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ABSTRACT

Polymer supported reagents were synthesized by functionalization of
polymer supports for the purpose of selective metal ion separation. Three
categories of polymer supports with different microenvironments were prepared.
Vinylbenzyl chioride (VBC) crosslinked with 2% divinylbenzene was
copolymerized with either methyl methacrylate (MMA) to give a polar
environment or styrene (STY) to give a hydrophobic environment. Different oligo
ethyleneimines and phosphonic acid were used as ligands in the synthesis of
monofunctional resins. Bifunctional aminophosphonic acid resins were prepared
by phosphorylation of ethyleneimine ligands. The characterization of the resins
shows that as the length of the ethyleneimine ligand increases, more crosslinking
takes place. Metal ion studies of Cu?, Pb®*, Cd?* and Eu® were performed in
pH 5 sodium-acetate buffer solution at a 24 hour contact time. The
microenvironmental effect plays an important role in the degree of
functionalization as well as in metal ion complexation. Bifunctional
aminophosphonic acid resins outperformed the ami\ne or phosphonic acid
monofunctional resins in metal ion complexation.

The Mannich reaction of a polystyrene-based primary amine resin with
diethylmalonate(DEM), tetraisopropyimethylene diphosphonate (TIPP),
triethylphosphonoacetate (TEPAc) and phosphorous acid (PhA) were carried out

varying the acid amount, reaction time and temperature.




The Fries rearrangement of poly(4-acetoxystyrene) was successfully
achieved with aluminum chloride-nitrobenzene under moisture-free reaction
conditions. The Fries-rearranged resin and its phosphorylated analogue were

studied with several metal ions.



TABLE OF CONTENTS

CHAPTER PAGE
1- Introduction .................................................................. 1
2,

Immobilized Polyamines and Polyaminphosphonates : First Report of
Polymer-supported Synergistic Complexation in Bifunctional Resins

and Identification of a Microenvironmental Effect

INEFOGUGHOR -+ -+ r e er me e e e aes e e e e e .8
EXPEHMENTAl *«+++# wwr s e see e 13
A. Synthesis and Characterization =--««==-===+-+---+ ---rrreeeess 13

1. AmiInation of COPOIYMErs '+« =+ = +srss werssesaeee 14

2. Phosphorylation of Aming Resins =+ +=+=-===-=oex=- 16

3. Monofunctional Phosphonic Acid Resing =+« -+ rweoeeeee 16

B. Metal [on Stugies <+« rrrrrrrremremmmmmmrmmnneniee e 16
RESUIS *+ -7 < v re e er ote e men e e et e s e e 20
A. Characterization of RESINS <+« -+« s srrrermemrrnnaninnn. 20
1. AMINE RESINS -+« + - e rrrrrs sommrearraeieet it e 20

1.1 Primary Amine (PA) Resing -+ = wsser sveonees 21

1.2 Ethylenediamine (EDA) Resing ~-~-«----orrereererees oo 21

1.3 Diethylenetriamine (DETA) Resing ==~ -=«-=xorrrroeeeees 25

1.4 Tetraethylenepentamine (TEPA) Resing ~*«*«==«»=- - 27



2. Aminophosphonic acid Resins .................................. 27

4. Monofunctional Phosphonic acid Resins ~****"* Tt 31

B. Metal 1on Studies -+« -« -rrrrrrrrmrmrrermrmmnreaein e 34
DISCUSSION - -+ """+ -  ee #onammeeresne et ae et . 44
1. The Monofunctional ReSing <+« «+++« -+ s srressmremenss . 44

2. The Bifunctional Effect -+« -+t rrrrrrrrsnmmrres v euns 47

3. The Microenvironmental Effect <<+« <+ = ~s=ssreeersmnnns 53

4. COUNtEr oM effect -+ -+ trr rrrrrmerrmaarrraaeii e 54
CONCIUSION ***7 7 7 7 r e er s e m ettt 56

3. Immobilization of Ligands on Crosslinked Polymers via Mannich

Reaction
INTOAUGHON -+ rre remre e e e e oo 57
EXPEMMENtAl -7+ 7+ s e oeee et . 61
Poly(glycidyl methacrylate) -+« -wrs soreseseneeee . 61

Reactions of GMA polymer with nitrogen-containing compounds ** 62

Mannich reactions =<« -----rx  rrrr s e 62
Results and DISCUSSION <= -t rr rrrrer srrrmrre i e 64
GMA RESING -+ - rrrrrrrmmmmes s L e 64
Mannich reactions === -----:rrrr rrrrrr s 68
CONCIUSION v v v rrmr e e 73

4. Synthesis of Novel Polymer Ligands Using the Fries Rearrangement

vi



Introd uction ...................................................................... 77

EXPEIIMENEAI *+ #+ ++ r s se oreemsees e 82

1. ReSINS Preparations *+++«++++++ = =+ s nerssesensane 82
POly(4-aCEtoXyStyrene) ««+ <+« s rrr e 82

Fries rearrangement of poly(4-acetoxystyrene) -~=* -~ 82

Phosphorylation of poly(acylhydroxystyrene) ==« <+« - 85
POlyhydroXyStyrene =+« ++rssrmes oo, 86

Phosphorylation of polyhydroxystyrene -+« -« «+=x=roee 86

2 Metal I0n StUdies -+« =+ #+rerer rrmmmaeeere e 86

RESUILS and DISCUSSION <+« "+ " ++ =+ ttrrermrmmrrmmmnnaaareaaeaaans . 87
1.Synthesis and characterizaton =« -+=+««=+=-====reseeeereenn. 87

Fries FEamangement -+« ++ rsrmmsrassnee. 87

Phosphorylation of poly(acylhydroxystyrene) -« «=«=*-+- -~ 89
Poly(hydroxystyrene) and Phosphorylation ~«=--=+=«-- - 97

2 Metal ion StUdies =+ -+ r s rrrerrr e 99
CONGIUSION *+ 7"+ "+ v " e e e eme memeee e et e 103

5. Experimental Procedures <« -t 104
COPOIYMEF SYNthESis * "+ -+ #++ #srersre e - 104
Poly(vinylbenzylchloride) -+« =+ eoseereeneeee e 104
Poly(vinylbenzyichloride-co-styrene)(0.18/0.82) - -+~ 105

Poly(vinylbenzylchloride-co-methylmethacrylate)(0.18/0.82) - 106

vii



Poly(4-acetoxystyrene) <=+« --r ot RLETLRTETRRIES 106

Poly(glycidyl methacrylate) =+« <+ rre sreieeseaseeies 106
Functionalization of COPOIYMERs ««++«++++++++ =+ st testrrsnssaissiei, 107
Gabriel synthesis (primary amine resins) === ===t 107
AITING FESING -+ 77 " rrererer womrmsnsaeeesrsin e eeiieeeeanns 107
Phosphorylation of amine resing =+« ++s sxeoveenes 108
Arbuzov reaction (phosphonic acid resing) ==« *=x-oc e 108
GMA Polymer with nitrogen-containing compounds ="~ 109

Phosphorylation of aniline and ethylenediamine GMA

DOIYIMEES * + *7#+ "=+ "+ # e s s et 109
MANNICh FEACHONS -+« "+ =" " reerrrmmmrasaearerein e, 110
Fries rearrangement of poly(4-acetoxystyrene) -~----~-+ -~="- 110
POly(hydrOXyStyrene) <+« «+ = «++srsssssseserssisiursi. 111

Phosphorylation of poly(acylhydroxystyrene) or

oly{hycdrayBtyrani) -+ e ceeeee 112
Characterization Method -+ -~ s rrrmereroerrreorrer 113
POIGEN SOlids -+ - ore s ererres e 113
NTOGE GAPAGly -+ eeeereeeeeicicen 113
POSDORUS GAPEHy -~ +<<++--rr+r+++++esssssssssssssssss 115
RoQUIAY CIA CapAGHty -+« - +++<e-++++++sreeesereseeseenereeee 16
Phenolic AGKd GapaGity -~ -+ -<-reerererssesssesessssrere 16

viii



Chlorine Capacity
Infrared SPECtroSCopy *+ " 1+ 7+ r r et 119
Metal Ion SHUGIES <+~ =+ +srrrrrrrrrrermrrnr e 119
LISt OF REfEIOIGES * -+« ****+++ " rr st mremesremssasessiii et a ettt e 121
APPENEIX 77ttt 132
VITA 7 or @ ore et emm e mm et e e et et ettt 139




Table

211

212

213

2.21

222

2.2.3

2.3

241

24.2.

243

244

LIST OF TABLES

Page
Characterization of Amine Resins (2% DVB Crosslinked VBC) -~ 22
Characterization of Amine Resins (2% DVB Crosslinked VBC/STY) ---23

Characterization of Amine Resins (2% DVB Crosslinked VBC/MMA) - 24

Characterization of Aminophosphonic acid Resins (2% DVB Crosslinked

Characterization of Aminophosphonic acid Resins (2% DVB Crosslinked
VBG/STY) v 1o rrrs e e s ms e s sttt 29
Characterization of Aminophosphonic acid Resins (2% DVB Crosslinked
VBCIMMA) -5 e ettt 30
Monofunctional Phosphonic Acid Resing =« <+« --wrrorrerrmerrerrmmreeeeeee 33
Metal lon Uptake of Cu(NO3), from pH5 Acetate Buffer Solution by Amine
RESINS * 7"+ + #" o e et e e 35
Metal lon Uptake of Pb(NO3), from pH5 Acetate Buffer Solution by Amine
o 36
Metal lon Uptake of Cd(NO3), from pH5 Acetate Buffer Solution by Amine
RESINS ~ "+ ** 7" e et e e e 37
Metal lon Uptake of Eu(NO3); from pH5 Acetate Buffer Solution by Amine

Resins .......................................................................... 38



2.5.1

252

2.5.3

254

2.6

2.7

2.8.1

2.8.2

2.8.3

2.84

29

Metal lon Uptake of Cu(NO3), from pH5 Acetate Buffer Solution

by Aminophosphonic Acid Resing <+ wtreressesssiraein. 39
Metal lon Uptake of Pb(NO3), from pH5 Acetate Buffer Solution
by Aminophosphonic Acid Resing <+ s rtesrrsisnsnee. 40
Metal lon Uptake of Cd(NOs). from pH5 Acetate Buffer Solution
by Aminophosphonic AGid Resing -+ ++++«++«++t srteessrssrsnsssnenn. 41
Metal lon Uptake of Eu(NOs)s from pH5 Acetate Buffer Solution
by Aminophosphonic Acid ReSing =<+« + =+ +++ssrereasansenies, 42
Metal lon Uptake from pH 5 Acetate Buffer Solution by Monophosphonic
T T P 43

Complexation Stability Constants of Ethylenediamine Ligand with Metals

Metal lon Uptake from pH 5 Acetate Buffer Solution by Monofunctional

and Bifunctional Resing (PA) =+« +++ s rrermremssnnsissns 49
Metal fon Uptake in pH 5 Acetate Buffer Solution by Monofunctional and
Bifunctional Resins (EDA) <+« +«+ =+ ++ w+stsssseesssamsniraisnsies 50
Metal lon Uptake in pH 5 Acetate Buffer Solution by Monofunctional and
Bifunctional Resins (DETA) +++ -+t tsstsstimenssnsisaiii, 51
Metal fon Uptake in pH 5 Acetate Buffer Solution by Monofunctional and
Bifunctional Resins (TEPA) +«+ -+ rtssrss seaesiieaessas, 52

Resin Particla Size Effect of VBC/STY gel on Metal lon Uptake -~ 55

xi



3.1
3.2
3.3
3.4
3.5
3.6
3.7
4.1
4.2
4.3
4.4

4.5

4.6

4.7
4.8
5.1

6.1.1

Reactions of GMA POIYMEr <7+« ++r rermsssssnssrasa 66
Phosphorylation of Aminated GMA Polymer ==« -« -=mrreermmmeseseees 67
Primary Amine Polystyrene-Based Gel with Diethylmalonate -~~~ 69
Primary Amine Polystyrene-based Gel with TIPP (acid-catalyzed) -~ - 71

Primary Amine Polystyrene-based Gel with TIPP (base-catalyzed) -~ 72

Primary Amine Polystyrene-Based Gel with TEPAc -~~~ ---=----oveveeeeees 74
Primary Amine Polystyrene-Based Gel with Phosphorous acid -+ 75
Characterization of Polyacylhydroxystyrene; Fries Rearrangement -~ - 88
Poly(acylhydroxystyrene) from Second Fries Rearrangement -~~~ 90

Characterization of Phosphorylated Polyacylhydroxystyrene(ester) ---- 91
Characterization of Phosphorylated Poly(acylhydroxystyrene)(acid) -~ 92
Characterization of Ploy(hydroxystyrene) and Phosphorylated

POly(NYATOXYSIYFENE) *+ <"+ "+ +# "+ trmss ssassisst et ettt 08
Cs" lon Uptake in 0.1N/ 1N NaOH by Polyhydroxystyrene and

POly(aCYINYrOXYStyTENE) *++ "+ st + tsrssesssnsssitais i 100
Metal lon Uptake by Phosphorylated Polyacylhydroxystyrene(acid) **- - 101
Metal lon Uptake by Phosphorylated Polyhydroxystyrene(acid) - - - 102
Atomic Absorption(AA)/ Emission(AE) Spectroscopy Parameters " 120

Metal lon Uptake of Cr(NOj3); from pH5 Acetate Buffer Solution by Amine

xii



6.1.2 Metal lon Uptake of Co(NOs). in pHS Acetate Buffer Solution by Amine

6.2.1

6.2.2

6.3

6.4

RESIS <+ """ rrr e e e e e 134
Metal lon Uptake of Cr(NOs)z from pH5 Acetate Buffer Solution

by AMINOPhOSPhONIC AGIAS * *+++++«++++# rsssesssenss e, 135
Metal lon Uptake of Co(NOs), from pH5 Acetate Buffer Solution by
AMINOPhOSPhONIC AGIdS "+ 7"+ 7+ ++ 7t e resre e 136

Metal lon Uptake in pH 5 Acetate Buffer Solution by Monophosphonic

xiii



LIST OF FIGURES

FIGURE PAGE
D1 POIYMEr SUPPOILS *+ 7+ *#+ 7+ 7+t sttt 12
2.2 Gabriel SYNthesis *+++ ++++++ r s rs srr s 15
2.3 Phosphorylation of EDA Resing: -+t wtressemmsesiseieiene 17
24 ArbUZOV REAGCHON <+ -+ -+ "+ +vr+rerem et e 18
2.5 Possible Crosslinking Configuration of DETA Resing -~---«-- -+ +r-+ - 26
2.6 Structures of Phosphorylated Amine Resing ~~-- -+« rrrrrerrerrreeees 32
3.1 Mechanism of Mannich REaGtion «««««««««« -« =+sssssmrmrrmmemmmnensns 60
3.2 Reactions of GMA POlymer -+« sttt 63
3.3 Active Hydrogen Compounds Used in Mannich Reaction ~-~ -+~~~ " 65
4.1 Fries Rearrangement and Phosphorylation -« -«--wrreerereeereeeees 83
4.2 Poly(hydroxystyrene) and Phosphorylation -« -~ -« ---rrreerererseeeeee o 84
4.3 IR Spectrum of Poly(4-axcetoxystyrene) (MH-3-050) -~~~ ooe 93
4.4 IR Spectrum of Poly(acylhydroxystyrene) (MH-3-062) -~~~ 94
4.5 IR Spectrum of Poly(acylhydroxystyrene) (MH-3-092) -~~~ --=---r-rov 95
4.6 IR Spectrum of Poly(hydroxystyrene) (MH-3-038) ~~-----+=wwrreeee 96

Xiv



CHAPTER 1

Introduction

The use of polymer-supported reagents has been widespread in organic
synthesis', catalysis? and ion exchange® The interest in ion exchange polymers
for the recovery of toxic metal ions from water has grown significantly, as
indicated in numerous publications* over the last thirty years. It has been
reported that thousands of hazardous waste sites exist all over the world and
they are threatening our environment.® For example, the Hanford Reservation in
Washington State has 177 underground storage tanks, containing more than 65
million gallons of radioactive waste.>® These wastes were generated from the
nuclear experiments for national defense for the past half century. Suitable
separation technologies for purification of toxic waste water in a safe, cost-
effective and environmentally friendly manner needs to be developed.

