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Preparation, Characterization, and Dissociation Properties of Poly(acrylic acid) and
Poly(methacrylic acid) with Narrow Molecular Weight Distribution

Seigou KawAGucHL" Tomoo TAKAHAsHIL*' Hideki Tanma,*? Yuji HIRoSE,*? and Koichi ITo?

Department of Materials Science, Toyohashi University of Technology,
Tempaku-cho, Toyohashi 441, Japan

(Received September 18, 1995)

ABSTRACT: We examined preparation method of poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMeA) with
narrow molecular weight distributions (MWDs), over a wide range of molecular weight. The PAA and PMeA were prepared
by anionic polymerization of t-butyl acrylate (TBA) and ¢-butyl methacrylate (TBMA) in the presence of LiCl [Teyssié et al.,
Macromolecules, 20, 1442 (1987)], followed by two-step hydrolysis with Si(CH;);I and HBr. The samples obtained were
thoroughly characterized by means of size exclusion chromatography, 'H NMR spectroscopy, vapor pressure osmometry,
and light scattering for the PTBA and PTBMA, and poly(methyl acrylate) and poly(methyl methacrylate) prepared by the
reaction of the PAA and PMeA with diazomethane, respectively. The characterization revealed that PAA and PMeA with
narrow MWD can be prepared over the wide range of the molecular weight, 2 x 103—8 x 10°. Potentiometric titration of the
PAA and PMeA with different molecular weights was carried out in the aqueous solution at 25°C. It was found that the
potentiometric titration curve of PMeA strongly depends on the molecular weight, while that of PAA does not. The dependence
was observed only in the conformational transition region of the PMeA chain from compact to extended forms.
KEY WORDS Poly(acrylic acid) / Poly(methacrylic acid) / Anionic Polymerization / Narrow Molecular
Weight Distribution / Dissociation Properties /| Conformational Transition / Molecular Weight

Dependence / Light Scattering /

Polyelectrolyte is a macromolecule with many ion-
izable groups along a polymer backbone. The poly-
electrolyte shows remarkably characteristic solution
behavior different from non-ionic polymers and low
molecular weight electrolytes but remains one of the
least-understood condensed materials. Although bulk
properties such as osmotic pressure and viscosity have
been intensively studied for many years, understanding
of the solution behavior of polyelectrolytes is lacking.
This problem is especially critical because of the funda-
mental importance of many prototypical polyelectrolytes
such as DNA. From an experimental point of view,
challenge should be addressed to prepare well-defined
polyelectrolytes to carry out several basic measure-
ments.

Poly(acrylic acid) (PAA) and poly(methacrylic acid)
(PMeA) are representative synthetic vinylic polyelectro-
lytes with weak acid functions at every second carbon
atom in the main chain. The latter is well-known to show
conformational transition from compact to extended
form in a low degree of dissociation («).! ~> While there
has been vast literature of the studies on their solution
behavior, the samples which have been used so far are
not necessarily well-defined from a viewpoint of molec-
ular weight distribution (MWD). It was also pointed
out that PAA samples with the MW higher than 10°,
prepared by radical polymerization, contain branching.®

One noteworthy study in elucidation of the physical
properties of the vinylic polyelectrolyte solution was
carried out by Nagasawa and his co-workers in 1977.7
They successfully prepared high MW PAA samples with

narrow MWDs by anionic polymerization of ¢-butyl
acrylate (TBA), followed by hydrolysis.® The studies on
the conformational properties such as intrinsic viscos-
ity, small angle X-ray scattering, and the particle scat-
tering factor obtained from light scattering made a
great progress in elucidating the nature of the long-
range electrostatic interaction within a polyelectrolyte
chain.® On the other hand, the theories presented inde-
pendently by Odijk'® and Skolnick and Fixman'! em-
phasized the effect of electrostatic short-range interac-
tion on the global conformation. This has been an un-
solved problem in polyelectrolyte field. Nevertheless,
little has been carried out on subsequent studies using
PAA and PMeA samples with narrow MWDs. One key
seems to carry out the experiments in the region of
low MW polyelectrolytes, where the long-range inter-
action can be ignored.

