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ABSTRACT: Water-soluble, low-polydispersity, low-molecular-weight random, AB diblock, and ABC triblock
polymers of methacrylicacid (MAA), 2-(dimethylamino)ethyl methacrylate (DMAEMA), methyl methacrylate
(MMA) and 2-phenylethyl methacrylate (PEMA) were synthesized by group transfer polymerization (GTP).
The isoelectric points, titration behavior, and solubility curves of these polyampholytes are reported. Light
scattering studies revealed that the triblocks form micelles as a result of the presence of the MMA hydrophobic
block. A fluorescence study demonstrated that the triblock copolymers associate more strongly with pyrene

than do the corresponding random terpolymers.

Introduction

Random and block copolymers can exhibit contrasting
behaviors both in the bulk and in solution. For example,
in the bulk, the modulus of a random copolymer undergoes
a sharp decrease at a single temperature defined by the
copolymer composition. In contrast, the modulus of the
corresponding block copolymer undergoes one decrease
at the glass transition temperature of each component
block and, between the decreases, it assumes a plateau
value, defined by the copolymer composition.! Insolution,
the fluorescence quenching of a block copolymer of
9-vinylphenanthrene and methacrylic acid in water, a
selective solvent, is more efficient than that of the
corresponding random copolymer because of the larger
size of the hydrophobic phenanthrene microdomain, which
results in more efficient binding of the quencher and longer
range energy migration.? At interfaces, Monte Carlo
simulations show that random copolymers orient along
the interface, while diblocks tend to assume a configuration
perpendicular to the interface.®4

We are interested in polyampholyte-mediated protein
separation methods such as ion-exchange displacement
chromatography,>7 precipitation,®® and aqueous two-
phase partitioning.1%11 Utilization of block instead of
random polyampholytes in these applications may have
a dramatic effect on the performance of these separation
processes, as the properties of the block copolymers are
expected to be different from those of the random. For
instance, in displacement chromatography, we expect to
have enhanced performance because the block architecture
will strengthen the separation driving force which is the
electrostatic interaction between the polyampholyte and
the chromatography column. The localization of the
similar charges within a block will generate an electric
field which will be stronger than that for the random
copolymer. Another implication of the strengthening of
the electrostatic interactions by block copolymer archi-
tecture is that, at the isoelectric point of the polymer, the
interpolyampholyte attractions will be stronger, leading
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to a more extensive precipitation. The ability to precip-
itate the polymer is very crucial in industrial applications
because it will facilitate recycling. Random acrylic
polyampholytes do precipitate when they are of relatively
high molecular weight, typically above 15 000, but they do
not when they are of much lower molecular weight.!2

Reports on the synthesis and characterization of block
polyampholytes are very few and not systematic. On the
other hand, there are more than 200 reports for random
polyampholytes,'? which were synthesized for the first time
inthe 1950s.1420 The dual-charge nature of these polymers
and their resulting isoelectric points make them attractive
nonbiological models for proteins. The polyampholyte
solubility and titration curves presented in this study are
very similar to those of proteins. Recentstudies of random
polyampholytes have focused on viscosity,?1,22 swelling of
gels,232¢ golubility changes,?522 scaling theory,? Monte
Carlo simulation,?”28 and adsorption and surface forces.?®
Stille’s group in 1972 was the first to synthesize block
polyampholytes, via anionic polymerization.?03! These
copolymers, based on 2-vinylpyridine and methacrylic acid
(MAA) or acylic acid, were evaluated for their salt-rejecting
properties in dynamic reverse osmosis membranes. Fol-
lowing this study, Varoqui et al.32 synthesized a diblock
polyampholyte based on styrenesulfonic acid and 2-
vinylpyridine for study of the intramolecular complexation
of the anionic poly(styrenesulfonate) block with the
cationic poly(2-vinylpyridinium) block. Miyaki and co-
workers3*-38gynthesized charge-mosaic membranes, which
are cross-linked pentablock polyampholytes, the second
block comprising quaternary ammonium residues, the
fourth block being sytrenesulfonate, and the other three
blocks being neutral cross-linkable isoprene blocks. The
charge-mosaic membranes could find application in de-
salination. Most recently, Bekturov and co-workers3%:40
studied the precipitation and polymer complexation of
two diblock polyampholytes of high molecular weight
(600 000) comprising methacrylic acid and 1-methyl-4-
pyridinium chloride residues.

