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Mesoporous materials such as SBA-15 are used in many applications since the materials are robust and
have tunable properties. Whereas these materials are thought to be ideal, the materials are complex with
the common synthesis methods producing materials that contain micropores. This work will investigate
the impact of micropores on catalytic activity of aminosilica materials. For comparison, materials are
formed using a standard method that produces materials with micropores (REG-SBA-15) and using a
modified method that produces materials with negligible micropore volume (NMP-SBA-15). After graft-
ing the calcined support with an aminosilane (either (N-methyl amino propyl) trimethoxy silane (de-
noted as 2�Am) or (N,N-diethyl-3-amino propyl) trimethoxy silane (3�Am)), catalytic testing
experiments reveal that NMP-SBA-15 functionalized materials are more active than REG-SBA-15 func-
tionalized materials for a range of reactions. The reactions include (a) glucose isomerization where ami-
nes interacting with surface silanols limit catalytic activity and (b) aldol and Knoevenagel chemistry
where amine-silanol interactions increase the reaction rate. For aldol chemistry, the observed difference
in rate is further investigated using site quantification experiments. Interestingly, the results reveal that
three types of sites exist for each material, including sites that are (1) highly active, (2) intermediate
active, and (3) inactive. NMR experiments indicate that amines immobilized on REG-SBA-15 supports
are less mobile than amines on NMP-SBA-15. For REG-SBA-15, the materials are found to have aminosi-
lanes that have limited mobility and the largest fraction of inactive sites, which suggests that the inactive
catalytic sites are in the micropores. Overall, the design of highly active catalytic materials can be
achieved using materials that have limited micropore volumes.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Mesoporous silica supports are robust, tunable platform mate-
rials that are attractive in many applications [1,2], including CO2

capture [3,4], drug delivery [5–7], sensors [8], enzyme immobiliza-
tion [9], and catalysis [10–12]. Of the different mesoporous mate-
rials, SBA-15 is commonly studied since the synthesis methods are
well-established and the resulting materials have well-defined
mesopores. Indeed, SBA-15 is often considered a model
mesoporous support since it is a material with uniform-sized
mesopores. SBA-15 has been extensively used to investigate
synthesis-structure–function behavior for catalytic materials with
the implicit assumption that all sites in the material have
equivalent catalytic activity [13–22]. In reality, SBA-15 is a com-
plex material that could lead to heterogeneity in the types of sites
that requires rigorous evaluation of the per site catalytic activity.

SBA-15 can be transformed into a catalyst for many reactions,
including C-H functionalization [23,24], aldol chemistry [19,21],
biomass conversion [25,26], and other reactions [27,28]. For these
reactions, the catalyst can be prepared through different tech-
niques and is commonly produced through grafting an organosi-
lane onto the surface to immobilize the catalytic species into the
reusable heterogeneous support. The immobilized species can be
many different types of species, including organometallic com-
plexes [23] or relatively simple aminosilanes. Aminosilane func-
tionalization was one of the original methods to immobilize
catalytic species and remains popular with the recognition that
organic amines can be powerful organocatalysts [29,30]. Interest-
ingly, aminosilane immobilization on SBA-15 places a basic amine
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proximal to weakly acidic surface silanols that can interact to pro-
duce fascinating catalytic results. Indeed, the interaction of an
amine with surface silanols can either inhibit the catalytic activity
as has been observed for glucose isomerization [31,32] or enhance
the catalytic activity through cooperative interactions [13,22,33–
35].

The amine-silanol interactions can be tuned with most research
focusing on tuning the surface density or structure of the aminosi-
lane [14,36,37]. The surface density of aminosilane affects the ratio
of amines to silanols present in the system [36]. As aminosilane
functionalization consumes surface silanols, increasing the surface
density of aminosilanes results in fewer available silanols to inter-
act with the amine. In addition to the surface density, amine-
silanol interactions are affected by the structure of the aminosi-
lane. The structure can be tuned through controlling the linker
length – the alkyl chain connecting the amine to the silicon atom
in the aminosilane – or adjusting the amine substituents – the
alkyl groups extending from the amine (Scheme 1). For glucose iso-
merization, amine-silanol interactions could be mitigated through
using high densities of aminosilane to consume surface silanols
[31], using a short methylene linker [31], and/or using bulky iso-
propyl substituents [32]. These strategies resulted in increased cat-
alytic activity for glucose isomerization compared to the
commonly used aminosilane with a propyl linker and methyl
substituents.

