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The choice of the functional monomer is a key point in the design of molecularly imprinted polymers (MIPs)
because its directional interactions with template molecules are required to form molecular imprints acting as
selective recognition sites for adsorption. Methacrylic acid (MAA) has very often been employed as a functional
monomer for imprinting basic template molecules. Strong acid-base interactions lead to H' transfer and weak
hydrogen bonding between the products of the acid-base reaction. The weakly acidic acrylamide (AA) has shown

stronger hydrogen-bonding interactions with histamine (HA) than MAA. Interactions between HA and the
functional monomers have been investigated by means of 'H NMR spectroscopy yielding the stoichiometry and
complexation constants of their complex species. Adsorption isotherms of HA to both MAA- and AA-based MIPs
and their modeling showed a higher selective binding of HA to the AA-based MIP.

1. Introduction

Molecular imprinting technology has become a widely used
approach for creating polymeric adsorbents having preset selective
recognition sites. Molecularly imprinted polymers (MIPs) are solid ma-
terials having ‘cavities’ with well-positioned functional groups that act
as selective molecular recognition sites for the adsorption of target
molecules [1]. The molecular imprints are built by a templated copo-
lymerization of a functional monomer that strongly interacts with the
template molecule and a large amount of cross-linking agent that brings
rigidity to the material. Removal of the template by extraction leaves the
molecular imprints having the memory of the shape and position of
functional groups of the template molecule. The idea of selective binding
coming from the shape of a cavity is suggested by many artistic sketches
shown in the literature [1,2,3]. Such cavities have never been observed.
The origin of selective binding better stands in the right position of
functional groups for optimum directional interaction with the template
molecule and possible binding to several interaction sites within the
molecular imprint [4]. Therefore, a cavity having shape-memory is not
enough, a functional monomer is needed. Within this framework, strong
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interactions between the functional monomer and the template are a
priori favored. Although the interactions that actually matter are those
with the polymer material and the template, the functional monomer is
usually selected on the basis of its interactions with the template. The
idea of a pre-polymerization complex between monomer and template
molecule has been put forward [5,6].

Methacrylic acid (MAA) is the most often used functional monomer.
Indeed, it is an acid that may strongly interact with bases and it is a
hydrogen-bonding donor. MIPs based on MAA as functional monomer
and ethylene glycol dimethacrylate (EGDMA) as cross-linking agent are
by far the mostly investigated materials, so that a specific chapter has
been devoted to this material in the book by Selergren [7]. All reported
instances claim for selective molecular imprints as inferred from the
difference of adsorption behavior of MIP and non-imprinted polymer
(NIP) materials. In the case of a basic template molecule such as an
amine, the interaction with MAA is presumed strong. However, an acid-
base chemical reaction occurs where the hydrogen atom of the carbox-
ylic acid is transferred as an H' ion to the amino group of the template
molecule (Fig. 1). The chemical species that interact actually are the
products of the acid-base reaction which are a weak base (carboxylate
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Fig. 1. (A) Acid-base reaction of MAA and an amine, and (B) the subsequent possible hydrogen bonds that may operate a selective recognition.
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Fig. 2. Hydrogen-bonded complexes of histamine (HA) and either methacrylic acid (MAA) or acrylamide (AA).