Inclusion of an uncharged, hydrophobic block in a block
polyampholyte leads to an ABC triblock polymer structure.
Water-soluble methacrylic ABC triblock polymers appear
to be a new class of polymers, and they are expected to
exhibit a richer solution behavior than the corresponding
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diblocks. The literature on ABC triblock polymers is
modest and primarly concerns studies of morphology and
film properties.*! Recently, Sdranis and Kosmas*? pro-
vided a theoretical consideration of solution properties of
nonionic ABC triblock polymers, while Wu and Slater4?
calculated the static structure factor and shape of ABC
triblock polyampholytes (one of the blocks being nonhy-
drophobic and neutral) reptating in a gel in the presence
of an electric field.

The most straightforward wayto prepare acrylic triblock
polyampholytes is to use a living polymerization method
with sequential addition of monomers. Because group
transfer polymerization (GTP)# is convenient and ame-
nable to a wide variety of functional and nonfunctional
methacrylates,*46 we chose to use this process to prepare
block polymers containing DMAEMA and MAA. Muller
and co-workers’ have reported the preparation by GTP
of diblock polymers comprising DMAEMA and MMA or
decyl methacrylate. Since carboxylic acids cause termi-
nation of GTP, it is necessary to use an ester of MAA,
which, after polymerization by GTP, can easily be con-
verted to the free carboxylic acid. Four protected mono-
mers which have been used in GTP to prepare precursors
to MAA-containing polymers are tert-butyl meth-
acrylate,*8-5! trimethylsilyl methacrylate (TMSMA),52:53
tetrahydropyranyl methacrylate (THPMA),54-5¢ and
benzyl methacrylate.51:57

For our synthesis of polyampholytes by GTP, we elected
touse TMSMA and THPMA. TMSMA isavery attractive
precursor to poly(MAA) because of its commercial avail-
ability and the ease of methanolysis or hydrolysis of poly-
(TMSMA) with, or without, mild acid catalysis (Scheme
1). However, the reactivity of the trimethylsilyl ester
toward nucleophilic GTP catalysts results in significant
slowing of polymer growth. Thus, it is generally desirable
to (i) add supplementary amounts of catalyst during the
polymerization of TMSMA, (ii) leave TMSMA until the
last block in block copolymerizations, and (iii) use alter-
native monomers for the synthesis of polymers of molecular
weight higher than about 10 000. For polymers of higher
molecular weight THPMA is a better choice. This
monomer, however, is not commercially available. Al-
though several procedures have been reported for the
synthesis of THPMA,5859 careful purification is required
to remove traces of methacrylic acid which interfere with
GTP.54%8 Poly(THPMA) is smoothly converted to poly-
(MAA) by heating at 140 °C under vacuum for several
hours as illustrated in Scheme 2. Schemes 3 and 4 show
the deprotection of the tert-butyl and the benzyl esters,
respectively.

This report describes the synthesis by GTP of low-
molecular-weight methacrylic polyampholytes, most of
which are triblock copolymers and two of which arerandom
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terpolymers. The polymer solution characterization in-
cludes molecular weight determination by GPC, structural
characterization by light scattering, water-solubility de-
termination as a function of pH and salt concentration,
isoelectric point determination, hydrogen ion titration,
and a fluorescence study.

Materials and Methods

Solvent. Tetrahydrofuran was distilled from sodium and
benzophenone immediately prior to use.

Initiator. 1-Methoxy-1-(trimethylsiloxy)-2-methyl-1-propene
was prepared by the method of Ainsworth,® distilled in a spinning-
band column, and stored under nitrogen.

Monomers. Commercially available monomers were purified
by passage over a column of basic alumina under an argon
atmosphere to remove inhibitors and protonic impurities, except
for trimethylsilyl methacrylate, which was used as received.
Tetrahydropyranyl methacrylate was prepared by the reaction
of MAA with 3,4-dihydro-2H-pyran (Aldrich Chemical Co.) using
cross-linked poly(4-vinylpyridine hydrochloride) (Fluka Chemie
AG) as catalyst by the method of Hertler.%® Two distillations
over calcium hydride provided tetrahydropyranyl methacrylate
of sufficient purity for GTP.

