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Organic—inorganic nanocomposites are synthesized through the surface-initiated polymerization
of N-carboxyanhydrides from amine-functionalized ordered mesoporous silica (OMS). Composites
with high densities of grafted peptide were obtained which possess dramatically decreased porosity
compared to the parent OMS material. The effect of the amine loading, pore size, pore topology, and
monomer identity on the peptide brush layer obtained is investigated. Nitrogen porosimetry, thermal
gravimetric analysis, elemental analysis, infrared and NMR spectroscopy, and mass spectrometry
verify the formation of the peptide brushes and indicate much of the organic phase formed is in
the silica mesopores. The L-Lys(Z) peptide brushes can be deprotected on the solid surface as
evidenced by thermal gravimetric analysis, infrared spectroscopy, and NMR spectroscopy. L-Ala
peptide brushes may also be synthesized, and polymer growth confinement is evidenced by mass
spectrometry as the number of alanine units per brush appears dependent on the silica pore size/

topology.

Introduction

The ability to tune and construct well-defined organic—
inorganic hybrids for applications such as catalysis, se-
parations, and sensing has been a major goal of many
researchers over the last few decades.' ® Of particular
interest to the current work are ceramics decorated with
organic layers, as the ceramic support provides mecha-
nical and thermal stability while the organic layer adds
specific chemical functionality. Ordered mesoporous
silicas (OMS) are especially useful inorganic supports
for scientific investigation due to their controllable pore
size (2—15 nm), ease of functionalization through silane
chemistry, and ordered/uniform pore network that
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facilitates analysis by standard techniques such as powder
X-ray diffraction (PXRD), electron microscopy, and
porosimetry.” 3

Numerous groups have investigated the incorporation
of small organic functional groups into OMS through
covalent and noncovalent approaches.>'*"** Covalent
functionalization, typically through silane chemistry, has
been accomplished through both direct (co-condensation)
and indirect (postsynthetic grafting) methods.>! More
recently, larger chemical moieties have been incorporated
into OMS, including organometallic catalysts,'** dendri-
mers,”® %> and enzymes® by further functionalization
of smaller functional groups, such as amines, thiols, alkyl
halides, and alkenes. There has also been significant
development in the area of periodic mesoporous organo-
silicas synthesized by the self-assembly of bisilylated
organic monomers.>®
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Since the discovery of N-carboxyanhydrides (NCAs) by
Hermann Leuchs in 1906,>"72° NCAs have been used to
synthesize a diverse set of materials from stepwise con-
structed peptides® to drug-delivery devices®'** and poly-
meric brushes™ and as templates for inorganic oxides.>* >’
As polypeptides are responsive to external stimuli (pH,
electrolytes, solvent, and temperature) and offer a wide
range of side chain chemistries (thiols, amines, carboxylic
acids, etc.), they are very suitable organic components in
hybrid materials for possible applications such as chiral
separations, solid asymmetric catalysts, drug delivery, and
sensing. As such, there has been significant interest recently
in grafting polypeptides to inorganic surfaces, primarily to
silicon or quartz planar surfaces,” ** though there have
also been studies on gold supported SAMS***” and colloi-
dalsilica.***° There have also been several investigations of
polypeptides grafted onto silica/alumina as chiral station-
ary phases®®>! and on colloidal silica crystals for use as
membranes.>> However, to our knowledge, there have been
no reported works of polypeptide grafting to OMS through
NCA chemistry.

Many reports investigating other polymers in OMS,
predominantly through radical polymerization, however,
can be found in the literature. For example, atom transfer
radical polymerization (ATRP) has been used by Kruk et al.
to graft polyacrylonitrile, poly(2-(dimethylamino)ethyl
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methacrylate), and polystyrene to FDU-1 and SBA-15.%
Audioun et al.>* and Moreno et al.>® similarly reported
polymerizations using methyl methacrylate (MMA) and its
derivatives in SBA-15 by ATRP. Polymers have also been
incorporated into MCM-41 by radical polymerizations:
Lenarda et al. used nitroxide-mediated polymerization
(NMP) to graft polystyrene,”® and Moller et al.>’® per-
formed a free radical polymerization to graft PMMA. Free
radical polymerization has also been used to incorporate
polystyrene in the cubic MCM-48 by He et al.>’® Polymers
“threaded” through the pores of OMS, such as the con-
ductive polyaniline, have also been reported.’® ¢! Addi-
tionally, there have been studies functionalizing OMS with
polyethyleneimine (PEI) through the ring-opening poly-
merization of aziridine.®* ®*

Herein, we report the grafting of poly-Z-L-lysine (PZK)
and poly-L-alanine (PA) in the OMS materials MCM-41,
SBA-15, and KIT-6. The effects of pore size, pore topo-
logy, surface initiator loading, and monomer identity are
discussed on the basis of the characterization of these
materials by a battery of methods, including porosimetry,
thermogravimetric analysis, infrared spectroscopy, X-ray
photoelectron spectroscopy, solid-state NMR, and mass
spectrometry.