Two techniques have been developed for the recovery and purification of
toxic metal ions from water : solvent extraction and ion exchange. The principle®
of solvent extraction is liquid-liquid distribution. Soluble complexing agents
dissolved in organic solvents interact with metal ions in an aqueous phase and
concentrate the metal ions in the water-immiscible phase. The complexant can
be regenerated by removing from it the metal ions and recycled. The solvent

extraction technique is versatile and displays rapid kinetics. However, several



problems such as the handling of large volumes of liquid produced during

processing and the loss of complexants into the aqueous phase through
dissolution and incomplete phase separation still exist as disadvantages.’

The principle of ion exchange resins is that‘the ligands immobilized onto
the polymer matrix complex the metal ions. Further, eluting cation exchange
resins with an acidic solution allows recovery of the metal ions and regenerates
the polymer for continuous use. The ion exchange resins have a disadvantage in
kinetics. The time to equilibrium can be long with ion exchange resins compared
to the solvent extraction process.8 As our research has shown, however, this
problem can be solved by applying the principle of bifunctionality.®

lon exchange resins are defined as insoluble solid materials that can
carry exchangeable cations (cation exchangers) or anions (anion exchangers).
Two types of polymeric ion exchange resins have been developed : inorganic
and organic. Inorganic supports have high mechanical strength, high thermal
stability and good ability to withstand organic solvents.’® However, there are
several disadvantages including difficulty in functionalization and low ion
exchange capacity. !

The organic ion exchange resins can be either natural polymers (for
example, cellulose and chitin) or synthetic polymers. As synthetic polymers,
styrene-based polymers are in wide use due to the wide range of versatility in
reactions which can be performed such as nucleophilic and electrophilic aromatic

substitution. They also have physical and chemical stability.’



lon exchange resins were introduced by Adams and Holmes, who

sulphonated phenol-formaldehyde condensation polymers.*2 Later, better ion
exchange resins containing functionalized styrene-divinylbenzene copolymers
were introduced by D'Alefio.*®

Among many kinds of polymer-supported ligands found to be selective to
specific metal ions, polystyrene-supported sulfonic acid resin is in use for the
recovery of Ca®*, Mg?* and Mn?* from acidic solutions.™ It does not have good
selectivity among many ions, however, due to its narrow range of reaction free
energy values for ion exchange.'® The carboxylic acid resin is more selective
than sulfonic acid but has a limitation in solution pH (which needs to exceed 3)."

Oxygen-based ligands such as phenol/ formaldehyde!’ copolymers show
higher selectivity toward Rb* and Cs* while sulfur-based ligands such as 4-
thiomethylpolystyrene'®, thioglycolate'® or dithiocarbamate® are known to
comple;c or precipitate most of the heavy metals such as Ag*, Hg*, etc. The
phosphorus-based ligands such as phosphonic acids, esters and phosphine
oxides are very good extractants for uranium, gold and transition metals like Zn**,
Ni#* or Co?* 22! The polymers carrying nitrogen ligands such as
polybenzylamine?, aminomethylpyridine and polyethyleneimine®* are found to
have a high selectivity toward Cu®*. Crown ethers are well known to have a high
selectivity toward alkali metals.?

The selectivity of ion exchange resins toward a targeted metal ion is a

very important issue because they become useful when they can recover only



targeted metal ions. Therefore, in designing a selective polymer, the selection of

a suitable ligand is a major task. In the selection of a chelating ligand, both
theoretical background and experimental evidence should be considered. The
Irving-Williams series?®?” helps in understanding ligand-metal complex formation.
It is the order of stability constants of metal ion complexes :

Ba®* < 8r** < Ca®* < Mg?* < Mn? < Fe**< Co?* < Ni** < Cu?* > Zn*
The formation constants (K;) of ethylenediamine show a uniform trend of slightly
increasing stability constants toward the end of the series.?’ For the general

case of the complex ML, (M:metal, L:ligand), the stepwise formation constants

(Kn) are
M + L = ML K= {ML]/[M][L]
ML + L = ML Ko= [MLo]/ [ML][L]
ML + L = ML Ka= [MLg] / [ML][L]
ML,s + L = ML, Kn= [ML,]/ [MLn4][L]

The overall formation constant f, are
Bn=Ki K2 Ks...Ky Br= [MLn] / [M]LL]"

Pearson suggested a simple rule for predicting the stability of complexes
formed between acids (metal ions) and bases (ligands)? : Hard acids prefer to
bind hard bases and soft acids prefer to bind soft bases. Hard species tend to be
small in size with low polarizability while soft acids and bases tend to be larger in

size and more polarizable.



Metal ion complexation with polymeric ligands could be different from
theoretical expectations based on small molecule analogues.” Some ligands
known to show selectivity for a certain metal ion sometimes lose their selectivity
when they are applied in polymeric system. The large local concentration of
ligands in the macromolecular framework may not allow the same behavior of
polymeric ligands as with monomeric ligands.* However, it is usually assumed
that the complexation behavior of a chelating ion exchange resin is similar to that
of corresponding monomeric functional units in aqueous solution.® Eger, et al.,
evaluated this assumption by comparing the coordination behavior of monomeric
N-benzyl iminodiacetic acid and its cross-linked polymer analogue toward some
divalent transition metal ions.3' The thermodynamic properties of these
monomeric and polymeric compounds were similar showing good agreement
between experimental and calculated results. Kennedy, et al., investigated the
complex stability constants over a suitable range of metal ions for monomeric,
dimeric and oligomeric compounds’ before being incorporated into polymeric
supports.*

There are some considerations that need to be made besides the
successful choice of ligands. Selective ion exchange polymers should be stable
and resistant to normal operating conditions such as temperature and pressure
changes while maintaining their physical and chemical properties.® They also

should allow a quantitative and fairly fast ion exchange process.



The variables thought to affect the complexation rate of polymer
supported ligands are polymer matrix rigidity, macroporosity and resin particle
size. A polymer which does not have sufficient rigidity may collapse in ionic
solution. When the polymer matrix is too rigid, however, it does not allow the
metal ions access into the matrix as well as resulting in a low degree of
functionalization on the polymer matrix. Therefore, an appropriate polymer matrix
rigidity needs to be decided that balances strength against polymer collapse and
sufficient accessibility of metal ions.® Rigidity in the polymer matrix can be
controlled by the cross-linking level in polymerization.

There are two types of polymers in terms of porosity. One type is
macroporous, in which the polymerization is carried out with an inert solvent
solvating the monomers and polymer, and the other is microporous (gel), in
which the polymerization is carried out in the presence of only monomers. The
pores in the macroporous resin (~0.05um) are much larger than in the
microporous gel resin (~0.005um). Metal complexation with macroporous resins
usually outperforms that of microporous gel resins at a short contact time, where
accessibility into the matrix is the controlling variable.*% Compared to gels,
higher crosslinking is needed for macroporous resins to prevent the collapse of
the macro channels but it might restrict accessibility of the functional groups as
well as metal ions.

Resin particle size is also a factor affecting the metal complexation rate.

The smaller size of the resin allows greater access by the metal ions due to the

6



large surface area of the resin. However, small particle size resin can not always
be used because of pressure drop in real industrial processes. The proper
particle size of a resin needs to be decided in terms of both maximum
performance of metal complexation and process efficiency.

There are two methods of introducing ligands into polymers. One way is
making the polymer supports first and functionalizing with ligands. The other way
is to pre-functionalize the monomers and then polymerize. The polymerization of
pre-functionalized monomers can avoid many drawbacks associated with
multistep chemical modification processes in which side reactions can bring
impurities into the polymer.3* However, copolymerization of functionalized
monomers, in fact, depends on the relative reactivity ratios of those monomers.*
Some functional groups can act as inhibitors or retarders in polymerization,
limiting copolymerization. The post- functionalization method is thought to be
ideal because it provides flexibility in the seléction of functional groups.
Designing a minimal number of steps is critical to ensure the formation of the
functional groups and to avoid interference of the chelating behavior from other
nondiscriminative functional groups.

The goal of this research is to design and synthesize polymer-supported
ligands for the purpose of selective metal ion complexation. This work involves
the influence of bifunctionality, resin particle size, ligand effect and the

microenvironmental effect on the metal ion complexation.




CHAPTER 2

Immobilized Polyamines and Polyaminophosphonates : First Report of
Polymer-Supported Synergistic Complexation in Bifunctional Resins and
Identification of a Microenvironmental Effect

Polyethyleneimine is known to be ideal for complexation with certain
metal ions.**¥” However, the complex of polyethyleneimine with metal ions is
usually soluble in water and hard to isolate.?**° In order to overcome this
limitation, insolubilization of polyethyleneimine was tried by crosslinking with
proper agents or by grafting to cross-linked polymers.**#'%? Poly(styrene-g-
ethyleneimine) has been found effective for the complexation of heavy metal ions
and the higher the content of polyethyleneimine in the graft copolymer, the better
the resins complexed the metal ions.*? The selectivity was in the order of
Hg?*>Cu?*>Cd?*, which is in agreement with the stability constants of the
amine:metal ion complexes.*®

A resin formed from reaction of polyethyleneimine with poly(vinyl
benzaldehyde) gives a highly selective resin for Fe?* over various other metal
ions.** The resin containing polyethyleneimine and mercapto groups shows
various metal ion selectivities in different pH.4> The 2-pyridylmethylamine and N-
2-(2-pyridyl)ethylenediamine ligands incorporated into chloromethylated
polystyrene have been reported to chelate transition metal ions in the order

Cu?*> Ni**> Co?*> Zn?*.*® Nishide et al. separated metal ions including Cu?*,



Fe?* Co?*, Zn?*, Ni?* and Hg" by using crosslinked poly(ethyleneimine) or
poly(vinylpyridine) resins.*’” Several transition metal ions were complexed with
water-soluble polymeric binder made from polyethyleneimine and polyacrylic acid
and the metal ions were separated by ultrafiltration from the mixture.*®
Polyethyleneimine-cellulose copolymer showed selectivity for cu® over other
transition metal ions at pH 3.5~4.5.%°

In the study of polyethyleneimine binding with Cu?* and Ni** ions in
solution, it was found that polymeric ethyleneimine more strongly complexed
metal ions than monomeric ethyleneimine.5° The overall formation constant (82)
of the polyethylenediamine-Cu?* ion complex was about 10° times greater than
the formation constant (K1) of the ethylenediamine-Cu?* ion complex. This great
increase in the stability of polyethyleneimine, as explained by the authors, was
due to the greater concentration of ligands within the polymer relative to the
concentration in solution. A chelate effect can be used to explain the differences
in behavior of ammonia vs. ethylenediamine and other polyethyieneimine ligands
(see page 45).%" Itis noted that 5-or 6- membered ring systems are ideal for
chelation while larger rings do not show the chelate effect.">*®* When the ring
becomes sufficiently large, the possibility increases that one end of the ligand will
contact another metal ion and not come around to the first metal ion attached at
the other end of the molecule.

Phosphinic and phosphonic acid groups are known to exhibit high

selectivity toward hard Lewis acid cations including uranyl and ferric ions.>**°



Kennedy and co-workers synthesized a phosphorylated polystyrene-

divinylbenzene copolymer and found it to be selective for urany and ferric ions
due to strong coordination by the electron donating phosphoryl oxygen.®*’
Egawa, et al., investigated the uptake of trivalent lanthanides by various
polystyrene based phosphinic and phosphonic acids at different crosslink levels,
porosity, contact times and acidity of solutions.%® Bis(phosphonic acid)
functionalized polystyrene is also found to be a good coordinator for transition
metals used as catalysts in hydrogenation.”® There are many other phosphoryl
compounds showing excellent metal ion recovery such as tributylphosphate®
and trioctylphosphine oxide.®' Phosphonic acid ligands are also excellent
complexing agents by combining ion exchange with coordination.®?

Dual mechanism bifunctional polymers have been developed by
Alexandratos ef al. which utilize both an access mechanism to bring metal ions
into the polymer matrix and a recognition mechanism to selectively react with the
metal ions.5® A phosphinic acid resin, which operates via ion-exchange and
redox mechanisms has been used to reduce Ag* and Hg?* to Ag®and Hg®,
respectively.®® The bifunctional phosphonate monoester/diester resin utilizes
coordination as the recognition mechanism.®* The bifunctional phosphonic
acid/quaternary ammonium chloride resin removes Ag” as its insoluble chloride
salt by means of precipitation as the recognition mechanism.%® The

aminophosphonic acid resin is prepared in the present research for study as a

dual mechanism ion exchange/ coordination resin.
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The microenvironmental effect® can be defined as the influence of non-
reactive groups surrounding an active ligand on the interaction between that
ligand and incoming molecules or metal ions. For example, it was reported® that
(dialkylamino)pyridine ligands covalently bound to a polystyrene support worked
better as an acylation catalyst when the degree of functionalization was less than
50%. This was due to a more hydrophobic environment around the ligands. In
recent research, it was found that as the polarity of the microenvironment
surrounding active ligands in the Mitsunobu reaction decreased, the kinetics
improved by lowering the energy of the transition state.®®

The microenvironmental effect is also observed in metal ion complexation
by ion exchange resins. Alexandratos, ef al., found that different
microenvironments surrounding an active ligand on a polymer can affect the
metal ion complexation and the results were quantified by the corresponding
binding constants.®® The equimolar imidazole:ester IPN (Interpenetrating
Polymer Network) binds Cu?* almost 100 times more strongly than the imidazole
IPN because the polymeric microenvironment becomes less polar with the ester
content in the polymer.

