indicated both by
the colorless solution and the very low relative absor-
bance in the UV-vis spectrum for this sample). On the
basis of the trends observed in the SPE experiments, a
more hydrophobic target molecule is better removed
from aqueous solution than a less hydrophobic one;
however, in a truly imprinted material, size selectivity
also exists. In this case, size selectivity is confirmed by
observing that even though MIMO-ir is better able to
sequester appropriately sized bisphenol molecules
than NIMO-ir, it does not remove a significantly larger
and sterically bulkier bisphenol analogue such as BTB
from solution, despite the proper arrangement of AP
groups in the imprint sites. This could be partially due
to the size of the molecule and partially due to the
substitution at both carbons ortho to the phenols;
however, since near quantitative removal of the dye
is observed for NIMO-ir, the steric environment of the
phenol is not too crowded for primary amines, so size
selectivity is more likely. Some BTB is removed by
MIMO-ir, which can be accounted for by considering

Figure 7. (a) Recovered and alkalized aqueous solutions of
BTB after static adsorption for 48 h: stock (1), PMS-ir (2),
MIMO-ir (3), and NIMO-ir (4); (b) relative absorbance of
solutions 1 to 4 at 615 nm, with relative absorbances
indicated at the top of each column.
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that a fraction of imprint sites are likely present at or

very close to the surface of the pores and so are at least

partially accessible to larger targets like BTB.
In conclusion, we have demonstrated the successful

molecular imprinting of BPA into SBA-15-type mesopor-
ous organosilica using a thermally reversible semicova-
lent imprinting strategy. Careful comparison of the
properties of MIMO and MIMO-ir to those of NIMO/
NIMO-ir and PMS/PMS-ir provides evidence of a meso-
porous organosilica material with the BPAP organic
bridging group buried in the pore walls. Low loading of
the imprint precursor ensured the retention of the
mesoporous structure after imprint removal, yet MIMO-
ir still showed excellent binding of appropriate bisphenol
species. An interesting study would probe the loading
limit of a MIMO material that retains its pore structure
after imprint removal; it it not likely that the loading could
exceed 25%, but even this number could produce an
excellentmaterial. Shape selectivitywas demonstrated in
thepoor bindingof smaller phenolmolecules, aswas size
selectivity, evinced by the poor sequestration of BTB in
MIMO-ir compared to NIMO-ir; this highlights the differ-

ence inbehavior of APgroups buried in thewalls fromAP
groups located specifically on the surface of the pores.
We have also observed an unexpected trend in the
affinity of NIMO-ir and PMS-ir for bisphenol species of
different hydrophobicity, which could be used to screen
for new imprint molecules for silica.25 An interesting
study would compare materials imprinted with a range
of bisphenol species of varying size and hydrophobicity
and their extraction properties for different bisphenol
molecules. On the basis of the affinities demonstrated in
this study, a BPAF-imprinted MIMO should show the
greatest binding properties with preference for BPAF. A
recent report of molecular imprinting in MCM-41-type
materials15 has prompted us to examine whether a
nanometer-scale change in wall thickness can result in
improved or diminshed target interaction, and whether
there is a lower limit to the thickness of the enclosing
matrix, below which the structural integrity and thus the
selectivity of the imprint site is compromised. This is of
particular concern in the synthetic method described
herein, as it involves ahydrothermal treatment to remove
the imprint. Investigations of this are currently underway.

METHODS
Materials. (3-Isocyanatopropyl)triethoxysilane (ICPTES), tet-

raethyl orthosilicate (TEOS), phenol (P), resorcinol (R), 4,40-
biphenol (BP), bisphenol F (BPF), bisphenol A (BPA), hexafluor-
obisphenol A (BPAF), bromothymol blue (BTB), and Pluronic
P123 (P123,Mn∼ 5750 g/mol) were purchased fromAldrich and
used without further purification.

