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1. Wstep oraz cel pracy

Celem rozprawy doktorskiej pod tytutem ,Zastosowanie polimerow
z odciskiem molekularnym na bazie poli(2-oksazolin) do selektywnej adsorpcji
potaczonej ziloSciowym oznaczaniem wybranych analitow” jest synteza
polimeréw z odciskiem molekularnym (ang. molecularly imprinted polymer, MIP)
oraz zbadanie ich wlasciwosci adsorpcyjnych i przydatnosci w analizach za
pomoca spektrometrii mas z jonizacja w warunkach atmosferycznych.
Otrzymywane MIP-y posiadaja zdolno$¢ do selektywnego rozpoznawania
i adsorpcji wybranych analitow, zwigzkéw stanowigcych potencjalne zagrozenie
sSrodowiskowe. Zadaniem badawczym, podjetym w ramach realizacji pracy
doktorskiej, jest dopracowanie struktur materiatéw oraz ich odpowiednia
modyfikacja. Celem jest osiggniecie efektywnych parametréw adsorpcji za pomoca
MIP-6w, a tym samym zdolnos$ci tych materiatdbw do rozpoznawania wybranych
analitow. Postawiona hipoteza badawcza glosi, Ze istnieje zwigzek pomiedzy
strukturg modyfikowanych materiatéw MIP a ich efektywno$cig adsorpcyjng oraz
zdolnosciag do specyficznego wigzania analitow. Celem jest wskazanie optymalnych
kombinacji czynnikéw, ktore sprzyjaja tworzeniu najbardziej efektywnych
i selektywnych wnek molekularnych. Uzyskane wyniki maja na celu nie tylko
lepsze zrozumienie mechanizméw tworzenia odcisku molekularnego w uktadach
opartych na poli(2-oksazolinach), ale réwniez stworzenie podstaw do
projektowania nowoczesnych materiatéw sensorycznych o duzym potencjale
aplikacyjnym.

Strategia badawcza obejmuje synteze prepolimeru, kontrolowang
modyfikacje jego tancuchow bocznych z wykorzystaniem reakcji typu ,click” (tiol-
en), sieciowanie z wykorzystaniem pozostatych miejsc reaktywnych oraz finalng
ocene wiasciwosci adsorpcyjnych materialow za pomoca spektrometrii mas
z jonizacjg w warunkach atmosferycznych. Punkt wyjScia stanowig dwie wybrane
pochodne poli(2-oksazoliny) o stopniu polimeryzacji 20 (ang. degree of
polymerization, DP) - poli(2-but-3-enylo-2-oksazolina) (ang. poly[2-(3-butenyl)-2-
oxazoline], poly(ButenOx)) oraz poli(2-alliloamidopropylo-2-oksazolina) (ang.
poly(2-allylamidopropyl-2-oxazoline), poly(AllylamidOx)), posiadajace terminalne
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wigzania podwojne w tancuchach bocznych. Struktury wykorzystywanych

pochodnych poli(2-oksazolin) przedstawiono na Rysunku 1.

*N/\X \tN/\%z/o

20
o) O
O
| LN
Poly(ButenOx) Poly(AllylamidOx)

Rysunek 1. Struktury wybranych pochodnych poli(2-oksazolin).

Wybér wskazanych polimeréw wynikat z ich okreslonych wiasciwosci
strukturalnych. Obie zastosowane pochodne poli(2-oksazolinowe) posiadaja
w tancuchach bocznych terminalne wigzania podwojne, ktére umozliwiajg
przeprowadzenie ich modyfikacji z zastosowaniem relatywnie prostych reakcji,
bez generowania produktéw ubocznych. Ponadto, wczes$niejsze badania
prowadzone w Zaktadzie Chemii Supramolekularnej nad zastosowaniem
pochodnych poli(2-oksazolin), w tym poli(3-metoksykarboetylo-2-oksazoliny)
(ang. poly(3-methoxycarboethyl-2-oxazoline), Poly(CsMestOx)), wykazaty mozliwo$¢
zastosowania tej klasy zwigzkow jako bazy do syntezy polimeréw MIP [1]. Na
podstawie tych doniesien mozna wnioskowa¢, ze wybrane w niniejszej pracy
pochodne poli(2-oksazolinowe) rowniez bedg odpowiednie do syntezy polimerow
MIP, umozliwiajac tym samym tworzenie ukltadéw o wysokich zdolnoSciach
rozpoznawczych wobec wybranych analitow.

Funkcjonalizacje tfancuchéw bocznych polimeréw przeprowadzono
z wykorzystaniem reakcji typu ,click” tiol-en inicjowanej poprzez uzycie
fotoinicjatora z jednoczesnym naswietlaniem promieniowaniem UV. Reakcje
przeprowadzano w obecnosci wybranych zwigzkow tiolowych,
charakteryzujacych sie zréznicowanymi grupami funkcyjnymi. Celem modyfikacji
byto wprowadzenie do struktury polimerow grup donorowych zdolnych do
specyficznych oddziatywan z czasteczkami analitow, co powinno skutkowac
kontrolowanym ksztattowaniem selektywnych wnek molekularnych podczas

syntezy polimeré6w MIP. W ramach prowadzonych badan analizowano wptyw
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rodzaju oraz iloSci zastosowanych grup donorowych na charakter i site
oddziatywan polimer-analit, a tym samym na koncowg zdolno$¢ rozpoznawania
przestrzennego. W celu okre$lenia warunkéw prowadzacych do powstawania
najbardziej efektywnych miejsc wigzacych, przejawiajacych sie zwiekszong
selektywnos$cig i wydajno$cia adsorpcji, materialty réznicowano pod wzgledem
stopnia funkcjonalizacji oraz klas zastosowanych zwigzkow.

Cze$ciowo sfunkcjonalizowane polimery poddano nastepnie reakcji
sieciowania, z wyKkorzystaniem pozostatych, niezmodyfikowanych wigzan
podwojnych w tancuchach bocznych polimeré6w. W tym celu ponownie
przeprowadzono reakcje tiol-en, inicjowang fotoinicjatorem i prowadzong pod
wptywem promieniowania UV. JednakZe w odr6znieniu od wcze$niejszego etapu,
zastosowano dwufunkcyjne zwigzki tiolowe (ditiole), umozliwiajace wytworzenie
polimerowej sieci MIP. Celem tego etapu byto otrzymanie stabilnych,
nierozpuszczalnych MIP-6w, charakteryzujacych sie trwatg, usieciowang struktura
oraz zdolnoScia do selektywnej adsorpcji okreSlonych analitobw. Proces
sieciowania prowadzono w obecno$ci wybranych czgsteczek analitow petnigcych
funkcje szablondw molekularnych (ang. template). Do tego celu wybrano zwigzki
stanowigce istotne zagrozenie Srodowiskowe i zdrowotne. Dobér analitéw oparto
o kryterium ich udokumentowanego ryzyka Srodowiskowego i zdrowotnego
- w analizach uwzgledniono zwigzki objete przez organizacje regulacyjne, takie jak
Unia Europejska czy Komitet Naukowy ds. Bezpieczenstwa Konsumentow (ang.
Scientific Committee on Consumer Safety, SCCS), ograniczeniami lub zakazem
stosowania. Wprowadzenie takich czasteczek do uktadu reakcyjnego na etapie
sieciowania ma na celu wytworzenie specyficznych oddziatywan polimer-szablon,
utrwalajgcych sie w wyniku tworzenia tréjwymiarowej, usieciowanej struktury
polimeréw MIP. Zastosowanie dwufunkcyjnych zwigzkéw tiolowych jako
reagentow sieciujgcych, umozliwia wigzanie taricuchéw polimerowych, prowadzac
do powstania zwartej, stabilnej struktury, w obrebie ktdrej czasteczki szablonéw
sg przestrzennie ograniczone. Etap sieciowania realizowano zar6wno w obecnoSci
czasteczek szablon6éw, otrzymujac materiaty typu MIP, jak ich braku, prowadzac
do syntezy materiatéw odniesienia - polimeréw bez odcisku molekularnego (ang.

non-imprinted polymer, NIP). Porownanie wtasciwosci adsorpcyjnych MIP i NIP
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umozliwia ocene wplywu tworzenia odcisku molekularnego na selektywnos$¢ oraz
efektywnos$¢ wigzania analitow.

Po syntezie MIP-6w i NIP-0w przeprowadzono szczegbétowa
charakterystyke wtasciwosci adsorpcyjnych otrzymanych uktadéw. W tym celu
wykonano kompleksowy zestaw badan obejmujacy wyznaczenie izoterm
adsorpcji, analize Kkinetyki oraz termodynamiki adsorpcji, ocene mozliwoSci
ponownego wykorzystania materialéw, badania selektywnos$ci, liniowosci
odpowiedzi oraz limitéw detekcji, a takze testy Srodowiskowe z uzZyciem
rzeczywistych prébek, takich jak woda rzeczna oraz wybrane prébki zywno$ciowe.
W tym celu zastosowano techniki analityczne, tj. spektroskopie w ultrafiolecie
i Swietle widzialnym (ang. ultraviolet-visible spectroscopy, UV-Vis), wysokosprawng
chromatografie cieczowa (ang. high-performance liquid chromatography, HPLC)
oraz nowatorska technike spektrometrii mas z jonizacjg w plazmie atmosferycznej
(ang. flowing atmospheric-pressure afterglow mass spectrometry, FAPA-MS).
Dodatkowo, wiasciwosci fizykochemiczne wszystkich otrzymanych materiatéw
scharakteryzowano z  wykorzystaniem spektroskopii w  podczerwieni
z transformacjg Fouriera (ang. Fourier transform infrared spectroscopy, FTIR),
analizy termograwimetrycznej (ang. thermogravimetric analysis, TG) oraz
skaningowe] mikroskopii elektronowej (ang. scanning electron microscope, SEM).
Analiza wynikéw umozliwila ocene, jak struktura i stopien sfunkcjonalizowania
materiatdw MIP wptywaja na ich wilasciwosci adsorpcyjne oraz na oznaczanie
analitow technika FAPA-MS, a takze pozwolita wskaza¢ parametry kluczowe dla

efektywnoSci i selektywnosci procesu adsorpcji w uktadzie polimer-analit.
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2. Zyciorys naukowy

W 2015 roku, po ukoniczeniu Liceum Ogoélnoksztatcacego przy Zespole
Szko6t imienia Emilii Sczanieckiej w Pniewach, rozpoczetam studia licencjackie na
Wydziale Chemii Uniwersytetu im. Adama Mickiewicza w Poznaniu (UAM). Studia
pierwszego stopnia na kierunku Chemia ze specjalno$cia Chemia biologiczna
ukonczytam w 2018 roku bronigc prace licencjacka pt. ,Reakcja
diastereoselektywnego alkilowania amidu (S$)-2-benzhydrylopirolidynyl-1-owego
kwasu 3,3,3-trifluoropropanowego” realizowang w Zaktadzie Syntezy i Struktury
Zwigzkow Organicznych pod opieka naukowag dr Moniki Bilskiej-Markowskiej.
Studia magisterskie kontynuowatam na Wydziale Chemii UAM, realizujgc program
ksztatcenia dla kierunku Chemia specjalno$¢ Chemia biologiczna. W czerwcu 2020
roku uzyskatam stopien magistra chemii bronigc prace magisterska pt.
,Przegrupowanie Claisena kluczowa reakcja w syntezie a-trifluorometylo-y, 6-
nienasyconych  amidowych  pochodnych  weglowodanéw”  zrealizowang
w Zaktadzie Syntezy i Struktury Zwigzkéw Organicznych pod opieka prof. dr hab.
Henryka Koroniaka oraz dr Moniki Bilskiej-Markowskie;j.

W 2021 roku rozpoczetam studia w Szkole Doktorskiej Nauk Scistych
Uniwersytetu im. Adama Mickiewicza w Poznaniu na kierunku Chemia
w dyscyplinie Nauki Chemiczne. Studia realizowalam w Zaktadzie Chemii
Supramolekularnej Wydziatlu Chemii UAM. Od tego samego roku bylam
wykonawcg w  projekcie Narodowego Centrum Nauki OPUS (nr
2020/37/B/ST5/01938) pt. ,Zastosowanie polimeréw  wdrukowanych
molekularnie na bazie poli(2-oksazolin) do selektywnego usuwania i iloSciowego
oznaczania szkodliwych zwigzkéw organicznych w probkach srodowiskowych”.
Realizacje zadan w projekcie zakonczytam w pazdzierniku 2025 roku.

W 2021 roku rozpoczetam réwniez studia podyplomowe ,Bezpieczenstwo
w uzytkowaniu 1izarzgdzaniu substancjami chemicznymi” na Wydziale Chemii
Uniwersytetu Ldodzkiego, ktore w 2022 roku zakonczytam z wynikiem dobrym
plus. W 2024 roku zrealizowatam kolejne studia podyplomowe ,Jakos¢
i bezpieczenstwo produktéw kosmetycznych” na Wydziale Chemii Uniwersytetu
Lodzkiego, ktore w 2025 roku ukonczytam wynikiem bardzo dobrym. Podczas

realizacji ww. kierunku studiéw w styczniu 2025 roku uzyskatam kompetencje
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Audytora wewnetrznych dobrych praktyk produkcyjnych w branzy kosmetyczne;j
wg IS0 22716:2007 po zdaniu egzaminu organizowanego przez TUV SUD Polska.

Od 16 marca do 15 czerwca 2023 roku odbywatam staz naukowy na
Wydziale Chemii Uniwersytetu w Gandawie (Ghent University) w Belgii pod
kierunkiem Prof. Richarda Hoogenbooma, podczas ktérego zajmowatam sie
dopracowywaniem  metod  syntezy @ wybranych  pochodnych  poli(2-
oksazolinowych) stanowigcych podstawe mojego projektu doktorskiego.

W trakcie studiéw w Szkole Doktorskiej UAM dwukrotnie odbytam
krétkoterminowe staze naukowe w Narodowym Instytucie Badan i Rozwoju
w Chemii i Petrochemii (National Institute for Research & Development in
Chemistry and Petrochemistry, ICECHIM) w Bukareszcie (Rumunia), pod
kierunkiem dr inZ. Tanty-Verony lordache. W trakcie stazy prowadzitam prace nad
optymalizacja reakcji polimeryzacji materiatbw w reaktorze mikrofalowym oraz
ich charakterystyka z wykorzystaniem wybranych technik analitycznych.

W roku akademickim 2024/2025 bylam stypendystka Fundacji
Uniwersytetu im. Adama Mickiewicza, wyr6zniong za wybitne osiggniecia
akademickie oraz aktywne zaangazowanie w dziatalno$¢ naukowa.

Jestem wspoétautorka tacznie pietnastu artykutéw naukowych - dwunastu
publikacji w czasopismach =z listy filadelfijskiej oraz trzech rozdziatéw
w monografiach naukowych. Bratam udziat w szeSciu konferencjach naukowych,
obejmujacych pie¢ konferencji o zasiegu miedzynarodowym oraz jedna
konferencje krajowa. Podczas tych wydarzen dwukrotnie zostatam wyro6zniona
nagrodami: Best Oral Award na 25th European Meeting on Environmental
Chemistry (EMEC25), ktére odbyto sie w dniach 23-25 listopada 2025 roku
w Chanii na Krecie, w Grecji, oraz PRIOCHEM 2025 Award na XXIst International
Symposium ,Priorities of Chemistry for a Sustainable Development” (PRIOCHEM
XXI), ktére odbyto sie 15-17 pazdziernika 2025 roku w Bukareszcie, w Rumunii;
nagroda zostata przyznana przez Narodowy Instytut Badan i Rozwoju w Chemii

i Petrochemii (ICECHIM) za wybitny wktad naukowy.
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3. Lista publikacji naukowych
3.1 Publikacje wchodzace w sktad rozprawy doktorskiej

Artykuty naukowe

A1l. Lusina, A., & Cegtowski, M. (2024). Determination of MCPA in environmental
samples using an analytical on-line system based on imprinted poly[2-(3-
butenyl)-2-oxazoline] and ambient ionization mass spectrometry. Sensors and

Actuators B: Chemical, 403, 135140.

Na podstawie zlozonych oswiadczen wspétautorow, zasadniczy wkiad

merytoryczny w przygotowanie pracy Al obejmowat:

Aleksandra Lusina: wspottworzenie koncepcji artykutu naukowego;
opracowanie metody syntezy monomeru ButenOx oraz procesu jego
polimeryzacji, a takze realizacja tych proceséw; opracowanie metod
funkcjonalizacji oraz sieciowania polimeru ButenOx; synteze i charakterystyke
modyfikowanych materiatbw na bazie Poly(ButenOx) (ButenOx-MPA10%;
ButenOx-MPA20%, ButenOx-MPA30%) z wykorzystaniem techniki 'H NMR;
opracowanie strategii syntezy materiatéw MIP oraz NIP (MIP-ButenOx-MPAO;
MIP-ButenOx-MPA10; MIP-ButenOx-MPA-20; MIP-ButenOx-MPA30, NIP-
ButenOx-MPAO, NIP-ButenOx-MPA10; NIP-ButenOx-MPA20; NIP-ButenOx-
MPA30) na bazie Poly(ButenOx); kompleksowg charakterystyke otrzymanych
materiatéw MIP oraz NIP (MIP-ButenOx-MPAO; MIP-ButenOx-MPA10; MIP-
ButenOx-MPA-20; MIP-ButenOx-MPA30, NIP-ButenOx-MPAO, NIP-ButenOx-
MPA10; NIP-ButenOx-MPAZ20; NIP-ButenOx-MPA30) na bazie Poly(ButenOx)
z wykorzystaniem technik FTIR, TG oraz SEM; przeprowadzenie peinych
badan wtasciwosci adsorpcyjnych, obejmujacych: izotermy adsorpcji, kinetyke
adsorpcji, analize termodynamiczng, badania wptywu pH, cykle adsorpcji-
desorpcji, badania S$rodowiskowe, badania selektywnos$ci, wyznaczanie
zakresu liniowoSci oraz limitéw detekcji; obrobke i analize danych uzyskanych
w wyniku badan adsorpcyjnych; wspotinterpretacje wynikéw badan oraz
wspotudziat  wdyskusji  naukowej nad  uzyskanymi  rezultatami;

wspotprzygotowanie danych eksperymentalnych oraz opracowanie dyskusji
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A2,

wynikéw badan przeznaczonych do tekstu gtownego publikacji naukowej;
wspoliprzygotowanie materiatéw dodatkowych (Supporting Information);
wspotautorstwo tekstu gtdwnego publikacji naukowej.

Michatl Ceglowski: nadzor merytoryczny i naukowy nad realizacja badan;
zarzadzanie projektem badawczym oraz koordynacja jego realizacji;
pozyskanie finansowania na realizacje badan; wspéttworzenie koncepcji
artykutu naukowego; wspétinterpretacje wynikéw badan oraz wspoétudziat
w dyskusji naukowej nad uzyskanymi rezultatami; wspotprzygotowanie
danych eksperymentalnych oraz opracowanie dyskusji wynikéw badan
przeznaczonych do tekstu gtéwnego publikacji naukowej;
wspotprzygotowanie materiatow dodatkowych (Supporting Information);

wspétautorstwo oraz redakcja tekstu gtéwnego publikacji naukowe;.

Lusina, A. & Cegtowski, M. (2025). Poly(ButenOx)-derived molecularly
imprinted polymers for rapid quantification of propylparaben: Enhancing

selectivity and sensitivity with thiol-ene chemistry. European Polymer Journal,

228,113785.

Na podstawie zloZonych oswiadczen wspétautoréow, zasadniczy wkilad

merytoryczny w przygotowanie pracy A2 obejmowat:

Aleksandra Lusina: wspottworzenie koncepcji artykutu naukowego;
opracowanie metody syntezy monomeru ButenOx oraz procesu jego
polimeryzacji, a takze realizacja tych proceséw; opracowanie metod
funkcjonalizacji oraz sieciowania polimeru Butenox wraz z synteza
modyfikowanych = materialow;  scharakteryzowanie = modyfikowanych
materiatdw (Poly(ButenOx)-ZME; Poly(ButenOx)-4MBM; Poly(ButenOx)-
3MPA) na bazie Poly(ButenOx) =z wykorzystaniem techniki 1H NMR;
opracowanie strategii syntezy materiatéw MIP oraz NIP (MIP(0%); MIP(2ZME);
MIP(4MBM); MIP(3MPA), NIP(0%), NIP(2ZME); NIP(4MBM); NIP(3MPA)) na
bazie Poly(ButenOx); kompleksowa charakterystyke otrzymanych materiatéw
MIP oraz NIP (MIP(0%); MIP(2ME); MIP(4MBM); MIP(3MPA), NIP(0%),
NIP(2ME); NIP(4MBM); NIP(3MPA)) na  bazie  Poly(ButenOx)
z wykorzystaniem technik FTIR, TG oraz SEM; przeprowadzenie peinych

badan wtasciwosci adsorpcyjnych, obejmujacych: izotermy adsorpcji, kinetyke
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A3.

adsorpcji, analize termodynamiczng, badania wptywu pH, cykle adsorpcji-
desorpcji, badania S$rodowiskowe, badania selektywno$ci, wyznaczanie
zakresu liniowosci oraz limitéw detekcji; obrobke i analize danych uzyskanych
w wyniku badan adsorpcyjnych; wspétinterpretacje wynikéw badan oraz
wspoétudziat  wdyskusji  naukowej nad  uzyskanymi  rezultatami;
wspolprzygotowanie danych eksperymentalnych oraz opracowanie dyskusji
wynikéw badan przeznaczonych do tekstu gtéwnego publikacji naukowej;
wspolprzygotowanie materiatéw dodatkowych (Supporting Information);

wspotautorstwo tekstu gtdwnego publikacji naukowe;j.

Michat Ceglowski: nadzér merytoryczny i naukowy nad realizacja badan;
zarzadzanie projektem badawczym oraz koordynacja jego realizacji;
pozyskanie finansowania na realizacje badan; wspéttworzenie koncepcji
artykutu naukowego; wspétinterpretacje wynikéw badan oraz wspoétudziat
w dyskusji naukowej nad uzyskanymi rezultatami; wspotprzygotowanie
danych eksperymentalnych oraz opracowanie dyskusji wynikéw badan
przeznaczonych do tekstu gtownego publikacji naukowej;
wspotprzygotowanie materiatow dodatkowych (Supporting Information);

wspétautorstwo oraz redakcja tekstu gtéwnego publikacji naukowe;.

Lusina, A, Jana, S. Pattyn, E., Hoogenboom, R, & Cegtowski, M. (2025).
Selective Sensing of Perfluorooctanesulfonic Acid in Food Samples Using
Functionalized Poly(2-oxazoline)-Based Molecularly Imprinted Polymers.

Chemistry of Materials, 37, 8688-8706.

Na podstawie zlozonych oSwiadczen wspétautoréw, zasadniczy wkiad

merytoryczny w przygotowanie pracy A3 obejmowat:

Aleksandra Lusina: wspoéttworzenie koncepcji artykutu naukowego;
przeprowadzenie polimeryzacji monomeru C2MestOx oraz modyfikacji celem
otrzymania Poly(AllylamidOx); opracowanie metod funkcjonalizacji oraz
sieciowania polimeru AllylamidOx wraz z synteza modyfikowanych
materiatow; scharakteryzowanie modyfikowanych materiatéw
(Poly(AllylamidOx)-alkyl; Poly(AllylamidOx)-OH; Poly(AllylamidOx)-COOH;
Poly(AllylamidOx)-PFC) na bazie Poly(AllylamidOx) z wykorzystaniem
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techniki 1H NMR; opracowanie strategii syntezy materiatéw MIP oraz NIP
(MIP; MIP-alkyl; MIP-OH; MIP-COOH, NIP-PFC, NIP; NIP-alkyl; NIP-OH; NIP-
COOH; NIP-PFC) na bazie Poly(AllylamidOx); kompleksowg charakterystyke
otrzymanych materiatéw MIP oraz NIP (MIP; MIP-alkyl; MIP-OH; MIP-COOH,
NIP-PFC, NIP; NIP-alkyl; NIP-OH; NIP-COOH; NIP-PFC) na bazie
Poly(AllylamidOx) z wykorzystaniem technik FTIR, TG oraz SEM;
przeprowadzenie peilnych badan witasciwosci adsorpcyjnych, obejmujacych:
izotermy adsorpcji, kinetyke adsorpcji, analize termodynamiczng, badania
wptywu pH, cykle adsorpcji-desorpcji, badania Srodowiskowe, badania
selektywno$ci, wyznaczanie zakresu liniowoSci oraz limitéw detekcji; dobér
materiatéw $rodowiskowych do analiz na podstawie danych literaturowych;
obrobke ianalize danych uzyskanych w wyniku badan adsorpcyjnych;
wspétinterpretacje wynikow badan oraz wspoétudziat w dyskusji naukowej
nad uzyskanymi rezultatami; wspotprzygotowanie danych eksperymentalnych
oraz opracowanie dyskusji wynikéw badan przeznaczonych do tekstu
gtobwnego  publikacji  naukowej;  wspdiprzygotowanie = materiatéw
dodatkowych (Supporting Information); wspoétautorstwo tekstu gtownego

publikacji naukowe;.

Somdeb Jana: przeprowadzenie syntezy monomeru C:MestOx; wsparcie
techniczne w zakresie syntezy polimeru Poly(AllylamidOx); wsparcie
merytoryczne w zakresie analizy i interpretacji widm 'H NMR polimeru

Poly(AllylamidOx).

Emiel Pattyn: wspdtudziat w procesie syntezy polimeru Poly(AllylamidOx);
wspétudziat w analizie i interpretacji widm 1H NMR polimeru

Poly(AllylamidOx).

Richard Hoogenboom: recenzja i redakcja artykutu naukowego; pozyskanie
finansowania na realizacje badan; wspottworzenie koncepcji artykutu

naukowego.

Michal Ceglowski: nadz6r merytoryczny i naukowy nad realizacja badan;
zarzadzanie projektem badawczym oraz koordynacja jego realizacji;

pozyskanie finansowania na realizacje badan; wspottworzenie koncepcji
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1)

2)

3)

4)

5)

6)

artykutu naukowego; wspotinterpretacje wynikow badan oraz wspotudziat
w dyskusji naukowej nad uzyskanymi rezultatami; wspotprzygotowanie
danych eksperymentalnych oraz opracowanie dyskusji wynikéw badan
przeznaczonych do tekstu gtéwnego publikacji naukowej;
wspolprzygotowanie materiatéw dodatkowych (Supporting Information);

wspotautorstwo oraz redakcja tekstu gtéwnego publikacji naukowe;.

3.2 Pozostate publikacje

Artykuty naukowe

Cegtowski, M., Lusina, A., Nazim, T., Ottowski, T., Gierczyk, B., & Hoogenboom,
R. (2025). Enhanced detection of explosives: A novel approach using poly(2-
oxazoline)s-based molecularly imprinted polymers combined with ambient
mass spectrometry. European Polymer Journal, 113704.

Kubiak, A., Jaruga, M., Lusina, A., Nazim, T. Sobanska, K, Pietrzyk, P., &
Cegtowski, M. (2025). Real-world application of molecularly imprinted TiO2-
graphite photocatalysts: Efficient pharmaceutical removal under energy-
optimized LED system. Journal of Water Process Engineering, 69, 106894.
Cegtowski, M., Ottowski, T., Gierczyk, B., Smeets, S., Lusina, A., & Hoogenboom,
R. (2023). Explosives removal and quantification using porous adsorbents
based on poly(2-oxazoline)s with various degree of functionalization.
Chemosphere, 340, 139807.

Nazim, T. Lusina, A., & Ceglowski, M. (2023). Recent Developments in the
Detection of Organic Contaminants Using Molecularly Imprinted Polymers
Combined with Various Analytical Techniques. Polymers, 15(19), 3868.
Bogdanowicz, N., Lusina, A. Nazim, T. & Cegtowski, M. (2023). Rapid
quantification of 2, 4-dichlorophenol in river water samples using molecularly
imprinted polymers coupled to ambient plasma mass spectrometry. Journal of
Hazardous Materials, 450, 131068.

Lusina, A., & Cegtowski, M. (2022). Molecularly imprinted polymers as state-
of-the-art drug carriers in hydrogel transdermal drug delivery applications.

Polymers, 14(3), 640.
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7)

8)

9)

1

2)

3)

Lusina, A., Nazim, T., & Cegtowski, M. (2022). Poly(2-oxazoline)s as Stimuli-
Responsive Materials for Biomedical Applications: Recent Developments of
Polish Scientists. Polymers, 14(19), 4176.

Cegtowski, M., Kurczewska, ]., Lusina, A., Nazim, T., & Ruszkowski, P. (2022).
EGDMA-and TRIM-based microparticles imprinted with 5-fluorouracil for
prolonged drug delivery. Polymers, 14(5), 1027.

Bilska-Markowska, M., Patyk-KaZzmierczak, E., & Lusina, A. (2022). Synthesis of
Fluorinated Amides Starting from Carbohydrates Based on the Claisen

Rearrangement. European Journal of Organic Chemistry, 2,e202101378.

Rozdzialy w monografiach

Lusina, A., Nazim, T., & Cegtowski, M. (2024). Synthesis and Characterization of
MIPs. In Molecularly Imprinted Polymers: Path to Artificial Antibodies (pp. 29-
67). Singapore: Springer Nature Singapore.

Lusina, A., & Cegtowski, M. (2022). Zastosowania materiatéw opartych na
polimerach z odciskiem molekularnym i ich wplyw na rozwo6j chemii
supramolekularnej. Wiadomosci Chemiczne.

Lusina, A., Bilska-Markowska, M., & Koroniak, H. (2018). Przegrupowanie
Claisena jako narzedzie w syntezie pochodnych weglowodanéw. Na pograniczu

chemii i biologii, XXXVIII, 103-125.
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1)

2)

3)

4)

5)

1)

4. Lista konferencji naukowych

Miedzynarodowe konferencje naukowe

Lusina, A., Cegtowski, M. “Molecularly Imprinted Polymers Combined with
FAPA-MS: A Novel Strategy for Selective Detection of Propylparaben in
Environmental Water Samples”, 25th European Meeting on Environmental
Chemistry (EMEC25), Chania, Kreta, Grecja, 23.11.2025 - 25.11.2025.

Lusina, A., Cegtowski, M. ,FAPA-MS Enhanced by Molecularly Imprinted
Polymers for Targeted Environmental Analysis”, XXI International Symposium
“Priorities of Chemistry for a Sustainable Development” PRIOCHEM, Bukareszt,
Rumunia, 15.10.2025 - 17.10.2025.

Lusina, A., Ceglowski, M. ,Molecularly Imprinted Polymers in Advanced
Environmental Sensing using FAPA-MS”, 50th World Chemistry Congress
(50WCC) Chemistry for Sustainable Future, Kuala Lumpur, Malezja, 14.07.2025
-19.07.2025.

Lusina, A. Cegtowski, M. “Molecularly imprinted poly(ButenOx) for the
determination of MCPA using ambient ionization mass spectrometry”, 18th
International Symposium on Persistent Toxic Substances and Health (ISPTS-
2024), Chania, Kreta, Grecja, 14.09.2024 - 19.09.2024.

Lusina, A. Cegtowski, M. ,,MCPA Herbicide Rapid and Selective Removal using
2-But-3-enyl-2-oxazoline-based Molecularly Imprinted Polymers”, 2nd French

- Polish Chemistry Congress, Montpellier, Francja, 28.08.2023 - 31.08.2023.

Krajowe konferencje naukowe

Lusina, A. ,Zastosowanie kwasu borowego do sieciowania polimeréw
z odciskiem molekularnym na bazie 2-(3-butenylo)-2-oksazoliny selektywnie
uwalniajacych czasteczki analitu w obecnosci jonéw fluorkowych”,
VII Ogélnopolskie Seminarium Postepy w chemii boru, Radziejowice, Polska,

03.06.2022 - 05.06.2022.
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5. Staze badawcze

Miedzynarodowe staze badawcze

1) 14.10.2025 - 28.10.2025
National Institute for Research & Development in Chemistry and
Petrochemistry, ICECHIM; Bukareszt, Rumunia; Opiekun stazu naukowego:

PhD. Eng. T.-Verona lordache.

2) 28.03.2025-11.04.2025
National Institute for Research & Development in Chemistry and
Petrochemistry, ICECHIM; Bukareszt, Rumunia; Opiekun stazu naukowego:

PhD. Eng. T.-Verona lordache.

3) 16.03.2023 - 15.06.2023
Uniwersytet w Gandawie; Wydzial Chemii; Zaktad Chemii Supramolekularnej;

Gandawa, Belgia; Opiekun stazu naukowego: Profesor Richard Hoogenboom.
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6. Analiza wynikow badan w konteks$cie
literatury

6.1 Polimery z odciskiem molekularnym

Polimery MIP stanowig wyspecjalizowang klase materiatow zdolnych do
selektywnego rozpoznawania przestrzennego czgsteczek (analitow) na drodze
komplementarnosci strukturalnej i chemicznej. Rozpoznawanie to opiera sie na
dopasowaniu ksztattu, rozmiaru oraz rozmieszczenia grup funkcyjnych oznaczanej
czasteczki do wnek molekularnych obecnych w strukturze polimeru. Proces
powstawania wnek molekularnych w polimerach MIP ma charakter dwuetapowy.
W pierwszym etapie, podczas polimeryzacji, zachodzi tworzenie kompleksu
przejSciowego pomiedzy czasteczkg analitu (szablonu, ang. template)
a fragmentami tancuchéw polimerowych (lub monomerem funkcyjnym),
stabilizowanego przez specyficzne oddzialywania monomer-szablon. W kolejnym
etapie czasteczki szablonu sg usuwane z matrycy polimerowej, co tworzy wneki
molekularne komplementarne do nich pod wzgledem ksztattu i wiasciwosci
chemicznych. Wneki te zachowujg utrwalone cechy pierwotnego kompleksu,
dzieki czemu podczas ponownej ekspozycji materiatu na analit dochodzi do jego
preferencyjnej resorpcji, prowadzacej do odtworzenia ukitadu oddziatywan
analogicznych do tych wystepujacych na etapie formowania kompleksu
przejsciowego. Mechanizm ten stanowi podstawe selektywnos$ci adsorpcyjnej

materiatow MIP [2].

6.1.1 Glowne zatozenia koncepcji tworzenia odcisku molekularnego

Koncepcja tworzenia odcisku molekularnego zostala po raz pierwszy
opisana w 1931 roku przez Polyakova, ktory zaobserwowal ,nietypowe
wtasciwosci adsorpcyjne czgstek krzemionki otrzymanych w wyniku nowatorskiej
procedury syntezy” [3]. Zjawisko to zostato pdzZniej potwierdzone dla wielu
rodzajow polimerdéw, ktore z czasem okreslono mianem polimeréw z odciskiem
molekularnym.

Obecnie wyro6znia sie trzy glowne strategie tworzenia odcisku

molekularnego. Pierwsza z nich to metoda kowalencyjna, zaproponowana przez
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Wulffa w 1995 roku [4], ktéra opiera sie na odwracalnych wigzaniach
kowalencyjnych pomiedzy czasteczka szablonu a monomerem funkcyjnym. Druga
strategia, metoda niekowalencyjna, opracowana przez Mosbacha w 1994 roku [5],
jest metodg wykorzystywang w niniejszej pracy, w ktérej otrzymywane materiaty
projektowane s3 w oparciu o tworzenie oddziatywan niekowalencyjnych
odpowiedzialnych za ksztaltowanie zdolnoSci zapamietywania czasteczek
szablonu, ze szczegbélnym uwzglednieniem wigzan wodorowych, oddziatywan m-n
oraz oddziatywan halogen-halogen. Trzecia strategia jest metoda p6tkowalencyjna,
opisana przez Whitcombe’a [6], w ktérej szablon jest poczatkowo zwigzany
kowalencyjnie, natomiast proces ponownego wigzania zachodzi dzieki
oddziatywaniom niekowalencyjnym.

Metoda kowalencyjna polega na utworzeniu wigzania kowalencyjnego
pomiedzy szablonem a monomerem, ktére po polimeryzacji zostaje rozerwane
w celu usuniecia czgsteczek szablonu z kompleksu polimerowego. Ponowne
wigzanie szablonu prowadzi do odtworzenia identycznego wigzania
kowalencyjnego. Ze wzgledu na konieczno$¢ stosowania szybko odwracalnych
wigzan kowalencyjnych oraz ich ograniczong dostepno$¢, zakres czasteczek
mozliwych do stworzenia odcisku ta metoda jest waski. Dodatkowo, silny
charakter wigzan kowalencyjnych skutkuje wolng Kinetyka wigzania i dysocjacji,
co utrudnia osiggniecie rownowagi termodynamiczne;.

NajczeSciej stosowang strategig jest niekowalencyjne tworzenie odcisku
molekularnego, ktore cechuje sie prostota i duza uniwersalnoscia [7].
W odpowiednio dobranym rozpuszczalniku tworzone sg kompleksy szablonu
zmonomerami funkcyjnymi dzieki oddzialywaniom niekowalencyjnym. Po
usunieciu czasteczek szablonu z kompleksu MIP mozliwe jest ich ponowne
wigzanie poprzez te same typy oddziatywan, co znaczaco rozszerza zakres
potencjalnych czasteczek mozliwych do zastosowania w celu utworzenia odcisku.
Z tego wzgledu metoda ta stata sie dominujaca strategia w technologii tworzenia
odcisku molekularnego (ang. molecular imprinting technology, MIT).

Metoda potkowalencyjna stanowi kompromis pomiedzy dwiema
poprzednimi strategiami. Czasteczki szablonu sg poczatkowo przytaczone do
monomeru kowalencyjnie, jednak po ich usunieciu proces ponownego wigzania

zachodzi na drodze oddziatywan niekowalencyjnych. Takie podejsScie 1aczy wysoka
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selektywno$¢ wigzania kowalencyjnego z tagodnymi warunkami resorpcji

charakterystycznymi dla metod niekowalencyjnych [6].

6.1.2 Elementy projektowania polimeré6w MIP

Polimery MIP s3 zazwyczaj syntetyzowane przy uzyciu monomeru
funkcjonalnego, wybranego analitu (szablonu), zwigzku sieciujgcego, inicjatora
polimeryzacji oraz odpowiedniego rozpuszczalnika. Proces tworzenia odcisku
molekularnego polega na przygotowaniu mieszaniny prekursoréw, ktdra
nastepnie jest poddawana reakcji polimeryzacji w celu utworzenia sieci
polimerowej MIP [7]. Wtasciwosci otrzymywanych polimeréw MIP mozna
modulowa¢ poprzez dobdér parametréw syntezy, takich jak rodzaj i ilo$¢
monomeru, inicjatora, zwigzku sieciujacego i rozpuszczalnika, a takze czas czy
temperatura reakcji [8].

Jednym z najwazniejszych sktadnikéw struktury MIP jest czasteczka
szablonu, ktéra determinuje rozmieszczenie grup funkcyjnych monomeréw
podczas procesu tworzenia odcisku molekularnego. Szablon powinien wykazywacé
odporno$¢ chemiczng w warunkach polimeryzacji wolnorodnikowej [7].
Wymagania stawiane czasteczkom szablonéw obejmujg: wysoka stabilno$¢
chemiczng w trakcie polimeryzacji, obecno$¢ grup funkcyjnych niezaktécajacych
procesu polimeryzacji oraz zdolno$¢ do tworzenia komplekséw z monomerami
funkcyjnymi [6]. NajczeSciej stosowane s3 mate czgsteczki organiczne, takie jak
leki, pestycydy czy aminokwasy. W literaturze opisano réwniez procedure
tworzenia odcisku molekularnego dla wiekszych czasteczek, np. biatek lub
komorek, jednak proces ten jest bardziej wymagajacy ze wzgledu na podatnos$¢
struktur drugorzedowych i trzeciorzedowych bialek na dziatanie czynnikow
termicznych lub fotochemicznych oraz ograniczong penetracje polimeru podczas
procesu reorientacji [7].

Wybo6r monomeru funkcyjnego stanowi kluczowy czynnik determinujacy
charakter interakcji w kompleksie przejSciowym, co bezposrednio wptywa na
wtasciwosci rozpoznawcze powstatego polimeru MIP. Zazwyczaj dobor monomeru
jest $cisle powigzany z zastosowanym szablonem, poniewaz nalezy uwzglednic¢
zarowno typ, jak i site tworzacych sie interakcji. Maksymalizacje efektu tworzenia

odcisku molekularnego osigga sie poprzez komplementarno$¢ funkcjonalng
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monomer-szablon, np. potaczenia akceptora wigzania wodorowego z donorem [2].
Monomery funkcyjne sktadaja sie zazwyczaj z jednostki rozpoznajacej czasteczki
szablonu oraz jednostki umozliwiajgcej polimeryzacje [8]. Niezaleznie od rodzaju
procesu tworzenia odcisku molekularnego - kowalencyjnie czy niekowalencyjnie -
stosuje sie zasadniczo te same monomery. W kowalencyjnym tworzeniu odcisku
molekularnego monomery musza tworzy¢ szybko odwracalne wigzania
kowalencyjne z szablonem, co ogranicza liczbe odpowiednich zwigzkéw i utrudnia
osiggniecie réwnowagi termodynamicznej. W metodach niekowalencyjnych
monomery muszg posiada¢ grupy funkcyjne zdolne do oddziatywania z szablonem,
na przyktad poprzez wigzania wodorowe. Z uwagi na przytoczone ograniczenia
w stosowaniu monomerow w technikach tworzenia odcisku molekularnego, liczba
odpowiednich zwigzkéw jest stosunkowo niewielka, co podkresla potrzebe
projektowania nowych funkcjonalnych monomeréw zdolnych do tworzenia
specyficznych oddzialywan z szablonami. Do monomeré6w najczes$ciej opisywanych
w literaturze naleza: kwas metakrylowy (MAA) [9,10], metakrylan metylu [11], kwas
akrylowy (AA) [12,13], akrylamid (AM) [14], pirydyny winylowe (VP) [15] oraz
styren i jego pochodne [16].

Znaczenie zwigzku sieciujacego polega na utrwaleniu struktury polimeru
wokét  czasteczek szablonu, zapewnieniu stabilnoSci mechanicznej oraz
ksztattowaniu wiasciwosci morfologicznych polimeru MIP. W materiatach tych
zarOwno rodzaj, jak i ilo$¢ zwigzku sieciujgcego maja decydujacy wptyw na
selektywno$¢ oraz pojemno$¢ wigzacg - ich nadmiar jak i niedobdr wptywaja
niekorzystnie. Niedobor zwigzku sieciujgcego prowadzi do niestabilnych
wlasciwos$ci mechanicznych, natomiast jego nadmiar zmniejsza liczbe miejsc
wigzacych na jednostke masy polimeru [7,8]. Do najczesciej stosowanych zwigzkéw
sieciujacych naleza: dimetakrylan glikolu etylenowego (ang. ethylene glycol
dimethacrylate, EGDMA) [17,18], diwinylobenzen (ang. divinylbenzene, DVB) [19],
oraz N,N’-metylenobisakrylamid (ang. N,N’-methylenebisacrylamide, MBA) [20].

Najskuteczniejsze metody syntezy polimeréw MIP obejmuja polimeryzacje
wolnorodnikowa, fotopolimeryzacje oraz elektropolimeryzacje, w ktorych
niezbedne jest zastosowanie inicjatoréw. Zazwyczaj ilo$¢ inicjatora w mieszaninie
polimeryzacyjnej jest niewielka. W przeciwienstwie do monomerow, inicjatory

stosuje sie w stezeniach rzedu 1 % wag. lub 1 % mol wzgledem catkowitej liczby
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moli wigzan podlegajacych polimeryzacji [7]. Do najczesciej wykorzystywanych
inicjatoré6w w polimeryzacji wolnorodnikowej nalezg 2,2’-azobis(izobutyronitryl)
(AIBN) oraz 2,2'-azobis(2,4-dimetylo-waleronitryl) (ADVN). Reakcje inicjuje sie
zwykle droga termiczng w zakresie temperatur 50-70 °C. Nalezy jednak zwrdcié
uwage, ze taki przedzial temperatur moze wptywaé na stabilno$¢ kompleksu
monomer-szablon lub samego szablonu, zwtaszcza w przypadku wrazliwych
zwigzkow, np. materiatu biologicznego. W takich sytuacjach alternatywa jest
inicjacja fotochemiczna za pomocg promieniowania ultrafioletowego [21]. Szybko$¢
reakcji oraz sposo6b rozpadu inicjatora zaleza od jego sktadu chemicznego i moga
by¢ kontrolowane réznymi metodami, w tym poprzez aktywacje termiczng,
naswietlanie, procesy chemiczne badz elektrochemiczne [7].

Ostatnim istotnym czynnikiem syntezy jest rozpuszczalnik, petnigcy funkcje
zarOwno medium reakcyjnego, jak i porotwoérczego. Molekuty rozpuszczalnika
zostaja poczatkowo uwiezione w tancuchach polimeru, a ich p6Zniejsze usuniecie
poprzez suszenie prowadzi do powstania pordw, ktore zwiekszaja dostepnos¢
miejsc wigzacych dla czasteczek szablonu. Dlatego wybdr rozpuszczalnika
powinien sprzyja¢ tworzeniu wigzan miedzy szablonem a monomerem.
W przypadku niekowalencyjnych metod tworzenia odcisku molekularnego
preferuje sie rozpuszczalniki aprotyczne, takie jak chloroform, tetrahydrofuran,
toluen oraz acetonitryl, co sprzyja efektywnos$ci procesu oraz odpowiedniej
morfologii polimeru [7,8,22]. Zastosowany rozpuszczalnik powinien speinia¢ kilka
warunkow: zapewnia¢ dobrg rozpuszczalno$¢ wszystkich sktadnikéw, umozliwiac
powstanie porow o odpowiedniej wielko$ci zapewniajgcych optymalny przeptyw
przez polimer oraz charakteryzowac sie niska polarnoscig, aby nie zakidécac
procesu formowania kompleks6w polimer-szablon. Odpowiedni dobdr
wtlasciwosci rozpuszczalnika jest kluczowy dla uzyskania wysokiej selektywnosci
MIP [7]. Szczegétowe podsumowanie elementéw projektowania materiatow MIP

zawiera Tabela 1.
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Tabela 1. Przyktady reagentéw stosowanych w procesie wytwarzania polimeréw MIP.

Szablon

Czasteczka szablonu determinuje selektywno$¢ polimeru MIP poprzez tworzenie specyficznych
oddziatywan z monomerami i ksztattowanie miejsc wigzacych. Aktualne doniesienia literaturowe
wskazuja na szerokie spektrum stosowanych szablonéw, obejmujgce zaréwno mate czasteczki [23-

25], jak i makromolekuty [26-28], co podkresla duza elastyczno$¢ metod tworzenia polimeréw MIP.
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Rozpuszczalnik

Rozpuszczalnik stanowi medium reakcyjne i czynnik porotwdrczy; w przypadku syntezy MIP
najczesciej wybierany spos$réd aprotycznych rozpuszczalnikoéw organicznych (np. chloroform,
toluen, tetrahydrofuran, acetonitryl), ktére sprzyjaja stabilizacji kompleks6w monomer-szablon;
ksztalttuja porowato$¢ polimeru oraz warunkuja dostepno$é i selektywno$¢ miejsc wigzacych

w polimerach MIP.

6.1.3 Procedury otrzymywania polimeréw MIP

Rozwdj metod syntezy polimerow MIP stanowi jeden z kluczowych
obszar6w nowoczesnej inzynierii materiatowej, dazacej do stworzenia
syntetycznych receptor6w o precyzyjnie zdefiniowanym powinowactwie
chemicznym. Od czasu wprowadzenia pierwszych technik tworzenia odcisku
molekularnego, podejscie to przeszto ewolucje od polimeryzacji blokowej do
zaawansowanych metod kontrolowanych, co pozwolito na znaczace postepy
w selektywnosci i stabilnosci otrzymywanych materiatéw. Poczatkowo
dominujaca role odgrywata polimeryzacja blokowa, ktéra do dzi§ stanowi
bezposrednig i szybka metode tworzenia odcisku molekularnego, dedykowang
przede wszystkim do matych czasteczek [29]. Proces ten polega na tgczeniu
monomerdw, zwigzku sieciujgcego, inicjatora oraz czasteczek szablonu
w odpowiednim rozpuszczalniku, a nastepnie na inicjacji polimeryzacji
wolnorodnikowej. Podczas reakcji czasteczki szablonu zostaja uwiezione
w powstajacej sieci polimerowej, tworzac specyficzne miejsca wigzace [30]. Po
zakonczeniu procesu czasteczka szablonu jest usuwana, a polimer moze by¢
rozdrobniony w celu uzyskania pozadanej wielkoSci czastek. Tak otrzymane
materiaty charakteryzuja sie szybka i odwracalng adsorpcja oraz desorpcja.
Jednakze metoda ta wigze sie z istotnymi ograniczeniami, takimi jak trudnoS$ci
w tworzeniu odcisku molekularnego dla wiekszych czasteczek szablondw,
wydtuzony czas dyfuzji, mozliwos$¢ krzyzowego oddziatywania z mniejszymi,
podobnymi do zastosowanych szablonéw czasteczkami oraz niejednorodno$¢
rozmiaru czastek wynikajgca z ich mechanicznej obrébki [31]. W odpowiedzi na te
wyzwania opracowano liczne alternatywne metody syntezy, ktére minimalizujg
powyzsze niedogodnosci i umozliwiajg otrzymanie MIP-6w o roéznorodnych

wtasciwosciach fizykochemicznych.

32|Strona



W grupie metod typu ,one-pot”, pozwalajacych na lepsza kontrole
morfologii, kluczowa role odgrywa polimeryzacja blokowo-strgceniowa,
umozliwiajgca otrzymanie jednorodnych mikrosfer MIP-6w o gtadkich
powierzchniach [32]. Reakcja ta odbywa sie w rozcieficzonym roztworze, w ktérym
polimeryzacja inicjuje sie od drobnych czgstek, a nastepnie wbudowywane sg
w nie wieksze oligomery [33]. Alternatywnie, po uzyskaniu pozadanej wielkos$ci
czastek, rozpoczyna sie proces stracania z roztworu. Istotnymi parametrami
kontroli rozmiaru czastek sg tu: szybko$¢ mieszania, polarnos¢ rozpuszczalnika,
temperatura reakcji oraz stezenie monomeréw. Zalety tej metody, obejmujace
prostote procedury, brak koniecznosci stosowania stabilizatoréw czy mozliwos$¢
uzycia wysokiego stopnia sieciowania i polarnych aprotycznych srodowisk reakcji,
kontrastujg z duzym zuzyciem rozpuszczalnikéw oraz konieczno$cig stosowania
wysokiego stezenia szablonu, co bywa kosztowne w przypadku rzadkich
szablondw [34,35]. Kolejng technika jest polimeryzacja emulsyjna, oparta na
tworzeniu mieszaniny monomer6éw i szablonu w obecnoSci surfaktantéw lub
cyklodekstryn, umozliwiajacych przejscie faz w uktadzie woda-olej lub olej-woda.
Proces ten pozwala na uzyskanie polimeréw o wyzszej masie czasteczkowej [36].
Ograniczeniem jest tu jednak ryzyko zaburzenia interakcji szablonu z polimerem
przez surfaktanty oraz utrudniona dostepnos¢ samej czgsteczki szablonu [37].
Z kolei polimeryzacja zawiesinowa, stosowana powszechnie w skali przemystowej
(np. przy syntezie PVC, PMMA czy polistyrenu [38]), polega na rozpraszaniu
monomeru z inicjatorem w fazie wodnej przy uzyciu stabilizatorow i intensywnego
mieszania, czasem wspomaganego ultradZwiekami. Przy odpowiedniej kontroli
temperatury, metoda ta prowadzi do uzyskania sferycznych czastek w rozmiarach
od mikrometréw do milimetréw. Jednakze stabilizatory moga negatywnie
wptywa¢ na proces rozpoznawania szablonu [39]. Zestawienie technik
syntetycznych zamyka wieloetapowa metoda pecznienia i polimeryzacji,
polegajaca na stopniowym powiekszaniu polimerowych ziaren do uzyskania
jednorodnych czastek MIP [40]. Z uwagi na konieczno$¢ starannej optymalizacji,
metoda ta jest znacznie rzadziej wykorzystywana, o czym S$wiadcza nieliczne
doniesienia w najnowszej literaturze [41,42].

