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Chronology of the Research Project

The original aim of this research project was to study
3

.

ways in which the properties of polyvinylpyridines could be

modified to improve their usefulness through enhanced

-

reactivity or compatibility with other polymers. All of
our initial efforts were directed towards the chemical
]

modification of polyvinvlipyridines, both soluble and

- =L

crosslinked matexials, through a series of reactions

adapted from model compounds. These approaches met only
-

with very limited success and were eventually abandonned as

work in the area of compatibilization of vinvlpvridine

centaining polymers reached fruitiocn. As & result this
‘thesis will focus mainly on the compatibilization study
(paxt 1) while our -dinitial effort to functionalize

polyvinylpyridines is reported in part 2.
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Abstract

Evdrogen-bonding interactidns have been ﬁseq to
compatibilize polystyrene with poly (4-hydroxystvrene) by
introducing 4-vinylpyridine wunits into polystvrene.
Similarly, polystyrene has been compatibilized with poly dJ4-
vinylpyridine) by introducing first 4-hydroxys£yrene and
second 4-vinvlbenzcoic acid uwnits into polystyrene.
Differential scanning calorimetry and FTIR spectroscopy were
used'to study the compatibility of the different svstems.
The lowest degree of polystyrene modification which is.
neceééary in order tec achieve compatibilization with poly (4-
hyvdroxystyrene) and poly (4 vinvipvridine) has been
estimated. Hence, it has been found that at least a 30 mol §
cf 4-vinvlpyridine or 4-hydroxystvrene units has to be
introduced into polystvrene in order to achieve its
bompatibility over the entire range of composition with poly
(4-hydroxystvrene) or poly (4-vinyilpyridine) respectiv ely.
Lower polystyrene modifications lead to only partially

compatible systems.

It has been found also that at least 40 mol % of 4-
vinylbenzoic acid units have to be introduced into polystyrene

- in rder to achieve its compatibility with pely  (4-

o]

vinylpyridine). Introduction of 4-vinylbenzoic acid units
tead of 4-hydroxystyrene units into polystvrene did not

ve si gnlfiqantly its compatibility with poly (4-

<
H
Q..

vi ne). This is surprising in view of the higher
st:ength_of the hydrogen-bonding between 4-vinvlbenzoic acid
and 4-vinylipyridine units when compared to the strength of
the hydrogen-bonded complex ,of 4—hydrgxystyrene and 4-
vinylpyridine units. This has been attributed to the strong
5

elf-complexation of the 4-vinvlbenzoic acid units.
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It has been shown that the” Kwei equation is the most
appropriate to describe the dependence between glass-

transition temperature and composition for our systems.,

FTIR spectroscopy has been shown to be useful to monitor
the specific interactions in a polymer blend complexation
between 4-hvdroxystvrene units and 4-vinylpyridine units was
indicated by a new band at ca. 1327 cm~i. Compléxaticn
between 4-vinylbenzoic acid units and 4-vinvlpvridine units
was indicated pw new Dbands at ca. 2488 and 1937 em~l (0OH
greoups complexed to pyridvl groups) and at 1703 em~i- (COOH
groups complexed to pyvridyl groups).

Reversible covalent crosslinks have been used to
compatibilﬁze rolvstvrene with poly . (methvl acrvlate).
Hence, 4-vinylphenyl boronic acid units have been introduced
into both polyvmers. Melilt mixing of the modified vpolvmers
vield blends for which compatibility is attributed to co-
crosslinking through the dehydration of the boronic acid

units and formation of boronic anhydride linkages.

The second part of the thesis deals with several
attempts at the chemical modification of the soluble poly (4-
vinylpyridine) and poly (2-methyl-5-vinvlpvridine). It has
bee? found thatbSignificant amounts of new functionalities
cowld be introduced but the chemical modifications were
generally accompanied by side reactions, which diminished
considerably the usefulness of the final products. During
cur studies -on chemical modifications of poly (4-
vinvlpyridine), it was found that gquaternized 4-
vinylpyvridine-ethylene dimethacrylate copolvmers, unlike
their -free amine precursors, were extremely sensitive to
dilute alkali and diséolved to afford low molecular weight
by-products. A detailed study of the mechanism of this
unusual self-catalyzed reaction allowed us to propose that an
intramolecularly catalvzed process involwving attack of

pyridinium methide pseudo-bases onto neighboring ester groups
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s

is responsible for the cleavage of the ethvlene

dimethacrylate crosslinks. i



1.1. INTRODUCTION

1.1.1. Generalities

Extensive  research has been done in the  area of
polymer blends. The incentive Ifor such an extensive
research 1s_ the obtention of materials with useful
properéies through the mere mixing <¢f two po%yme:s. In
particular, the £inal properties of the blend will gr;atly
devend on its ?hysical state,~ that is, whether it is a
single-phase or a two-phase system. A single-phase system
will result if the twe polvmers arze nmiscible and it will
have uniform properties often reflecting on the influence

of each of its components. Cn the other hand, if two

polymers are immiscible there will be a segregation of one

of the components either as a dispersed or continuous

phase. The properties o

Hh

such a two-phase svstem will

I3

largely depend on the size and the shape of the dispersed
phase, as well as on the extent of adhesion or interaction

between the dispersed phase and the continuous matrix.

Both two-phase and single-phase svstems find important
applications. For instance, "impact polvstyvrene" is among
important commercial <two-phase blends. The initial

commercial. impact polyvstyrenes were melt blends of

-

o)

olvystvrene and rubber, but these had a pooxr rubber

1]

I_l

fficiency. However, when stvrene is polvmerized in situ

1



frgiﬂf/solution of styrene and rubber, a high impact blend

is obtained. It absorbs a large amount of energy before

’lure ¢an occur [1].

3
Poly(vinylchloride) - impact poly(methylmethacrylate)

blend: in this two-phase blend, impact polyv(methvl-
methacrylate) offers improved heat distortion temperatures,
while ©poly({vinylchloride)' allows flame retardant
temperatures. This blend is used in extruded_paneling,
seat backs for mass transit, machine housing, aircw¥aft
interior components, fume ducting and industrial wall

paneling'[Z, 37.

Bisphenol A polvcarbonate blended with ABS
(acrylonitrileQbutadiene—styreng copolyvmer) exhibits a high
notched impact strength due to  the bisphénol A
polyvcarbonate component and also shows imprevement of

resistance to environmental stress cracking due to the ABS

copolvmer of the blend. [2,3,4]

~Although & number of two<phase blends have found

commercial applications, it is advantageous to use single-

.
.

chase polymer blends rather than their <two-phase

K

counterparts as the Iformer offe numerous advantages.

————
Perhaps the most significant such advantage is that of
mechanical compatibilicy. In additien, it has been

5

observed that some miscible blends exhibit higher tensile

strengths than their constituents, as shown for the



blends of a copolymer of Oo-methylistyrene-
methacrylonitrile with poly(vinylchoride) [5] and for the
blends of poly(2,6~dimethyl-1,4-phenvlene oxide) and

polystyvrene [6}. K\

Miscible blends also offer advantages over immiscible
M

blends in fab;ication as they possess improved surface
characteristics and weld-line strengths. In practigal
applications, it is often necessary to mix additives such
as crosslinking agents, antiéxidants, and plasticizers to
polymers. In general a uniform distribution of these
additives through the polvmeric matrix is needed for
obtaining high performance, however, 1f the polymeric
mafrix is an immiscible blend the additives often show a
tendency to segregate preferentially in one “0f the two
phases of the system, this, in turan, may lower
significantly the performance of the blend (7]. However,
if the blend is miscible such additive segregaélon will not

QCccur.

Although miscible blends are usually superior o
others, they are also generally much more difficult to

obtain as most polvmers do not mix well. Thus, a review of

o

-

polvmer competibility covering the

I_l

iterature to 1571 found
that only 40 of 292 systems studied showed compatibility
[8]. Paul and Barlow in their review "Polymer-Polvmer

Miscipility" [8] gave a list of polymers which are miscible



oxide), nitroccellulose, rolvcaprolactone,
poly (methyvlacrylate), polyhvdroxvether of bis?henol-A, and
polvcarbonate of bisphenol 2A. Overall, only a total of
about 60 miscible systems were presented.

1.1.2 Polymer-Polymer Compatibility:

- Thermodynamic ‘Considerations

Consideration of the thermodyvnamics of polymer—polyﬁér
hixing provides a better understanding of the reason for
the incompatibility which -is observed for most polvmers
mixtures. According to the second laﬁ of thermodynamics,
the polvmers will mix if the Gibbs free energy of mixing,
AGmix i1s negative. The calculation of AGpix includes an

evaluation of the enthalpy of mixing, AHEpix, and the

entropy of mixing, ASpix-
AGmix = AEmix - TASpix (eq.l)

- The entropy of mixing differs for mixing two high molecular
weight polymers compared to two low molecylar weight
species, e.g., solvents. Physicallv, the difference is in

the number of ways the two tvypes of molecules can be

[

arranged in the mixture which can be easily visualized by a

—
~

simple pictorial “representaticn. igure 1 shows two-

l_l.

dimensional lattices with 100 sites in each that will
contain molecules or segments with volume Vr. The left

side of Figure 1 shows 50 molecules of solvent 1 (black
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Figure 1. Schematic illustration of the mixing of small molecules (left)
and larger polymer molecules (right) (ref. 9).



dots) and 50 molecules of solvent 2‘(0Qen dots), each
having volume Vy. Only one of the many possible
arrangements is shown, hoyever, there are approximately
1030 other possible arrangements. In the example of the
right, the 50 dots of each kind are connected into five
chains of 10 dots. There axre only 103 different
arrangements for this second system. Thus the
combinatorial entropy of mixing for polvmers is

dramatically less than that for the two low molecular

£

th

weight cempounds. At the limit, for very high molecular
weights, the combinatorial entropy of mixing is essentially
zero. The fact that for high molecular weight polyvmers the
contribution of ASpjix to the free energy of mixing process
is negligible explain why most polvmers will vield
immiscible systems unless AHpix < 0. AEpix will be

negative if exothermic interactions are present between the

mixed polymers.

Several theories have been developved to predict the
phase behaviour éf polymer-polymer systems. Certainly, the
simplest model for polvmer-polymer mixtures is the Flory-
Huggins theory (10} which was £first applied to polvmer
blends by Scott [11i]. The Flory-Huggins theorv assumes
that the polymer mclecule is composed of segments linked to

"~
each other by covalent bonds and that these segments axe
placed on a space-filling lattice in a random manner. The

number of cembinaticns of the positions of the two tvpes of



segments in the mixture gives rise to combinatorial -entropy

of mixing, ASmix. Scott obtained the following expression
for the entropy of mixing of two polvmers:

ASmix = - RV {Va In Vj + Vs 1n Vg] (eq. 2)
Vi XA . XB

ps

where V is the total volumey of the mixture, V» is a
reference volume which is taken as c¢lose to the molar
volume of the smailest polymer repeat unit as possible, Vi
and Vg are the volume fractions of polymer A and polymer 3B
in the mixture, respectively, Xa and Xz are the degree of
polymerization of polvmer A and polymer B in terms of the
reference volume Vr, respectively. Tor pigh molecular
weight polymers X5 and Xz are very large and therefore the
ASnix term has a negligible contributicn to the Gibbs free
enexgy of mixing.

A

The enthalpy of mixing, AEpiyx, folfoys a quadratic
dependence on composition:

AFpix = RTV Xag Va Vg {eg. 3)

Vr

where Xzp 1s the interaction parameter between the two
polymers and is related to the enthalpy of interaction of
the polvmer repeat units, each of molar wvolume Ve Tor
nonpolaxr systems X s can be estimated from Hildebrand [12]

-

solubility parameters. -



-

Where ¢, and °s are the Hildebrand solubility

parameters for polymers A and B, respectively.

Combining equations 2 and 3 gives the free energy of

mixing, Aij_x:

Ve Xa - X

1
Since the contribution from first two terms is very small

for high molecular weight

'U

olymers, the sign of AGmix
depends laxgely on the sign of the Xz interaction

parameter.

1.1.3 Glass Transition Temperatuze and Polymer-

Polymer Miscibility.

A miscible blend of two polymers is characterized by
the presence of a single glass-transition temperature while

an immiscible one is characterized b

<

the presence of two
glass-transition temperatures: one corresponding to each
of the two phases.

)
There are several classidal eguations that can

*

correlate and predict the dependence between the glass-

transition temperature of a miscible system and, its

\



composition. The following are the most frequently

empleoyed equations listed here in chronological order.

1) Gordon-Taylor equation:

Tg = W, Tgl + sz ng

w4 sz

where Tg, Tg;, and Tgp; are respectively the glass-
) b

transition temperatures of the blend, of homopolvmer 1, and

of homopolymer 2. w3 and wz are the corresponding weight

fractions, and k is the ratio between the volume expansion

coefficients of the homopolyvmers.

k= Br,2 - Bg,2 = 4B
Br,1 - B,z ABs

Br,1 = VR, 1) . Be,1 = dVg,y)
daT aT

where Vg,:; and Vg,1 are specific volumes for homopolvmer 1

in the rubbery and glassy states respectively. Likewise

Vr,2 and Vg,2 are the specific volumes for homopolvmer 2,

The Gordon and Taylor equation was originally deriwved
to predict Tg of binary copolymers from the glass-
transition temperatures of %$he pure polymers and their
coefricients of expansion [13]. Then, it was applied to

predict the Tg of a compatible mixture of two polvmers.

-
-
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Goxdon and Taylor derived their equation on the basis
of thecretical and practical considerations which show that
in the interpretation of packing phenoména, copolymers can
be treated like solutions of small molecules, and that

®

ideal volume-additivity of the repeating units in

copolyvmers is frequently realized.
2) Jenckel-Heusch equation [14]
Tg = wiTgy + wp Tgy + Wy wp D (Tgz - Tgy)

Where Tg, Tg;, Tgy, w1l and w2 have the same meaning &ds in

the previous case, and b 1s an empirical parameter that

varies from system to svsten.

3) Fox eguation

.

™
{

w2
Tgs

| -
'}

H]| =
[Te)
.4

Where Tg, Tg,, ng: W1l and w2 have the same meaning as
before. The Fox eguation is empirical and it mayv be
expected to applyv to systems which are compatible and not
too strongly polar [15]. Data on copclvmers and on
polymer-diluent systems illustrate that this 1is
éubstaﬁtially true [16].

’
-

4) Couchman egquation [17, 18]
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Wherg Tg9,Tg1,Tgy,w; and wy have the same meaning as
previously, while -ACp; and ACp, are the changes in the
heat capacity of the polvmers 1 and 2 at their glass-

transition temperatures.

The Couchman equation is based on the entropy
-

-

continuity conditien at Tg. The respective mole fractions

o~
[

of the two components in the system arze denoted as x; and
%2 and the molar gntropies of these pure components are
denoted in turn as S; and S,;. The molar entropy, Stot, Of

the mixed system may be written generally as
Stor = X181 + X282 + Snix

where Smix includes any and all excess entropy changes
associated with mixing of the t;o components. For the
simplest case, where the excess entropy of mixing is solely
conformational, then, the character and extent of specific
interactions may be largely unchanged af Tg andAASmi=0.
Let S; and 527 denote pure combonent molar entropies at
respectively Tg, Tg; and Tg, and let Cpy and Cp, denote the

molar heat éapacities of these components, then the total

molar entropy excluding ASpix may be written as

: 0 [Tg MR ) :
Stot = X1 [51 +J Tg, (Cpy/T) dT] +.xy [Sy+ ng(CpZ/T dT]

/

A relition of this form is obtained for both the glassv and

rubbery state. Since ST and S5 are continuous at
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respectively Tgl and Tg;, the continuity of Sget at Tg

and the approximation that the transition isobaric heat

capacity increments ACp; and ACp, are temperature

»

independent provides the expression:

N

In Tg = x1 4Cp; 1nTg; + x; ACp3ZIF¥ Tgs
3X:L ACpl + X2 Asz
.

1 <
For convenience the x3i are exchanged for mass fractions Wi

{recalling that the ACpj are then per unit mass).

S) Xweli equation [19)]

Tg =‘W1Tg1 + szng + qwlwz
wi + kw2

Where g, Tgy, Tga, Wy, Wp and kX have the same meaning as

before, while the gquadratic term gqwiw, is assumed to be

¥

'y

ropoxtional to the number of specific interacticns between

@ two polymers.

-

rt
[3

The applicability of a%} these five diffefent

eguatiocns that correlate the g¢glass-transition temperatures

-
\

of a miséible system to its composition has been ?roven.
The characteristics of:tﬁe miscible system will determine
wnich of these eqguations will best fit the experimental
data. Gordon-Taylof, Fox and Couchman eguations apply to
hose svstems for which, compatibilitv is not due to strong
interactions between the components. The Jenckel-Heusch and
Kwel eguations contain terms that take into account strong

S—-



o

interactions which may exist between the polymers. The Tg
values for mixtures of polyv(stvrene-co-acrylonitrile) and
.poly(methylmethacrylate) followed the Gordon-Taylor
equation [20], while the Tg values for blends of polv(2,6-
dimethyl-~1l,4-phenylene oxide} with polystyvrene followed the
Couchman equation [18]. Percec et a2l. [21] modified the
structures of nonmiscible polv(2-6-dimethvl-1, 4-phenvlene
oxide) and polyv(epichlorohydrin} by intrqducing either
donor (carbazolyl) ox aééeptor (3,5-dinitrobenzovl) pendant
units. Blends of the modified polymers were found to be
mi;cible and their glass-transiticn temperatures followed

the Kwel equation.

1.1.4 BEydrogen-bonding and its role in the

Miscibility of Polyvmer Blends.

0

Xnowing that exothermic interactions betwéen twWo
polymers leads to a AGpix < 0 éand consequent;y to
miscibility, it is useful to incoﬁporate functicnal groups
which are able to interact in exothermic £fashion when
designing possi?le miscikble polyvmeric systems. Among these
specific interactions that range from covalent bonding to
weak dispersive forces are hydrogen-bonding interactions.
éydrogen-bonding has been recognized as an IiImportant

+

promoter of miscibility in many polymeric systems.
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Poly(vinyl chloride) -~ based polymer blends.

Due to its widespread use and interesting properties,
poly(vinyl chloride) is one of the most studied components

of pelymer blends. It is capable of weak interactions.

The & -hydrogen of PVC is capable of hydrogen-bonding_wity

polvmers which have "basic properties”.

Blends of PVC and butadiene-acrylonitrile copolvmer
were first examples’ of miscible “blends [22]. Butadiene-

acrvlenitrile copolvmers have therefore been utilized as

permanent plasticizers for PVC since de 1940's.

Torsion pendulum studies of blends of PVC and
(ethylene-vinyl acetate) copolymers showed a single-phase

blend when the vinyl acetate xlevel in the copolvmer was 65-

-

75%, while a two-phase blend was obtained for {ethvlene-

-

vinyl acetate) copeclvmers containing less than 50% of

vinylacetate. The glass-transition temperatures for these

~
PYS/AS compatible with an (ethvlene-vinvl acetate

*

sulfur diojide) terpolymex that has a molar composition of
72.7 / 18.5 / 8.8 [24]. Compatibility was demonstrated by

I g : : s .
phase-contrast, microscopy, torsion pendulum studies and
'«
differential scaneing calorimetry; the latter study showed
N

that the glass-transition temperatures of the compatible

r:l

g
ollowed the

rh

blends ox eguatiocn. The incorporation of

’_J

sulfur dioxide allewed the u
a

ization of much higher

-

4
—

( rt_
4
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concentration of ethylene in the terpolymer than 1is

possible with simpler ethylene-vinyl acetate copolymers.

1

Koleske and Lundberg [23] showed by torsign pendulum
measurements that:blends of PVC and polfcaprolactone are
compatible and the Tg values of the blends showed a good
fit with boéh-the Fox and the Gordon-Tavlor expressions.
Crystallinity can effect the glass-Transition temperature
measured for polvmers. Thus, Koleske and Lundberg obtained
a Tg of polvcaprolactone of 2020K by using their data on
the compatible blends of PVC and polvcaprolactone. They

assumed that thjis Tg value corresponded to a 100% amorphous

polyvcaprolactone. This Tg

$--

s 169X lower than the Tg of the
annealed polycaprolactone which showed some degree of

crystallinity in. spite of ifs annealing.

- POlyvmer stereochemistrxy also has an effect on
miscibility. Pﬁc and isotactic polyv(methyvl methacrvlate)
are immiscible over the entire range of compositio%, while
with syndiotactic PMMA miscible blends result up to a blend
corresponding to'a monomer ratie of 1:1, PVC: PMMA. At
higher syndiotactic PMMA csntents, two—phasé béhaviour is

cbserved with one phase o0f pure s-PMMA and the other ahase

corresponding to the 1:1, PVC/s-PMMA composition [26].

Parmer, Dickson, and_Porter studied the degree of
miscipility and interactiocns in blends of

poly(vinylchloride; /poly(methylmethacryvlate) and

- T -
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poly(vinylchlorideﬁ/ poly(cyclohexylmethaarylate) using
FTIR, DSC, and solid state magic angle NMR methods [27].
Changes in relaxation‘times in.the PMMA. carbonyl yith
increasiné PVC content in the blend were consistent with a
miscible system. While the relaxatidn time values gpr the
PCHMA carbonyl did not change signiéficantly on blending
with PVC,  indicative of a phase-separated svstem.
Immiscibility was due to the different alkyl. groups,

possibly because of steric or packing effects.

Blends of chlorinated PVC and a polyvurethane
‘Econtaining a2 polyv(tetramethvlene ad%pate) segment capred
with 2-hydroxvethyl acxzvlate] were ;;own to be partially
miscible over the entire compositional range. Théy
exhibited a single, broad, and composition~dependent glass-—
transition temperature bv DSC. The miscibility of the
_System was most likely the result ofsstrong molecular
interaction between the @-hvdrogen in the chlorinated 2VC
and the carbonvl on the poly(tetramethvlene adipate)

segment of the urethane {[28]. /

Blends of ‘PVC and an ethylene / N,N-dimethvl
acrvlamide copolymer vield a single Tg when the copolvmer
contains between 17-25% wt. of N,N-dimethyl acrylamide.
Interaction betwgen the "hasic" disubstituted amide and the

G-hyarogen of PVC was proposed to account for the observed

miscibility [29]. " -
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In summary, all polymers that show compatibilitv with
PVC are characterized by the presence of carbonyl groups or

other "basic" groups which are able to interact with the o-—

hvdrogen of the PVC.
Novolac-based poiymer blends.

Novolac resins of moderate molecular weight, 800
to 1600¢, are compatible with ©polvacrylates,
rolvmethacrvlates, poly(vinylacetate), poly(stvrene-co-
acrvlonitrile), polvcarbonate, and polyv(vinyvl methvl
ether) . Hgwever, poly(4-vinylphenol) was £fcound to be
incompatible with poly(methylacrylate). In the compatiﬁle
blends; the carbonvl freguency shifted ca. 20 ecm™1
indicating chemical interaction between the novolac resin
.and the carbonyl containing pelvmer, Large positive
deviations of the expe:iméntally observed Tg from the

calculated weight-average values were noted [301.

Kwei °~ investigated the. effect of the
stereoconfiguration of the polymer on hyvdrogen-bonding
interaction or compatibility. He studied compatibility
between novolac resins and isotactic or svndiotactic
polﬁ(methylmethacrvlate). When 1-PMMA was used the Tg of

)

the mixtures cbeved the Xwel equation

Tg = Ww1TG; + wWaTGy + gwiws
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with g ='81. However, in the case of s-PMMA the Tg of the

‘mixtures obeved instead the equation:
Tg = [(wiTgy + kwpaTgp) / (wy + kwp) ]l + gwiws

with k=12 and g=123. The valué-q was assumed to be a
measure of the efficacy of hvdrogen bond formation, then
the author concluded that the higher value of g in the case
of s-PMMA suggested that more facile contacts exist between
the syndiotatic chains and the novelac resins [19]. These
results seem to agree with those obtained by Shurer et al.
[(26] th found that pbly(vinyl chloride) is incompatible

with i-PMMA but is compatible with' s-PMMA.

Para-substituteé novolac resins, viz., the H, Cl, NO3,
and the t-butvl derivatives, were synthesized and blended
with poly(methyl methacrvlate) [31]. Thegé studies were
conducted to gain insight into the effect of the strength
of hydrogen bonding on miscibilityv. In order to determine
the thermodynamic parameters of hydrogen bond dissociation,
the ratio of the relative peak intensities of free carbonvl
to hydrogen—bondgd carbonvl was followed with temperature
Calculated hydrogen bond dissociation energies ranged from

4 to.7 kcal/mol. The order NO, > CL > & > t-hutyl was in
N

agreement with the acidic strength and tite \électron-
<

withdrawing effect of the substituent. DSC results showed

that all blends were cogpatible., Blends Tg's of ‘the p-Cl,
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p-NO2, and p—-tBu, substituted novolacs Qith PMMA obeyed the
. &

Kwel equation:

with ¢=44.82, -41.92, and -39.42 respectively. While

‘blends Tg's of p-E novolac resin / PMMA system obeved the

Kwel equation:
Tg = [(wiTg, + kwaTga) / (wy + kwp)] + gwyws

with k=0.9%82 and g=40.12. The wvalues o©f g which are
proportional to the str?ngth of the hyvdrogen-bonding were
-éimilar in all cases, d‘spite the fact that the hvdrogen-
bbnding interaction between the different _substituted
novolacs and PMMA were of very different strength, however,
_the g wvalue obtained Qas the net sum of alt types of
interactions, self-associaticon between the novolac resins,

and intermolecular association between the novolac resin

and PMMA.

1.1.5 Infrared Studies of Polymer Bleads.

Fourier-transform infrared (FTIR) spectroscopy, with
its inherent sensitivity, cffers considerable potential for
studying the compatibility of polymer blendé. Specific
interactions between two polymeri bring about new bands, or

shifting and broadening of already existent bands.
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Coleman et al. reported FTIR studies of
polycaprolactone (PCL) - poly(vinvl chloride) (PVC) blends
both in the melt (75°C) and in the solid state at room
temperature. The authors foﬁnd that in the molten
amorphous state, the C=0 group of the PBCL (1737 cm-1)
shifted brogressively to lower freguencies as a function of
PVC concentration. Moreover, the width at half—height of
the carbonyl band varied with PVC composition, as well,
this curve indicated that interactions of the carbonvl band
with PVC approached saturation at concentrations which
correspond Lo an approximately 4:1 molar ratio of PVC/PCL .

This was explained on the basis of the relative sizes of

the structural repeating units of the two polvmers: the
length of the -(CHz)g CCO- units of 2CL is approximately
3.4 times that of the -CH,CECl- unit of BPVC. Thus "on

average, a molar excess of about 4:1, PVC:PCL is necessary

Lo ensure a2 saturation effect [32].

In contrast with PVC-PCL svstem, FTIR studies on the

polv(propiolactene) - poly({vinyl chloride) blend svstem
showed its incompatibility. Freguency shifts and band

broadening of the carbonyl band of peoly(propiclactone)were
not observed as a function of polv(vinvlichloride)
concentrzation. DSC studies confirmed these results. It
was concluded that the negative contribution to the heat of

mixing from specific interaction between both polymers was
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not sufficient to override the differences in solubility

parameters of the two polymers.[33].

Varnell and Coleman [34] performed FTIR studies of two

more polvesters with PVC, poly (& —methyl - & -n-propvl-f-
propiclateone) and polv (S -valerolactone). They found that
those polyvesters were compatible with PVC. Shifting and

breoadening of the carbonyl bands upon blending with PVC was

okserved. I//a\

FTIR: studies of blends of polyv(vinvl phencl). with
poly(vinyl acetate) and (ethylene-vinvl acetate) copolvmers
revealed- infrared bands attributed to intermolecular
hyvdrogen-bonding interactions invelving the phenolic
hydroxvl group with the acetate carbonyvl group. The
at 1739 cm™ 1. Upen blending with polv(vinvl phenol), an
additional band attributed to hvdrogen-bonded carbonvld
groups was observed at 1714 cm - Turthermore, as the
concentration of poly(vinyl acetate) iIn the blends was
increased the'free hydroxyl band of poly{vinyl phenol)
(3525 cmT+)  was reduced, and the f:equencf maximum of its
hyvdrogen—-bonded hvdroxvl band (23360cm™1) was concurrently

. =1 . . N
-increased to 3450 cm™~. Similar results were observed for

blends o¢f poly(vinyl phenol) and the (ethylene-vinvl

aceta=te) copolymer ceontaining 70 wt% wvinyl acetate.

1y

inally, DSC studies revealed a single glass-transition
X r

temperature for the systems [35].
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Kim and Tonami ({36] showed that hydrogen-bonding
existed in the atactic poly(methacrylic acid)-
poly(ethylene oxide) polymer complex. Infrared studies
proved the existence of hydrogen bonds between the

carboxylic groups and ;the ether oxvgens.

Naito et al. [20] performed an infrared analvsis of
blends of poly (methvl acrvlate) and (styrene—acrylonitrile)
copolymer. Hydrogen bonding was detected in this blend bv
a. downward shif (10415 cn~!) in the infrared stretching

freguency of the methacrvlate carbonvl group.
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1.1.6. Miscibility of polymers blends through their

covalent <crosslinking.

It has been pointed out that specific interactions
between two polymers bring about their compatibility.
Then, it seems obvious that covalent crosslinking between
two polymers should afford compatible systems. Indeed,
there are several examples in the literature where
compatibility between two polymers has been achieved by

crosslinking them through covalent bonds.

.

Polyimides are well established among the most
successful polvmers for high temperature applications.
However, a shortcoming of these polymers is  their
rela;ively high cost. 2Adduci and Dandge [37] investigated
polymers with the objective of modifving their properties.
In this connection, it was highly desized to obtain
compatible blends. The authors f;ﬁnd that polvamic acids,
‘precursors for polyimides, prepared from various aromatic
diamines containing methvlene ether and/or sulfone linkages
and pyrcmellitic dianhyvdride or benzophenone
tetracarboxylic acid aianhydride were fully compatible with
resol prepolymers at <70% resol. No phase separation of
the Dblend compenents occurred upon curing anq/’hard,

) o
thermally stable resins showing'superior adhesion to glass

were obzained. It was proposed that the cured films could

x
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be a homogeneous physical mixture of the three-dimensional
resol network and a linear polyimide possibly with an
interpenetrating structure and/or a resin in which resol

has chemically reacted with polvamic acid.
\

-~

Yoshihiko et al. [38] investiggted the properties of
poly (Ginyl alcohol) . crosslinked with polvisocyanate
compounds. The temperature of the dynamic mechanical-
absorption peak [T(E" max.)] shifted toward the higher
temperature side as the amount of crosslinking agent
increased. Moreover, films cured in DMSO showed a larger
shift of the [T(E" max)] than those cured in water for the
same éoncentration of crosslinking agent, Thus, the
crosslinking density of the former was higher than that pf
the latter.

Polyblends of poly (butvlene terephthalate) and poly

r
(ethylene-co-propvlene) rubber have been prepared by two
technigques. First, by bulk polymerization of 1,4-
butanediol with dimethyl terephthalate in the rresence of
suspended EZPR rubber particlies. Second, by blending in an
extruder, which afforded polvblends which had much improved
'impact strength properties. However, they did not possess
good mechanical properties and were also pzone o
delamination. Crosslinking of the blends by 80cCo y-ravs
radiation improved the properties of the blends as the
delaminating phenomenon was eliminated but - it did not

improve significantly their mechanical properties [39].
R
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Temperature dependence of the dynamic modulus (G') and
the loss tangent (tangj ) was measured for unvulcgnized and
vulcanized blends of (styrene—but%diene) rubber (SER)‘with
butadiene rubbe;_(BR) [401. It was found that transitions
of unvulcanized blends were separated at about = 0°C and
-50C corresponding to SBR and BR respectively. The
transition at -409C corresponding to the Tg of SBR and that
one at =-5°C corresponding to Tm of BR- This separation of

transitions temperatures is typical of heterogeneous

structures. In contrast, only one transiticn temperature

was observed for wvulcanized blends. It shifted linearly
according to the ratio of polvmers in the blend. It was
then concluded that‘hcmogeneity of the wvulcanized blends
could be attributed to the existence of co-crosslinks
between the two polymers.

Polypropylene and (ethvlene-propyvlene) rubber were

shown to be incompatible. Two glass-transition

temperatures were observed at about 169C (PP) and -34°0C

{EPR) . When blends were irradiated with 60¢co Y-ravs, a

third phase’ appeared as a secondary transition region at
<

-18¢°cC. This new phase was .assumed to be the result of

crosslinking between PP and E=2R. The irradiated blends

possessed higher impact strength [41].

Grosslinked polyvmer blends with excellent mechanical
properxties and resistance to surface laver separation have

been claimed in the patent literature [42]. The
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croSslinked polymer blends were prepared by melt mixing of
5-95% of propylene polymers (with 0-20% @-olefin
‘comonomers) and 95-5% styrene polymers (with organic

peroxides).

Poly (phenylene oxide) was modified by crosslinking it
with polystyrene and/or butadiene-stvrene copolvmer.
Crosslinking was performed through irradiation of the blend
in the presence of a monomeric crosslinking agent {criallvl
isocyanurate) and/or a polymeric c¢rosslinking agent (1,2-
polybutadiene).and, ocpticnally a polymerization initiator
(dicumyl peroxide). The irradiatéd f£ilm showed a tensile
strength of 780 kg/cm2 and had a glass-transition

temperature of 188°C [43].

Nakamura et al. [44] report that. the compatibility of
polyethylene and poly (vinvl chloride) with each other is
remarkably improved by blending them in the presence of a
peroxide and a polyfunctional monomer, e.g. triallyl
isocyanu;ate. The good mechanical properties of the
crosslinked blends are caused by the Fformation of
crosslinked product while blending, which acts as a good

compstibilizing agent . for polyethylene with poly (vinvl

chleride). The formation of the crosslinked product at the

W
L7}

-?VC interface 1s confirmed by a high peeling strength in

PE/PVC adherends and by the XKraus plots of the co-
x5
crosslinked blends. Nakamura also showed that &~

diallvlamino-1,3,5-triazine-2,4-dithiol is effective as a
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-

co-crosslinking agent for polyethylene and poly (vinyl
chloride) . The c¢o-crosslinked PE/PVC system shéwed
improvement of .adhesion properties and compatibility [45].
Figure 2 shows the structures of the co-crosslinked PE/PVC
blends, first by friallyl isocyanurate and second by 6&-

-

diallylamino-1,3,5-triazine-2,4-dithiol.