Experimental Section

Materials. Sodium silicate (PQ Brand N, SiO, 28.7%, SiO,/
Na,O = 3.22), cetyltrimethylammonium bromide (CTAB, Fisher
Chemical, high purity grade), H,SO, (Sigma-Aldrich, 95—98%
ACS reagent), sodium hydroxide (NaOH, Mallinckrodt Chemi-
cals, pellet), tetracthoxysilane (TEOS, Fluka, >99%), Pluronic
P123 (EO,,PO70EO55, MW=5800, BASF), ethanol (Sigma-Al-
drich, 99.9%, ACS reagent), n-butanol (EMD, 99%), and HCl
(Sigma-Aldrich, reagent grade, 37%) were used in the OMS
syntheses as received. 3-Aminopropyltrimethoxysilane (APTMS,
Aldrich, 97%) was used for postsynthetic grafting and distilled
prior to use. Triphosgene (TCI America, 98%), H-Lys(Z)-OH
(Novabiochem, 98%), and r-alanine (Aldrich, 99%) were used
for N-carboxyanhydride syntheses. n-Hexane (Sigma-Aldrich,
>95%, ACS reagent grade), tetrahydrofuran (THF, Sigma-Al-
drich, >99.9%, Chromasolv HPLC), and toluene (Sigma-Aldrich
>99.5%, ACS reagent grade) were used in the postsynthetic
grafting, NCA synthesis, and polymer grafting steps and were dried
and deoxygenated using an MBRAUN MB SPS solvent puri-
fication system. Nitromethane (ACROS, 98%), nitrobenzaldehyde
(Fluka, >99%, HPLC), and deuterated chloroform (Cambridge
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Isotope, 99.8% D, 1% v/v TMS) were used as received for the
Henry reaction. Hydrofluoric acid (Sigma-Aldrich, 48 wt % in
water) and 1,1,1,3,3,3-hexafluoroisopropanol (Aldrich, >99%)
were used in the silica framework dissolution. CAUTION: Hydro-
fluoric acid is extremely toxic and should only be used following
strict safety protocols.

Synthesis of MCM-41, SBA-15, and KIT-6. MCM-41 was
synthesized using the reported procedure of Edler and White.” A
total of 7.9 g of sodium silicate solution were mixed with 45.4 mL
of deionized water. A total of 0.27 g of NaOH were added to the
solution, and then 7.8 mL of 1 M H,SO,4 were added. A total of
7.29 g of CTAB were dissolved in the solution and stirred for
15 min at room temperature. The mixture was then placed in an
oven at 100 °C for 24 h under static conditions. After 24 h the
sample was removed from the oven and allowed to cool suffi-
ciently that it could be easily handled and titrated to a pH of
approximately 10 using 1 M H,SO,. The sample was then placed
back in the oven at 100 °C. The titration step was performed two
additional times at regular 24 h intervals. The total heating
period was 96 h. The solid products were filtered, washed with
deionized water, and air-dried overnight. The solid products
were calcined to remove CTAB. The calcination procedure was
as follows: the air-dried samples were heated from room tem-
perature to 100 °C at a rate of 1 °C/min; held at 100 °C for 2 h;
increased from 100 to 500 °C at a rate of 1 °C/min; and then held
at 500 °C for 5 h.

SBA-15 samples were synthesized using the method reported
by Zhao and co-workers.'? A total of 4.0 g of Pluronic P123 were
dissolved in 60 mL of 4 M HCl and 85 mL of deionized water by
stirring for 5 h at room temperature. Then, 8.5 g of TEOS were
added to that solution and stirred for 24 h at 35 °C. The mixture
was then aged at 80 °C for 24 h without stirring. After filtering,
the solid product was calcined for 5 h at 550 °C in a similar
manner to the MCM-41 procedure described above.

KIT-6 was synthesized according to the method reported by
Kleitz et al.'® A total of 6 g of Pluronic P123 were dissolved in
217 g of DI water and 11.8 g of concentrated HCI (35%). After
warming to 35 °C and while stirring, 6 g of butanol were added.
After 1 hof stirring, 12.9 g of TEOS were added, and the mixture
was subsequently stirred at 35 °C for 24 h. Immediately follow-
ing, the mixture was heated to 100 °C for an additional 24 h
under static conditions. The solid product was filtered while still
hot, and the Pluronic was removed by extraction in a mixture of
HCI and ethanol. After drying at room temperature, the solid
product was calcined at 500 °C.

Amine Functionalization of MCM-41, SBA-15 ,and KIT-6.
Amine-functionalized OMS was prepared using postsynthetic
grafting. All reagents and OMS were handled under an inert
atmosphere. In a typical grafting, one gram of OMS was heated
and dried under vacuum overnight (<0.1 mbar, ~100 °C).
A total of 50 mL of dry toluene were added, followed by
0.25 mmol, 0.5 mmol, or 0.75 mmol of distilled APTMS
depending upon the desired degree of functionalization. The
reaction proceeded at RT for 24 h. The solid product was
centrifuged, washed in toluene (1x), methanol (1x), metha-
nol/water (1x), and methanol (1x) and dried overnight in a
40 °C oven.

N-Carboxyanhydride Synthesis. The N.-Z-L-Lysine (L-Lys-
(Z)) NCA was synthesized in dry THF using triphosgene as
described by Daly and Poche®® (Scheme 1). Standard Schlenk
line techniques were employed in the NCA monomer synthe-
sis and polymer grafting steps. Typically, 4.6 g of L-Lys(Z)
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Scheme 1. N-Carboxyanhydride Synthesis®
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(16.4 mmol) and 2.2 g of triphosgene (7.4 mmol) were dried
under vacuum for a minimum of 20 min in separate Schlenk
flasks. A total of 75 and 50 mL of dry THF were added to the
L-Lys(Z) and triphosgene, respectively, directly from the solvent
drying system. The triphosgene solution was added via cannula
transfer to a rapidly mixing L-Lys(Z) slurry. The reaction flask
was capped and placed in a 50 °C water bath. After ~1.5 h of
stirring at 50 °C under argon, the solution became transparent,
indicating the completion of the reaction. The NCA was recrys-
tallized in 400 mL of dry n-hexane overnight in a standard
freezer twice and, subsequently, filtered and dried under vacuum
for immediate use (~5 g or >95% yield). L-Alanine NCA was
prepared in a similar fashion with two notable differences:
8.1 mmol of triphosgene and NCA synthesis took place over-
night. The yield of L.-Ala NCA was 64%.