Precursor Synthesis;BPAP. In a typical batch, BPA (2.751 g, 12
mmol) and ICPTES (5.97 mL, 24 mmol) were added to 25 mL of
dry tetrahydrofuran (THF) in a round-bottomed flask and al-
lowed to react with stirring under N2 at 65 �C for 20 h. The
solvent was removed by rotary evaporator, and the resultant
oily liquid was characterized by FTIR, 1H NMR, and 13C NMR. The
yield, estimated from 1H NMR, was 90%. For FTIR and NMR
spectra of the precursor, see Supporting Information.

Mesoporous Material Synthesis. A stock template solution was
prepared by mixing P123 (8.4 g, 1.5 mmol), NaCl (24.4 g, 0.418
mol), water (69.6 g, 3.86 mol), and 2 M HCl (208.8 g, 11.6 mol H2O,
0.42mol HCl) and stirring until completedissolutionwas achieved.

Molecular imprinted mesoporous organosilica (MIMO) was
prepared by adding a predissolved solution of BPAP (0.347 g,
0.48 mmol) in TEOS (1.8000 g, 8.6 mmol) to 44 g of stock
template solution with stirring. Non-imprinted mesoporous orga-
nosilica (NIMO) was prepared by adding a predissolved solution of
ICPTES (0.2365 g, 0.96 mmol) in TEOS (1.8000 g, 8.6 mmol) to 44 g
of stock template solution with stirring. Periodic mesoporous silica
was prepared by adding TEOS (2.000 g, 9.6 mmol) to 44 g of stock
template solution with stirring. Each mixture was stirred at room
temperature for 24 h, then transferred to an 80 �C oven and cured
quiescently for 24 h. The resultant powders were isolated by
filtration, rinsed, and then washed free of P123 by Soxhlet extrac-
tionwith ethanol for 20h. Thewashedpowderswere characterized
by FTIR, 13C CP MAS solid-state NMR, 29Si CP MAS solid-state NMR,
X-ray diffraction, nitrogen adsorption, and transmission electron
microscopy.

Imprint Removal. MIMO (1 g) was suspended in dimethylsulf-
oxide (DMSO) in a round-bottomed flask. Several drops of
distilled water were added, and the suspension was heated to
160 �C for 5 h with stirring. The imprint-removed material,
MIMO-ir, was isolated by filtration, rinsed three times with

alternately distilledwater and ethanol, twicemore with ethanol,
and then oven-dried. The same treatment was carried out on
NIMO (1 g) to generate NIMO-ir and PMS (1 g) to generate PMS-
ir. The powders were characterized by FTIR, 13C CP MAS solid-
state NMR, 29Si CP MAS solid-state NMR, X-ray diffraction,
nitrogen adsorption, and transmission electron microscopy.
MIMO-ir and NIMO-ir were also characterized by 29Si HPDEC
MAS solid-state NMR.

Solid-Phase Extraction and Static Adsorption Experiments. Solid-
phase extraction (SPE) cartridges were prepared by packing
80mg each ofMIMO-ir, NIMO-ir, and PMS-ir into respective 3mL
polyethylene syringes between circles of extra-thick cellulose
filter paper. In series 1, an aqueous stock solution of BPF (1.1 �
10-4 M), BPA (1.1 � 10-4 M), and BPAF (1.0 � 10-4 M) was
prepared and analyzed by HPLC. Each SPE cartridge was loaded
with 1.0 mL of stock solution, which was allowed to flow
through by gravity and collected. Each cartridge was then
rinsed with 1.0 mL of deionized water, which was allowed to
flow through and collected. Each cartridge was then elutedwith
6.0mL of acetonitrile (ACN), whichwas allowed to flow through,
collected, evaporated to dryness, and redissolved in 1.0 mL of
ACN. Each fraction, load, rinse, and elute, respectively, was
analyzed by HPLC and compared to the stock solution. In series
2, an identical solid-phase extraction procedure was used for a
solution of P, R, BP, and BPA in water, with all analytes at a
concentration of 1.0 � 10-4 M. All solid-phase extraction tests
were done in triplicate.