In this research, vinylbenzyl chloride (VBC) was polymerized with
divinylbenzene (DVB) as the cross-linking agent and either styrene (STY) or
methyl methacrylate (MMA) to give different microenviroments in the polymer

support (Figure 2.1). The VBC / STY copolymer creates a hydrophobic

11
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environment around the active ligands while the VBC / MMA copolymer creates a
more polar environment. Each copolymer was prepared with a molar ratio of
VBC to STY or MMA of 0.18/0.82. The molar ratio in the copolymers was based
on performance determined from previous research.®®

Monofunctional resins with various lengths of ethyleneimine and
phosphonic acid groups were introduced into the polymeric supports.
Aminophosphonic acid resins were prepared to study the effect of bifunctionality

on metal ion complexation.

Experimental

A. Synthesis and Characterization

The three copolymer supports being used in metal ion studies are 2%
DVB cross-linked VBC, VBC/STY (0.18/0.82 mole ratio) and VBC/MMA
(0.18/0.82 mole ratio) copolymers. Each copolymer is prepared by suspension
polymerization with bead sizes of -40 +60 mesh (0.250-0.425mm) for the VBC
and VBC/STY resins and -60+80 mesh size (0.180-0.250mm) for the VBC/MMA
resin beads. The relationship of bead diameter with standard sieve sizes is
summarized in Table 6.4 of the Appendix.

Each polymer support has three different types of ligands:amine,
aminophosphonic acid, and phosphonic acid. A variety of amines are introduced

on the copolymer : primary amine(PA), ethylenediamine (EDA),

13



diethylenetriamine (DETA) and tetraethylenepentamine (TEPA). The aminated
copolymers are further phosphofylated to prepare the aminophosphonic acid
bifunctional resins. The reaction procedures are briefly described below and

more detail given in Chapter 5.

1. Amination of Copolymers

The primary amine (PA) resins were prepared by the Gabriel reaction
(Figure 2.2).%% The beads containing VBC moieties were reacted with excess
potassium phthalimide in DMF followed by hydrogenation with hydrazine and
hydrolysis. The functionalized beads were washed with distilled water and
conditioned by eluting with 1L H>O, 4wt% NaOH, H>0, 4wt% HCI and H20 until
neutral. The ethylenediamine (EDA) resins were prepared by reaction of the
VBC, VBC/STY or VBC/MMA gels with excess ethylenediamine (99% purity) in
dioxane at reflux. The beads were conditioned as above. The diethylenetriamine
(DETA) resins were prepared using the same procedure as the EDA resins from
diethylenetriamine (99% purity) and conditioned as above.
Tetraethylenepentamine (TEPA) resins were prepared with
tetraethylenepentamine (technical grade:60% purity, includes
tris(aminoethyl)amine, diaminoethylpiperazine, and piperazinoethylenediamine
according to technical personnel at the Aldrich Chemical Co.). All resins were
characterized by their percent solids (g dry resin/ g wet resin x 100) and nitrogen

elemental analysis.
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2. Phosphorylation of Amine Resins

In order to prepare bifunctional resins, the amine resins were
phosphorylated via the Mannich reaction using formaldehyde and phosphorous
acid with an acid catalyst (Figure 2.3). The functionalized resins were conditioned
by eluting with 1L H>O, 4wt% HCI, H>0, 4wt% NaOH and HzO until neutral. The
aminophosphonic acid resins were characterized by their percent solids,

nitrogen, phosphorus and acid capacities.

3. Monofunctional Phosphonic Acid Resins

Monofunctional phosphonic acid resins were prepared by the Arbuzov
reaction on each copolymer using an excess of triisopropyl phosphite. The
phosphonate ester was hydrolyzed to the phosphonic acid by refluxing with
concentrated HCI (Figure 2.4). The funcﬁonalized resins are washed and
conditioned with 1L H20, 4wt% NaOH, H,0, 4wt% HCI! and H,O until neutral. The
phosphonic acid resins were characterized by percent solids, phosphorus

analysis and acid capacity.

B. Metal lon Studies

The metal ion complexing abilities of the amine, aminophoéphonic and
phosphonic acid resins from 2 % DVB crosslinked VBC, VBC/STY and

VBC/MMA copolymers are investigated using 1*10™* N Cu(NOs)z2, Pb(NOs)2,

16
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Cd(NOs)2, Eu(NO3)3, Cr(NO3)s, and Co(NOs)z in solutions buffered to pH5 with
0.6N acetate.

A buffer solution was used in the metal ion studies because the amine
functional groups can be easily protonated from acid solutions. It was found that
the pH of acidic solutions kept changing irregularly after each solvent exchange
with amine resins due to protonation of the amine ligands. The protonated amine
resins did not give reproducible results in the metal ion studies.

An amount of resin corresponding to either 0.5 or 1 milliequivalent of
functional groups (nitrogen capacity for amine resins, phosphorus capacity for
phosphonic acid resins, and either nitrogen or phosphorus capacity (see Tables)
for aminophosphonic acid resins) were weighed and solvent exchanged four
times with pH 5 acetate buffer solution. (The former amount was used when the
resin was in short supply.) This is indicated as (0.5) and (1) for 0.5 and 1 mequiv in
the Tables. Metal complexation results using the different amounts of resins can
not be compared in terms of percent complexed, but distribution coefficients can
be compared. After solvent exchange, the resins were contacted with 10 ml of
the 10* N metal ion solution for 24 hour to allow enough time to reach
equilibrium. The metal ion solutions were then filtered from the resins and the
final concentrations were measured with a Perkin-Elmer Model 3100 atomic
absorbance spectrometer. The results are reported in terms of percent M™

complexed and distribution coefficients (D) defined as
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D = milliequivalents M™ per g polymer / milliequivalents M"™ per ml solution

It should be noted that a small difference in percent M™ complexed at
high complexation levels can give a large difference in the distribution coefficient.
For example, in studies with the same resin, 14.00% complexed has a D value of
6.0 and 20.32% complexed has a D value of 9.3 but 93.46% complexed has a D
value of 612 while 99.00% complexed has a D value of 4242.

In order to evaluate whether complexation by the polyamine resins is
simply an additive effect of having more than one nitrogen in the ligand, a new
distribution coefficient (D') is introduced to compare the results in terms of
milliequivalents of functional group (nitrogen capacity for the amine resins,
phosphorus capacity for the phosphonic acid resins, and either nitrogen or

phosphorus capacity for the bifunctional resins (as specified in the Tables)).

milliequivalents M™ per milliequivalent functional group in the polymer

milliequivalents M"" per ml solution

Results

A. Characterization of resins

1. Amine Resins

20



1.1. Primary Amine (PA) Resins

The properties of the PA resins prepared from the Gabriel reaction
(Figure 2.2) are listed in Tables 2.1.1, 2.1.2 and 2.1.3. The percent solids of the
VBC/STY resin (MH-1-233) was higher than the VBC(MH-1-173) or VBC/MMA
(MH-1-253) resins due to the hydrophobic character of the styrene. The nitrogen
capacities of all three PA resins show that the aminations are successful. MH-1-
173 is 81 % functionalized while MH-1-233 and MH-1-253 are 76% and 100%
functionalized, respectively.

That the VBC and VBC/STY resins are less functionalized than the
VBC/MMA resin may be due to the crowded environment between the ligands in
the former polymers. The VBC and phenyl groups in the 2% cross-linked
polymers may be so close to each other that they interfere in the phthalimide
functionalization. The VBC/MMA resin, with a molar ratio of 0.18/0.82, was
functionalized to 100% perhaps due to the less crowded surroundings between

the VBC ligands.

1.2. Ethylenediamine (EDA) Resins

The EDA resins were successfully prepared and the characterization
results are reported in Table 2.1.1, 2.1.2 and 2.1.3. The percent solids of the
VBC/STY EDA resin (MH-1-110) was higher than the VBC and VBC/MMA EDA

resins (MH-1-032 and -142). The experimental nitrogen capacity of MH-1-032

21
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was 7.54mequiv/g. This was not attributed to incomplete functionalization of the

copolymer because the phosphorylated EDA resin (MH-1-009) was subsequently
examined by chlorine elemental analysis and showed a very low chlorine
capacity (0.4 mequiv/g), which implies that all -CH,CI groups are functionalized. It
is noted that for, this and all other resins, the experimental nitrogen capacity is
considerably less than the theoretical value. The most likely explanation is
internal crosslinking by the polyamines. Possible crosslinking reactions of
diethylenetriamine(DETA) with VBC are illustrated in Figure 2.5. The percent
functionalization can be used as a measure of the degree of crosslinking
because the theoretical nitrogen capacity is obtained by assigning a non-
crosslinked structure and the lower the apparent percent functionalization, the
greater the crosslinking. The phenomenon is prominent only in the VBC resins,
not in the VBC/STY and VBC/MMA resins. In the case of EDA, compared to the
68% functionalization of the VBC resin, the VBC/STY resin was 86%
functionalized and the VBC/MMA resin was 83% functionalized. This is because
the greater number of -CH,Cl groups present in the VBC copolymer give a
greater chance for bridge formation. The VBC/STY or VBC/MMA copolymers

give less bridge formation due to a lower concentration of -CH,Cl groups.

1.3. Diethylenetriamine (DETA) Resins
The properties of the DETA resins are summarized in Table 2.1.1, 2.1.2

and 2.1.3. The percent solids in the VBC/STY resin (MH-1-116) was higher than
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Possible Crosslinking Configurations of DETA Resins
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the VBC and VBC/MMA resins (MH-1-037 and MH-1-146), as expected. The

experimental nitrogen capacities for the three DETA resins were again less than
the theoretical values due to crosslinking. However, it should be noted that the
VBC resin and the VBC/STY resin showed greatly decreased functionalization. It
was found that VBC has 66%, VBC/STY has 62% and VBC/MMA has 83%
functionalization, indicating a high level crosslinking. The reason the VBC/STY
resin is highly crosslinked is probably because diethylenetriamine is long enough
to reach another -CHClI group. It is unclear, however, why the VBC/MMA resin

shows less crosslinking than the VBC/STY resin.

1.4. Tetraethylenepentamine (TEPA) Resins

The properties of the TEPA resins are listed in Tables 2.1.1, 2.1.2 and
2.1.3. They show the same trend in percent solids and nitrogen capacities as the
DETA resins. Given the low TEPA purity, the precise composition of the resins is
unclear. The metal ion studies are reported as indicators of what can be
expected using commercially available TEPA, but can not be used for

comparative conclusions.

2. Aminophosphonic acid resins
The data for the aminophosphonic acid resins are summarized in Tables
2.2.1,2.2.2 and 2.2.3. The primary amine phosphonic acid resins from VBC (MH-

1-180) and VBC/MMA polymers (MH-1-270) showed a nitrogen to phosphorus
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capacity ratio of approximately 1:1.5. This indicates that some of the nitrogen in

the amine resins reacted with more than one phosphorous acid (Figure 2.6).
However, the VBC/STY resin (MH-1-286) was not phosphorylated as much as
the VBC or VBC/MMA resins, showing a nitrogen to phosphorus capacity ratio of
1:0.66.

The remaining phosphorylations achieved nitrogen to phosphorus ratios
in the range 1:0.35 to 1:0.89. It is thought that a 1:1 ratio could not be achieved
because of steric hindrance. As the length of the amine group increases, more
crosslinking causes steric hindrance and may hinder access of the phosphorous
acid.*? For all aminophosphonic acid resins, the acid capacities are almost
exactly twice the phosphorus capacities, indicating complete hydrolysis to the

acid.

3. Monofunctional Phosphonic acid Resins

The properties of the phosphonic acid resins are summarized in Table
2.3. The phosphorus capacity of each resin is in good agreement with the
theoretical value. The acid capacities are supposed to be twice the phosphorus
capacities after ester hydrolysis. However, the VBC/STY resin is not completely
hydrolyzed perhaps because of the hydrophobic environment. The VBC/MMA
resin shows an acid capacity that is larger than the theoretical value, and this

may indicate that the methacrylate is being partially hydrolyzed.
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B. Metal lon Studies

The amine, aminophosphonic acid and phosphonic acid resins were
contacted with metal ion solutions for 24 hours. The amine resin studies with
Cu?, Pb®*, Cd** and Eu** are summarized in Tables 2.4.1, 2.4.2, 2.4.3 and 2.4.4.
The aminophosphonic acid resins were also studied with Cu®*, Pb®*, Cd** and
Eu®* and the results are in Tables 2.5.1, 2.5.2, 2.5.3 and 2.5.4. Since the Co*
and Cr** solutions did not give good reproducibility, only Cu?*, Pb?*, Cd®* and
Eu®* studies will be emphasized. The Co® (Tables 6.1.2 and 6.2.2) and Cr**
(Tables 6.1.1 and 6.2.1) results will be listed separately in the appendix. Studies
with the monophosphonic acid resins are reported in Table 2.6.

Generally, as the length of ligand in the amine resins increases from PA to
EDA, the level of Cu?* complexation increases indicating a chelate effect by
multidentate ligands. There is no further increase from EDA to TEPA and PEHA
resins. |

The VBC /STY resins show less complexation than the VBC or
VBC/MMA resins due to the hydrophobic character of the styrene. This indicates
a microenvironmental effect that will be discussed in more detail below. The PA
resin of the VBC/STY copolymer was the poorest complexing resin due to not
only the short length of ligand but also its hydrophobicity.

Through all the metal ion studies, the aminophosphonic acid resins show
better complexing ability than amine resins except for Cu?* which complexes well

with both amine and aminophosphonic acid resins.

