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WSTEP

Celem naukowym rozprawy doktorskiej pod tytutem ,,Funkcjonalizacja polimerdw i
nanomateriatow  weglowych z  zastosowaniem  niskoczasteczkowych — receptorow
molekularnych” bylo opracowanie metod syntezy i otrzymanie nowych, funkcjonalnych
polimerdéw i materiatow weglowych zawierajgcych receptory molekularne. Uktady byty tak
zaprojektowane, aby wykazywaly zdolno$¢ selektywnego wigzania wybranych jonow i
czasteczek. Celem pracy byla nie tylko synteza tych uktadéw, ale rowniez ustalenie
mechanizmu oddziatywan czasteczek goScia z czasteczkami receptoréw osadzonych na
nanorurkach weglowych lub wbudowanych w polimer.

Badania przeprowadzitem dla trzech r6znych materiatow: wielo$ciennych nanorurek
weglowych (CNT), poli(metylowodorosiloksanu) (PMHS, ang. polymethylhydrosiloxane)
oraz poli(eteru metylowo-winylowego-alt-bezwodnika maleinowego) (poly(MVE-alt-MA),
ang. poly(methyl vinyl ether-alt-maleic anhydride)), na ktérych osadzane byty receptory

molekularne. Struktury materiatdéw poddanych funkcjonalizacji przedstawiono na rysunku 1.

CNT PMHS poly(MVE-alt-MA)
Rysunek 1. Struktury materiatow poddanych funkcjonalizacji.

Funkcjonalizacja nanorurek weglowych miata na celu otrzymanie nowych matryc
weglowych  stosowanych w  technice MALDI-MS (ang. matrix-assisted laser
desorption/ionization mass spectrometry) oraz sprawdzenie ich przydatnosci jako matryc w
rejestracji widm masowych zwigzkéw o niskiej masie czgsteczkowej. Ponadto celem badan
byto sprawdzenie wptywu funkcjonalizacji na proces jonizacji analitu.

Kolejnymi materiatami poddanym funkcjonalizacji byty polimery. Funkcjonalizacja
PMHS miata na celu otrzymanie polimeréw krzemoorganicznych zawierajacych w swoich
tancuchach bocznych pochodne pirazolu, ktore zdolne sa do tworzenia trwatych kompleksow

z kationami metali grup przejsciowych. Ponadto celem pracy bylo wyznaczenie stalych



trwalosci  kompleksow, zbadanie mechanizmu wigzania jondéw oraz Wyznaczenie
selektywnos$ci w stosunku do okreslonych jonow.

Opracowanie metody syntezy polimeru zdolnego do tworzenia kompleksow z cukrami
i diolami bylto kolejnym zadaniem realizowanym w trakcie wykonywania pracy. W tym celu
poly(MVE-alt-MA) poddatem funkcjonalizacji za pomocg kwasu 3-aminofenyloboronowego
oraz wyznaczylem state trwatosci kompleksow miedzy uzyskanym polimerem oraz
wybranymi cukrami i diolami w celu ustalenia selektywnosci.

Polimer poly(MVE-alt-MA) poddatem takze procesowi funkcjonalizacji za pomoca
zasady Schiffa uzyskanej w wyniku reakcji 2-acetylopirydyny oraz hydrazydu kwasu 4-
aminobenzoesowego. Nastegpnie sprawdzitem zdolnosci sorpcyjne uzyskanego materiatu w
stosunku do kationéw miedzi(ll), kadmu(ll), chromu(lll), niklu(Il) oraz kobaltu(Il). W tym
celu wyznaczylem izotermy adsorpcji, kinetyke adsorpcji, wptyw temperatury oraz pH na

proces adsorpcji
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FUNKCJONALIZACJA NANORUREK WEGLOWYCH

Technika MALDI-MS, do zarejestrowania widma, wymaga zastosowania mieszaniny
analitu oraz odpowiedniej matrycy, np. kwasu sinapowego lub 2,3-dihydroksybenzoesowego.
Wymog ten jest jednoczesnie ograniczeniem tej metody, gdyz uzyskanie dobrej jakosci
widma masowego analitu o niskiej masie czgsteczkowej jest niezwykle trudne ze wzgledu na
liczne sygnaly o wysokiej intensywno$ci pochodzace od zastosowanej matrycy. W celu
ominigcia tego problemu, zamiast konwencjonalnych matryc organicznych, stosuje si¢
substancje nieorganiczne, ktdre sa zrodtem nielicznych sygnalow 0 matej intensywnosci w
obszarze niskich mas czgsteczkowych. Posrod zastosowanych w tym celu substancji
nieorganicznych znalazty si¢ nanorurki weglowe, ktore zostaty uzyte jako matryce, w analizie
MALDI-MS, do otrzymania widm masowych zwigzkow o niskich masach czasteczkowych,
takich jak peptydy [1]. Rozwinieciem tej metody jest zastosowanie utlenionych nanorurek
weglowych, ktore posiadajg na swojej powierzchni grupy karboksylowe. Okazato sig, ze
nanorurki weglowe z tak zmodyfikowang powierzchnig lepiej spetniaja swoje zadanie jako
matryce, gdyz grupy karboksylowe staja si¢ dodatkowym Zrodtem jondw. Co wigcej, proces
utlenienia usuwa z ich powierzchni amorficzny wegiel, ktory jest glownym zZrodiem
zanieczyszczen obserwowanych na widmie masowym [2, 3]. Problemem badawczym, jaki
rozwigzatem i opisalem w publikacji pt. ,,Laser desorption/ionization mass spectrometric
analysis of surfactants on functionalized carbon nanotubes” bylo sprawdzenie, czy
funkcjonalizacja nanorurek weglowych za pomocg kwasu sinapowego, zwigzanego W Sposob
kowalencyjny oraz niekowalencyjny, doprowadzi do uzyskania efektywnych matryc w
technice MALDI-MS. W tym celu wielo$cienne nanorurki weglowe posiadajace W swojej
strukturze grupy karboksylowe, wprowadzone na skutek czg¢$ciowego utlenienia, poddatem
reakcji z chlorkiem tionylu. Tak utworzony material zmodyfikowatlem w dwojaki sposob:
poprzez bezposrednig reakcje z kwasem sinapowym oraz poprzez reakcje z nadmiarem
etylenodiaminy, a nastepnie dodanie do tak uzyskanego materialu kwasu sinapowego.
Pierwsza z opisanych metod pozwolita mi na otrzymanie nanorurek weglowych
sfunkcjonalizowanych kwasem sinapowym zwigzanym w sposob kowalencyjny, natomiast
dzieki drugiej otrzymatem nanorurki weglowe sfunkcjonalizowane kwasem sinapowym
zwigzanym W SposOb niekowalencyjny (poprzez utworzenie pary jonowej). Schemat
przeprowadzonych reakcji przedstawiono na rysunku 2. Oba uzyskane materiaty (oznaczone
odpowiednio jako CNT-SA oraz [CNT-NH3;'][SA]) scharakteryzowalem za pomoca

spektroskopii w podczerwieni.
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Rysunek 2. Schemat otrzymywania nanorurek weglowych sfunkcjonalizowanych kwasem

sinapowym w sposdb kowalencyjny (CNT-SA) oraz niekowalencyjny ([CNT-NH3"][SA]).

Jako anality wybratem surfaktanty niejonowe zawierajace ugrupowania polioksaetylenowe.
Dwa z zastosowanych analitow stanowity etery cetylowe glikolu polietylenowego o roéznej
dtugosci tancucha polioksaetylenowego (majace komercyjne nazwy Brij® 52 oraz Brij® 56),
natomiast trzecim analitem byt eter monometylowy glikolu polioksaetylenowego o masie
czasteczkowej $redniej liczbowo (ang. number average molecular weight) wynoszacej 750
g/mol. Porownujagc widma masowe zarejestrowane technika MALDI-MS wymienionych
analitow z zastosowaniem CNT-SA oraz [CNT-NH;'][SA] jako matryc zauwazytem, ze
calkowita intensywno$¢ widm, uzyskanych z zastosowaniem CNT-SA, jest wieksza niz w
przypadku [CNT-NH;'][SA]. Te obserwacje wytlumaczylem obecnoscia wolnych grup
karboksylowych znajdujacych si¢ na powierzchni CNT-SA. Z uwagi na fakt, iz synteza byta
wykonywana w naczyniach szklanych, a rozpuszczalniki wykorzystywane podczas syntezy

byly przechowywane w szklanych butelkach, grupy karboksylowe mogty przeksztalci¢ si¢ w
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aniony karboksylanowe wystepujace w postaci soli sodowej lub potasowej. Tak utworzone
ugrupowania sg bardzo wydajne w przenoszeniu jondw sodu i potasu bezposrednio do
analitéw, co skutkuje zwickszeniem catkowitej intensywnosci zarejestrowanych widm.
Sygnaty pochodzace od zanieczyszczen, powstatych najprawdopodobniej w wyniku rozktadu
matrycy, mialy nizsza intensywno$¢ na widmach masowych zarejestrowanych z
zastosowaniem [CNT-NH;'][SA]. Fakt ten wyttumaczylem inng dystrybucja energii lasera
zaabsorbowang przez probke. W przypadku [CNT-NH3"][SA] cze$é energii zostaje zuzyta na
zerwanie wigzania jonowego, przez co mniejsza jej ilos¢ oddziatuje na strukture nanorurek
weglowych. Podsumowujgc, wykazatem ze sfunkcjonalizowane kwasem sinapowym
nanorurki weglowe moga by¢é z powodzeniem wykorzystywane jako matryce w analizie
MALDI-MS, a sposob funkcjonalizacji (kowalencyjny lub niekowalencyjny) ma wptyw na
jakos¢ uzyskanego widma.

Aplikacyjne zastosowanie nowej generacji funkcjonalizowanych nanorurek
weglowych przedstawitem w pracy pt. ,,Laser desorption/ionization mass spectrometric
analysis of folic acid, vancomycin and Triton® X-100 on variously functionalized carbon
nanotubes”. Problemem badawczym, jaki podjalem w tej pracy, bylo sprawdzenie
efektywnosci sfunkcjonalizowanych w rézny sposob nanorurek weglowych jako matryc w
analizie MALDI-MS. W tym celu przebadatem pi¢¢ materiatdéw: niezmodyfikowane
nanorurki weglowe (CNT), nanorurki weglowe z grupami hydroksylowymi (CNT-OH) lub
karboksylowymi (CNT-COOH) oraz nanorurki weglowe sfunkcjonalizowane kowalencyjnie
za pomoca kwasu sinapowego (CNT-SA) lub galusowego (CNT-GA). Proces funkcjonalizacji
za pomocg kwasu galusowego przeprowadzitem analogicznie jak w przypadku kwasu
sinapowego. Jako anality zastosowalem trzy rézne substancje: kwas foliowy, antybiotyk —
wankomycyne oraz surfaktant niejonowy Triton® X-100. Dodatkowo widmo kazdego z
analitow zarejestrowalem, w celach poréwnawczych, z czystym kwasem sinapowym jako
matrycg. Zarejestrowane widma masowe wykazaly wyraznie, ze wszystkie zastosowane
matryce, oparte na bazie nanorurek weglowych, efektywnie adsorbuja energi¢ lasera i
przenoszg ja na analit, powodujac jego jonizacj¢. Calkowita intensywno$¢ widm masowych
uzyskanych z zastosowaniem CNT oraz CNT-OH byta o okoto jeden rzad wielko$ci nizsza,
niz w przypadku pozostatych materialow weglowych. Obserwacje t¢ wyjasnilem faktem, iz
pozostate funkcjonalizowane nanorurki weglowe maja w swojej strukturze aniony
karboksylanowe wystepujace w postaci soli sodowej, ktore moga by¢ zrodtem kationow sodu.
Zblizong intensywno$¢ w przypadku CNT-COOH, CNT-SA oraz CNT-GA wyjasnitem

postulujac, ze funkcjonalizacja kwasem sinapowym, czy galusowym nie zmienia wlasciwosci
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nanorurek weglowych w procesie przenoszenia zaabsorbowanej energii lasera na analit.
Roznice w catkowitej intensywnosci widm migdzy tymi trzema materiatami
najprawdopodobniej oznaczaja, ze dany analit ma wigksze powinowactwo do powierzchni
nanorurki weglowej sfunkcjonalizowanej w okreslony sposob, a co za tym idzie mozliwe jest
dobranie najbardziej efektywnych par matryca nanorurkowa — analit. Poréwnanie z klasyczng
matrycg MALDI-MS, czyli kwasem sinapowym, wykazato Zze matryca ta praktycznie nie
nadawata si¢ do zarejestrowania widma kwasu foliowego, gdyz sygnaty pochodzace od tego
analitu miaty duzo nizsza intensywnos$¢ niz sygnaly pochodzace od matrycy. Co wigcej,
widma masowe wankomycyny oraz Tritonu® X-100 otrzymane z zastosowaniem kwasu
sinapowego byly gorsze jakoSciowo, niz widma tych analitw zarejestrowane z
zastosowaniem matryc na bazie nanorurek weglowych. Oznacza to, ze otrzymane przeze mnie
matryce nadaja si¢ lepiej do analizy MALDI-MS zwiazkow o niskich masach

czgsteczkowych, niz najczesSciej stosowane, ,,tradycyjne” matryce organiczne.
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FUNKCJONALIZACJA POLIMEROW

Kwasy boronowe zdolne sg do tworzenia kompleksow z diolami w wyniku
rownowagowej reakcji prowadzacej do uzyskania odpowiedniego estru. Ze wzgledu na te
unikalne wlasciwosci, polimery zawierajagce w swojej strukturze receptory boronowe cieszg
si¢ olbrzymim zainteresowaniem badaczy. Polimery nalezace do tej grupy zwiazkow znalazty
liczne potencjalne zastosowania, migdzy innymi jako nosniki lekéw [4, 5] oraz sensory
wykrywajace substancje aktywne biologicznie [6]. Problemem badawczym, jaki podjatem w
pracy pt. “Poly(methyl vinyl ether-alt-maleic anhydride) Functionalized with 3-
Aminophenylboronic Acid: A New Boronic Acid Polymer for Sensing Diols in Neutral
Water”, byla synteza rozpuszczalnego w wodzie polimeru zawierajacego w swojej strukturze
receptory boronowe, ktory bytby zdolny do tworzenia selektywnych oddziatywan z cukrami
oraz diolami. W celu otrzymania odpowiedniego polimeru przeprowadzitem reakcje mi¢dzy
poli(eterem metylowo-winylowym-alt-bezwodnikiem maleinowym) (poly(MVE-alt-MA),
ang. poly(methyl vinyl ether-alt-maleic anhydride)) oraz kwasem 3-aminofenyloboronowym,
ktorej schemat przedstawiony jest na rysunku 3.
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Rysunek 3. Schemat otrzymywania polimeru zawierajacego receptory boronowe.

W wyniku reakcji nie uzyskuje si¢ pelnego przereagowania wszystkich grup
bezwodnikowych znajdujacych si¢ w poly(MVE-alt-MA), dlatego do dalszych badan
niezb¢dne bylo wyznaczenie, ile receptorow boronowych znajduje si¢ w produkcie
oznaczonym jako poly(MVE-alt-MA-BA). Wartoé¢ te wyznaczono technika spektroskopii *H
NMR poprzez porownanie intensywnosci sygnatow pochodzacych od protonow
aromatycznych, obecnych tylko w grupach fenyloboronowych, z intensywnoscia sygnatow od
pozostatych protondéw, ktérych ilos¢ nie zmienita si¢ w trakcie procesu funkcjonalizacji.
Okazato si¢, ze w koncowym produkcie na trzy nieprzereagowane grupy bezwodnikowe
przypada jeden receptor boronowy. W kolejnym etapie badan wyznaczylem state trwatosci

kompleksOw miedzy receptorami boronowymi, znajdujagcymi si¢ w strukturze poly(MVE-alt-
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MA-BA), oraz diolami i cukrami o réznej budowie. W tym celu zastosowalem metode
zaproponowang przez Springsteena i Wanga [7] wykorzystujaca alizaryne S (ARS, ang.
Alizarin Red S), ktora tworzac kompleks z receptorem boronowym zmienia swojg barwe z
czerwonej na zotta. W momencie, gdy do tak uzyskanego uktadu wprowadza si¢ diol, wypiera
on alizaryne S z kompleksu, przywracajac tym samym czerwong barwe catej mieszaninie.
Oznacza to, ze mierzac zmiany absorbancji roztworu w trakcie miareczkowania roztworem
diolu oraz znajac statg trwatosci kompleksu receptor boronowy — alizaryna S (wyznaczong za
pomocg metody Benesiego-Hildebranda) bytem w stanie wyznaczy¢ state trwato$ci

kompleksu receptor boronowy — diol. Schemat opisanego uktadu przedstawia rysunek 4.
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Rysunek 4. Schemat uktadu wykorzystywanego do wyznaczania statych trwatosci kompleksu
receptor boronowy — diol.

W wyniku przeprowadzonych pomiaréw wykazalem, ze uzyskany polimer charakteryzowat
si¢ zdecydowanie wigksze powinowactwo do rybonukleozydow cytydyny oraz urydyny, niz
do jakiegokolwiek innego przebadanego cukru. Ponadto zaobserwowatem, iz podczas proby
pomiaru statej trwato$ci kompleksow z wszystkimi aldopentozami oraz niektorymi innymi
zwigzkami, uzyskana mieszanina przyjmuje kolor  purpurowo-czerwony, O
najprawdopodobniej wskazuje na zachodzenie procesu redoks w badanym uktadzie. Nie udato
mi si¢ jednakze zbada¢ doktadnego mechanizmu tego procesu, ani znalez¢ informacji na ten
temat w literaturze.

Polimery, ktére zdolne s3 do tworzenia kompleksow z kationami metali znajduja
szerokie zastosowanie w oczyszczaniu wod, odzyskiwaniu cennych metali oraz w Kkatalizie

heterogenicznej. Temat ten zostal przeze mnie Szerzej opisany w rozdziale monografii pt.
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»Functional polymers forming complexes with metal ions”. W celu uzyskania polimeru
zdolnego do adsorpcji konkretnych kationow metali, niezbedne jest zaprojektowanie lub
wybranie odpowiedniego receptora.

W publikacji pt. “Removal of heavy metal ions with the use of chelating polymers
obtained by grafting pyridine—pyrazole ligands onto polymethylhydrosiloxane” problemem
badawczym jaki podjatem byta synteza receptorow pirydyno-pirazolowych, przytaczenie ich
do powierzchni poli(metylowodorosiloksanu) (PMHS, ang. polymethylhydrosiloxane) oraz
sprawdzenie zdolnosci sorpcyjnych tak uzyskanych materiatow w stosunku do kationow
miedzi(Il), kadmu(ll), chromu(l1), niklu(Il) oraz kobaltu(ll). Wybratem receptory pirydyno-
pirazolowe, gdyz pochodne pirazolu znane sg ze swoich zdolno$ci do tworzenia trwatych
zwigzkow koordynacyjnych z kationami metali. W rozdziale monografii pt. ,,Synthesis of
pyrazole-based bidentate and tridentate supramolecular ligands” przedstawitem zagadnienia
dotyczace  syntezy oraz  wlasciwosci  pochodnych  pirazolu, jako ligandow
supramolekularnych. Wybér PMHS na polimer macierzysty spowodowat, iz musiatem
zaprojektowa¢ ligandy zdolne do przytaczenia si¢ do powierzchni polimeru w wyniku reakcji
hydrosililowania. W tym celu przeprowadzitem szereg reakcji, przedstawionych na rysunku 5,
prowadzacych do otrzymania ligandow 3 i 6, ktore ro6znig si¢ dlugoscig linkera taczacego je z
fancuchem gléwnym polimeru. Moim celem bylo sprawdzenie rowniez, czy dlugos¢ linkera
oraz obecno$¢ dodatkowych atomoéw donorowych tlenu w przypadku liganda 6 ma wplyw na
zdolnosci sorpcyjne ostatecznego polimeru. W wyniku reakcji hydrosililowania uzyskatem
dwa polimery, ktore oznaczytem jako PMHS-g-PyPzAllyl (uzyskany z zastosowaniem
liganda 3) oraz PMHS-g-PyPz(OEt),Allyl (uzyskany z zastosowaniem liganda 6). Dla
kationow miedzi(Il), kadmu(ll), chromu(l11), niklu(ll) oraz kobaltu(ll) wyznaczytem izotermy
adsorpcji, kinetyke adsorpcji, wplyw temperatury oraz pH na proces adsorpcji. Ponadto
sprawdzitem, jak cykle adsorpcji/desorpcji wptywajg na zdolno$ci sorpcyjne polimeru oraz
wykazatem, ze uzyskane polimery efektywnie adsorbuja kationy metali z zanieczyszczonych
nimi ciekltych odpadéw przemystowych. Wartosci maksymalnej adsorpcji, obliczone na
podstawie izotermy Langmuira, wykazaly réznice miedzy wiasciwosciami PMHS-g-
PyPzAllyl oraz PMHS-g-PyPz(OEt),Allyl wzgl¢dem przebadanych kationow metali. Okazato
sig, ze PMHS-g-PyPz(OEt),Allyl, dzigki obecnosci dluzszego linkera, jest bardziej
uniwersalny w procesie adsorpcji kationow, gdyz roéznice migdzy warto$ciami maksymalnej
adsorpcji miedzy kationami bylty zdecydowanie mniejsze niz w przypadku PMHS-g-
PyPzAllyl. Jest to najprawdopodobniej zwigzane z wigkszg elastyczno$cig receptora, ktory

jest w stanie lepiej dostosowac si¢ do rozmiardw okreslonych kationow metali.
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Rysunek 5. Schemat syntez prowadzacych do otrzymania ligandéw 3 i 6.
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Zasady Schiffa, zawierajace w swojej strukturze atomy azotu i tlenu, sa znane z
tworzenia trwatych kompleksoéw z kationami metali przejSciowych. Sg to najczesciej zwiazki,
ktére mozna otrzyma¢ w wyniku prostej kondensacji lub kilku kondensacji zachodzacych
podczas pojedynczego etapu syntezy. Poprzez przytaczenie zasad Schiffa do polimeréw
uzyskuje si¢ materialy zdolne do adsorpcji kationdw metali poprzez receptory o dobrze
zdefiniowanej strukturze [8]. Kolejnym zagadnieniem, ktore realizowalem w trakcie
wykonywania pracy doktorskiej dotyczylo syntezy polimeréow sfunkcjonalizowanych za
pomoca zasad Schiffa. Syntez¢ polimeru zawierajacego w swojej strukturze zasady Schiffa
oraz sprawdzenie wlasciwosci sorpcyjnych tak uzyskanego materiatu w stosunku do kationow
miedzi(Il), kadmu(ll), chromu(lll), niklu(ll) oraz kobaltu(ll) przedstawitem w publikacji pt.
"Preparation of Porous Resin with Schiff Base Chelating Groups for Removal of Heavy Metal
lons from Aqueous Solutions”. Polimerem jaki zdecydowatem si¢ podda¢ funkcjonalizacji byt
poly(MVE-alt-MA), co oznaczato, iz zastosowany receptor musiat by¢ w stanie przytaczy¢
si¢ do grup bezwodnikowych. W tym celu zdecydowalem si¢ na otrzymanie zasady Schiffa w
wyniku reakcji 2-acetylopirydyny oraz hydrazydu kwasu 4-aminobenzoesowego, ktora
posiada grupe aminowa, zdolng do reakcji z grupami bezwodnikowymi. Schemat

otrzymywania ostatecznego polimeru przedstawitem na rysunku 6.
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Rysunek 6. Schemat otrzymywania polimeru zawierajacego w swojej strukturze zasady
Schiffa.

Uzyskany material scharakteryzowalem za pomoca spektroskopii w podczerwieni, analizy
elementarnej, termograwimetrii, skaningowej kalorymetrii réznicowej, sorptometrii azotu
oraz skaningowej mikroskopii elektronowej. Okazato si¢, ze otrzymany polimer wykazuje
interesujaca, porowatg strukture, a jego powierzchnia wlasciwa wyznaczona z izotermy BET
wynosi 2,051 m%/g, co jest wartoscia zblizona do wartosci uzyskiwanych dla innych
chelatujacych polimerow [9]. Dla kationow miedzi(Il), kadmu(I1), chromu(lll), niklu(ll) oraz
kobaltu(ll) wyznaczytem izotermy adsorpcji, kinetyke adsorpcji, wptyw temperatury oraz pH
na proces adsorpcji. Okazato si¢, ze procesowi adsorpcji najlepiej odpowiada model
Langmuira, a kinetyce model pseudo-drugiego rz¢du. Sprawdzitem takze przydatnosc
polimeru po kilku cyklach adsorpcji/desorpcji, w ktorych zastosowatem dwa odczynniki
desorbujace: kwas solny oraz EDTA. Zaskakujagcym faktem byta obserwacja, iz adsorpcja
polimeru w stosunku do wigkszo$ci kationow zwigksza si¢ po pierwszym etapie desorpcji z
zastosowaniem kwasu solnego. Wytlumaczylem to reakcja hydrolizy pozostatych grup
bezwodnikowych, co w konsekwencji prowadzi do utworzenia si¢ grup karboksylowych na
powierzchni polimeru, ktore zwiekszajg jego zdolnosci sorpcyjne w stosunku do niektorych
kationow metali przejsciowych. Uzyskany przeze mnie polimer byt w stanie zaadsorbowaé
wigksze ilosci kationéw kadmu(ll) oraz miedzi(I) niz inne sorbenty opisane w literaturze [10,
11].
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PODSUMOWANIE

Celem naukowym rozprawy doktorskiej pod tytutem ,,Funkcjonalizacja polimerow i
nanomateriatbw  weglowych z  zastosowaniem  niskoczasteczkowych — receptorow
molekularnych” bylo opracowanie metod syntezy i otrzymanie nowych, funkcjonalnych
polimeréw 1 materiatow weglowych zawierajacych receptory molekularne o okreslonych,
zatozonych wiasciwosciach. Tak otrzymane, sfunkcjonalizowane nanorurki weglowe miaty
znalez¢ zastosowanie w spektrometrii mas jako matryce w technice MALDI-MS, natomiast
sfunkcjonalizowane polimery jako uktady zdolne do wigzania analitow w chemii analitycznej
1 sSrodowiskowe;.

Uzyskane wyniki przedstawitem w pigciu oryginalnych publikacjach naukowych. Na
podstawie literatury przedstawilem w rozdziale monografii pt. ,,Synthesis of pyrazole-based
bidentate and tridentate supramolecular ligands” wtasciwosci pochodnych pirazolu jako
ligandow supramolekularnych, natomiast w rozdziale monografii pt. "Functional polymers
forming complexes with metal ions” oméwitem zagadnienia dotyczace syntezy oraz badan
funkcjonalnych polimeréw.

W wyniku przeprowadzonych badan opracowatem metody syntezy i otrzymatem:

e sfunkcjonalizowane kwasem sinapowym nanorurki weglowe, ktore z powodzeniem
zastosowatem jako nowe, efektywne matryce w analizie MALDI-MS,

e rozpuszczalny w wodzie polimer poly(MVE-alt-MA-BA), zawierajacy receptory
boronowe; wyznaczylem state trwatosci kompleksow migdzy receptorami
boronowymi, znajdujacymi si¢ w strukturze polimeru i réznymi diolami,

e otrzymatem polimery krzemoorganiczne, zawierajagce w swojej strukturze receptory
pirydyno-pirazolowe oraz zastosowalem je do adsorpcji kationow metali
przejsciowych,

e uzyskalem polimer bedacy pochodng poly(MVE-alt-MA), zwierajacy w swojej
strukturze zasady Schiffa oraz wykorzystalem go do adsorpcji kationéw metali
przejsciowych.