Catalyst. Tetrabutylammonium biacetate®! was prepared in
a drybox by addition of 1 equiv of acetic acid to a solution of
tetrabutylammonium acetate (Fluka Chemie AG) in THF. The
resulting precipitated tetrabutylammonium biacetate was col-
lected by filtration and dissolved in freshly distilled propylene
carbonate to give a 0.1 M stock solution of cataylst for GTP. The
use of propylene carbonate, rather than THF, as solvent avoids
the use of 6 molar equiv of water required to solubilize
tetrabutylammonium biacetate in THF.8!

Polymerizations. Polymerization reactions were performed
in a 250-mL three-necked flask fitted with an addition funnel,
two rubber septa, and a magnetic stirrer. A thermocouple was
inserted through one septum. The second septum was used for
injection by syringe of solvent, catalyst, and initiator. All
glassware and syringes were stored overnight at 120 °C in an
oven, and the glassware was assembled while hot, heated at 100
°C with a heat gun, and allowed to cool to room temperature
under a flow of argon. The syringes and syringe needles were
cooled in nitrogen-blanketed bell jars. All transfers of liquid
were performed with syringes. First, 40 mL of THF was
transferred to the reactor, and the amount of monomer corre-
sponding to the first block, typically about 15 mL, was transferred
to the addition funnel. Catalyst solution, typically 1 mlL,
corresponding to 1 mol % of initiator, was injected. Then the
initiator, typically 2 mL, was injected, followed immediately by
dropwise addition of the monomer at a feed rate of 1 mL/min.
The polymerization exotherm was monitored by a digital
thermometer. When the temperature fell to near room tem-
perature, addition of the next monomer was begun. The
concentration of polymer after the addition of all of the monomers
was typically 50% w/w. Since the polymerization of MMA,
DMAEMA, and THPMA is much faster than that of TMSMA,
TMSMA was the last block for all but one of the reactions. During
the polymerization of the TMSMA, after all of the TMSMA had
been added, an additional 3 or 4 1-mL aliquots of catalyst solution
were periodically injected to obtain satisfactory polymerization
rates (as evidenced by increasing or steady temperature). Inthe
case of random polymerizations, the three monomers were mixed
and loaded into the addition funnel. At the end of the
polymerizations the living chain ends were quenched by addition
of 5 mL of methanol. The complete consumption of monomers
was confirmed by 'H NMR, which indicated absence of the peaks
characteristic of the olefinic hydrogens.

Removal of the Protecting Groups. The tetrahydropyranyl
functionality was removed by heating the neat polymer in a
vacuum oven at 140 °C for 48 h. The extent of deprotection was
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Table 1. Methacrylic Polyampholytes (MW = 4000)

comp of blocks mole ratio

polymer pH insol range
1 MMA MMA DMAEMA
1 1 1
2 DMAEMA MMA MMA 5.5-17.9
1 1 1
3 MMA MMA DMAEMA
1 1 1
4¢ MMA MMA DMAEMA
1 1 1
5 DMAEMA MMA MMA 5.6-7.7
1 2 1
6 DMAEMA PEMA MAA <9
i 1 1
7 PEMA-b-DMAEMA MMA MAA 5.2-7.9
1 12 12 12
8 DMAEMA b-MMA-PEMA-b-MMA MAA 5.2-1.5
12 6 1 6 12
9 DMAEMA MMA MMA 6.6-8.3
1.3 1 0.65
10 DMAEMA MMA MAA 4.2-6.0
0.65 1 1.3
116 DMAEMA MAA 5.6-7.7
1 1
12 DMAEMA co-MMA -co- MAA none
13 DMAEMA -co- MMA -co- MAA none

¢ MW = 15 000, prepared using THPMA. ®* MW = 2400.

followed by the decrease in weight resulting from loss of
dihydropyran. The weight loss was just as expected from
stoichiometry. The trimethylsilyl functionality was removed by
refluxing the polymerization reaction mixture at 60 °C after the
addition of a 5-fold molar excess of methanol, a 5-fold molar
excess of water, and 0.5 mol % of dichloroacetic acid, all of the
percentagesreferringto TMSMA. The completion of thereaction
was confirmed by titration.