Whereas reducing amine-silanol interactions is beneficial for
some reactions, amine-silanol interactions can enhance the cat-
alytic activity through cooperative interactions. Cooperative inter-
actions occur when two (or more) functional groups are used in
combination and result in a higher reaction rate than the individ-
ual components. For aldol chemistry, amines interacting with sila-
nols can enable an efficient enamine mechanism [13,38–40] since
silanols are weakly acidic and high activity is achieved when using
weak acids, including alcohols [15,20,41]. Compared to using alco-
hols, surface silanols are beneficial cooperative partners as they are
inherently part of the silica surface provided that surface coverages
of aminosilane are less than a monolayer [36,37]. The cooperative
interaction can be tuned through adjusting the design of the
aminosilane. For efficient cooperativity for aldol chemistry, the
aminosilane should have a propyl linker since shorter linkers result
in lower catalytic activity [14,42]. Additionally, the amine can be
either a primary or secondary amine with primary amines being
more active than secondary amines in water [39]; secondary ami-
nes are more active than primary amines in commonly used sol-
vents such as acetone and will be used for aldol chemistry in this
work.
Scheme 1. Aminosilane structure with a tunable alkyl linker length (n) and
substituent size (R1, R2).
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The interaction of amines and surface silanols represents an
important design metric that can be probed through measuring
the molecular mobility. Molecular mobility and correspondingly
amine-silanol interactions can be probed through using advanced
2D solid state NMR experiments [43]. The experiments involve
measuring the 13C cross-polarization (CP) SS NMR spectrum with
different CP times. CP experiments use excitation of the hydrogen
(1H; proton) followed by transfer of polarization to the carbon (13C)
through a CP pulse. The CP pulse length can be varied and is known
to affect the polarization transfer [43]. Species that can move more
freely on the surface are expected to necessitate longer CP times
than species where strong amine-silanol interactions limit mobil-
ity. This was demonstrated previously using non-basic organosi-
lanes, which did not interact with the surface, that had CP build
up times for the third carbon from the siloxy tether of 119 ls
[43]. For basic aminosilanes, a shorter CP build up time
of � 33 ls was measured for the third carbon most distant from
the siloxy tether, indicating that the amine had sufficient flexibility
to interact with the surface.

Although the idealized depiction of SBA-15 has enabled investi-
gation of synthesis structure–reactivity relationships, the most
common synthetic conditions for SBA-15 (Fig. S1) also produce a
secondary micropore network [44,45] that may impact the mate-
rial performance. Nitrogen physisorption data and other character-
ization methods reveal that the structure can contain micropores
that account for as large as �30% of the overall pore volume [45].
The presence of micropores has the potential to impact the
amine-silanol interactions, making it desirable to tune the synthe-
sis conditions to produce materials with limited to no micropore
volume. The micropore volume of SBA-15 can be tuned through
adjusting the synthesis conditions. Whereas many parameters
can be tuned [46–51], the micropore volume can be reduced
through modifying the temperature. SBA-15 is synthesized
through using a two-step hydrothermal method using a low tem-
perature (T1) for 24 h before heating to a higher aging temperature
(T2). The most common method (T1 = 40 �C and T2 = 100 �C) pro-
duces a material with micropores since the ends of the polymer
(PEO domains) protrude into the walls of the silica [52,53]. Inter-
estingly, the micropore volume can be reduced by using a higher
T2 of 130 �C [45]. Whereas a T2 of 100 �C is used for the practical
reason that it does not require a sealed reactor to limit water evap-
oration, this practical choice has implications that need to be
understood.

The impact of the micropores of SBA-15 has received limited
attention [16,54,55] even though they could have significant impli-
cations on catalyst activity. Researchers have synthesized catalytic
materials with different micropore volumes for use in the aldol
reaction and condensation. The Jentoft group [16] investigated
the impact of micropores on catalytic activity for the aldol reaction
and condensation for sulfonic acid functionalized silica. Although
the sulfonic acid sites functionalized on supports with different
amounts of micropores had similar average catalytic activity, the
per site catalytic activity was not quantified. Additionally, these
sulfonic acid catalysts tend to be less active than amine functional-
ized materials since sulfonic acids and silanols do not coopera-
tively catalyze the reaction. Our recent work has demonstrated
that aminosilica materials with limited to no micropores (NMP-
SBA-15) are more active for aldol chemistry [55] and the Knoeve-
nagel condensation [54]. Yet, the underlying difference in catalytic
activity has not been investigated to establish the molecular basis
for the observed difference.

The goal of this work is to investigate the impact of micropores
on catalytic activity for aminosilica materials. Materials will be
synthesized with a range of textural properties, including different
micropore volumes. The materials will be functionalized using
post-synthetic grafting and will be characterized using standard
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techniques. The materials will be tested in a range of catalytic reac-
tions to assess differences in catalytic activity. The underlying dif-
ferences in catalytic activity will be investigated using site
quantification experiments to determine differences in the fraction
and types of active sites. The different materials will be character-
ized using advanced NMR method to quantify the cross-
polarization time constants (TCH) to demonstrate differences in
aminosilane mobility that are used to provide insights on differ-
ences in the aminosilane location. The combined results will pro-
vide guidance on how to create highly active catalysts.
2. Experimental methods