Otrzymane w  wyniku syntezy sfunkcjonalizowane nanorurki weglowe oraz
sfunkcjonalizowane polimery posiadaly zaloZzone przed synteza wtasciwosci i mogg znalez¢
zastosowanie w spektrometrii mas, w chemii analitycznej jako selektywne receptory oraz do

oczyszczania wod z jonow metali cigzkich.
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Streszczenie rozprawy doktorskiej pt.
»Funkcjonalizacja polimerow i nanomaterialow weglowych z zastosowaniem
niskoczasteczkowych receptorow molekularnych”
mgr Michat Ceglowski

promotor: prof. dr hab. Grzegorz Schroeder

Kontrolowana, funkcjonalizacja chemiczna materiatéw poprzez wprowadzanie do ich
struktury  okre$lonych grup funkcyjnych umozliwia zmiang¢ ich  wlasciwosci
fizykochemicznych lub nadawanie im specjalnych zastosowan. Jest to jedna z podstawowych
strategii syntezy stosowanych w chemii supramolekularnej, ktéra umozliwia uzyskiwanie
materiatéw funkcjonalnych, posiadajacych w swojej strukturze receptory molekularne.
Uktady tego typu zachowuja wigkszo$¢ unikalnych wihasciwosci poczatkowego materiatu, a
ponadto dzigki obecnosci receptorow molekularnych, zdolne sg do tworzenia selektywnych
oddzialywan z innymi czgsteczkami.

Nanorurki weglowe wykazuja niezwykte wtasciwosci elektryczne oraz mechaniczne,
co sprawia, ze sa badane jako obiecujace materialy do zastosowan w elektronice jako
poOlprzewodniki, chemii materiatowej jako skladniki wytrzymatych materiatow
kompozytowych oraz chemii analitycznej do detekcji substancji przy bardzo niskich
stezeniach. Wigkszo$¢ z tych zastosowan wymaga wczesniejszej funkcjonalizacji powierzchni
nanorurek weglowych.

Funkcjonalizacja polimeréw umozliwia otrzymanie szerokiej grupy materiatow
polimerowych o specjalistycznych zastosowaniach. Duzym zainteresowaniem badaczy cieszg
si¢ polimery zdolne do selektywnego wychwytywania, ze swojego otoczenia okreslonych
zwigzkow chemicznych. Tego typu materialy otrzymuje si¢ w kontrolowanej polimeryzacji
funkcjonalnych monomerow lub poprzez funkcjonalizacje odpowiedniego polimeru. Druga z
opisanych metod jest wydajna i tatwa do przeprowadzenia, pod warunkiem, ze receptor uzyty
do funkcjonalizacji posiada grupy funkcyjne zdolne do trwatego wigzania si¢ z gtdéwnym
fancuchem polimeru. Oznacza to, ze niezbedne w tej metodzie jest otrzymanie czasteczki
receptora z grupami funkcyjnymi reaktywnymi wzgledem okreSlonego polimeru. Zaleta
funkcjonalnych polimerow jest najczesciej: tatwa synteza, niski koszt otrzymywania oraz
zdolno$¢ do wielokrotnego zastosowania w tym samym procesie po etapie regeneracji.

Celem naukowym mojej pracy jest opracowanie metody syntezy i otrzymanie nowych,
funkcjonalnych materialéw weglowych 1 polimerow zawierajacych receptory molekularne.
Uktady te maja wykazywac¢ zdolno$¢ selektywnego wigzania jonéw 1 czgsteczek oraz

zdefiniowane wlasciwosci.
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W celu otrzymania nowych matryc dla techniki MALDI-MS (ang. matrix-assisted
laser desorption/ionization mass spectrometry), ktoére nie generowatyby sygnalow na widmie
mas w rejonie niskich mas czasteczkowych, przeprowadzilem funkcjonalizacje
wielo$ciennych nanorurek weglowych poprzez przytaczenie do ich powierzchni kwasu
sinapowego w sposdb kowalencyjny lub poprzez utworzenie kompleksu jonowego. Uzyskane
w ten sposob materiaty zastosowalem jako matryce w analizie MALDI-MS surfaktantdw,
kwasu foliowego oraz wankomycyny. Wykazatem, ze widma masowe zarejestrowane z
zastosowaniem przygotowanych przeze mnie materiatow maja, dla wigkszosci zbadanych
analitow, wyzszg catkowitg intensywnos$¢ oraz lepszy stosunek sygnatu do szumu niz widma
zarejestrowane z zastosowaniem niezmodyfikowanych nanorurek weglowych. Ponadto
stwierdzitem, ze widma uzyskane z zastosowaniem przygotowanych przeze mnie
funkcjonalizowanych nanorurek weglowych posiadaja mniej sygnatow pochodzacych od
matrycy w rejonie niskich mas czgsteczkowych, ktére przeszkadzaja w analizie widm, niz
widma uzyskane z zastosowaniem czystego kwasu sinapowego jako matrycy.

Przeprowadzenie funkcjonalizacji okreslonych polimeréow wymagato ode mnie
uzyskania receptorow, ktore jednoczesnie beda selektywne wobec odpowiedniego analitu i
reaktywne wzgledem grup funkcyjnych obecnych w strukturze polimeru. Pierwszym celem
funkcjonalizacji polimerow bylo uzyskanie materialtdow zdolnych do selektywnego
oddziatywania z cukrami i diolami. W tym celu do poli(eteru metylowo-winylowego-alt-
bezwodnika maleinowego) (poly(MVE-alt-MA), ang. poly(methyl vinyl ether-alt-maleic
anhydride)) przytaczytem kwas 3-aminofenyloboronowy. Do roztworu tak otrzymanego
polimeru dodatem nastepnie alizaryny S, ktéra utworzyta z nim barwny kompleks. Sledzenie
zmian absorpcji uzyskanego kompleksu podczas miareczkowania za pomocg cukrow i dioli
pozwolito mi na wyznaczenie stalych trwato$ci miedzy otrzymanym, polimerem
funkcjonalnym oraz badanymi diolami. Wykazalem, ze sposrdod badanych dioli, uzyskany
polimer miat najwigksze powinowactwo do nukleozydow (cytydyny oraz urydyny).

Drugim celem funkcjonalizacji polimeréow bylo uzyskanie materiatdéw zdolnych do
adsorpcji kationow metali przejsciowych. Otrzymalem w tym celu trzy polimery: dwie
pochodne  poli(metylowodorosiloksanu)  (PMHS, ang.  polymethylhydrosiloxane)
sfunkcjonalizowane za pomocg réznych ligandéw pirydyno-pirazolowych oraz poly(MVE-
alt-MA) sfunkcjonalizowany za pomoca zasady Schiffa uzyskanej w wyniku reakcji 2-
acetylopirydyny oraz hydrazydu kwasu 4-aminobenzoesowego. Nastepnie zbadatem wptyw
stezenia jonéw metali, czasu, temperatury oraz pH na proces adsorpcji kationow miedzi(ll),
kadmu(Il), chromu(lll), niklu(ll) oraz kobaltu(ll). Wykazatem, ze pochodne PMHS maja
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najwieksze powinowactwo do jonow miedzi(II) oraz kadmu(ll), a najmniejsze do jonow
chromu(lll) i kobaltu(ll). Sfunkcjonalizowany poly(MVE-alt-MA) ma najwigksze
powinowactwo do jondéw kadmu(ll), a najmniejsze do jondw chromu(lll). Wszystkie
uzyskane polimery okazaty si¢ efektywne podczas procesu usuwania kationow metali z

zanieczyszczonych nimi ciektych odpadow przemystowych.
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Summary of doctoral dissertation on
“Functionalization of polymers and carbon nanomaterials with low molecular weight
receptors”
Michat Cegtowski

PhD supervisor: Prof. Grzegorz Schroeder

Controlled chemical functionalization of materials achieved by introduction of defined
functional groups to their structure, permits endowing the materials with specific target
properties. It is one of the fundamentals synthetic strategies used in supramolecular chemistry,
leading to functional materials comprising molecular receptors in their structure. The
materials obtained preserve most of the properties of the initial material, but thanks to the
presence of molecular receptors they are capable of selective interactions with other
molecules.

Carbon nanotubes show unusual electric and mechanical properties and thus are
promising materials to be used as semiconductors in electronics, components of highly
resistant composites and as detectors of substances present at trace amounts. Most of these
applications need preliminary functionalization of carbon nanotubes surfaces.

Functionalization of polymers permits getting a wide range of polymer materials
showing defined properties. Recently, much interest has been paid to polymers capable of
selective scavenging of certain chemical compounds or pollutants. They are obtained either as
a result of controlled polymerisation of functionalised monomers or by functionalization of
the polymer. The second approach is efficient and easy to perform on condition that the
receptor used for the functionalization has functional groups capable of making permanent
bonds with the main polymer chain. This condition implies the necessity of obtaining a
molecular receptor with the functional groups reactive towards a given polymer. The benefits
of functionalized polymers include easy synthesis, low cost and ability to multiple application
in the same process after regeneration.

The aim of my doctoral dissertation was to design a method for the synthesis and to
synthesise new functionalized carbon materials and polymers, containing molecular receptors
capable of selective binding ions or molecules and showing defined properties.

One of my tasks was to obtain new matrices to be employed for matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS), which would not generate signals in
the mass spectra in the region of low molecular mass. I performed multiwall carbon nanotubes
functionalized on the surface with sinapic acid via covalent bonds or via formation of ionic

complex. The materials obtained were applied as matrices in the MALDI-MS analyses of
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surfactants, folic acid and vancomycin. | proved that the mass spectra recorded using the
matrix proposed show higher total intensity and higher signal to noise ratio than the spectra
recorded with unmodified carbon nanotubes. Moreover, the spectra obtained with the
functionalized carbon nanotubes as a matrix showed less signals coming from the matrix in
the low molecular mass range (that interfere with spectra analysis) than those recorded with
pure sinapic acid as a matrix.

In order to functionalize certain polymers, it was necessary to obtain receptors that
would be selective towards a given analyte and reactive towards the functional groups present
in the polymer structure. The first task was to obtain materials capable of selective
interactions with sugars and diols. For this purpose | proposed attachment of 3-
aminephenylboronic acid to poly(methyl vinyl ether-alt-maleic anhydride) (poly(MVE-alt-
MA). To a solution of thus obtained polymer, Alizarin Red S was added to make a coloured
complex. Observation of changes in the absorption of the complex obtained upon titration
with sugars and diols permitted a determination of the stability constants of complexes of the
functionalized polymer and the diols studied. | proved that from among the diols studied the
polymer showed the highest affinity to nucleosides, in particular cytidine and uridine.

The second aim of polymer functionalization was to obtain materials capable of
adsorption of transition metal cations. | synthesised three polymers: two derivatives of
polymethylhydrosiloxane (PMHS) functionalized with different pyridine-pyrazole ligands and
poly(MVE-alt-MA) functionalized with a Schiff base obtained as a result of the reaction of 2-
acetylpyridine and 4-aminobenzoic hydrazide. The influence of the metal ions concentration,
contact time, temperature and pH on the adsorption processes of copper(ll), cadmium(ll),
chromium(ll), nickel(I1l) and cobalt(ll) ions. The PMHS derivatives obtained were found to
show the highest affinity to copper(ll) and cadmium(Il) ions and the lowest to chromium(llI)
and cobalt(Il) ions. Functionalized poly(MVE-alt-MA) showed the highest affinity to
cadmium(Il) ions and the lowest to chromium(l11) ions. All polymers obtained were efficient

adsorbents in the process of removal of metal cations from wastewater.
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Laser desorption/ionization mass spectrometric analysis of
surfactants on functionalized carbon nanotubes

Michat Cegtowski” and Grzegorz Schroeder

Faculty of Chemistry, Adam Mickiewicz University in Poznan, Umultowska 89b, 61-614, Poznan, Poland
C_________________________________________________________________________________________]

RATIONALE: Recently, unmodified and carboxylated carbon nanotubes have been used as assisting surfaces laser
desorption/ionization (LDI) in mass spectrometry. The functionalization of carbon nanotubes with organic compounds
should lead to a gamut of other promising LDI-assisting surfaces.

METHODS: Carboxylated carbon nanotubes were functionalized with sinapinic acid either covalently or by creating an
ionic macro-complex. Polyether-based surfactants were used as analytes to examine the properties of these new matrices.
Mass spectrometric analysis was conducted on a LDI-quadrupole time-of-flight (QTOF) mass spectrometer. Carbon
nanotube surfaces were deposited from suspension using the dried-droplet method.

RESULTS: The functionalization of the carbon nanotubes was confirmed with Fourier transform infrared (FTIR)
spectroscopy. The usefulness of each material was examined with two poly(ethylene glycol) hexadecyl ether amphiphiles
(Brij® 52 and Brij® 56) and a poly(ethylene glycol) monomethyl ether as analytes. Generally, the mass spectra obtained with
carbon nanotubes covalently functionalized with sinapinic acid as a matrix had peaks with higher intensities than those
obtained with carbon nanotubes functionalized by ionic macro-complex formation.

CONCLUSIONS: The presented new materials based on functionalized carbon nanotubes are effective in the LDI mass
analysis of polyether amphiphiles and poly(ethylene glycol) monomethyl ether. This type of assisting surfaces can be
highly modified by appropriate functionalization procedures. Copyright © 2012 John Wiley & Sons, Ltd.

[1.2]

Matrix-assisted laser desorption/ionization (MALDI) provide an additional proton source, eliminate the carbon

mass spectra are normally obtained with the use of a mixture
of the analyte and an appropriate matrix such as sinapinic
acid or 2,5-dihydroxybenzoic acid (DHB). This requirement
is the main drawback of this method — the inability to obtain
well-defined spectra of small analyte molecules, because
their signals interfere with a variety of signals generated
from the ions produced by the matrix. In the original work
by Tanaka et al., inorganic compounds such as fine cobalt
powder mixed with glycerol™ were proposed as matrices.
Since then many other inorganic substances such as
{v:;raphite,[}5 ! diamond nanowires, “l activated carbon,'” carbon
powcler,[SJ porous silicon” " silicon thin film, %! single-crystal
silicon surface,"™® silicon nanowires,"*'®! nanostructured
silicon plates'® and frozen solutions of solid organic
compounds!'”! have been used as assisting surfaces for
obtaining LDI mass spectra.

Since the report by lijima in 1991, carbon nanotubes
(CNTs) have attracted the attention of many scientists from
different fields. Their unique physical properties and a possibi-
lity to covalently or noncovalently modify their surface make
them a promising material in a variety of applications.”! Xu
et al. have used CNTs as an efficient assisting surface for LDI
analysis of biomolecules such as small peptides.*” In order to

[18]

L |
* Correspondence to: M. Ceglowski, Faculty of Chemistry,
Adam Mickiewicz University in Poznan, Umultowska
89b, 61-614 Poznan, Poland.
E-mail: ceglowski. m@gmail.com

impurities that produce additional signals in mass spectra
and increase the solubility of the CNTs, Ren and Guo"! used
oxidized CNTs containing carboxylic groups on their
surface, as assisting surface for obtaining LDI mass spectra
of oligosaccharides, peptides and insulin. Oxidized CNTs
have also successfully been used for the qualitative and
quantitative determination of small molecules by Pan et al.l??!
Ren and Guo®! introduced the use of CNTs functionalized
with 2,5-dihydroxybenzoyl hydrazine for obtaining LDI mass
spectra of trace peptides. Derivatization with this compound
introduced phenyl and phenolic hydroxyl groups onto the
surface of CNTs. Groups of this type can improve the
effectiveness of CNTs as a proton source, with the carbon
nanotube surface being responsible for the absorption of the
pulse laser energy.

Polyether-based amphiphiles have been widely applied in
biomedical and pharmaceutical areas, mostly as nanocarriers
of hydrophobic drugs. They exhibit good chemical stability,
high water solubility, low toxicity, weak interaction with blood
components, and are highly biocompatible.”*! Nevertheless,
they have some drawbacks such as possible degradation under
stress, accumulation in the body above certain levels, or interac-
tion with the immune system that can generate unwanted
immune responses.m] Thus, a rapid and sensitive method is
required in order to estimate the presence of these compounds
in biological samples.

In this paper we present a convenient method for functiona-
lizing CNTs in order to obtain functional-assisting surfaces for
obtaining LDI mass spectra. The new materials were designed

Rapid Commun. Mass Spectrom. 2013, 27, 258-264
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as derivatives of CNTs to which sinapinic acid, a conventional
MALDI matrix, has been attached in two different ways. One
of the matrices was designed as an ionic macro-complex
between sinapinic acid and modified CNTs, while the other is
a product of covalent functionalization of carboxylated CNTs
with sinapinic acid. These routes of functionalization allow a
combination of the high absorption of laser energy by CNTs
with the effectiveness of sinapinic acid as a proton source.
The usefulness of these assisting surfaces was examined with
polyether amphiphiles [poly(ethylene glycol) hexadecyl ethers]
and poly(ethylene glycol) monomethyl ether.

EXPERIMENTAL

Chemicals and materials

Polyether amphiphiles (poly(ethylene glycol) hexadecyl
ethers: Brij® 52 and Brij® 56), poly(ethylene glycol)
monomethyl ether of average M,=750, sinapinic acid
(=99.0%, matrix substance for MALDI-MS), sodium
perchlorate  monohydrate and potassium perchlorate
were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Carboxylated CNTs (multi-walled nanotubes, -COOH function-
alized, >95% purity) with average diameter of 10-20 nm
and average length 10-30 pm were obtained from Nanostruc-
tured & Amorphous Materials, Inc. (Houston, TX, USA).
The methanol used in our experiments was HPLC grade
(Sigma-Aldrich). The other chemical reagents were of analytical
grade and were used without further purification.

Synthesis of CNTs with sinapinic acid attached
covalently (Fig. 1)

A sample of carboxylated CNTs (100 mg) was refluxed with
20 mL of thionyl chloride for 20 h. The excess thionyl chloride
was then removed under reduced pressure and the resulting
powder was dried in vacuum at 80 °C.

The obtained material was suspended in 20 mL of
anhydrous tetrahydrofuran (THF) and 100 mg of sinapinic
acid and 300 pL of triethylamine were added. The resulting
mixture was stirred for 24 h. The final product (CNT-SA)
was isolated by centrifugation, washed thoroughly with
THEF, then with methanol and dried at 80 °C.

Synthesis of CNTs with sinapinic acid attached as ionic
macro-complex (Fig. 2)

A sample of carboxylated CNTs (150 mg) was refluxed with
25 mL of thionyl chloride for 20 h. The excess thionyl chloride
was then removed under reduced pressure and the resulting
powder was dried in vacuum at 80 °C.

The obtained material was suspended in 20 mL of anhydrous
THF and 1 mL (large excess) of ethylenediamine was added.
The mixture thus obtained was refluxed for 5 h. The resulting
black powder was isolated by centrifugation, washed
thoroughly with water, then with methanol and dried at 80 °C.

Of the obtained material 50 mg were sonicated in 30 mL of
a sinapinic acid/methanol solution (2 mg mL™") for 30 min
and the mixture was then stirred overnight. The resulting
product ([CNT-NH3][SA]) was isolated by centrifugation,
washed three times with methanol and dried at 80 °C.

0
cm—{ OMe
O

0 SOCl, O sinapinic acid
CNT —= CNT R
. THF, Ez:N
OH Cl » &3 - 0
MeO
OH
CNT-SA
Figure 1. Synthetic route to CNT-SA material.
0 " [8] s 0 i o0
SOCl, ethylenediamine sinapinic acid
CONT - (‘NT—‘( — (‘NT—{ —_— (‘xT%
OH cl THF NH MeOH NH
HN HN
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Figure 2. Synthetic route to [CNT-NH;3][SA™] material.
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LDIMS analysis

Each matrix obtained (2 mg) (CNT-SA and [CNT-NH3][SAT])
was suspended in 1 mL MeOH/H,O (50:50 v/v) using ultra-
sonic dispersion for 10 min. About 0.7 pL of the obtained suspen-
sion was applied to a stainless steel target probe and 0.7 L of
the analyte solution (Brij® 52, Brij® 56 or poly(ethylene glycol)
monomethyl ether methanolic solutions (10° M)) was pipetted
on top of the CNT layer. If KCIO, or NaClO; solutions were
used, 0.7 uL of a 0.2 M water solution of the appropriate salt
was applied on top of the CNT layer. Every drop applied to a
target probe was allowed to dry at room temperature.

Instrumental conditions

The LDIQTOF mass spectra were obtained on a Q-TOF
Premier mass spectrometer (software MassLynx version 4.1,
Waters /Micromass Manchester, UK) with a 200 Hz repetition
rate Nd/YAG laser (A =355 nm, power density 107 W/cmg).

Infrared spectra were recorded on a IFS 66 s spectrometer
(Bruker Polska Sp. z.0.0., Poznan, Poland), using KBr pellets
(about 0.15 mg of sample in 200 mg of KBr).

RESULTS AND DISCUSSION

Synthesis of CNT-SA and [CNT-NH3][SA™] materials

Functionalization of CNTs with sinapinic acid was achieved
in two different ways. One procedure involved the reaction
of carboxylated CNTs with thionyl chloride, which produced
CNTs containing acyl chloride functional groups. These reactive
groups were subsequently reacted with sinapinic acid in order to
produce ester bonds that covalently attached sinapinic acid to
the CNT surface, yielding CNT-SA. Formation of the product
was confirmed by FTIR analysis (Fig. 3). The band at 1730 cm™*
of the carboxylated CNTS is assigned to C=0 stretching vibra-
tions™ and that at 1630 cm™ to -COONa groups formed when
the CNTs are rinsed with deionized water.“®! The CNT-SA FTIR
spectra show the band at 1717 cm™ which can be assigned to
C=0 stretching vibrations of the ester groups formed. Moreover,
the lack of a strong band at 1630 cm™ indicates that all the -
COONa groups have undergone the reaction. Thus, the FTIR
analysis indicates that the functionalization was successful.
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The second procedure of functionalization involved the
production of CNTs containing acyl chloride functional
groups with the use of the same procedure. These groups
were subsequently reacted with ethylenediamine in order to
produce free amine groups attached to the surface of CNTs
via amide bonding. After the reaction with sinapinic acid,
the amine groups formed the sinapinic acid salt of the amine,
a new ionic macro-complex [CNT-NH3][SA™]. Formation of
the product was confirmed by FTIR analysis (Fig. 4). The
band at 1654 cm™' can be assigned to the C=0 stretching
vibrations of the amide groups formed. The almost complete
disappearance of the band at 1730 cm ™, that is present in the
FTIR spectrum of carboxylated CNTs, indicates that most of
the carboxylic groups reacted with ethylenediamine. Moreover,
the appearance of weak bands at 1464 cm™ and 1436 cm™,
which are strong bands in the spectrum of pure sinapinic
acid, indicates that sinapinic acid formed the expected ionic
macro-complex.

LDIQTOF MS analysis of Brij” 52, Brij™ 56 and poly(ethylene
glycol) monomethyl ether using new assisting surfaces

A series of LDIQTOF mass spectra was obtained using Brij® 52,
Brij™ 56 and poly(ethylene glycol) monomethyl ether with the
new assisting surfaces CNT-SA and [CNT-NH;3][SA]. Gener-
ally Na* and K" cations are present in the solvent used for the
sample preparation for the LDI experiments. Consequently
the LDITOF mass spectra show multiple adducts if no salt is
added.” To avoid this problem and reduce complexity of the
spectra, Na* or K' cations were applied in excess on the CNTs
surface. With the concentration of salt being about 200 times
higher than the concentration of the sample in solution before
deposition, the oligomers were almost completely cationized
by the appropriate cation. The mass of the ion formed from
an oligomer can be described as the sum of the mass of the
chain end plus the sum of n times the mass of ethoxy repeat
unit plus the mass of the cation. The aim of the study was to
determine the usefulness of each assisting surface with respect
to enhancement of the intensity of the analyte signals and to
reduce the chemical noise caused by CNTs impurities.

Figure 5 shows the mass spectra obtained using Brij” 52 in
the LDI experiments with the two new assisting surfaces.
Molecular masses can be calculated from the end group, cetyl
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Figure 3. FTIR spectra of carboxylated CNTs (top) and CNT-SA
(bottom).
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Figure 4. FTIR spectra of carboxylated CNTs (top) and
[CNT-NH;][SA™] (bottom).
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Figure 5. LDIQTOF mass spectra of 1 nmol/spot Brij® 52 recorded with CNT-SA- (left column) or [CNT-NH3 ][SA [-assisting surface
(right column) with excess of potassium (upper row) or sodium cation (middle row) or without addition of cations (bottom row).

alcohol (m =242 u), plus 1 x 44 u for the polyoxyethylene unit
and mass of metal ion (23 u for sodium or 39 u for potas-
sium). The spectrum of Brij” 52 when cationized with an
excess of sodium cations had its most intense peak at m/z 397.5
(n=3) and a distribution representing n=1-11 for spec-
tra obtained on both types of CNTs. When cationized with an
excess of potassium cations the spectrum of Brij® 52 had its
most intense peak at m/z 413.5 (n=3) and a distribution
representing n=2-12 for spectra obtained on both types of
CNTs. For spectra obtained without an excess of any cations
the intensities of the corresponding sodiated or potassiated
peaks were similar for both assisting surfaces. The main
difference between our results and those obtained with
previously published data available for the MALDI-TOF MS
analysis of Brij™ 52 is the narrower distribution of oligomers
(n =2-12 compared with 1 =3-19 presented by Raith et al.1**)).
The mass spectrum of Brij” 52 on the CNT-SA-assisting
surface showed peaks of intensities higher than those in
the spectrum recorded on the [CNT-NH3][SA™] surface
regardless of the presence of an excess of sodium or potassium
cations. However, the spectrum of Brij® 52 observed on the
[CNT-NH;][SA ]-assisting surface had lower background
matrix peaks and therefore a better signal-to-noise ratio.
Figure 6 shows the mass spectra obtained using Brij” 56
with the two new assisting surfaces. The masses of the ions
obtained can be calculated in the same way as for Brij™ 52
(cetyl alcohol, plus n x 44 u for the polyoxyethylene unit
and the mass of the appropriate metal ion). The spectrum of
Brij® 56 when cationized with an excess of sodium cations
on both types of CNTs had its most intense peak at n/z 617.7
(n=8) and showed peaks representing 1 =3-21. The spectrum

of Brij® 56 cationized with an excess of potassium cations on
both types of CNTs had its most intense peak at m/z 633.7
(n=8) and showed peaks corresponding to n=3-20. For
spectra obtained without excess of any cations the intensities of
the sodiated peaks were much greater than those of the potas-
siated ones for both assisting surfaces. Similarly to the spectra
recorded for Brij” 52, the peaks in the mass spectra taken on
the CNT-SA-assisting surface for Brij® 56 had higher intensities
than those in the spectra obtained on [CNT-NH;3][SA ™ J-assisting
surface regardless of the presence of excess of sodium or potas-
sium cations. The spectra obtained on the [CNT-NH}][SA']-
assisting surface had lower background matrix peaks.

