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ABSTRACT

Methods for molecular weight characterization of polyelectrolytes, poly(acrylamide-
co-sodium acrylate) by viscometry and gel permeation chromatography have been developed
based on the use of fractionated polyacrylamide with known average molecular weights. A set
of Mark-Houwink equations for the copolymer wuh various acrylate content has been
established. With the viscosity measurements, these cqﬁations can be used to calculate the
‘molecular weights of the copolymer with known composition, and to estimate the acrylate
content when the _wcight average molecular weight of the polymer is known. The universal
calibration mctholc-l has been proven valid for poly(acrylamide-co-sodium acrylate) using
nonionic polyacrylamide standards. The corfelation of elution volume shift with the content
of ionic groups has been found, from which the molecular weight of the copolymer can be
estimated by gel permeation chromatography.

Heterogeneous free-radical polymerization of N-isopropylacrylamide (NIPAM) and
NIPAM with N,N’-methylene bisacrylamide (BAM) has been conducted in aqueous media in
the presence of low levels of sodium dodecyl sulfate (SDS). The influence of temperature,
BAM level, SDS level, pH and ionic strength on the polymerization rate, particle size and size
distribution, and particle concentration has been investigated. Studies on the formation
mechanism of latex particles of poly(NIPAM) and poly(NIPAM/BAM) have been carried out
by measuring the kinetics of polymerization and the micro-structure of the particles. A
mechanism of homogeneous nucleation (dispersant-limited agglomeration) and dispersion

polymerization has been proposed.
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The microstructure of the latex particles has been studied from the swelling extent
of the particles at various conversion. It is found that the particles have lowest swelling at
early stage and have higher swelling at later stage. This has been interpreted as that the cross-
linking density changes along the radius of the particles. In addition to the heterogeneity
within the particles, the density distribution among the particles has been observed from the
comparison of the particle size distribution by dynamic light scattering and that by disk
centrifuge.

The interaction of NIPAM polymers with SDS has been investigated by
conductometry and turbidimetry. It has been found that the critical micelle concentration
(CMC) of SDS increases with the concentration of NIPAM polymers, and that the cloud point

of aqueous solutions of NIPAM polymers is elevated in the presence of SDS.
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PART A

MOLECULAR WEIGHT CHARACTERIZATION OF

POLY(ACRYLAMIDE-CO-SODIUM ACRYLATE)



CHAPTER 1 INTRODUCTION TO PART A
MOLECULAR WEIGHT CHARACTERIZATION OF
POLY(ACRYLAMIDE-CO-SODIUM ACRYLATE)

Polyelectrolytes are the water-soluble polymers with charged groups. They have found
many applications including water treatment, enhanced oil recovery, as retention aids of pulp
and filler in papermaking, in electrical conduction, and for controlled drug release. One
important issue in the area of polyelectrolytes is the difficulty in determining accurately the
molecular weight. The presence of charged groups cause the hydrodynamic volume of the
polymer molecules to vary significantly with the conditions, such as, the salt concentration,
polymer concentration and the charge density. The molecular weight of polyelectrolytes is a
crucial piece of knowledge for polymers since the molecular weight affects the viscosity of
the solution, the flocculation and retention capability and the drug release rate. Therefore, it
is important to characterize the polyelectrolyte carefully using valid analytical methods.

Part A of this thesis addresses this problem for one particular polyelectrolyte -
poly(acrylamide-co-sodium acrylate).

Over the past ten years, a new polymer, poly(N-isopropylacrylamide), has appeared with
exciting new properties and applications, including the enzyme immobilization, controlied
release of catalyst, and drug delivery. To date, all the knowledge about this revolutionary
polymer has focused on large scale "gel" behaviour (as opposed to the increasingly important
submicron behaviour of particles) and on the bulk properties (as opposed to learning how to
tailor - make this important polymer). This thesis, in Part B, provides insight as to the reaction

mechanisms and behaviour of nanoparticles of poly(N-isopropylacrylamide).



This work develops a valid methodology for the molecular weight characterization of
poly(acrylamide-co-sodium acrylate). In order to minimize the heterogeneity in charge density
and molecular weight, a series of hydrolysed polyacrylamide (HPAM) samples with narrow
molecular weight distribution were synthesized and used as model polymers.

The second chapter of Part A investigates the validity of viscometry for molecular weight
characterization of HPAM. Polyacrylamide (PAM) samples with narrow molecular weight
distribution were prepared by solution precipitation fractionation and then hydrolysed to
various degrees of hydrolysis. Intrinsic viscosity and weight average molecular weight of these
samples were determined, and Mark-Houwink eciuations were established for both PAM and
HPAM. The cffects of charge density and molecular weight on the intrinsic viscosity and thus
on the parameters in the Mark-Houwink equation were studied. The molecular weight of
HPAM was calculated using the established equations and then compared with the values
determined by light scattering and by stoichiometric calculations.

The third chapter of this part involves study of the validity of gel permeation
chromatography for molecular weight characterization of HPAM. The relationship between
hydrodynamic size and elution volume was investigated for both PAM and HPAM, and the
universal calibration for HPAM using nonionic polymer PAM was evaluated for its validity.
The influence of charge density on the elution volume of HPAM was studied and a correlation
was developed to predict the shift of peak elution volume with charge density. The molecular
weight and intrinsi.c viscosity predicted using this methodology were compared with

experimental data.



CHAPTER 2
MOLECULAR WEIGHT CHARACTERIZATION
OF POLY(ACRYLAMIDE-CO-SODIUM ACRYLATE} BY VISCOMETRY

2.1 INTRODUCTION

The molecular weight characterization of polyelectrolytes is difticult, since variations in
copolymer composition alter tiw electrostatic environment and hence the size or even the
structure of the polymer chain. Hydrolysed polyacrylamide (HPAM) is often used tor methods
development since it has a random distribution of charged groups atong the - backbone,
provided alkaline hydrolysis is performed under mild conditions,”™ and because the
molecular weights of the parent PAM can be estimated by conventional techniques. Many
studies have been reported on the solution properties and the molecular weight characterization
of HPAM,WSEISUIMLIZIAN by oply  one  study  was  done  using  {ractionated
polyacrylamide (PAM) with narrow molecular weight distributions.” Using fractionated PAM

of molecular weight range 1.0x10° - 6.0x10°% and polydispersity 1.4 - 2, Schwartz and

Frangois established two sets of Mark-Houwink parameters for average hydrolysi;clcgrccs'ﬁﬁ
at ~ 22% (hydrolysis degree (HD) range 21.6 - 23.2) and - 28% (HD range 23.2 - 31.3%).
The parameters tor HD = 37% (HD range 30.1 - 42.7) reported were the same as for HD =
28%. These data are, however, insufficient to develop a valid methodology for the molecular
weight characterization of poly(acrylamide-co-sadium acrylate) (poly(AM/NaAA) over a wide
range of molecular weight and composition.

The objective of this Silld)’AWﬂ.‘; to develop valid methods for the molecular weight

characterization of HPAM ar poly(AM/NaAA) over the composition range of commercial
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interest (1D = 0 - 30%). A series of fractionated and well-characterized PAM samples have
been ydrolysed under mild alkaline conditions. The intrinsic viscosities and weight average
molecular weights were measured. In anticipation that the results of these studies could be
applied to GPC calibration, an aqueous Na,SO, solution (0.2 M) was used as a solvent for
polymers in these measurements and the molecular weight (MW) range of PAM fractions was
chosen from 1.4 x 10* to 1.2 x 10 g/mol. Since most commercial HPAM is of hydrolysis
degree (HD), 10 - 30%, we have mainly used HPAM samples with the HD in this range.
2.2 EXPERIMENTAL

Polymer preparation

Nonionic polyacrylamides with broad molecular weight distribution (MWD) used for
fractionation were synthesized on a pilot scale, except for the sample of Mw 62,000 which
was provided by NALCO CANADA (Burlington, Ontario, Canada). The polymerizations were
carried out in aqueous solution at 55 - 60 °C with K;S,0, (BDH, 99% purity) as initiator and
ethanol mercaptan (BDH) as the chain transfer agent (see Appendix A-1 for details).
Frictionation

Precipivational {ractionation was performed at room temperature (~ 25 °C) using water as
a solvent, acctone and methanol as non-solvents. The small scale fractionation was carried out
in 25 mL bottles and in 2000 mL three-necked flask to find proper ratio of non-solvent to
solvent, The non-solvent was added to the polymer solution dropwise, and the turbid point at
. which the polymer starts to precipitate from the solution was determined visually as well as
by tubidity measurement (see Appendix A-2 for the details). The large scale fractionation was

conducted in a 50 L plastic tank equipped with a turbine stirrer.