Molecular Weight Determination. Molecular weights and
molecular weight distributions were determined by gel permeation
chromatography using a series of four Waters Ultrastyragel
columns (10 000, 1000, 500, and 100 A) on a Hewlett-Packard
1090 HPLC system connected to a Hewlett-Packard 1037A
refractometer. The mobile phase was THF at a flow rate of 1
mL/min. Four narrow-molecular-weight poly(MMA) standards
(M, = 2700, 9800, 17 500, and 33 500) were used for calibration.
The logarithm of M, was determined to vary linearly with
retention time, with a correlation coefficient of 1.000.

Isoelectric Point Determinations. The isoelectric points
were determined by two methods. First, neutral polymer powder
was equilibrated with deionized water, and the pH of the resulting
10% w/w suspension was measured. This is called the isoionic
pH and, for the spectrum of the compositions of our polyam-
pholytes and the high polymer concentration in the suspension,
it is practically the same as the isoelectric pH.%2 In the second
method, the midpoint of the pH range of precipitation during
the titration of 1% w/w solutions of polymers in 0.1 M KCl was
used as an indication of the isoelectric point.

Hydrogen Ion Titrations. A model 825 MP Fisher Accumet
pH meter with a miniature glass electrode and a microreference
electrode with a glass barrel was used for the measurement of the
pH. Titration of 5 mL of 1% w/w solutions of polymer in 0.02,
0.1, and 0.5 M KCI were performed from pH 2 to 12 at room
temperature (23 = 1 °C).

Solubility Determinations. Different amounts of acid or
base, as calculated from the experimental titration curves, were
added to basic (typically pH 8) and acidic (typically pH 5) 10%
w/w copolymer stock solutions to adjust the pH at different values
within the range 5~-8. The samples were vortexed, centrifuged
for 1 h at 4000 rpm, and allowed to equilibrate for at least 1 day.
The polymer concentrations in the supernatant phase were
determined at 25 °C using an American Optical Abbe refrac-
tometer. Different amounts of solid potassium chloride were
added forionicstrength adjustment. The polymer concentrations
were determined by subtracting the salt contribution to the
refractive index and dividing by the polymer refractive index

increment, which was determined to be 0.181 mL/g at 25 °C and
constant up to 15% w/w polymer concentration.

Light Scattering. Static and dynamic light scattering were
performed on a Brookhaven Instrument Corp. instrument with
an argon laser light source at 488 nm. A 2030 autocorrelator was
used for the analysis of the dynamic scattering data. Prior to
measurements, samples were filtered five times through 0.2- or
0.5-um Millipore filters to remove dust. Preliminary dynamic
light scattering experiments were performed using a Microscope
Laser Light Scattering apparatus equipped with a light source
at 633 nm.

Fluorescence. A 10 mg/L suspension of pyrene in water was
formed by a 100-fold dilution in water of a 1 g/kg solution of
pyrene in ethanol. A small amount of the freshly prepared
suspension was transferred to the polymer solutions, which were
buffered at pH 4.5 with 0.01M sodium acetate. The volumeratio
of the polymer solution to the pyrene suspension was 100, so that
the polymer concentration was practically unchanged, the final
pyrene concentration in the polymer solution was 0.1 mg/L, which
is close to the solubility of pyrene in water, and the ethanol
concentration was 100 ppm. A Spex Fluoromax fluorimeter was
used for the measurement of the steady-state fluorescence spectra
of the pyrene-containing polyampholyte solutions at an excitation
wavelength of 333 nm.

Results and Discussion

Polymer Synthesis. Table 1 lists the acrylic polyam-
pholytes synthesized along with their molecular weight,
sequence, composition, and pH range of precipitation
during titration of 1% w/w in 0.1 M KCl. Ten ABC
triblocks, one diblock, and two random terpolymers were
prepared. The polymers are of relatively low molecular
weight, the highest molecular weight examples being the
two triblock polymers, 3 and 4, which are 15 000. Our
efforts to make random polymers with molecular weights
15 000 and 30 000 were unsuccessful, probably due to the
presence of TMSMA in the monomer mixture. The
slowing down effect of TMSMA in the above polymeri-
zation reactions may have been most dramatic because of
the small amount of initiator required for synthesis of the
higher molecular weight polymers. The acid-to-base molar
ratio in the polymers is a very important quantity because
it determines the isoelectric point of the polymers and,
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Table 2. GPC Molecular Weights of Block Polymers

polymer M, M, M/ M, M, theory
3 22200 17500 1.27 15000
4 19300 14500 1.33 15000
6As 1000 800 1.25 1550
6B? 3600 3200 1.14 3440
9Ae 1600 1200 1.37 2520
9B 4900 4000 1.22 3730
10A¢ 730 580 1.28 1260
10B® 2500 2100 1.17 2460