Figure 7 shows the mass spectra obtained using poly(ethylene
glycol) monomethyl ether with the two new assisting surfaces.
The masses of the ions obtained can be calculated from the
end group, the methyl alcohol (=32 u), plus 1 x 44 u for the
polyoxyethylene unit and the mass of the metal ion (23 u for
sodium or 39 u for potassium). The spectrum of poly(ethylene
glycol) monomethyl ether when cationized with an excess of
sodium cations had its most intense peak at m/z 715.7 (n=15)
and showed peaks corresponding to n=10-24 for spectra
obtained on both types of CNTs. When cationized with an
excess of potassium cations the spectrum of Brij® 52 had its most
intense peak at m/z 731.6 (1=15) and showed peaks corre-
sponding to n=9-24 for spectra obtained on both types of
CNTs. For spectra obtained without an excess of any cations
the intensities of sodiated peaks were greater than those of the
potassiated ones for both assisting surfaces. Similarly to
the spectra recorded for the other two analytes, the peaks in the
mass spectra taken on the CNT-SA-assisting surface for poly
(ethylene glycol) monomethyl ether had higher intensities than
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Figure 6. LDIQTOF mass spectra of 1 nmol/spot Brij® 56 recorded with CNT-SA- (left column) or [CNT-NH3][SA ]-assisting
surface (right column) with excess of potassium (upper row) or sodium cation (middle row) or without addition of cations
(bottom row).
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Figure 7. LDIQTOF mass spectra of 1 nmol/spot poly(ethylene glycol) monomethyl ether recorded with CNT-SA- (left column)
or [CNT-NH3][SA ]-assisting surface (right column) with excess of potassium (upper row) or sodium cation (middle row) or
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Table 1. Average molecular weights in number (M, (g/mol)) and in weight (M,,(g/mol)), average degrees of polymerization
(DP,) and polydispersity indices (Ip) of the analytes studied determined by LDIQTOF with different assisting surfaces and
excess of sodium cation. The intensity of peaks was assumed to be proportional to the concentration of the oligomers
Analyte Assisting surface M, (g/mol) M, (g/mol) DP, Ip
Brij” 52 CNT-SA 136 451 9,9 1,03
Brij® 52 [CNT-NH3][SA] 439 455 10,0 1,03
Brij™ 56 CNT-SA 671 714 15,3 1,06
Brij® 56 [CNT-NH3][SAT] 698 741 15,9 1,06
poly(ethylene glycol) monomethyl ether CNT-SA 723 753 164 1,04
poly(ethylene glycol) monomethyl ether [CNT-NH3][SAT] 739 767 16,8 1,04

those observed in the spectra obtained on the [CNT-NHZ][SA™]- REFERENCES

assisting surface regardless of the presence of an excess of
sodium or potassium cations. The spectra obtained on the
[CNT-NH;][SA J-assisting surface had lower background
matrix peaks.

All the analytes formed sodiated and potassiated molecules
so the presence of sodium and potassium cations in the LDI
sample spot was required to obtain mass spectra of these
compounds. The CNT-5A material has free carboxylic groups
on its surface that can be donors of sodium and potassium
cations, whereas the [CNT-NH3][SA™] material does not have
groups of this kind. The fact that the spectra obtained on
the CNT-SA-assisting surface had peaks of higher intensity
can be attributed to the amount of sodium and potassium ions
that are present at the surface of the material and the ability of
the material to transfer these ions to the analyte. The observa-
tion that the spectra obtained on the [CNT-NH3][SA™] material
had lower background matrix peaks can be attributed to the
transfer of excess laser energy to the sinapinic acid that is
bonded noncovalently. This process may cause breaking of
the ionic bond and desorption of sinapinic acid but it also
preserves the structure of the CNTs whose fragments are
the main source of the unwanted background matrix peaks.
Table 1 shows all the results of calculations obtained from
the LDIQTOF mass spectra of the analytes when cationized
with an excess of sodium cations on both types of assisting
CNTs surfaces.

CONCLUSIONS

The LDIQTOF MS detection of polyether amphiphiles and
poly(ethylene glycol) monomethyl ether is shown to be effec-
tive on two new assisting surfaces that are based on carbon
nanotube derivatives. These materials were designed to have
two different types of functionalization of CNTs with sinapinic
acid: in the covalent and ionic macro-complex forms. These
new assisting surfaces can be used for LDI analysis without
any special preparation of the LDI target plate. Such assist-
ing surfaces can be useful for the LDI-MS detection of other
polyether amphiphiles that are used as nanocarriers of
hydrophobic drugs.
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Laser desorption/ionization mass spectrometric analysis of folic
acid, vancomycin and Triton® X-100 on variously functionalized
carbon nanotubes

Michat Cegtowski*, Szymon Jasiecki and Grzegorz Schroeder
Faculty of Chemistry, Adam Mickiewicz University in Poznan, Umultowska 89b, 61-614 Poznan, Poland

RATIONALE: Carbon nanotubes (CNTs) have been ascertained to constitute versatile assisting matrices for laser
desorption/ionization mass spectrometric analysis of different molecules. The functionalization thereof can lead to
obtaining laser desorption/ionization assisting surfaces that would allow the detection of molecules at lower
concentration and produce spectra with a better signal-to-noise ratio.

METHODS: Pristine, -OH and -COOH functionalized multi-walled CNTs were obtained from commercial suppliers. Gallic
or sinapinic acid was attached covalently to the CNT surfaces by forming an ester bond. Folic acid, vancomycin and Triton®
X-100 were used as analytes to examine properties of these new assisting surfaces. Mass spectrometry analysis was
conducted on a matrix-assisted laser desorption/ionization quadrupole time-of-flight (MALDIQTOF) mass spectrometer.
RESULTS: The functionalization of CNTs was confirmed with Fourier transform infrared (FTIR) spectroscopy. The
obtained mass spectra revealed that all the assisting surfaces are capable of transferring energy to the analytes; moreover,
the presence of carboxyl groups in the structures of CNTs highly enhances their ionization properties. Nevertheless, the
presence of sinapinic acid on CNT surfaces does not increase their properties to absorb pulse laser energy.
CONCLUSIONS: The presented assisting surfaces are effective in LDI mass analysis of folic acid, vancomycin and
Triton® X-100. The appropriate functionalization of CNTs can lead to the production of assisting surfaces that can become
highly effective in the ionization of particular types of analytes. Copyright © 2013 John Wiley & Sons, Ltd.
|

The main drawback of the matrix-assisted laser desorption/
ionization mass spectrometry (MALDI-MS)!'2 technique
constitutes the requirement of using an appropriate matrix such
as sinapinic acid, 25-dihydroxybenzoic acid or a-cyano-4-
hydroxycinnamic acid, since there is no universal matrix.”!
The matrix produces a gamut of its own signals that may
interfere with the signals derived from the analyte molecules.
Moreover, the matrix signals are principally present in the
low-mass region of the spectra. Therefore, obtaining good
spectra of small molecules by the MALDI technique poses a
substantial challenge. In order to circumvent this problem
different inorganic or organic materials such as graphite,m
carbon powder,! activated carbon,® graphene,”*! porous
silicon,[("w] plaﬁnum,[m TiO, nanoparﬁcles,m] nanostructured
silicon plates,"! biomineralized cell walls of microalgae,!*!
9-aminoacridine,“5’l7] 1,5-naphthalene derivatives,m] 1,8-bis
(dimethylamino)naphthalene,"! conductive polymers,*”! ionic
liquids, " or meso-tetrakis(pentafluorophenyl)porphyrin!®* !
have been used as assisting surfaces or matrices for LDI mass
analysis of different molecules.

Carbon nanotubes (CNTs)"**! have unique physical properties
that have attracted scientists representing numerous fields
of science. The possibility of modifying their structures

I ——
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‘;

prevailingly by oxidizing their sidewalls and then carrying out
reactions on the resulting carboxylic groups makes them a
material that has found a multitude of potential applications.*”
Xu et al. have used CNTs, prepared from coal by an arc discharge
method, as assisted matrix for laser desorption/ionization time-
of-flight (LDITOF) mass spectrometric analysis of peptides and
f-cyclodextrin?®! Chen et al. have used CNTs as an assisting
matrix for MALDI analysis of peptides and small proteins.
Moreover, citric acid treated CNTs were employed as affinity
probes to selectively concentrate traces of analytes from aqueous
solutions.”” Ren and Guo have used CNTs oxidized by nitric
acid as a matrix for MALDI analysis of oligosaccharides,
peptides and insulin. The incorporation of carboxylic groups
onto the surface of CNTs has provided a proton source and
allowed a better dispersion of polar analytes, that led to a better
shot-to-shot reproducibility.™ Zhang, Wang and Guo have
demonstrated that 20 common amino acids can be analyzed
by MALDI-MS with CNTs as a matrix. The most intense peaks
corresponded to sodium ion adducts and under optimal
conditions only a few or no background peaks appeared in the
low-mass region.*! Ren et al. have used a type of polyurethane
adhesive to immobilize CNTs on the target, to avoid their
dissipating. A material prepared in this way was used as a
matrix for MALDI-MS analysis of small carbohydrates.” Pan
et al. have used oxidized CNTs for qualitative determination of
small molecules and quantitative determination of jatrorrhizine
and palmatine.”™ Quantitative analysis with the use of oxidized
CNTs as a matrix for MALDI-MS has been applied to monitor
enzyme activity and screen enzyme inhibitors by Hu et al.*!
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Ren and Guo have used CNTs functionalized with 2,5-
dihydroxybenzoyl hydrazine as a pH-adjustable enriching
agent and a matrix used in the MALDI-MS analysis of trace
peptides.”™ Oxidized CNTs have been used as preconcentrating
probes and assisting surfaces for the quantitative determination
of cationic surfactants in water samples using atmospheric
pressure MALDIMS by Shrivas and Wul! Li et al. have
demonstrated a successful use of magnetite/silica/oxidized
CNTs composite as a magnetic solid-phase extraction sorbent
and a matrix for the MALDIMS detection of benzo|a|pyrene.
This composite material can be used to detect benzo|a]pyrene
from organic solvents or aqueous solution.™” Carroccio et al.
have used MALDI-MS to discriminate between grafted or
adsorbed functionalized molecules onto the surface of CNTs. %!
Our group have recently introduced CNTs functionalized with
sinapinic acid, which is a conventional MALDI-MS matrix.
The functionalization was achieved in two different ways: by
producing a covalent bond or by forming an ionic macro-
complex between the surface of the CNTs and sinapinic acid.
The resulting materials proved successful as assisting surfaces
for the LDI-MS detection of palyether amphiphiles.*

In this paper we analyze the influence of functionalization
of CNTs on their usefulness as assisting surfaces for LDI mass
analysis and compare it with sinapinic acid, a commonly
used MALDI matrix. The absorption of laser energy by
unmodified CNTs is excellent, but their ability to transfer it
to the analyte is not that effective. Moreover, CNTs do not
possess any groups that can be a source of protons; therefore,
ionization of the analyte is also challenging. In order to examine
the influence of functionalization of CNTs as assisting surfaces in
LDI, mass analysis was studied for different groups introduced
onto their surface, namely the CNTs unmodified, hydroxylated,
carboxylated, with gallic or sinapinic acid attached covalently
were examined. Hydroxylated CNTs have been chosen because
there is no literature data as to whether the presence of
hydroxyl groups exerts any impact on the properties of CNTs
as LDl-assisting surfaces. From our previous study®® we
acknowledged that functionalization of CNTs with sinapinic
acid grandly improves their usefulness in LDI experiments.
However, it was not clear whether sinapinic acid is only a proton
source or whether it helps to absorb pulse laser energy and
subsequently transfers it to the analyte. In order to answer this
question functionalization of CNTs with gallic acid, a compound
that is not used as a MALDI matrix but has a similar acid
dissociation constant to sinapinic acid, was carried out. The
usefulness of every assisting surface was investigated with three
chemically different substances that can be found in biological
samples: folic acid, which has many functions in living
organisms, for example it is needed to synthesize and repair
DNA; vancomycin, an antibiotic which is used in treatment of
infections caused by Gram-positive bacteria; Triton™ X-100,
which apart from being used as a surfactant in cleaning agents
is also an ingredient of different types of vaccines.!*!

EXPERIMENTAL

Chemicals and materials

Folic acid, vancomycin hydrochloride, Triton® X-100, gallic
acid and sinapinic acid were obtained from Sigma-Aldrich
(St. Louis, MO, USA). CNTs (multi-walled nanotubes) with

average diameter of 10-20 nm and average length 10-30 pm,
denoted as CNT, hydroxylated CNTs (multi-walled nanotubes,
-OH functionalized, >95% purity) with average diameter of
10-20 nm and average length 10-30 um, denoted as CNT-OH,
carboxylated CNTs (multi-walled nanotubes, -COOH func-
tionalized, >95% purity) with average diameter of 10-20 nm
and average length 10-30 pm, denoted as CNT-COOH, were
obtained from Nanostructured & Amorphous Materials, Inc.
(Houston, TX, USA). Methanol used in our experiments was
HPLC grade (Sigma-Aldrich). The other chemical reagents were
of analytical grade and were used without further purification.

Synthesis of CNTs with gallic acid attached covalently

A sample of CNT-COOH (100 mg) was refluxed with 20 mL
of thionyl chloride for 20 h. Subsequently, thionyl chloride
was removed under reduced pressure and the resulting
powder was dried in vacuum at 80 °C.

The obtained material was suspended in 20 mL of
anhydrous tetrahydrofuran (THF) and 100 mg of gallic acid
and 300 pL of triethylamine were added; the resulting mixture
was then stirred for 24 h. The final product (CNT-GA) was
isolated by centrifugation, washed thoroughly with THF, then
with methanol and dried at 80 °C. The synthetic scheme is
presented in Fig. 1.

o]

CNT OH
o] S0Cl, o] gallic acid _qo
CNT— ——= oNT— e
OH c ™ o o
OH
CNT-GA

Figure 1. Synthetic route to CNT-GA material.

Synthesis of CNTs with sinapinic acid attached covalently

A sample of CNT-COOH (100 mg) was refluxed with 20 mL
of thionyl chloride for 20 h. Thereupon, thionyl chloride
was removed under reduced pressure and the resulting
powder was dried in vacuum at 80 °C.

The obtained material was suspended in 20 mL of
anhydrous THF and 100 mg of sinapinic acid and 300 pL of
triethylamine were added; the resulting mixture was then
stirred for 24 h. The final product (CNT-SA) was isolated by
centrifugation, washed thoroughly with THF, then with
methanol and dried at 80 °C. The synthetic scheme is
presented in Fig. 2.

(o]
CNT—{  OMe
O soch, (o} sinapinic acid (o]
CNT—4 — cNT4{ ———
'oH o) THF.EGN P o
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OH
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Figure 2. Synthetic route to CNT-SA material.
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LDI-MS analysis on functionalized CNTs

LDI-MS analysis

A sample of 2 mg of each material obtained (CNT, CNT-OH,
CNT-COOH, CNT-GA and CNT-SA) was suspended in 1 mL
MeOH/H,O (50:50, v/v) using ultrasonic dispersion for
10 min. About 0.7 pL of the so-obtained suspension was
applied to a stainless steel target probe, then 0.7 uL of the
analyte solution (folic acid alkaline water solution (107 M),
vancomycin hydrochloride water solution (107 M) and
Triton® X-100 methanolic solution (107> M)) was pipetted on
top of the layer of CNTs (crystals of analytes were
not visible on the layers). Similarly, 0.7 uL of a saturated
solution of sinapinic acid (water/acetonitrile/ trifluoroacetic
acid 70:30:0.3) was applied to a stainless steel target probe
and then 0.7 puL of the appropriate analyte solution was
pipetted on top of the matrix. Every drop applied to a target
probe was allowed to dry at room temperature.

Instrumental conditions

The LDIQTOF mass specira were obtained on a Waters/
Micromass (Manchester, UK) Q-TOF Premier mass spectrometer
in positive ion mode. Desorption/ionization was obtained by
using a 355 Nd/YAG laser (200 Hz repetition rate, power
density 107 W/cm®) with a 4 ns pulse width. Available
acceleration potential was in the range of +20 kV. The spectra
shown represent the sum of 100 laser shots and are the average
of 10 spectra recorded (all spectra were almost identical).
Because CNTs form a inhomogeneous layer on a stainless steel
target probe, ‘sweet spots’ were used to generate mass spectra.
Examination and processing of mass spectra data were
performed using MassLynx 4.1 software (Waters/Micromass).

Infrared spectra were recorded on an IFS 66 s spectrometer
(Bruker, Karlsruhe, Germany), using KBr pellets (about
0.15 mg of sample in 200 mg of KBr).

Transmission electron microscope (TEM) images were
recorded using a FEI Tecnai G? 20 X-TWIN (Hillsboro, OR,
USA) electron microscope with a point resolution of 0.25 nm
operating at 200 kV.

RESULTS AND DISCUSSION

Synthesis of CNT-GA and CNT-SA materials

The functionalization of CNT-COOH with gallic and
sinapinic acid was achieved in a similar way. CNT-COOH
were reacted with thionyl chloride to produce CNTs
containing acyl chloride functional groups. These groups
were subsequently reacted with gallic or sinapinic acid in
order to produce ester bonds that covalently attached
gallic or sinapinic acid to the surface of the CNTs, yielding
CNT-GA or CNT-SA, respectively. The isolated products
were analyzed by FTIR analysis (Figs. 3 and 4). The band
at 1733 em™ is assigned to C=O stretching vibrations of
CNT-COOH,"*! whereas the band at 1630 cm™ is appropriated
to -COONa groups that are formed while CNTs are rinsed with
water that contains still small amounts of sodium ions.""? The
band at 1384 cm™ is assigned to the carboxylic ~O-H bending
vibrations."*¥ FTIR spectra of CNT-GA show the band at
1731 em™ which can be assigned to the C=0 stretching
vibrations of ester groups formed, whereas the spectra of
CNT-SA show this band at 1717 em ™. Moreover, lack of strong
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Figure 3. FTIR spectra of CNT-COOH (top) and CNT-GA
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Figure 4. FTIR spectra of CNT-COOH (top) and CNT-5A
(bottom).

bands at 1630 cm™ and 1384 ecm™ indicated that almost all
the carboxylic groups from the CNT-COOH surface had
undergone the desired reaction.

TEM images of functionalized CNTs are mostly identical
for all materials obtained. The functionalization with gallic
and sinapinic acid is based on the reaction with sidewall
defects introduced by the oxidation process. Nevertheless,
the functionalization with these compounds does not
introduce any defects beyond those already present in the
structure of the CNTs. The sample TEM images of CNT-SA
material are presented in Fig. 5. All examined CNTs were
multi-walled carbon nanotubes of high purity with a hollow
internal channel. The length and diameter of these materials
were not influenced by the functionalization process.

LDIQTOF MS analysis of folic acid, vancomycin and
Triton® X-100 using CNTs and CNT derivatives as
assisting surfaces

LDIQTOF mass spectra of vancomycin, folic acid and Triton®
X-100 were obtained on CNT, CNT-OH, CNT-COOH, CNT-
GA and CNT-5A as assisting surfaces. The presented LDIQTOF
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Figure 5. TEM images of CNT-SA material: (A) a bundle of CNT-SA and (B)
high-resolution image of CNT-SA.

TOF MS LD+
100 224.2 4.49e3

TOF MS LD+
295.3 464.5 6.33e3

~ 985.9
TOF MS LD+
100 208.3 4845 1.25e4
T T T 1
TOF MS LD+
1004 1772 2.48e4
295.3
44359645 d
B3 207.2 6.3, 4144 65.5
1522 [2122 Z 370.4[ 81.5
NEwm . L[ 4865 6166
01 S ammmaneoes e e
TOF MS LD+
100 466.4 3.26e4
- 2072 2953 5.5 (¥
"[-2 2‘”] 4144 | 14864
3704
o W ulm. ,udirl‘.'l.,lr oo eves ooy
TOF MS LD+
100 207.2 3.87e4
2472 2691 f
=
471.15T'1
R R N I X N OSSNSO S

Figure 6. LDIQTOF mass spectra of 0.7 nmol/spot folic acid recorded with CNT
(a), CNT-OH (b), CNT-COOH (c), CNT-GA (d), CNT-5A (e), and sinapinic acid (f).
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mass spectra obtained usually show signals originating from
sodiated or potassiated analyte molecules because of the
presence of Na' and K cations in solvents used for the sample
preparation. The aim of the study was to identify the differences
between assisting surfaces produced and to evaluate the
usefulness of each assisting surface for enhancement of an
intensity of the analyte signals.

Figure 6 shows the mass spectra of folic acid recorded with
the use of CNTs and CNT derivatives as assisting surfaces.
All spectra, apart from other signals, present a peak observed
at my/z 464.5, which corresponds to [M +Na]". This result is in
accordance with literature data presented by Cha and Kim,
who have obtained a MALDI mass spectrum of folic acid
with a-cyano-4-hydroxycinnamic acid as matrix.* All
LDIQTOF spectra obtained have high absolute intensities,
but the spectra obtained on CNT and CNT-OH have about
one order of magnitude worse analyte intensities than those
obtained on CNT-COOH, CNT-GA and CNT-SA as assisting

1004

surfaces. Furthermore, the spectrum recorded on CNT-5A as
an assisting surface represents the best signal-to-noise (S/N)
ratio from among the other spectra obtained. In contrast, the
spectra of folic acid recorded with sinapinic acid as a
matrix do not show any signal that can be assigned to folic
acid (Fig. 6). All major peaks can be attributed to sinapinic
acid (SA): [SA-H,O+H]" m/z 207.2, [SA+Nal]* m/z 247.2,
[SA-H +2Na]" m/z 269.1, [2SA + Na]" m/z 471.1, [2SA-H + 2Na]'
mfz 4931, [2SA-2H+3Na]' m/z 515.1. This clearly
indicates that assisting surfaces based on functionalized
CNTs are more useful in LDI analysis of low molecular
compounds such as folic acid.

Figure 7 shows the mass spectra of vancomycin in the LDI
experiments on CNTs and CNT derivatives as assisting
surfaces. All the spectra show peaks at m/z 1473.4
corresponding to [M+Na]', m/z 1306.2 corresponding to the
loss of an aminocarbohydrate group [M-C;H;sNO,+H]"
and m/z 1166.1 corresponding to the loss of two carbohydrate
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Figure 7. LDIQTOF mass spectra of 0.7 nmol/spot vancomycin recorded with
CNT (a), CNT-OH (b), CNT-COOH (c), CNT-GA (d), CNT-SA (e), and sinapinic

acid (f)
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units [M—C;3H3sNO7 + Na]*. The LDIQTOF spectra obtained
on CNT and CNT-OH again have about one order of
magnitude worse analyte intensities than those obtained on
CNT-COOH, CNT-GA and CNT-SA as assisting surfaces.
From all vancomycin spectra, the spectrum obtained on
CNT-COOH has the best S/N ratio and additionally it has
the highest relative intensity of [M + Na]" signal. The spectrum
recorded with sinapinic acid as a matrix shows peaks at
m/z 1473.4 and 1306.2 (Fig. 7). In the presented mass range
the intensities of those signals are fairly low, but the overall
spectra intensity is greater than that of the spectra obtained with
CNTs as assisting surfaces. This indicates that the effectiveness
of functionalized CNTs in LDI analysis of vancomycin is similar
to that of the commonly used MALDI matrices.

Figure 8 shows the mass spectra of Triton® X-100 recorded
with CNTs and CNT derivatives as assisting surfaces.
Molecular masses can be calculated from the end group

4-tert-octylphenol (m=206 u), plus nx44 u for the poly-
oxyethylene unit and the mass of metal ion (23 u for sodium
or 39 u for potassium). All Triton® X-100 spectra present
sodiated and potassiated peaks, yet the signals originating from
sodiated molecules have higher intensities. The peaks form into
a bell-shaped curve, which is common typical for polymeric
substances and is related to a wide distribution of molecular
weights. The results are in accordance with the data presented
by Raith, Schmelzer and Neubert, who obtained the MALDI
mass spectrum of Triton® X-100 with e-cyano-4-hydroxy-
cinnamic acid as a matrix.**! Similarly to other analytes, the
spectra obtained on CNT and CNT-OH have notably worse
analyte intensities than those recorded with the use of other
assisting surfaces. The spectrum obtained on CNT-GA as an
assisting surface has the best S/N ratio. In contrast, the spectra
of Triton® X-100 recorded with sinapinic acid as a matrix show
only a few signals that can be assigned to the analyte. No
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Figure 8. LDIQTOF mass spectra of 0.7 nmol/spot Triton® X-100 recorded
with CNT (a), CNT-OH (b), CNT-COOH (c), CNT-GA (d), CNT-SA (e), and

sinapinic acid (f).
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characteristic bell-shaped distribution of molecular weights
related to the polymeric structure of Triton® X-100 can be
observed. This observation indicates that functionalized CNTs
are more effective in LDI analysis of Triton® X-100 and similar
compouns than the commonly used MALDI matrices.

All presented assisting surfaces were able to efficiently
absorb and transfer pulse laser energy to the analyte and
therefore to obtain the LDI mass spectra, which is related to
their similar, overall structure. Nevertheless, the spectra of
all analytes obtained on CNT and CNT-OH have worse
intensities than the spectra recorded on the other CNT
derivatives as assisting surfaces. Except the groups that
appear in the defect sites, CNT does not have any functional
groups that can be a proton or alkali ion source. CNT-OH
has hydroxyl groups, but their efficiency in being a proton
source is not very high. Moreover, hydroxyl groups are not
very effective in binding sodium or potassium ions from a
solution; therefore, their ability to generate sodiated or
potassiated analyte molecules also proves not efficient
enough. In contrast to these two materials, CNT-COOH,
CNT-GA and CNT-SA possess carboxylic groups on their
surfaces. These groups are very efficient in being a proton
source and can bind sodium and potassium ions from
solution, and subsequently transfer them to the analytes
during LDI experiments. Therefore, CNT-COOH, CNT-GA
and CNT-5A assisting surfaces produce spectra with higher
intensities of analyte peaks than CNT and CNT-OH materials.
The similar intensities of spectra produced with CNT-CA and
CNT-5A indicate that binding sinapinic acid to the surface of
CNTs does not affect the properties of CNTs to absorb pulse
laser energy, but only introduces carboxylic groups onto their
surface. The S/N ratio of CNT-COOH, CNT-GA and CNT-SA
varies depending on the analyte used and is probably related
to both the structure of the analyte and an assisting surface. In
order to obtain the best result, it is necessary to choose the
most suitable assisting surface to a specific analyte.

To be able to compare the effectiveness of functionalized
CTNs and sinapinic acid as matrices, the concentration of
deposited analyte solution must remain constant. The lack
of signals coming from folic acid and low number of signals
coming from Triton® X-100 can be attributed to the high ratio
of sinapinic acid to the analyte. The signals of sinapinic acid
dominate in the low-mass region so the analyte signals are
buried among them. In contrast, functionalized CNTs
produce only a few signals in the low-mass region; therefore,
the amount of the analyte that has to be applied on them in
LDI experiments is much lower than on sinapinic acid.
Moreover, higher signals of Triton®™ X-100 in LDI experiments
with functionalized CNTs as assisting surfaces can be
attributed to well-known interactions between CNTs and
surfactants.***1 Triton® X-100 molecules wrap around
CNTs, "4 which allows effective transfer of the energy from
CNTs to the analyte in the laser desorption process.