34



"Athbawt g 0 uo peseq ybiam : (50)
auiweljsusjAulelp 'v13Q

"Ainbaw | uo paseq jybiam : (1)

aujwejuadauajiyieens) \vd3l

aulwelpsusjAiyie a3 sujwe Arewnd : vd

Suiul uyu ovclL L'G a
auyul ejulul ovoe £6 a
(1) %001 (+) %001 (t) %02 66 (50) %2e 02 paxajdwos |y %
0SL-L-HW SvL-I-HIN cri-L-H €5¢-1-HIN VAIN/OEA
orcl ovcl ovclL 145 a
€e0s 9ol colLe LE}) a
(1) %0266 () %0z 66 (t) %0266 ©0) %01'S paxajdwod | %
0ZL-L-HI 9Li-L-HN OLL-L-HNWN €€C-L-HN ALS/O8A
€LE Gl9 ejuyul 8Y a
89ce 69vS Sjuyul 142 a
(+) %696 (1) %86 (+) %001 () %SCE paxajdwod | %
Lv0-L-HN L80-1-HN c€0-L-HN €LL-L-HN 28A
Vd3l vi3a va3 vd

Suisay sulwy Aq uopnjos Jayng ajeasy ¢ Hd wouy ZEQN)ND j0 axyeydn uoj [elo|y
L'v'C 3lqel

35




"‘AiInbsw G0 uo paseq ybiom : (60)
sulweljausiAyieip 'v133

"Ainbaw |, uo paseq ybiam : (1)

aujwelpausjAye 'va3

aulwejuedausifyieesis} W43l
sulwe Atewnd : yd

Gl 10 ST €'e a
) 6l 1’9 09 a
(50) %089 (50) %0L°C (60) %8601 (@0) %00°¥L paxajdwod W %
0SL-1-HIN 9vL-1-HN Zvl-L-HN £SZ-1-HW VININ/DEA
L'E L'e 9T LT a
G'Tl 8L G'9 €'e a
(t) %evee (1) %evee (L) %ES 02 (50) %90°¢Cl paxajdwod W %
0ZL-L-HW 9LL-1-HW OLL-L-HW €€Z-1-HN ALS/O8A
Al €0 8l Al a
o'Cl 0€e o¢cl o€ a
(+) %SH 0l (1) %SE'E (t) %1ESL (t) %E6°0L paxajdwod W %
Lv0-1-HW L80-L-HWN Ze0-L-HW €LL-1-HW o1z /)
Vd3il v1i3qa va3 vd

suisay aulwy Aq uonnjog Jayng aje3ady § Hd wous Z2(EON)qd Jo axeydn uoj fejapy
ZgveolqeL

36



‘Ainbaul G0 uo peseq Jubiem : (50) ‘Ainbaw | uo peseq Jublem : (1)  eulweuedeus|Ayieene) VdIL

eulweususiAylelp v13q suiwelpsusjAyle 'va3 sulwe Aewnd : yd

0'S ve R 8¢t a
0'¢c L'l L8 02 a
(50) %8661 (60) %9E V1 (6°0) %20S1 (60) %6091 paxajdwods W %
0Si-L-HIN 9vi-L-HN cvi-i-HW €5¢-1-HW VININ/DOEA
9. oY 8¢ 6'¢ a
90¢ L'L G'6 9E'e a
(50) %92 /2 (50) %99'81 (G0) %109l (60) %8LCL paxajdwod W %
_0ZL-L-HW 9LL-L-HIN OLL"L-HW €€C-L-HN ALS/O9A
18] A G'e > a
8'.S 8'8¢ 14° 14 88 a
(+) %00°'SE (1) %00'¥C (+) %0092 (1) %0€€T paxajdwos W %
L0 L-HN LE0-L-HW ¢e0--HIN €L1-1-HN 08A
vd3l vi3d va3 vd

37

suisay aulwy Aq uonnjog Jayng ajejady g HA wouy 2(CON)P Jo axeydn uoj [ejay
£'v'Z alqel




‘Ainbawi g'Q uo paseq ybiam : (°0)
auiweljeusiAyeip 'y13a

‘AiInbaw | uo paseq ybiem : (1)

sulwelpausjAyie va3l

aulwejuadausjAyieene) \vdil
aujwe Atewd : yd

9l (2 vl 0 ad
AV L€ ve 0 a
(50 %052 (50 %0L'G (50) %0¥'9 (G0) %000 . paxajdwos |\ %
0SL-1-HIN Svi-1-HIN cvi-LI-HN €5¢-1"HW VININ/DEA
€¢ 8l vl 0 ad
G'6 oY ve 0 a
(6°0) %010l (50) %0Z'8 ©0) %0L9 (g°0) %00°0 paxajdwod |\ %
0Zi-L-HIN 9LI-L-HIN OLL-L-HIN €€C-I-HIN ALS/O9A
0 €0 0 G0 ad
0 L 0 L0 a
() %000 (t) %00°€ () %000 (L) %Sy poxajdwod W %
Ly0-L-HWN L20-L-HWN Ce0-L-HIN €L1-1-HN 08A
vd3il v.i3a va3 vd

sSuIsdy auluy Ag uonnjog Jayng ajejasy ¢ HA woly EEONINT Jo axyeidn uoj [eId
v'v'e /iqel

38




fyoedeo N uo peseq pajejnojes, Ajioedeo 4 Uo paseq pejejnojeo
"AlInbaw G°Q uo paseq ybiam : (0) ‘AiInbaw | uo paseq jybiam : (1)
pioe osjuoydsoyd : yud aujwejuadausijAyierid) W43l

sulwe Atewd : yd

suiweliausiAyielp 'v13Q suiwelpausjfyie 'ya3

ajuyul ajuyul sjuyul (ov62) 0861 a
ajuyu ajuLUy ajuyu) ey a
(t) %001 (t) %001 () %001 (5'0) %00°'66 paxajdwoa W %
29L-L-HIN 8S1-1-HN ¥SL-1-HWN 012-1-HW VINW/OEA
(192) okl (sev) ovel (182) 18¢ (cri)zie a
8022 1261 L6¥ VL a &
(1) %02 66 (1) %0Z'66 (1) %t 16 (50) %0F'16 paxajdwods |\ %
8€l-1-HW vel-1-HIW 0€L-L-HN 982-1-HIN ALS/08A
(6s1) Zle sjuyul ayuyul q(0V6) . 519 a
6601 ajuyu apuyul 8562 a
(t) %06°96 (1) %001 (8'0) %00} (1) %0¥'86 paxajdwos W %
$60-L-HW £20-1-HW 020-L-HW 081-1-HW 28A
Vud/vd3al vud/v1i3aa vud/ va3 Vud/vd

suisay pioy sluoydsoydoulwy Aq uoinjog Jayng ajejasy § Hd wouy Z(EON)NI Jo ayeydn uoj lesoN
V'seZaiqel




Ayoedes N uo peseq pejejnojes,  Ajoeded d uo peseq pajejnoes

‘Ainbaw G0 uo paseq ybiam : (50) ‘Ainbaw | Uo peseq jybiem : (1)

pioe oiuoydsoyd : yyd aujwejusdausijAyiee ) V43l

suiwelsusijAyielp 'v13q sulwelpsusjAyie 'vq3 sujwe Aewnd : yd

(e81) €0g (01) goe ajuyul (G2¥) 982 a
/89 14%) sjuyul Zl9 a
(6°0) %08°E6 (50) %08°€6 (€0) %001 (c0) %9r'ce paxajdwos W\ %
29l L-HWN 851-1-HN vSL-L-HW 042Z-L-HW VINW/OEA
ajiuyul ajluu ajuyu (esl) 622 a
ejuyul sjuyul spuyul 444 a
(1) %001 (1) %001 (1) %001 (50) %EZ €6 paxajdwod W %
8cl-1-HWN vEL-L-HN 0tL-1-HW 98Z-L-HW ALS/08A
sjuyul (eve) z2s spuyul q(862) ¢ 225 a
ejuyul 8961 ejuyul G0G2 a
(1) %001 (1) %21 86 (8'0) %001 (1) %2186 paxajdwod W %
¥60-L-HW £20-L-HW 0£0-L-HW 081-1-HW o8A
Vud/vd3l vud/vi3a Vvud/ va3 Vvud/vd

suisay pioy sluoydsoydounuy Aq uonnjos Jajng ajejasy § Hd wouy 2(ON)qd 10 aeydn uoj jelon

¢'secol|qel

40



Ayoedes N uo peseq psjenojes,  Aloeded ¢ uo peseq psjejnojen,

‘Ainbaw ' uo peseq Jybiam : (50) ‘Alnbawl | uo paseq Jybiem : (1)

pioe oiuoydsouyd : wud sulwejusdausjAuyieedsl \Wd3il

aulwesusiAyaIp v13a aulwelpausiAyie yva3 suiwe Arewnd : yd

(262) €6¥ (L2b) 852 (ovp) c6¥ (S¥1) 86 a
6LLL 9esl 088 602 a
(50) %0196 (S0) %EY 16 (60) %0196 (60) %00°'E8 paxajdwos |\ %
291 L-HIW 8S1-1-HN vSL-L-HIN 02-1-HWN VINW/OEA
(8e2) 68€ (bv2) 665 (LzL) ¥ol (S1) 2z a
689 LoLL 4 %4 8l a
(§0) %L1 G6 (§0) %..°96 (5°0) %S| 68 (50) %LL'€S paxajdwod N %
8€L-L-HW eL-L-HW 0El-1-HWN 982-1-HWN ALS/O8A
(b9cl) 06¥2 (cze) o6v (06¥) 509 a(91) ¢ GL1 a
Gv/8 ovsl GOET 0SS a
(1) %09°66 (+) %0086 (8°0) %00'86 (t) %0026 paxa|dwod | %
¥60-L-HW £20-1-HWN 0L0-1-HWN 081-1-HW o8A
VUd/vd3L vud/v.13a vud/ va3 Vud/vVd

suisay ploy sluoydsoydounwy Aq uonnjos Jayng ajejasy § HA wous Z(EQN)PI Jo axeidn uo| [e3al

€'GColqelL

41



aujweususiAyielp 'v134

Ayoedeo 4 uo paseq pajejnojes,,
‘Alnbawl | uo paseq ybiam : (1)
aujwejuadausjAyieess) \vd3lL

aujwe Aewnd : vd

Ayoedes N uo paseq pejejnojes,
"Ainbaw G 0 uo paseq Jybiam : (5 0)
pioe oiuoydsoyd : wyd
aujwelpaus|Ayie 'ya3

(Lz1)ole (ZL1) 202 (cel)sie (reL) 06 a
8lv - ozv ¥8€E €61 a
(50) %ZE 16 (5°0) %0216 (5°0) %0G'16 (60) %18°1L8 paxajdwod W %
29)-1-HWN 8SL-L-HWN PSL-L-HW 042Z-L-HWN VINW/QEA
(ZeL)olz () vzz () ¥2 (yv0) 2970 a
. 4> (o1 ¥5'0 a
(6°0) %0E’1L6 (60 %0816 (6°0) %5226 (6°0) %2ZE paxajdwoo N %
8eL-L-HWN £92-1-HWN 092Z-L-HW 982Z-1-HN ALS/O8A
(09)6L1 (19) Z6 (g6) L1 qa(981) ¢ 121 a
6Ly Lve vy GBS a
(1) %5226 (1) %EZ 06 (8°0) %0S 06 (1) %l¥'26 paxajdwod | %
¥60-L-HWN €20-L-HW 020-L-HW 08L-1-HWN o8A
VUd/vd3l vud/vi3d vud/ va3 vud/vd

suisay pioy dluoydsoydoulwy Aq uonnjos sopng ajejasy G HAd wols EEON)INT o ayeydn uoj [elow

v'sZslgel

42



‘Ainbaw G°0 uo paseq ybiam : (6 0)

‘Abaw | uo paseq jybiam : (1) pioe osjuoydsoyd : yud

85 G'S oc ¥4 a
86 €6 29 ot a
(50) %8y . (50) %99'1T (s0) %6E ¥9 (S0) %251 paxajdwod I %
®(ON)N3 YSON)PD Y*ON)ad YSON)nD
(200-Z-HIN) uisai yyd YINIW/OEA
G0 o8 ajumul G9 a
L0 €l ajuyu £'96 a
(S0) %EET (s0) %61l 0€ (5°0) %001 (50) %l¥9L paxajdwod N %
§(*ON)n3 Y*ON)PD ¥*ON)ad ¥(*ONIND
(952-1-HIN) uIsal yud ALS/OgA
ozl L6 ajuyul ¥0. a
885 8P ajuyul 448> a
(+) %026 (+) %02 6% (+) %001 (+) %90'86 paxajdwod I\ %
¢(*ON)n3 2(SON)PD %(*ON)ad ¥SON)nD

(y€0-1-HIN) uisel wud D9A

suisal ploy duoydsoydouoly Aq uoynjog Jayng ajejady G Hd wouy axeydn uoj [e3s

9°C 9lqel

43



Discussion

The metal ion studies are reported in terms of percent M complexed and
distribution coefficients D and D'. The former (D) value was calculated per one
gram of resin used. The later (D') value was calculated per one milliequivalent of
nitrogen for amine resins ; either per one milliequivalent of phos:phorus or one
milliequivalent of nitrogen, as specified in the Tables, for the aminophosphonic
acid resins; and per one milliequivalent of phosphorus for the phosphonic acid
resins. Since the degree of functionalization of VBC/STY or VBC/MMA resins
are lower than that of VBC resins, D values of VBC/STY and VBC/MMA resins
are much smaller than that of VBC resins for the same lperéent M complexed.
The D' value, which is based on the number of functional groups, decreases this
gap which arise from the different degrees of functionalization between resins.
The metal ion studies will be discussed mainly in terms of D' because it lets us
compare the metal study results purely in terms of the type and the length of the

ligand without being affected by the degree of functionalization.

1. The Monofunctional Resins

The monofunctional amine resins have the highest affinity for Cu®* with
the most dramatic increase being from PA to EDA. The affinities displayed by
EDA, DETA and TEPA are similar and all microenvironments have the same
affinities. That the very high Cu®* affinities indicate that accessibility into the

matrix is not a limiting factor. All amine resins have very low affinities for Pb%*,



Cd** and Eu* with a possible order of Cd**>Pb?*>Eu®*. The different
microenvironments have similarly low affinities.

The fully functionalized monofunctional phosphonic acid resin has very
high affinities for Cu?* and Pb?", a high affinity for Eu**, and a lower affinity for
Cd?*. The affinity for all ions decreases significantly in the MMA
microenvironment and the affinity is still not significant in the STY
microenvironment for all ions except for Pb?* where complexation is quantitative.

The fact that the PA resin performs poorly relative to other resins can be
explained with the coordination stability constants. The table of overall stability
constants (8,) (Table2.7) shows how the stability of the Cu®* complex with
ammonia in low coordination number is poor compared to that of EDA. The
overall complexation constant 83 of ammonia is almost similar to that of the 84 of
EDA. This means that Cu?* needs three ammonia ligands to be as stable as
Cu®* complex with one EDA ligand. This enhanced stability of the EDA complex
is due to stable chelate ring formation, which is the coordination between the
metal ion and a multidentate ligand. Thermodynamically, the entropy of the
chelated complex (EDA) is higher than that of the nonchelated complex
(ammonia) and the stability of the metal ion complex is enhanced by the
formation of the chelate ring.>' The increases in D' values from the PA resin as
the length of the amine ligand increases, indicates that this maybe attributed to
an increase in ligand length, not the total number of nitrogens in the resin

sample. For the amine resins, the D' values for metal ions other than Cu®* were
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hard to be compare in terms of iength of amine because the extent of

complexation was extremely low and without much difference.

Table 2.7 also indicates that all amines have higher selectivity for Cu®*
over Cd*, Co® and Pb%*. The complexation stability constant (81) of ammonia
with Cu®" is 10° times greater than Cd** or Co®. The &4 of EDA with Cu® is 10°
times greater than Cd®* and Co?* and 10°® times greater than Pb?*. This explains
the fact that Cu®* is complexed with amines readily even though other metal ions

are poorly complexed with amines.