Gel permeation chromatographv

The molecular weight distribution of PAM {ractions was measured in 0.2 M Na,50; with
a 5000 Liquid Chromatograph (Varian Canada Inc.) equipped with TSK PW 3K, 5K, oK
colurnns (Toya Soda). A molecular weight calibration was done using universal calibration
with seven narrow polyethyleneoxide standards (Toya Soda Manufacturing Co., Ld.) and two
broad MWD PAM samples. Peak broadening corrections were performed using standard
methods. "'
Hvdrolysis

PAM in aqueous solution was weighed into a 3-neck flask of 500 mL and kept in 0'C
water bath for at least 1 hour. Amounts of 4N NaOH and deionized water (making the
concentration of PAM 4 wt.% and NaOH 0.5 N) were added to the flask under vigorous
agitation. After the addition, gentle stirring was applied to prevent degradation of the polymer.
Samples were withdrawn at predetermined times and poured into cxcéss methanol (70-100
times the volume). The precipitated HPAM was purified by repeated washing with methanol.
For low molecular weight samples centrifugation at 5,000 rpm for hatf an hour was performed
to-recover the fine particles of HPAM. The solid HPAM was dried in a vacuum oven at about
60 °C for at least 16 hours, and weighed for analysis immediately after being cooled o room

temperature under vaccum.

Analvsis of hvdrolvsis degree

(a) Elemental C, N, H measurements were done by Guelph Chemical Lab. Ltd.(Ontario,
Canada). The amount of Na was determined using atomic absorption spectroscopy (Perkin

Elmer 2380).



(b) Carboxyl groups were measured by conductometric and potentiometric titration. The
titrations were earried out al constant temperature (20 °C) under N2 atmosphere with 0.01 N
NaOH as a titrant. In a typical analysis, 0.02 - 0.07 g HPAM sample was dissolved in 100 mL
2.6x10-3 M KCI (the amount of HPAM was determined from the estimation of hydrolysis
degree so that the volume of titrant consumed was within the range of 18 - 25 mL). The pH
of the polymer solutions was first adjusted to 3.2 - 3.3 with | N HCI before it was titrated

with 0.01 N NaOH. The amount of carboxyl groups was determined, (1) in potentiometric

titration from the peak of the derivative of pH to titrant volume ApH/Av; (2) in
conductometric titration from the plateau of the plot of conductivity versus titrant volume.
~ Viscomelrv

The intrinsic viscosities of polymers in 0.2 M Na,SO, were obtained from the quadratic
form as well as the conventional form of Huggins equation by a least square technique.'™®
The solution viscositics were measured with a #75 Cannon-Ubbelohde semi-micro dilution

viscometer at 25 ¢ 0.05 °C.

Linht scattering

The refractive index increment dnfde measurements were performed with a Chromatix

KMX-16 laser difterential refractometer at 632.8 nm and 23 °C. The weight-average molecular

weights were determined with a low angle laser light scattering photometer (Chromatix KMX-
6) in 0.02 M (for PAM) and 0.2 M Na,SO, (for HPAM) at room temperature (~ 23 °C). All
of the HPAM samples were dialyzed in the same solvent for £20 hours betore measurement.

The details are given elsewhere.”



23 RESULTS AND DISCUSSION
23.1 CHARACTERIZATION OF POLYACRYLAMIDE

Eight PAM fractions with polydispersity indices 1.2 - 2.0 and molecular weight range
1.4x10°* - 1.2x10% were obtained by fractionation (Table 2.1). Their reduced specific viscosities
7 ,/C, when plotted versus concentrations, gave straight lines with regression coefficients of
0.999 ~ 0.9999 (sce Figure 2.1). The intrinsic viscosities from the quadratic equation were

slightly different from those from the conventional equation with an average deviation of

0.46%.
Table 2.1 M_ , PDI and [ ] of PAM fractions
Sample Fl F2 F3 F4 IS 6 ) I's

E x10* 1244 99.0 40.1 20.1 9.90 3.60 2.69 1.39

PDI 1.8 2.0 1.8 1.7 1.6 1.5 1.3 1.2
[n]dLl/g 3.804 3.555 1733 1.096 0.6502 03220 02741 0.1754

The Mark-Houwink constants & and o were estimated by the Error-In-Variables

i N . . . =z " A
method @ in which the variance of log, M, were evaluated from Hunkeler's data,™

while those of log,f n ] were calculated from the data of this work using Chee's equation*’
without consideration of the vatiance in concentrations. The resulting Mark-Houwink cquation

for PAM in 0.2 M Na,SO, a1 25 ¢ 0.05 °Cis:

P

[n] - k M° = 24310 M ¥ - 2.1)
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The 5% confidence intervals for parameters k& and o are
k = 2.43x10% &£ 0.36x10" [mol.dL/g’]

a=0.69 + 0.014

Ihe log-log plot of [ | versus M, is given in Figure 2.2. The a value is consistent with that

obtained by Kulicke™ in 0.1 M Na,SO, which was 0.7.
2.3.2 RATE OF IIYDROLYSIS OF POLYACRYLAMIDE
Fractionated PAM (molecular weights from 3x10° to 1.2x10°) was hydrolysed with

NaO1l The hydrolysis degree versus reaction time is given in Figure 2.3. The data points for
difterent molecular weights can be correlated by a single curve, i.c., no systematic deviation
of reaction rate due to molecular weight was observed.
2.3.3 CHARACTERIZATION OF HYDROLYSED POLYACRYLAMIDE

(1Y ANALYSIS OF I-I'YVDROLYSIS DEGREE

The hydrolysis degree of HPAM was determined by atomic adsorption spectroscopy (AAS)
and titration. A preliminary study of the apprapriateness of two methods suggested that for
this system titration gave better reproducibility and reliability since AAS is sensitive to the
carboxyl forms (H* or Na*), and to the viscosity of the polymer solution.*® Therefore the
hydrolysis data reported in this work were aobtained from titration. Conductometry is, however,
preferred to potentiometry due to its better reproducibility or smaller standard deviation: 0.4
~ 2.0%, compared with 1.0 ~ 4.0% for the latter,

(2) VISCOSITY AND THE SQUARE ROOT LAW

As shown by the straight lines of 1 /e vs concentration ¢ in Figure 2.4, HPAM in 0.2

i1
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M Na,SO. behaves like a nonionic polymer. However, the intrinsic viscosity  of
el P )
polyelectrolytes with different compositions should be a function of M,,, compuosition of

polymer x and concentration of added salt, Cg
(n] = AM,,x,C)

In our case, C, is constant, HD represents the compasition, so
[n) = £(M,,, HD)

For an HPAM sample of given M,, | n | will change with HD only.

The experimental work has supported the preceding analysis.**™!"= *

The plots of [ 1]
vs HD are bell-shaped with a maximum | 7 j at about HD = 40 ~ 50%. Kulkarni et al.? plotted

[1] vs HD'? and obtained straight lines in the HD range of 10 ~ 35%.