CONCLUSIONS

Carbon nanotubes and functionalized carbon nanotubes have
been proven to be effective assisting surfaces in LDIQTOF
mass analysis of vancomycin, folic acid and Triton® X-100.
Due to the presence of carboxylic groups, CNT-COOH,
CNT-GA and CNT-SA materials appeared to be more

efficient in ionization of analyte molecules. The choice of an
appropriate assisting surface to a designated analyte allows
an increase in the signal-to-noise ratio. These assisting surfaces
have proven to be more effective in LDIQTOF mass analysis of
folic acid and Triton® X-100 than sinapinic acid, a commonly
used MALDI matrix. The materials obtained can be used for
LDI analysis without any special preparation of LDI plates
and can be useful in the detection of other bioactive molecules.
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for Sensing Diols in Neutral Water

Michat Cegtowski, Btazej Gierczyk, Grzegorz Schroeder

Department of Supramolecular Chemistry, Faculty of Chemistry, Adam Mickiewicz University in Poznan,

Umultowska 89b, 61-614, Poznan, Poland

Correspondence to: M. Cegtowski (E-mail: ceglowski.m@gmail.com)

ABSTRACT: Amidation of poly(methyl vinyl ether-alt-maleic anhydride) with 3-aminophenylboronic acid was used to prepare a new
boronic acid polymer. The binding of catechol dye, Alizarin Red S to the polymer obtained resulted in getting a stable, colored sensor
which was used to establish association constants with different diols in competitive assay. The binding of different diols was readily
detected by color change and absorbance values measured at 450 nm were used to calculate the association constants. The polymer
obtained formed high-affinity complexes with ribonucleosides, particularly cytidine and uridine. © 2014 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2014, 131, 40778.
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INTRODUCTION

Boronic acids are well known to form complexes with diol-
containing compounds through reversible ester formation. The
high-affinity interaction between these molecules has been exten-
sively investigated by many researches'™ and resulted in applica-
tion of boronic acids as sensors for saccharides,”® carbohydrate
transporters,”'” and for separation of carbohydrates and glyco-
proteins.'"'? Nevertheless, to understand the properties and sta-
bility of boronate ester formed, a method is needed for
measurements of association constants of complexes between
diols and boronic acid. The easiest and most versatile method is
to measure changes in fluorescence or absorption spectra during
titration experiments. This method is however limited only to
boronic acids that are fluorescent or possess a chromophoric
group which is sensitive to binding process. Springsteen and
Wang"'* have developed a method which allows determination
of binding constants even if the boronic acid is not fluorescent or
does not contain an appropriate chromophoric group. They have
proposed a system consisting of a three-component competitive
assay, containing boronic acid, diol compound and Alizarin Red
S (ARS) which is anthraquinone dye changing color in response
to formation of high-affinity complexes with boronic acids.

Boronic acid polymers have found many applications in medi-
cine, particularly in drug delivery'*™'" and sensing of biologically
relevant compounds.”®*' The main benefits of boronic acid
polymers are connected with their increased activity caused by

© 2014 Wiley Periodicals, Inc.
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multivalency and the possibility to control drug release by using
targeted biodistribution.** Moreover, polymers due to their mac-
romolecular structure have increased circulation time in body
because their large size slows down the glomerular filtration.” In
comparison to small molecules they are not as readily detected by
mononuclear phagocyte system, which also increases their circu-
lation time.** Boronic acid polymers have found application in
detection of biologically relevant compounds such as dopamine,*
glucose,”* diols,” ATP,*® or nucleotides.” They also appeared
useful in carbohydrate and glycoconjugate purification and iden-
tification,” preparation of materials of high mechanical” and
thermal®*~ stability, synthesis of polyurethane foams® and
field-flow fractionation/adhesion chromatography.™

Saccharide sensing using boronic acid polymers is based on
changes in optical or conductivity properties taking place upon
binding with a carbohydrate molecule. Optical changes resulting
in color shift are especially relevant, because they offer immedi-
ate response without need to use any additional apparatus.
These polymers are of much interest and numerous examples
have been reported in recent studies. Films composed of copoly-
mers of aniline and 3-aminophenylboronic acid have been
reported to undergo hypsochromic shift of absorption maxi-
mum on addition of saccharides.” Translucent boronic acid-
carrying nanolatexes with bonded ARS™ and copolymers with
boronic acid residues®' have been used for selective visual detec-
tion of fructose. ARS have been coupled with thermoresponsive
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Figure 1. Synthesis of poly(MVE-alt-MA-BA).

copolymer® or boronic acid terminated polylactide® to obtains
sensor for the recognition of hydroxyl-containing molecules.
Boronic acid-appended azobenzene dye attached to poly(ethyle-
neimine) showed a significant change in the UV-Vis absorption
spectra upon addition of glucose.”” A porous hydrogel film
incorporated with ARS have been used to monitor concentra-
tion of glucose in the range from 0.1 to 1 mM.*

In this article we report the synthesis of new boronic acid poly-
mer and its application in sensing diols in water solutions. The
polymer was synthesized by grafting 3-aminophenylboronic acid
onto poly(methyl vinyl ether-alt-maleic anhydride) by partial
amidolysis. The binding of ARS to the boronic acid groups in
this polymer gave an optical sensor for diols. It was used to
establish the association constants in a competitive assay
between diols and the polymer obtained. The binding of diols
was readily observed by a color change of the sensor.

EXPERIMENTAL

Materials

All reagents used are commercial products. Poly(methyl vinyl ether-
alt-maleic anhydride) (poly(MVE-alt-MA); average M,,= 216,000,
average M, = 80,000), 3-aminophenylboronic acid monohydrate,
all carbohydrates, nucleosides, and other diols were purchased from
Sigma-Aldrich (St. Louis, MO). All the chemicals were of the ana-
Iytical grade and used without further purification. Toluene, tetra-
hydrofuran (THF), diethyl ether and all other solvents were of
purity grade p.a., were obtained from POCH (Gliwice, Poland) and
were used without further purification.

Synthesis

To a stirred solution of poly(MVE-al--MA) (0.5 g) in toluene
(20 mL), 3-aminophenylboronic acid monohydrate (0.44 g, 3.21
mmol) in THF (10 mL) was slowly added. The mixture was
refluxed at 90°C for 6 h. After cooling to room temperature,
the final product was isolated by filtration, washed thoroughly
with toluene, THE diethyl ether, and dried in vacuo yielding
poly(MVE-alt--MA-BA) as a white solid (0.59 g). The synthetic
scheme is presented in Figure 1.

Apparatus

The FTIR spectra of polymers were recorded on a Bruker IFS
66s spectrometer (Billerica, MA) using KBr pellets (about 1.5
mg of sample in 200 mg of KBr). NMR spectra were recorded
on an Agilent 800 MHz NMR spectrometer (Santa Clara, CA)
in D,O at 298 K using residual HDO signal as a reference. Ele-
mental analyses were carried out by a Vario EL III Element
Analyzer (Hanau, Germany). Thermal data were obtained by
using a Setaram Setsys 1200 (Caluire, France). The thermal
stability of polymers was investigated by thermogravimetric
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analysis and derivative scanning calorimetry in an air stream at
a heating rate of 10°C min~". The pH measurements were per-
formed using Elmetron CP-505 apparatus (Zabrze, Poland)
equipped with a combined pH electrode. UV-Vis measurements
were made on an Agilent 8453 (Santa Clara, CA) spectropho-
tometer using 1 cm plastic cuvettes. UV-Vis absorbance spectra
were measured at room temperature within 190-1100 nm.

Determination of the Association Constant of ARS with
Poly(MVE-alt-MA-BA)

A 0.15 mM solution of ARS was prepared in 150 mM phos-
phate buffer of pH 6.9 (Solution A). The poly(MVE-alt-MA-
BA) solution with a concentration of 5.43 mg mL™" (Solution
B) was prepared using Solution A as a solvent to avoid dilution
of ARS during titration. Because of a long solubility time of
poly(MVE-alt-MA-BA), determined by partial hydrolysis of
anhydride groups, all poly(MVE-alt-MA-BA) solutions were
prepared 24 h before measurements, in order to obtain clear
solutions. 1 mL of ARS solution (Solution A) was placed in a
cuvette and treated stepwise with 0-16.29 mg of poly(MVE-alt-
MA-BA) (0-3.0 mL of solution B). After every addition of the
latter solution, the mixture was equilibrated for 3 min and then
the spectrum was measured. The UV-Vis curves from the titra-
tion of ARS with poly(MVE-alt-MA-BA) solution are presented
in Figure 2. The association constant was determined using the
Benesi-Hildebrand method. For all calculations the absorbance
at 450 nm was used, because the changes in absorbance at this
wavelength were the highest.

Absorbance
s
=

4ormgmi’

300 400 500 600
Wavelength [nm]
Figure 2. Absorption spectra changes of ARS (0.15 mM) with increasing
concentration of poly(MVE-alt-MA-BA) in phosphate buffer (150 mM,
pH =6.9). Concentration of poly(MVE-alt-MA-BA) from 0 to 4.07 mg
mL " (indicated in the figure). [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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Absorbance
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Figure 3. Absorption spectra changes of ARS (0.15 mM) and poly(MVE-
alt-MA-BA) mixture (1.17 mg mL™') with increasing concentration of
fructose in phosphate buffer (150 mM, pH = 6.9). Concentration of fruc-
tose from 0 to 0.35M (indicated in the figure). [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

Determination of the Association Constants of Diols with
Poly(MVE-alt-MA-BA)

In the ARS solution (0.15 mM in 150 mM phosphate buffer of
pH 6.9 — Solution A), poly(MVE-alt-MA-BA) was dissolved, to
the concentration of 1.17 mg mL™" (Solution C). To acquire
clear solution, this mixture was prepared 24 h before any meas-
urements. The solutions of diols were prepared using Solution
C to avoid dilution during titration. A portion of 1 mL of Solu-
tion C was placed in a cuvette and treated stepwise with the
diol solution. Arabinose, dopamine hydrochloride, fructose, gal-
actose, glucose, lactose, maltose, mannitol, mannose, ribose,
sorbitol, sorbose, sucrose, tagatose, and xylose were used in
concentrations from the 0 to 0.35 M range. Because of their low
solubilities, the concentration ranges of the following com-
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pounds are specified after their names: adenosine 0-0.019, cate-
chol 0-0.037, cytidine 0-0.125, galactitol 0-0.121, guanosine
0-0.002, myo-inositol 0-0.038, lyxose 0-0.214, and uridine
0-0.131 M. After each addition, the mixture was equilibrated
for 3 min before the spectrum was measured. For all calcula-
tions the absorbance at 450 nm was used. Figure 3 shows
an exemplary result of competitive titration of a mixture of
poly(MVE-alt-MA-BA) and ARS with fructose.

RESULTS AND DISCUSSION

Synthesis and Characterization of Poly(MVE-alt-MA-BA)

The new boronic acid polymer was synthesized by partial ami-
dolysis of maleic anhydride groups of poly(methyl vinyl ether-
alt-maleic anhydride) in the reaction with 3-aminophenylboronic
acid. Poly(MVE-alt-MA) is known to react with amines or alco-
hols to produce polymers with functional side chains. Neverthe-
less, not all anhydride groups undergo amidation or alcoholysis
and even under excess of amine or alcohol some of them remain
unreacted.*™® To assess how many functional groups were intro-
duced into polymer structure it is necessary to use additional
experimental techniques.

The 'H-NMR poly(MVE-alt-MA-BA) spectrum (Figure 4), the
polymer was allowed dissolve in D>O for 24 h and the water
signals were suppressed with selective presaturation. The signals
at 1.1-1.3 ppm come from residual -CH; and -CH,- protons,
those at 1.4-2.3 ppm come from the main chain -CH,- protons,
those at 2.3-3.8 ppm come from -O-CH, -CH(COOH)- and
-CH(CONHR)- protons. In the aromatic part of the spectra,
the signals at 6.9-7.8 ppm can be attributed to Ph-H protons of
phenylboronic acid moiety. The ratio of intensities of the NMR
signals assigned to aromatic protons (introduced into polymer
in the reaction with 3-aminophenylboronic acid) to those
assigned to alkyl protons, whose amount has not changed dur-
ing functionalization process, is 11 : 88. This clearly indicates

r

/

/

|
f'f/ \
A “\1/ G

1.6

Figure 4. "H-NMR spectrum of poly(MVE-ali-MA-BA).
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Figure 5. FTIR spectrum of poly(MVE-alt-MA-BA).

that statistically there is one anhydride group that has under-
gone amidation reaction per three unreacted anhydride groups.
This information allowed the calculation of molar concentration
of boronic acid moieties ([P] parameter) in poly(MVE-alt-
MA-BA) solution, that were further used to calculate K, and
K, values. For 543 mg mL™' solution of poly(MVE-ali-
MA-BA), the concentration of boronic acid moieties was 7.13
mM, whereas for 1.17 mg mL™" solution of poly(MVE-alt-
MA-BA) it was 1.54 mM.

Elemental analysis of poly(MVE-alt-MA-BA) gave the following
results (%): C, 53.48; H, 5.21; N, 1.67. To calculate theoretical
amounts of each element, the model structure proposed by
'"H-NMR spectroscopy was used. Calculated elemental analysis
gave the result (%): C, 53.63; H, 5.30; N, 1.84 which was in
good agreement with experimental result. This confirms that
during functionalization with 3-aminophenylboronic acid, one
per four anhydride groups has undergone amidation reaction.

The FTIR spectrum of poly(MVE-alt-MA-BA) is presented in
Figure 5. The structure of poly(MVE-alt-MA-BA) is confirmed
by the appearance of the following characteristic absorption
bands (cm™"): at 3340 (medium broad peak for v BO—H over-
lapped with carboxylic v O—H and amide v N—H), 2945
(v C—H in CH, and CHj3), 2842 (v C—H in CH, chain back-
bone of MVE unit), 1863 (v C=0 in anhydride groups), 1781
(v C=0 in anhydride groups), 1738 (v C=0O in carboxyl
groups), 1630 (v NH—C=0 partially overlapped with v C=0),
1550 (v C=C), 1440 (& CHj, CH,), 1366 and 1343 (§ CH, in
CH;—0), 1226 (v C—0), 1095 (v C—B overlapped with
v C—0—C), 923 (y C—0), 735 and 710 (y CH,).*

The thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) results for poly(MVE-al-MA-BA) are pre-
sented in Figure 6. In the temperature range 40-245°C, only a
small loss of mass is observed. It can be attributed to the physi-
sorbed residual water or solvent molecules as well as evapora-
tion of volatile organic components. The polymer undergoes a
three step decomposition process. The first step starts at 245°C
and ends at 280°C and is probably related to decomposition
and oxidation of the most reactive part of the polymer. The
total mass loss at this step is 24.5%. The second step starts at
280°C and ends at 500°C. In this relatively long step, the poly-
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mer is slowly decomposed and oxidized with the total mass loss
of 29.7%. The last step start at 500°C, ends at 620°C and is
related to complete oxidation of all organic material. The resid-
ual mass is ~1.4%. The DSC curve presents two exothermic
effects, both corresponding to the first and third decomposition
steps. The second decomposition step is very slow therefore it is
not represented by any peaks in the DSC curve.

Binding of ARS to Poly(MVE-alt-MA-BA)

Alizarin Red S displays a significant change in color in response
to complex formation with boronic acid. This property was
used for determination of association constants in competitive
assays, between boronic acids and other diol-containing com-
pounds.! The ARS binding to poly(MVE-alt-MA-BA) permitted
a construction of an optical sensor of diols employing the
reversible boronate ester formation.

The equilibrium in the solution of boronic acid polymer (P)
and ARS dye (A) can be described as:

P+A Smopa
where K., [M™'] is the association constant of PA complex for-
mation and P symbolizes one boronic acid residue of the poly-
mer chain. The Benesi-Hildebrand®” analysis of K. involves the
measurements of absorbance as a function of [P]
[P]>>[A]. Using the Benesi-Hildebrand equation:

e () (o) 2

one can plot x=1/[P] vs. y= [A]/Abs to receive the y-inter-
cept = 1/¢ and slope = (1/K,;¢). The parameters of the equa-
[Aly (mol L7Y is the total
concentration of ARS dye, [P] (mol L") is the total concentra-
tion of boronic groups from poly(MVE-alt-MA-BA) (varied),
Abs is the absorbance measured at 450 nm, and & is the molar
absorptivity.

After addition of poly(MVE-alt-MA-BA) the color of a buffered
solution of ARS changed from burgundy to orange indicating
formation of boronate ester. The maximum amount of ARS
that poly(MVE-al--MA-BA) is capable to bond was established
to be 1.31 mM per gram of polymer. By using titration moni-
tored by UV-Vis spectroscopy at 450 nm it was possible to

when

tions are the following:

Weight [%]
8
8

Heat flow [11V]

0 T T T T T
100 200 300 400 500 600 700 800
Temperature [-C]
Figure 6. TGA (solid line) and DSC (dashed line) results for poly(MVE-
al-MA-BA).
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Figure 7. Plot of A (at 450 nm) versus [P] for ARS (0.15 mM) upon
titration with poly(MVE-alt-MA-BA) (concentrations from 0 to 4.07 mg
mL™") in phosphate buffer (150 mM, pH = 6.9) where [P| is the total
concentration of boronic groups from poly(MVE-ali-MA-BA).

0,004 0,005 0,008

establish K., value of 1080 M ', The titration curve obtained
by plotting A,y vs. [P] is presented in Figure 7. Although the
color change was almost immediate, after every titration step
the mixture was stirred for 3 min to equilibrate all boronic acid
moieties that were built-in into the polymer structure. The
measured K, value was smaller than for phenylboronic acid
itself (1500 M~" at pH 7.0)" which can be attributed to substi-
tution of phenylboronic ring by amide group and to additional
steric effects that have occurred in the polymer structure.

Binding of Diols to Poly(MVE-alt-MA-BA)

The solution of poly(MVE-alt-MA-BA) was used to bind and
measure association constants with various diols in competitive
assays. In competitive assay the reporter (ARS) and the receptor
(boronic acid polymer) associate under the measurement condi-
tions. The complex of the receptor and the reporter dissociates
in the presence of a guest (diol).

The two equilibriums in the complex solution during titration
of boronic acid polymer (P) and ARS dye (A) with a diol sub-
strate (D) are:

P+A < pA

p+D &L pp

where K, [M '] is the association constant for PD complex for-
mation. The association constant K, can be calculated from the
following eqgs. (2-4):
~ [A] _ Abspy—Abs @)
[PA]  Abs—Abs,

where Abs is absorbance measured, Absp, is the initial absorb-
ance of ARS — poly(MVE-alt-MA-BA) solution and Abs, is the
absorbance of ARS;
1 [‘A](l
L: —_ —_

el QRas Q1

where [A], (mol L") is the total concentration of ARS and
[Ply (mol L") is the total concentration of boronic groups
from poly(MVE-alt-MA-BA);

(3)
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D] _ Ku

Tk Q+1 (4)

where [D] (mol/L) is the diol concentration (varied). To obtain
K, value one must plot x= Q vs. y=[D]/[L] to receive a slo-
pe = K,/K,. The y-intercept should be 1, but we obtained its
different values. This is however in accordance with the results
of other groups also reporting to have obtained different values
of the p-intercept.”” The values of the association constants
measured are presented in Table L.

The binding of diols to poly(MVE-alt-MA-BA) results in release
of free ARS which is connected with color change of the solu-
tion from orange to burgundy. Titration with increasing con-
centration of appropriate diol allows measurements of the
association constants by monitoring the decrease in absorption
at 450 nm by UV-Vis spectroscopy. The measured association
constants are generally in good agreement with the values
reported by Springsteen and Wang." For all compounds they are
lower than those measured for phenylboronic acid, which can
be explained by the same factors that are responsible for the
low binding constant with ARS: additional substitution of phe-
nylboronic ring and steric effects that are present in polymer
structure. Springsteen and Wang have shown that the values of
association constants continue to decrease in the following
order: ARS > sorbitol > fructose > tagatose > mannitol = sorbose.
In our studies this order of decrease in K, values is similar:
ARS > sorbitol > fructose > mannitol > tagatose > sorbose. ~ The
difference in K, value between mannitol and tagatose is very
small (9 in our studies, 10 reported by Springsteen, and Wang)
therefore, the change in the above presented order is acceptable
and is probably related to small changes in binding properties
of boronic residues in polymer structure. More surprising is the
relatively big difference in K, values between tagatose and sor-
bose (according to Springsteen and Wang the K, value for these

Table I. Association Constants (K,) with Poly(MVE-alt--MA-BA) at pH
6.9, 150 mM Phosphate Buffer

Diol Ko M™% Diol Ko M7
ARS 1080 maltose 0°
cytidine 130 mannose o
uridine 81 sucrose 0®
sorbitol 46 adenosine -b
fructose 40 guanosine -b
mannitol 34 arabinose -
tagatose 25 catechol =&
sorbose 9 dopamine -
galactitol 0° galactose <
glucose o} lyxose ¢
myo-inositol 0? ribose ==
lactose 0® xylose =<

?The values were too low to be accurately measured with this method.
5The solubility of those compounds was too low to allow measurement
of association constant.

“The compounds reacted with ARS which was indicated by a change in
solution color to reddish brown.
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compounds was identical) but the reason for this effect has not
been established yet. Unfortunately, we were unable to measure
accurately K, values for glucose, lactose, maltose, mannose, and
sucrose because there were no significant differences in their
absorption spectra during titration, therefore the K, value was
established as 0 for these compounds. According to Springsteen
and Wang, the K, values for these carbohydrates are in the
range 13-0.67. We observed K, values generally lower than
those measured by Springsteen and Wang, therefore K, value of
0 is consistent with our expectations.

Measurements of K, for all aldopentoses (arabinose, lyxose,
ribose, and xylose), galactose, catechol, and dopamine (which is
a catecholamine) has not given any satisfactory results. The
color of solution instead of changing into burgundy (the color
of free ARS) changed into reddish brown. The assumption that
this change in color is connected with reaction of ARS with
examined diol molecules was confirmed by mixing buffered
ARS solution (without poly(MVE-alt-MA-BA)) with these diols.
The new absorption band that is produced interferes with the
band at 450 nm which is used to calculate K, values, so it was
impossible to obtain accurate K, values. The fact that aldopen-
toses as well as catechol and its derivative react with ARS is not
surprising. All these compounds possess reactive groups that
can undergo reduction-oxidation reactions leading to products
with different absorption properties. Unfortunately, we were
unable to explain why from among all aldohexoses studied only
galactose underwent a reaction that led to unusual change in
color. It is worth noting that this reaction is not instant at low
concentrations, used in fluorescence measurements, it can take
more time than needed to accomplish titration procedure. This
is probably the reason why Springsteen and Wang and other
researchers that used ARS method to establish association con-
stants have not reported this unusual change in color.

Measurements of K, for ribonucleosides (adenosine, cytidine,
guanosine, uridine) indicated that cytidine and uridine produce
high-affinity complexes with boronic acid moieties. The meas-
ured K, values were 130 and 81 M™' respectively, so much
higher than for any other carbohydrates. Unfortunately we were
unable to measure K, values for adenosine and guanosine,
because of their too low solubility that made them inapplicable
for this method. Investigation of boron with nucleosides and
nucleic acid has recently been a subject of profound interest
because of a wide range of their potential medicinal, biotechno-
logical or analytical applications.*® In view of the above, the
synthesis of boronic acid polymer that can form high-affinity
complexes with nucleosides is a substantial achievement.

CONCLUSIONS

A new boronic acid polymer was prepared by amidation of anhy-
dride groups of poly(MVE-alt-MA) with 3-aminophenylboronic
acid. The resulting polymer was characterized by chemical and
spectroscopic methods. It was established that 25% of anhydride
groups underwent amidation reaction. After solubilization in
phosphate buffered solution this polymer was associated with
ARS to produce colored optical sensor that was further used to
measure the association constants with different diols in competi-

MAL\T%"‘s WWW MATERIALSYIEWS.COM
1

WILEYONLINELIBRARY .COM/APP

40778 (6 of 7)

Applied Polymer

SCTENGE

tive assays. Generally, all K, values were lower than those meas-
ured for phenylboronic acid. The poly(MVE-alt-MA) polymer
showed higher affinity to ribonucleosides, particularly cytidine
and uridine, than to any carbohydrate examined.

With different amines or alcohols the presented procedure can
be used to prepare a variety of boron-containing diol-responsive
polymers. The ARS method allows easy measurements of associ-
ation constant between boronic acid residue of the polymer
chain and a particular diol. Owing to the reversible binding
properties and high water solubility, boronic acid polymers of
this type can find applications in biology or medicine for exam-
ple for carbohydrate detection, drug delivery or isolation of
nucleosides.
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New chelating polymers soluble in organic non-polar solvents were synthesized by hydrosilylation
reaction of polymethylhydrosiloxane with pyridine-pyrazole ligands. Two types of linkers were used
to graft pyridine-pyrazole ligands onto polymethylhydrosiloxane. The composition and properties of
the polymers obtained were studied by NMR spectroscopy, Fourier transform infrared spectroscopy,
elemental analysis, thermogravimetric analysis and derivative scanning calorimetry. The effects of
various parameters such as initial metal ion concentration, contact time, temperature and pH were
examined in the processes of extraction of Cu?*, Cd*", Cr**, Ni** and Co®". The equilibrium data were best
represented by Langmuir isotherm and the uptake capacities of polymers obtained varied between
0.24 mmol (for Co?*) and 1.48 mmol (for Cu?*) per 1 g of polymer. The adsorption kinetics was found
to follow the pseudo-second-order kinetic model. The polymers adsorption capacity was more than
90% level after five cycles of adsorption-desorption. Treatment of real wastewater samples showed good
ability of the polymers to absorb metal ions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Heavy metal ions from industrial wastes pose threat to the

human metabolism and are well known as dietary minerals, all of
them are potentially toxic at higher concentrations. Copper in
human organism is carried by ceruloplasmin, an enzyme that facil-

environment and human health, therefore their quantitative
removal and a constant monitoring of their concentration are
important issues. Although some of them are fundamental for

# Corresponding author. Tel.: +48 618291565.
E-mail address: ceglowski.m@gmail.com (M. Ceglowski).

http://dx.doi.org/10.1016/j.cej.2014.08.058
1385-8947/@ 2014 Elsevier B.V. All rights reserved.

itates iron uptake. Cadmium is a nonessential metal for human
organism and is toxic even at low concentrations [ 1]. It can damage
liver, kidneys and inhaled with dust can cause problems with respi-
ratory tract. Chromium is an essential nutrient, which is required
for appropriate sugar and fat metabolism [2]. At high concentra-
tions chromium(lll) can lead to DNA damage [3]|, whereas
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chromium(VI) damages kidneys, the liver and blood cells. Nickel
deficiency in human organism causes lowering of specific activities
of many enzymes involved in carbohydrate and amino acid
metabolism, nevertheless no enzymes or cofactors that include
nickel are known in higher organisms [4]. Cobalt is an important
cofactor in Vitamin By, which is responsible for proper functioning
of the brain and nervous system and for formation of blood [5].
Excessive amounts of cobalt may produce goiter and reduce thyroid
activity [6].

One of the most popular techniques used to remove a wide vari-
ety of substances is adsorption. This technique allows the use of
environmentally friendly materials whose cost of production is
usually very low [7]. Adsorption is widely used in preconcentration
procedures, which are mandatory for many analytical techniques
|8-20]. Polymers and chelating resins are among the most popular
absorbents used for removal of metal ions from aqueous solutions.
These materials have been widely used because they are reusable,
easy to handle and characterized by high adsorption rate and high
adsorption efficiencies as well as high selectivity to some metal
ions [21-26].

Liquid-liquid extraction, also known as solvent extraction (SX),
allows separation of a particular compound or many compounds
from one liquid and its transfer into another immiscible liquid. This
process usually involves vigorous stirring of both liquids in order to
allow mass transfer of the solute from one phase to another, After a
specific time the stirring is stopped and both liquid phases are
allowed to coalescence. By choosing an appropriate solvent, it is
possible to selectively recover high amounts of the solute. Metal
extraction from aqueous phase requires the use of an organic solu-
tion of a special extractant that will allow solubilization of the
metal salts in the organic phase. This method has been proven to
be effective in removal of cadmium(Il) [27], copper(Il) [28], chro-
mium(IIl) [29], chromium(VI) [30], palladium(Il) [31], nickel(II)
[32,33], and alkali metal ions [34]. Extractants can be used as pure
compounds or they can be immobilized on a resin or polymer sur-
face [35,36].

