ABSTRACT

Molecularly imprinted polymers (MIPs) have numerous practical applications, including
integration with quartz crystal microbalances to make specific, stable, chemical sensors, but most
published research literature does not provide details concerning the specificity or stability of
such an imprinted polymer. A polymer made from polyacrylic acid monomers, templated with
benzoic acid, was tested for specificity with solutions of benzoic acid, acetic acid, phenol, and
terephthalic acid passed through samples of uniform size under vacuum filtration. Additionally,
MIP samples were also stored for extended periods of time in varied microclimates and then
tested for performance, and consequently, stability. Initial conclusions indicate that a benzoic
acid-templated MIP can capture the specific targets of benzoic acid, benzaldehyde, and
terephthalic acid, while excluding species of similar size and functionality. Furthermore, benzoic
acid-templated MIPs operate best when stored in a dry environment between 9°C and far below

120°C with shelf-lives for at least months.
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Introduction & Background

Acoustic wave devices, either bulk acoustic wave (BAW) or surface acoustic wave
(SAW), operate on the transduction of mechanical energy to electrical energy, and vice versa,
within a piezoelectric (PZ) solid state material. Materials that experience the piezoelectric effect,
in which an applied alternating electric current is generated or altered by applying some form of
mechanical stress, can make very sensitive gravimetric (mass-sensitive) devices. SAW-based
devices operate using waves that only penetrate a small distance into a material, whereas BAW-
based devices operate with a wave that penetrates the throughout the bulk of the substrate. One
such example of a piezoelectric BAW-based device is a quartz crystal microbalance, most
commonly called a QCM. Typically about the size of a dime, QCMs are primarily made of
quartz, and often have some sort of thin metal electrode on part of its surface, such as gold or
silver. When changes in mass (Am), even at the sub-nanogram level, occur on a QCM surface,
variations in resonance frequency (Af) can efficiently be readily detected. This is in accordance

with Sauerbreys’ equation, shown in Eqgn. 1:

2f§
Af = ————Am Eqn. 1
f YN (Eqn. 1)

[where Af'is frequency change, /o is the fundamental resonant frequency, Am is the mass change,
A is the active vibrating area, uq is the shear modulus of the material, and pq is the density.]! It is

important to note from this equation that the frequency change is linear with mass change.



QCM sensitivity comes from how the crystal is naturally cut. For example, if the quartz
has an AT-cut, the result is a temperature independence in gas phases and ideal use for gas
sensors.? Functionalization of the gold electrode surface allows for the specificity of the QCM:s.
There are multiple different strategies available to selectively capture target molecules atop a
quartz crystal microbalance and induce a frequency change, including selective chemical tethers
with receptor sites on their distal ends. These theoretical tethers, however, seem less selective
than might be desired. After intensive literature review on the manufacture of molecular
imprinted polymers, most commonly called MIPs, the MIP strategy was posited to potentially be
more fruitful for sensor research, especially since MIPs are known to be highly selective in

regard to detection of biologically relevant molecules.

Much like enzymes with the “lock and key” model, in which an enzyme is the lock and
an appropriate substrate is the key,® MIPs are “locks” formed around template molecules.
Functional monomers, the repeating building blocks of MIPs, are essentially “molded” into
specific receptor sites (“keyholes™) by imprinting on the target analyte, able to allow only a very
select number of target molecules (“keys”) to fit their specialized shapes and relevant bonding
locations,* which often involve hydrogen bonding.> Once the MIP is formed, the template
molecules must be removed by some chemical means, either with solvent or gentle heating. After
that, only template molecules or target molecules (which are very similar to the template
molecules in size, shape, and/or chemical functionality) should theoretically able to be
“captured” by these MIP receptor sites,® informally known as “pockets.” An example of the MIP

approach for a small molecular target (Propofol) is shown in Figure 0 on the next page.



Figure 0: Propofol (top left) is used as a template for the formation of highly selective and
sensitive molecularly imprinted polymers (MIPs).