anion) and a weak acid (ammonium cation). Interactions through
hydrogen bonds are still possible; but they are much weaker than ex-
pected on the basis of the strengths of the acid (MAA) and the base
(amine). The acid-base reaction yields ionic species of opposite charges
that may bind through electrostatic interactions. However, electrostatic
interactions are neither directional nor specific, so that they cannot
achieve selective binding. The ammonium cation possibly bound to the
carboxylate anion of the MIP by electrostatic interactions can be ion-
exchanged with any cation (e.g. Na™) present in the liquid medium.
The most efficient directional interaction responsible for selectivity
is the hydrogen bond. The numerous examples in nature advocate this
fact: RNA hybridization, secondary structure of proteins, collagen fi-
bers... The hydrogen bond is a type of acid-base interaction where the
hydrogen atom is shared by the H-donor and the H-acceptor. In case of
too strong acid-base interaction, a full H' transfer takes place instead.
Therefore, MAA may not be the best choice as a functional monomer for
the preparation of MIPs selectively binding amines or other strongly
basic species. A functional monomer having weakly acidic groups may
be better. The present study selected acrylamide (AA) as such weakly
acidic functional monomer. Acrylamide monomers have been shown
efficient in providing selectivity to the MIPs materials toward both
carboxylic anion targets [8] and more complex species such as proteins
[9]. MIPs based on AA and MAA are compared for their ability to
selectively bind histamine (HA) as a model basic template [10,11,12].
Histamine has three amino groups; only two of their ammonium forms
have been given a pKa value. The imidazolium is more acidic (pKa =
5.94) than the primary ammonium (pKa = 9.80) [13], so that the pri-
mary amine of histamine predominantly reacts with methacrylic acid.
On this basis, hydrogen bonding of HA and MAA takes place between the
histamine under the protonated form at its primary amine and the
methacrylate anion. The most acidic group of AA is the NHy of the
primary amide group (pKa is 7.9 [14]). It can bind to the most basic
group of histamine under its neutral form, namely the primary amino
group. Tentative sketches of hydrogen bonding interaction of HA with
AA and MAA are given in Fig. 2. Hydrogen bonding interactions are
presently considered because they are the strongest in the hierarchy of
intermolecular interactions. Obviously, other types of interactions may
also operate; for instance, anion-x interactions [15] between the MAA
carboxylate anion and the aromatic imidazole ring that has 6 n electrons.
Such other interactions are presently ignored for the sake of simplicity
because this shortcut does not interfere with the present general

Table 1
List of abbreviations for widely used products.

Compound/Material Abbreviation

Histamine HA
Acrylamide AA
Methacrylic acid MAA
MAA-based MIP MIP@MAA
MAA-based NIP NIP@MAA
AA-based MIP MIP@AA
AA-based NIP NIP@AA

approach and the conclusions.

MAA and AA were then tested to assess their potential rebinding
characteristics under the same conditions, hence, the effect of the
strength of the interactions in the pre-polymerization complex on the
performance of the final imprinted material. To increase the efficiency of
non-covalently imprinted systems, a deeper knowledge of the molecular
mechanisms controlling complex formation in the pre-polymerization
solution is necessary. A 'H NMR study was used to investigate the
complexation process in the pre-polymerization mixtures [16]. As
observed, AA has strong hydrogen bonding interactions with HA when
compared to MAA. The results of NMR analysis of both systems now
allow for a more broad view of the complexation occurrences in the pre-
polymerization solution, and NMR investigations of monomer—template
complexation constants can predict MIP binding capacities and their
impact on the recognition properties of the MIPs formed from these
systems [17]. The polymerization process used was radical polymeri-
zation using azobis(isobutyronitrile) (AIBN) as the initiator and aceto-
nitrile as the solvent. The non-imprinted polymers (NIPs) are prepared
similarly to imprinted polymers without HA molecules.

2. Experimental
2.1. Materials and reagents

All chemicals and solvents used were purchased from Sigma-Aldrich.
Aerosil 200 fumed silica was used as a solid support. Deuterium oxide
and DMSO-dg (99.9%) were used as solvents for NMR analyses. Deion-
ized water of resistivity 18 MQecm was used throughout the whole
study.

Table 1 below includes the list of acronyms for the products required
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Fig. 3. IR spectra of MIP@MAA (a), NIP@MAA (b), MIP@AA (c) and NIP@AA (d).

to carry out this work:

2.2. Synthesis of the imprinted materials

The synthesis was adapted from previous works [18,19,20]. The
modification of the silica was carried out in the first step. The meth-
acryloyloxypropyltriethoxysilane (APTES-MA) was synthesized by
mixing a toluene solution (60 mL) of (3-aminopropyl)triethoxysilane
(2.5 mL, 14.32 mmol) and triethylamine (3 mL, 22.22 mmol) and a
toluene solution (40 mL) of methacryloyl chloride (2.5 mL, 25.58
mmol); the reaction mixture was stirred at room temperature for 48 h
before being filtered. The filtrate was dried under reduced pressure and
purified by chromatography on silica gel with (80/20: hexane/ethyl
acetate) as the eluent to provide APTES-MA as a yellowish oil product.
Thereafter, 5 g of activated silica was dispersed in 150 mL of toluene
containing 5 mL of N,N-diisopropylethylamine, and 3 g (12.13 mmol) of
APTES-MA in 50 mL of toluene was added. The mixture was stirred at
120 °C for 24 h, then filtered and washed with THF. The modified silica
SiO2(APTES-MA) material was dried in an oven at 60 °C. The two MIPs
were made via radical polymerization: 500 mg of SiO2(APTES-MA) was
mixed with 1 mmol of HA in 20 mL of acetonitrile at 80 °C. The reaction
medium was de-oxygenated by bubbling nitrogen gas for 20 min. 8
mmol of the appropriate monomer (MAA or AA), 8 mmol of the cross-
linking agent EGDMA and 0.2 mmol of the initiator AIBN were then
added. Polymerization lasted for 1 h. The obtained materials were
extracted in a Soxhlet system with methanol for 72 h and subsequently
washed with water for 72 h to remove the template molecules. The final
materials were dried in a vacuum oven for 24 h. Non-imprinted poly-
mers were synthesized under identical conditions as MIPs without the
HA molecule.