¢ First block. ¢ First two blocks.

therefore, the charge and pH-dependence of solubility.
Most of the block polyampholytes carry acidic and basic
monomers in equimolar amounts and, therefore, they have
the same pH range for insolubility 5.5-8. The differences
among these polymers lie in molecular weight, block
sequence, percentage of MMA, and presence of 2-phen-
ylethyl methacrylate (PEMA). The molar percentage of
MMA in the triblocks, except in copolymer 5, is kept
constant at 33%.

The PEMA labeling of polymers 7 and 8 results in an
increase in the UV absorbance (250-280 nm) by a factor
of 2 and renders the polymers more easily detectable. The
ability in GTP to introduce the label as a polymerizable
monomer is more convenient than the alternative of
chemical label attachment after polymerization. Similar
labeling was performed by Webber and co-workers,?3-65
who copolymerized short sequences of vinyl-2-naphthalene
within their block copolymers based on polystyrene and
poly(tert-butyl methacrylate). Polymer 6, which contains
a block of PEMA residues and is expected to exhibit an
even higher UV absorbance, is unfortunately insoluble,
probably due to the high hydrophobicity of the PEMA
block.

Molecular Weights. The weight-average and number-
average molecular weights, the polydispersity index, and
the theoretical molecular weight of some representative
polymers and polymer blocks are listed in Table 2. The
low polydispersities, lower than 1.4 for all of the polymers,
are typical for GTP. The samples indexed A and B
represent the first block and the first two blocks of the
triblock polymers, respectively. The third block of these
polymers was TMSMA, the presence of which prevented
GPC anaslysis, as the polymer is retained on the column.
GPC for triblock copolymers 3 and 4 was performed
because they contained not TMSMA, but THPMA, which
is not retained on the column. The higher polydispersity
of the first block of polymers 6, 9, and 10, which was poly-
(DMAEMA), as compared to that of the first two blocks,
as well as the difference between theoretical and exper-
imental molecular weights of the first blocks, is due to the
interaction of poly(DMAEMA) with the column, which
results in broadening and shift of the peak to larger
retention times (lower molecular weights). Poly(amine)
adsorption on GPC columns has been observed by other
researchers and has been attributed to the presence of
residual acidic functionalities on the column.3¢ Figure 1
shows the GPC traces of samples 3, 6A, 6B, 9A, 9B, 10A,
and 10B. Afterthesecond blockis added, the distribution
is still unimodal and narrow, which is indicative of the
molecular weight homogeneity of our polymers, which has
already been manifested by the low polydispersity indices.
The tails of the curves observed toward larger retention
times are typical for polymers prepared by GTP.

Isoelectric Points. The isoelectric points of the
polymers as approximated by the isoionic pHs as well as
the midpoints of the pH range of precipitation are listed
in Table 3. The values obtained from the two methods

Methacrylic Polyampholytes 933

Refractive Index (arbitrary units)

f (@

20 25 30 35

Elution Time (min)

Figure 1. Molecular weight distributions of the block copolymers
by GPC: polymer 3 before thermolysis (a); first and first two
blocks of polymer 6 (b), polymer 9 (c), and polymer 10 (d).
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Figure2. Experimental isoelectric points of the polyampholytes.
The solid line represents a theoretical prediction.