[Hydrogen atoms have been omitted for clarity in this diagram.]
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Literature research on MIP-based QCM sensors revealed the countless applications they
are being considered for, ranging from forensic science in trace evidence detection’® to
biomedical in pathogen detection and monitoring®° to national and international security.*! In
regard to security, our research is particularly interested in the detection of gaseous chemical
agents, including paraoxon'? and related species.*® For example, sarin gas was used in the
relatively recent attacks in Syria'4 and the subway attack in Tokyo. Researchers have since been

able to use a non-toxic analog molecule of Sarin called diisopropylfluorophosphate in other



projects focused on rapid and reliable detection,* allowing for laboratory work with Sarin MIPs

as a reasonable academic goal.

Sarin, diisopropylfluorophosphate, and other relatively small substrates, like simple
carboxylic acids, have very few challenges with regard to the lock-and-key model. There is less
molecular surface area, and consequently fewer necessary confirmatory bonds and linkages, to
be concerned about compared to macro-biomolecules, such as proteins,*® viruses,'’ and pollen.*
However, because there are few challenges in that regard, there is a scarce amount of studies to

back up both the specificity and stability of MIPs.1°

In the bulk of the literature regarding MIP production and use, relatively little has been
reported about the specificity of these polymers towards smaller molecular substrates,
specifically related to their selectivity and longevity. In this study, the decision was made to
explore the selectivity and sensitivity of a fabricated MIP for one small molecule, benzoic acid,
in relation to different chemicals that could potentially fit and stay in MIP receptor sites, and to

evaluate the MIP’s stability over time and varied temperatures.



Experimental

Materials:

Acetic Acid, Glac., Reagent ACS — C2H402; FW: 60.05; aqueous (Fisher Scientific, CAS 64-19-
7, Batch # UN2739): potential MIP target

Benzoic acid, 99%, extra pure — C7HsO2; FW: 122.12; solid (Acros Organics, CAS 65-85-0, Lot
# A0375236): MIP template & potential MIP target

Buffer Solution pH 4.00 +/-0.01 — aqueous (Fisher Science Education, Code S25849A, Lot #
8GA190): pink, acidic buffer solution for titration pH probe calibration

Buffer Solution pH 10.00 +/-0.01 — aqueous (Fisher Science Education, Code S25849, Lot #
7GD951): blue, basic buffer solution for titration pH probe calibration

Celite 545 Filter Aid — CNa20s; FW: 105.99; solid (Fisher Scientific, CAS 68855-54-9):
substrate to test with vacuum filtration of solutions

Ethyl alcohol, 200 Proof, Absolute, Anhydrous, ACS/USP Grade — CoHsOH; FW: 46.07; liquid
(Pharmco-Aaper, CAS 64-17-5, Batch # 11243-23 & Lot # KKH25C): solvent used in MIP
preparation & vacuum filtration testing, and titration

Ethyl ether (Diethyl ether), Reagent Grade ACS Anhydrous — (C2Hs)20; FW: 74.12; liquid
(Pharmco-Aaper, CAS 60-29-7, Lot # C18B21CASO0000EE): solvent used for extracting
templates when preparing MIPs and used in vacuum filtration tests of various solutions

Hydrochloric acid, 37%, ACS reagent — HCI; FW: 36.46; aqueous (Sigma-Aldrich, CAS 7647-
01-0, Batch #11396JJ): acid used to help polymerization

Phenol, 99+% — CsHsOH; FW: 94.11; liquid/solid (Aldrich, CAS 108-95-2, Lot # 2229CJ):
potential MIP target

Phenolphthalein — C2H1404; FW: 318.32; aqueous (Aldrich, CAS 77-09-8): used as indicator in
acid-base titration

Potassium hydrogen phthalate, ACS primary standard, 99.95-100.05%, GOLD LABEL —
2-(HO2C)CeH4CO2K; FW: 204.23; solid (Aldrich, CAS 877-24-7, Lot # 121223): used to
standardize concentration of basic titrant

Poly(acrylic acid) — (C3H4O2)n; FW: variable; solid (Aldrich, CAS 9003-01-4, Batch #
117K5055 & Lot # 04610E1V): MIP “monomer” & substrate to test with vacuum filtration of
solutions

Sodium Hydroxide Certified ACS Pellets — NaOH; FW: 40.00; solid (Fisher Scientific, CAS
1310-73-2, Lot # 093309): dissolved in deionized water to make basic titrant



Materials (cont.):

Terephthalic acid, 98% — CgHesO4; FW 166.13; solid (Aldrich, CAS 100-21-0, Batch #
03704LH): potential MIP target