2.1. Chemicals

The chemicals are used as received with the exception of
toluene (ACS grade, Macron Fine Chemicals) that is dried using
an MB-SPS DriSolv system (MBraun Inc.). The other chemicals
include: tetra ethyl ortho silicate (TEOS; 98%, Acros Organics),
hydrochloric acid (36.5–38.0% by wt., reagent grade, J. T. Baker),
poly(ethylene glycol)-block-poly(propylene glycol)-block-poly
(ethylene glycol) PEG-PPG-PEG, Pluronic� P-123 (Sigma-Aldrich),
(N,N-diethyl-3-aminopropyl) trimethoxysilane (Gelest), (N-
methylaminopropyl) trimethoxysilane (Gelest), ethanol (200 proof,
Decon Labs Inc.), n-hexanes (95%, HPLC grade, Millipore), dextrose
(USP grade, Fisher), D-(+)-mannose (99%, Alfa Aesar), D-fructose
(99%, Alfa Aesar), D-mannitol (USP grade, Amresco), benzaldehyde
(98%, Bean Town Chemical), malononitrile (99%, Bean Town Chem-
ical), 4-nitrobenzaldehyde (98%, Aldrich), acetone (HPLC grade,
Fisher), methane sulfonic acid (MSA; Alfa Aesar), diethylene glycol
dibutyl ether (>98%, TCI), 1,3,5-trimethoxybenzene (>98%, TCI),
cetyltrimethylammonium bromide (high purity grade, Amresco),
sodium hydroxide (ACS grade, GFS Chemicals), and deuterated
chloroform (99.8% isotopic with 0.03% TMS, Bean Town Chemical).
Deionized (DI) water is from a house supply of Milli-Q quality
water.
2.2. Material synthesis, material characterization, and naming
convention of catalytic materials

For many of the synthesis methods and characterization meth-
ods, the details of these experimental procedures are reported in
the supplemental information. A range of synthesis procedures
are used to produce mesoporous materials with different textural
properties, including regular pure silica SBA-15 (REG) [14,15,56],
pure silica SBA-15 with negligible micropores (NMP) [45,54,55],
and mesoporous nanoparticles (MSN) [57]. SBA-15 is the primary
support tested since it has greater hydrothermal stability than
MCM-41 [58–60]. The materials are functionalized using aminosi-
lanes – organosilanes containing an amine functional group –
using previously reported methods [31,32]. The grafted aminosi-
lanes include (N-methyl amino propyl) trimethoxy silane (denoted
as 2�Am) or (N,N-diethyl-3-amino propyl) trimethoxy silane
(3�Am). At each stage of the synthesis, the materials are character-
ized using different techniques, including elemental analysis (EA),
nitrogen physisorption (Figs. S2, S4, S5), SEM (Fig. S3), thermal
gravimetric analysis (TGA; Fig. S6, S7), and diffuse reflectance
infrared Fourier transform spectroscopy (DRIFTS; Fig. S8). The
naming convention used for the materials involves the organosi-
lane identifier (either 2�Am or 3�Am), the type of silica support
(REG, NMP, or MSN), and the actual organosilane loading. For a
conventional SBA-15 material functionalized with 3�Am and hav-
ing an actual loading of 0.85 mmol g�1, the material is labeled
3�Am-REG-0.85.
358
2.3. Pore size reduction using hexamethyldisilazane treatment

Similar to the grafting procedure, the pore size of NMP-SBA-15
is reduced through sequential treatments with hexamethyldisi-
lazane (HMDS). One gram of bare support silica is dried under
reduced pressure (<20 mTorr) at 130 �C for 15 h in a 100 mL
round-bottom flask. After degassing, the flask is attached to a Sch-
lenk line for 30 min of cooling while purging with nitrogen flow
through a septum. After purging with nitrogen, dry toluene solvent
(25 mL toluene per 1 g silica) is added into the flask and is dis-
persed with stirring at 25 �C. The HMDS (5 times excess of the sila-
nol groups on the silica surface [61]) is premixed with 10 mL of dry
toluene and added dropwise to the silica mixture. After 24 h, 20 lL
of distilled water is injected into the mixture. The flask is then
attached to a septum-sealed condenser, and the temperature is
increased to 80 �C under nitrogen purging. The purging is stopped
once the mixture reached 50 �C and maintained at 80 �C for an-
other 24 h with stirring. At this time, the mixture is cooled to room
temperature. The mixture is filtered, washing with 300 mL of
toluene, 300 mL of pure hexane, and 300 mL of ethanol. The solids
are dried under reduced pressure for 15 h before calcining the
material at 550 �C to remove the residual organic. The surface
modification with HDMS is repeated until the mesopore size mea-
sured using the BdB-FHH model from nitrogen physisorption is
similar to the mesopore size of REG-SBA-15.

2.4. Determination of cross polarization time constants (TCH)

Solid-state NMR experiments are performed on an Agilent
DDR2 spectrometer, equipped with a 5 mm magic angle spinning
(MAS) probe and operated at 9.4 T. The samples are packed in
MAS zirconia rotors and spun at 8 kHz. The mobilities of N, N-
diethylaminopropyl (3�Am) groups grafted on the silica surfaces
are compared among the samples through the ‘‘build-up” of 13C
signals during the CP period.

The 13C{1H} CPMAS spectra are obtained using the magnitude of
the RF magnetic field applied to H spins, vH

RF = 50 kHz for p/2 pulse
and for SPINAL-64 heteronuclear decoupling during NMR signal
acquisition, vH

RF = 40 kHz during CP, vC
RF = 48 kHz during CP. Spectra

(15 for each) are acquired for each sample by varying CP contact
time sCP from 10 ls to 1000 ls with 6400–9600 scans for each
spectrum with a 1.5 s of recycle delay.