2. The Bifunctional Effect

The incorporation of phosphonic acid groups in amine resins allowed for
the preparation of bifunctional resins. The effect of increasing the length of the
polyamine evident with the monofunctional resins is evident here as well. Most
significant, however, is the observation of synergism under certain conditions
where both groups operating together complex more metal than either one alone.
lon exchange ability by the phosphonic acid ligand and coordination by the amine
ligand cooperate as a dual mechanism for metal ion complexation. In synergistic
solvent extraction, the combination of certain pairs of extractants gives enhanced
complexation for certain metals relative to what could be calculated based on the
distribution coefficients of each extractant alone.”™ For example,

thenoylfluoroacetate(HTTA)-tributylphosphate (1:1) solution showed the

47



synergistic enhancement in zinc with D values of 10% times higher than HTTA
and 102 higher than tributylphosphate. ™

Comparisons of the metal ion complex abilities of the amine,
aminophosphonic acid and phosphonic acid resins quantified in Tables 2.8.1,
2.8.2, 2.8.3 and 2.8.4 show the first clear examples of the bifunctional effect. As
a general statement, the results indicate synergistic complexation for Cd®* by all
of the bifunctional aminophosphonic acid resins (i.e., regardiess of
microenvironment) and with all of the metal ions for all the bifunctional resins
within the MMA microenvironment (though, for Cu?*, this is pronounced only with
the PA/PhA and EDA/PhA resins). For the remaining conditions, the bifunctional
resin performed like the monofunctional amine or phosphonic acid resin,
depending on which had the higher affinity for the metal ion. For example, within
the STY microenvironment, the bifunctional resin behaved like the EDA, DETA
and TEPA resins when complexing Cu?* and like the phosphonic acid resin when
complexing Pb?" (the PA resin has such a low affinity for Cu?*, that the
bifunctional resin behaves more like the phosphonic acid resin for this metal
though some synergism maybe evident).

Cadmium shows the most evident bifunctional effect. For example, it is
complexed by the EDA(VBC) resin to 26% (D' value of 3.5) and to 49% (D' value
of 9.7) by the PhA resin, but the bifunctional resin complexes 98% Cd?* (D' value
of 490) which far exceeds the combined D' values of the monofunctional resin.

Additionally, Eu* shows a strong synergistic interaction with the three
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polyamine/PhA resins in the STY microenvironment : while the DETA (VBC

ISTY) resin has 8.2% complexed (D' value of 1.8) and the PhA resin has 2.3%
complexed (D' value of 0.5), the DETA/PhA resin complexed 91.8% Eu* (D'

value of 224).

3. The Microenvironmental Effect

The different polymer matrices supporting the ligands affect complexation
of the metal. This microenvironmental effect is the influence of inert groups
adjacent to the main ligand on the interaction between the ligand and the
substrate. As shown in Tables 2.8.1~4, the same ligands contacted with the
same metal ion show different complexing abilities depending on whether they
are immobilized on VBC, VBC/STY or VBC/MMA copolymers. The fully
functionalized phosphonic acid resin either outperforms the resins with the STY
microenvironment (for Cu®*, Cd?* and Eu®) or gives resuits that are comparable
(for Pb?); the lowest level of complexation is in the MMA microenvironment for
the divalent ions though the MMA resin outperforms the STY resin with Eu®*.
Whereas there is no significant microenvironmental effect with any of the amine
resins, this is not the case for the aminophosphonic acid resins. It is clear that a
microenvironmenal effect exists. For Cd* when interacting with the PA/PhA
resins with the fully functionalized resin outperforming the MMA resin which, in
turn, outperforms the STY resin. The same trend is evident with Eu*®" interacting

with PA/PhA resin. The microenvironmental effect is less important with the other
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ions and with remaining two resins. Why Cd?* should more sensitive to the

microenvironment and why the bifunctional PA and EDA resins should display
this effect and not the other amines is the object of continuing investigation .

In order to show that the poor metal ion compiex ability of the PA and
PA/PhA in VBC/STY resins are caused by its hydrophobicity, smaller size bead
(0.045-0.075mm) of PA and PA/PhA resins were examined. These beads were
contacted with Cu®*, Pb?* and Eu® ion in pH5 acetate buffer solutions and the
results are summarized in Table 2.9. Generally, the percent complexed
increased somewhat with the smaller size of the resins, with Eu® showing a
large increase from ~3% to ~80% with the PA/PhA resin: This indicates that the
poor performance of the VBC/STY resin is due to the presence of hydrophobic
styrene which limits ionic accessibility. The smaller beads have higher surface

area and the ligands are thus more accessible to the metal ions.

4. Counter lon Effect

In this research, all metal ion solutions are made from nitrate salts in pH 5
sodium-acetate buffer solution. Two anions, acetate and nitrate, are always
present with the metal ions and are thought to affect metal ion complexation. It
was reported that the anion can influence the selectivity when coordination is the
sole mechanism of complexation.” In the study of Cu(NO3),with polymer-
supported imidazole in pH 5 acetate buffer solution, it was found that the acetate

ion is brought into the polymer matrix along with the Cu?* ion because Cu(OAc),

54



‘Ainbaw G'Q uo paseq ybiam : (G'0)

pioe ouoydsoyd : yyd suiwe Aewud :

vd d, Paxa|dWooN %,

(¥S'0) %2ze
(222) %ezc6
(L2L) %¥'L6

(26) %096,
(€LL) %l0728
g(enugun) %001

+"3
.z9d (o)
PR

(wwgezy'0-062°0) 982-1-HN

(Wws20°0-6¥0°0) 202-2-HIN

suisal YUd/vd ALS/O8A

%0
(€€) %902
(2€°V) %0¥'s

(2) %6v'LlL
(FL) %0°0€
o(€2) %€ I

55

«N3
29d (§0)
N0

(Wwszy0-052°0) €€2-L-HW

(WWg/0°0-60°0) Z81-2-HIN

suisel vd ALS/O8A

avjejdn uoj jejaiy uo 96 ALS/OEA JO 1994T 0zIS ajoiIed Uisay
6¢ dlqel




has a higher formation constant than Cu(NO3)2. 2™ The effect of coexisting

counter anions (Br’, CI, S04, SOs, CHsCOO" and etc) on the extraction of rare

earth metal ions (Lu*, Ho*, La*, Eu®and etc) using styrene-vinylbenzene

copolymer containing CYANEX 272 was studied.™ In the metal study with

poly(amido-amine) resin, it was reported that the metal ion complexation was

affected by the nature and concentration of counterions in the aqueous phase.”™
In the present research, the amount of acetate ion is far greater than

nitrate ion and the results are applicable to it as the counter ion.

Conclusions

The various lengths of ethyleneimine and phosphorylated ethyleneimine
ligands were incorporated into 2% cross-linked VBC, VBC/STY and VBC/MMA
polymer matrices and their ability to complex with metal ions was evaluated. A
bifunctional effect has been identified. The aminophosphonic acid resins showed
better resﬁlts than amine or phosphonic acid resins generally. A
microenvironmental effect was also identified for the complexation of Cd%* by
ligands in fully functionalized STY and MMA matrices. The nature of the ligand,
bifunctionality, the microenvironmental can be used to affect separations of
targeted metal ions from other ions. Having established the experimental results,

further research will have to establish the theoretical foundation of these results.
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CHAPTER 3

Immobilization of Ligands on Crosslinked Polymers via the Mannich

Reaction

Introduction

Poly(glycidyl methacrylate) polymer (GMA) and its derivatives have been
studied for ion exchange applicability.”®”” While most commercial ion-exchange
resins™ show slow kinetics due to their hydrophobicity and poor selectivities for
metal ions, hydrophillic GMA polymers have better kinetics as well as the
possibility to introduce numerous ligands via a ring opening reaction of the epoxy
group. N,N'-bis(2-benzimidazolmethyl)amine resin immobilized on GMA
polymer™ showed better kinetic performance than the same ligand on
polystyrene®.

Resins containing amine groups have a number of applications such as
immobilization of biologically active compounds and as ion exchangers.®! GMA
polymers have been reacted with various amines including ammonia,
‘hydroxyalkyamine, aminoalkylamine, imidazol and pyrazole.”®>®® The amine
ligands show good metal ion complexing ability. Immobilization of
ethylenediamine and iminodiacetic groups onto GMA-ethylenedimethacrylate
copolymers produce resins selective for Ag* and Hg?* .8 GMA polymers with
azole-containing amine ligands are reported to show high selectivity for Cu®* over
other divalent transition metal ions.®® The pyrazole-containing ligand, 5-(3,5-

57



dimethylpyrazol-1-yl)-3-thiapentyl amine, was found to be selective for Cu?* at pH
6 and for Cd®* and Zn?" ions at pH<2.5.%% The 2-(aminomethyl)pyridine ligand
anchored onto GMA-ethylene glycol dimethacrylate copolymer shows good
selectivity for Cu®* from a large excess of Zn**.#” Triethylenetetramine and
methylphosphonic acid groups were introduced onto GMA polymers and showed
selectivity in the order of Cu®* >Zn®* > Ni** > Co®* > Ca?* > Mg>* %@

The reactivity of the epoxide in GMA is affected by the solvent, the
reactants' nucleophilicity, the temperature, etc.?® In the reaction with amines
(RNH,), the type and size of the substituent R as well as the basicity of the
amines affect the reaction rate 2 The type of comonomer in the GMA copolymer
was also found to affect the reactivity of the epoxide ring.* An increase in the
reactivity of the epoxide ring of the glycidyl acrylate-acrylonitrile copolymer was
observed due to an interaction between the amino and nitrile groups.®!

The Mannich reaction is the condensation reaction of amines,

formaldehyde and a compound containing an active hydrogen with an acid or

R-H + CH20 + HN]——» RSN,

(Mannich base)
base catalyst. Interest in the Mannich reaction has increased since its first study
in 1942 % and numerous studies have been reported. The great reactivity of
Mannich bases produces numerous other compounds, which can lead to various

applications.*** One of the most important applications is pharmaceutical uses
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including antineoplastic drugs, analgesics and antibiotics.®* They are also

applied in fine chemicals®, polymers®, antifoulants®and fuel additives'®.

The versatility of Mannich bases comes from the diversity of the
functional groups in Mannich condensates. For example, in epoxy applications,
the phenol groups in Mannich condensates have advantages in terms of
providing further active sites.'® Phenol-containing compounds such as poly(p-
vinylphenol) or 2,3,6-tris(dimethylaminomethyl)phenol can function as epoxy
curing accelerators.'®

In recent years, the Mannich bases have been applied to polymer
chemistry, especially paints and surface-active agents.® Cationic flocculants
used in paper manufacture was prepared by the Mannich reaction of
polyacrylamide with dimethylamine and formaldehyde.'® Phenolic resin
obtained from the Mannich reaction of polyphenol with formaldehyde and amine
was applicable as a corrosion-resistant coating material that also prevented
discoloration.'® A water-soluble Mannich base resin for use in electrocoating
was prepared by the reaction of bisphenol diepoxide with formaldehyde and
amine.'®

The Mannich reaction can be carried out in both acidic and basic
conditions. The two types of catalysts in the Mannich reaction give rise to the
different mechanisms.>” The mechanisms with diethylmalonate (DEM) in acid
and base are illustrated in Figure 3.1. In the acid catalyzed reaction, the iminium

ion is formed as an intermediate from the reaction of aldehyde and amine. The

59



Acid-catalyzed

(l? (I)H Ht
CHoNH2 + HCH —» CHy NH ~CHj E—
- H20O
'y 0
+ ¥ C —OEt . ,& —OEt
CHP)NH=CH> + CH . CH,NHCH;, CH
N C— O \c _OEt
|
iminium ion O b
Base-catalyzed

0
OH Il
f -oH | - ___C- OH
CHNH2 +HC H —» CHzNH-CHz + :CH{
C- OEt
]
0
]
_C-OEt
CHoNHCH, CH
C- OEt
I
0

Figure 3.1

Mechanism of Mannich Reaction

60



active-hydrogen compound reacts as an enol and electrophilic attack of the

iminium ion on the enol takes place. In basic medium, the reactant is thought to
be a hydroxymethylamine and the active hydrogen compound reacts as a
carbanion.

The aim of this research is to phosphorylate a primary amine ligand
immobilized onto crosslinked polystyrene beads using active hydrogen
compounds, tetraisopropylmethylene diphosphonate (TIPP) and
triethylphosphonoacetate (TEPAc) under Mannich reaction conditions.
Exploratory runs were done with diethylmalonate (DEM). Comparative
phosphorylations were carried out with formaldehyde and phosphorous acid
(PhA). Due to the hydrophilicity of the latter system, that reaction was also run on
amine immobilized on 2% DVB crosslinked GMA polymers.

Variables including the amount of acid catalyst, reaction time and reaction

temperature identify mild reaction condition.

Experimental
Poly(alycidyl methacrylate

The 2% DVB cross-linked poly(glycidyl methacrylate) (GMA) was
prepared by suspension polymerization. An organic phase containing GMA,
AIBN and DVB was combined with an aqueous phase containing

poly(vinylalcohol), sodium chloride and distilled water, then heated to 90°C. The
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beads were washed with distilled water, soxhiet extracted with dioxane and dried

in a 60°C oven.

Reactions of GMA polymer with nitrogen-containing compounds

The GMA polymer was reacted with four different compounds : p-
nitrophenol, sodium p-nitrophenoxide, aniline and ethylenediamine (Figure 3.2).
The GMA polymer was reacted with a ten-fold stoichiometric excess of each
compound in aqueous medium either at room temperature or at 80°C. The
products were characterized by nitrogen capacity.

Phosphorylations of aniline and ethylenediamine GMA polymers were
achieved by the reaction with phosphorous acid, formaldehyde and acid catalyst
either at room temperature or with heating. The beads were washed with

distilled water and characterized by nitrogen and phosphorus capacity.

Mannich Reactions

A 2% DVB cross-linked VBC primary amine resin (PA) was reacted with
four different active hydrogen compounds : diethyimalonate (DEM), tetra
isopropyl methylene diphosphonate (TIPP), triethylphosphonoacetate (TEPAc)
and phosphorous acid (PhA). A nine-fold stoichiometric excess of each active-
hydrogen compound was reacted with the resin. Many experimental sets that
varied in terms of the cafalyst amount, reaction time and reaction temperature

were attempted and the products were characterized by nitrogen capacity. The
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GMA nitrophenol

+ Nat 6@ NO2 —>§g—o /\/\O@ NO2
OH

sodium p-nitrophenoxide

Oy o)
- ;

phosphorylation

ethylenediamine

+NH2\/\NHz__> 12_0 N NH
é T
v

phosphorylation

Figure 3.2

Reactions of GMA Polymers
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§

structures of the four different active hydrogen compounds are illustrated in

Figure 3.3.

Results and Discussion
GMA Resins

The progress of the each reaction can be evaluated by the nitrogen
elemental analysis of the products since all the products contain nitrogen.
According to the results in Table 3.1, nitrophenol seems a poor nucleophile for
GMA attack both at room temperature and ét 80°C. The reaction of sodium p-
nitrophenoxide gives a good nitrogen capacity (63% functionalization) when it is
carried out at 80°C but the reaction did not go at room temperature. The aniline
reaction shows good results, achieving over 77% functionalization not only at
room temperature but at 80°C also. The reaction with ethylenediamine (EDA)
was performed only at room temperature because the reaction with heating had
been performed successfully earlier (Chapter 2). The ethylenediamine (EDA)
product shows a nitrogen capacity 66% of the theoretical value. All theoretical
nitrogen capacities of aminated GMA compounds were calculated based on the
assumption of 1:1 (GMA:amine) reaction ratio.