Water, deionized/distilled — H>O; FW: 18.00; liquid (City of Syracuse Water Department):
universal solvent, used to make various solutions and dilutions

Preparation of Benzoic Acid Molecularly Imprinted Polymers (MIP): The following
experimental method was adapted from a recent procedure published in Talanta.?° A 2.0 gram
sample of polyacrylic acid (PAA) was dissolved in 40 mL of dry ethanol in a round bottom flask.
Then, 0.080 g of benzoic acid, partially dissolved in ~0.05 mL of ethanol to ease transfer, was
injected via syringe into the stirred solution, followed by 0.20 mL of hydrochloric acid. All of
this mixture, except the miniscule amount that could not be recovered from the stir bar, was
transferred to a Rotovap, with additional 20-40 mL of ethanol. The solvent was removed until
what remained was either a film inside the flask that had the appearance of Saran wrap, which
could be peeled off by a spatula (Figure 1), or a colorless solid. In order to remove the template
molecule, benzoic acid, and other remaining volatile molecules, such as water, the polymer was
soaked in diethyl ether (abbreviated as ether) at least three times for several hours.

For all MIPs other than MIP #2, the polymer was air dried before use. For MIP #2, it was dried
in an oven set at 120 degrees Celsius for 90 minutes.

Testing the Benzoic-Acid (BA) Templated MIP: To test each BA-MIP, a sample
between 0.127 g and 0.128 g was placed of the desired medium (MIP, PAA, Celite) into a 200-
mL sintered disc frit on top of a filtration Erlenmeyer flask. 10 mL solutions of the chosen target
solute were made in ether solvent, or in the case of terephthalic acid, a 10% (v/v) solution of
ethanol in water. 3 mL of each were set aside to be considered the “before filtration” solutions.

The remaining 7 mL of each were poured through the medium and frit into the flask while the



vacuum is sealed and on its highest setting. The vacuum was generated by an aspirator connected
to a standard laboratory sink. Each filtrate remainder was put it into its own vial. All “before”
and “after” vials were uncapped, in order to allow solvent to evaporate, leaving behind residual
acid substrates. This was done to help make dilution easier and also in order to account for
cther’s easily observable high evaporation rate, which could affect filtrate collection and make
dilution easier.

With the original solvent taken care of, tenfold dilutions of the original concentrations
were made with either water or 10% (v/v) ethanol in water. (Ex: Since | started with 0.50 M acid
in ether, the final dilution would be ~10 mL 0.050 M acid in solvent.) All titrations with MIPs
#1-3 were done with water as the dilution solvents. The final titration with phenol and MIP #4
and all titrations with MIP #5 were done with 10% (v/v) ethanol in water as the solvent. A
separate, basic, bulk solution of ~0.10 M sodium hydroxide in water was also prepared,
standardized with oven-dried KHP.

Titrations of BA-functionalized MIPs: There were two possible ways to carry out the
acid-base titration, both of which used standardized ~0.10 M sodium hydroxide for the base
titrant. For MIPs #1-#3, two drops of phenolphthalein indicator were added to the acidic
solution, and the base was released dropwise from a biuret into the vial of acid, with constant
mixing. For MIPs #4 onward, a clean, calibrated pH probe hooked up to a Vernier LabQuest was
placed into the vial with the acidic solution. The base was released dropwise from a biuret
through a drop counter (also hooked up to the LabQuest) and into the vial, with constant mixing.
The former method worked best as a visual learning experience; the latter worked better to
provide data of how the acidity changes in the solution over time, regardless of pH range or

solution concentrations.



Results
In total, five distinct molecularly imprinted polymers were made with benzoic acid as the
template. The first polymer appeared to be the most picturesque, especially before the template

was removed via ether wash.

Figure 1: Photograph of the first MIP-benzoic acid film made in this lab, immediately after

peeling from the interior wall of the round bottom flask

The quasi-plastic wrap appearance of this film makes sense, considering Saran plastic wrap is
simply another type of polymer called polyethylene.?* Remember that this MIP #1 film shown
still contained the benzoic acid template. After washing with ether and before grinding, it still

very much resembled what is shown in Figure 1, a used Saran wrap-like quality.