Finally, the same reselarch groﬁp cbtained even better -
coméatibility between PE and PVC by using 4, 6-
bis(allylamino)-1,3,5-triazine-2-thicl. The co-crosslinked
svstem had a finely dispersed phase structure and its
mechanical properties were described as excellent [46].

-
-
-

igure 3. shows the structure of the co-crosslinked PE/PVC

~
blends using 4,6-bis(allylamine)-1,3,5-triazine-2-thiol.
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1.2 RESULTS AND DISCUSSION

1.2.1 Compatibilization of polystyrene (PS) with
poly (4¥vinylpyri ine) (PVP) by introducing

into PS acidic 4-hydroxystyrene units.

.

PS is incompatible with PVP over the entire range of
composition. We have found that tﬂe‘introduction of gcidié
4—hydroxystyrene unRits into PS brings about compatibility
with PVP.  Hydrogen-bonding between the basic pyridine
units and the, acidic 4~hydroxvstvrene units is responsible
for tﬁis compatibility. In general, it is desired to
induce coﬁpatibility between two polymers by modifving them
as little as possible. Our aim was to gstimate the lowest

mol % of 4-hydroxvstvrene units which it would be necessary

to introduce into PS in order to achieve its compatibility

-—

e literatufe, there 'are numerous examples
of ;compatibility studies between homopolymers whose
compatibility was attributed té hvdrogen-bonding
interactions. However, there are feﬁe; studies like ours.
In the case of two homopolymers even weak hydrogen—bond%pg

interactions may cause compatibility; this is because the

',_J

probability of interaction is high. However, .in our case,

where one of the components-of the blend is a copolvmer (4-

!
1<
o
H
o)
X
'
W
rt
<

rene/styrene copolvmer), the - probability of
interaction of the acidic units in the copolvmer and *the

pasic units in PVP is lower than that whieh is obtained

rd
/

-
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with two homopolymers. Therefore, it was thought that a

systematic study of this type might provide some insight

’

into the wutility of hydrogen-bonding in causing
compatibility. In practical terms, hydrogen-bonding
—interactions would be useful as a means to achieve

compatibility if only a few mol % of 4~hydroxystyrene

units, were required to achieve (the goal of

-

-

compatibilization.

We prepared several (4-hyvdroxvstyvrene-styrene)

N . C s sa oy . -
copolymers &md tested their compatibility with PVP. Tigure
4 shows the structure of the wvarious polymers and
copolvmers used in this ‘study. While their molecular
weight data as well as their glass-transition temperatures

(Tg) are shown in Table 1.

I 4

We studied the compatibility of the various blends by
e !

cdifferential séanning calorimetry (DSC) and FTIR

techniques. DSC studies allow the measurement of Tg of a
polymefi\ A compétible blend is characterized by a2 single
phase with a single Tg. In contrast, an incompatible blend
is characterized by'the presence of two Tgys, due to the
fact that the components of the blend separate into two
different phases. The DSC instrument operates with one
sample vial and one reference wvial. Those vials, usuail_
called pans, are made of metal (aluminium, stainless steel

or gold). The two pans are then heated at a programmed

rate 350 that tq% temperatures of the two pans are

k o



32 .,
N
%“CHQ—CH‘h‘ %‘ng—Cﬁ—ﬁ1 %-CHE CH%——ECHE CH%“ - X
N7 . :
1 2 3 x-05
4 x=o8
.\Q;(—CHE—CH%—n —-CHp— CH 45— CHa— CH =}~ .
OH _ " OH
¥ ) -\
5 | 6 X=05
~ Z X =0.7
N8 x=08
v
\
b ;
Figure 4. tructure of

the wvarious polvmers and copolvmers
used in this study. |\



33

Lt "39x uTr uaath sasjowered bursn JuswaInseauw

A31soosTta Kq pautelqo sem JybTom IR[nddTOW ‘JHI UT BTINTOSUT Ssem g aawATod (4

asd Aq poansesjp (e

811 LT 0°9¢b hwwm 0¢ - 08 8
0ct e 6°'bve AN 0€ == 0L’ L
YAl 6'1 S°1¢ ¢'91 0§ - 0§ 9
BET A4 56 Vv 00T -= —-= S
AN 1 6 ¢V L'12 - 0¢ 08 Vo,
8Tty ¢ 6°T 'Sy 9°¢¢ - 0S 0S £
56T . ql"9v - 001 ~- A
88 .m.h AN 0'v - - 00T T
aUuaIA]S auTpTaAd
) up/ml (c_0TIBH (c.0T)un  —AxoapAy-y -TAuta-p  2uUs1h3E §
el(do) BL JybtapM aeTnosToH 239 (3 afow) uoriltsodwo) IoWATOJ
.mum&mﬁoa SNOTIRA W:u Jo sDT3STIsjoeraIRYD pue uorjtsodwo) T STARL



34

idenﬁical. When an endothermic transition takes place in
the sample pan, the reference pan is heated to compensate
for the heat absorption upon transigion of the sample. The
éxtra enexgy added‘to the reference is then registered.
The second technique, FTIR spectroscopy, as'we have already
mentioned in our introduction, allows the detection of
specific interactions taking place between both polymers in
“€he blend. These specific interactions bring about new

bands or shifting and broadening of alreadv existant bands.

1.2.1.1 Differential sé}nning calorimetry (DsSC)

studies.

DscC compatibility studies of poly (4-
vinylpyridine) (PVP) with poly (4-hydroxystyrene)

(PHES) .

In view of the strong interactions betﬁeen these two
polymers which c¢an form stable complexes, the method used
in sample preparation is of particular %@portance. Both
polvmers, PVP and PHES are soluble in methanol. When
£ethanol solutions of these polymers are mixed, a 1:1 molar
ratio insoluble complex is formed regardless of the
relative gmounts of the individual polymers used. ~Any
excess of either polymer rémains in solution. Analytical

data on the precipitated complexes after thorough washing

with methanol alwavs confirmed that a 1:1 molar ratio
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complex was formed. DSC showed a s;ngle Tg at 2109C for
the precipitated polymer complex. This walue, which is
significantly higher than that observed for each indiwvidual
component of the mixture (153 and 138¢¢ éespectively for
PVP and for PHS), indicated that strong interactions were
resulting from significant hyvdrogen-bonding between the two
polymerg, amounting essentially to a form of the:ﬁally
reversible crosslinking that significantly reduces the
mobilities of individual chains in the compatible polvmer
blend. While the mixing of methanol solutions of the two
polymers can lead only to 1:1 molar ratio mixtures, the use
of pyridine as solvent allowed the preparation of

compatible blends containing PVP and PES in any proportion.

Sample preparation consisted in the dissolution of both

g

olyvmers in pyridine followed by mixing of solutions
containing the desired proportions of each polymér; no
precipitation 1is observed u?on mixing and soiven

evaporation leads to the desired blend. Pvridine was

a

chosen as solvent as it can interact with PHS thereby
limiting polvmer-polymer complex formation and preventing
precipitation when PYP is added. As the solvent 1is
evaporated slowly, complexation of Ehe polvmers can occur

by interaction of the reactive groups on both polymers

leading to homogeneous films of the polymer blend.

Flgure 5 shows the DSC thermograms obtained

.

PVP/PHS Dblends. DSC studies on the dry films of

th
O
3]

ct
®
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polvmer blends were carried out wxgh preheating until 220°C
at lOOC{min followed by slow cooling to régm temperature
prior to Tg determination at 20°C/min. In all cases a
single Tg higher than that of either individual polvmer was
observea. Tg for ali bien@ﬁ exhibited large.positive
deviations from the calculated weight-average values of Tg.
Th?s positive deviation appears to be proportional to the
»

extent of mutual interactions between both polymers.

-

Maximum deviation, and therefore highest Tg, was obtained
o :

when blends with compositions approaching a 1:1 molar ratio

were used.

We observed that the Tg for the 1:1 molar ratio blend

was 188°C, while we obtained a Tg at 210°C for the same 1:1

mola; ratio blend but this blend was prepared by mixing
methanol solutions of the individual polyvmers, PVP and PHS.
As described earlier when methanol solutions of PVP and PES
were mixed, a 1l:1 molar ratio insoluble complex was formed
regardless of the relative amounts of the individual
polymers used. On the other ‘hand, when pvridine solutions

were mixed no precipitation was observed and interaction

between both poclymers takes place very slowly as the

[

>

solvent evaporates, It appears that the two different
methods of blend preparation bring about different blend
structures. To explain the higher Tg (210°C) obtained for
the 1:1 molar ratio blend prepared by using methanbl as

solvent, we Dropose a compact structure where most probably
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one single polymeric chain is interacting with another

—

polymeric chain, and hydrogen-bonding achieves its maximum
’ et

efficacity (Figure é). This kind of structure also could
‘ -

explain the formation o©f the 1:1 molar ratio blend
-regardféss the amount of individual polymers used. Another
émpirical obsérvation that supports this proposed structure
is the ;hysical appearance of the precipitate obtained.
The precipitate was a nice free-flowing powder while it
would be expected that if one polymeric chain were
interacting with several other~chains; the precipitate
would have had a2 gel type appearance. For the Blends using
pvridine as soivent we' propose an entangled tvpe structure
(Figure 6) where one polyﬁeric chain is interacting with
several others, that isu blends with a tri-dimensional
‘network strucéure. Efficacity of hydrcgen~bonding
interaction is lower and this can explain the lowexr Tg
observed (188°9C). Moreover, we would likg t¢ remark that
the different Tg's are due without doubt to different
structures of the blends. The different Tg's can not be
attributed to the possibility of residual pyvridine in the
blends. First, thermogravimetric énalyses showed that all
residuval pyridine (sometimes as high as 9 wt.%) was
eliminated after the first heating scan and prior to Tg
measurements. Second, the 1:1 molar ratic blend obtained
using pyridine as solvent was scanned several times and a

Tg significantly lower than 210°C was always obtained.

Y
Finally, the fact that structure of a blend depends on its
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solvent, 2: pyridine as solvent.
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preparation method has been recognized before. For
ip;tance, our results are somewhat analogous to those
obtained by Tsutsul et -él.[48]. THeir :studies of 
poly(acrylic acid)/poly(vinyl ﬁyrrolidone) blends indicated
that the extent of hydrogen-bonding interaction depended on
the Dblend preparation. Films cast from homogeneous
solutions in dimethyl sulfoxide showed less extensive
hydrogen-bonding than did those prepared bv evaporation of
solvents from emulsions of the preformed complexes in

water/ethanol.

DSC compatibility studies of polystvrene (PS) with
~-poly (4-vinylpyridine) (PVP) and vaxious {4-
vinylpyridine-styrene) (VP-S}) copolymexrs, and of PVP
with thé various ‘jVP—S) copolymers.

Thése blends were also prepared Dby mixing the
appropriate amounts of pyridine solutions followed by
solvent evaporation and drving. The results cobtained in
DSC measurements on these polymer blends are reported in
fazle 2. Rll samples underwent a first heating scan to
220°c¢ at 10°C/min. followed by a slow cooling to room
temperature prior to Tg determination in a second heating
scan at éOOC/min. Two distinct Tg .were observed for
blends of PS with PVP, indicating incompatibility, over the

-
entire range of composition. PS"is not only incompatible
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Table 2. Glass transition temperatures of mixtures of
| polystyrene with poly(4-vinylpyridine) and
various copoly(styrene-4-vinylpvridine), and of
poly(é—vinyi-yridine} with various

copely (styrene—-4-vinylpyridine)

Composition of Blend ¥

Tg1 (OC) Tga (CQ)

Polymer mix 5 weight ratio
i+2 26 74‘ g2 139
I+ 2 50:50 80 147
I+ 2 ~77:23 88 ('148
1+ 23 50:50 70 . 104
1+ 2 50:5¢0 gsé -
2+ 2 50:50 125 148
2 + & 50:50 115 140
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-

with Ps% but also incompatible with a modified ﬁés
containing 50 mol % of'é—vinylpyridine units. However, &h
a 50:50 weight % mixture, PS appears to be compatible with
a modified PS containiné only 20 mol % of 4-vinylpyridine
units. Finally werbserved two Tg'for blends of PVP and
various (VP-5) copolvmers. PVP does not form compatible
blends with (VP—S):copolymers even in the case of the
(VP-S) copolymer containing 50 mol & of 4—vinylpyf1di£;jﬁ

i

units. It was interesting to see that the introduction of

4—vinylpyqidine units into PS caused incompatibility with
the PS homopolymer. Similarly, the introduction of ‘styrene

units into PVP ciMsed incompatibility with PVP homopolvmer. :

DSC compatibility studies of poly (4-vinylpyridine).
(pve) with the variouﬁ“(4-hydroxystyreneJStyrené);

(ES-8) copolymers. B ' -

- .
z - 2

These .blends were also prepared using pyridine as N -
solvent. Blends of PVP and (HS-S) (50 mol % HS) copolvmer
-
were compatible over the entire range of composition.
Figure 11 shows experimental Tg's of ﬁhesg blenas vs.
weight % of PVP in the blend. Again’ Tg showed laxge
positive deviations with respect to weight-average'Tg,

, Maximum Tg deviations did not occur for a steoichiometric

blend of interacting units but were observed for blends

containing ratios of basic (pyridyly units to acidic
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{(phenolic) J;its betw€enl 2 and 1.4. It appears. that the
’ A T £
eéxcess of basic units is needed to attain the maximum

interaction between both polvmers; this is likely to be due
Y

to the fact that not all pyridine units are able to complex

with phenolic units probably because of the presence of the

intercalated styvrene units.
3

PVE was q}so found to be miscible with the (ES-5) (30

mol % HS) copolyvmer, but only for those mixtures which were

[y

rich in PVP: a minimum of 60 wt. % of PVP was reguired to

cbserve a single Tg, for the blend, wRile samples with lower -

amounts of PVP showed two Tg values (Figure 7). Similar
results were obtained for mixtures of DPVP and the (HS-5S).

(20 mol % HS) copolymer. In this case however <the

m .

compatibility range was even narrower: compatibility bein

. - .

enly observed for those mixtures which contained at least
-

68 wt. % of PVP (Figure 8).

-,

&

.2 Gordon-Taylor, Jenckel-Zeusch, Fox,
Couchman, and- Kwei equatigns. Their applicability

.

to the systems: PVP/PHS, PVP/copoly (HS-S) (50 mol

¥ ES).

>

As described earlier in the introduction, the "abtye

eguations correhgte and predict the dependence between the

/

- . - <
/__,_/\/ ) . 4
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glass—-transition temperature of a miscible svstem and its
composition.
* Gordon-Taylor ‘equation:

-
-

Tg=(w1Tg1+kwTgs) / (wq+kwp)
* Jenckel-Heusch equation:

Tg=w1Tgi+wpTgo+wiwob (Tg1-Tg2}

L]

* Fox eguation:
1/Tg={(w1/Tg1) +(wp/Tgo)
2

* Couchman equation:
v .

lnTg:(wlacpl;nrgl+w2AszlnTg2)/(W15CP1+WZAC?2)
* XKwel equation: -

Tg=[(w1Tg1+kwyTgp) / {wy+kwy) J+gwiwy
, ¢

The experimental wvalues for the ¢glass-transition
. i Rt .
temperatures of the miscible .Systems? PVP/PHS and

) |

PVP/copoly (¥5-S) (50 mol % HS) were analvzed by standard

. I S
non—-linear least square procedures to test which of <the
above equations afforxds the best £it for the experimental

data.



PVP/PHS system.

3

Figure 9 shows the experimental Tg of this system vs.
weight % of PVP and theoretical curves predicted by the
Gordon-Taylor and the Jenckel-Heusch equations. Wﬁ%ﬁ
obtained k = 10 for the Gordon-Tavlor eguation as the valuéw

giving the best fit of the experimental data.- We see in

Figure 9, that the Gordon-Tavlor ecquation failed to fit the

experimental data at all. This eguation even Zfailed to
imitate the shape of the experimental graph. We have
plotted also the Gordon-Tavler egquation with k = 0.055.

which was the value we obtained when £fitting the Xwei
equation, again the experimental data did not fit at .all.
The fact that the G?rdon-Taylo& equation did not £it our
experimental data éés not surprising since this equation
does not take into account the strong interactions that
éxist in our svstem. In contrast, the Jenckel-Heusch
* ~
equation ‘with b = -12.59 gave a rather good £fit of the
experimental data. This is because the parameter b takes
interpolymeric interactions iﬁtb account. FTigure 10 shows
the theoretical curves predicted bv the Fox, Cou;hman,'and
Xwel equations. The Touchman eguation was plotted by using
the following heat capacity chaﬁges: AC?g(PHS} = 0.37
J/g.°X and ACpp(PVP) = 0.30 J/g.9K which are experimental
values. The Fox and Couchman equations did not £it the

experimental data. It should be noted that the Tg wvalues

that * were obtained applving both egquations were
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approximately the same within 1.59C. This is because the
Couchman egquation reduces to the Tox equation if
Tg2/Tg; = 1 and ACp1Tg; = ACppyTgs which is the case for

PVP/PHS svstem.

The Kwel equation with k = 0.055 and g = 218.8 fitted
well the experiﬁental data. ‘This equation afforded by far
the best £fit and is most appropriate to describe this
system. The value g which is assumed to be proportional to
the strength of the interchain interaction correlated well
with the value g given for other systems. For instance,
Percec et al. [21] found g values that ranged from 50 to 70
for their systems in which interpolvmeric interactions were
based on electron donor-zcceptor complexes. Kwei T[19]
reported g = 81 for the hydrogen-bonding interaction taking
place Dbetween the carbonvl group of isctactic
poly(methylmethacrylate) and the hvdroxvl group of a
novolac resin. We observe that for other svstems where the
specific interaction was weaker than that of the PVP/PES

-

svstem, the values of g were indeed lower than ours.

PVP/copoiy(HS-S) (50 mol % HS) systenm
*

-
)
-

igure 11 shows the experimental values of Tg for this
miscible system vs. the weight % of PVP as well as the
theoretical curves predicted by Jenckel-Eeusch, Fox,__

Couchman and Xwei equations. When using the Gordon-Tavlor

M
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equation the non-linear least square procedures gave an
almost constant Tg (150 * 2°C) value for all blends over
the whole range of composition. .This indicated the
éomplete inability of this equation to represent our
expérimental détaj Similarly, the Fox and Couchman

equations did not fit the ‘experimental data. The Couchman
equation . was plotted by using ACp; = 0.294 J/g.9K and

ACpy = 0.30 J/g.9K which are experimental ‘heat  capacity

1

changes for copoly (ES-S) (50 mel % HS) and 2V

td

respectively. Again we observe that the Tg valuves which
are obtained by applying the Fox or Couchman equations were

very cleose. Their difference being within 1°C.

The Jenckel-Heusch equation with b = -5.45 and the

.

-

Kwei equation with k = 0.077 and é = 20é.9 gave good fits
of our exper%mental data. Again this is because these
eguations take into account inte;actions between the
polymers in the blend. It is very interesting and
important to note that the values pf ¢ for both systems,
PVP/PHS and PVP/copoly(HS$S-S) (50 mol $ KES), are verv
similar: 218.7 and 208.9 respectively. This suggests that
parameter ¢ indeed represents the strength of the hvdrogen-
bonding interactions within the systems studied. Since the
hydreogen-bonding interactions are the same in both svstems,

the same value ¢ is obtained.
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1.2.1.3 Thermogravimetric Analyses (TGA)

Thermogfavimetric analvses are deéirabien when
studying compétibility of a blend by DSC, mainly because of
two reasons:. First, blends are usually prepared by a
solvent metheod, and it is necessary to avolid the presence
of traces of solvent in the blend, since the solvent
behaves as a piasticizer lowering the Tg of the blend;
this would lead to irreproducible Tg values.
Thermogravimetric analyses may help determine whether all
traces of solveat (usually fxom 3 to 6 wt. %) are
eliminated or not during the first heating scan and
annealing périod that the samples usually undergo priocr

Tg measurements. A thermogravimetric analvsis also allows

Q

t

the measurement of the decomposition temperature oflthe
polymer which helps to determine the appropriacte
temperaturq at which annealing can be carried out. Table 3
shows the decomposition temperatures of the polyvmers and
copolymers used in this study. We see that PS 1, Mn=4000,
' 3
Mw=31,400, Mw/Mn=7.9, starts to decompose at 250 °¢C, and
has a peak decomposition temperature at 370 ©C. Probably,
its rather low starting decompositicn temperature (250 ©C)
is due to its broad molecular weight distribution. in

contrast, PVP 2 shows a highexr thermal stability, it starts

\
to decompose at 280 °C, however its peak decomposition

e

temperature is at 356 ©C. Finally, PHS 3 and the (HS-S)

. copolymers £, I start to decompose by 290 ©C, with peak
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Table 3. Thermogravimetric analyses of PS, PVP, PHS, and
various (#S-S) copolymers®. (See Figure 4).

N
t
Step decomposition temperatures, ©C.

Polymer # Stazrt W Peak | End q?Loss weight %
1 250 368 408 : 99
2 - 280 356 383 97
5 290 369 245 78
6 300 280 425 95
7 ' 300 375 425 ek

Dle 4. Thermogravimetric analyvses of some representative

a
polymeric blends used in this study®. (See Figure 4).

Step decomposition teiperaturcs, o,

3lend iwt. ratio~ Start Peak zZnd Loss weight %
: —

2+5 37:63 295 361 e41 81

1+2 | 50:50 280 380437 100

2+6 48:52 320 (535 439 6

2+7 45:55 320 375 435 7

248 46:54 310 379 433 56

2) Reported decomposition temperatures were obtaine

¢ in a
Second heating scan at 20°C/min. Samples underwent a first
heating scan until 220°C at 109C/min. During this first
heating scan, it was observed a loss of welght from 3 to §
wt.%, Dbetween 120-160°C, corresponding to evaporation of

residual solvent (pvridine). These conditions under which
thermogravimetric analyses were performed are the same as
those used for DSC measurements.
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decomposition temperatures at ca. 370 ©C. It should be

noted, that while all other polymers and copolymers

decompose amost completely at ca. 400 ©C, PHS 5 shows only

a loss of 78 wt. % at 445 ©C. Figure 12 shows the TGa

-~

curves (loss of weight vs. temperature) of PS and PVP. A

verfectly straight baseline is observed <from room

temperature until the start of the decomposition step.

This indicates the absence of solvent in the samples after

the first'paazing scan. Similarly, Figure 13 shows the TGA

curves obtained for PHS and the (HES-S) (50 mol % ‘EHS)

copolvmer, once again the absence of solvent in the samples

ﬁ“?s\sonfirmed.

-

-
]

Thermogravimetric analvses have also been performed

for some representative polymeric blends. Table 4 shows
these results. 2all blends deccompose almost completely by

430 ©C except PVP/PHS, 245, blend for which we observe a

loss of weight of only 81% at 441 ©C, tHhis

presence of PES in the blend. We have menticned that PES

only decomposes up to 78% at 445 ©C. Also, all blends show

-

a peak/decomposition temperature between 361 and 380 °C.

\

—_ ! Vs

Finally, the start of the decomposition step for all blends
f

, | A

is higher or equal to 280 ©C. ~Figure 14 shows the TGA

curves for PVP/PHES (2+3) and PS/PVP (1+2) blends. BRAlsco,

the TGEA curves £for blends of 2VP 2 with +the (ES-%)

copolymers &, 71 are shown in Figure 15.

reflects the
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1.2.1.4 FTIR studies of BPVP/PHES blends.

FTIR spectrum of PES

Cummings and Wood [49] give a detailed table listing
the observed freguencies and the aprroximate descriptions
of the various modes of vibration Zfor p-methvl vhenol -
fable S. Using the data given in Eﬁis table and cemparing
it to the spectrum of‘?HS, one may reascnably assign the
bands occurring at 825, 1100, 1170, 1445, and 1595-1610 cm™
1, to the aromatic ring. The relatively broad bands ih the
1200-14C0 em™1 regioh of the spectrum are attributed tec 0O-H
deformation and C-0 stretching vibrat;oﬂs which ars mixed
to some degree. Of particular significance to the current
study is the high-frecuency region from 3800 to 3000 cm™ L,
where the hvdroxyl stretching vibration is observed. In
this regicn, the PHS spectrum is characterized by a very

broad band centered at 3360 cm™1, attributed to a wide

distribution of hydrogen-bonded hvdroxvl groups, and a much
S

narrower band observed at 3525 cm~1 which is asscciated

with free (non hyvdrogen-bonded) hvdroxvl groups. The
difference 1in freguency between the free hvdroxvyl

-r
stretching vibration and the maximum in the band of the

¥

1wvdrogen~-bonded hydreoxvls which is ca. 176 cm~t is assumed

3

t

© Dbe proportional to the strength of intermolecular

hvdrogen bonds (self-association). Several papers dezal

with the "relationship between Avyy and the strength of a

given hvdrogen-bonded complex. It is found in many cases a

-
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Table 5. Observed freguencies and the approximate
. descriptions ‘of modes of vibration £for p-methyl phenol
{ref.49)

Approximnie p-Methyl

description m
+(C-H) 1062 3091

. r(C-H} 3030 3037 .

r(C-X) 1213 1215 _
#C-C) 1615 1608 -
r(C-C} 1515 1519
~(C-OH) 1252 1262
B(C-H) 170 1167
BIC-H) 1018 1019 *
2{CCCY 843 863

HC-OH}=r{C-X) 738 72
f{C-OH) +r{C-X) 462 451

r(C-H) . 3062 3085

 HCaH) 3030 3042

HC-C) 1598 1615 -
. mMC-C} 1428 1427

HC-Cy< MOH) 1328 1320

B(c-H) - 1291 1278

gic-H) 1102 1098

BIC-X) 320 332

x(CCC) 643 641

BIC-OH) 126 466

SQH(C-O-H) 1170 1178
HB-H) 3611 361

Table 6. Observed £frecuencies and the approximate

descriptions of modes of vibration for 4-methyl pyridine.
(ref.49)

-

Approximate 4Me-pyridine

) -, description Obs. Cale.

/ #(CH) 3050 3075

{ MCH) 3040 3074

' *(CY) 1212 1239

#{CC) 1604 1605

#(CC), +{(CN) 1495 1498

B(CH) 1220 1215

" BCH) 1076 1050

breathing 994 1009

. MCY) 801 815

HCY) 5t4 533

#(CH) 3040 -3072

¥{CH) 010 3071

#(CC), HCN) 1566 1561

B(CH) 1417 1406

B(CH) 1365 1339

/ +{(CC) 1289 1270

oy B(CH) 1090 1088

Sﬁ; 2(CCC) 69 639 j

B(CY) 341 382 b

“{CH) 872 952

HCH) 799 809

&(CC) 728 757

H(CC) 490 518"

-7 (CY) 2 242
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linear relationshié between Auoé and the strength of the

hydrogen-bond involved.

FTIR o\f PVE
Table 6 shows a detailed list of the freguencies of 4-
methyl-Byridine as given by Cummings and Wood [48]. In the
spectrum of PVP, one may assign the bands occurring at 1595
‘cmfl to C=C stretching vibraticn of the aromatic-ring, and
those occurring at 1556 and 1494 cm~ 1 #6 C=C + C=N

stretching vibrations of the aromatic ring.

FTIR of PHS/PVP Blends

igure 16 shows the FTIR spectra from 3800 to 650 cm—*
which were obtained for £ilms of PHS/BVP over the entire
range of composition. A detailed studv of the spectra in
the freguency region from 1650 to 650 cm~ ! revealed that
the bands situated in this region did not change <their
vibrational frequencies significantly. as a result of
‘blending. The spectra in this recion are just the weighted
sum oiithe spectra of PES and PVP. In centrast, drastic

changes are observed in the O-H stretching vibration region

ty

(Figure 17}). We have previously mentioned that. the pure

[y

PHS exhibits two bandg in the hydroxyl stretching region:

+Id

one at ca. 3525 cm~l (free hydroxvls), and the second, a
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FTIR spectra in the range 3800-650 ecm~1l for PHS/PVP blends.

the blend is shown above each spectrum.

Weight % of PHS in

Figure 16,
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very broad band centerxed at ca. 3360 cm~1 {(hvdrogen-bonded
hydroxyls, self—aésociation). As seen in ?iéure 17, as.the
concentration of PVP is increased in the blends the free
hydroxyl band is reduced and is no longer visible in the
séectrum of the 20:80 PHS/PVP blend. Concurrently, the
hydrogen—bonded hvdroxvl band (3360 cm™1) is also reduced,
and is replaced progressively by a new very broad band

.

. . ‘
céntered at ca. 3127 cm™1, this new O-H stretching band

’J.

S

attributed to hyvdroxyls which are hvdrogen-bonded to
pyridine groups. In the 74:26wts PES/PVP blend, it 1is
evident that the 0O-H band is made up of three components:
the first is due to free hydroxvls, the second to hydrcgen-
bonded hyvdroxyls {self-association of PES), and the thi-d
to hydroxyl groups associated with the pyridine groups of
PV, Meanwhile, in the 354:46wt% PHS/PVP, the bands

corresponding to free and self-associated hvdrexyl groups

are less evident, and the band corresponding to hydroxvl

groups complexed with pyridine groups is easily seen.
&
Similarly, in the blend 1974:79.6wt% DPHS/PVP, we observe
that the OE band is mainly made up of one compenent only
) - . T y .
hydroxyl groups complexed to pvridine groups this band
being centered at 3127 cm~l. Cummings and Wood [4S8] have

reported a O-X stretching band at 23125 em~1i Lo the

phenol:pvridine complex.

In conclusion, it can be said that the FTIR studies

reveal that hydrogen-bonding between the hvdroxyl groups of

™
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PHES and the pyvridine groups of PVP is indeed taking place
and that it is.likely that it is this interaction which is

responsible for the compatibility of the system.

i
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1.2.2 Compatibilization of polystyrene (PS} with poly
(4—hydroxyst§repe) (PES) by introducing into PS the

. 7
basic 4-vinylpyxridine units. ‘

PS is immiscible with PHS. Compaﬁibility between tpese
two polymers can be achieved if basic units are introduced
into PS. We have introduced 4-vinylpyridine units into PS.
Then, compatibility studies betwé;n the various modified PS/ﬂ‘
and PHS were performed. These studies allowed the estimation
of the lowest level of\modification which was needed to
achieve compatibility. Figure 4 shows the structure of the

various polymers and copolymers used in this study and Table

1 shows their molecular weight data and giass-transition

temperatures.

1.2.2.1 \Diffezential scanning calorimetry (DSC)

“\\7studie$. -

g DSC compatibility studies of polystyrene (PS)
withlﬁpoly (4—hydroxystyrene)(PH$) and vwvarious ;4—
hydroxystyrene—sty&ene)(?S—S) copolymers, and of PEHES
with the warious (HS-S)‘.copolymers.

3
These Dblends were -also prepared by mixing the
M .

appropriate pyridine solutions fpllowed by soivent
. . B, - . .
evaporation andh drying. «» All samples underwent a first

heating scan until 220°C at 10°C/min. followed by slow
('S
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cooling to room temperatu:;:e .prior to Tg determination in -a
second heating scan at 20°C/min.. The rgsults which were
obtained are shown in Table 7. It is seen that PS 1 is
incompatible with PHES-5. Two Tg values were obta}ned for
their blends oveﬁ' the entire range of compoéition. nggove‘r,
PSS 1 is incompatible with (HS-S) copolvmers containing 50 and
30 mol % 'of 4-hvdroxystvrene. i.ikewise, P.HS 2 did not show
‘compatibiliﬁy with (HS-S) copolymers containing 30 or even as

much as 50 mol & of 4-h§droxystyrene units.

-

DSC Compatibility studies of PHS with the wvarious (4-

-

4
vinylpyridine-styrene) (VP-S) copolymers.
' L ]

PES is miscible with the (VP-8) (50 mol $ VP) copolvmer.

. Their blends exhibited a single Tg over the whole range of.

composition. Table 8 shows the Tg wvalues which were
) £

obtained. 7Tg showed large positive deviations with respect

. to weight-average Tg. For this svstem, maximum Tg deviation

was observed for‘blends containing a ratio of acidic to basic
units of about 2. ‘The'refore, it i1s seen that an excess of
acidic units 'is‘ required to acl}ieve maximum interacticn.
This being probably due to the inability éf “all.phenolic
un.its to complex with the‘ pyridyl units in the (VP-3)
copolymer because of the inter;alated styr"é?ue units.

The content of 4-vinylpyridine units in' the (y2-S)
'cop‘o'lir.. r was decreased to 20 mol %, and DSC studies showed

2 ,

' . r
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Glass-transition temperatures of mixtures of
polystyrene with poly (4-hydroxystyrene) and
various copoly (stvrene-4-hydroxyvstvrene), and
of mixtures- of poly. (4-hydroxvstvrene) with
various copoly (styréhe-é—hydroxystyrene). {See
Figqure 4)

\

Composition of Blend

Poiymer mix % weight ratio" (Tg1 ©C) (Tg2 ©C)
1+ 5 . 64:36 Lo 86 138
1+ 5 57:43 . 83 127
1+5 23:77 85 119
1+5 15:85 83 130
1+ 4 50:50 73 122
1+ 1 50:50 A 78 106
5+ 6 50:50 ' 126 146
2+ 2

. 50:50 . 118 145

Conditions. for DSC measurements: First sean from 35 to 220°C

at 10°C/min.
(20-30 min.)

r followed by slow cooling to room temperatire
and a second scan from 35 to 230 ©C at 20°C/min.

All experiments are done under nitrogen atmosphere.
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\

~

/b
Glass-transition temperatures of blends ¢f voly (4-
q_droxystyrene) (PES) with copoly (4-vinylpyridine-

,%:yrene)(so mel % 4-vinylpyridine).

LN
N
Wt. % PHS Tg (°C)
)

0 118 =
11 141 =
17 151
22 159
37 _ - 168
46 ' 170
59 169
74 158
86 ' 155
100 ‘ 138

Conditions for DSC measurements: First scan from 35 to 220°C
‘at 109C/min. followed by slow cooling to room temperature.

Tg were obtained in a second heating scan at 20°C/min. Aall
experiments are done under nitrogen atmosphere. .

2
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that blends of PHS with the (VP-S)(20 mol % VP) copolymer
were not compatible over the entire range of composition.