2.3. Characterization methods

IR absorption spectra were collected using an ATR mode Bruker IFS
55 Equinox FTIR spectrometer. Thermogravimetric analyses (TGA) were
carried out using a TG209F1 Netzsch instrument in the temperature
range of 25-1000 °C at a heating rate of 10 °Cemin~! in a nitrogen gas
flow.

The BET technique was used to quantify the entire adsorption and
desorption isotherms of nitrogen gas at 77 K using a Micromeritics

ASAP2020 device, yielding the specific surface area and mesoporosity.
Prior to nitrogen adsorption tests, the materials were dried at 150 °C.
Fitting the BET theoretical isotherm to the experimental adsorption
branch between the relative pressures p/p 0.05 and 0.3 yielded the BET
specific area. The BJH approach was used to calculate the distribution of
porous volume in the mesopores ranges from the experimental desorp-
tion branch.

Transmission Electron Microscopy (TEM) images were taken using a
Philips CM120 microscope operated at 80 kV acceleration voltage at the
“Centre Technologique des Microstructures” (CTp) facility (http://micro
scopies.univ-lyonl.fr/) of the University of Lyon 1. A 0.2% aqueous
dispersion drop was put on a Formvar film-coated grid and dried in the
open air before observation by TEM.

2.4. NMR analyses

'H NMR spectra were recorded on a Bruker Avance III 500.13 ultra
shield Plus spectrometer at 25 °C. Chemical shifts are referenced to the
DMSO-dg solvent signal and given with respect to TMS. Job plot analysis
was used to determine complex stoichiometry as well as complexation
constants. A range of solutions containing different proportions of HA
and monomer while keeping the total concentration of the mixture
constant (0.026 M); they are characterized by a mole fraction of hista-
mine, r, varying from 0 to 1. The response observed in NMR is the dif-
ference in the chemical shift (AS) between the free and complexed
forms. The stoichiometry of the complex is graphically visualized from
the maximum of rAé for the lines of histamine and the maximum of (1 —
r)AS for the lines of the monomer: a maximum at r = 0.5 indicates a 1:1
stoichiometry. However, the Job plots were calculated from the basic
equations describing the association equilibrium and materials balance
(SI file) and fitted to the experimental data, so that the present method is
not the original Job method [21,22], but an exact modeling of the NMR
chemical shifts of a series of mixtures prepared using the Job mixing
scheme.

2.5. Adsorption experiments

30 mg of MIPs or NIPs were dispersed in 5 mL of HA aqueous solution
in the concentration range from 5 ppm to 300 ppm. The mixtures were
kept at room temperature for 20 min to achieve equilibrium before being
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(A) MIP@AA

Fig. 4. TEM images MIP@AA (A) and MIP@MAA (B) at two magnifications.

centrifuged at 10000 rpm for 10 min. The residual concentration of HA
in the supernatant was measured using LC-MS [12,23] (SI file). The peak
of the molecular ion of HA at m/z = 112 gemol ! was used for
quantification.

3. Results and discussion
3.1. Synthesis and characterization of MIPs and NIPs materials

The surface imprinting approach [24] was used. The fumed silica
support has been selected for its optimal porosity allowing accessibility
to the MIP surface during adsorption experiments. The modified silica
was characterized by thermogravimetric analyses and elemental ana-
lyses of carbon and nitrogen. The grafting density of APTES-MA onto
silica was 6.2-6.4 molem 2 (section S1 of the SI file).