After being rotovapped, washed in ether, air-dried, and ground with a mortar and pestle,
MIP #1 became a white powder. MIP #2 became light, tan, and flaky, with not much powder.
All subsequently made MIPs resembled MIP #1. MIPs #1, #3, #4, and #5 were much easier to

evenly spread around the inside of the frit used for vacuum filtration, compared to MIP #2.

At one point, the manufacture of a MIP without a template (also known as a “blank
MIP,” non-imprinted polymer, or NIP) was attempted, just to observe what would happen
compared to any of the successful MIPs in this study. The NIP ended up being thick, hard, green,
very translucent, and with an incredibly strong adhesion to the inside of the flask. No further
study was done with the NIP, since it could not be removed from the flask without being

submerged in a base bath, which consequently compromised its structural and chemical integrity.

For these first initial MIP observations with the vacuum filtration setup, we needed as
much data from as many benzoic acid concentrations as possible. It was also critical to test
substrates other than MIP #1 in this same experimental setup, to ensure that target molecules are

being captured by MIP specificity and not another reason.
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Table 1: Results of titration with ~0.10 M NaOH base and phenolphthalein indicator

Acid-Water Solution (9.9 mL each) Which Acid? Filtration Amount of 0.09 M
Medium NaOH Needed
0.05 M BEFORE Benzoic Acid N/A 5.7mL
“0.05 M” AFTER Benzoic Acid 0.126 g MIP #1 4.35 mL
0.025 M BEFORE Benzoic Acid N/A 2.75 mL
“0.025 M” AFTER Benzoic Acid 0.127 g MIP #1 2.10 mL
0.0125 M BEFORE Benzoic Acid N/A 1.2 mL
“0.0125 M” AFTER Benzoic Acid 0.127 g MIP #1 0.8 mL
0.006 M BEFORE Benzoic Acid N/A 0.5mL
“0.006 M” AFTER Benzoic Acid 0.127 g MIP #1 0.35mL
0.003 M BEFORE Benzoic Acid N/A 0.2 mL
“0.003 M” AFTER Benzoic Acid 0.128 MIP #1 0.1 mL
Ether Wash Control (Diluted Benzoic Acid N/A 1 drop
Tenfold) BEFORE
Ether Wash Control (Diluted Benzoic Acid 0.127 g MIP #1 % drop
Tenfold) AFTER
0.05 M BEFORE Benzoic Acid N/A 5.7 mL
“0.05 M” AFTER Benzoic Acid 0.124 g PAA 5.65mL
0.05 M BEFORE Benzoic Acid N/A 5.7mL
“0.05 M” AFTER Benzoic Acid 0.127 g Celite 53 mL

Even higher concentrations than listed were desired, which would have been fine in tenfold

dilution, but it was difficult enough to get 0.50 M benzoic acid to dissolve in water. This was

also the first indication that perhaps when performing the titration, water should not be used by

itself, since benzoic acid and others are not very water soluble. It was not until much later on

(testing terephthalic acid) when the change had to be made to incorporate 10% (v/v) ethanol in

the water, since terephthalic acid is insoluble in ether.??
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Figure 2: 'H-NMR spectrum collected to check for presence of benzoic acid.
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This initial NMR test, performed on some of the leftover white residue after vacuum filtration
and after the ether had evaporated, was necessary to continue with the research in good faith. The
residual resembled benzoic acid at first glance and was inferred as such. Still, reassurance that
the solid was resoundingly BA and not some other white solid (ex: MIP, polyacrylic acid, a

contaminant, et atl) was necessary before moving forward with any more MIP methods in similar

manners to MIP #1.



Figure 3: Reference benzoic acid *H-NMR spectrum??
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confirming some benzoic acid passed through the MIP and frit. The large peak on the right side

of Figure 2 must be a CDCl3 solvent peak.