There exits only one synthetic acid-type polyelectro-
lyte with a narrow MWD, that is, sodium poly(styrene-
sulfonate) which is commercially available. This fact is
one of the reasons why the molecular-level understanding
of polyelectrolytes has been less established. We believe
that the most important point in the polyelectrolyte field
is to establish the preparation method of well-charac-
terized polyelectrolyte samples in large scale over wide
range of the molecular weight (102—107), and to use
them for several experimental studies, and to compare
with the current theories in non-ionic polymer and
polyelectrolyte solutions. The time is now when the
techniques in the polymer synthesis have been remark-
ably advanced even for acrylate monomers. Here we
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report the preparation in 10g scale, characterization,
and dissociation properties of the PAA and PMeA
samples over wide range of the MWs.

In anionic polymerization of acrylate monomers, the
labile a-hydrogen may cause a serious problem in ad-
dition to the presence of the carbonyl group. In fact,
proton abstraction by both initiator and propagating
chain ends often occurs during the polymerization.
Recently, Teyssié and his co-workers!®'® have ob-
served a striking effect of LiCl, which suppressed such
reactions in the polymerization of TBA. The polymers
with predictable MWs and relatively narrow MWDs
were obtained quantitatively by adding LiCl to the
polymerization system. Reetz'* also reported that the
metal-free, stable tetrabutylammonium salts of ~SR
(where R =n-butyl, phenyl, (CH;);SiOCH,CH,),
“CR(COOR’), (R, R"'=CH,;, CH;CH,), and -C(CH 3)-
(CN), were excellent initiators in the polymerization of
n-butyl acrylate at room temperature. Polymers with
relatively narrow MWDs (M, /M, =1.2) were obtained.
Quite recently, Yasuda and his co-worker!® have re-
ported that the polymerization of acrylate monomers
catalyzed by rare-earth metal complex proceeds in a
living manner to afford high MW polymers with ex-
tremely narrow MWDs. Thus, the living anionic poly-
merization of acrylic monomers is greatly improved.

One purpose in the present work is to prepare well-
characterized PAA and PMeA samples at large scale
(1020 g) in the MW range of 10% to 107. We followed,
therefore, Teyssi¢’s and Reetz’s strategies, and examined
the possibility to prepare PAA and PMeA samples
which meet our needs. Another purpose is to examine
MW dependence of the several physical properties of
the polyelectrolytes. Here, we carried out the study of
dissociation properties. The electrical properties of poly-
electrolyte, such as dissociation equilibrium and coun-
terion condensation have been widely believed to be es-
sentially independent on the MW. It is, however, very
interesting to elucidate that in what MW range the char-
acteristic solution properties of polyelectrolyte appear.
We observe a clear MW dependence in a transition re-
gion of the titration curve of PMeA.

EXPERIMENTAL

The representative preparation scheme we used for the
preparations of PAA and PMeA samples with narrow
MWDs is shown below.

Monomers

TBA and t-butyl methacrylate (TBMA) were synthe-
sized by the reaction of acrylic acid (AA) and meth-
acrylic acid (MeA), respectively, with isobutylene in
diethyl ether containing a small amount of concentrated
H,SO, as a catalyst.® The TBA and TBMA synthesized
were distilled two times over CaH, under reduced
pressure and one time over sodium mirror under high
vacuum, and divided into several ampoules with a
break-seal in appropriate amounts (ca. 10—20g). The
monomers were further purified with hexane solution of
triethyl aluminium just before polymerization,'® and
diluted with tetrahydrofuran (THF).
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LiCl, THF
Initiastor + n CH»=C(R) = _ I\ie_O_H» ~CH,-C(R)7—
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COOC(CH3);
(BLIB) (DPPL)
cH, COOCH,CH;
CH3-(|I' N*(Bu), CH3CH,C” N*(Bu),
CO0C(CHa)s COOCH,CHj
(BAIB) (BAEM)

Solvents

THF was refluxed over sodium wire, distilled from
LiAlH,, and sodium anthracenide solution, and finally
distilled from oligo(a-methylstyryl)dipotassium solu-
tion, which was prepared by the reaction of potassium
with a-methylstyrene in THF and divided into several
ampoules. Hexane was distilled with hexane solution of
n-butyllithium and divided into several glass ampoules.
Ten grams of LiCl (99.99 + %) were dried under high
vacuum at 130°C over 24h and dissolved in 200 mL of
THF.