HA-imprinted polymers were synthesized by radical polymerization
in acetonitrile using two types of monomers: MAA and AA, EGDMA as a
cross-linking agent and the radical initiator AIBN. Similar polymeriza-
tion conditions were used to produce NIPs, except that the HA molecule
was absent during the polymerization process. The MIP and NIP mate-
rials are abbreviated as MIP@MAA, NIP@MAA, MIP@AA and NIP@AA.

IR spectra showed that HA has been completely eliminated from MIP
materials during the extraction process since there was no visible

difference between the spectra of MIP and NIP. The IR spectra of MIP
and NIP materials (Fig. 3) revealed an absorption band at 1760 cm™! for
materials synthesized with the MAA monomer and at 1640 cm™! for
materials synthesized with the AA monomer, which corresponded to
vibrations of elongation relative to C=0 bonds. Strong peaks at 1100
em ™! corresponded to the Si-O-Si elongation vibrations.

TGA was then used to make quantitative determinations of the
polymer content (Section S2 in SI file). TGA records of MIPs and NIPs
were identical (Fig. S3). The polymer contents were 53% for MAA-based
MIP and NIP, and 68% for AA-based MIP and NIP (Table S2). The origin
of the larger polymer content of AA-based materials is the higher reac-
tivity of AA in free radical polymerization. Thus, the propagation rate
constants measured in aqueous solution at 80 °C are 16,544
Lemol les™! for non-ionized MAA and 1158 Lemol ‘es™! for fully
ionized MAA [25], whereas it is 145,000 Lemol les™! for AA (value
extrapolated to 80 °C by an Arrhenius-type plot of experimental data
between 5 °C and 70 °C [26]).

TEM images of the MIP@AA and MIP@MAA materials revealed
small aggregates of primary particles with a narrow particle size dis-
tribution centered around 20 nm (Fig. 4). MIP@AA and MIP@MAA are
nanocomposite materials made of silica particles coated with a thin
layer of MIP. Image analysis of the TEM pictures gave the primary
particles average size of 26.8 + 1.2 nm with a standard deviation SD =
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3.4 nm for MIP@AA and 27.7 + 1.2 nm with an SD of 2.1 nm for
MIP@MAA.

BET measurements of nitrogen gas adsorption at 77 K were used to
determine the materials specific surface area and porosity. The HA
imprinted polymers synthesized with MAA and AA monomers exhibited
“type II” isotherms [27] (Fig. S4 in SI file) showing a weak hysteresis
between the adsorption and desorption branches. The specific surface
area was MIP@MAA 102 m2eg™! for MIP@MAA and 31 m2eg™! for
MIP@AA. Mesopores size distribution from BJH analysis of the
desorption branch revealed a low pore volume for MIP@AA with
average pore sizes of 35 nm for MIP@AA and 44.4 nm for MIP@MAA.
The total mesoporous volume for the MIP@MAA was 0.66 cm’eg !
(66%) and 0.1 cm3og*1 (10%) for the MIP@AA, indicating that the
material synthesized with MAA is more porous than that synthesized
with AA, which is consistent with the higher value of specific surface
area of MIP@MAA.

Assuming a perfect core shell morphology of the primary particle
with a spherical core of silica coated by a shell of MIP material, the
thickness t of the polymer coating would be given by Eq. 1

33 W
p ASP pcore Asp,core

where p and Ag, are the density and specific area of the polymer-coated
primary particles, pcore = 2.0 gocm’3 and Agp core = 200 mzog’1 are the
density and specific area of the silica core. The density of the MIP ma-
terial is taken as p = 1 gecm > for the calculation of an order of
magnitude of t. The thicknesses of polymer coatings are 22 nm for
MIP@MAA and 90 nm for MIP@AA. The TEM pictures did not show
such large particles and there is the specific areas of the MIP materials
were much lower than that of the bare fumed silica. These features rule
out the core-shell morphology. The TEM pictures showed that the
polymer material filled the porosity of fumed silica and bridged together
the primary silica particles. These effects were less for the MIP@MAA
that had a lesser polymer content, so that polymerization left more
porosity as shown by the BJH calculation of the mesoporous volume.
The morphologies of the MIP@MAA and MIP@AA materials were
slightly different. A correct comparison of their adsorption behavior was
therefore made on the basis of the adsorbed amount per unit surface area
(Q was expressed in molem™2).