Polymerization. The NCA was polymerized in a graft from
approach using the amines on the OMS surface as initiators
(Scheme 2). In a typical procedure, 0.5 g of amine-functionalized
OMS were heated and dried overnight under vacuum. A 0.1 M
NCA solution was prepared in dry THF, and 50 mL were
transferred to the dried OMS via cannula (40: 1 monomer/initiator
for the 0.25 mmol APTMS/g SiO,, 20:1 and 13:1 for the 0.5 and
0.75 mmol APTMS/g SiO, substrates, respectively). The powder
and solution were vigorously stirred at room temperature for 24 h.
After completion, the powder was centrifuged and rinsed in 50 mL
of THF (2x), DMF (2x), and chloroform (2x). The composite
was dried in a 40 °C oven and stored.

Deprotection. The Cbz-protected peptides were deprotected
using a 33 wt % solution of HBr in acetic acid. For example,
200 mg of composite material were stirred for 30 min in 2 mL of
HBr solution. The composite was filtered and rinsed multiple
times with toluene and acetone. The sample was neutralized by
stirring in a | mM NaOH solution overnight and then filtered
and rinsed with water and methanol.

Catalytic Testing. The nitroaldol reaction (Henry reaction)
was used to test the catalytic activity of the peptide—OMS
composites in the manner performed by Bass and co-workers. '
For each test, 0.38 g of 4-nitrobenzaldehyde (2.5 mmol) were
added to a 10 mL Schlenk flask with 10—25 mg of predried
deprotected peptide—OMS composite (0.025 mmol on amine
basis; calculated from TGA results). The composite and
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4-nitrobenzaldehyde were dried under vacuum for 1 h, followed
by the addition of 1.35 mL of nitromethane (25 mmol). The
mixture was stirred at 40 °C under argon for 7 h. Aliquots of 50
uL were removed every 30 min for the first 2 h and then again at
7 h. The aliquots were analyzed by "H NMR in d-chloroform.
The conversion and yields were calculated by integrating the
peaks for the S-hydroxyl (‘"H 6 5.6 ppm) and a.B-unsaturated
("H 6 7.72—7.75 ppm) products with respect to that of
4-nitrobenzaldehyde (‘H 6 10.1 ppm).

Analytical Details. Powder X-ray diffraction (PXRD) mea-
surements on MCM-41 were performed using a Bruker-AXS D8
powder diffractometer with Cu Ka radiation. X-ray diffraction
measurements were performed on SBA-15 and KIT-6 samples
using a Bruker-AXS Rotating-Anode NANO-STAR small angle
X-ray scattering instrument with Cu Ko radiation. Infrared
spectroscopy was performed on the composites using a Nexus
670 FT-IR spectrometer from Thermo Nicolet. Thermal gravi-
metric analyses (TGA) were performed using a TG 209C
Iris Instrument from Netzsch over a temperature range of 100
to 550 °Cusing oxygen and nitrogen purges (1:1, 10 mL/min) and
a temperature ramping rate of 1 °C min~'. Nitrogen adsorption
experiments were performed on a Micromeritics ASAP 2010
micropore system. The samples were degassed under vacuum at
100 °C overnight prior to analysis. The surface areas and
mesopore volumes were determined using the a,-method. The
mesopore size distributions were calculated from the adsorption
branch of the isotherm using the Barret-Joyner-Halenda (BJH)
method. C{'H} CP-MAS analyses were performed at 100.61
MHz using a 4 mm probe with ZrO, rotors and a spinning rate of
9 kHz, a 2 ms contact time, a 'H 90° pulse length of 2.5 us,and a 5
s recycle delay. Chemical shifts were referenced to tetramethylsi-
lane. X-ray photoelectron spectroscopy (XPS) was performed on
a Kratos Axis Ultra Imaging XPS using a monochromatic
Al Ka source. Solution '"H NMR spectra were measured on a
300 MHz Varian Mercury spectrometer. The 'H 90° pulse length
was 6 us, the recycle delay was 6 s, and 16 FIDs were recorded per
spectrum. Chemical shifts were reference to TMS. Mass spectra
were acquired using matrix-assisted laser desorption/ionization
time-of-flight (MALDI-TOF) on an Applied Biosystems Voya-
ger-DE STR Biospectrometry Workstation. Positive ion mode
and a 2,4,6-trihydroxyacetophenone (THAP) matrix were used.
Samples were prepared for MALDI-TOF MS by dissolving
approximately 20 mg of composite in 2 mL of a 1:1 solution of
48 wt % aqueous HF and 1,1,1,3,3,3-hexafluoroisopropanol.
Elemental analysis was performed by Galbraith laboratories.

Results

Parent Materials. The parent materials were character-
ized by porosimetry and PXRD to confirm synthesis of
the desired mesophase and accurately determine the effect
of peptide grafting. Figure 1 shows representative PXRD
results for the parent OMS materials, and Figure 2 shows
their nitrogen adsorption isotherms. For MCM-41, the
(100), (110);, and (210) reflections can be clearly seen in
the PXRD pattern; though much more subtle, the (210) is
also present at 6° 20. The characteristic (100), (110), and
(200) reflections are also observed for SBA-15 confirming
the hexagonal pore arrangement. In the KIT-6 cubic
pattern, the (211) peak at approximately 0.9° 26 dwarfs
the neighboring (220) reflection. Two broad peaks are
also present between 1.4° 260 and 2.0° 20 which encompass
the (321), (400), (420), (322), (422), and (431) reflections.
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Figure 1. PXRD of MCM-41 (top); SBA-15 (middle); and KIT-6
(bottom).