2.5. Catalytic testing

The materials are tested for catalytic activity in three different
reactions, including the Knoevenagel condensation [54], the aldol
reaction and condensation [13–15], and glucose isomerization
[31,32]. The methods are similar to those reported previously.
The details of the methods are presented in the supplemental
information. Importantly, the results have been evaluated for mass
transfer limitations and have shown no mass transfer limitations
as previously demonstrated for glucose isomerization [31], the
Knoevenagel condensation [54], and aldol chemistry (Supplemen-
tal information; Section S5, Fig. S9, and Table S2).

2.6. Site quantification experiments for aldol reaction and
condensation

Site quantification experiments are performed using a method
similar to aldol catalytic testing. The site quantification experi-
ments differ from catalytic testing in that the required amount of
catalyst is first weighed and added to an oven-dried 2N round bot-
tom flask. A separate solution of methane sulfonic acid (MSA; 5–
50 lL) in ethyl acetate (1–1.8 mL; selected as solvent because pure
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ethyl acetate had limited to no impact on catalytic activity; see
supplemental information S7) is prepared using micropipettes. A
predetermined amount (between 5 and 50 lL) of this solution is
added to the catalyst using micropipettes to obtain the desired
methane sulfonic acid (MSA):amine ratio. The mixture is allowed
to mix slowly (�200 RPM) for 60 s before adding 2 mL of the bulk
aldol reaction solution to it. A t0 sample is drawn in the first 15 s
and the round-bottom flask is attached to a septum-sealed con-
denser under an active purge of nitrogen. The round-bottom is
then lowered into the pre-heated oil bath (T = 50 �C), and the
remainder of the experiment is carried out similar to a typical
Aldol experiment.
3. Results and discussion

3.1. Material synthesis

The impact of micropores in SBA-15 is studied through synthe-
sizing mesoporous silica supports that contain different quantities
of micropores: REG-SBA-15 produced using a common synthesis
method and NMP-SBA-15 produced using a modified procedure
that involves increasing the aging temperature from 100 �C to
130 �C [45]. The materials are characterized using nitrogen
physisorption and SEM (Fig. S3). As shown in Fig. 1, nitrogen
physisorption is used to investigate the textural properties of the
materials. For REG-SBA-15, the data are consistent with a Type IV
isotherm with a H1 hysteresis loop; the material has a total surface
area of 920 m2 g�1, similar to previous syntheses of SBA-15 [37,56].
Using the t-plot method, the micropore volume is determined to be
0.07 cm3 g�1, consistent with a material with micropores. For
NMP-SBA-15, the nitrogen physisorption isotherm is also a Type
IV with an H1 hysteresis loop, but the material has a smaller total
surface area of 530 m2 g�1. Similar to previous reports [45], the
modified synthesis method for NMP-SBA-15 produces a material
with a micropore volume of 0.02 cm3 g�1, which is substantially
lower than the micropore volume of REG-SBA-15 (0.07 cm3 g�1).

After calcination, the materials are grafted with N,N-diethyl
amino propyl triethoxy silane (3�Am) or N-methyl amino propyl
triethoxy silane (2�Am). The quantity of aminosilane grafted on
Fig. 1. Comparison of the nitrogen physisorption isotherms of REG-SBA-15 and
NMP-SBA-15.
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the material is calculated from elemental analysis data. For 2�Am
grafted onto REG-SBA-15, it is determined that the nitrogen con-
tent is 0.63 wt% N; this corresponds to a loading of 0.45mmol N g�1

(material is labeled 2�Am-REG-0.45). For comparison, the goal is to
functionalize NMP-SBA-15 with a similar amount of aminosilane
with the choice being to maintain either surface loading – mmol
N g�1 – or surface density – lmol N m�2. For the aldol reaction
and condensation, previous work [36] has shown that the surface
density of aminosilanes is important since the amines and surface
silanols can cooperatively catalyze the reaction. Therefore, all
materials will be made using a similar target surface density of 0.
48 lmol N m�2, which is the loading of 2�Am-REG-0.45. For
NMP-SBA-15 functionalization, the quantity of aminosilane in the
functionalization mixture is adjusted to achieve the desired surface
density. The resulting material is determined to have a surface
loading of 0.31 mmol N g�1 (2�Am-NMP-0.31).

After organosilane functionalization, the materials are charac-
terized using nitrogen physisorption to determine the textural
properties. Interestingly, 2�Am organosilane functionalization of
REG-SBA-15 significantly reduces the micropore volume from
0.07 cm3 g�1 to 0.03 cm3 g�1, as shown in Fig. S4. The data suggest
that a portion of the aminosilane is functionalized in the microp-
ores or blocks the micropores. This behavior appears to be a gen-
eral phenomenon since a large survey of literature has reported
similar data [18,41,62], but the catalytic implications have not
been rigorously assessed for aminosilica materials. For NMP-SBA-
15, the data indicate only a small reduction in the low-pressure
nitrogen uptake, as the material has limited micropore surface area
and volume before grafting.

