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ABSTRACT: We introduce a non-covalent pore engi-
neering approach to achieve exceptional reversibility of
functionalization in SBA-15 through viologen—pyranine
charge transfer (CT) modules. By employing alkyl
derivatives of pyranine as donors, we could exploit the
strong CT interactions between pyranine and viologen to
reversibly modify the pore size and philicity. The fast
binding of the donors enables quick and facile
functionalization within minutes at room temperature.
The modularity of the approach enables modification of
pores with custom-designed compositions, components,
and functions. The high selectivity exhibited by viologen

on the pore wall facilitated its use in a CT affinity column.

F unctionalized mesoporous silicas have generated a great deal
of attention by virtue of their enormous applications in
catalysis," adsorption,” drug delivery,” sensing,* and separation.’®
Pore engineering is of paramount importance in realizing many
of their applications in the frontier areas and has been usually
done by the covalent route.® However, the rigid covalently linked
functional moieties often modify the pores irreversibly and give
no room for further maneuverability with custom-designed
functionality. One way to overcome this problem in covalent
functionalization is to attach active functionalities’ capable of
responding to external stimuli such as light and pH to control the
pore size and philicity (for modulation of molecular transport
and shuttle-mediated catalysis). Integrating the covalent strategy
with non-covalent functional modules® (supramolecular han-
dles) is expected to offer high flexibility to the system because of
their reversible nature.” The introduction of non-covalent
functional modules within the nanopores of mesoporous silica
would allow facile postsynthetic control over the pore size,
adsorption, and transport properties.

As a proof of concept, we used non-covalent charge transfer
(CT) interactions'® between donor and acceptor molecules as a
means to reversibly modify the nature of the pores of
mesoporous silica SBA-15"" (SBA). Viologen, an electron
acceptor, was first directly linked to the pore walls of SBA
through silane chemistry. By employing pyranine and its hexyl
(PCg)- and dodecyl (PC,,)-substituted derivatives as donors, we
were then able to demonstrate changes in the pore size and
philicity of the functionalized mesoporous silica (Figure 1).
Remarkable reversibility was also demonstrated by removal of
the donor molecules by breaking the CT interactions through the
reduction of viologen. To our knowledge, this is the first report of
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Figure 1. Concept of adaptive pores based on non-covalent CT
modules. The viologen-modified mesopores of SBA-15 covalently
functionalized with viologen (SBA-V) are non-covalently functionalized
with hexyl (PC;) and dodecyl (PC,,) derivatives of pyranine to
reversibly vary the pore size and philicity. Reduction of the viologen
moieties breaks the CT interactions between pyranine and viologen,
enabling re-engineering of the pore.

a modular approach to reversibly modify the pore size and
philicity of mesoporous silica to a large extent. The modified
pores showed selectivity for hydrophilic and hydrophobic
macromolecules depending upon the philicity of the pores.
Short SBA rods (1—2 um) [Figure S1 in the Supporting
Information (SI)] were synthesized following a reported
procedure.'” The pores were functionalized with (3-
iodopropyl)trimethoxysilane using a surface polymerization
approach.® The iodopropylsilane-modified SBA (SBA-I) was
then reacted with excess N-methyl-4,4"-bipyridinium iodide to
form SBA with covalently linked viologen moieties on the pore
walls (SBA-V) (Figure S2). X-ray diffraction (XRD) patterns of
SBA and SBA-V showed that the hexagonal structure of SBA was
retained all through the functionalization steps (Figures S3a and
S4). The N, adsorption isotherms of SBA, SBA-I, and SBA-V
recorded at 77 K (Figure S3b) were of type IV according to the
IUPAC classification’® and characteristic of mesoporous
materials with a narrow pore size distribution.'* The pore size
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Figure 2. (a) UV—vis diffuse-reflectance spectra of SBA-V, SBA-V-P, SBA-V-PC,, and SBA-V-PC,,, showing a CT band at 450—600 nm. (b) (top)
General structure of pyranine (P) and its derivatives: R = H (P), C¢Hy; (PCy), and Cj,H,5 (PC,). (bottom) Photograph of dispersions of (i) SBA-V,
(ii) SBA-V-P, (iii) SBA-V-PCg, and (iv) SBA-V-PC , in water (10 mg/mL). (c, d) Pyranine binding curves of (c) SBA-V and (d) SBA-B in water and 1 M
NaCl solution. The insets show schematic representations of the pore walls of SBA-V and SBA-B, respectively.