3.2. NMR studies

The choice of the functional monomer is often made on the basis of
the strength of the specific interactions between the template and
functional monomer molecules [17]. Indeed, it is believed that a pre-
polymerization complex forms in solution before polymerization. Such
interactions have been investigated using H NMR spectroscopy.

The formation of complexes between MAA or AA with HA in solution

1.4 1 MIP@MAA
1.2 4

0.8 1 NIP@MAA
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rely on hydrogen bonds. The difference of chemical shifts between the
mixtures and the pure compounds were measured using a mixing
scheme corresponding to a Job method [28,29]. For AA the chemical
species that undergoes hydrogen bonds interaction with HA is AA itself.
This is different for MAA because MAA reacts first with HA by an acid-
base reaction; the species that are actually interacting are the products
of the reaction, namely the methacrylate anion and the protonated HA
(Fig. 2). The tetramethylammonium methacrylate salt and the HA hy-
drochloride were taken as the reference pure species. The extended
details of the data manipulation are given in SI file. The Job plotsr A§ = f
(r) and (1 — r) As = f(1 — r) provide graphical estimates of the stoi-
chiometry of the pre-polymerization complex. The maximum at r = 0.5
indicated a 1:1 stoichiometry for both cases. The quantitative determi-
nation of the complexation constant was done by an exact calculation of
the Job plots using the definition of the complexation constant (Eq. S5)
and material balance of HA and monomer (Egs. S6 and S7) (see SI file).
The 1:1 model accurately fitted to the experimental data (Figs. S7 to
$10), confirming the 1:1 stoichiometry inferred from the maximum in
the Job plots, and giving the complexation constants as K = 400 for HA-
MAA and K = 1000 for HA-AA. The complexation of HA with AA is
stronger than with MAA, although MAA is a stronger acid than AA
because the hydrogen-bonding interactions that matter are those with
the products of the acid-base reaction of MAA with HA. In the frame-
work of the pre-polymerization complex, this result suggests that AA asa
monomer is more suitable for the recognition of HA in molecularly
imprinted polymers.

3.3. Adsorption experiments

Binding experiments were then carried out to evaluate the recogni-
tion properties of MIP@AA and MIP@MAA toward HA. The thermo-
dynamic equilibrium between adsorbed and free HA molecules is
expressed by “adsorption isotherms,” which relate the equilibrium be-
tween surface concentrations Q(pmolom_z) and the concentration in
solution C(moloL’l). Adsorption isotherms were measured after an
equilibrium time of 40 min (equilibrium was reached within less than
20 min). They were used to calculate the binding capacity and assess the
binding behavior of the prepared materials. The binding model con-
siders two simultaneous adsorption phenomena: selective adsorption of
HA to molecular imprints and non-selective adsorption off the molecular
imprints. Molecular imprints are well-defined sites when adsorbed
molecules are localized; it is described by the Langmuir model. HA
molecules adsorbed besides the molecular imprints can freely diffuse on
the MIP surface. Such adsorption is described by the Volmer model for
non-localized adsorption of mobile molecules. The combination of the
two has been called the Langmuir—Volmer model [30].

6 1 MIP@AA

Q (Mmol'm~?)
w

——
NIP@AA

0 500 1000 1500 2000 2500
C (umol-L™)

Fig. 5. Adsorption isotherms and best non-linear fits of the adsorption models to experimental HA adsorption onto MIP@AA and NIP@AA, MIP@MAA

and NIP@MAA.
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Table 2

Parameters of the Langmuir-Volmer, and Volmer models fitting to HA experimental adsorption isotherms of MIP@AA and NIP@AA, MIP@MAA and NIP@MAA at 298

K and pH 5.5.

Qumax,s (pmolem™?) K, log(K) Qumax,ns (pmolem™?) Kns 1og(Kxs)

MIP@AA 0.163 24,900 7.55 13,315 4.12
NIP@AA 5 5407 3.73
MIP@MAA 0.085 15,490 1.65 12,315 4.09
NIP@MAA 1.5 5000 3.69

3.3.1. Interpretation using the Langmuir-Volmer model
The following thermodynamic models were used to describe the
adsorption of HA to MIP@AA, NIP@AA, MIP@MAA and NIP@MAA:

3.3.1.1. Langmuir model
K, C

—_— 2
1+K,C 2)

Os = Onaxs
where Qs (pmolomfz) is the adsorbed quantity at equilibrium, Quaxs
(umolem™2) is the maximum adsorption capacity for specific sites, C
(pmoloLfl) is the concentration of HA at equilibrium, and Kj is the
binding constant for specific sites [31].