Ewolucja metod preparatyki doprowadzita do wdrozenia technik odcisku

powierzchniowego, co pozwolilo ograniczy¢ problemy dyfuzyjne w przypadku
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analitow makroczasteczkowych, takich jak komorki czy biatka [43]. W tym
podejsciu miejsca rozpoznawcze powstaja bezposrednio na powierzchni
materiatu, co zapewnia dopasowanie chemiczne i geometryczne, szybka adsorpcje
i desorpcje oraz tatwy dostep do centréw wigzacych, mimo mniejszej ich liczby
i wiekszej czasochtonnoS$ci syntez [44]. Jedng z takich technik jest litografia miekka,
w ktorej polimer MIP tworzy sie na powierzchni statej przy uzyciu elastycznego,
polimerowego ,stempla” [45]. Czasteczki szablonu samoorganizujg sie na
,stemplu”, a naniesiona mieszanka prekursor6w jest utwardzana
promieniowaniem UV, tworzac cienkie warstwy polimeru MIP [46]. Podobny efekt
daje tworzenie odcisku po immobilizacji szablonu, polegajace na chemicznym
unieruchomieniu czasteczek szablonu na powierzchni przed polimeryzacjg [47].
Technika ta pozwala na wykorzystanie nierozpuszczalnych szablondéw, a jej
warianty obejmuja drukowanie mikrostykowe, odcisk na bazie oddziatywan
potkowalencyjnych oraz w fazie statej [48,49]. RoOwnolegle rozwinieto
polimeryzacje szczepiong, umozliwiajagcg wytwarzanie cienkich warstw polimeréow
MIP na powierzchniach czastek statych [50]. Procedura ta, obejmujgca adsorpcje
szablonu, szczepienie (tj. przytaczanie) i sieciowanie monomeréw, pozwala na
tworzenie odcisku zaréwno dla matych, jak i duzych czasteczek [51,52] na
podtozach takich jak krzemionka, polistyren, nanorurki weglowe, polisacharydy
czy tlenek grafenu [53,54].

Wspdiczesne techniki uzupeiniaja metody specjalistyczne, jak
elektropolimeryzacja, polegajaca na osadzaniu polimerow MIP na elektrodach
przewodzacych pod wptywem energii elektrycznej. Grubos$¢ i morfologia powtoki
zaleza tu od parametrow pradowych i skladu elektrolitu, przy czym metoda ta,
cho¢ szybka, moze prowadzi¢ do wymywania czgsteczek [55]. Wyjatkowga kontrole
nad architekturg polimeru oferuje natomiast kontrolowana polimeryzacja
rodnikowa (ang. controlled radical polymerization, CRP), pozwalajaca na
otrzymywanie materiatdw o wysokiej masie czgsteczkowej i precyzyjnie
zdefiniowanej strukturze w fagodnych warunkach, przy minimalizacji
niekontrolowanej terminacji tancuchéw oraz niskiej polidyspersyjnosci [56,57].
Techniki te obejmujg polimeryzacje ,zywa” inicjowang iniferterami
(multifunkcyjnymi inicjatorami peinigcymi jednoczes$nie funkcje regulatoréw

i terminatoréw) [58], polimeryzacje z udziatem nitroksydéw (ang. nitroxide-
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mediated polymerization, NMP) [59], polimeryzacje rodnikowa z przeniesieniem
atomu (ang. atom transfer radical polymerization, ATRP) [60] oraz polimeryzacje
zodwracalng addycja i fragmentacja tancucha (ang. reversible addition-
fragmentation chain transfer, RAFT) [61]. Dzieki réwnoczesnemu wzrostowi
wszystkich tancuchéw 1 mozliwosci wprowadzania specyficznych grup
funkcyjnych, CRP znaczaco zwieksza kontrole nad strukturg i funkcjonalno$cig

nowoczesnych materiatéw MIP [57].

6.1.4 Znaczenie omawianych zagadnien w niniejszej pracy

Powszechnie stosowane materiaty MIP, otrzymywane na bazie monomeréw
metakrylowych lub winylowych, umozliwiaja jednoetapowe prowadzenie procesu
funkcjonalizacji i sieciowania w obecnosci czgsteczki szablonu, co prowadzi do
bezposredniego ksztattowania wnek molekularnych. Materialy tego typu
charakteryzuja sie jednak ograniczong hydrofilowo$cia oraz niska
biokompatybilnoscig, co istotnie redukuje ich potencjat w zastosowaniach
srodowiskowych [1]. Rozwigzaniem tych ograniczen okazato sie pionierskie
wykorzystanie poli(2-oksazolin) do syntezy materiatow MIP, zrealizowane we
wspotpracy grupy badawczej profesora Hoogenbooma (Uniwersytet w Gandawie)
oraz Zaktadu Chemii Supramolekularnej UAM. Poli(2-oksazoliny) stanowig klase
polimeréw otrzymywanych w procesie kationowej polimeryzacji z otwarciem
pierScienia (ang. cationic ring-opening polymerization, CROP) monomerow
2-oksazolinowych. Zwiazki te cechuja sie wysoka biokompatybilnoscia,
stabilno$cia chemiczng, niska dyspersyjnoscig, niejonowym charakterem oraz
dobra rozpuszczalnoscia zar6wno w wodzie, jak iw rozpuszczalnikach
organicznych. Dodatkowo wykazuja one szerokie mozliwosci modyfikacji
chemicznej, co czyni je atrakcyjnymi materiatami funkcjonalnymi [62].
W poréwnaniu z klasycznymi metodami otrzymywania MIP-6w, opracowana
pionierska metoda syntezy materiatow MIP opartych na poli(2-oksazolinach) [1]
zaktada ich dwuetapowa synteze. Proces CROP jest bowiem szczegdlnie wrazliwy
na obecnos$¢ nukleofili, ktéra prowadzi do niekontrolowanej terminacji procesu
polimeryzacji. Jednocze$nie obecno$¢ dodatkowych grup donorowych jest
kluczowa z punktu widzenia wzmacniania oddziatywan polimer-szablon, co

w konteks$cie projektowania materiatow MIP stanowi zjawisko pozadane.
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Powyzsze uwarunkowania jednoznacznie wskazuja na konieczno$¢ odejscia od
klasycznych, jednoetapowych metod syntezy materiatow MIP [1]. W zwigzku z tym
w niniejszych badaniach zastosowatam strategie wieloetapowa, obejmujaca
w pierwszym etapie synteze prepolimeru, nastepnie jego kontrolowang
funkcjonalizacje, a w koncowym etapie proces sieciowania prowadzony
w obecnosci czasteczek szablonu.

Prace badawcze rozpoczetam od syntezy monomeréw. Na podstawie serii
badan poréwnawczych oraz przeprowadzonych préb syntetycznych wybratam
najbardziej efektywng metode otrzymywania monomeru ButenOx, oparta na
zmodyfikowanej reakcji Wenkera. Procedura ta obejmuje trzy etapy syntetyczne,

schematycznie przedstawione na Rysunku 2.
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Rysunek 2. Reakcja Wenkera - wybrana metoda syntezy monomeru ButenOx.

Metoda, ktéra zastosowatam, charakteryzuje sie istotnymi zaletami, posréd
ktérych warto wymieni¢ wysoka czysto$¢ otrzymywanego produktu koncowego,
osiggang bez koniecznosci stosowania dodatkowych, specjalistycznych technik
oczyszczania. Reakcja Wenkera jest dobrze opisana w literaturze [63] i szeroko
wykorzystywana do syntezy monomer6w 2-oksazolinowych [64], a jej przebieg nie
wymaga stosowania szczegélnie wymagajacych warunkéw reakcyjnych, co czyni jg
relatywnie prostg w realizacji laboratoryjnej. Nalezy jednak podkresli¢, Zze metoda
ta nie jest wolna od ograniczen. Ze wzgledu na wieloetapowy charakter syntezy
oraz konieczno$¢ oczyszczania produktow posrednich po kazdym etapie,
catkowity czas trwania procesu wynosi okolo jednego tygodnia, a koncowa
wydajnos$¢ syntezy siega zaledwie okoto 30 %. Niemniej jednak, w zestawieniu
zinnymi badanymi metodami syntezy, takimi jak jednoetapowa synteza
z wykorzystaniem n-BuLi (ang. n-butyllithium) [65] czy alternatywna metoda
czeSciowej hydrolizy tancuchéw bocznych poli(2-etylo-2-oksazoliny) (ang. poly(2-
ethyl-2-oxazoline), poly(EtOx)), reakcja Wenkera okazata sie najbardziej
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efektywnym i powtarzalnym podejSciem umozliwiajagcym otrzymywanie
wiekszych ilosci ButenOx o wysokiej czysto$ci. Uzyskany monomer byt nastepnie
wykorzystywany w kolejnych etapach badan, w tym w procesach polimeryzacji
i funkcjonalizacji otrzymanego prepolimeru.

W kolejnym etapie otrzymany monomer ButenOx poddatam reakcji
polimeryzacji w reaktorze mikrofalowym, Kkontrolujac stosunek molowy
monomeru do inicjatora, w celu otrzymania polimeru o stopniu polimeryzacji
DP=20. Jako inicjator zastosowatam tosylan metylu (MeOTs). Stopien
polimeryzacji dobratam tak, aby zachowa¢ niska lepko$¢ otrzymywanego
polimeru, umozliwiajacg sprawne prowadzenie jego dalszych modyfikacji, dobrg
rozpuszczalno$¢ w rozpuszczalnikach organicznych stosowanych jako medium
reakcyjne oraz wysokg reaktywno$¢ chemiczng prepolimeru. Zwiekszanie
wartosci DP prowadzitoby do ograniczania dostepnosci grup funkcyjnych na
skutek konformacyjnego zawijania sie tancucha oraz efektow sterycznych.
W ramach wszystkich opublikowanych prac badawczych (A1, A2, A3) warto$¢ DP
utrzymywatam na stalym poziomie, tak aby wyeliminowa¢ wptyw dtugosci
tancucha prepolimerowego jako dodatkowej zmiennej. PodejScie to umozliwito mi
jednoznaczng ocene wptywu zastosowanych modyfikacji chemicznych na zdolno$¢
rozpoznawania przestrzennego materiatow.

Synteze poly(AllylamidOx) przeprowadzitam we wspélpracy z zespotem
badawczym profesora Richarda Hoogenbooma podczas realizacji stazu naukowego
na Uniwersytecie w Gandawie, stosujac opisang w literaturze metode

otrzymywania tego polimeru, przedstawiong schematycznie na Rysunku 3.
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Rysunek 3. Metoda syntezy polimeru Poly(CzMestOx) (A) oraz jego modyfikacja z wykorzystaniem
alliloaminy - synteza Poly(AllylamidOx) (B) [66].

Po syntezie poli(2-oksazolin) przystgpitam do modyfikacji tancuchéow
bocznych polimeréw. Ze wzgledu na obecno$¢ terminalnych wigzan podwdjnych
w tanicuchach bocznych obu wybranych pochodnych poli(2-oksazolin), do ich
funkcjonalizacji zastosowatam literaturowo dobrze opisang reakcje typu ,click”
tiol-en [67]. Proces ten przeprowadzitam w obecnosci fotoinicjatora 2-hydroksy-4'-
(2-hydroksyetoksy)-2-metylopropiofenonu (ang. 2-hydroxy-4'-(2-hydroxyethoxy)-
2-methylpropiophenone, IRGACURE 2959), przy jednoczesnym naswietlaniu uktadu
promieniowaniem UV, stosujac wybrane zwigzki tiolowe zawierajgce rézne grupy
funkcyjne, ktéorych obecno$¢ w strukturze prepolimeréw umozliwiata
modulowanie rodzaju i sity oddziatywan polimer-szablon. CzeSciowe modyfikacje
fancuchéw  bocznych polimeréw  przeprowadzitam z  wykorzystaniem
nastepujacych zwigzkéw: kwas 3-merkaptopropionowy (ang. 3-mercaptopropionic
acid, MPA); 2-merkaptoetanol (ang. 2-mercaptoethanol, ~2ME) oraz
4-metoksybenzylmerkaptan (ang. 4-metoxybenzyl mercaptane, 4MBM) a takze
1-undekanotiol (ang. 1-undecanethiol, 11-alkyl), 11-merkapto-1-undekanol (ang.
11-mercapto-1-undecanol, 11-alcohol), kwas 11-merkaptoundekanowy (ang. 11-
mercaptoundecanoic acid, 11-acid) oraz 3,3,4,4,5,5,6,6,7,7,8,8,99,10,10,10-
heptadekafluoro-1-dekanetiol (ang. 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heptafluoro-1-
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decanethiol, PFC). Reakcje tiol-en wybratam jako metode funkcjonalizacji ze
wzgledu na jej wydajno$¢, prostote przeprowadzenia i mozliwos¢ selektywnego
wprowadzenia réznych grup donorowych. Proces ten charakteryzuje sie wysoka
szybko$cig przebiegu oraz praktycznie iloSciowa wydajnoscia, przy jednoczesnym
braku tworzenia produktéw ubocznych [68]. Dzieki temu nie zachodzi koniecznos$¢
stosowania zaawansowanych procedur oczyszczania otrzymanych materiatéw. Po
zakonczeniu reakcji uktad poreakcyjny poddawatam strgcaniu w zimnym eterze
dietylowym, co umozliwiato skuteczne usuniecie nieprzereagowanego
fotoinicjatora IRGACURE 2959 oraz pozostalych niskoczasteczkowych
zanieczyszczen.

Nastepnie  przystgpitam do  etapu  sieciowania  otrzymanych
sfunkcjonalizowanych materiatéw polimerowych. Jako reagenty wykorzystatam
tym razem zwigzki posiadajgce dwa ugrupowania tiolowe w stukturze: 2,2'-
(etylenodioksy)dietanotiol (ang. 2,2’-(ethylenedioxy)-diethanothiol, 2,2'EDT) oraz
eter bis(2-merkaptoetylowy) (ang. Bis(2-mercaptoethyl) ether, ZBME). Proces
sieciowania prowadzilam w obecno$ci wybranych czasteczek szablonow
nalezacych do klas zwigzkéw stanowigcych zagrozenie Srodowiskowe - kwas
2-metylo-4-chlorofenoksyoctowy (ang. 2-methyl-4-chlorophenoxyacetic acid,
MCPA); propylparaben (ang. propyl 4-hydroxybenzoate, propyl paraben, PrP); oraz
kwas perfluorooktanosulfonowy (ang. perfluorooctane sulfonic acid, PFOS).
Podsumowanie wszystkich przeprowadzonych prac badawczych (A1, A2 oraz A3)
prezentujgce zestawienie zastosowanych polimeréw, wprowadzonych modyfikacji

oraz istotnych parametréw eksperymentalnych przedstawiono w Tabeli 2.
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Tabela 2. Dane eksperymentalne z opublikowanych prac badawczych.
A1. Determination of MCPA in environmental samples using an analytical

on-line system based on imprinted poly[2-(3-butenyl)-2-oxazoline] and

ambient ionization mass spectrometry

Polimer Funkcjonalizacja Stopien Sieciowanie Szablon
modyfikacji
Poly(ButenOx) MPA Zmienny 2,2’EDT MCPA
0-30 %

A2. Poly(ButenOx)-derived molecularly imprinted polymers for rapid
quantification of propylparaben: Enhancing selectivity and sensitivity with

thiol-ene chemistry
Polimer Funkcjonalizacja Stopien Sieciowanie Szablon
modyfikacji
Poly(ButenOx) MPA/2ME/4MBM Statly 2,2’EDT PrP
0%/35%
A3. Selective sensing of perfluorooctanesulfonic acid in food samples using

functionalized poly(2-oxazoline)-based molecularly imprinted polymers

Polimer Funkcjonalizacja Stopien Sieciowanie Szablon

modyfikacji

Poly(AllylamidOx) 11-alkyl/11- Statly 2BME PFOS
alcohol/ 0%/20 %
11-acid/PFC

A1l. Determination of MCPA in environmental samples using an analytical on-
line system based on imprinted poly[2-(3-butenyl)-2-oxazoline] and ambient
ionization mass spectrometry

Podczas realizacji pracy badawczej Al skupitam sie na okresleniu wptywu
stopnia modyfikacji tancuchéw bocznych poly(ButenOx) odczynnikiem MPA na
parametr adsorpcji herbicydu MCPA. W tym celu przeprowadzitam kontrolowang
reakcje funkcjonalizacji typu tiol-en z udziatem wybranego tiolu w stopniu 0 %,
10 %, 20 % oraz 30 % wzgledem catkowitej iloSci dostepnych wigzan podwojnych,
otrzymujac odpowiednio Poly-ButenOx-MPAO, Poly-ButenOx-MPA10, Poly-
ButenOx-MPA20 oraz Poly-ButenOx-MPA30. Reakcje kontrolowatam ilo$ciowo.
Maksymalny stopien funkcjonalizacji wprowadzany do uktadéw polimerowych
wynosit 30 %, co wynikato z danych literaturowych sugerujacych, ze zbyt wysoka

zawarto$¢ grup funkcyjnych moze zaburza¢ strukture i selektywno$¢ materiatow
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MIP [69]. W projekcie tym przyjetam, ze w pierwszym kroku modyfikowana bedzie
jedynie cze$¢ tancuchoéw bocznych, a pozostale wigzania podwodjne zostang
wykorzystane na etapie sieciowania, co umozliwi uzyskanie zwartej i stabilnej
struktury finalnych MIP-6w. Nadmierny stopien modyfikacji w reakcji
funkcjonalizacji moégtby prowadzi¢ do niewystarczajacej liczby miejsc aktywnych
potrzebnych do prawidlowego usieciowania polimeru, co uniemozliwitoby
otrzymanie materiatu o odpowiednich wtasciwosciach.

Jako odczynnik modyfikujacy wybratam tiol zawierajacy silne ugrupowanie
donorowe (w tym przypadku grupe karboksylowg), ktére moze tworzy¢
efektywne interakcje z grupami akceptorowymi czasteczki szablonu. Herbicyd
MCPA jest powszechnie stosowany w rolnictwie i, jak na pochodng kwasu
fenoksyoctowego, wykazuje relatywnie wysoka rozpuszczalno$¢ w wodzie, co
przektada sie na jego podwyzszong mobilno$¢ w $rodowisku. W konsekwencji
moze on migrowa¢ do woéd powierzchniowych, stanowigc potencjalne zagrozenie
dla ekosysteméw wodnych. Ze wzgledu na jego udokumentowang toksycznos¢
oraz obecno$¢ w wodach odpadowych, stanowi istotny analit do monitorowania
w kontekscie ochrony Srodowiska i zdrowia ludzkiego [70]. Sfunkcjonalizowane
prepolimery poddatam analizie za pomocg protonowego jadrowego rezonansu
magnetycznego (ang. proton nuclear magnetic resonance, 1H NMR), na podstawie
ktorej obliczytam rzeczywisty stopien wprowadzonej modyfikacji. Stopien ten
wyznaczytam na podstawie intensywnos$ci sygnatu pochodzacego od protonéw
grup bocznych polimeru poly(ButenOx) (-S-CH2-CHz2-) zlokalizowanych w okolicy
1,5 ppm, w odniesieniu do sygnatu referencyjnego protonéw tancucha gtéwnego
tego polimeru, zlokalizowanych w zakresie 2,07-2,56 ppm. Tabela 2 zawiera

obliczone rzeczywiste stopnie funkcjonalizacji dla materiatéw z pracy Al.

Tabela 2. Wartos$ci stopni funkcjonalizacji w pracy Al.

Planowany stopien Rzeczywisty stopien
funkcjonalizacji funkcjonalizacji
[%] [%]
Poly-ButenOx-MPAO 0 0
Poly-ButenOx-MPA10 10 11,3
Poly-ButenOx-MPA20 20 23,6
Poly-ButenOx-MPA30 30 31,4
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Otrzymane widma 'H NMR dla polimeru poly(ButenOx) oraz polimerow

modyfikowanych w stopniach 10 %, 20 % oraz 30 % przedstawiono na Rysunku
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ButenOx 'H NMR (600 MHz, (CDCl3)): § = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H, =CHz), 3.62-
3.24 (br, 4H, -CHz-CHz), 2.56-2.07 (br, 4H, -CH2-CH2-).
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ButenOx-MPA10% H NMR (600 MHz, (CD3)2S0)): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H,
=CHz), 3.62-3.24 (br, 4H, -CH2-CH>), 2,70-2,60 (br, 1H, -OH), 2,55-2,44 (br, 4H, -CH2-CH2-), 2.46-2.02
(br, 4H, -S-CH2-CHz-), 2.56-2.07 (br, 4H, -CHz-CH2-), 1.63-1.44 (br, 4H, -CHa-CH.-S-).
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ButenOx-MPA20% 'H NMR (600 MHz, (CD3)2S0)): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H,
=CHz), 3.62-3.24 (br, 4H, -CH2-CH>), 2,70-2,60 (br, 1H, -OH), 2,55-2,44 (br, 4H, -CH2-CHz-), 2.46-2.02
(br, 4H, -S-CH2-CHz-), 2.56-2.07 (br, 4H, -CHz-CH2-), 1.63-1.44 (br, 4H, -CHz-CH.-S-).
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ButenOx-MPA30% 'H NMR (600 MHz, (CD3)2S0)): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H,
=CHz), 3.62-3.24 (br, 4H, -CH2-CH>), 2,70-2,60 (br, 1H, -OH), 2,55-2,44 (br, 4H, -CH2-CH2-), 2.46-2.02
(br, 4H, -S-CH2-CHz-), 2.56-2.07 (br, 4H, -CH2-CHz-), 1.63-1.44 (br, 4H, -CH2-CHz-S-).

Rysunek 4. Widma 'H NMR otrzymanych prepolimeréw sfunkcjonalizowanych w ramach pracy A1

Wyniki

[71].

obliczen wykorzystatam do okreSlenia odpowiedniej

ilo$ci

odczynnika sieciujgcego, ditiolu, potrzebnego do prawidlowego usieciowania
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struktury materialow. Reakcje sieciowania prowadzitam zaré6wno w obecnoSci
wybranego szablonu, jak i bez niego, otrzymujgc odpowiednio materiaty MIP i NIP.

Schemat syntezy materiatéw MIP z pracy A1 przedstawiono na Rysunku 5.

‘ |
o
o J\ o SH
e HS "N O
n m ACN "

MeOH
o uv radlatmn 5h UV radiation 7 h

68 °C

‘ MCPA

AT

m=0, 10, 20, 30 %

Rysunek 5. Schemat syntezy materiatow MIP z pracy A1l.
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A2. Poly(ButenOx)-derived molecularly imprinted polymers for rapid
quantification of propylparaben: Enhancing selectivity and sensitivity with
thiol-ene chemistry

W kolejnej realizowanej pracy badawczej A2 okreslitam wptyw wybranych
donorowych grup funkcyjnych na efektywnos$¢ adsorpcji wybranego analitu (PrP).
Modyfikacje przeprowadzatam na tancuchach bocznych poly(ButenOx). Celem
drugiej pracy badawczej bylo ustalenie, ktore typy oddziatywan miedzy
fanicuchami polimeru a czasteczka szablonu prowadza do najefektywniejszego
formowania wtasciwos$ci rozpoznawczych, a tym samym do zwiekszenia zdolnoSci
adsorpcyjnych. Jako szablon zastosowatam PrP, nalezacy do grupy parabenéow
powszechnie wykorzystywanych jako konserwanty w przemysle kosmetycznym
i farmaceutycznym. Zwigzki te wykazujga aktywno$¢ przeciwbakteryjng
i przeciwgrzybicza, wynikajaca z ich zdolnosci do zaburzania integralnosci bton
komérkowych oraz interferencji z biatkami i enzymami mikroorganizmoéw [72]. Ich
dtugotrwate i intensywne stosowanie prowadzi jednak do narastajgcej obecnosci
parabenéw w Srodowisku, szczegélnie w ekosystemach wodnych, ktére stanowia
ich gtowny rezerwuar. Wzrost stezen parabendéw w wodach powierzchniowych
i podziemnych budzi istotne obawy ze wzgledu na ich potencjalng toksycznos¢
komérkowa oraz mozliwy wptyw na zdrowie cztowieka, w tym rozwoéj opornosci
drobnoustrojow, co podkresla zasadno$¢ monitorowania iusuwania tych
zanieczyszczen z wéd Srodowiskowych [73].

W ramach realizacji pracy A2 zastosowalam trzy odczynniki
funkcjonalizujace: MPA, wprowadzajacy grupy karboksylowe (Poly-ButenOx-
MPA); 2MA, dostarczajacy grupy hydroksylowe (Poly-ButenOx-2MA) oraz 4MBM,
zawierajagcy  ugrupowania aromatyczne  (Poly-ButenOx-4MBM).  Ostatni
z odczynnikow funkcjonalizujgcych dobratam w celu umozliwienia powstawania
oddziatywan typu m-m z czasteczka PrP. Przeprowadzone badania miaty na celu
okreslenie, ktore grupy funkcyjne tworza najbardziej korzystne oddziatywania
z czasteczkami szablonu, a tym samym w najwiekszym stopniu wplywaja na
ksztattowanie wlasciwosci rozpoznawczych materiatu MIP. Reakcje tiol-en
przeprowadzitam przy zachowaniu statego stopnia modyfikacji na poziomie 35 %,

co umozliwito mi poréwnanie wptywu rodzaju grup funkcyjnych na efektywnos¢
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adsorpcji. Widma !'H NMR materiatdw otrzymanych w ramach pracy A2

przedstawiono na Rysunku 6.

-~
TN
n
0
®
|
I\
® " [\
[ [\
" [ b
M I\ \' T | \
A Wa /o AV
\ | Y \
_/' ;% i T __,/\L_/ \H___hm_V—‘__/ ey
; '
8

1
2.01—
42—
45

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
59 58 57 56 55 54 53 52 51 50 49 48 47 46 45 44 43 42 41 40 3.9 38 37 36 35 34 33 32 3.1 30 29 28 27 26 25 24 23 22 21

ButenOx 'H NMR (600 MHz, (CDCl3)): § = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H, =CHz), 3.62-
3.24 (br, 4H, -CHz-CHz), 2.56-2.07 (br, 4H, -CH2-CH2-).
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Poly(ButenOx)-2ME 'H NMR (600 MHz, (CDs)2S0)): 6 = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br,

2H, =CHz), 3.62-3.24 (br, 4H, -CH2-CH2), 2,60-2,47 (br, 4H, -CH2-CH2-), 2.46-2.18 (br, 4H, -S-CHz-
CHz-), 2.56-2.07 (br, 4H, -CHz-CHz-), 1.63-1.44 (br, 4H, -CH2-CH2-S-).
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Poly(ButenOx)-4MBM H NMR (600 MHz, (CD3)2S0)): & = 7.30-7.16 (br, 2H, -CH-CH-), 6,96-6,84
(br, 2H, -CH-CH-), 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H, =CH>), 3,81-3,66 (br, 3H, -CHz), 3.62-
3.24 (br, 4H, -CH2-CHz), 2.70-2.62 (br, 4H, -S-CH2-CHz-), 2.56-2.07 (br, 4H, -CHz-CHz-), 1.63-1.44 (br,

4H, -CH2-CH2-S-).
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Poly(ButenOx)-MPA 'H NMR (600 MHz, (CD3)2S0)): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H,
=CHz), 3.62-3.24 (br, 4H, -CH2-CHz), 2,70-2,60 (br, 1H, -OH), 2,55-2,44 (br, 4H, -CH2-CHz-), 2.46-2.02
(br, 4H, -S-CH2-CHz-), 2.56-2.07 (br, 4H, -CHz-CHz-), 1.63-1.44 (br, 4H, -CHz-CH.-S-).

Rysunek 6. Widma 'H NMR otrzymanych sfunkcjonalizowanych prepolimeréw w ramach pracy A2

[74].
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W celu wyznaczenia rzeczywistego stopnia funkcjonalizacji poréwnatam
intensywnos$¢ sygnatu pochodzacego od zmodyfikowanego tancucha bocznego
polimeru poly(ButenOx), zlokalizowanego w zakresie 1,63-1,44 ppm,
z intensywnos$cig sygnatu referencyjnego, niezmodyfikowanej czesci polimeru,
w obszarze 2,56-2,07 ppm. Obliczone rzeczywiste warto$ci osiggnietych stopni
modyfikacji tancuchéw bocznych poly(ButenOx), przedstawione w Tabeli 3,
wykorzystatam do obliczenia iloSci odczynnika sieciujgcego, niezbednego do

syntezy finalnych materiatéw MIP.

Tabela 3. Wartosci stopni funkcjonalizacji w pracy A2.

Planowany stopien modyfikacji =~ Rzeczywisty stopien modyfikacji

[%] [%]
Poly-ButenOx-0 0 0
Poly-ButenOx-2ME 35 38
Poly-ButenOx-4MBM 35 36
Poly-ButenOx-MPA 35 42

Jako odczynnik sieciujgcy ponownie zastosowatam 2,2'EDT, co umozliwito
mi odniesienie wynikéw do danych uzyskanych w poprzedniej pracy badawczej
(A1). Podstawg takiego poréwnania byto zachowanie tych samych kluczowych
elementéw uktadu - matrycy polimerowej o identycznym DP oraz analogicznego
sposobu sieciowania. Dzieki temu mozliwe bylo poréwnanie otrzymanych
materiatéw MIP z obu prac (Al, A2) pod katem ich wtasciwosci adsorpcyjnych,
przy jednoczesnej Swiadomosci, Ze projekty roznity sie zastosowanym szablonem
oraz sposobem funkcjonalizacji tancuchéw bocznych. Schemat syntezy materiatow

MIP z projektu A2 przedstawiono na Rysunku 7.
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Rysunek 7. Schemat syntezy materiatéw MIP z pracy A2.
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A3. Selective sensing of perfluorooctanesulfonic acid in food samples using

functionalized poly(2-oxazoline)-based molecularly imprinted polymers

Przedmiotem ostatniej realizowanej pracy badawczej A3 byta inna
pochodna poli(2-oksazolinowa) - poly(AllylamidOx) - zsyntetyzowana podczas
stazu naukowego na Uniwersytecie w Gandawie. W odréznieniu od wcze$niejszych
prac, bazujacych na pochodnej poly(ButenOx), w trzeciej pracy badawczej
zastosowatam inny prepolimer. Pozwolito to na wykorzystanie budowy tancucha
bocznego jako zmiennej, przy jednoczesnym zachowaniu analogicznej strategii
modyfikacji postpolimeryzacyjnej. Decyzja o zastosowaniu innej pochodnej
polimerowej wynikala z zaobserwowanych ograniczen strukturalnych
poly(ButenOx). Dotychczasowe prace z wykorzystaniem poly(ButenOx) pokazaty,
ze polaczenie szkieletu poli(2-oksazolinowego) i reakcji tiol-en inicjowanej
promieniowaniem UV stanowi obiecujacg strategie funkcjonalizacji oraz
sieciowania materiatbw MIP. Jednocze$nie wykazaty, zZe wtasciwosci
rozpoznawcze otrzymanych w ten sposdb materiatow MIP w duzej mierze zaleza
od dodatkowych grup funkcyjnych wprowadzanych na etapie modyfikacji. Sam
szkielet poly(ButenOx) charakteryzuje sie ograniczong liczbg wbudowanych
ugrupowan zdolnych do tworzenia silnych i specyficznych oddziatywan (takich jak
wigzania wodorowe) z czgsteczkami szablonu. W odpowiedzi na te ograniczenia
w trzeciej pracy badawczej zastosowatam bardziej zaawansowany prepolimer
- poly(AllylamidOx), ktorego struktura chemiczna zawiera dodatkowo grupe
amidowa w kazdym tancuchu bocznym. Byto to celowe dziatanie, majace na celu
zwiekszenie liczby oraz dostepnosci potencjalnych grup donorowych
i akceptorowych wigzan wodorowych w materiatach MIP, co powinno sprzyja¢
wzmocnieniu  oddzialywan pomiedzy tancuchami bocznymi polimeru
a czasteczkami szablonu. W ramach pracy A3 przeprowadzitam bezposrednie
poréwnanie wiasciwoSci adsorpcyjnych materiatéw MIP opartych na
poly(AllylamidOx) oraz ich odpowiednikbw na bazie poly(ButenOx), aby
sprawdzi¢ hipoteze, ze obecno$¢ dodatkowych grup amidowych w tancuchach
bocznych poly(AllylamidOx) zwieksza efektywno$¢ parametréw adsorpcji

i selektywnos$¢ materiatéw konicowych.
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W ramach badan przeprowadzitam cze$ciowa modyfikacje tancuchéw
bocznych poly(AllylamidOx) przy uzyciu czterech réznych odczynnikéw
funkcyjnych: 11-alkyl, 11-alcohol, 11-acid oraz PFC, otrzymujac odpowiednio
materiaty Poly(AllylamidOx)-alkyl, Poly(AllylamidOx)-OH, Poly(AllylamidOx)-
COOH oraz Poly(AllylamidOx)-PFC. Stopien modyfikacji byt utrzymywany na
statym poziomie 20 %, co zapewnito poréwnywalno$¢ wszystkich materiatow
w pracy. Na Rysunku 8 przedstawiono otrzymane widma 'H NMR polimeru

poly(AllylamidOx) oraz polimeréw po etapie modyfikacji tancuchéw bocznych.
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Poly(AllylamidOx) 'H NMR (600 MHz, (CDs0D)): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H,
=CHz), 3,88-3,74 (br, 2H, -CHz-), 3.62-3.24 (br, 4H, -CHz-CHz), 2.82-2.43 (br, 4H, -CH-CH).
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Poly(AllylamidOx)-alkyl 'H NMR (600 MHz, (CDs0D)): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br,
2H, =CHa), 3,88-3,74 (br, 2H, -CHz-), 3.62-3.24 (br, 4H, -CH2-CH>), 2.82-2.43 (br, 10H, -CHz-CHz-; -
CHaz-; -S-CH2-CH2-), 1.80-1.69 (br, 2H, -CHz-), 1.61-1.53 (br, 2H, -CHz-), 1.44-1.22 (br, 14H, -(CHz2)7-),

0.94-0.85 (3H,-CHs).
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Poly(AllylamidOx)-11alcohol H NMR (600 MHz, (CD30D)): § = 5.87-5.74 (br, 1H, =CH-), 5.10-
4.89 (br, 2H, =CHz), 3,88-3,74 (br, 2H, -CHz-), 3.62-3.24 (br, 6H, -CHz-CH-), 2.82-2.43 (br, 10H, -
CHz-CHz-; -CHz-; -S-CH2-CH2-), 1.62-1.46 (br, 4H, -CHz-CHz-), 1.44-1.22 (br, 14H, -(CHz2)7-).
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Poly(AllylamidOx)-11acid 'H NMR (600 MHz, (CD30D)): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89
(br, 2H, =CH), 3,88-3,74 (br, 2H, -CHz-), 3.62-3.24 (br, 4H, -CHz-CH>-), 2.82-2.43 (br, 10H, -CHz-CHz-
; -CHz-; -S-CH2-CHz-), 1.62-1.46 (br, 2H, -CHz-), 1.44-1.22 (br, 14H, -(CHz)7-).
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Poly(AllylamidOx)-PFC *H NMR (600 MHz, (CD30D)): § = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br,
2H, =CHy), 3,88-3,74 (br, 2H, -CHz-), 3.62-3.24 (br, 4H, -CH2-CH:-), 2.82-2.43 (br, 12H, -S-CH2-CHa-; -
CH2-CHz- S-;-CH2-CH2-).

Rysunek 8. Widma 'H NMR otrzymanych prepolimeréw sfunkcjonalizowanych w ramach pracy A3
[66].

Na podstawie widm H NMR okres$litam rzeczywisty stopien modyfikacji

tancuchéw bocznych. Wyniki obliczen przedstawitam w Tabeli 4.
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Tabela 4. Warto$ci stopni funkcjonalizacji w pracy A3.

Planowany stopien modyfikacji ~Rzeczywisty stopien modyfikacji

[%] [%]
Poly(Allylamidox) 0 0
Poly(AllylamidOx)-alkyl 20 23,8
Poly(AllylamidOx)-OH 20 20,3
Poly(AllylamidOx)-COOH 20 17,5
Poly(AllylamidOx)-PFC 20 18,8

W przypadku polimeréw modyfikowanych z uzyciem niefluorowanych
reagentéw (11-alkyl; 11-alcohol; 11-acid) zastosowatam metode wzglednej
integracji sygnatow. Jako referencyjny wybratam sygnat obserwowany w rejonie
3,6 ppm, odpowiadajacy gtéwnemu tancuchowi polimerowemu, ktérego struktura
nie ulegata zmianie w trakcie procesu modyfikacji. Do iloSciowej analizy wybratam
sygnaty zlokalizowane w obszarze okoto 1,3 ppm, przypisywane diugim
fancuchom alifatycznym wprowadzonym w wyniku reakcji funkcjonalizacji.
Wartosci integracji tych sygnaléw normalizowatam poprzez podzielenie ich przez
liczbe protonéw generujagcych dany sygnal, a nastepnie poréwnywatam je
z integracjg sygnatu referencyjnego, co umozliwialo wyznaczenie rzeczywistego
stopnia modyfikacji materiatu.

W przypadku fluorowanego reagenta (PFC) konieczne byto zastosowanie
odmiennej procedury. Analizie poddatam szeroki zakres widma w przedziale 2,4-
2,8 ppm, w ktérym po modyfikacji naktadaty sie sygnaty pochodzace zar6wno od
lancuchéw bocznych polimeru, jak i od przytaczonych grup funkcyjnych. Widmo
probki zmodyfikowanej poréwnano z widmem polimeru niemodyfikowanego
w celu wyznaczenia wspoétczynnika korekcyjnego dla integracji. Nastepnie od
catkowitej warto$ci integracji w tym zakresie odjeto wkiad odpowiadajacy
sygnatom polimeru, uzyskujac warto$¢ odpowiadajaca wytacznie wprowadzonym
grupom funkcyjnym. Po uwzglednieniu liczby protonéw charakterystycznych dla
danej grupy mozliwe byto obliczenie rzeczywistego stopnia funkcjonalizacji.

Kazdy z odczynnikow funkcjonalizujacych posiadat dtugi tancuch alkilowy,
nadajacy materiatom hydrofobowy charakter, a jednoczesnie wprowadzat
specyficzng grupe funkcyjng (-H dla 11-alkyl; -OH dla 11-alcohol; -COOH dla
11-acid oraz -F dla PFC), co pozwolito okresli¢ wptyw poszczeg6lnych grup na
oddziatywania polimer-szablon oraz ich znaczenie dla wtasciwos$ci adsorpcyjnych
wybranego analitu - PFOS. Zwigzek ten zostat wybrany jako analit ze wzgledu na
swoje szerokie zastosowanie w przemysle i w produktach konsumenckich, w tym
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w pianach gasniczych, tekstyliach, powtokach ochronnych i detergentach [75].
PFOS cechuje sie wyjatkowa trwatos$cia, zdolnoscig do bioakumulacji oraz wysoka
odpornoscig chemiczng wynikajaca z silnych wigzan wegiel-fluor, co sprawia, ze
jest powszechnie wykrywany w srodowisku wodnym jak i w organizmach zywych
[76,77]. Jego szeroka obecno$¢ w produktach spozywczych, takich jak ryby [78],
mieso [79], mleko [80] i jaja [81], oraz dtugi okres péttrwania wynoszacy okoto 9 lat,
podkreslaja  konieczno$¢ opracowywania efektywnych metod monitoringu
i detekcji PFOS w $srodowisku i zywnosci [82,83].

Proces sieciowania prowadzitam z wykorzystaniem reakcji tiol-en,
analogicznie do procedur stosowanych we wcze$niej realizowanych pracach
badawczych, z jednoczesnym naswietlaniem promieniowaniem UV w obecnoSci
fotoinicjatora IRGACURE 2959. Do formowania materiatow MIP, zawierajgcych
czasteczki PFOS w obrebie wnek molekularnych, zastosowatam 2BME, ktory dzieki
obecnos$ci atomu tlenu w swojej strukturze jest zdolny do tworzenia oddzialtywan
donorowych z czasteczka szablonu. Proces sieciowania prowadzitam zaréwno
w obecnosci czasteczek PFOS, jak i przy ich braku, co pozwolito na otrzymanie
odpowiednio materiatéw typu MIP oraz NIP. Warunki syntezy byty identyczne dla
obu typoéw materialtéw, co zapewnito poréwnywalnos¢ ich witasciwosci
strukturalnych i funkcjonalnych. Schemat otrzymania materiatéw MIP

z wbudowanymi czgsteczkami PFOS przedstawiono na Rysunku 9.
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Rysunek 9. Schemat syntezy materiatéw MIP z pracy A3.
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6.2 Zastosowania polimeréw MIP

Dzieki unikalnym wtasciwosciom, MIP-y zyskaty szerokie zastosowanie
w wielu dziedzinach, takich jak oczyszczanie [84], separacja [85], kataliza [86], czy
procesy degradacji [87]. Wysoka uniwersalno$¢ tych materialéw oraz mozliwosci
ich integracji z réznorodnymi technikami analitycznymi pozwalajg na
projektowanie wyspecjalizowanych uktadéw sensorycznych, zdolnych do
selektywnej detekcji szerokiego spektrum analitéw. Zagadnienie implementacji
materiatéw MIP w prototypach czujnikéw jest przedmiotem intensywnych badan,
co doprowadzito do komercjalizacji rozwigzan w tym obszarze [88]. Dane
literaturowe wskazuja, ze komercyjne sensory wykorzystujagce MIP-y znajduja
zastosowanie w rzeczywistych aplikacjach, m.in. w urzadzeniach opartych na
falach akustycznych [89,90], sensorach optycznych [91], oraz w diagnostyce
medycznej i monitoringu terapeutycznym [92,93]. Rosngca popularno$¢ technologii
MIP wynika z ich wysokiej stabilno$ci chemicznej i fizycznej, odpornosci na trudne
warunki Srodowiskowe, mozliwosci wielokrotnego uzycia oraz relatywnie niskich
kosztow syntezy [2,8]. Dzieki tym korzystnym wtasciwoSciom, polimery MIP
znajdujg szerokie zastosowanie w analizie w czasie rzeczywistym [94]. Rosnace
zapotrzebowanie na stabilne i ekonomicznie optacalne materiaty w obszarze
projektowania inteligentnych urzadzen pomiarowych przyczynito sie do
zwiekszonego zainteresowania wykorzystaniem materiatow MIP jako elementow
rozpoznania molekularnego w sensorach. W tym celu opracowano réznorodne
systemy przeznaczone do selektywnej detekcji okreSlonych substancji, w ktérych
MIP-y petnig kluczowa role [95].

Pomimo licznych zalet polimeréw typu MIP, nalezy réwniez uwzgledni¢ ich
ograniczenia, takie jak niejednorodno$¢ miejsc wigzacych, zjawisko wyptukiwania
szablonu (ang. template bleeding), trudnoS$ci zwigzane z tworzeniem odcisku dla
biatek, a takze zwigzkdéw hydrofilowych i ich pézZniejszym zastosowaniem
w $§rodowisku wodnym [96,97]. Po usunieciu czasteczek szablonu Kkluczowe
znaczenie ma zachowanie odpowiedniej réwnowagi pomiedzy sztywno$cia
strukturalng a elastycznoscia powstalych wnek molekularnych, co umozliwia
szybkie i odwracalne oddziatywania pomiedzy matryca polimerowa a szablonem,

atym samym zapewnia efektywne procesy adsorpcji i desorpcji. Istotnym
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wyzwaniem pozostaje réwniez czasochtonny i kosztowny proces projektowania
nowych systeméw MIP dedykowanych konkretnym czgsteczkom [98].
Opracowanie skutecznego materiatu wymaga bowiem dogtebnej wiedzy z zakresu
rownowagi  chemicznej, mechanizméw  rozpoznawania  molekularnego,
termodynamiki oraz chemii polimeréw, niezbednej do uzyskania polimeru
o pozadanych wtasciwosSciach funkcjonalnych [99]. Ponadto skuteczno$¢ syntezy
MIP w duzym stopniu zalezy od charakteru wybranego szablonu - niektére zwigzki
latwo poddaja sie procesowi tworzenia odcisku molekularnego, podczas gdy inne

stanowig istotne wyzwanie technologiczne [100].

6.2.1 Detekcja analitow z probek srodowiskowych

Obecnie obserwuje sie dynamiczny rozwdj zastosowan materiatéw MIP
w analizie $rodowiskowej, wynikajacy z rosngcych wymagan dotyczacych
selektywno$ci, czuto$ci oraz mozliwos$ci oznaczania zanieczyszczen wystepujacych
na poziomie $ladowym. Materialy MIP s3 coraz czeSciej wykorzystywane jako
selektywne sorbenty przeznaczone do izolacji analitow ze ztoZonych matryc
srodowiskowych, takich jak wody powierzchniowe, Scieki czy osady [101,102].
Jednym z wyraznych trendéw jest projektowanie materiatow MIP
ukierunkowanych na konkretne Kklasy zanieczyszczen Srodowiskowych,
w szczeg6lnosci na pestycydy [103,104], herbicydy [105,106], chlorofenole [107,108]
oraz zwigzki farmaceutyczne [109] i inne aktywne biologicznie substancje [110-112].
Zastosowanie precyzyjnie dobranych czasteczek szablonéw oraz monomeréw
funkcjonalnych umozliwia uzyskanie materiatéw o wysokiej selektywnosci
rozpoznania, co jest kluczowe w przypadku analiz prébek ztozonych, takich jak
probki Srodowiskowe [88]. Kolejnym istotnym kierunkiem rozwoju jest
modyfikacja struktury i sktadu chemicznego materiatéw MIP w celu poprawy ich
wtasciwosci sorpcyjnych. Coraz czeSciej stosuje sie funkcjonalizacje polimeréow
dodatkowymi grupami funkcyjnymi, co pozwala na wzmocnienie oddzialywan
pomiedzy matryca polimerowa a szablonem. Rownolegle rozwijane sg materiaty
magnetyczne (mag-MIP), ktére utatwiajg separacje sorbentu z badanej probki,
skracajac czas analizy i upraszczajac procedury eksperymentalne [13,15].
W analizie $rodowiskowej zauwazalny jest réwniez trend zmierzajacy do

ograniczenia liczby etapéw przygotowania probek. Materiaty MIP coraz czeSciej
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petnia podwdjng funkcje: selektywnego materiatu wychwytujacego analit oraz
nos$nika umozliwiajacego jego dalsza analize. Takie podejscie sprzyja redukcji
zuzycia rozpuszczalnikow, skrdceniu czasu analizy oraz minimalizacji strat
analitbw, co ma szczegélne znaczenie w przypadku oznaczen iloSciowych na
bardzo niskich poziomach stezen [88].

[stotnym aspektem rozwoju materiatéw MIP w analizie Srodowiskowej jest
takze akceptacja kompromisu pomiedzy mozliwoscia wielokrotnego uzycia
materiatu a poprawg parametréow analitycznych. W wielu przypadkach
jednorazowe zastosowanie sorbentu jest uznawane za uzasadnione ze wzgledu na
niski koszt jego syntezy oraz znaczace korzyS$ci w postaci zwiekszonej czutosci
i selektywnosci oznaczen [113].

Podsumowujac,  aktualne trendy w  analizie = $rodowiskowej
z wykorzystaniem materiatdw MIP koncentrujg sie na projektowaniu wysoce
selektywnych sorbentéw dedykowanych konkretnym zanieczyszczeniom,
upraszczaniu procedur analitycznych oraz zwiekszaniu efektywnos$ci oznaczen
Sladowych. Kierunki te wskazuja na rosngce znaczenie materiatéw MIP jako

nowoczesnych materiatéw funkcjonalnych w badaniach srodowiskowych [88,113].

6.2.2 Zastosowania w technikach analitycznych

Wykorzystanie polimerow MIP w chemii analitycznej ewoluowato od
prostych proceséw separacji do zaawansowanych uktadéw detekcyjnych.
W klasycznym podejsciu materialy MIP petnity role selektywnych sorbentéw
w ekstrakcji do fazy statej (ang. molecularly imprinted solid-phase extraction,
MISPE), stanowigc etap przygotowania probki przed analiza HPLC lub metod
spektrofotometrycznych UV-Vis. Potaczenie to pozwala na skuteczne
wyodrebnienie analitu ze zlozonych probek Srodowiskowych, jednak wymaga
czasochtonnej elucji i czesto duzych objetoSci rozpuszczalnikdw organicznych
[114].

Postep w dziedzinie technik sprzezonych umozliwit bezposrednia
integracje materiatow MIP ze spektrometria mas z jonizacja przez
elektrorozpylanie (ang. electrospray ionization mass spectrometry, ESI-MS).
W takim uktadzie MIP-y stosuje sie jako sorbenty w roztworach zawierajacych

analizowane zwiagzki. Po okreSlonym czasie sorpcji, w ktéorym anality sa
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selektywnie wychwytywane przez wneki molekularne polimeru MIP, mierzy sie
stezenie analitu w fazie ciektej, co pozwala na ilo§ciowe okreslenie jego zawartosci.
Uktady te oferujg znacznie nizszg granice wykrywalnosci i wysoka czutos$¢, jednak
nadal opieraja sie na fazie cieklej, co wymusza kompatybilno$¢ eluentow
Z systemem jonizacji [115].

Wspbiczesna analityka chemiczna dazy do uproszczenia procedur
badawczych, co doprowadzito do intensywnego rozwoju technik spektrometrii
mas z jonizacja w warunkach otoczenia (ang. ambient ionization mass
spectrometry, Ambient MS). Techniki te umozliwiajg jonizacje prébek bezposrednio
pod ci$nieniem atmosferycznym, co eliminuje lub radykalnie skraca etap
przygotowania prébek. Do ich zalet nalezy mozliwo$¢ analizy duzej liczby prébek
w krotkim czasie, prowadzenia pomiardw w czasie rzeczywistym, a takze
bezposrednie badanie skladu powierzchni materialéw bez ich wcze$niejszego
przygotowania [116]. Anality sa zazwyczaj desorbowane z matryc statych na
drodze oddziatywan termicznych, laserowych lub strumienia natadowanych
kropel rozpuszczalnika. Wéréd licznych metod ,Ambient MS”, obejmujacych ponad
30 technik, na szczeg6lng uwage zastuguja metody oparte na plazmie
atmosferycznej, takie jak analiza bezposrednia w czasie rzeczywistym (ang. direct
analysis in real time, DART), plazma niskotemperaturowa (ang. low-temperature
plasma, LTP), czy jonizacja w przeplywie plazmy pod ci$nieniem atmosferycznym
(FAPA). Mechanizm ich dziatania opiera sie na generowaniu plazmy poprzez
wyladowania elektryczne w strumieniu gazu obojetnego, co prowadzi do
powstania reaktywnej mieszaniny jonow, rodnikow i wzbudzonych czasteczek,
ktére po skierowaniu na prébke wywotuja desorpcje i jonizacje analitéw. Metody
te, w poréwnaniu do technik opartych na rozpylaniu cieczy, charakteryzujg sie
prostota konstrukcji, brakiem konieczno$ci stosowania rozpuszczalnikow oraz
generowaniem gtéwnie jonow jednokrotnie natadowanych, co znaczaco utatwia
interpretacje widm [117].