Polysiloxane-based polymers are used in a wide range of
applications because of their good thermal and oxidative stability,
high functionality, low toxicity combined with physiological
inertness and relatively low cost of synthesis [37]. Chelating
groups can be incorporated into polysiloxane network to produce
new materials that find applications in areas such as extraction
and recovery of metal ions from aqueous solutions [38]. The intro-
duction of chelating groups into polysiloxane network can be
achieved by two strategies. The first one involves hydrolysis and
polycondensation reaction of tetraethoxysilane with functional
tri- or di-alkoxysilane that already contains a chelating group.
The second strategy is a modification of the post-polysiloxane that
contains a reactive group (e.g. R—Cl or R—NH;) with a complexing
unit [39]. With the use of these methods a wide range of immobi-
lized-polysiloxane ligand systems have been obtained [40-43].

In this study, two polymers prepared by grafting pyridine-
pyrazole ligands onto polymethylhydrosiloxane (PMHS) were
synthesized and used for extraction of trace metal ions from water.
A new strategy, based on the hydrosilylation reaction for grafting
ligands on polysiloxane precursor was proposed. The influence of
factors affecting the extraction of Cu?*, Cd**, Cr**, Ni** and Co®*
such as concentration, contact time, temperature and pH was
examined.

2. Experimental
2.1. Materials and chemicals

All reagents used are commercial products. Poly(meth-
ylhydrosiloxane) (PMHS; average M,=1700-3200), ethyl 2,

4-dioxovalerate, 2-hydrazinopyridine, diethylene glycol, allyl
bromide, p-toluenesulfonyl chloride, lithium aluminum hydride,
anhydrous tetrahydrofuran (THF) and Karstedt's catalyst (Plati-
num(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane complex solu-
tion in xylene) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Metal perchlorates: Cu(ClO4); + 6H;0, Cd(ClO4); = 6H,0,
Cr(Cl0y4); * 6H,0, Ni(Cl04); + 6H,0 and Co(ClO,); + 6H,0 used for
extraction experiments were also obtained from Sigma-Aldrich.
Anhydrous ethyl alcohol and all other solvents of the purity grade
p.a., were obtained from POCH (Gliwice, Poland) and were used
without further purification. Anhydrous toluene used for hydrosi-
Iylation reaction was dried by distillation from sodium hydride.
Wastewater samples were obtained from PRESSEKO (Bolechowo
near/Poznan, Poland) company.

2.2. Instrument

Shimadzu AA-7000 atomic absorption spectrophotometer
(Shimadzu, Japan) was used for determination of Cu®*, Cd®*, Cr*",
Ni** and Co®' concentrations. The determination of metals was
performed in 3 replications, and the % RSD did not exceed 5%.
The FTIR spectra of polymers were recorded on a Bruker IFS 66s
spectrometer (Billerica, MA, USA) using a thin film. NMR spectra
were recorded on Varian VNMR-S 400 MHz (Palo Alto, CA, USA).
Elemental analyses were carried out by a Vario EL III Element
Analyzer (Hanau, Germany). Thermal data were obtained by using
a Netzsch STA 409 CD (Krakéw, Poland). The thermal stability of
polymers was investigated by thermogravimetric analysis and
derivative scanning calorimetry in an argon stream at a heating
rate of 8 °C min~'. The pH measurements were performed using
Elmetron CP-505 apparatus (Zabrze, Poland) equipped with a
combined pH electrode.

2.3. Synthesis of chelating polymers

Synthesis of polymers PMHS-g-PyPzAllyl and PMHS-g-PyPz
(OEt),Allyl, presented in Fig. 1, is described in detail in Supporting
Information.

2.4. Adsorption experiments

Adsorption studies were performed for Cu(ClO4);, Cd(Cl04),,
Cr(Cl0,4)s, Ni(ClO4), and Co(ClQ4),. To prepare each isotherm, a
series of samples containing 10 mg of the polymer dissolved in
5 mL of dichloromethane and 5 mL of metal perchlorate solution
were used. The adsorptions capacities were measured for seven
different concentrations (0.1, 0.5, 1, 2.5, 5, 10 and 20 mM). The
water solutions of metal ions were buffered to pH 5 (acetic acid/
sodium acetate buffer). The solutions were stirred for 24 h at

Measi1[O,s|;ilfo,snv1e3

PMHS-g-PyPzAllyl

ME3Si~‘ o’S|iJ[ o SiMe;

PMHS-g-PyPz{OEt),Allyl

Fig. 1. Structures of the polymers obtained.
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298+ 1K. The starting (Co; mmolL™') and post-equilibration
(Ceq; mmol L~1) concentrations of metal ions were measured by
atomic absorption spectrophotometry. The amount of metal
adsorbed (qeq; mmol g~') after equilibration was calculated from
the difference between Cp and Ceq:

(Co — Ceq)V

Qeq :T (1)

where m is the mass of polymer (0.01 g) and V is the volume of
aqueous solution (L).

For the adsorption kinetic studies, 10 mg of the polymer was
dissolved in 10 mL of dichloromethane and 10 mL of buffered
(pH 5) metal perchlorate solution with the initial concentration
of 2.5 mM were stirred at 298 + 1 K. The aqueous samples were
taken at preset time intervals and the concentrations of metal ions
were measured by atomic absorption spectrophotometry. The
amount of adsorption at time t, g, (mmol g~'), was calculated from:

(Co —Cr)V
=0 (2)
where m is the mass of polymer (0.01 g), C (mmol L) is the initial
metal ion concentration, C; (mmol L™') is the metal ion concentra-
tion at time t, V is the volume of aqueous solution (L).

Thermodynamic studies were performed for other sets of
samples containing 10 mg of polymer dissolved in 5 mL of dichlo-
romethane and 5 mL of buffered (pH 5) metal perchlorate solution
with the initial concentration of 2.5 mM; they were stirred under
298+ 1K, 303+1K and 308+ 1K for 24 h. Other experimental
details were as for isotherms determination.

The relations between the sorption properties of the polymers
and the pH of the solution were studied in the pH range from 2
to 7. The pH of the solutions was adjusted with the buffers contain-
ing KCI/HCI (pH 2), acetic acid/sodium acetate (pH 3-6) and HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (pH
7). The measurements were made for 20 mM metal concentration,
which guaranteed large excess of ions over ligand groups. Other
experimental details were as for isotherms determination.

Sorption/desorption experiments were performed as for ther-
modynamic studies (5 mM metal ion concentration), however
samples were stirred for 12 h. Afterwards, the water phase was
collected and the organic phase was stirred with 5mL of 0.1 M
HCI for 12 h. The starting and final concentrations of metal ions
in aqueous phases were measured by atomic absorption spectro-
photometry. To test the reusability of the polymers, this adsorp-
tion-desorption cycle was repeated five times by using the same
adsorbent.

Experiments with real wastewater samples were performed by
adding 2 mL of wastewater sample to a solution of polymer
(20mg) in dichloromethane (5 mkL). The solutions were stirred
for 24 h. The starting and final concentrations of metal ions in
aqueous phases were measured by atomic absorption
spectrophotometry.

3. Results and discussion
3.1. Synthesis of polymers and their characterization

The new chelating polymers with pyridine-pyrazole ligands
were synthesized according to the synthetic route presented in
Fig. S-1 in Supporting Information. The first step of synthesis was
the condensation reaction between ethyl 24-dioxovalerate and
2-hydrazinopyridine that produces compound 1. Secondly, ester
group of compound 1 was reduced with lithium aluminum hydride
to produce hydroxyl group, which allows further functionalization.
In order to carry out hydrosilylation reaction, an allylic group must
have been introduced into a pyridine-pyrazole ligand. This was

achieved in two ways, by reaction of 2 under strong basic condi-
tions with allyl bromide or linker 5. The last step, which was the
hydrosilylation reaction of 3 or 6 (the 'H NMR spectra presented
in Figs. S-2 and S-3, respectively in Supporting Information) with
PMHS, was catalyzed by Karstedt's catalyst and was carried out
until all of the allyl groups had reacted. The aim of using two types
of linkers was to examine if the length of the chain and increased
number of oxygen atoms affects polymer effectiveness in binding
metal ions. The oxygen atoms can act as a donor atoms, therefore
the use of this type of linker may increase polymer sorption
properties. Moreover, increased flexibility of the chain should also
affect sorption properties.

3.1.1. "H NMR spectra

The 'H NMR spectra of the polymers obtained confirm the
proposed structures. The 'H NMR spectra of both polymers show
characteristic signals at around 0.0 ppm (Si—CH3) and 0.5 ppm
(Si—CH,) coming from siloxane chain. The lack of signals coming
from allylic protons and residual signals coming from Si—H pro-
tons indicates that all substrates have undergone hydrosilylation
reaction. Broadening of all ligand signals is natural of '"H NMR
spectra of polymers and indicates that their structure was pre-
served upon hydrosilylation. The '"H NMR spectra of the polymers
obtained are presented in Fig. 5-4 in Supporting Information.

PMHS-g-PyPzAllyl '"H NMR (CDCl3) 3: —0.02 —0.24 (b, Si—CHa);
0.55 (b, Si—CH,—); 1.65 (b, Si—CH>—CH;—); 2.61 (b, Pz—CH3) 3.45
(b, —0—CH;—); 4.69 (b, Pz—CH,—0—); 4.70 (b, Si—H); 6.19 (b,
Pz—H); 7.11 (b, Py—Hp); 7.63-7.87 (b, Py—Hy, 5); 8.38 (b, Py—Ha).

PMHS-g-PyPz(OEt),Allyl 'H NMR (CDCl;) & -0.07 —0.22
(b, Si—CHj3); 0.49 (b, Si—CH>—); 1.64 (b, Si—CH>—CH,—); 2.63 (b,
Pz—CHj3); 3.33-3.71 (b, —O—CH;—); 4.58 (b, Pz—CH,—0); 4.70 (b,
Si—H); 6.23 (b, Pz—H); 7.16 (b, Py—HB); 7.80 (b, Py—Hy, 5); 8.41
(b, Py—Ha).

3.1.2. IR spectra

The FT-IR absorbance spectra of the polymers obtained are
presented in Fig. 2. The absorption bands assigned to the PDMS
matrix appear at 2930cm™' (v C—H), 2169cm™' (v Si—H),
1260 cm ™' (8 Si—CHs), 1100-1000 cm ' (v Si—0—Si) and 790 cm ™'
(v Si—CHs). Ligands give the absorptions bands at 3060 cm '
(v aromatic C—H), 2930 cm™! (v C—H), 1600-1360 cm™" (skeletal
vibrations) and 780 cm ™! (5 C—H).

1479 1376
T

. ‘
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber [cm™]

Fig. 2. FT-IR spectra of polymers obtained: PMHS-g-PyPzAllyl (solid line) and
PMHS-g-PyPz(OEt),Allyl (dashed line).
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The absorption bands observed are in accordance with the pro-
posed polymer structures. Similarly to "H NMR spectra, residual
Si—H bands were also observed in IR spectra. As the difference
between PMHS-g-PyPzAllyl and PMHS-g-PyPz(OEt),Allyl is only
in the linker chain length, their IR spectra are very similar.

3.1.3. Elemental analysis

Elemental analysis of PMHS-g-PyPzAllyl gave the following
results (%): C,53.15; H, 7.21; N, 11.50. In order to calculate theoret-
ical amounts of each element, the residual Si—H groups as well as
the groups formed by cross-linking of final polymer must be
included. The presence of the former ones was observed in 'H
NMR and IR spectra. Cross-linking is a side reaction catalyzed by
platinum and it results in formation of a gel-like material. A model
was proposed with 15 cross-linked groups and 15 unreacted Si—H
groups per 100 grafted ligand groups. Calculated elemental analy-
sis gave the results (%): C, 53.05; H, 6.88; N, 11.81 which are in
good agreement with experimental data.

Elemental analysis of PMHS-g-PyPz(OEt),Allyl gave the follow-
ing results (%): C, 53.49; H, 7.16; N, 9.45. A similar model was pro-
posed with 10 cross-linked groups and 5 unreacted Si—H groups
per 100 grafted ligand groups. The lower amount of cross-linked
groups was indicated by the fact that the polymer formed a very
viscous liquid. Calculated elemental analysis gave the results (%):
C, 53.56; H, 6.85; N, 9.65 which are in very good agreement with
experimental data.

3.1.4. Thermal analysis

The results of thermogravimetric analysis of PMHS-g-PyPzAllyl
and PMHS-g-PyPz(OEt)Allyl are presented in Fig. 3. The polymers
undergo a two-step decomposition process. The first step starts at
around 150 °C and ends at 260 °C for PMHS-g-PyPzAllyl, whereas
for PMHS-g-PyPz(OEt),Allyl it starts at around 200 °C and ends at
300 °C. This process is probably connected with partial decomposi-
tion of the pyridine—pyrazole ligands, because it is different in the
polymers studied. The second step of decomposition process is
similar for both polymers, it starts at around 310°C and ends at
590 °C.

The differential scanning calorimetry (DSC) results are
presented in Fig. 4. The DSC curve of PMHS-g-PyPzAllyl shows an
exothermic effect with a maximum at around 575 °C which is
probably related to the last step of decomposition of the polymer.
The DSC curve of PMHS-g-PyPz(OEt),Allyl shows an increased
exothermic effect starting at 435 °C which is also related to the
decomposition of the polymer.

100
90 4
80 4

— 70

8

5 60

g
50 4
40
30 4

20 T T T T T T T
100 200 300 400 500 600 700

Temperature [*C]

Fig. 3. Thermograms of PMHS-g-PyPzAllyl (solid line) and PMHS-g-PyPz{OEt),Allyl
(dashed line).

10
4 exo

FIRNE

-
.
8 T

Heat flow [mW/mg]

T T T T
100 200 300 400 500 600 700

Temperature [°C]

Fig. 4. DSC results of PMHS-g-PyPzAllyl (solid line) and PMHS-g-PyPz(OEL),Allyl
(dashed line).

3.2. Metal ion adsorption

The ability to bind transition metal ions from water solutions
was examined for both polymers obtained. Perchlorate salts were
used because perchlorates are widely known to be very poor com-
plexing agents which makes them useful as counter ions in the
studies of metal cation chemistry. Moreover, perchlorates show
also low reactivity as oxidants. The polymers obtained were in
the form of a dense liquid or a gel-like material. Both of them
had low contact surface with metal ion solutions. Moreover, these
polymers were hydrophobic which made them hard to penetrate
by transition metal ions. To overcome these problems the poly-
mers obtained were dissolved in CH,Cl; and used in liquid-liquid
extraction experiments.

3.2.1. Adsorption isotherms

The relationships between the equilibrium concentration of
metal ions and the amount of metal adsorbed on PMHS-g-PyPzAl-
Iyl and PMHS-g-PyPz(OEt),Allyl are shown in Figs. 5 and 6, respec-
tively. For both polymers the adsorbed amount of metal ions
increases with their initial concentration increasing up to a plateau
value. The Langmuir, Freundlich and Temkin isotherm models
were used to interpret and evaluate the adsorption data from the
experiments performed at pH of 5.

08 4

06 4

0y, [mmol g'']

04

024

0,0

qu [mmol dm'3]

Fig. 5. Adsorption isotherms of metal ions by PMHS-g-PyPzAllyl.
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2

Q. [mmol g7']

0.0 T T T T
0 5 10 15 20

C,, [mmol dm™]

Fig. 6. Adsorption isotherms of metal ions by PMHS-g-PyPz(OEt),Allyl.

The Langmuir adsorption isotherm is mathematically expressed
as:

Coq Ceq 1
Cog _Cea 1 3
Geq m KQm ( )

where the parameters of the equations are the following: K
(dm?® mol~") is the binding equilibrium constant, g,, (mmol g~ ') is
the maximum amount of ions bonded, C,, (mmol L™")is the equilib-
rium concentration of ions, and geq (mmol g~') is the amount of
ions bonded at the concentration Ceq [44]. The Langmuir adsorption
model assumes that the adsorbate forms a monolayer on a com-
pletely homogenous surface of the adsorbent. In addition, all other
interactions between the adsorbed molecules are neglected. This
empirical model assumes that the adsorbate forms a monolayer of
one molecule thickness and the adsorption is possible only on a pre-
cise number of identical and equivalent adsorption sites. Because all
sites have identical affinity to the adsorbate, this model is described
as a homogenous adsorption with uniform energies [45]. The calcu-
lated K, q,, and correlation coefficient (R?) values are given in
Table 1. As follows from these data, PMHS-g-PyPzAllyl shows
different binding capacities towards different metal ions. Very good
complexation properties towards Cu?* are a result of strong interac-
tions between pyridine-pyrazole ligand and copper ion, which is in
accordance with literature data [46]. Low complexation properties
towards cadmium and nickel ions are a result of weak interactions
in ligand-metal system but the origin of this effect has not been
established yet. In PMHS-g-PyPzAllyl the ligand is connected to
the polymer network by a relatively short linker, therefore the
flexibility of the ligand groups is limited. Differences in the

complexation properties can be explained by the differences in
the coordination sphere geometry for the ions studied, which
implies that in ligand system not all coordination centers are acces-
sible. The PMHS-g-PyPz(OEt),Allyl polymer had better complexa-
tion properties towards cadmium, chromium and cobalt ion, but
worse towards copper and nickel ion than PMHS-g-PyPzAllyl. The
former polymer appeared more versatile in removal of metal ions
than the latter, because the overall differences in the amounts of
all metal ions adsorbed were lower. This observation can be
explained by increasing flexibility of ligand groups, which can
now adapt to coordination sphere geometries of different ions.
Moreover, the oxygen atoms incorporated into the polymer system
can form new coordination centers, which increases sorption capac-
ity of the polymer obtained. The maximum amount of the ions
bonded (q,, parameter) to both polymers obtained is similar to
the values calculated in our previous work, in which we examined
sorption properties of polysiloxane polymer containing polyamine
groups [42]. Nevertheless, the binding equilibrium constant values
(K parameter) are about an order of magnitude lower indicating
that PMHS-g-PyPzAllyl and PMHS-g-PyPz(OEt),Allyl polymers form
less stable complexes than the polymers previously obtained by our
group.

The Freundlich adsorption isotherm is mathematically
expressed as:

Geq = KiCaff' (4)

1
l0g geq =log Ky -+ log Ceq (3)

where Ky and n represent the Freundlich constants, Ceq (mmol L™")
is the equilibrium concentration of the ions, and geq (mmol g ) is
the amount of ions bonded at the concentration Ceq. The Freundlich
adsorption model assumes non-ideal adsorption by formation of a
multilayer of the adsorbate on a heterogeneous surface character-
ized by uniform energy. The 1/n value below one indicates a normal
Langmuir isotherm, whereas 1/n above one indicates cooperative
adsorption [47]. The K constant, which is related to the adsorption
capacity, indicates that PMHS-g-PyPzAllyl polymer has high affinity
to copper ion, whereas PMHS-g-PyPz(OEt),Allyl polymer has high
affinity to cadmium and chromium ions [45]. All values calculated
from Freundlich isotherm are given in Table 1.

The Temkin adsorption isotherm is mathematically expressed
as:

RT
Geq = B In (Kfc?q) (6)
Qeq =B In K +B In Ceq (7)

where R is a gas constant, T is temperature, K; is the equilibrium
constant (Lg ') related to the maximum binding energy and B is

Table 1
Parameters of metal ions adsorption by PMHS-g-PyPzAllyl and PMHS-g-PyPz(OEt),Allyl.
Polymer Metal ion  Langmuir Freundlich Temkin
gm (mmolg™")  K(dm*mol™') R? K (mmol g~ ' (Lmmol ")"")  1jn  R? K. (Lg) B(mol') R?
PMHS-g-PyPzAllyl Cu® 1.48 190 0.995 0.082 1.59 0934 193 0.32 0.990
cd? 0.95 110 0993 0.075 096 0974 1.18 0.28 0971
crt 0.27 420 0997 0.074 043 0978 720 0.05 0.985
Ni®* 0.79 130 0995 0.061 086 0970 185 0.15 0.966
Co®” 0.24 410 0964 0.070 090 0980 207 0.17 0.967
PMHS-g-PyPz(OEt),Allyl  Cu®* 1.06 100 0966 0.079 086 0982 193 0.17 0.963
cd? 1.24 190 0998 0.087 1.48 0968 194 0.26 0.980
cr' 0.90 100 0977 0.064 1.59 0990 320 0.13 0.941
Ni%* 0.58 230 0.991 0.075 0.99 0.989 240 0.13 0.987
Co* 0.57 350 0999 0.140 057 0984 3.05 0.13 0.991
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related to the heat of adsorption. The Temkin adsorption model
assumes that the heat of adsorption of adsorbate molecules in a
layer decreases linearly with increasing coverage which is caused
by adsorbent-adsorbate interactions. Moreover, the bonding ener-
gies are distributed consistently up to some maximum binding
energy. For all polymers and metal ions examined the values of K;
constants are of the same order of magnitude and are in the range
1.18-7.20 L g . B values are also of the same order of magnitude
and are in the range 0.13-0.32 ] mol~' indicating that the heat of
adsorption is similar for all metal ions and polymers examined,
except for adsorption of Cr** by PMHS-g-PyPzAllyl. In this case a
lower value of 0.05 ] mol~" was obtained, however the origin of this
effect is unclear. All values calculated from Temkin isotherm are
given in Table 1.

3.2.2. Adsorption kinetics

Two kinetic models were considered to examine the mecha-
nism of adsorption process. The first model applied was the
pseudo-first-order model given by Langergren and Svenska [48]
which can be expressed as:

k
log (. —q;) = 10g Ge 535t (8)

where g, and g, are the amounts of metal ions adsorbed (mmol g~')
at equilibrium and at time t (h), respectively, and k, (h~) is the rate
constant adsorption. Values of k; were calculated from the plots of
log(q.—q,) versus t (Figs. S-5 and 5-6 in Supporting Information). The
R? values were relatively small proving that this model is inapplica-
ble to describe the adsorption process of metal ions onto the poly-
mers studied. The k; and R? values are given in Table 2.

The second model applied was the pseudo-second-order equa-
tion based on the equilibrium adsorption [49] which can be
expressed as:

t_ 1.1
4 kq  q,

9)

where k, (gmmol 'h') is the rate constant of second-order
adsorption. The linear plot of t/q, versus ¢t is shown in Figs. 7 and
8. The R? values are higher than 0.999 for all polymers and metal
ions examined. This fact clearly indicates that this model is applica-
ble to describe the adsorption process of metal ions onto the poly-
mers obtained. The k, and R? values are given in Table 2.

The k; values characterizing adsorption of various metal ions on
a particular polymer are similar in value. Moreover, the differences
in k; values between the two polymers obtained are relatively
small. This result means that the Kinetic of sorption process is
similar for all metal ions examined. The main reason for this

Table 2
Pseudo-first-order and pseudo-second-order kinetic model parameters.

Polymer Metal Pseudo-first- Pseudo-second-
ion order kinetic order kinetic model
model
Ky R? k2 R
(h™h (gmmol 'h™1)
PMHS-g-PyPzAlly] Cu?* 250 0958 60.28 0999
cd* 3.20 0.957 43.99 0.999
cr¥ 0.68 0.689 43.29 0.999
Ni%* 0.97 0.921 33.38 0.999
Co*" 0.54 0.776 3691 0.999
PMHS-g- cu?* 0.79 0925 41.86 0.999
PyPz(OEt),Allyl cd* 167 0953 2412 0.999
cr 0.35 0.622 4250 0.999
Ni?* 0.64 0.415 54.08 0.999
Co*' 0.54 0.678 39.21 0.999
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Fig. 7. Pseudo-second-order kinetics for adsorption of metal ions on PMHS-g-
PyPzAllyl.
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Fig. 8. Pseudo-second-order kinetics for adsorption of metal ions on PMHS-g-
PyPz(OEt),Allyl.

phenomenon is probably related to the fact that sorption occurs
in a two-phase system and the rate limiting step is the diffusion
of ions from water solution into the organic phase. The formation
of complex between polymer donor sites and metal ions is there-
fore a fast process because it occurs in a liquid phase.

3.2.3. Adsorption thermodynamics

In order to estimate the influence of temperature on the
adsorption process, the thermodynamic parameters that must be
considered are the changes in standard enthalpy (AH®), standard
entropy (AS°) and Gibbs free energy (AG°). The values of AH®
and AS° were computed using the Eq. (10):

AS®  AH°
"R RT
where R (8.314] mol~' K~} is the universal gas constant, T (K) is
the solution temperature and K, is the distribution coefficient
which can be defined as:

CAe

m:f? (11)

In Ky = (10)

where Cy. is the amount adsorbed on solid {(mmol g~!) and C, is the
equilibrium concentration {(mmol mL™"). The values of AH® and AS®
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Fig. 9. Plot of InK, versus 1/T for adsorption of metal ions on PMHS-g-PyPzAllyl.
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Fig. 10. Plot of InK; versus 1/T for adsorption of metal ions on PMHS-g-
PyPz(OEt),Allyl.

were calculated from the slope and intercept of the plot of InKy
versus 1/T presented in Figs. 9 and 10. The value of AG® was
calculated from Eq. (12):

AG' = —RT In Ky (12)

The calculated values of AH®, AS® and AG® are listed in Table 3.
It is worth noting that AH® values are positive, which means that
the adsorption is an endothermic process. In addition, the AS°

1,4 —+—Cu
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1.2 4 —%— Ni
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Fig. 11. The pH influence on the sorption ability of PMHS-g-PyPzAllyl.
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Fig. 12. The pH influence on the sorption ability of PMHS-g-PyPz(OEt),Allyl,

values are positive, suggesting that the adsorption is driven by
entropy. These observations are in accordance with literature data
[50]. The increase in randomness during the adsorption process is
probably a result of the release of water molecules from the hydra-
tion shell [45]. Negative values of AG® indicate that the adsorption
is a spontaneous process and the degree of spontaneity increases
with temperature.

3.2.4. Influence of pH on adsorption
The influence of pH on geq of the polymers studied is illustrated
in Figs. 11 and 12. At different pH values the protonation and

Table 3
Thermodynamic parameters for metal ion adsorption.
Polymer Metal ion AH° (k] mal™) AS° (Jmol 'K AG® (k] mol™")
298 K 303K 308 K
PMHS-g-PyPzAllyl cu? 21.85 11938 -13.76 —14.26 -14.96
cd* 51.28 211.09 -11.69 —12.54 -13.81
e 29.62 131.99 -9.75 -10.30 -11.07
Ni%* 46.28 193.58 -11.47 -12.25 ~13.41
Co? 16.16 93.40 -11.69 -12.09 -12.63
PMHS-g-PyPz(OEt),Allyl Cu?* 16.92 92.92 -10.79 -11.20 -11.72
cd* 36.46 165.46 -12.89 —~13.60 —14.54
o5 13.15 77.69 -10.00 -1041 -10.78
Ni%* 5.59 56.26 -11.17 ~11.48 -11.73
Co** 45.71 195.23 -1243 —13.54 -14.37
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Table 4
Values of g, for five cycles of sorption-desorption process.

Polymer Cycle  geq (mmol gl

cu*  cd* o Ni# Co*

0668 0502 0118 0314 0317
0662 0498 0117 0307 0313
0.660 0463 0109 0294 0294
0657 0463 0109 0.286 0.292
0649 0458 0107 0.284 0.286

0379 0.603 0180 0351 0328
0371 0.580 0177 0346 0314
0369 0562 0174 0342 0310
0366 0560 0173 0342 0304
0360 0.558 0173 0340 0301

PMHS-g-PyPzAllyl

PMHS-g-PyPz(OEt),Allyl

Vb W= Uh W=

Table 5
Comparison of metal ion concentration in wastewater sample before and after adding
the polymer.