Figure 18 shows the DSC traces for this syéteﬁ. " We see that

- compatibility is observed only for the blend 69.5:30.5 wt. &

PHS/ copoly (VP-S5) (20 mol & VP). This'“indicated that only
those mixtures rich in PHS are compatibiéE a minimum of 70
wt % of PHS being required to achieve compatibility. For

blends containing a lower wt % of PHS, incompatibility is

indicated by ' the ©presence of two glass transition

temperatures.

1.2.2.2 Go?dSEEGayior,' Jenckel-Heusch, Fox, Couchman,
and Eweil eqguations. 'Their applicability "to the
system:  PHS/copoly (VP-S) _\(SO mol % VP).

L)

xperimental Tg of PHS/ copoly (VP-S) (50 mol % VP)"
blends vs. weight % of PHS and: the thecretical curves
predicted by the Jenckel-Eeusch, Fok, Couchman, and XKwei
equations are shown in Figure 19. We could not apply the
non—-linear least sguare procedureé .to the Gord;ﬁ-Taylor
equation. This ecquation could not fit our experimental datsa
at all. It is seen in Figure 19 that the rox and Couchman

equations did not fit our experimental data either. The

Couchman equation was plotted by using ACpy = 0.28 J/g.°%K
rd

and ACppy = 0.37 J/g.9°X which are experimental heat

capacity changes for copoly | (VP-S) (50 mol % VB) and

PHS respectively. On the other hand, the Jenckel-Heusch

1B

equation with b -8.71 and the Kwei's eguation with k =

™,
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Figure 18. DSC traces of blends of poly (4-hydroxystyrene)
and copoly (4-vinylpvridine-styrene) (20 mol % VP) at
different compositions. The weight per cent of poly (4-
hydroxystyrene) is shown above, each DSC trace.

-
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S .8¥3 ¢ = 209.9 did représent well the experimental data.

%ggggificant to note that the value q.for this system is
very similar -to 'the value g for the previous miscible
systems: PVP/PHS, (g = 218.9), and PVP/ zopoly (ES-S) (50 mol
% HS), (g = 20819). In all our miscible systems the
h;d:égenfbonding interactions takihg place between the
comﬁo;ehts'of the blend are’the same. As a result, the
- values g which are proportional to the strength of the
interaction, are qguite similar. - In the Jenckel-Heusch
equation, the b vaIﬁgs are assumed to Be proporticnal to the
interaction strength too; however, we did 6btain different b
values for our miscible systems. The‘b values were —12.6;'
=5.%, -8.7 for the PVP/PHS, PVP/ copoly (HS-S) (50 mol % ES),
and PHS/copoly (VP-S) (50 mol % VP) fys;ems respectively.‘ The
Jenckel-Heusch equation always gave fits_less rerfect than
those obtained using the Xwei equation. Probably, this fact
was :eflectéd in the b values, to. the point that comparison

between them is not possible.

[S

1.2.2.3 Thermogravimetric analyses.

"

Thermogravimetric analyses of the various (4-
vinylpyridine-styrene) (VP-S) copolymers, and of some

7

representative blends used in this study.

Thermogravimetric analyses for Ps, PHES, and ES-8)
copolymers were already given in section 1.2.1.3. It is seen

in Table 9 that the (VP-S) copolymers 3, 4 start to decbmpose

- -

o



Table 8. Thermogravimetric analyses of the various. (i-
vinvlpyridine-styrene) (VP-S) copolymers, and some
representative blends used in this study. (See
‘Figure 4).

p) Step decomposition
tenmperatures, °C.

Al

- Polymexr # % Weight ratio  Start Peak End loss wt. %

3 - 280 362 400 .98
4 : - 279 358 400 99
1+5 . 50:50 - 300 385 441 91
5+3 46:54 300 367 443 - 90
5+4 48:52 300 379 441 90

Al]l samples underwent a first heating scan to 220 ©C prior to
decomposition temperature measurements. All experiments are
done under nitrogen atmosphere. .

Nt
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by 280°C and are half decomposed by 362°C (peak step
‘decomposition). Blénds of PHS 5§ and fVP—S) 2, 4 copolyﬁers
showléimiléf patteﬁns of decomposition with decomposition
starting at 300°9C. All samples underwent a first heating scan
to 220°C prior to decomposition-temperatﬁre measurements. In
almost all cases a weight loss from 3 to 6% is observed .
lduring.the first heating scan. This-weight loss..corresponds
to the evaporation of residuél pyridine in the. samples. 1In
the second heating scan a sﬁraigh; baseline is ckserved until
the decomposition temperatures. For example, the TGA curves
of copoly (VP-S) (50 mol % VP) 3 and the PHS/ copoly (VP-S) (50
mol % VP), 5 + 3, blend containing 46 wt % of PHS are shown

in Figure 290.

1.2.3 Compatibilization of polystyrene (PS) with poly
(4-vinylpyridine) (PVP) by dintroducing into PS

the 4-vinylbenzoic acid units.

‘s In our previous #ork, we studied the compatibilization
of PS with PVP by introducing dcidic 4-hydroxystyrene units
into PS. Qur results showed that a modified PS ceontaining 50_
mol % Q§ 4-hydroxystyrene units is compatible with PVP over
the entire range of composition. Eowever, the modified PS
containing‘BO mol % of 4-hydroxystyvrene units 4is only
compatible with PVP over a narrow rande of compositioq, that
is, compatibility is observed only for those mixtures

containing a minimum of 60 wt. % of PVP. 1In view of these

results, we decided to introduce into PS 4-vinylbenzoic acid
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units, which are much more acidic than the 4-hydrdky5tyrene
units. We e#pected in this way to obtain compatible systems
;Sing lower degrees of modificatiq& of PS since the hyvdrogen-
bonding between the 4-vinvlbenzoic acid units and the

pyridine units of PVP was expected to be stronger.
i
Figure 21 shows the structure of the various polvmers
and copolymers used in this studv and Table 10 gives their

molecular weights and glass-transition temperatQ;es.

s

All blenas were prepared using pyridine as solvent and
following +the same précédure that has besn described

previously.

1.2.3.1 Differential scanning calorimetry studies.

DSC compatibilit studies of polystyrene (PS) with

—poly (4-vinylbehzoic acid) (PVBA) and the various

(4—vinylbenzoi$ acid-styrene) (VBA-S) copolymers.

DSC studies of PS/PVBA blends show clearly that PS is
incompatible over the entire range of composition with PVBA.
Table 11 shows the glass.transition temperatures which were
obtained for blends gf different compositions. Two Tg were
observed for all blends. The Tg of PVBA, 260°C, was
decreased upon blending with PS, for instance, a Tg of 2220¢
was cbserved for PVBA in the biend containing 75 wt % of PS.

Most probably the presence of PS in the blends interfered

“r
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Figure 21. -Structure of the various polymers and copolymers
used, in the study of the compatibilization of PVP with PS by
introducing 4-VBA units into PS.
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Table 11. Glass—transitiqn_temperatures of blends of PS and

PVBA.
We. % PVBA in blend Tg1 (OC) = 192 (9C)
0 101 -
25 L1020 - 222
50 - 104 224
75 108 | 228
100 260
SN

»

Conditions for DSC measurements: First heating scan from 35

to 220°C at 109C/min., after annealing at 220°9C for 5 min
and thep quenching with liquid nitrogen. The reported Tg!
were obtained in a second heating scan at 209C/min. ALl |

measurements were done under nitrogen atmosphere.

3 .
T;ble 12. Glass-transition temperatures of biends of PS and
(VBA-S) (40 mol % VBA) copolvmer. - i '

Wt. % copoly (VBA-S) Tg1 (°C) ' Tg2z (°C)
(40 mol % VBA)

0, 101

25 ' 101 -—-
50 104 ‘ 180
75 104 180
100 . 195

Conditions for DSC measurements: First heating scan from 35
to 2200C at 10°C/min., then annealing at 220°C for 8 min.
finally, the samples were allowed to cool slowly to room
temperature and the reported Tg were obtained in a second

heating scan at 20°9C/min. All measurements were done under

nitrogen atmosphere. s
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with the self-hydrogen bonding complexation of PVBA}
therefore, it eéxhibited a lower Tg.
' O

Polystyrene 1is also incompatible with modified

spolystyrenes’ containing 40, 26, and 15 mol & of 4-

vinylbenzoic units. Tablgs 12, 13,‘ and 14 show these

~ : % _
results. DSC measurements indicated that two Tg were.
obtained in all cases. Again the Tg valuwes of the {(4-

vinylbenzoic acid-styrene) copolvmers were decreased upen
blending with polystg;é;e, for instance, the ?g of the
(VBA-S) (40 mol % VBA) copolvmer, 195°C, was decreased to
ladoclupon blending.with PS, similarly the Tg o% the (VBA-S)
(26 mol % VBA) and (VBA-S) (15 mol % VBA) copolymers, /167 and
140°C,fwe£e_decreased to 157, and 131°C respectively upen
blending with PS. While tie Tg of PS (101°9C) upeon blending
with the éopolymers remained almost invariable. It is
observeq_that the modified pol;styrenes are incompatible with
polystyreneﬂ even in the.case of the logest modification: 15

rd

mol % of 4-vinyvlbenzoic acid.

j /

—~T
S
b
DSC compatibility studies of poly (4-vinylbenzoic
acid) (PVBA) with the various (4-vinylbenzoic acid-

styrene) (VBA-S) copolymers.

Poly(4-vinylbenzoic acid)_(PVBA) is incompatible with
all-the (4-vinylbenzoic acid-styrene) copolymers which can be

considered as "modified poly (4-vinylienzoic acid)s". Table
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Table 13. Glass—transitinn,{;mperatures blends of PS and
(VBA-S) (26 mol % .VBA) copolymer.

Wt. % copoly (VBA-S) . Tg1 (°C) Tgz (°C)
{26 mol % VBA) B

~

0 101 |

25 100 167
50 98 158
75 102 157
100 168

7
Conditions for DSC measurements: First heating scan from 35

to 220°9C at 10°C/min., and after annealing the samples at
220°C for 8 min. and allowing them to cool slowly to zoom
temperature, the Tg were obtained in a second heating scan at

20°C/min. All measurements were done under nitrogen
atmosphere.*

Table 14. Glass-transition temperatures of blends of PS and
(VBA-S5) (15 mol % VBA) copolymer.

Wt. % copoly (VBA=S) Tgl (°C) Tgz (°C)
(15 mol % VBA) .

0 101

25 102 133
50 101 131
75 104 138
100 . 140

Conditions for DSC measurements: First heating scan f£rom 35
to 220°C at 10°9C/min., and after annealing the samples at
220°C for 8 min. and allowing them to cool slowly to room
temperature, the Tg were obtained in a second heating scan at

20°C/min. B2ll measurements were done under nitrogen
atmosphere.
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R

15 sh;;;\:;;\mg;yalues that were obtained for blends of PVBa

with copoly (VﬁA—S) (40 mol % VBA), we observed two Tg
transitions for all blends, these two Tg did not change
significantly as function of concentration. Likewise, Tables
16 and 17 show the glass transition temperatures for blends
of PVBA and the copolymers containing 26 and 15 mol % of VBA
with‘styrene. It was interesting to see that poly (4-
vinylbenzoicland):became incompatiile with the "modified poly
(d-vinylbenzoic acid)s"™ and, similarly, that polystvrene
became incompatible with the "modified pelystyrenes", and
that this incompatibility could be seen even in the cases of
low degrees of modification. Comparable resu;ts have been
obtained in the case of other svstems. For example, Fujicka
et al. [50] reported that polystyrene dbecomes incompatible
with a modified polystyrene containing 11.4 mol % of n-butyl
metiacrylate, and poly (n-butyl methacrvlate) becomes
incompatible with a medified poly (n-butvl methacrvlate)

containing a mol % of stvrene units higher than 25.

DSC compatibility studies of blends of poly (4-vinyl-

benzoic acid). (PVBA)} and poly (4-vinylpyridine) (PVP).

Blends of PVBA with PVP'exhib%Ega 2 single sharp glass-
transition temperature over the entire range of composition.
»; The Tg values showed large positive\deviation with respect to

L

calculatea weight-average glass trangipion temperatures (max,
I
deviation: 30°C), which indicated that strong interactions

result from significant hydrogen bonding between the two

/_\
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Table 15. Glass-transition tempe*atures of blends of PVBA
and copoly (VBA-S) (40 mol % VBA)2,

Wt. % PVBA TGy, (°C) Tg2 (90)
0 -~ 195 --
25 199 255
50 . 200 ' 255
75 198 262
100 — 260

Table 16. Glass-transition temperatures of blends of PVBA
and copely (VBA-S) (26 mol % VBA)2.

We. % PVBA | Tg1 (°C) Tg2 (°C)
0 170 -~
25 174 260
50 173 254
75 ’ 180 260
100 - "260

2. Conditions for DSC measurements: First heating scan. from
35 to 265 ©C at 10 °C/min., after annealing samples at
265 ©C for 5 min.,Nand allowing them to cool slowly to
room temperature, the Tg were obtained in a second
heating scan at 20°C/min. All heating scans were done
under nitrogen atmosphere. -

% )
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Table 17. Glass-transition temperaéures of blends of PVBA
and copely (VBA-S) {15 mol % VBA).

Wt. % PVBA Tgr (©C) Tg2 (°C)
0 141 ' ——
25 144 253
50 . ' 143 257
75 144 258
100 - 260

Cond}tions for DSC measurements were the same as for previous
system.

Table 18. Glass-transition temperatures of blends of PVBA

and 2VPp.
Wt. % PVBA Tg (oC)
0 149 -
25 205
37.5 223
50 233
62.5 244
75 250
100 260
% 5
Conditions for DSC measurements: First heating scan from 35

"to 260°C at, 10 ©C/min, after annealing samples at 260 ©C for
2 min. aad quenching them with licquid nitrogen, the Tg were
obtained in a second heating scan at 20 ©C/min.
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polymers. Such hydrogen-bonding interactions amount to
thermally reversible crosslinking that reduce significantly
the mobilities of individual chains in the compatible polf@er
blend. Figure 22 shows the DSC traces of_blends of PVBA and
PVP at different compositions. Table 18 shows the glass

transition temperatures obtained.

DsSC compatibility studies of pPoly (4-
vinylpyridine)(PVP) and the wvarious (4-vinylbenzoic

acid-~styrene) (VBA-S) copoclymers,

We showed that PVP was incompatible with PS but
compatible with PVBA over the entire range of composition due
to hydrogen-bonding interact{pns between the basic units of
PVP and the acidic units of PVBA. Then we have modified PS
by introducing 4-viﬁ;lbenzoic acid units, to induce its
compatibility with poly (d-vinvlipyridine) . Figure 23 shows
the DSC traces of _blends of PVP and. (VBA-8) copolvmer
containing 40 mol % ?f 4~vinylbenzoic acid units: The system
was compatible ové; tge.entire range of composition, a sharp
single glass transition temperature was observed in all

cases, and Tg's showed positive deviation with respect to

calculated weight-average glass transition temperatures. .

When the degree of polyvstyrene modification was
decreased, that is, only 26 mol & of 4-vinyl-benzoic acid
units were introduced, it was observed that blends of PVP and

the modified polystyrene were incompatible. Figure 24 shows
¢ .
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Figure 22. DSC traces of blends of poly (4-vinylbenzoic
acid) and poly (4~vinylpvridine) at different compositions.
The weight per cent of PVBA is shown above each DSC trace.
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Figure 23. DSC traces of blends of poly (4—vinvlpyridine) and
copoly (4-vinylbenzoic acid-styrene) (40 mol % VBA) at different

compositions. The weight per cent of copolv (VBA-S) (40 mol %
VBA) is shown above each DSC trace.
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Figure 24. DSC traces of blends of PVP and copoly
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flow vs. Temperature) are given with thelr respective
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blend is shown above each DSC trace.
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the DSC thefmograms for-biends of PVP with (VBA-S) (26 mol %
VBA) copolymer. Due to the fact that the Tg values of PVP
(149°C) and of the copolymer (168°C) were only 20°C apart,
analysis of the thermograms giving the he%t flow in the
sample vs. temperature gave what appeared to‘be a single
broad glass transition_temperature. However, analysis o:_the
thermograms giving ‘the derivative of heat flow vs.
temperature, showed the presencé of two maxima which
corresponded to the glass transition temperature of each of
the two polymers in the blend. Therefore, it can be

concluded that the system formed incompatible blends.

In the case of blends of PVP and copoly (VBA-S)
(15 mol % VBA}, the Tg difference between boéh polymers 1is
too small (10°C), therefore the blends exhibited what it
appeared to be single glass transition temperatures (Figure
23) . For this systam the derivative of heat flow vs.
temperature also showed a broad single maximum. While, the
results of the DSC experiments were inconclusive due to the
closeness of the Tg values of the individual components
the FTIR studies of this system showed «clearly its

incompatibility.

Therefore <this study shows that in order to
compatibilize polystyvrene with poly (4-vinylpyridine) by
introducing 4-vinvlbenzoic units into polystyrene , it is

necessary to introduce at least 40 mol % of VBA units into
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Figure 25. DSC traces of blends of PVP and copoly (VBA-S)
(15 mol % VBA) at different compositions. DSC traces (Heat
flow vs. Temperature) are given with their respective
derivatives. The weight per cent of PVP is shown above each

DSC trace.
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the polystyrene. Incompatibility is alwavs observed if'lowqr

amounts are used.

1.2.3.2 Gordon-Taylor, Jenckel-Heusch, Fdx{_ Codchman,
and Rwei equations. Their applicability to the
systems: PVP/PVBA and .PVP/coﬁoly (VBA-S) (40 mol %
VBAa) .

i
Experimental glass-transition temperatures, obtained for

the PVP/PVBA and PVP/ copoly (VBA-S) (40 mol $-VBA) miscible
systems, were analyzed by standard non-linear least-square
procedures to know which of the above equations represented

b N

the best the expérimental data.

PVP-PVBA system

Figure 26 shows the experimental glass~transition

temperatureé of this system vs. weight fraction of PVBA _ (w2),

1

ané the theoretical curves predicted by the Gordon-Tavler and
Jenckel-Heusch equations. We obtained kx = 3.208 (Gordon-
Taylor eq.) and b = -7.09 (Jenckel-Heusch eg.) as the value§
giving the best fit of the experimental data. As we can see
in Figure 26, the Gordon-Tavlor eguation fits the
experimental data within ca. % 1.5°9C, while the Jenckel-
fHeusch equation £it the experimental data within ca. + 59¢.
However, ﬁhe fact that the Gotdon—Taylor equation f£fits <the

-~

experimental glass-transition temperatures of this miscible
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system so'well‘was surprising. This Is in view of the
previous failure of the Gordon-Taylor eqguation to fit
experimental Tg values for miscible \svstems where strong
interactions between the componenté of the blend exist.
Indeed, the Gordon-Taylor equation could not fit the.
experiﬁental data for all other miscible systems. Percec et
al.[21] have studied miscible systems ﬁased on electron
donor—acceptor interpolvmeric interactions, and the Gordon-
Taylor eguation could not fit their data. Kwei {31] also
studied systems containing novolac resins and isotactic or
syndiotactic poly'(methylmethacrylate) and the experimental
Tg values of these systems did not follow the Gordon-Tavlor

equation. ¢

Theoretical curves predicte& bv the Fox, Couchmén, and
Kwel equations are shown in Figure 27. The Couchman equation
was plotted by usiFg the following heat capacity changes:
ACpy (PVP) = 0.30 {J/g.9K, ACps (PVBA) = (.51 J/g.9X which
were experimental wvalues. The Fox and Couchman egquations
could not £it the experimental data, while the Xwei equgtion
with x = 0.353 and g = 229.6 gave a very good fit. The Kwei

equation takes into account the existence of specific

interactions betweeén two polymers by means of the guadratic

term gqwiwp. The value g is assumed to be proporticnal o the
strength of the interchain interaction and wiws is
proportional to the number of bonds. Eence, the Xwei

equation has been shown appropriate for fitting experimental
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data for systems where strong interchain interactions were
present in the system. For instance, the systems studied by

Percec [21] and Kwei [31] that have been aiready mentioned.
PVP/copoly (VBA-S) (40 mol & VEBA) systenm

Figure 28 shows the experimental Tg values for this
system vs. the weight fraction of (VBaA-5) (40 mel % VBA)
copoiymer (w2), and the theoretical curves predicted by the
Gordon-Taylor and the Jenckel-Heusch equations, Standard
non-linear least-squére procedures gave k = 3,193 for the
Gordon-Tavior equafion, and b = -1.373 for the Jenckel-Heusch
equation. When comparing the experimental data to the
'theoretical curves obtained , we saw that the Jenckel-Heusch
equation was able to fit the data better than the Gordon-
Taylor eguation, this is Lrokably due to the constant
rparameter b.which incorporates the strength of the interchain
interactibns as is done by parameter g in the Xwei egquaticn.

The Xwel egquation:
Tg = (w1Tgy + kwoTga/wy + sz) +tQwiwWy
for k = 1 becomes: 5
Tg=wiTg: + wiTgy + qwiwy.

We see the above equation is egquivalent to the Jenckel-

Heusch egquation:

g = wiTgy + wiTgs + b(Tg;-Tgp) wiwso
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"

with g = b (Tg;-Tgp) therefore, b is also proportional to the
- .

strength of the interchain interaction.

*

Theoretical curves predicted by the Fox, Couchman, and
Kwei equations are shown in Figure 29. The Couchman equation
was plot-ed by using ACp; (PVP)=G.30J/g.°XK, ACps= copoly
(VBA-S) (40 mol % VBA)=0.46 §/g.°K which are experimental

values obtained from evaluation of the heat capacity change

at glass-transition temperature. The Couchman, and Fox
equations failed to £it the experimental data. The Kweli
equation gave a relatively modest f£fit with k = 0.47 and

Q@ = 111.35. It should be noted however that the experimental
data for this system was rather peculiar. It can be seen
clearly that glass-transition temperatures for blends with a
concentration lower than 50 weight % of PVP follow a
different trend from glass-transition temperatures for blends
with a.concentration higher than 50 weigh£ % 6f PVP. Such a
phenomenon has been observed before; for instance,
Fahrenholtz and XKwei {30] studied the systems containing a
novelac resin and poly (vinyl methyl ether) or poly {ethyl
acryvlate) anérfor both systems, those blends containing less
than 50 weight % of the novolac resin did not show a
significanﬁ deviation from calculated average glass-
transition temperatures (Figure 30). Prud'homminet al. [31]

also obtained experimental Tg wvalues that Zfollowed different

trends depending on the composition of the blends feor the

S
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Figure 30. Glass-transition temperatures vs. wt $ of novolac
for blends of poly (vinvlimethyl ether)/novolac and poly
(ethyl acryvlate)/novolac. (Ref. 30)
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Figure 31. Glass-transition temperatures vs. wt § ' of
poJ_.ycaz'::rolactone for blends of polvcaparolactone a copoly
(vinylidene chloridm~acrylonitrile) (20 mol % acryleonitrile}.
(Ref. 51) -
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'system containing polycaprolactone and poly {vinylidene

chloride-acrylonitrile) (Figure 31).

»

1.2.3.3 Thermogravimetric Analyses.

Thermogravimetric analyses of poly {4-vinylbenzoic
acid) (PYBA), various (4-vinylbenzoic acid-styrene)
. (VBA-S) copolymers, and various representative blends

used in this study.
{

Table 19 shows the TGA results for polymers, copolymers
and some blends used in this study. Their structures are
‘shown in Figure 21. The results were obtained in a second
heating scan from 35 to 550°C at a rate of 10°C/min. Ali
samples underwent a first heating scan from 35 to 22q°c and
annealing periods of 2 or S min at 220°C. These were the
same thermal treatments as were used when measuring glass-
transition temperatures. In the first heating scan, it was _
usﬁally observed that a loss of weight (3-6%) corresponding
to the evaporation of residual solvent (pyridine}) 4in the
-éamples took place. In the second heating scan a clean
baseline was observed until the decomposit;on temperature was
reached, this confirmed. the no solvent remained in the

samples after annealing.

The TGk of PVBA revealed an interesting feature (Figure

32) between 300 and 349°9C PVBA losses 5.93 wt. %, this loss
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Table 19. Thermogravimetric analyses of the various
polymers, copolymers, and some representative
blends used in the study of compatibilization of

'PS with PVP by introducing 4-VBA into PS. (See
Figure 21).
Step decomposition
temperatures, °C.
Polyvmer # ¥ Weight ratio Start Peak ‘End loss wt. %
i1 -- 300.8 320 349.2 5.9
- 368.3 419.2 497.5 1.6
iz - 250 387.5 474.2 85.3
i3 - 250 351.7 445.8 80.3
S - 260 372.5 451.7 94.8
i3 - 260 368.3 430 88.3
i1l+9 50:50 250 400 435 8¢.2
1+10 50:50 270 336.7 458.3 75.6
13+93 ' 50:30 280 358.8 446.7 95.7
i13+1¢C 50:50 280 362.5  448.3 52.7
i3+11 50:50 270 395.8 460 83.9
14+9 50:50 290 387.5 446.7 97.7
14+10 50:50 280 355 437.5 84.7
14+11 50:50 280 395.8 481.7 74.1

A1l bilends have undergone a first heating scan before
decomposition temperature measurements.

first heatin
measurements.

Conditions for this

scan are the same as those used for DSC

‘7

7/
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of weight corresponds presumably to the dehvdration of the
carboxvlic groups and formation of anhydride groups. The
theoretical loss of weight for the anhydride formation is
65.07 wt. %. Moreoéer, it should be noted that the resultant
'polymeric anhydride is thermally very stable. Its
decomposition started at 368°9C, with a peak decomposition at
418%°C and only a 61.6% loss of weight by 500°C. The TGA
curves for two of the (VBA-S) copolymers are shown in Figure
33. The TGA curves reveal that th; Presence of styrene in
the copoiymers lowers their thermal stability with respect to
the PVBA homopolvmer. The copolymers had decomposition
temperatures similar to poiystyrene. Figure 34 shows the TG2a
curves for PVBA/PVP and PVBA/PS blends. The presence of PVP
and PS in these blends determige the start of the
decomposition peak, 270 and 250°C respectively, while the
presence of PVBA in the blends is revealed in the total loss
©f weight. We have mentioned that PVBA is characterized by a
€1.6 % loss of weight by 500°C. Then, blends of PVBA/PVP and
PVBA/PS loose 75.6 and 89.2 wt % respecfively. While, all
other blends that do not contain PVBA decompose almost

completely.

1.2.3.4 Fourier-transform infrared studies of poly
(4-vinylbenzoic acid)/poly (4-vinylpyridine) system
and various 4-vinylbenzoic acid-strrene copolymers/

poly (4-vinylpyridine) systems.
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Poly (4-vinylbenzoic acid)

o-H stretching:\if:}e“\\zsoo em~l broad band.

h
C=0 stretéhing: a :694 em~l band corresponding to hydrogen-
Bonded carboxyl groups (-COOH .....0=C-) due to the self-
complexation of the cafbox?lic acid groups. Most of the
carboxylic acid groups are self-complexed as it is deduced by
the size and broadness of the 1694 em~1l band. However, a
shoulder at 1721 cm~1l aiso reveals‘the presence of, free
carboxylic acid groups (Figure.35). This 1721 cm~! band is
absent in the spectra of low molecular weight analogues, for

L
instance, the spectrum of benzoic acid shows onlvy a single

broad band at 16%2 cm™%, benzoic acid exists as a dimer in
solid state. The presence of free C=0 groups in the spectrum
cf poly (4-vinyl-benzoic acid) can be explained by the

inability of some carboxvlic acid groups to reach other

carboxylic acid groups due to the presence of the rolymeric

chain.
Poly (4-vizdylpyridinae)

The infrared spectrum of PVP has been discussed in
section 1.2.1.4. We must récall that there are nc bands near
1700 and 1300 ecm~1 areas; therxefore, there is no interference

with the C=0 and C-0 stretching areas of poly {4—vinvlbenzoic

acid) ..
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Poly (4-vinylbenzoic acid)/poly (4-vinylpyridine)

blends

OH stretching: ' Upon mixing with poly (4-vinylpyridine) the
broad band at 3500-2500 em~1 corresponding to the OQH
- stretching in poly (4-vinylbenzoic acid) is replaced by two
equally intense broad bands at ca. 2488 ané 1937 em~1 (Figure
36). For the low molecular weight adduct, benzoic écid:
pyridine, these bands are located near 2450 and, 1930 cm~?
[(527. Ha&zi.{53] has interpretated these.two bands.in the
case of the benzoic acid-pvridine adduct as érisiﬁ; from a
doubievminimunl potential function for the OH stretchiné
motion with a low central barrier, on the basis that
deuteration ot ithe OE group moves the 2450 cm~i bard to 1900
em~L, indicating that at least the 2450 cm™1 band arises from
an OE motion. Also, it is observed that the spectrum of the
cooled sample does not show much variation in the 1900-2450
cm—1 region, as\gould be the case if an equilibrium ;ere‘
present between BH*.t..A‘ = B...BEA (B:pvridine, EA: benzoic
‘acid) or if the lower band were a difference or "hot" band.
In the poly (4-vinylbenzoic acid)/poly (4-vinylpvridine)
blends these bands at 2488 and 1937 cm™l show little
dependence on composition of the blend. It has been accepted
that the exact spectral locétion of these bands has little
-corrélation with the actual dimensions and presumed sﬁrength
of the Lhydrogen bond in the case of short, strong bonds [52].

On the other hand, in the case of longer hvdrogen bonds, the
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J-frequency of the stretching mode of OH is an index to the

hydrogen-bond strength and dimensions ([54].

c#o stretching: (Figure 37) the carbonyl stretching band
for poly (4-vinylbenzoic acid) is made up of two components,

a band at ca. 1721 cm™ 1 corresponding to free C=0 groups and
a band at 1694 cm~1 corresponding to self-hydrogen bonded C=0
groups. Therefo;e, the carbonyl stretching band is very
broad. The blend poly (4-vinylbenzoic acid) 75 wt %/poly (4-
vinylpyridine) 25 wt % shows a ‘broad C=0 band centered at.
1704 em~1, It is probably made up cf three components: free

C=0 groups, C=0 groups that are hydrogen-bonded with poyvridine
and self hydrogen~bonded 'C=0 groups. Upon increasing the
weight percent of poly (4-vi;ylpyridine) in the blené, the
components corresponding to free C=0 groups and self hvdrogen
bonded C=0 decrease. The blend containing-ZS wt . % of poly
(4-vinylbenzoic acid) and 75 wt‘% of poly (4-vinvl-pvridine)

shows a C=0 band at 1703 em~l.. Due to the large excess of
poly (4-vinyipyridine) in the blend, it can be considered
that this C=0 band is made up of one component m2inly: C=0
groups hydrogen-bonded to poly (4-vinvipvridine).

g
A plot of the half width of the C;O'band vs. compositigp

of the blend (Figure 38) shows the changes which affect the
C=0 band upon complexation. For this svstem it is observed
that the half-width of the C=0 band decreases significantly
upon complexation with poly (4-vinylpyvridine). This can be

explained by the fact that the C=0 band for poly (4-
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Figure 37. FTIR spectra in the region 1800-1625 cm-! of PVBA/PVP blends.
The wt % of PVBA is shown above each spectrum.
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vinylbenzoic acid) is very broad since it is made up of two
components, free and self-complexed C=0 groups, ahé upon
complexation with poly (4-vinylpyridine) the C=0 band is made
up of onlv one component: C=0 groups complexed with poly (4-
vinyléy?idine), this explains why the C=0 band is narrower

upon complexation with the basic units.

The infrared spectrum of benzoic acid in its dimeric
state shqu?ﬂﬁ/%=o band at 1692 cm~l, complexation with

Pvridine does not appear to perturb the structure of §g§:5

CO2E group much from its dimer state since the adduct benzoic
!
acid: pyridine also shows its C=0 band at 1692 cm~i. For

the adduct of p-methyvlbenzoic acid and pyridine, a slightly
diéferent situation it is observed since the C=0 band of this
adduct is at 1708 cm~l while the self-complexed C=0 band of
p-methylbenzoic acid is at 1678 cm~1 (52]. This system is
similar to the poly (4-vinylbenzoic acid)/poly (4-
vinylpyridine) system for which the hydrogen-bonded C=0 group
to pyridine is at 1703 em~l while the self-complexed C=0
groups for poly (4-?inylbenzoic acid) exhibit a band at 1694

cm‘l.

C-0 stretching:

4

iadzi and Sheppard ascribed characteristic bands atr 1300

IT

+ 15 em™! and at 1420 cm-! te C-0 stretching modes [55] For
PVBA/PVP system, two bands are observed at 1282 and 1241T™cm™

1, they are attributed to C-0 stretching modes. When the % of

1)

)
RN

—
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PVP increases in thé blend, the band at 1241 cm~1 disappears
progressively. For ﬁhe blend containing 75% of PVP a single
5and at 1278 cm~! is observed instead of the 1282 and 1241
em~! bands (Figure 353) |

—.

Bands in the 1200-1750 cm~1 region characteristic of

RCOz or RCO;™ are of importance in establishing the state of
ionization of the RCOoH moiety of the complex. In the 1200~

1350 cm~! region are found bands characteristic of RCOo =

which are completely absent f£from the spectrum of the sodium

salt of the acid. A carbonvl band near 1700 cm~1 is
-

characteristic of non-ionized -COjH gioup, a2 band near 1600

cm~l is characteristic of the -CO,~ group. The 1400 cm~l

symmetrical carboxylate stretching frequency is sometimes
weak angd easily confused with other vibrations. The sodium

salt of p-methylbenzoic acid exhibits bands at 1552 and 1421

em~l that are attributed to =C02~ group ([52]. Bands for -
CO2~ groups aré absent in all poly (4-vinvlbenzoic acid)/poly
(4—vinylp§ridine) blends. Therefore, there are only
hydrogen-bonding interactions between both polvmers. The
acidity of the benzoic acid units is not high enough for
protcn transfer to take place. Johnson and Rumon [52]
studied the spectroscopic properties of 18 strongly hvdrogen-
bonded pyridine-benzoic acid adducts and their correlation
with ApK wvalue of the complex (ApX referring to the
difference in pKa of the pyridinium ion and the Eenzoic acid

rd
in "water), they determined that proton transfer takes place
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when ApX values are of ca. 3.7. For example, for adduct of
2,4~dinitro benzoic acid: pyridine whose Apk = 3.81, bands
at 1670 and 1635 cm™ 1 are attributed to RCO»~ groups.. For

benzoic acid the pKa is. 4.20 and for the pyridinium ion is

5.23, the ApX = 1.03, thus the interaction is enly of

hydrogen-bonding type.