Nowatorskie potaczenie jonizacji plazmowej typu FAPA ze spektrometrig
mas (MS) w analizie materiatéw MIP zostato po raz pierwszy zaproponowane
iopisane w Zespole Chemii Supramolekularnej Wydziatu Chemii UAM we
wspotpracy z Zespotem Biochemii i Neurobiologii AGH w Krakowie [118].

Opracowane rozwigzanie aparaturowe umozliwito bezposredniag analize statych
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materiatbw MIP w warunkach ci$nienia atmosferycznego, bez koniecznoSci
stosowania klasycznych procedur przygotowania probek. Ze wzgledu na prostote
uktadu, wysoka czuto$¢ oraz mozliwo$¢ prowadzenia szybkiej analizy iloSciowej,
technika FAPA-MS stanowi obecnie interesujgce narzedzie w badaniach
materiatdbw polimerowych stosowane w Zakladzie Chemii Supramolekularne;j.
W konfiguracji FAPA-MS prébka umieszczana jest w strumienia plazmy, co
umozliwia ich bezposrednie oddziatywanie. W przypadku analiz materiatéw
statych stosuje sie uktad z kontrolowanym ogrzewaniem, w ktérym prébka
umieszczona jest w tyglu poddawanym programowalnemu wzrostowi
temperatury. Prowadzi to do termicznej desorpcji zwigzkéw chemicznych
obecnych w materiale. Uwolnione pary s3 nastepnie transportowane do
strumienia plazmy FAPA, gdzie zachodzi ich jonizacja. Powstate jony sa kierowane
do wlotu spektrometru mas bez koniecznosci stosowania dodatkowych uktadow
transferowych lub rozpuszczalnikéw. FAPA-MS umozliwia bezposrednia analize
probek statych zawierajacych adsorbowany analit, ktéry w warunkach ci$nienia
atmosferycznego ulega desorpcji i jonizacji w strumieniu plazmy. Technika ta
charakteryzuje sie prostg konstrukcjg aparaturowa, krétkim czasem analizy oraz
mozliwoscig pracy zaré6wno w trybie jonéw dodatnich, jak i ujemnych, co czyni ja
uzytecznym narzedziem w badaniach materiatéw statych i uktadéw polimerowych
[113]. Schemat aparatury obejmujacy Zrédto jondw FAPA, uktad grzewczy

z tygielkiem oraz wlot spektrometru mas zostat przedstawiony na Rysunku 10.
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Rysunek 10. Aparatura stosowana w technice FAPA-MS: (A) wlot spektrometru mas, (B) uktad
grzewczy z tyglem, (C) zrédto jonow FAPA.

Kolejne prace w Zespole Chemii Supramolekularnej doprowadzily do
wykorzystania materiatow MIP sprzezonych w uktadach FAPA-MS do wyznaczania
granic wykrywalno$ci wybranych analitow (ang. limit of detection, LOD) [113].
Nowsze doniesienia literaturowe wskazuja na mozliwo$¢ precyzyjnego
projektowania matryc polimerowych, np. na bazie poli(2-oksazolin) czy poli(eteru
metylowo-winylowego-alt-bezwodnika maleinowego) (ang. poly (methyl vinyl
ether-alt-maleic anhydride), P(MVE-alt-MA)) funkcjonalizowanych grupami
pirydynowymi w celu poprawy rozpoznania molekularnego [102]. Wykorzystanie
materiatéow MIP funkcjonalizowanych 4-(aminometylo)pirydyng pozwolito na
selektywne usuwanie i pdZniejsze oznaczanie zanieczyszczen Srodowiskowych,
takich jak kwas 2,4,5-trichlorofenoksyoctowy czy 2,4-dichlorofenol, w ztozonych
préobkach wody rzecznej i $ciekéw. Uzyskane w ten sposéb wartosci LOD byty
o ponad dwa rzedy wielkosci mniejsze niz w przypadku bezposredniej analizy
roztwordw, co potwierdza role materiatow MIP jako skutecznego narzedzia do
wstepnej koncentracji analitow przed analizg FAPA-MS [101,102]. Przedstawione
dane wskazujg, Ze integracja selektywnych sorbentéw polimerowych z wydajnymi
Zrédtami jonizacji plazmowej stanowi interesujaca $ciezke rozwoju w analizie

probek srodowiskowych.

60| Strona



6.2.3 Znaczenie omawianych zagadnien w niniejszej pracy

Otrzymane materiaty ze wszystkich zrealizowanych prac wykorzystatam do
badan wtasciwosci adsorpcyjnych. W pierwszym etapie przeprowadzitam ich
oczyszczanie w celu usuniecia czasteczek szablondéw zutworzonych wnek
molekularnych, przy czym czes¢ probek pozostawitam w stanie nieoczyszczonym
w celu wykonania analiz poréwnawczych. Proces oczyszczania miat charakter
wieloetapowy:

A. w kroku pierwszym materiaty MIP, umieszczone w woreczkach
dializacyjnych, zanurzalam na 24 h w 10 % roztworze kwasu octowego

w metanolu. Kazdy analit wymywany byt w osobnym naczyniu.

B. Po uptywie doby, roztwér zastepowatam czystym metanolem i proébki

pozostawitam na kolejne 24 h.

C. Nastepnie etap ten powtarzatam, co iacznie dawato trzydniowy proces
oczyszczania materiatow MIP.
Materialy NIP w celach poréwnawczych byly przeze mnie oczyszczalne
analogicznie.

Po przeprowadzeniu proceséw oczyszczania materiatéw MIP i NIP, prébki
zaroOwno przed, jak i po dializie poddawatam analizie FT-IR. W analizach prébek
niedializowanych stwierdzono obecnos$¢ pasm charakterystycznych dla czasteczek
szablondw, natomiast w prdébkach dializowanych te pasma nie byty obecne, co
potwierdzito skuteczno$¢ procesu oczyszczania. Dodatkowo oczyszczone
materiaty poddawatam analizom TG oraz SEM, co pozwolito okresli¢ ich stabilnos¢
termiczng oraz cechy morfologiczne. Analiza mikroskopowa SEM wszystkich
badanych materiatéw MIP i NIP wykazata, Ze obecnos$¢ szablonéw nie wptywa
znaczaco na morfologie powierzchni, a oba typy materiatéw wykazujg w analizie
SEM bardzo podobne cechy. Ogdlnie, niefunkcjonalizowane oraz alkilowe polimery
(0 %, MIP, NIP; MIP-alkyl, NIP-alkyl) wykazujg gladka, jednolita powierzchnie
i duze, gesto upakowane skupiska czasteczek, typowe dla silnie sieciowanych
polimeréw. Jednak w przypadku materiatow funkcjonalizowanych grupami
hydroksylowymi (2ME; 11-alcohol), karboksylowymi (MPA; 11-acid) oraz
perfluoroalkilowymi (PFC) obserwowatam wyrazng zmiane morfologii. Polimery
modyfikowane grupami hydroksylowymi i karboksylowymi sktadajg sie
z mniejszych, bardziej agregowanych czastek, tworzac powierzchnie bardziej
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ziarnista i nieregularng, co zwieksza powierzchnie wilasciwa i potencjalng
dostepno$¢ miejsc wigzania. Polimery funkcjonalizowane PFC charakteryzuja sie
mocno pofatdowang powierzchnig z licznymi kanatami, ktére moga ulatwiac
dyfuzje analitu i poprawia¢ efektywnos¢ adsorpcji. Nalezy podkresli¢, ze
molekularne wneki powstate podczas syntezy materiatéw MIP s3 zbyt mate, aby
mogty by¢ zaobserwowane za pomoca analizy metodg SEM, co potwierdzaja
doniesienia naukowe [119]. Oznacza to, Ze obserwowana w SEM makroskopowa
morfologia powierzchni odgrywa kluczowa role w transporcie analitow, natomiast
sama selektywno$¢ materiatéw MIP wynika z nanostrukturalnych wtasciwosci
weryfikowalnych na etapie badan adsorpcji. Na podstawie analizy TG materiatéow
MIP i NIP stwierdzono ogo6lnie podobny przebieg rozktadu termicznego wszystkich
otrzymanych materiatéw - obserwowatam jeden lub dwa gtéwne etapy utraty
masy z uwagi na do$¢ zblizong strukture tancucha gtéwnego. Pierwszy etap,
zachodzit w nizszym zakresie temperatur (od okoto 80 do 240 °C) i odpowiadat za
usuniecie pozostatosci rozpuszczalnika oraz ewentualnych tatwo ulegajacych
rozktadowi grup funkcjonalnych, co wigzato sie z niewielka utratg masy polimeru.
Drugi etap, w Srednim zakresie temperatur (od okoto 240 do 480 °C), obejmowat
gtéwna faze rozktadu, podczas ktorej nastepowata niemal catkowita piroliza
materiatu organicznego. Po tym etapie pozostato$¢ stanowita niewielki procent
poczatkowej masy probki (ponizej 20 %). W przypadku MIP-6w obecnos$¢
specyficznych grup funkcjonalnych lub czasteczek szablonéow w ich strukturze
prowadzita do dodatkowych etapoéw rozktadu w nizszych temperaturach lub do
spowolnienia tempa degradacji w gtdwnym etapie, co jest zgodne z doniesieniami
literaturowymi oraz wczes$niejszymi obserwacjami dotyczacymi wptywu szablonu
na stabilno$¢ termiczng MIP-6w. Ogdlnie jednak, zaré6wno materiaty MIP, jak
i odpowiadajgce im materiaty NIP wykazujga bardzo podobng termiczng stabilnos¢,
co potwierdza, Ze procesy funkcjonalizacji i obecno$¢ szablonu nie zmieniajg
istotnie odpornosci materiatu na wysokie temperatury.

Jako etap koncowy badan, materiaty poddatam analizie wiasciwos$ci
adsorpcyjnych w stosunku do dedykowanych analitéw. Celem tych badan byto
okreSlenie parametrow adsorpcji oraz udzielenie odpowiedzi na kluczowe
pytanie badawcze projektu doktorskiego: ktore czynniki maja najwiekszy

wplyw na ich ksztaltowanie, a tym samym na proces rozpoznawania
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przestrzennego w materiatach MIP. W ramach realizacji tych badan, dla kazdego
projektu przeprowadzitam szereg analiz obejmujgcych:
» izotermy adsorpcji (A)
kinetyke adsorpcji (B)
termodynamike (C)
cykle adsorpcji - mozliwo$¢ ponownego wykorzystania (D)
analize wptywu pH (E)
selektywno$¢ (F)

badania $rodowiskowe (G)

YV V V V V V V¥V

badania liniowo$ci oraz limitow detekcji w analizie FAPA-MS (H).

Skrécone wyniki ze wszystkich zrealizowanych prac badawczych zawarte zostaty

w Tabeli 5.

Tabela 5. Zebrane skrécone wyniki ze zrealizowanych prac badawczych A1, A2, A3.

A1l. Determination of MCPA in environmental samples using an analytical on-line
system based on imprinted poly[2-(3-butenyl)-2-oxazoline] and ambient ionization
mass spectrometry
(A) (1) Izoterma Langmuira stanowi model najlepiej opisujacy adsorpcje czasteczek szablonu
MCPA dla wszystkich materiatow.
(2) Materiaty MIP maja okoto 5-krotnie wyzszg pojemno$¢ adsorpcyjnag niz analogiczne
materiaty NIP.
(3) Funkcjonalizacja odczynnikiem MPA zwieksza pojemno$¢ adsorpcyjng wszystkich
materiatéw poprzez wprowadzenie dodatkowych donoréw - grup karboksylowych.
(B) (1) Dla MIP-6w obserwuje sie lepsze dopasowanie do modelu kinetyki pseudo-drugiego
rzedu.
(2) Dla NIP-6w réznica miedzy modelami kinetycznymi jest mniej wyrazna.
(3) Wzrost stopnia funkcjonalizacji odczynnikiem MPA zwieksza liczbe miejsc
selektywnych, ale nie zwieksza szybkosci adsorpcji.
(C) (1) Adsorpcja czasteczki MCPA jest procesem endotermicznym (4H > 0) dla wszystkich
materiatow.
(2) Wartos$ci parametréw AH i A4S zwiekszaja sie wraz ze wzrostem stopnia funkcjonalizacji
odczynnikiem MPA, co wskazuje, ze proces adsorpcji staje sie w coraz wiekszym stopniu
kontrolowany entropowo.
(3) Warto$¢ parametru AG przyjmuje bardziej ujemne wartos$ci przy wyzszym stopniu

funkcjonalizacji i wyzszej temperaturze prowadzenia procesu adsorpcji.
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(D) (1) Materiaty MIP wykazuja najwyzsza wartos$¢ adsorpcji przy pH okoto 6. Obserwowany
jest spadek adsorpcji przy pH nizszym i wyzszym.

(2) Wzrost funkcjonalizacji odczynnikiem MPA zwieksza adsorpcje dla wszystkich wartos$ci
pH i wszystkich materiatéw.

(E) (1) Materiaty MIP wykazuja wysoka selektywnos¢ wobec MCPA w obecno$ci wybranych
zwigzkéw konkurencyjnych - 2,4-D i kwasy humusowe.

(2) Wskaznik selektywnosci materiatow MIP jest znacznie wyzszy niz u materiatow NIP;
dodatkowo rosnie wraz ze wzrostem funkcjonalizacji odczynnikiem MPA.

(F) (1) Materiaty MIP badano w 5 naprzemiennych cyklach adsorpcji-desorpcji.

(2) W ostatnim cyklu zaobserwowano 10-procentowy spadek zdolnosci sorpcyjnych
w materiatach MIP, co oznacza dobrg stabilno$¢ i mozliwo$¢ ponownego uzycia.

(G) (1) Zastosowanie opracowanej metody do analizy prébek rzeczywistych (wody rzecznej
i wodociagowej) pozwolito na uzyskanie wysokich stopni odzysku.

(2) Wtasciwosci adsorpcyjne MIP-6w, charakteryzowane technika FAPA-MS, zachowujg
skuteczno$¢ przy analizie probek rzeczywistych, nawet w obecnosci zanieczyszczen
organicznych i nieorganicznych.

(H) (1) Najnizsza warto$¢ LOD osiagnieta zostata dla materiatu MIP o 30 % funkcjonalizacji
odczynnikiem MPA (MIP-ButenOx-MPA30). Warto$¢ wynosi 0,05 pmol dm™ i jest 200 razy
nizsza niz warto$¢ otrzymana bez zastosowania MIP-6w. Dla materiatéw NIP najnizsza
wyznaczona warto$¢ LOD wynosi ok. 1 umol dm™3,

(2) Wyznaczony zakres liniowo$ci dla MIP-6w wynosi 0,05-100 pmol dm™.

A2. Poly(ButenOx)-derived molecularly imprinted polymers for rapid quantification

of propylparaben: Enhancing selectivity and sensitivity with thiol-ene chemistry

(A) (1) Izoterma Langmuira stanowi model najlepiej opisujacy adsorpcje czasteczek szablonu
PrP dla wszystkich materiatéw.

(2) MIP-y maja okoto 3-krotnie wyzsza pojemno$¢ adsorpcyjng niz analogiczne NIP-y.

(3) Funkcjonalizacja odczynnikiem MPA zwieksza pojemno$¢ adsorpcyjna poprzez
wprowadzenie grup karboksylowych. Po funkcjonalizacji odczynnikiem 2ME materiaty
wykazujg nizsze wartos$ci pojemnosci adsorpcyjnej. Dla materiatéw sfunkcjonalizowanych
odczynnikiem 4MBM obserwujemy umiarkowany wzrost pojemnosci adsorpcyjne;j.

(B) (1) Dla MIP-6w obserwuje sie lepsze dopasowanie do modelu kinetyki pseudo-drugiego
rzedu, co sugeruje adsorpcje kontrolowang przez dostepno$¢ miejsc aktywnych adsorpcji.
(2) Dla NIP-6w réznica miedzy modelami kinetycznymi jest mniej wyrazZna.

(C) (1) Adsorpcja PrP dla wszystkich materiatéw jest procesem endotermicznym (4H > 0).

(D) (1) Materialy MIP wykazuja najwyzsza wartos¢ parametru adsorpcji przy pH okoto 6.
Obserwowany jest spadek adsorpcji przy pH nizszym i wyzszym.

(2) Najbardziej wrazliwe na zmiane pH s3 materiaty sfunkcjonalizowane odczynnikiem

MPA.
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(E)

(F)

(G)

(H)

(1) Materiaty MIP wykazuja wysoka selektywno$¢ wobec czasteczki szablonu PrP
w obecnos$ci analogéw strukturalnych - BuP oraz BzP.

(2) Wskaznik selektywnosci dla szablonu PrP w materiatach MIP wynosi 2,86-3,72, a dla
materiatéw NIP: 1,31-1,59.

(3) Funkcjonalizacja odczynnikiem MPA pozwala osiagna¢ najwyzsza warto$¢
selektywnosci i najwyzsza warto$¢ pojemnosci adsorpcyjnej. Funkcjonalizacja odczynnikiem
2ME daje wysoka selektywno$¢ przy nizszej wartoSci pojemnosci adsorpcyjnej,
a funkcjonalizacja odczynnikiem 4MBM daje umiarkowana warto$¢ selektywno$ci.

(1) Materiaty MIP badano w 5 naprzemiennych cyklach adsorpcji-desorpciji.

(2) W ostatnim cyklu zaobserwowano 8-procentowy spadek zdolnosci sorpcyjnych
w materiatach MIP, co oznacza dobrg stabilno$¢ i mozliwo$¢ ponownego uzycia.

(1) Wykonano analizy z wodami rzecznymi, ktére wykazaty wysokie odzyski i minimalny
wplyw matrycy.

(2) Zaobserwowano, ze zastosowanie MIP-6w w potaczeniu z nowatorska technikg FAPA-
MS skutecznie dziata przy analizie prébek rzeczywistych, nawet w obecnosci zanieczyszczen
organicznych i nieorganicznych.

(1) Najnizsza wyznaczona warto$¢ LOD osiagnieta zostata dla materiatu MIP
modyfikowanego odczynnikiem MPA (MIP-ButenOx-MPA). Warto$¢ wynosi 0,1 umol dm™3,
co oznacza wynik 2 rzedy wielkoSci lepszy niz bez zastosowania MIP i 5-krotnie lepszy niz
w przypadku zastosowania NIP-6w.

(2) Wyznaczony zakres liniowo$ci wynosi 0,1-100 umol dm™3 (MIP).

A3. Selective sensing of perfluorooctanesulfonic acid in food samples using

functionalized poly(2-oxazoline)-based molecularly imprinted polymers

(4)

(B)

(1) Izoterma Langmuira stanowi model najlepiej opisujacy adsorpcje czasteczek szablonu
PFOS dla wszystkich materiatéw.

(2) Materiaty MIP maja okoto 3-krotnie wyzszg pojemno$¢ adsorpcyjnag niz analogiczne
materiaty NIP.

(3) Funkcjonalizacja odczynnikiem 11-acid zwieksza pojemno$¢ adsorpcyjng dla
materialéw, poprzez wprowadzenie grup karboksylowych. Dla funkcjonalizacji
odczynnikiem 11-thiol obserwujemy umiarkowany wzrost pojemnoSci adsorpcyjnej.
Funkcjonalizacja odczynnikiem 11-alcohol pozwala na Sredni wzrost parametru adsorpcji.
W przypadku materiatéw MIP sfunkcjonalizowanych odczynnikiem PFC obserwujemy
najwiekszy wzrost parametru adsorpcji.

(1) Dla MIP-6w obserwuje sie najlepsze dopasowanie do modelu kinetyki pseudo-drugiego
rzedu.

(2) Dla NIP-6w réznica miedzy modelami jest mniej wyrazna.

(3) Zaobserwowano, ze oddziatywania wystepujace w materiatach modyfikowanych
odczynnikami 11-acid (MIP-COOH) oraz PFC (MIP-PFC) korzystnie wplywaja na kinetyke

procesu, zwiekszajac szybkos¢ adsorpcji.
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(C) (1) Adsorpcja PFOS jest procesem egzotermicznym (4H < 0) i spontanicznym (4G < 0).

(2) Wzrost wartosci AS wskazuje na istotny udziat czynnika entropowego w przebiegu
procesu adsorpcji.

(D) (1) Materiaty MIP wykazuja najwyzsza warto$¢ adsorpcji przy pH okoto 6. Obserwowany
jest spadek adsorpcji przy pH <4 i> 8.

(2) Najbardziej wrazliwe na zmiane pH s3 materialy sfunkcjonalizowane odczynnikiem
11-acid. Materiaty sfunkcjonalizowane odczynnikami 11-alkyl i PFC s3 mniej wrazliwe na
zmiany pH.

(E) (1) Materialy MIP wykazuja wysoka selektywno$¢ wobec PFOS w obecno$ci analogow
strukturalnych - PNA oraz tauryny.

(2) Najwyzsza selektywno$¢ wykazuje materiat sfunkcjonalizowany odczynnikiem 11-acid
(MIP-COOH), co przypisuje sie oddziatlywaniom wodorowym, oraz odczynnikiem PFC (MIP-
PFC), co przypisuje sie oddzialywaniom fluor-fluor.

(F) (1) Materiaty MIP badano w 5 naprzemiennych cyklach adsorpcji-desorpcji.

(2) W ostatnim cyklu zaobserwowano 11-procentowy spadek zdolnosci sorpcyjnych
w materiatach MIP, co oznacza dobra stabilno$¢ i mozliwo$¢ ponownego uzycia.

(G) (1) Weryfikacja metody na rzeczywistych préobkach srodowiskowych potwierdzita wysoki
stopien odzysku analitu.

(2) Zaobserwowano, ze zastosowanie MIP-6w w potgczeniu z nowatorska technikg FAPA-
MS skutecznie dziata przy analizie prébek rzeczywistych, nawet w obecno$ci zanieczyszczen
organicznych i nieorganicznych.

(H) (1) Najnizsza osiagnieta warto$¢ LOD wyznaczona z zastosowaniem techniki FAPA-MS
zostata zarejestrowana dla materialéw MIP sfunkcjonalizowanych odczynnikiem 11-acid
(MIP-COOH) i PFC (MIP-PFC). Wartos$¢ ta wynosi 5 ppb, co oznacza 3 rzedy wielkosci lepszy
wynik wobec czystego roztworu analitu.

(2) Wyznaczono zakres liniowoSci, ktéry wynosi 0,005-50 ppm dla materiatéw MIP.

Szczegétowe wyniki dla zrealizowanych prac badawczych A1, A2 oraz A3

omowiono ponizej.

A1l. Determination of MCPA in environmental samples using an analytical on-
line system based on imprinted poly[2-(3-butenyl)-2-oxazoline] and ambient

ionization mass spectrometry

W ramach pracy badawczej Al nad wtasciwoSciami adsorpcyjnymi
materiatéw MIP i NIP przeprowadzitam kompleksowe analizy, ktore pozwolity mi
oceni¢ wptyw stopnia funkcjonalizacji odczynnikiem MPA, wprowadzajacym grupy
karboksylowe, na pojemno$¢ adsorpcyjng, selektywno$¢ oraz stabilno$¢

materiatdw w roznych warunkach otoczenia. Wyznaczytam izotermy adsorpcji,
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ktore jednoznacznie wykazaty, ze MCPA wigze sie we wnekach molekularnych MIP
zgodnie z modelem Langmuira, co potwierdza monowarstwowy charakter
selektywnej adsorpcji. Zauwazytam, ze zwiekszenie stopnia funkcjonalizacji
odczynnikiem MPA prowadzi do stopniowego wzrostu maksymalnej pojemnosci
adsorpcyjnej, co wskazuje na tworzenie nowych, aktywnych miejsc wigzania.
Jednoczesnie badania kinetyczne ujawnity, ze adsorpcja selektywna
w czasteczkach MIP jest ograniczona dyfuzja MCPA do wnek molekularnych,
podczas gdy w czasteczkach NIP proces przebiega szybciej, lecz wylacznie
w sposoOb nieselektywny. Analizy termodynamiczne pokazaty, Ze proces adsorpcji
jest endotermiczny i sterowany entropig, a jego spontaniczno$¢ wzrasta wraz
z funkcjonalizacjg odczynnikiem MPA. W dalszej kolejnosci badatam wptyw pH na
efektywnos$¢ adsorpcji, wykazujac, ze materialy MIP osiggaja najwyzsza
efektywno$s¢ w poblizu neutralnego pH. Przeprowadzitam roéwniez testy
selektywnos$ci w obecnos$ci strukturalnie konkurencyjnych zwigzkéw (2,4-D
- kwas 2,4-dichlorofenoksyoctowy i kwasy humusowe), ktére jednoznacznie
potwierdzity przewage materiatéw MIP w odréznianiu szablonu. Rysunek 11
przedstawia warto$ci uzyskanych wynikéw selektywnos$ci MCPA wobec 2,4-D oraz

zaleznos$ci miedzy uzyskanymi danymi dla pracy Al.

O\)CJ)\OH O\)?\OH
CI/C[CI ( Cl/é/

2,4-D MCPA
Selektywnos¢
2,4-D/MCPA 2,4-D/MCPA
NIP-ButenOx-MPA 1,05 MIP-ButenOx-MPAO 2,23
NIP-ButenOx-MPA10 1,14 MIP-ButenOx-MPA10 2,47
NIP-ButenOx-MPA20 1,16 MIP-ButenOx-MPA20 2,76
NIP-ButenOx-MPA30 121 MIP-ButenOx-MPA30 3,27

Rysunek 11. Wyniki selektywnosci dla pracy Al.
Analiza powtarzalno$ci procesu adsorpcji poprzez cykle adsorpcji-desorpcji
wykazata, ze MIP-y zachowuja swoje wtasciwosci nawet po pieciu cyklach, przy
spadku wartosci adsorpcji nieprzekraczajacym 10 %, co Swiadczy o ich wysokiej

stabilno$ci. W celu oceny praktycznego zastosowania materiatow MIP w analizie
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srodowiskowej przeprowadzitam badania na probkach wdd rzecznych
i wodociggowych. Wykazaty one minimalny wplyw matrycy na proces oznaczania
oraz wysoki stopien odzysku (z odchyleniem od wartos$ci oczekiwanej
nieprzekraczajacym 9 %), co potwierdza skuteczno$¢ opracowanych materiatow
w analizie ztozonych prébek rzeczywistych. Kluczowym etapem bytlo
wykorzystanie innowacyjnej techniki FAPA-MS, ktéra umozliwita szybkie
i bezposrednie oznaczanie czasteczek MCPA w prébkach po zastosowaniu
materiatéw MIP. Dzieki temu udato mi sie obnizy¢ warto$s¢ LOD nawet 200-krotnie
w poréwnaniu zbezposrednig analizg roztworu, przy zachowaniu szerokiego
zakresu liniowoSci.

Analiza wszystkich opisanych parametréw pozwolita mi wnioskowaé, ze
najbardziej efektywne wtasciwoSci rozpoznawcze osiggnieto przy 30 %
funkcjonalizacji z zastosowaniem odczynnika MPA. W badanych uktadach
wysoki stopien modyfikacji materiatow MIP umozliwiat uzyskanie najwyzszych
wartos$ci pojemnos$ci adsorpcyjnej i parametru selektywnosci wobec czasteczek
MCPA, zapewniatl stabilno$¢ materiatéw w réznych warunkach srodowiskowych

oraz optymalizowat efektywnos$¢ polimeréw w potaczeniu z technikg FAPA-MS.

A2. Poly(ButenOx)-derived molecularly imprinted polymers for rapid
quantification of propylparaben: Enhancing selectivity and sensitivity with

thiol-ene chemistry

W ramach pracy badawczej A2 nad wtasciwoSciami adsorpcyjnymi
materiatéw MIP i NIP przeprowadzitam kompleksowe analizy, ktére pozwolity
oceni¢ wplyw funkcjonalizacji zwigzkami 2ME (wprowadzajgcym grupy
hydroksylowe), 4MBM (wprowadzajagcym grupy aromatyczne) oraz MPA
(wprowadzajacym grupy karboksylowe) na pojemnos$¢ adsorpcyjng, selektywno$¢
oraz stabilno$¢ materiatdw w zmiennych warunkach Srodowiska. Wyznaczytam
izotermy adsorpcji, ktére jednoznacznie wykazaty, ze PrP wigze sie we wnekach
molekularnych czgsteczek MIP zgodnie z monowarstwowym modelem Langmuira.
Zauwazytam, ze materialy MIP majg okoto trzykrotnie wyzsza pojemnos¢
adsorpcyjng w poréwnaniu do odpowiadajgcych im materiatéw NIP, co Swiadczy
o skuteczno$ci procesu tworzenia odcisku molekularnego. Funkcjonalizacja

odczynnikiem MPA prowadzila do najwyzszej warto$ci parametru adsorpcji
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zarowno dla MIP-6w, jak i NIP-6w, co przypisatam obecnosci grup
karboksylowych, zdolnych do tworzenia wigzan wodorowych z czasteczkami
szablonu. W przypadku 2ME zaobserwowatam spadek pojemnos$ci adsorpcyjnej,
lecz r6wnoczes$nie wzrost statej wigzania K, co sugeruje silniejsze interakcje z PrP.
Materiaty sfunkcjonalizowane zwigzkiem 4MBM, mimo zaktadanego wptywu
oddziatywan typu m-m, dawaty umiarkowany wzrost wartosci adsorpcji i mniejsze
zmiany w warto$ci statej K. W badania kinetycznych wykazatam, ze dla materiatéw
MIP proces adsorpcji najlepiej opisuje model kinetyki pseudo-drugiego rzedu, co
wskazuje na Kkontrole adsorpcji przez dostepnos$¢ selektywnych miejsc we
wnekach molekularnych. Dla materiatow NIP proces przebiega szybciej, lecz
wytacznie w sposéb nieselektywny. Generalnie, rodzaj funkcjonalizacji nie
przyspiesza szybkosci adsorpcji w materiatach MIP. Wyjatek stanowi materiat MIP
sfunkcjonalizowany odczynnikiem MPA, gdzie tworzenie wigzan wodorowych
prowadzi do szybszego wychwytywania analitu. Analizy termodynamiczne
pokazaty, ze adsorpcja PrP jest procesem endotermicznym i kontrolowanym
entropig. W dalszej kolejnosci badatam wptyw pH na efektywnos$¢ adsorpcji,
wykazujgc, ze materialy MIP osiggaja najwyzsza efektywno$¢ w poblizu
neutralnego pH wynoszacego okoto 6. Materiaty MIP sfunkcjonalizowane
odczynnikiem MPA wykazaty najsilniejsza odpowiedZ na zmiany pH, co wynika
z obecnosci grup karboksylowych zdolnych do protonowania i deprotonowania.
Testy selektywnoSci w obecnosci konkurencyjnych zwigzkéw, takich jak
butylparaben (ang. butyl 4-hydroksybenzoate, butyl paraben, BuP) i benzylparaben
(ang. benzyl 4-hydroxybenzoate, benzyl paraben, BzP), jednoznacznie potwierdzity
przewage materiatéw MIP nad NIP w odréznianiu PrP od analogéw
strukturalnych. Wskazniki selektywno$ci materiatu MIP(MPA) byly najwyzsze,
ajednoczes$nie najwyzsze wartoSci pojemnosci adsorpcyjnej wskazywaty na
efektywne wykorzystanie wnek molekularnych. Funkcjonalizacja odczynnikiem
2ME zwiekszata selektywno$¢ przy nizszych wartoS$ciach adsorpcji, natomiast
4MBM zapewniata umiarkowane wtasciwosci selektywnos$ci. Na Rysunku 12
przedstawitam uzyskane wyniki wraz zzaleznoS$ciami otrzymanych wartoSci

selektywnosci po przeprowadzeniu badania dla pracy badawczej A2.
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o) o)
/@)J\o/\/\ ( /@)J\o/\/ ) /©/Lo/\©
HO HO HO
PrP BzP

BuP
Selektywnos¢
Propyl paraben Butyl paraben Benzyl paraben
NIP(0%) 1,31 1,28 1,00
NIP(4MBM) 1,42 1,39 1,00
NIP(2ME) 1,59 1,22 1,00
NIP(MPA) 1,46 1,37 1,00
MIP(0%) 2,89 1,33 1,00
MIP(4MBM) 3,34 1,48 1,00
MIP(2ME) 3,55 1,13 1,00
MIP(MPA) 3,72 1,47 1,00

Rysunek 12. Wyniki selektywno$ci dla pracy A2.

Analiza powtarzalnos$ci procesu adsorpcji poprzez pieciokrotne cykle
adsorpcji-desorpcji wykazata, ze materiaty MIP zachowujg swoje wtasciwosci przy
spadku wartosci adsorpcji nieprzekraczajacym 8 %, co $wiadczy o ich wysokiej
stabilno$ci. W celu oceny praktycznego zastosowania materiatéw MIP w analizie
sSrodowiskowej przeprowadzitam badania na prébkach wdéd rzecznych. Wykazaty
one wysokg efektywnos¢ metody, zapewniajagc warto$ci odzysku, ktérych
odchylenie od wartosci oczekiwanej nie przekraczato 4 %. Kluczowym etapem
byto zastosowanie innowacyjnej techniki FAPA-MS, ktéra umozliwita szybkie
i bezposrednie oznaczanie PrP. Dzieki temu, z zastosowaniem materiatu
MIP(MPA), udato mi sie obnizy¢ warto§¢ LOD o dwa rzedy wielkoSci
w poréwnaniu z bezposrednig analiza roztworu i pieciokrotnie w poréwnaniu
z warto$ciami osiggnietymi dla materiatow NIP, przy zachowaniu szerokiego
zakresu liniowoSci.

Podsumowujgc, wyznaczone parametry adsorpcyjne w ramach realizacji
pracy A2 wykazaty, ze najbardziej efektywna byta modyfikacja materiatu
polimerowego odczynnikiem MPA, poniewaz zapewnita najwyzsza warto$¢
pojemnosci adsorpcyjnej, przy jednoczesnej wysokiej selektywnosci wobec PrP,
stabilno$ci w roznych warunkach S$rodowiskowych oraz maksymalnych
korzysciach wynikajagcych z zastosowania materiatéw MIP w polaczeniu

z innowacyjng technikg FAPA-MS.
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A3. Selective sensing of perfluorooctanesulfonic acid in food samples using

functionalized poly(2-oxazoline)-based molecularly imprinted polymers

W ramach ostatniej pracy badawczej A3 skupitam sie na wtasciwosciach
adsorpcyjnych materiatow MIP i NIP, w szczeg6lnoSci na ocenie zdolnoSci
polimeréw do selektywnego wychwytywania czasteczek PFOS. Analiza
uwzgledniata role funkcjonalizacji w ksztattowaniu pojemnosci adsorpcyjnej,
selektywnos$ci oraz stabilnoSci w roéznych warunkach $rodowiskowych.
W badaniach wykorzystatam cztery wybrane odczynniki do funkcjonalizacji, ktore
w potaczeniu z grupami donorowymi polimeru umozliwiaty efektywne tworzenie
interakcji z hydrofobowa czasteczka PFOS, co miato kluczowe znaczenie dla
optymalizacji wtasciwosci adsorpcyjnych materiatéw. W pierwszym kroku
wyznaczytam izotermy adsorpcji, ktére jednoznacznie pokazaty, ze PFOS wiaze sie
we wnekach molekularnych MIP zgodnie z modelem Langmuira, potwierdzajac
monowarstwowy charakter selektywnej adsorpcji. Badania kinetyczne umozliwity
analize mechanizmu procesu adsorpcji - w materiatach MIP proces ten byt w duzej
mierze ograniczony dyfuzja czasteczek PFOS do wnek molekularnych, natomiast
w materiatach NIP adsorpcja przebiegata szybciej, lecz w sposéb catkowicie
nieselektywny. Ponadto, wprowadzona funkcjonalizacja skutkowata zwiekszeniem
liczby selektywnych miejsc w materiatach MIP, jednak nie przyspieszala tempa
adsorpcji. Wyjatek stanowit materiat MIP-COOH, w przypadku ktérego tworzenie
wigzan wodorowych sprzyjalo szybszemu wychwytywaniu czasteczek PFOS.
Interesujace byto réwniez obserwowanie efektu zwigzanego z zastosowaniem
materiatu MIP-PFC - dtugo$¢ i charakter tancuchéw odczynnika PFC
(@ w szczegblnosci oddzialywania fluor-fluor) powodowaty zwiekszenie
skutecznos$ci selektywnego wigzania. Analizy termodynamiczne ujawnity, ze
proces adsorpcji PFOS jest spontaniczny i egzotermiczny. W kolejnej czesci
badatam wptyw pH na efektywno$¢ adsorpcji. Stwierdzitam, ze materialy MIP,
podobnie jak we weczeSniejszych pracach, osiggaja najwyzsza pojemnos¢
adsorpcyjng przy pH neutralnym, wynoszacym okoto 6, z wyraznym spadkiem
w bardziej kwasnym (pH 4) lub zasadowym S$rodowisku (pH 8). Dodatkowo,
zauwazytam, ze rozne funkcjonalizacje wykazujg odmienne reakcje na zmiany pH
- materiat zawierajacy grupy karboksylowe MIP-COOH byt najbardziej wrazliwy,
podczas gdy materiaty MIP-Alkyl i MIP-PFC zachowywaty stabilng adsorpcje
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w szerszym zakresie pH. Testy selektywnosci w obecnosSci analogéw
strukturalnych (PNA - kwas perfluorononanowy oraz tauryna) jednoznacznie
wykazaly przewage materiatow MIP nad NIP w odréznianiu PFOS od tych
konkurencyjnych zwigzkéw. Najwyzsza selektywnos$¢ zaobserwowatam dla
materiatu MIP-COOH, gdzie silne wigzania wodorowe zapewniaty wyjatkowa
zdolno$¢ rozpoznawania PFOS, oraz dla MIP-PFC, gdzie oddziatywania fluor-fluor
znaczgco zwiekszaty selektywnos$¢. Rysunek 13 przedstawia otrzymane wyniki po

przeprowadzeniu badan selektywnosSci w pracy A3.

FFR FFF FRFR FFRF

HO3S CF HOOC CF
HOS i, ( 3 A ) 3
FFFFFFFF FFFFFFFF
Tauryna PFOS PNA
Selektywnos¢
PFOS/PNA PFOS/Tauryna PFOS/PNA PFOS/Tauryna
NIP 0,759 1,17 MIP 3,23 3,75
NIP-Alkyl 0,738 1,34 MIP-Alkyl 2,64 4,28
NIP-OH 0,658 1,24 MIP-OH 3,47 3,95
NIP-COOH 0,644 1,46 MIP-COOH I 4,42 I 4,56
NIP-PFC 1,20 211 MIP-PFC 3,34 | 546 |

Rysunek 13. Wyniki selektywnosci dla pracy A3.

Analiza powtarzalno$ci procesu poprzez wielokrotne cykle adsorpcji-
desorpcji ujawnita wysoka stabilno$¢ materialow - spadek wartos$ci adsorpcji nie
przekraczat 11 %, co utwierdzito mnie w przekonaniu, Ze materiaty MIP moga by¢
skutecznie stosowane wielokrotnie, bez znacznej utraty zdolnosci adsorpcyjnych.
W kolejnej fazie badan skupitam sie na praktycznym zastosowaniu materiatéw
MIP w analizach $rodowiskowych. Przeprowadzitam badania na wodach
rzecznych, ktore wykazaly wysoka efektywno$¢ metody. Uzyskatam wartosci
odzysku, ktorych odchylenie od wartosci oczekiwanej nie przekroczyto 4%, co
potwierdza przydatno$¢ materiatéw MIP przy analizie rzeczywistych prébek
srodowiskowych. Zastosowanie techniki FAPA-MS umozliwito szybkie
i bezposrednie oznaczanie czgsteczek PFOS po adsorpcji na materiatach MIP.
Podejscie to umozliwito obnizenie wartosci LOD do poziomu 0,01 umol dm3, co
stanowi warto$¢ o trzy rzedy wielkoSci nizszg w poréwnaniu z analiza bez etapu

wzbogacania na materialach MIP, przy jednoczesnym zachowaniu szerokiego

zakresu liniowosci (0,005-50 ppm).
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Dla pracy badawczej A3 przeprowadzitam dodatkowa analize
rzeczywistych probek srodowiskowych, w ktorych oceniatam wykrywalno$¢ oraz
mozliwos¢ iloSciowego oznaczania czasteczek PFOS w wybranych proébkach
spozywczych. W tym celu wybratam trzy réznorodne matryce zZywnos$ciowe,
w ktorych obecno$¢ oraz potencjalne skazenie zwigzkami perfluorowanymi jest
udokumentowane w literaturze - biatko jaja kurzego, mleko oraz olej z watroby
dorsza (tran). Probki te charakteryzuja sie odmiennym sktadem chemicznym, co
pozwolito mi na ocene wptywu réznych matryc na proces adsorpcji PFOS na
polimerach MIP oraz na efektywno$¢ oznaczen metodg FAPA-MS. Badane matryce
spozywcze pochodzily z lokalnego rynku detalicznego i zostaty wzbogacone
znanymi stezeniami PFOS w celu walidacji metody oraz oceny jej parametrow
analitycznych. Dla kazdej matrycy wyznaczytam wartosci LOD zgodnie z tag sama
procedurg, jaka zostata zastosowana dla wodnych roztworéw PFOS. Tabela 6
zawiera zestawienie wynikéw obliczonych wartosci LOD dla materiatéw MIP

w roztworach wodnych oraz prébek spozywczych.

Tabela 6. Zestawienie wynikéw z analizy LOD z wykorzystaniem metody FAPA-MS dla wodnych
roztwordw analitu i roztworéw préobek spozywczych.

LOD [ppb]
Roztwory wodne Biatko jaja Mleko Olej z watroby
PFOS kurzego dorsza

Roztwor PFOS 5000

MIP 25 50 25 50
MIP-Alkyl 25 50 25 250
MIP-OH 25 50 25 50
MIP-COOH 5 5 25 50
MIP-PFC 5 5 5 25

Uzyskane wyniki wykazaly istotny wptyw rodzaju matrycy spozywczej na
efektywnos$¢ adsorpcji PFOS. W probkach biatka jaja LOD dla MIP-COOH i MIP-PFC
byty poréwnywalne z roztworami wodnymi, natomiast dla pozostatych
adsorbentéw ulegly podwyzszeniu. Zaobserwowane ograniczenie adsorpcji
czasteczek PFOS w przypadku materiatow MIP, MIP-Alkyl oraz MIP-OH
przypisatam oddziatywaniom hydrofobowym oraz obecno$ci aminokwasow
zawierajacych grupy hydroksylowe, mogacych konkurowa¢ o miejsca wigzania.

Z kolei w probkach mleka, ze wzgledu na wysoka zawarto$¢ wody i mniejsza liczbe
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interferujacych sktadnikéw organicznych, metoda wykazata wysoka skutecznos¢
i stabilno$¢ oznaczen - poréwnywalng z wynikami uzyskanymi dla wodnych
roztwordw analitu. Warto$ci LOD byty zblizone do roztworéw wodnych PFOS
z wyjatkiem materiatu MIP-COOH, dla ktérego odnotowano pogorszenie czutosci.
Najwieksze ograniczenia skutecznosci adsorpcji zaobserwowatam w przypadku
prébek tranu, ktérego matryca lipidowa istotnie utrudniata wigzanie czasteczek
PFOS na powierzchni materiatbow MIP. Pomimo zréznicowania matryc
zywnos$ciowych, opracowana metoda wykazata wysoka doktadnos¢, dobra
precyzje oraz powtarzalno$¢ oznaczen, potwierdzajac jej przydatnos¢ do analizy
rzeczywistych probek spozywczych. Wyniki te potwierdzity mozliwos¢
zastosowania hybrydowego podej$cia tgczacego zastosowanie MIP-6w wraz
z analiza FAPA-MS jako skutecznego narzedzia do monitorowania zwigzkow
perfluoroalkilowych w ztoZzonych matrycach zywnos$ciowych.

Dodatkowo przeprowadzitam analize poréwnawczg materiatéw MIP
opartych na poly(AllylamidOx) i poly(ButenOx), ktéra wykazata wyraZzng
przewage pierwszego polimeru w zakresie wtasciwosci adsorpcyjnych. Wyjasni¢
to mozna obecnos$cig grup amidowych w bocznych tancuchach poly(AllylamidOx),
ktére przyczyniaja sie do tworzenia dodatkowych wigzan wodorowych
z czasteczkami PFOS, co ostatecznie prowadzi do istotnego wzrostu maksymalnej
pojemnosci adsorpcyjnej zarowno dla materiatow MIP, jak i NIP. Materiaty oparte
na poly(ButenOx) wykazuja znacznie nizsze warto$ci pojemnos$ci adsorpcyjnej,
niezaleznie od funkcjonalizacji, co wskazuje na ograniczong skutecznos¢ tworzenia
odcisku molekularnego. Ponadto, proby funkcjonalizacji poly(ButenOx)
odczynnikiem PFC zakonczyly sie niepowodzeniem z powodu przedwczesnej
precypitacji polimeru, natomiast poly(AllylamidOx) wykazat mozliwos$¢
zastosowania roéznych grup funkcjonalnych, bez notowanych ograniczen. Inne
parametry adsorpcyjne, wyznaczone na podstawie modeli Langmuira
i Freundlicha, byty poréwnywalne dla obu grup polimeréw, co sugeruje,
ze przewaga poly(AllylamidOx) wynika gtéwnie z obecno$ci grup amidowych
umozliwiajacych efektywniejsze tworzenie selektywnych miejsc wigzania.

Analiza wszystkich wyznaczonych parametrow pozwolita mi wnioskowac,
ze najbardziej efektywne wtasciwosci rozpoznawcze osiggnieto dla materiatow

MIP-COOH i MIP-PFC. Materiaty te zapewnity najwyzsze wartoSci pojemnosci
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adsorpcyjnej, selektywnos$¢ wobec czasteczek PFOS, stabilno$¢ w réznych
warunkach  Srodowiskowych  oraz  maksymalne  korzysci  wynikajace

z zastosowania materiatdéw MIP w potgczeniu z technikg FAPA-MS.
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6.3 Whnioski

Otrzymane wyniki w ramach realizacji prac badawczych Al, A2 oraz A3
pozwolity na kompleksowg ocene wptywu modyfikacji tancuchéw bocznych
polimeréw na charakter oddziatywan polimer-szablon oraz na mechanizmy
ksztaltujace zdolno$ci rozpoznawcze materiatow MIP. W przeprowadzonych
badaniach analizowatam zaréwno stopien modyfikacji, jak 1 rodzaj
wprowadzonych grup funkcyjnych, co umozliwito okreslenie ich wptywu na
efektywnos$¢ rozpoznawania molekularnego, udziat oddziatywan hydrofobowych
oraz znaczenie specyficznych interakcji, w tym oddziatywan typu fluor-fluor,
wynikajacych z kompatybilnosci chemicznej i strukturalnej ukitadu polimer-
szablon. Na podstawie uzyskanych danych okreslitam, ktére materiaty
charakteryzuja sie najwyzszymi maksymalnymi pojemno$ciami adsorpcyjnymi,
najwieksza selektywnoscia wzgledem analitu docelowego oraz najwyzsza
stabilno$cia ~ strukturalng i funkcjonalng w zmiennych  warunkach
srodowiskowych. Pozwolito to na jednoznaczne wskazanie uktadéw o najwyzszym
potencjale aplikacyjnym, stanowigcych najbardziej efektywne systemy
rozpoznawcze. Wyniki te potwierdzajg, Ze poprzez Swiadome projektowanie
materiatéw MIP mozliwe jest sterowanie ich wiasciwoSciami sorpcyjnymi
irozpoznawczymi, co umozliwia ich wykorzystanie jako funkcjonalnych
elementéw  receptorowych ~w  ukladach  sensorycznych, selektywnie
ukierunkowanych na konkretny analit. Rysunek 14 przedstawia zestawienie
izoterm adsorpcji uzyskanych w ramach wszystkich realizowanych prac
badawczych, obejmujgcych krzywe adsorpcji dla wszystkich zsyntetyzowanych
materiatdw MIP oraz analogicznych materiatéw NIP, co umozliwia bezposrednie

porownanie ich wiasciwosci adsorpcyjnych.
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Rysunek 14. Zestawienie wykreséw izoterm adsorpcji dla prac A1, A2 oraz A3. (a) Materiaty MIP
(a); (b) Materiaty NIP.

Na podstawie wszystkich uzyskanych wynikéw sformowatam nastepujace

whnioski:

» Materiaty MIP wykazuja istotng przewage nad materiatami NIP we

wszystkich

potwierdza  skuteczno$¢  odcisku

realizowanych pracach badawczych,

co jednoznacznie

molekularnego jako  strategii

projektowania materiatéw rozpoznawczych na bazie poli(2-oksazolin) oraz

wskazuje na ich wysoki potencjat aplikacyjny w uktadach sensorycznych

i separacyjnych.
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» Stopien modyfikacji tancucha bocznego prepolimeru na bazie
poly(ButenOx) w sposdb jednoznaczny ksztattuje pojemno$¢ adsorpcyjng
materiatéw - wzrost pojemnoSci obserwowany jest wraz ze wzrostem
stopnia modyfikacji. Analogiczne zaleznos$ci wystepuja zaréwno dla
materiatéw MIP, jak i NIP, przy czym materiaty MIP wykazuja istotnie
wyzsze warto$ci adsorpcji w catym zakresie modyfikacji.

» Rodzaj zastosowanej modyfikacji chemicznej ma kluczowy wptyw na
wilasciwosci adsorpcyjne materiatow. W pracy A2 najwyzsze wartosci
pojemnosci adsorpcyjnej uzyskano dla materiatbw modyfikowanych
grupami  karboksylowymi (-COOH), natomiast drugg najwyzsza
efektywnos$¢ wykazywata modyfikacja 4MBM, co potwierdza istotny udziat
oddziatywan innych niz wodorowe w procesie rozpoznawania
molekularnego, w szczegoélnosci oddziatywan typu m-m. W materiatach
o wiekszej hydrofobowosci, opracowanych w ramach pracy A3 grupa
karboksylowa (-COOH) rowniez ksztattuje wysokie warto$ci pojemnosci
adsorpcyjnej, jednak ustepuje pod wzgledem efektywnosci modyfikacjom
z zastosowaniem odczynnika PFC, co jednoznacznie wskazuje na
dominujaca role specyficznych oddziatywan fluor-fluor. Dodatkowo
obserwuje sie wyrazng przewage modyfikacji -COOH oraz PFC nad
pozostatymi zastosowanymi modyfikacjami w tej grupie materiatow.