From our own data (Figure 2.5), a square root law has been found:

[n] - A«xHDW + B (22)
where A and B are slope and intercept of plot {n] vs HD™ respectively. Table 2.2 has
sumarized the values of parameters A and B for the HPAM of various molecuiar weights,
together with the intrinsic viscositics of their parent PAM samples (| n |y). Although they are

constant for a series of HPAM samples from the same parent PAM, the A and B will vary

with the M,, of parent PAM.

14
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Table 2.2 Parameters A and B in equation (2.2
for HPAM trom the PAM with various molecular weights

Parent
Sample* | n ], (dl/g) A (dL1g) B (dL/p)

F7HY 0.2741 0.04620.011  0.201=0.050
F5HY 0.6502 0.1590.027  0.363=0.137
F4HY 1.096 0.300=0.098  0.42820.495
HY2%#* 1.257 0.34820.026  0.428=0,128
F3HY 1.733 0.507+0.085  (.63420.375
F2I11Y 3.555 1.01020.173 110920872
¥

b H M

w) —

In the names of samples, F2 - 7 represent the parent PAM’s are the
fractions listed in Table 2.1; HY represents hydrolysed PAM.
246900; PD1 = 1.8

Obviously, both A and B are functions of the molecular weight of the parent PAM (M)

and therefore functions of intrinsic viscosity of the parent PAM (| 1 Jy). The plots in Figures

2.6 and 2.7 reveal fairly good linear relationships between A, B and [ 7 | The data calculated

from Kulkarni’s results are also plotted in the figures. The same trends were observed. The

difference between the curves from Kulkarni’s data and this work may arise from the salt type

and concentrations. Kulkarni’s intrinsic viscosity data were measured in 0.12 M NaCl, while

those of this work were measured in .2 M Na,SO,.
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Using linear regression, equations for A and B have been found to be:

A=~f(In]y) -02% [n], - 0.0246 (2.3)

B - f(Inly) - 0266 [n], + 0.144 (2-4)

Hence, an empirical equation of [n j as a function of [ ], and HD can be obtained for HPAM

in 0.2 M Na,SO, at 25.0«0.05 °'C:

[1]-(0.266 +0.294 HD'2)[ 1}, +0.144 - 0.0246 HD'* (2.3)
From this equation one can readily estimate the intrinsic viscosity of HPAM of any

composition in the range of 6 ~ 40% if the [n ], and HD are known.

(3) MARK-HOUWINK EQUATIONS FOR HPAM

In Mark-Houwink equation
[n] - k Mw“ (2.6)
the parameters k and o are constant only if the polymer composition, solvent and temperature

are unchanged. For HPAM under the given conditions, & and a are functions of hydrolysis
degree. Klein et al® observed @ maximum value of exponent a
at about 40% HD and a minimum value of & at about 20% HD. McCarthy et al” showed some
changes in the values of & and o with HD but did not show definite trends.

Since the intrinsic viscosities of HPAM, especially those for high molecular weight
samples, strongly depend on HD, it is necessary to choose th-c HPAM samples with exactly

the same HD to determine the parameters & and a. Because of the difficulties in preparing
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HPAM samples with exactly desired HD, interpolation was done with the square root law,
Equation (2.2), this, the intrinsic viscosities of HPAM at HD = 6, 10, 15, 20, 25, 30, 35, 40%
were obtained. Assuming that all the hydrolysed acrylamide groups are in Na form, the

molecular weights of HPAM were calculated from the stoichiometric equation

Wy

— M
M - PAM g4 04x + T1.08(1-x)) 2.7
71.08

where x is the mole fraction of hydrolysed groups, and x=HD/100%. A set of Mark-Houwink

constants were determined by correlating the intrinsic viscositics with the molecular weights,
and are listed in Table 2.3. Some examples of log-log plots of | n ] and M,, are given in Figure
2.8 for HPAM with various compositions.

Table 2.3 Mark-Houwink constants & and «
for HPAM with various HD

HD (mol%) o E(10™%)  regression coellicient

(dL.mol®/g"®)
6 0.669 3.31 0.9982
10 0.694 2.85 0.9991
15 0712 2.57 (.9995
20 0.725 2.41 (.9997
25 0.734 2.30 0.9997
30 0.742 2.22 0.9998
35 0.748 2.16 0.9997
40 0.753 212 0.9997
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Using polynomials to regress the above data, two empirical equations were abtained for
HPAM. The equations, parameters and 95% confidence intervals are summarized below:
a = Cy + C;HD + G(HD?) + C,(HDY)
where G, = 0.625 + 0.007
C, = 8.86x10% & 1.27x107 (mol%)’*
C, = -2.405%10* £ 0.617x10™  (mol%)*
C, = 2.48x10° + 0.89x10* (mol%)™
log k = dy + ¢,HD + d,(HD?) + d;(HD?)
where d, = -3.36 ¢+ 0.024
d, = -2.39x10? + 0.42x107
d, = 6.96x10* + 2.05x10°
dy = -7.37x10° & 2.95x10*
The regressed curves are plotted together with the k, o dat in Figure 2.9; these show a good
fit with the polynomials and thus confirm the applicability of the interpolation via the square
root law. One can calculate the values of & and a precisely at any polymer composition of
interest over the range, 6 ~ 40% acrylate from these polynomials.
(4) MOLECULAR WEIGHTS OF I-lYDROLYSED POLYACRYLAMIDE
The molecular weights of HPAM samples were caleuluted using the Mark-lHouwink
equations (as M,,) established in this work as well as from the stoichiometric equation (as

M,.). In the former, the values of & and « applied were obtained from the polynomials and
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the [ 's and HID's were from the experiments. The two kinds of molecular weights together

with those measured by light scattering are listed in Table 2.4.

Table 2.4. Molecular weights of HPAM from Mark-Houwink equations,
stoichiometric equation(eq.2.7) and from light scattering

Samplc  HD(mol%)  [7(dI/L) % I M,. M, Err(%)°
F7HY 10.77 0.3524 35800 28300 27800" 1.53
36.00 0.4692 31700 28800 30000 -g-ég
36.08 (.4872 / 30200 30000 :
F5HY 10.30 0.8468 119600 101500 102300 -0.80
16.70 1.049 / 112300 104300 7.61
34.42 1.303 / 114700 110000 4,30
39.20 1.342 135500 112900 111500 1.22
MY 9.68 1.353 247000 205000 207300 -1.08
31.90 2.200 / 238600 221700 7.62
34.90 2.127 263000 219900 223700 -1.67
HY2 4.86 1.355 / 267400 250800 6.62
8.42 1.451 / 241100 /7253600 -4.92
12.10 1.601 / 235800 ° 256600 -8.10
22.80 2.137 / 262200 265100 -1.11
36.00 2.486 / 267300 275600 -3.01
41.50 2.677 / 273100 280000 -2.46
F3HY 6.40 1.961 / 421400 409300 2.97
9.53 2.075 468000 383800 413300 -7.15
14.90 2.640 / 431200 420300 2.59
23.20 3.242 / 459800 431100 6.68
26.00 3.470 / 479700 434700 10.35
W 33.10 3.372 467000 417200 443900 -6.00
Hys 9.46 3.979 / 925500 1061500 -12.81
11.50 4.228 / 969500 1068300 -9.25
20.15 5.329 / 974700 1097000  -11.16
36.60 6.893 / 1126800 1132500 -0.51
F21Y 10,30 4,354 1014000 1076500 1022900 5.24
32.20 6.709 / 1064500 1093000 -2.60
33.40 7.067 $22000 1122000 1096800 2.30
average  absolute error (%) 4.70
1 Err (9) = (M, - MM, x 100%
b HYS is from unfractionated PAM with PDI 2.5
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;/\r} average error in molecutar weight determination of 4.7% is relatively fow as compared
with values obtained by Jight scattering, osmometry and GPC. These values have errors of 10
- 20%. The agreement between viscometric method through [n J-Mw correlation and
stoichiometric method is good even for the samples of high polydispersities (eg. HYS5). For
even broader samples (EJE > 2.5), a polymolecularity correction might be necessary to