Initiators

Several types of initiator were examined in anionic
polymerizations of TBA and TBMA. They include
s-butyllithium, 1,1-diphenyl-3-methylpentyllithium
(DPPL), t-butyl a-lithioisobutyrate (BLIB), diethyl a-
tetrabutylammonium ethylmalonate (BAEM), and t-
butyl a-tetrabutylammonium isobutyrate (BAIB). DPPL
was prepared by the reaction of s-butyllithium with
1,1-diphenylethylene in THF. BLIB was synthesized in
an all glass reactor under high vacuum by the reaction
of t-butyl isobutyrate with lithium diisopropylamide
which was prepared by the reaction of n-butyllithium
with diisopropylamine.!”*® Several steps were carried
out in one apparatus. The structure of BLIB was con-
firmed by in-situ '"H NMR measurement in dimethyl-
sulfoxide-d,. The yield was 94.4%, based on n-butyl-
lithium used. BAEM and BAIB were similarly synthe-
sized by the reaction of diethyl ethylmalonate and s-butyl
isobutylate with NaH in THF, followed by the addition
of tetrabutylammonium bromide. The structure was
confirmed with 'H NMR. All the initiator concentra-
tions were determined by potentiometric titration with
known concentration of potassium hydrogen phthalate.

Polymerization

All anionic polymerizations were carried out at —78°C
under high-vacuum (~10"°mmHg) jn an all-glass
apparatus equipped with break-seals in the usual man-
ner. Before polymerization, the glass apparatus was
cleaned with an oligo(a-methylstyryl)dipotassium THF
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solution to kill any impurities. The desired charge of
the monomers in THF solution was added to a THF
solution containing initiator and LiCl with vigorous
stirring. Both solutions must be kept at —78°C. The
polymerization was then terminated with methanol at
—78°C, after appropriate polymerization time. The
polymer was precipitated by pouring the mixture into a
large amount of methanol containing water (10—50
wt%). The precipitates were collected onto a glass filter
and freeze-dried from benzene.

Hydrolysis

PAA and PMeA were prepared by two-step hydrolysis
of PTBA and PTBMA, respectively. First, they were
dissolved in dry acetone containing 1.5molar fold
amount of Nal. The same amount of Si(CH;);Cl was
added dropwise to the solution and refluxed under Ar
atmosphere.!®'2° Upon the reaction, PAA and PMeA
began to precipitate. The precipitates were collected
onto glass filter, washed quickly with dry acetone, and
dried in vacuum. Second, the PAA and PMeA samples
were further hydrolyzed with 48% HBr. PAA and PMeA
were dissolved in water and refluxed with HBr solution
for 48 hours. After pH of the solution was adjusted to 7
with NaOH solution, the solution was dialyzed against
de-ionized water, passed through a mixed bed of ionic
exchange resins, and finally freeze-dried. This two-step
hydrolysis is necessary to convert completely PTBA and
PTBMA, especially for high MW samples, as will be
discussed later. To characterize PAA and PMeA thus
prepared, a part of PAA and PMeA were converted to
poly(methyl acrylate) (PMA) and poly(methyl meth-
acrylate) (PMMA), respectively, by reacting them with
diazomethane in benzene-ether solution for 48 hours at
room temperature.