The two GMA polymers aminated by aniline and EDA at room
temperature were phosphorylated with phosphorous acid. The properties of

these phosphorylated products are summarized in Table 3.2. The
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Figure 3.3

Active Hydrogen Compounds Used in Mannich Reaction
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phosphorylation of the aniline:GMA polymer was not successful both at room

temperature and with heating, giving very low phosphorus capacities.

The EDA:GMA polymer could be phosphorylated comparatively well
when it was heated, but the reaction did not take place at room temperature. Not
all nitrogens in the EDA resin were phosphorylated in MH-2-233, but a 1.6:1 ratio

of nitrogen to phosphorus capacity was achieved.

Mannich reactions

The purpose of the control reactions is to find the ideal reaction time,
catalyst amount and lowest reaction temperature as possibie, maintaining the
maximum extent of reaction. The extent of reaction can be measured by the
nitrogen capacity of the products since they all contain nitrogen. After completion
of the reaction, the nitrogen capacity per g polymer should be decreased to 1.92
milliequivalents/g from the original nitrogen capacity, 4.40 mequiv/g, of the
primary amine resin (MH-2-244, 0.180-0.250mm).

According to Table 3.3, in the first reaction set with DEM in which the acid
catalyst amount was varied, not much difference in nitrogen capacity was found
when using 0.1 to 0.5ml acid. With 0.1ml acid catalyst maintained, reaction time
and temperature were then controlled. An 80°C reaction temperature gave
results that were remarkably independent of reaction time though, in retrospect, it
would have been interesting to determine what the results would have been with

a 0.5 hreaction time. The lowest temperature that we could get reaction was
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Table 3.3

Primary amine Polystyrene-Based Gel Reaction with Diethylmalonate(DEM)

resin H2S04 rxn time rxn temp N cap(mequiv/g)

MH-2-250? 0.1ml 16 hrs 80°C 2.92
0.25 " “ 2.70

0.5 " " 2.97

1.0 o " 3.13

MH-2-260° 0.1 2 80 2.56
" 4 " 2.79

" 8 ” 2.84

" 24 " 2.88

" 48 " 2.88

MH-2-268% " 8 60 2.88
" 8 40 3.99

" 24 r.t 4.27

MH-2-272% " 8 50 3.56
" 24 40 3.42

MH-2-281° " 9 60 2.95
" 25 50 2.69

2 bead size 0.180-0.250mm, theoretical nitrogen capacity : 1.92 meqiv/g
® bead size 0.075-0.150mm, theoretical nitrogen capacity : 2.53 meqiv/g
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60°C at 8 hours (MH-2-268, 0.180-0.250 mm) or 50°C at 25 hours reaction time
(MH-2-281, 0.075-0.150 mm). Reactions with smaller size beads (MH-2-281,
0.075-0.150 mm) resulted in a nitrogen capacity closer to the theoretical value
(note: the smaller size beads had a higher -NH. capacity than the larger beads
which leads to a higher final theoretical capacity after reaction with DEM).

in Tables 3.4 and 3.5, the results of the Mannich reaction with TIPP
carried out with acid or base catalyst are summarized. When the reaction is
complete, the nitrogen capacity should decrease to 3.16 milliequivalent/g from
the original nitrogen capacity of 5.8 mequiv/g of the amine resin (MH-2-264,
0.075-0.150 mm).

The TIPP does not seem to react well with acid catalyst regardless of the
catalyst amount or reaction temperature. According to Table 3.4, all phosphorus
capacities are very low. If experimental error in the phosphorus elemental
analysis were considered, the phosphorus capacities of all reactions seem to be
almost zero, meaning no TIPP has reacted. It is thought that the TIPP cannot
form the enol, which is the intermediate in the acid-catalyzed Mannich reaction.
This is because the 2p orbital of the carbon and the 3p orbital of the phosphorus
can not overlap as much as the 2p orbitals overlap in DEM due to their size
difference.

The base-catalyzed Mannich reaction of TIPP, in which a carbanion but
no enol forms was done using the NaOH, piperidine and DABCO. As can be

seen in Table 3.5, better phosphorus capacities than in the acid-catalyzed
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Table 3.4
Primary amine Polystyrene-Based Gel with TIPP* (Acid-catalyzed)

resin ° H.SO4 mntime mntemp Nitrogen cap. Phosphorus cap.

(mequivig)  (mequiv/g)

MH-2-286 0.1 ml 8 hrs 60°C 3.78 (3.16)° 0.10(1.58)
MH-3-002 1 mi " 80 3.40 0.29

" ! 60 3.02 0.29
MH-3-010 " ! 80 3.56 0.16

" " 60 3.49 0.13

? tetraisopropyimethylene diphosphonate ® bead size : 0.075-0.150 mm
°theoretical
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Table 3.5

Primary amine Polystyrene-Based Gel with TIPP® (Base-catalyzed)

resin base xn xn
(9) time temp

nitrogen phosphorus
capacity capacity
(mequiv/g) (mequiv/g)

MH-3-014  0.15° 25hrs  60°C
MH-3016  0.26° 24 "
MH-3-018  1.54° " "
MH-3-022-1 3.27° 22 80
MH-3-0222 0.30¢ " "
MH-3-028  0.24° " "

- (3.16)"  0.73(1.58)

3.46 0.34
4.59 0.18
5.16 . 0.41
455 0.60
4.51 0.51

2 tetraisopropyl methylene diphosphonate
°50% NaOH d piperidine ®*DABCO
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reaction were achieved but still they were far from the theoretical value. The
stronger bases, piperidine and DABCO, seem to work somewhat better as a
catalyst than 50%NaOH.

As an altemative, TEPAc, which bears both the carbonyl and phosphoryl
groups, was reacted with the amine resins with an acid catalyst. Despite the
presence of the carbonyl group in TEPAC, the results were not successful as
shown in Table 3.6. It is unclear why the reactions do not work well and this will
be the subject of the future studies.

Phosphorous acid was reaﬁted with the amine resin using varying
conditions such as the acid amount, reaction time and temperature. The reaction
went well with sulfuric acid and it was found that most of the amine groups
reacted with two moles of phosphorous acid. The theoretical nitrogen and
phosphorus capacities were calculated based on the structures assuming a 1:1
N:P ratio. As can be seen in Table 3.7, ratios of 1:1.4 to 1:1.9 were achieved
under various reaction conditions. The lowest temperature to give reaction was

40°C and it gave a N:P ratio of 1:1.38 in the product.

Conclusion

The reactions of GMA polymer with aniline and ethylenediamine were
successfully achieved with or without heating. Due to the poor nucleophilicity of
p-nitrophenol, its reaction with GMA polymer could not be accomplished, but the

reaction of sodium p-nitrophenoxide succeeded when it was heated.
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Table 3.6
Primary amine VBC Gel with TEPAc?

resin ° H.SOs rmxntime rmxntemp Nitrogen cap. Phosphorus cap.

(mequiv/g) (mequiv/g)

MH-3-080 1 ml 8 hrs 80°C 3.76(2.10)°  0.12(2.10)
" “ 60°C 3.97 0.08

triehtyl phosphonoacetate  ° bead size : 0.075-0.150 mm  © theoretical
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Table 3.7
Primary amine VBC Gel with Phosphorous acid

resin” H.SOs rxntime rxntemp Ncap. P cap. N:P ratio
(mequiv/g) (mequiv/g)

MH-3-020 05ml 16hrs 80°C 3.15(3.39)° 5.58(3.39) 1:1.77

1.0 ! " 3.08 4.98 1:1.62
2.0 ! " 2.98 4.69 1:1.57
4.0 " " - 2.50 -
MH-3-025 05 2 " 3.01 513 1:1.70
" 4 " 2.93 5.28 1:1.80
" 8 " 2.87 5.37 1:1.87
i 24 " 2.81 5.36 1:1.80
" 47 " 2.92 5.35 1:1.83
MH-3-030 0.5 18 70 2.94 5.30 1:1.80
" " 60 3.19 5.13 1:1.61
MH-3-042 “ y 50 3.17 5.11 1:1.61
MH-3-037 * 24 40 3.34 4.60 1:1.38
“ ! r.t - 0.47 -

®bead size : 0.075-0.150 mm  ° theoretical
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The Mannich reactions of a polystyrene-based primary amine resin with

DEM, TIPP, TEPAc and PhA were performed in various conditions. The DEM
and PhA were successfully bonded to amines with formaldehyde and an acid
catalyst. The reaction temperatures with DEM and PhA could be lowered to 50

°C and 40°C, respectively. TIPP was not able to react with the amine resin but is

worth studying further in the future.
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CHAPTER 4

Synthesis of Novel Polymer Ligands Using the Fries Rearrangement

Introduction

The Fries rearrangement is the acid-catalyzed conversion of a phenolic
ester into a hydroxyketone. In the early 1900s, Fries observed the rearrangement
of phenolic esters of chloroacetic acid to o0- and p-chloro écetylphenols by using

aluminum chioride.'®'%” There were publications'®1%110

preceding those of
Fries that reported the rearrangement of phenolic esters under thé influence of
Lewis acids. However, it was Fries who first recognized that this rearrangement
represents a general reaction.

Since the discovery of this reaction, numerous experimental studies
have been established in order to understand the mechanism of the Fries
rearrangement. Nevertheless, the mechanism has not been completely solved
and many attempts to solve the mechanism have resuited in considerable
amounts of data, among which there are some contradictions and a fair amount
of speculation about the mechanism.

The Fries rearrangement can be conducted thermally in the presence of a
Lewis acid catalyst or photochemically'!! by irradiation with UV light. Among the

many Lewis acids, including AICk'"?, TiCl,'*®, SnCi,'"*and ZnCl,'"®, the most

common acid catalyst used is aluminum chioride. In addition, HF''®, HsPO "7,
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AICIs*NaCl "® and BF3''?are also found to show catalytic activity. Specific

catalysts such as a zeolite'® and a sulfonated cation exchange resin'®! also
have been reported.

The issue of whether the mechanism of the Fries reaction is
intermolecular or intramolecular has been argued for a long time. Skraup'? and
Cox'2assumed the Fries reaction to involve an intermolecular process in which

an acyl chioride [7] is formed from the ester as an intermediate.

OCOCH 3 0AICl, 0AIC1,

@ N, @ +m3m_.@
[1] COCH 3

Auwers'?* proposed that the course of the reaction is intramolecular by
the fact that a Fries reaction does not lead to the same products as those formed
in a Friedel-Crafts acylation. Friedel-Crafts acylations, which are absolutely
intermolecular reactions, generally give more para- than ortho-acylphenols.
However, the contrasting fact that the Fries rearrangement can lead to large
amounts of the ortho-acyiphenol suggests the Fries reaction is more
intramolecular.

The current proposal for the mechanism of the Fries reaction involves

both inter-and intra-molecular paths.'® Para-rearrangement is thought to be an
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intermolecular reaction with the intermediate of the polarized coordination

complex of the phenolic ester [2] or the oxocarbonium ion [3 1%

R
+CO -... AICl3-
Q OAIC! 3-
_— +
2] 3]

Ortho-rearrangement is thought to proceed by an intramolecular path
wherein the intermediate is the polarized coordination complex of the ester and
aluminum chloride.'®'?" Decisive evidence is furnished by the experiments of
Baltzly.'*” m- Cresyi acetate was made to rearrange in nitrobenzene containing
diphenyl ether in two sets of experiments: one with equal amount of reactants
and the other with the same amount of reactants in 5 times more nitrobenzene.
The five-fold diluted reactant mixture resulted in a decrease in the yield of para-
hydroxy ketone from 27% to 6.5%, and acylated diphenyl ether from 20% to
2~5%. In contrast, the yield of ortho-hydroxy ketone was maintained, and in fact,
even slightly increased from 46% to 51%. The fact that only the para- product but
not the ortho-product was affected by dilution shows that para-rearrangement
and acylation of ether are intermolecular. It appears that ortho-rearrangement

proceeds by the intramolecular mechanism.
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Fries reactions typically give rise to mixtures of ortho- and para-
substituted products. The proportion of ortho- and para- products is affected by a
number of factors such as the structure of the phenolic ester, ' reaction
temperature, 122 solvents '™ and the amount of catalyst."®' In the Fries
reaction carried out at higher temperature, the yield of ortho-acetoxy ketone is
greater than at lower temperature when other conditions are equal. '2'% As
additional supporting evidence, 4-hydroxy-2-methylacetophenone (the para-
isomer) is found to convert into the ortho-isomer when it is heated at 170°C with
aluminum chloride. 2 This trend with temperature is certainly not true for all
solvents. Rearrangement of phenyl acetate with aluminum chloride at 80°C
gives an ortho-Ipara-product ratio of 0.64 in nitrobenzene, 2.4 in ethylene
dichloride and 13.0 in petroleum ether. '* This illustrates that the polarity of
solvent influences the ortho-/para- ratio in the Fries reaction, and more of the
para- product is formed in solvents of greater polarity. Ogata attributes the effect
of solvent on the ortho-Ipara- ratio to steric hindrance by solvation.”® In less
polar solvents in which solvation is difficult, rearrangement is predominantly
intramolecular, giving the ortho-products. In more polar solvents where solvation
is easy, the acylium ion is well solvated and attacks the least sterically hindéred
para- position.

The concentration of catalyst is another feature affecting the reaction rate

and product distribution in the Fries reaction. It is known that the rate of

disappearance of the ester increases with increasing catalyst concentration until
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the molar ratio of catalyst to ester is 2.0 and levels off beyond this ratio.'*! This is
attributed to repulsion of the positive charges on the adjacent carbon and the
oxygen atoms in the 2:1 complex of aluminum to ester [4]. This ratio also yields
much more of the para- than the ortho-products because the ortho-position is

sterically hindered with the bulky aluminum complex.

P LT
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The purpose of this research is the synthesis of poly(acyl
hydroxystyrene) by the Fries rearrangement of poly (4-acetoxystyrene) for
application to metal ion separations. The Fries-rearranged product, poly(acyl
hydroxystyrene), is further phosphorylated. As another set of resins for the metal
ion study, the poly (4-acetoxystyrene) is hydrolyzed to give poly(hydroxystyrene),
which is then further phosphorylated. The two types of poly(hydroxystyrene)
resins are studied with Cs* in 0.1N and 1N NaOH solutions and the other two
phosphorylated poly(hydroxystyrene) resins are studied with Cu**, Pb** and Cd**

in 0.1N HNO3 solutions.
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Experimental
1. Resin Preparations

The experimental procedures of the polymerization and the
functionalizations are described below and more detail will be given in Chapter 5.

The reactions are illustrated in Figure 4.1 and 4.2.