Blends of copoly (VBA-S) (40 mol % VBA) and poly (4-

vinyvlpyridine) .

These blends are compatible over the entire range of
composition as shown by DSC studies. Likewise, FTIR studies
show that hydrogen-beonding interactions are present in all

blends, this indicates- compatibility.

O-H stretching: the new bands at 2488 and 1937 em™%+, that
are characteristic of OE groups’ complexed to pyridine groups,

were present in all blends (Figure 38).

C=0 strétching: the carbonvl band of the vinylbenzoic
acid-styrene copolymer was made up of two components: a free
C=0 groups at 1728 cm™% and a self complexed C=0 groups at
1691 cm~1l. It should be noted that in the case of this
copolymer these two bands were more easily distinguished than
was the case for the pol?l(4—vinylbenzoic acid) homopolymer.
This is probably due to the fact that less carboxylic acid

groups were self-complexed in the case of the copolvmer due
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to the intercalated styrene units. Upon increasing the
céncentration of poly (4-vinylpyridine}! 3in the blends, the
bands corresponding to free C=0 groups (1728 qm‘lj and self-
complexed C=0 groups (1691 cm~l) decreased and tpe new C=0
band corresponding to C=0 groups comﬁlexed with poly
(é-vinylpyridine) increased (Figure 40). For instance, for
the blend containing onlv 25 wt & of poly (4-vinvlpyridine),’
a2 c¢lear shoulder at 1720 ecm-1 corresponding to free C=0C
groups was still observed as well as self-complexed groups
shown by the 1692 em~l band. In contrast, the blend
containing 37.5 wr & of poly (4-vinylpyridine) did not show
clearly the band corresponding to free C=0 groups as more C=0
groups appeared to be complexed with poly (4-vinvlpyridine),
as is shown by the increase in the band at 1696 cm~l. rFor
blends having higher concentrations of poiy (é=vinvipyvridine)
we observed a broad single band shifting progressively from
1682 to 1703 cm™l. The latter frequency being observed for
the blend having 75 the wt % of PVD, Therefore, it may-be
said that in this case where the wt % of PVP was very high,
this C=0 band was made up mainly of C=0 groups complexed with
pyvridine groups. t should be noted that for the system poly
(4-vinylbenzoic acid) - poly (4-vinvipyvridine) we also
obtained a characteristic C=0 band at 1703 em—*i feor the-C=O

groups hydrogen-bonded with poly (4=vinyvlpyridine).

& -
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Blends of copoly (VBA-S) (26 mol % VEBA) and poly

(4-vinylpyridine)

These blends were incompatible as shown both by the DSC
results and by the FTIR studies. The later %ndicated that
hydrogen-bonding was happening at least to a small extent.
This was revealed by the prelence of bands at 2488 rem—1 aﬁd
1837 em~l which were characteristic of OQH group hydrogen-
bonded with pyridine groups (Figure 41). However, the study
of the C=0 band ‘showed that hydrogen-bonding was not
happening to an extent large enough to cause variation in
shape and frequency of the carbonyl band kFigure 42) . The
C=0 band for the copolyvmer, which was made up‘ﬁf two well
distinguished components: 1730 and 1691 /cm‘l bands
corresponding reéspectively to free and hydreogen-bonded C=0
groups, remained invariable upon increasiné the concentration

of poly (4-vinvlpyridine) in the blend.

Blends of copoly (VBA-S) (15 mol % VBA) and poly

(4-vinylpyridine). &

For these incompatible blends, there were no bands at
2488 and 1937 cm~l (Figure 43). Furthermore, the C=0 band
did not change upon increasing the ;oncentration of poly (4-
vinylpyridine) in the blends. Only two components were
always observed, free C=0 band at 1733 em—1 at self hvdrogen-

bonded C=0 band at 1690 em~l. (Figure 44) »

/
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FTIR studies have ;héwn that in the system poly (4-
fihylbenzéic acid)/poly (4-vinylpyridine) hydrogen-bonding
between the acidic and basic units happens to a large extent
as is shown by the presence in the IR spectra of the blends
of the 2488 and 1957 cm~! bands which are characteristié of
OH ¢groups coﬁplexed wiﬁpjggzldine and the C=0 band at 1703
cmL characteriétic Af the C=0 groups complexed with pvridine
groups. Similar results have been obtained for the system
copoly (VBA-S) k40 mol % VBA)/poly (4¥vinylpyridine). This
hydfogen~bondin§ Qﬁteraction is responsible for the
compatibiliéation of the systems. .On the other hand for
systems where the mol % of acidic units in the stygene
copolymer is decreased to 26 and 15 ﬁol ¥ and for which.

incompatibility was shown, the C=0 band did  not ™ change

upon blending with poly (4-vinylpyridine) .

Therefore the infrared study. suggests that it is

necessary to introduce into PS at least 40 mol % of VBA units

7

in order to achieve its compatibility with 2vp.
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1.2.4 Compatibilization of Polystyrene (PS) with

Poly (methyl acrylate) (PMa) by introducing 4-

vinylphenyl boronic acid units into both polymers.
/ .

It was our initial aim to explore the possibilities of

compatibilizing two polyvmers by introducing a boron
containing unit into one of them. Then, if the other

1

polyvmer contains electron—&ﬁnbr units, complexation between

the electfon accepting:bagon containing polymer and the
s

electron donating polymer&wbuld tgke place resulting in the

formation of a compatible blend.' The idea was attractive

since coordination\‘between elect:on—defic;ent boron

compounds and electron-donor compounds is‘knoﬁn to be a

-

highly exothermic process. ;Sr instance Table 20 gives the
enthalpies of formation for a series of amines: BF3.
complexes [S6]. We.see in. this table that the enthalpies
of formation éor this kind of complexes are much higher

than those for hvdrogen-bonding complexations (2-10

kecal/mol). It should be pointed out that the use of

.complexation between boron containing polvmers and

electron-donor ,polymers in the field of compatible mixtures
: B
: N ) .
has not been attempted or reported previously. -
At first glance, one may think  of preparing a

polysty-ﬁpe containing pendant alkvl borane units such-.as:

—CH—CH— ‘ —CH—CH—

~ .

CH~—B—CH, Ph—8—Ph
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Table 20. Enthalpy of formation of BF3:amine complexes (ref. 56).

et

L

BFy) * NRy(qy —=FRgN: BFy
>
Ami 8H,
MIE - Keal, /Mole
NH:, -22.0 ‘ ¢
ND3 ——
NI‘(.,'MQ -26.0
- NHMe,, -28,2
IN}'MO;3 =-26.6
C;HN —{27-30)
n=-C 4H9-NHZ —

5871-0459!*1'32 -

PH.'c3 - =18. 9-
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However, the synthesis and maniéulation of polymers of this
kind would be very difficult. It is known that a;kyl
boranes are flammable and very sensitive to hydrolysis.
Although, we alsc know that stability of alkyl boranes or
boranes is increased drastically when they are complexed
with electron-donor compounds; for instance, trimethvlamine
borane, (CH3)3N'BH3~ has a melting point of 949C and is
stable for hours at 1250C. Thereforg, the handling of the
ﬁixtures of the polymers would be easier than the handling
of the alkviboron containing polymer by itself.

3owever, in ordeéer to facilitate handling we decided
to ﬁrepare pelymers functionalized with more stable boron
containing units.

Therefore, we chose to prepare a polystyreng
containiﬁg 4-vinylphenvl ‘boronic acid units. Medified
polystvrenes containing vavrious amounts of 4-vinylphenvl
boronic acid units were synthetized by .a three ~step
process: first, reaction of polystyrene hith bromine in
presence of thallic triacetate to obtain a partly
brominated polystvrene Second, 1lithiation of this
brominated polvstyvrene with n-putvllithium %oliowed by -
reaction with trimethyl borate. Third, hydrolysis leads to
.the desired polystvrene containing 4-vinylphenvl boronic

.

acid units. These modified rolystyvrenes were blended with

o

polymers containing electron-donor groups and compatibility

studies were carried out.
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Blends of copely (4-vinylphenyl boronic acid-styrene)
(17.8 mol % 4-vinylphenyl boronic acid) and poly(4-
vinyipyridine) were pr:;Qred. using -pvridine as common
solvent. Pyridine solutions (ca. 1%) of both polvmers are
made and mixed in appropriate ratio, then the'solvent is
evaporated at atmospﬁeric pressure until a2 dry film is
obtained. Finallsolvent removal is.then‘effected under

vacuum first at room temperature for 48 h and ‘then at 509C

for 3 h. Wet pyridine (ca. 2% water) was used to prepare

"the solution of copolydi-vinylphenyl boronic acid-stvrene)

«

(17.8 mol % 4-vinylphenylboronic acid) since the copolymer

is insoluble in dry pyvridine due to the fact that when they

- are dried these copolymers crosslink because some of the 4-

vinylphenyl boronic acid units convert to 4-vinvl
phenylboronic anhydride units. This phenomenon is
expiained in detail in section 1.2.5.

Figure 45 shows DSC thermograms obtained for these
blends. The copoly (4-vinylphenvlboronic acid-styrene)
(17.8 mol % 4-vinylphenvl boronic acid) exhibits a Tg at
140°C and poly (4-vinylpyridine) at 148°C. Tg for both
polymers are very close to each other. This is a non-ideal
case for studving compatibility usin§ the DSC technigue
since overlapping of both Tgl may lead to erroneous
conclusions. Indged, for this system a single Tg is
observed for blends over the entire range of composition,
however, if compatibility is to be attributed to the

system, it is necessary to observe .2 composition dependent

t\'
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Figure 45. DSC thermograms of blends of PVP and copoly(4-vinylphenyl.
boronic acid-styrene) (17.8 mol % 4-vinylphenyl boronic acid). The weight
% of the copolymer in the biend is given above each thermogram.
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Tg. It is obkserved that Tg is at 148°C for all blends.
Therefore, it may be concluded that the system 1is
incompatible. Moreover, FTIR studies of films of these
blends show that the spectra are just the weighted sum of
the spectra of both pblymers in the blend (Figure 46).

]

There are no new bands or shifting and broadening of
already existent bands. This means that the specific
interactions between both polvmers through complexation of
the electron-deficient boron-containing polvmer and the
electron-donor pyvridyl uni;s 0f poly(4-vinvlpyridine) did
not in fact occur. If complexation had occured, mnew
characteristic bands corresponding to the N:B stretching
vibration would have been observed. It must be concluded
therefore that the coordination capability of the boronic
acid units is negligible in this svstem. It is wvery
important to note that the infrared spectra.of copoly {4+
vinyiphenyl boronic acid-styrene) and its blends with
poly(4-wvinylipyridine) do not exhiEZt‘ ény significant
hvdroxyl band suggeséing that the boronic acid ﬁnits in the
copelymer had been converted to boronic anhvdride units.
This means'that the copolymer has a great tendency to self-
crosslink regardless of the presence of poly(4-
vinvlpyridine). In view of this occurence incompatibility
is observed as the two components of the blend fail to
interact in the way which would bring about compatibility.’
Indeed the characteristic band at 1340 cm~1 for‘the B-0

stretch corresponding to the boronic anhydride units is
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present in all blends. ‘Figqure 47 shows the biphasic
structure that we attribute to these blends.

) It was thought that these modified ,po%ystyrenes
containing 4-vinylphenyl boronic acid units mi§ht be
compatible with polymers containing hyvdroxvl groups. In
this  case compatibili%y might result from chemical
reactions taking place between the boronic acid uriits of
the modified polystvrene and the hydroxyl .groups of the
d;her polymer to form boronate units. Indeed, we observed
partial compatibility for blends of copoly (4-vinylphenvl
boronic acid-styrene) (13.4 mol & 4-vinvlphenyl boronic
acid) and pély (4-hydroxystyrene). Figure 48 shows the DSC
thermograms of these Elends which were prepared using wet
TEX as the common solvent. It is observed that the copoly
(4-vinylphenyvl boronic acid-styrene) exhibits a Tg at 120°C
while poly (4-hydroxystvrene) (Mw = 31600 Mw/Mn = 1.9)
exhibits a Tg at 157°C. Blends containing 75 and 62.5 wt.
% of "copoly (4-vinviphenyl boronic acid-styrene) (15.4 mol
< 4-viny%phe;yl boronic acid) exhibit only one glass-
transition temperature. Blends containing up to SO wt. &
of the copolymer exhibit two glass-transition tenperatures,
this indicates the ©presence of two phases, thus,
incompatibility is aftributed to those blends.

In general, it may be concluded that the capability of
our copoly (4-vinylphenyl boronic acid-stvrene)s for
compiexing with electron-donor containing polymers is too

weak to cause compatibility. Also, their capabilityv to
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Phase 1 Phase 2

Figure 47. Structure of incompatible blends of PVYP and copoly(4~vinylphenyl
beronic acid-styrene) (17.8 mol = 4-vinylphenyl boronic acid ‘.
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Figure 48. DSC thermograms of blends of PHS and copoly(4_vinylphenyl boronic
acid-styrene) (13.4 mol % 4-vinylphenyl boronic acid). The weight % of the
copolymer in the blend is given above each thermogram.
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form boronate linkages with phenols containing poly@ers was
not efficient enough to cause compatibility over the entire
range of composition.‘ Probably, higher amounts of 4-
vinyvlphenyl boronic acid units would need to be iﬁtroduced
into polystyrene in order to observe compatibility over the
entire range of composition.

During the course of +these studies, we observed
repeatedly the capability of the (d=vinyliphenvl boronic
acid-styrene) copolymers to self-crosslirk due to the ease
with which 4-vinylphenvl boronic acid units convert to 4:
vinylphenyl boronic anhvdride units. In view of these
observations, we thouéht that in oxder to.compatibilize LwWOo
different polymers, it hight be sufficient to irntroduce
some <4-vinyvlphenyl boronic acid units into both polymers;
thus, formation of boronic anhydride units between the two
modified polymers could bring ébout their compatiﬁility.
Figure 49 illusctrates this hypothesis. This idea was very
étt:active mainly because two polymers could be
compatibilized through covalent, vet reversible c¢rosslinks.

We have shown previousiy that the boronic anhvdride
linkages are easily groken in wet tetrahvdrofuran.

We chose polyvstyvrene and poly( methvl acryvlate) as the
polymers to be compatibilized tﬁrough‘the formation of
covalent reversible cresslinks. Copolvmers of
4-vinyiphenvl boronic acid and styrene, and of 4-vinvi-

phenyl boronic acid and methyl acrylate were prepared by

radical copolymerization of the respective monomers:

-
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Figure 49. Structuresrof blends of polymers A and 8 for which compatibility
may be -achieved by introducing into both of them 4-vinylphenyl boronic acid
units.
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subsequently,lthe compatibility of bl;nds oé the "modified
polymers" was tested by DSC and FTIR technigques. Table 21
shows the molecular weights and glass-transition
temperatures of the various copolymers ﬁsed iﬂ this study.
Our studies revealed once again that the method of
sample preparation is of particular importance to obtain a
compatible sy;tem from mixtures of copoly (4-vinylphenvl
borenic aq;ggstyrene) and copoly (4-vinylphenvl boronic
acid-methyvl acrylate). Indeed, severai methods of "sample
preparation failed to yield compatlble systehs, while as _
will be seen later compa‘zible blends egan in fact be
obtained. - . ) —

In the first technique used in the preparation of the

samples, solutions of the individual copolvmers (ca. 1%,

O
wt/v) in wet THF (2% water) are mixed in appropriate ratio

T
(it should be noted once again that these 4-vinylphenyl
boronic acid containmding copolymersw have a crosslinked

structure unde€r dry conditions). -The solvent is then
o
eva%oratediat atmospheric pressure until dry films are

-~

obtained. Final solvent removal is effected under vacuo.
Figure 50 shows the DSC thermograms of blends of copeoly (4-
vinylphenvl boronic acid-stvrene) (16:7 mol % boronic acid
bnits)ﬁl, withjcopoly (4-vinvlphenvl boronic acid-methyl
acrylate) (8.6 mol % boronic acid units) 3. Similarly,
Figure 51 shows the DSC therﬁagrams of blends of copolvmers

2 and & prepared using the same method. The DSC

L

thermograms that are given were obtained in a second

Q
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'Figure 50. DSC thermograms of blends of copoly(4-vinylphenyl boronic acid-
(16.7 mol % 4-vinylphenyl boronic acid) and copoly{4-vinylphenyl

”

. styrengj
boronicfacid-methylacrylate} (8.6 mol % 4-vinylphenyl boronic acid). The

weight ¥ of the styrene copolymer is given above each thermogram. Method
of blend preparation: slow evaporation ¢f THF.
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Figure S51. DSC thermograms of blends of copoly{4-vinylphenyl boronic acid-
styrene) (8.6 mol % 4-vinylphenyl boronic acid) and copcly{4-vinylphenyl
boronic acid-methylacrylate) (5.3 mol % 4-vinylphenyl boronic acid). The
weight % of the styrene copolymer in the blend is given above each thermo-
gram. Method of preparation of the biend: slow evaporation of THF.
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heating scan at  20°C/min. Samples underwent a first
+ Deating scan to 200°C at 10°C/min and annealing for 10 min

at 200°C. These DSC thermograms show that the blends are

incompatible as two well distinguished glass-transition
temperatures are thained‘ cver the entire 'range: of
composition. At first these Eesults were sdrprising, as
interspecies crosslinking had not occured but the polymers
had self crosslinked. Each polymer in the blend exhibits
the same Tg as that measured for the pure self-crosslinked
polvmer. FTIR spectra also-indicate that the polvmers in
fthe blend are self-crosslinked. FTIR, spectra show a verv
weak or almost null hvdroxvl band for films of the blends

L
cast onto sodium chloride discs. The lack of hydroxyl band

indicates that most boronic acid uniés had converted to
boronic anhydride units. Figure 52 shoys the FTiR spectra
of blends of copolvmers 1 and 2 cast from THEF solutions.
The observed incompatibility may result from the fact that
the boronic acid units dehvdrate at the very end of the
solvent evaporation stage when separation of the polvmers
in two different phases has already happened. Figure 53
illustrates the different steps of this process.
Thermogravinetris analvses of polymers and blends used
in this study are reported in Table 22. The introduction
¢f 4-vinvlphenyl boronic acid units into pelystyrene and
poly (methyl acryvlate) increases their thermal stability.

Modified polystyrenes containing 16.7 and 8.6 mol % of 4-

vinylphenyl boronic acid units, 1 and 2, start to decompose
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Homogeneous solution of copoly{4-vinylphenyl boronic acid-styrene)
and copoly(4-vinylphenyl boronic acid-methy] acrylate)

\

* Slow evaporation of solvent

% .
* Separation of phases
- Y ) _ ~
—CHeCH—CH—CH— —CH;CH—CHer—
o COOCH,
-+
HO—B—0OH HO—6—0H
.| *Drying
1 *Self-crosslinking of the polymers
Y
~CH~CH—CH~CH— -CHrCH~CHer-
COOQCH,
’ B { | B [
(E:H, 0. ?H, e (I:H, oy o (i.'H:
v - -
HO* A0 HO o0
?H: CH, : CH, ?m .
(l:H_ Hf—@ —Hcl:-coocu, H([:-COOCH,
Phase 1 Phase 2

Figure 53. Process leading to the separation and incompatibility of
blends of modified polystyrene and poly(methyl acrylate) containing
4-vinylphenyl borenic acid units. Method of blend preparation: slow
evaporation of THF. -
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Table 22. Thermogravimetric analyses of polymers, copolymers
and representative blends used in the study of polymer

compatibilization through covalent—cross%&nks 2. (See Table 2)

Step decomposition tempertures (°C)

Polymer # Start Peak End - -Loss weight %
1 280 370 425 91.6

2 285 - 370 428 $8.0

3 300 38%5 452 87

4 300 380 439 51

5P 250 370 472 ;s

{(1+3) € 300 379 442 91

a. All sample underwent a first heating scan to 200°9C. 1In
this first heating scan a loss of 2-3 wt % is observed
corresponding to evaporation of residual solvent.

b. Peoly(methylacryvlate)

c. Blend 50:50 wt %
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at ca. 285°C while pure polystyrene starts to decompose at
ca. 260°9C. Modified‘poly (methyl acrylate)s containing
only 8.6 and 5.3 mol % of 4-vinylphenvl boronic acid units,
2 and 4, start to decompose at ca. 3009C which indicates a
greater thermal stability compared to that of pure
polyémethyl acrvlate) which start; to decompose at ca.
250°9C. The greater thermal stability of the 4—vinylpﬁenyl
boronic acid containing  polvmers can be attributeé to the
presence of the boronic anhvdride Linkéges. Similarly, a
blend of cépolymers 1l and 3 starts.to decompose at 300°C.
Figure 54 shows the TGA curves for copclymers 1 and 3 and
Figure 55 for poly(methyl acrvlate) and a blend of
copeolymers 1 and 3.

'It is known that phenvl boronic acid'undergoes a rapié
dehvdration in nén-polar solvents such as benzene and
carbon tetrachoride while polar solvents tend to stabilize
the boronic acid units. Therefore, the blends were next
prepared using toluene as common solvent. It was expected
that the boronic acid units would dehydrate promptly before
complete evaporation of the solvent and therefore before
separation of phases. Unfortunetely, the self-crosslinked
copolymers are insoluble in wet tSluene, even after
standing overnight, this probably due tc the great
stability of the boronic anhydride linkages in toluene.
Consequently, solutions of the copolymers in toluene had to
be prepared bv an indirect procegpﬂp: first the copolymers

were solubilized in wet THF, then toluene was added to
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these solutions and finally, removal of the THF by
distillation at atmospheric pressure afforded solutions of
the copolymers in toluene. Toluene solutions of both
copolymers 2 and 4 were then mixed in appropriate ratios
and the -solvent was allowed to evaporate slowly at
atmospheric‘pressure until a dry £ilm waé obtained. Final
solvent removal was then effected under vacuo. DSC studies
of these blends unfortunately do reveal again a phase
separated system. Figure 56 shows these DSC results and
Figure 57 shows the FTIR spectra of films of blends of
polymers 2 and 4 cast from toluene éolutions onto jodium
chloride discs. Other approaches to the prepéﬁation of
compatible samples were alsc used in an effort to co-
rosslink the polyvmers. For instance, the tolugne
solutions of the mixed polymers were refluxed through a
soxhlet extractor charged with drv molecular sieves. In
this way, it was hoped that thorough drying of the solvent
could cause co-crosslinking of the polvmers. However,
boronic anhydride formation did nof take place in solution
since gelation was not observed. After refluxing the
toluene solutions for 8 h and subsequent distillation, the
obtained biends were dried under vacuum. DSC thermograms
revealed again a phase separated system. . ’
In one of our experiments, TEF solutions of the mixed
polyvmers were rotoevaporated at room temperature, and after
complete evaporation of the THF solvent, the solid mixture

was kept on the rotary evaporator for 2 h at 60°C. This

»
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of blend preparat1on slow evaporation of toluene.
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snecmfch exnerlment turned out to be of particular

V.

1mnortance as the DSC thgrmcsram indicated th?y?*esence of
three phases: 2 phase of self-crosslinked copoly - (4-
vinylphen?l boronic aéid—styrene) (8.6 mol % boronic acid
- i bl B

'uiiiibﬂexhibiting a glggs—transition.temperature at 118°c,

a second\pha§e of self-crosslinked copoly (4-vinylphenyl.

' N - i . 1} T . V
. borecnic acid-methvl acrylate) (8.6 mols boronic acid units)
exhibiting a glass-transition temperature at 15€C, and a

third phase exhibiting a glass-transition temperature at

-

40°C, this thirdg phase is the §3§ult of the co—crosslidking

of the two copolvmers. Figure 58 Shows the DSC thermogram
of this blend. Aas has been said previously these results

i - - ’

are very important because they indicate that the expected
. o S . ' *
co-crosslinking mechanism can take place under certain®
conditions with.formation of‘%\third compatible iyphase of
é, two polvmers. Analysis of the possible:reasons that
-explain yhy ‘through this particular, method of sample
. 3 ) ) . (3 'l/‘—
breparation the polvmers are able to~co-crosslidk and not
/
through the other methods led us to withdraw the following
. Ve )
conclusions: Slow evaporation of THF from the samples as
. was used in our veryv first approach did not' lead to co-
c“ossllnklng because the bolvmers are glveq the possibility
- of seoaratlng into two phases due To the slowness of the
splvent evaporation. ' Similar concluslons can be withdrawn
. L]
with respect to the incompatibility of blends prepared by

slow evaporation of toluene. On the other hand, we think é?
4 . £

that low concentration of the reactive boreonic acid units. ,
. N\
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ané their consequent inability of feaching each other was
the reason for the failure of the approach where it . was
tried to dehydrate the boronic acid units in solution by
refluxing the toluede'solvent through a soxhilet ché&ged
with ﬁolecular sieves (it should be noted again that the
borgnic'anhydrng reaction is #ripoie;ul&%). Finally, in
that approach where a tﬁifa comﬁatible phase was observed,
the polymers could- not ‘separate completely into two phases
due to the rapid evapérationlof the solyent, alsc heating a
60°C favored the béronic anﬁyd;iée formation.

| In view of these results we thought that complete
compatibilizatien of this system, resulting in a'blend
consisting of'only one homogeneous phase, might be achieved

if the samples were prepared by melt mixing. Solutions of

the mixed polvmers in THF were therefore rotoevaporated and

the resultant solid biends were then heated in the oven at
80°C for 2 h and then vacuum was applied and the heating
<

was continued for another hour. DSC thermogram of a 50:50

wt % blend of copolvmers 1 and 3 obtained by the melit

mixing technigue indicates that g?mplete compatibilization

B

. . \ . ‘o
was obtained, only one broad/ single glass-transition
~
temperature is observed at 80°C and Tg for the individual

polymers, 138 and 25°C are_absent (Figure 59). FTIR for

Y

this plend (XBr pellet) (Figure 60) indicates thiat not all
4-vinylphenyl boronic acid units have converted to 4-

vinvlphenvl boronic éhhydride units as there is a hydroxyl
. . i < .o .
band at ca. 3500 cm~ 1. This’ is in contrast with the

-

~
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infrared spectra of our incompatible systems for which it
was observed that most 4-vinylphenvyl boronic acid units had‘
converted tO'boronic(anhydriée units during the self-
crosslinking of individual:polymers as indicated by the
absence of hydroxyl band in tHe spectra. It seems obvious
that self-crosslirking is more efficient than co-
crosslinking a fact whickhk is understandable if one
considexs that co-crosslinking inveoclves the reaction of two
incompatible ?olymers. Despite the fact that’pfobab;y no
more than 50% of the boronic écid units are co-crosslinking
the system, the goal of full compatibilization was
accomplished. It is seen that the cbmpat?%i;ization of
polystyrene with poly(methvl acrvlate) which are very
dissimilar ﬁalymers aad conseguently very difficult to
compatibilize has‘been achieved very efficiently as no
large degrees of ;;dificat;on had to be introduced inte the

polyvmers: only 16.7 and 8.6 mol % of 4-~vinvlphenvl boronic

acid units were introduced into polystyvrene and poly (methvl

- :
acrylate) respectively.
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1.2.5 Syntheses of polymers and copolymers used in
the studies of compatibility of polymers through E-

| : ;
bonding and reversible covalent crosslinks.

Syntheses of polymers and copolymars conﬁaining

styrene, 4-hydroxystyrene, 4-vinylpyridine, and 4-

4
vinylbenzoic acid.

We used in our studies two poly (4-hydroxystvrene)s:
poly (4-hydroxystyrene) obtained <£rom Maruzen 0Qil Co.
(resin PHM), and poly (4—hydroxystyrene) synthesized by a’
two-step procedure involving first the polymerization of 4-
tert-butyloxycarbonyloxystyvrene followed by removal of tHe
t-butyloxycarbony roups by acidolvsis. The polymer frzom
Maruzen 0il Co. had low molecular weight, Mw=9500, and
Mw/Mn=2.2 and exhibite a'glass—transition temperature at
138°C. The pbly(4—hydroxystyrene) that we synthesized had
a Mw= 31600, and Mw/Mn=1.9 and exhibited a glass-transition
temperature at 157°C.

The procedure emploved for synthesizing poly(4-
hydroxystvrene) was developed by Fréchet et al. [57] and it
is the most efficient synthetic route to pure, unoxidized
high melecular weight poly(4~hyvdroxyvstvrene) . Direct
radical polvmerization of 4-hydroxystvrene is not a
convenient route since it affords a low: molecular weight
polymer which contains a significant excess of oxvgen with

respect to the calculated amountc. Moreover, Still and
[
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Whitehead.[58] have reported an‘énomalous behavior of 4-
hydroxystyrene in its polymerization with AIBN as
initiatbr. Thus, the viscosity 'of the polvmer and the rate
of polvmerization remained constzant; regardless of
initiator concentration; in fact, a polvmer of similar
viscosity can be obtained in the absence of AIBN or even in
the presence of 5% tert-butylcatechol. $till and Whitehead
concluded that 4-hydroxystyrene poiymerizes through é non-
radical mechanism and suggested an ionic mechanism
invelving self-initiation Fo produce a low molecular weight
polvmer.

Copolvmers of Q;hydroxystyrene apa styrene were also
obtained through the coéolymerization of'styrene and 4-
tert—buﬁyloxycarbonyloxystyrene and subseguent removal of
the t-butyloxyvcarzbonyl groups by acidolysis. These
copolymers containing 50, 30, and 20 mol % of 4-
hydroxystyrene had Mw of 31500, 34900 and 46000 and Mw/Mn
of 1.9, 2.4 ané 1.7 respectivelv, also exhibited glass-
transition temp=ratures at 125, 120 and 118°C respectively.

\

Poly(4-vinylpvridine) and copolymers of 4-
vinylpyridine and styrene were synthe§ized by radical
polvmerizations of the respective monomers. We used- two
Poly (4-vinvlpyridine)s in our studies. Cne was obtained

by radical polymerization in toluene with. ATIBN as
. |0

initiator, this polymer had a2 Mw=46700 and’ a glass-

transition temperature of 155°C. The other was obtained by

the same procedure but by using ethvl acetate as sol-rent.
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This polymer had a Mw=35700 and a glass-transition
_tempéfature ef 148°C. Copolymers cqntaining 50 and 20 mol
5 of 4-vinylpyvridine had Mw of 45200 and 42800 and Mw/Mn of
1.3 and é.O also they exhibited glass-transition
- Ltemperatures at 118 and 1149cC. Their composition
corresponded to thosé of the Eopolymerization feed and
coéld be verified by the lE-NMR integration data (Figure
6L) . )

Poly(4-vinylbenzoic acid) and various copoly (4-
vinylbenzoic acid-stvrene) were obtained bv radical
polymerization in dimethylformamide using AIBN as
initiator. Table 23 shows the copolymerization feed
composition, polymer composition and vields that were
bbtaine;. The composition'of the polymers .was determined
using lg-NMr integration data. Figures 62 and 63 show the
1E-NMR spectra in the ranée 8-6 ppm for poly{4-vinvlbenzoic
acid) and its cop&lymers with stvrene. Figure 64 show
their FTIR spectra. These spectra are characterizegd by the
presence pf_tgo carbonyl bands at 1730 and 1692 em—1
corresponding to Iree and self-hvdrogen bonded carbonvl
groups. It is observed that in poly(4-vinvlbenzoic acid)

most cardonyl groups are self-hydrogen bonded while for e

copolymers with styrene there is a decrease of self-

r
hydrogen bonded carbonvl groups, this due to the presence

of the intercalated stvrene units.
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Table 23. Characteristics of the copolymerizations of 4-vinylbenzoic acid
and styrene.

Feed composition (mol &) Copolymer composition (mol %)¢ Yield %

4-VBA S 4-VBA 5
100 100 ”% 85
/ i v

50 50- 4 56 44 79

30 70 20 60 7.5

! 20 80 26 74 : 71.6
-~ 10 90 15 85 58.4
5 95 £ 89 47

a. Copolymer composition was determined using 1H--__I\JMR integration data.
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- . . . .
Synthesis of (4-vinylphenyl boronic acid-styrene)

copolymers by c¢hemical modification of polystyrene

-
»

Tﬁis synthesis ' consists of the following -steps:
Firstt reaétion of polystyréne with br&mine in presence of
thallic triacetate to obtain a partly brominated
prolvstvrene. Second, lithiation of this brominated
polystyvrene with n-butyilithium followed by reactlicn with
trimethvl borate, and hydrolysis‘lead to the desiréd {4~
vinylphenyl boronic acid—styfene) copolyﬁers. Figﬁre 65

shows these different- steps.

-
Electrophilic aromatic bromination of rolvstvrene in

rpresence ¢f thallic tr}acetate Proceeded in high vields:
Thus, the desired degree of modification is easily obta;ned
by adjusting the amount of.added bromine. Copolymers of 4-
bromostyrene and stvrene containing 3,7,14,26 and 48 mol %
of 4-bromostyrene were prepared using this methed.
Lithiation of (4—br9mostyrene-étyrene) copolymer waé
performed in benzene at 60°C by additioh,of n-butyllithium
to the polymer dissdlved in benzene. . Large éxcess of n-
butyllitium is needed (ca. 10x) when a lower excess of n-
butyllithium is used (ca. 5x), copolymers containing large
amount Jf unreacted 4-bromostvrene units are obtained:
However, we found that lithiation~ of soluble (4-
bremostyrene-stvrene) copolyme;s in benzene c%ﬁ’be done
only for copolymers containing a maximum of ca. 14 mol % of

1
4~bromostyrene units. If this lithiation is tried on

-



168

. .HO—

—OH

_ *auaahkysfiod o UoLjeopiLpow estwayd Aq
S{9UaJAlS-pLIR ILUOJOQ _acm;nphc_>,¢vm_oawo Jo uoljededaad ayj ui sdais ‘g9 a4nbyy
. . s ’

. .

m,ﬁof&.ﬂ - A&of.ou fL
1Ing-+ 1 . “g

HO—

[



169

copoiymers containing a higher mol % of 4-bromostyre5e
units,. the soluble copolymer crosslinks easily in the
reaction medium. . For instance, we could not lithiate -a
copolymer containing 26 mol % of 4-bromostvrene units using
benzene as solvent. Crosslinking of' the polymer taﬁeé
Elace likely théough reaction of lithiated units'with
unreacted 4-bromostvrene units (Wurtz reaction). We tried
to avoid crosslinking of the polymer changing several
reaction parameters, for insEance, we tried to perform the
'.lithiation at room temperature, however, lithiation of‘the
cop&lymerlwith n-bdtxllithipm in benzgnq}does not“ﬁgke
place even after 8 h-of reaction unléss ﬁﬁ;héemperature is
raised to 60°C. Also, we tried to perform the lithiation
adding the solution of the polvmer in benzene to the.
solution of n-butyllithium in benzene at 60°9C, but
crosslinking of the polymer still happened. This because
lTithiation of the polymer in benzene is slow even at 60°C;
" —

therefore, there are always lithiated units in presence of
unreacted 4-bromostyrene units and the Wurtz reaction takes
place. In conclusion, it was shown that lithiation of
(4-bromostyrene-styrene) éopolymers could be performed in
benzene with In—butyllithiunl only if the mol % of 4-
bromostyrene units in the copolymer is lower or egual to
ca. 14 mol %.