T.26,23.258

reduce the cerror.
2.4 DISCUSSION
(1) MARK-HOUWINK CONSTANTS

As shown in ']‘:ﬂ)lc 2.3 and Figure 2.9, the value of k decreases exponentially with increase
in hydrolysis degree. Klein® found a similar dependency. Parameter k is a measure of
fexibility of ploymer chains. It is proportional to the viscosity constant & and related to linear
expansion £

koo B

where M = dy (1 - 2.63¢ + 2.86¢%)
for nondraining polymer coils. Since & becomes smaller when the polymer chains become
more rigid, it is reasonable for k to reduce when the concmﬂrnlion of the charged groups
increases, Q\ )
The values of the exponent a obtained in this work is in the range, 0.67 to 0.76. This is i-n

agreement with the theoretical predictions™ for unbranched, non-solvent-draining coils with

. . o . .
excluded volumes and implies that 0.2 M Na,SOj is not a good solvent tor palyacrylamide

or poly(acrylamide-co-sodium acrylate). Therefore the conformation of the polymer chain is
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probably a random coil in this solvent.
Constants &k and exponent o are not independent parameters, since from the theoretical

derivation, a is also a function of "e™:

a - 0.5(1 + 3¢) (2.8)

Hence, k and « are related as summarized by Elias® for various coil-like polymers:

log,,k - B, - B,a 29
where B, and B, are positive constants. Our data show a similar relationship between k and

a for the copolymer with various compositions as follows and in Figure 2.10:

log,g k = -1946 - 2302« (2.10)
(In this work, the constant B, is negative.) The agreement again suggests the coil-like

conformation of poly(acrylamide-co-sodium acrylate) in the salt solution of 0.2 M Nua,SO,.
(2) LIMIT ATION OF SQUARE ROOT LAW
A theoretical interpretation of the square root law will be attempted in future work, so
the discussion here only concems:the limitations of the square root law. |

A fact should be noted that in Table 2.2 and Figure 2.5 involving the square root law

[n] - A*HD”Z + B . (2.2)

the intercept B is always smalier than the intrinsic viscosity of the parent PAM (I n |o)-
Therefore equation (2.1) will overpredict the intrinsic viscosity when HD approaches zero, The

I\
3
deviation of B from |7 ], increases with increase v, the molecular weight of the parent PAM
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( Figure 2.11 shows the dependence of the deviation ([0 Jo - B) on | n }, ). This suggests that
there is # minimum vatue of HD, or say, a minimum distance between charged groups at
which the intrinsic viscosity of HPAM equals that of the parent PAM. Above this charge
density, electrostatic forces cause an expansion of the polymer chain and therefore the increase
of the intrinsic viscosity. Below the minimum HD the square root law is invalid.

To «determine the applicable range of HD, the general square root equation (Equation

(2.5)) is divided by [ |, to obtain the form:

2
!:1]_] - 0.266+0.294 HD? + (0.144 - 0.0246 HD'?) .11)
lTl]O ‘ [Tl]q

Values of HD_. . calculated using this equation at [n]/| ny = 1 for various values of [n ],

miny
are listed in Table 2.5,

Table 2.5 Minimum values of HD at various [0 ],

Inl (dl/g) 02741 0.500 1.00 1.50 2.00 3.00 4.00 5.00

HD

min

(%) 1.66  3.65 4.69 5.01 5.16 5.31 5.39 5.43

It is clear that the HD,;, values vary with the molecular w"'_cight of the parent PAM. This
might infer that it is more reasonable for one to consider the charge density of coil-like
polyelectrolytes based on the coil volume than on the chain length.
When HD is higher than 40 ~ 50%, the slope A changes sign and the values of A and
B may be different. This range of hydrolysis degree is beyond the scope of this work.
One can conclude, however, that the square root law is valid for lI\l{: molecular weight
)

tange of 10° ~ 10° when HD is larger than 6% and smaller than 40%.
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Figure 2.10 logk versus exponent o« of HPAM at various
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Figure 2.11 Dependence of {[nl, - B) of HPAM

on [n] of parent PAM
W {f

\' I\
(®): this work, (#!): Xulkarni's work
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(2) POTENTIAL APPLICATION FOR GPC MEASUREMENTS

This determination of a set aof Mark-Houwink parameters & and a for HPAM with
various hydrolysis degrees, makes it possible to evaluate upiversal ctlibration for GPC of
HPAM or poly(acrylamide-co-sodium acrylate) if' the latter is of narrow  compaosition
distribution. This study is now in progress in our laboratory.
2.5 CONCLUSION

The measurement of intrinsic viscosity of hydrolysed polyacrylamide in 0.2 M Na,S0, can
be used to estimate the weight average molecular weights given the approprimte. Mark-
Houwink constants for the ionic polymers. The relationship between the intrinsic viscasity and
the composition of the copolymer can be expressed by a square rool law from which the
intrinsic viscosity at any level of hydrolysis in the range, 6 to 40% can be readily caleulated,
Mark-Houwink constants in this range can be found as functions of copalymer composition.
Applying these constants, weight average molecular weights determined by viscometry for
hydrolysed PAM samples were accurate to within 5% for degrees of hydrolysis in the range,
6 to 40% and molecular weights in the range, 10 1o 1.24x10"
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CHAPTER 3
MOLECULAR WEIGHT CHARACTERIZATION OF

POLY(ACRYLAMIDE-CO-SODIUM ACRYLATE)
BY GEL PERMEATION CHROMATOGRAPHY

3.1 INTRODUCTION
3.1.1 REVIEW OF PROBLEMS IN AQUEOUS GEL PERMEATION
CHROMATOGRAPHY OF POLYELECTROLYTES

The determination of molecular weight distribution of polyelectrolytes by aqueous gel
permeation chromatography (GPC) is much more difficuit than that for organic-soluble
polymers due to non-size-exclusion effects. These etfects include ion exchange, ion exclusion,
ion inclusion, adsorption, and polyelectrolyte swelling. For more details see reviews by
Stenlund,! Cooper and Derveer,? and Barth**

The effects of ion exchange, ion exclusion and ion inclusion are caused by electrostatic
interactions between the packing and polyelectrolytes. The ion exchange usually occurs
between catjonic polymers and silanol groups on silica-based packing, or carboxyl groups on
other type of gels, at higher pH and lower ionic strength.

The ion exclusion is a resuit of electrostatic repulsion of anionic polymers from the
surface of packing containing anionic groups. When this effect exists, the polyelectrolytes arce
excluded frb’?ﬁ the pores of the packing, and hence smaller ¢lution volumes are observed
resulting in an overestimation of the molecular weight. To eliminate the ion exclusion and inn.-
exchange effects, low pH (< 4) and high ionic strength, e.g. 0.01 ~0.2 M should be applied.

LThe ion inclusion effect was first defined by Stenlund’ as the phenomenon in which

Donnan equilibrium is established between packing and solutions. The packing acts as semi-
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permeable membrane, and the ions of the same charge as the polyelectrolyte are concentrated
into the pores thus causing a peak due to ion inclusion. When the mobile phase has zero or
low ionic strength, the low molecular weight component of the polyelectrolyte (with a
molecular weight distribution MWD) may be included, so their molecular weight is
underestimated if account for ion inclusion is not made. When enough salt is added to the
mobil\c? phase, the salt becomes included instead of the low molecular weight components and
ion inclusion of polymer is_ negligible. Unlike other electrostatic effects, the ion ihc]usion
effect of added salt is not eliminated., and thus a column with small pore size packing should
be used together with a set of columns containing packing with larger pores to ensure
complete separation of the permeated salt peak from the polymer peak.