This confirmation allowed for the manufacture of MIP #2 and MIP #3, two polymers that were

dried in different ways and looked distinctly different to the naked eye. Divergent properties

were hypothesized before any vacuum filtration occurred with either.
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Table 2: Results of titration with ~0.10 M NaOH base and phenolphthalein indicator

Acid-Water Solution (10.0 mL each) | Which Acid? Filtration Amount of 0.09 M
Medium NaOH Needed
0.05 M BEFORE Benzoic Acid N/A 5.70 mL
“0.05 M” AFTER Benzoic Acid 0.128 g MIP #2 5.25mL
0.025 M BEFORE Benzoic Acid N/A 2.25mL
“0.025 M” AFTER Benzoic Acid 0.128 g MIP #2 2.10 mL
0.05 M BEFORE Acetic Acid N/A 4.50 mL
“0.05 M” AFTER Acetic Acid 0.128 g MIP #2 4.10 mL
0.025 M BEFORE Acetic Acid N/A 2.20 mL
“0.025 M” AFTER Acetic Acid 0.128 g MIP #2 2.05mL
0.05 M BEFORE Benzoic Acid N/A 5.30 mL
“0.05 M” AFTER Benzoic Acid 0.128 g MIP #3 1.60 mL
0.025 M BEFORE Benzoic Acid N/A 2.70 mL
“0.025 M” AFTER Benzoic Acid 0.128 g MIP #3 1.10 mL
0.05 M BEFORE Acetic Acid N/A 0.85 mL
“0.05 M” AFTER Acetic Acid 0.128 g MIP #3 0.80 mL
0.025 M BEFORE Acetic Acid N/A 0.75 mL
“0.025 M” AFTER Acetic Acid 0.128 g MIP #3 0.75 mL

Benzoic acid was tested each time as a MIP was made, acting as a control, since BA was the
template used to make the BA-MIP. If the MIP did not properly capture much of the template,
like in the case of MIP #2, then something must be wrong with the MIP itself. The testing of
MIP #2 could have stopped after all the benzoic acid dilutions were titrated, but since the acetic
acid dilutions were already set to go, they were tested as well. MIP #3 fared much better, with
the benzoic acid working as intended and seemingly not much acetic acid being captured. It was

after this round of testing that it was deemed appropriate to move on from this simpler, more



visual method of titration, with phenolphthalein as an indicator, and go forth with an

instrumental method that could produce graphs.

Figure 4: Results of titration with 0.10 M NaOH base and pH probe
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A couple of values in Tables 1 and 2 showed that the MIP was able to capture its template as a
target. However, being able to visualize in this manner with more data really solidifies the
perspective. Additionally, a calibrated pH probe is much more accurate and efficient compared
to a chemical indicator, since indicators only work within a certain pH range and are more

preliminary rather than confirmatory. It is much easier to see that the dilution of the “before

14
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filtration” solution takes far longer to reach the equivalence point than the dilution of the “after”

solution.

Figure 5: Results of titration with 0.10 M NaOH base and pH probe

0.025 M Benzoic Acid Titrated with 0.10 M NaOH
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Compared to the graph in Figure 4, which was testing a solution of target molecule initially twice
as concentrated as this one, the “before” and “after” of this solution are not as far apart, but there

is still enough to show a stark difference in plotlines.
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Phenol was the next logical molecule to test as a target against BA-MIP, due to its structural

similarities with benzoic acid, namely the benzene ring.

Figure 6: Results of titration with 0.10 M NaOH base and pH probe

0.05 M Phenol Titrated with 0.10 M NaOH
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It is interesting to observe in Figures 6, 7, and 9 how the two solutions start off as drastically
different pH levels, according to the probe. More importantly, it looks like these two plotlines are

so close in proximity and shape that they could virtually be superimposed on one another.
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Figure 7: Results of titration with 0.10 M NaOH base and pH probe
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12
11
10
9
8
T 7 —e—Bef
S efore
6 Filtration
Through MIP
5 #4
4 —@— After Filtration
Through MIP
3 #4
2
0 1 2 3

Volume of Titrant Added (mL)

Similar to the difference between different benzoic acid concentrations in Figures 4 and 5, the
“before” and “after” plotlines look even closer to each other than the previous graph with the
higher concentration of target solution. For all subsequent MIPs after this, with the exception of
any new targets (i.e. terephthalic acid), it seemed like it was no longer warranted to test more
than one concentration of a solution. 0.50 M solution (then 0.050 M dilution for the titration) was

made the standard concentration for these tests.
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Figure 8: Results of titration with 0.10 M NaOH base and pH probe

0.05 M Benzoid Acid Titrated with 0.10 M NaOH
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This is the sole graph that was developed in this study to examine the stability of the MIP in
different temperature environments for different lengths of time. There was much hesitation to
do a heat study with this MIP, given what happened to MIP #2 after being in an oven. So, for
these titrations, neutral and cold environments were focused on. The standard BA-MIP sample
used to filter through the orange line “after” solution was stored at room temperature for four
months. The BA-MIP sample for the gray line “after” solution was stored in a freezer for one
month, and then stored at room temperature for three months. On the other hand, the BA-MIP
sample for the blue line “after” solution was stored in a freezer for three months, and then stored
at room temperature for one month. The assigned solutions were then passed through the MIP
samples, and titration was carried out on the dilutions.