LitWiations “of (4-bromostyrené;styrene) copolymers
containing high concentration of 4-bromostyrene units Qere

performed in tetrahvdrofuran at -40°C. Lithiation of the
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polymer proceeds smoothly and no crosslinking is observed.

s ~
It should be noted that it is always necessary to use a

.large excess of n-butyllithium.

Reaction of the lithiated polymer with trimethyl

borate proceeds quantitatively. The 'lithiated polvmer has

to be added to the trimethyl borate instead of adding the

trimethvl b;rate to the polvmer. This prevents possible
crosslinking. of the polymer through reaction. of two
aromatic lithiated units with one mol of trgmethyl borate
where two of‘the methoxy groups of trimethyl borate are
replaced. .\ ’

These copolymers of 4-vinyvlphenvl boronic acid and
styrene show a very inﬁ:resting and important behavior.
They crosslink upon drying , but a ﬁnique feature is that
this covalent crosslinking is reversible. The c¢rosslinking
is'due to the dehvdration of the 4-vinylphenvl boronic acid

units of the polymers to give 4-v§nylphenyl boronic

anhydride units (Figure 66). , -At the beginning, it was

surprising and difficult to believe that this reaction was

L
taking place, since as is shown in Figure 66, this is a

trimolecular reaction, énd‘therefore the probability of a

three molecule encounter in the sSlid state cannot be ﬁery

high especially if one considers that those reactive units

are attached to a-polymeriq matrix. HEowever, we believe
-

that the reactive units may always remain in close

proximity due to self-hvdrogen bonding, this c¢an explain

»

-
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~CHg-CH—CH,—CH~— '

0O

O—B—OH

—H,0

~CH;—CH—CH;~CH—

/
\. _—

Figure 66. Structure of self-crosslinked copoly({é-vinylphenyl boronic acid-
styrene)s

&y
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their prompt subsequent dehydration with formation of the
boronic anhydride units.'

| The crosslinked polymers are easily solubiiized ;n TEF
By adding a few drops of water. The anhydride bonds are
broken and the polymer becomes ‘soluble in THF, a polar
solvent -in which/fgﬁe borenic aci& units ére highly'
stabili;ed.' On the other hand, the polymers are insolub;e
in wet beﬂzene, solubilization is not observed even after
overnight standiné of the polymer in wet benzene. This due

te the high stabilization of the boronic anhydride units

in benzene.

-

$ :
Lennarz and Snyder [59] recognized this ability of 4-

vinylphenyl boronic acid containing polymers teo crossiink
due to their ability to undergo dehvdration to the boronic
anhydride. They prepared poly (4-vinyvlphenyl boronic acid)

by free radical initiated polvmerization of 4-vinylpheny

-+

boronic acid). Elemental analyses showed that ca. 50-75%
of the boronic acid units converted to their anhydride
units. These éuthors.dried their sample of poly (4-
vinylphenvl boronic acid) under very harsh conditions; e.gq,
at 100°C in vacuo over three davs.

We found that anhyvdride formation takes‘place under
very mild conditions; for example ﬁt rcom temperature in
vacuo over a period of 48 h.

Elemental analyses of our copolymers of 4-vinvlphenyl
boronic acid and styrene prepared by chemical modification

of polystyrene show that only few anhydride linkages are



Y

173

7
crosg;{ﬁking the polymers, since elemental analyses can be

satisfied if it is assumed that the copolymer contains

mainly boronic acid units. On the other hand, copolymers
. -8 : ) ' :
with similar compositions- but -obtained byv. radical

copolymerization showed larger degrees of anhvdride

linkages, since elemental analvses could only be satisfied

.
5

if It was assumed that the copolvmer contained mainly

boronic anhvdride units.

.

B f
B0 wvibrational “freguencies for both 4-vinylphenyl"

boronic acid and 4-vinylphenyi boronic anhvdride are found

in . the same region near 1345 cm~1l,. The presence of

‘anhvdride units can be recognized by the near disappearance

of the hydroxyl: bands at ca. 3575 cm™+ correspondin “jﬁiaﬁd

N
B-(0H)» groups.

-

Synthesis of (4-vinylphenyl boronic acid-styrene)

and (4-vinylphenyl boronic acid-methyl acrylate)

gopolymers by éédical copoljmerization of the
respective ﬁonomers. ’

The synthesis of 4-vinvlphenvl boronic acid was
performed following the érocgdure_of Cézes [60]. " This
author reported the preparation of 4-vinylphenyl boronic
acid via the Grignard.reaction. Methvyl boraéé was adﬁed to
a cooled solution (-78°C) of the Gmignard reagent of p-
bromostvrene in tetrahydf@furan. Subsequent hydrolysis
lead to the - desired 4f§inylphenyl-boronic acid in 66%

-
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jieldl We employed p-chlorostvrene in our synthesis.

P

Normant and 3raun [61] have also reported on the

s

-

'_breparation of 4-vinvlphenyl boronic acid from p-
_ ;hIorostyrene éndrhavé'obtained a yield of 80%. However,
'Letsinger_and Hamilton [62] obtained only 60% vield for the
preparation of ' 4-vinvlphenvl bgronic acid from p-
chlorostvrene. ihey als; obtained a.38% vield of polvmeric
matexial. 'fhus, it - appears that the extent of
polymerizatioﬁ'during the preparation of 4-vinvlphenvl
boronic acid via the Grighard reaétion is governed by
rather subtle variations in the reaction conditions and/or
in the purity of the reagents. In our hands, the
preparation of 4-vinyvliphenyl boronic acid from p-
chlérostyrene ogly gave 50% vield, }klsor lH-NMR of the
air-dried crystals which are obtained after
recrystallization in toluene show that the compound thée is
¢cbtained consisted in_.a mixture of 60 mol % of 4-
‘vinylphenvl boronic thydride and 40 mol % of 4-vinvlphenyl
boronic acid. The c¢rvstals were then dzied under vacuum
for 48 h to obtain 100 mol & of 4-vinvlphenyvl boronic
anhydride. Figure 67 shows the lH-NMR spectra for the
mixture 4-vinyiphenyl boronic anhyvdride/4-vinylphenvi
boronic acid and for pure 4-vinviphenyl boronic anhydride.
Figure 68 shows MS spectrum_of 4-vinylphenyl boronic
anhydride. The molecular - ion is clearly observed at

m/e = 390. Assigment for several fragments are given in

figure 68.
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Variocus copolymers of 4-§inylphenyl g&ronic acid and
styrene and‘pf 4-vinylphenyl- boronic acid_énd methyl
'acrylate were prepared by radical copolymerization of the
respective monomers. The éopolymerizat;ons were run in wet
dimethylformamide in order to, break the anhydride linkages

of 4~vinylpheny& boronic anhydride Wwhich was a starting

-

monomer for our copolymerizations. Copolymexizations were
run to 100% conversion. However, the composition of our

copolymers with stvrene posseéééd a composition which was
very different from that of the monomer feed. For
instance, ;L feed :ffﬁlymerization of 10 mol % of 4-
-vinylphenyi boronic’acid and 90 mol % of styrene, afforded
a copolymer containing116.7% mol % of 4-vinylphenyi boronic
acid and 83.3 mol % of styrene and the yield of the
copolymerization with respect to,the feed composition was
56%. Oon - the othef hand, the compositions of the 4-
vinylphenvl boronic acid and methyl acrvlate copolymers
were very similar to the feed copolymerizaticn composition.
Elemental analyses of all these copolymers showed that
most of the boronic acid groups had coﬁvgrted to boronic
anhvdride grouﬁs, as well infrared spectra_ of the
copolymers showed only very weak hydroxyl bands. -Mélecular
.,weight measurements were taken after dissolviné the
coepolymers in wet THE. GPC with polystyrene calibration
showed the following results: (4-~vinylphenvl boronic acid-

styrene} copolymers had Mw between 50000 and 74000 with

Mw/Mn between 2.5 _and 3 and (4-vinylphenvl boronic acid-
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methyl acrylate) copolyme:s_had Mw between 40000 and 41000

. . _ .
with Mw/Mn between 4.052nd 4.5. Radical polymerizations

are characterized in mary instances-by a molecular weight
distributio? of 2. It is seen that éur copolymers gossess
rather a broad molecular distribution and this probably
reflects the very different polymerizaﬁion reactivity
ratios that the monomers may possess. For instance, M,
Hartmann et al [63] reported 0.28 and 0.83 as
copolymérization reactivity ratios of 4—vinylphényl boronic
acid and Stvrene respecti?ely. " The radical
copolymerization of the monopers was performed in a
dixoane: water, 95:5 v/v, mix%ure as solvent and AIBN as
initiator. )

The glass-transition temperatures of the copolvmers of
4-vinyvlphenvl boronic acid and stfrene containing 16.7 aﬂa
8.6 mol % of 4-vinvlphenvl boronic acid units were 138 and
lZOOC- respectively; these xigh glaés—transition
temperatures are due %o the presence of the crosslinking
anhydride 1linkages which reduce the mebility of the
polymer. The glass-transition, temperature of polystyrene
is ca. 160°C. It is seen that incorporation of 16.7 mol %
of 4-vinylphenvl boronic acid units increases the glass-
transition temperature to 13é°C. Similarly, incorporation
of 8.6 mol % of 4-vinylphenyl bbronic acid into poly (methyl
écrylate) increases the glass-transition temperatures from

0°C, ([the glass-transition of poly(methvl acrylate)], to

25°C. A copolymer containing 5.3 m?i;g of 4-vinylphenvl
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boronic acid units alsg exhibits a Tg of 25°C. This .was
unexpected since the Tg should be proportional to the

v ’

amount of incorporated boronic acid units, as was seen for

the styrene copolifii§¢ We. think that the very close

composition 'of the‘methyl acrylate copolymers and probably

éi;ferent degrees of anhyvdride formation are responsible
" .
. for the identical glass-transition temperatures which were

—observed. v

a
\

-

N2
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1

1.3 CONCLUSIONS

Poly (4-vinvlpyridine) is shown to be miscible over the
entire range of composition with poly(4-hydroxystvrene) and
modified polyvstvrene containing 50 mol % of 4-
hydroxystyrene. On the other hand, when it is blended with
modified polystyrenes.containing 30 and 20 mol & of 4-
hyvdroxystyvrene, miscibility is observed only for those
mixtures rich in poly (4-vinvlpyridine). For blends of
poly(4-vinylpyridine) and poly(4hydroxystvrene) the maximum
Tg deviation from calculated weight-average Tg values
occurs for that blend which contains a stoichiometric ratio
of interacting units. 1In contrast, for blends of polv{4-
vinylpvridine) and copoly (4-hydroxystyrene-styrene) (50
mol % 4-hydro£:styrene), maximum Tg deviétion does not
occuxr for a steoichiometric blend of interacting units.
Instead a2 broad maximum in the-cﬁrve Tg versus composition
is seen for blends which contain ratios of basic (pyvridine)
units to acidic (phenol) units between 2 and 1.4. It
apgpears than an excess of basic units is needed to attain
the maximum interaction between both polymers; this 1is
1ikely to be due to the fact that not all _yridine groups
are able to complex with the phenolic units probably
because of the presence of the intercalated stvréne units.

Similarly, poly(4~hydroxyétyréne) is shown to be
miscible with a2 modified polystyrene containing 50 mol % of

4-vinylpyridine units. For this system, maximum Tg
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deviation is observed for blends containing a ratio of

acidic to Basic units of about 2. It is found that an

excess of acidic units is required to achieve maximum

interaction. Once again this is probablvy due to £he

inability of all phenolic units to complex.
.

poly (4-hydroxystyvrene) and copoly (4-vinylpyriWine-

styrene) (20 mol % 4-vinvlpyridine), miscibility is

observed only for those mixtures rich in peoly(4-

hvdroxystyrene) .
Poly(4-vinylpyridine) is shown to be miscible over the

entire range of composition with poly(4-vinylbenzoic acid)

and modified polystyrene containing 40 mol% ‘of 4-

vinylbenzoic acid units. On the other hand, when it is
blended wi:h modified polystyrene containing 26 mol% of 4-
vinylbenzoic acid units, immisgibility is observed éver the
entire range of composition. For blends of poly(4-
vinylpyridine) and poly(4-vinyvlbenzoic acid) the maximum Tg
deviation. occurs for that blend which contains
stoichiométric'rapio of interacting units while forzs the
blends of-poly(4-vinylpyridine) and copoly(4-vinylbenzoic
acid—sty:ene) {40 mol % 4-vinylbenzoic acid) maximum Tg
deviation cccurs for blends containing a ratio of basic to
acid units'of about 2.5, that is, an excess of basic units
is requirea to achieve maximum interaction.

In order to compatibilize poly (4-vinvipyridine) or
poly (4-hydroxvstvrene) with polyétyrene, a rather high

percentage of complementary units (acidic or basic) must be

/’\\\ .

iy
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inqorporatéd into the polgstyrene. -Similar percentages of
acidic units regardless their acidic strength have to be
intrdduced into polystyrene in order to cause compatibility
with poly(4-vinvlpyridine). The enthapy of formation for

‘the phenol-pvridine complex determined by spectroscopic

- — methods as reported in several papers [54,64, 65, 66;

ranges from -5 to =-6.5 kcal. mol~l while that ©f the
benzoic acid-pyridine complex is significantly higher: -
10.6 kxcal mol=l (67,68]. 1In spite of this large difference
in enthalpy of fofmation, similar percentages of 4—‘
hydroxystyrene or 4-vinylbenzoic acid have to be introduced
ifdto polvstvrene in order.to obtain cémpatibility with
poly(é-vinylpyridine). It is‘shown thgt fhe increase in
the strenght .of the H-bonding interaction does not
necessarily improve the compatibility of the svstem, this
is due to the fact that functional units capable of
interacting through H—bondings-are also capable of self-
complexation. Indeed, when intro@ucing 4-vinvlibenzoic
acid units—instead of 4-hydroxystyrene units into
pelystyrene, the strengths of the acid self-complexétion
and the acid-base complexation are increased.concurrently.
The Kwel gquation ié shown to befméét‘appropriate
empirical equations to describe the dependance between the
glass-transition témperature of the miscible blends and

their composition. The values of the k and g parameters in

the XKwei ecuation are as fol%ows:
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PVP/PHS blends: Xk = 0.005, g = 219
PVR/copoly (HS-S) (50 mol % HS) blends: k = 0.077, q = 209
PES/copoly (VBP-S) (50 mol % Vsz-blends: k = 0.085, g = 210
It is shown that for systems with the same H-bonding
interactions, g values of the same magnitude are obtained.
For blends containing 4-vinvlbenzoic acid units:

PVP/PVBA blends : k = 0.353 g = 229.6

PVP/copoly (VBA—S; (40 mol % VBA) blends: k = 0.47 ¢ =ié{l
It is éhown that for the system PVP/PVBA where the H-
bonding interactions are stroAger, a higher wvalue of g is
obtained, however, thfﬁpvalue is not very different f£rom
those obtaired before: This is due to the fact that the ¢
values obtained are the sum of all types of interaétions,
g%lf;assaciation and intermolecular association. The g
value obtained Zor PVP/PVBA sgstem‘ which is .not very
¢ifferent from the g value chtained for PVP/PHS system

<

indicates the incorporation of the DPVBA/PVEA self-
;ssociation which 1is ;tronger ‘than PHS/PHS self-
association. It is shown that tot%& strengtg of H-bonding
interactiqns within the svstems is about thé same. This
explains why similar percentages of 4-hvdroxystvrene or 4-
vinylbenzoic acid have to be introduced into pblystvrene in
crder to obtain compatibility with poly(4-vinvlpvridine)
The ¢ value obtained for PVP/copoly (VBA-S) (40 mol % VBA)
whicﬁ is significantly lower than expected indicates-the
incorporation of large number of acid-acid self-

complexations.
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It is also shown that FTIR'spectroscopy is a powerful

tool to detect specific interactions within a oolymer blend

as 1is shown for PVP/PHS system which exhibits a new O~H
band at 3127 em™l characteristic of the 4d-vinylpyridine-4-
hydroxystyrene complex. Also, misdible systems of PVP with
PVBA and copoly- (VBA-SY (40 mol % VBA) exhibit new QO-H
bands at ca. , 2488 and 1837 cm™! and a new C=0 band at
1703 cm~i characteristic of 4iyinylpyridine— 4-vinylbenzoie
acid complex, while tﬁese sands are ébsent.in immiscible
blends of PVP with copolymers ©f 4-vinvlbenzoic acid and

Styrene containing 26 and 15 mol % of 4~vinvlbenzoic acid

LT

units.

- '. "V' - " ’ . ) - \ 1] . -
Finally, it is shown that compatibilityv between two

polyvmers éan be achieved by introducihg 4—vinylphenyl~
boronic acid units into both. The compatibility is due to
the Zformation oﬁ‘ boronic anhydﬁsde linkages. The
reversibility of these covalent boronic anhydride linkages

makes this systtm veryvy attractive.
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1.4 EXPERIMENTAL

1.4.1 Synthesis of polymers and copolymers used in
thke study of polymer compatibilization through EH-

bonding interactions.

1.4.1.1 Synthesis of poly(4-hydroxystyrene) .

Two poly(4-hydroxystyrene)s were used in our studies:
For our .studies on cempatibilization of pol§(4—
vinvlpyridine) ‘with poigstyrene, we used polv(4-
hyvdroxystyrene) obtained from Maruzen 0il Co. (resin PEﬁ),
this was purified by reprecipitation into %ater from a
methanol solution. ‘The polymer was dried under vacuum for

.
48 h at room temperature and then. for 5 h at 50°C.

IR: 3532 cm™! (free hvdroxyl stretch), 3400 ‘em-1

(hydrogeﬁ—bonded hydroxyl stretch), 1170.9 and 1225 cm~l
(C~0 stretch) _ . L fﬁ\

lH~NMR (in DMSO/TMS 1%), 1.4 and 1.8 (broad bands, 3H,
aliphatic backhone), 6.5 (broad band, 4H, aromatic ring),
9.0 (broadband, 1H, OH group)

’ For ouﬁ studies on the compatibilization of polv(4-
hydroxystyvrene) with-a modified polystyrene containing 4-
vinylphenyl boronic acid wunits, we used poly (4-
hyvdroxystyrene} svnthesized by a two-step procedure
involving first *the polvmerization of d-tert-

butyloxycarbonyloxystvrene followed by removal of the t-

butyloxycarbonyl (t-BOC) groups by acidolysis.
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&. Synthesis of poly (4-tert-butyloxycarbonyloxystyrene)

26.0 g - (581 mmoles) of 4~tert-butyloxy
éarbonyloxystyrene are dissolved ia 20 ml of Foluene and
0.75 g of AIBN aie added. The polymgrization is carried
out for 7 h at 75°C undér 2 nitrpgen atmosphere. ;fter
polymerization the polymer is recovered by precipitatish
into methénol from toluene solution. The polvmer is dried
under vacuum at room temperature. overnlght 16 g (80%
vield) of whlte.polymer are obtained.

IR: 1758em~1l (carbonate stretch vibration); 1146.8 and
1277em~1 (-0 stretch vibrations)

lg-NMR: (in CDCl3/TMS 1%) 1.55 (sharp singlet corresponding
te t-butvl group, there is overlapping of the broad band
corresponding to aliphatic backbone, 12 H), 6.55 (broad
band, 2H, arométic ring), 6.85 (broad band, 2H, aromatic
ring)

b. Removal of t-BOC protectigg groups from poly(4-tert-
butyloxycarbonyloxystyrene) .

14 g (6326 mmoles) of poly . (4-tert-
butyloxycarbonyloxystvrene) are dissolved in ca. 80 ml of
dichloromethane, then 70 ml of trifldorocacetic acid are
added dropwise at room temperature. The ?eaction mixture
is stirred for 8 h. The polymer is recovered by solvent
evaporation and precipitation inte petroleum ether from THF
sclution. After filtration the polymer is dried under

vacuum, f£irst overnight at room temperature and then for S5Sh

-
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at 60°c. 7.20 g>(94% yig}d) of poif(éfhydroxystyrene) is
obtained. - o . )

IR: BSBQCm‘l (free hydroxyl stretch), 3400cm~l (hydrogen-
bonded hydroxyl stretch), 1176.9 and 1225cm~%* (C-0 stretch)
l1H-NMR: (in DMSO/TMS 1%), 1.4 and 1.8 (broad bands, 3H,
aliphatic backbone); 6.5 (broad band, 4H, aromatic riag),

9.0 (broad band, 1HE OH group)

¢
1.4.1.2. Synthesis of (4-hydroxystyrenae: styrene)

copol&pers.

Copolymers contaiﬁing 80, 70, and 50 mol % styvrene
were prepared in a two-step procedure involving first the
copolymerization of styrene and @—tert—
butyloxycarbdnyloxystyrene followed by removal of the t-

butyloxycarbonyl (£-BOC) groups by acidolysis.

z

~

a. Svnthesis of (4-tert-butYonycarbonyloxystyrene—
styrene) copolymer.

Copolymexrs containing 80, 70, and 50 mol & of stvrene
were prepared. In a typical copolymerization, 4.43 g (20
mmoles) of 4-tert-butyvloxycarbonyvloxystvrene and 2.10 g (20
mmoles) of styrene are dissolved in 6.5 g of toluene.
Then, 65 mg of AIBN are added to the solution of the
monowers and the polymerization is carried out for 7 h at

75°C under nitrogen atmosphere. After polymerization the

copolvmers are precipitated into methanol from a2 toluene
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solution. The white copolymer is dried under vaéuum, first
overnight at room temperature, and then for 5 h at 60°C to
vield 5.70 g (87 % vield) |
IR: 1758 cm~l (carbonate stretch vibration), 1146.8 and
1277 cm™l (C-0 stretch vibrations). ’
1H-NMR: (in CDCl3/TMS 1%), 1.48 (sharp singlet, t-butyl)
1.6 (broad band, aliphatic backbone), 6.4 (broad band,
aromatic ring), 6.9 (broad band, aromatic ring). The
1 H-NMR integration data are in agréeméntr with “the -
composition of the copolvmers.
b. . Removal of t-BOC proteeting groups from (4-tert-
butyloxycarbonyloxystyrene:styrene) copolvmers.

~ In a typical reaction, about 4.0 g of the copolvmers
are dissolved in 20 ml of dichloromethane and 15 ml of
trifluorcacetic acid are added. An evolutipn of gas is
observe% and the reaction mixture is stirred for 4 h. The
copolymers are recovered by solﬁant evaporation and
precipitation into'petroleum ether from TEF solution. The
filtered copolymers are dried under vacuum for 5-§ h at
§5°C. vYields from S0 to 100% are obtained.
IR: 3532 em~l (free hydroxvyl stretch), 3400 em-l
(hydrogen-bonded hydroxyl stretch), 1170.9 and 1225 em—1
(C-O stretch). The infrared spectra showed no remaininé
carbonate band at 1758 em™l.
1g-NMR: 1.5 (broad band, aliphatic backbone), 1.8 (broad

band, aliphétic backbecne), 6.5 (broad band, aromaticé
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ring), 7.08 (broad band, aromatic ring), 9.02 (broad band,
OE groups): The lH-NMR integration data are in agreement

with the expected compositions.

1.4.1.3 Synthesis of (4-vinylpyridine-styrene)
copolymers

Copolymers containing. 20” and 50 mol % qf 4-
vinvlipyvridine units were prgpared by ;adical
copolymerization of both moncmers. In a typical
copolymerization, 5.26 g (50 mmales)'of 4-vinvlpyridine and
5.21 g (50 mmeles) of styrene are dissolved in 10.5 g of
toluene.. Then, 0.1047 g of AIBN are added to the solution
of monomers in toluené. Folymerization is carried out
stirring the reaction mixture f?r 7 h at 75°¢C ﬁﬁder
nitrogen atmosphere. After polvmerization, the polymex is
recovered by precipitation into petroleum ether from TH?
solution. The copolymer containing 20 mo;%% of 4-
vinylpyridine was recoverad by precipitation into methanol
from a toluene solution. The filéered copolymers are dried
in vacuo first overnight at room temperature and then for §
h at 50°C. Yields from 90-100% are obtained.
IR: 1601 cm~1 { C=C stretch, phenvl groups), 1556, 1494 cm™

(mixed C=C and C=N stretch of pyridyl groups)

l1H-NMR:  (in CDCl3/TMS 1%), 1.44 (broad band, aliphatic

-

backbone), 6:.30 (broad band, aromatic ring), 6.94 (broad

.bénd{ aromatic ring), and 8,44 (broad band, aromatic ring).

-
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—
The l1E-NMR integration data are in agreement with the

expected compositions of the polymers - %

<

1.4.1.4 Syathesis’ of poly(4-vinylbenzoic acid).

5.21 g (35.2 mmoles) of 4-vinvlbenzoic acid are
dissclved in 5 g of DMF and 50 mg of AIBN are added to giis
solution. Polymerization is carried out stirring, for 7 h
at 75°C under nitrogen atmosphere. After polymerization,
more DMF is édded to the solid polvmerization mixture, and
after complete dissolution of the polymer (polymer does not
dissolve immediately) the thick solution is precipitated
into ethylacetaée. The filtered polymer is washed with
ethvlacetate and dr;ed under wvacuum for 48 h at room
température and finally at S0°C for 7 h./!The obtained
polymer is soluble in DME} TH?: and methanol, and insolable
in didhloromethane, acetone aﬁd petroleum ether. 4.5 g (77%
vield) oé poly (4-vinvlbenzoic acid) are obtained. |
Ir: 3550—2500 cm~1 (O-H stretch, broad band), 1694cﬁ‘1
(C=0 stretch, hydrofen-bonded C=0 groups), 1721 ecm~1
(C=0 stretch, free C=0 groups), 1282 and 1241 cm~1
(C=0 stretch.j \

TH-NMR: (in DMSO-dg/TMS 13 1,7 (broad band, 3%, aliphatic™
backbone}), 6.6 (broad baﬁd, 2h, aromatic ring), 7.7 (broad'
band, 2H, aromatic ring), 12.8 (broad band, 1H, carboxylic

group) .
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1.4.1.5 Syathesis of (4-vinylbenzoic acid-styrene)

copolymers.

-

f4—vinylbenzoic acid-sty®ene) copolymers of different

'ﬁ;mpésitions were obtained by radical copolvmerization

using AIBN as initiator. In a typical, copelvmerization
5?66 g (20 mm;les) of 4-vinvlbenzoic acid and 2.06 g (20
mmoies) of styrene are dissolved in 5 g of DME (the.ratio
weight 4Of monomers/weight of solvent is kegt cgnstént and
equal to fone for all copolvmerizations). fThen, 30 mg eof
AIBN aré/;dded (weigh£ of initiator with respect to weight.

of monomers is kept constant and equal to 1% for all

copolymerizations). The mixture is-polvmerized under
nitrogen for 7 h at 75°cC. After polymerization, the

reaction nmnixture is rotoeyapofated,"and the polymer
dissolved in THF (ca. 25 ml) and precipitated intq large
excess of ethyl %cetate. The polvmer is dried under vacuum
at 50°C overﬁight. Yields between 50 and £0% are obtained.
IR: 3000-2500 em~1 (0-E stretching), 1730 cm~l (c=0
stretching for £free C=0 groups) 159%1 cm~Li (c=0 stretching
for hyvdrogen-bonded C=0 groups), 1240 eg~l (c-0
stretching). lH-NMR: (in CDCl3/TMS 1%), 1.56 (broad band,
aliphatic backdbone), 6.56 (bréad bard, aromatic ring), 7.04
(broad bad@j aromati¢ ring), 7.66 (brocad band, aromatic
ring), 12.8 (broad band, carboxvlic proton, -COOH) The Lx-
NMR iategration data allowed ta calculate tﬁe composition
of the copolymers. .Then, copolyvmers containing 56, 40, 26,

15 and 11 mol % of 4-vinylbenzoic acid units were obtained.
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[

1.4.2\ Synthesiz of polymers amd copolymers used®in
the study of polymer compatibilization through’

covalent crosslinking:

l.4.2.1 Synfhesis of ~]4—vinylphenyl boronic acid-
styrene) copolymers thrbugh‘ the chemical
modification of éolystyrene.

Tge svnthesis of (4—vinylphényl boronic acid-stvrene)
copolymers Dby chemical modification of polvstvrene
‘consisted was carried out in several steps as described
below. First, preparation of (4-bromostyrene-stvrene)
copolymers by direct bromination of poiystyrene with
bromine in the preSence of thallic triacetate. Seceond,
lithiation c¢f the (4—br6mostyrene:3tyrene) copolymers with
n-butyllithium followed bv reacticn of <the llthiated
copolymer with trimethvl boratey’ Finally, h?drolysis of
this last intermediate leads to the obtention of the 
desired (4-vinyl phenvl boronic acid-styrene) copolymers.
a. Synthesis of (4“bromo§tyrene§§tyrene) copolyvmers.

Several (4-bromostyrene-stvrene) copolymers were
pPrepared. The desired mol % of-é—bromostyrene in the

copoclymers is easily’ adjusted byv modifving the amount of

added bromine. To a solution of 15.63 (0.15 mol) of

g

olystyrene in 125 ml of CClg is added 0.4 g {Tl {CE3CO9) 3

|

.5

t

20, mol. wt. 408.53, 0.98 mmoles)] of thallic

triacetate. Then, 0.4 ml (7.8 mmoles) of bromine in 5 ml
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of CCly are added dropwise while the polymer is stirred in

the dark at reflux temperature. After 4 h of reaction, the
reaction mixture is cooled, and filtered out to remove any
solid impurity. The polvmer is precipitated by pouring the
CCly solution into large excess of methanol. Finally the
precipitated polymer is filtered out and -purified. by
redissolving it in methylene chloride and subsequé;t
precipitation by pouring into eicess of methanol. The
polvmer is dried undér vacuum at room ﬁemperature for 24 h

teo yield 20.00 g (85% yield) of a light-vellow polyvmer.
1H-NMR: (in CDCl3/TMS 1%): 1.4 (broad band, aliphatic

backbone}, 1.5 ishaiper band, aliphatic backbone), 1.8
(broad band, aliphatic backbone), 6.5 (broad band, aromatic
ring), 7.1 (broad.band, aromatic ring).

IR: 1010 em~1 (é—Br stretch, strong new band), 822 em—1
(C-E out-of-plane bending vibrationacharacteristic of para-
disubstituted arcmatic ring)

E.A: Polymer haltgen coﬁtent was measured by Volhard
titration of 200-300 mg sampies ignited in a Parr peroxide
bomb.

Polymer 1: feed composition: 5 mol % Bro}, found (0.28

meq Br/g of polvmer, 3 mol % of 4-bromostyrene in the
copolymer);
Polymer 2: = (feed composition: 10 mol % Brp), found (C.64

meqg Br/g of polyvmer, 7 mol % of 4-bromostvrene in the

copolymer) .
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Polymer 3: (feed composition: 20 mol'%iBrz)h found (1.2é
meq Br/g of polymer, 14 mol % of 4-bromostyrene in the
copolymer)

Polymer 4: (feed compositioen: 30 moi-% Brs), und (2.09
meg Br/g polymer, 26 mol % of 4-bromostyrene in the
copolyvmer)

Polymer 5: (feed composition: 50 mol % Br2), found (3.38
meq Br/g of polymerx, 48 moll% of 4-bromostvrene in the’

copolvmer)

b. Synthesis of copoly (4-vinvliphenyl boronic acid-
styrene) (14 mol % 4-vinylphenyl boronic acid units in the

copclymer)
‘ .

To a solution of 1.92 g (2.33 mmoles Br) of copely (4-
bromostyrene-stvrene) {14 mol % 4-bromostyrené) in 20 ml of
dry benzene is added 1.0 ml (10 mmoles) of 10 M n-Buli.
The reaction mixture is stirred under nitrogen and the
temr rature is raised to 60°C. After 2.5 h the red thicks
solution of lithiated polymer is allowed to coél to room
temperature. Then, the polymer is taken up with a syringe
and added%to & ml (52.5 mmolés) of trimethyl borate under

nitrogen atmosphere at 0°C. The reaction mixture is

1]

tirred for 1 h. Finally, the reactisn mixture 1is

I3

wvdrolyzed by pouring it slowly into a mixture of 20 mol
of dioxane, 5 ml of water, and 2 ml of concentrated
EC1. The reaction mixture is stirred at room

temperature £for 2 h. The polymer is precipitated by
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pouring the reaction mixture into a large ‘excess of
methanol. After dryving the polymer under vacuum at room
témperature 1.65 g of a white %olymer are obtained.