Measurements

'H NMR spectra were recorded on a JEOL 270 MHz
FT-NMR spectrometer in CDCl; and D,O. Size exclu-
sion chromatography (SEC) for the characterization of
MWDs was run at 40°C with a JASCO TRIROTAR-III
instrument with a refractive index detector. The elution
volume was calibrated with a series of polystyrene
(Tosoh Co., Japan) and PMMA (Showa Denko K.K.,
Japan) standards. THF was used as an eluent at a flow
rate of 1.0mL min~!. Vapor pressure osmometry (VPO)
measurements for M, determination were made with a
Corona 117 instrument in benzene solutions at 50+
0.05°C. 1,2-Diphenylethane which was dried in vacuum
for 48 hours was used as a standard material for the
calibration. Light scattering measurements for M,
determination were made at 25+0.1°C with a modified
LS-601, Union Gikken Co., Japan, equipped with a
vertically polarized light of 10mW He-Ne laser of
632.8nm as an incident beam. The scattered intensity
of spectral grade benzene at 90° was used for optical
calibration. The intensities of scattered light were
measured at scattering angles §=20—130°. For optical
clarification, all the sample solutions were filtered slowly
and directly into light scattering cells with 0.2-um
PTFE filters (Advantec Toyo Co., Japan). The refractive
index increment (dn/dc) was measured at 25°C with a
refractometer, RM-102, Otsuka Electronics, Co., Ltd.
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The equipment was calibrated using a series of KCI
aqueous solutions.

Potentiometric titration was carried out at 25°C with
an Orion Research EA-920 ion analyzer with a Ross—pH
complex glass electrode Model 8102 under Ar atmo-
sphere. The solutions of PAA and PMeA for the measure-
ments were prepared by passing them again through a
mixed bed of ionic exchange resins and adding a requir-
ed amount of NaCl to them just before measurement.
The detailed procedures were described in the previ-
ous paper.?!

RESULTS AND DISCUSSION

Anionic Polymerization of TBA

The results of anionic polymerization of TBA are
summarized in Table I. We first seek the possibility of
preparing narrow MWD PTBAs using metal-free in-
itiators reported by Reetz er al.'* They prepared poly-
(n-butyl acrylate)s with M /M,=1.16—1.36 at room
temperature. One finds that the initiator, BAEM, ef-
fectively polymerizes TBA at —78°C to afford PTBA
with relatively narrow MWD (~ 1.3) (run 2—4), whereas
all the polymerizations using alkyllithium as an initiator
result in very broad MWD (2—3.5) polymers, irrespec-
tive of the types of the alkyl group in the initiator. DPPL,
which is a favorable initiator for the polymerization of
methacrylate monomers, is ineffective for the TBA po-
lymerization. The effectiveness of the metal-free ini-
tiator seems to be consistent with Reetz’s results but
MWD of the polymer obtained is not so narrow as we
expected and not reproducible. Also, one could not
prepare narrow MWD PTBA at 0°C and room tem-
perature (run 6, 7). When BAIB which consists of #-butyl
isobutylate and tetrabutylammonium is used, the po-
lymerization could not be controlled (M,/M,=3.1,)
(run 8).

Second, we examine the effectiveness of LiCl addition.
One finds in this table that the greater the [LiCl]/[BLIB]
the narrower is the MWD of the polymers. In consistent
with Teyssié’s results,!? when the ratio, [LiCI]/[Initiator]
is greater than 5, the MWD becomes remarkably nar-
row. The initiator efficiencies of BLIB prepared are
similar to each other in all the polymerizations and are
ca. 40~50% at —78°C. It can be concluded from these
polymerization results that PTBA samples with relatively
narrow MWDs can be prepared in MW range of 400 to
2.1x10° in the presence of LiCl. Although we tried
several times to prepare PTBA samples with MW higher
than 2.1 x 10°, the polymerization did not take place, or
did proceed but afford the polymers with MWD broader
than 1.5. Klein et al.?5 tried to prepare such high MW
PTBA using Teyssi¢’s method under argon atmosphere.
But they also could not prepare a narrow MWD PBMA
with MW higher than 6 x 10%. Further technical efforts
are necessary about this point.

Anionic Polymerization of TBM A

In Table II, the polymerization results of TBMA
are presented. The initiator, DPPL with a large steric
hindrance around the reactive center is found to be an
excellent initiator for the preparation of PTBMA with
fairly narrow MWDs. If LiCl is added to the reaction,
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Table 1. Anionic polymerization results of TBA

PTBA
Run Initiator [I]/mmol [TBA]/mmol THF/mL [TBA]/[1] [LiCl]/[I] Temp/°C
1073M,2* M, /M2 1073M,* M, /M,