» Materiaty MIP modyfikowane odczynnikami zawierajgcymi grupy
karboksylowe (-COOH) stanowig szczegllnie efektywne uktady
rozpoznawcze, wykazujagce wysoka selektywnos$¢ i stabilno$¢ wigzania
analitu.

» Materiaty MIP na bazie poly(AllylamidOx) wykazuja wyzsze wartoSci
pojemnosci adsorpcyjnej w poroéwnaniu do materiatbw na bazie
poly(ButenOx), co wskazuje, ze dodatkowa obecno$¢ atoméw azotu
o charakterze donorowym w tafncuchu bocznym istotnie zwieksza zdolnos¢
tworzenia oddzialywan w uktadzie polimer-szablon, a tym samym
poprawia jako$¢ parametréw wigzania. W szczegdlnosci, materiaty
poly(AllylamidOx) modyfikowane w 20 % grupami -COOH (praca A3)

wykazywaty warto$ci pojemnosci adsorpcyjnej wyzsze o okoto 50 mg g™*
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w poréwnaniu do analogicznych materialéw na bazie poly(ButenOx) o tym
samym stopniu modyfikacji (praca Al).

Zaréwno obecno$¢ dodatkowych grup donorowych, jak i wykorzystanie
oddziatywan hydrofobowych prowadza do zwiekszenia zdolnos$ci
rozpoznawczych materiatbw MIP. Oznacza to, ze wykorzystanie
specyficznych cech strukturalnych polimeru, w tym jego hydrofobowosci,
w sposob istotny determinuje efektywnos$¢ materiatéw rozpoznawczych.
Dopasowanie modyfikacji tancucha bocznego do adsorbowanego analitu
zwieksza szanse na jego efektywne zaadsorbowanie (A3 - wykorzystanie
obecnosci atomoéw fluoru w czasteczce szablonu PFOS i zmodyfikowanie
tancuchéw bocznych poly(AllylamidOx) odczynnikiem fluorowanym, celem
wytworzenia oddzialywan fluor-fluor spowodowato wyzZsze wartoSci
parametru adsorpcji).

Materiaty MIP wykazuja wysoka selektywno$¢ wzgledem analitu
docelowego, co zostato jednoznacznie potwierdzone w badaniach
kompetencyjnych z udziatem zwigzkéw strukturalnie analogicznych.
Wyniki te dowodza, Ze mechanizm rozpoznawania molekularnego ma
charakter specyficzny, a nie wylacznie nieselektywny sorpcyjny, co
potwierdza rzeczywistg funkcjonalno$¢ odcisku molekularnego.

Wptyw pH Srodowiska na wtasSciwosci adsorpcyjne materiatow ma
charakter uniwersalny i niezalezny od rodzaju modyfikacji, jej stopnia oraz
rodzaju zastosowanego polimeru. Wszystkie badane materialy w pracach
A1, A2 oraz A3 wykazaty najwyzsza stabilno$¢ strukturalng i funkcjonalng
w zakresie pH zblizonym do obojetnego, natomiast w Srodowiskach silnie
kwasnych oraz silnie zasadowych obserwowany byt istotny spadek ich
wtasciwosci adsorpcyjnych i rozpoznawczych, co wskazuje na ograniczenia
aplikacyjne w ekstremalnych warunkach pH.

Materiaty wykazuja wysoka stabilno$¢ termiczng - zwiekszanie
temperatury w badanym zakresie (20 °C - 60 °C) nie powoduje istotnego
spadku ich wtasciwosci adsorpcyjnych w Zadnym z realizowanych prac
badawczych. Swiadczy to o odpornoéci strukturalnej materiatéw oraz o ich
potencjale do zastosowan w warunkach podwyzszonych temperatur, co

zwieksza zakres aplikacyjnoSci.
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» Materiaty  charakteryzuja sie wysoka mozliwo$cia ponownego
wykorzystania, co potwierdzono w testach cykli adsorpcji-desorpcji,
w ktorych utrata zdolnosSci adsorpcyjnych po pieciu cyklach wynosita
maksymalnie 11 % (w przypadku pracy A3). Swiadczy to o trwatosci
funkcjonalnej materiatéw, stabilnoSci strukturalnej oraz potencjale
aplikacyjnym w systemach wielokrotnego uzytku, wpisujgc sie w zasady
zrownowazonego projektowania materiatow oraz koncepcje zastosowan
w obszarze fine chemicals i technologii przyjaznych srodowisku.

» Materiaty wykazaty wysoka skuteczno$¢ wychwytywania analitéw, co
znajduje odzwierciedlenie w niskich wartosciach LOD. Cho¢ uzyskane
wartosci LOD nie zawsze s3a konkurencyjne wzgledem wartosci
literaturowych uzyskiwanych z wykorzystaniem Kklasycznych technik
instrumentalnych, zastosowanie techniki FAPA-MS zapewnia istotne
przewagi, w tym mozliwo$¢ uzyskania wynikdw analizy w czasie
rzeczywistym, w ciggu kilku sekund, bez konieczno$ci wstepnego
przygotowania probek. Umozliwia to prowadzenie analiz in situ oraz
bezposredniego monitoringu probek Srodowiskowych i rzeczywistych.
Dodatkowo technika ta pozwala na skuteczng eliminacje wplywu
interferujacych sktadnikéw matrycy, co umozliwia analize ztozonych
probek srodowiskowych i biologicznych bez koniecznosci wstepnej izolacji

analituy, istotnie zwiekszajac funkcjonalno$¢ catego uktadu analitycznego.
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8. Podsumowanie

Celem niniejszej rozprawy doktorskiej byta synteza funkcjonalizowanych
materiatéw, polimeréw MIP oraz NIP, strukturalnie opartych na wybranych
pochodnych poli(2-oksazolinowych). Zadanie badawcze polegato na dopracowaniu
struktur materiatdw oraz ich odpowiedniej modyfikacji, celem osiggniecia
efektywnych parametrow adsorpcji, a tym samym, zdolno$ci materiatéw do
rozpoznawania wybranych analitow, stanowigcych potencjalne zagrozenie
Srodowiskowe. Postawiona hipoteza badawcza glosita, Ze istnieje zwigzek
pomiedzy struktura modyfikowanych materiatéw MIP i NIP a ich finalnymi
zdolnos$ciami adsorpcyjnymi. Gléwnym celem pracy bylo zatem wskazanie
optymalnych kombinacji czynnikoéw, ktore sprzyjaja tworzeniu najbardziej
efektywnych i selektywnych wnek molekularnych. Uzyskane wyniki miaty
pozwoli¢ na lepsze zrozumienie mechanizmoéw tworzenia odcisku molekularnego
w uktadach opartych na strukturach wybranych poli(2-oksazolin), jak réwniez
stworzenie podstaw do projektowania nowoczesnych materiatéw sensorycznych

o duzym potencjale aplikacyjnym.

Uzyskane wyniki przedstawitam w trzech publikacjach naukowych A1, A2
i A3. W ramach realizacji zatoZonych celéw i hipotez badawczych opracowatam:

» synteze monomeréw ButenOx i AllylamidOx oraz prepolimeréw
Poly(ButenOx) oraz Poly(AllylamidOx).

» Metode modyfikacji prepolimeréw z zastosowaniem reakcji typu ,click”
tiol-en inicjowanej promieniowaniem UV, z uzyciem wybranych
odczynnikow tiolowych, zawierajacych w swojej strukturze ugrupowania
donorowe.

» Metode syntezy materiatéw typu MIP oraz NIP z wykorzystaniem
otrzymanych funkcjonalizowanych prepolimeréw na bazie Poly(ButenOx)
oraz Poly(AllylamidOx).

» Charakterystyke strukturalng, termiczng i morfologiczng otrzymanych
materiatéw MIP oraz NIP z wykorzystaniem znanych technik analitycznych
- FTIR, TG oraz SEM.

» Kompleksowa analize i interpretacje parametréow adsorpcyjnych

otrzymanych materiatow MIP i NIP, w tym: izoterm adsorpcji, kinetyki
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procesu, parametrow termodynamicznych, wpltywu pH, stabilnosci
w cyklach adsorpcji-desorpcji, selektywno$ci, badan na prébkach
Srodowiskowych, a takze wyznaczenie parametrow analitycznych (LOD

oraz zakresu liniowoSci) dla techniki FAPA-MS.

Na podstawie uzyskanych wynikow z trzech publikacji bedacych
przedmiotem niniejszej pracy doktorskiej opracowatam zaleznoSci
strukturalne oraz zidentyfikowatam kluczowe parametry wptywajace na
ksztaltowanie wtasciwosci adsorpcyjnych w finalnych materiatach MIP oraz
NIP. Uzyskane w niniejszej pracy rezultaty stanowig istotny krok w kierunku
zrozumienia i racjonalnego projektowania materiatéw MIP opartych na
strukturach poli(2-oksazolin). Przeprowadzone badania wykazaty, ze
opracowane materialy stanowig obiecujaca platforme do Kkonstrukcji
selektywnych systeméw sensorycznych ukierunkowanych na Kkonkretne

anality, umozliwiajac skuteczng analize ztozonych prébek srodowiskowych.
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9. Streszczenie rozprawy doktorskiej w jezyku
polskim

Polimery z odciskiem molekularnym (ang. molecularly imprinted polymer,
MIP) stanowig Kklase funkcjonalnych materiatéw polimerowych zdolnych do
selektywnego rozpoznawania okreslonych zwigzkéw chemicznych (analitow).
Dzieki obecnosci specyficznych wnek molekularnych, wytwarzanych w czasie ich
syntezy i komplementarnych pod wzgledem ksztattu, wielkosci oraz charakteru
oddziatywan do czasteczek analitéw, materiaty te znajduja szerokie zastosowanie
w obszarze selektywnej adsorpcji, separacji, sensorow chemicznych a takze
analityki Srodowiskowe;j.

Dotychczasowe systemy polimerowe MIP najczeSciej projektowane byty
woparciu o klasyczne matryce polimerowe, takie jak poli(metakrylany),
poli(akrylany) czy polistyreny. Niniejsza rozprawa doktorska prezentuje
nowatorskie podejscie do projektowania materiatdéw MIP, oparte na zastosowaniu
poli(2-oksazolin) jako gtéwnego budulca do tworzenia selektywnych materiatow
rozpoznawania molekularnego. Poli(2-oksazoliny) stanowig obiecujgca klase
polimeréw funkcjonalnych, charakteryzujacych sie wysoka modyfikowalnos$cia
strukturalng, biokompatybilnoscia oraz duzym potencjatem aplikacyjnym.
Zastosowanie tej klasy polimeréw w technologii tworzenia odcisku molekularnego
wymagato opracowania innowacyjnej strategii syntezy materiatow MIP, opartej na
wieloetapowym podej$ciu obejmujagcym przygotowanie prepolimeru, jego
kontrolowang funkcjonalizacje oraz finalne sieciowanie do struktury MIP.

Celem pracy bylo opracowanie materiatbow MIP opartych na poli(2-
oksazolinach, zdolnych do selektywnego rozpoznawania i adsorpcji analitow
o znaczeniu $rodowiskowym. Postawiona hipoteza badawcza zaktadata istnienie
zalezno$ci pomiedzy strukturg materiatéw a ich wtasciwo$ciami adsorpcyjnymi,
umozliwiajacej identyfikacje czynnikéw sprzyjajacych tworzeniu selektywnych
wnek molekularnych oraz projektowaniu materiatbw o wysokim potencjale
aplikacyjnym.

W ramach pracy przeprowadzitam synteze monomerdw oraz prepolimeréw
na bazie wybranych poli(2-oksazolin) - poli(2-(3-butenylo)-2-oksazoliny)
(Poly(ButenOx)) oraz poli(2-alliloamidopropylo-2-oksazoliny)
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(Poly(AllylamidOx)), zawierajacych terminalne wigzania podwdjne w tancuchach
bocznych. Struktury te umozliwity zastosowanie reakcji typu ,click” tiol-en jako
narzedzia do selektywnej modyfikacji. Chociaz reakcja tiol-en jest reakcja dobrze
znang i szeroko stosowang w chemii polimeréw, jej wykorzystanie w uktadach
poli(2-oksazolinowych) jako etapu funkcjonalizacji prepolimeréw przeznaczonych
do syntezy MIP stanowi nowe rozwigzanie syntetyczne. Proces syntezy materiatow
obejmowat etap czesciowej funkcjonalizacji prepolimeréw z wykorzystaniem
reakcji tiol-en inicjowanej promieniowaniem UV, prowadzonej w obecnoSci
zwigzkow tiolowych zawierajgcych zréznicowane grupy donorowe. Nastepnie,
w kolejnym etapie, przeprowadzitam sieciowanie pozostatych,
niezmodyfikowanych wigzan podwdéjnych z uzyciem dwufunkcyjnych zwigzkow
tiolowych, prowadzac do wytworzenia trwatej, usieciowanej struktury
polimerowej MIP. Proces sieciowania realizowatam zar6wno w obecnoSci
czasteczek analitow stanowigcych role szablonu (ang. template), prowadzac do
syntezy materiatéw MIP, jak i w ich nieobecno$ci, otrzymujac materiaty
referencyjne typu NIP (ang. non-imprinted polymer).

Jako czasteczki szablonéw zastosowatam wybrane anality Srodowiskowe,
stanowigce potencjalne zagrozenie ekologiczne i zdrowotne, ktérych dobér oparto
na analizie danych literaturowych oraz dokumentach regulacyjnych. Byty to
zwigzki objete ograniczeniami stosowania lub zakazami wprowadzania do obrotu,
regulowanymi przez instytucje takie jak Unia Europejska czy Komitet Naukowy ds.
Bezpieczenstwa Konsumentéw (ang. Scientific Committee on Consumer Safety,
SCCS). Zastosowanie takich analitow jako szablonow umozliwito wytworzenie
selektywnych wnek molekularnych dedykowanych rozpoznawaniu konkretnych,
istotnych srodowiskowo zwigzkéw chemicznych.

Otrzymane materiaty MIP i NIP poddatam kompleksowej charakterystyce
strukturalnej, fizykochemicznej i funkcjonalnej. Wtasciwosci adsorpcyjne
materiatu ocenitam na podstawie izoterm, kinetyki i termodynamiki procesu oraz
badan selektywnosci i stabilnoSci w cyklach sorpcji-desorpcji. Ponadto
wyznaczytam parametry analityczne metody, takie jak liniowo$¢ odpowiedzi oraz
limity detekcji (ang. limit of detection, LOD), stosujac technike FAPA-MS (ang.
flowing atmospheric-pressure afterglow mass spectrometry). Skutecznos$¢

opracowanych materiatéw MIP oraz NIP zweryfikowatam rowniez w badaniach na
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rzeczywistych probkach srodowiskowych, w tym probkach wody rzecznej oraz
wybranych prébkach zywno$ciowych. W analizach zastosowatam techniki takie
jak UV-Vis czy HPLC oraz nowatorska metode FAPA-MS, a takze instrumentalne
techniki charakterystyki materiatowej, takie jak FTIR, TG oraz SEM.

Uzyskane wyniki potwierdzily, ze opracowana strategia syntezy umozliwia
racjonalne projektowanie materiatow MIP opartych na strukturze poli(2-
oksazolin), o kontrolowanych wtasciwosciach rozpoznawania molekularnego
i wysokiej selektywnos$ci adsorpcyjnej. Praca stanowi istotny krok w kierunku
systemowego zrozumienia mechanizméw tworzenia odcisku molekularnego w tej
klasie polimeréw oraz tworzy podstawy do projektowania nowoczesnych
materiatdw sensorycznych o wysokim potencjale aplikacyjnym w analityce

Srodowiskowe;j.
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10. Streszczenie rozprawy doktorskiej w jezyku
angielskim

Molecularly imprinted polymers (MIP) are a class of polymeric materials
capable of selective recognition of specific chemical compounds (analytes). Due to
the presence of specific molecular cavities formed during their synthesis, which
are complementary in shape, size, and type of interactions to the target analytes,
MIPs find broad applications in selective adsorption, separation processes,
chemical sensors, and environmental analysis.

In general, MIPs have been designed based on well-known polymers, such
as poly(methacrylates), poly(acrylates), or polystyrene. This doctoral thesis
presents an innovative approach to MIPs design, using poly(2-oxazolines) as the
main structural component for creating selective molecular recognition materials.
Poly(2-oxazolines) represent a promising class of functional polymers,
characterized by high structural tunability, biocompatibility, and significant
application potential. The use of this polymer class in molecular imprinting
required the development of an innovative synthesis strategy based on a multi-
step approach, including prepolymer preparation, controlled functionalization, and
final cross-linking to form the MIP structure.

The aim of this work was to develop poly(2-oxazolines)-based MIPs capable
of selective recognition and adsorption of environmentally analytes. The research
hypothesis assumed a relationship between the polymer structure and its
adsorption properties, allowing the identification of factors promoting the
formation of selective molecular cavities and the design of materials with high
application potential.

Within this study, I synthesized monomers and prepolymers based on
selected poly(2-oxazolines): poly(2-(3-butenyl)-2-oxazoline) (Poly(ButenOx)) and
poly(2-allylamidopropyl-2-oxazoline) (Poly(AllylamidOx)), containing terminal
double bonds in their side chains. These structures enabled the use of the “click”
thiol-ene reaction as a tool for selective functionalization. Although the thiol-ene
reaction is well-known and widely used in polymer chemistry, its application in
poly(2-oxazoline) systems as a step for prepolymer functionalization for MIP

synthesis represents a novel methodological approach. The synthesis process
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included partial functionalization of prepolymers via UV-initiated thiol-ene
reactions in the presence of thiol compounds with diverse donor groups.
Subsequently, the remaining unmodified double bonds were cross-linked using
difunctional thiols to obtain a stable, networked polymer structure. Cross-linking
was performed both in the presence of template analytes to obtain MIPs and in
their absence to produce reference non-imprinted polymers (NIP). Environmental
analytes of potential ecological and health concern were selected as template
molecules based on literature data and regulatory documents. These were
compounds subject to usage restrictions under institutions such as the European
Union and the Scientific Committee on Consumer Safety (SCCS). Using these
analytes as templates enabled the formation of selective molecular cavities tailored
for the recognition of environmentally relevant compounds.

The resulting MIPs and NIPs were comprehensively characterized
structurally, physicochemically, and functionally. Adsorption properties were
investigated through isotherms, kinetics, and thermodynamics, as well as
assessment of selectivity and reusability studies. Furthermore, the analytical
performance, including linearity, and limits of detection (LOD), was determined
using flowing atmospheric-pressure afterglow mass spectrometry (FAPA-MS). The
efficiency of the developed MIPs and NIPs was further verified using real
environmental samples, including river water and selected food samples.
Techniques such as UV-Vis spectroscopy, HPLC, and the novel FAPA-MS method
were employed, along with material characterization methods including FTIR, TG,
and SEM.

The results confirmed that the developed synthesis strategy enables
rational design of poly(2-oxazoline)-based MIPs with controlled molecular
recognition properties and high adsorption selectivity. This work represents
a significant step toward a systematic understanding of molecular imprinting
mechanisms in this class of polymers and provides a foundation for designing
advanced sensor materials with high application potential in environmental

analysis.
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11. Publikacje wchodzace w sktad rozprawy
doktorskiej
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A1 Determination of MCPA in environmental
samples using an analytical on-line system based
on imprinted poly[2-(3-butenyl)-2-oxazoline] and

ambient ionization mass spectrometry
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ARTICLE INFO ABSTRACT

Keywords: Monitoring and quantifying organic chemicals in the environment play a vital role in understanding their
Poly(2-oxazoline) behavior and ensuring environmental safety. MCPA (2-methyl-4-chlorophenoxyacetic acid) is a commonly used
MCPA

phenoxy herbicide that poses potential risks to aquatic life. In this study, we present an innovative analytical
approach for MCPA quantification, employing molecularly imprinted polymers (MIPs) for selective extraction
and ambient plasma mass spectromelry for direct on-line analysis. To synthesize functional MIPs, we employed a
post-polymerization strategy based on a thiol-ene click reaction conducted on a short-chain poly[2-(3-butenyl)-2-
oxazoline] (poly(ButenOx)) that allowed attachment of 3-mercaptopropionic acid (MPA) to polymer side chains.
The incorporation of MPA groups into polymer structure enabled the attainment of elevated maximum
adsorption capacities and enhanced selectivity towards MCPA. Utilizing a specially designed ambient plasma
mass spectrometry setup, we successfully quantified MCPA in water samples, achieving significantly improved
detection limits compared to conventional solution-based analysis, whereas the quantification of MCPA in real-
life river water samples demonstrated excellent recoveries. In conclusion, this novel analytical method
employing MIPs and ambient plasma mass spectrometry provides an effective and sensitive approach for ac-
curate MCPA detection in environmental water samples. The technique holds promise for facilitating reliable

Selective adsorption
Rapid quantification
Molecularly imprinted polymer

monitoring and management of MCPA levels in aquatic ecosystems.

1. Introduction

Molecularly imprinted polymers (MIPs) are distinctive organic ma-
terials with custom-made sites that selectively bind to specific analytes.
This selective property is developed during their synthesis, wherein a
polymer matrix is combined with the target analyte, leading to specific
interactions between the polymer side chains and analyte molecules,
The strength of these interactions delermines the final recognition
ability, making it crucial to achieve rebust interactions within the MIPs’
structure. Another vital aspect of creating effeetive recognition sites is
the polymer side chains’ chemical structure complementing the tem-
plate. The selective recognition property relies on accurately recalling
the shape, size, and presence of specific functional groups from the
analyte molecules. Therefore, careful integration design in the prepared
materials becomes a significant milestone in this process. To elaborate
on the process, the specified interactions are initially established during
the material’s synthesis. Subsequently, the analyte molecule can be

* Corresponding author.
E-mail address: michal ceglowski@amu.edu.pl (M. Ceglowski).
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easily removed from the resulting MIPs’ structure, leaving behind a
cavity in the polymer with a unique surface responsible for the recog-
nition property of the removed analyte molecule [1,2].

Excellent physical stability in both, chemical and physical condi-
tions, high selectivity properties, relatively low-cost synthesis, and
reusable ability for several times caused high interest in MIPs’ applica-
tion in various fields in which selectivity is required. The number of
favorable characteristics the MIPs possess caused their application in
widespread fields [3]. MIPs are widely used in separation [4-6], puri-
fication [7-9], sensing [10-16], and catalysis [17,18] processes. Despite
many advantages the MIPs offer, these systems are not ideal. Analyte
bleeding, advanced optimization of the selectivity property toward
specified analytes, and binding site heterogeneity are the most common
challenges [19]. Achieving both rigid and flexible molecular cavities
upon removing the analyte from the MIPs matrix is a critical factor in
attaining rapid and repeated equilibrium between the uptake and
release of the analyte. Thus, thoughtful synthesis development is

Received 11 September 2023; Received in revised form 8 December 2023; Accepted 9 December 2023

Available online 12 December 2023
0925-4005/@ 2023 Elsevier B.V. All rights reserved.

99 |Strona



A. Lusina and M. Cegiowski

necessary to establish the most optimal conditions to obtain materials
with valuable recognition properties [20].

Poly[2-(3-butenyl)— 2-oxazoline] (poly(ButenOx)) is a polymer
belonging to the poly(2-oxazoline) class of compounds. These polymers
can be synthesized via cationic ring-opening polymerization (CROP)
from appropriate 2-oxazolines monomer [21]. The beneficial properties
of this class of compounds, like biocompatibility, stealth behavior, high
functionalization possibilities, low dispersity, stability, nonionic char-
acter, and solubility in water and organic solvents, caused their broad
applications in many scientific fields [22]. By the additional combina-
tion with high versatility attainable through copolymerization or
post-polymerization modifications, these polymeric systems have been
widely used for several novel applications [23-25]. Consequently, the
distinctive properties of these compounds lead to the utilization of poly
(2-oxazoline)s in various next-generation biomedical applications. They
have been used in drug delivery [26], gene delivery [27-29], protein
delivery 30|, micelles [31,32], and hydrogels [33,34].

2-Methyl-4-chlorophenoxyacetic acid (MCPA) is a widely used her-
bicide in Europe [35,36]. It is a mainly used regulator for
post-emergency phenoxy treatment that shows effectiveness in strict
control of annual and perennial weeds in cereals, grasslands, trees, and
turf [37]. The mechanisms of its toxicity include several pathways like
cellular dysfunction by disruption of lipid membranes and interferential
with metabolic pathways - for example, disruption of acetyl coenzyme A
metabolism or uncoupling of oxidative phosphorylation [38]. It is
classified as a chlorophenoxy acids herbicide and, similarly to the other
compounds from this class, it is an acid that can be easily reformulated
into a salt. MCPA is thus well-soluble in water, highly mobile, and can
leach from the soil [37]. MCPA shows high toxicity (ECsy = 11.6/144
mg L ! in activated sludge, in respiration/inhibition tests, respectively)
and low biodegradability (less than 25% total organic carbon (TOC)
reduction after 28 days) [39,40]. Thus, its concentration in water
sources for human and animal consumption has to be strictly controlled.
Therefore, several worlds organization like the World Health Organi-
zation (WHO), the U.S. Environmental Protection Agency (EPA), and
national governments (ex. New Zealand and the United States of
America (USA)) have set the regulation of the maximum contaminant
level (MCL) of MCPA in drinking water in the range of 10 - 70 ng mL™!
[41]. In fact, MCPA is being detected in the effluents of wastewater
treatment plants, thus, it may also be released into rivers or even estu-
aries in municipal sewage effluents. To track the environmental hazard
and also human risks of herbicides such as MCPA it is necessary to
develop new methods allowing their rapid quantification.

In this study, we present the synthesis of molecularly imprinted poly
(ButenOx) materials with varying degrees of functionalization using 3-
mercaptopropionic acid (MPA). Our main objective was to develop
materials that selectively remove and allow to quantify MCPA in envi-
ronmental water samples. Consequently, we investigated how modi-
fying the side chains affects the final recognition ability of the materials.
Since the recognition ability hinges on the strength and extent of in-
teractions formed, we hypothesized that increasing the MPA content
would enhance interactions between the modified side chains of poly
(ButenOx) and the analyte (MCPA). Therefore, we examined the impact
of the functionalization agent content on the adsorption property to-
wards MCPA. We chose poly(ButenOx) for functionalization because its
side chains contain a termination double bond, making it amenable to
functionalization using a thiol-ene click reaction. Additionally, like
other poly(2-oxazoline)s derivatives, it possesses a rigid backbone
structure, rendering it versatile for chemical modifications and, thus,
highly functionalizable [42.,43]. To cross-link the materials, we
employed 2,2 (ethylenedioxy)-diethanothiol in the presence of a tem-
plate molecule. Since the functionalization step involved partial utili-
zation of existing double bonds (10, 20, 30%), the cross-linking step
utilized the remaining accessible terminating bonds identified through
'H NMR spectra. Our article introduces a novel analytical procedure for
directly quantifying MCPA in water samples using the specified MIPs
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particles. The vapor sample can be directly analyzed using ambient mass
spectrometry by subjecting the analyte-loaded material to heat. This
innovative methodology enables the analyte’s quantification without
requiring additional sample pretreatment. To the best of our knowledge,
the application of functional poly(ButenOx)-based materials for the se-
lective removal of phenoxy herbicides has not been previously reported.

2. Materials and methods
2.1. Materials and chemicals

The materials and chemicals are described in detail in the Supporting
Information (SI).

2.2, Instrumentation

The list of scientific instruments used in the study, along with
operating conditions, is given in detail in the SL

2.3. Synthesis

Synthesis of MIPs and NIPs was given in detail in SI (text and
Tables 81 and 82).

2.4. Adsorption experiments

The experimental details of the conducted adsorption experiments
are deseribed in the SI.

3. Results and discussion
3.1, Materials synthesis and characterization

poly[2-(3-butenyl)-2-oxazoline] (poly(ButenOx)) was chosen as a
starting polymer for MIPs synthesis, as it possesses double bonds in its
side chains that can be easily functionalized using well-described thiol-
ene click modification [44]. The application of homopolymer allows
reaching high content of functionalities and cross-links, which is
necessary for MIPs synthesis, The applied thicl-ene click reaction pro-
ceeds in high yields relatively high rate and does not produce any
by-products, which makes it very useful for polymer functionalization
and subsequent cross-linking. The reaction is a free-radical process that
can be easily initiated by light, making it useful for MIPs synthesis, as
mild reactions ensure no template degradation will be observed.

In the present study, poly(ButenOx) was synthesized (o reach a DP
value equal to 20. Short chains allow to obtain polymer solutions with
low viscosity and increase the accessibility of all double bonds, as short
polymer chains do not tend to be highly entangled. The polymer was
functionalized with 3-mercaptopropionic acid to introduce carboxylic
functionalities into the polymer, which were hypothesized to increase
the strength of interactions with the MCPA template through hydrogen
bonding. Increasing interactions with template molecules via intro-
ducing appropriate functionalities is necessary to synthesize MIPs with
high affinities. Nevertheless, too high functionalization degree will
diminish the content of cross-links, which are essential for forming
molecular cavities [45]. As a result, the highest 3-mercaptopropionic
acid functionalization degree was chosen to be 30%. Altogether, MIPs
and corresponding NIPs were obtained with four 3-mercaptopropionic
acid functionalization degrees equal to 0%, 10%, 20%, and 30%. Syn-
thesis of materials with increasing functionalization content allows to
estimate the influence of carboxylic functionalities on adsorption char-
acteristics of final MIPs and NIPs towards the MCPA template. The
cross-linking reaction was conducted in the template presence using 2,
2'-(ethylenedioxy)diethanethiol (Figure $1). The presence of two oxygen
atoms within the 2,2-(ethylenedioxy)-diethanothiol) structure may
cause additional interactions with the MCPA template molecule. As a
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result, both functionalization and cross-linking were performed using
the same thiol-ene click reaction, conducted under UV radiation and
initiated using catalytic amounts of Irgacure 2959 photoinitiator, Thus,
the synthesis conditions are mild, making them useful for more complex
templates.

The FT-IR spectra of MCPA-loaded MIPs, MCPA-unloaded MIPs, and
NIPs are presented in Figure $2-85. The core structure of all materials is
identical. As a result, across all materials, adsorption bands are observed
at 2927 em ! (v C-H asymmetric), 2860 cm ! (v C-I symmetric), 1641
em ™! (¥ N-C=0, strong band), 1421 em™! (5 C-H), and 1229 em ™! (v C-
N). The differences between the different Lypes of materials are related
to the MPA functionalization degree and the presence of template in the
structure of template-loaded MIPs. An additional band at 1729 em (v
carboxylic G=0) can be observed for materials functionalized with
MPA, which intensity increases along with the MPA functionalization
degree, For MCPA-loaded materials, additional signals at 3440 cm ™" (i
carboxylic O-H), 1736 cm ! (v carboxylic G=0), and 1213 em ' (& C-
Q). The appearance of these characteristic signals confirms the presence
of MCPA in template-loaded MIPs.

SEM micrographs of all MIPs and NIPs materials are presented in
Figures S6 and S7 in SI. The materials possess highly crosslinked
structures; thus, only a smooth and relatively uniform surface can be
observed for all of them. The molecular imprints formed during MIPs
synthesis are too small to form pores that can be abserved using the SEM
technique. This observation is in good agreement with recent literature
data showing that molecular cavities are not big enough to become
visible for surface analysis techniques [46]. As a result, it can be
concluded that the presence of the template has no visible influence on
the material’s outer morphology. This is in accordance with the fact that
no visible differences can be seen between MIPs and NTPs.

The thermogravimetric analysis results obtained for all MIPs and
NIPs are presented in Figures S8 — §11 in SI. The TGA curves for all
materials show similarities, displaying two major decomposition steps.
The first step, occurring between 80 “C and 150 °C, is likely related to
the complete solvent removal, resulting in a negligible polymer mass
loss. The second step, at approximately 330-450 °C, is the main
decomposition phase during which almost complete pyrolysis of the
organic material occurs. The residual mass after this step is below 10%
of the initial sample mass, indicating nearly full decomposition. An
additional decomposition step can be observed at approximately
260-330 °C for all MPA-functionalized materials. This step is presum-
ably connected with the presence of MPA functionality, as an increase in
the mass loss of corresponding materials correlates with an increasing
MPA functionalization degree.

Sensors and Actuators: B, Chemical 403 (2024) 135140
3.2. Adsorption isotherrms

To plot adsorption isotherms, measuring adsorbate concentrations
before the adsorption process and after it, when the system is allowed to
reach equilibrium, is necessary. The experimental data can be fitted
using various mathematical models that allow calculating particular
parameters that allow to characterize the adsorption process and
compare properties of various adsorbents. Adsorption isotherms ob-
tained for all MIPs and NIPs are presented in Fig. 1. The models used to
fit the experimental data include Langmuir, Freundlich, and Sips
(Langmuir-Freundlich) models (data given in SI). They allow to calcu-
late maximum adsorption capacities and estimate the strength of in-
teractions formed between MCPA molecules and adsorbents active sites.

Langmuir adsorption parameters, particularly K, ¢m, and correlation
coefficients (R%), are gathered in Table $3. Comparison of R? values
allows to estimate which madel is better suited for experimental data
characterization. For all MIPs and NIPs, the R? values obtained for the
Langmuir model are higher than 0.99, whereas, for the Freundlich
model, they are much lower, within the 0.843 - 0.968 range. This result
clearly shows that MCPA adsorption on MIPs and NIPs follows the
Langmuir model. Langmuir model assumes uniform and monolayer
adsorption, which for MIPs is realized by selective adsorption in mo-
lecular activities and non-selective simple surface adsorption. On the
other hand, for NIPs, only the latter, non-selective surface adsorption
occurs. The effectiveness of both these adsorption types can be
compared by comparison of ¢, values calculated using the Langmuir
model. For all synthesized MIPs, the g, values are around five times
higher than the ones obtained for corresponding NIPs. This result proves
that the imprinting process was successful and that MIPs possess much
higher adsorption properties towards MCPA than NIPs. Functionaliza-
tion with 3-mercaptopropionic acid has generally caused an increase in
the adsorption properties of both MIPs and NIPs. For both these mate-
rials, a gradual increase in 3-mercaptopropionic acid content causes a
gradual increase in maximum adsorption capacity. This effect is pre-
sumably caused by introducing additional carboxylic groups, which
improve interactions between polymer structure and MCPA molecules.
The Langmuir K parameters are often regarded as binding equilibrium
constants [47]. For MIPs, a slight increase can be observed when 3-mer-
captopropionic acid functionality was introduced up to 10% content;
however, this increase is within the experimental error range. On the
other hand, a further increase in 3-mercaptopropionic acid content
resulted in lowering the K values. As a result, it can be concluded that an
increase in MPA functionality results in MIPs with higher maximum
adsorption capacity but lower affinity. For NIPs, no significant differ-
ences could be observed in K values for all materials, suggesting that
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Fig. 1. Adsorption isotherms obtained for MCPA adsorption on (a) MIPs and (b) NIPs.
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their affinity towards MPA is very similar.

The g, values obtained in current work for MCPA adsorption are
higher than the ones obtained for raw lignite (7.43 mg g '; 37.04 ymol
8 1) [48], carbon black modified with aminopropyltriethoxysilane
(36.3 mg g’l; 0.181 mmol g’lj [49], activated carbon (313 mg g’l;
1.56 mmol g_]) [50], amino-functionalized zirconium-based MOF
(300.3 mg g~ 1) [511, and are only slightly lower than the ones obtained
for graphene nanosheets (411.11 mg g~1) [52].

Freundlich adsorption parameters, particularly Ky and 1/n, and
correlation coefficients (R%) are gathered in Table $3. As mentioned in
the previous paragraph, the R? values are relatively low, being in the
0.843 - 0.968 range, suggesting that the Freundlich adsorption model
has limited applicability for experimental data characterization. For
MIPs, the range of R? values (0.843 — 0,955) is generally lower than for
NIPs (0.945 — 0.968), suggesting that the Freundlich model fits better
adsorption data obtained for NIPs, The Ky parameter values are much
higher for MIPs than NIPs, suggesting that MCPA adsorption follows
various mechanisms for these two material types. The 1/n Freundlich
parameters are known to show adsorption intensity. Its values below one
suggest Langmuir isotherm, while higher than one point into coopera-
tive adsorption [53]. For all investigated materials, the calculated 1/n
values are lower than one, which confirms that adsorption follows the
Langmuir model.

Sips adsorption model is a combination of both Langmuir and
Freundlich models. At high adsorbate concentrations, it is more similar
to the Langmuir model, as it assumes monolayer adsorption. On the
other hand, at low adsorbate concentrations, the Sips model is more
similar to the Freundlich model [54,551. Sips adsorption parameters, g,
K, 1/n, and correlation coefficients (R?) are gathered in Table $4. The
calculated R? values for all materials are higher than 0.99, confirming a
good correlation. Maximum adsorption capacities obtained for MIPs are
within the measurement error of the cnes obtained using the Langmuir
model. Except for MIP-ButenOx-MPA30, for all other MIPs, the g, values
obtained using the Sips model are higher than the ones obtained using
the Langmuir model, A similar effect is observed for NIPs, as Sips g
values are higher than Langmuir ones. The 1/n values are much higher
than the ones obtained Freundlich model. Except for
MIP-ButenOx-MPA30 material, for all other adsorbents, they are still
lower than one, which points to normal Langmuir adsorption. For the
Sips model, almost no differences are observed for MIPs qp, values ob-
tained for materials with 10%, 20%, and 30% MPA functionalization.
‘These calculations contradict results obtained using the Langmuir model
and the general trend observed in adsorption isotherms obtained during
the experiment (Fig. 1). As a result, the applicability of the Sips
adsorption model for adsorbents characterization can be limited. This is
presumably connected with the model complexity and the number of
optimized parameters during fitting.

3.3. Adsorption kinetics

Following the adsorbate concentration changes during the adsorp-
tion experiment allow the adsorption kinetics plots to be obtained. The
obtained plots can be fitted using theoretical kinetic models, which
allow to gain insight into the adsorption mechanism. In this work, the
experimental data were evaluated using the pseudo-first-order and the
pseudo-second-order kinetic models (data given in SI). The calculated
kinetic constants and correlation coefficients (R2) are given in Table 85.

Analysis of the R? values leads to the conclusion that, for all MIPs,
these values are significantly higher when using the pseudo-second-
order model compared to the pseudo-first-order model. Conversely,
for NIPs, the R? values show a less pronounced difference between the
pseudo-first-order and pseudo-second-order models. These results sug-
gest that the adsorption of MCPA on MIPs and NIPs follows distinct
mechanisms, indicated by their differing kinetic profiles, Analysis of the
k3 values calculated for MIPs reveals that all materials exhibit relatively
similar values, with no discernible trend based on the degree of material
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functionalization. This result, in conjunction with findings from
adsorption isotherm studies, indicates that an increase in MPA func-
tionalization degree correlates with the number of selective binding
sites. However, it does not enhance the MCPA adsorption rate. This
suggests, that the step limiting the adsorption kinetics can be connected
with the MCPA diffusion to the molecular cavities. Moreover, the kz
values obtained for NIPs are higher than those obtained for MIPs, sug-
gesting that non-selective adsorption occurs faster than selective one.
For NIPs, a clear trend in k; values indicates that increasing the MPA
functionalization degree lowers the adsorption kinetics. A similar trend
can be observed for MIPs; nevertheless, this result is ambiguous due to
the low correlation with the pseudo-first-order kinetic model.

3.4. Adsorption thermodynamics

Performing adsorption experiments at various temperatures allows
to investigate the thermodynamic effects occurring during adsorption,
As a result, it is possible to calculate the enthalpy changes (AH [kJ
mol '), entropy (AS [J mol ™! K~ 17), and Gibbs free energy (AG [kJ
mol™'1) that take place during adsorption (data given in SI). All calcu-
lated thermodynamic parameters are collected in Table S6.

For both MIPs and NIPs, AH values are positive, indicating that the
MCPA adsorption on both these materials is an endothermic process.
Nevertheless, for MIPs, AH values are much higher than for NIPs, which
suggests that the adsorption mechanism for these materials is different,
An increase in MPA functionalization degree increases AH for both MIPs
and NIPs, which means that the higher the MPA content, the more
endothermic adsorption becomes. Similarly, for MIPs and NIPs, AS
values are much higher for MIPs, and increasing the MPA functionali-
zation degree increases these values, For AG, a similar effect can be
observed; however, for AG, the values become more negative the higher
the MPA content or the higher the adsorption temperature. This in-
dicates that increasing the MPA functionalization degree or temperature
promotes the adsorption, as it becomes more spontaneous under these
conditions. Considering the given AH, AS, and AG values, it can be
concluded that adsorption is an entropy-centrolled process, which is
presumably driven by the release of solvent molecules from adsorbents
surface in the case of NIPs or molecular cavities in the case of MIPs.

3.5. The pH dependence of the adsorption process

The pH of the adsorption medium affects both the adsorbate and
adsorbent structure, Both MCPA and MPA can undergo protonation and
deprotonation processes, affecting their structure and affinity towards
other molecules. As a resull, it is crucial to investigate the pH influence
on the adsorption process, as the materials can be used for MCPA
extraction from environmental samples of various origins and proper-
ties. The pH dependence of MCPA adsorption was investigated for pH
values of 2, 4, 6, 8, and 10 (Figure §12). For pH values lower than 2 and
higher than 10, we observed gradual polymer decomposition pre-
assembly caused by hydrolysis; thus, the measurements were limited to
these values. The highest ge; values for MIPs were obtained to close to
neutral pH 6. Increasing the pH, as well as decreasing it, resulted in
lower adsorption. Nevertheless, a higher drop of ., values was observed
at alkaline pH wvalues than when pH was in the acidic region. This
observation was explained by the MCPA behavior and the fact that it no
longer interacts well with molecular cavities in MIPs’ structure after
deprotonation. At acidic pH values, its structure is not altered; however,
surface protonation of MIPs results in lower adsorption efficacy. For all
MIPs the same trend was observed, and for all pH values increase in MPA
functionalization degree correlated with increased adsorption. On the
other hand, for NIPs higher drop in g, values was observed for acidic pH
than for alkaline pH. For NIPs, only non-selective adsorption occurs;
thus, it is presumed that surface protonation has a higher impact on
adsorption properties than MCPA deprotonation. As a result, MIPs and
NIPs behave differently regarding adsorption efficacy under various pH
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conditions. Similarly to MIPs, for NIPs at all pH values, increasing MPA
meodification results in higher g., values.

3.6. Selectivity

MIPs exhibit high selectivity towards a specific template, a result of
specially designed synthesis procedures. To measure their selectivity for
this template/analyte, competitive measurements can be conducted by
adding an equimolar mixture of the analyte and structurally similar
compounds to both MIPs and NIPs. By measuring the adsorption of a
particular analyte by both MIPs and NIPs, their selectivity towards each
adsorbate can be calculated. In this study, 2,4-D was chosen for these
competitive measurements, as it belongs to the group of phenoxy her-
bicides, similar to MCPA. Both MCPA and 2,4-D can be found in
groundwater due to agricultural use, making it essential to establish
adsorbent selectivity when herbicides of the same group are present in
the analytical sample. Additionally, humic acid was chosen for the
competitive study, as humic substances are present in natural waters
where residual pesticides, such as MCPA, can be found. Since humic acid
is a mixture of various compounds, and cbtaining a precise molar so-
lution is not possible, identical mass concentrations were used for
competitive measurements involving MCPA. For MCPA/2,4-D assays,
the g,y values obtained for all MIPs and NIPs were recalculated into
mmel g ! units and divided by the values obtained for 2,4-D. For MCPA/
humic acid measurements, the obtained g, values in mg ¢! units were
divided by the values obtained for humic acid (Table S7). For all MIPs,
the calculated selectivity factor is significantly higher than for corre-
sponding NIPs, demonstrating that MIPs differentiate adsorbates with
similar structures. This result confirms the applicability of obtained
MIPs for the selective adsorption of MCPA from complex mixtures. In
MCPA/2,4-D measurements for both MIPs and NIPs, increased selec-
tivity is observed with an increasing MPA functionalization degree. This
effect indicates that introducing carboxylic groups into the polymer
structure improves its affinity for MCPA molecules and enhances non-
selective adsorption of 2,4-D molecules. However, this effect is much
more pronounced for MIPs, highlighting the importance of interactions
formed between carboxylic groups within molecular cavities. These re-
sults also affirm that an increase in MPA functionalization degree im-
proves the material’s maximum adsorption capacity and selectivity. For
MCPA/humic acid measurements, the MIPs® selectivity factors are much
higher than those obtained for MCPA/2,4-D assays. This result un-
derscores that MIPs do not easily undergo non-selective adsorption of
compounds structurally unrelated to the imprinted template. This
finding suggests that the obtained MIPs should be easily implementable
for environmental measurements.

3.7. Adsorption-desorption cycles

Cycles of consecutive adsorption and desorption processes allow to
estimate materials™ reusability. MIPs were analyzed in five adsorption-
desorption cycles to examine how these processes affect their adsorp-
tion effectiveness for MCPA. Table S8 shows the g, values oblained for
each adsorption cycle. The total drop in the last cycle did not exceed
9.5% of the value obtained in the first cycle, proving that materials
maintain their adsorption properties well. The results suggest that the
obtained MIPs can be reused in adsorption processes, which can broaden
their potential applications.

3.8. FAPA-MS and real-life samples experiments

Ambient mass spectrometry allows to obtain mass spectra under
atmospheric conditions. Plasma-based ambient MS relies on introducing
samples into the plasma stream, which is responsible for sample ioni-
zation and (ransfer of ionized species into the mass spectrometer. As a
result, these techniques allow for obtaining mass spectra of targeted
samples in seconds without any additional sample treatment
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procedures. The analytical procedure presented in this work relies on
placing MCPA-loaded MIPs and NIPs into an electric heater placed
below the FAPA plasma stream, The increase in temperature results in
MCPA thermal desorption and its ionization as soon as it reaches the
plasma stream. Afterward, the ionized species are taken with the plasma
streamn inte a mass spectrometer inlet that allows for obtaining a mass
spectrum. During analysis, an extracted ion chromatogram (EIC) of m/z
199 in negative ion mode was obtained, which allows to track changes in
MCPA ion intensities. Integration of the obtained FIC chromatograms
can be used to perform quantitative analysis. The background integra-
tion is obtained by measuring MCPA-unloaded MIPs or NIPs, which is
used to calculate the threshold of a limit of detection (LOD). The LOD
threshold was calculated using the formula: mean blank value
+ 3 x standard deviation (from five measurements). As LODs for
particular MIPs or NIPs, the lowest MCPA concentrations were chosen,
for which the integrated signal was higher than the calculated threshold.
A similar procedure was used to analyze pure MCPA solution (without
application of MIPs or NIPs); only this time, the pure solvent was used to
calculate the LOD threshold. These experiments were conducted to show
the benefits of MIPs application over direct solution analysis. All
calculated LOD values and obtained linearity results are presented in
Table 1. Figure §13 presents exemplary mass spectra obtained during
FAPA-MS analysis of pure MCPA solutions and MCPA-loaded MIPs. The
spectrum of pure MCPA closely resembles those reported for the ESI-MS
technique in the literature, with the most intense signals occurring at m/
2z 141 and 199 when MS operates in negative ion mode [56]. In the
FAPA-MS analysis of MCPA-loaded MIPs, additional signals at m/z 255
and 283 are observed, presumably originating from the polymer matrix.
The presence of the signal at m/z 399 is likely connected to the forma-
tion of MCPA proton-bound dimers.

The LOD value obtained for pure MCPA solution is the highest, which
means that below the concentration of 10 pmol dm™ (2pg mL_l), the
analytical response was not higher than the values calculated for mean
blank value + 3 x standard deviation. An improvement over this value
can be observed for all examined materials, MIPs, and NIPs, which is
caused by solid phase extraction taking place on these materials. As a
result, lower MCPA concentrations are needed to overcome the calcu-
lated LOD threshold. For NIPs, only a moderate improvement over the
LOD value can be observed, as for all NIPs, the LOD was estimated to be
equal to 1 umol dm™ (200 ng mL~1). This is caused by their moderate
efficacy regarding MCPA adsorption, so only 10-fold LOD improvement
is observed. For MIPs, a higher improvement in LOD value can be
observed, as for MIP-ButenOx-MPAQ, MIP-ButenOx-MPA10, and MIP-
ButenOx-MPA20, an improvement equal to two orders of magnitude
can be observed. Furthermore, for MIP-ButenOx-MPA30, a 200-fold
improvement of LOD value over pure analyte solution was recorded.

Table 1
Results of FAPA-MS analysis.
Adsorbent LODs Linearity

10 [pmol dm Nz [ng 10 - 100 [pmol dm 1/2-20 4
mL 1] mL ]

0.1 [pmoldm *]/20[ng 0.1 -100 [pmoldm *]/0.02 - 20
mL 1

MCPA solution

MIP-ButenOx-

MPAO [pg mL ']

MIP-ButenOx- 0.1 [pmoldm ] /20 [ng 0.1 100 [ymol dm ] /0.02 - 20
MPALO mL '] [ug mL ']

MIP-ButenOx- 0.1 [pmoldm ] /20 [ng 0.1 - 100 [umol dm ] /0.02 - 20
MPA20 mL™'] [ug mL™"]

MIP-ButenOx- 0.05 [umol dm™*] / 10 0.05 - 100 [umol dm~*] / 0.01 —
MPA30 [ng mL™"] 20 [pzmL™"]

NIP-ButenOx- 1 [umoldm *1/200 [ng  1-100 [umol dm ] /0.2 - 20 [pg
MPAO mL™"] mL™']

NIP-ButenOx- 1 [pmol dn™] /200 [ng 1100 [umol dm™%] /0.2 -20 [pg
MPALO mL™" mL™"]

NIP-ButenOx- 1 [umoldm ™1/ 200 [ng  1-100 [umol dm~>] /0.2 - 20 [pg
MPAZ20 mL™] mL)

NIP-ButenOx- 1 [pmol dm~] /200 [ng  1-100 [umol dm~=31 /0.2 20 [ug
MPA30 mL™"] mL™")
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This result clearly shows that improving the adsorption capacity of
functional MIPs allows to reach lower detection limits when they are
used in SPE and combined with analytical methods. Especially ambient
plasma mass spectrometry is useful in these applications, as it allows for
rapid quantification of organic contaminants with almost no sample
pretreatment.

The obtained linearity ranges show the concentrations in which the
presented analytical procedure shows applicability in quantification
measurements. The lower limit of linearity range was equal to measured
LOD value for all materials. The upper limit of the linearity range was
proven to be 100 umol dm ™~ (20 pg mL™"). for all materials and analyte
solution, as at this concentration, an ion trap oversaturation was
observed. As a result, it can be concluded that for all MIPs, a wide range
of methods linearity was observed.