Adsorption effects can be caused by hydrogen bonding, hydrophobic interaction and
ionic interaction. The hydrogen bonding can be eliminated by the addition of a hydrogen-
bonding-breaker, e.g. urea. Hydrophobic interactions can be reduced by the addition of an
jonic surfactant,lror by decreasing the ionic strength or polarity of the aqueous mobile phase.
lonic interaction between polyelectrolyte and packing may be minimized by elevating ionic
strengths of mobile phase or pretreating packing. But high ionic strength may also enhance
the hydrophobic interaction,

Polyelectrolyte swelling is the term defined by Stgnhmd1 to describe the phenomena of
polyelectrolyte chain expansion variation during the course of fractionation in a GPC column.
If the ionic strength of the mobile phase is not high enough, the polyelectrolyte coil or chain
expands upon dilut.iAon during the fractionation. This causes the elution volume to decrease;

and the polyelectrolyte shrinks when the polymer concentration increases. The later
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phenomenon was also described by Barth* as macromolecular crowding. Nefedov et al®
illustrated this for a GPC chromatogram: the polymer at the peak has a smaller hydrodynamic
volume than those at the leading and trailing edges of the chromatogram even though all of
the chains have the same molecular weight. The polyelectrolyte swelling can be minimized
by addition of enough salt in mobile phase.

In summary, high ionic strength (or together with low pH) can suppress most of non-size-
exclusion effects including ion exchange, ion exclusion, ion inclusion (of polyelectrolyte), and
polyelectrolyte swelling. However, one should be aware that high ionic strength can not
eliminate the ion inclusion of added salt, and may enhance the hydrophobic interaction.
Besides the composition of mobile phase, the material of the column packing is important. For
the analysis of polyelectrolytes, it is best to use a hydrophiilic, polymeric packing or a surface-
modified silica packing in which most of silanols arc derived.’ In this work, columuns with
hydrophillic polyether packing, and a 0.2 M Na,SO, aqueous solution were useq. These were
expected to minimize the non-size-exclusion effects. In 0.2 M Na,SO,, as shown by previous
work,” the viscosity dependence of poly(AM/NaAA) on polymer concentration exhibited a
behaviour almost identical to that observed for non-ionic polymers.

3.1.2 CALIBRATION METHOD

The calibration methods for molecular weight by GPC measurement include the method
of monodisperse standards, secondary standards, polydisperse standards, universal calibration
and absolute molecular weight detector (For a comprehensive discussion see reference 3). The
first method is to use monodisperse standards that have the ‘same comp‘(}isition and

conformation as the sample and thus provides the most accurate result. But the application of
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this method is limited for lack of variety of monodisperse standards. The second method is
more widely applied than the first one since it uses the standard that have the chemical
composition of the standard fairly close to that of sample. The second method, however, can
only determine relative difference among molecular weights of samples. Universal calibration
method is a particular secondary calibration and has found wide applicability.
2289101L1213415 1 {his method, the hydrodynamic volume, measured by the product
of molecular weight and intrinsic viscosity, is plotted against peak elution volume. If a size
exclusion mechanism is operative, all kinds of polymers, whether homo- or copolymer, linear
or branched polymer, should fall orn the same calibration curve. Therefore, for determination
of I:;_polecular weights of samples with quite different molecular structures from that of
stnr:dnrd, universal calibration is often an effective method. It is especially useful for
capolymers, since a set of well-characterized copo]ymer standards of varying molecular weight
and composition are rarely available.'® If Mérk—Hoﬁwink constants of the sample is known,
or a viscometry detector is employed, from the universal calibration average molecular weights
may be calculated.

“#Universal calibration was first proven valid experimentally for polymers soluble in
organic solvents by Benoit and coworkers,*"” who tested nine polymers covering homo- and
copolymers, linear and graft (star, comb and ladder) polymers. It has gained wide acceptance
in the fiekd of "organic” GPC (organic solvent as eluent) since then.'™'® For aqueous GPC,
however, much of the work published has been to establish the validity of the calibration
method.!MR6%0 Dyval et al.!! plotied the-log of hydrodynamic volume against elution

volume for both polyethylene oxide and polyacrylamide and obtained a single calibration

“:_3\\

i
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curve. Spatarico and Beyer* analyzed dextran, copolymers of acrylic acid and ethyl acrylate,
and sodium polystyrene sulfonate (NaPSS) in a mobile phase containing 0.2 and 0.8 M

Na,S0,, with controlled pore glass (CPG) columns. They also obtained a single curve of

logm[n]-ﬁ; as a function of V¥, for all the studied polymers (where [n] is the intrinsic

viscosity and Fw is the weight average molecular weight of polymers). Cooper and

Matzinger" studied the reference polymer NaPSS in a butfer of 0.01, 0.1 and 1.0 M phosphate
and found universal calibration to be valid at high ionic strength (>0.1 M) for both non-ionic
and anionic polymers. The universal calibration method was also reported successful by
Rochas et al.® for the reference polymer NaPSS in 0.1 M NaNO,, and by Klein and

Westerkamp for NaPSS in 0.1 M Na,SO,.*

The first test for universal calibration was conducted by generating calibration curves

consisting of a plot of the product of [4] and M, versus elution volume V, M7 Since then,
the product of [n] and M, is often used in applications of universal calibration,bt11312.2
because E can be determined by light scattering accurately, while the accurate number
average molecular weight (E) is not available in many cases. For linear polymers, Hamiclec
ang QOuano® pointed out that, the product ['q]'ﬂTw is valid because the polymer in the

detector cell is monodisperse, thus for a given V,, M_(V,) = M (V,) - M, (V,), (or

approximately, when the polymer has a narrow molecular weight distribution'); For branched
polymers, the hydrodynamic volume should be the product of [n] and M instead of M, that
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5

is, if a viscometry detector is connected with GPC, the molecular weight calculated from [y]
should be Fﬂ

In this work, the weight average molecular weights of PAM and some poly(AM/NaAA)

were measured by light scattering. The polydispersity (PDI) of the polymers was estimated

from the GPC data using poly(ethylene oxide) (PEO) as standards. Although fhe E of them

“ can be calculated from the PDI and the M, some overestimation of M, would be expected

since the calibration curve, logmﬁ; vs. ¥, was used. Therefore, in this work, a conventional
way was adopted: M, was used to test the validity of the universal calibration and to

investigate the dependence of ¥, on the E and the hydrolysis degree.

3.1.3 OBJECTIVE OF THIS WORK

The objective of this work was to investigate the validity of universal calibration for
poly(AM/NaAA) and nonionic polyacrylamide (PAM), and therefore establish a methodology
for molecular weight characterization of poly(AM/NaAA) by aqueous GPC. Poly(AM/NaAA)
is a copolymer in addition to being a polyelectrolyte. Its hydrodynamic volume varies with
NaAA content as well as salt concentration, which makes it more difficult for one to
determine its molecular weight by aqueous GPC. In this study, a series of poly(AM/NaAA)
samples were prepared by mild alkaline hydrolysis of fractionated PAM samples thus they had
relatively homogeneous composition distribution,®* and a narrow molecular weight
distribution.” The heterogeneity in composition and molecular weight were therefore not
considered important in assessing the validity of universal calibration.
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3.2 THEORETICAL CONSIDERATIONS

Universal calibration method is based on Einstein viscosity theory and for spherical

particles

(1] = 25N, (V,/ M) G
where [n] is the intrinsic viscosity, ¥, the hydrodynamic volume of the particles, M their

molecular weight, and N, Avogadro’s number. Rearranging Equation (3.1) one can get

(nIM - 25NV, (3.2)
that is, [n]M is proportional to hydrodynamic volume. Since GPC scparates polymer
molecules in the mobile phase on the basis of hydrodynamic volume, one would expect 'thal['q]M
to be a function of elution volume V,, (1M = f(V,). In this correlation, the molecular
weight M could b.e a simple molecular weight (for monodispersed polymers), or an average
(for polydispersed polymers) as reviewed before.