The adsorption isotherms of each substrate are also
indicative of successful mesophase synthesis. A summary
of the findings from nitrogen adsorption is given in
Tables 1 and 4, along with the composite adsorption data.

Poly-Z-1-lysine (PZK)—OMS Composites. N, Ad-
sorption. Nitrogen adsorption was used to quantify the
changes in porosity in the OMS resulting from peptide
grafting. The o, and BJH methods were used to calculate
the surface area, pore volume, and pore size distribution.
These results are summarized in Table 1. In both the
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Figure 2. Adsorption isotherms of MCM-41 (top); SBA-15 (middle);
and KIT-6 (bottom). The adsorption branch is represented by open
circles; desorption by closed circles. The offset between isotherms is
300 cm?/g-STP.

Table 1. Tabulated Nitrogen Adsorption Results for the Poly-Z-L-lysine—
OMS Composites

sample ID S(0) [m?/g] Vineso [em®/g] dp(BIH) [nm]
MCM-41 1083 0.72 2.8
PZK-0.25APTMS-MCM41 367 0.17 2.3
PZK-0.50APTMS-MCM41 70 ~0
PZK-0.75APTMS-MCM41 38 ~0
SBA-15 918 0.93 7.0
PZK-0.25APTMS-SBA15 102 0.06 6.3
PZK-0.50APTMS-SBA15 22 ~0
PZK-0.75APTMS-SBA15 10 ~0
KIT-6 1065 0.62 7.6
PZK-0.50APTMS-KIT6 309 0.11 6.8
PZK-0.25APTMS-KIT6 591 0.25 6.6
PZK-0.75APTMS-KIT6 105 0.07 5.9

MCM-41 and SBA-15 composites of PZK the pore
volumes and surface areas drop dramatically after po-
lymerization. Note that previous work from our lab®*??
and others has shown that amine functionalization results
in only very small (<10%) changes in the nominal pore
size and pore volume. Control experiments (not shown)
indicate that the silanol groups of the OMS surface do not
act as initiators for the ring-opening polymerization. The
low initiator loading samples maintain some porosity,
while the two higher loadings exhibit little or none. The
KIT-6 composites behave quite differently, despite the
similar pore size and surface area of the parent material as
compared to SBA-15; the pore volume, surface area, and
pore diameter decrease steadily with increasing initiator
loading. Some porosity and surface area is maintained
even at the highest initiator loading. The explanation for
this is likely related to the difference in pore topology/
surface characteristics of KIT-6.

Thermogravimetric Analysis. TGA was performed on
the composite materials to determine the degree of organic
functionalization. The MCM-41 based composites had
weight losses of 41.8 wt %, 42.3 wt %, and 31.2 wt % for
the 0.75, 0.50, and 0.25 mmol APTMS/g MCM-41 pep-
tide composites, respectively. The SBA-15 composites

Lunn and Shantz

showed slightly higher organic contents: 49.3 wt %,
47.3 wt %, and 30.3 wt % for the 0.75, 0.50, and 0.25
mmol APTMS/g SBA-15 peptide composites, respec-
tively. The KIT-6 composites showed a much lower
degree of functionalization with 31.6 wt %, 16.2 wt %,
and 9.6 wt % for 0.75, 0.50, and 0.25 mmol/g initial amine
loadings, respectively.

The highest two initial amine loadings for MCM-41
have high and essentially equal organic contents. This
result is consistent with the adsorption data that show no
porosity in these samples. It also provides substantial
evidence that the pores are not merely blocked but
completely filled with organic material. This same con-
clusion is true for the highest two initial amine loadings
for SBA-15, except the organic content is about 15%
higher due to the increased pore volume (by 29%). The
0.25 mmol APTMS/g SiO» composites for MCM-41 and
SBA-15 show about a quarter reduction in their organic
content compared to the higher initiator loadings. This
result is again consistent with the porosimetry results that
show larger mesopore volumes in these two samples with
respect to the samples with higher initial amine loadings.
With regards to the KIT-6 composites, TGA shows that
there is much less organic grafted than might be expected
based on the other OMS composites. Just as in the other
OMS composites, the TGA data matches very nicely with
the adsorption isotherms: less organic leads to more
porosity. The results for the KIT-6 composites seem to
indicate the ability to tune the porosity and organic
content by changing the initiator loading.

Elemental Analysis. Elemental analysis was performed
to verify our TGA results/calculations, as well as the
spectroscopic methods that show peptide is formed in
the composite. C/N ratios (on a molar basis) and C/Si (on
a weight basis) from our TGA calculations (and XPS for
C/N, vide infra) are compared with those from elemental
analysis (Table 2). Complete EA results are available in
the Supporting Information. The C/N ratio of a single
monomer unit and aminosilane is 7 and 3, respectively.
Because the majority of the organic material is from the
polymer, one would expect samples with more polymer to
have C/N ratios close to 7 and those with greater influence
from the silane to have slightly lower values. Elemental
analysis and TGA calculations show this to be, in fact, the
case. XPS similarly shows values very consistent with EA
and TGA, though some numbers are slightly askew,
probably due to residual carbon on the external surface
or carbon tape used in the measurement. The C/Si ratios
calculated from TGA match the EA very well.