The obtained limit of detection with the use of MIP-ButenOx-MPA30
was much befter than the one obtained for MCPA detection using
capillary zone electrophoresis with diode array detection
(49 pmol dm 3) [57] and very similar to the LODs obtained for
MIP-based screen-printed cell used for potentiometric determination (40
nmol dm™® [58] or liquid-liquid microextraction coupled with
high-performance liquid chromatography (25.6 nmol dm™) [59]. The
presented FAPA-MS analytical method has an advantage over electro-
chemical methods in its ability to analyze complex samples containing
other contaminants. As demonstrated in the following section, the
FAPA-MS analytical method can effectively quantify MCPA in real-life
river and tap water samples. Unfortunately, electrochemical methods
often lose sensitivity in the presence of other contaminants in the sam-
ple, making their application to real-life samples challenging. Compared
with chromatographic methods, FAPA-MS allows for rapid sample
preparation and eliminates the need for sometimes time-consuming
steps in chromatographic method preparation, such as choosing a col-
umn, mobile phase composition, column temperature, etc. The
FAPA-MS method operates under ambient conditions and enables the
direct introduction of various sample types.

The FAPA-MS analytical methaod, coupled with MIPs, was employed
for the quantification of MCPA in real-life river and tap water samples.
The composition of real-life water samples varies depending on their
origin; however, they may contain various additional organic and
inorganic contaminants that could potentially impact the efficacy of the
entire analytical procedure. Consequently, these experiments aim to
assess the method’s robustness and applicability for real-life samples.
Both the water from the Warta River and tap water were spiked with
MCPA to achieve three different concentrations (0.01, 0.1, and
0.5 mg mL ), The entire quantification procedure was conducted
similarly to the previously described FAPA-MS experiments. Table §9
summarizes the obtained recovery and matrix effect values. The recov-
ery values fall within the range of 94.0-109.0%. Generally, the recovery
values for tap water are slightly better (values closer to 100%) than
those obtained for river water. This difference is presumably due to the
higher purity of tap water, resulting in a lower content of contaminants
compared to river water. Nevertheless, the differences in recovery re-
sults are not significant, confirming that the applied analytical proced-
ure, comprising MIPs and FAPA-MS, allows for accurate quantification
of MCPA in real-life river and tap water samples, Moreover, slightly
worse recovery values were obtained for the lowest investigated MCPA
concentration (0.01 mg mL™) compared to the other two concentra-
tions. This is presumably caused by higher interferences resulting from
coexisting contaminants, and at low MCPA concentrations, there may be
a slightly higher non-selective adsorption of these contaminants. To
assess Lhe significance of the matrix on the obtained recovery values,
additional measurements were conducted to calculate matrix effect
values, The matrix effect is determined by establishing the ratio of the
mean pealk area of an analyte spiked post-extraction to the mean peak
area of the same analyte standards, multiplied by 100 [60]. The ob-
tained values are slightly lower than those obtained for overall recovery
values, falling within the range of 97.3-105.6%. This information
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suggests that there is no pronounced relative matrix effect significantly
impacting the method’s accuracy. However, it is crucial to investigate
this effect further, especially for more complex environmental samples
where the presence of additional contaminants may introduce signifi-
cant interferences. In summary, the overall good recovery results
confirm the high applicability of MIPs and indicate that real-life con-
taminants, including inorganic and organic molecules, as well as small
microorganisms, do not noticeably influence the effectiveness of the
proposed analytical method.

4. Conclusions

In conclusion, this manuscript shows that poly(ButenOx) can be
easily functionalized with 3-mercaptopropionic acid using thiol-ene
click reaction and cross-linked using the same procedure to obtain
MIPs with various selectivity and affinity towards a given template.
Introducing groups into its structure allows for reaching higher
maximum adsorption capacities and selectivity towards MCPA.
Adsorption isotherm data shows that MCPA adsorption follows the
Langmuir model and that increasing MPA content results in higher
maximum adsorption capacities. On the other hand, adsorption on MIPs
followed the pseudo-second-order kinetic model, with no apparent
correlation between MPA functionalization degree and kinetics
adsorption rate. Thermodynamic adsorption studies revealed that MCPA
adsorption is an entropy-driven process, presumably resulting from
solvent molecules release from molecular cavities. Morcover, an in-
crease in MPA functionalization degree results in a more endothermic
process, in which an increase in entropy changes drives spontaneity. The
most prominent application of the obtained MIPs is a quantification of
MCPA in water samples using the FAPA-MS setup. The experiments with
MCPA solution showed that due to MIPs application, the detection limits
could be lowered 200 times over direct solution analysis, Real-life river
water samples analysis provided high recovery values, not exceeding 4%
from the true value, confirming the high applicability of the described
analytical procedure,

In summary, thiol-ene functionalization and cross-linking of poly
(ButenOx) allows synthesizing MIPs with high affinity and selectivity for
particular template. These polymers can be used as analyte carrier ma-
terials and can be rapidly analyzed to quantify the analyte using FAPA-
MS. We believe the proposed funcrionalized method and analytical
procedure can be altered and extended to quantify other organic con-
taminants in environmental samples.
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1. Materials and chemicals

The following chemicals were used as purchased: pent-4-enoic acid (=97%, Sigma-
Aldrich), thionyl chloride (97%, Sigma-Aldrich), 2-chloroethylamine hydrochloride (>98%,
TCI), tricthylamine (TEA, >99.5%, TCI Europe), methyl p-toluenesulphonate (MeOTs, 98%,
Sigma-Aldrich), 3-mercaptopropionic acid (MPA, >99%, Sigma-Aldrich), 2-hydroxy-4'-(2-
hydroxyethoxy)-2-methylpropiophenone (IRGACURE 2959, 98%, Sigma-Aldrich), 2-
methyl-4-chlorophenoxyacetic acid (MCPA, >98%, TCI Europe), 2,4-Dichlorophenoxyacetic
acid (2,4-D, 97%, Sigma-Aldrich), 2,2°-(ethylenedioxy)-diethanothiol (>95%, Sigma-
Aldrich). All of the other used solvents were of HPLC grade: acetonitrile (ACN, 99.9%,
J.T.Baker), dichloromethane (>99.8%, Honeywell), methanol (MeOH, >99.9%, Sigma
Aldrich), dimethylformamide (DMF, 99.9%, Chemsolve). Deuterated solvent for 'H nuclear
magnetic resonance (NMR) spectroscopy: dimethylsulfoxide-d6 ((CD;),SO, 99.8%, Deutero

GmbH).
2. Instrumentation

"H NMR spectra were recorded on a Bruker Avance 600 MHz spectrometer. Chemical
shifts (J values) were reported relative to the residual hydrogenated solvent peaks - (CD3),SO
(2.50 ppm) and H,O (3.33 ppm).

UV-Vis spectra measurements were performed on a Thermo Scientific Evolution 220
UV—Vis spectro-photometer equipped with a fiber optic probe (used for kinetic
measurements). All measurements except for the kinetic studies were done in quartz cuvettes
with a path length of 1.0 cm in the 200 to 800 nm wavelength range.

Infrared spectra were recorded using an FTIR BRUKER IFS 66/s spectrometer. KBr
pellets were prepared for the measurements by combining about 1.5 mg polymer with 200 mg
KBr. The resulting powder was subjected to FTIR with a 4000 — 400 cm™ measurement

range.
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Scanning electron microscopy was performed using a Quanta 250 FEG (FEI) scanning
electron microscope.

Thermogravimetric measurements were performed using a Setaram Setsys 1200. The
samples were heated in a nitrogen stream at a heating rate of 10 °C min™".

ESI-MS spectra of the analyte solutions were recorded on Bruker amaZon SL ion trap
mass spectrometer. A syringe pump was used to inject the prepared samples into the
spectrometer at a flow rate of 10 pL min™ into the ion source. The data was recorded in
negative polarization mode. The detection range was set up for 80 — 1000 m/z. The capillary
voltage was set at 4.5 kV.

FAPA-MS spectra were recorded using a Bruker amaZon SL ion trap mass spectrometer
(MS) equipped with a NOVAO11 flowing atmospheric-pressure afterglow (FAPA) ambient
plasma ion source. To ensure the desorption of the adsorbed analytes, the temperature of the
sample holder during the measurement was gradually increased up to 400 °C. The capillary
voltage was set at 1 kV. The helium flow required for the FAPA ion source to generate

plasma was maintained at 3 L min .

3. Synthesis
3.1. Pent-4-enoyl chloride

In a 100 mL round-bottomed flask equipped with a reflux condenser and magnetic stirrer
bar, pent-4-enoic acid (20.4 mL, 195.3 mmol) was added. Then the acid was treated with a
catalytic amount of DMF (15.0 pL), and subsequently, the thionyl chloride (40.0 mL, 546.9
mmol, 2.8 eq) was added. The reaction mixture was heated to reflux overnight. Then, after
cooling down to room temperature, the excess thionyl chloride was removed under reduced
pressure. The pent-4-enoyl chloride was separated by vacuum distillation and received as

a yellowish liquid with an 85% yield (19.9 g, 167.7 mmol).
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3.2. N-(chloroethyl)-4-pentenamide

The pent-4-enoyl chloride (19.9 g, 168.6 mmol) was dissolved in 250.0 mL of dry CH,Cl,
in a two-neck round-bottomed flask. Then, the 2-chloroethylamine hydrochloride (19.4 g,
168.6 mmol) was added, and the mixture was ice-cooled. Over a period of 1 h, the
triethylamine (75.0 mL) was added dropwise with simultaneous stirring at 0 °C. After
additional stirring for 30 min in a cooling bath, the mixture was allowed to come to room
temperature and remain stirring overnight. Subsequently, the organic layer was separated and
washed twice with 50.0 mL of distilled water and once with 50.0 mL of brine. The combined
fractions were dried over sodium sulfate (Na;SQO,), and then, the solvent was evaporated to

obtain N-(chloroethyl)-4-pentenamide as a brown oil in 86% yield (16.8 g, 105.0 mmol).
3.3.2-(3-Butenyl)-2-oxazoline

The N-(chloroethyl)-4-pentenamide (16.8 g, 105.0 mmol) was dissolved in 75.0 mL of
dry MeOH in a two-neck round-bottomed dried flask. Subsequently, to this mixture,
a solution of KOH (7.6 g, 136.5 mmol, 1.3 eq) in 75.0 mL of MeOH was added dropwise. The
reaction mixture was stirred overnight under a reflux condenser at 70 °C under a nitrogen
atmosphere. After overnight stirring, the salt was filtered off, and the remaining solution was
concentrated using a vacuum. The product was vacuum distilled to give 2-(3-butenyl)-2-

oxazoline as a colorless liquid in 32% yield (4.1 g).
3.4. Poly-(2-butenyl-2-oxazoline)

In a microwave vial, the 2-(3-butenyl)-2-oxazoline (4.1 mlL, 4.1 g, 33.3 mmol) was
dissolved in acetonitrile (3.9 mL) to obtain a 4 M solution. Then, methyl p-toluenesulfonate
(22.8 uL, 1.67 mmol) was added to the solution. The solution was sonicated and subsequently
polymerized in a microwave for 8 min. at 140 °C. After that, the polymer was terminated with

a 1 M solution of KOH in MeOH (2 mL) at 0 °C and stitred overnight at room temperature.
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After stirring overnight, the polymer was purified by precipitation in cold diethyl ether. After
drying overnight in a vacuum oven, the poly[2-(3-butenyl)-2-oxazoline] (poly(ButenOx) was
obtained as a sticky orange substance (1.3 g).

3.5. Poly(ButenOx) functionalization

Poly(ButenOx) was functionalized using the stoichiometric procedure to obtain polymers
with 10%, 20%, and 30% degrees of MPA modification. To the poly(ButenOx) (2.5 g, 20
mmol), dissolved in acetonitrile (60.0 mL) in a round-bottomed flask, an appropriate amount
of MPA was added (Table S1). The amount of added MPA depended upon the planned degree
of functionalization. The solution was sonicated for 20 minutes to obtain a clear solution, and
then the Irgacure 2959 (22.5 mg) was added. The stirred mixture was subsequently subjected
to UV irradiation (365 nm) for 4 h. The solvent was evaporated, and the product was purified.
The purification was done by the precipitation in cold diethyl ether. After drying overnight in
a vacuum oven, the functionalized poly(BulenOx) derivatives were obtained as sticky orange
substances at approximately 90% yield values.

'H NMR (600 MHz, (CD3)2S0): & = 5.87-5.74 (br, 1H, =CH-), 5.10-4.89 (br, 2H,
=CH2), 3.62-3.24 (br, 411, -CH2-CH2), 2.70-2.62 (br, 4H, -S-CH2-CH2-), 2.56-2.07 (br, 4H,
-CH2-CH2-), 1.63-1.44 (br, 4H, -CH2-CH2-S-).

The intensities of the signals originating from the MPA unit varied depending on the
functionalization degree. To calculate the actual functionalization degree, the intensity of the
signal from the backbone side-chain of poly(ButenOx) at 2.56-2.07 ppm was compared with
the intensity of the signal at 1.63-1.44 ppm, which was chosen as a reference (Table S1).

3.6. MIPs and NIPs synthesis

Synthesis of MIPs imprinted with MCPA was performed using non-functionalized
poly(ButenOx) and poly(ButenOx) partially functionalized with MPA (10, 20, and 30 mol %).
A certain amount of these polymers (2 g) was dissolved in methanol (15 mL). Subsequently,

5
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to this solution, an appropriate amount of MCPA has been added (0.25 eq of the molar
amount of cross-linker (2,2°-(ethylenedioxy)-diethanothiol)). Next, a cross-linking agent,
2,2’-(ethylenedioxy)-diethanothiol was added. The amount of cross-linking agent was
calculated so that the terminal thiol groups could react with the remaining double bounds
from the polymer structure. The precise quantities of used reagents are presented in Table S2.
The mixture was sonicated, and the Irgacure 2959 (22.5 mg) was subsequently added. The
mixture was placed in a 70 °C preheated oil bath and subjected to UV (365 nm) irritation for 6
h. Then the cross-linked polymer was placed in a vacuum oven to remove the residual solvent.
The obtained orange solid materials were then ground to the desired particle size and purified
by washing. NIPs (nonimprinted polymers) were synthesized using the same procedure but
without the addition of the MCPA template.

The templates were removed by dialysis using MeOH:CH;COOH (90:10) for 24 h,
followed by dialysis in MeOH for 2 days, yielding orange solid materials.

The materials were denoted as MIP-ButenOx-MPAQO, MIP-ButenOx-MPA10, MIP-
ButenOx-MPA20, and MIP-ButenOx-MPA30 for MIPs obtained using pristine
poly(ButenOx) and poly(ButenOx) partially functionalized with 10, 20, and 30 mol % of
MPA, respectively. For NIPs, the materials were denoted using the same system but with

changing MIP into NIP.

4. Adsorption experiments
4.1. Adsorption isotherms

The adsorption behavior of MIPs and NIPs was investigated in batch experiments at room
temperature. The adsorption isotherms have been established to characterize the adsorption
process at the equilibrium state. A series ol samples containing 10 mg of MIPs or NIPs were
equilibrated for 48 h at ambient conditions with 10 mL of a methanol solution containing

6
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various mass concentrations of MCPA ranging from 0.005 to 0.5 mg mL™'. The UV-Vis
measurements performed before and after the adsorption process allowed the establishment of
the concentration of MCPA. All measurements were conducted in triplicate. The amount of
adsorbed MCPA (g.,; mg g') was calculated based on the following equation:

Co= GV
m

Geqg = (S1)

where (7 is the initial concentration of an MCPA solution [mg mL ], C,, 1s the equilibrium
concentration of an MCPA solution [mg mL™'], m is the polymer (MIPs/NIPs) mass [g], and
is the volume of an MCPA solution [mL].

Langmuir adsorption isotherm equation is mathematically expressed as:

Cog Cog 1
Jed _Zed , — s2
Geqg  dm Kanm (52)

where C,y [mg L'} is the MCPA equilibrium concentration, Geq Mg g”'| is the MCPA amount
adsorbed, ¢, [mg g'] is the maximum adsorption capacity, and K [L mg'] is the binding
equilibrium constant.

Freundlich adsorption model, which was also applied for the characterization of
adsorption isotherm data, is mathematically expressed as:
Geq = K Cef” (s3)

1 S4
logq., =logKs + Elog Ceq (54)

where g, [mg ¢! is the MCPA amount adsorbed, Krand I/n are Freundlich parameters, and
Cey [mg L is the MCPA equilibrium concentration.
Sips (Langmuir-Freundlich) adsorption model can be mathematically expressed as:

1
qm K Ceq/n

_ (S5)
1+ K,Co"

Geq
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where ¢, [mg g'] is the MCPA amount adsorbed, ¢,, [mg '] is the maximum adsorption
capacity, K, is the Sips adsorption constant, and C., [mg l,'l] is the MCPA equilibrium

concentration.

4.2. Adsorion Kinetics

In the adsorption kinetic studies, 25 mg of appropriate MIPs or NIPs were dispersed in 25
mL of MCPA methanolic solution (0.01 mg mL™") at ambient conditions. The adsorption
kinetics experimentations were investigated for all MIPs and NIPs. The analyte concentration
was measured at defined time steps using a fiber optic probe coupled to a UV-vis
spectrometer. All measurements were conducted in triplicate. The amount of MCPA adsorbed
at time ¢, (¢; mg g”') was calculated using the following equation:

Co—COV
qﬁ% (S6)

where Cj is the initial concentration of an MCPA solution [mg mL’l], C; is the MCPA
concentration at time ¢ [h], m is the polymer (MIPs/NIPs) mass [g], and ¥ is the volume of an
MCPA solution [mL].

The pseudo-first-order model can be mathematically expressed as:

ky
= - . I S7
log(q — 1) = logq. — 5753t 87
where ¢, [mg g'l] is the MCPA amount adsorbed, ¢, [mg g'l] is the MCPA amount adsorbed
at time 7 [h], and &, [h'] is the pseudo-first-order rate constant. The pseudo-first-order kinetic

constant k; and correlation coefficients (RZ) are gathered in Table S5.

The pseudo-second-order model can be mathematically expressed as:

g 1t -
g k292 q.
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where g, [mg g'] is the MCPA amount adsorbed, ¢, [mg g’'] is the MCPA amount adsorbed
at time ¢ [h], and k; [g mg”" h™'] is the pseudo-second-order rate constant. The pseudo-second-

order kinetic constant k» and correlation coefficients (R?) are gathered in Table S5.
4.3. Adsorption thermodynamics

The thermodynamics adsorption studies were performed by equilibrating sets of samples
at various temperatures. The samples containing 10 mg of MIPs or NIPs were mixed with 10
mlL of MCPA mcthanolic solution with an initial concentration of 1 mg mL™". The
experiments were performed under 20, 40, and 60 °C. After shaking the samples for 24 h to
achieve equilibrium, they were subjected to analysis using UV-Vis spectroscopy. All
measurements were conducted in triplicate. The calculation of thermodynamic parameters

was performed using equations:

AS AH

InK; =——— S9

N =3 " RT (59)
Cao (S10)

K, =2

d Ce

AG = —RTInK, (S11)

where R is the gas constant (8.314 [J mol K']]), T [K] is temperature adsorption, K is the
distribution coefficient, C'y, [mmol g"] is the MCPA amount adsorbed, and C, [mmol mL']] is
the concentration after reaching equilibrium. AH and AS values were obtained after
performing adsorption experiments at various temperatures and using the data obtained to
calculate regression parameters from eq. 7. AG values were calculated for all temperatures in
which experiments were performed. All calculated thermodynamic parameters are collected in

Table S6.
4.4.Tmpact of pH on adsorption

A set of samples was equilibrated at various pH conditions to examine the influence of

the pH value on the adsorption process. The samples containing 10 mg of MIPs or NIPs were
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mixed with 10 mL of MCPA methanolic solution with an initial concentration of 0.1 mg mL’
', Subsequently, the pll of the samples was adjusted to reach 2, 4, 6, 8, and 10 using 0.1 M
HCI or 0.1 M NaOH solutions. The UV-Vis measurements were performed before and after
adsorption to measure the corresponding MCPA concentrations. The measurements were

conducted in triplicate.
4.5. Selectivity

Selectivity measurements cnable the determination of the synthesized MIPs affinity
towards the molecules they were imprinted with, 2,4-Dichlorophenoxyacetic acid (2,4-D) was
employed as a structurally similar compound to MCPA. The selectivity was investigated by
immersing 10 mg of the corresponding MIPs and NIPs into 10 mL of a methanolic equimolar
solution of 2,4-D and MCPA (0.1 mM each, equal to 0.02 mg mL™" of MCPA and 0.022 mg
mL" of 2,4-D). After reaching equilibrium (24 h), the concentrations of both analytes were
measured before and after adsorption using ESI-MS. Selectivity studies also involved
measurements performed for a mixture of MCPA and humic acid solution, where humic acid
served as a contaminant that can be present in real-life water samples. The selectivity was
investigated by immersing 10 mg of the corresponding MIPs and NIPs into 10 mL of a
solution consisting of MCPA and humic acid, both with a concentration of 0.1 mg mL™".
HPLC analysis was performed using a Vanquish Core HPLC System (Thermo Scientific)
equipped with a C18 column to quantify MCPA and humic acid in the solution, following the

procedure described in the literature [1]. All measurements were conducted in triplicate.
4.6. Sorption/desorption cycles

Adsorption/desorption experiments were performed in 24 h intervals for the sets of
samples containing 20 mg of appropriate material, MIPs or NIPs, and 10 mL of MCPA

methanolic solution with the initial concentration of 0.1 mg mL"". After every adsorption step,

10
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the solid phase was washed with MeOH:CH3;COOH (95:5) solution, followed by MeOH and
dried. After every adsorption step, the UV-Vis investigations were used to determine MCPA
concentration before and after the adsorption. The reusability of the materials was
investigated by the consecutive adsorption/desorption cycles repeated five times using the

same adsorbent. For each material the measurements were conducted in triplicate.
4.7T.FAPA-MS and real-life samples experiments

MIPs and NIPs were analyzed using the FAPA-MS technique following the methodology
reported by our group in other articles |2, 3]. To establish the linearity and detection limit of
this technique, 10 mg of each polymer were equilibrated with 10 mI. MCPA methanolic
solutions at the following concentrations: 1 nM (0.2 ng mL") ,5nM (1 ng mL™), 10 nM (2ng
mL™), 50 nM (10 ng mL™), 100 nM (20 ng mL™), 500 nM (100 ng mL™), 1 uM (200 ng mL
1,5 uM (1 pg mL™), 10 pM (2 pg mL™), 50 pM (10 pg mL™), and 100 uM (20 pg mL™).
After 3 h, the solid polymers were placed in the holder of the FAPA-MS setup to perform the
measurements, The overall time of analysis was established to be ca. 5 min. The experiments
with MCPA solutions were performed by placing 10 pl of the corresponding analyte solution
inside the sample holder. All FAPA-MS measurements were conducted in triplicate. The
measurements for blank samples were repeated five times for each material.

Matrix effect and recovery measurements were performed to establish the accuracy of the
entire analytical procedure. Two types of real-life samples, namely river water from the Warta
River and tap water, were used to conduct the experiments. Both real-life water sources were
employed to prepare MCPA solutions with three different concentrations (0.01, 0.1, and 0.5
mg mL™) in a methanol:water ratio of 50:50. Ten milligrams of each MIP were placed in 10
mL of the prepared solution. After reaching adsorption equilibrium (3 h), the solid materials

were dried and (ransferred (o the FAPA-MS setup lo perform the quantification

11
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measurements. Blank experiments were conducted by immersing MIPs into an identically

prepared solution without MCPA and were used as a reference.

Table S1. Experimental MPA quantities and calculated functionalization degrees.

Polymer abbreviations Targeted Obtained functionalization (based MPA amount [pL]
functionalization on 'H NMR)

poly(ButenOx)-MPAOQ 0% 0% -

poly(ButenOx)-MPA10 10% 11.3% 172.4 uL

poly(ButenOx)-MPA20 20% 23.6% 344.7 ul

poly(ButenOx)-MPA30 30% 31.4% 517.2 uL

Table S2. Experimental quantities used for MIPs synthesis.

Material abbreviation Modification MCPA amount [mg] Cross-linker amount [pl.]
[%0]
MIP-ButenOx-MPAOQ 0% 396.5 1286.7
MIP-ButenOx-MPA10 10% 292.7 1068.5
MIP-ButenOx-MPA20 20% 271.7 881.6
MIP-ButenOx-MPA30 30% 253.5 719.8
12
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Figure S1. Scheme of MIPs synthesis with their hypothesized structure.
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Figure S2. FT-IR spectra of MCPA-loaded MIP-ButenOx-MPAO, MCPA-unloaded MIP-
ButenOx-MPAO, and NIP-ButenOx-MPAO.
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Figure S3. FT-IR specira of MCPA-loaded MIP-BulenOx-MPA10, MCPA-unloaded MIP-
ButenOx-MPA10, and NIP-ButenOx-MPA10.
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Figure S4. FT-IR spectra of MCPA-loaded MIP-BulenOx-MPA20, MCPA-unloaded MIP-
ButenOx-MPA?20, and NIP-ButenOx-MPA20.
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Figure S5. FT-IR specira of MCPA-loaded MIP-BulenOx-MPA30, MCPA-unloaded MIP-
ButenOx-MPA30, and NIP-ButenOx-MPA30.
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Figure S6. SEM images of MIP-ButenOx-MPAO, MIP-ButenOx-MPA 10, MIP-ButenOx-

MPA20, and MIP-ButenOx-MPA30.
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Figure S7. SEM images of NIP-ButenOx-MPAO, NIP-ButenOx-MPA10, NIP-ButenOx-

MPA20, and NIP-ButenOx-MPA30.
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Figure S8. TG results of MIP-ButenOx-MPAO and NIP-ButenOx-MPAO.
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Figure S9. TG results of MIP-ButenOx-MPA 10 and NIP-ButenOx-MPA10.
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Figure S10. TG results of MIP-ButenOx-MPA20 and NIP-ButenOx-MPAZ20.
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Figure S11. TG results of MIP-ButenOx-MPA30 and NIP-ButenOx-MPA30.
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Table 83. Langmuir and Freundlich adsorption parameters.

Adsorbent Langmuir Freundlich

gn mg g K R” K- [mg g' (L I/n R*

] mg )]
MIP-ButenOx-MPAO 220+ 18 0.061 + 0.005 0.995 147+12 0.56 +0.05 0.843
MIP-ButenOx-MPA10  287+23  0.070+ 0.006 0997 19215 0.57+£0.05  0.955
MIP-ButenOx-MPA20  312+25  0.055 + 0.004 0998 168+13 0.62+0.05 0.939
MIP-ButenOx-MPA30 357129  0.026 £ 0.002 0992 9.69=0.78 0.75+0.06 0.936
NIP-ButenOx-MPAO 455+£3.6 0.021 £0.002 0.990 2.65+0.21 0.48+0.04  0.968
NIP-ButenOx-MPAI0  53.0+4.2 0.018+0.001 0.993 230+0.18 0.54+0.04 0945
NIP-ButenOx-MPA20  59.9+4.8 0.021 =0.002 0.994 2.89+0.23 0.53+0.04 0958
NIP-ButenOx-MPA30 64.0£5.1 0.023 £0.002 0.998 3.00£0.24 0.54+£0.04 0.960
Table S4. Sips adsorption parameters.

Adsorbent Sips

dgn Img '] K, 1/n R
MIP-ButenOx-MPAO 233+ 16 0.089 £ 0.006 0.80 £ 0.06 0.999
MIP-ButenOx-MPAI10 324 +23 0.072 +0.005 0.79 + 0.06 0.999
MIP-ButenOx-MPA20 322 +23 0.059 £ 0.004 0.92+0.06 0.999
MIP-ButenOx-MPA30 325 +23 0.023 +0.002 1.16 +0.08 0.997
NIP-ButenOx-MPAQ 623+44 0.034 +0.002 0.67=+0.05 0.999
NIP-ButenOx-MPAIO  66.1+ 4.6 0.028 + 0.002 0.75+0.05 0.999
NIP-ButenOx-MPA20  68.9+4.8 0.027 + 0.002 0.82+0.06 0.998
NIP-ButenOx-MPA30  68.0+4.8 0.025 £ 0.002 0.91+0.06 0.996
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Table S5. Pseudo-first-order and pseudo-second-order kinetic models parameters.

Adsorbent

Pseudo-first-order model

Pseudo-second-order model

AN R’ k;[gmgh™]
MIP-ButenOx-MPAO 1.533+0.123 0.949 0.877+0.070 0.997
MIP-ButenOx-MPAI0  0.949 + 0.076 0.962 1.060 = 0.085 0.994
MIP-ButenOx-MPA20  0.816 = 0.065 0.956 1.024 = 0.082 0.993
MIP-ButenOx-MPA30  0.789 4+ 0.063 0.960 0.872 £ 0.070 0.992
NIP-ButenOx-MPAO 1.726 £ 0.138 0.998 1.326 = 0.106 0.984
NIP-ButenOx-MPAI0  1.591+0.127 0.992 1.264 = 0.101 0.986
NIP-ButenOx-MPA20 1.479+0.118 0.996 1.021 0,082 0.985
NIP-ButenOx-MPA30 1,295+ 0,104 0.997 1.280+0,102 0.984
Table S6. Thermodynamic parameters of the adsorption process.
Adsorbent AH [k mol™]  AS [J mol” K~ AG [k] mol™]
I] 293 [K] 313 [K] 333 [K]
MIP-ButenOx-MPAO 15.1+1.1 12319 2210415 232116 259418
MIP-ButenOx-MPAIO  24.1+ 1.7 157+ 11 219+1.5 248+ 1.7 -28.2+2.0
MIP-ButenOx-MPA20 345+L24 192 +£13 220+ 1.5 256118 297121
MIP-ButenOx-MPA30 352+25 195+ 14 221 +1.5 257+ 1.8 299+ 2.1
NIP-ButenOx-MPAQO 488 +£0.34 64.1£45 -139£1.0 -152£1.1 -l64£1.1
NIP-ButenOx-MPAT10Q 4.64 +0.32 64.6 45 -143+1.0 -15.6+1.1 -16.9+1.2
NIP-ButenOx-MPA20  4.39+0.31 64.9+45 146+ 1.0 1594+ 1.1 172412
NIP-ButenOx-MPA30 5.31+0.37 692438 -150+1.1 -164+1.1 -17.7+1.2
25

133 |Strona



105 -—— MIP-ButenOx-MPAQ
a o2 lrsamoars b [iramour
—d— NIP-ButenOx-IMPA20|
95 |—¥—MIP-ButenOx-MPA30 30 o —y— NIP-ButenOx-MPA30
904
854
804
754
704
65
604
55+
504
454
40 4
354
30 T T T T T T T T T

deqImg g7']

Figure S12. The pH dependence of the MCPA adsorption process on (a) MIPs and (b) NIPs.

Table S7. Selectivity measurement results are as follows: For 2,4-D, the g, values [mmol g
obtained for MCPA were divided by the g, values [mmol g'] obtained for 2,4-D. For humic
acid, the q., values [mg ¢! obtained for MCPA were divided by the Ge; Values [mg g’
obtained for humic acid.

Adsorbent Selectivity factor
MCPA vs. 2.4-D MCPA  vs. humic
acid
MIP-ButenOx-MPAQ 223+0.16 7.17£0.50
MIP-ButenOx-MPA10 247+0.17 8.54 + 0.60
MIP-ButenOx-MPA20 2761019 9.55 1 0.67
MIP-ButenOx-MPA30 3.17+022 9.82 + 0.69
NIP-ButenOx-MPAO 1.0510.07 2.19+10.15
NIP-ButenOx-MPA10 1.14+0.08 2.39+0.17
NIP-ButenOx-MPA20 1.16 4+ 0.08 2.40+£0.17
26
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NIP-ButenOx-MPA30 1.21+0.08 246=+0.17
Table S8. Adsorption-desorption results,
Adsorbent ey [mg g"]
Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
MIP-ButenOx-MPAQ 80.5+064 797+ 64 77.2+6.2 764+ 6.1 73459
MIP-ButenOx-MPA10  86.2+6.9 852+6.8 83.0+ 6.6 80.2+6.4 79.7+ 6.4
MIP-ButenOx-MPA20  91.2+£7.3 89371 87.60+£7.0 85.4+6.8 82.7x£06.6
MIP-ButenOx-MPA30 964+ 7.7 942+75 93.0+7.4 91.4+73 88.0+7.0
htens. ntens.
X105 a 198.96 K“UG-b 198.93
2.0+
204
1.5
1.54
1.0
1.04
141.07
141.07 398.97
057 05 255.14
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0.0 _r\..“.uuAl‘ gt . u= . 0.0 .‘L ;‘\.JL‘. ' - TN— '
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Figure S13. Exemplary FAPA-MS spectra obtained during the analysis of (a) pure MCPA

solutions (b) MIPs loaded with MCPA.
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Table §9. Recovery and matrix effect values obtained in real-life samples analysis.

Adsorbent Recovery and matrix effect results

River water Tap water

Added Found Recover  Matrix Added Found Recover  Matrix

[mg mL™ [mg mL™ y[%] effect [mg mL™ [mg mL™ vy [%] effect

] ] [%] ) ] [*e]
MIP-ButenOx-  0.0100 0.0109 109.0 101.7 0.0100 0.0105 105.0 98.1
MPAO
MIP-ButenOx-  0.1000 0.0980 98.0 98.5 0.1000 0.9870 98.7 99.2
MPAO
MIP-ButenOx-  0,5000 0.4754 95.1 99.5 0.3000 0.4862 97.2 101.7
MPAO
MIP-ButenOx-  0.0100 0.0095 95.0 101.5 0.0100 0.0097 97.0 102.9
MPAIO
MIP-ButenOx-  0.1000 0.0990 99.0 99.5 0.1000 0.1029 102.9 103.2
MPATOQ
MIP-ButenOx-  0.5000 0.5240 104.8 102.4 0.5000 0.5077 101.5 99.2
MPA10
MIP-ButenOx-  0.0100 0.0096 96.0 98.1 0.0100 0.0103 103.0 98.7
MPA20
MIP-ButenOx-  0.1000 0.0976 97.6 97.3 0.1000 0.1015 101.5 101.9
MPA20
MIP-ButenOx-  0.5000 0.5300 106.0 105.6 0.5000 0.4895 97.9 97.6
MPA20
MIP-ButenOx-  0.0100 0.0094 94.0 102.4 0.0100 0.0097 97.0 104.2
MPA30

MIP-ButenOx-  0.1000 0.1039 103.9 104.3 0.1000 0.1016 101.6 102.0

MPA30
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MIP-ButenOx-  0.5000 0.4857 97.1 98.4 0.5000 0.5062 101.2 102.5

MPA30
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Endocrine-disrupting compounds, particularly parabens, are increasingly recognized as significant environ-
mental contaminants, with implications in the proliferation of breast cancer and marine toxicity. Consequently,
the rapid quantification of these compeunds in various environmental samples is crucial for effective monitoring
and environmental assessment.

This study introduces a novel analytical method for the quantification of propylparaben (PrP) using selective
preconcentration on molecularly imprinted polymers (MIPs), followed by direct on-line analysis using flowing
atmospheric-pressure afterglow mass spectrometry (FAPA-MS). The MIPs were synthesized from poly[2-(3-
butenyl)-2-oxazoline] (poly(ButenOx)), a member of the poly(2-oxazoline) class of organic polymers. This
polymer contains double bonds that can be functionalized via thiol-ene click chemistry. Among the various
functionalization procedures tested, the introduction of 3-mercaptopropionic acid yielded MIPs with the highest
adsorption capacity for PrP,

The application of these MIPs in the FAPA-MS quantification of PrP significantly improved the detection limits
by two orders of magnitude compared to direct solution analysis. Furthermore, the analysis of real river water
samples spiked with PrP demonstrated high accuracy of the developed analytical pracedure.

This study highlights the versatility of poly(2-oxazoline)-based materials in the preparation of selective ad-
sorbents and their excellent applicability in the rapid quantification of hazardous compounds when coupled with
the FAPA-MS analytical system.

Gram-positive bacteria and fungi, and are the second most common
ingredient in cosmetics after water |6,7]. Their antimicrobial efficacy
increases with the length of the aliphatic chain, from methylparaben to

1. Introduction

Modernization and global growth have led to severe environmental

pollution, endangering sustainability [1]. Population growth, industri-
alization, farming, and other human activities continuously release
harmful substances into ecosystems [2,3]. Contamination of water by
emerging pollutants, including endocrine-disrupting compounds (EDCs)
and pharmaceuticals, has become a major concern due to their ecotox-
icity and associated health risks [2]. Among EDCs, parabens are
particularly significant. Chemically, they are alkyl or aryl derivatives of
p-hydroxybenzoic acid [4], valued for their inertness, odorlessness,
Lastelessness, colorlessness, lipophilicity, and pIl stability [5]. Parabens
are widely used as antimicrobial preservatives in food, cosmetics, and
pharmaceuticals. They exhibit antimicrobial activity, especially against

butylparaben, though solubility decreases with chain length [8]. Tn
foods, parabens are found at concentrations of 450-2000 mg/kg in
products such as vegetables, baked goods, oils, sauces, soft drinks, and
frozen dairy items |9,10]. In pharmaceuticals, methylparaben is used in
injections (0.065-0.25 %), eye solutions (0.015-0.05 %), oral solutions
(0.015-0.2 %), and suspensions (0.02-0.3 %) [11,12]. In cosmetics,
methylparaben and propylparaben are commenly used, typically at
concentrations below 0.3 %, though amounts up to 1 % are permitted
[11,13]. Methylparaben, ethylparaben, propylparaben, butylparaben,
and benzylparaben are the most frequently used parabens [14-16].
Parabens exhibit antibacterial and antifungal properties due to their
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ability to disrupt cell membranes, interfere with intracellular proteins,
and alter microbial enzymatic activity. Since the 1920 s, they have been
widely used as additives in cosmetics and pharmaceuticals [17]. How-
ever, the growing use of pharmaceutical and personal care products has
led to increased environmental concentrations of parabens, primarily
through wash-off from human bodies and improper disposal via toilets,
sinks, and trash [18]. As a result, water, a critical natural resource, has
become a major reservoir for parabens [19]. Recent reports highlight a
significant rise in paraben concentrations in Luropean waters, raising
concerns about their impact on human health, including antimicrobial
resistance and polential effects on childhood weight development [20].
Additionally, parabens exhibit cellular toxicity, further underscoring the
environmental risks associated with their presence [21]. Addressing this
issue requires the development of efficient methods for monitoring and
removing parabens from groundwater. Advanced analytical techniques
and continuous monitoring systems are essential for detecting trace
levels, assessing their long-term impact on aquatic ecosystems, and
informing remediation efforts and regulatory policies.

Molecularly imprinted polymers (MIPs) are specially designed
organic materials capable of selectively recognizing target molecules or
structurally related compounds. This unique recognition ability can be
fine-tuned during MIP synthesis. The process involves mixing polymer
chains with template molecules (analytes) in an appropriate solvent,
forming interactions between the polymer matrix and the template.
These interactions — determined by the chemical structure of the poly-
mer side chains and the analyte — include hydrogen bonds, van der
Waals forces, and n-n interactions. Following template removal, specific
cavities are created within the polymer, capable of recognizing the
target by its shape, size, and functional groups[22]. Improving the
recognition properties of MIPs is a key research focus and can be ach-
ieved by optimizing the number, type, and strength of these interactions.
Compared to other recognition systems, MIPs offer high selectivity,
straightforward preparation, cost-effective synthesis, stability, reus-
ability, and repeatability [23,24]. MIPs are extensively used in real-time
analysis and point-of-care testing [25], with applications spanning pu-
rification [26-28], separation |29-31], degradation processes |32-34],
artificial antibodies [35], drug delivery [36-38], and chemo- and bio-
sensing [39-41]. The versatility of MIPs, combined with various
analytical techniques, facilitates the creation of highly specialized sen-
sors capable of detecting a broad spectrum of analytes. Extensive
research has led to the commercialization of MIP-based sensors, applied
in acoustic wave devices [42,43], optical sensors [44], and medical
treatments [45,46], among other fields [47.48]. These sensors are in-
tegraled into analytical methods, enabling precise quantification of
specific templates through techniques such as chromatography [49-51],
mass spectrometry [52-56], electrochemistry [57 59], and colorimetry
[60-631.

MIPs have been widely applied for the detection and quantification
of parabens, particularly PrP, due to their high selectivity and sensitivity
across diverse matrices such as water, cosmetics, and food. Various MIP-
based strategies have been developed, including solid-phase extraction
(MISPE), solid-phase microextraction (SPME), and sensor-based tech-
niques. For instance, MISPE combined with HPLC achieved excellent
performance for PrP in cosmetic samples, with recoveries above 86 %
and a detection limit of 2.4 ng/mL [64]. Electrospun MIP-coated SPME
fibers outperformed commercial fibers, achieving recoveries between
92.2 % and 99.8 % for parabens in water samples [65]. Open-tubular
MIP layers coupled to HPLC-UV systems successfully detected para-
bens in personal care products [66], while silica-based magnetic MIPs
enabled sensilive detection of parabens in fruit juices, with detection
limits as low as 0.026 mg/L [67]. MIP-coated SPME fibers using ethyl p-
hydroxybenzoate as a template exhibited high selectivity and extraction
efficiency for parabens in soy samples [68]. Additionally, voltammetric
sensors based on MIPs achieved detection limits as low as 0.32 nM for
PrP in cosmetics with minimal interference from structural analogs [69].
Dual-template MIPs have further allowed rapid determination of total
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paraben content in cosmetics, with recoveries between 98.7 % and
101.8 % [70]. These advancements highlight the versatility of MIPs as
efficient tools for the selective detection and quantification of PrP and
related parabens.

Poly(2-oxazoline)s (PAOXx) are a class of organic polymers that result
from the cationic ring-opening polymerization (CROP) of 2-oxazoline
monomers [71]. Owing to their advantageous properties, such as
biocompatibility, stealth behavior, extensive functionalization poten-
tial, low dispersity, stability, nonionic nature, and solubility in both
water and organic solvents, poly(2-oxazoline)s have become widely
used and have attracted significant interest from researchers [72-74].
Moreover, the high versatility achieved through copolymerization or
post-polymerization modifications has made this class of polymers a
prominent platform for innovative biomedical applications [75-78].

Poly[2-(3-butenyl)-2-oxazoline] ~ (poly(ButenOx)), a poly(2-
oxazoline) polymer chosen for this research, features terminal double
bonds in its side chains, making it an excellent candidate for post-
polymerization modification. By using click chemistry for this pur-
pose, significant advantages can be achieved: the reactions are highly
efficient, selective, and straightforward, yielding high-purity products
under mild conditions such as low temperatures. Furthermore, click
chemistry facilitates easy product purification, often eliminating the
need for complex chromatographic methods [79]. Thiol-ene photo-
chemistry is a versatile method for forming carbon-sulfur bonds and has
been widely utilized to develop cross-linked structures with applications
in both commercial and research contexts [80]. The simplicity and
versatility of this reaction further enhance its appeal in various appli-
cations, including the creation of functionalized polymers and tailored
polymeric structures [81]. Several studies have reported the thiol-ene
click modification of poly(ButenOx). For example, poly[2-(isopropyl/
3-butenyl)-2-oxazoline] has been studied for its thermo-responsive
behavior. Through side-chain modifications using selected w-func-
tional thiols, a broad range of lower critical solution temperature (LCST)
values can be achieved, demonstrating the versatility and tunability of
this approach [82]. Alternatively, poly(ButenOx) can be incorporated
into sensing applications. The synthesis of the poly(ButenOx)-g-DNA
molecular brush was achieved through thicl-ene modification of poly
(ButenOx) crystallites, enabling the creation of a highly functionalized
structure with both hydrophobic and hydrophilic components. [83]. The
use of thiol-ene coupling with dithiothreitol, was reported by Dargaville
et al. [84], enabled the synthesis of hydrogels. The synthesis and cross-
linking of water-soluble poly(2-cxazoline) copolymers, containing vinyl
groups in their side chains, was achieved by copolymerizing 2-methyl-2-
oxazoline with either 2-undecenyl-2-oxazoline or 2-(3-butenyl)-2-oxa-
zoline. The thiol-ene cross-linking produced homogeneous hydrogels,
with the nature of the resulting gels influencing the cross-linking ki-
netics. Furthermore, thanks to the biocompatibility and ease with which
poly(2-oxazoline)s form the hydrogels, poly(ButenOx)-based hydrogels
can be successfully used for biomedical applications such as reported
soft scaffolds for tissue engineering [85].

Poly(2-oxazoline)s have been widely reported as excellent starting
materials for the formation of MIPs. These polymers can be readily
synthesized via CROP and subsequently functionalized through the
copolymerization of various monomers or by post-polymerization side-
chain modification [86]. In the first study combining poly(2-oxazolines)
with the synthesis of MIPs the imprinting was achieved by cross-linking
short poly(2-oxazoline) — 2-methoxycarbonylpropyl-2-oxazoline
(CsMestOx) prepolymers with methyl ester side groups through
direct amidation using diethylenetriamine. In final, the poly(CsMestOx)-
based MIPs were tested for their abilily (o provide sustained release of
the anti-inflammatory drug indemethacin [87]. Poly(CsMestOx)-based
MIP materials were used for the selective adsorption of picric acid, RDX,
and PETN explosives. The study aimed to improve the limits of detection
(LODs) by using molecular imprinting to strengthen the interaction
between the adsorbent and the analytes. The PAOx-based MIPs were
synthesized using short-chain poly(C;MestOx)) and diethylenetriamine
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(DETA) as a cross-linker, which served both as a cross-linker and a
functional component [88]. Poly(C3MestOx) sensors were also used to
form MIPs materials to improve selectivity and allow for the rapid
ambient plasma-based measurement of herbicides (2,4,5T) [89] and
selected phenolic compounds [90]. Poly(2-oxazoline)-based MIPs were
also used as trigger-responsive materials for controlled drug release
studies. MIPs imprinted with 5-fluorouracil (5-FU) were prepared using
poly(2-isopropenyl-2-oxazoline) (PiPOx) and 3,3-dithiodipropionic
acid (DTDPA) as a reduction-responsive functional cross-linker. The
disulfide bond in DTDPA can be broken by adding tris(2-carboxyethyl)
phosphine (TCEP), which triggers the release of 5-FU [91].

In our previous work, we presented poly(ButenOx)-based MIPs
modified by the use of thiol-ene click reaction for the selective removal
and quantification of the potentially hazardous herbicide 2-methyl-4-
chlorophenoxyacetic acid (MCPA) [92]. While the previous study
focused on how the degree of functionalization affects the final recog-
nition properties, the current work shifts the focus from the quantity of
functional groups to the types of donor groups used within the selected
functionalities. Although the core materials and methodology remain
the same, the current study differentiates the materials based on the
functional agents used, aiming to identify which functionalities most
influence the recognition properties. This work builds on previous
research and aims to increase the understanding of how recognition
works in poly(2-oxazoline)-based MIPs materials.

In this study, we introduce a novel class of molecularly imprinted
(PAOx)-based materials designed for the selective adsorption and
quantification of propylparaben. By leveraging the unique properties of
the PAOx class of compounds and combining them with MIPs, we
developed selective materials that can be easily functionalized with
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various functional groups. To create functional MIPs, the poly(ButenOx)
polymer was modified with 2-mercaptoethanol (3MA), 4-methoxyben-
zyl mercaptan (4MBM), and 3-mercaptopropionic acid (3MPA) at a
constant degree of 35 % via a thiol-ene click reaction. This approach
allowed us to investigate how different modifications of the polymer’s
side chains affect the material’s ability to recognize specific molecules.
Following this, the partially functionalized polymers underwent a cross-
linking reaction with 2,2-ethylenedioxy diethanethiol, utilizing the
remaining accessible terminal double bonds. Subsequently, all materials
were thoroughly characterized to assess their adsorption properties and
recognition capabilities for propylparaben. The final phase of the study
involved the use of these materials for rapid quantification using a
Flowing Atmospheric Pressure Afterglow (FAPA) ion stream, coupled
with mass spectrometry (MS) detection. This novel technique enables
the immediate analysis of solid materials, eliminating the need for
sample pretreatment. The FAPA-MS system facilitates real-time quan-
tification of analytes directly from the material, thereby significantly
streamlining the analytical process and improving the accuracy and
reliability of the results, Fig. 1 illustrates the overall summary of the
synthetic steps applied and the subsequent investigations conducted.

Overall, this research not only advances the field of materials science
but also has significant implications for analytical and environmental
chemistry. The integration of innovative analytical techniques with the
demonstrated potential of poly(ButenOx)-based materials in selective
adsorption and molecular recognition could lead to advancements in
environmental monitoring, pharmaceuticals, and other fields where
rapid and precise analyte detection is crucial.
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2. Materials and methods
2.1, Materials and chemicals

All following chemicals were used in the state they were purchased:
pent-4-enoic acid (>97 %, Sigma-Aldrich), thionyl chloride (97 %,
Sigma-Aldrich), 2-chloroethylamine hydrochloride (=98 %, TCI), trie-
thylamine (TEA, >99.5 %, TCI Europe), methyl p-toluenesulphonate
(MeOTs, 98 %, Sigma-Aldrich), 2-mercaptoethanol (2ME, =99.0 %,
Sigma-Aldrich), 4-methoxybenzyl mercaptan (4MBM, 96 %, AmBeed),
3-mercaplopropionic acid (3MPA, =99 %, Sigma-Aldrich), 2-hydroxy-
4'-(2-hydroxyethoxy)-2-methylpropiophenone (IRGACURE 2959, 98 %,
Sigma-Aldrich), propyl 4-hydroxybenzoate (PrP, 99.87 %, AmBeed),
benzyl 4-hydroxybenzoate (BzP, 98 %, TCI), butyl 4-hydroxybenzoate
(BuP, >99.0 %, Sigma-Aldrich), 2,2(ethylenedioxy)-diethanothiol
(=95 %, Sigma-Aldrich). All of the other used solvents were of HPLC
grade: acetonitrile (ACN, 99.9 %, J.T.Baker), chloroform (CHCl3, >99.8
%, Sigma-Aldrich), dichloromethane (DCM, >99.8 %, Honeywell),
methanol (MeOH, >99.9 %, Sigma Aldrich), N-dimethylformamide
(DMF, 99.9 %, Chemsolve). Deuterated solvent for "H nuclear magnetic
resonance (NMR) spectroscopy: dimethylsulfoxide-dg ((CD3)2S0, 99.8
%, Deutero GmDH).

2.2, Instrumentation

UV-Vis measurements were performed using a Thermo Scientific
Evolution 220 UV-Vis spectrophotometer, analyzing samples in quartz
cuvettes with a 1.0 cm path length across the wavelength range of 200 to
800 nm.

'H NMR spectra were obtained using a Bruker Avance 600 MHz
spectrometer. Chemical shifts (5 values) were referenced to the residual
solvent peaks of (CD3),80 (2.50 ppm) and H,0 (3.33 ppm).

HPLC measurements were performed using Vanquish high-
performance liquid chromatograph from Thermo Fisher Scientific
(Waatham, Massachusetts, USA) to determine the concentration of the
model impurity. The system was equipped with a C18 chromatographic
column (Accurore C18; 2.6 pm particle size) and a UV-Vis detector with
a DAD photodiode array. The PrP concentration was determined under
the following conditions: column temperature 40 “C and flow rate 0.5
mL min~", A mixture of 65 % methanol and 35 % water (v/v) was used
as the mobile phase.

Infrared spectra were recorded using an FIIR BRUKER IFS 66/s
spectrometer. KBr pellets were prepared for the measurements by mix-
ing approximately 1.5 mg of polymer with 200 mg of KBr. The resulting
powder was analyzed using FTIR over a measurement range of 4000 —
400 cm™

Scanning electron microscopy was performed on a Quanta 250 FEG
(FEI} scanning electron microscope.