Metal ~ Wastewater PMHS-g-PyPzAllyl PMHS-g-PyPz(OEt),Allyl

ion sample (after treatment) (after treatment)
(mmol L") (mmol L") (mmol L")

cu** 0670 0.476 0.469

crt 0.787 0.522 0.493

Ni%* 1.456 0.980 1.019

deprotonation of ligand groups would interfere with their struc-
ture, There are no significant differences in sorption properties of
both polymers in the pH range 5-7. The protonation of ligand
groups below pH 5 disturbs the interactions between metal ions
and donor atoms. All ions are poorly adsorbed at pH lower than
3, which is probably caused by protonation of pyridine ring.

3.2.5. Adsorption-desorption

The results of adsorption capacity for five cycles are summa-
rized in Table 4. The adsorption capacity does not change much
for all adsorption/desorption cycles. After five cycles, both poly-
mers obtained still retain above 90% of their initial adsorption
capacity. The experimental results show that 0.1 M HCI can effec-
tively desorb all cations examined from PMHS-g-PyPzAllyl as well
as PMHS-g-PyPz(OEt),Allyl.

3.2.6. Treatment of real wastewater samples

Wastewater samples were obtained from PRESSEKO company,
working on neutralization of hazardous wastes. The samples have
high content of heavy metal ions because they are mixtures of
wastes coming mainly from electrochemical processes. The waste-
water of this type poses a serious threat to the environment and it
is essential to design techniques that allow removal of heavy metal
ions from it. Table 5 shows the concentration of heavy metal ions
in the wastewater samples before and after the sorption process
using PMHS-g-PyPzAllyl and PMHS-g-PyPz( OEt),Allyl. The results
indicate, that the polymers obtained can effectively absorb heavy
metal ions from wastewaters.

4. Conclusions

Two extractants were prepared by hydrosilylation reaction of
polymethylhydrosiloxane with appropriate pyridine—pyrazole
ligands catalyzed by platinum complex and their adsorption
behavior towards Cu?*, Cd?*, Cr**, Ni®* and Co®* ions was investi-
gated. The polymers were fully characterized by chemical and
spectroscopic methods. The uptake capacities of the polymers
obtained varied between 0.24 mmol (for Co**) and 1.48 mmol

(for Cu®") per 1 g of polymer. The process of Cu®*, Cd**, Cr**, Ni**
and Co?" ions adsorption onto the polymers obtained generally
followed the Langmuir adsorption isotherm. The polymer with
the shorter linker was more selective towards Cu®" ion, while the
one with the longer linker was more versatile in removal of metal
ions. The adsorption kinetics was found to follow the pseudo-
second-order kinetic model. The positive AH® value indicated the
endothermic nature of the adsorption. The negative AG° value
indicated that adsorption of metal ions was a spontaneous process,
whereas the positive AS° values showed that the adsorption was
driven by entropy. The adsorption properties of the materials
obtained were worse towards metal ions at lower pH. The poly-
mers obtained were characterized by satisfactory thermal and
chemical stability. The polymers studied can be applicable for
removal of metal ions from wastewaters.
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ABSTRACT

A new chelating resin was synthesized in the reaction of poly(MVE-alt-MA) polymer with a Schiff base
obtained in condensation of 2-acetylpyridine and 4-aminobenzoic hydrazide. Its compaosition, properties
and morphology were characterized by Fourier transform infrared spectroscopy, elemental analysis,
thermogravimetric analysis, derivative scanning calorimetry, scanning electron microscopy and N,
sorptometry. The effects of several parameters that affect the adsorption of Cu®*, Cd**, Cr’**, Ni** and
Co?* including concentration, contact time, temperature and pH were examined. The adsorption capacity
of the resin for the ions studied was found in the range 29.95-157.25 mg g~ '. The adsorption process of
ions studied generally followed the Langmuir adsorption isotherm model. The kinetics of this process was
found to follow the pseudo-second-order kinetic model. The changes in thermodynamic parameters,
particularly in standard enthalpy (AH°), standard entropy (AS°) and Gibbs free energy (AG°) were
analyzed. The resin was found effective in removal of heavy metal ions from real wastewater samples
that contained high concentrations of the above-mentioned ions.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

containing excessive amounts of heavy metal ions. Adsorption
technique has received much attention because it allows the use

Removal of heavy metal ions from wastewater and contami-
nated soil is a matter of great importance because of their toxic
effects on the human health and on the natural environment in
general. Techniques such as adsorption, ion exchange, dialysis,
precipitation and extraction have been widely used to purify water

* Corresponding author. Tel.: +48 618291486.
E-mail address: ceglowski.m@gmail.com (M. Cegltowski).

http://dx.doi.org/10.1016/j.cej.2014.11.047
1385-8947/© 2014 Elsevier B.V. All rights reserved.

of many materials that are environmental friendly and have low
production cost [1-6]. Moreover, the adsorbents are easy to
remove from a purified solution which considerably reduces the
total cost of overall process. Recently, the design and synthesis of
hybrid materials for removal and sensing of metal ions has become
a subject of increasing interest. Particularly interesting is the syn-
thesis of materials with magnetic properties that would allow their
easy recollection and repeated use with low loss [7-12]. Carbon
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nanomaterials have been also used as an adsorbents, because of
their high surface area for inorganic adsorption, excellent mechan-
ical and thermal stability and exceptional water filtration capabil-
ities. Interestingly, the weight loss of an adsorbent prepared from
carbon nanotubes after many cycles of treatment is smaller when
compared to that of the adsorbent made from activated carbon
|13-15]. Zwitterionic hybrid polymers combine the advantages of
organic and inorganic materials and also exhibit additional inter-
esting properties, such as structural flexibility, thermal and
mechanical stability. The pendant-side structure of ionic groups
of the opposite signs on the polymer chains allows binding of
heavy metal ions from solutions via electrostatic effect. This fea-
ture allows the use of materials of this type in the separation and
recovery processes [ 16-18]. Chelating polymers possess functional
groups that comprise one or more donor atoms acting as a ligands
towards certain types of cations. These polymers usually show
higher selectivity to metal cations than ionic polymers, therefore
they have been used for transition metal ion separation [19-24].

Polymers that possess Schiff bases in their structure make an
important group of chelating resins. Schiff bases that are built of
nitrogen and oxygen donor atoms, are well known for their very
good selectivity towards complexation of transition metals ions,
and low affinity to alkali and alkaline earth metal ions. Moreover,
many Schiff bases contain additional donor groups, which make
them very good candidates for metal ion complexation. These
Schiff bases can be obtained by simple self-condensation or even
multiple self-condensation processes that take place in one syn-
thetic step. Linking Schiff bases to polymers results in chelating
resins that show well-defined molecular assemblies [25]. All these
properties make Schiff base chelating resins very useful to removal
of transition metal ions from solutions. Yan and Sun have prepared
two novel chelating resins by anchoring diethylenetriamine bis-
and mono-furaldehyde Schiff bases onto the macroporous GMA-
DVB (glycidyl methacrylate-divinylbenzene) copolymer beads.
These resins were used for the adsorption of Cu(Il), Co(Il), Ni(Il)
and Zn(Il) ions [26]. Cross-linked magnetic chitosan-isatin Schiff's
base resin was prepared and its usefulness in metal ion adsorption
has been examined. The maximum adsorption capacities were
103.16, 53.51, and 40.15 mg/g for Cu®*, Co** and Ni?* ions, respec-
tively. Cross-linked magnetic resin displayed higher adsorption
capacity for Cu®* in all pH ranges studied [27]. Duolite XAD 761
has been modified with 2-(2,4-dichlorobenzylideneamino) ben-
zenethiol to produce a Schiff base containing a chelating resin.
The material obtained was used for the sorption of Cr’**, Co*,
Cu?', Fe*', Ni*, and Zn®' ions. A solid-phase extraction method
based on the use of this new chelating resin has been applied to
determine the contents of metals in real food samples [28]. Two
chelating resins were synthesized by condensing Schiff bases
derived from 2-aminophenol, 2-hydroxy-5-chloroaniline and tere-
phthaldehyde with formaldehyde in an alkaline medium. The
metal ion uptake of the resins was investigated by the batch
method. The resins showed a preferential selectivity towards Cu(II)
than Pb(II) metal ions [29]. Commercially available poly(vinyl chlo-
ride) has been synthetically modified to a polymer containing pen-
dant primary amino groups. The amino polymer was reacted with
salicylaldehyde to yield a Schiff-base chelating polymer. The poly-
mer has been used to prepare polymer-supported copper complex
which was a catalyst in the one-pot three-component Mannich
reaction between aldehydes, ketones and anilines under mild and
environmentally friendly conditions [30].

The aim of this study was to synthesize resin with Schiff base
chelating groups and examine its effectiveness in heavy metal
ion removal from aqueous solutions. To the best of our knowledge,
this is the first study describing functionalization of poly(methyl
vinyl ether-alt-maleic anhydride) with Schiff base and its use in
adsorption of heavy metal ions. Moreover, the polymer obtained

showed very interesting, porous structure, which can have
additional impact on its adsorption properties. The influence of
factors affecting the adsorption of Cu®*, Cd®*, Cr**, Ni®* and Co**
such as concentration, contact time, temperature and pH were
investigated. The resin obtained was used to adsorb heavy metal
ions from real wastewater samples.

2. Experimental
2.1. Materials and chemicals

All reagents used were commercial products. 2-Acetylpyridine,
4-aminobenzoic hydrazide, poly(methyl vinyl ether-alt-maleic
anhydride) (poly(MVE-alt-MA)) of average M,, = 216,000 and metal
perchlorates: Cu(ClQO4)> x 6H,0, Cd(Cl04); x 6H50, Cr(Cl04)3
x 6H50, Ni(ClO4), x 6H,0 and Co(ClO4), x 6H,0 obtained from
Sigma-Aldrich (St. Louis, MO, USA). Anhydrous ethyl alcohol and
all other solvents of the purity grade p.a., were purchased from
POCH (Gliwice, Poland) and were used without further purifica-
tion. Wastewater samples were obtained from PRESSEKO (Bole-
chowo near/Poznan, Poland) company.

2.2. Instruments

A Shimadzu AA-7000 atomic absorption spectrophotometer
(Shimadzu, Japan) was used for determination of Cu®*, Cd**, Cr*",
Ni** and Co®* concentrations. The measurement was performed
in 3 replications, and the % RSD did not exceed 5%. The FTIR spec-
trum of the resin was recorded on a Bruker IFS 66s spectrometer
(Billerica, MA, USA) using KBr pellets (about 1.5 mg of sample in
200 mg of KBr). NMR spectra were recorded on Agilent DD2
800 MHz (Santa Clara, California, USA). Elemental analyses were
carried out on a Vario EL lll Element Analyzer (Hanau, Germany).
Thermal data were obtained by using a Setaram Setsys 1200
(Caluire, France). The thermal stability of the resin was investi-
gated by thermogravimetric analysis and derivative scanning calo-
rimetry in air stream at a heating rate of 5°Cmin~!. The pore
structure of the resin obtained was characterized on the basis of
low-temperature nitrogen adsorption—-desorption isotherms mea-
sured on a sorptometer Quantachrome Autosorb iQ (Boynton
Beach, Florida, USA). Surface area and pore size distribution were
calculated by Brunauer-Emmett-Teller (BET) and Barrett-Joyner-
Halenda (BJH) methods, respectively. Electron impact spectra were
recorded using Bruker 320-MS spectrometer. The pH measure-
ments were performed using Elmetron CP-505 apparatus (Zabrze,
Poland) equipped with a combined pH electrode. Scanning electron
microscopy images were obtained on a Hitachi Scanning Electron
Microscope SU3500 (Tokyo, Japan).

2.3. Synthesis of acylhydrazone ligand (1)

Acylhydrazone ligand (1) was synthesized according to a litera-
ture method that was used to synthesize similar acylhydrazone
ligands [31]. 2-Acetylpyridine (1.603 g, 13.23 mmol) was added
to a solution of 4-aminobenzoic hydrazide (2.00 g, 13.23 mmol)
in anhydrous ethanol (120 mL) and a few drops of concentrated
hydrochloric acid were added. The solution was heated under
reflux for 12 h. Upon overnight cooling, a bright yellow precipitate
was recovered, The solid was filtered off, washed with cold ethanol
and dried.

TH NMR (DMSO-d6) &: 2.42 (s, 3H); 5.86 (s, 2H); 6.66 (d, 2H);
7.59 (m, 1H); 7.62 (d, 2H); 7.81 (d, 1H); 8.11 (t, 1H); 8.91 (d,
1H). '3C NMR (DMSO-d6) &: 25.0; 116.3; 122.6; 123.3; 127.6;
131.9; 141,7; 144.5; 150.9; 155.8; 158.5; 165.8. EI-MS m/z (%):
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5.0 (45.4); 77.9 (23.7); 91.9 (29.9); 105.9 (48.9); 119.9 (100);
133.9 (51.2); 254.1 (46.0).

2.4. Synthesis of poly(MVE-alt-MA-1)

Poly(methy] vinyl ether-alt-maleic anhydride) (0.8 g) was dis-
solved in toluene (15 mL) and added dropwise to a solution of
ligand 1 (0.65g, 2.56 mmol) in 40mL of dimethylformamide
(DMF). The mixture was subsequently stirred at 140 °C for 8 h in
anhydrous atmosphere. Solvent was removed under reduced pres-
sure and the residue obtained was washed with DMF, toluene,
diethyl ether and dried at 80 °C yielding poly(MVE-alt-MA-1) as a
pale brown powder.

2.5. Adsorption experiments

Adsorption studies were performed for Cu(ClO4),, Cd(ClO4),
Cr(Cl04)3, Ni(ClO4); and Co(ClO4);. To prepare each isotherm, a ser-
ies of samples containing 10 mg of poly(MVE-alt-MA-1) and 5 mL
of metal perchlorate solution were used. The adsorption capacities
were measured for seven different concentrations (0.1, 0.5, 1, 2.5,
5, 10 and 20 mM). The water solutions of metal ions were buffered
to pH 5 (acetic acid/sodium acetate buffer). The solutions were
stirred for 24 h at 298 +1 K. The starting (Cp; mgL~!) and post-
equilibration (Ceq; mg L) concentrations of metal ions were mea-
sured by atomic absorption spectrophotometry. The amount of
metal adsorbed (geq; mgg ') after equilibration was calculated
from the difference between Cp and Ceq:

Co— Ceq)V
o = o LlV 1)
where m is the mass of resin (0.01 g) and V is the volume of aqueous
solution (L).

For the adsorption kinetic studies, 20 mg of poly(MVE-alt-MA-
1) and 20 mL of buffered (pH 5, acetic acid/sodium acetate buffer)
metal perchlorate solution with the initial concentration of 5 mM
were stirred at 298 + 1 K. The aqueous samples were taken at pre-
set time intervals and the concentrations of metal ions were mea-
sured by atomic absorption spectrophotometry. The amount of
adsorbed metal ions at time t, g, (mg g~'), was calculated from:

(Co—CYV
G =—F— (2)
where m is the mass of resin (0.01 g), C, (mg L~} is the initial metal
ion concentration, C, (mg L~ ') is the metal ion concentration at time
t, V is the volume of aqueous solution (L).

Thermodynamic studies were performed for other sets of sam-
ples containing 10 mg of poly(MVE-alt-MA-1) and 5 mL of buffered
(pH 5, acetic acid/sodium acetate buffer) metal perchlorate solu-
tion with the initial concentration of 5 mM; they were stirred at
298+ 1K, 308+1K and 323+1K for 24 h. Other experimental
details were as for isotherms determination.

The relations between the sorption properties of poly(MVE-
alt-MA-1) and the pH of the solution were studied in the pH range
from 2 to 6. The pH of the solutions was adjusted with the buffers
containing KCI/HCI (pH 2) and acetic acid/sodium acetate (pH 3-6).
The measurements were made for 5 mM metal concentration,
which guaranteed large excess of ions over ligand groups. Other
experimental details were as for isotherms determination.

Sorption/desorption experiments were performed in 12 h inter-
vals for the sets of samples containing 10 mg of poly(MVE-alt-MA-
1) and 5 mL of buffered (pH 5, acetic acid/sodium acetate buffer)
metal perchlorate solution at the initial concentration of 5 mM.
Afterwards, the water phase was collected, the resin was washed
with water and immersed in 0.1 M HCI or 0.1 M EDTA water solu-
tion. The starting and final concentrations of metal ions in aqueous

phases were measured by atomic absorption spectrophotometry.
To test the reusability of the polymers, this adsorption/desorption
cycle was repeated five times with using the same adsorbent.

Experiments with real wastewater samples were performed by
adding 2.5 mL of wastewater sample to 20 mg of poly(MVE-alt-
MA-1). After stirring for 24 h the starting and final concentrations
of metal ions in aqueous phases were measured by atomic absorp-
tion spectrophotometry.

3. Results and discussion
3.1. Synthesis and characterization of the resin obtained

The new chelating polymer was synthesized in two steps. In the
first step, appropriate Schiff base ligand 1 was obtained in a simple
condensation between 2-acetylpyridine and 4-aminobenzoic
hydrazide. The second step consisted of reaction of ligand 1 with
poly(MVE-alt-MA) polymer, resulting in formation of poly(MVE-
alt-MA-1) chelating resin (reaction scheme is presented in Fig. 1).
It is worth noting that not all maleic anhydride groups undergo
amidation reaction [32]. The symbols m and n represent the num-
bers of modified and unmodified repeating unites of the polymer
backbone, respectively. The values of m and n were estimated on
the basis of elemental analysis. The following results were
obtained (%): C, 58.82; H, 5.44; N, 8.90. The closest theoretical val-
ues were obtained using the model in which there are 7 unmodi-
fied maleic anhydride groups per 5 modified groups (n/m=7/5).
For this model, the calculated contents of elements were (in %):
C, 58.81; H, 5.32; N, 8.91 which was in very good agreement with
experimental data.

The FT-IR absorbance spectrum of poly(MVE-alt-MA-1) is
presented in Fig, 2, The spectrum shows the absorption bands at
3379 cm™! (v O-H and v COO-H, broad band), 2940 cm™' (v
C-H), 1782 cm ! (v C=0 of MA unit), 1730 cm ' (v C=0 of carbox-
ylic group), 1664 cm ™! (v C=0 of Schiff base), 1645 cm ™! (5 N-H),
1534 cm™' (v C=N), 1280 cm ' (v OC=0H of carboxylic group),
1104 cm™! (v C-0-C of MA unit) [33,34].

The results of thermogravimetric and differential scanning cal-
orimetry (DSC) analysis of poly(MVE-alt-MA-1) are presented in
Fig. 3. For the resin obtained, two decomposition steps can be
observed. The first one gives a very broad signal, because it starts
at around 150 °C and ends at 480 °C. This step is probably con-
nected with continuous decomposition of the ligands by their slow
oxidation. The second step is more rapid, it starts at 480 °C and
ends at around 630 °C. During this step all organic residue is oxi-
dized, because the initial mass of the resin is reduced to almost
0%. The DSC curve shows two exothermic effects with maxima at
330 °C and 535 °C. The first one corresponds to the broad decom-
position step of poly(MVE-alt-MA-1). The second exothermic
effect, which is significantly higher in amplitude than the first
one, is related to the final decomposition step of the resin obtained.

0020 OCH,
NH; —
OCH; o °
OH NH
OCH;§
+ Hn o DMF/tol
! [Cluene
o] (o] N
o Hm OY 140°C, 8 h S0
Z N N
- I
Z N
<
L I s

Fig. 1. Scheme of synthesis of poly(MVE-alt-MA-1) resin.
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Fig. 2. FT-IR spectrum of poly(MVE-alt-MA-1) resin.
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Fig. 3. TG (solid line) and DSC (dashed line) results of poly(MVE-alt-MA-1).

Fig. 4 shows the SEM images of poly(MVE-alt-MA-1). Many
pores with a very wide distribution of diameters were found in
the structure of the resin. The presence of these pores led to some
increase in the surface area and porous structure of poly(MVE-alt-
MA-1). To establish the porosity parameters a N, sorptometer was
used. The BET surface area of the resin obtained was found to be
2.051 m? g~ ', with total pore volume of 0.008 cm® g~'. The average
pore diameter was found to be 4.45 nm. The surface area was rel-
atively lower than for inorganic or hybrid adsorbents, but it was
similar to that of other chelating polymers [35]. This indicates that
adsorption of heavy metal ions is a result of strong chemical inter-
actions between resins functional groups and these ions.

Q0.
[¢] 0 OCH,

OCHg o o OCH; o o
OH NH O NH
M
M
—

HI;J (¢}
=N

FN

. |

L —n = —Im L —In = —Im

M = Cu?*, Cd?*, Cr®*, Ni2* or Co?*

Fig. 5. The adsorption of metal ions on the poly(MVE-alt-MA-1) resin.

3.2. Adsorption isotherms

Adsorption isotherms are used to describe the adsorption pro-
cess at the equilibrium state. The resin obtained may form com-
plexes with heavy metal ions using Schiff base groups and free
carboxyl groups (presented in Fig. 5). For metal ions adsorption
studies, perchlorate salts were used because perchlorates are
widely known to be very poor complexing agents which makes
them useful as counter ions in the studies of metal cation chemis-
try. Moreover, perchlorates show also low reactivity as oxidants.

To fully understand the adsorption process, several different
isotherm models were considered. Fitting experimental data to
appropriate isotherm model is a very important step, because the
results give information about the interactions of solutes with
the adsorbent. Fig. 6 shows relationships between the equilibrium
concentration of metal ions and the amount of metal adsorbed on
poly(MVE-alt-MA-1). The adsorption rapidly increases at low con-
centrations of metal ions and starting from a certain concentration
value it reaches a plateau. The Langmuir, Freundlich and Temkin
isotherm models were used to interpret and evaluate the adsorp-
tion data from the experiments.

The Langmuir adsorption isotherm is mathematically expressed
as:

Coy Coq 1
T _ ey 3
Qog  Gm  Kan )

where K (L mg~"') is the binding equilibrium constant, g,, (mg g~ ") is
the maximum amount of ions bonded, C.q (mg L") is the equilib-
rium concentration of ions, and g., (mgg ") is the amount of ions
bonded at the concentration C,,. The calculated K, g,, and correla-
tion coefficients (R?) values are given in Table 1. The R? values for
cu®', cd*', Ni* and Co** above 0.99 indicate that the data describ-
ing the adsorption of these cations on the resin obtained well fit the

SU3500 15.0kV 4.9mm x3.00k BSE-COMP 50Pa 10/15/2013 '

Fig. 4. SEM image of poly(MVE-alt-MA-1) magnified 2000 (a) and 3000 (b).
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Fig. 6. Adsorption isotherms of metal ions onto poly(MVE-alt-MA-1).

Langmuir isotherm. The R? value for Cr3* is above 0.95 indicating
that the adsorption process partially follows the Langmuir model.
The chelating polymer shows very good complexation properties
towards Cu?*, Cd?*, Ni** and Co?*, but relatively low towards Cr*".
Low complexation properties towards chromium ions are probably
a result of weak interactions between Cr** and ligands’ donor atoms
but the origin of this effect has not been established yet. The g, val-
ues for Cu?*, Cd?*, Ni** and Co?* after recalculation into mmol g~
units for these ions are comparable. This indicates that the adsorp-
tion process is similar for Cu®*, Cd**, Ni** and Co?*, which is proba-
bly a result of the fact that binding efficiency of resins adsorption
sites for these ions is similar. The selectivity of poly(MVE-alt-
MA-1) towards heavy metal ions examined was investigated on
the basis of the binding equilibrium constant (K parameter) [3G].
The highest K value was obtained for Cu* ion, which means that
poly(MVE-alt-MA-1) exhibits the highest selectivity towards this
ion. K values for Cd** and Co** are similar and more than twice
smaller than the value obtained for Cu®* ion. This results indicates
that the selectivity of poly(MVE-alt-MA-1) for Cd** and Co** adsorp-
tion is similar, but much lower than for Cu?®* ion. The lowest K
values were obtained for Ni** and Cr** ions indicating, that the
adsorption of these ions is the least favorable from among all ions
examined.

The Freundlich adsorption isotherm is mathematically
expressed as:
Qg = KiCaf' 4)
1
log q,, = log K¢ +ﬁ log Cyy (5)

where K and n represent the Freundlich constants, Ceq (mgL™") is
the equilibrium concentration of the ions, and q., (mg g 1) is the
amount of ions bonded at the concentration C,. The value of 1/n
ranging between 0 and 1 is a measure of adsorption intensity or sur-

value of 1/n gets closer to zero [37]. A value of 1/n lower than
one indicates a normal Langmuir isotherm, whereas a value above
one is indicative of cooperative adsorption [38]. For all ions
adsorbed on poly(MVE-alt-MA-1), the values if 1/n are very similar
and lower than one. All values calculated from Freundlich isotherm
are given in Table 1.

The Temkin adsorption isotherm is described by equations:

RT
ng = ? In (K[ng) (5)
Qeq =BInK;+BInCy (7)

where R is a gas constant, T is temperature, K, is the equilibrium
constant (Lg~ ") related to the maximum binding energy and B is
related to the heat of adsorption. The Temkin adsorption model
assumes that the heat of adsorption of the adsorbate molecules in
a layer decreases linearly with increasing coverage which is caused
by adsorbent-adsorbate interactions [39]. All values calculated
from Temkin isotherm are given in Table 1.

3.3. Adsorption kinetics

To evaluate the kinetics of the adsorption process, the experi-
mental results were compared to those predicted by three kinetic
models, the pseudo-first-order, pseudo-second-order and the
intraparticle diffusion. The pseudo-first-order model given by
Langergren and Svenska [40] which can be expressed as:

k
log(q, — q;) = log q, — 555t (8)

where g. and g, are the amounts of metal ions adsorbed (mg g~ ') at
equilibrium and at time t (h), respectively, and k; (h™') is the
pseudo-first-order rate constant. Values of k; were calculated from
the plots of log(qg. — q,) versus t (Fig. 7). The R? values are relatively
high, however close inspection of the model fit and definitely higher
values of R? obtained for pseudo-second-order kinetics suggest that
the adsorption of metal ions on the resin obtained did not follow
pseudo-first-order model kinetics. The k; and R? values are given
in Table 2.

The pseudo-second-order equation based on the equilibrium
adsorption [41] which can be expressed as:

t 1 1

_—— 4 — 9
q; k2q;ez qe ( )

where k, (gmmol 'h™") is the rate constant of second-order
adsorption. The linear plot of t/q, versus t is shown in Fig. 8. The cor-
relation coefficients for all cations for the pseudo-second-order
kinetic model were greater than 0.99 indicating the applicability
of the pseudo-second-order kinetic model to describe the adsorp-
tion of metal ions onto poly(MVE-alt-MA-1). The k; and R? values
are given in Table 2.

The intraparticle diffusion model is based on the theory pro-
posed by Weber and Morris can be expressed as:

. ) 2 )

face heterogeneity. The surface is more heterogeneous when the e =kpt''* = x; (10)
Table 1
Parameters of metal ions adsorption by poly(MVE-alt-MA-1).