Infrared Spectroscopy. Transmission FT-IR was used
to verify the presence of the peptide brushes as manifested
by the appearance of the amide I and II bands. Figure 3
shows the spectra obtained for the three initial amine
loadings for the MCM-41 composites. The spectra for
the SBA-15 and KIT-6 samples are in the Supporting
Information. In all the samples—save the low amine loading
composite for KIT-6—the benzyl carbamate (~1700 cm ™ "),
amide I (~1655 cm™'), amide I (~1545 cm™ ', plus
~3080 cm ™' overtone), and amide A (~3300 cm ') bands
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Table 2. Elemental Composition”

sample 1D C/NTGA C/prs C/NEA C/SiTGA (Wt OA)) C/SIEA (Wt OA))
PZK-0.75APTMS-MCM41 6.61 7.84 5.92 0.98 1.09
PZK-0.50APTMS-MCM41 6.82 6.88 591 1.02 1.05
PZK-0.25APTMS-MCM41 6.93 7.31 5.60 0.62 0.66
PZK-0.75APTMS-SBA15 6.70 6.72 6.52 1.33 1.40
PZK-0.50APTMS-SBA15 6.85 6.88 6.60 1.23 1.19
PZK-0.25APTMS-SBA1S5 6.92 8.09 6.36 0.60 0.67
PZK-0.75APTMS-KIT6 6.40 7.25 5.81 0.63 0.45
PZK-0.50APTMS-KIT6 6.33 7.50 5.30 0.26 0.24
PZK-0.25APTMS-KIT6 6.67 9.29 4.49 0.15 0.15

““TGA” denotes theoretical values calculated from the TGA results; “XPS”, from X-ray photoelectron spectroscopy; and “EA”, from elemental

analysis. C/N and C/Si ratios are on a molar and weight basis, respectively.
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Figure 3. IR spectra of the Poly-Z-L-lysine—MCM-41 composites. From
top to bottom 0.75, 0.50, and 0.25 mmol APTMS/g SiO,.

are clearly present. Additionally, bands resulting from
C—H stretching in the lysine side chain and organosilane
can be observed between 2800 cm ™' and 3000 cm ™ '. The
silanol (Si—OH) and Si—O-—Si bands from the parent
materials are likewise observed at ~3450 cm ™' (broad)
and ~1080 cm ™', respectively. The amide peaks are more
intense relative to those corresponding to the parent
material for the composites with higher initial amine
loadings, indicating qualitatively higher peptide loadings
for higher initial amine loadings, consistent with the TGA
and porosimetry results. Accurate determination of pep-
tide conformation based on the amide I and II bands
alone is difficult due to the broadness of the peaks and
water adsorption in the same region; more in-depth
studies are needed.

Accessibility to the side-chain amine groups is impor-
tant for many applications and motivated our efforts to
successfully remove the Cbz protecting group. Figure 4
shows the IR spectra for the deprotected and protected
0.75 mmol APTMS/g MCM-41 composite. The absence
of the benzyl carbamate peak and retention of the amide I
and II peaks evidence effective deprotection of the side
chain amines while avoiding amide hydrolysis. TGA on
the resulting deprotected composites compares very
well with our calculations. For example, the deprotected

Amide Il

1544cm’™
Amide |

1655¢cm’™”

Benzyl Carbamate

1701cm"\

Absorbance

4000 3000 2000 1000

Wavenumbers (cm™)

Figure 4. IR spectra of the protected (top) and deprotected (*HBr)
(bottom) 0.75 mmol APTMS/g SiO, poly-Z-L-lysine—MCM-41 compo-
site.

0.25 mmol APTMS/g MCM-41 composite showed an
organic content of 19.8 wt % compared to the calculated
18.6 wt %. While we cannot quantify the extent of
deprotection by IR, the benzyl carbamate is essentially
absent, and there is a dramatic decrease in the intensity of
the C—H stretches in the range of 2800—3000 cm ™~ '. More
evidence for effective deprotection is given by NMR.
Be{!HY CP MAS NMR. Solid state NMR spectro-
scopy provides further evidence for peptide formation
within the composite (Figure 5). '*C{'H} CP MAS NMR
was performed on the protected and deprotected 0.75
mmol APTMS/g MCM-41 peptide—MCM-41 compo-
site. The characteristic peaks due to the aliphatic lysine
side chain carbons (a, f3, ¥, 0, and ¢) are present in the
spectra for both materials between 20 ppm and 60 ppm.°°
The amide carbon has a resonance of 173—175 ppm and is
similarly present in both spectra. The peaks between
60 ppm and 170 ppm are the aromatic carbons, the
benzylic carbon, and the carbamate carbon from the
protecting group;®’ they are significantly diminished after
treatment with HBr. Two of the aminosilane carbons are
obscured by the resonances for the lysine side chain;
however, the a-carbon peak (with reference to the silicon)

(66) Kricheldorf, H. R.; Muller, D. Macromolecules 1983, 16, 615-623.
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Figure 5. >C{"H} CP MAS NMR of the side chain protected (top) and
deprotected ("HBr) (bottom) 0.75 mmol APTMS/g MCM-41 poly-Z-1-
lysine composite.

can be seen at approximately 7 ppm.?° The presence of the
amide carbon peak in the protected composite confirms
the IR data demonstrating peptides are indeed formed in
the composite. Similarly, the fact that this peak is pre-
served following deprotection provides additional evi-
dence of the peptide structure being retained upon
treatment with HBr. Another interesting feature is the
lack of any carboxylic acid carbon peak at approximately
180 ppm. If peptide was formed in solution and merely
adsorbed on the surface it seems likely this peak would be
observed.