IR: 1328 cm™2 (B-O0 stretch, strong band), 1410 cm-l
{stretch corfesponding to those aromatic rings with koron
attached directly), 3582 cm'—l {(O-E stretch, weazk band)

EA: found (3: 1.32%, 1.22 mmoles of B/g of polymer, 13.43

mol % of 4~vinvliphenyl boronic acid units in the copolymer)

<. Synthesis of copoly (4-vinvlphenyl boronic acid-
stvrene) (26 mSl % 4-vinvlphenvl boronic acid units in the
copolymgr)
To 11.0 mi (110 mmoles) of 10 M n~Buli in 50.C ml of
zy TEF at -40°C is added a solution of 5.20 g *(11 mmoles
Br) of copoly (4—bromos£yrené-styrene) (26 moi § of 4-
bromostyrene units) in 50 ml of dry THF. The reaction
mixture is stirred under nitrogen atmosphere at —4035 for
4.5 h. Cnce lithiation of the polvmer takes place, the
reaction mixﬁﬁre becomes red and thick. The red solution
is then taken up with a svringe and added to 50 ml {440
- mmoles) of trimethyl borate at 0°C. The reactioﬁ mixture
is stirred under nitrogen for 5 h. Finally, the reaction
mixture is rotoevaporated.until ca. half of orig#pal vélume
and hydrolyzed by pouring it into a solution consisting-of
tj5‘€0 ml of dioxane, 25 ml of water and 10 ml of concentrated
ECL. The reaction mixture is stirred for 4 h at room

temperature, After hydrolysis the solution is
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rotoevaporéted‘until ca half of original volume and the
polymer is precipitated by pouring the dioxane solution of
the polymer into larée excess of methanol. Purification of
the polymer is performed by redissolving the polvmer in THF
and reprecipitatigg thg polymer into methanol. The
g —— .

filtered golymerﬂ}ﬁ dri%d under vacuum at room temperature
for 24 h to yield 3.36 g.of a 'white polymer.

IR: 1343cm™1 (B-0 stretch, strong band) 141llecm~l (stretch
corresponding te those, aromatic rings with boron attached
directly), 3528cm~l (0-E stretch, wéak band)

E.A: found [C: 85.49%, H: 7.54%, B: 1.71%, Br:-0.1%, O:
5.16% (obtained cifference)]

Structure of polymer after elemental analysis: (4-
vinylphenyl boronic acid-stvrene) 17.8 mol % oﬁ 4-
vinylphenyl boronic acid units, 82;2 mel % of stvrene
units) for whiéh.the calculated composition is (C: B5.82%,

H: 7.38%, B: 1.72%, O: 5.09%)

1.4.2.2 Synthesis of (4-vinylphenyl boronic acid-
styrene) and (4-vinylphenyl bozonic acid - methyl
acrylate) copolymers by radical copolymerization of

the respective monomexs.

. 8.4, Synthesis of 4-vinyvlphenvl boronic acid. -
A 1 1 3-necked flask is set up with a condenser and
addition funnel and the set up is kept under nitrogen

atmosphere. 6.08 g of magnesium (0,25 mol) is suspended
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in 100 ml of ary THF and the temperature is kept at 50°C.
Magnééium is activated by addition of one crystal of
iodine and one drop of nmethyl iodide. Once the vellow
color of iodine disappear:$\a sdlution of 27.8 g (0.20 mol)
of p—éhlorostyrene in 100 ml of dry THF is added dropwise .
> .
to the THF-Mg suspension. The temperature is kept at 5096_
and. the rate'of addition of the p-chlorostvrene solution ié
adjﬁsted’so that a soft bubbling of the THF is observed.
After addition of the p-chlorostyreﬁe solution (3.h), the
reaction mixture is kept refluxing softly E;r 1l h. Then,,
100 ml of dry THF are added to the reaction mixture and the
terniperature is lowered to - -78°cC. The cooled
organomagnesium solution is vigorously stirred and treated
with a cold solution of trimethvi borate (34 ml, 0.3 moles)
in d»v THF from a jacketed-addition funnel which is keptlat
'-159C with acetone and dry ice. After fast addition ef the
cold trimethyl borate solution,A the reaction mixture
solidifies as a white mass. Finally, hydrolvsis is
~gerformed by adding slowly ca. 150 ml of 105 =CI.
{H\Hydrolysis takes place immediately, the organic phase 1is
separated and dried with magnesium sulfate. TEF ié
rotoevaporated and the residue is recrystallized in toluene
at 50-80°C. The toluene solution of 4-vinvlphenvl boronic
acid is kept at 09C for 48 n to obtain complete
preczipitation. After filtration the wﬁite crystals aré
air-dried, YH-NMR indicates ¢that a mixture of 4~

-

vinylzhenyl boronic acid: 4-vinylphenyl boronic anhydride
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40:60 mol % is obtained. ﬁﬁeh the cryvstals are dried under
vacuum at room temperature for 48 h, 4;vinylphenyl boronic
anhydride is the only compound obtained. 12 g (50% vield).
lE-NMR: (in CDC1l3/TMS 1%), 4-vinylphenyl boronic anhvdride
8.12 (doublet, 2H, aromatic ring), 7.48 (doublét, 2H,
romatic ring), 6.74 (multiplet, 1H, wvinyl group), 5.84
(ﬁulti‘let, 1H, vinyvl group), 5.32 (multiplet, 1H, vinfl
group)
4-vinvlphenyl boronic acid: 7.468 (doublet, 2H, aromatic
. ring), 7.42(doublet, §3r aroma;ic ring), 6.70 (multiplet,
18, vinyl group), 5.82 (multiplet, 1H, vinvl group), 5.3
(multiplet, 1H, vinyl group), 4.7 (singlet, 2H, hydroxvl
groupé).
IR: 4-vinylphenyl boronic anhydride: 1634 cm-l (C=C
stretch, aromatic ring), 1343 cm™! (3-0 stretch), 1089 em-l

(C~2 stretch), 990 and 907 (CHE=CH, stretch, vinyl grépp)

M3S: 4-vinylphenyl boronic anhvdride:
.
. o . . . - T v L - .
(Cn2CHC6..QBO)3 ‘Q, 390, CI-.2CI-.C6I-.4B(On)2 P 148,
. w .+ . - - : . . PR = .
CHpCHCgH4BO-™, 130; CHyCECgH,-*, 103; CgHeg -+, 77;

CHyCHCEB-¥, 51; B(OH),-*, 45,

b. Synthesis of (4rv;nylphenyl boi&nic acid-styrene)
copelymers by radical copolymerization of 4-vinylphenyl
boronic acid and styrene.

. Several (4=vinylphenyl boronic acid-styvrene)

copolymers containing various amounts of 4-vinylphenyl
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boronic acid units were made by radical copolymerization

using AIBN as initiator. In a‘typical copolymerization,
2.81 g (27 mmoles) of styrene and 0.39 g of 4-vinvliphenvyl
boronic’ anhydride (mol wt.:389.88 g, 3 rmmoles of B) are
dissolved in 3.2 g of wet dimethvlformamide (2% wa&er).
Wet dimethylformamidg- is used in order to break the
anhvdride bonds of 4-vinvlphenvl boronic anhvdride. Then,
34.5 mg of AIBN are added to the solution of monomers in
DME (weight of initiator with respect to the weight of
monomers 1is kept constant for all copolvmerizations). The
feaction mixture is polymerized under nitrogen at 75°C for
7 h. After polymerization, the almost solid reaction
mixture Is poured into a large excess of methanol and this
is stirred until the polymer becomes a loose precipitate.
After filtration, the polymer is purified by redissolving
it in THF and reprecipitation is methanol. The rolyvmer is
filtered out and dried in vacuo for 48 h at room
temperatu;e to afford 1.8 g of the desired copolymer
(56% vield). ?

IR: 1345 cm™! (B-C stretch, strong band),-. 1410 em-1

(stretch corresponding to aromatic rings with boron
b]
attached directly).

E2: Polymer 1l:

founi: (C: 88.58%, H: 7.29%, B: 1.66%, O: 2.46%)

calculated: (C: 88.44%, H: 7.42%, B: l.66%, O: 2.48%)
‘g;r
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POlymer 2: ¢ 30- . &5.}:‘ : .
. —p—0—
found: (C: 90.3%%, H: 7.48, B: 0.87%, 0: 1.26%)

calculated: (C: 90.33%, H: 7.51%, B: 0.87%, 0O: 1.29%)

b. Synthesis of (4=-vinviphenvl, boronic acid-methyl
“acrylate) copolymer§ by radical copolymerization of 4-
vinylphenyl boronic acid and methyl acryvlate.

Several (4-vinylphenvl boronic acid—hethyl acryvlate)
copolymers containing various amounts of d4-vinvliphenvl
borcnic acid units were made by radical copolvmerization
using AIBN as initiator. In a2 tyvpical copolymerization,
2.33 g (27 mmolesf of'methyl acrylate and O.§9 g of 4-
vinylphenyl boronic anhvdride (mol.wt. 389.88 g, 3 mmoles
of B)‘are dissclved in 3.2 g of wet DMF (2% water). Then,
34.5 mg of AIBN are added to the solution of monomers in
DME and the polymerization is carried out for 7 h at 75€C
under nitrogen atmosphere. After Polymerization, a few mls
of THF are added to the reaézzon mixture until a thick
solution is obtained. Then, the polvmer is precipitated
from the THEF:DMF solution into water as follows: a few
drops ©f the THF:DMF solution of the polymer are added to a
large excess of water, the polymer precipitates as a thin
film on the surface of the water, the polymeric film is
withdrawn from the water and then more polymer is
Precipitated. Stirring during the precipitation of the

polymer is not convenient in this case since the polvmer
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has a gummy téxture and tends to agglomerate. Finally, the
polymer is purified by dissolving it in THF and
reprecipitating it intoc water following the previous
procedure. The polymer is dried in vacuo 48 h at room
temperature to Pield 2.4 g of white polymer (89% vield)

IR: 1732.8 cm~l (C=0 stretech, very strong), 1604 cm~l (C=C
stretch, AAromatic riag), 1345 em™l (B-0 stretch, strong),

1161 em~1 (Cc-0 stretch, strong), 3474 cm™% (0O-X stretch,

-

L]
very weak) ‘ s
E.A: Polymer 1: —f—Py—{om—ou-

cn,

|
— B Om

found: (C: 57.55%, H: 7.25%, B: 1.02%, 0: 34.18%
(5 O calculated by.difference)]

calculated: (C: 57.76%, H: 6.84%, B: 03%, O: 33.60%)

7.
Polymer 2:  _tem—oy ew oy \\\~ ]
- [ a3 : 4 f
3 -

found: (C: 56.61%, H: 7.12%, B3: 0.64%, O: 35.63%)

calculated: (C: 57.22%, E: 6.90%, B: 0.65%, C: 34.9%)

-/

N

s
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2.1. INTRODUCTION

~

2.1.1. Generalities

Unlike polystyrene which is trﬁly an industrial
polymer, poly(vinvl pyr&dine) is still_a speciality Eolymer
with a unit cost several times that of polyvstvrene. The
differencés in reactivity of the two polymers are éven Tore
notibeablef Polystyrene is very susceptible to
modification by electroplilic -aromatic suﬁstitutiOn,
reactions of this type being used for example in its
chloromethylation or sulfonatidn} while poly(vinyl
pyridine) is wvery resistant to electrophilic aromatic
Yubstitution but has a high chemical reactivity which is
due to ité nuclecphilic and weakly basic ring nitrogens.
Typical reactions of poly(vinyl pvridine) include its
quaternization by nucleophilic attack on alkyl hélides or
by protonation (Scheme‘l)

In addition, while” polystyrene is non-polar,
poly(vinyi pvridine}) is guite polar and thus can be
expected to interact strongly with other polar molecules,
or to act as a good ligand for a variety of metal ions. It
is this special reactivity of poly(vinvl pvridine) which
makes it so attractive a material for a number of
specialit§ applications. .

This introduction will not attempt to be encvclopedic
in its coverage of recent developments in the chemistry of
the various poly(vinyl pyridines) but it will, rather,

focus on a number of recent applications of the polymers or
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derivatives thereof. In the following text 2-vinvl

pyridine, 4-vinvl pyridine and 2-methyl-S-vinyl\ pyridine

%

i1l be abbreviated as 2-ve, 4-V? and 2-Me-5-VP
respectively, while the corresponding polymersfhill‘be
referred to as poly (2—VP), poly (4-VP) and polv (2-Me-5-
vP) . The notations VP and PVP will be used where no

A
specific designations are required. 7 .

,J

2.1.2. Polymerization of wvinyl pyridineﬁ
This topic¢ has been the object of numerous studies and
_ .

is well documented, however a brief review is in order as

it provides a valuable insight into the '‘chemistry of PVP.

As the presence of the pyridvi nitrogens is expected to
have little influence on propagating free radicals, the
radical polymerization of VP is verv compdrable to that of
styrene [l]. Differences do exist as VP is generally more
reactive than stvrene, but these ére not toc significant.
Emulsion copolymerization is used extensively in .the
prepaxation of VP-butadiene rubber.

In contrast, the interaction of catianic initiators

-

with the basic pyridyl ring nitrogens results in their
deactivatti\by complex formation, and thus, PVP cannot be
prepared by glassical cationic polvmerization. However,
the reaction ogsﬁP*with acidiec or electrophilicrmolecules
-does induce polymerization in a process which is often
referred ¢o as a 'spontaneous polyvmerization': this may

lead to polymers containing both vinyl and ionene-tvype
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linkagewzxs expeéted,‘ VP polymerizations proéeed
extremely well under anionic cénditions, partly due to the
high electronégativity of the ring nitrogen [3]. Finally,
highly isotactic @oly(Z—VP) hés been prepared by coordinate
polymerization with organo-metallic ceompounds as
~
initiators. The stereospecificity of the polvmerization is
attributed [4] to the fact thaQQ?he'ring nitrogen of 2-vVP,
being close to the vinvl grdup, can participate effecti&ely
in the addition complex and can thus ensure that all
incoming monomer molecules have'the proper orientatipn:

this is not the case with other VP monomers for which

direct participation of the ring nitrogen is not' possible.

2.1.3. Preparation of cxosslinked PVP resins

Numerous procedures for the preparation of crosslinked
resins containihg VP unitsﬂcan_be found in the literature.
In most cases the resins are prepared by su§pension
rolymerization with divinvlbenzene [DVE] ;s the
crosslinking agemt. When a low (<5%)percentage of DVB is
used, the resins beads which are obtained have . good
chemical re;ctivity but ;g permanent pore structure [5,6];
a resin of this type is commercially available from Reilly
Tar and Chemical Co. and has been used in a number of
applications [7]. Macroporous resins with appreciable dry-
state'§urface areas can be prepared when the polymerizat%gn

is carried out in suspension in the presence of a suitable

porogen using larger percentages of DVB [8]. BAs will be
. -
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described in a section of this thesis, we have recently
preparéé {é] crosslinked VP. resins with high surface areas
using ethyiene dimethacrylate [EDMA] as crosslinking agent
(Scheme 2.

Although high porosities are often desirable for
specific agpiications, Ehe‘incorporation cf a large amount
©of comonomurs such as’ divinylbenzene or ethyvlene
dimethacryiate which contain no amino groups into the final
VP resin can adverselv affect its properties: to overcome
this prcblem macroporous VP resins can be prepared using
croéslinking agents such as divinvlipvridine. |

Another interesting approach to the preparation of
crosslinked polvmers containing VP units used by Nishide et
al. [10,11] involves the crosslinking of preformed poly(4-
VP) with 1,4-dibromobutane +o vield a partlv quaternized

‘crosslinked product.

2.1.4. Selected applications of BPVP and derivatives
Numerous important applications of PVD or VP-
containing polymers will not be reviewed here as they each
constitute a field of their own too large to be covered
adequately: these include the use of vinvl pyridine rubber
in the tire and rubber industry, applications in the
/

textile industry, applications in classical ion exchangers,

etc, 3



211

T
~t CH—CH i CH,—C

I
CO(ID
O (CH,)
N | %2
?OO
e CHQ—C‘-}——*-
: A
CH3
Insoluble
x =0.6-0.95

SCHEME 2



212

e

(
2.1.4.1 Quateénized. ;esins in txiphase reactioms

Triphase reactions have received much attention since

Regen first described [12] the, use of a ‘crosslinked
polystyrene resin bearing quatérnary ammonium groups as
catalyst irn a nucleophilic displaéement reaction. Although
most of the resins which have been tested to date were
based on styvrene copolvmers (13], recent work bv Serita et
al.t14] has shown that gquaternized poly(vinvl pyridine)
resins could also be used efficiently. Thus, ©DVB
crosslinked PVP was quaternized by C-2 to C—i6 alkyl
bromides to produce cata%yst resins (Scheme 3) which were
used in the Finkelstein reaction of various n=-octyvl

halides.

-~y
——

As éxpected,»reaétion rates were found to increase
with catalyst concentration, while the catalysts possessing
long-chain alkvl quaternized pyridine groups showed the
highest activity.- In a second report, Serita et al, [15)]
described the use of similar resins as catalysts for the
reaction of agueous cyanide ion with benzene solutions of
l-bromooctane.

The approach of Noguchi et al. [16] differed from that
of Serita et .21. in that the catalysts were prepared by
spontanecus polyvmerization of 4~VP in the presence of a+~w
dihaleoalkanes. Tnhe polymers #hich were obtained had
complex structures as shown in Scheme 4.

The catalytic activity of these resins in the
substﬁtutiongg%il-octyl bromide with cyanide ion seemed to

f

\I
\

o
-
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vary with the length of the alkyl chain of the dihalide
used in the preparation of the polymer, increasing from n=3
to n=12. However, the resins were found to decompose

@

slowly under the conditions of the reaction.

2.1.4.2 Adsoxrption of metal ions

Interest in selective ion-exchange resins and chelate-
forming resins has continued to grow with a number of
publications and patents describing polvmeric ligands based
on wpartly or fully cuaternized PVP. For example, DOrous
crosslink;a VP-DVB resins quaternized by reaction with
sulphuric acid have been used fpr the removal of heavy
metal ions such as Cr(VI) from waste water [17] -or gold
from agueous solution [18). A similar resin was also shown
to be efficient in the recovery of uranium [19], while a
copolymer of 2-Me-5-VP and DVB was used successfully in the
demercuration of the waste water from mercury cells used in
the electrolysis of brine [20].

Several attempts have also been made to adjust, the
tertiary structure of chelate-forming resins in order to
achieve optimum sorption™of a specific metal ion [21]. The
approach of.Nishide and Tsuchida {10,11,22) was to treat
soluble PVP with a metal ion used as a template, then
freeze the conformation of the polymer-ligand by a
crosslinking reaction. After leaching out the metal ion
used as template, the resins prepared by this procedure

show enhanced selectivities for their respective template
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ions over polymers crosslinked in the absence of a metal
ion template (Scheme 5).

Although it was expected that the polymer-=ligand chain
could be ﬁaintained'at the optimal conformation for the
coordination sphere of a specific metal ion, the
croéslinkgd polymer still exhibits some flexibility and can
adopt different conformations cnce the template ion is
removed7 and thus complete ion selectivity is nét achieved.

Another interesting development in this area was
reported by Effendiev et al.[23] who prepared a scluble Pvp
partly quaternized (10-60%) with a benzylic halide, cast a
film of the polvmer with a bis-acrylamide, then crosslinked
the film by irradiation. The resulting resin is useful in
thé sorption of Cu (II) showing a maximum efficiency at
approximately 30% cuaternization, with a capaciﬁy of 3.55
mmole/g vs ¢. 0.9 mmole/g for Co (II) or Ni (II). Polymers
with less than 20% or more than 40% .quaternization are less

effective,

2.1.4.3 Removal of erganic contaminants frem waste
water
Vinyl pyridine-DVB copolyvmers have shown excellent
potenﬁial for the removal of -phenols from waste water. Due
to the presence of the slightly basic Pyridyvl groups, these
resins are much superior to the styrene-DVB copolymers
which are also used in similar applications. 1In addition,

the resins are less prone to fouling by jnorganic salts
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ﬁresent in solution than the hore classical anion exchange
resins. High breakthrough capacities can be achieved with
the porous crosslinked PVP resins, while elution of the
absorbed phenols from the pelymer can be achieved by simple
solvent extraction using methanol or acetone, or by thermal
treatment [24-26].

Simzlarly, PVP resins have keen used for the removal
of aromatic compounds [27], or carboxvlic acids [28] from
waste watex, while quaternized PVP resins were useful in

the adsorption of organic socaps and detergents [29]. 1In

addition, recent work on crosslinked PVD or poly (VE-

styrene) membranes showed that these were useful in the
separation of aqueous amine solutions by pervaporation;
good efficiency was obtaian in the separation of

dipropylamine from water [30].

2.1.4.4 Polymeric xeagents based oan PVP

The presence of the reactive pyYridyvl ring on the
repeating unit of the polvmer makes PVP attractive for use
as reagents. The electron rich nitrogen can readily
complex or add to numerous feagenfs to provide new modified
PVP resins with reactive groups. Tﬁese reagents generally
have reactivities similar but not identical to those of

.

comparable derivatives of low molecular weight pvridines;

differences in reactivity are due to a number of factors

such as neighbouring group effects, configurational

&
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effects, local concentration of reactive species, ionic
interactions, solubility, etc..

These differences in reactivity may be of critical
importance in some cases while in others, the fact tﬁat the
Eeactive polymers can be made insoluble and thus easilj
recyclable, may be sufficient to justify their use instead

of the corresponding low molecular weight species,fﬁ—'

2.1.4.4a Halogenating reagents

OQur own laboratory's work with PVP-based reégents
started with the study of crosslinked poly(vinyl pyridinium
hydrobromide perbromide) [PVPHP]. The brominating agent
prepared from a resin containing 98% VP and 2% DVB ?roved
to be very effective in reactions with both alkenes and
carbonvl compounds {31], while similar resins containing
styrene as comonomer had lower reactivities. A somewhat
similar polymer'containing 60% styrene [PVPHP~St] was
reported two vears later by Zupan et al. (321 who_noticed
that their PVPHP-St reagent wads best used in chloroform
rather than_ip methanol as was the case for PVPEP derived
from a 98% VP resin. in the latter solvent reactions with
PVPHP-5t were accompanied by side-product formation
resulting from methanol additions. Although this
undegirable side-reaction might have‘ been due to the
preseince of free acid in the polvmeric reagent, it seems

more likely that this difference in reactivity between

PVPHP and PVPHP-St is due to the presence of 60% styrene in
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the second polymer. This has a profound influence on the
polarity of’the reactive sites and on the micro-environment -
within the reactive polfmer, affecting in turn the outcome
of the reacticn. 'It should be noted, however, that PVPHP
can also be used in non-polar solvents {71.

Chiellini and co-wdrkers .[33] have attempted to use
chiral copolymers containi 4-VP-bromine adducts (Scheme
6) in the ésymmetric brominatiion of olefins but their
attempt was unsuccessful as the reaction proceeded with no
measurable enaﬁtioselectivity. However, the authors noted
some large. difference in reactivities with structurally
similar branched d-olefins, suggesting that the poiymeric
reagent i1s extremely selective due to its sensitivity to
the sterxic environment of the reacting alkene molecule.

Another PVP-based halogenating agent, PVP—Clzr found
in the patent literature, can be uSedz To prepare N-
chlorosuccinimide and N-chlorophthalimide in almost

guantitative vields [34].

;71.4-4b Oxidizing agents

As was seen above, PVP resins have excellent
complexing properties which allow their use in the removal
of heavy metal ilons from waste wager. This ability to.
complex ions such as Cr(VI) coupled to the excellent
reactivity of pyridine-based chromium (VI) oxidizing agents
makes the use of analogous PVP-based polvmeric reagents

particularly attractive as the polymeric reagents have



221

p \

~\
N 9 IWIHOS
H g2
O F_ M0
n_u *HO
Nzn_u 2( ‘ Sm
(*HO)HO W "
N® ! 3
| 0
O Y 2
80 52O B0 iy o )

mDﬁIQlwIOLIOlNIO.vl
o o fﬁ_u



)'J

222 |

éignificant advantages over th;ir low molecular weight

counterparts.

(L) Béth the oxidized and reduced foéms of Cr can be
retained firmly by the polymer, thereby facilitating
recovery of the soluble reaction products once the
oxidation is complete.

(2) The polvmeric reagént is safe; to handle in largé
amounts than the low molecular weight réagent.

(3) Applicgiion in semi-continuocus proéesses is possible,
with regeneration of the polvmeric reagent.

‘Several reports of the preparaﬁidn of oxidizing agents
based on complexes of PVP with various chromium (VI}) salts
have appeared recently. The contributlion of our laboratory
was the preparation of a PVP-chlorochremate reagent [5] and
©f a2 PVP-dichromate reagent [6]. — Both reagents are easily
prepéred by reaction of 2-5% crosslinked PVP, with chromium
trioxide-H;l for the former and chromium trioxide-water for
the latter (Scheme 7). The reaggnts are very effective in
the oxidation of alcohols to the corresponding carbonyl
compounds without over-oxidation. Unlike the corresponding
pyvridine-based reagents which are often used in very large
excess, the polymeric reagents can be used in essentially
equimolar amounts and afford easier processing after
reaction. Recovery and recycling of the polymér is easily
accomplished.

Similar and complementary reagents have been described

recently [35] in a very interesting *studv which also
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explores the influence of the structure of the resin on its
performance in subsequent oxidation reactions.

finally, a PVP-bromine cohplex can be used {36] for
the conversion of ﬁhiols into disulphides. In addition to
its ease of handling, the reagent is more selective and

milder than alternate low molecular weight reagents.

2.1.4.4c Reducing agents
} The electron rich character of the pyridvl moieties of
— !
PVP makes it ideaIl for the formation 4f complexes with
diborane (Scheme 8). Such complexes have been prepared and
the resulting PVP-borane reagent has been used in the
redgﬁtion of éérﬁonyl compounds . C\
Hallensleben [37] prepared PVP-borane reagent; by reaction
of soluble or crosslinked PVP-HC1 w;th sodium borohkvdride.
Unfortunately the reagent has a low ;eactivity and affords
low vields of alcohols in its reactions with~ varioui
carbonyl compounds.  Menger and co-workers have recently
improved/this reagent by changing both its preparation and
the reduction procedure {38]. Thus, PVP-borane is prepared
by a ligand-exchange process involving PVP and the borane-
methyl sulfide complex in THF.‘ The desired PVP-bo;ane
reagent, in which approximately 80§ of the pyridyl rinéé
are involved in borane complexation, precipitatés f%Pm
'solu;ion. The reduction of carbonyl 'compounds with this

PVP-borane reagent requ;res that an eguivalent amount of
Vd

boron trifluoride etherate be added to the reaction

-

[
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~4
mixture. Under these tonditions high vields are obtained

in the reduction of both aldehydes and ketones, although
only approximately two-thirds of the borane fixed on the

polymer is available for reaction.

2.1.4.44 Miscellanecus applications as reagents or
supports |

One of the simplest yet very useful applications of

PVP is as an insoluble acid acceptor (Scheme 9).

Cfosslinked PVP is particularly well-suited for this

application, as the salt which is formed by reaction with

acid can be separated quantitatively £from the reaction

.

medium by filtraticn.
¢ :
" Applications include the pPreparation of esters from

acid chlorides and alcohols [7], the trimethylsilvlation of
alcohels and amines with trimethylsilvl chloride {391, the
pPreparation of 2-chlorosulphinyl a.etidinones from
renicillin oiides (4071, etc. An added advantage is'that
the PpvVP éan be recovered quantitatively from its salt and
reused. |
3

In other applications, guaternized -PVP resins proved

wéll-suited to act as supports in the immobilisation of

enzyme mixtures [(41)] or in microbial cell encapsulation

(427. v
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2.1.4.4e PVP-based catalysts

The basic character and excellent ligand properties of
the pyridyl.ﬁoieties suggest that PVP resins and other
polymers containing VP units can be used in the preparation
of various caﬁalysts. The feollowing are but a few of the
recent examples. |

Menger and Chu have reported the use of a PVP-p-
toluenesulfonate supﬁorted on celite as catalyst for the
preparation of ‘the tetrahvdropyranyl ethérs of wvarious
alcohols [34]. N

Kawabata et al. have found that a cros;linked PVE-
hyvdrochloride was an'effect;ve:and mild catalvst for the
acetalisation of carbonyl ¢ompounds and for the
esterification of carboxylic acids [44]. The PVP-based
catalyst was superior to other resins containing strong
acid catién exchénge groups as it did not cause side
reactions when placed in contgct. with substrate
functionalities which are normally very sensitive to acid.
Similar application of crosslinked PVP-HCl for the
formation of enamines and ketals have also been described
(71.

The ability of PVP to complex Cu salts has been used
extensively in theﬁpreparation of vario?gmcatalysts. Such
polymeric "catalysts have been usedArecently in ketazine
synthesesv [45], in the oxidative cleavage of 4-methvl

catechol to the corresponding cis-cis meneomethyl muconate

[46], in 'ﬁne oxidative coupling of 2,8-disubstituted

r\-
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phenols +447] or of dephenylgﬁihanimiqe [48}, and in the
oxidative polymerization of phenols [49].

The complexes of other heavy metal ions such as Ir or
Rh (III) with Pvp have also been used by Carlock (50} és
hydrogenation, hyvdroformyvlation, or isomerisation
catalysts, while Co complexes are useful in

hydroformviation [51].

2.1.4.4f Resist materials based on PVP

The phetochemical rezgtivity of pyridine and other
amine oxides has been studied extensively. As'these
photoreactions _éften result in the formation of
intermolecular bonds following cleavage of the N-0 bonds,
they are potentially useful in the design of negative
resists from‘ polymers containing N-oxide moieties.
ixamples of such applications can be found in the work of

Loucheux and co-workers (52-53] who crosslinked thick films
« .

of copolvmers of st?féne and 4-VPboxide;by irradiation_at
280-320 nm. Similar behaviour {53] was observed with the
N-oxides of the homopolymers of 2-Me-5-VP, 4-vinvl
quinocline or S-vinvl acridine.

A second apprecach to the preparation of
Photocrosslinkable resins on DPvVp matricés involves the
binding of a photosensitive group to the PVP. This can be
easily’ accomplished by partial or complete guaternization

of PVP with an alkyl halide containing photoreactive groups

such as C=C double bonds, Irradiation of a polymer film

N
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containing such modified PVP units results in
photocrosslinking through the pendant groups with formation
of a negative relief image. )

Thus, modification of poly(4-VP) with allvl bromide
gives a‘polymer containing 84% of quaternary groups (54].
Irradiation of a film of this polymer caused the exposed
areas to become insoluble while the unexposed areas of the
£film could be di;solved with water-based developers.
Similar photocrosslinkable deriiatives of PVP (Scheme 10)
have been prepared by reacting PVP with 2-bromoethyl esters
of cinnamic acid or of cyano cinnamylidene acetic acid
[55].

A third ap?roach usea by Loucheux and co-workers [56]
is somewhat similar to the first as it involves the
photocleavage of N-C ylid bonds instead of the N-0O bonds of

i
N-oxides. A polymer containing some pyridinium
L4

dicyanomethyﬂide units can be prepared by reaction of PVP

with tetracyano ethvlene oxide (Scheme 11).

Irradiation of the ylided polymer at 410 nm causes it
to crosslink in the exposed areas, likely through formaticon
and subsequent reaction of an intermediate carbéne.
Although this photeriticulation reaction is enhanced by the

addition of a triplet sensitizer, the polvmer has a very

low sensitivity.

.

Numerous other photopolymerizable compositions

containing PVP or copolymers of VP can be found in the

literature.
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2.1.4.4qg Miscell;neou; other applications

Amongst numerous other appli;ations cf PVP, the
follow{hqhare noteworthy. PVP has been used as a ligand‘
fﬁr & Co(II)-Schiff base complex in the preparation of a
porous éisorbent capable of retaining significant amounts
of oxygen. Desorption was readily accomplished under
reduced pressure [53). Other applications as adsorbent
resins include the adsorption of SO2 [58] or I2 {59] on
PVP-DVB resins.

4;VP—DVB resins quaternized with C-8 to C-18 alkyl
iodides 'show bactericidal activity buE are prone to fouling
(601, similar resins prepared in our laboratory had lower
activities thaa other bactericidal resins derived from
chloromethylated polvstvrene [61].

Chiellini and co-workers [62] found that soluble 4-VP
polymers partly quéternized with butyl bromide were
effective phase transfer catalysts in the ethvlation of
phenyl acetonitrile with bromocethane in the presence of
agqueocus 50% sodium hydroxide. Other partly quaternized vep-
containing copolyvmers have found applications in reverse

Eeemosis‘ﬁembranes. These include copolymers of 4-VP and
vinylidene_chloride crosslinked with 1,4-diiodobutane [(63].
Increasing. the 4-VP content of these membranes results in
increases in both the water permeability and the NaCl
rejection. Other novel membranes for ion transport have
also been prepared from 2—V?-grafted.Penton films [64],

partly sulphonated copolymers of 4VP-stvrene-DVRB on
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asbestos paper [65], styrene-2-VP and Styrene-4-vp
copolymers [66], and 4~VP-styrene copolymers quaternized
with a-w-diodo alkanes ([65].

Poly(4-VP) was found to enhdnce the rate of
polycondensation of dimethvl tartrate with hexamethylene
diamine [68], while highly porous copolymers of 4-VP and
5VB are. useful as column packings in the separation of
amines by gas chromatography—[69]. Finally, poly(2-V?)
Complexes have continued to draw sustained interest for

their application in lithium pace maker batteries (70].
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2.2 RESULTS AND DISCUSSION -

2.2.1 N-oxidation of Poly (vinylpyridine)s. N-oxides
of Poly(vinylpyridine)s as intermediates in
chemical modifications of poly(vinylpyridine)s.

The general usefulness of the poly(vinylpyridine)s has
been illustrated in the introduction part. Qur
laboratory's interest in functional polymers which caa be
used as speciality materials in a variety of applications
from reagents ([71,72] to photoresists (73] and particularly
thé inte:ést in potential novel uses for functionalized
vinylpvridine resins has led us to investigate the chemical
modificatioﬁs of various.poly(vinvipvridine)s.

. ~

Pyridine-N-oxides are important chemical intermediates
in the funétionalization of pyridine moieties because they
undergo many chemical transformations that proceed only
with difficulty or not at all in the parent pyridine

system. After the desired transformations are completed,

the N-oxide group (if still present) can be removed under

-mild conditions with a variety of reagents. The chemistry

and properties of pyridine-N-oxide and its derivatives hawve
been ﬁomprehensively reviewed [7{,75,76,77]

We 'were interested in preparing{ for instance, poly
(2—chloromethyl—s—vinylpyrid;ne), since it would be a
useful intermediate in the preparation of other functional
polymers. - Concerns that the chloromethvl group would react

rapiéiy with the pyvridyl nitrogen were alleviated by the
! -

knowledge that 2-chloromethyl-5-vinvlpvridine ecan be
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isolated [78]. Although reaction with the polymer would be
susceptible to crosslinking by self-quatgrnizétion,'it was
felt that the reaction might still be useZul especially for
'the'p:eparations of polymers with multiple ligands of the
type used in selective’ ion exchange or other chelation
processes. Ffor example, reaction of polyv (2-chloromethvl-~
S-vinylpyridine) with a primary or secondary amine would
lead to a modified poly (2-methyl-5-vinvlpvridine)
contain&ng 2-methylamine derivatives. This type of
polymers is interesting because the basicity and the ligand
properties of poly (2-methyl-5-vinvlpvridine) are modified.
Other amines could also be introduced by similar érocesses.