3.2. Testing for catalytic activity for the aldol reaction and
condensation

The functionalized materials are tested for catalytic activity in
the aldol reaction and condensation through monitoring the
time-dependent conversion of 4-nitrobenzaldehyde reacting with
acetone. For 2�Am-REG-0.45, the material converts the 4-
nitrobenzaldehyde with first order kinetics, as shown in Fig. 2.
The observed conversion over time is similar to previous reports
for SBA-15 and is not mass transfer limited, as shown in the sup-
plemental information (Section S5, Fig. S9, and Table S2). Interest-
ingly, 2�Am-NMP-0.31 achieves higher conversion in the same
amount of time, demonstrating that the catalyst has a higher aver-
age per site activity. This is consistent with our recent work for
other reactions [54,55]. The data are used to calculate the reaction
rate constant for bothmaterials. It is determined that kobs = 0.22 h�1

for 2�Am-REG-0.45 and 0.35 h�1 for 2�Am-NMP-0.31. The 2�Am-
NMP-0.31 material is observed to have a higher rate constant than
2�Am-REG-0.45 by a factor of 1.6.

The observed difference in reaction rate could either be associ-
ated with (1) a different fraction of sites or (2) different types of
sites that have different activity. These differences are investigated
through using a series of site quantification experiments. The
experiments involve adding a fixed amount of methane sulfonic
acid (MSA; pKa = �2) relative to the amount of amine (MSA:2�Am)
to selectively poison a fraction of the catalytic sites and then mea-
suring the rate of reaction. These experiments are repeated for a
range of MSA:2�Am. These data are used to quantify the fraction
of active sites by determining the intercept of the reaction rate
constant data with the x-axis. Also, the data are used to determine
if the catalyst has multiple types of active sites since the data will
have a corresponding number of slopes.

The site quantification experiments are performed for 2�Am-
REG-0.45. As shown in Fig. 3, the observed TOF decreases mono-
tonically toward the x-axis. Fitting the data with a line, it is possi-
ble to determine that the fraction of active sites is 0.33 of the total



Fig. 2. (a) Schematic of the aldol reaction and condensation combining 4-
nitrobenzaldehyde (1) with acetone (2) to produce a beta keto-alcohol (3) and an
ene-one (4). (b) Comparison of conversion of 4-nitrobenzaldehyde over time for
different catalysts. Testing is performed using 3 mol% amine at 40 �C. The products
are formed in a ratio of 86:14 for the reaction (3):condensation (4) products.

Fig. 3. Comparison of the observed reaction rate constant for the aldol reaction and
condensation for REG-SBA-15 and NMP-SBA-15 as a function of the amount of
methane sulfonic acid:amine (MSA:2�Am). Catalytic testing is performed using
3 mol% amine for the aldol condensation/reaction between 4-nitrobenzaldehyde
and acetone at 40 �C. The error bars represent the standard deviation of the kinetic
data for multiple catalytic tests. The experimental data are fit using a three-site
model.
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amines (based on elemental analysis). The data indicate that at
least two types of sites exist since a fraction of sites are not active.
This nullifies the hypothesis that all sites have equal catalytic
360
activity. Interestingly, the site quantification experiments reveal
that 2�Am-NMP-0.31 has a fraction of active sites of 0.46. This frac-
tion of sites is a factor of 1.4 greater than the fraction of sites in
2�Am-REG-0.45, demonstrating that the difference in the catalytic
activity can be attributed to the fraction of active sites.

Moreover, the site quantification experiments reveal that the
material has more than two types of active catalytic sites; the rate
data have different slopes at low and intermediate fractions of
MSA:2�Am. The change in slope is consistent with two types of
sites that are active in the material in addition to the sites that
are inactive. The rate data can be fit using a three-site model:

kobs ¼ ðf 1k1 þ f 2k2 þ f 3k3Þ ð1Þ
where kobs is the observed reaction rate constant for a first order
reaction, fn is the fraction of sites of type n, and kn is the first order
rate constant for site n. Using a least squares fit program in
MATLAB, the site quantification data are fit using the three-site
model. Since it is assumed that the third site is inactive, k3 is set
to zero. As shown in Fig. 3, the data for both 2�Am-NMP-0.31 and
2�Am-REG-0.45 are fit well by the three-site model, indicating that
the same three different types of sites exist in both materials.
Accordingly, changes in textural properties are not affecting the
types of sites present, but the changes are affecting the fraction of
sites. For the active sites, the reaction rate constant is 2.6 ± 0.4 h�1

for the highly active site and is 0.45 ± 0.06 h�1 for the intermediate
active site. Intriguingly, a material comprised of only highly active
sites would increase the rate of reaction by an order of magnitude
compared to current materials.