1 DPPL 0.67 78 150 116 0 -8 101 2.1,

2 BAEM 0.46 76 150 165 0 -8 227 1.24

3 BAEM 0.51 81 160 159 0 —78 125 1.4,

4 BAEM 091 78 145 86 0 —178 85 1.2,

5 BAEM 0.85 75 130 88 0 —178 57 1.5

6 BAEM 0.84 60 110 71 0 0 15 2.8,

7 BAEM 0.84 100 105 119 0 25 6.8 3.3,

8 BAIB 0.67 79 145 118 0 —78 120 3.1,

9 BLIB 0.68 80 200 118 0 —178 110 3.3,
10 BLIB 0.71 85 150 120 1.35 —78 130 1.54
11 BLIB 15.5 31 120 2 8.70 —178 0.40 1.2
12 BLIB 7.3 80 110 11 6.78 -8 3.2° 1.1
13 BLIB 5.0 85 106 17 7.26 —78 44 1.2, 29 1.2
14 BLIB 2.04 100 185 49 8.26 —78 15 1.0, 11 1.0,
15 BLIB 1.87 140 250 75 5.95 —78 24 1.1, 17 1.1,
16 BLIB 0.99 160 340 161 7.11 —78 46° 1.1g 32 1.1
17 BLIB 0.19 156 560 821 8.17 —78 212¢ 1.1¢ 125 1.1,

DPP

* Determined by SEC calibrated with a series of polystyrene standards.
L,

isobutyrate; BLIB, ¢-butyl a-lithioisobutyrate.

1,1-diphenyl-3-methylpentyllithium; BAEM, diethyl o-tetrabutylammonium ethylmalonate; BAIB,

b M, (VPO)=3.8x 103, M, (LS)=5.8x10*. M, (LS)=2.71 x 105,

t-butyl a-tetrabutylammonium

Table II. Anionic polymerization results of TBMA?
PTBMA PMMA
Run  Initiator  [I]/mmol [TBMA]/mmol THF/mL [TBA]/[1] [LiCl]/[1]
10°3M,> MM, 1073M,> M, /M,

1 s-BuLi 0.64 70 150 109 0 1960 1.4

1-D¢ 1680 1.1

2 DPPL 1.07 75 136 70 0 10 1.3,

3 DPPL 1.10 80 140 73 0 13 1.3;

4 DPPL 0.76 80 140 105 0 15 1.04

5 DPPL 0.43 73 145 170 0 30 1.1,

6 DPPL 0.071 75 210 1056 0 190 1.04 176 1.04

7 DPPL 0.057 200 850 3509 0 1160 1.65

8 DPPL 2.61 60 120 23 5.04 23 1.0, 1.5 1.0,

9 BLIB 3.04 70 110 23 7.81 11 1.04 10 1.04
10 DPPL 2.31 162 135 70 5.25 13 1.0, 10.5 1.0
11 DPPL 0.76 160 155 210 6.78 39 1.04 29 1.0,
12 DPPL 0.28 140 125 500 5.15 61 1.0,

13 DPPL 0.54 170 155 315 5.08 78 1.0, 58 1.0
14 DPPL 0.20 145 150 725 7.81 80 1.0,

15 DPPL 0.18 120 350 667 8.01 136 1.1, 96 1.1,
16 DPPL 0.059 140 300 2373 8.17 310 1.0¢ 187 1.0,
17 DPPL 0.083 180 680 2169 7.53 342 1.1,

18 DPPL 0.026 200 870 7692 3.65 910 1.30 693 1.24

* All polymerizations were carried out at —78°C.

®Determined by SEC calibrated with a series of polystyrene standards.

°The sample

(run 1) was subjected to solvent-nonsolvent fractionation using toluene as solvent and methanol/water mixtures as nonsolvent. M, =1.5, x 10°

was determined from the light scattering measurement as shown in Figure 3. s-BuLi, s-butyllithium; DPPL, 1,1-diphenyl-3-methylpentyllithium;
BLIB, t-butyl-a-lithioisobutyrate.

the

polymerization always gives PTBMA polymers

with extremely narrow MWDs. One concludes that the
PTBMA with narrow MWD can be prepared over MW
range of 2.3x10* to 3.0 x 105 by the polymerization
using DPPL as an initiator in the presence of LiCl. The
polymerization, however, is unsatisfactory to prepare
PTBMA with MW higher than ca. 3.0 x 10°, as the
case of PTBA. Much effort in the purification of all the
chemicals used and in the polymerization techniques is
necessary and now in progress.