Poly(4-acetoxystyrene)

Poly(4-acetoxystyrene) was prepared by suspension polymerization. The
organic phase containing 4-acetoxystyrene, DVB (2 wt%) and BPO was
combined with an aqueous phase containing poly(vinylalcohol), calcium chloride
and distilled water and heated. The polymer was washed with distilled water and
acetone and soxhlet extracted with toluene. The polymer beads were oven-dried

to remove moisture and sieved.

Fries Rearrangement of Poly(4-acetoxystyrene) :PAHS

Method 1 : The completely dried poly(4-acetoxystyrene) beads were
swelled in carbon disulfide for 3 hours and refluxed at 50°C with aluminum
chloride. After reflux, a solution of HCl and water(1:1) were added slowly to
break the aluminum complex. The Fries-rearranged beads were washed with
water and acetone, soxhlet extracted with dioxane and dried in a 110°C oven.
The beads were characterized by phenolic acid capacity and infrared

spectroscopy.
82
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Method 2 : Dried poly(4-aceto$<ystyrene) beads were swelled in dry 1.5M
AlCls-nitrobenzene solution for 2 hours and nitrogen purged for 30 minutes to
make sure all the moisture had been removed. After 45 hours of reflux at 70°C,
HCl/water(1:1) was added to the beads to break the aluminum complex and
washed with ethanol, distilied water, acetone and methylene chioride. The beads
were dried in the oven and characterized by phenolic acid capacity and infrared

spectroscopy.

Phosphorylation of Poly{acylhydroxystyrene) : PPA_I_-I§

The Fries rearrangement product, poly(acylhydroxystyrene), was swelled
in a solution of anhydrous THF and triethylamine for 1 hour. A solution of
anhydrous THF and diethylchlorophosphate was then added over 5 minutes into
the swelled beads while cooling in an ice bath. The reaction was performed in an
ige bath for 2 hours and at room temperature for 24 hours. The product was
washed with dioxane, 2% NaOH, water, ethanol and acetone and dried in the
oven.

The phosphonate ester groups of the product were hydrolyzed to
phosphonic acid groups by the reaction with trimethylsilyloromide in chloroform at
room temperature for 24 hours. The reaction is illustrated in Figure 4.1. The
products before and after hydrolysis were characterized by percent solid,

phosphorus capacity and acid capacity.
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Polyhydroxystyrene : PHS

Dried poly(4-acetoxystyrene) beads ( 1‘09) were refluxed with 200 ml
ammonium hydroxide (29.7% assay) at 85°C for 7hours and washed with water
two times. Ammonium hydroxide (200 mi) was added to the washed beads and
refluxed at 85°C for 17 hours. After reflux, the beads were washed with water
three times. The same procedure was repeated one more time and the beads
were conditioned with 1L of water, 1N NaOH, water, 1N HCI and water until
neutral. The beads were characterized by phenolic acid capacity and infrared

spectroscopy.

Phosphorylation of polyhydroxystyrene : PPHS

The phosphorylation of poly(hydroxystyrene) was performed in an
identical manner as the phosphorylation of poly(acyhydroxystyrene). The
phosphonate ester and phosphonic acid products were characterized by percent '

solid, phosphorus capacity, phenolic acid capacity and infrared spectroscopy.

2. Metal ion studies

Metal ion solutions of Cu(NOz)2, Pb(NO3). and Cd(NO3)2 in 0.1N HNO3
and Eu(NOs)z in 1N HNO3 solutions were prepared. CsNOs was also prepared in
0.1 and 1 N NaOH solutions. An amount of resins corresponding to 0.5
milliequivalent of functional group (phenolic acid capacity for hydroxystyrene

resins and phosphorus capacity for phosphorylated hydroxystyrene resins) were
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weighed and solvent exchanged with blank solutions. The resins were contacted
with 10 mi of 10 N metal ion solutions for 24 hours and the remaining amounts
of metal ion in the solutions were measured by atbmic spectrometer. The results
were reported in terms of % M™ complexed and distribution coefficient (D).

The poly(hydroxystyrene) (PHS) and poly(acylhydroxystyrene) (PAHS)
resins were studied with Cs*in 0.1 and 1 N NaOH solutions. Phosphorylated
poly(hydroxystyrene) (PPHS) and poly(acylhydroxystyrene) (PPAHS) resins were

contacted with Cu?*, Pb?*, Cd** and Eu®".

Results and Discussion
1. Synthesis and Characterization
Fries Rearrangement

The Fries reaction of poly(4-acetoxystyrene) should always be an ortho
acyl migration because the para position is blocked in the polymeric structure
(Figure 4.1). The Fries reaction was carried out in two different experimental
procedures. In method 1, AlClsis added to the polymer in CS,. Since the Fries
reaction is very sensitive to moisture, in method 2, the1.5 M AICls -nitrobenzene
solution was prepared and dried over molecular sieves overnight to exclude any
moisture before the reaction.

The degree of acyl transfer in the Fries rearrangement was measured by
the phenolic acid capacity. According to the resuits in Table 4.1, method 1 turned

out to be not as successful as method 2. Except for the first two resins (MH-2-
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217and -274), the other three Fries reactions with various bead sizes and
reaction times were not successful and their experimental acid capacities were
far from the theoretical value. For the purpose of completing the Fries reaction,
the partially Fries rearranged polymers were re-reacted with AlClzand excellent
phenolic acid capacities were achieved as shown in Table 4.2.

Evidence for the Fries reaction was obtained from infrared spectroscopy.
Reaction progress can be easily followed by the disappearance of the ester peak
(~1750cm™") and the appearance of the ketone peak (1650~1690 cm™) in the IR
spectra. The products from method 2 show much larger peaks of ketone than
ester. The IR's of MH-088 and -091, which are the second Fries reaction

products, indicate almost 100% completion of the reaction (Fig. 4.3 — 4.6).

Phosphorylation of poly(acylhydroxystyrene)

The Fries rearranged poly(acylhydroxystyrene) was phosphorylated to
phosphonate ester (PPAHS(E)) and hydrolyzed to phosphonic acid (PPAHA(A))
(Figure 4.1). The characterization results are summarized in Table 4.3 and 4.4.
The theoretical phosphorus capacity of the PPAHS(E) was calculated based on
the precursor's (PAHS) experimental phenolic acid capacity. After complete
phosphorylation of the hydroxy groups in PAHS, the phenolic acid capacity of
PPAHS(E) should be zero. The phosphorus capacity of MH-2-278 showed the
phosphorylation was successful. However, its phenolic acid capacity was 3.19

milliegivalent/g. This unusually high phenolic acid capacity is thought to occur
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because the precursor of MH-2-278, MH-2-274, is actually partially Fries-
rearranged and many of the unrearranged acetoxy groups still remain. The
acetoxy groups may be hydrolyzed during the phosphorylation reaction. This is
ilflustrated in Figure 4.1. This assumption can also be supported by the
characterization results of PAHS(A) (Table 4.4).

The phenolic acid and regular acid capacities are meant to be different
(regular acid capacity is for the characterization of phosphonic acid groups and
the phenolic acid capacity is for the hydroxy group in the styrene). However, the
experimental phenolic acid and regular acid capacity of the PPAHS(A) resin
showed the same value. It seems that either acid capacity includes both the
phenolic and phosphonic acid capacities together. After compietion of the
hydrolysis of the ester groups, the acid capacity of the phosphonic acid group
should be double the phosphorus capacity, but the acid capacity of PPASA(A)
showed a higher value than expected. This higher acid capacity is thought to

come from the hydrolyzed acetoxy groups in polymer.

Poly(hydroxystyrene) and phosphorylation

The properties of poly(hydroxystyrene) prepared by hydrolysis of poly(4-
acetoxystyrene) (Figure 4.2) and the phosphorylated poly(hydroxystyrene) are
reported in Table 4.5. Successful hydrolysis (82% functionalized) from poly(4-
acetoxystyrene) to poly(hydroxystyrene) was accomplished according to the

phenolic acid capacity of PHS resin. The low phenolic acid capacity (0.83

97



[eonalosy)

(pioe)eusifsAxoipAyAjod pejejAioydsoyd : , (Y)SHAd
(Jeys@)ouaifisAxoipAyAiod pejejfioydsoyd : q (3)SHdd
suaifysAxospAyAod : , SHd

(68°€) 8L¥ (8L2) /6L 02'9C 080-¢-HW » (V)SHdd
(v0€) 16°€ (0) €80 - 920-¢-HI q (3)SHdd
- o(88°2) 6¥'9 GG 0 8€0-€-HW e SHd
[>.]
(=)
(6/Atnbawi) (6/AINbaw) |
Ayoedes snioydsoyd Ayoedes pioe ojjousayd plj0sY, uiIsay

auaifysAxoipAyhjod pajejfioydosyd pue suaihysAxoipAyhiod jo uojjezuajoeieyn
S’y slqelL




mequiv/g) of phosphorylated poly(hydroxystyrene) (PPHS(E)) indicates almost

completed phosphorylation of the hydroxy groups. The phosphorus capacity was
in good agreement with the theoretical value. The hydrolyzed PPHS(A) also

showed good phosphorus and acid capacities.

2. Metal ion studies

A large amount of radioactive Cs* produced from nuclear processing has
been stored in huge tanks for a long time. Thus, the removal of Cs* from water is
important and the proper polymeric ligands for the complexation with Cs* needs
to be studied.

The poly(hydroxystyrene) (PHS) and poly(acylhydroxystyrene) (PAHS)
resins were contacted with Cs* in 0.1 and 1N NaOH and the results are
summarized in Table 4.6. The PHS showed higher complexing ability than
PAHS in 1N NaOH, but neither of the two polymers shows good complexation
with Cs*. Compared to the PHS resin, PAHS (MH-274) showed low
complexation ability. The acyl groups adjacent to the hydroxyl groups in PAHS
do not seem to help the complexation of hydroxyl groups with Cs”.

The phosphorylated poly(acylhydroxystyrene) (Table 4.7) and
poly(hydroxystyrene) (Table 4.8) were also contacted with Cu?*, Pb ?* and Cd?".
The PPHS(A) shows better complexation with all metal ions than PPAHS(A). Due
to the low degree of functionalization of PPAHS(A) resin, the D values of

PPAHS(A) were very low even with the comparatively good % M complexed.
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Conclusion

A series of experiments have been performed in order to achieve the
Fries rearrangement on the polymer. Unlike in small molecule analogues, the
Fries reaction in the polymeric system is affected by many factors including
polymer particle size, rigidity of polymer matrix, solvent and so on. The complete
removal of moisture from the reaction and the proper selection of solvent are
crucial in the Fries rearrangement. Further metal ion studies using the

completely Fries-rearranged PAHS need to be done in the future.
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CHAPTER 5

EXPERIMENTAL PROCEDURES

Copolymer Synthesis
Every copolymer was synthesized by suspension polymerization with
2%DVB crosslinking and was microporous (gel). All chemicals are reagent grade

from Aldrich unless otherwise noted.

Poly(vinylbenzyl chloride) (VBC)

The organic phase was prepared by thoroughly mixing 286.09g VBC,
11.1g DVB (55.4% purity) and 3g benzoyl peroxide(BPO). This solution was
sparged with nitrogen for five minutes to remove dissolved oxygen. The aqueous
_phase was prepared by dissolving 1.44g pharmagel and 158.25g distilled water.
Once dissolved, a solution containing 17.85g poly(diallyldimethylammonium
chloride) (PADMAC) in 316.5g distilled water was added and mixed thoroughly.
The pH was adjusted to 10.3 using 50% NaOH and the aqueous solution was
sparged with nitrogen for 10 minutes. The aqueous phase was transferred to a
1000ml round bottom flask which was equipped with a condenser, nitrogen inlet,
thermometer with therm-o-watch (a temperature control device) and overhead
stir apparatus. The height of the stir blade was adjusted so the top edge was just

above the organic layer. The stir motor was started from low stir speed and
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increased to the proper speed for proper bead size (stir speed of 390 rpm for

beads that sieve between 40 and 60 mesh screens). The stir motor was then
turned off for one minute, the bead size was visually inspected and the stir speed
adjusted accordingly. This "on/off" cycle was repeated two additional times. The
reaction was heated to 80°C over a period of two hours corresponding to an
increase of 7°C every 15 minutes. The reaction was further heated at 80°C for 10
hours. In order to finish-off the polymerization, approximately 100ml of distilled
water was added and the mixture was allowed to reflux with stirring for two hours.
Once cooled, the solution was removed using a glass frit filter tube. The beads
were washed with 10* N HCI while stirring for 15 minutes and then washed with
water three more times. The beads were Blichner dried, soxhlet extracted with
toluene for 17 hours, placed in a drying dish, and allowed to air dry prior to

sieving.

Poly(vinylbenzylchloride-co-styrene) (VBCI/STY, 0.18/0.82)

The 2% cross-linked VBC/STY beads were prepared in a manner
identical to that of VBC described above. In the organic phase, 69.66g VBC and
216.56g styrene were added instead of VBC. The rest of the procedure was

performed as with the VBC gel.

105



Poly(vinylbenzylchloride-co-methyl methacrylate) (VBC/MMA, 0.18/0.82)

The 2% cross-linked VBC/MMA beads were prepared the same way as
VBC except for the organic phase : 71.71g VBC and 216.6g MMA were added as

monomers with DVB and BPO in the organic phase.

Poly(4-acetoxystyrene)

The 2% crosslinked acetoxystyrene beads were prepared in a manner
identical to that of the VBC with the following exceptions. (This is for the
preparation of 10g of beads). In an aqueous phase, 0.42g polyvinylalcohol(PVA),
6.67g CaCl,2H,0 and 26.679 distilled water were added. The organic phase
contained 9.5g 4-acetoxystyrene, 0.2g DVB and 0.3g BPO. The reaction was

heated at 60 °C for 30 minutes, 70 °C for 30 minutes, 80 °C for 1 hour and 85°C

for 12 hours. The reaction as further heated at 100°C for 2 hours.

Poly(glycidyl methacrylate) (GMA)

The 2% cross-linked GMA polymer was prepared in a manner identical to
| that of the VBC with the following exceptions. 19.51g GMA, 0.42g DVB and
0.16g AIBN (azobisisobutyronitrile) were added in the organic phase and 0.45g
PVA (polyvinylalcohol), 4.2g NaCl and 92.5¢ of distilled water were used in the
aqueous phase. The reaction was heated at 50°C for 30 minutes, 60°C for 30

minutes, 70°C for an hour and 80°C for one hour. The reaction was continued at

90°C for 5 hours.
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Functionalization of Copolymers

Gabriel Synthesis (primary amine resins)

VBC beads (8 g, 0.052 mol) were swelled in 80 ml of dimethylformamide
(DMF) overnight. Next day, 40g (0.216 mol) of potassium phthalimide in 320 ml
DMF was added into the swelled beads in a three neck flask fitted with an
overhead stirrer, condenser and thermometer. The reaction was heated at 80°C
for 17 hours. The solution was removed from the reactor and the beads were
stirred with approximately 300ml of distilled water. The solution was removed and
washed with water two more times to make sure all the phthalimide dissolved.
The beads were solvent exchanged with methanol four tihes, biichner dried,
transferred into a flask with 100ml methanol, and 20ml of hydrazine with 4ml
distilled water was added. After refluxing at 65°C for 17 hours, the beads were
washed with distilled water four times and 200ml conc. HCI added for the
hydrolysis. The hydrolysis was carried out at 90°C for 17 hours and the HCI
solution was removed by a glass frit filter tube. The beads were stirred with

300m! 2N NaOH for 2 hours and washed with water four times.