distributions calculated using the Barrett—Joyner—Halenda
(BJH) method" revealed a shift of average pore size from 10.3
nm for SBA to 8.3 nm for SBA-I (Figure S3b). Functionalization
with viologen further reduced the pore size to 8.0 nm (Table ST1
in the SI). The small decrease in comparison with its large
molecular dimensions (~0.9 nm) suggests that the viologen
moieties may be placed in a tilted orientation inside the pores,
although more conclusive evidence is needed to confirm this.
The amount of iodopropyl functional groups within SBA-I
estimated from thermogravimetric analysis was ~1.8 mmol/g
(Figure SS). The amount of viologen estimated from digestive
analysis of SBA-V samples was found to be ~0.6 mmol/g (Figure
$6), which is substantial enough to influence the pore properties.
The UV—vis diffuse-reflectance spectrum of SBA-V showed an
intense peak at 265 nm corresponding to the aromatic 7 — 7*
transition in the pyridinium rings (Figure 2a). Addition of
pyranine (P) to SBA-V gave a distinct CT band at 450—600 nm
(Figures 2a and S7) and an intense coloration of the resulting
SBA-V-P hybrid, providing visual confirmation of the formation
of CT complexes between viologen moieties and pyranine
(Figures 2b and S8). Furthermore, binding titrations of SBA-V
with pyranine revealed strong binding behavior, with an
enhancement of an order of magnitude in the Langmuir binding
constant (K,) for viologen confined to the pores (1.4 X 10° M~/;
Figure S9) relative to the solution-state binding constant
obtained by titrating pyranine with methyl viologen'® (K = 1
X 10* M™"). The difference in binding affinities was further
evidenced by the complete uptake of pyranine by SBA-V from
preassociated pyranine—methyl viologen CT complexes in
solution (Figure S10). The binding curve, plotted as mmol of
pyranine uptake versus mmol of pyranine added per gram of
SBA-V (Figure 2c), shows an initial strong uptake up to 0.27
mmol/g followed by immediate saturation, usually associated
with strong receptor-mediated binding. A kinetic study of the
binding revealed that 98% of the binding was complete within 2
min of addition of pyranine to predispersed SBA-V (Figure S11).
The steep pyranine uptake by SBA-V can be attributed to both
CT interactions and the electrostatic interactions resulting from
the dicationic viologen moieties. To understand the extent of the
contribution from electrostatic interactions, an ionic hybrid
control, SBA-B, was prepared by the reaction of SBA-I with 1,4-
diazabicyclo[2.2.2]octane (DABCO) (Figure S2) and then
subsequently reacted with excess CH;I to form a dicationic
ammonium salt on the pore wall. The binding titration of SBA-B
with pyranine (Figures 2d and S8) showed uptake to 0.2 mmol/g
and a gradual saturation, indicating weaker binding. These
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observations suggest that the electrostatic forces between
viologen and pyranine also aid in the uptake for SBA-V.
However, when the binding titration was carried out in 1 M NaCl
solution, SBA-B showed negligible pyranine uptake (Figure 2d)
because of screening of the electrostatic forces in the high-ionic-
strength medium. On the other hand, SBA-V did not show any
appreciable decrease in uptake in 1 M NaCl solution (Figure 2c).
Kj, decreased by only an order of magnitude in 1 M NaCl solution
(1.4 x 10* M™'; Figure S9), indicating a significant contribution
from CT interactions in the uptake of pyranine.