X-ray Photoelectron Spectroscopy. XPS was used to
investigate the elemental composition of the composites’
surfaces. Figure 6 shows the XPS spectra for the side-
chain protected MCM-41 composites; the spectra for the
SBA-15 and KIT-6 are included in the Supporting In-
formation. The XPS results indicate significant amounts
of organic on the outer surface as indicated by the large
N 1s (405eV) and C 1s (284 e¢V) peaks compared to the Si
2p (100 eV). The KIT-6 composites on the other hand
appear to show little outer surface functionalization. This
result corroborates the above IR, porosimetry, and TGA
data above which show little peptide is grafted to the KIT-
6 composites, especially at low loadings of amine initia-
tor. Also, just as in the IR, we see evidence for increased
organic on the surface with increased amine loadings for
all three OMS materials. The C/N ratios vary between 6.7
and 8.1 (Table 2); this compares closely to the expected
value of 7 (C/N ratio for Lys(Z) monomer unit). As noted
above, variance on the upper end can most likely be
attributed to residual carbon on the OMS surface prior
to functionalization or the carbon tape used in the
measurement; variance on the lower end can be attributed
to the influence of the aminopropylsilane initiator. The
only sample that deviates from the above range is the
0.25 mmol APTMS/g KIT-6 peptide composite, which
hasa C/N of 9.3. As the amount of organic on the surface
is small compared to the others, the residual carbon has a
much larger impact on the intensity of the C 1s peak. As
additional evidence of peptide formation on the external
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Figure 6. XPS of the poly-Z-L-lysine—MCM-41 composites: 0.75 mmol
APTMS/g (top); 0.50 mmol APTMS/g (middle); and 0.25 mmol APTMS/
g (bottom).

surface, splitting can be seen in high resolution scans of
the C 1s peak that occurs in the same manner as in poly-Z-
L-lysine (Supporting Information).

Mass Spectrometry. MALDI-TOF MS has been shown
in the literature to be quite useful in determining mole-
cular weight distributions of low molecular weight homo-
polymers, especially when the distribution is narrow;®” !
this approach has also been used for polypeptides.’?
Wanting to obtain a better understanding of the influence
of pore size, topology, and initiator loading on the
peptide molecular weights, MALDI-TOF MS was per-
formed on peptide obtained from the three SBA-15
composites and the 0.5 mmol APTMS/g OMS initiator
loading of the MCM-41 and KIT-6 composites by dis-
solution of the silica framework. Figures 7—9 show the
MALDI-TOF MS spectra for the three PZK-SBA-15
composites. Observed chemical species include the pro-
tected peptide with fluorinated silane and the protected
polymer with fluorinated silane that is missing one Z
protecting group. The 0.25 mmol APTMS/g SiO, SBA-15
composite shows a rather normal distribution of molecular
weights centered on peptide lengths of 4—6. The results for
the higher initiator loadings in SBA-15 show a less well-
defined distribution that is shifted slightly toward lower
chain lengths of 3—4. The 0.5 mmol APTMS/g SiO,
loading of the MCM-41 and KIT-6 composites closely
resembles these two samples with distributions centered
on chain lengths of 3—4 (Supporting Information). In the
SBA-15 composites, the peptide length is limited to ~9
monomer units. This limit is reasonable considering the
pore size of SBA-151s 8 nm, the length of one monomer unit

(67) Hanton, S. D. Chem. Rev. 2001, 101, 527-569.

(68) He, M. Y.; Chen, H. Curr. Org. Chem. 2007, 11, 909-923.

(69) Ji, H. N.; Nonidez, W. K.; Advincula, R. C.; Smith, G. D.; Kilbey,
S. M.; Dadmun, M. D.; Mays, J. W. Macromolecules 2005, 38,
9950-9956.

(70) Ji, H. N.; Sakellariou, G.; Mays, J. W. Macromolecules 2007, 40,
3461-3467.

(71) Ji, H. N.; Sato, N.; Nonidez, W. K.; Mays, J. W. Polymer 2002, 43,
7119-7123.

(72) Lu, H.; Cheng, J. J. J. Am. Chem. Soc. 2008, 130, 12562-12563.
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Figure 7. MALDI-TOF MS of peptide from the 0.25 mmol APTMS/
g SBA-15 poly-Z-L-lysine composite. Note the spacing of peaks is
equivalent to the mass difference of one monomer or the loss of a single
Cbz protecting group. Only select peaks are labeled.
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Figure 8. MALDI-TOF MS of peptide from the 0.50 mmol APTMS/
g SBA-15 poly-Z-L-lysine composite. Note the spacing of peaks is
equivalent to the mass difference of one monomer or the loss of a single
Cbz protecting group. Only select peaks are labeled.
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Figure 9. MALDI-TOF MS of peptide from the 0.75 mmol APTMS/
g SBA-15 poly-Z-L-lysine composite. Note the spacing of peaks is
equivalent to the mass difference of one monomer or the loss of a single
Cbz protecting group. Only select peaks are labeled.
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is about 3.5 A when elongated, and the rather large side
chain of L-Lys(Z).

Catalytic Data (Henry Reaction). To look at the acces-
sibility of the side chain amines in the deprotected L-lysine
composites, the nitroaldol (Henry) reaction between
p-nitrobenzaldehyde and nitromethane was used as a
probe. Catalytic testing was performed on the low initiator
loading for MCM-41 and SBA-15 and the high initiator
loading for all three OMS materials. These results are
tabulated in Table 3. Conversions match closely with the
with the porosimetry data, showing that higher conver-
sions and turnover frequencies (TOF) are obtained for
samples with higher porosity. The selectivity between the
alcohol (A) and unsaturated product (B) is fairly constant
in all samples where conversion was observed.