Table 3. Isoelectric Points

polymer (pDisoionic pH (PDyprecip
2 6.6 6.7
5 6.5 6.6
7 6.3 6.5
8 6.8 6.4
9 8.0 7.5
10 5.4 5.1
11 6.9 6.7
12 6.6
13 8.2

areingood agreement. The values of the isoelectric points
from the isoionic pHs are considered more reliable because
they were measured in the absence of salt, which may
interact with the polyampholyte. It has been reported
that anions may bind to proteins®® and that cations may
interact with ampholytic latices,5” leading to a shift in the
isoelectric point or the pH region of precipitation. The
determination of the isoelectric pH from the isoionic pH
is particularly useful for the random copolymers which
are completely soluble and for which the precipitation
method is not applicable. Noacid, base, or salt was added
during the polymer preparation procedures with the
exception of the catalytic amounts of dichloroacetic acid
needed in the deprotection step. This implies that the
polymers are essentially free of any ions other than H* or
OH- and, therefore, are in an isoionic state. Figure 2
illustrates the isoionic points of the polymers along with
a theoretical prediction, based on the requirement that
the net charge of the polymer is zero and that the
dissociation constants are not composition dependent.
According to this equation the isoelectric point depends
on the acid to base molar ratio, R, and the dissociation
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Figure 3. Titration of triblock copolymer 2 at different KCl1
concentrations.

constants of the negative and positive charges, pK, and
pr.

— — 1
p/ =pK, + log%[% ((372—3)2 + % 10PK.—pr) / 2]}
The values of the dissociation constants, taken from a
previous study®® on polyampholytes comprising the same
monomers, are pK, = pKmaa = 5.35 and pKy, = pKpMaEMA
= 8.00.

It should be noted that the equations that lead to this
expression were first presented by Ehrlich and Doty!® and
Mazur et al.22 but no analytical solution was derived. This
equation can be very useful for estimating protein iso-
electric points from the amino acid composition (the ratio
of acidic to basic amino acids). For proteins with low
contents of histidine (pK = 6.2) and arginine (pK = 12)
the appropriate dissociation constants should be pK, =
pKa.spartic scid = 4.5 and pKj = PKiysine = 10.04.%

Hydrogen Ion Titrations. Thetitration curvesof1%
w/w solutions of polymer 2 at 0.02, 0.1, and 0.5 M KCl are
shown in Figure 3. The curves are generated by inter-
polation between the experimental points and are not
based on any model. It should be pointed out that there
are no experimental points around the isoelectric point in
the titration curves at the two lower salt concentrations
because the polymer precipitates. The portion of the curve
at high pH corresponds to the titration of the basic groups
and that at low pH to the titration of the acidic groups.
The interpolated curves intersect at a pH near the
isoelectric point. In the calculations for the construction
of the curves, the pH of zero net charge was fizxed at 6.6
for all three salt concentrations. The effect of increasing
salt concentration at constant pH is to decrease the charge
of the group being titrated in that pH region (decrease in
the dissociation of the acidic residues or decrease in the
protonation of the basic residues). This weakening of the
acidic or basic character of the polymer groups can be
attributed to the decrease in intrapolymer attractive
electrostaticinteractions by the salt and has been predicted
theoretically20:68.70.71 and observed experimentally in the
titration of biological polyampholytes (proteins)82 and
synthetic polyampholytes.58

Solubility Curves. Figure4 showsthe pH dependence
of the solubiltiy of polymer 2 at different salt concentra-
tions, 0.1, 0.3, 0.5, and 0.7 M KCIL. The solubility around
the isoelectric point, which is 6.6, is much lower than that
1 pH unit away. By increasing the salt concentration, the
solubility around the isoelectric point increases. At0.9M
KClthe polymer is completely (at least 10% w/w) soluble,
even at the isoelectric point. The polymer net charge is
zero at the isoelectric point and, therefore, the electrostatic
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Figure 4. Solubility of triblock copolymer 2 as a function of pH
at different KCl concentrations.

repulsion, which keeps the polymer in solution, is at a
minimum. Incontrast,the electrostatic attraction between
the positive and negative charges, which are equal in
number, is maximized. The increase insalt concentration
leads to the screening of the attractions around the
isoelectric point and results in increased solubility. The
above behavior was observed for the first time with
proteins,$27273 in which a solubility minimum was observed
at their isoelectric point and in which addition of salts led
to an increase in protein solubility, called the salting-in
effect. Tanford used the linearized Poisson-Boltzmann
equation to develop expressions for the charge and salt
concentration dependence of the solubility of globular
proteins. In these expressions the protein solubility
increases exponentially with the square of the net charge.®?