3.3.1.2. Volmer model

1 6
Ce:Kilfaeﬁ ®

where 0 = Q/Qmax,ns is the coverage and K, is the binding constant for
non-specific adsorption [32].

The Volmer model was used for the non-selective part of adsorption
to MIP and for the adsorption to NIP.

The theoretical isotherms were fitted to the experimental data by
non-linear regression. The outcomes are binding constants and
maximum coverage for each adsorption process. The parameters for
adsorption to MIPs are K, Qmax,s, Kns, and Qmax,ns for specific (subscript
“s”) and non-specific (subscript “ns”) adsorption. Adsorption to NIP is
described by the two parameters Kys and Qmax,ns- The best fit was found
by minimizing the absolute relative error (ARE, Eq. 4).

1 N
ARE = ——— exp — Yeale 4
(N_p);mp Qe | @

where N is the number of data points and p is the number of adjustable
parameters.

Fig. 5 shows the experimental adsorption isotherms at 298 K at pH
5.5 for MIP@AA, NIP@AA, MIP@MAA, and NIP@MAA, as well as the
best fit of the appropriate model. Table 2 lists the thermodynamic
parameters.

As shown in Fig. 5, the predicted adsorption isotherms fit the
experimental data quite well in all cases. The adsorbed quantities to MIP
are higher than to NIP, indicating the formation of molecular imprints as
selective recognition sites in MIPs. Modeling allows deeper under-
standing of the adsorption thermodynamics. It clarifies whether
increased adsorption is due to a stronger affinity or a higher density of
molecular imprints. It shows that there are two types of adsorption
processes (selective to molecular imprints and non-selective besides
them) with different binding affinities are it has already clearly disclosed
from Scatchard plots [33,34,35].

Both selective and non-selective adsorptions to MIP@AA were
significantly larger than to MIP@MAA. The larger adsorption to mo-
lecular imprints of MIP@AA is due to two contributions: a larger density
of molecular imprints and a higher affinity to them. Non-selective
adsorption was identical on MIPs and NIPs of the same composition
(Qmax,ns and Ky are identical). Non-selective adsorption was higher for
AA-based materials than for MAA-based ones (Table 2). The higher af-
finity of AA-based molecular imprints is in agreement with the higher

complexation constant of HA and AA in solution. The stronger associa-
tion of HA and the functional monomer not only increases the binding
affinity (K), but also the density of molecular imprints (Qmaxs). This
supports the idea of the definite role of the pre-polymerization complex,
although the mechanism by which it contributes to the formation of
molecular imprints is not clearly explained.

4. Conclusion

The current study addresses the question on whether interactions
between very strong acids and bases may allow for the formation of
highly selective molecular imprints. It is shown that mixing strong acids
and bases causes proton transfer from the acid to the base instead of
developing hydrogen-bonded interactions. Suitable acid-base in-
teractions that allow the formation of hydrogen bonds are those where
the proton is shared between the two partners. The topic is illustrated by
comparing the cases of the HA-MAA and the HA-AA pairs. 'H NMR
studies of interactions in solution have shown that the hydrogen-
bonding interaction between HA and MAA is weaker than between HA
and AA. The consequence is a higher performance of the AA-based MIP
for selective binding of HA.

Notably, the adsorption experiments together with their thermody-
namic modeling provided more detailed insights on the MIP@AA
behavior. The higher hydrogen-bonding interactions of AA and HA
caused both a higher affinity of HA to molecular imprints and a higher
density of molecular imprints. The systematic use of methacrylic acid as
a kind of ‘universal’ functional monomer may be reconsidered according
to the present findings.
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S.1. Characterization of the modified silica

The IR spectrum (Fig. S1) of modified silica SiO2(APTES-MA) shows the presence of a strong
absorption band of the SiO- group as well as the typical bands resulting from chemical grafting:
those of the coupling agent (aminosilane) and those arising from the addition of methacryloyl
chloride. Since only a part of surface silanols are converted by the grafting reaction, the residual
silanols exhibit a specific low-intensity band related to the vsion vibration at 3100 cm™. A
distinctive band corresponding to the vc-o vibration of a secondary amide at 1700 cm™. The
elongation bands overlap at 1600 cm™, corresponding to the vc=c and vc_n Vibrations. The vsi-
c vibration has a significant characteristic band at about 1250 cm™. A distinctive band
corresponding to the elongation vibration of Si—-O-Si was observed at 1025 cm™. A secondary
amide N—H deformation vibration is observed at 1500 cm™. The presence of vibrations ranging

from 2960 to 2850 cm* of CH, and CHj3 elongations proves the presence of organic substances.