Poly-L-alanine (PA)—OMS Composites. Composites
were also synthesized using L-alanine NCA to contrast
with the much larger L-lysine(Z) monomer. All three
amine loadings were synthesized on SBA-15, while only
the 0.5 mmol APTMS/g SiO, was synthesized on MCM-
41 and KIT-6. The same battery of characterization
techniques was employed to analyze these samples.

N> Adsorption. Nitrogen porosimetry shows a similar
trend to the poly-Z-L-lysine composites in that there is
decreasing porosity with increased initial amine loading.
The lowest loading still maintains about half of its initial
porosity, the mid-loading with significantly less, and the
high loading with essentially no porosity. The pore dia-
meter also incrementally decreases with increasing initia-
tor loading, akin to the KIT-6 composites of PZK. In the
MCM-41 and KIT-6 composites, similar pore volumes,
and surface area decreases to the SBA-15 composites
occur; however, BJH analysis indicates the pore dia-
meters are much smaller. This makes sense for MCM-
41, as its pore diameter is much smaller prior to any
functionalization. The much more dramatic decrease in
the KIT-6 pore diameter is probably due to its lower
initial pore volume.

Thermogravimetric Analysis. TGA on the three poly-L-
alanine composites on SBA-15 showed weight losses of
42.42 wt %,40.19 wt %, and 41.15 wt % for the 0.75, 0.50,
and 0.25 mmol APTMS/g SBA-15 composites, respec-
tively. For the MCM-41 and KIT-6 composites, similar
results were obtained: 40.03 wt % and 36.59 wt %,
respectively. This weight loss corresponds to a complete
or near complete polymerization (i.e., 100% monomer
conversion). This result is interesting in that porosity
changes in the poly-Z-L-lysine composites were asso-
ciated also with a difference in overall organic content;
in contrast, here all three samples have essentially the
same organic content by TGA. We speculate that this is a
result of increased spacing of more or less equal length
polymers inside the pores at low initial amine loadings
with polymers of increased length on the external surface.
This result indicates that porosity in the poly-L-alanine
composites can be controlled purely by the surface
initiator loading. It is also noteworthy that the high
organic content and low porosity of the KIT-6 compo-
site contrast significantly with those in PZK KIT-6
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Table 3. Catalytic Results for the Nitroaldol Reaction between p-Nitrobenzaldehyde and Nitromethane

MCM-41 SBA-15 KIT-6
mmol APTMS/g SiO, X (7h) A/B TOF (h™ Y X (7h) A/B TOF (h™h) X (7h) A/B TOF (h™ )
0.25 40% 1.1 5.7 0.8 5.3
0.50
0.75 2% 0.8 0.3 N/A N/A 16% 1.3 2.3
Table 4. Tabulated Nitrogen Adsorption Results for the Poly-L-alanine—
OMS Composites
sample S(as) [m*/g] Vineso [cm®/g]  d(BJH) [nm]
MCM-41 1084 0.71 2.8
PA-0.50APTMS-MCM-41 360 0.13 <l.5 3
SBA-15 918 0.93 7.0 5
PA-0.25APTMS-SBA15 662 0.39 5.6 )
PA-0.50APTMS-SBA15 233 0.10 4.8 §
PA-0.75SAPTMS-SBA15 143 0.05 <L.5
KIT-6 1091 0.59 7.6
PA-0.50APTMS-KIT6 268 0.12 <lL.5
4000 3000 2000 1000
Wavenumbers (cm™)
Figure 11. IR spectra of the poly-L-alanine—MCM-41 (top) and KIT-6
‘ (bottom) composites, both containing 0.5 mmol ATPMS/g SiO,.
8
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Figure 10. IR spectra of the poly-L-alanine—SBA-15 composites:
0.75 mmol APTMS/g (top); 0.50 mmol APTMS/g (middle); and
0.25 mmol APTMS/g (bottom).
composites which showed little peptide functionali- 600 500 400 300 200 100 0

zation.

Infrared Spectroscopy and X-ray Photoelectron Spec-
troscopy. FT-IR spectra as in the poly-Z-L-lysine compo-
sites confirm the presence of poly-L-alanine. The amide I
and II bands can be seen at about 1660 cm ™' and 1545
em” !, respectively (Figures 10 and 11). The amide A
(3310 cm™ ') and C—H stretches (2800—3000 cm ™ ') are
also clearly observed. It is noteworthy that the intensities
of the amide bands (I, II ,and A) are stronger relative
to the silanol and Si—O-—Si bands than in the PZK
composites. This result is very reasonable when we take
into account the high organic loadings (observed by
TGA) and the much smaller side chain of alanine
(compared to PZK). XPS analysis of the surface likewise
shows a very large amount of polymer on the surface, as
evidenced by the domination of the spectra by the N 1s
and C 1s peaks; the Si 2s and 2p peaks are almost
nonexistent (Figure 12).

Binding Energy (eV)

Figure 12. XPS of the poly-L-alanine—SBA-15 composites: 0.75 mmol
APTMS/g (top); 0.50 mmol APTMS/g (middle); and 0.25 mmol APTMS/
g (bottom).