Thermogravimetric analyses were conducted utilizing a Setaram
Setsys 1200 instrument. The samples underwent heating in a nitrogen
stream at a rate of 10 °C per minute.

ESI-MS spectra of the analyte solutions were recorded using Bruker
amaZon SL ion trap mass spectrometer. The samples were injected into
the spectrometer using a syringe pump at a flow rate of 10 pL per minute
into the ion source. The negative polarization mode was used to record
the data. The detection range, set from 100 to 1000 m/z, included a
capillary voltage of 4.5 kV.

FAPA-MS spectra were obtained with a Bruker amaZon SL ion trap
mass spectrometer (MS) equipped with a NOVA01l flowing
atmospheric-pressure afterglow (FAPA) ambient plasma ion source. The
temperature of the sample holder during measurement gradually rose to
400 °C to ensure the descrption of the adsorbed analytes. The capillary
voltage was set to 1 kV, and a helium flow of 3 L per minute was
maintained for the FAPA ion source to generate plasma.
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2.3. Synthesis

2.3.1. Pent-4-enoyl chioride

Ina 250 mL round-bottomed flask equipped with a reflux condenser,
pent-4-enoic acid (24.5 g, 25.0 mL, 244.7 mmol, 1 eq) was dissolved in
150.0 mL of dry DCM. Then, the mixture was treated with a catalytic
amount of DMF (0.9 g, 0.95 mL, 12.2 mmol, 0.05 eq), and subsequently,
the thionyl chloride (34.9 g, 21.3 mL, 293.6 mmol, 1.2 eq) was added
dropwise under vigorous stirring. The reaction medium was led open to
the air to 803 and HCl sustained release but a calcium chloride dry finger
was used to shield the reaction from water. After 2 h stirring at the
solvent’s reflux temperature, the solvent and excess of thionyl chloride
were removed under reduced pressure. The remaining yellowish oil
received with a 90 % yield (26.1 g) was used without further
purification.

2.3.2. N-(chloroethyl)-4-pentenamide

Ina 1 L round-bottomed flask, a pent-4-enoyl chloride (26.1 g, 220.1
mmol, 1 eq) was dissolved in 250.0 mL of dry DCM. Then, the 2-chlor-
oethylamine hydrochloride (25.5 g, 220.1 mmol, 1 eq) was added,
and the mixture was ice-cooled. Over a period of 1 h, the triethylamine
(TEA, 66.8 g, 92.0 mL, 660.3 mmol, 3 eq) was added drop-by-drop with
simultaneous vigorous stirring at 0 °C under an argon atmosphere. After
additional stirring for 30 min in a cooling bath, the mixture was allowed
to come to room temperature and remain stirring overnight. Subse-
quently, the organic layer was separated and washed with 100.0 mL of
water and brine. The combined organic fractions were dried over so-
dium sulfate (NagS04), and the solvent was evaporated to obtain N-
(chloroethyl)-4-pentenamide as a brown oil in 84 % yield (29.8 g, 184.9
mmol).

2.3.3. 2-(3-butenyl)-2-oxazoline

In a 250 mL round-bottomed dried flask a N-(chloroethyl)-4-pente-
namide (29.8 g, 184.9 mmol, 1 eq) was dissolved in 75.0 mL of dry
MeOH. To this mixture, a solution of KOH (31.1 g, 554.7 mmol, 3 eq) in
75.0 mL of dry MeOH was added dropwise. The reaction mixture was
stirred overnight under a reflux condenser at 70 “C under a nitrogen
atmosphere. After overnight stirring, the salt was filtered off, and the
remaining solution was concentrated using a vacuum. The product was
vacuum distilled to give 2-(3-butenyl)-2-oxazoline as a colorless liquid
in 34 % yield (10.6 g).

2.3.4. Poly-(2-butenyl-2-oxazoline)

In a microwave vial, the 2-(3-butenyl)-2-oxazoline (4.41 g, 4.5 mL,
35.2 mmol, 1 eq) was dissolved in acetonitrile (4.3 mL) to obtain a 4 M
solution. Then, methyl p-toluenesulfonate (0. 33 g, 266.4 pL, 1.76 mmol,
0.2 eq) was added to the solution. The solution was sonicated and
subsequently polymerized in a microwave for 8 min. at 140 “C. After
that, the polymer was terminated with a 1 M solution of KOH in MeOH
(300 yL) at 0 °C and stirred overnight at room temperature. After stirring
overnight, the polymer was purified by precipitation in cold diethyl
ether. After drying overnight in a vacuum oven, the poly[2-(3-butenyl)-
2-oxazoline] (poly(ButenOx) was obtained as a sticky orange substance
(1.5 g.

2.3.5. Poly(ButenOx) functionalization

Poly(ButenOx) was functicnalized using the stoichiometric proced-
ure to obtain polymers with 35 % degrees of 2ME, 4MBM, or 3MPA
modification. To the poly(ButenOx) (2.5 g, 20 mmol), dissolved in
acelonitrile (60.0 mL) in a round-bottomed flask, an appropriate amount
of 2ME/4MBM/3MPA was added (603 pL, 964 pL, and 603 pL, respec-
tively). The solution underwent 20 min of sonication to achieve clarity
before the addition of Trgacure 2959 (22.5 mg). The resulting mixture
was then exposed to UV light (365 nm) for 4 h while being stirred.
Following this, the solvent was evaporated, and the product was purified
by precipitating it in cold diethyl ether. After drying overnight in a
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vacuum oven, the functionalized poly(ButenOx) derivatives were ob-
tained as sticky orange substances with vields of approximately 90 %.

The "H NMR spectra of poly(ButenOx) functionalized with 2ME,
4MBM, or 3MPA, denoted as poly(ButenOx)-2ME, poly(ButenOx)-
4MBM, and poly(ButenOx)-3MPA, respectively, are presented in Iig. 51
— 53 in the Supplementary Information (SI).

Poly(ButenOx)-2ME: 1y NMR (600 MHz, (CD3)»580): § = 5.87-5.74
(br, 1H, =CH-), 5.10-4.89 (br, 2H, —CH2), 3.62-3.24 (br, 4H, -CH2-
CH2), 2.70-2.62 (br, 411, —S-CH2-CH2-), 2.56-2.07 (br, 411, -CH2-CH2-
), 1.63-1.44 (br, 4H, —CH2-CH2-5-).

Poly(ButenOx)-4MBM: TH NMR (600 MHz, (CD3)2S0): § = 5.87-5.74
(br, 1H, =CH-), 5.10-4.89 (br, 2H, —CH2), 3.62-3.24 (br, 4H, -CH2-
CH2), 2.70-2.62 (br, 4H, —S-CH2-CH2-), 2.56-2.07 (br, 4H, ~-CH2-CH2-
), 1.63-1.44 (br, 4H, -CH2-CH2-5-).

Poly(ButenOx)-3MPA: 'H NMR (600 MHz, (CD3),80): 5 = 5.87-5.74
(br, 1H, =CH-), 5.10-4.89 (br, 2H, =CH2), 3.62-3.24 (br, 4H, -CH2-
CH2), 2.70-2.62 (br, 4H, —S-CH2-CH2-), 2.56-2.07 (br, 4H, -CH2-CH2-
), 1.63-1.44 (br, 4H, -CH2-CH2-S-).

To determine the actual degree of functionalization, the intensity of
the signal from the backbone side-chain of poly(ButenOx) at 2.56 — 2.07
ppm was compared to the reference signal intensity at 1.63 — 1.44 ppm.

2.3.6. MIPs and NIPs synthesis

Synthesis of MIPs imprinted with PrP was carried out using non-
functionalized poly(ButenOx) and poly(ButenOx) partially functional-
ized with 2ME/4MBM/3MPA. A certain amount of these polymers (2 g)
was dissolved in methanol (15 mL). Subsequently, to this solution, an
appropriate amount of PrP has been added (0.25 eq of the molar amount
of cross-linker). A crosslinking agent, 2,2-(ethylenedioxy)-dieth-
anothiol, was then introduced, with the amount calculated to ensure
that the terminal thiol groups would react with the remaining double
bonds in the polymer structure. The exact quantities of the reagents used
are detailed in Table 1. The mixture was sonicated, followed by the
addition of Irgacure 2959 (22.5 mg). The mixture was then placed in a
70 *C preheated oil bath and subjected to UV (365 nm) irritation for 6 h,
Afterward, the cross-linked polymer was placed in a vacuum oven to
remove the residual solvent. The resulting orange solid materials were
ground to the desired particle size and purified by washing. NIPs were
synthesized using the same procedure but without the addition of the
PrP template.

Subsequently, the templates were removed by dialysis using MeOII:
CH3COOH (90:10) solution for 24 h, followed by dialysis in MeOH for an
additional 2 days. This process yielded orange solid materials. The
malerials were denoted as MIP(0 %), MIP(2ME), MIP(4MBM), and MIP
(3MPA) for non-functionalized MIPs and those functionalized with 2ME,
4MBM, and 3MPA, respectively. For the NIPs, the same naming
convention was used, but MIP was replaced with NIP.

2.4, Swelling behavior

The swelling rate (SR) was determined by immersing 10 mg of dried
MIPs or NIPs in 50 mL of deionized water at room temperature for 24 h
to allow swelling equilibrium to be reached. After the designated time,
the swollen polymer was separated using filter paper and weighed. The
SR of the polymer was calculated using the formula:

Table 1
Experimental quantities used for MIPs synthesis.

Material Modification Template amount ~ Cross-linker
abbreviation o1 [mg] amount [uL]
MIP(O %) 0% 285 1288
MIP(2ME) 35 % 229 537
MIP(4MBM) 35 % 195 514
MIP(3MPA) 35 % 209 539
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W, — W,
SR = Td x 100% )

where W, and Wy represent the masses [g] of the swollen and dried
particles, respectively. Each experiment was conducted in triplicate.

2.5, Adsorption studies

2.5.1. Adsorpdon isotherms

The adsorption behavior of MIPs and NIPs was investigated through
batch experiments conducted at room temperature. Adsorption iso-
therms were established to characterize the adsorption process at
equilibrium. In these experiments, samples containing 10 mg of either
MIPs or NIPs were equilibrated for 48 h under ambient conditions with
10 mL of a chloroform or methanol solution containing various mass
concentrations of PrP, ranging from 0.005 to 0.5 mg mL '. The HPLC
measurements were performed both, before and after the adsorption
process to determine the concentration of PrP. The amount of adsorbed
PrP (geq; mg/g) was calculated using the following equation:

(G —Cog)V

Qoo = (2)

In this equation ¢g Img/g] is the PrP amount adsorbed, Cy is the
initial concentration of a PrP solution [mg mL'W], Ceq 15 the equilibrium
concentration of a PrP solution [mg mL’W], V is the volume of a PrP
solution [mL], and m is the polymer (MIPs/NIPs) mass [g].

2.5.2. Adsorption kinetics

In the adsorption kinetic studies, 10 mg of appropriate MIPs or NIPs
were dispersed in 10 mL of PrP solution in acetonitrile:water (1:1) (0.1
mg mL ') solution at ambient conditions. At specified time intervals,
aliquots were withdrawn from the prepared mixtures. Then, the
collected samples were measured using HPLC. The adsorption kinetics
experimentations were investigated for all MIPs and NIPs. The amount
of PrP adsorbed at time ¢, (g mg/g) was calculated using the following
equation:

[Co =GV

&= 3)

In this equation g, [mg/g] is the PrP amount adsorbed at time ¢ [h],
Cp is the iniial concentration of a PrP solution [mg mL7'], G is the
propyl 4-hydroxybenzoate concentration at time ¢ [h], m is the polymer
(MIPs/NIPs) mass [g], and V is the volume of an PrP solution [mL].

2.5.3. Adsorption thermodynamics

Thermodynamic adsorption studies were conducted by equilibrating
sets of samples at different temperatures. The samples containing 10 mg
of MIPs or NIPs were mixed with 10 mL of chloroform solution con-
taining PrP at an initial concentration of 0.1 mg mL~!, The experiments
were carried out at temperatures 20, 40, and 60 "C. Following 24 h of
shaking to reach equilibrium, the samples underwent HPLC analysis.

2.5.4. pH impact on the adsorption

To investigate the impact of pH on the adsorption process, samples
were equilibrated under various pH conditions. Each sample, consisting
of 10 mg of MIPs or NIPs, was mixed with 10 mL of acetonitrile:water
(1:1) PrP solution at an initial concentration of 0.1 mg mL ™Y, The pH of
the solutions was then adjusted to 2, 4, 6, 8, and 10 using 0.1 M IICl or
0.1 M NaOH solutions. HPLC was employed to measure the PrP con-
centrations both before and after adsorption.

2.5.5. Selectivity

Seleclivity measurements were conducted (o evaluate the affinity of
the synthesized MIPs for their target molecules. BeP and BuP were used
as structurally similar analogs to PrP. To assess selectivity, 10 mg of the
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respective MIPs and NIPs were immersed in 10 mL of a methanolic so-
lution containing equimolar concentrations of all of the analytes (each at
a final conceniration of 0.1 mM in the mixed samples). After a 24-hour
equilibrium period, the concentrations of all analytes were measured
using ESI-MS before and after adsorption.

2.5.6. Reusability

The reusability test was conducted through adsorption/desorption
cycles. Adsorption and desorption experiments were conducted in 24-
hour intervals with samples comprising 10 mg of MIPs and 10 mL of a
PrP solution in acetonirile:water (1:1). The initial concentration was 0.1
mg mL . Following each adsorption phase, the solid phase was washed
sequentially with a 0.01 M HCI solution and then with pure solvent,
followed by drying. HPLC was employed to measure PrP concentrations
before and after each adsorption step. The reusability of the adsorbents
was evaluated through five consecutive adsorption/desorption cycles
using the same material.

2.5.7. FAPA-MS

MIPs and NIPs were analyzed using the FAPA-MS technique
following the methodology previously established by our group
192-94]. To determine the linearity and detection limit of this tech-
nique, 10 mg of each polymer were equilibrated with 10 mL of PrP
acetonitrile solutions at concentrations of 1 nM, 5 nM, 10 nM, 50 nM,
100 nM, 500 nM, 1 pM, 5 uM, 10 uM, 50 pM, and 100 uM. After 24 h, the
solid polymers were analyzed using the FAPA-MS setup. The total
analysis time was approximately 5 min. For the PrP solutions, 10 uL of
each analyte solution was placed inside the sample holder.

2.5.8. Real-life sample experiments

To establish the accuracy of the analytical procedure, measurements
for matrix effects and recovery were performed. The real samples tested
in this procedure were river water samples collected from the Warta
River. PrP solutions with a concentration of 0.01 mg mL™* were pre-
pared by mixing river water and methanol in a 50:50 ratio, To each 10
mL of the prepared solution, 10 mg of each MIP was added. After
allowing adsorption to reach equilibrium over 24 h, the solid materials
were dried and analyzed using the FAPA-MS setup. Blank experiments,
using solutions prepared without PrP, were conducted as references.

3. Results and discussion
3.1. Materials synthesis

The application of poly(ButenOx) for the synthesis of MIPs facilitates
rapid and straightforward functionalization using the thiol-ene click
reaction. This reaction occurs relatively quickly, yields high results, and
does not produce any by-products. Additionally, poly(ButenOx) itself
possesses a well-defined structure as it is synthesized via cationic ring-
opening polymerization (CROP). This method yields well-defined
linear polymer chains of specified length, ensuring that subsequent
functionalization occurs uniformly across all positions in the chain and
consistently among all chains. Such uniformity fosters the establishment
of consistent interactions with template molecules, ensuring the for-
mation of a regular polymeric network around the template during MIP
formation.

Functionalization of poly(ButenOx) was conducted at a 35 % degree
using 2ME, 4MBM, and 3MPA to introduce hydroxyl, 4-methoxybenzyl,
and acidic groups, respectively, into the poly(ButenOx) structure. This
method enables the investigation of how these structural modifications
in the polymer side chains affect the final MIPs’ adsorption properties
towards the PrP template. It is hypothesized that hydroxyl or carboxyl
groups can form hydrogen bonds with the phenol groups in the template
structure, whereas the 4-methoxybenzyl unil, due to its similarity to the
template molecule, may engage in n-n stacking interactions.

A 35 % functionalization degree was chosen based on previous
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investigations and literature data, which suggest that a high content of
functional units can disrupt the MIPs structure, negatively impacting
their adsorption properties and selectivity factor, [95]. The remaining
65 % of double bonds in the poly(ButenOx) structure were cross-linked
using 2,2-ethylenedioxy diethanethiol. This cross-linking agent is a
dithiol analogue of ethylene glycol dimethacrylate (EGDMA), the most
commonly used cross-linker in the preparation of methacrylate-based
MIPs. To evaluate the effects of functionalization, corresponding non-
imprinted polymers (NIPs) with the same degree of functionalization
were synthesized. These NIPs serve as controls for assessing selective
versus non-seleclive adsorplion properties.

3.2. MIPs characterization

The differentiation of MIP materials was based on the type of func-
tionalization applied, while maintaining a constant degree of function-
alization. Poly(ButenOx) formed the core of all materials, providing a
consistent main structure, Variations in functionalization led to slight
differences in the IR spectra for each material (Fig. S4 in SI). The IR
spectra consistently exhibit characteristic absorption bands at 2927
em ! (v C-H asymmetric), 2860 em ! (v C-H symmetric), 1641 cm ! (v
N-C = O, strong band), 1421 cm 1 (85 C-H), and 1229 cm L (v C-N). For
each material, regardless of the functionalizing reagent used, the MIP
loaded materials show changes in the IR spectra due to the adsorption of
the template used in this study: PrP. These changes are evidenced by the
appearance of additional signals at 1750 cm ™', 1514 em ™', 1273 em ™',
and 774 em 1. The presence of these signals confirms the adsorption of
PrP molecules by the MIP-loaded materials for each type of functional-
ization. As mentioned, differences in the IR spectra of the materials arise
both from the incorporation of the template in the structure of the
template-loaded MIPs and from the use of different functionalizing re-
agents. Specifically, in materials functionalized with 2ME, we cbserve
an extension of the signal at 3550 cm ', indicating the presence of
additional hydroxyl groups capable of forming hydrogen bonds within
the structure. For materials functionalized with 3MPA, additional sig-
nals are detected, notably at 1729 em™! (v C = 0, carboxylic group). In
contrast, materials functionalized with 4MBM show signals in the aro-
matic region, particularly at 1550 cm L. This effect is especially pro-
nounced in the MIP-loaded materials, where the aromatic signals from
the functionalization overlap with those from the template, resulting in
an extensive and prominent aromatic region.

Exemplary SEM images of all MIPs and NIPs are presented in Figs. 55
and S6 in the SI, respectively. The non-functionalized materials, MIP(0O
%) and NIP(0 %), exhibit numerous irregularities within their structure,
suggesling a more developed specific surface area. In contrast, all
functionalized materials, both MIPs and NIPs, display a smoother sur-
face with significantly fewer irregularities. This observation suggests
that the presence of functional groups not only alters the materials® af-
finity towards PrP molecules but also influences the interactions among
the polymer chains, The results imply that the functionalized materials
exhibit stronger inter-chain interactions, resulting in a smoother surface
as observed in the SEM micrographs. Interestingly, no significant dif-
ferences are observed between MIPs and their corresponding NIPs,
indicating that the presence of template molecules in the reaction
mixture has a negligible effect on the surface structure of the obtained
materials. This finding aligns with recent research, which suggests that
the molecular cavities formed within the MIP structure are too small to
be detected using electron microscopy [96].

The thermogravimetric analysis (TGA and DTG) of MIP(O %), MIP
(ZME), MIP(4MBM), and MIP(3MPA) are presented in Fig. 57 in the SI,
while the results for NIP(0 %), NIP(ZME), NIP(4MBM), and NIP(3MPA)
are shown in Fig. 58 in the SI. This analysis allows us to determine the
temperature stability of the obtained adsorbents. For both non-
functionalized MIPs and NIPs, as well as MIPs and NIPs functionalized
with 2ME and 4MBM, a single major decomposition step is observed in
both the TGA and DTG curves. This main step starts around 310 “C and
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ends at approximately 420 °C, corresponding to the complete decom-
position of the polymer structure, as the remaining mass for all exam-
ined materials is no higher than 10 % of the initial sample mass. The
almost identical behavior of MIPs and NIPs functionalized in the same
way aligns with the expectation that their temperature stability should
be similar. In contrast, materials functionalized with 3MPA exhibit a
different behavior, with two decomposition steps observed for both MIP
and NIP. The first step starts at approximately 230 °C and ends around
310 °C, corresponding to around a 25 % initial mass loss for both MIP
and NIP. This step is presumably associated with the partial oxidation
and decomposition of the functional groups introduced during func-
tionalization with 3MPA. The presence of oxygen atoms in these groups
likely leads to their relatively rapid decomposition at elevated temper-
atures. The second decomposition step, consistent with the step
observed for the previously described materials, starts at approximately
320 °C and ends at around 430 °C, corresponding to almost complete
decomposition of the polymer structure, with the remaining mass not
exceeding 15 % of the initial sample mass.

Swelling rates of the studied MIPs and NIPs were investigated to
assess differences in cross-linking degree and hydrophilicity arising from
the presence of functional groups introduced during the functionaliza-
tion process. The results are summarized in Table S1 in the SI. All ma-
terials exhibited relatively similar swelling rates, ranging from 10.0 % to
17.2 %. For MIPs and NIPs with the same type of functionalization,
nearly identical swelling rates were observed, particularly when
considering the uncertainties of the measured values. Furthermore, the
minimal differences between materials with different functionalization
suggest that the cross-linking degree is nearly uniform across the ma-
terials, and the slight variations in water adsorption can be attributed to
differences in functionalization. This is especially evident for the 2ME
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presents the adsorption isotherms obtained for all investigated MIPs and
NIPs. The data were analyzed using the Langmuir, Freundlich, and Sips
(Langmuir-Freundlich) adsorption models.

The Langmuir adsorption isotherm equation is mathematically
expressed as:
Co_Ca 1

— )
Qg Gm  Kdm

In this equation, Ceq [mg/L] represents the equilibrium concentra-
tion of PP, qeq [mg/g] is the amount of PrP adsorbed, ¢y, [mg/g] denotes
the maximum adsorption capacity, and X [L/mg] is the binding equi-
librium constant.

The Langmuir adsorption parameters g, K, and the correlation co-
efficients (R%) are summarized in Table 2. For all NIPs, the R? values
obtained are higher than 0.99, clearly indicating that the Langmuir
adsorption model fits the oblained adsorption data well. For all MIPs
except MIP(4MBM), the R? values are equal to or higher than 0.99,
which also confirms that the Langmuir adsorption model can be effec-
tively applied for characterizing the adsorption data, For MIP(4MBM), a
slightly worse fit is observed, as the R? value is 0.985. However, this
result still suggests that the Langmuir model can be effectively used to
characterize the adsorption data obtained for MIP(4MBM). The obtained
results align with expectations that non-selective adsorption occurring
in NIPs and partially in MIPs happens without any additional in-
teractions between the adsorbate molecules. Moreover, selective
adsorption that exclusively occurs on MIPs, particularly within their
molecular cavities, also proceeds without interactions between adsor-
bate molecules, as the molecular cavities shield the molecules from each

and 3MPA functionalizations, which introduce hydroxyl and carboxyl Table 2, . . i
. . . . Langmuir and Freundlich adsorption data for PrP adsorption.
functional groups, respectively. These functional groups interact more
readily with water molecules and, as expected, impart higher hydro- Adsorbent  Langmuir Freundlich
philicity to the materials. Consequently, the materials with these func- Qe K R* Ky [mg/g 1/m R?
tionalizations exhibit the highest swelling rates among the studied [mg/ (L/mg)*™]
samples. However, as noted, the overall differences in swelling rates &l
remain relatively small. MIP(0 %) 3381 00111 L 0.990  4.54 L 07951  0.969
23 0.0007 0.31 0.055
o MIP(2ME) 263+ 00255+ 0994 847 % 0.667 L  0.947
3.3. Adsorption isotherms 18 0.0017 0.59 0.046
MIP 38+ 00136 0985 707+ 0731+  0.984
One of the most important parameters in the adsorption process is (4MBM) 27 0.0009 0.49 0.051
the amount of a particular adsorbate that can be adsorbed at a defined Mu,: fIM = 001084 0991 576+ 0793+ 0.970
. hi d d h ity of (3MPA) 30 0.0007 0.40 0.055
concentration. This parameter, denoted geq, {'epresents the quantity o NIP(O %) 191+ 00130+ 00991 253+ 0683+ 0013
the adsorbate that can be adsorbed per unit mass of the adsorbent. 8 0.0009 0.17 0.047
Adsorption occurs until equilibrium is reached, and obtaining data at NIP(ZME) ~ 90.5 0.0265 + 0998 421 + 0559+  0.937
different adsorbate concentrations allows for the estimation of an +o 0.0018 0.29 0.039
adsorption isotherm. This isotherm provides valuable information about NP 1 00189+ 0997 435+ 06224 0.999
ptior : provides vaiua ! (MBM) 9 0.0013 0.30 0.043
the effectiveness of the adsorbent under investigation. The obtained data NIP 151+ 00141+ 0996 332+ 0679+  0.059
can be further analyzed using various adsorption models to calculate (3MPA) 10 0.0009 0.23 0.047
additional parameters that characterize the adsorption process. Fig. 2
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Fig. 2. Adsorption isotherms of PrP adsorption on (a) MIPs and (b) NIPs.
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other. The comparison of adsorption efficacy between different adsor-
bents can be made by comparing their maximum adsorption capacities,
represented by the gp,, parameter. The g, values obtained for MIPs are
approximately three times higher than those for their corresponding
NIPs. This clearly proves that the imprinting process was successful and
that the imprinted polymers possess much higher adsorption properties
than their non-imprinted counterparts. Functionalization significantly
impacts both MIPs' and NIPs adsorption properties, depending on the
functional reagent used. The introduction of hydroxyl groups with 2ME
generally lowered the gp, values of both MIPs and NIPs compared to their
non-functionalized counterparts. On the other hand, the K values, which
reflect binding equilibrium constants and provide insights into adsor-
bent affinity, increased significantly after this functionalization. This
result suggests that hydroxyl-functionalized MIP and NTP possess lower
maximum adsorption capacities towards PrP than non-modified mate-
rials, However, their higher binding equilibrium constants after func-
tionalization indicate stronger interactions between the molecular
cavities and PrP molecules. Introducing 4MBM molecules inte the ad-
sorbents’ structure increases g, values for both MIP and NIP. This result
suggests that introducing molecules similar in structure to PrP increases
these materials’ maximum adsorption capacities towards PrP. Regarding
the K parameter, a noticeable increase in its value is observed for both
MIP and NIP, although this increase is much lower than that observed
with 2ME functionalization. Finally, the introduction of carboxylic
groups during functionalization with 3MPA led to the highest increase in
gm values for both MIP and NIP compared to non-functionalized ad-
sorbents. This result indicates that introducing carboxylic groups leads
to the formation of hydrogen bonds with PrP molecules, which have the
most significant impact on adsorbents’ maximum adsorption capacities.
On the other hand, a negligible change in K values is observed, sug-
gesting that this functionalization does not significantly influence the
affinity of molecular cavities towards PrP molecules.

The ¢n values obtained for PrP adsorption using the functionalized
poly(ButenOx)-based MIPs are higher than those reported for various
other materials, including carboxymethylcellulose/hydrotalcite bio-
nanocomposites (19.01 mg/g) [97], porous N-doped graphene-based
NiQ composite (8.42 mg/g) [98], magnetic nanoparticles with a
phenyl group (PS/Te;04) (3.5421 mg/g) [99], and chitesan-coated
activated carbon (256 mg/g) [100]. Additionally, the gy values ob-
tained for the reported MIPs are comparable to those reported for cor-
e-shell Fe304@COFs nanospheres (500 mg/g) [101].

The equation of the Freundlich adsorption model is expressed as
follows:

1
logqe = logK; n logCey 5)

In this equation, ge; [mg/g] is the amount of PrP adsorbed, C,, [mg/
L] is the PrP equilibrium concentration, and Ky and 1/n are the
Freundlich parameters.

The Freundlich adsorption parameters, particularly Ky, 1/m, and the
correlation coefficients (R%), are presented in Table 2. For all materials,
the R? values are notably lower than those obtained for the Langmuir
model, ranging from 0.937 to 0.984. This result corroborates previous
observations that the experimental data is better characterized by the
Langmuir adsorption model. Nevertheless, the R2 values obtained for the
Freundlich model suggest that it can partially describe the experimental
data for PrP adsorption, The parameter 1/n in the Freundlich adsorption
model corresponds to adsorption intensity. Generally, values lower than
one suggest a regular Langmuir isotherm, while values higher than one
indicate cooperative adsorption [102]. For all adsorbents, the 1/n values
are significantly lower than one, confirming that the adsorption follows
the Langmuir adsorption model. The Ky values in the Freundlich
isotherm are related to the partition coefficient. [Towever, comparison
between different adserbents can only be performed when the Freund-
lich exponent values are equal [103]. For the obtained adsorbents, the
1/n values range from 0.559 to 0.795, indicating significant differences.
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Therefore, direct comparison of Ky values should be avoided.
The Sips adsorption model can be mathematically expressed as:

4k, Gy

ol 6)
1+K.Cy

Qeq =

In this equation, g, [mg/g] is the amount of PrP adsorbed, C, [mg/
L] is the PrP equilibrium concentration, g, [mg/g] is the maximum
adsorption capacity, and K is the Sips adsorption constant.

The Sips adsorption model is a hybrid of the Langmuir and Freund-
lich models. At high concentrations, it approximates the Langmuir
model, assuming monolayer adsorption. At low concentrations, it be-
haves similarly to the Freundlich adsorption model [104,105]. The pa-
rameters of the Sips adsorption model, which include K, 1 /n, g, and the
correlation coefficients (R?), are summarized in Table 3. The correlation
coefficients obtained for all synthesized MIPs and NIPs exceed 0.98, with
most being greater than 0.99, indicating an excellent fit of the Sips
adsorption model. The maximum adsorption capacities obtained for
most adsorbents are relatively similar to those determined using the
simple Langmuir model, suggesting that the Sips model accurately fits
the data. Significant differences can be observed in the 1/n parameter
when compared to values calculated using the Freundlich adsorption
model. The 1/n values derived from the Sips model are much higher
than those obtained from the Freundlich model, ranging from 0.852 to
1.14. This range indicates that for some adsorbents, cooperative
adsorption should be expected rather than the regular Langmuir model.
These results suggest that the Sips model generally follows the Langmuir
model more closely and represents Langmuir data more accurately,
while the fit of the data associated with the Freundlich model is less
accurate, as evidenced by the higher deviations of these data points from
those obtained using the simple Freundlich model.

The Langmuir and Freundlich isotherms obtained for adsorption
from chloroform solutions were compared with those obtained from
methanolic solutions. The concentrations of PrP and other experimental
conditions were kept constant to assess the influence of the solvent on
the adsorption process. In our studies, chloroform was primarily used as
it does not form hydrogen bonds and exhibits negligible intermolecular
interactions with template molecules. This characteristic theoretically
highlights the interactions formed between PrP molecules and the sur-
faces of MIPs and NIPs. However, since the synthesis was performed in
methanol, adsorption experiments were also conducted in methanol te
evaluate the impact of solvent interactions, particularly the potential for
intramolecular interactions with PrP. The resulting adsorption iso-
therms are shown in Fig. 59 in the Supplementary Information, while the
Langmuir and Freundlich model data are summarized in Table S2. The
results clearly indicate that the general conclusions drawn from the
isotherms in chloroform remain valid for those obtained in methanol.
Adsorption behavior showed a stronger correlation with the Langmuir
model than with the Freundlich model. The g, and K values derived
from the Langmuir model for methanolic solutions were approximately
10 - 20 % lower for all investigated materials compared to chloroform
solutions. This suggests that methanol disrupts some of the interactions
between MIPs/NIPs and PrP, resulting in slightly diminished adsorption

Table 3

Sips adsorption data for PrP adsorption.
Adsorbent Sips

qm lmg/gl K im RrR?

MIP(0 %) 296 + 20 0.0088 = 0.0006 1.14 £ 0.07 0.988
MIP(2ME) 295 L 20 0.0308 _ 0.0021 0.852 _ 0.059 0.999
MIP(4MBM) 380 £ 26 0.0114 = 0.0007 1.04 £ 0.07 0.995
MIP(3MPA) 428 + 29 0.0126 = 0.0008 0.979 = 0.068 0.993
NIP(0 %) 122+£8 0.0148 = 0.0010 0.972 = 0.008 0.999
NIP(2ME) 96.4 £6.7 0.0367 = 0.0025 0.851 = 0.059 0.995
NIP{4MBM) 147 + 10 0.0232 — 0.0016 0.893 — 0.062 0.999
NIP(3MPA) 143 +10 0.0104 = 0.0007 1.11 + 0.07 0.992
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performance. Nonetheless, the overall trends and relative differences
between materials remain consistent, affirming the previously drawn
conclusions regarding the effect of material functionalization on
adsorption properties. Furthermore, the 1/n values from the Freundlich
isotherms were comparable between methanol and chloroform, indi-
cating that the fundamental adsorption characteristics of the materials
are largely unchanged. Major differences were observed in the Freund-
lich Ky values; however, due to their high dependence on 1/n, direct
comparisons of Ky values between different solvents should be avoided.

3.4. Adsorption kinetics

Adsorption kinetics were established by continuously monitoring
changes in PrP concentrations during the adsorption process until the
system reached equilibrium. The obtained kinetic plots for MIPs and
NIPs are presented in Fig. S10 in the SI. These plots were further
analyzed using the pseudo-first-order and pseudo-second-order models.

The pseudo-first-order model can be mathematically expressed as

k
103(""’ - q’) = 1080w ~ 5 353¢ 2

In this equation, g,, [mg/g] represents the amount of PrP adsorbed at
cquilibrium, g, [mg/g] represents the amount of PrP adsorbed at time ¢
[h1, and k; [h'] is the pseudo-first-order rate constant. The obtained
adsorption parameters, including ky and the correlation coefficients
{Rz), are presented in Table 4.

The pseudo-second-order model can be mathematically expressed as:
4 1

[ S S ®)
G Ky Qe

In this equation, g, [mg/g] represents the amount of PrP adsorbed at
equilibrium, g, [mg/g] represents the amount of PrP adsorbed at time t
[h], and k2 [g mg'1h’1] is the pseudo-second-order rate constant. The
obtained kinetic parameters, including k; and the correlation co-
cfficients (sz, are presented in Table 4.

For all obtained adsorbents, the R? values oblained for the pseudo-
second-order model are 0.999, indicating that this model ideally de-
scribes the adsorption data from the experiments. In contrast, the cor-
relation coefficients for the pseudo-first-order model are much lower,
ranging from 0.979 to 0.986, demonstrating a significantly poorer fit
compared to the pseudo-second-order model. Consequently, the com-
parison of kinetic constants should focus on the ks values. For all NIPs,
except for NIP(3MPA), the k. values are significantly higher than those
for the corresponding MIPs, This aligns with the expectation that se-
lective adsorption in molecular cavities is generally slower than non-
selective surface adsorption occurring on NIPs. However, for materials
functionalized with 3MPA, the effect is reversed, with higher adsorption
rates observed for MIPs compared to the corresponding NIPs. This
phenomenon is hypothesized to result from the rapid formation of
hydrogen bonds between carboxylic groups in MIPs and phenolic groups
in PrP molecules, leading to a higher rate of selective adsorption for
3MPA-functionalized MIPs.

Interestingly, a similar trend in kz values is observed for all MIPs and

Table 4
Kinetic parameters of PrP adsorption.

Adsarbent Pseudo first order model Pseudo second order madel
ki th 1] R* ks lgmg'h 1] R*
MIP(O %) 0.582 £ 0.040 0.979 0.300 = 0.021 0.999
MIP(2ME) 0.589 L 0.041 0.986 0.244 _ 0.017 0.999
MIP(4MBM) 0.560 £ 0.039 0.980 0.224 = 0.015 0.999
MIP(3MPA) 0.428 + 0.029 0.982 0.450 = 0.031 0.999
NIB(O %) 0.609 £ 0.042 0.984 0.538 = 0.037 0.999
NIP(2ME) 0.556 + 0.038 0.983 0.454 = 0.031 0.999
NIP(4MBNM) 0.487 + 0.034 0.982 0.373 — 0.026 0.999
NIB(3MPA) 0.562 + 0.039 0.981 0.334 = 0.023 0.999
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NIPs, except for the 3MPA-functionalized ones. The highest k> values are
found in non-functionalized materials, followed by 2ME-functionalized
ones, with the lowest values in 4MBM-functionalized materials for
both MIPs and NIPs. Notably, the kz values for 3MPA-functionalized
materials exhibit an opposite trend: MIP(3MPA) shows the highest k2
value among all MIPs, whereas NIP(3MPA) shows the lowest k2 value
among all NIPs.

3.5. Adsorption thermodynarmics

The thermodynamic parameters of adsorption can be estimated by
conducting adsorption experiments under various temperature condi-
tions, Consequently, the changes in enthalpy (AH [kJ mol ']), entropy
(AS [J mol ' K 1])1 and Gibbs free energy (AG [kJ mol 1) for the
adsorption process can be calculated. The following equations are used
for these calculations:

_AS AH

InKa = "p ~ gy ©)
Cae

Ky= é‘ 1o

AG = —RTInK, (11)

In these equations, Ky is the distribution coefficient, R is the gas
constant (8.314 [Jmol 'K 1), and T [K] is temperature of adsorption.
Cae [mmol/g] represents the amount of adsorbate adsorbed, and C,
[mmol mL~'] is the concentration after reaching equilibrium. The
values of AH and AS were obtained using linear regression on the data
from adsorption experiments conducted at different temperatures. AG
values were calculated for each temperature al which the experiments
were performed. The resulting thermodynamic parameters are pre-
sented in Table 5.

For both MIPs and NIPs, the AH values are positive, indicating that
the adsorption of PrP on all adsorbents is an endothermic process. For
MIPs, these AH values correlate with the maximum adsorption capac-
ities obtained from the Langmuir adsorption isotherm: the higher the
maximum adsorption capacity, the more endothermic the process,
which aligns with expectations. However, this correlation is not
consistent across all NIPs. For instance, NIP(2ME) shows an increase in
AH value despite having a lower ¢y, parameter than NIP(O %). Never-
theless, for the remaining NIPs, the general trend matches that of MIPs:
higher gy, values result in more endothermic adsorption processes. The
reason for the lack of correlation in the case of NIP(2ME) remains
undetermined.

The AS changes are positive for all materials, indicating an increase

Table 5
Thermodynamic parameters of adsorption process.
Adsorbent AH [kJ/ AS [J mol™! AG [kJ/mol]
-1
mell o 293060 3B 38K
MIP(0 %) 129 + 108 + 7 —18.7 = —20.8 + -23.0 +
0.9 1.3 1.4 1.6
MIP(2ME) 9.64 + 951 + 6.9 —19.4 = -21.3 + -234 +
0.67 1.3 1.5 16
MIP 18.3 & 134+ 9 211 = -23.9 % 26.5 +
(4MBM) 1.2 14 1.6 18
MIP 20.6 + 146 + 10 -22.3 = 251+ 28.2 +
(3MPA) 1.4 1.5 1.7 19
NIP(0 %) 391 67.5+4.7 15.8 = 17.2+ 185 &
0.27 11 1.2 1.3
NIP(2ME) 4.46 + 70.4 £ 4.9 16.1 = 17.5 189 +
0.31 1.1 1.2 1.3
NIP 532+ 75.5 £ 5.2 16.8 = 18.3 = 19.8 £
(4AMBM) 0.37 1.1 1.2 1.3
NIP 5.88 + 782+ 54 -17.0 - -18.5 + -20.1 +
(3MPA)Y 041 1.2 1.3 1.4
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in randomness during the adsorption process. This effect is likely due to
the release of solvent molecules from molecular cavities and the surfaces
of adsorbents, suggesting that more solvent molecules are released per
adsorbed PrP molecule. Similar to the AH values for MIPs, the changes in
AS values correlate with g,, values from the Langmuir isotherm, showing
that higher maximum adsorption capacities lead to greater randomness
during the adsorption process. This correlation is less apparent for NIPs,
particularly NIP(2ME), which again deviates from the trend.

The AG values are negative for all adsorbents and all investigated
temperatures, clearly showing that adsorption is a spontaneous process
under the given conditions. Moreover, the spontaneily increases with
rising temperatures, as indicated by more negative AG values at higher
temperatures. Interestingly, the correlation between AG values and
Langmuir ¢y, values ohserved for MIPs in the cases of A and AS values
is not present. As a result, for both MIPs and NIPs across all investigated
temperatures, the same general trend is observed: the type of func-
tionalization affects the spontaneity of the adsorption process in the
following order: 3MPA > 4MBM > 2ME > no functionalization.

3.6. pH influence

The influence of pH on PrP adsorption on all obtained MIPs and NIPs
was investigated in the pH range of 2 to 10. Lower or higher pH values
were not examined because of two primary reasons: firstly, the slow
decomposition of the adsorbents occurs outside this range, and secondly,
such extreme pH values are rarely encountered in environmental sam-
ples, which are the intended application for these materials. The plots
illustrating the dependence of adsorption capacity versus pH of the so-
lution are presented in Fig. 3.

The highest adsorption capacities for both MIPs and NIPs were
observed at pH 6. For all materials, deviations from pH 6, either towards
more acidic or more alkaline conditions, resulted in a significant
decrease in the equilibrium adsorption capacily (qeq). Notably, the
decline in g, was more pronounced in acidic conditions than in alkaline
conditions.

Interestingly, non-functionalized adsorbents and those functional-
ized with 4MBM and 2ME displayed similar changes in ge, with varia-
tions in solution pH. Conversely, both MIPs and NIPs functionalized with
3MPA showed a more pronounced response to pH changes, with a
greater reduction in adsorption capacity at both low and high pH values
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in an equimolar solution containing the target analyte (PrP) and its
structural analogues, BuP and BzP. The equilibrium adsorption capacity
(gey) values were recalculated in mmol/g to facilitate better comparison
across different adsorbates. To quantify selectivity, these values were
normalized by dividing each by the lowest g, value obtained for the
respective adsorbent among all three adsorbates. The resulting selec-
tivity factors are presented in Table 6. In this method, a selectivity factor
of one corresponds to the adsorbate with the lowest affinity for the
specific adsorbent, whereas values greater than one indicate the relative
preference of the adsorbent for other analytes.

The results clearly indicate that all adsorbents exhibit the lowest
affinity for BzP, which is expected given BzP’s structural dissimilarity to
PrP compared to BuP. All MIPs demonstrated relatively high selectivity
towards PrP, with selectivity factors ranging from 2.86 to 3.72, and
much lower selectivity for BuP, with values between 1.13 and 1.48.
Notably, the highest selectivity towards PrP was observed in MIP
(3MPA), suggesting that the high selectivity in this case is consistent
with the highest maximum adsorption capacity observed for this mate-
rial. Conversely, MIP(2ME), which exhibited the second-highest selec-
tivity, had the lowest maximum adsorption capacity among the MIPs
studied. This result is likely due to the high Langmuir constant (K) value
associated with MIP(2ME), indicating a strong binding affinity for PrP
despite its lower maximum adsorption capacity.

A similar trend was observed for NIPs, where the selectivity factors
for PrP were lower than those for MIPs, ranging from 1.31 to 1.59.
Nevertheless, NIP{(2ME) displayed the highest affinity for PrP, which
also correlates with its high K value from the Langmuir adsorption
isotherm. Additionally, NIP(2ME) showed the lowest selectivity factor
for BuP, indicating a preference for PrP over other competing molecules,
despite having the lowest maximum adsorption capacity among the NIPs
studied.

In summary, the results demonstrate that the type of functionaliza-
tion significantly influences not only the maximum adsorption capacity
but also the selectivity toward the target compound. Achieving high
maximum adsorption capacities does not necessarily guarantee high

Table 6

Selectivity measurement results: the selectivity factor is determined by dividing
the g, values of each adsorbate by the 4., value of the adsorbate with the lowest
adsorption.

compared to other adsorbents, This effect is presumably due to the Adsorbent Selectivity factor
presence of car‘boxyhc groups in the. structure of these r{mterlals,. which propylparaben butyl benzylp
can more readily undergo protonation and deprotonation reactions as
the solution pH changes. These reactions alter the structure of the MIP(O 3) 286 133 1.c0
e P ges. These | X i e MIP(2ME) 3.55 113 1.00
functional groups responsible for interactions with PrP, thereby signif- MIP(4MBM) 3.34 148 1.00
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selectivity. For MIPs, functionalization with 3MPA resulted in both high
maximum adsorption capacity and high selectivity. However, func-
tionalization with 2ME, despite yielding lower maximum adsorption
capacity, provided high selectivity factors, which could be advantageous
for analytical applications.

3.8. Adsorption/desorption studies

Adsorption/desorption studies are essential for evaluating the
effectiveness of materials in continuous use, particularly by assessing
their performance across successive adsorption and desorption cycles.
The reusability of the synthesized MIPs was tested over five consecutive
adsorption/desorption cycles. After each cycle, the equilibrium
adsorption capacity (g.;) was measured, with the results presented in
Table S3 of the SI. The ¢,y values showed a maximum decrease of less
than 8 % over the five cycles, indicating that the MIPs maintain robust
structural stability during repeated use. These findings highlight the
suitability of MIPs for continuous adsorption/desorption processes,
suggesting their potential as promising candidates for water purification
systems. Consequently, these materials may have applications not only
in analytical settings but alse in the removal of specific organic con-
taminants from wastewater and groundwater.

3.9. FAPA

The FAPA ionization source, when combined with mass spectrom-
etry, can be effectively utilized for the detection and quantification of
PrP in various samples. In this study, FAPA-MS was employed for the
direct quantification of PrP adsorbed by MIPs and NIPs. The setup in-
cludes a thermal heater, which rapidly heats the samples, leading to
both the thermal evaporation of PrP molecules and the thermal
decomposition of the adsorbent structures. The resulting vapors con-
taining PrP molecules then enter the FAPA ion stream, which flows
above the thermal heater. Within the ion stream, PrP molecules are
ionized due to interactions with charged molecules, and the ionized PrP
molecules are subsequently introduced into the MS inlet. Once inside the
MBS system, the PrP ions are analyzed using conventional MS techniques.
To minimize noise caused by the presence of other ions, such as those
generated by the thermal decomposition of adsorbents, extracted ion
chromatograms (EICs) are recorded. These EICs enable continuous
menitoring of the intensities of specific ions, particularly the PrP ion,
which is detected at m/z 179 in negative ion mode. The EICs are then
integrated to facilitate the quantification process. Each sample’s quan-
tification is performed in triplicate, and the average integrated EIC value
is used for quantitative analysis.

To conduct the analysis, each material was immersed in solutions
containing varying concentrations of PrP, allowing the establishment of
a correlation between the concentration of PrP and the MS response. To
determine the limit of detection (LOD), background intensity at m/z 179
was measured in the absence of PrP by placing either MIPs or NIPs in
pure solvent and conducting five measurements to obtain mean values
and standard deviations. The LOD was defined as the lowest PrP con-
centration at which the EIC integration exceeded the threshold, calcu-
lated as the mean blank value plus three times the standard deviation.

The LOD depends on the amount of PrP adsorbed by each adsorbent
and the efficiency of thermal desorption and ionization during FAPA-MS
analysis. The LODs and linearity ranges for each adsorbent, as well as for
pure PrP solution (used as a reference), are presented in Table 7. For
pure PrP solutions, the worst LOD values were observed, which is ex-
pected due to the lack of preconcentration on adsorbent surfaces.
However, for NIPs, a significant improvement was observed, with LODs
20 times lower than that of pure PrP solutions, approximately 0.5 umol/
dm~3. This improvement is attributed to non-selective adsorption on
NIPs, resulting in a greater release of PrP during thermal desorption.
Even greater enhancement in LOD values was observed for MIPs, with an
LOD of 0.1 pmol/dm™, representing a two-order-of-magnitude
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Table 7
Results of FAPA-MS analysis.

Adsorbent LODs [pmol dm %] Linearity [umol dm %]
PrP solution 10 10 - 100
MIP(0 %) 0.1 0.1-100
MIP(2ME) 0.1 0.1-100
MIP(4MBM) 0.1 0.1-100
MIP(3MPA) 0.1 0.1-100
NIP(O %) 0.5 0.5-100
NIP(2ME) 0.5 0.5-100
NIP(4MBM) 0.5 0.5- 100
NIP(3MPA) 0.5 0.5-100

improvement over pure PrP solutions and a fivefold improvement over
NIPs. This enhancement is due to the superior adsorption properties of
MIPs compared to NIPs. Interestingly, no significant differences were
observed in LOD values between MIPs with different functionalization
types, likely due to similar adsorption capacities at low concentrations.

In addition to LOD determination, the linearity range of the FAPA-
MS method was also assessed. The results indicate that the lower limit
of the linearity range corresponds to the LOD, while the upper limit is
constant for all samples at 100 ymol/dm™". The uniform upper limit
across all samples is attributed to MS limitations, as the ion trap becomes
oversaturated at higher PrP concentrations, causing a deviation from
linearity in EIC integration. This analysis highlights the applicability of
the FAPA-MS method, especially when combined with MIP-based pre-
concentration, for detecting and quantifying PrP across a broad con-
centration range.

The LODs achieved using the FAPA-MS method were superior to
those reported for several other analytical methods, including the direct
isocratic HPLC method (4.4 pmol dm™%) [106], solid-phase micro-
extraction fibers coupled to HPLC-DAD (0.65 pmol dm~3) [107],
reverse-phase high-performance liquid chromatographic (0.39 pmol
dm 3) [108], and solid-phase extraction using poly(indole-thiophene)-
coated magnetic graphene oxide coupled to LC-UV (0.14 pmol dm™h
[109]. The LODs were comparable to those obtained with in-tube solid-
phase microextraction devices based on polyvinyl alcohol-based
hydrogel sorbents (0.06 umol dm™) [110], bul slightly worse than
those reported for electrochemical sensors based on polypyrrole grafted
by an organic-inorganic [-cyclodextrin phosphomolybdate compaosite
(0.04 pmol dm % [111] and dispersive liquid-liquid microextraction
combined with ultra-high-performance liquid chromatography coupled
to tandem mass spectrometry (0.028 pmol dm™) [112].

3.10. Analysis of real-life samples

The analytical procedure combining FAPA-MS direct analysis with
the use of MIPs for the preconcentration of PrP was applied to the
analysis of environmental samples. Real-life water samples from a local
river, spiked with PrP, served as the environmental sample source, These
real-life samples contain additional contaminants, such as microorgan-
isms, organic material, and salts, which are absent in laboratory-
prepared samples. Consequently, performing the complete analytical
procedure on these samples allows for the assessment of the influence of
naturally occurring contaminants on the effectiveness of the entire
analytical process.

To perform the measurements, the river water samples were spiked
with PrP to reach a concentration of 10 ug mL™}, and this solution was
used for preconcentration on MIPs. The subsequent measurements fol-
lowed the same procedure as those applied in the FAPA-MS experiments.
Quantificarion was achieved using a calibration curve generated from
FAPA-MS analyses of laboratory stock solutions. The concentration
values obtained from the FAPA-MS analysis of the spiked river water
samples were then compared to the known amount of PrP added.