In order to 9prepare poly(z-chloromethyl;s—
vinylpyridine), we chose to treat poly (2-methyl-5-vinyl4N—
6xide—_yridine) with trichloroacetvl chloride. The model
reaction of 2-picoline-N-oxide with <trichlorcacetvl
chloride in chloroform affords 2-chloromethvlpyridine in
good vield (70;80%) [(78].

N-oxides of peoly (2-methyl-5-vinylpvridine), poly (4~
vinylpyride),(2-methyl—S—Vinylpyridine—styrene) copolymers,
and crosslinked (4~vinylpyridine-divinvibenzene) polymer
were prepared using two methods: N-oxidation with
H202/CH3C00H, and N-oxidation with m-chloroperbenzoic acid
in chloroform. Both methods gave excellent results with

quantitative N-oxidation being obtained for all substrates.

However, it should be noted that the work-up of the N-oxide

polymer is long and tedious when using H702/CH3C00H, while
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the work-up using m-chloroperbenzoic acid is rapid and

simple.

Reaction of poly (Z—ﬁethyl—s—vinyl—N—oxide pyridine)
with trichloroacéiyl chloride in chloroform, afforded a
polymer containing 65% of 2-chloromethyl-5-vinylpvridine -
units, ﬁut the pofymer crosslinked in the  reaction mixture
after 2 h of reaction. The <crosslinked polyvmer had a pink
color that bécame red léter. As was anticipated, this
crosslin%ing of the polyﬁer is éue'to reaction of the 2- °
chloromethvl groups with the pyriaiﬁe groups through a
quatg:nizatibnqkeactibn (Scheme 12). The ab;lity of 2-
chloromethyl nvridine to undergo this reaction is well

known. For instance, Koenig et al. [78] reported that

after distillation of 2-chloromethyl pyridine which is a

- -

colorless oil, it turned pink after a few minutes and .-
] 2

solidified to a red solid after few hours. The infrared™

——

spectrum and elemental analvsis of the crosslinked pelymer
, \

R,
suggest thai it has the structure given in Scheme 13. The

infrared spectrum shows bands at 1760 and 2000-2500 em—1

corresponding to the’ 2-pyridylmethyl trichloroacetate -
hvdrochloride. These moities are intermédiates in the

reaction of 2-chloromethvl-N-oxide pyridine wicth

trichlorocacetvl chloride. Their presence in the polymer

even after long periods of reaction are due to the fact

that the rapid crosslinking of the polymer prevents: their @

further reaction to give the desired 2-chloromethyl-5-

-

vinylpyridine product. , v Tt

1

P 4 T
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The fact that 2-chloromethyl pyridine is unstable and

. tends to quaternize is not unexpected, however, ,it is known

that 2-chloromethyvl pyridi;e'is conveniently stored as the
hyvdrochloride. It was our hope to. be able to isclate the
hydrochloride of the poly (2rchloromethyl—S—Vinylpyridine)
prior to the occurence of éxtensive cresslinking.
Unforﬁunately,dégg quaternization reaction occurs at very
early stage in the reaction of the polymeric N-oxide and
trichloroacetvl chloride.

In an attempt\;o reduce " the extent of the'spontaneous
crosslinﬁing :eactioﬁ the concentration of N—oxide:qpits on
the‘ étérting‘ polymer was reduced through the use of

~
copolvmers of 2-methyl-S~vinylpvridine and stvrene

containing only 25 or 10% of 2-methyvl-5-vinyipvridine

units. In the reaction of these copolymers iIn N-oxide form

>

with trichloroacetyl chloride in chloroform we observed
that the reaction mixture did not turn pink as fast as was
the case for the homopolymer of poly (2—méthyl—5—vinyl-N—
oxide pvridine), but crosslinking occured nevertheless to a2

significant extent with the characteristic pink color.

S

-
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2.2.2. Reaction of poly(2-lithiomethyl-5-~

» vinylpyridine) .with a Schiff base.

Alkyl gréups in positions tx,and Y to the ring
nitrogen in. pvridines are signi?icantly reactive,
especially in processes which proceed via base—catalyzed
deprotonation, as the resulting anions are resonance-
s;abilized\>§ heme 14)" These gnions are then able to
react with /E wide range of elecprophiles té give
condensation products. ft was thought that poly(2-methyl-
S-vinylpyridine) could be modified by using the acidic
properfies of its methyl group. For instance, reaction of
poly(2-iithiomethyl-5-virnylpyridine) wifh a Schiff base
(Scheﬁ% 15) -would lead to a polymer containing two
different nitrogen ligands. As can be seen in Scheme 15, a
polvmer ~containing such ligands could exhibit very
interesting compléxiné broperties, for example, both
nitrogens shouid readily complex cations with formation of

R
stable frmembered rings.
Yor

Shuman and Amstutz [79] have studf;d the reaction

of Z2-picolyllithium with Schiff bases.

-~

Poly(2—lithiomethyl—5—vinylpyridine) is obtaineé by
reacting phqpyllithium with‘poly(2—methyl-5—vinylpyridine)
in dry THF; in contrast, all attempts tc obtain the anion
.using lithium were unsucceésful. Formation of the anicn is

easily detected by thé appearance of its characteristic red

coclor.
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» Reaction of the poly(2-lithiomethyl-5-
vinylpyridine) with benzalaniline led to the desired
modification. However, onlvy 50% of the units were modified

as indicated by lE-NMR spectrum and elemental analysis qgﬁg
"

the obtained polvmer.

2.2.3. Reduction of quaternized poly(4-
vinylpyridine) with sodium borohydride.
Pyridine is not reduced by sodium borohyvdride. On the
other hand, borohvdride reduétion of alkylpvridirniuvm salts
proceeds readily to give tetrahvdropyridine derivatives.
Jackson a;a Bplto [80] have 'reportéd the borohvdride
reduction of poly(4—vinylpyridine)\quatérnized with methyl
iodide ﬁo afford a poly (é-vanyltetrahvdropvridine)
derivative (Scheme 16). The reduced polyvmer was said to be
soluble in chloroform, ethanol, methanol, and dilute
hydrochoric aci@. We prepared quaternized poly(4-
vinylpyridine) with dimethvl - -sulfate and proceeded to its
reduction with sodium borchydride. Since Jackson and Bélto
did not describe the conditions under which they performed
the reduction, we followed the ekperimental procedure used
by Saito and May [81] for the reduction of monomeric

Quaternized pyridine derivatives.

In our hands, the reduction of the quaternized polymer

always yielded a crosslinked material. However crosslinking
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of the reduced polymer often occured during work-up. Two
differentﬁ;ork—up Procedures were used to isolate the
reduced polymer. In all cases, the polymer precipitated
cut of solution durxing the redéction. " In the first work-up
we used, the precipitaﬁed reduced polymer was filtered and
dissolved in methanol, then precipitated in large excess of
ethyl acetate and dried under vacuum at room temperature.
After &rying, the polymer was no-longer soluble in methanol
qf chloroform. In the second work up the precipitated
reduced polvmer was extracted from the reaction mixture
with chloroform then: the chloroform solution of the reduced
polymer was dried with magnesium sulfate, and\the sclvent
was evaporated. After drying the obtained rolymer was no
lénger soluble in chloroform.

Anaiysis ©f the infrared spectra for the reduced
polvmers which were obtained using the twe different work-
up procedures show that both reduced polymers are

-

identical. Figure 1 shows the‘FTIR spectrum of the
starting polymer: poly (N-methyl~4-vinylpvridinium methyl
sulfate) and of the reduced polymers. &2 domparison’of the
infrared spectra of the reduced polymers with that of 1-
methyl-1,2,3,6- tetrahydropyridine shows that the reduced:
polymers indeed céntain mainly tetrahydropvridine units.
Most of the bands in the spectra of the reduced polymers in
the range 1460-400 cm™! are identical in shape, intensity

anduE;;;ﬁency to those found in the spectrum of l-methyl-

1,2,3,6 tetrahydropyvridine. Figure 2A shows the infrared
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Figure 2. FTIR spectra of A) l-methyl-1,2,3,6-tetrahydropyridine and 8) acrolein.
IR spectra have taken from Aldrich catalog.
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spectrum of l-methyl-1,2,3,6-tetrahydropyridine. For our

reduced polymers some of the bands in the range 1460-650

el are: 1461, 1377, 135, 1289, 1259, 1229, 1208, 1128,
1080, 966 cm~ 1L and for l-methyl-1,2,3,6,

tetrahydropyridine: 1460, 1370, 1334, 1282, 1266, 1235,

1212, 1136, 1030, 966 cm™l. ' However, the spectra of the
reduced polymers also show bands at 2368, 2315, and 2268
cm~1l as well as a strong band at 1675 em~l? these are
absent in the spectrum of l-methvl-1,2,3, 6~

tetrahydropYridine. We believe that these bands correspond
to the side-product that is causing the érosslinking of the
reduced ‘polymer. There is also a hydroxvi band that always
can be attributed to water in the polymer due to the fact
that it 1is \very hvgroscopic and difficult to dryv
completely. We could not attribute the extra bands to a
specific by-product. However, it is known that the
positive charge in pyridinium ions favours attaék by'
nucleophiles at the Qor Y - positions under mild
conditions to give adducts that normally undergo further
reaction very rapidly xscﬁeme 17). Our reductions were
done in alkaline solution, therefore in the presence of
nucledphilic hvdroxide ion. Scheme 17 shows that the
adduct resulting from reaction of hvdroxide ion with the
pyﬁidinium units can give three kinds of derivatives:

pyridinone, dihvdropyridine and a 5-amino conjugated
aldehyde. The pyridinone derivative does not possess bands

at 2368, 2315, and 2268 cm~! nor does the dihvdropvridine
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derivative. However, the S5-amino conjugated aldehyde could
be responsible of the strong band at 1675 cm-1l (-CHO) and '
. the set of bands at 2368, 2315 and 2268 cm~1. Figure 2B
shows the infrared spectrum of acryaldehyde. We observe
that the set . of bands corresponding to the aldehvde .
function of acryaldehyde (2817, 2778, 2703 cm-l) is.
remarkably similar in shape and intensitv to the set of.
bands at 2368, 2315 and 2268 c¢m~l in the spectra of our
reduced ?olymers. The lower frequencies of these bands in
our polymexrs could be due to the extended gonj;gation
land;or a hydrogen—bondeﬁ igteraction between the amine and
the aldehgde group. Similarly, the lower frequencyv of the
carbonyl group (1675 cm™*)in our reduced polymers with
respect to the carbo;>a frequency of acryaldehvde (1695
em~1) may be explained by the @resence of hfdrogen-bonding

interactions.

Moreover, the presence of these S-amino conjugated
aldehyvde units in the reduced polymers could explain the
post-crosslinking of the polymexr through reaction of the

- '
amino groups with the carbonvl groups (Scheme 18} . We must
recall at this point that even onlv a few reactions will

result in crosslinking and therefore insoiubiliza&ion of

the polymer.

-

Jackson and Bolto [80] have reduced poly(N-methvl 4-
vinylpyridinium iodide) and we have tried to reduce poly (N-
=

methyl-4-vinylipyvridinium methyl sulfate) in similar

fashion. However the polyvmer crosslinked. In view of ‘our
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-,

results, we decided to prepare the same
polyalkylpyridinium salt that Jackson and Bolto used.
However, the sodium borohydride reduction of poly (N-methyl-.
4—vinylpyridinium iodide), yielded identical results to
those ébtained for the reduction of poly (N-methyl~4-
vinylpyridinium methyl sulfate.) Again the reduced polvmer
crosslinked and its infrared spectrum showed the set of
bands at 2368, 2315, and 2268 cm~1 and the strong band at
1675 cm™> observed previously.

Finally, we were able to obtain an uncrosslinked and
thereforeésoluble reduced poly(4-vinylpyridine) by applving
the follbwing modificationé to our original alkaline
borohydride reduction: First, the concentration of sodium
hydroxide was decreased from 1N to 0.4N; second, the
reaction time was decreased from S h to 3 h and firally,
instead of isolating the free amine, we isolated its
py-idiniup salt formed in situ by addition of hydrochlgric
acidnffgigure 3 shows the FTIR spectra of starting poly(N-
methyi~4-vinylpyridinium iodide), and that of the obtained
reducéd polymer. The reduced polymer does not Possess the
set ozfﬁands at 2368, 2315 and 2268 cm~* neither the strong
band at 1675 em~l. among the bands corrésppnding to the
tetrahydropyridine units in the reduced polymer are:
1423.6 cm~! corresponding to the bending vibration of the

methyl group ( N-CH3) , lléS and 1051.3 cm—1 corrééponding

to N-C vibraticns.

oy
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Elemental analysis of our reduced polymer shows that
.the reduction was accomplished up to an extent of
approximately 82%. 18% of the_N—métﬁylpyridiﬁium iodide
units remain intact a?g theréfore thé £fhal polymer has thg

b

following structure. . oo

—{CHl,——CH-}:%CHr—'?""}; 2

LG Qe

] | - He
cH, 1° CH,

. . .
E.A: .

Found: C: 44.44%, H:6.85%, N: 6.38%, I: 10.62%, Ci:
14.36%,_q£5&7.39%

L3
N

Calculated: C: 43.93%, H:8.3%, N: 6.4%, I: 10.65%, -CL:

-

13.24%, O: 17.43% -

rl -

The presence of un-reduced l-methyl-4- vinylpyridinium
units in the polymer is shown clearly in its 13C smectrum.
Figure 4 shows the 13¢ spectra of poly (N-methy-4-
vinylpyridinium.{iodide) and- of the reduced polymer.
Re-onances at.- 146.38 anq 129.é PPm correspond td& the
regmaining alkvlpvridinium units. All characteristic

- - e

resonances of the tetrahydropyridine units are also clearly

identified. 2
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2.2.4 Study of the mechanism of |a:'t:h.ei .se}f—catalyzed
solubilization of crosslinked and quaternized -4~
- Vvinylpyridine-ethylena dimethacrylate resins.
Most of the reactions included in our studies on 4
‘ chemical modification of poly (vinylpvridine)s hi£Zj
;//// ‘performed og'soluble polymers. This facilitates the.

monltorlng of the reactlons as pqgswble Droblems, such as

the formation of undesired smde-products or of crosslinks

can easily be seen. However, our ultimate aim was the

modification of crosslinked polymers which are more widely
-—d.( i "

used in practical applications. Therefore, we also

performed several' modificationé on crosslinked
poly(vinylpyridige)s\ We prepared crosslinked polv(4-
vinylﬁyridine) by suspension polymeriéation using differentr
crosslinking agents such as divinylbenzene and ethvlene
dimethacrvlate. Quaternization was among the chemical
modifications performed on the inéoluble polymers. Oné of
our procedures called for the quaternization to be carried
out in basic soclution. During the cuaternizdtion of the 4-
vinylpyridinej ethyvlene dimethacrylate ﬁesin in basic
solution, we OQEeEZed that the polymer had lost its initial
N A" -
macrororous structure and had became jelly-like. This
. ~Suggested that a large number of crosslinks had been
destroved during the reaction, a most. unusual finding in

view of previous findings [82]. ~

-

A series of crosslinked 4-VP-EDMa copolymer beads

containing from 2 to 25 wt % of the grosslinking. agent was




5

.
'

=\

3 ’

, o
prepared by sradical pélymerization in suspension. The
¥, -~ "

copolymers were quaternized in refluxing nitromethane with

excess of n—butylbromige. Tvpically, the quaternization
reaction with ﬂ:butylbromide was incomplete, reaching a

maximum of approximately S50%, but no efforts were made to

-

force the reactign to completion. . Table 1. shows the

characteristics of the 4—VP—EDMiﬁcopolymers.

“

The hydrolysis of _the gquaternized copelymers was
/ .
followed wvisually by/s{mple immersion of the sample ih a
!
vial containing 0.1 to 2 mol/Y of NaCH at room temperature.

It was observed that extensive swelling of the beads

occured with formation of a green-brown coloration, until
&

complete dissolutioh was eventually observed with the"

harsh conditig ¥e normally required to hydrolvze other

polymers containing EDMA-based crosslinks. Fer instance,
S,

-

Hradil and \\Svec (82] investigated -the synthesis o¢f g

polymeric sorbent bearing carboxylic groups. They prepared
a 2-3-dihydroxypropy™ methacrylate-ethylene dimefhaérylate
copolymer that contained 40 wt % of EDMA. Hydrolysis of
the ester groups of the 2-3-dihydroxypropvl methacryvlate
units.would vield the desired pol?meric sorbent bearing
carboxyvlic groups. Their st;dies on the alkaline
hvdrolysis of the crosslinked polymer showed that

crosslinked methacrylate copolymers are rather resistant to

alkaline hydrolysis. Thus, heating the polymer at 80°C for
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Table 1. Characteristics of 4-vinylpyridine~ethyvlene
dimethacrylate copolymers.

-

Polymer feed - Copol- Quater- Dissolution
. vmer nization )
4-vp EDMA 4-vp (%) NaCH Time
(Wwt. %) (wt. %)  (wt. %)@ {mal/1) (h)
98 2 95 24 0.1,0.5 1500
: 31 0.1,0.5 150b
9% . 4 93 28 0.1,0.5 1402
] 40 0.1,0.5 100
1.0 72
4 -
94 6 90 27 -+ 0.1,0.5 1500
* 36 0.1,0.5 130D
1.0 120
92 B : 89 38 0.5,0.5 120
- 1.0 : 90
87 13 85 33 0.1 150b
s 1.0 120
48 0.1 72
0.5 48
O 1.0 18

2 Determined by elemental analysis of nitrogen.

The time required for dissolution is only approximative
as there is no sharp change between gel and solution.

q
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16h with 212.3 wt$% NaOH only afforded a product containing
0.21 mmol/g of -COQNa groups, which corresponds to 2.7%
conversion. Under more drastic conditions (26.5 wt. &
NaOH, 102°C, 16 h) a coﬁversion of 22.8% was obtained.
Unde; these conditions hydrolvsis of only the 2-3-
dihydzoxypropyl methacrylate units had happened.
ﬁydrolysis of the EDMA units required both high temperature
(80-120°C), very long reaction timés, ~and high
concentrations of alkali (5-10M)

Similarly, the unguaternized copolymer of 4-VP and
EDMA is totally unaffected bv 0.1M NaOH even if placed in
the presence of n-butylpyridinium br?mide, which could
pofentially act as a phasé-transfer catalyst in the
reaction.

Clearly, the dissolution reaction is the result of
some base-catalyzed hydrolysis process inv?}ying the ester
bonds of EDMA, which constitute the crosslinks of the
network polymer. Cleavage dat anv other point of the
polymer chains can be extluded as copolymers of 4-VP and
2,5-divinylpvridine or 4-VP and divinylﬁenzene are found to
be perfectly stable in basic medium even after similar
quaternization with n-butylbromide. It is interesting to
aote that the rate of dissolution of the quaternized 4-vp-
EDMA copolymexs increases with increasiqg concentration of
the alkali solution, reaching a maximum at 1 mcl/l, then

kY
decreases with no dissoclution observed when the

concentyation reaches 2 mol/l. This finding 4is in
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agreement with previous data [83] which indicate that the
rate of hydrolysis of esters decreases with indreésing
ionic strength. Similarly, while a, 0.1M NaOH solution
dissolves the guaternized resins, an increase in ionic
strength to 2 mol/l by addition of potﬁssium bromide‘to the’

[

-dilute alkali $olution prevents the dissolution of the
polymer;‘ ‘. -

It might be argued that, as quaternization improves
the hydrophilicity of the copolymers as well as its
swelling in aqueous medium, transport of the hvdroxide ions
to the ester croéslinks in greatly facilitated, thereby
enhancing théir cleavage. This poésibility can be excluded
by a simple comparison with the behavior of the very
hydrophilic copolvmer of 2-hydroxyethyl methacrylate and
EDMA. Although extensive .swelling is observed when the
latter polvmer is treated with a 0.i-1 M soluticn of NaQH,
ne dissoluticon is observed even upon addition of n-
butylpyridinium bromide.

Although it has been reported that polv(4-VP) is a
catalyst for the hydrolysis of esters [84], it does not
appear that thé rémaining undquaternized 4-VP units can be
held responsible for tﬁe facile hédrolysis.of the E=DMA
units of the chain in the guaternized copolymer. In fact,
the catalytic act;vityoof both free and quaternized 4-vp
copolymers in thg hyd%olysis of an ester'suca as n-butyl-
acetate appears to.be negligible as shown in Figure 5;

clearly, the rate of hydrolysis of the low moleculaw weight

-
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Figure 5. Hydrolysis of 2 ml of a solution (-Q'.S M) of
n-butyl acetate in n-amyl alcohol at 30°C usingy O 3 ml
0.5 M NaOH + 0.050 g quaternized 4-VP-DVB copolvmer (30%
substituted) ; O 3 ml 0.5 M NaCH + 0.026 ¢
n-butylpyridinium bromide; @ 3 ml 0.5 M NaOH; B3 nl

0.5 M NaOHE + 0.050 g 4-VP-DVB copolyvmer.
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'estgr is unaffected by addition of the 4-VP or quaternized
copolymers. Similarly, a solution of a sterically hindered
ester such as n-butyl pivalate, which can be regarded as a
model for the methacrylaﬁe units within the polymer, is
-perfectly stable when treated with 0.1 M NaOH,Eeven in the
pr&sence of quaternized 4-vp copolymers.

These findings suggest strongly that a simple base
hydrolysis mechanism involving the EDMA units is not
responsible for the dissolution of the crosslinked polymer.

(gg_ﬁ;lternate mechanism might involve an alkaliﬁe

hydrolysis process catalyzed by the gquaternized polvmer
itself acting as an internal rhase-transfer catalyst.

Quaternary pyridinium salts are. generally considered to

have a low activity as phase-transfer catalvst [85,86].

n]‘

or insténce; Herriot and Picker {85] reported é rate
’
_ constant of 1.6 X 10j6 M1 sec™l for the reaction of
thiophenoxide wi;h l-bromooéﬁgne in benzene-water using n-
butylpyridinium béomide as phase-transfer catalvst. In
.contrast, a rate constant of 3.7 X 102 M1 gec~l ywas
obtained using ahmore effective phase-transfer catalvst
such‘as tetra;butyl rphosphonium chloride. However,.despite
of the low activity of the quaternary pyridinium salts: it
is not inconceivable that their activity might be enhanced
through their immobilization on the polymer near the
reactive ester bcad. If such were the ca;e, then it would

be expected that other polyvmeric phase%transfér caﬁalysts,

crosslinked in similar fashion with EDMA, should undergo
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the same facile dissolution reaction. A simple probe for
this mechanism was constructed by the copolvmerization of
vinvlbenzylchloride with EDMR, feollowed by.quatérnization
with tri-a-butvlamine. The resulting polymer was found to
have a very high stability in 'aqueous base and no
dissolution was observed. Since benzvl tributvl ammonium
salts.are.$ignificahtly better éhase-traﬁsfer catalysts
than n-butylpvridinium salts (85] this alternate mechanism .
is cléarly not operative.

All the facts outlined above seem to point in the
direction of an intramolecularly catalyvzed proceSs-for this
splitting reaction. Interactions from distant moieties
within the polymer can be excluded as the reaction is not
catalyzed by external additives and the polymer itself is

not a catalyst for the hydreolysis of low moiecular weight
esters. It is therégﬁre reasonable to assume that a close -
p;dximity of the ester bond and the reactive group is
required for cleavage to occur. The formation of
pvridinium metHide pseudo-bases by reaction 2- or 4-
pyridinium salts with alkali (Scheme 19} has been known for
over S0 years [8?]. The carbanion of the pseudo-base is
itself a strong nﬁcleophile (88] with good reaé%ivity. In
the case ©of copolymers containing guaternized ryridine
gr%ups, such meﬁhides can also form in alkaline medium, and
we believe that the‘c;eavage reaction is‘the result of
attack of these anionic species on neighboring ester
. X

»= gToups, likely through a six-membered ring intermediaté.? A

l
Y

3

M .
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possiblé pathway for this reaction is outlined in Scheme
20. ' _ S :

The key step in this reactiﬁn is %he formation of the
six-membered ring intermediate IV by attack of the  anionic
end of methide III onto the carboxyl group. This step cans
ge achigved.only if the polymer chain possesses good
mobility, a requirément which is fulfilled in the swollen
polymer ?hen the degree of crosslinking is not excessive
(bélow 15%). A modelling study of the reaction using
space-filling molecular models confirms that formation of

i ) 2 .
the required six-membered ring intermediate from the 4-

-
vinvipyridinium copolymer is achieved readily. - 1In.
contrast, molecuiar modgl studies for an analogous'2f
vinylpyridinium CS;;Z;;;;\ﬁpdicate that steric problems may

X
prevent the formation of the six-membered ring
intermediate, and indeed copolymers of 2-V® and EDMA .
quaternized_gith n—butylbromide do not dissolve in agueous
base, even though ﬁethide formation does occur.

The suggested mechanism involving the pseudo-kase
requires the presence of a viﬁ&lpyridine diad close to the
ethylene dimethacrylate unit. The side from which the
anion approaches the cro;slinking uni®” is unimportant, as
longd as the six—membered'*ing intermediate is available.
Thls means that in- order to SDllt one crossllnk lit is
‘suff1c1ent that only one of bhe four propezly placed
v1nvlovrla1ne units in the v1c1nltv cf the EDMA unit be”

.\-.
active. Theréfore, accordlng/to this mechanlsm, a 4-vb

/

\.

— -
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unit isolated Sétween EDMA groﬁps can never be active.
Both wunits in Q—VP diads surrounded by EDMA can
thebretically be active, but the vicinity of two crosslinks
restricts chain mobility and ring formation' is not
probablq. The same reasoning applies to 4-vp tria@s. With
growing sequence length, the chain mebility increases, but
at the same time the number of inactive units also
increases because in all sequences only the second and the
penultimate vinylpyridine units may be active.

The probability of sequencés in a cdﬁolymer with known
composition is calculated from the folléwing equation [89]

_\\’\

N-
By Iy = (oM (1p )

where (p mi)N is the probabilityﬁbf & sequence with length

N made up of monomer 1, and P11 is defined by the equation:

]
p
11 r]-+M2ﬂﬁ—'

where M; and M7 are the mole fractions of both monomers in

rd

the polymerization feed, and ry is a reactivity parameter

for the monomer 1. Because the reactivity parameters for

the couple 4-vP/EDMA have not been published, we used
parameters calculated from the Q, e data [90]: r1=0.8%8 and

r>=0.78.
The sum of brebabilities of sequencés with length N=1

-

to e isg unity. As has been mentioned &bove, the segquences



with N= 1,2 and 3 are not ¢onsidered to be active. From
the sequences with N24 units, onlv 2 units are active {the
second and the penultimate). Thus, the fraction of all

active units "in the copolymer, {(Pm1)act, is given by the

equation :

————

. b N-T

~where we have chose N= 530 as the maximhm length of
calculated sequences of 4-VP® units. Table 2 shbws the
cbtained wvalues for (Pm1) act. This Function reaches a
maximum at an EDMA concentration in the polvmerization feed
of about 12 mol %, i.e., at 88 mol % of 4-VP. At a higher
concentration of 4-VP the fraction of active units
decreases pecause of the increasing length of secuences in
which a major portion of the units remain inactive. At a
lower concentration of 4-VP, there is an increase in the
.amount of short, 1-3- membered sequences, alse considered
to be inactive. At the same time, the fraction of
crosslinking agent increases, and.the EDMA monomer can
itself be connected in sequences bearing two or more units
which are more stable.

In principle, the number of catalvtically active units
should be higher, or eqgual tb the number of units of the

crosslinking monomer. This is fulfilled up tg, about 15

-
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Table 2. Statistical calculations of sequence distribution

of 4-vinylpyridine unlts in its copolymers with ethylene
dimethacrylate. :

I

"My Nb | (Pm1INC - (Pm1) act®
98.0 50 . 0.642 0.08

95.7 50 0.894 0.13

91.2 | 50 0.991 0.16

88.9 s0 0.998 0.17

85.3 40 0.998 0.17

75% 20 0.997 0.i4 |
0% 13 - 0.998 0.08 -
40* 7 '0.998 0.03

a Mol % of 4-VP in the copolymer, po]ymers shown with * have not
been prepared

b Maximum. lJength of calculated sequences of 4-VP units.

¢ Sum 11 probabilities of 4-VP sequences up to the length N.
d Sum\of the theoretically active fractions of 4-VP units in the.
sequances up to}he length N.

N
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mol: $ of EDMA in ‘the feed.. All copolymezs belaw. this
limit can theoreticailf be fuily hydrolyzed. '?;. N
Howeéér,_ to make the cieavage reactiéﬁ';éeally
possible, it is necessary that the acf;&e 'uhits be
gquaternized. A kinetic study of the -quaternization of
poly(4;VP) with n-butylbromide has been carried out by

-

Fuoss [%1, 92] who reported that alkylation of a given
vinylpyridine unit .in the pﬁlymér‘éecreases the reactivity
c¢f ‘the neighboring units. In é later study, ghe
heterogeneity of such a system was described mathematically
by Noa (%3] who proved that the rate constants for the
successive quaternizat%ons of the triads AAA_bﬁé_}ABA k]é
288 k2} BBB are in the ratio of 1: 0.3 :0.3. 2Zn the above
equation, A and-§ represent free'and quaternized 4-V2 units
respectively. These data indicate that-tﬁe triads ABA in
which 'a quaternized.é-VP unit is flanked by two free 4-VP
units are the most probéble. For the suggested mechanism
to operate, as shown iggécngge 20, triads such as AS2, ABE,
388, or B3BA must be loéafgd in at least one of th% four
positions which are adjacent to the crosslinking
dimethacrylate unit. Therefore, it seems obvious that only
a2 low degree of quaternization is necessary to ensure that
the cleavage reaction will be observed. It should be

emphasized, however, that high degrees of quaternization

can oniy enhance the likelihood of complete cleavage of the

dimethacrylate units.
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The copolymerization statistics revealed that at’ about

12 mol % of EDMA the copolymer contains the ‘greatest number

of active units. About every fourth 4-~VP unit in the
copolymer 'ls located at an actiwve site. Also, there are
about two active 4-VP units per crosslinking unit. Thus,

it would be sufficignt té quaternize only oneJhalf'on the
active units to make the copolvmer ‘soluble. A
cuaternization -to 50% secures the presence of a sufficient
number of reactive groups and ensures their proper
sequential distribution for the splitting of crosslinks to
be obsexrved. Thg results §ummarized.ianable 2 support
this concept and suggest that the pseudo-base mechanism is

likely to be responsible for the observed rhenomenon.



T

“a

269

2.3. CONCLUSIONS.

The chemical modification of polymers has drawn much
attention in recent years as new reactive polymers can be

prepared form commodity materials such zs polystyrenes or

"-.acrylic resins. Such reactive polymers have led to

inteﬁesting new devélopments in areas as varied és
catalysis, separation media, or asymmetric.processes. It
was felt that new interesting strucﬁures could khe obtained
by the simple chemical modification of the soluble
poly(vinvlpyridine)s or of their c¢rosslinked analogs. This
Daé; ©f the thesis has dealt with several attempts at the
modification of poly (4-vinvlipyridine) and poly (2-methyl- .
5—vinylpyridihe). Attempts at chemical medification
involving N-oxide or quaternized polymers as intermediates
were made. Unfortunately these approaches were generally
not successful. Significant amounts of new functionalities

could be introduced but the processes were generally

 accompanied by side reactions. For instance, preparation

‘ &
of poly(2-chloromethyl-5-vinylpiridine) has been shown
unfeasible due to the facite gquaternization that the
polymer undergoes spontaneouslv once it is modified.

Similarly, attempts to 'increase the ligand ability of

poly (2-methyl-5-vinylpyridine) by reacting poly (2=
lithiomethyvl-5-vinvlpyridine) with a Schiff base led to the
obtention of the desired polymer, but only 50% of
modification was achieved which limits the usefulness of

the polymer. It was also shown that the reduction of
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quaternized poly(4-~vinylpyridine) was -accompanied by a
ring-opening siqeiﬁeaction reaction, which~could only be
avoided by careful guning of the reaction conditions.
However, under those conditions onlv 80% of modification
was'obtaﬁned. ) . .

fn view of/our ixability to suppress these side-
reactions which diminished ‘considerably the usefulness of
the final products the project was discontinueé and all of
our attention was devoted to the continuation of the study
of .chemical mé&i@%cation in the’ context of the

-

compatibilization of polymers, expanding the scope of the
! .

research from the original poly(vinylpvridine) target to

other systems.

During our studies on the chemical modification of

poly(4-vinvlpvridine), it was found that gquaternized 4-

<

inyl_yridine*efﬁylené dimethacryvlate copolymers; unlike
;heir free amige Drecursors, were ext;emelyiseﬁsitive to
dilute alkali ;nd dissolved to afford low molecular weight-
by~p;bducts.' Our studies on the mechénism of this unusual
self-catalyzed reaction allowed us to conclude that an
intramoiecularly catalyzed process infolving attack of
pyridinium methide pseudo-bases on neighboring ester
groups, is responsible for the cleavage of the EDMA
crosslinks. Although an unequivdcal confirmation of the
proposed mechanism will probably recuire the preparation\of
/

difficultly accessible model compounds containing hindered

ester groups at—-well-defined locations near a pyridinium

-
-
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methide grqup,‘this.work*provides an interesting probe for
the intraﬁoleculér reactivity of groups located on both the
main chaig and the side chain of crosg}inked polymers. It
confirms ‘that polymér segments; as well as pendant groups,
havwe éreat mobilities resulting in extensive site-site
interactions [71,54)] despite the presence of crosslinks.
This study alsé contributes to dispell somé of the'widely

held notions that groups-' located at or near crosslinking

points have greatly reduced or negligible reactivities.