Hydrolysis

T

here are several methods for the hydrolysis of z-butyl

ester polymers. They include acid- (HBr,® p-toluenesul-
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fonic acid??®) and base-catalyzed hydrolysis, pyrolysis,
and (CH,),Sil.}?:2%24 We chose (CH,),Sil method
because one can carry out the reaction under a mild
condition, when compared to the first three methods.
However, we encountered a difficulty in the hydrolysis
of PTBA and PTBMA with the MW higher than ca.
5x 104

In Figure 1(a) and (b), are shown 'H NMR spectra
of PTBA and PAA hydrolyzed by Si(CH3;); I in acetone
at 60°C for 4 hours. One observes a small peak due to
t-butyl peak in the spectrum of the PAA. The degree
of hydrolysis is 96%. It was found that for lower MW
PTBA than 5 x 10* the degree of hydrolysis was 100%,
but decreased with increasing MW. This can be due to
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Figure 1. 270-MHz 'H NMR spectra of (a) PTBA (run 16 in Table I),
(b) PAA prepared by hydrolysis of the PTBA with Si(CH;),l, (c)
PMA prepared by the reaction of the PAA with CH,N,, and (d) PAA
prepared by hydrolysis of PTBA with Si(CH;),l, followed by HBr.

heterogeneity of the reaction under acidic condition.
The hydrolyzed PTBA, that is, a copolymer of acrylic
acid (AA) and TBA precipitates from acetone solution
‘before complete hydrolysis. If the composition of the
copolymer of AA and TBA is constant, the greater the
MW, the faster the precipitation in a non-solvent takes
place. That is, the degree of hydrolysis decreases with
increasing MW. The PAA samples were, therefore,
again subjected to hydrolysis in the presence of HBr.®
'H NMR spectrum of the PAA after the second hydro-
lysis with HBr is shown in Figure 1(d). One sees that the
peak ascribed to t-butyl group completely disappeared,
implying the complete transformation from PTBA to
PAA.

The situation for hydrolysis of PTBMA is further
difficult. In Figure 2(a) and (b), are presented '"H NMR
spectra of PTBMA and PMeA hydrolyzed by Si(CH;),I
in acetone at 60°C for 8 hours. In 'H NMR spectrum of
the PMeA, one can not clearly observe the peak due to
residual t-butyl group. However, as shown in Figure
2(c), 'H NMR spectrum of the methylated polymer,
poly(methyl methacrylate) (PMMA) prepared by the
reaction of the PMeA with diazomethane clearly shows
the existence of the residual z-butyl groups. The degree
of hydrolysis was determined to be 85% from this
spectrum. This result strongly implies to us that it is
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Figure 2. 'H NMR spectra of (a) PTBMA (run 16 in Table II), (b)
PMeA prepared by hydrolysis of the PTBMA with Si(CH;);1, (c)
PMMA prepared by the reaction of the PMeA with CH,N,, and (d)
PMMA prepared by the reaction of CH,N, with PMeA hydrolyzed
with Si(CH;);1, followed by HBr. '"H NMR measurement conditions
are C,=0.1--0.5wt%, temperature=27°C, pulse delay time=30s,
and 16 scans.

particularly misleading to judge only from the 'H NMR
spectrum of PMeA in D,O whether the hydrolysis is
complete or not. An apparent disappearance of ¢-butyl
groups in *H NMR of PMeA in D,O is due to a hydro-
phobic association among a-methyl groups and t-butyl
groups at low pHs, as will be discussed later. In Figure
2(d), 'H NMR spectrum of PMMA prepared from the
PMeA sample further hydrolyzed using HBr is shown.
In the spectrum, the degree of hydrolysis is calculated
to be more than 99.9%. Thus, we stress that two-step
hydrolysis with Si(CH;);I and with HBr is necessary to
hydrolyze completely the high MW PTBA and PTBMA
samples. In particular, the degree of hydrolysis for
PMeA should be determined from 'H NMR spectrum
of the PMMA. It is worthy to note that we tried to
hydrolyze PTBMA directly with HBr but failed.