The fraction of each type of active sites is different for the two
materials tested. For 2�Am-REG-0.45, the fit to the site quantifica-
tion data reveals that the fraction of highly active sites is
0.03 ± 0.01 whereas the fraction of intermediate active sites is
0.30 ± 0.04 for a fraction of total active sites of 0.33, as shown
in Table 1. For 2�Am-NMP-0.31, the fraction of highly active sites
is 0.08 ± 0.01, and the fraction of intermediate active sites is
0.38 ± 0.04. Compared to 2�Am-REG-0.45, it is shown that
2�Am-NMP-0.31 has more than twice the fraction of highly active
sites and more intermediate active sites.

The fraction of active sites is used to calculate the turnover fre-
quency (TOF) for the materials. The TOF is determined to be higher
for 2�Am-NMP-0.31 (TOF = 27) than 2�Am-REG-0.45 (TOF = 22).
The observed difference can be attributed to the increased fraction
of highly active sites in the material as well as the increased frac-
tion of sites. Indeed, it is determined that f1/f2 for 2�Am-NMP-0.31
is 0.21 whereas 2�Am-REG-0.45 has a value of 0.10. The higher f1/f2
fraction for 2�Am-NMP-0.31 compared to 2�Am-REG-0.45 likely
explains the increased TOF for the material. This indicates that
reducing the micropore volume increases the fraction of highly
active catalytic sites.

The origin of the observed difference in catalytic activity could
be associated with the micropores or the pore size. Indeed, NMP-
SBA-15 has a pore size of 9 nm whereas REG-SBA-15 has a pore
size of 7.1 nm. Although previous work with aminosilica catalysts
[13] indicated that the mesopore size had limited to no impact on
the observed catalytic activity, the previous results are based on
the assumption that all sites have equal catalytic activity. Accord-
ingly, a synthetic target became the synthesis of a material with
limited to no micropores and a similar pore size as REG-SBA-15.
The pore size of NMP-SBA-15 is reduced through five iterations
of HMDS capping and calcining the material to produce NMP-
SBA-15-HMDS. From nitrogen physisorption (Fig. S11), NMP-SBA-
15-HMDS has a pore size of 7.1 nm (Fig. S12) – approximately
equivalent to pore size of REG-SBA-15 of 7.1 nm – and a micropore
volume of 0.01 cm3 g�1 – less than even NMP-SBA-15 (0.02 cm3

g�1). After calcination, NMP-SBA-15-HMDS is functionalized with
a secondary aminosilane to produce 2�Am-NMP-HMDS-0.2.



Table 1
Calculated fitting parameters from a three-site model for REG and NMP-SBA-15.

f1 (k1 = 2.6 ± 0.4) f2 (k2 = 0.45 ± 0.06) f1/f2 TOF (hr-1)

2�Am-REG-0.45 0.03 ± 0.01 0.30 ± 0.04 0.10 22
2�Am-NMP-0.31 0.08 ± 0.01 0.38 ± 0.04 0.21 27
2�Am-NMP-HMDS-0.2 0.08 ± 0.01 0.42 ± 0.05 0.19 27

N. Deshpande, J.-Y. Chen, T. Kobayashi et al. Journal of Catalysis 414 (2022) 356–364
The functionalized material is tested for catalytic activity in the
aldol reaction and condensation. Interestingly, 2�Am-NMP-HMDS-
0.2 exhibits the highest catalytic activity of the materials tested, as
shown in Fig. 3. From the textural characterization data, the main
difference between REG-SBA-15 and NMP-SBA-15-HMDS is the
micropore volume. Accordingly, the data support that reducing
the micropore volume results in a catalyst that is highly active.

The materials are also characterized using site quantification
experiments. The site quantification experiments reveal that
2�Am-NMP-HMDS-0.2 has a fraction of 0.08 ± 0.01 of highly active
sites and 0.42 ± 0.05 intermediate activity sites with a total fraction
of active sites of 0.50. Of the materials tested, 2�Am-NMP-HMDS-
0.2 has the highest fraction of active sites and correspondingly
the highest catalytic activity. Further, these results also indicate
that each material has similar types of sites. Indeed, the three-
site model could be used to fit the experimental data for the differ-
ent materials using the same values for the reaction rate constants
for each material.

The materials are further investigated to elucidate insights on
the underlying characteristics of the different sites. Whereas ongo-
ing work is investigating the origin of the highly active and inter-
mediate active sites to provide synthetic targets for creating
highly active materials, it is also desirable to identify the structure
or location of the inactive sites. The site quantification experiments
reveal that the fraction of inactive sites is the highest for the bare
support material that has the highest micropore volume. This sug-
gests that the inactive sites could be located in the micropores and
may indicate that the site is inaccessible. Indeed, molecular
dynamic (MD) simulations (described in the SI) suggest that the
aminosilanes will preferentially graft to the silica surface in the
micropore. The small diameter of the micropores has the potential
to impact how the amine interacts with surface silanols.