W
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2.4 EXPERIMENTAL

2.4.1 N-Oxidations of poly (vinylpyridine)'s

-

a) Synthesis of poly(4—vinylpyridine)t (
To a solution of 25.00 g (0.24 mol) of freshly
distilled 4-vinylpyridine (bp. 68-63°C at 15 mm Eq) in 20
ml of “ethyl acetate is added 0.1 g (6X10-% mol) of
azobisisobutyronitrile (AIBN). After bubbiing nitrogen
through the mixture for few minutes, it is stirred under
nitrogen atmosphere &t 75°C for 10 h. The polymer is
dissolved in pyridine and precipitated by pouring into
excess of toluene. ' After filtration the polymef is washed
th}ee times with toluene and three times with hexane, them
dried under vacuum at 40°C to give 20.05 g (80% vield) of
preduct. The polymer is soluble in methanol, mefzflene-
chlor}de, chloroform, dimethvlformamide §and

. . . . . . . 2
dimethylsulfoxide. Insolubil®ty is observed in acetone,

ether, eﬁhyl acetate, tetrahvdrofuran, toluene and hexane.
lE-NMR: (in CDCly / TMS 1%): 1.46 (broad band, 3%, N
aliphatic chain), 6.30 (broad band, 2H, pyridin; ringy,
8.23 (brbad band, 2EH, pyridine ring).

IR: 1585 cm‘l;(C=C étretching vibration of the aromatic
ring),1556 and.1494'cm‘1 (C=C + C=N stretching vibrations

"of the aromatic ring).
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) Synthesis of polv(Z-methvl 5—v1nylpyr1dlne) »

To a solutlon of 53 00-g (0,45 mol) ofﬁ freshly
distilled 2-methyl-5-vinylpyridine (bp. 78-80°C at 20 mm
Hg) in 29 ml of ethyl acetate is added 0.2 g-
(1.2 X 10-3 mol) of AIBN. After bubbling nitrogen through
the mix;ure for few minutes, it is stirred under nitrogen
atmosphere at 759C for 10 h. . The polymer is dissolved in
tetrahydrofuran and precipitated by pouring into excess of
petroleum ether. After filtration, the polvmer is washed
éhree times with petroleum ethef, then dried under wvacuum -
at 40°C to give 44.2 g (83% vield) of the white polymer.
lH~NMR (in CDCi3 / TMS 1%): 1.47 (broad band, 3%,
aliphatic backbone), 2.4 (sharper baﬁdNESH, CH3 group),
6.70 (broad band, 2H, aromatic ring); 7.60 (broad band, 1H,
aromatic ring).

IR: 1600 cm—1 (C=C, stretching vibration'of the aromatic

ring) 1568 em™% (C=N, stretching v1b*atlon of the aromatic
ring), 1485 ecm~1 (bending vibration of -CH3 ¢roup)

c) éynthesis ¢f (2-methyl-5-vinylpyridine: stvrene)
'copo;ymers.

A solution is prepared consisting of 2.23 ¢ (18.7
mmoles) of 2-methyl-5-vinylpyridine, and 7.78 g (74.7
mroles) of styrene in 10 ml of ethyl acetate. To. this
rsolution is added 0.04 g of AIBN. After bubbling nitrogen
*through the mixture for few minutes, it is stirred under

nitrogen atmosphere at 75°C for 10 h. The polvmer is then
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dissolved in chloroform and precipitated by pouring- into
excess of petroleum ether. ' After filtration the white

polymer is washed three times with petroleum ether, then

dried Shder.vacuum at 40°C to give 6.00 g (59.4% yield) of

. the white .polymer. The same procedure is employed to

copplyméyizg 1.13 g (9.5 mmoles) of 2-methyl-5-
vinylpyvridine and 8.87 g (85.2 mmoles) of stvrene. In this
case 8.32 g (83%lyield) of the polymer are obtained.

1H-NMR (in CDCl3/TMS 1%): 1.50 (broad band, aliphatic
chain), 2.40 (sharper band, -CHE3 on the pyridine ring) 6.50
{(broad band, aromatic H's), €.93 (bread band, aromatic.
H's), 7.57 (broad Bénd, arcomatic H's). ‘Both copcolyvmers
show the same characteristic génds. The composition of the
copolyvmers is easily éalculated by using the LH-NMR

integration data. The first copolymer contains 25 mols% of

2-methyl-5-vinyvlpyridine units and -the second contains.ll

mols .
IR: 1600 em~1 (c=C, stretching vibration of aromatic

rings) 1493 and 1451 em~} (C=C + C=N stretching wvibration

of both aromatic rings)

E.A: First copolymer; found, N:3.01%; therefore, the
copolymer contains 23 mol% of 2-methyl-5-vinyvlpvridine
units. Second copolymer; found, N: 1,48%; therefore,. the
copolymer contains 11 mol% of 2-methvl-S5-vinylpyvridine-

units

-
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d) Synthesis of ﬁacroporous polymer of 4;vinylpyridine
and divinylbenzene.

The crosslinked‘polymer is obtéihai by a radical
polymerizatio;:}11 suspension. To.lso mlL of a 1 wt.%
solution of polyvinvlpyvrrolidone in water is added a
selution consisting of 15.0 g of 4- vinylipyridine, 9.0 § of
divinylbenzene, 0.2 g qf AIBN and 27.0 g of butvlacetate.
The polymerization mixture is degassed by bubbling nitrogex
through for 10 min £o remove Skxgen. Then, the mixtuze is’
polymerized under stirring (BOb‘rpm) at 80°C for 7 h. The
product is washed thofoughly with water and then washed
wiéh methanol in a soxhlet for 48 h. Finally, the polvmer
is dried under vacuum at 60°C to give 16.0 g (67% vield) of
white préduct.

IR: 1595 em~1 (c=C stretching vibration of both aromatic

rings: pvridine and phenvl), 1556 and 1494 cm~l (C=C + C=N

stretching vibrations of pyridine ring)

ty

*

»e) N-oxidation of poly (2-methyl-5-vinvlipvridine) with
hydrogen peroxide in acetic acid medium.

To a solgtion of 3.0 g (25 mmoles) of poly (2-methyvl-
S-vinylpyridine) in 13.0 ml of acgetic acid is added 12.0
ml of hydrogen peroxide (30%) dropwise. The reacticn
mixture is stirred for 24 h. at 509C. Then, wager'is added
to the feaction mixtﬁre and this is concentrated using a
vacuum rotatory eﬁaporator. More water is aéded and'again

is evaporated. This procedure is repeated until the
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distillat is free of acetic acid. Finally, the polvmer
dissolved in water (ga(ZZ%) gz\gggeze—dried. 3.5 g of a
light and white polymer are obtained. The polymer.is
soluble in methanol and insoluble in.other common solvents
(acetone,. methylene chloride, tetralydrofuran, .ethyl
acetate, hexane, benzene) )

lginMr ?in Do0, ref:1,1,1,-3,3,3,hexamethyldisilazane) 1.67
(broad band, 3H, aliphatic chain), 2.20 (sharper band, 3E,
-CH3 group), 6.77 (broad band, 2H, aromatic ring), 7.40
{(brocad band, 1E, arématic ring)

IR: 1256 and IZégucm:l (N=-O stretch,-strong bands) .

E.A: Polymer structure (CgHgNO) . 0.5 (H50), found (C:
66.54%, EH: 6.88%, N: 9.81%, 0: 16.79%) calculated
(C’:GG.GS%, H:7.01%, N: 9.71%, 0:16.65%)

£) N-oxidation of poly (4-vinvlpyridine) with hvdrogen
peroxide in acetic acid medium.

10.00 g (95 mmoles) of poly (4-vinylpyridine) are N-
‘oxidized £following the same procedure as for the N-
oxidation of poly (2-methyl-5-vinylpyridine) with hydrogen
peroxide in acetic acid medium. 11.67 g of the N-oxide of
poly (4-vinylpyridiné are obtained). ‘
lH-NMR (in Dp0,ref:1,1,1,-3,3,3~hexamethvldisilazane), 1.50
(breoad band, 3H, aliphatic c@ain), 6,77 (broaa band, 2H,
aromatic ring), 7.83 (broad band, 2H, aromatic rings
IR: 1484 cm™l (C=C + C=N stretch), 1236 and 1179 cm-1 (N-0

Stretéh, very strong bands)
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E.A: Polymer structure: (C7H7NO). (H20)0.5 found (C:-64.71%,

H: 6.18%, N: 10.73%), calculated (C: 64.65%, H: 6.20%, N:
10.78%, O: 18.38%) ' '

g) N-oxidation of poly (2-methyl-S-vinvlipyridine) with m-
phloroperbenzoié acid.

. 5.00 g (42 mmoles) of poly (2-methyl-5-vinylpyridine)
are dissolved in 25 ml of chloroform and S.5 g (49 mmoles)
of m~chloroperbenzoic acid are added. The temperature is
kept at 20°C for 7 h. Then, the chloroform solution is
poured into a large “excess of ethvl acetate. The
precipitated polymer is filtered and washed thoroughly with
ethyl acetate. 6.2 g of a white polvmer are obtained after
drying under vacuum for 24 h.

'H-NMR (in CDCl3 / TMS 1%): 1.60 (broad band, 3H, aliphatic
chain), 2.33 (sharper band, 3H, CH3 grou§71€u37 {breocad
band, 1H, aromatic ring), 6.97 (bfoad band, 1E, aromatic
ring), 7.60 (broad band, lH, aromatic ring} .

IR: 1256 and 1227 em~1l (N-0O stretch, very strong bands)
E.A: Polymer strucﬁure: (CgHgNO) . 0.8 (Hp0), <£ound:
(C:64,78, H:6.39%%, N: 9.41%, 0:19.42%) calculated:

(C:64.78%, H:7,16%, N:9.36, 0:19.33%)
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h) N-oxidation of (2-methyl-5-vinvipyvridine: styrene)
copolymers with m-chloroperbenzoic acid.

3.0 g\(6.95 mmoles of.Nf of (2-methyvl-5-vinylpyridine:
styrene) (25 mol % 2-methyl-S5-vinylpyridine) are diésﬁlved
in 20 ml of chloroform and 1.42 ¢ (85% pure, 7 mmoles) of

m-chloroperbenzoic acid are added. The temperatureNis kept

at 20°C for 7 h. Then the polymer is precipitated.fr

-~

chlaroform solution in a large excess of methanol . The

m the

precipitated polymer is filtered and washed thouroughly

with methanecl. 3.3 g of a white polymer are obtained after

dryving under wvacuvum Tor 24 h. The same procedure is
eﬁployed for the N-oxidation of the (2-methvl-5-
vinylpyri%ine: stvrene) (11 mol% 2-methyl-5—
vinvipyridine).

. _
1E-NMR (in CDCly /TMS 1%): 1.47 (broad band, aliphatic

backbone chain), 2.33 (sharper band, =-CHj group), 6.50

(brocad band, arcmatic ring), 6.97 (broad band, aromatic
ring), 7.4 (broad band, aromatic ring). Both pPolvmers show
same characteristic bands)

IR: 1222 cm~l (N-O stretch, strong band)

i) N—bxidation of macroporous polymer of 4-vinylpyridine
and divinylbehzene

4.71 g (28.6 mmoles of N) of the macroporous polvmer
are suspended in chloroform and 7.30 g (85% pure, 36
mmoles) of m-chloroperbenzoic acid are added.- The reaction

mixture is stirred for 48 h at 609C. Mechanical stirring



279

is used so the macroporous beads are not broken. After the
reacticn time, the polymer is filteréd énd washed sevefal
times with methanol and ether alternatively. The polymer
is dried under vacuum for 2 days at room temperature aad
then at 40°C for 5 h. 5.22 g of the N-oxide polymer are
obtained.

IR: 1246 and 1172 cm~l (N-0 stretch, strong bands)

A Structuré of the polymer (C2HENO)p.68¢6

1

(C10H10)0.314(H20)g .75 found: (C: 69.83%, H: 6.27%, N:
7.07%, 0: 16.83%) calculated: (C: 69.97%, H: 6,98%,
N: 7.03%, O: 16.81%)

The polymer was dried for 20 h at 78°C under vacuum and in

presence ¢f Py0g. : T

2.4.2.a. Attempts at the preparation of poly (2-
chloromethyl-5-vinylpyridine) by reaction of +the N-
oxide of poly (2-metbhyl-5-vinylpyridine) with

trichloroacetyl chloridae.

0.6 g of poly (N-bxide-2-methyl-S-vinvlpvridine) are

dried by means of an azeotropic distillation with

chloroform. Then 0.5 ml of trichloroacetvl chloride are

added. The reaction mixture is stirred while the solvent
L}

(CHCl3) is kept refluxing. After 2 h of reaction a pink

coloration is observed and after 4 h there is formation of
a red precipitate. The red solid is filtered out and

washed with chleoroform several times. It was insoluble in

e
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many common solvents (métharol, ether, acetone, ethyl
acetate, methylene chleoride, dimethvlformamide,
hexane,fetrahydrofuran)

IR: 1760 cm"l (carbonyl stretch, 2-pyridylmethyl
trichlorcacetate hvdrochloride units }, 2000-2500
cm~l (NT-E,Cl™ stretch) -

E.A: étructure of the polymer.
Y—[cn,—-cu};{cu,— };{cu,—cu);

o) ] <
P Qe (o),

CH,CI cH, H,0COCCH,

XY z,03

found: (C:48.85%, H: ?.63%, N: 6.21, Cl: 31.88%, 0Q: 8.43%),
calculated: (C: 47.54%, H: 4.30%, N: 6,36%, Cl: 33.0%,
0:8.8%)

2.4.2.b. Attempts at the preparation cf (2-
chlcromethyl-S5-vinylpyridine: styrene) copolymers
by reaction of the N-oxide of (2-methyl-5-

vinylpyridine:styrene) copolymers.

0.7 g of the N-oxide of the copelymer containing 25
moLl% of 2-methyl-5-yinylpyridine units, which is dried
under vacuum at 80°C for 5 h, are dissolved in 15 ml of dzy
chleoroform and 0.5 ml of trichlorcacetvl chloride are
added. The reaction mixture is stirred and heated at
reflux temﬁerature. After few 3 h of reaction crosslinking
of tihe polymer is observed with the characteristic red

color.
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IR: 1760 cﬁfl (carbonyl stretch of 2-pyridylmethyl

trichloro acetate hydrochioride units)

2.4.3. Reactien of poly {2-methyllithium~-5-

vinylpyridine) with a Schiff base

—

2.4.3.a Synthesis, of benzanaline

To 10.6 g (0.1 mecle) of freshly distilled benzaldehvde
are added 9.3 g (0.1 mole) qf freshly distilled aniline
with rapid stirring. After a few seconds reaction occurs
with evolution of heat and separétioh of water. The
mixture is allowed to stand for 15 min and is poured with
vigorous stirring into 20 ml of 95% ethanol. Then the
mixture is allowed to stand, first 10 min. at rocom
temperature, and then 30 mn in ice water. The almost solid
mass in next filtered by suction, pressed out and air-
dried. v g (83% yield) of benzalaniline are obtained.
1$-NMR (in CDCl3z / TMS 1%): 7.25 (multiplet, 8H, aromatic
rings), 7.75 (multiplet, 2H, aromatic ring) 8,25 {singlet,
1H, olefenic proton) |
2.4.3.0b. Reaction | of poly (2-lithiomethyl-5-

vinylpyridine) with benzalaniline.

To £.3 ml (1.8% M, 10 mmoles) of phenyl lithium is

added dropwise a solution of 1.2 ¢ (10 mmoles) of poly(2-
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methyl-S5-vinylpyridine) in 20 ml of dry tetrahvdrofuran.
The reaction mixture is stirred under nitrogen at s0°¢

for 1.5 hu_‘ A thick red solution is formed. The red

coloration be’ng characteristic of the anion —CH2‘Lif.

Then, a solution of 1.85 g (10 mmoles) of benzalaniline in
i

15 ml of @ry TEF .is slowly added to the reaction'mixture.
Stirring is co;tinued for 3 h. Hydrolvsis is atfected by
adding éa. 20 mi af a2 20% ammonium chloride solution with
rapid stirring. The tetrahyvdrofuran phase is separated and
dried with magnesium sulfate. The polymer is precipitated
in large é;cess of a solusion of ethyl acetate and hexane
kl:2) from the TEF solution. The polymer is filtered'and
dried under vacuum overnight. 1.06 g of a2 white polvmer
are obtained.
14-NMR: Structure of the polyher:
< };—{én,—-ca-}; 27(H,0)

N CH, H,—cl:H—NH—Ph
' Ph

(in CDCl3 /TMS 1%, the solution (polymer + CDCl3) has been

<

dried previously with CaClz): 1.5 (broad band, aliphatic
backbone), 2.4 (sharper band, CH3 group), 4.75 (broad band,‘:
-CHy group), 6.6 (broad band, aromatic rings) 7.5 (broad
band, aromatic rings). The NMR integration indicates that
50% of modification has been accomplished

IR: 1606 em~1 (c=C stretching, both rings: phenvl and

pyridine), 1026 cm™i, (C-N stretching).
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1

E.A: found (C: 76.39%, H: 7.13%, N:9.48%), calculated (C:

76.63%, H: 7.31%, N: 9.24%, O: 6,82%)
2.4.4 Quaternizations of poly(vinylpyridine)s.

a) ’Quaternization of poly(4-vinvlpyridine) with
dimethylsulfate in basic aqueous solution. | A
To 3.0 g (29 mmoles) of poly(4-vinvlpvridine) in 30 ml
of water are added 9 ml (85 mmolgs) of dimethylsulfate.
The reaction mixture is stirred &t room temperature and its
PE is maintained at 8 by adding few drops of a 20% solution
of sodium hydroxvde. After 6 h, the reaction mixture is
poured in a dialysis bag and dialyvzed against distilled
watexr for 48h. After dialysis the aqueous sclution is
conéentrated cn a rotary vagﬁum evaporator antil a ca. 3%
solution o©f the polvmer in water is obtained. This
solution is freeze-dried éffording a light white polymer,
5.1 g (72% yield).
lE-NMR (in D0, ref: 1,1,1-3,3,3- hexamethylsilazane), 1.76
(broad band, 3H, aliphatic backbone chain), 3.56 (sharp
band, 3E, methyl group of the counterion), 4.06 (broad
band, 3E, methvyl group\;ttached to pyvridinium riné), 7.23
(broad band, 2H, aromatic pyridinium ring); 8.30, (broad
band, Z2E, aromatic‘pyridinium ring).
IR: 1646 cm~l (quaternized pyridinium ring, C=N*- stretch,
very strong band), 1251 and 1223 cm~l(sulfate stretch

vibrations, very strong bands)
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E.A: Structure of the polymer: (CgH33NSO4q) . (H0) found:
(C:43.52%, H: 5.38%, N: S.66%, S: 12.85%, O: 32.59%),
calculated: (C: 43.36%; H:6.08%, N: 5.62%, S: 12.86%, o:
32.09%)

: —
b)  Quaternization of poly (4-vinylpyridine) with

dimethyl;ulfate in organic phase.

9.6 ml (100 rmmoles) of dimethylsulfaté are added to a
solution of 8.0 g (76 mmoles) of poly {4-vinylpvridine) in
150 ml of nitromethane. The reaction mixture is stirred at
50°C for 24 h. A white precipitate is formed which is
filtered. ~The polymer 1is dissolved in methanol and
precipitated by pouring into excess of ethvl acetate. The
polymer is dried under vacuum overnight at 40°C. 12.5 g of

t
white polymer are obtained (63.6% yvield). The polvmer is

-

soluble in water and methanol.

lE-NMR (in D0, ref: 1,1,1-3,3,3-hexamethylsilazane) 1.76°

{broad band, 3H, aliphatic backbone chain), 3.56 (sharp

band, 3E, methyl group of the counter-ion), 4.06 (broad
band, 3EH, methyl group attached to pyridinium ring), 7.23
{broad band, 2H, aromatic pyridiniuﬁ ring}, 8.30 (broad
Land, 2E, aromatic pyridinium ring)

IR: 1646 cm™l (quaternized pyridiﬁium ring, C=NT stretch,
very strong band), 1251 and 1223 cm~l (sulfate séretch
vibration, very strong bands)

E.A: Structure of the polymer (C9H13N864) . 1.5 (HEp0)

found: (C:41.47%, H: 6.37, N:5.52%, S:12.58, 0O: 34.15%),



285

calculated: (C:41.84%, H: 6.26%, N: 5.42%, S: 12.42%, D:

34.07%)

<) Quaternization of poly(4-vinylpyfidine) with methyl
iodide in organié phase.

30 ml (0.5 'mol) of methyl™iodide are added to a
solution of 5.0 g of poly (4-vinvlpvridine) in 200ml of
nitromethane. The reaction mixture is stirred at 35°C-for
24 h. A white precipitate is formed which is filtered and
washed with nitrométhane and acetcnitrile. The polvmer is
dried under wvacuum at room temperature, . overnight. A
light-yellow, water soluble polvmer is obtéined'(ll.Bz g,
93% vield)
lg-Mr (n D20, ref: 1,1,1-3,3,3 hexamethvlsilazane) 2.10
(broad band, 3H, aliphatic backbone chain) 4.17 {(broad
band, 3E, methyl group of pvridinium ring), 7.70 (breoad
band, 2H, aromatic pyridinium ring), 8.50 (broad band, 2H,
aromatic pyridinium ring).

IR: 1642 cm~! (quaternized pyridine ring, C=N*- stretch
vibration)

E.A: Structure of the polymer (CgH;gNI) . 0.5 (E20) £Zound

(N: 4.97% I: 50.80%), calculated (N: 5.47%, I: 49.50%)
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d) Quaternization of ' poly (4-vinylpyridine)with benzvl
bromide in organic phase.

To a solution .Of 8.0 g (76 mmoles) of poly (4-
vinylpyridiné) iﬁ 150 ml of nitromethane are added 11.3 pl

(95 mmoles} of benzyvl bromide. Ihe'reaction mixture is
stirred at room temperature for 3 days.‘ A white
precipitate is Zformed which is filtered and washed
thoroughly with ether. The polymef.is dried overnight
under vacuum at room temperature. 19.é g (88.5% vield) of
a white polvmer are obtéined which is soluble in-¢ethanol,
dimethylformamide and dimethylsu%ﬁoxiae and is inscluble in
—

water, ethyl acetate, tetrahvdrofuran, chloroform, ether

and acetone.

IR: 1638 em~1 (str2tching vibration, pyridinium ring)

E.A: Structure of the polymer: (C14H14N:Br) . (Hp20) found:
{(C: 56.97%, H: 5.42%, N: 4.73%, Br: 27.03% O: 5.86%),
calculated (C: 57,15%, E: 5.49%, N: 4.76%, Br: 27,15%, O:

5.44%)
e) Quaternization of a cro%slinke@ poly (4+vin§lpyridine).
A crosslinked polymer .pf 4-vihylpyridine and
divinylbenzene containing ca. g‘pol ¥ of divinylbenzene is
sold by Reilly Tar and Cheﬁical Cdfp. under the trade name
R-8050. To 11.57 g of the R-8050 polymer in enough water
to cover the polymer are added 20 ml of dimethylsulfate.
The reaction mixture is stirred mechanically for 3 days at
room temperature. During the reaction time the pH df the

'

i
e—r
~

iy
Wiy



reéction mixture is kegt at 8 by adding few drops of a '20%
~solution of sodium hydroxide. The polymer is filtered and
washed thoroughly with water, methanol and finally with
ether. The polymer is them dried under vaéuum for 48 h to
give 22.5 g of the cquaternized product.

IR: 1642 cm™l (C=N¥- stretch, pyridinium ring), 1254 and
1220 cm~1 (sulfgte stretch, very strong bands)

E.A: Structure of the polymer -

(C77M)0.025 (Co"13M504 ) g45(C10H10)0. 007 - 1-09 HyD

found: (C: 44.64%, H: 5.58%, N: 5.55%, §: 12.39%),
calculated: (C: 44.01%, H: 6.16%, N: 5.56%, $: 12,41%)

" .
£) Quaternization of a c¢rosslinked (d-vinvipyvridine-
ethvlene dimethacrylate) polymer with dimethylsulfate in

basic solution.

(i)SyntheSis Qf crosslinked (4vinylpyridine-ethylene
dimethacrylé%é,polymer./ -

The crosslinked polymér is obtained by a radical
polymerization in suspension. To 1530 ml of a 1 wt.%
solution of pelyvinylpyrrolidone in water is added’ a
solution consisting of 15 g of 4-vinvlpyridine, 5 ¢ of
ethylene dimethacrylate, 0.2 g of AIBN, and 27 g of butvl
acetate. The polymerization mixture is degassed bv

bubbling nitrogen through for 10 min to remove oxygen.

Then, the mixture is polymerized under stirring (300 rpm)
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A,

—_

at B0°C for 7 h. The product is washed thoraughly gith
water and then washed with methanol in a soxhlet for 48_h.
Finally, the polymer is dried ﬁnder vacuum at 60°C to give
19 g (95% yield) of product.

IR: 1731 cm™! (C=0 stretch,ethylene dimethacrylate units)
1597 and 1558 ‘cm'l (C=C and C=N stretches,. aromatic
pvridine riné), 1177' em—1 {C-0 stretch, ethvlene
dimethacrylate?units)

E.A.} found N: 9.64% which indicates that the crosslinked

.
copolymer contains approximately 17 mol % of EDMA units and

83 mol % of 4-VP units.

{ii) Attempt to the quaternization of (4-vinvlpvridine-
ethylene dimethacrylate) polvmer with dimethylsulfafe in basic
solution.

To 4.97 of the (4VP-EﬁMA)~cbpolymer in enough water to
cover the polymer are -added 10 ml of dimethvlsulfate. The
reaction mixture is stirred mechanically for 48 h at room
tenperature. During the reaction time the pH of the
reaction mixture is kept at 8 by adding few drops of a 20%
solution of sodium hydroxide. The work-up of the polivmer
was extremely difficult since during the reaction the
polymer lost its original bead structure acquiring a gel
type structure. Filtratibn of the ﬁplymer was very slow,
even in the case of filtration thréugh a piece of cloth.
This experiment was of particuiar importance because it led

us to the realization that -the polymer was uniquely
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susceptible to alkalhy\ cleavage, a totally uvnexpected:
findiné for such type of polymers ([82]. _

z : - C
2'4T5 Reduction of . quaternized poly(4-viayl-
pyridine) with sodium borohydride.

J
4

a) Reduction of poly(N-methyi-4-vinylpyridinium methvl
sulfate) with sodium borcohvdride in alkéline soluticn.

Method 1. ’F\Y’

To 2.0 g (8 mmoles) of quatern;zed poly (4- .
vinylpyridine) (CHp-CH-Cs5HE4NT-CHj3, CH3SO4- .H70, mol. wt.
294.24 g) in 15 ml o} 1IN sodium hydroxide are added 0.3 g
(8 mmoles) of sodium borohvdride in:ﬁ ml of water. Almost
immediately there is‘precipitation of a white polymer.- The
reaction mixture is stirrea.for S h at SOOQ;_ fﬁén the
polvmer is filtered and dissolved:  in methanol and
precipitatéd by pouring in-large excess of ethvl acetate?
The polvmer is dried.under vacuum at rooft temperature for
24 h to yield 1.0 g of a white polyméxr. -

IR: 2368, 2315 and 2268 cm~% (bands corresponding to an
conjugated aldehyde which is a 'Hy—product and whose

; <
structure is presented in the discussion), 1675 cm—*

(conjugatéd aldehvde), 1128 cm~1 (-N-CH3 stretch,
corresponding to l-methyl-1,2,3,6-tetrahvdropvridine units)
E.A: found (C: 61.16%, H: 7.69%, N: 8.31%, .S: 0%, O:

22.84%). If we assume that the polymer is made up of 1i-

&

methyl-1,2,3, 6~ tetrahydropyridine ‘units, the calculated
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composition is: (C: 60.63%, H: 10.78%, N: 8.79%, S: 0%, O:
20.09%)

_—

b) Reduction of poly(N-methyl-4-vinvlpyridinium methyl
sulfate) with sodium borchvdride. Method 2.

1 g (4 mmoles) of the(quaternized polymer are reduced

b =

with sodium borohydride in basic solution_ following
previous procedure but the work up of the polymer is
verformed as féllows: After the 4 h of reaction the whole
reaction mixture is extracted three times with chloroform.
The chloroform solution (ca. 50 ml) is dried with magnesium
suifate“ Chloroform then is distilled in a vacuum rotatory
evaporator to obtain 0.45 g a light—yelléa polymer.

IR: The épectrum is identical to that one of the previous
reduced polymer. 2.368, 2315 and 2268 cm-1 (conjugated
aldehvde, bv-product), 1675 cm~t (conjuggted aldehyde, by-
product), 1128 cm~l (N-CH3 stretch, correséonding to 1-

methyl-1,2, 3, 6-tetrahydropyridine)

<) Reduction of poly{(N-methyl-4-vinylpvridinium iodide)

-

with sodium borchydride. Method 2.

1 g (3.9 mmoles) of the gquaternized polv(4-

e
vinylpyridine) (CHp-CH-CgHsN*-CH3,I”™ . 0.5 E50, mol w.
256.09 g) are reduced following the previous procedure

(Method 2) 0.56 g a2 light-vellow polymer are obtained. The

polymer is insoluble in many common solvents. its IR-
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spectrum is identical to those of previous reduced

polymers. ) . -

[
*
wi,

d) Reduction of poly (N-ﬁethyl—é-viqylpyridi ium icodide)
with sodium borohydride. Method 3 i

To 1.0 g (3.9 mmoles) of poly (N-methvl pvridinium
- iodide) in 10 ml of NaOH 0.4N are added 0.1%5 g (4.7
mmoles) of sodium borohvdride in 2.5 ml of water The
mixture is stirred for 3 h at room temperature. After, to
the reaction mixture is added HCl until pE 5. The
acidified solution is dialyzed then the aqueous Solut;on is
concentrated to ca. 3% polymef and freeze-dried to afford
0.8 ¢ of 2 light-white polymer.
IR: The polymer is made up of ca. 18 mol % of-femaining
guaternized units and 82 mol % of reduced units.
Characteristic bands corresponding to these #wo units are
seen in the spectrum; 1639 cm~2 {(pyridinium units), 1462
em~1 {-CHp- bending vibration, corresponding to l-methvl-

1,2,3.5, tetrahydropyridine rings), 1424 em~l (-CHj bendiqg .

vibration)
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E.A: Structure of the polymer

—(clH"- -}:;@H'_CH.).-H
O T4 (H:O)

° 6 | . HO!
CH, 1 CH,

found (C: 44.44%, H: 6.85%, N: 6.38%, I: 10.62s, Cl:
14.36%, O: 17,39%), calculated (C: 43.93%, X: 8.3%, N:
6.4%, I: 10.69%, Cl: 13.24%, O: 17.43%)

2.4.6. Synthesis and quaternization of a series
of crosslinked 4-vinylpyridine-ethylene dimethacry-

late copolymer beads.

A series of crosslinked 4-VP-EDMA copolymer beads
containing from 2 to 25 wt. % of the crosslinking agent is
prepared. The copolymers are then quaternized.

-vinylpyridine (Reilly Tar and Chem. Corp. ) and ethvlene

NN

dimethacrylate are distilled under reduced pressure before
use. The radical polymerization proceeded in suspension in
a 250 ml Buchi glass autoclave eguipped with an anchor-type
Stirrer. To 150 ml of a 1 wt. % solution of
polyvinylpyrrolidone: (K-90, M.W. 360,000, Fluka A.G) in
water is added a2 mixture of 20 g of monomers, 24.§ g of
cyclchexanol, 2.4 g dodecanol and 0.2 g of
azbbisisobuty;onitrile. The polvmerization mi;ture is
degassed by bubbling nitrogen through for 10 min to remove

oxvgea. The reactcr is closed and the mixture 1is

polymerized under stirring (400 rpm) at 80°C for 7 hours.
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The product is _washed thoroughly‘with water, extracted 24
hours each time with water and acetone, washed with
methanol, ﬁhenﬂwith ether, and dried.

The copolyvmers are then quaternized with.excess of n-
butyvlbromide in refluxing nitromethane while the reaction
is monitoredﬁaby following the disappearance of n-
butylbromide by gas chromatographv. The actual amount of
quaternization is determined from tﬁe results of elemental

analysis £for bromide ions after thorough washing of the

products with nitromethane and water.

E.A: )
Copolymer 1, N: 12.65%, (85 wt. % 4-VP)
-Copolymer 2, N: 12.38%, (83 wt. % 4-Vp)
Copolymer 3, N: 11.98%, (S0 wt. & 4-V2)
Copolymer 4, N: 11.85%, (89 wt. % 4-VP)
wt. % 4-VP)

Copolymer 5, N: 1L,32%, (85

- After quaternization elemental analvsis of Br were:

Copolymer 1, Bxr: 13.38%, (24 mol % of guaternization),
Br: 16.20%, (31 mols of quaternizafion).

Copolymer 2, Br: 14.78, (28 mol % of quaternization),
Br: 19.00%, (4C mol % of quaternization) .,

Copolymer 3, Br: 14.05%, (27 mol % of quaternization),
Br: 17.35%, (36 mol % of quaternization).

Copolymer 4, Bx: 17.88%, (38 mol % of quaternization)
Copolymer 5, Br: 15.64%, (33 mol % of quatérnization),

Br: 20.29%, (48 mol % of guaternization).
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Claims to original research

Coﬁpatibilization of polystyrene with poly J(4-
hydroxystyrene, has been. achieved by introducing 4—
vinylpyridine units into polystyrene. Compatibilization of
polystyrene with poly (4-vinylpyriidine) has been achieved by
introducing first 4-hydroxystyrenéhand second 4—binylbenzoic
acid uwnits into polystvrene. It hé; been fully demonstrated
that very strong H-bonding interaciions do not necessarily
improve the compatibility of a polvmer system i1f strong H-
bonding self-complexation is involved.

Y

Reversible covalent crosslinks have been used to
compatibilize polystyrene and poly (methyl acryvlate): a
novel approach to the compatibilization of polvmers.

A mechanism inveolving the pyvridinium methide units
located on the main chain of the polyvmer in the vicinity of
the ethvlene dimethacrylate crosslinks has been proposed to
account for the unusual dissolution of partly quaternized 4-
vinylpyridine-ethylene dimethacrvlate copolymers in dilute
~alkali. This study confirmed the mobility of colvmerx
segments and the reactivity of sites lccated at or near +the

crosslinks of highly reticulated resins.
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PUBLICATIONS ARISING FROM THIS THESIS
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