To confirm the lack of chain breaking during the
hydrolysis, SEC measurements were carried out for the
poly(methyl acrylate) (PMA) and PMMA. The char-
acterization results are listed in Tables I and II. One
sees that the values of M, /M, of PMA and PMMA are
almost consistent with those of corresponding PTBA
and PTBMA, implying that no chain breaking occurs
during the hydrolysis. Therefore, we conclude that PAA
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Figure 3. Zimm plot in the square-root form for PTBMA (run 1-D
in Table II) in n-butyl acetate at 25°C. The M, =1.5,x10°, 4,=
1.39 x 10~ Sm3mol kg2, and (S§2),=2.7,x 10~ ' cm?.

Table III. Molecular characteristics of PMA
Run 1074 M, 107* Mypo® 1074 M g M, /M,*
13 0.31 0.33 1.2
14 1.2 1.2 1.04
15 1.91 2.1 1.1,
16 39 3.5 1.1y
17 18.8 13.6 1.1g

2 Determined by LS measurement. ® Determined by VPO measure-
ment. °Determined by SEC calibrated with a series of PMMA
standard samples.

and PMeA samples, which are well-defined in MWD,
are prepared by this method in 10g scale over the
molecular weight range of 103—10°.

Characterization

Figure 3 illustrates one example of the Zimm plot in
the square-root form for the PTBMA sample (run 1-D)
in n-butyl acetate at 25°C. Here, K is the optical constant
given as K=4n?ny,%(dn/dc)?/(4,*N,), and R,, the re-
duced scattering intensity at scattering angle 0 calculated
on the basis of the Reyleigh ratio Rz=11.84x107°
cm ™! of pure benzene,?® where n,, is the refractive index
of the solvent, (dr/dc), the specific refractive index
increment, 4,, the wavelength of the incident light, and
N,, the Avogadro’s number. For this sample, one ob-
tains M,,=1.51x10° A,=1.39x10"°m>*molkg~2,
and {S*),=2.7,x 10" cm?, The M,, values from the
light scattering measurements are presented in Tables
I—IV, together with M, values determined from VPO
measurements for the lower MW samples. One sees that
the ratio of M,, of PTBA (Table I) to M,, of the cor-
responding PMA (Table III) is fairly consistent with
that calculated from the monomer molecular weight of
TBA and MA. This also suggests the absence of any
chain breaking during the hydrolysis.

The stereoregularity of PMeA is an important pa-
rameter for the physical properties and was determined
from the intensity ratio of a-methyl protons signals in
'H NMR spectra of PMMA (Figure 2(d)) and listed in
Table IV. It is found that the triad tacticities are es-
sentially independent of MW and almost constant,
except for run 16. This seems an important information
when one analyzes pH-induced conformational transi-
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Table IV. Molecular characteristics of PMMA

Tacticities/ %<
Run 107% M, 107% M,ypo® 1074 Mygpc® M/M, ————

I H S
8 0.16 0.17 1.0, 12.8 53.1 34.1
9 0.88 0.92 1.0, 14.8 51.5 33.7
10 0.96 1.1 1.0, 12.2 52.7 35.1
11 2.84 33 1.0, 14.1 51.6 34.3
13 5.73 5.9 1.0, 16.451.3 323
15 12.2 11 1.1, 15.2 51.1 33.7
6 15.2 15 1.1, 11.3 52.8 36.9
16 31.6 25 1.0 7.7 45.0 47.0
18 86.2 84 1.2, 16.1 53.1 30.8

aDetermined by LS measurement. °®Determined by VPO measure-
ment. ©¢Determined by SEC calibrated with a series of PMMA
standard samples. ¢ Determined by 'H NMR intensity ratio of the
peaks due to a-methyl group (see Figure 2).