The results demonstrated excellent recovery (lable 8), with the
measured concentrations within 4 % of the true value. These findings
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Table 8
Recovery results obtained for environmental samples.

Adsorbent Recovery results

Added [pg mL™"] Tound [pg mL™'] Recovery [%]
MIP(D %) 10 9.63 96.3
MIP(2ZME) 10 10.27 102.7
MIP(4MBM) 10 9.81 98.1
MIP(3MPA) 10 9.85 98.5

clearly indicate that the proposed analytical procedure is highly accu-
rate and produces reliable data for PrP quantification in real-life sam-
ples. Moreover, the presence of additional contaminants in the river
water samples did not significantly affect the quantification results.
Therefore, it can be concluded that the proposed FAPA-MS analytical
method, combined on-line with MIPs, can be effectively utilized as a
platform for rapid monitoring of PrP concentrations in real-life envi-
ronmental samples.

4. Conclusions

We successfully synthesized MIPs imprinted with PrP using both
non-functionalized and functionalized poly(ButenOx). The use of this
starting polymer enabled the creation of a wide range of functionalized
polymers with controlled degrees of functionalization through simple
click chemistry. The highest adsorption properties toward PrP were
achieved with poly(ButenOx) modified with 3MPA, highlighting the
importance of hydrogen bonding in the formation of interactions with
the template molecules.

Thermodynamic analysis of the adsorption process revealed that PrP
adsorption is spontaneous and endothermic, predominantly driven by a
significant increase in entropy. Moreover, the type of functionalization
was found to influence the spontaneity of the adserption process. MIPs
containing 3MPA units exhibited the highest spontaneity, while non-
functionalized MIPs showed the lowest. Additionally, it was demon-
strated that high adsorption properties resulting from functionalization
do not always correlate with high selectivity for a given material.
Functionalization with 3MPA not only led to a high maximum adsorp-
tion capacity but also enhanced selectivity. Conversely, functionaliza-
tion with 2ME, despite yielding a lower maximum adsorption capacity
compared to non-functionalized MIPs, significantly improved selectivity
factors.

The application of the synthesized MIPs in a FAPA-MS system
allowed for the rapid quantification of PrP in sclutions. The detection
limits for PrP were improved by two orders of magnitude compared to
direct quantification in solution and showed a fivefold improvement
over PrP quantification using non-selective preconcentration on NIPs. In
real-life river water samples, the accuracy of the developed analytical
method was validated, with measured results within 4 % of the true
value.

In conclusion, our study demonstrates that appropriate functionali-
zation can enhance both adsorption properties and selectivity, though
these improvements do not necessarily occur simultaneously. The
functionalization of the starting polymer enables the development of
MIPs targeting specific analytes, ultimately leading to better limits of
detection (LODs) when MIPs are combined with FAPA-MS analysis. This
enhancement is crucial for improving the analytical efficiency of rapid
screening methods, particularly for assessing the presence of hazardous
organic contaminants in environmental samples.
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Figure S1. 'H NMR spectrum of poly(ButenOx)-2ME.
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Figure S2. "H NMR spectrum of poly(ButenOx)-4MBM.
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Figure S4. IFT-IR spectra obtained for: (a) NIP(0%), unloaded MIP(0%), and loaded
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Figure S5. SEM images of: (a) MIP(0%), (b) MIPQME), (c) MIP(4MBM), and (d)

MIP(3MPA).
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Figure S6. SEM images of (a) NIP(0%), (b) NIPQME), (c) NIP(4MBM), and (d)

NIP(3MPA).
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Tigure S10. Kinetic plots obtained for PrP adsorption on: (a) MIPs and (b) NIPs.

Table S1. Swelling rates of MIPs and NIPs measured in deionized water.

Adsorbent Swelling rate [%]
MIP(0%) 100+ 1.5
MIP(2ZME) 17.2+£23
MIP(4MBM} 125+ 1.8
MIP(3MPA) 13.6£2.6
NIP{0%) 122+ 1.7
NIP(2ME) 14.7+2.1
NIP(4MBM) 139+£2.1
NIP(3MPA) 148+ 1.6
10
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Table S2. Langmuir and Freundlich isotherm parameters for PrP adsorption from methanol

solutions.
Langmuir Freundlich
Adsorbent gy mgg'l K R’ K [mg g’ (L I/ R
mg")"]

MIP(0%) 317+22 0.00909 + 0.00063  0.992 3.69+0.25 0.792 + 0.055 0.981
MIP(2ME) 250 £17 0.0162 £ 0.0011 0.991 5501038 0.705 £ 0.049 0.964
MIP(4AMBM)}  355+24 0.00989 £ 0.00069  0.997 4.57+0.31 0.777 +0.054 0.977
MIP(3MPA) 388 £ 27 0.00991 + 0.00069 0.993 5.15+0.36 0.766 + 0.053 0.983
NIP(0%) 109+7 0.0115 £ 0.0008 0.993 2.00+0.14 0.700 = 0.049 0.946
NIP(ZME) 732451 0.0286 - 0.0020 0.999 3.70+0.25 0.545 £ 0.038 0.939
NIP(4MBM) 1178 0.0166 £0.0011 0.996 3.10£0.21 0.053 £0.045 0.936
NIP(3MPA) 130 +9 0.0123 + 0.00008 0.984 237+0.16 0.714 + 0.049 0.938

Table S3. Results of adsorption/desorption experiments.

oy Mg 7]
Adsorbent
Cycle | Cycle 2 Cycle 3 Cycle 4 Cycle 5
MIP(0%) 72.6+423 72.1+423 704 +42 69.6 £ 4.1 67.5+4.0
MIP(2ME) 81.41 48 80.0148 79.1+4.7 77.6 L 4.6 753145
MIP(4MBM) 93.2+5.5 925+35 904+54 87.9+52 87.1+52
MIP(3MPA) 952457 939156 92,0455 90.7+ 5.4 8903153
11
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A3. Selective sensing of perfluorooctanesulfonic
acid in food samples using functionalized poly(2-

oxazoline)-based molecularly imprinted polymers
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ABSTRACT: Perfluorooctanesulfonic acid (PFOS) is a persistent  FUNCTIONALIZATION
organic pollutant frequently detected in food and environmental

CROSS-LINKING
samples, posing significant health risks, This study presents an CHalCHzhGH, /\/\/31

approach for the selective detection and quantification of PFOS in

R

food samples using functionalized poly(2-oxazoline)-based molec- A HaNCHON

ularly imprinted polymers (MIPs) coupled with flowing atmos- T e ' RFRFRERS 05\‘
pheric pressure afterglow mass spectrometry (FAPA-MS). The CHy(CHJeCH;COOH e St e (AT AT u"
MIPs were prepared based on a poly(2-allylamidoethyl-2-oxazo- J QAR 2068 \ A

line) precursor polymer that was partially functionalized with CHAF 31 CF Template PFOS N €
different thiols through radical thiol-ene “click” chemistry, followed FFFEFFFFF W
by cross-linking with bis(2-mercaptoethyl)ether in the presence of  MoDIFIED POLYMER ; s o e gN
PFOS as a template. The resulting MIPs, functionalized with alkyl, CHAINS A AL

hydroxyl, carboxyl, and perfluoroalkyl groups, demonstrated high

selectivity and adsorption capacity for PEOS, with carboxyl- and perfluoroalkyl-functionalized MIPs showing the highest adsorption
capacities of 375 and 406 mg g, respectively. It was demonstrated that the presence of the side-chain amide groups in poly(2-
allylamidoethyl-2-oxazoline) leads to more performant MIPs compared to analogues based on poly[2-(3-butenyl)-2-oxazoline]. The
MIPs were applied to analyze PFOS in real-life food samples. The detection limits (LODs) for PFOS in these matrices were as low
as 5 ppb, with excellent recovery rates. The method exhibited high precision, with relative standard deviations (RSDs) below 8.2%
for intraday and interday measurements. This study demonstrates the effectiveness of poly(2-allylamidoethyl-2-oxazoline )-based
MIPs for sensitive and selective PFOS detection in complex food matrices, offering a robust tool for food safety and environmental
monitoring,

v 2\
2

1. INTRCDUCTION Since the 1950s PFOS has been used extensively in cookware,

Perfluoroalkyl acids (PFAAs) arc defined by their strong textiles, cleaning agents, and firefighting foam, and despite that
carbon—{fluorine bonds and water- and oil-repellent properties, it is being phased out PFOS remains a persistent contaminant

leading to exceptional stability, as well as persistence, and that is frequently detected in ecosystems and humans.” Human
bioaccumulation potential.” Their extensive use in industrial exposure occurs through ingestion, dermal absorption,
and commercial applications, including surfactants, surface inhalation, and contaminated drinking water, with fish and
protectors, lubricants, and pesticides, has raised significant water being primary sources.” The estimated median daily
environmental and health concerns, Nowadays, PFAAs are intake is 1.4 ng per kilogram of body weight, while PFOS is
recognized as ubiquitous pollutants that are detected in natural eliminated slowly, with a half-life of ~9 years.® PFOS is rapidly
ecosystems and living 0rganisms.2 The PEAA perfluorinated absorbed after oral exposure and is primarily accumulated in

compounds (PFCs) feature a fully fluorinated hydrophobic the liver, kidneys, and blood, but has also found in other
alkyl chain with a hydrophilic end group and have been widely

used for over five decades in fire-fighting foams, food

packaging, textile treatments, and as surfactants.” Their

persistence is evident from detection at sewage treatment

plants, reinforcing their classification as emerging persistent Received: June 20, 2025 i -

organic pollutants. As bicaccumulative and hazardous sub- Revised:  October 10, 2025 s ®

stances, PECs pose risks to human health and wildlife.* Acce_Pted’ October 10, 2025 o E
Among the fluorinated surfactants, perflucreoctanesulfonate Published: October 22, 2025

(PFOS) and perfluorooctanoic acid (PFOA) are the most

studied due to their widespread use and human exposure risk.”

organs, including the central nervous systcm.g PFOS and
PFOA have been detected in commonly consumed foods and
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Figure 1. Graphical overview of the synthesis and application of the PFOS-imprinted MIPs.

beverages, such as fish, secafood, meat, cereals, milk, vegetables,
fruits, eggs, and drinking water,' "

Poly(2-oxazoline)s are versatile organic polymers synthe-
sized via living cationic ring-opening polymerization (CROP)
of 2-oxazoline monomers, enabling precise molecular weight
control and narrow dispersity.u'h Their tunable properties
through variation of the side-chain substituent make them
valuable in drug delivery, biomaterials, and functional
materials.* Key advantages of common poly(2-oxazoline)s,
such as poly(2-methyl-2-oxazoline) and poly(2-ethyl-2-oxazo-
line) include their biocompatibility, stealth behavior, and easy
functionalization, allowing precise tailoring for specific
upplications.m"s Their stability under physiological and
processing conditions, nonionic nature, and broad solubility
further enhance their versatility.'”'” A simple and effective
strategy for designing diverse poly(2-oxazoline)s involves
modifying the 2-oxazoline monomer side chain or copolymer-
izing different monomers.”® Post-polymerization modification
of poly(2-oxazoline)s enables additional customization, making
them an exceptional platform for advanced materials.' ™"

Molecularly Imprinted Polymers (MIPs) are specialized
materials for selective recognition and removal of target
molecules from complex matrices. Their specificity arises from
template-directed imprinting, where reversible interactions
create molecular cavities that selectively bind the target. This
precise molecular imprinting renders MIPs ideal candidates for
applications as selective sensors in analytical and environ-
mental chemistry. Their robust synthetic nature, combined
with their ability to function in diverse conditions, make them
versatile tools for detecting and removing hazardous
substances or valuable compounds with unparalleled accuracy
and eﬂiciency.m Nonetheless, MIPs also face challenges such
as binding site heterogeneity, template bleeding, and
difficulties in optimizing synthesis for specific templates.'”
Achieving the right balance between structural rigidity and
flexibility of molecular cavities is crucial for efficient adsorption
and desorption processes.w Addressing these issues requires
exploring advanced synthesis techniques, such as controlled
radical polymerization or alternative polymeric systems, such
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as cross-linking of preformed polymers in the presence of the
template through a post-polymerization modification reac-
tion.”" Given these complexities, the design and synthesis of
MIPs demands careful planning and an understanding of the
factors influencing this intricate process.

The development of MIPs based on poly(2-oxazoline)s is
challenging via direct CROP of 2-oxazolines in the presence of
a template, as the CROP is not compatible with nucleophilic
groups that are present in almost all relevant template
molecules. To overcome this challenge, our group has prepared
MIPs by cross-linking of poly(2-oxazoline) prepolymers in the
presence of a template, whereby the cross-linking reagent can
serve a dual function: forming the polymer network and
interacting with the template molecule to facilitate imprinting,
Our previous studies focused on the preparation of poly(2-
oxazoline)-based MIPs by cross-linking of the poly[2-(3-
butenyl)-2-oxazoline] (poly(ButenOx)) via radical thiol—ene
chemistry'”** and poly(2-methoxycarbonylpropyl-2-oxazo-
line) (poly(C;MestOx)) derivatives via amidation with
bisamines.™ The resulting MIPs showed high selectivity for
various templates and high loading capacity up to 200—400 mg
g' and were demonstrated for removal and detection of
hazardous environmental contaminants. Furthermore, a poly-
(2-oxazoline) MIP for aqueous adsorption of ibuprofen was
reported by Ricci, Masci and Gasperi by cross-linking of
poly(3-aminopropyl-2-oxazoline) with hexamethylene diiso-
cyanate in the presence of ibuprofen.™

Our recent work regarding functionalization of poly-
(ButenOx) have successfully established the combination of
a poly(2-oxazoline) scaffold, thiol—ene functionalization, and
Flowing Atmospheric Pressure Afterglow Mass Spectrometry
(FAPA-MS) analysis for detecting environmental contami-
nants like MCPA and propylparaben.'”** While those studies
validated the general methodology, they also highlighted the
limitations of the poly(ButenOx) backbone, as it has a limited
amount of intrinsic functional groups capable of forming
strong, specific interactions (e.g, hydrogen bonds) with
template molecules. The performance of those MIPs relied
mostly on additional functionalities introduced during the

https://doi.org/10.1021/acs.chemmater.5c01581
Chem. Mater. 2025, 37, 8688—8706
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post-polymerization modification step. The present study
introduces a significant advancement by employing a tailored
and more sophisticated prepolymer, namely ?oly(l-allylami—
doethyl-2-oxazoline) (poly(AllylamidOx)).>*® The key in-
novation of this work lies in the unique chemical structure of
poly(AllylamidOx), which features a secondary amide group
within each side chain. This was a deliberate design choice
hypothesized to dramatically enhance polymer-template
interactions by providing a high density of built-in hydrogen
bond donor and acceptor sites along the polymer backbone.
This work, therefore, moves beyond our previous reports by
investigating the synergistic effect between the intrinsic
functionalities of the poly(AllylamidOx) backbone and the
tailored functional groups introduced via thiol—ene chemistry.
We aimed to create a MIP system with superior binding
strength and selectivity specifically for challenging analytes like
perfluorooctanesulfonic acid (PFOS). The unique structure of
PFOS, with its hydrophilic sulfonate head and hydrophobic
perfluorinated tail, demands a more advanced recognition
matrix. To evaluate the effectiveness of the proposed approach,
this study includes a direct experimental comparison of the
adsorption performance of poly(AllylamidOx)-based MIPs
against their poly(ButenOx)-based analogues, confirming the
critical role of the side-chain amide group in achieving
enhanced performance.

MIP-based sensors are well-established for the detection of
PFOS in environmental samples.”” There is a growing trend
toward electrochemical methods for this purpose due to their
high sensitivity and practicality.ZH However, current MIP-based
sensors for PFOS detection face several limitations, including
the need for an external redox probe, susceptibility to
environmental variability affecting sensor stability, and
prolonged assay times, which hinder their practical field
deployment.u To overcome these challenges, this study
proposes a selective and rapid method based on FAPA-MS.
This approach enables rapid analysis within seconds without
requiring sample pretreatment. Moreover, it allows direct
analysis of complex samples without analyte extraction,
ensuring high selectivity while addressing key limitations
such as long assay times, environmental variability, and the
necessity for external probes.

In this study, we developed a poly(AllylamidOx)-based MIDP
sensor for the selective detection and removal of PFOS from
organic samples. The overall workflow, from the synthesis to
analytical application, is illustrated in Figure 1. We investigated
the impact of specific functional groups on the MIP adsorption
properties by partial modification of the poly(AllylamidOx)
with four different functionalizing reagents through radical
thiol—ene chemistry. These MIP adsorption properties are
governed by interactions formed during template—matrix
complexation, making it essential to assess how the presence
of hydrogen bond donor groups influence PFOS recognition. A
fluorinated mercaptan was also used as functionalizing agent to
probe fluorine-specific interactions, as they likely affect
adsorption performance. All reagents feature long alkyl chains,
imparting hydrophobicity, which was hypothesized to enhance
PFOS afhinity via nonpolar interactions. Poly(AllylamidOx)
was chosen for functionalization due to the presence of tertiary
amides and secondary amides that can interact with PFOS in
combination with terminal double bonds, enabling precise
modifications and cross-linking via radical thiol—ene click
reactions. Cross-linking was performed using bis(2-
mercaptoethyl)ether in the presence of PFOS as template
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molecule leading to efficient network formation. This study
also presents an analytical method designed for direct PFOS
quantification in food samples, specifically milk and eggs,
where contamination from groundwater is a concern.”” The
method employs MIP particles designed for selective PFOS
adsorption. Additionally, the FAPA ionization technique
enables the direct analysis of vaporized samples via ambient
mass spectrometry by heating the analyte-loaded material. This
approach ensures rapid and eflicient PFOS ijonization under
ambient conditions. By utilizing FAPA, the proposed method-
ology eliminates the need for additional sample pretreatment
steps, offering a streamlined and highly sensitive strategy for
PFOS quantification in food matrices. Given the potential
presence of PFOS in food products due to environmental
contamination, this method provides a valuable tool for
ensuring food safety. Moreover, owing to their high loading
capacity, the developed MIPs may also be considered for
effective PFOS removal and purification applications, further
expanding their practical relevance in environmental and food-
related contexts.

2. MATERIALS AND METHODS

2.1. Materials and Chemicals. All the chemicals used for the
polymer synthesis were applied as received: succinic anhydride (95%,
TCI}, sodium methoxide (NaOMe, 95%, Sigma-Aldrich), thionyl
chloride (97%, Sigma-Aldrich), 2-chloroethylamine hydrochloride
(>989%, TCI), tricthylamine (TEA, > 99.5%, TCI Europe), sodium
carbonate (Na,COj5, anhydrous, > 99%, Sigma-Aldrich), magnesium
sulfate (MgSQ,, anhydrous, 97%), methyl p-toluenesulfonate
(MeOTs, 98%, Sigma-Aldrich), sodium azide (>99.5%, Sigma-
Aldrich), taurine (>99%, Sigma-Aldrich), barium oxide (BaO,
90%), allylamine (98%, Sigma-Aldrich), sodium chloride (>99%,
Sigma-Aldrich), phosphate buffered saline (tablet, pH 7.2—7.6, Sigma-
Aldrich), triazabicyclodecene (TBD, 98%, Sigma-Aldnch), 1-undeca-
nethiol (98%, Sigma-Aldrich), 11-mercapto-1-undecanol (97%,
Sigma-Aldrich), 11-mercaptoundecanoic acid (95%, Sigma-Aldrich),
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heptafluoro-1-decanethiol (PFC,
1H,1H,2H,2H-perfluoro-1-decanethiol, > 97%, AmBeed), 2-hydroxy-
4'-(2-hydroxyethoxy)-2-methylpropiophenone (Irgacure 2959, 98%,
Sigma-Aldrich), heptadecafluorooctanesulfonic acid solution (PFOS,
~ 40% in H,O (T), Sigma-Aldrich), bis(2-mercaptoethyl) ether
(>95%, TCI), perfluorononanoic acid (PNA, > 95.0%, TCI). All of
the other used solvents were of HPLC grade: acetonitrile (ACN,
99.9%, ].T.Baker), chloroform (CHCL;, > 99.8%, Sigma-Aldrich),
dichloromethane (DCM, > 99.8%, Honeywell), methanol (MeOH, >
99.9%, Sigma-Aldrich), N-dimethylformamide (DMF, 99.9%, Chem-
solve), diethyl ether (Et,0, > 99%, Sigma-Aldrich).

2.2 Instrumentation, The 'H NMR spectra were recorded on a
Bruker Avance 600 MHz spectrometer, with chemical shifts (5 values)
referenced to the residual solvent peaks of CD;OD at 3.31 ppm.

HPLC analyses were carried out utilizing a Vanquish Core high-
performance liquid chromatographic system from Thermo Fisher
Scientific (Waltham, Massachusetts, USA) to quantify the PFOS
concentration, The system was equipped with a BetaBasic CN
chromatographic column (Thermo Scientific; $ ym particle size) and
a Corona CAD detector. The PFOS concentration was determined
under the following conditions: column temperature 25 °C and flow
LA mixture of 90% methanol and 10%
water:methanol 10:90 (v/v} was used as the mobile phase.

FTIR measurements were conducted on a BRUKER IFS 66/s
spectrometer. For the analysis, KBr pellets were prepared by
thoroughly mixing about 1.2 mg of the polymer with 200 mg of
KBr. The resulting mixture was examined over the spectral range of
4000—400 cm ™. Scanning electron microscopy was performed on a
Quanta 250 FEG (FEI) scanning electron microscope.

rate 0.7 mL min~

https://doi.org/10.1021/acs.chemmater.5c01581
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Thermogravimetric analysis (TGA) was performed using a Setaram
Setsys 1200 instrument. The samples were heated under a nitrogen
atmosphere at a constant rate of 10 °C per minute.

Electrospray ionization mass spectrometry (ESI-MS) spectra were
acquired using a Bruker amaZon SL ion trap mass spectrometer.
Analyte solutions were introduced into the system via a syringe pump,
with a flow rate of 10 yL per minute into the jon source. Data was
recorded in negative ion mode, with a detection range from 100 to
1000 »1/z and a capillary voltage of 4.5 kV.

Scanning electron microscopy was carried out using a Quanta 250
FEG (FEI) microscope.

Thermogravimetric analysis was performed with a Setaram Setsys
1200 instrument. The samples were heated in a nitrogen atmosphere
at a rate of 10 °C per minute.

Flowing atmospheric-pressure afterglow mass spectrometry
(FAPA-MS) was also performed on a Bruker amaZon SL ion trap
mass spectrometer equipped with 2 NOVAOIL FAPA ion source.
During analysis, the temperature of the sample holder was gradually
increased to 400 “C to facilitate desorption of the analytes. The FAPA
source was operated with a helium flow rate of 3 L per minute to
sustain plasma generation, while the capillary voltage was set at 1 kV.

2.3. Synthesis. 2.3.1. 2-Methoxycarbonylethyl-2-oxazoline
(C;MestOx). Synthesis of 2-methoxycarbonylethyl-2-oxazoline
(C;MestOx) was conducted according to the previously published
procedures.”

2.3.2. Poly(2-methoxycarbonylethyi-2-oxazoline} (poly-
(C;MestOx)). A solution containing C,MestOx (4—0 g 36 mL, 2884
mmol, 1 equiv), MeOTs (2.18 mL, 1442 mmol, 0.05 equiv), and
acetonitrile (150 mL) was prepared in a 250 mL round-bottomed
flask. The polymerization process was conducted overnight at 60 °C
with vigorous stirring. To terminate the polymerization, sodium azide
was added in a 4-fold excess (2.03 g S57.68 mmol, 0.2 equiv)
compared to the initiator, and the mixture was stirred for 1 h at 25 °C.
Subsequently, the polymer was precipitated with a 10-fold excess of
diethyl ether, isolated via filtration, dissolved in water, and freeze-
dried, resulting in a final yield of 96% (38.4 g).

2.3.3. Poly(AllylamidQOx) Synthesis. Poly(C,MestOx) (38.4 g,
219.3 mmol, 1 cquiv) was dissolved in acctonitrile (450 mL),
followed by the addition of TBD (16.8 g, 120.7 mmol, 0.5 equiv) and
allylamine (82,9 g, 108.9 mL, 1452 mmol, 6.5 equiv), The reaction
mixture was stirred overnight at 70 °C under an argon atmosphere.
After completion, excess allylamine was evaporated, and the resulting
product was purified by twice precipitating in cold diethyl ether. The
final orange, sticky residue was dissolved in water and lyophilized,
yielding poly(AllylamidOx) as an orange sticky solid in 88% yield.

2.3.4. Poly(ButenOx) Synthesis. Poly(ButenOx) was synthesized as
described previously.™

2.3.5. Poly(AllylamidOx) Functionalization. Poly(AllylamidOx)
was functionalized using a stoichiometric approach to achieve a 20%
degree of modification with 1-undecanethiol, 11-mercapte-1-undeca-
nol, 11-mercaptoundecanoic acid, and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-
heptafluoro-1-decanethiol. In a round-bottom flask, 1.5 g of
poly(AllylamidOx) (0.41 mmol, 1 equiv) was dissolved in 45.0 mL
of acetonitrile, followed by the addition of the corresponding
functionalization reagent in the amount specified in Table S1. The
solution was sonicated for 20 min to ensure homogeneity before
introducing Irgacure 2959 (22.5 mg). The reaction mixture was
stirred and irradiated with UV light (365 nm) for § h. After UV
exposure, the solvent was evaporated, and the praduct was purified by
precipitation in cold diethyl ether. The functionalized poly-
(AllylamidOx) derivatives, obtained as sticky orange materials, were
dried overnight in a vacuum oven, yielding approximately 92%. The
'H NMR spectra of the obtained poly(AllylamidOx) derivatives are
presented in Figures S1—-S5 in the Supporting Information).

Poly(AllylamidOx)-alkyl 'H NMR (600 MHz, (CD,OD): & =
5.87-5.74 (br, 1H, = CH-), 5.10-4.89 (br, 2H, = CH,), 3,88-374
{br, 2H, —CH,—), 3.62—3.24 (br, 4H, —CH,—CH,, 2.82—2.43 (br,
10H, —CH,—CH,—; —CH,—; -S-CH,—CH,—), 1.80—1.69 (br, 2H,
—CH,—), 1.61-1.53 (br, 2H, —CH,—), 1.44—1.22 (br, 14H,
-(CH,)-), 0.94—0.85 (3H,-CH;).
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Poly(AllylamidOx)—OH 'H NMR (600 MHz, (CD,0D): § =
5.87—5.74 (br, IH, = CH—), 5.10—4.89 (br, 2H, = CH,), 3,88—3,74
(br, 2H, —CH,—), 3.62—324 (br, 4H, —CH,—CH,—), 2.82-243
(b, 10H, —CH,—CH,—; —CH,—; -S-CH,—CH,—), 1.62—146 (br,
4H, —CH,—CH,—), 1.44—1.22 (br, 14H, -(CH,)+).

Poly(AllylamidOx)-COOH 'H NMR (600 MHz, (CD,0OD): § =
5.87-5.74 (br, 11, = CH-), 5.10—4.89 (br, 2H, = CH,), 3,88-3,74
(br, 2H, —CH,-), 3.62—3.24 (br, 4H, —CH,—CH,—), 2.82-2.43
(b, 10H, —CH,—CH,—; —CH,—; -S-CH,—CH,—), 1.62—1.46 (br,
2H, —CH,—), 1.44—1.22 (br, [4H, -(CH,),-).

Poly(AllylamidOx)-PFC 'H NMR (600 MHz, (CD,0D): & =
5.87—5.74 (br, 1H, = CH-), 5.10—4.89 (br, 2H, = CH,), 3,88—3,74
(br, 2H, —CH,-), 3.62—3.24 (br, 4H, —CH,—CH,—), 2.82-2.43
(br, 12H, -8-CH,—CH,—; =CH,—CH,— $-;-CH,—CH,—-).

The actual degree of functionalization in the synthesized materials
was determined by comparing the intensity of the signal from the
polymer backbone of poly(AOx) at 3.78—3.38 ppm to the intensity of
the reference signal at 1.44—1.20 ppm, which originates from the side
chain modifications. This method was applied for the functionalized
materials MIP-alkyl, MIP—OH, and MIP-COOH. However, the
spectra of MIP-PEC were analyzed based on changes in the signal at
2.80—2.41 ppm as the perfluorinated side chain is not visible in 'H
NMR spectroscopy. The increase in this signal was examined, and by
comparing it with the starting spectrum of the pure polymer before
functionalization, the actual degree of modification was determined.

2.3.6. Poly(ButenOx) Functionalization. The functionalization of
poly(ButenOx) was performed with 11-mercaptoundecanoic acid
following the same procedure described for Poly(AllylamidOx) to
achieve a 20% degree of modification. The structure was confirmed by
'H NMR spectroscopy (Figure S6 in the Supporting Information).

Poly(ButenOx)-COOH 1H NMR {600 MHz, (CD,OD): & =
5.87—5.74 (br, 1H, = CH-), 5.10—-4.89 (br, 2H, = CH2), 3.62—3.24
(br, 4H, —CH2—CH2), 2,60-2,47 (br, 4H, —CH2—CH2-), 2.46—
2.28 (br, 4H, -S-CH2-CH2-), 2.27—-2.21 (2H, —CH2-), 1.63-1.52
(br, 4H, —CH2—-CH2-S-), 1.41~1.26 (br, 141, -(CH2)7-).

2.3.7. MIP and NIP Synthesis. MIPs imprinted with PFOS were
synthesized using both partially functionalized poly(AllylamidOx)
derivatives and nonfunctionalized poly(AllylamidOx). To prepare
these materials, 1.5 g of the chosen polymer was dissolved in 15 mL of
methanel, PFOS was then added in an amount equivalent to 0.1 mol
equiv of the polymer. The cross-linking agent, bis(2-mercaptoethyl)
ether, was introduced to ensure that both of its thiol groups would
react with the double bonds present in the polymer’s side chains,
Specific quantities of each reagent are outlined in Table S2. The
mixture underwent sonication, after which Irgacure 2959 (22.5 mg)
was added. This solution was then exposed to UV light at 365 nm for
6 h, while held in an oil bath preheated to 68 °C. After UV exposure,
the cross-linked polymer was placed under vacuum to eliminate any
residual solvent. The resulting orange solid was ground to achieve the
desired particle size and subsequently purified through washing. NIPs
(nonimprinted polymers) were synthesized similarly but without
adding the PFOS template.

The PFOS template molecules were removed by a two-step dialysis
process: first, using a 90:10 MeOH:CH;COOH solution for 24 h, and
then with pure MeOH for an additional 48 h, This produced orange
solid materials, which were designated as MIP, MIP-alkyl, MIP—OH,
MIP-COOH, and MIP-PFC, depending on the functional group used.
The corresponding NIPs were labeled similarly, with “MIP” replaced
by "NIP.”

A similar naming convention was adopted for materials synthesized
using the poly(ButenOx) backbone. To distinguish these from the
poly(AllylamidOx)-based series, the identifier ‘ButenOx’ was
incorporated into the name. For instance, the imprinted polymer
prepared from11-mercaptoundecanoic acid functionalized poly-
(Buten)Ox was designated as MIPy,..0,-COOIL

2.4. Adsorption Studies. 2.4.1. Adsorption isotherms. The
adsorption properties of MIPs and NIPs were evaluated through
batch experiments conducted at ambient temperature. Equilibrium
adsorption isotherms were generated to assess the adsorption
behavior. During the experiments, 10 mg of either MIPs or NIPs

https://doi.org/10.1021/acs.chemmater.5c01581
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were equilibrated for 48 h with 10 mL of PFOS solution with
concentrations ranging from 0.005 to 0.5 mg mL™" in water. PFOS
concentrations were determined using HPLC both prior to and
following adsorption, The amount of PFOS adsorbed was then
calculated using the following equation:

_ (Cn B Ceq)v

T = ¥

In this equation, q, [mg g™'] represents the amount of PFOS
adsorbed, C, is the initial concentration of the PFOS solution [mg
mL™'], C,, is the equilibrium concentration of the PFOS solution [mg
mL™'], Vis the volume of the PFOS solution [mL], and m is the mass
of the polymer (MIPs/NIPs) [g].

2,4.2. Adsorption Kinetics. For the adsorption kinetics studies, 10
mg of the selected MIPs or NIPs were suspended in 10 mL of PFOS
solution (0.1 mg mL™) in water. At specific time points, aliquots were
taken from the mixtures and analyzed using HPLC, These kinetics
experiments were conducted for all MIPs and NIPs. The amount of
PFOS adsorbed in time was determined using the following equation:

G-V
L= (2)

In this equation, g, [mg g~'] is the PFOS amount adsorbed at time
t [h], Cy is the initial concentration of a PrP solution [mg mL™], C, is
the PFOS concentration at time { [h], m is the polymer (MIPs/NIPs)
mass [g], and V is the volume of a PFOS solution [mL].

2.4.3. Adsorption Thermodynamics. 'Thermodynamic adsorption
experiments were performed by equilibrating the samples at various
temperatures. For each experiment, 10 mg of MIPs or NIPs were
combined with 10 mL of PFOS solution at an initial concentration of
0.1 mg mL™" in water. The experiments were conducted at
temperatures of 20 °C, 40 °C, and 60 °C. After 24 h of shaking to
ensure equilibrium, the samples were analyzed using HPLC.

2.4.4. pH Impact on the Adsorption. To evaluate the influence of
pH on the adsorption process, samples were equilibrated under
varying pH conditions. Each sample, containing 10 mg of MIPs or
NIPs, was combined with 10 mL of a PFOS solution at an initial
concentration of 0.1 mg mL™" in water. The pH of the solutions was
adjusted to 2, 4, 6, 8, and 10 by adding 0.1 M HCl or 0.1 M NaOH,
PFOS concentrations were measured both before and after adsorption
using HPLC.

2.4.5. Salt Concentration impact on the Adsorption. The effect
of salt concentration on PFOS adsorption was investigated using
batch experiments. For each experiment, 10 mg of MIPs were
suspended in 10 mL of a salt solution (either PBS or NaCl at
concentrations of §, 10, 25, and 50 mM). Each solution contained
PFOS at an initial concentration of 0.25 mmol L' After
equilibration, the initial and final equilibrium concentrations of
PFOS in the supernatant were determined by HPLC.,

2.4.6. Selectivity. Selectivity studies were performed to assess the
affinity of the synthesized MIPs toward their target molecules.
Perfluorononanoic acid (PNA) and taurine were employed as a
structurally similar analog to PFOS. For this evaluation, 10 mg of
either MIPs or NIPs were immersed in 10 mL of a solution containing
equimolar concentrations of two analytes (PFOS and PNA or PFOS
and taurine}, with each analyte having a final concentration of 0.1 mM
in water (0.050 mg mL™" for PFOS, 0.046 mg mL™" for PNA, and
00125 mg mL™ for taurine). After 24 h of equilibrium, analyte
concentrations were measured using HPLC before and after
adsorption.

2.4.7. Reusability. Reusability tests were performed through
multiple adsorption/desorption cycles. For these tests, 10 mg of
either MIPs or NIPs were exposed to 10 mL of PFOS solution at an
initial concentration of 0.1 mg mL "in water. Adsorption and
desorption cycles were conducted at 24-h intervals. After each
adsorption phase, the solid phase was washed sequentially with 0.01
M HCI solution followed by a solvent wash and drying. The
reusability of the materials was cvaluated over five consecutive
adsorption/desorption cycles using the same samples.

m

8692

2.4.8. FAPA-MS and Real-Life Sample Experiments. MIPs and
NIPs were analyzed using the FAPA-MS technique, followi_n% the
methodology previously developed by our research gmup.l » T
assess the linearity and limit of detection (LOD) of the FAPA-MS
technique, 10 mg of each polymer was equilibrated with 10 mL of
PFOS solutions at concentrations ranging from 1 nM (0.2 ng mL™")
to 100 #M (20 pg mL™') in water. After 24 h, the polymers were
analyzed using the FAPA-MS setup, which took about § min for the
total analysis. For the analysis of pure PFOS solutions, 20 #L of each
concentration was introduced into the sample holder,

To perform FAPA-MS analysis of food samples, milk, egg white,
and fish oil were spiked with various concentrations of PFOS and
diluted using specific solvent mixtures to ensure proper dissolution.
Milk samples were prepared by mixing 50 mL of milk with 50 mL of
water and 200 mL of methanol. Egg white samples consisted of 20 mL
of egg white combined with 180 mL of water and 200 mL of
methanol. Fish oil samples were diluted by mixing 50 mL of fish oil
with 250 mL of an acetonitrile:chloroform (1:1) mixture, PFOS
concentrations ranging from 1 nM (0.2 ng mL_l) to 1 gM (0.2 He
mL™") were used to evaluate the LOD for the studied food samples.
After adsorption, MIPs immersed in the respective food sample
solutions were analyzed using FAPA-MS to determine the LOD for
PFOS in these food matrices.

To verify the accuracy of the analytical procedure and assess the
influence of matrix effects, recovery studies were conducted using the
same set of food samples. PFOS solutions with concentrations of
0.0001 mg mL™" (0.1 ppm}, 0.001 mg mL™" {1 ppm), and 0.01 mg
mL ™" (10 ppm) were prepared in the following solvent mixtures: milk
(50 mL of milk +50 mL of water +200 mL of methanol}, egg white
(20 mL of egg white +180 mL of water +200 mL of methanol), and
fish oil (50 mL of fish cil +250 mL of an acetonitrile:chloroform (1:1)
mixture). For each solution, 10 mg of MIP material was added to 10
mL of the prepared solution. After reaching equilibrium, the MIPs
were analyzed using FAPA-MS on the same day and on different days,
enabling the determination of intraday and interday recovery values
along with relative standard deviation (RSD) parameters. Control
experiments, consisting of solutions prepared without PFOS, were
conducted as blanks.

3. RESULTS AND DISCUSSION

3.1. Materials Synthesis and Characterization. Poly-
(AllylamidOx) was selected as the starting polymer for the
synthesis of MIPs due to its multiple functionality: the
presence of double bonds at the side chain end for cross-
linking in combination with hydrogen bond donor and
acceptor groups within its structure. The double bonds enable
efficient functionalization and cross-linking through thiol—ene
click chemistry, a method thoroughly explored in our previous
research'” and widely reported in the literature for polymer
modification.”> The proposed thiol—ene click reaction offers
significant advantages for polymer functionalization and cross-
linking due to its high efficiency, rapid reaction rates, and lack
of byproduct formation. As a free-radical process, it can be
conveniently initiated by light, making it particularly suitable
for MIP synthesis. The mild reaction conditions preserve the
integrity of the template molecule, ensuring its structure
remains unaffected during the pmcess.“ Additionally, the
hydrogen bond donor groups in the polymer side chains of
poly(AllylamiQx) are anticipated to contribute to the specific
interactions within the MIP cavities, complementing the
functionalities introduced during the functionalization step.
We hypothesize that the synergy between these intrinsic
hydrogen bond donor groups and the introduced functional
groups will enhance the polymer-template interactions,
ultimately improving the performance of the synthesized
MIPs with regard to binding strength and selectivity. The use

https://doi.org/10.1021/acs.chemmater.5c01581
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of the homopolymer enables a high density of functional
groups and cross-links, which are essential for the effective
synthesis of MIPs, Moreover, this approach ensures better
control over the distribution of functionalities within the
polymer matrix, enhancing the specificity and stability of the
imprinted cavities.

In this study, a short poly(AllylamidOx) precursor was
synthesized with a targeted degree of polymerization (DP) of
20. The monomer-to-initiator ratio was carefully controlled
during the synthesis of the poly(2-methoxycarbonylethyl-2-
oxazoline) to achieve this specific DP. This polymer was
subsequently reacted with allylamine yielding the poly-
(AllylamidOx) through amidation. The resulting short polymer
chains offer several advantages, including low solution viscosity
and improved accessibility of terminal double bonds at the side
chain, as they are less prone to chain entanglements. This
ensures more efficient functionalization and cross-linking
during the subsequent steps with monofunctional thiol
compounds. The functionalization degree was set at 20%, as
previous studies have demonstrated that excessive functional-
ization can reduce the number of cross-links, which are critical
for forming well-defined molecular cavitics.”*” This balanced
approach ensures the presence of sufficient functional groups
for specific interactions with the template while maintaining
the structural integrity of the cross-linked MIP network.> The
polymers were functionalized using four distinct thiol
compounds, each introducing a different functional group,
namely 1-undecanethiol, 11-mercaptoundecanol, 11-mercap-
toundecanoic acid, and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluoro-1-decanethiol, that were selected to evaluate
how various functional groups influence the recognition ability
of the resulting MIPs. To estimate the actual degree of
functionalization, the 'H NMR spectra of the functionalized
materials were analyzed. A relative integration approach was
applied to materials that were modified using nonfluorinated
reagents, The distinct signal observed at approximately 3.6
ppm corresponding to the polymer main chain, which
remained unchanged throughout the reaction, was selected
as a reference signal. The newly formed signals were then
quantified relative to this stable reference signal at 3.6 ppm.
Based on this approach, signals appearing at approximately 1.3
ppm were selected for further analysis, as they were attributed
to the presence of long hydrocarbon chains introduced during
the functionalization process. These signals were normalized
by dividing the integrated area by the number of protons
contributing to each signal. The resulting values were then
referenced to the 3.6 ppm signal to determine the degree of
functionalization. In the case of the fluorinated reagent, a
separate quanﬁﬁcation strategy was required. Here, chauges
within the broad region between 2.4 and 2.8 ppm were
examined. After functionalization, this region contained
overlapping contributions from both the polymer side chain
and the functionalizing reagent. The spectrum of the
functionalized material was first compared with that of the
unmodified polymer, allowing the determination of a
correction factor used to adjust the integration values.
Subsequently, the contribution from the polymer itself was
subtracted from the total integration in the 2.4—2.8 ppm
region, yielding a value correspending to the functional group
introduced during modification. This value was then divided
by the number of protons associated with the functional
moiety to calculate the degree of functionalization. The cross-
linking reaction was carried out with or without the PFOS
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template using bis(2-mercaptoethyl) ether as the cross-linker,
resulting in the formation of MIPs or NIPs, respectively. The
inclusion of an oxygen atom within the bis(2-mercaptoethyl)
ether structure introduces the potential for additional
interactions with the PFOS molecule, further enhancing the
specificity of the imprinted cavities. Both the functionalization
and cross-linking steps were performed using the radical thiol—
ene click reaction, activated under UV radiation and initiated
with catalytic amounts of lrgacure 2959 as photoinitiator. Such
mild synthesis conditions are particularly advantageous for
preserving the integrity of more complex or sensitive templates,
ensuring high fidelity in the molecular imprinting process. The
general overview of the materials synthesis is presented in
Figure 2.

A 9

/ 1. MeOTs .
o 140°C N
— ACN Y
N={ - o ‘L
L_o 2. NaN3 -0
RT g
2-Methoxycarbonylethyl- ~
-2-oxazoline Poly(2 ylethyl-2 ine)
B g b Ng g HNa
UN ~T . N 7
1 = AN P
& T — o ]
-0 [ NN o]
T ~ /L\ - \T
-0 H N ~NH
70°C, 30h ,_;J
ACN ,
Poly(AllylamidOx)
c
. SH-R172i34
o \[
0 IRGACURE 2959
-
NH Ry= _CHy(CH,)sCH;
;;J R, = _-CHz(CHz)aCH;OH
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Figure 2. (A) General synthesis route for the preparation of poly(2-
methoxycarbonylethyl-2-oxazoline), (B) Amidation of the methyl
ester side chains with allyl amine resulting in poly(AllylamidOx). (C)
Partial modification of poly(AllylamidOx) (20%) using the thiol—ene
“click” reaction.

The core component of each material is poly(AllylamidOx),
ensuring that the primary structural characteristics remain
consistent across all MIPs and NIPs. Consequently, the IR
spectra (Figures S7—S11) generally display the same character-
istic absorption bands, including a broad N—H stretch between
3500 and 3100 cm™), an asymmetric C—H stretch at 2927
cm™!, a symmetric C—H stretch at 2860 cm™, a sharp C = O
stretch at 1740 cm™, a strong N—C = O stretch at 1641 cm™,
a C—H deformation at 1421 cm™', and a C—N stretch at 1229
cm™". Despite the variations in the functionalizing reagents, all
materials exhibit noticeable changes in their IR spectra upon
adsorption of the PFOS template. In the FTIR spectra of all
loaded materials containing PFOS molecules within the MIP
cavities, characteristic bands associated with PFOS are
observed. Notably, bands between 1200 and 1350 cm™!
correspond to the vibrations of the — CF; and — CF;—
groups, serving as indicators of organic fluorine presence.“
Additionally, other significant bands appear between 1150 and
1250 ecm™, 1000 and 1075 em™', and 600 and 700 cm™',
which are attributed to the vibrations of the organic sulfonate

https://doi.org/10.1021/acs.chemmater.5c01581
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Figure 3. Adsorption isotherms for PFOS on (a) MIPs and (b) NIPs, obtained in aqueous solution.

group (—SOK—),‘:xlﬁ These features can be used to confirm the
successful loading of PFOS in the materials. In general, the
differences between the functionalized materials are reflected
in the appearance of additional signals in the IR spectra, which
are characteristic of specific chemical groups. These shifts
indicate the presence of functional groups such as alcohols,
carboxylic acids or fluorinated molecules. For materials
functionalized with 1-undecanethiol, the TR spectra exhibit
an extended signal below 1500 em™, indicating the presence of
vibration bands related to single-bond stretching, such as C—C
bonds. For materials functionalized with 11-mercapto-1-
undecanethiol, a band appears at 3300 em”! (v O-H), with
slight variations in its intensity and shape. Similarly, for
materials functionalized with 11-mercaptoundecanoic acid,
peaks characteristic of carboxylic groups emerges, notably at
1740 ecm™ (v C Q) and 3250 cm™' (v — O-H).
Additionally, for materials treated with heptafluoro-1-decane-
thiol, extra signals corresponding te the — CF, and — CF;
groups are detected, specifically in the range of 1200—1350
em™%, These spectral shifts clearly reflect the specific functional
groups confirming the successful synthesis through the various
functionalization processes.

The surface morphology and particle structure of the
synthesized polymers, which are critical factors influencing
analyte accessibility and binding kinetics, were characterized by
SEM. The SEM images for all MIPs and NIPs are presented in
Figures 5§12 and 513, respectively. A detailed analysis revealed
that while the imprinting process itself (i.e., the presence of the
template) did not induce significant morphological changes
between a MIP and its corresponding NIP, the choice of
functional monomer had a profound impact on the final
structure. The unmodified (MIP, NIP) and alkyl-function-
alized (MIP-alkyl, NIP-alkyl) polymers exhibit a classic
morphology for highly cross-linked bulk polymers. They
consist of large, dense, and irregularly shaped particles with
relatively smooth surfaces. This structure suggests a low surface
area-to-volume ratio, which may limit the diffusion of the
target analyte and result in slower binding kinetics as many
recognition sites could be buried within the bulk polymer
matrix rather than being readily accessible on the surface. A
striking morphological shift is observed for the hydroxy-
(MIP—OH, NIP—OH) and carboxyfunctionalized (MIP-
COOH, NIP-COOH) materials. These polymers are com-

posed of significantly smaller, more aggregated primary
particles, creating a more granular and highly irregular surface
texture. This fine-particulate nature is expected to dramatically
increase the specific surface area of the material. A higher
surface area is directly correlated with a greater number of
exposed binding sites, which can lead to enhanced binding
capacity and more favorable, rapid adsorption kinetics. The
increased irregularitics and potential for interstitial voids
between the aggregated particles could also improve analyte
diffusion into the polymer structure. The perfluoroalkyl-
functionalized polymers (MIP-PFC, NIP-PFC) display a
notable, highly wrinkled and layered, or “flaky”, surface
morphology. This structure is distinct from all other
synthesized materials. Such a corrugated surface provides a
vast microscopic area for interaction with the analyte. The
numerous folds and channels may act as conduits, facilitating
rapid mass transfer from the bulk solution to the binding sites
within the polymer. This morphology is particularly advanta-
geous as it could promote efficient capture of the target
molecule, even at low concentrations. The SEM analysis
demonstrates that the polymer morphology can be effectively
tuned via precursor polymer functionalization. Specifically, the
introduction of hydroxyl, carboxyl, and perfluoroalkyl groups
leads to structures with potentially higher surface areas and
improved accessibility compared to the base polymer.
Crucially, the consistent morphological similarities between
each MIP and its NIP control are a key finding. This suggests
that the superior binding affinity and selectivity of the MIPs do
not originate from nonspecific surface effects or differences in
surface area. Instead, it strongly supports the conclusion that
the enhanced performance of the MIPs is a direct result of the
high-fidelity, template-generated recognition cavities created
during the molecular imprinting process. This linkage of
morphology to function directly addresses the formation of
materials optimized for molecular recognition.