Mass Spectrometry. MALDI-TOF MS was also per-
formed on the poly-L-alanine—OMS composites. Results
show polymers of much longer chain lengths than in the
PZK composites with an upper bound of about 35-mer units
in the SBA-15 composites. Observed chemical species include
the peptide with fluorinated silane and the peptide without
the silane. Figures 13—15 show the MALDI-TOF MS results
for the poly-L-alanine—SBA-15 composites. In the low in-
itiator loading of the SBA-15 composites, as in the PZK—
SBA-15 composite, the molecular weight distribution looks
almost Gaussian and is centered on chain lengths of 24 and
25. There is also a large peak corresponding to the 12
monomer unit. At the higher initiator loadings, the molecular
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Figure 13. MALDI-TOF MS of peptide from the 0.25 mmol APTMS/g

SBA-15 poly-L-alanine composite. Note the spacing of peaks is equivalent
to the mass difference of one monomer. Only selected peaks are labeled.
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Figure 14. MALDI-TOF MS of peptide from the 0.50 mmol APTMS/g
SBA-15 poly-L-alanine composite. Note the spacing of peaks is equivalent
to the mass difference of one monomer. Only select peaks are labeled.

weight distributions become broader and almost bimodal
at the highest loading. This phenomenon makes sense
when we take into consideration the monomer to initiator
ratio at the higher loadings is 20 and 13, lower than the
average chain length observed for the low initiator loading
composite. The MALDI-TOF MS results for the MCM-41
composite show a much smaller molecular weight with a
prevalence of much smaller chains (Figure 16). This result
demonstrates the confining effect the pore size has on peptide
growth. Interestingly, this effect was not noticeable in the
PZK composites. In the KIT-6 composite, the molecular
weight distribution is shifted to the left of the corresponding
SBA-15 sample, though not as dramatically as in MCM-41
(Figure 17).

Discussion

Effect of Initial Amine Loading. The overall influence of
the initial amine loading is on the porosity of the samples
primarily. In the PZK composites, there is a notable
change in the overall organic content with changing
amine loadings, but this is probably more a result of the
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Figure 15. MALDI-TOF MS of peptide from the 0.75 mmol APTMS/g

SBA-15 poly-L-alanine composite. Note the spacing of peaks is equivalent
to the mass difference of one monomer. Only select peaks are labeled.
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Figure 16. MALDI-TOF MS of peptide from the 0.50 mmol APTMS/g
MCM-41 poly-L-alanine composite. Note the spacing of peaks is equiva-
lent to the mass difference of one monomer. Only select peaks are labeled.

bulky monomer and difficulty reaching high molecular
weights than strictly on amine loading. In the PA samples,
which show no content differences by TGA, the effect of
the amine loading can be seen more clearly. In these
samples, as in the PZK composites, the porosity increases
with decreasing amine loading. The authors believe this
has to do with the increase in spacing of polymers with
equal or similar lengths inside the pores, with longer
polymers on the external surface for the low initiator
loadings to make up for the difference in weight. Our
mass spectrometry results, which show similar results for
various amine loadings in the same OMS material, are
evidence of this conclusion.

Effect of Pore Size (MCM-41 vs SBA-15). In the PZK
composites, the pore size seems to have little effect in
terms of the molecular weight of the polymer obtained by
MALDI-TOF MS. In terms of the amount of organic in
the pores, SBA-15 was able to accommodate more or-
ganic, likely due to its higher pore volume. In the PA
composites, we see a clear difference in the molecular
weight of the polymer between SBA-15 and MCM-41:
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Figure 17. MALDI-TOF MS of peptide from the 0.75 mmol APTMS/g
KIT-6 poly-L-alanine composite. Only select peaks are labeled.

SBA-15 affords longer polymers and MCM-41 shorter
polymers. A simple way to interpret this result is that the
OMS mesopores provide confinement effects that influ-
ence the final polymer molecular weight.

Effect of Pore Topology (SBA-15 vs KIT-6). The effect
of the pore topology is fairly dramatic, especially in the
case of the PZK composites: the organic contents in the
PZK composites of KIT-6 are very low, and the porosities
are quite high compared with those on SBA-15. In the case
of PA, the organic contents and porosity are almost the
same for the 0.5 mmol APTMS/g SiO, composites of SBA-
15 and KIT-6. We do, however, see smaller molecular
weights in the MALDI-TOF MS for the PA KIT-6
composite synthesized. Though the exact reason for the
differences between peptide growth on KIT-6 and SBA-15
and between PZK and PA on KIT-6 remains unclear, it is
likely that it is related to topological differences as KIT-6
and SBA-15 have roughly the same pore diameter and
surface area. Some factors that may play roles include:
pore dimensionality (2D vs 3D), local/overall pore curva-
ture, and local/overall surface silanol densities.

Effect of Monomer Identity (L-Lys(Z) NCA vs L-Ala
NCA). As evident from the TGA and MALDI-TOF
showing the accommodation of much longer chains in
the pores, PA packs significantly better than the PZK
because of its substantially smaller side chain. The longer
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peptide chains may also be attributed to folding of the
polymer. Another notable difference between the two
systems is that the PA composites maintain some porosity
at high organic loadings while the PZK composites
do not.

Conclusions

The results show that NCA polymerization chemistry
can be used to synthesize well-defined composite materi-
als with ordered mesoporous silica. The properties of the
composite and the attached polymer can be tuned by
altering the surface initiator loading, pore size, pore
topology, and monomer identity. For the poly-Z-1-lysine
composites, it has been demonstrated that the polymer
can be deprotected to yield the active side chain amine
without deterioration of the polymer. This result also
evidences the accessibility of the side chain groups despite
the high organic loadings and the lack of porosity by
nitrogen adsorption. In addition, the presented catalytic
data of the deprotected composites demonstrates acces-
sibility to larger molecules for composites with slightly
more porosity. For the poly-L-alanine—SBA-15 compo-
sites, the porosity can be tuned by changing the initiator
loading while having no ill effect on overall organic
content and minimal effect on the polymer molecular
weight obtained.
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