Comparison of triblock copolymer 2 with its random
counterpart copolymer 12 indicates that factors other than
the net charge can influence the solubility. Polymer 12
is soluble, at least 15% w/w, over the entire pH range,
even at the isoelectric point and in the absence of salt.
This can be attributed either to the smaller effective size
of the random copolymer (no micelles) or to the random
distribution of the positive and the negative charges on
the polymer, which leads to a dipole moment lower than
that necessary for enhancing interpolymer association at
theisoelectric point. Supporting the latter interpretation
is the precipitation of diblock copolymer 11 at the
isoelectric point despite the absence of micelles, the lower
molecular weight (2400), and lower hydrophobicity (no
MMA residues). It should be mentioned, however, that
the diblock polyampholyte salts-in very easily.

It was expected that the solubility of the triblock polymer
2 should be essentially zero because in a parallel study®®
the same polymer could be precipitated from solutions of
polymer concentration as low as 0.004%. The minimum
solubility shown in Figure 4 is 1% and it is much higher
than the expected value of 0.004%. This discrepancy is
due to the presence of impurities which are taken as
polyampholyte by the nonselective refractive index tech-
nique. We estimate that our triblock copolymers contain
5-10% impurities of homopolymer (terminated first block)
and diblock. This is consistent with the long tails in the
GPC plots (Figure 1) as well as with the findings of Miiller
and co-workers.#’ Since the total average polymer con-
centration of the samples was 10%, 10% of which was
impurities, it can be calculated that the concentration of
impurities was 1%.

Light Scattering. A light scattering study was con-
ducted to probe the micellization behavior of the block
polymers. We compared triblock polymer 2 and the
corresponding random terpolymer, polymer 12, which have
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Table 4. Light Scattering Data for DMAEMA:MMA:MAA
(1:1:1) Polyampholytes at pH = 5

quasielastic static light
light scattering scattering (Zimm plot)
aggregation  _ dg aggregation
copolymer dy (&) no. M, Az A no.
12 (random) 40 5500
2 (triblock) 110 216 125000 +20.4 188 236

¢ mL-mol-kg-L-kg-l. ® See text for details of calculation.

the same molecular weight (4000) and composition,
DMAEMA:MMA:MAA = 1:1:1. Solutions of the two
polymers at pH 5 were studied by both static and dynamic
light scattering. The information obtained by these
techniques is summarized in Table 4. The molecular
weight of the random terpolymer, as determined by static
light scattering, is 5500 % 500, in reasonable agreement
with the expected value of 4000. The molecular weight
of the triblock polymer, as determined by the same method,
was found to be 125000 £ 5000, which implies that
aggregation occurs. To estimate the aggregation number,
the effective molecular weight of the triblock polymer was
divided by that of the random terpolymer, and the result
is 23. Cubingtheratio of the corresponding hydrodynamic
radii, as determined by dynamic light scattering gives a
similar result, 21. If the same segment density for the two
polymers is assumed, this agreement implies that the
aggregates are roughly spherical in shape. The second
virial coefficient of the triblock polymer, as determined
by static light scattering, is positive, indicating a repulsion
between the positively charged micelles.

From these results we envision the block copolymer
micelles to comprise 20-25 polymer chains, with the middle
hydrophobic block constituting the micellar core and the
ionic blocks constituting the corona. The hydrodynamic
diameter of 11 nm of the micelles suggests that the chains
are in an extended configuration in the micelles because
the contour length of the chains (based on the theoretical
molecular weight) is approximately 9 nm (36 residues X
0.25 nm/residue).

A subsequent QELS study on polymer 2 at pH 5 showed
that the hydrodynamic size remains 11 nm for all of the
combinations of salt and polymer concentrations em-
ployed. The salt concentration was varied from 0.0 to 1.0
M KCl, and the polymer concentration was varied from
0.1 to 5%. Additional QELS studies showed that, while
all the triblocks form micelles, the diblock copolymer does
not.

The dependence of the hydrodynamic diameter of
polymer 2 on pH appears in Figure 5. The qualitative
trends in this figure are in agreement with those of the
solubility curves of Figure 4. Around the isoelectric point,
big aggregates of size 100 nm form because of the weak
electrostatic repulsion. At intermediate pH, smaller
micellar aggregates of size 11 nm form. At extreme pH,
the strong electrostatic repulsions destroy the micelles
and the polymer molecules occur in solution as separate
chains. A similar behavior was observed by Webber and
colleages®3-85 with the polystyrene—poly(tert-butyl meth-
acrylate) and polystyrene-poly(methacrylic acid) block
copolymers, which exhibited a strong dependence of
aggregation state on solvent quality.