Note that the orange and gray lines virtually overlap.
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Figure 9: Results of titration with 0.10 M NaOH base and pH probe

0.05 M Phenol Titrated with 0.10 M NaOH
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Phenol testing was repeated on MIP #4 to see if switching the titration solvent of the phenol
solution from water to 10% (v/v) ethanol in water would be able to bring the “before” and “after”
plotlines closer at the beginning. Evidently, this did not occur, but the titrations were as relatively
successful as they were in Figure 6. As such, for all remaining trials, the titration solvent of the

solution being tested (i.e. not the sodium hydroxide) was 10% (v/v) ethanol in water.
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Figure 10: Results of titration with 0.10 M NaOH base and pH probe

0.05 M Benzoic Acid Titrated with 0.10 M NaOH
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This was the first set of titrations performed with regard to filtering through MIP #5. This served

as control to ensure the MIP behaved as intended for at least one known molecule, the template.
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Figure 11: Results of titration with 0.10 M NaOH base and pH probe

0.05 M Acetic Acid Titrated with 0.10 M NaOH
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This set of titrations was carried out because acetic acid and its titration were never graphically
illustrated earlier during this study. Results seem consistent with findings from MIP #3 in Table
2. Results also seem similar to findings with phenol in Figures 6, 7, and 9. In this case, the two
titrations were able to reach the endpoint at around the same volume of base added. The two

plotlines not only have extremely similar shapes, but even partially superimpose on one another.

The final set of titrations in this study focused on a new target that is somewhat similar in
structure to benzoic acid: terephthalic acid. Essentially, terephthalic acid is simply BA with
another carboxylic acid region para- to the original. Figures 12 & 13 (next page) are very similar
to Figures 4, 5, and 10, and are remarkable in how different the “before” and “after” plotlines are

from each other on each respective graph, as well as their relative large distance from each other.



Figures 12 & 13: Results of titration with 0.10 M NaOH base and pH probe
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Discussion

Significant portions of benzoic acid appeared to be captured by the receptor sites of every
one of the BA-imprinted MIPs explored. This confirmed the utility of MIPs for small molecular
substrates such as benzoic acid. Specifically, it seems the BA target molecules were able to fit
into the sites imprinted by the previously extracted BA template molecules. At the very least, this
suggests that hydrogen bonding exists between target substrates and the “molded” PAA receptor
sites on the carboxylic acid region.?’ The sole exception to the successful capture of BA by the
prepared MIPs was MIP #2. These results differed from any runs done with any other MIP
sample in this study. Considering the discoloration and unusual texture compared to the other
MIP batches, it is believed that the heat treatment destroyed the imprinted sites in this imprinted

polymer. In retrospect, this is not surprising, since the melting point of the MIP is under 100°C.?*

Previous MIP studies on similarly sized targets have predicted that aldehydes
corresponding to their respective carboxylic acids (e.g. benzaldehyde corresponding to benzoic
acid) will show at least this same hydrogen bonding affinity.?° The only difference between
benzoic acid and aldehyde is that instead of the carboxylic acid region that benzoic acid has,
benzaldehyde has an aldehyde region, a formyl substituent. This means the only difference
between those two regions is the presence (or lack) of one oxygen atom, depending on which
molecule was being referred to. Consequently, this means the receptor sites in this test would

have theoretically also captured the intended aldehyde MIP target, benzaldehyde.
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Figure 14: Graphic depiction of two similar molecules highly relevant to this study

OH H

benzoic acid benzaldehyde

Calculations were performed on the relative success of each MIP in capturing benzoic
acid molecules. This was done in order to see around how many moles of target molecule could
feasibly be captured by a MIP sample, were it to be put on a QCM and made into a sensor with a
specified, practical application (e.g. surveillance, defense, etc.). The theory is that the moles of
the target will be at least equivalent (1:1 ratio) to the number of active sites available. Sample
solution calculations, from before and after filtration through each MIP sample, are displayed
below.