According to this theory, all polymer molecules which have the same hydrodynamic

volume elute at the same time. If this is true for the non-ionic polymer PAM and the ionic

polymer poly(AM/NaAA), then at a given ¥, the following equality holds:

.M, - (.M, (3.3)
where the subscript "o’ represents PAM, and *x’ represents poly(AM/NaAA) with various
NaAA content (x could be said to represent the degree of hydrolysis of the PAM samples).

If Equation 3.3 holds, the plot of Ioga;rithm of [n]M,, versus V, for both polymers would
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drop on the same curve. This criterion was used in this work to test the validity of the

universal calibration for poly(AM/NaAA) and PAM.

To investigate the dependence of ¥, on the hydrolysis degree and F»f:, the correlation
between M, and V, for PAM and poly(AM/NaAA) of various hydrolysis degree was
analyzed. Theoretically, the peak elution volume corresponds to the geometric mean molecular
weight <M> ;. (<M> - A_l:xﬁ:). For monodispersed polymer, <M>_ = M, = M; For
narrowly distributed polymer, <M> ; can be approximated by M. Again, in many cases, M,
has been used due to the lack of accurate Fl: In these cases, the H—w determined from the

correlation of M, and V, is correct, but the M,, is overestimated.

The correlation of molecular weight with elution volume, for a single polymer over a

considerable range of V,, can often be written by:*

M_(V,) - D,exp(-D,V,) D, D,>0 (.4)

The plot of log, M, against ¥, gives a straight line

log, M, = D{ - D, Vv, . CX)
where D{ - log,D,, and D, - 0.4343 D,. Unlike the universal calibration curve, the

coefficients D,, D,, D{, D; vary with the type of polymer. One would expect different values

for them as the hydrolysis degree changes in poly(AM/NaAA).
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In this work, the effect of hydrolysis degree on the peak elution volume and on the
coefficients was investigated.
33 EXPERIMENTAL
GPC measurement

Varian 5000 Liquid Chromatograph was used to determine the molecular weight and
molecular weight distribution of the polymers in this work. Three TSK Type PW columns
(Varian), G3000PW, G5000PW and G6000PW, each of which had diameter of 7.5 mm and
length of 30 cm, were connected in scries. These columns contained polyether gel packing
with hydrophillic -OH groups on the surface.”” One of the advantages of this gel was that
the surface groups were neither chaiged, nor highly polar, therefore the adsorption and
electrostatic interactions were greatly reduced.' The average pore sizes of the gels wcfe 20
nm, 100 nm and > 100 nm for each column respectively. The concentration of cluting
polymer fractions was detenﬁined by a differential refractometer (Varian, Series RI-3). An
aqueous solution of 0.2 M Na,SO, (ionic strength 0.6 M) was used as the mobile phase; the
flow rate of which was 1 mL/min. The polymer solutions of 0.1% (w/v) were prepared from
the dry polymer and the mobile phase. The reason for using the mopile phase as the solvent
was to eliminate the salt peak. The polymer solution of 100 uL was injected for the analysis.
3.4 RESULTS AND DISCUSSION

This section presents and analyzes the investigation results of the universal cnlibraiion

curve, the effect of charge density on the clution volume and on the .correlation between

molecular weight and elution volume.
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3.4.1 HYDRODYNAMIC VOLUME AND ELUTION YOLUME OF PAM AND

POLY(AM/NaAA)

The [n]M,, of PAM and poly(AM/NaAA) is plotied against the peak elution volume on

semi-log scale in Figure 3.1, where the values of [n] were measured by viscometer, and those
of the M,, were measured by light scattering for PAM, and calculated from Equation 2.7 for

poly(AM/NaAA) (see Part A chapter 2). The data for both ionic and nonionic polymers show

the same correlation between lcagm[n]il_w and elution volume. The universal calibration curve
N

i
based on nonionic PAM se~ms to be a reasonable way to determine the molecular weights of

poly(AM/NaAA). log,[n]1M,, was correlated with ¥, linearly in this work

log,ginlM, - C, - G, c, C >0 (3.6)

The values of the parameters C, and C, were found to be 14.59 and 0.4247 respectively with

regression coefficient of 0.995:

log,[n1M,, = 14.59 - 04247V, G0

I£the GPC column, as well as the column conditions are the same, one could expect that

the data points would drop on the curve expressed by the above equation, no matter what kind

of polymer is analyzed.
3.4.2 EFFECT OF CHARGE DENSITY ON ELUTION VOLUME
Figure 3.2a and Figure 3.2b present the GPC chromatograms for PAM and

poly(AI\?[?NaAA) with various hydrolysis degree for two molecular weight fractions (F5HY,
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Figure 3.2a Effect of hydrolysis degree on elution volume for FSHY
(Curve 1: HD =0; 2:10.3%; 3: 16.6%; 4: 34.4%)
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Figure 3.2b Effect of hydrolysis degree on elution volume for HY3
(Curve 1: HD =0, 2: 11.5%; 3: 19.8%; 4: 30.8%)
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chain length r: FSHY r = 1393; HYS, r = 13928). It can be seen that when the hydrolysis
degree (or charge density) was increased, the GPC curve was shifted to lower elution volumes
indicating a higher hydrodynamic volume. This is expected when expansion of the polymer
coil occurs due to electrostatic repulsion which is consistent with the observation that intrinsic

viscosity increases with charge density (see Part A Chapter 2 and Ref.17 for details). A clearer

picture of how ¥, changing with composition is given in Figure 3.3a. The V, decreased with
increasing contents of NaAA for all the fractions of different chain lengths. To compare all

the fractions, the normalized elution volume I7¢ was defined as the V, at various HD divided
by the V, at HD = 0 (i.e., PAM), V, - V,_/V,,. Figure 3.3b illustrates the dependence of 17‘

on the NaAA content. This fipure shows that the 17‘ of fractions of higher chain length

(curves 4, 5, 6) tended to decrease with NaAA content more rapidly than the fractions of

smaller chain length (curves 1, 2, 3).

3.4.3 RELATIONSHIP BETWEEN M_ AND V, FOR PAM AND POLY(AM/NaAA)

iy

Figure 3.4 is a plot of logarithm M, of nine nonionic PAM samples versus elution

volume. A linear relationship was obtained with regression coefficient 0.998:
log,oM,, = 10.78 - 02505V, (3-8)
ie., D] = 10.78, D} = 0.2505 for PAM in the studied region.

e
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of poly(AM/NaAA). The chain length of each curve is
given in Figure 3.3a.
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To find the relationship between M, and ¥, for poly(AM/NaAA) of various NaAA

content, some derivation and calculations were conducted. The reason for this was that it was

difficult to prepare the poly(AM/NaAA) samples which had different M, but had the same
hydrolysis degree or vice versa. The equation for calculating ¥, was derived as the follows:

(1) Applying Equation 3.6 for both PAM and poly(AM/NaAA):

log,Inl.M, = C - GV, (3.9)
log,on], M, = C, - GV, (3.10)

(2) Subtracting Equation 3.9 from 3.10

logy[nl, M, - log,[nl.M, - C,(V, - V.) @3.11)

e

(3) Rearranging Equation 3.11

1 —_ —
‘V" -V, + e (logy[nl.M,, - log,,Inl.M, ) - (3.12)

‘ 2 ‘ e
II¥!
I

(4) ‘Substituting Mark-Houwink equation to Equation 3.12

V, =V, + El-(logmkxmi‘” - log, kM) (3.13)
2

where the subscript "o’ represents PAM, and *x represents poly(AM/NaAA). The values ofa,, k,

for poly(AM/NaAA) with various copolymer composition can be calculated from the following

empirical correlations (see Part A Chapter 2):
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a, - 0.625 + 8.86x10°HD - 2.405x10“HD? + 2.48x10°HD* (.14

log,gk, ~ -3.36 - 2.39x102HD + 696x10*HD*-7.37x10°HD*>  (3.19)
where HD is the hydrolysis degree or NaAA content in mole percent, and x is the NaAA
content in mole fraction (x = HD/100%).