Metal ion Langmuir Freundlich Temkin

dm (mgg ") K(Lmg™") R K (mgg ™' (Lmg™)'") 1/n R? K (Lg™") B R

Cu®* 81.72+037 0.068 £ 0.010 0.999 7.79+298 0.40+£0.09 0.813 1.89+£0.70 11.68 £0.99 0.965

cd* 157.25+1.41 0.031£0.010 0.999 13.01 £4.37 0.37 £ 0.06 0.868 1.17 £0.47 20.87+£1.58 0.972

cr* 29.97 +2.95 0.010 + 0.004 0.953 2.05+0.26 0.39+0.03 0.976 0.57 £0.35 3.83 £0.61 0.885

Ni%* 67.45 £ 2,55 0.013 +0.004 0.992 3.71+1.03 0.43 £ 0,06 0,920 0.54 £0.22 9.41£1.36 0.905

Co** 71.29+1.98 0.026 £0.011 0.996 7.57 £ 1.68 0.34 £0.05 0.916 2.85£1.39 8.21 091 0.942
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log (q, - q,)

Fig. 7. Pseudo-first-order kinetic model for metal ion adsorption onto poly(MVE-
alt-MA-1).

where k, (mgg™' h'2) is the intraparticle diffusion rate constant
and x; is the intercept. This model assumes that the metal ions
are transported from the solution through the interface between
the solution and the adsorbent followed by a rate-limiting intrapar-
ticle diffusion step which brings them into the pores of the particles
in the adsorbent [17]. If a straight line is obtained by plotting ¢,
versus t'? than the intraparticle diffusion is considered as the
rate-limiting step [42]. Usually a multilinear plot is obtained which
suggests that two or more steps are involved in the adsorption pro-
cess [43]. The plots presented in Fig. 9 suggest that the adsorption
occurred in three phases. The initial steep section represents surface
or film diffusion, the second one is connected with a gradual
adsorption stage, where the rate-limiting step is intraparticle or
pore diffusion, whereas the third section is the final equilibrium
stage [44]. The plots do not pass through the origin of the system
of coordinates, which means that the intraparticle diffusion within
the pores of the resin is not the only rate-limiting step. This implies
that adsorption kinetics may be limited simultaneously by the
intraparticle diffusion and film diffusion. The value of intercept x;
gives the information about the boundary layer, that is the larger
the intercept, the greater the boundary layer effect [45]. The k,
and x; values are given in Table 2.

3.4. Adsorption thermodynamics

The heat of adsorption can provide information about the nat-
ure of the surface and the adsorbed phase. The thermodynamic
parameters that must be considered are the changes in standard
enthalpy (AH°), standard entropy (AS°) and Gibbs free energy
(AG®). The values of AH° and AS° were computed using the
equation;

AS"  AH°

Ian:T—ﬁ (1])

Table 2
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Fig. 8. Pseudo-second-order kinetic model for metal ion adsorption onto poly(-
MVE-alt-MA-1).
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Fig. 9. Intraparticle diffusion plots for metal ion adsorption onto poly(MVE-alt-MA-
1).

where R (8.314 ] mol~' K~') is the universal gas constant, T (K) is
the solution temperature and K; is the distribution coefficient
which can be defined as:

CA?
K= (12)
where Cj. is the amount adsorbed on solid (mgg™') and C, is the
equilibrium concentration (mg mL™"). The values of AH® and AS®
were calculated from the slope and intercept of the plot of InK; ver-
sus 1/T presented in Fig. 10. The value of AG® was calculated from
Eq. (13):

AGE — _RT In Kq (13)

Kinetic parameters calculated for pseudo-first-order, pseudo-second-order and intraparticle diffusion models.

Metal ion Pseudo-first-order kinetic model Pseudo-second-order kinetic model Intraparticle diffusion model

ki (b)) R ka(gmg ' h) R? ky (mgg ' h'?) X
Cu** 0.766 £ 0.046 0.968 0.017 £ 0.003 0.993 19.21+£3.54 16.04 £+ 7.40
cd** 0.749+0.022 0.993 0.012 £ 0.002 0.996 34.48+6.28 4194+13.13
crt 0.393 +0.022 0.973 0.087 +0.012 0.998 3.82+0.70 4.49 £ 1.47
Ni%* 0.753 £0.055 0,963 0.053 £ 0.009 0.999 10.55+2.64 17.69 £5.52
Co** 0.470 £0.021 0.977 0.026 £ 0.005 0.994 11.95+1.84 17.03 £3.84
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Fig. 10. Plot of InK, versus 1/T for adsorption of metal ions onto poly(MVE-alt-MA-
1).

The calculated values of AH®, AS° and AG® are listed in Table 3.
The positive values of enthalpy changes AH° indicate that the
adsorption is an endothermic process. The negative values of AG®
prove that the adsorption of metal ions is a spontaneous process
and the degree of spontaneity increases along with increasing tem-
perature. The positive values of AS° suggest that randomness is
increased at solid-liquid interface during the adsorption, which
is probably a result of releasing water molecules from the hydra-
tion shell [17]. Thus, it can be concluded that the adsorption of
metal ions onto poly(MVE-alt-MA-1) is driven by entropy.

3.5. Influence of pH on adsorption

The pH of aqueous solution is a very important factor that has a
great impact on sorption of heavy metal ions. The influence of pH
on (eq of the resin studied is illustrated in Fig. 11. The structure of
chelating groups can be changed by protonation at different pH
values. In the pH range 5-6 there are only relatively small differ-
ences in sorption properties of the resin obtained. The protonation
of chelating group below pH 5, which causes the repulsion of
groups with positive charge, is the reason for poorer sorption prop-
erties of poly(MVE-alt-MA-1). At pH 2 the adsorption of metal ions
is reduced to a minimum, which is probably caused by complete
protonation of chelating groups.

3.6. Sorption/desorption experiments

The resin used for adsorption of metal ions must be capable of
desorbing these ions in order to be reused. Moreover, it should not
heavily lose adsorption properties after adsorption/desorption
cycles. The results of adsorption capacity for five sorption/desorp-
tion cycles using 0.1 M HCl or 0.1 M EDTA as desorption agents are
summarized in Table 5. In the sorption/desorption cycles of Cu?*,
Cd?* and Co** using 0.1 M HCl as desorption agent, the adsorption

160 1
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Fig. 11. The pH influence on the sorption ability of poly(MVE-alt-MA-1).

Table 4
The metal ion concentration in wastewater sample before and after the resin addition.

Metal Wastewater sample Poly(MVE-alt-MA-1) (after treatment)
ion (mgL™) (mgl™)
Cu? 40.16 10.12
cr*t 13.60 9.95
NiZ* 154.83 72.85
Table 5

Values of q., for five cycles of sorption/desorption of metal ions using 0.1 M HCl or
0.1 M EDTA as desorption agents.

e (Mgg™")
Cu®* cd* crr Ni** Co**

Desorption agent Cycle

HCl 1 72.08 120.17 17.61 46.14 51.05
2 84.01 140.70 16.93 44.90 62.15
3 82,97 13557 16.65 4465 59,27
4 80.55 13292 1650  43.74 56.51
5 78.56 13230 15,99 42,50 55,96
EDTA 1 72.45 119.29 1756  46.47 51.05
2 71.16 115.96 16.65 44.40 50.59
3 72.36 115.00 16.13 4338 4543
4 67.38 110.04 15.72 42.63 44.72
5 65.24 107.08 1566 4263 44.52

capacity after first desorption with HCI rises by less than 20%. This
phenomenon was explained by the fact that highly acidic environ-
ment causes hydrolysis of anhydride groups that remained in the
polymer structure leading to formation of carboxylic groups. The
additional presence of these groups after first desorption cycle
leads to increased adsorption capacity of the poly(MVE-alt-MA-1)
resin. The confirmation of this fact was that this phenomenon
was not observed when 0.1 M EDTA solution was used as a desorp-
tion agent. For Cr** and Ni?* ions, the increased capacity after

Table 3

Thermodynamic parameters obtained for process of metal ion adsorption.
Metal ion AH® (k] mol™") ASe (Jmol 'K AGe (k] mol~")

298 K 308 K 323K

Cu® 19.84 +0.37 117.15+£1.20 —15.06 £ 0.51 —16.26 £0.52 —17.99 £0.54
cd** 2011047 122,07 £1.51 ~16.28 £ 0.65 ~17.47 £0.66 -19.33+£0.68
cr* 3.28+0.10 46.13 £0.33 -1047 +0.14 -10.92+0.14 -11.62+0.15
Ni** 24.44 + 0,96 126.89 £3.10 ~1335%1.30 ~14.68 £1.40 ~16.52 £ 1,46
Co** 17.55 £0.05 105.39£0.16 —13.85£0.07 —14.90 £ 0.07 -16.49 £0.07
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Table 6
Comparison of maximum sorption capacities with results of recent studies.

M Adsorbent Sorption capacity (mgg™") References

Cu?* Silica gel functionalized with ditopic zwitterionic Schiff base ligand 41.31 [46]
Dowex M-4195 50.77 [47]
CS-zeolite composite cross-linked with ECH 51.32 (48]
Poly(MVE-alt-MA-1) 81.72 Present study

cd?* Si0,/lignin 84.66 [49]
Fe;04-poly(1-cysteine/2-hydroxyethyl acrylate) 19.59 [50]
Steel-making slag 10.16 [51]
Poly(MVE-alt-MA-1) 157.25 Present study

cr’ Mn;0,4 nanomaterial 41.7 [52]
Laminaria seaweed biosorbent 41 [53]
Algal biomass spirogyra spp. 28.16 [54]
Poly(MVE-alt-MA-1) 29.97 Present study

Ni2* Cellulose acetate/zeolite composite fiber 16.95 [55]
NaA/xanthan gum-alginate composite 45.87 [56]
Poly(styrene-co-maleic anhydride) microspheres 479 [57]
Poly(MVE-alt-MA-1) 67.45 Present study

Co** Activated carbons 65.79 [58]
Magnetic multiwalled carbon nanotube/iron oxide composites 8.84 [59]
Ammonium molybdophosphate-polyacrylonitrile 9.43 (60]
Poly(MVE-alt-MA-1) 71.29 Present study

desorption with HCl was not observed, which is probably caused
by weaker interactions of carboxyl groups that were formed in
the polymer structure with these ions. After five cycles, the
poly(MVE-alt-MA-1) resin still retained above 87% of its initial
adsorption capacity for all ions examined. This proves that the
resin can be efficiently used in continuous sorption/desorption
processes.

3.7. Treatment of real wastewater samples

Wastewater samples were obtained from PRESSEKO Company,
which neutralizes hazardous wastes. The samples obtained con-
tained very high concentrations of heavy metal ions because they
came from wastes produced during electrochemical processes.
Most of the heavy metal ions were introduced into this wastewater
by dissolving simple inorganic salts like chlorides, sulfates or
nitrates. Chromium was present in the mixture as Cr*" ions,
because the wastewater with these ions was produced during tri-
valent chromium plating. It is essential to decrease the concentra-
tion of heavy metal ions to acceptable levels before returning the
water into the ecosystem. Table 4 shows the concentration of
heavy metal ions in the wastewater samples before and after the
sorption process using poly(MVE-alt-MA-1). The results clearly
show that the resin obtained can be successfully used to absorb
heavy metal ions from wastewaters.

3.8. Comparison of the maximum sorption capacities with other
adsorbents

A comparison of the maximum sorption capacities with some
recent results obtained using different types of adsorbent, is pre-
sented in Table 6. The maximum sorption capacities of the present
chelating resin are greater for Cu?*, Cd**, Ni?* and Co?" ions than for
other materials listed in Table 6. This clearly illustrates that the
chelating resin obtained can be used as a very efficient adsorbent
of these ions. For Cr** ions the resin obtained has generally lower
maximum sorption capacity than the other materials listed in
Table 6. This is in accordance with the general adsorption proper-
ties of the resin obtained, because it shows very good complexa-
tion properties towards Cu?*, Cd®*, Ni®* and Co?', but relatively
low towards Cr**. The poly(MVE-alt-MA-1) resin is therefore a poor
adsorbent of Cr** ions.

4. Conclusions

New chelating resin poly(MVE-alt-MA-1) was prepared in the
reaction of poly(MVE-alt-MA) polymer with an appropriate Schiff
base obtained in condensation of 2-acetylpyridine and 4-amino-
benzoic hydrazide. The resin obtained was characterized by chem-
ical and spectroscopic methods and showed satisfactory thermal
and chemical stabilities. The resins adsorption behavior towards
Cu?*, €d?*, Cr**, Ni** and Co?' ions was investigated. The process
of Cu*, cd?*, cr**, Ni?* and Co?* ions adsorption generally followed
the Langmuir adsorption isotherm model. The adsorption kinetics
was found to follow the pseudo-second-order kinetic model and
to be controlled both by intraparticle diffusion and film diffusion.
The negative AG® values but positive AH® and AS° values indicated
that the adsorption of metal ions was a spontaneous process driven
by entropy. The adsorption properties of the resin were worse at
lower pH. The poly(MVE-alt-MA-1) was effective for removal of
heavy metal ions from real wastewater samples that contained
high concentrations of these ions. This clearly indicates that the
resin obtained may be successfully used for purification of waste-
waters highly contaminated with heavy metal ions.
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1. Introduction

Self-assembly is one of the most interesting process in modern
supramolecular chemistry. Although its nature and complexity have been
known from biochemical research, the ability to fully control it and construct
“supermolecules” has stemmed from the developments made in supramolecular
chemistry. It is now possible to design and construct molecules whose complexity
and size can match those observed in biological assemblies. The self-assembly
process of metal complexes formation is determined by two factors: the type,
geometry and number of ligand active sites and the geometric preferences of
the metal cation. While the second factor is usually known or easy to predict
(for example Pt(Il) is usually square planar) the first factor can be altered by
synthesis of appropriate ligand. That is why of key importance for a successful
self-assembly process leading to target supermolecules with metal complexes is
to design and synthesise the right type of ligand.

The most extensively used ligands in metal coordination chemistry
are m-electron deficient heterocyclic compounds such as 2.2’-bipyridine,
2,27:6°,2”-terpyridine and 1,10-phenanthroline. Because they are m-electron
deficient they act as a m-acceptors and are considered to be soft sites. Pyrazole
is an aromatic compound which is classified as a m-excessive compound [1] and
therefore acts as a hard donor site [2]. That is why it is possible to directly attach
pyrazole to common m-electron deficient heterocycles (for example pyridine)
in order to obtain ligands with interesting electronic properties. Moreover, it
is possible to attach pyrazole to a desired heterocycle with incorporation of an
appropriate linker that will provide additional space and therefore flexibility to
the ligand obtained (for example alkil chain). Such a linker can also be another
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binding site (for example amine, ether or thioether group) that will improve
coordination properties of the final ligand.

Pyrazoles act as a monodentate ligands if they coordinate metal with
nitrogen lone pair in the sp? orbital or as bidentate ligands after deprotonation of
the N-H group. Moreover, after deprotonation the corresponding anion can be
an endo (n?) or exo-bidentate (n'-n') bridging ligand (Figure 1) [3]. Substituents
at positions 3-, 4-, 5- and on N atom (instead of the N-H group) can modify the
steric properties and change the electronic properties of a pyrazole-based ligand.

O TR T O BN
N-NH  N-N N-N, N-N

M M MM M
un'n’ n?

Figure 1. Coordination modes of pyrazole ligand and the corresponding anion [3].

2. Bidentate ligands

Ligands described in this section have two binding sites, which are pyrazole
ring and another donor atom or two pyrazole rings linked through a spacer.

Synthesis of ligand 1, obtained by attaching pyrazole ring to pyridine,
has been reported. The highest yield of the reaction was observed when it was
carried out in DMF with the use of pyrazole and 2-bromopyridine as reagents,
copper(l) chloride with 6-(1H-pyrazol-yl) nicotinic acid as a catalyst and
K.,PO, as a base (Figure 2) [4]. A simple method for the synthesis of ligand
1 with a similar yield and requires refluxing a mixture of 2-hydroxypyridine
and pyrazole in trichlorophosphate without any metal catalyst has been reported
recently [5]. Complexes of ruthenium of the stoichiometry of RuCl(cod)
(1) (cod — 1,5-cyclooctadien) have been prepared and characterized by NMR
and IR spectroscopy [6]. It has been concluded that three isomers are possible
depending on the relative disposition of the ligands (Figure 3). The cis-chloro
isomers had C| symmetry, whereas the #rans-chloro isomers had C_ symmetry.
Ligand 1 was also used to prepare [Ru(bipy),1]*" (bipy —2,2'bipyridyl) complex
[7]. Electrochemical data indicated that ligand 1 is weaker m-acceptor than bipy
but the complex obtained has similar excited-state properties to [Ru(bipy),]*".

Ligand 2, which has a methylene group between pyrazole and pyridine
ring in comparison to ligand 1, has been synthesized from pyrazole and
2-(chloromethyl)pyridine hydrochloride in the presence of sodium hydroxide
and tetrabutylammonium hydroxide with benzene as a solvent (Figure 4) [8].
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[t has been used to prepare complexes with cobalt(Il) ([Co(2),CL,]-4H,0)
[9], nickel(ll) ([Ni(2),CL]-4H,0) [9], palladium(ll) ([PdIMe(2)]) [10] and
ruthenium(Il) ([Ru(m°C H)(2)CI|[PF ) [I1]. The crystallographic data of
complex [Co(2),CL]-4H,O) reveal that the coordination of cobalt(Il) is trans
octahedral. An interesting feature to note is that the Co-N (pyridine) bond
is longer than the Co-N (pyrazole) bond by about 0.1 A. What is more, the
four positions around cobalt(IT) occupied by nitrogen atoms of pyrazole and
pyridine rings have coordination angles ranging from 85.7° to 94.3°. Because
the theoretical value is exactly 90°, this results indicates that the structure is
distorted [9].

— CuCl/L, K;PO,, DMF p—
\ / Br -+ m - \ / N/:Lj
N

N HN—-N 100 °C, 24h N
o 1
L = 6-(1H-pyrazal-yl) nicotinic acid
Figure 2. Synthetic route to N-arylated pyrazole ligand 1.
Cl
' |

(I: “NQ |; ‘ \:\ / I \
| / | "N’ N‘N ¥ N\ N}

Figure 3. Isomers of RuCl (cod)(1) depending on the relative disposition of the ligands
[0].

— Cl Z
O_/ NaOH, BuyNOH, N,/j
= b —
N n |/> enzene N N
“H HN-N A6 h \
Cl 2
Figure 4. Synthetic route to ligand 2.

Ligand 3 has been synthesized by the same method as that used for the
synthesis of ligand 2. Pyrazole and 2(chloromethyl)thiophene were heated in
benzene in the presence of sodium hydroxide and tetrabutylammonium hydroxide
(Figure 5) [12]. What is interesting, ligand 3 appeared to be monodentate when
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coordinating to palladium (it gave Pd(3),Cl, as a resulting complex). It has been
suggested that the nitrogen of pyrazole is the donor atom and sulphur from the
thiophene ring is not coordinated [12].

Cl

NaOH, BuyNOH, N v
— benzene . /
> S N

HN<
— S N A.6h E/>—/

Figure 5. Synthetic route to ligand 3.

Many interesting properties can be observed if the heterocycle-like pyridine
or thiophene is replaced by another pyrazole ring to give a bis(pyrazolyl) ligand.
Such a synthesis involves the reaction of pyrazole with methylene chloride (as
a reagent and solvent) with the use of tetrabutylammonium hydrogensulfate and
water solution of sodium hydroxide (Figure 6) [13]. Crystal structure of thus
obtained ligand 4 (Figure 7 A) reveals that the crystal is additionally stabilized
be weak N-H intermolecular hydrogen bonds [13]. Moreover, the bond lengths
in both pyrazole rings are in excellent agreement. The greatest difference in their
lengths is visible on C(1) atom that binds two pyrazole rings, because the length
of C(1)-N(11) bond is 1.446(2) A, while that of C(1)-N(21) bond is 1.436(2) A.

Ligand 4 forms complexes with rhenium(V) [ReCl(NNPh)(4)(PPh,)] and
[ReOCIL,(4)]. The latter slowly creates dimeric species and forms [Re,0,Cl (4),]
(Figure 7 B) that were isolable by evaporation of acetonitrile from the solution
of [ReOCI,(4)][14]. The first of the above complexes was characterized by NMR
and IR spectroscopy, whereas the next two complexes (mono- and dimeric) were
characterized by X-ray diffractometry. [ReOCI,(4)] could be hydrogenated to
polyhydride Re(4)H, with the use of LiAIH, and further hydrolysis [15]. Ligand
4 was also used to prepare complexes with molybdenum(Il) (Mo(CO),(4)Br,)
[16], tungsten(IT) (W(4)(CO),Br)) [16] and rhodium(III) ([(n°C,Me )Rh(4)CI]
[CF,SO,] [17].
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>

BuyN(HSO,), NaOH

— CHzclg H2O “N
2 N2 + CHC - (
~N A 14 h N‘N
W
4

Figure 6. Synthetic route to ligand 4.

Figure 7. (A) Structure and labelling of atoms in the ligand 4;[13] (B) Structure of the
complex [Re O.CI (4),] [14]..

Besides binding pyrazole ring to other heterocyclic compounds it can
be attached to aliphatic amine that could also be a donor binding site in the
ligand obtained. A simple procedure involving condensation of 6-aminohexan-
I-ol with benzaldehyde (or other aldehydes) was used to produce imine
intermediate. After reduction with NaBH, the compound obtained was
condensed with 1-hydroxymethylpyrazole at 70 °C without a solvent to form
ligand 5 (Figure 8) [18]. Complex of ligand 5 with copper(Il) was used toward
catalytic oxidation of 3,5-di-zert-butylcatechol. It appeared that the complex
formed with 5 had a higher catalytic rate for this reaction than its analogues
bearing pyridine or pyrazine residues instead of phenyl group. The authors
explained this results by a lower stability of the copper(ll) complex with § due
to poor electronic density and higher accessibility of 3,5-di-zert-butylcatechol
to the metallic centre thanks to the absence of the coordination arm [18].
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O 1.MeOH, RT, 1h AN N* 5OH
HQN(’%OH + R ©/E{ 00— O/\L N
2. NaBH, < N

H

Figure 8. Synthetic route to ligand S [18].

3. Tridentate ligands

Tridentate pyrazole ligands make a wide group of ligands including
tris(pyrazolyl)borate (first introduced by Trofimenko [19]) and substituted
tris(pyrazolyl)borate. Coordination chemistry of this class of ligands has been
extensively developed because of abundant possibilities to modify steric and
electronic environment around the metal centre by different substitutions of
pyrazole ring. The research work of Trofimenko and his followers has been
extended over tris(pyrazolyl)alkanes that are isoelectronic and isosteric with
poly(pyrazolyl)borates [20].

Tris(pyrazolyl)borate can be synthesized by the reaction of alkali metal
borohydride with pyrazole. The number of attached pyrazole rings strongly
depends on the reaction temperature (Figure 9) [21]. The products are stable
compounds isolable after acidification, and can be converted into organic-soluble
quaternary ammonium salts after neutralization with NR,OH. B-substituted
ligands are accessible by starting with (BR H, ) and C-substituted ligands are
prepared by using appropriate pyrazole derivatives.

. =N\ ~120° ~180° = ~220°
o+ 2 o) 2 [we)] 2 [o42)]
N pyrazole N= s pyrazole
Figure 9. Synthesis of polv(pyrazolyl)borates [21].

Structure of octahedral coordination compounds formed by RB(pyrazole)
with divalent transition metals is presented in Figure 10. If the R group is another
I-pyrazolyl group the whole ligand still remains tridentate. [HB(pyrazole),].M
compounds are stable to light, air, water, dilute bases and acids, they can be
sublimated in vacuo and can be dissolved in organic solvents [21].
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Y

N—N

P NN
RBAM" ~B-R
/

N—N N—N

UK)

Figure 10. Structure of coordination compounds formed by RB(pyrazole) [ with divalent
transition metals.

Reaction of 3-(2-pyridyl)pyrazole with KBH, in melt gives tris(3-(2-
pyridyl)pyrazole)borate (ligand 6). Combination of ligand 6 with [Cu(MeCN),|
[PF, ] affords [Cu,(6),][PF,] (structure presented in Figure 11) [22]. In [Cu,(6),]"
each bidentate arm of each ligands is bonded to a different metal ion. Pseudo-
tetrahedral coordination environment around Cu(l) ion is therefore formed by two
bidentate arms that belong to different ligand molecules. The distances between
Cu(I) ions are not equivalent, because there is one short Cu-Cu separation (2.915
A) and two longer ones (3.500 A and 3.614 A). The length of the shortest Cu-Cu
separation is the result of m-stacking interactions between ligands attached to the
two metal ions.

Figure 11. Structure of [Cu (6),]" [22].
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Tris(pyrazolyl)alkanes are ligands isoelectronic and isosteric with
poly(pyrazolyl)borates that can be easily prepared with many different
substituents that will modify the electronic and steric effects up to desired values.
The azole rings are usually very chemically resistant against both oxidizing and
reducing reagents or other chemical attacks. The simples member of this class of
ligands, tris(pyrazolyl)methane (ligand 7), can be prepared by the phase transfer
procedure involving heating at reflux of a mixture of pyrazole, potassium
carbonate, chloroform and tetrabutylammonium hydrogensulfate (Figure 12)
[23]. Complexes of tris(pyrazolyl)alkanes with titanium(III) ([Ti(7)CL]) have
been reported as catalysts for polymerization of olefins. Other compounds of the
formula RE(pyrazolyl),MX, (R = H, alkyl, aryl, halide, amino group; E = C, Si,
Ge, Pb, Sn; M = Ti, Zr, Hf) have been reported as catalysts of this process [24].
What is more, compounds of the formula RC(pyrazolyl) Cr(R) (R = halide,
chain or branched alkyl, n = 1-3) have been used as catalysts to produce 1-hexene
by ethylene trimerization [25].

R H R
,Qﬁ
R R CHCI3/K,CO 7 "N SN
3 W + 3/ 2 3 ___N N \ \ _
HN-=N BusN(HSO,) - N
R N R
R

Figure 12. Synthesis of tris(pyrazolyl)methane.

Tridentate pyrazole ligands can be also prepared by attaching pyrazole ring
to already existing donor sites. Ligand 8 was prepared by a simple mixing of
N-hydroxymethylpyrazole with ethylamine in acetonitrile (Figure 13) [26]. With
the use of ligand 8 compounds of the formula [M(8),]X, (M = Mn, Fe, Co, Ni,
Cu, Zn, Cd, X = BF, or M = Ni, Cu; X =NO,) were-prépared [26]. The X-ray
structure of a similar complex compound [Cu(8),][CF,SO,] has revealed that
the copper cation is surrounded by four nitrogen atoms from pyrazol rings of
two ligand molecules. The geometry of the copper atom coordination is slightly
distorted tetrahedral. The tertiary amine group is 3.91 A away from the copper
atom so it is too far away to create even medium strength bond [27].
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~
(OH CHACN QVN
N+ HN_- —» N N
q N .N
L 8 N

Figure 13. Synthetic route to ligand 8.

Ligand 9, which has a hydrogen atom instead of an ethyl group on the
nitrogen atom and one methylene group more between the tertiary amine and
pyrazole ring than ligand 8, has very different coordination chemistry than
ligand 8. It was synthesized in the reaction of sodium 3,5-dimethylpyrazolate
with bis(2-chloroethyl)amine hydrochloride in DMF (Figure 14) [28]. X-ray
structure of copper(ll) complexes of Cu(9)-2NO, and Cu(9)-NO,-H,O showed
that two symmetrically independent complexes were formed: [Cu(9)(NO,),]
and [Cu(9)(NO,)(H,O)][NO,]. The coordination of copper(ll) is an intermediate
between distorted trigonal bipyramid and an octahedron. Nitrogen atoms of the
two pyrazole rings and amino nitrogen form T-shaped arrangement around the
copper(ll) ion. In both complexes there is a nitrate group that is involved in
coordination through one short and one long bond. The second nitrate group (or
a water molecule in the second complex) coordinates monodentately [28].

H 1. NaH (\H/\

N - . .
- N N
\_ 2. (CICH,CH,),NH-HCI \ 7/ \

Figure 14. Synthetic route to ligand 9.