“Before” benzoic acid (BA) solutions, in theory:

1000mLBA 005molBA L _ . .
1L BA 1000 mL >0 mmo
MIP #1:
5.70mLNaOH 0.09molNaOH L 1molBA _ .
1L NaOH 1000 mL = 1mol NaoH _ >~ ™Mo
4.35mL NaOH 0.09 mol NaOH L 1 mol BA
= 0.39 mmol BA

X X
1L NaOH 1000 mL 1 mol NaOH

Total amount of benzoic acid captured: 0.12 mmol
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MIP #2:
5.70 mL NaOH 0.09 mol NaOH L 1 mol BA 0.51 I BA
X X =0.
1L NaOH 1000 mL . 1mol NaOH mmo
5.25mL NaOH 0.09 mol NaOH o L y 1 mol BA _ 047 1 BA
1L NaOH 1000mL  1mol NaoH _ =~/ ™Mme
Total amount of benzoic acid captured: 0.04 mmol [insignificant]
MIP #3:
5.30 mL NaOH 0.09 mol NaOH N L y 1 mol BA _ 048 1 BA
1L NaOH  1000mL  1mol NaOH _ =~ omme
1.60 mL NaOH 0.09 mol NaOH o L o 1 mol BA — 014 I BA
1L NaOH  1000mL  1mol NaOH _ =~ mme
Total amount of benzoic acid captured: 0.34 mmol
MIP #4:
4.00 mL NaOH 0.10 mol NaOH o L o 1 mol BA — 0.40 I BA
1L NaOH  1000mL  1mol NaOH _ =~ mmoe
1.50 mL NaOH 0.10 mol NaOH y L o 1 mol BA 015 1B
1L NaOH  1000mL  1mol NaOH _ = >™Mme
Total amount of benzoic acid captured: 0.25 mmol
MIP #5:
6.20 mL NaOH 0.10 mol NaOH o L « 1 mol BA — 0.62 I BA
1L NaOH 1000 mL - 1mol NaOH _ 02 ™me
470 mL NaOH 0.10 mol NaOH L 1 mol BA
= 0.47 mmol BA

1L NaOH 1000 mL \ 1mol NaOH

Total amount of benzoic acid captured: 0.12 mmol



26

Non-imprinted PAA and Celite were both found to not capture significant portions of
benzoic acid. Originally, they were tested to ensure that the MIP acted not only as a physical
filter, but more importantly, as one which chemically captures target molecules. If either of these
media had similar results to the MIP after vacuum filtration, it could be implied that the MIP is
not very chemically specific and that non-imprinted PAA or Celite could be used instead, saving

time, money, and effort. Fortunately, this did not occur.

In order to test the BA-MIP for binding of similarly sized and functionalized species, a
number of BA-similar molecules were tested for the BA-MIP recognition. It was found that
insignificant portions of acetic acid were captured by the BA receptor sites of MIP #3, as shown
by Table 2 and Figure 11. This means the imprint of the MIP is specific enough to virtually
exclude acetic acid, giving insight into how the PAA monomers form around the benzoic acid
template. Similarly, but to a lesser degree, insignificant portions of phenol appeared to be
captured by the receptor sites of MIP #4, as shown by Figures 6, 7, and 9. This means the imprint
of the MIP is specific enough to virtually exclude phenol, giving further insight into how the
PAA monomers form around the benzoic acid template.