9
(0) run 13, My=0.31 x 104
(A) run 14, My=1.2 x 104
81 (O)run 15, My=1.91 x 104
(@) run 16, My,=3.9 x 104
(W) run 17, My=18.8 x 104
77 T
T 6
|,
5 5°
4t
3 N . L L
0.0 0.2 04 0.6 0.8 1.0

a

Figure 4. Potentiometric titration curves of PAA with different MWs
in C;=0.05N NacCl solution. The symbols correspond to the PAA
samples in Table III: (O), run 13, C,=11.2mN; (A), run 14, C,=
10.2mN; (O), run 15, C,=10.0mN; (@), run 16, C,=11.2mN; (W),
run 17, C,=10.1 mN.

tion of PMeA. The pH titration of polyelectrolytes
depends on the tacticity.®

Dissociation Properties

Among the several physical properties of polyelectro-
lytes, we first investigated MW dependence on the po-
tentiometric titration behavior which is one of the phe-
nomena reflecting counterion condensation. Normal-
ly, it has been widely accepted that the potentiometric
titration curve of the polyelectrolyte is essentially in-
dependent on MW, because the dissociation is deter-
mined by the short-range electrostatic interactions.
PAA is a model case for this.

When the dissociation of polyelectrolyte produces a
conformational transition from compact to expanded
form, the free energy change corresponding to the
transition is observed in the titration curve. One inter-
esting question is whether the titration curve depends on
MW or does not. PMeA is thought to be a model case.

The titration curves of PAA with various MWs at
C,=0.05 N NaCl are shown in Figure 4, where the pH
values are plotted against the degree of neutralization
(a). One sees clearly that at least at C;=0.05 N there is
no MW dependence in MW range examined. The
independence is observed over the whole range of a.
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(O) run 13, My=5.73 x 104
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Figure 5. Potentiometric titration curves of PMeA in Table IV at
C,=0.05 N NaCl. (A), run 8, C,=5.76 mN; (O), run 13, C,=4.22mN.

Thus, it is concluded that the dissociation behavior of
PAA is determined by the short-range electrostatic
interaction but not by the long-range interaction term.
Since in C,=0.05N, k™! is 13.6 A (k is an inverse of
Debye length) and corresponds to the chain length of
ca. 5—6 mer, one must examine the titration behavior at
much lower C,. At least C;>0.05 N, when the weight-
average degree of polymerization (n,,) is greater than 36
(run 14, Table III), the characteristic electrical properties
of the polyelectrolyte solution appear and become
independent on the MW.

In Figure 5, the negative logarithm of apparent dis-
sociation constant (pK,) of PMeA, defined by pH-
log(a/(1—a)) are plotted against the degree of dis-
sociation (). The pK, value of PMeA discontinuously
increases with o in the low a region. This is a typical
titration curve of hydrophobically modified polyelectro-
lytes in which the conformational transition from com-
pact to extended form occurs.?%27 This is due to the
balance between the hydrophobic and hydrophilic and/
or electrostatic interactions. Several experimental studies
of this phenomenon in PMeA support this idea.?%:29

One observes three interesting findings in the figure.
First is that the discontinuous titration curve is observed
even in the titration curve of PMeA with n,=17. This
implies that self-association among hydrophobic groups
in PMeA chain may take place at n,<17 to form a
secondary structure. The transition occurs in the region
of 0.05 <a<0.5. Second one is that there exits clear MW
dependence in the titration curve. The dependence is
observed only in the transition region. In o>0.5, where
PMeA chains may assume a coil-like conformation, the
pK, values are almost independent on the MW, as
observed in PAA. Third is that the transition occurs
more evidently and sharply with higher MW PMeA than
with a lower molecular weight one. We suspect that
this transition is, more or less, due to a cooperative
phenomenon. The results of detailed analysis will appear
in the future publication, together with results of the
conformational properties.

CONCLUSIONS

We report the preparation, characterization, and dis-
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sociation properties of PAA and PMeA with narrow
MWDs over the MW range of 103—10% They can
be prepared by anionic polymerizations of TBA and
TBMA in the presence of LiCl, followed by two-step
hydrolysis with Si(CH;);I and HBr. The careful charac-
terizations including SEC, 'H NMR, light scattering,
and vapor pressure osmometry for the samples before
and after the hydrolysis prove that well-defined PAA
and PMeA with narrow MWDs are successfully pre-
pared. In the potentiometric titration curve of PMeA a
clear MW dependence is observed only in the transition
region, while not in that of PAA.
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