Fluorescence. The intensity ratio of peak 3 (382 nm)
to peak 1 (371 nm) of pyrene emission appears in Figure
6 as a function of polymer concentration for block
copolymer 2 and random copolymer 12. While the
behavior of the two copolymers is identical at very low
(<10-3%) and at very high (>1% ) polymer concentrations,
it differs at intermediate concentrations.
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In the low-concentration regime polymer-pyrene in-
teractions are absent as the pyrene intensity ratio remains
constant and equal to the control (pyrene solution without
polymer) value of 0.52.

In the intermediate-concentration region the pyrene
intensity ratios for the two polymers increase with
increasing polymer concentration, reaching a value of 0.63
at1% polymer concentration. Thisincreaseindicates that
pyrene is transferred from an aqueous to a more hydro-
phobic environment as a result of the increasing polymer
concentration. For block copolymer 2, the onset of the
increase occurs at a concentration of 0.001%, while for
random copolymer 12 the same change occurs at a
concentration an order of magnitude higher. This can be
attributed to the longer hydrophobic domains of the block
copolymer which are offered for more efficient binding
and, therefore, higher affinity for the hydrophobic fluo-
rescent probe. Forthe same amount of pyrene to associate
hydrophobically with the random copolymer, higher
polymer concentrations are necesary. Another explanation
for the different behavior of the two copolymers can be
attributed to the micellization of the block copolymer.
This can be supported by the observation that, in the case
of the block polymer, the increase in the intensity ratio
is sharp in the concentration range 10-3-4 X 10-2, poten-
tially due to micellization, and becomes shallow in the
concentration range 4 X 10-2-1%, possibly due to com-
pletion of micellization at 4 X 10-2%.

In the high-concentration region, covering polymer
concentrations higher than 1%, the intensity ratios of the
two polymers become again the same and increase with
increasing polymer concentration. The equality of their
intensity ratios is in agreement with the fact that the two
polymers have identical chemical compositions. The
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increase in intensity with polymer concentration may be
due to a higher order of polymer-pyrene association or it
may be simply due to the lower scattering of peak 3 at 382
nm as compared to that of peak 1 at 371 nm by the
concentrated polymer solution. Thescattering is inversely
proportional to the fourth power of the wavelength
(assuming independence of the refractive index on the
wavelength),’ and such a calculation can satisfactorily
account for this increase. Supporting the latter inter-
pretation is the trend in the absolute intensities of peaks
1 and 3, which increase monotonically up t00.2% polymer
concentration and then decrease at higher concentrations.

The onset of the increase in the intensity ratio of pyrene
in solutions of block copolymers has been claimed to occur
at the critical micelle concentration (cmc)?®® and was
utilized for its determination. We might be tempted to
conclude that the cmc of the triblock copolymerisat 10°%.
However, the increase in the intensity ratio of the random
copolymer, which should not form micelles, suggests that
such a behavior can also be explained by pyrene-unimer
association as opposed to pyrene—micelle association.

Conclusions

Low-molecular-weight random, diblock, and ABC tri-
block polyampholytes containing MAA, MMA, and
DMAEMA were synthesized by GTP. Unlike the random
terpolymers which are soluble over the entire pH range,
the block polymers show a strong tendency to precipitate
near theisoelectric point. The presence of the hydrophobic
block leads to the micellization of the triblocks. This
micellization offers the opportunity for utilization of these
polymers in solubilization applications, which is further
reinforced by the ability to vary polymer solubility as well
as micellar stability by pH manipulations. Although it
did not result in the determination of the cmc of the block
copolymer, a pyrene fluorescence study showed that the
hydrophobic probe binds to the triblock polymer 2 more
strongly than to its random counterpart, polymer 12. Our
results suggest that the structure of the polyampholytes
affects significantly their properties. We expecttobeable
to use GTP to prepare novel polyampholytes of various
other structures such as stars,”” ladders,’®? grafts,30
combs,8! and gels.
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