The stoichiometric weight average molecular weight of poly(AM/NaAA) can be
calculated by the following equation assuming that the poly(AM/NaAA) samples have the

same chain length as the parent polymer, PAM samples (the fractionated PAM before

.

hydrolysis)

T “"8 (94.04x + TLOB(L - x)) @7

v,
-,

Y= 710

where E is the molecular weight of the parent PAM sample.

The elution volume of polyE}\M/NaAA) for various values of HD was computed using

Equatjons 3.13 - 3.15. And the molecular weights were calculated from Equation 2.7. These

values of ¥, and M, were then used to obtain the correlation hetween M, and V,. Figure
Wx x

3.5 is the plot of 1ogm'Ilwa versus V, for poly(AM/NaAA) of various HD. The p_;mnmctcrsl); ,D;

A

: i
were estimated by regression of the curves in this figure. (\
AN
. ~

R \\ °
The dependence of parameters D;, Dfon the HD is shown in Figures 3.6. 'Pj"hc values of D}
l
| S N
were higher than those for PAM when the HD was less than approximately 8'mal%. The
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parameter Dé showed trends similar to D{. When the HD was higher than 8 to 9 %,

however, both D{ and D; decreased with HD. This decrease can be described by the

following empirical equations (HD > 9%):
D; - 11.22 - 0.5005log, HD (y - 0.9985) (3.16)

D) - 0.2650 - 0.0148log,, HD (y = 0.9954) (3.17)
where y is the regression coefficient.
If the NaAA content in poly(AM/NaAA) is known and the elution volume is measured,

one can apply Equations 3.16 and 3.17 to find coefficients D‘l' ,Dé, and then calculateﬁ;

by using Equation 3.5.

It is worthy to notice that the Mark-Houwink constant @ had similar trend as D{, Dé did

according to “The previous work."” The value of @ was also higher for PAM than
poly(AM/NaAA) of NaAA < ~ 9 %. These observations may be explained as follows: Without
NaAA, PAM molecules have extended segments of oriented structure from intramolecular
hydrogen bonds between C=0 and NH, groups, according to Kulicke et al.”®!. With low
NaAA content the oriented structure of PAM was partly reduced due to the lack of NH,
groups; in the meantime the number of ionic Coo- group was not great enough to generate
an electrostatic expansion. Therefore the hydrodynamic size of poly(AM/NaAA) was smaller

than that of PAM. When the NaAA content was higher than 8 to 9 mol%, the COO™ groups
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start to "feel" one another. Thus the polymer chains expanded more when the NaAA content

increased.
3.4.4 COMPARISON OF PREDICTIONS WITH EXPERIMENTAL DATA

The calculated elution volume for poly(AM/NaAA) of various NaAA content was
compared with the values by experiments. Also, the molecular weights determined by light

scattering and by stoichiometric calculation were compared with the prediction by the

correlation of log, M, _with V,.
x

(i) Prediction of Elution Volume Shift due to Hydrolysis Degree
The predicted elution volume for poly(AM/NaAA) of various NaAA content was

calculated using Eqﬁhtion 3.13. The predicted ¥, and the experimental data of FSHY and
F3HY are listed in Table 3.1. Tt is seen that the agreement was good.
(i) The Calculated Molecular Weights

The logarithm weight average molecular weights of poly(AM/NaAA) with HD = 10%

and 30% were computed by using Equations 3.16, 3.17 and 3.5. The clution volume of the

polymers was obtained from Equation 3.13. The calculated logw}\_f;x and V, are plotted in

Figure 3.7, together with the experimental data. Because of the difficulty in preparing the
poly(AM/NaAA) with exact values of HD, 10% and 30%, only 3 samples were examined

although many samples were analyzed. Figure 3.7 shows a fairy good agreement between the

prediction and the experiments.

54



Table 3.1  Comparison of predicted and measured elution volume

sample chain HD V. meas V. deviation %
lengthr  (mol%)

sy 1393 0 22.797 22.79699
103 22.539 22.49307 - 0.20378
16.7 22313 22254355 - 0.26197
344 22,068 21.97841 - 0.40599
39.2 21.908 2193440 + 0.12049

F3HY 5642 0 20.781 20.781
6.4 20.545 20.63441 + 043518
9.53 20.530 20.56593 + 0.17501
14.9 20.198 20.3025 + 0.51736
232 19.831 20.0665 + 1.18754
26,0 19.864 199885 + 0.62675
3341 19.793 19.99638 + 1.02752

Average 0.50 = 0.36

34.5 DiSCUSSION

In the application of equations derived in this work, other polymers other than PAM may
be used as standards. For example, an ionic poly{AM/NaAA) sample with known molecular
weight and NaAA content can be employed as the reference. In this case, the subscript ’o’ in
Equations 3.9, 3.11 - 3.13 will represent the reference poly(AM/NaAA). The proceduies to
estimate the elution volume of unknown sample is the same as described before. The
molecular weight of the sample can also be calculated from the universal calibration curve.

For samples with both broad distributions of molecular weight and charge density,
" additional corrections may be needed bééause V, « [n],[m]1M = f(x},0[n]/ax = f(M). For

poly(AM/NaAA) prepared by copolymerization in a batch reactor, heterogeneity in chemical
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Figure 3.7 Comparison of predicted ltnglﬂJr ~ ¥, corrclation with
the experimental data for poly(AM/NaAA)
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composition, such as, NaAA content, can vary in different polymer molecules. In these cases,
multiple detectors and/or orthogonal chromatography may be needed to give valid molecular
weight rn_t::u;urt:mcnl.'8
3.5 CONCLUSION

Universal calibration method is valid for the estimation of molecular weight of ionic
poly(AM/NaAA) using nonionic PAM as secondary standards. The molecular weight of

poly(AM/NaAA) can be determined either by direct application of the universal calibration

method, i.c., using equation M, = amﬁ, or by use of the correlation found in this work,
x °

M, - D\(®exp[-D,()V,}.
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APPENDIX A-1

Preparation of Polyacrylamide on Pilot Scale

The polyacrylamide (PAM) used in this research was prepared on pilot scale. A typical

recipe is listed in Table A1

Table A.1 Recipe for acrylamide polymerization

Acrylamide DDI water*  Versenex 100 K,S.0; Ethanol
(50% solution) (40% soiution) mercapton
3000 g 4300 g 51pgin50mL 0.6 g in 100 10.8 g in 50 mL
DDI water . mL DDI water  DDI water

* DDI water means distilled and deionized water.

The acylamide solution, Versenex 100, ethanol mercapton, and DDI water were added
to an 8 L stainless steel reactor. The solution was then heated to 55 °C and purged with N,
for half an hour. The polymerization was started by the addition of K,S,0; solution. The

mixture was stirred for 3 hours with the temperature control at 55 - 60 °C. e

\\ \ o
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APPENDIX A-2
Evaluation of the Methods for Analysis of Hydrolysis Degree

A. Atomic Absorption Spectroscopy

The hydrolysis degree (HD) of hydrolysed polyacrylamide (HPAI4) was determined by
atomic absorption spectroscopy from the Na content. The results were about 20% lower than
that determined by titration. This might infer a loss of Na* from HPAM during washing with
methanol. A test of the Na content in one sample before immersing and after immersing
supported this hypothesis.