The thermogravimetric analysis (TGA) performed for MIP,
MIP-alkyl, MIP—OH, MIP-COQH, and MIP-PFC, as well as
their corresponding NIPs, is presented in Figure S14 in the
Supporting Information. The TGA curves for all materials
exhibit similar patterns, revealing three main decomposition
stages. The first stage occurs between approximately 100 and
220 °C and is primarily associated with the complete removal
of solvent from the adsorbent structures. For both MIPs and
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Table 1. Langmuir and Freundlich Adsorption Parameters Obtained for PFOS

Langmuir Freundlich
Adsorbent G mg g '] K »* K [mg g ' (L mg ] 1/n r?
MI1P 132 =7 0.0638 + 0.0038 0.997 10.8 + 0.6 0.496 + 0.029 0.808
MIP-alkyl 166 +9 0.0364 + 0.0021 0.999 7.69 + 0.46 0.601 + 0.036 0.930
MIP-OH 197 £ 11 0.0544 + 0.0032 0.996 128 £ 0.7 0.543 £ 0.032 0.929
MIP-COOH 375 +£ 22 0.0638 + 0.0038 0.998 266 + 1.5 0.533 £ 0.031 0.937
MIP-PEC 406 + 24 0.133 + 0.007 0.997 487 £ 29 0.441 + 0.026 0.940
NIP 30.1 = 1.8 0.0225 = 0.0013 0.999 1.56 + 0.09 0.520 £ 0.031 0.947
NIP-alkyl 437 £ 2.6 0.0173 + 0.0010 0.994 1.35 £ 0.08 0.619 + 0.037 0.908
NIP-OH 570 + 34 0.0171 + 0.0010 0.991 1.64 + 0.09 0.638 £ 0.038 0.896
NIP-COOH 932 £55 0.0536 + 0.0032 0.999 6.99 + 0.41 0.499 + 0.029 0.505
NIP-PFC 154 £ 9.2 0.0405 + 0.0024 0.995 7.66 £ 045 0.603 £ 0.036 0.846
NIPs, this stage appears nearly identical, with a marginal mass between the experimental data and the Langmuir adsorption
loss not exceeding 10% of the initial sample mass. The second model, with all investigated MIPs and NIPs exhibiting R®
stage takes place between approximately 240 and 480 °C and values above 0.99. This confirms that adsorption on both
corresponds to the near-complete pyrolysis of the organic nonselective surfaces (in MIPs and NIPs) and selective
components. During this stage, the majority of the sample adsorption within the molecular cavities of MIPs aligns with
mass is lost, leaving around 20% of the initial mass. A notable the Langmuir model. Consequently, the adsorption is
difference is observed between MIPs and their corresponding monolayer-based, with minimal interaction between adsorbate
NIPs: at approximately 420 °C, the decomposition rate of molecules, in line with theoretical expectations for MIPs and
MIPs slows down compared to NIPs. This behavior is likely NIPs.
due to the presence of the PFOS template within the MIP A clear trend in maximum adsorption capacity (qm) is
structures, which exhibits significantly higher thermal stability observed in relation to the functionalization of both MIPs and
than the conventional hydrocarbons forming the polymer NIPs. Nonfunctionalized MIPs and NIPs show the lowest g,
matrix. As the temperature increases, PFOS begins to degrade values, Higher q,, values are observed with alkyl-functionalized
alongside the polymer network, but at a slower rate due to its materials, followed by even greater increases with hydroxyl-
enhanced thermal resistance. This results in a reduced functionalized MIPs and NIPs. While these three functional-
decomposition rate in the TGA profiles of MIPs compared ization types show moderate increases in g, the carboxyl
to NIPs, which lack PFOS in their structure. The final functionalization yields a substantial increase, especially in
decomposition stage occurs immediately after the second stage MIPs. This suggests that carboxyl groups facilitate hydrogen
and continues until the maximum measurement temperature bonding with PFOS molecules, significantly enhancing the
(800 °C). This phase involves the gradual and slow adsorption capacities of both MIPs and NIPs. The
degradation of residual structures, with only minor mass loss incorporation of perfluoroalkyl (PFC) chains in MIPs further
observed for both MIPs and NIPs. increases gq,, slightly beyond that of carboxyl-functionalized
3.2. Adsorption Isotherms. Adsorption isotherms were MIPs, indicating that the PFC chains enhance interactions with
obtained by measuring the adsorption capacity of the material PFOS molecules more effectively than carboxyl groups. In the
at various analyte concentrations after the system reached NIPs, the addition of PFC chains leads to a substantial increase
equilibrium. The resulting data were plotted to generate in g, compared to carboxyl-functionalized NIPs, suggesting
adsorption isotherms for both the MIPs and NIPs (Figure 3). that nonselective adsorption is markedly enhanced by the
These isotherms were characterized using Tangmuir, Freund- presence of PEC units, likely due to structural similarities
lich, and Sips (Langmuir—Freundlich) adsorption models by between PEC and PFOS chains. Additionally, the q,, values for
fitting the experimental data with the respective equations. MIP, MIP-alkyl, MIP—OH, and MIP-COOH are approx-
This approach enables 2 better understanding of adsorbent — imately four times higher than those for the corresponding
adsorbate interactions and allows for the calculation of NIPs. However, for MIP-PFC, the g,, value is only about three
parameters that characterize the adsorption process, facilitating times higher than that of NIP-PFC, further indicating that the
comparison of the properties of different adsorbents. addition of PFC chains significantly enhances nonselective
The Langmuir adsorption isotherm equation is expressed as adsorption in both MIPs and NIPs.
follows: The Langmuir adsorption model parameter K is often
c 1o L referred to as the binc_1‘i7ng equilibrium constant, representing
L R the adsorbent’s affinity.”” The highest K value was recorded for
9 D Kq,, (3) the MIP-PFC material, aligning with its highest observed
adsorption capacity. Notably, the K value for this material is
where g, [mg g™*] represents the amount of PFOS adsorbed double that of materials with the next highest values.
at a given equilibrium concentration, C,, [mg L] is the Interestingly, the second-highest K values among MIPs were
equilibrium concentration of PFOS, g,, [mg g™'] denotes the observed for both MIP and MIP-COOH, indicating that the
calculated maximum adsorption capacity of adsorbent, and K affinity of a material does not necessarily correlate with its
[L mg'] is the Langmuir binding equilibrium constant. maximum adsorption capacity, as the latter is related to the
The values calculated using the Langmuir isotherm, number of active adsorption sites available. In the case of NIPs,
specifically g,, K, and the correlation coefficients (R”), are a different trend is apparent. The highest K value was observed
presented in Table 1. The R® values indicate a strong fit for NIP-COOH, suggesting that carboxylic groups contribute
8695 https://doi.arg/10.1021acs.chemmater.5c01581
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Figure 4. Kinetic plots for PFOS adsorption on (a) MIPs and (b) NIPs, conducted in aqueous solution at an initial PFOS concentration of 0.1 mg

mL™

to a stronger affinity for PFOS molecules in nonselective
adsorption. The next highest K value was found for NIP-PFC,
further confirming the strong adsorption properties of this
material for PFOS.

The maximum adsorption capacity (g,,) values obtained for
the synthesized MIPs, particularly for MIP-PEC, which
exhibited the highest g,, among the MIPs studied, significantly
surpass those reported for PFOS adsorption using other
materials. Specifically, the q,, values (406 mg g~') observed
here exceed those reported for PFOS adsorption on microscale
zerovalent magnesium (467 pg 371)13‘\i coagulation with four
metal coagulants (Zr, Zn, Fe, and Al) (61476 ug g"),i9
magnetic cetyltrimethylammonium bromide-modified pine
bark (69 mg g_l),m and cationic pillar[n]arenes magnetic
nanoparticles (29 mg g_').Arl Additionally, the g, value for
MIP-PFC is comparable to that obtained with molecularly
imprinted resin modified with ionic liquid (490 mg g™').*

The Freundlich adsorption isotherm equation is expressed as
follows:

1
logg_ = logK; + —logC,
ogd,, = logk; + —logC,, @

where ey [mg gfl] represents the amount of PFOS adsorbed
at a given equilibrium concentration, C,; [mg L] is the
equﬂibrium concentration of PFOS, and Kf and I/n are
Freundlich adsorption parameters.

The Freundlich adsorption parameters, determined using
the Freundlich model — namely K; 1/4, and the correlation
coefficients (R?) — are presented in Table 1. Generally, the R?
values obtained from the Freundlich model are significantly
lower than those from the Langmuir model, ranging from
0.808 to 0.947. By contrast, the Langmuir model yields R’
values above 0.99, suggesting that PFOS adsorption does not
adhere closely to the Freundlich model. Therefore, the
adsorption parameters derived from the Freundlich model
should be interpreted cautiously.

In the Freundlich model, the 1/n parameter indicates
adsorption intensity. Specifically, values of 1/n less than one
correspond to a normal Langmuir isotherm, while values
greater than one suggest cooperative adsorpt:inn.13 For all
MIPs and NIPs, the 1/n values fall below one, in the range of
0441 to 0.638. This supports previous findings that the
Langmuir model is more suitable for describing PFOS
adsorption on MIPs and NIPs.

8696

The Freundlich constant K; may serve as a partition
coefficient; however, comparing K; values across different
adsorbates should be avoided if their i/n values differ.™ As
expected, the K; values for MIPs are generally higher than
those for NIPs. Furthermore, for both MIPs and NIPs, the
highest K; values were observed for PFC-functionalized
materials. This aligns with data from the Langmuir model,
where the highest g, values were also observed for these
materials. Moreover, for MIP-PEC, the Langmuir constant K
was highest among all functionalized MIPs.

The Sips adsorption isotherm equation is expressed as
follows:

9,KC"
1+ KC”

s ~eq

eq

q
(5

where q,, [mg '] represents the amount of PFOS adsorbed
at a specific equilibrium concentration, C,, [mg L' denotes
the equilibrium concentration of PFOS, g, [mg g™'] is the
maximum adsorption capacity, and K, is the Sips constant
associated with the adsorption energy.

The Sips adsorption parameters, specifically g, K, 1/n, and
the correlation coefficients (R*), are summarized in Table S3
in the Supporting Information. The Sips model, as a
combination of the Langmuir and Freundlich models, provides
parameter values that can be directly compared to those
obtained individually from the Langmuir and Freundlich
models. The behavior of the Sips adsorption isotherm varies
with adsorbate concentration; at different concentrations, it
may more closely resemble either the Langmuir or the
Freundlich model.* The high R? values achieved for the
Sips model, all above 0.99 across adsorbents, indicate a strong
fit to the experimental data.

The calculated g,, values closely match those derived from
the Langmuir model, suggesting that the Sips model aligns well
with the Langmuir fitting. However, notable differences in the
1/n parameter are observed between the Sips and Freundlich
models. In particular, the Sips-derived values of 1/n are often
higher than those from the Freundlich model and, for some
adsorbents, exceed one, which may imply cooperative
adsorption. This discrepancy likely arises because the Sips
model fitting tends to follow the Langmuir model, which itself
aligns well with the experimental data. Consequently, the
alignment with the Freundlich model is weaker, resulting in

https://doi.org/10.1021/acs.chemmater.5c01581
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lower reliability of parameters associated with the Freundlich
component.

3.3. Adsorption Kinetics. In a next step, the adsorption
kinetics were investigated by monitoring the changes in PFOS
concentration from the start of the process until the system
reached equilibrium. The experimental data were used to
construct kinetic plots (Figure 4), which were further analyzed
using various kinetic models. Specifically, the pseudo-first-
order and pseudo-second-order kinetic models were applied to
evaluate the adsorption behavior.

The pseudo-first-order kinetic model is described by the
following equation:

kl
¢
2.303

log(q,, — q,) = logg, - ©)
where g, [mg g'] is the amount of PFOS adsorbed at
equilibrium, g, [mg ¢™'] is the amount of PFOS adsorbed at
time ¢ [h], and k; [h™'] is the pseudo-first-order rate constant.
The pseudo-second-order kinetic model is expressed as

t 1 1

_-L
a. ka4

(7)

where g, [mg g’l] represents the amount of PFOS adsorbed
at equilibrium, g, [mg g '] is the amount of PFOS adsorbed at
time ¢ [h], and k, [g mg™" h™'] is the pseudo-second-order rate
constant.

Both the calculated kinetic rate constants, particularly k; and
ky, as well as the correlation coeflicients (R*) obtained for both
kinetic models, are presented in Table 2. The R” values for the

©q

Table 2. Kinetic Parameters Obtained for PFOS Adsorption
on MIPs and NIPs

Pseudo-first-order model Pseudo-second-order model

Adsoarbent k, [h™!] R? k [gmg™ b7 R?
MIP 0.771 £ 0046 0961  0.0827 + 0.0049  0.999
MIP-alkyl 0.954 + 0.057 0952 0.0609 & 0.0036  0.999
MIP—OH 0.651 + 0.039 0955 0.0877 & 0.0052  0.999
MIP-COOH 0774 £ 0.046 0964 00389 + 0.0023 0999
MIP-PFC 0.605 £ 00036 0989 00187 + 0.0011  0.999
NIP 0.548 + 0032 0982 0.143 + 0.008 0.999
NIP-alkyl 0.756 + 0.045 0991 0.144 + 0.008 0.999
NIP-OH 0.566 + 0033 0969  0.0888 + 0.0053  0.999
NIP-COOH  0.567 + 0034 0983 0.0600 + 0.0036  0.999
NIP-PFC 1.02 + 0.06 0940 0.0429 + 00025  0.999

pseudo-first-order kinetic model are generally low, ranging
from 0.940 to 0.991, while the pseudo-second-order kinetic
model exhibits exceptionally high R? values, all equal to 0.999.
These comparatively low R* values for the pseudo-first-order
model suggest that it is not suitable for accurately character-
izing the adsorption kinetics of PFOS on both MIPs and NIPs.

The consistently high R values for the pseudo-second-order
model indicate that the k, parameter derived from this model
should be the primary metric for comparing the adsorption
kinetics of the studied adsorbents. Notably, for all NIPs, the k,
values are higher than those observed for the corresponding
MIPs, demonstrating that nonselective surface adsorption
occurs more rapidly than the selective adsorption characteristic
of MIP cavities. However, no clear trend was observed
between the functionalization type and the adsorption kinetics,
although some general observations were made. For the MIPs,
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the highest &, values were observed for materials with hydroxy-
functionalization and the nonfunctionalized MIP, while for
NIPs, the highest k, values were observed for alkyl-function-
alized and nonfunctionalized NIPs. Interestingly, the lowest k,
values for both MIPs and NIPs were associated with PRC-
functionalized materials, suggesting that PFC chains require
more time to form interactions, consistent with expectations
regarding their length and the time needed for the chains to
unfold and interact.

It is important to note that the adsorption kinetics do not
correlate with the maximum adsorption capacity of the
materials, implying that the time required to reach maximum
adsorption capacity varies among the studied materials, a factor
that must be considered when designing preconcentration
procedures for analyzing real-life samples.

3.4. Adsorption Thermodynamics. The thermodynamic
parameters of adsorption can be determined by conducting
experiments at different temperatures, By calculating the
distribution coefficients (K,), which represent the relationship
between the amount of PFOS adsorbed and its remaining
concentration in the solution, the changes in enthalpy (AH [kJ
mol™']), entropy (AS [J mol™' K™']), and Gibbs free energy
(AG [K] mol™']) can be derived using the following equations:

InK, = ﬁ - AH
R RT (8)
Cae
Ky =2
C, ()
AG = —RT InK; (10)

Here, K, is the distribution coefficient, Cy, [mmol g™'] is the
amount of PFOS adsorbed at equilibrium, and C, [mmol
mL™'] is the equilibrium concentration of PFOS in the
solution, R represents the universal gas constant (8.314 [J
mol™ K1), and T [K] is the absolute temperature of the
adsorption process. The values of AH and AS were
determined by plotting a linear regression of In(K,) against
1/T. In contrast, AG was calculated for each experimental
temperature using eq 10. The derived thermodynamic
parameters are summarized in Table S$4 in the Supporting
Information.

The AH values for all investigated MIPs and NIPs are
negative, clearly indicating that PFOS adsorption on both
types of materials is an exothermic process. Interestingly, the
AH values for MIPs and their corresponding NIPs with the
same type of functionalization are very similar. This indicates
that both MIPs and NIPs follow a consistent trend: the highest
exothermic effect is observed for PFC-functionalized materials,
followed by a lower (and nearly identical) effect for alkyl- and
carboxyl-functionalized adsorbents. Next are the hydroxyl-
functionalized materials, with the lowest exothermic effect
recorded for nonfunctionalized MIPs and NIPs.

In contrast, the AS values for all MIPs and NIPs are positive
indicating an increase in entropy upon binding, likely due to
release of bound water from the MIPs and NIPs. These AS
values show an entirely opposite trend. For both MIPs and
NIPs, the lowest AS values are observed for PFC-function-
alized materials, while the highest values are recorded for
nonfunctionalized materials. Moreover, significant differences
are evident between MIPs and NIPs, as the AS values for MIPs
are approximately 1.5 to 2 times higher than those for the
corresponding NIPs.

https://doi.org/10.1021/acs.chemmater.5c01581
Chem. Mater. 2025, 37, 8688—8706
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The AG values for all adsorbents are negative, signifying that
the adsorption process is spontaneous. Additionally, these AG
values become more negative with increasing temperature,
indicating that adsorption is more spontaneous at elevated
temperatures, Interestingly, the AG values roughly correlate
with the g,, values derived from the Langmuir isotherm. The
least negative AG values are observed for nonfunctionalized
materials, while the most negative values correspond to PFC-
functionalized MIPs and NIPs.

3.5. pH Influence, The application of adsorbents for the
analysis of real-life samples requires compatibility with water
over a wide pH range. Furthermore, the PFOS analyte, is an
acidic molecule whose structure varies with the pH of the
solution in which it is present. Therefore, it is essential to
investigate how the pH of the solution influences the
adsorption properties of the adsorbents. This study was
conducted in the pH range of 2 to 10, as hydrolysis of the
adsorbents was observed at pH values outside this range, which
are also uncommon in real-life water samples. The results,
depicted in Figure 5, illustrate the relationship between the
calculated equilibrium adsorption capacity (‘Lq) and the
investigated pH values.

The highest adsorption capacities for all MIPs and NIPs
were observed at pH 6, with relatively small differences in Qeq
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values when the pH was adjusted to 4 or 8, In contrast, a
significant decrease in q,, values was observed when the pH
was reduced to 2 or increased to 10 for all adsorbents. This
behavior is likely related to the substantial changes in the ionic
forms of PFOS present in the water samples,

Notably, this effect was particularly pronounced for
carboxyl-functionalized MIPs, supporting the hypothesis that
hydrogen bonding plays a predominant role in forming stable
interactions between PFOS and the molecular cavities of MIPs.
For NIP-COOH, the decrease in adsorption capacity was less
pronounced at pH 10, suggesting that the nonselective
interactions responsible for PFOS surface adsorption in NIPs
are less affected by acidic conditions compared to the selective
interactions formed by MIPs.

3.6. Influence of the Salt Concentration. To evaluate
the performance of the MIPs under varying environmental
conditions, their adsorption properties were investigated at
several salt concentrations (35, 10, 25, and 50 mM) using two
different media: water with NaCl and phosphate-buffered
saline (PBS). The results, presented in Figure 6, illustrate the
relationship between salt concentration and the equilibrium
adsorption capacity (q,,) for each MIP.

A general trend was observed indicating a more pronounced
decrease in adsorption capacity for all MIPs in NaCl solutions

https://doi.org/10.1021/acs.chemmater.5c01581
Chem. Mater. 2025, 37, 8688—8706
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compared to PBS. This may be attributed to the stronger
“salting-out” effect of NaCl. While NaCl primarily increases the
solution’s jonic strength, thereby reducing the solubility of the
adsorbate, PBS is a buffer system containing phosphate and
other ions that can participate in more complex interactions.
Consequently, the reduction in adsorption capacity is more
significant in the simpler NaCl electrolyte solution.

Furthermore, the individual MIPs exhibited distinct
responses to the presence of salt. The MIP, which lacks
additional functional groups, showed the lowest dependency
on salt concentration, suggesting its binding mechanism is less
influenced by ionic strength. Similarly, MIP-alkyl, featuring
aliphatic chains, displayed relatively low sensitivity to changes
in salt concentration, In contrast, MIP—OH demonstrated a
much higher dependency, likely because its hydroxyl groups
can readily interact with jons in the solution. Interestingly, the
behavior of MIP-COOH was contingent on the type of salt
used. The decrease in its adsorption capacity was significantly
less pronounced in PBS than in NaCl, where the “salting-out”
effect appeared to be particularly strong. A considerable
dependency on ionic strength was also noted for MIP-PEC,
possibly because changes in ionic strength affect the
conformation of the entangled perfluorinated carbon (PFC)
chains within the polymer structure.

These findings differ from those reported for the adsorption
of perfluorcoctanesulfonate (PFOS) on MIPs synthesized
from 4-vinylpyridine and ethylene glycol dimethacrylate.’® In
that study, the authors observed an increase in adsorption with
rising salt concentration, a phenomenon that can be attributed
to the hydrophobic nature of their polymers. We propose that
the opposite effect observed in our work is due to the
predominantly hydrophilic character of our synthesized MIPs,
which behave differently from hydrophobic adsorbents in high
ionic strength environments.

3.7. Selectivity. The selectivity studies in this work were
conducted by adding MIPs and NIPs to equimolar mixtures of
PFOS with one of two competing analytes: perfluorononanoic
acid (PNA) or taurine. After allowing the mixtures to reach
equilibrium, both analytes were quantified, and their
adsorption capacities ('M) were calculated in mmol g~'. The
selectivity factors, presented in Table 3, were obtained by
dividing the g, value of PFOS by that of the competing
analyte.

Table 3. Selectivity Factors for PFOS in Competitive
Adsorption with PNA and Taurine®

Selectivity factor

Adsorbent PFOS/PNA PFOS /taurine
MIP 323 3.75
MIP-alkyl 2.64 428
MIP-0OH 347 395
MIP-COOH 442 4.56
MIP-PEC 3.34 5.46
NIP 0.759 L17
NIP-alkyl 0.738 134
NIP-OH 0.685 1.24
NIP-COOH 0.644 146
NIP-PFC 1.20 211

“The sclectivity factor is calculated as the ratio of the equilibrium
adsorption capacity (g,, in mmol g ') of PFOS to that of the
competing analyte (PNA or taurine).
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The choice of competing compounds was strategic. PFOS
and PNA were selected due to their identical fluorinated chain
lengths, making PNA an ideal representative competitive
compound to study the influence of the acidic headgroup;
PFOS contains a sulfonic acid group, while PNA has a
carboxylic acid group. On the other hand, PFOS and taurine
were chosen because taurine is a common compound in food
matrices and shares the same sulfonic acid group as PFOS,
allowing for an assessment of selectivity based on the
molecular backbone.

The results demonstrate that, as expected, the MIPs
generally exhibit significantly higher selectivity factors than
the NIPs, which can be attributed to the presence of molecular
cavities in MIPs that enhance selective binding.

For the PFOS/PNA adsorption pair, the carboxyl-function-
alized materials (MIP-COOH) achieved the highest selectivity
factor among the MIPs. This confirms that carboxylic groups
can form strong hydrogen bonds with the sulfonic acid group
of PFOS, enabling better differentiation between PFOS and
PNA. Conversely, the alkylfunctionalized variant (MIP-alkyl)
exhibited the lowest selectivity factor. This finding aligns with
the hypothesis that long alkyl chains form weaker, less specific
interactions, thereby reducing the material’s ability to differ-
entiate PFOS from PNA. Interestingly, similar selectivity
factors were observed for the unmodified MIP and MIP—OH,
suggesting that hydroxyl groups do not significantly influence
the strength of these interactions. Furthermore, the introduc-
tion of PFC chains (MIP-PFC) did not notably enhance
selectivity compared to the unmodified MIP. This outcome is
likely due to the structural similarity of the perfluoroalkyl
chains in both PFOS and PNA, which leads to nonselective
“fluorous-fluorous” interactions.

For the NIPs, most variants (except NIP-PFC) displayed a
preference for PNA over PFOS, as evidenced by selectivity
factors below one. Similar selectivity factors were obtained for
NIP and NIP-alkyl, indicating that alkyl groups do not
significantly affect selectivity in nonimprinted materials. The
introduction of hydroxyl and carboxyl groups slightly reduced
the selectivity factors, suggesting a stronger nonspecific
preference for PNA over PFOS. In contrast, NIP-PFC
exhibited a selectivity factor slightly above one, indicating a
slight preference for PFOS, an observation opposite to the
trend seen for other NIPs. The underlying reasons for this
specific behavior remain unclear.

When tested against taurine, the selectivity trends provided
new insights. For the MIPs, the lowest selectivity was observed
for MIP and MIP—OH, again suggesting that hydroxyl
functionalization does not play a key role in the selective
interaction with PFOS. In contrast, a much higher selectivity
was observed for MIP-alkyl, which corresponds well to the
strong hydrophobic interactions between the polymer’s alkyl
groups and the long perfluoroalkyl chain of PFOS, a feature
absent in the small taurine molecule. An even higher selectivity
was achieved with MIP-COOH. This result is interesting, as
both PFOS and taurine possess sulfonic groups. However,
taurine primarily exists as a zwitterion in solution, which
explains its lower affinity for the carboxyl-functionalized MIPs
compared to the strongly anionic PFOS. The highest
selectivity factor by a significant margin was observed for
MIP-PFC, demonstrating that the “fluorous-fluorous” inter-
action between the PFC chains and PFOS is the dominant
mechanism for selectivity when the competitor lacks a
fluorinated chain.

https://doi.org/10.1021/acs.chemmater.5c01581
Chem. Mater. 2025, 37, 8688—8706
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Table 4. Langmuir and Freundlich Adsorption Isotherm Parameters for MIPs and NIPs Based on Unfunctionalized and

Functionalized Poly(ButenOx)

Langmuir Freundlich
Adsorbent 9 [mg g7'] K R K [mg g™' (L mg™")""] 1/n R’
MIPgyn0s 802 + 4.8 0.0265 + 0.0015 0.997 222 + 025 0.533 + 0.031 0.882
MIPgyn,-COOH 266 + 16 0.0566 = 0.0033 0.995 195 + L1 0521 + 0.031 0.766
NIPgy0, 173 £ 10 0.00987 + 0.00059 0.996 0329 + 0.019 0667 + 0.040 0959
NIPgy 000, COOH 62.1 £ 37 0.0239 + 0.0014 0.994 275 + 0.16 0.566 + 0.033 0.872

For the NIPs, the selectivity trends for the PFOS/taurine
pair were remarkably similar to those observed for the MIDs.
For instance, the presence of alkyl and PFC groups on the
NIPs still promotes the preferential adsorption of the long-
chain, fluorinated PFOS over the small, nonfluorinated taurine
molecule through general hydrophobic and fluorophilic
interactions, respectively. Likewise, the different electrostatic
profiles of the fully anionic PFQOS and the zwitterionic taurine
lead to differential binding affinities even on nonimprinted
surfaces.

Finally, it is worth noting that for both MIPs and NIPs, the
selectivity factors were generally much higher for the PFOS/
taurine pair than for the PFOS/PNA pair. This is attributable
to the fact that the structural and physicochemical differences
between PFOS and taurine (e.g, chain length, fluorination,
zwitterionic character) are far more pronounced than the
subtle difference between PFOS and PNA. These greater
distinctions make selective recognition and binding a less
challenging task for the adsorbent materials.

3.8. Adsorption/Desorption Studies. For the studied
MIPs, five consecutive cycles of adsorption followed by
desorption were performed to evaluate their reusability. The
adsorption capacity (gq,,) of each material was measured after
each adsorption cycle, with the results summarized in Table S5
in the Supporting Information, The data revealed an overall
decrease in adsorption capacity of approximately 11% after
completing all five cycles. This relatively minor reduction
highlights the excellent stability and robustness of the studied
MIPs, demonstrating their strong potential for repeated use in
cyclic operational processes.

These findings are particularly significant for practical
applications. While the primary focus of this study was on
the quantification of PFOS using these MIPs, the observed
durability and consistent performance under repetitive cycles
suggest that these materials are also well-suited for environ-
mental remediation. Specifically, their ability to maintain high
adsorption efficiency across multiple cycles underscores their
suitability for removing PFOS from aqueous solutions, thereby
contributing to water purification efforts. Such dual function-

ality — quantification and removal — further enhances the
value of these MIPs for addressing water contamination
challenges.

3.9. Effect of Side-Chain Amide Groups on MIP
Performance. The use of poly(AllylamidOx) for MIP
synthesis was based on the hypothesis that the amide groups
in its side chains would form additional hydrogen bonds with
the template molecule, leading to improved adsorption
capacities. To test this hypothesis, we synthesized a set of
materials using poly(ButenOx), a structural analogue that lacks
this side-chain amide group, as a control polymer. While our
initial screening involved several functionalization types, we
selected 1l-mercaptoundecanoic acid and PFC for this
comparative study, as they had yielded the highest adsorption
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capacities. Accordingly, MIPs and NIPs were prepared from
both unfunctionalized poly(ButenOx) and poly(ButenOx)
functionalized with 11-mercaptoundecanoic acid.

Notably, attempts to functionalize poly(ButenOx) with PFC
were unsuccessful. The polymer precipitated early in the
reaction, halting the functionalization process due to solubility
issues. This contrasts sharply with the successful functionaliza-
tion of poly(AllylamidOx), highlighting the latter’s superior
processability and versatility.

The Langmuir and Freundlich adsorption parameters for the
poly(ButenOx)-based materials are presented in Table 4. A
clear trend emerged: the maximum adsorption capacities (g,,)
for the poly(ButenOx) materials were significantly lower than
those of their poly(AllylamidOx) counterparts. This substantial
drop in performance was consistent across both MIPs and
NIPs, for unfunctionalized and functionalized adsorbents alike.
These findings strongly confirm that the presence of the side-
chain amide groups in poly(AllylamidOx) is directly
responsible for the enhanced adsorption, affirming their crucial
role in forming hydrogen bonds with the template. Other
adsorption parameters derived from the Langmuir and
Freundlich models were comparable between the two polymer
systems, showing no significant deviations.

3.10. FAPA-MS Measurements. Subsequently, we ex-
plored the use of the MIPs and NIPs as adsorbents for PFOS
analysis by FAPA-MS. The FAPA-MS analysis was conducted
by placing the adsorbents in an electric heater situated below
the FAPA plasma stream. Prior to analysis, the adsorbents were
immersed in a series of solutions with varying PFOS
concentrations. During the analysis, the adsorbent sample
was heated, causing the PFOS analyte to be released as vapor
from the material. Upon vaporization, the PFOS molecules
entered the FAPA plasma stream, where they were ionized and
directed into the mass spectrometer to detect PFOS-derived
ions for quantification. An example of the mass spectra
obtained is provided in Figure S1S. Quantification was
performed based on extracted ion chromatograms (EIC)
corresponding to PFOS molecules at m/z 498.8. By integrating
the EIC, a calibration curve was generated, showing the
dependence of EIC intensity on the PFOS concentration used
during adsorption.

To determine the limit of detection (LOD) for the method,
a blank experiment was conducted in which no PFOS was
present during the adsorption process. This allowed the
integration of the background EIC for ions at m/z 4988,
providing the baseline intensity when no PFOS was in the
sample. These blank measurements were repeated multiple
times for each adsorbent to calculate the mean blank value and
its standard deviation. The LOD threshold was defined as the
mean blank value plus three times the standard deviation. The
lowest PFOS concentration that produced an EIC exceeding
this threshold was considered the LOD for the method for
each adsorbent. The calculated LODs, along with linearity

https://doi.org/10.1021/acs.chemmater.5c01581
Chem. Mater. 2025, 37, 8688—8706
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Table 5. Results Obtained for Ambient MS Analysis

Adsorbent LODs [ppb] Linearity [ppm]
PFQS solution 5000 5-50
MIP 25 0.25-50
MIP-alkyl 25 0.25-50
MIP—-0OH 25 0.25-50
MIP-COOH N 0.005-50
MIP-PEC N 0.005-50
NIP 500 0.5-50
NLP-alkyl 500 0.5-50
NIP—-OH 500 0.5-50
NIP-COOH 250 0.25-50
NIP-PFC 50 0.05-50

Regression equation R®
y =280 x + 145 x 10° 0.995
=920 X 10% + 3.94 X 10° 0.991
y =786 X 10% + 4,57 x 10° 0.994
y =798 x 10% + 577 x 10° 0.993
y = 140 x 10% + 495 x 10° 0.994
y = 140 X 10% + 420 x 10° 0.997
=159 x 10% + 5.22 % 10° 0.991
y = 1.69 % 10% + 434 x 10 0.993
y = L61 x 10% + 426 x 10 0.996
y =25 % 10% + 7.28 x 10" 0996
¥ =284 x 10 + 1.00 x 10° 0995

results, regression equations, and correlation coefficients (R?),
are summarized in Table 5. For comparison, the same
measurements were performed using a pure PFOS solution
without any adsorbent. In this case, the PFOS solution was
directly placed in the electric heater and analyzed under
identical conditions.

The obtained LOD values clearly demonstrate that the
application of both the MIP and NIP adsorbents significantly
enhanced the detection limits compared to the pure PFOS
solutions. Specifically, the use of NIPs with the lowest
maximum adsorption capacities (g,,), as determined by the
Langmuir model, resulted in a 10-fold improvement in LOD.
For NIPs with higher g,, values, such as NIP-COOH and NIP-
PEC, the LODs were improved 20-fold and 100-fold,
respectively. MIPs, characterized by even higher g, values
than the NIPs, exhibited an even larger LOD improvement.
For MIPs with relatively low q,, values (compared to other
MIPs), the LODs improved by 200-fold, reaching 25 ppb.
Notably, MIPs with the highest g, values achieved an
enhancement in LOD by 3 orders of magnitude down to 5
ppb, underscoring their exceptional potential for PFOS
preconcentration and validating the high applicability of the
proposed analytical method. According to Commission
Regulation (EU) 2022/2388, maximum permissible concen-
trations of various PFAAs, including PFOS, have been
established for food products. For fishery products, the
PFOS limit in most fish muscle meat is 2.0 ppb, while
significantly higher limits of 7.0 ppb or even 35 ppb, are set for
species known to accumulate PFOS (e.g,, eel, char, anchovy).
As such, the developed analytical method is well suited for
rapid screening to determine whether PFOS concentrations in
fish products exceed regulatory thresholds.

These findings highlight the critical importance of designing
MIP adsorbents with high adsorption capacities for analytical
purposes. Such design optimizations enable significant
improvements in key analytical parameters, including LODs,
thus enhancing the sensitivity and efficacy of the method.

The investigation of linear sensing regime demonstrates the
applicability of the method across a wide range of
concentrations (Figures 516 and S17 in the Supporting
Information). The linear sensing regime for PFOS quantifica-
tion was evaluated under three conditions: adsorption on
MIPs, adsorption on NIPs, and using a pure PFOS solution.
For all tested samples, the lower limit of the linear sensing
regime corresponds to the LOD specific to each method.
These results indicate that once the LOD is reached, the EIC
integration exhibits a linear relationship with the analyte
concentration. Furthermore, the upper limit of the linear

184 |Strona

8701

sensing regime is consistent across all investigated samples, at
50 ppm. This upper limit is determined by equipment
constraints, specifically the saturation of the ion trap, which
leads to significant deviations from linearity at higher
concentrations,

These obtained LODs (§ ppb, 0.01 gmol dm™?) are better
than those reported for photoelectrochemical sensors
fabricated by a surface modification of MIPs on highly ordered
TiO, nanotube arrays (0.172 pmol (1111_3),47 multisegment
injection-nonaqueous capillary electrophoresis-tandem mass
spectrometry (MSI-NACE-MS/MS) (0.025 pmol clrn_l),"g
and solid-phase extraction using WAX cartridges followed by
in-port derivatization and gas chromatography—mass spec-
trometry (GC-MS) (0.029 gmol dm™).*’ The LODs achieved
in this study are comparable to those of a fluorescence sensor
based on MIP-anchored $iO, surfaces (0.0111 gemol dm~*)*
and a direct-injection method using a Finnigan LCQ Duo mass
spectrometer (0.01 gmol dm™3).** However, the LODs of the
present method are slightly higher than those obtained with
electrochemical impedance spectroscopy employing MIP-
functionalized electrode surfaces (0.0034 gimol dm™).7?

3.11. Analysis of Real-Life Samples. The developed
FAPA-MS analytical method, combined with solid-phase
extraction using MIPs, was employed to quantify PFOS in
three real-life food samples: egg protein, milk, and whale oil.
These samples represent diverse matrices for analysis, as they
differ significantly in composition and contain various organic
compounds, salts, microorganisms, and other constituents that
can influence PFOS adsorption on MIPs and subsequent
quantification via FAPA-MS. The food samples were obtained
from a local grocery store and spiked with varying PFOS
concentrations depending on the type of measurements
performed. For all food matrices, the LODs were established
following the same procedure as for laboratory stock solutions.
However, in this case, the LOD threshold was determined by
measuring blank food samples corresponding to each matrix.
The LODs were assessed using the same PFOS concentration
range as for the stock solutions. Additionally, intraday and
interday recovery values, along with relative standard
deviations (RSDs), were determined. To conduct these
measurements, the food samples were spiked with PFOS at
concentrations of 10, 1, and 0.1 ppm. The quantification using
the FAPA-MS method was performed identically to the
procedure used for laboratory stock solutions. The obtained
quantification parameters, including LODs, intraday and
interday recovery results, and RSDs, are presented in Tables
§6—S88 in the Supporting Information.

https://doi.org/10.1021/acs.chemmater.5c01581
Chem. Mater. 2025, 37, 8688—8706
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Analysis of PFOS-spiked egg protein samples revealed that
for MIP-COOH and MIP-PFC, the LODs were identical to
those obtained for PFOS stock solutions, whereas for MIP,
MIP-alkyl, and MIP—OH, the LODs were higher. This effect
may be attributed to the hydrophobic nature of egg proteins,
which can readily adsorb onto MIP and MIP-alkyl, thereby
reducing PFOS adsorption. Additionally, egg proteins, such as
albumin, contain amino acids with hydroxyl groups that may
increase interactions with MIP—OH, further diminishing its
PFOS adsorption properties. In contrast, MIP-COOH and
MIP-PFC likely form strong interactions with PFOS through
hydrogen bonding or flucroalkyl chain compatibility, making
these materials less susceptible to protein interference. The
intraday and interday recovery values demonstrated good
performance, ranging from 95.8% to 106.6%, confirming the
accuracy of the method, with deviations from the true value
within 6.6%. The method also exhibited good precision,
particularly at higher PFOS concentrations (10 and 1 ppm),
where RSDs did not exceed 4.4%. For the lowest concentration
(0.1 ppm), RSD values were slightly higher but remained
below 6.6%, confirming the method’s reliability across all
tested concentrations.

For PFOS-spiked milk samples, the results showed that
LODs were identical to those obtained for laboratory stock
solutions for all MIPs except MIP-COOH. This may be due to
the lower presence of interfering compounds in milk compared
to egg protein and whale oil, as milk consists of approximately
90% water. In the case of MIP-COOH, a noticeably higher
LOD was observed, possibly due to the adsorption of calcium
and other ions onto the MIP-COOH surface, negatively
affecting PFOS quantification. The intraday and interday
recovery values for milk were slightly lower than those
obtained for egg protein, ranging from 93.7% to 107.6%, yet
still within an acceptable range. Consequently, the method
demonstrated good accuracy, with deviations within 7.6% of
the true value. For all tested concentrations, the method
exhibited strong precision, as intraday and interday RSD values
did not exceed 5.6%, confirming its reliability for PFOS
quantification in milk samples.

For whale oil samples, the LODs obtained for all MIPs were
significantly higher than those for laboratory stock solutions, in
some cases by an order of magnitude. This effect is likely due
to the predominantly triglyceride-based composition of whale
oil, which differs substantially from aqueous solutions and may
hinder or compete with PFOS adsorption. The intraday and
interday recovery values were the lowest among the tested
food matrices, ranging from 93.6% to 108.4%. Despite this, the
method still demonstrated acceptable accuracy. Notably, for
the lowest tested concentration (0.1 ppm), recovery results for
MIP-alkyl were not determined, as the corresponding LOD
(0.25 ppm) exceeded this concentration. The RSD values for
intraday and interday measurements did not exceed 8.2%,
indicating that the method maintains adequate precision.

In summary, the obtained results demonstrate that the
FAPA-MS method, in combination with selective adsorption
on MIPs, can be effectively applied for PFOS quantification in
food samples of varying composition. The complexity of the
food matrix significantly influences the analytical performance
of the method, affecting LODs, accuracy, and precision.

4, CONCLUSIONS

In this study, we successfully developed and evaluated
fanctionalized poly(2-oxazaline)-based MIPs for the selective
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detection and quantification of PFOS in complex food
matrices. The MIDPs, functionalized with alkyl, hydroxyl,
carboxyl, and perfluoroalkyl groups, demonstrated high
selectivity and adsorption capacity for PFOS, with carboxyl-
and perfluoroalkyl-functionalized MIPs showing the highest
performance, The adsorption capacities of these MIPs were
significantly higher than those of analogues NIPs, highlighting
the importance of molecular imprinting in enhancing
selectivity and binding efficiency.

The adsorption studies revealed that the carboxyl- and
perfluoroalkyl-functionalized MIPs exhibited the highest
adsorption capacities, with values of 375 mg g™’ and 406 mg
¢!, respectively. These results were consistent with the
Langmuir adsorption model, indicating monolayer adsorption
with minimal interaction between adsorbate molecules. The
adsorption kinetics followed a pseudo-second-order model,
suggesting that the adsorption process was governed by
chemisorption. Thermodynamic studies confirmed that the
adsorption of PFOS onto the MIPs was an exothermic and
spontaneous process, with the highest exothermic effect
observed for perfluoroalkyl-functionalized materials.

The selectivity studies demonstrated that the MIPs exhibited
significantly higher selectivity for PFOS over PNA, a
structurally similar compound. Carboxyl-functionalized MIPs
showed the highest selectivity, likely due to the formation of
strong hydrogen bonds with PFOS. The reusability tests
indicated that the MIPs maintained their adsorption efficiency
over five consecutive adsorption/desorption cycles, with only
an 11% decrease in capacity, underscoring their robustness and
potential for repeated use in environmental and food safety
applications.

The developed FAPA-MS method, combined with MIP-
based solid-phase extraction, proved to be a highly sensitive
and rapid technique for PFOS quantification in food samples.
The method achieved low LODs in milk, egg protein, and fish
oil, with excellent recovery rates ranging from 93.6% to
108.4%. The precision of the method was also demonstrated,
with RSDs below 82% for intraday and interday measure-
ments.

In summary, this study presents an effective and tailored
approach for the selective detection and quantification of
PFOS in food samples using functionalized poly{2-oxazoline)-
based MIPs coupled with FAPA-MS. The high selectivity,
adsorption capacity, and reusability of the MIPs, combined
with the rapid and sensitive FAPA-MS method, make this
approach a valuable tool for monitoring PFOS contamination
in food and environmental samples. The findings highlight the
potential of MIPs for both analytical quantification and
environmental remediation, offering a dual functionality that
addresses the growing concerns over PFOS contamination in
food safety and environmental health. Notably, given their high
adsorption capacity, these MIPs may also serve as promising
candidates for PFOS purification and removal applications,
further extending their utility beyond quantification toward
effective contaminant mitigation strategies.
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(Figure S1) '"H NMR spectrum of poly(AllylamidOx)
measured in CD,0D; (Figure $2) 'H NMR spectrum of
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poly(AllylamidOx)-alkyl measured in CD;0D; (Figure
§3) 'H NMR spectrum of poly(AllylamidOx)-OH
measured in CD,0D; (Figure 54) 'H NMR spectrum
of poly(AllylamidOx)-COOH measured in CD,0D;
(Figure S5) '"H NMR spectrum of poly({AllylamidOx)-
PFC measured in CD;OD; (Figure S6) 'H NMR
spectrum of poly(ButenOx)-COOH measured in
CD;OD; (Figure §7) FT-IR spectra of NIP, MIP
(PFOS unloaded), and MIP (PFOS loaded); (Figure
§8) FT-IR spectra of NIP-alkyl, MIP-alkyl (PFOS
unloaded), and MIP-alkyl (PFOS loaded); (Figure 59)
FT-IR spectra of NIP—OH, MIP-OH (PFOS un-
loaded), and MIP—OH (PFOS loaded); (Figure S10)
FT-IR spectra of NIP-COOH, MIP-COOH (PFOS
unloaded), and MIP-COOH (PFOS loaded); (Figure
S11) FT-IR spectra of NIP-PFC, MIP-PFC (PFOS
unloaded), and MIP-PFC (PFOS loaded); (Figure $12)
SEM images of MIP, MIP-alkyl, MIP—OH, MIP-
COOH, and MIP-PFC after grinding; (Figure $13)
SEM images of NIP, NIP-alkyl, NIP—OH, NIP-COOH,
and NIP-PFC after grinding; (Figure $14) thermogravi-
metric analysis results for MIP and NIP, MIP-alkyl and
NIP-alkyl, MIP—OH and NIP—OH, MIP-COOH and
NIP-COOH, and MIP-PFC and NIP-PFC; (Figure 515)
FAPA-MS mass spectra of PFOS following extraction by
MIP-PFC from solutions containing 50 and 0.005 ppm
of the analyte; (Figure S16) linearity plots for PFOS
quantification using pure PFOS solution, MIP, MIP-
alkyl, MIP—OH, MIP-COOH, and MIP-PFC; (Figure
§17) linearity plots for PEOS quantification using NIP,
NIP-alkyl, NIP-OH, NIP-COOH, and NIP-PFC;
(Table S1) functionalization agent quantities and
calculated degrees; (Table S2) experimental quantities
used for MIPs synthesis; (Table S3) sips adsorption
parameters for PEOS adsorption; (Table $4) thermody-
namic parameters of PFOS adsorption on MIPs and
NIPs; (Table S5) results of adsorption/desorption
studies for PFOS adsorption; (Table $6) results
obtained for analysis of real-life egg protein samples
spiked with PFOS; (Table S7) results obtained for
analysis of real-life milk samples spiked with PFOS; and
(Table S8) results obtained for analysis of real-life whale
oil samples spiked with PFOS (PDF)
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Figure S7. FT-IR spectrum of NIP, MIP (PFOS unloaded), and MIP (PFOS loaded).
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Figure S8. IT-IR spectrum of NIP-alkyl, MIP-alkyl (PFFOS unloaded), and MIP-alkyl (PFOS

loaded).
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Figure §9. FT-IR spectrum of NIP-OH, MIP-OH (PFOS unloaded), and MIP-OH (PFOS

loaded).
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Figure S10. FT-IR spectrum of NIP-COOH, MIP-COOH (PFOS unloaded), and MIP-COOH

(PFOS loaded).
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Figure S11. FT-IR spectrum of NIP-PI'C, MIP-PIFC (PTOS unloaded), and MIP-PTFC (PFOS

loaded).
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Figure S12. SEM images of (a) MIP, (b) MIP-alkyl, (c) MIP-OH, (d) MIP-COOH, and (e) MIP-

PFC after grinding.
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Table S1. Functionalization agent quantities and calculated degrees.

Polymer Reagent Reagent Functionalization
amount degree (‘I NMR)
poly(AllylamidOx)-alkyl 1-undecanethiol 364 ul 23.8%
poly(AllylamidOx)-OH 1 I-mercapto-I-undecanol 332mg 20.3%
poly(AllylamidOx)-COOTT 11-mercaptoundecanoic acid 354 mg 17.5%
poly(AllylamidOx)-PFC 1H,1H,2H, 2H-perfluoro-1-decanethiol 464 pL 18.8%

Table S2. Experimental quantities used for MIPs synthesis.

Material abbreviation

Template amount [uL]

Cross-linker amount [puL]

MIP
MIP-alkyl
MIP-OH
MIP-COOH

MIP-PFC

812

810

810

831

714

504

384

400

426

360
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Table S3. Sips adsorption parameters for PFOS adsorption.

Adsorbent Sips
gu [mg g'] K, I R?

MIP 1337 0.106 £ 0.006 0.858 £ 0.051 0.999
MIP-alkyl 161 +9 0.0293 +0.0017 1.11 +0.06 0.998
MIP-OH 229+13 0.0754 = 0.0045 0.709 £ 0.042 0.997
MIP-COOH 394 +23 0.0712 + 000042 0.856 + 0.051 0.999
MIP-PFC 435 +£26 0.119 +0.007 0.797 £ 0.047 0.993
NIP 308+1.8 0.0241 +£0.0014 0.957 £ 0.057 0.999
NIP-alkyl 405+£24 0.0125 £+ 0.0007 1.16 £ 0.06 0.999
NIP-OH 54.1£3.2 0.0172 £ 0.0010 1.07 £ 0.06 0.998
NIP-COOH 942+5.6 0.0560 = 0.0033 0.964 + 0.057 0.998
NIP-PFC 142 £ 8 0.0356 4+ 0.0021 1.28 £ 0.07 0.999

Table S4. Thermodynamic parameters of PFOS adsorption on MIPs and NIPs.

4G [k mol']
Adsorbent AH [k] mol] AS [J mol! K1)

293 [K] 313 [K] 333 [K]
MIP -5.32+£0.31 41.5+£24 -17.4+1.0 -183+1.0 -19.1+1.1
MIP-alkyl -10.0£0.6 264£1.5 -17.8x 1.0 -183=1.0 -189=x1.1
MIP-OH -7.49+£0.44 362421 -18.1£1.0 -18.8 1.1 -195+1.1
MIP-COOH -10.0+ 0.6 365+2.1 207112 216+ 1.2 -222+1.3
MIP-PFC -15.5+£09 206+12 214+£12 -221+£13 -223+£13
NIP -4.96 £ 0.29 292+ 1.7 -13.5+£0.8 -14.1 £ 0.8 -14.6 + 0.8
NIP-alkyl -10.6+0.6 144+0.8 -14.8+0.8 -152+0.9 -153+0.9
NIP-OH -8.33+£049 240+ 14 -153109 -159+:09 -163+0.9
NIP-COOH -10.1 £ 0.60 205+1.2 -16.1 £0.9 -16.6 0.9 -16.9=+ 1.0
NIP-PFC -143+0.8 13.84+0.8 -183+1.0 -18.7+1.1 -188 +1.1
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Table S5. Results of adsorption/desorption studies for PFOS adsorption.

Adsorbent

MIP
MIP-alkyl
MIP-OH
MIP-COOH

MIP-PFC

Gey [mg ']

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5
76.5+6.1 74.8+5.9 71.9+5.7 70.9+5.6 67.9+5.4
77.6+6.2 75.3+6.0 T21+57 712457 68.0+54
81.4+6.5 80.0+6.4 76.8 +6.1 749+£59 T1.1£56
167+ 13 162+ 12 158+12 153+12 147+11
182+ 14 177+ 14 169+ 13 166 + 13 162 +12

Table S6. Results obtained for analysis of real-life egg protein samples spiked with PFOS.

Adsorbent LODs Recovery (RSD) [%]
[ppm]| 10 ppm 1 ppm 0.1 ppm

Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
MIP 0.05 95.9(2.5) 96.3 (3.3) 1034 (2.9) 103.9(3.2) 1050(4.2) 103.8(60.6)
MIP-alkyl 003 98.7(1.7) 973(33) 958(3.3) 960(3.3) 1063(3.6) 1064 (4.6)
MIP-OH 0.05 98.0(1.0)  983(1.6) 103.7(27) 102.1 (42) 1048 (3.5) 106.1 (4.5)
MIP-COOH  0.005 987(1.1)  98.1(2.6) 972(2.9) 97.7(33) 1062(4.9) 1066 (5.1)
MIP-PFC 0.005 98.5(2.4)  99.5(2.9) 106.6(2.2) 103.1(44) 96.4(5.1)  96.0 (5.8)

Table S7. Results obtained for analysis of real-life milk samples spiked with PFOS,

Adsorbent LODs Recovery (RSD) [%]
|ppm] 10 ppm 1 ppm 0.1 ppm

Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
MIP 0.025 903(1.3) 1003(24) 1034(L.7) 103.0(4.4) 942(3.9) 93.7(4.5)
MIP-alkyl 0.025 101.5(1.5) 103.5(L.5) 973(2.0) 98.9(40) 953(29) 95.0(4.6)
MIP-OH 0.025 98.0(L.7) 983(2.6) 979(1.8) 963(3.3) 1049(3.8) 107.6(5.4)
MIP-COOH  0.023 100.7(2.1) 1003(2.2) 103.8(3.2) 102.5(3.6) 95.1(44) 94.4(5.6)
MIP-PFC 0.005 98.6(1.9) 984(3.3) 102.6(28) 1040(43) 944(3.6) 93.7(5.1)
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Table S8. Results obtained for analysis of real-life whale oil samples spiked with PFOS.

Adsorbent LODs Recovery (RSD) [%]
[ppm] 10 ppm 1 ppm 0.1 ppm

Intra-day Inter-day Intra-day Inter-day Intra-day Inter-day
MIP 0.05 98.1(1.9) 973(3.9) 963(3.6) 951(45) 10683.7) 107.1(5.3)
MIP-alkyl 0.25 98.3(2.8) 96.0(3.5) 1048(3.2) 1041(5.3) - -
MIP-OH 0.05 102.8(1.9) 101.9(41) 959(2.7) 95.1(58) 93.6(5.6) 94.6(7.6)
MIP-COOH  0.05 98.1(2.0) 995(2.8) 103.9(2.8) 104.6(43) 944(38) 952(82)
MIP-PFC 0.025 102.4(2.6) 999(44) 959(44) 952(6.1) 1069(4.6) 108.4(7.4)
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