Absorbance
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Figure S1. IR spectrum of SiO,(APTES-MA).



The thermal analysis of SiO2(APTES-MA) is shown in Fig. S2. The presence of moisture and
the condensation of unreacted Si—OEt groups explains a first mass loss at 200 °C. A second
mass loss was recorded between 350 and 600 °C, corresponding to the progressive degradation
of the organic grafts on the silica surface.

100 { S
. 95 -
®
a
L
§ 90 - e modified silica
=
e Fumed silica
85 -
80 | L ] " L]
0 200 400 600 800

Temperature (°C)

Figure S2. Thermogravimetric analysis of SiOx(APTES-MA).

The graft mass loss (APTES-MA) between 350 °C and 600 °C was used to calculate the

grafting density using the following equation:

m(APTES—MA) ,

- x100—m(Si0,)
T ol - m™2) = 100—m(Si03 —APTES—MA) % 106 s1
(u ) M(APTES—MA)XAprloo ( )

where m(SiO.-APTES-MA) is the mass loss difference between the grafted organic part
M(APTES-MA) = 14.20% (Table S1) and the fumed silica m(SiO2) = 0.9%. Taking SiC7H12N
as the chemical formula of the grafts, their graft molar mass is M(APTES-MA) = 126 g-mol .
Asp is the specific surface area of silica (200 m?-g?).

Elemental analyses (EA) of carbon and nitrogen provide supplementary estimates of the
grafting density using Egs S2 and S3.

T(umol . m‘z) = ALW x 10° (82)
SPT%e
- 1 1
T (umol - m™2) = Aoy TIZN x 10° (S3)
%N

where nc and ny are the numbers of carbon and nitrogen atoms in the graft, respectively; Asp is
the specific surface area of silica (200 m?-g1); %C and %N are the percentages of carbon and
nitrogen obtained in elemental analyses.



The grafting densities found from elemental analyses were in accordance with those determined
by TGA (Table S1).

Table S1. Surface densities of methacryloyl grafts from TGA and elemental analyses.
Surface density (umol-m2)

Elemental analysis (%)

Material from EA from TGA
C N C N
SiO2(APTES-MA) 10.80 1.75 6.44 6.26 6.21

S.2. Characterization of the of MIP and NIP materials

The thermogravimetric analysis records for the imprinted and non-imprinted materials (Fig. S3)
revealed a much larger mass loss between 250 and 450 °C compared to the modified silica,
indicating that the polymerization reaction was successful. The thermograms show that the
materials have an excellent thermal resistance. The mass losses are equal to the polymer
contents. As expected, the polymer contents of the MIP and NIP were identical, indicating that
HA was extracted to completion from the polymer matrix. The polymer contents was ~20%
larger for AA-based than MAA-based materials (Table S2), indicating that the active polymer
layer of MIP@AA was slightly thicker than for MIP@MAA. A slight enhanced density of

molecular imprints may be expected in MIP@AA on this basis.
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Figure S3. Superimposition of the thermograms of the two synthesized MIPs and NIPs.

Table S2. Mass losses of the MIPs and NIPs.

Polymer Mass loss (%)
MIP@MAA 53.1
NIP@MAA 53.2
MIP@AA 67.7
NIP@AA 67.9




BET nitrogen gas adsorption experiments (Fig. S4) provide the specific surface area of the solid

powders, and the BJH approach provides the pore size distribution and total volume of the

mesopores.
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Figure S4. Nitrogen gas adsorption (red) and desorption (orange) isotherms at 77 K on the MIP@AA
material (A) and the MIP@MAA material (C). Application of the BJH approach to the desorption branch
to assess the distribution of the mesoporous volume for the MIP@AA (B) and MIP@MAA (D).