However, a significant portion of terephthalic acid molecules were indeed captured by
the BA receptor sites of MIP #5, as evidenced by Figures 12 & 13, revealing the final piece of
the puzzle into how specific these BA-MIP receptors are. The “before” and “after” plotlines were
so far apart from each other, aside from the starting positions, that it seems quite evident that
terephthalic acid can easily fit into this molecularly imprinted polymer. We know that binding
happens on the carboxylic acid region of the benzoic acid molecule, but not very well on the

same region for the acetic acid molecule. In this case, the acetic acid must lack something that
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benzoic acid has: a benzene ring. Likewise, phenol is unsuccessful despite having a benzene
ring, due to the fact it had an alcohol attachment and not a carboxylic acid or aldehyde
attachment. (Figure 15)

Therefore, terephthalic acid is able to fit in the BA-MIP receptor site because it has a
carboxylic acid branch and its base around a benzene ring. The other carboxylic acid region on
the terephthalic acid molecule likely either goes into another receptor site, depending on how the
polymer is situated, or just hangs free outside of the imprinted receptor site. The latter is akin to
two copies of the same key with different bows. The parts hanging out of the lock, the bows, can
be different shapes and functionalities, but the blades, which go inside the lock, both fit

perfectly.?> (Figure 15)
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Figure 15: A graphic estimation of the important binding regions in BA-MIP receptor sites
and how well some target molecules seemingly fit
[Hydrogen atoms have been omitted for clarity in the hand-drawn part of this diagram.]

Key: msssssssssm = wall of the MIP receptor site “ = missing a key binding region

» = key binding region satisfied

o acetic acid
benzoic acid

phenol

terephthalic acid

In order to truly know what exact amount and configuration of bonding there is in BA-
MIP receptor sites, some advanced instrumental methods may have to be explored, such as SEM,

AFM, or computational chemistry.
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Regarding the stability of this MIP, it appears to operate best when stored in a specific
temperature range. According to Figure 8, there was virtually no difference in performance, or
ability to capture target molecules, between the sample of MIP stored for five months in room
temperature conditions and the sample of MIP stored in a 9°C freezer for the first of those five
months. There is a slight drop in performance with the sample of MIP stored in the 9°C freezer
for three of those five months, but not significant enough to determine whether natural variation
in samples and/or extended storage in a chilled environment caused this phenomenon.
Regardless, all MIP samples were still effectively able to carry out their intended purpose of
capturing a large amount of benzoic acid molecules during vacuum filtrations of solutions. With
this knowledge, as well as previously attained knowledge of the MIP losing functionality when
heated in a 120°C oven, one can deduce that benzoic acid-templated MIPs operate best when

stored in a dry environment between 9°C and (far below) 120°C.

Summary and Future Work:

There is a dearth of published literature concerning the specificity and stability of small
molecularly imprinted polymers (MIPs). Five batches of a MIP made with PAA monomers and
benzoic acid template were tested for specificity with various solutions passed through samples
in a vacuum filtration, followed by titration to analyze. Also, some MIP samples were stored for
extended periods of time in varied conditions and then put through the aforementioned methods
to test for stability. Taking controls for the substrate and template solution into account, it is now
clear that a BA-MIP can capture benzoic acid, benzaldehyde, and terephthalic acid very well, but
not phenol and acetic acid. Furthermore, they work best after being stored in a dry environment

above 9°C but far below 120°C, with shelf-lives of at least a few months minimum.
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More studies should be conducted on these MIPs with a focus on stability at various
temperatures, not just to create a more complete picture of optimal storage conditions, but to
predict where future engineered sensors utilizing these types of MIPs could be effectively used.
For example, a MIP made primarily of polyacrylic acid templated to detect Sarin gas molecules
for defense purposes may only work appropriately in environments of certain temperatures.
Temperate microclimates similar to “room temperature” conditions in modern buildings will
more than likely be fine, but certain deserts and forests are different scenarios entirely that have
yet to be part of lab analysis and field testing.

A more refined MIP manufacture process can also be developed. Waiting for a solvent to
dissolve a template out of a MIP over three washes is unfavorably time-consuming. Using heat to
remove templates have been shown possible in the past,?® but caution must be taken to prevent
overheating. 120 degrees Celsius heat for 90 minutes in an oven is clearly too high and/or long,
as displayed by the functionally-ruined nature of MIP #2. A heating mantle with 70-80°C with
close monitoring, or some similar situation, is suggested.

Furthermore, this MIP should be tested for longer retention times (i.e. allowing the MIP
more than a minute to take in benzoic acid molecules before the vacuum of the filtration
commences) and eventually be tested in the gaseous phase (what these types of MIP-based
sensors will be majorly used for). There are likely more advanced target molecules that can be
tested for BA-MIPs as well, and plenty of other small molecules that can be used as templates to

make different MIPs in a study similar to this.
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