Instead of a simple amine group, a pyridine ring was introduced into
the ligand system. Ligand 10 was obtained in the reaction between sodium
3,5-dimethylpyrazolate with 2,6-bis(chloromethyl)pyridine in DMF (Figure 15)
[29]. Copper(I) complexes with ligand 10 were prepared: [Cu(10)OCIO,]-CH.CI,
and [Cu(10)(PPh,)]. In the first complex, copper is coordinated with pyridine,
two pyrazole nitrogen and oxygen from the perchlorate group. The coordination
around copper(I) is distorted tetrahedron with weakly coordinated perchlorate
group that makes the coordination of the whole ligand to be similar to distorted
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trigonal-planar. In [Cu(10)(PPh,)] copper is coordinated with pyridine, two
pyrazole nitrogen and phosphorus from triphenylphosphine group and the
chelation ring has a boat-like structure [29].

a
H\ 1. NaH SN
W) S g Noy N
2 N7 \ \
Cl Cl
10

Figure 15. Synthetic route to ligand 10.

Unsymmetrical ligand 11, which also consists of two pyrazole rings
and a pyridine ring, was prepared by mixing pyrazole and sodium hydride
in freshly distilled THF. After that thionyl chloride and subsequently
2-pyridinecarboxaldehyde with a catalytic amount of cobalt(Il) chloride were
added (Figure 16) [30]. Ligand 11 was used to prepare metal(Il) complexes
[M(11),][NO,] (M = Fe, Co, Ni, Cu, Zn). X-ray crystallography studies revealed
that metal(Il) complexes have octahedral geometry with a small trigonal
distortion. Moreover, the ligand-metal bonds are significantly shorter than those
in monodentate complexes of pyridine or pyrazole ligands with metals. The high
energies of the ‘d-d’ transitions indicated that ligand 11 produces a relatively
strong ligand field, stronger than monodentate pyridine or pyrazole groups [31].

Ligand 12 which is a combination of pyrazole ring and 1,10-phenanthroline
has been prepared in a multistep reaction. 2,9-Dimethyl-1,10-phenanthroline
was oxidized with selenium dioxide to produce aldehyde groups that were
subsequently reduced with sodium borohydride. Further bromination with HBr
and reaction with 3,5-dimethylpyrazole in the presence of NaOH solution and
tetrabutylammonium hydroxide (TBAH) solution results in a desired product
(Figure 17) [32].

N, 2zsock [ _y

Figure 16. Synthetic route to ligand 11.
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=\ s =2
N dioxane N N=—
N N=
Br Br
W TBAH, 40% NaOH
/i EtOH
HN- benzene, CH,CI,

Figure 17. Synthetic route to ligand 12.

Ligand 12 was used to prepare nickel(1l) complex [Ni(12)CI,]-CH,CN. This
complex has a five-coordinate geometry provided by two 1,10-phenanthroline
nitrogen atoms, the nitrogen atom from pyrazolyl ring and two chloride atoms
(structure presented in Figure 18). The geometry of the complex is described
as distorted trigonal bipyramid with one of 1,10-phenanthroline nitrogen atoms
being equatorial, while the chloride atoms and the second 1,10-phenanthroline
nitrogen and nitrogen from pyrazolyl ring being axial. In this type of complex,
nickel and three equatorial ligands should be coplanar, while the axial ligands
should be disposed above and below the plane. The mean deviation from this
four-atoms least-square plane through nickel and axial ligand atoms is only
0.039 A so they can be considered as coplanar [32].

Figure 18. View of the structure of the neutral complex [Ni(12)Cl,] [32].
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Sulphur-containing ligand 13 was prepared in a sequence of chemical
reactions. 2-Hydroxyethylhydrazine was condensed with acetylacetone to
yield N-(2-hydroxyethyl)-3,5-dimethylpyrazole that was further tosylated with
p-toluenesulfonyl chloride in water/acetone mixture and NaOH as a base [33].
The tosylated N-(2-hydroxyethyl)-3,5-dimethylpyrazole was reacted with
Na,S-7H,O and NaOH in water to yield ligand 13 (Figure 19) [34]. It was used
to prepare complexes [M(13)(NCS),] (M = Co or Zn), Cu(13)(F)(BF,), [Ni(13)
(NCS),(H,0)], M(13)CL, (M = Co or Cu), Zn(13)CL,-0.5EtOH, M(13)(NO,), (M
= Co or Cu), Cu(13)X (X = Br or CI), [Cu(13)]BF -H,0 and Ag(13)(NO,). The
coordination geometry in [Co(13)(NO,),] is distorted octahedral and cobalt ion
is coordinated by two pyrazole nitrogen atoms, thioether sulphur and two nitrate
anions of which one is bidentate. In Cu(13)Br copper(l) atom is coordinated
by two pyrazole nitrogens, one thioether and one bromide. The two nitrogen
donors are not part of one ligand molecule, which results in a polymeric nature
of Cu(13)Br [34].

) OTs

p-TsCl, NaOH

HoN. OH I\
Y Mt ey e )

H
H EtOH "N H;0/(CH3),CO N
O O M 20/(CHy); M

Na,S, NaOH
H,O

Figure 19. Synthetic route to ligand 13.

4. Conclusions

Synthesis and coordination properties of various pyrazole based bidentate
and tridentate ligands have been presented. It is worth noting that in all cases
synthesis of appropriate ligand is limited to only few steps and a target product
can be isolated with satisfying yields. It has been demonstrated that geometries
and binding properties of chelating ligands can be varied by changing substituent
groups near the donor site of the ligand. In future the design of new pyrazole-
based ligands will depend on the creativity of researcher and requirements
imposed by a particular scientific problem. What is more, the ligands of this
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type can be used as building blocks that construct complex supramolecular
architectures, such as supramolecular polymers or other sophisticated products.
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1. Introduction

Polymer chemistry is among the most important disciplines of material
science. Innovative monomer design and a wide range of synthetic strategies
allow production of polymers of unique properties. Also over the last two decades,
a variety of methods allowing performance of chemical reactions on already
polymerized macromolecules have been developed. Many industrially important
polymers that possess catalytically active or other functional groups are obtained
by the reaction of a polymer chain with an appropriate functionalizing agent [1].

Functional polymers show specific properties such as adhesion, repellence,
pH-stability, anti-corrosion etc. Their quality and advanced attributes make them
materials with almost unlimited potential of application. The term functional
polymer has two meanings:

« apolymer that includes in its structure a functional organic group that is

ready to be involved in chemical reactions,

* apolymer showing specific properties and thus be able to be used for a

particular purpose for which it has been designed [2].

Coordination compound consists of an central atom or ion that is surrounded
by anions or molecules with which it is joined by chemical bonds. The groups
that are bonded to the central metal or ion are known as ligands. The chemical
bonds that connect central atom or ion with ligands are coordinate or coordinate-
covalent in character. The coordination compounds include e.g. biological
substances such as vitamin B , or hemoglobin and synthetic compounds such as
dyes, pigments and catalysts [3].

A polymer-metal complex is composed of a polymer and a metal atom or
ion, which forms a coordinate bond with a polymer donor site. Such donor sites,
which usually contain atoms such as nitrogen, sulfur or oxygen, are introduced
by polymerization of appropriate monomer or by chemical functionalization
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of a polymer chain with a molecule that is capable of forming coordination
compounds. Polymer-metal complexes have found application as heterogeneous
catalysts [4, 5], chelating resins for water treatment [6-8] or recovery of trace
metal ions [9, 10], hydrometallurgy [11, 12] and polymeric carries of diagnostic
agents [13].

2. Structure and synthesis of polymer-metal complexes

The functional polymers that form complexes with metal ions can be
classified in many ways based on method of synthesis, structure or their principal
use. The methods of synthesis include making a complex between a polymeric
ligand and a metal ion and polymerization of a monomer that already contains
a metal ion.

2.1. Reaction of polymeric ligand with metal ion

In water ametal ion forms hydrated ions or complex compounds with different
molecules. To bind a metal ion from a solution, a polymer ligand must make
more stable complex than the ions or neutral molecules. The nature of the ligand
and the strength of bond formed with the metal ion is therefore the fundamental
issue in every extraction system. The ligands may be classified according to
the characteristic functional groups and/or donor atoms incorporated in their
structure. The most commonly used ligands are presented in Table 1. It is worth
noticing that some polymers may contain a mixed ligand system to improve their
chelating properties or enhance selectivity towards a particular ion.

Table 1. Commonly used polymer ligands.

Coordinating Structure of polymer ligand unit

group
Alcohols ’I/\ng/
HO OH
N/—COOH
COOH  HoOC COOH \—COOH
Carbocylic
acids \[\/\N,}/ N
N° "COCH
COOH
COOCH
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Coordinating Structure of polymer ligand unit
group
Ketones, ester, i/OI; :;IL o 0
amides o 0
OH
SH @]
Thiols S/\SH
SH
SH
ey
NH,
Amines

=

NH,

Pyridines

N\

/

Z=2

N

Bipyridines
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Coordinating

group Structure of polymer ligand unit

Terpyridines

Pyrazoles,
imidazoles

Schiff bases

Phosphoric
acids

H
Sulfonic acids = HJYN\’]/ Tﬂ °
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The reactions between a polymeric ligand and a metal ion can be divided
into two groups depending on the structure obtained. The first group are pendant
metal complexes, whereas the second groups are inter/intra-molecular complexes
[14].

Pendant metal complexes can be classified as monodentate or polydentate
complexes depending on the kind of ligand attached to the polymer chain. If the
ligand has one donor site it can form monodentate complexes, if it has multiple
donor sites it can form polydentate complexes with metal ions.

In the monodentate polymer-metal complexes the ligand donor site
occupies one coordinate site of the metal ion, whereas other coordination sites
are usually occupied by low-molecular weight anions. If a ligand has several
coordination sites it is possible to obtain monodentate complex by appropriate
tuning the polymer/metal ratio. If a large excess of metal ion is used, it is highly
probable that all donor sites form coordination compounds with only one metal
ion, resulting in a monodentate polymer-metal complexes. An example of a
monodentate polymer-metal complex is presented in Figure 1.

X =Cl, Br, N3

Y o
N N = ethylenediamine

Figure 1. An example of a monodentate polymer-metal complex.

Polydentate ligands are more widespread in polymer-metal complexes.
These complexes are usually more stable than those formed by monodentate
ligands and have well-defined coordination structure. This is the reason why
most of chelating resins possess in their structure a polydentate ligand. An
exemplary polydentate polymer-metal complex is presented in Figure 2 [15].
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KOO O _OK  PnNOy),6H;0 0. 90 0

—_—

Figure 2. An example of a polydentate polymer-metal complex.

When a metal ion has four or six coordination binding sites, it can create
bonds with different ligands that are attached to the main polymer chain or even
ligands that are connected to different polymer chains. The first complex type
is called intra-polymer chelate, whereas the second one is called inter-polymer
chelate. A schematic presentation of these two types of polymer-metal complexes
is given in Figure 3.

inter - polychelate

Figure 3. Schematic representation of intra- and inter-polychelates.

From the experimental point of view it is very difficult to distinguish whether
a particular polymer-metal complex has an inter- or intra-molecular bridging. In
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many examples the product obtained is a mixture of inter and intra-chelates. If
the intra-chelate complex, predominates in the overall structure, the product of
the reaction is usually insoluble and precipitate from the reaction mixture.

2.2. Polymerization of monomer-metal complexes

This method of synthesis is used to prepare polymer-metal complexes with
well-defined coordination structure. The materials obtained are frequently used
as heterogeneous catalysts or redox centres. The polymers are usually prepared
by radical or ionic polymerization.

Figure 4 presents an exemplary monomer and polymer obtained by the method
of polymerization. The polymer was prepared using controlled polymerization by
employing the reversible addition—fragmentation chain transfer polymerization
(RAFT) with cumyl dithiobenzoate as a chain transfer agent. The obtained side-
chain cobaltocenium containing polymer was a metal-containing polyelectrolyte
that showed characteristic redox behaviour of cobaltocenium [16].

X e
5

N RAFT

CO PFG Co PFG

Figure 4. Synthesis ofssde—cham coba!tocenium—conm:nmg polymer.

3. Applications of polymeric ligand systems
3.1. Ion removal

Chelating polymers are used for removal or selective adsorption of heavy
metal ions. In many industries, such as mining, hydrometallurgical processes
and processes of removal of pollutants it is essential to recover specifically a
particular ion. By using appropriate chelating polymer it is possible to reduce
overall consumption of energy and materials in this process. Chelating resins are
used on a very large scale in water-softening to replace calcium and magnesium
ions with monovalent ions.

Removal of Ca, Mg, Pb, Zn metals present as pollutants in Ag-NaCl
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solution was conducted on a Lewatit TP-260 ion exchange resin. This resin is an
amphoteric aminomethylphosphonic polymer, capable of forming high-affinity
complexes with divalent metal ions. Successful separation was achieved in both
counter-current and cross-current configurations. Silver was collected in over
99% purity with practically 100% yield. Column efficiency and the liquid to solid
flow rate ratio were found to have strong influence on the process performance.
It was shown that counter-current simulated moving-bed process can be used for
purification of precious metal solutions with overall high yield [17].

Purolite S930 chelating resin, a macroporous polystyrene based chelating
resin with iminodiacetic groups, was used for adsorption of copper and nickel,
from the pulps being side products of the leaching of low-grade sulfide ores. At
the solution pH of around 3, the copper, nickel, and cobalt recovery for a long
contact time exceeded 99%. Unfortunately it was established that in the presence
of silicic acid in the pulp the rate of recovery of the metals decreased. To ensure
high recovery, sorption was carried out at a temperature increased to around
50°C [18].

Uranium mining and hydrometallurgical processes produce a large number
of uranium waste water, which can be a serious threat to the environment.
Polyamidoamine modified poly(styrene-co-divinylbenzene) absorbents carrying
phosphorus functional groups were prepared and used as adsorbents for adsorption
of uranium(VI) from aqueous solution. The maximum adsorption capacity of
99.89 mg/g was observed at pH 5 and the initial uranium concentration of 100
mg/L. The adsorbent obtained has been used repeatedly and adsorption and
desorption percentage did not show any noticeable decline after 27 cycles [19].

The adsorption properties of chelating polymer obtained by modification
of commercially available ammoniated polystyrene beads with P,P-
dichlorophenylphosphine oxide toward U(VI) were evaluated using the batch
adsorption method. The maximum adsorption rate of U(VI) of 99.72% was
noted at 318 K and pH 5. The U(VI) adsorption capacity increased with contact
time and attained equilibrium within 4 h [20].

An ion exchange polymer was obtained by immobilization of Kemp’s
triacid derivatives onto a TentaGel resin. The chelating module was shown to
form a 1 : 1 complex with the uranyl ion in solution. The new polymer was
completely recyclable with no detectable aging and showed unusual activity
for a carboxylate ligand in solutions of high ionic strength. The resins uranyl
extraction efficiency was maintained even in the seawater [21].

The concentration of thorium isotopes in seawater is a key parameter in
investigation of marine biogeochemical cycles, because they are important
tracers for collecting information on the suspended particulate matter dynamics
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in the ocean. Their concentration in seawater is extremely low (few fg per kg),
therefore co-precipitation methods have been widely used for preconcentration
of its radioisotopes. DIAION CR-20 chelating resin, which has a polyamine
group as a chelating ligand bonded onto a highly porous crosslinked polystyrene
matrix, was used to recover thorium isotopes that co-precipitate with iron
hydroxide. Using the proposed method, the time of preconcentration for 5 L
seawater samples was markedly reduced from a few days to 3—4 h [22].

The adsorption of Th(IV) and U(VI) was studied on chelating resin
synthesized through copolymerization of glycidyl methacrylate in the presence of
divinylbenzene followed by further immobilization with 3,4,5-trihydroxybenzoic
acid. The novel chelating resin showed a high capacity for Th(IV) and U(VI),
maximum adsorption of Th(IV) and U(VI) was 56 and 83.6 mg/g, respectively.
The adsorption of Th(IV) and U(VI) was found to proceed according to pseudo
second order kinetics, indicating the influence of textural properties of resin on
the rate of adsorption [23].

Poly(amido)amine dendron was grown on the surface of styrene
divinylbenzene by the divergent polymerization method. This new polymer has
been investigated in liquid—solid extraction of thorium. The maximum adsorption
capacity of thorium ions was determined to be 36.2 mg/g at 298 K [24].

A chelating ion resin, prepared by functionalization of Merrifield resin with
2,2'-pyridylimidazole, was used to selectively adsorb and separate nickel from
other metal ions from their solutions. Even in highly acidic sulfate solution, this
adsorbent’s efficiency was pretty high with loading capacities in the range 5679
mg Ni/g resin [25].

Separation of cobalt from mixed-waste mobile phone batteries containing
LiCoO, cathodic active material was investigated using selective precipitation
and chelating resin. Chelating resin was synthesized by polymerization of
acrylonitrile followed by amidoximation reaction. Physically cross-linked gel
of polyacrylonitrile was obtained by a cooling technique. Cobalt was recovered
from the active powder materials containing 47% Co oxide together with Mn,
Cu, Li, Al, Fe, and Ni oxides [26].

Poly(1,3-thiazol-2-yl methacrylamide-co-4-vinylpyridine-co-divinylbenzene)
was prepared and used as a sorbent for the solid-phase extraction of Cr(VI). The
adsorption capacity and binding equilibrium constant were calculated to be 80.0
mg/g and 0.018 L/mg, respectively. The polymer was applied as a sorbent for
chromium from stream water and waste water samples [27].

Sorption properties of Presep® PolyChelate resin, which is chelate resin
modified with carboxymethylated polyethylenimine were examined. This material
showed excellent sorption potential for the solid-phase extraction of the Cd, Co,
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Cu, Fe, Mo, Ni, Pb, V and Zn elements. The resin’s performance was superior to
other commercially available aminocarboxylic acid-type chelating resins [28].

A solid phase preconcentration method has been developed using a new
chelating resin prepared by immobilization of 4-(2-thiazolylazo)resorcinol
on Chromosorb 106 polymer. The method was optimized for determination
of rare earth elements in seawater and estuarine water samples by inductively
coupled plasma mass spectrometry. The resin shows large sorption capacity for
lanthanides ranging from 81.1 pmol/g for Lu and 108 pmol/g for Nd [29].

Chelating terpolymer resin was synthesized from anthranilic acid, 2-amino
pyridine and formaldehyde. The chelating properties of the terpolymer resin
were evaluated by the batch equilibrium method for Fe**, Co**, Ni**, Cu**, Zn*
and Pb**. It was established that the resin acted as an excellent cation-exchanger.
Compared to the commercially available phenolic and polystyrene resins, the
resin obtained showed an excellent ion-exchange capacity with the selected
metal ions [30].

Polyacrylonitrile fiber with a chelating ligand was obtained by grafting
fibers with iminodiacetic acid. The material obtained showed good potential for
enrichment of trace amount of Nd(III) from large sample volumes. The sorption
capacity of functionalized resin was 8.9 mg/g. The profile of Nd(III) uptake on the
sorbent proved good accessibility of the chelating sites in the modified fibers [31].

Polyacrylonitrile-2-aminothiazole resin was synthesized by simple reaction
of polyacrylonitrile beads with 2-aminothiazole. The functional group capacity
and the percentage conversion of the functional group of the polymeric material
prepared under the optimum conditions were 3.94 mmol/g and 41.10%,
respectively. The resin shows much better adsorption capacity of 454.9 mg/g
towards Hg(II) than towards other metal ions. This chelating polymer could be
regenerated through the desorption of Hg(II) anions using nitric acid solution to
be reused [32].

3.2. Catalytic properties

The role of catalysts is to increase the rate of chemical reaction without
being consumed. Catalyst are divided into homogenous or heterogeneous ones.
The former are used as solutions, whereas the latter are usually used in solid
state. The advantage of heterogeneous catalysts is the ease of their separation
from the products.

Catalytic activity of a heterogeneous catalyst, obtained by adsorption
of Cu(Il) ions onto a macroporous chelating polymer, functionalized with
diethylenetriamine, was examined in decolorization and mineralization of
Orange G dye in aqueous solutions with hydrogen peroxide. The catalyst obtained
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showed good stability and was efficient for the decolorization and mineralization
of Orange G dye under mild reaction conditions. Complete color removal for
the dye concentration of 50 mg/L was achieved in 30 min at 24°C and in 15 min
at 50°C. The heterogeneous catalyst tested is a cost effective alternative for the
treatment of wastewaters containing Orange G dye [33].

A tetradentate Schiff base, obtained from triethylenetetramine and
salicylaldehyde, has been covalently bonded to divinylbenzene cross-linked
chloromethylated polystyrene. After the reaction with CuCl,, CoCl, and NiCl,,
appropriate polymer-bound transition metal complexes have been obtained.
The catalytic activities of these polymeric complexes were tested for the liquid-
phase oxidation of olefins using hydrogen peroxide as the oxidant. Excellent
yield and selectivity of these catalysts toward the oxidation of olefins were
observed. The catalysts were found to exhibit higher catalytic activity than those
of the corresponding neat complexes. Figure 5 presents the structure of catalysts

obtained [34].
(
/,_4
—M
/b

M = Cu?*, Ni?*, Co?*
Figure 5. Structure of polymer-anchored Schiff base complex [34].

Catalyst for the Huisgen’s [3+2]azide-alkyne cycloaddition have been
prepared by immobilization of copper(I) on commercially available polymers
functionalized with 1,5,7-triazabicyclo[4.4.0]dec-5-ene. The new catalytic
systems enabled development of regioselective, convergent, operationally
simple and efficient three-component transformations that allow rapid assembly
of 1,2,3-triazoles from simple and readily available starting materials. Figure 6
presents the structure of the functional polymer obtained [35].
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Figure 6. The polymeric catalysts for the Huisgen's [3+2]azide-alkyne cycloaddition
[35].

An amphiphilic block copolymer (Figure 7) bearing a chelating N,N-
dipyrid-2-ylamide-based ligand was prepared via ROMP using a Mo-based
Schrock initiator. Functionalization with Rh(I) yielded a polymer catalyst that
was used for the hydroformylation of 1-octene under micellar conditions. The
use of a micellar catalyst was found to favor the formation of n-aldehyde by
suppressing the isomerization propensity of a catalyst. The use of the micellar
setup allows to reuse the polymeric catalyst and reduce the metal contamination
of the products [36].

N*Me 3I
COoD

COD = 1,5-cyclooctadiene
R = ferrocen-1-yl

Figure 7. Structure of polymer-rhodium hydroformylation catalyst [36].

Molecularly imprinted polymer beads have been prepared by polymerization
of' methacryloylhistidine complexes with Co**, Ni** or Zn** (Figure 8) and applied
as catalyst in the hydrolysis of paraoxon which is an organophosphate ester that
is used as a pesticide. The catalytic performance of polymers having Co**, Ni**
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or Zn*" ions was evaluated according to the enzyme Kinetic model of Michaelis—
Menten and their activities were compared to each other. The use of polymers
of methacryloylhistidine complexes with Co?", Ni*, or Zn** ions provided an
increase in the hydrolysis rate by a factor of 356, 241, and 95, respectively, with
respect to that in non-catalyzed media that contained only buffer [37].

O
HN

COOH

N.\‘\\/‘N
-~ M“.
Cl” “Cl

M = Co?*, Zn?*, Ni¢*
rv2.

Figure 8. The structure of monomeric methacryloylhistidine complexes with Co®*, Ni*",

or Zn’ [37].

3.3. Biocide properties

The advantages offered by antimicrobal polymers over their low molecular
weight analogues include a reduction of agents residual toxicity, increased
efficiency and selectivity and prolonged lifetime. Moreover, these materials are
non-volatile, chemically stable and do not permeate through skin [1].

Polymer-bound Schiff bases and Cr(I1I) complexes have been synthesized by
the reaction of 4-benzyloxybenzaldehyde, polymer-bound with 2-aminophenol,
2-amino-4-chlorophenol and 2-amino-4-methylphenol. The structures of polymer-
metal complexes are presented in Figure 9. All these compounds have also
been investigated for antibacterial activity by the well-diffusion method against
Staphylococcus aureus (RSKK-07035), Shigella dysenteria type 10 (RSKK
1036), Listeria monocytogenes 4b(ATCC 19115, Escherichia coli (ATCC 1230),
Salmonella typhi H (NCTC 901.8394), Staphylococcus epidermis (ATCC 12228),
Brucella abortus (RSKK-03026), Micrococcs luteus (ATCC 93419, Bacillus
cereus sp., Pseudomonas putida sp. and for antifungal activity against Candida
albicans (Y-1200-NI1H). Polymer-bound Schiff bases and their Cr(III) complexes
have proven to possess moderate or high activity against examined germs except
S. dysenteria type 10. According to the results of biological activity, the polymers
obtained may be used in various applications as antimicrobial agents [38].
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Ph

CI\ OH,
Cl—Cf—, 7
N

] |
R

n=6/7/6
R = -H, -Cl, -CHj

Figure 9. Structure of polymer-bound Schiff bases Cr(1ll) complexes [38].

A terpolymer involving 2-amino-6-nitrobenzothiazole, melamine, and
formaldehyde has been synthesized in the presence of dimethyl formamide
medium. The polymer obtained was used to prepare complexes with Cu*", Ni**
and Zn?" ions, whose structure is presented in Figure 10. The antibacterial activity
of the terpolymer and its Cu(ll), Ni(Il), and Zn(Il) complexes was determined
by the disc diffusion method with Amoxicillin as the standard antibiotic. The
prepared compounds were tested against S. sonnei, E. coli, Klebsiella species,
S. aureus, B. subtilis, and S. typhimurium microbes. The studies showed that the
ligand and its metal chelates stronger inhibit the growth of E. coli, Klebsiella
species, and B. subtilis, whereas the inhibition of the growth of S. sonnei, S.
aureus, and S. typhimurium was at a reasonable level [39].

Phenylthiourea—formaldehyde polymer has been synthesized via
polycondensation of phenylthiourea and formaldehyde in basic medium. The
corresponding metal complexes were prepared with Mn(II), Co(II), Ni(II),
Cu(Il) and Zn(Il) ions (Figure 11). The antibacterial activity of the polymer-
metal complexes obtained was tested against Bacillus subtiis, B. megaterium,
S. aureus, E. coli, P. aeruginosa and S. typhi using agar well diffusion method,
whereas their antifungal activity was examined against C. albicans, T. species,
A. flavus, A. niger, F. species, and M. species. All synthesized polymers showed
excellent antimicrobial activity against several bacteria and fungi. The polymer-
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Cu(II) complex showed the highest antibacterial as well as antifungal activity,
interpreted as related to a higher stability constant of Cu(Il) ions [40].

O,N S N° S—NH
)—NH =N
N -NH
W
HNZ N
™
N—( HN-
HN—G N S NO,
N
NH

M = Cu(ll) or Zn(ll)

Figure 10. Proposed structure of terpolymer-metal complexes [39].

)
o>

Ph’Nj

N
M\ /g

S N

n

M = Mn(l1), Co(ll), Ni(ll), Cu(ll}, Zn(Il)
Figure 11. Structure of phenylthiourea—formaldehyde polymer complexes with metal ions

[40].
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4. Conclusions

Complexes of polymers with metal ions have been widely investigated to
understand the relationship between the structure of polymer-metal complex and
its chemical properties. The progress in such investigation has been possible
thanks to the fact that much information about the structure and properties of
polymer-metal complexes can be obtained by analytical methods such as UV-
VIS, EPR, NMR, IR or CD spectroscopy and measuring redox potentials. For
further development more detailed studies of polymer-metal complexes should
be undertaken, including examination of higher-order structure of polymer
and dynamic changers in the structure of polymer ligand, determination of
configuration within the coordination sphere and stability of the complex formed.
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