S.3. NMR studies of the pre-polymerization complexes

The stoichiometry and complexation constant of the HA-monomer complex species have been

determined by measurements of *H NMR chemical shifts differences A& between mixed HA-

monomer solutions and solutions of pure compounds (either HA or monomer). Typical spectra

are shown in Figs S5 and Sé6.
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Figure S5. *H NMR spectra of pure MAA and HA, and their equimolar mixture.
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Figure S6. *H NMR spectra of pure MAA and HA, and their equimolar mixture.

The compositions of the mixtures were those used in the Job method. The mole fraction of HA

r = [HAJ/([HA] + [monomer] was varied while keeping constant the total concentration
[HA] + [monomer]. Job plots of rASvs r of all *H NMR lines of HA and of (1-r)ASvs 1-r of

the lines of the monomer (MAA or AA) are given in Figs S7 to S10. The maximum of rA¢ (for

HA lines) and (1-r)A¢ (for monomer lines) was located at r = 0.5 in all instances, showing that

the stoichiometry of the complexes is 1:1. The complexation constants for the 1:1 complexes

were determined by fitting the theoretical Job plots to the experimental data. The formation of

the 1:1 complex (C) between HA and the monomer (M) is described by the classical equilibrium

5



HA+M S C (S4)
The equilibrium is expressed by the complexation constant K of the law of mass action

_a
k= [HA][M] (S5)

As a result, HA exists in the two free and complexed forms; and the monomer M also does.
The calculation of [HA], [M], and [C] was done by solving the system of the 3 equations,
Egs S5, S6 and S7

Balance of HA: [HA]wt = [HA] + [C] (S6)
Balance of M: [M]wt = [M] + [C] (S7)

that yields the 2" degree equation of unknown parameter [C]
[C1% = [C] ([HATcor + Mltor + 3 ) + [HAT ot [M]yor = 0 (S8)

whose solution is

c] = ([HA]tot+[M]tot+%)— \/([HA]t;t+[M]tot+%)2—4[HA]t0t[M]t0t 9

For the protons of HA under the fast exchange limit, the chemical shift (&) is the average of

the chemical shifts of free HA (dha) and C (&c) weighted by their mole fractions (X1a and xc)

[HA] [C]
[HAltor - DA 7 [HAltor

0= XHA5HA + Xc5c = 6(: (810)

The same type of equation holds for the protons of M

[M] [C]
[M]tot O + Mot Oc (S11)

6 = xpmOm + xcO¢c =
The complexation constant and chemical shifts of the NMR lines of the complex were adjusted
such as to minimize the average relative error function (ARE) for n data points and p adjustable
parameters) using the non-linear GRG algorithm of the Excel Solver:

Q exp —Qcalc

ARE = ﬁ n (S12)

Qexp

Figs S7 and S8, and Figs S9 and S10 show the experimental data (dots) together with the best
theoretical fits (solid lines) for the HA-AA and HA-MAA systems, respectively.
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Figure S7. Job plots for the chemical shifts of HA protons (A, B, C, D, E) in the HA-AA mixed

samples. The solid line is the best fit to the experimental data.
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Figure S8. Job plots for the chemical shifts of AA protons (F, G, H, I) in the HA-AA mixed samples.
The solid line is the best fit to the experimental data.
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Figure S9. Job plots for the chemical shifts of HA protons (A, B, C, D) in the HA-MAA mixed samples.
The solid line is the best fit to the experimental data.
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Figure S10. Job plots for the chemical shifts of MAA protons (F, G, H) the HA-MAA mixed samples.
The solid line is the best fit to the experimental data.

S.4. Calibration curves for histamine analysis by LC-MS

Two HA stock solutions (100 mg-L ! and 300 mg-L 1) were made in deionized water and kept
at 4 °C. Working standard solutions in the ranges of 0.5-10 ppm and 15-300 ppm were
prepared by diluting stock solutions to measure the two calibration curves. All solutions were
filtered through a 0.2 um Nylon syringe filter before being analyzed by LC-MS. The HA peak
was detected 2.049 min after the injection of the HA solutions as seen in the chromatogram in

Fig. S11. The HA calibration curves exhibit high linearity with R? > 0.999 (Fig. S12).
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Figure S11. Chromatogram of histamine.
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Figure S12. Calibration curves for histamine from 0.5-10 ppm (a) and 15-300 ppm (b).
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