The interaction of the amines with the surface silanols is inves-
tigated through using solid-state NMR measurements. The NMR
experiments involve determining the 1H ? 13C CP time constants
(TCH) for individual carbons in the grafted aminosilanes. The TCH
values depend on the effective (distance- and mobility-
dependent) 1H–13C magnetic dipole–dipole interactions and can
provide information about the degree of atomic-level motions of
silica-bound amines and their interactions with the surface [43].
To facilitate the measurements, calcined mesoporous materials
are functionalized with the tertiary amine (N,N-diethylamino-3-
propyl trimethoxy silane) to produce 3�Am functionalized materi-
als at the loadings listed in Table S1. The 3�Am increases the signal
since the amine contains two alkyl substituents that will be the
basis for comparison. The carbons in the aminosilane are labeled
C1, C2, C3, C4, and C5, as shown in Scheme 2. For these materials,
the TCH values are derived by measuring the ‘build-up’ of 13C mag-
Scheme 2. 3�Am functionalized on silica with the carbon atoms numbered starting
from silicon, as used in Table 1.
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netizations during the CP period, as detailed in the SI. It is difficult
to determine the TCH for C5 since the chemical shift of C5 aligns
with the chemical shift of C1. As such, a comparison is made
between the TCH values of the second most distal carbon from
the surface (i.e., C4).

The TCH value is reflective of the length of time it takes to trans-
fer energy from the proton to the carbon. Mobile carbons will have
a larger TCH than immobile carbons that are adjacent to an amine
interacting with the surface [43]. The range of expected TCH values
can be determined through analyzing materials with different sur-
face loadings. For the high loading of 3�Am-REG-1.46, silanols are
nearly absent since they are almost completely consumed by the
aminosilane functionalization, reducing amine-silanol interactions
and creating more mobile C4 atoms that have a TCH of 55 ls. For the
low surface loading of 3�Am-REG-0.52, silanols are available for
amine-silanol interactions, resulting in a TCH for C4 of 33 ls. These
measurements establish the range of TCH values for mobile C4

(55 ls) and immobile C4 (33 ls).
As the TCH values are affected by the surface loading, the mea-

surements for different materials are carried out for samples with
a similar surface density of organosilanes of �0.95 lmol N m�2. At
this surface density, silanols are available for the amine to interact.
For the 3�Am-REG-0.85 material, the TCH for C4 is 38 ls, as reported
in Table 2. This value implies that on the NMR time scale, which in
this case is defined by the inverse of the 13C–1H dipolar coupling
(i.e., �(20 kHz)-1), the mobility of most 3�Am groups in the sample
are significantly restricted. Interestingly, the TCH value of C4 mea-
sured for 3�Am-NMP-0.75 is considerably higher, suggesting
increased local mobility. The results suggest that the organosilanes
graft in different locations in REG-SBA-15 and NMP-SBA-15. Since
REG-SBA-15 has micropores in which MD indicates the aminosi-
lanes would functionalize, a small pore material (MSN) is synthe-
sized, functionalized with tertiary amine (3�Am-MSN-0.96),
characterized (see Fig. S5, Table S1), and analyzed with NMR. For
3�Am-MSN-0.96, the TCH value for C4 is 39 ls, reflective of the ami-
nes being immobile because of amine-silanol interactions in the
small pores of the MSN material. The results are consistent with
the hypothesis that the aminosilanes for 3�Am-REG-0.85 are pref-
erentially located in the micropores.

The combined catalytic results and NMR characterization
results can be used to infer information about the different types
of sites. The inactive sites appear to be aminosilanes that are pref-
erentially functionalized in the micropores. Indeed, REG-SBA-15
has the largest quantity of micropores, and NMR results for REG-
SBA-15 are consistent with the aminosilanes being located in the
micropores. Additionally, materials with limited micropores
(NMP-SBA-15 and NMP-SBA-15-HMDS) have the lowest fraction
of inactive sites.

For the active sites, the catalytic data and NMR results provide
less clarity about the differences between these two sites, but it is
possible to speculate that the potential differences could be associ-
ated with either the type of silanol involved in the cooperative
interaction, clustering on the surface, or the location in the meso-
pore. It is likely that the location (i.e., external surface vs meso-
pores) is not responsible for two types of sites since mass
transfer calculations, catalytic tests, and recent work [63] using
non-porous silica demonstrate mass transfer does not impact the
observed reaction rates. Additionally, aminosilane could form



Table 2
Average cross polarization time constants (TCH) in ls for different carbons of 3�Am functionalized at similar surface densities on REG-SBA-15, NMP-SBA-15, and MSN.

Material TCH (ls) Amine-Silanol Interactions? b

C2 C3 C4

3�Am-REG-0.52 34 21 33 Y
3�Am-REG-1.46 32 30 55 N
3�Am-REG-0.85 25 24 38 Y
3�Am-MSN-0.96 30 28 39 Y
3�Am-NMP-0.75 48 34 58 N

aTCH are not reported for C1 and C5 due to the overlap of their respective peaks in the 13C spectra. b Based on value of TCH of C4.
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clusters since it is known that unpromoted amines have lower
activity. It is unlikely that the high active site is associated with
paired (i.e., clusters of two aminosilanes) sites that have been
implicated in sulfonic acid functionalized materials [64] since the
role of two amines in the mechanism is unclear. However, addi-
tional work will demonstrate that materials with high densities
of amines have a distinct activity from active site 1 and active site
2 [63]. Whereas the difference between the highly active and inter-
mediate active sites is likely not the location in the mesopore or
the formation of clusters, it is possible that different types of sila-
nols could affect the observed rates. The silica surface is known to
consist of different type of silanols, including isolated, vicinal, and
geminal. These silanols have different acidities. As previous work
has established that higher activity can be achieved using weaker
acids as the cooperative partner [15,41], it is possible that the ami-
nes are interacting with different types of silanols and are pro-
moted to different degrees.