Amine resins
(EDA, DETA,TEPA and PEHA from VBC, VBC/STY and VBC/MMA)
All amine resins were prepared identically. A ten fold stoichiometric

excess of the appropriate amine relative to VBC copolymer was used in each
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synthesis. In one example,10g (0.063mol) VBC gel was weighed into a three

neck round bottom flask fitted with an overhead stirrer, condenser and stopper.
A solution of 40mi (0.6mol) ethylenediamine in 150ml dioxane was added to the
flask and the mixture was heated at reflux for 17 hours. Once cooled, the solution
was removed by a glass frit filter tube and washed with a dioxane:water (1:1)
solution twice and with distilled water twice. The beads were then conditioned

with 1L of water, 1N HCI, water, 1N NaOH and water until neutral.

Phosphorylation of Amine Resins

All phosphorylations of the amine resins were performed in an identical
manner. In one example, 4.25g (0.017 mol) of beads are weighed into a three
neck round bottom flask fitted with an overhead stirrer, condenser and
thermometer. 12ml (0.15mol) formaldehyde(37% in water), 8 g (0.098 mol)
HsPOs and 40 ml 20% HCI solution were added into the flask and heated at 90°C
for 17 hours. The beads were washed four times with water and conditioned with

1L water, 1N NaOH, water, 1N HCI and water until neutral.

Arbuzov Reaction (phosphonic acid resins)

This is the reaction of VBC, VBC/STY or VBC/MMA gel beads to give the
phosphonate ester ligand followed by hydrolysis to the phosphonic acid. 20 g of
dry VBC resin was weighed into a 500 ml three neck round bottom flask

equipped with an overhead stirrer, condenser and stopper. Approximately 300mi
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triisipropy! phosphite was added and the mixture was refluxed for 17 hours. The

excess phosphite solution was removed and 300 ml of concentrate HC! was
added followed by reflux for 24 hours. The beads were washed with water four
times and conditioned with 1L water, 1N NaOH, water, 1NHCI| and water until

neutral.

GMA Polymer with Nitrogen-containing compounds

The reactions of GMA polymer with p-nitrophenol, sodium p-
nitrophenoxide, aniline and ethylenediamine were carried out in an identical
manner. The reaction with p-nitrophenol was performed as follow. 0.28g (1.92
mmol) GMA polymer, 1.33g (8.57 mmol) p-nitrophenol and 10g H.O were
weighed into a flask equipped with an overhead stirrer, condenser and
thermometer. Two reaction sets were prepared for each compound. One set was
at room temperature with only stirring and the other set was heated at 80°C for
17 hours. The products were washed with methanol four times, oven dried, and

characterized by IR and nitrogen capacity.

Phosphorylation of aniline and ethylenediamine/GMA polymers

The phosphorylations of GMA amine resins were carried in the same way
as that of the VBC amine resins in Chapter 2. The reactions were carried out at

two reaction temperatures:one at room temperature and the other with heating to
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90 on the variac. The products were characterized by nitrogen capacity and

phosphorus capacity.

Mannich Reactions

Mannich reactions of primary amine VBC resins were performed with
diethylmalonate (DEM), tetraisopropylmethylene diphosphonate (TIPP), triethyl
phosphonoacetate(TEPAc) and phosphorus acid(PhA) in identical procedures.
The reaction of DEM was carried out as follows. The primary amine VBC resin
(0.5 g, 2.202 mmol), 1.42g (17.6 mmol) formaldehyde (37% aqueous solution)
and 2.82g (17.6 mmol) diethylmalonate were weighed into a vial. The reactions
with varying H.SOy, reaction time and reaction temperature were heated in an oil
bath. The products were washed with acetone twice and distilled water twice and
dried in a 110°C oven. The beads were characterized by nitrogen capacity and

IR.

Fries Rearrangement of Poly(4-acetoxy styrene)

Method 1 : 5 g ( 0.029 mol) oven dried poly(4-acetoxystyrene) beads were
swelled in 50 ml CS; for 3 hours. 20g (0.145 mol) AICl; was added into the flask
containing the swelled beads and equipped with an overhead stirrer, condenser
and thermometer. The mixture was heated at reflux for 17 hours. After the
reaction was cooled, 80 ml of HCI/H20(1:1) solution was very slowly added into

the product to break the aluminum complex (very exothermic). The product was
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washed with distilled water twice and with acetone twice. The beads were soxhlet

extracted with dioxane for 10 hours and dried at room temperature. The products
were characterized by phenolic acid capacity and IR.

Method 2 : Oven dried poly(4-acetoxystyrene) beads (4.76 g, 0.028 mol) were
swelled in 90 ml (0.14 mol) 1.5 M AICls-nitrobenzene solution for 2 hours. The
mixture was swept with nitrogen for 30 minutes and reﬂuxed at 70°C for 45 hours
with a drying tube attached to the end of the condenser. After the reaction was
cooled, 80 ml of HCI/H20(1:1) solution was very slowly added to the flask to
break the aluminum complex (very exothermic). The products were washed twice
with ethanol, then distilled water, acetone and methylene chloride and dried in

the oven. The products were characterized using IR and phenolic acid capacity.

Poly(hydroxystyrene): PHS

Poly(hydroxystyrene) was obtained by the hydrolysis of poly(4-acetoxy
styrene). 10 g poly(4-acetoxystyrene) was added to a flask containing 200 ml
NH4OH (29.7% assay) and the mixture was heated at 85°C for 7 hours. The
solution was pulled off and the beads were washed twice with distilled water,
followed by the addition of 200 ml NH4OH and reflux at 85°C for 17 hours. The
solution was pulled off and the beads were washed with distilled water three
times. These two steps were repeated one more time. The beads were washed

with distilled water and conditioned with 1 L water, 1N NaOH, water, 1IN HCI and
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water until neutral. The products were characterized with the phenolic acid

capacity and IR.

Phosphorylation of Poly(acylhydroxystyrene) or Poly(hydroxystyrene)

The phosphorylation methods of the two polymers are identical. The
hydroxy group is converted to phosphonate ester and hydrolyzed to phosphonic
acid. The reaction procedure from PHS to PPHS is described below.

Poly(hydroxystyrene) 2g was swelled in 49.3ml anhydrous THF and 23 ml
dry triethylamine in a three-neck round bottom flask for 2 hours. The swelled
beads were swept with nitrogen for 30 minutes and the flask fitted with an
overhead stirrer, condenser and addition funnel. A solution of 16 ml anhydrous
THF and 13.2 ml diethylchlorophosphate was added to the addition funnel. The
solution in the addition funnel was dropped into the flask over 5 minutes with
stirring while the flask set in an ice bath. The mixture was held in the ice bath
with constant stirring for 2 hours. The ice bath was removed and the reaction was
continued at room temperature for 24 hours. The solution was pulled off and the
beads were then washed with dioxane twice and 2% NaOH, distilled water,
ethanol and acetone each time. The beads were oven dried prior to hydrolysis.
The oven dried phosphorylated poly(hydroxystyrene) ester (PPHS(E)) (3g) was
swelled in 110ml chloroform for 1 hour and nitrogen swept for 30 minutes. 13ml
trimethylsilyl bromide was quickly added into the mixture and nitrogen introduced

for 15 minutes with continuous stirring. The nitrogen inlets in the flask were then
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replaced by stoppers and the mixture was kept stirring for 22 hours at room
temperature. The solution was pulied off from the reaction and the beads were
then washed with acetone twice and distilled water twice. The product was

characterized by the phenolic acid capacity, phosphorus capacity and IR.

Characterization Method

Percent Solids
An oven dried vial was accurately weighed on the analytical balance. Wet
resin was biichner dried at 720 mmHg for 5 minutes and accurately weighed into
the vial. The resin was dried in a 110°C oven for 17 hours. The resin was cooled
in a desiccator then weighed and the weight of the dried resin obtained.
dry wt. of sample

% solid = X 100
wet wt. of sample

Nitrogen Capacity

A sample of oven dried resins (0.2-0.3g) was accurately weighed into a
500ml three neck round bottom flask equipped with a long jacket condenser and
two stoppers. 0.25g CuSO,, 10g K2S0O4 and 25 ml conc. H2SO4 were added to
the flask with some boiling chips. The mixture was heated gently (variac at 50)

with a heating mantle for one hour and the heat was increased to 85 on the
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Phosphorus Capacity

A 0.020 to 0.025g sample of oven dried resin was accurately weighed
into a 125 ml Erlnmeyer flask. 400uL 0.5M CuSO, and 10ml conc. HSO4 were
added and the mixture was heated on a hot plate setting at 5 for two hours. The
mixture was cooled to room temperature at which time 75ml H,O and 2.0g
K>S,05 were added. The mixture was heated for another two hours on the hot
plate setting at 3. The solution was cooled and 50% NaOH solution was added
slowly with stirring until it turned light brown. A 2% H,SO, solution was added
until the solution was clear again and checked with pH paper to ensure the
neutrality of the solution. The solution was transferred quantitatively to a 100 ml
volumetric flask and diluted to the mark with distilled water. A 25 ml aliquot was
transferred to a 50 ml volumetric flask to which 10 ml vanadate-molybdate
solution was added. The solution was diluted to the mark with distilled water and
allowed to develop for 15 minutes showing a yellow color. The absorbance was
measured on a Baush and Lomb Spectronic 21 which was zeroed at 470 nm with
a blank solution containing vanadate-molybdate solution. An absorbance and
concentration curve was generated using KsHPO, standard and the slope and y-
intercept of the line were calculated. The phosphorus capacity was calculated
using the equation :

(absorbance) - (y-intercept)
mgP =

(slope)
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4 (mg P)

phosphorus capacity (mequiv/g) =
(30.974 mg/ meqiv) (g dry resin)

Regular Acid Capacity

A 1.0 to 1.5g sample of Blichner dried resin was accurately weighed into
a 250 ml Erlenmeyer flask with a ground glass stopper. 200.0 ml of 0.1 N NaOH
standard solution was pipetted into the flask with a stir bar. The mixture was
stoppered and stirred on a multipoint stirplate at 350rpm for 17 hours. Two 50.0
ml samples were withdrawn and titrated with 0.1 N HCI standard solution with

phenolphthalein indicator. The acid capacity was calculated using the equation:

(ml NaOH) (N NaOH) - 4 (ml HCI) (N HCI)

acid capacity (mequiv/g) =
g dry resin

Phenolic Acid Capacity

A 0.5g of Buichner dried resin was accurately weighed into a 250 ml of
round bottom flask. 25ml 1N NaOH standard solution was pipetted into the flask
and total weight of the flask containing resin and solution was recorded. The
flask was set in a rotary evaporator and all solvent was evaporated off. The flask

was placed on a balance and water was added to the weight of the original
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solution. A 10ml aliquot was withdrawn and titrated with 0.1N HCIl standardized

solution. The phenolic acid capacity was calculated using the equation:

(25 ml NaOH) (N NaOH) - 2.5 (mI HCI) (N HCI)

Phenolic Acid Capacity =
(mequiv/g) g dry resin

Chlorine Capacity

A oven dried sample of 0.05- 0.8 g was accurately weighed into a metal
capsule of the Parr-Bomb and an amount of mineral oil was added so the total
weight of resin and oil was approximately 0.8g. 5 ml 5% Na,COs; was added to
the bomb cylinder and swirled to ensure complete wetting of the inside surface.
The capsule was placed in a capsule holder and a 10 cm nickel alloy fuse wire
was threaded through the bomb stem holes to make a loop. The bottom of the
wire was allowed to touch the sample-oil mixture without touching the capsule.
The capsule assembly was then placed into the cylinder while keeping the
bleeder open. A security cap was then screwed on the cylinder. The bleeder was
closed and attached to the oxygen tank with high pressure tubing. The bomb was
filled with oxygen to a pressure of 30 atm and was then degassed with the
bleeder. This step was repeated twice to remove any trace of gases other than
oxygen. The bomb was filled with oxygen again and connected to a bomb ignition
unit. After the connection, the bomb was then placed in a water bath and ignited.

The bomb was held in the water bath for 15 minutes then removed and dried.
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The pressure of the bomb was released by opening the bleeder very slowly. The
solution was quantitatively transferred to a 400 mi beaker. The inside of the
cylinder was then washed into the beaker with nanopure water. The solution in
the beaker was then filtered into a 250 ml volumetric flask and diluted to the mark
with nanopure water. Two 25 ml aliquots were transferred to 125mi Erlenmeyer
flasks and 3 ml 3M HNO; added to neutralize the carbonate. 10 ml 0.0500 N
AgNO; was added to each aliquot and another two clean 125ml Erlnmeyer flasks
(for standardization of the NH4;SCN). The flask containing aliquots were then
placed on a hot plate and allowed to come to a boil to coagulate the precipitate.
The solution was then cooled to room temperature in a dark place, filtered and
washed with a small amount of 0.01N HNO3 into clean 125 ml Erinmeyer flasks.
The filtrate was titrated with standard NHsSCN solution using 3 ml FeNH4(SO4)2
solution as an indicator. The blank containing AQNO; was titrated also to

standardize the NH4SCN. The chlorine capacity was calculated in mequiv/g.

Chlorine capacity (mequiv/g)

10 [(ml AgNO3) (N AgNO3) - (ml NH4SCN) (N NHsSCN)]

g dry resin
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Infrared Spectroscopy

IR spectra were obtained using a Bomen MB100 FT-IR spectrometer. An
oven dried polymer sample was ground to a fine powder with KBr at a polymer :

KBr ratio of 1 : § and the sample was pressed into a pellet.

Metal ion Studies

An amount of resin (one mequiv. of functional group) was weighed into a
vial and solvent exchanged four times with a solutions at the pH to be studied.
The resin was contacted with 10™* N metal ion solution for 24 hours and the
solution was filtered. All metal ion solutions were analyzed using a Perkin-Elmer
3100 atomic absorption/emission spectrometer. The parameters used in

spectroscopy are listed in table 5.1.

119



Table 5.1

Atomic Absorption (AA) / Emission (AE) Spectroscopy Parameters

Metals mode wavelength flame

cu® AA 324.7 nm air/acetylene
Pb? AA 283.3 nm air/acetylene
cd* AA 228.8 nm air/acetylene
cr* AA 357.9 nm air/acetylene
Co* AA 240.7 nm air/acetylene
Eu®* AE 459.4 nm N,O/acetylene
Cs* AE 852.1 nm N2Of/acetylene
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Table 6.4

Standard Sieve Sizes

Sieve Number Diameter of Bead (mm)
20 0.84
40 0.425
60 0.250
80 0.180
100 0.150
200 0.075

325 0.045
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