The strong CT interactions between the hybrid viologen
scaffold and pyranine were used to reversibly modify the pore
size and philicity. The pyranine derivatives PC4 and PC,, were
used as donors for non-covalent functionalization of SBA-V. The
viologen moieties on the pore walls efficiently complexed with
PCgand PC, to form colored complexes and give CT bands, just
as in the case of pyranine (Figures 2a,b and S12). The N,
adsorption isotherms of SBA-V containing non-covalently
functionalized pyranine derivatives retained the type-IV behavior
(Figure S13). However, the spinodal condensation transition
shifted to lower P/P,, implying constriction of the pore size,
which was reduced from 8.0 nm for SBA-V to 6.7 nm for SBA-V-
PC¢ and 6.0 nm for SBA-V-PC,, (Figure 3 and Table ST1), in
conformance with the alkyl chain lengths. The pore size
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Figure 3. Normalized BJH pore size distributions of SBA-V, SBA-V-
PCy, and SBA-V-PC,, showing the decrease in pore size upon addition
of PC4 or PCy,. The reversal of pore size upon removal of PCy is
indicated by the dotted arrow. The schematic on the right (not to scale)
illustrates the decrease in pore size upon functionalization with PC4 and
PC,.
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distributions for SBA-V-PC; and SBA-V-PC,, had full widths at
half-maximum (fwhm) similar to that of SBA-V, indicating
uniform supramolecular functionalization (Figure 3). The
pyranine derivatives could be removed by breaking the CT
interactions through reduction of viologen followed by washing
with salt solution and oxidation using O,, giving SBA-Vj.
Remarkably, the removal of PC restored the pore size to 8.0 nm,
and further addition of PC, again reduced the pore size to ~7 nm.
The incomplete reversal of pore size upon addition of PCy was
probably due to the degradation of some viologen moieties
during oxidation through the superoxide mechanism.'” This
degradation was overcome by the use of a milder oxidizing agent,
K;[Fe(CN),], which enabled reversible pore switching for up to
three cycles (Figure S14).

Non-covalent attachment of pyranine derivatives to SBA-V
modified not only the pore size but also the philicity because of
the presence of the hydrophobic alkyl chains. Water sorption
isotherms were recorded to follow the change in philicity of the
pores'® (Figure 4a,b). Functionalization of SBA with viologen
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Figure 4. (a,b) Water sorption isotherms of (a) SBA and SBA-V and (b)
SBA-V-PC4 and SBA-V-PC, recorded at 298 K. (¢, d) Relative uptakes
of myoglobin and FITC-dextran (4 kDa) by SBA-V, SBA-V-PC, and
SBA-V-PC,, in (c) individual and (d) mixed adsorption experiments,
showing philicity-driven uptake.

shifted the pore-filling transition of SBA from P/P, = 0.8 to P/P,
~ 0.7. Complexation of these viologen moieties with PCg shifted
the pore condensation to higher P/P, (~0.85). It should be
noted that there was a concomitant decrease in pore size as well,
which would shift the pore-filling transition to lower P/P;
therefore, the increase in hydrophobicity is greater than what is
apparent from the shift of the transition from 0.7 to 0.85. This
change was more prominent for SBA-V-PC,, which showed very
poor uptake of water. The values of the Brunauer—Emmett—
Teller (BET) constant “C” derived from the N, adsorption
isotherms for SBA-V containing pyranine derivatives are small,
indicating low heats of adsorption, in good agreement with the
water sorption behavior'® (Table ST1).