Static adsorption of BTB was performed by suspending 10
mg each of MIMO-ir, NIMO-ir, and PMS-ir in 10.0 mL of an
aqueous solution of BTB (approximately 2.5 � 10-5 M) and
briefly sonicating each sample to fully disperse the powders.
The suspensions were then allowed to stand undisturbed for 48
h. Samples of each solution were collected and alkalized with a
few drops of concentrated NaOH(aq). The absorbance at 615 nm
of each solution (corresponding to themaximumabsorbance of
BTB at basic pH, as well as the maximun absorbance of the
alkalized stock) was taken and compared to the stock dye
solution. Static adsorption was performed in triplicate.

Instrumentation. Fourier transform infrared spectroscopywas
carried out on a Perkin-Elmer Spectrum BX FT-IR system. BPAP
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was characterized as a liquid film on KBr windows. All powders
were prepared as KBr pellets.

Solution 1H and 13C NMR spectra of BPAP in CDCl3 were
obtained on a Mercury 300 spectrometer.

All solid-state NMR experiments were carried out on a
Bruker Avance 200 MHz spectrometer with powder samples
packed into a 7 mm zirconia rotor and spun at a frequency of 5
kHz. 13C CP MAS experiments were carried out using a 1 ms
contact time, composite pulse proton decoupling and ramp
cross-polarization, with an average of 3000 scans acquired per
sample. 29Si CPMAS experimentswere carried out using a 10ms
contact timewith an average of 6000 scans acquired per sample.
29Si HPDEC MAS experiments were carried out using high-power
decoupling with a 5 μs 90� pulse, a 30 s recycle delay, and a 5 μs
prescan delay, with 1550 scans acquired per sample.

Transmission electronmicroscopy imageswere obtained on
a Hitatchi H-7000 microscope with a 100 kV accelerating
voltage.

Powder X-ray diffraction was carried out on a Bruker AXS
NanoStar SAXS diffractometer equipped with a high-power Cu
KR source and long, 670 mm, beam path to a GADDS area
detector for 2D images. A double Gobel-Mirror systemwas used
for perfect collimation of the primary X-ray beam to a 0.35 mm
spot, which passed through the sample in transmission mode.
The sample's camera and thewhole beampathwere kept under
vacuum (10-8 mmHg) to eliminate air-scattering and to im-
prove the resolution. The obtained 2D image of each sample
was then integrated pixel-by-pixel to convert the whole image
area to a conventional I/2θ scaled plot.

Nitrogen adsorption was carried out on a Quantachrome
AS1C-VP2 with a bath temperature of 77 K. All samples were
outgassed for at least 16 h at 100 �C before being weighed.
Surface areas were determined using Brunauer-Emmett-
Teller (BET) theory, and pore size distributions were calculated
using Barrett-Joyner-Halenda theory from the adsorption
branch.

HPLC experiments were carried out on a Phenomenex
Gemini-NX 5 μ C18 110 Å column with dimensions 150 � 4.6
mm, using a Perkin-Elmer Series 410 LC pump, a Perkin-Elmer
Series 200 autosampler, a Shimadzu CTO-6A column oven, and
a Shimadzu SPD-10A UV-vis detector. Sample injections of 50
μL, a flow rate of 1.0mL/min, a column temperature of 35 �C, UV
detection at 280 nm, and a mobile phase of varying ratios of
acetonitrile (ACN) and aqueous 0.01 M H3PO4 (PA) were used.
Series 1 analytes were run using isocratic elution with 50:50
ACN/PA. Series 2 analytes were runwith amixed pumpprogram
with the following eluent compositions and times: 2.5 min at
35:65 ACN/PA, 1.5 min at 80:20 ACN/PA, 6 min at 35:65 ACN/PA.
Integrated peak areas for each analyte were obtained using TC4
software and normalized to the corresponding stock solution.

UV-vis spectra were obtained on a Cary 100 Bio UV-vis
spectrometer in a quartz cuvette with 1 cm path length. The
absorbances were normalized to that of the stock solution at its
maximum absorbance (at 643 nm).
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