The materials are investigated using DRIFTS to determine if dif-
ferences in synthesis temperature impacted the quantity and type
of silanols since synthesis conditions (i.e., HCl concentration) have
been reported to have an impact [65]. Fig. S8 shows the hydroxyl
Fig. 4. (a) Schematic of the Knoevenagel condensation combining benzaldehyde (5)
with malononitrile (6) to produce a condensation product (7) and water. (b)
Comparison of conversion of benzaldehyde over time for different catalysts. Testing
is performed using 10 mol% amine at 30 �C.
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region of the DRIFTS spectra for the bare and functionalized mate-
rials. Both NMP-SBA-15 and REG-SBA-15 exhibit a sharp peak
around 3740 cm�1 that can be attributed to isolated silanols as
well as a broad peak around 3550 cm�1 that are consistent with
vicinal silanols. These spectra for the bare materials are similar
with differences in intensity likely associated with the difference
in surface area of the materials. The similarity suggests that the
synthesis temperature has limited impact on the quantity and
types of silanols when normalized by surface area. After grafting,
the sharp peak associated with isolated silanol decreases for both
2�Am and 3�Am materials. It is not clear how vicinal and isolated
silanols interact with the amines, but it could be key to under-
standing the different types of sites present in the material.

As the quantity of micropores in the material impacts the frac-
tion of catalytic sites, reducing the quantity of micropores could be
a general method to improve the catalytic activity for reactions
where amine silanol interactions are beneficial such as the Knoeve-
nagel [21,22,54] or detrimental such as glucose isomerization
[31,32]. For the Knoevenagel condensation, the reaction between
benzaldehyde (5) and malononitrile (6) to form 2-
benzylidenemalononitrile (7) serves as a probe reaction (Fig. 4a).
Whereas 3�Am-REG-0.52 achieves 50% benzaldehyde conversion
in one hour, 3�Am-NMP-0.38 converts 85% of benzaldehyde
(Fig. 4b) in the same amount of time. These results demonstrate
that the presence of micropores in REG SBA-15 negatively impacts
Fig. 5. Conversion of glucose for 3�Am grafted NMP, REG, and MSN catalysts at
similar surface densities. All tests are performed using 10 mol% amine at 100 �C
with a 10 wt% solution of glucose.
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the catalytic activity of cooperative amines functionalized on silica
supports for the Knoevenagel condensation.

The catalytic activity of tertiary amine functionalized materials
is also tested in the isomerization of glucose to fructose (Fig. 5). For
this reaction, recent work has demonstrated that interactions of
amines with silanols reduce the initial turnover frequency (TOF0)
[31,32]. Therefore, materials functionalized with similar surface
densities of amines are compared. When using the same mole per-
cent of amines added and materials with similar surface densities,
the catalysts 3�Am-REG-0.85 and 3�Am-MSN-0.96 exhibit similar
catalytic activity for glucose isomerization with conversion
increasing over time. The conversion profile is similar to other cat-
alysts that had limited catalytic activity for glucose isomerization
[31]. Interestingly, the NMP material (3�Am-NMP-0.75) achieves
higher glucose conversion with an initial turnover frequency
(TOF0) that is nearly 3-fold higher than the REG SBA-15 and MSN
based catalysts. As shown in Table S6, the 3�Am-NMP-0.75 mate-
rial achieves a higher fructose yield at all times than the other
two catalysts with a selectivity to fructose of 78% (2 h data point)
that is comparable to our previous work [31,32]. Overall, the
results demonstrate the benefit of reducing the micropore volume
for reactions where surface silanols either positively or negatively
impact the reaction.
4. Summary

The impact of textural properties is investigated for aminosilica
in a range of catalytic reactions. Materials are produced with a con-
trolled quantity of micropore volume and are functionalized using
aminosilanes. For the aldol reaction and condensation, it is deter-
mined that materials with limited to no micropores are more
active than materials made using the conventional material syn-
thesis. The observed difference is not associated with the mesopore
size, consistent with previous work [37]. Site quantification exper-
iments reveal that the same three types (i.e., high, intermediate,
and inactive) of sites exist in all materials, and the difference in
catalytic activity can be attributed to the difference in the fraction
of each type of sites with limited to no micropore materials having
the greatest fraction of active sites. MD simulations and NMR
experiments provide evidence to support the hypothesis that the
inactive sites are located in the micropores. Reducing the microp-
ore volume increases the catalytic activity for additional reactions
promoted by amine-silanol interactions (i.e., Knoevenagel conden-
sation) and hindered by amine-silanol interactions (i.e., glucose
isomerization). Overall, the results demonstrate the benefit of
reducing the micropore volume to achieve highly active aminosil-
ica materials.
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