This variation in the philicity among SBA-V, SBA-V-PC, and
SBA-V-PC,, was further demonstrated by their selective uptakes
of hydrophilic fluorescein isothiocyanate (FITC)-labeled dex-
tran and the hydrophobic protein myoglobin. The adsorption of
protein was carried out at its isoelectric pH (7.2) to avoid any

influence of pore surface charge. The molecular dimensions of
myoglobin and 4 kDa dextran are 2.9 nm X 3.6 nm X 6.4 nm and
3 nm, respectively. SBA-V-PC;, and SBA-V-PCy exhibited
stronger uptake of myoglobin relative to dextran (hydrophilic),
indicating hydrophobicity-driven uptake. However, SBA-V
showed a higher uptake of dextran relative to myoglobin,
implying hydrophilicity-driven uptake (Figure 4c). The same
trend was also observed in the mixed adsorption study, where
dextran and myoglobin were added together (Figure 4d). It is
noteworthy that SBA covalently linked with hexyl chains (SBA-
Cs) exhibited 2 times lesser myoglobin uptake than SBA-V-PCy
(Figure S15).

We also examined the selectivity of SBA-V for two different
donors, coronene tetracarboxylate (CS) and perylene tetracar-
boxylate (PS), which bear similar molecular charge but differ in
their CT interaction strength (Figure S16). Methyl viologen
showed a selectivity factor of 1.2 for CS over PS (Figure S17). On
the other hand, SBA-V showed a selectivity factor of 45,
representing a huge (38-fold) enhancement relative to the
selectivity factor obtained for free methyl viologen in solution
(Figure S18). This would enable highly efficient dip-based single-
step separation of CS from mixtures of CS and PS. To check for
separation in a flow-based system, breakthrough experiments’
were performed on a bed of SBA-V using an equimolar mixture of
CS and PS. As expected from the static binding selectivity, PS
eluted faster through the column and was the first to break
through in its pure form, followed by CS (Figure Sa). The
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Figure S. (a) Experimental breakthrough curves for an equimolar
mixture of CS and PS flowing through a bed of SBA-V, exhibiting clear
separation and high selectivity. (b) Photographs of the bed of SBA-V
(located between the dashed lines) at various stages of the breakthrough
experiment.

separation could be followed easily since CS and PS form CT
complexes with different colors (orangish brown for CS and dark
brown for PS). As the feed solution passed through, it separated
into a faster-traveling pure PS band and a CS-rich band [Figure
Sb(2—3)]. Gradually, all of the viologen moieties became
saturated with CS, at which point the outlet composition reached
equimolar [Figure Sb(4—S5)]. A water purge was then applied to
elute the adsorbed contents, and the outlet molar composition
quickly stabilized at CS/PS = 96:4 (Figure Sa). The dynamic
binding capacity of SBA-V was found to be ~35% of its static
binding capacity, which is very significant because of the high
retention of efficiency even in a flow-based system. We also
obtained clear breakthrough curves for a three-component
equimolar mixture of CS, PS, and pyrene tetrasulfonate, all of
which have the same molecular charge but different CT
properties (Figure S19). Thus, the viologen groups on the
pore walls exhibit increased strength of binding coupled with
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enhanced selectivity and fast dynamics, making them ideal
modules for non-covalent functionalization.

In conclusion, we have shown a novel non-covalent strategy
for modular and reversible functionalization of mesopores using
CT interactions. The adaptive nature of the pores in mesoporous
silica was clearly demonstrated through N, and water sorption
studies as well as selective uptake of macromolecules. The
increased strength and fast dynamics of pyranine binding to
viologen on the pore walls make them ideal modules for non-
covalent modification of the pore size and philicity. The
enhanced selectivity of SBA-V on the basis of CT interactions
also enables facile separation of highly water-soluble donors that
cannot be separated through conventional strategies. Incorpo-
ration of multiple functionalities into the mesopores through the
conventional covalent silane pathway cannot be directly
controlled because different silanes have varying hydrolysis
rates in solution. The modularity of the approach enables
modification of pores with custom-designed compositions,
components, and functions. We envisage that this non-covalent
methodology should enable uniform distribution of functional
groups by virtue of its reversible nature. Furthermore, it is also
conceivable that these non-covalent modules within the confines
of the pores can be designed to undergo nonequilibrium and
dynamic redistribution in response to external stimuli, akin to
biological systems.”!
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