However, a comparison of internal and external standard methods revealed that the
viscosity of the polymer solution may influence the flow rate of the solution, and thus affect
the analysis result. In the external standard method, the calibration curve was obtained from
. a series of NaCl solutions of known concentration, while in the internal method, various
amounts of NaCl were added to HPAM solution (containing 10 - 50 ppm HPAM) and the Na
content in HPAM was determined from the intercept of the calibration curve. The relative
viscosity (viscosity of HPAM sblution divided by that of DDI water) of the HPAM mﬂutinn
was measured with a Cannon-Ubbelohde viscometer. The deviation of hydrolysis degree from
two methods, G, was defined as:

_ HD - HD"
HD"

G

where HD is the hydrolysis degree by the internal method, and HDxis by the external method.

The dependence of G on the relative viscosity of HPAM solution is p!utlcd\in Figure A-2.1.

It is seen that the higher the viscosity, the larger the deviation. g\,‘

i
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B. Effect of Sait and Salt Concentration on Conductometric titration

A test for the effect of salt and salt concentration was done with a HPAM sample (HY7-3)
in DDI water, 1.3x10° M, 2.6x10 M, and 7.8x10° M KCI. The titration curves are compared
in Figure A-2.2. The results show that the titration in 2.6x10% M KClI gives sharpest plateau
region, but lower (1.3x10° M) and higher (7.8x10° M) KCl concentration give worse result,
and DDI water is in the order of middle. Therefore, 2.6x10> M KCl was used for the titration.
C. Comparison of Conductometric Titration with Potentiometric Titration

An evaluation of conductometric titration and potential titration was conducted using four
HPAM samples. The hydrolysis degree of these samples determined by both methods and the
standard deviation are listed in Table A-2.1.

Table A-2.1 Comparison of reproducibility of
- conductomelric titration with potential titration

Sample HD (mol%) from Standard deviation from
Conduct. Potent. Conduct. Potent.
HY6-3 14.2 133 0.92 2.40
15.5 16.7
HY6-6 34.4 31.5 1.06 2.33
32.9 34.8
HY7-1 10.08 9.36 0.57 1.34
9.27 7:47 ,
HY7-3 316" 21.5 038 3.37
Y 31.7 26.7 .
J“:! 32-3 20.4
Average 0.73 2.36

Conductometric titration had better reproducibility than that of potentiometric

titration.
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Deviation G

Figure A-2.1 Deviation of hydrolysis degree from two methods
versus the relative viscosity of HPAM solution
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APPENDIX A-3

Determination of Type and Amount of Non-solvent Needed
for Large Scale Fractionation of Polyacrylamide

In order to find a better non-solvent for large scale (50 L) fractionation of PAM, and
to determine the amount of non-solvent needed to "just precipitate” the first fraction, two sets
of experiments were conducted on small scale (10 ~ 20 mL). In these experiments, non-
solvents, methanol, acetone, or propaﬁol were added dropwise to 5 - 10 mL PAM aqueous
solutions (0.2 ~ 5 %) with a burette (reading up to 0.005 mL). The minimum volume fraction
of non-solvent needed to cause polymer precipitation, y value, was determined by measuring
the turbidity with a UV-Vis spectrophotometer (Spectronic 20).

The change of turbidity with the volume fraction of non-solvents in the whole mixture
is plotted in Figures A-3.1. The y value for thiee non-solvents were read from the curves is
volume fractions where the turbidity just started to increase dramatically: Yiopomu = 0.32,

!

|

Yocene = 0-34, and Ypapana = 042 There‘lfore, the order of the non-solvents for precipitating
. N S .
PAM from aqueous solution was: isopropanal > :\\cetonc > methanol. However, it seemed that
TEAL D .

acetone was superior to the ather two non-solvents since the polymer precipitated by addition
of acetone was readily settled to give a clearer supernatant. Although methanol was the
weakest of three, there are some advantages when methanol is used Lo fractionate the polymer:

(1) The amount of precipitated polymer was smaller, which gave more scope for subscquent
A
N : AN _—
fractionation; (2) It was easier to control the volume added beyonu:{ig‘y\ villue. Therefore, a

S N

combination of acetone and methanol was tested. Acetone was added to 4% PAM water
solution to reach a volume fraction of acetone = 0.3 (just below turbid point 0.34), followed

t’,l
by addition of methanol. Figure A-3.2 compares the change of turbidity with volume fraction
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of non-solvent for 1. methanol added to PAM water/acetone solution, 2. acetone added to

PAM water solution. Case 1 shows less abrupt change before and after turbid point.

The first fraction obtained from the three non-solvents was purified and then dried for

GPC measurement. GPC chromatograms showed that the fraction obtained with acetone was

relatively narrower.

Based on the above results, acetone and methanol were selected as non-solvents to

fractionate PAM samples on large scale. To obtain the first fraction, a slow stage of addition

of methanol was applied after a fast addition of acetone to PAM water solution. For the

subsequent fractions, however, acetone was used to reduce the consumption of non-solvent.

c4 r
—a&— opropanot
—0—- Acetone
03 —a—= pMathanol
i)
=
502
o
JL‘“A/‘
0.1
o~ //:\"\\
% 0\“ 1 L 1 1
0 0.1 0.2 0.3 0.4

Volume fraction of non-solvent

Figure A-3.1: Turbidity of PAM solution varies with volume fraction
of non-solvent. 2% PAM (Mw = 1.1x10%) water solution
titrated with various non-soivents at room temperature
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APENDIX A-4
Huggins’ Constant and Hydrolysis Degree
To describe the relationship between the viscosity of a polymer solution and the
polymer concentration, Huggins (1942)' derived a viscosity equation from a modified Stokes’

law, to account for the interaction of solvent with solute:

2
R [_“_az] + K [31] C
c c Cc=0 c c-0

where k' is called Huggins’ constant which depends on the sizes, shapes and cohesional
properties of both solvent molecules and solute submolecules, but does not depend on the
length of the solute molecuie chain. Therefore, k' is a characteristic of a given solute-solvent

system. It should be the same for solutions of different members of a homologous-polymer

series in a given solvent. This was supported by Schulz and Blaschke’s (1941)* experimental
results who found the same value of &' (0.30) to be satisfactory for unfractionated ang-
fractionated poly(Methyl Methacrylate) of various sizes in chloroform.

Later, however, many authors reported the dependence of k' on many factors, such as,

molecular weight™S and molecular weight distribution,® chain branching,"® comformation

' M.L. Huggins, J. Am. Chem. Soc. 64, 2716 (1942)

(2]

G.W. Schulz and F. Blaschke, J. Prakt. Chem. 158, 130 (1941)

3 W.-M. Kulicke, R. Kniewske and J. Klein, Prog. Polym. Sci. 8, 373-468 (1982)

4 W.-M. Kulicke and H.-H. Héri, Coll. Polym. Sci. 258, 817 (1980)
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of polymer (hydrogen bonding, stiffness),® shear rate,” solvent,™ and the content of ionic
7

groups.
In the present work, a clear trend of k' decreasing with an increase in hydrolysis degree

was observed for PAM fractions of different molecular weights. Figure A-4.1 is the plot of
Huggins’ constant vs. hydrolysis degree. This trend s in agreement with Klein and

- Heitzmann’s results,” but is opposite to the theoretical prediction of liskovich and Kabo's.?
pp p
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Figure A-4.1: Huggins constant versus hydrolysis degree
of hydralysed PAM

‘-/“' [lf‘
S P. Munk, T.M. Aminabhavi, P. Williams, D.E. Ho/fmann and M. Chmelir,
Macromolecules, 13, 871 (1980)

¢ M.H. Rafi’ce Fanood and M.H. George, Polymer, 28, 2241 (1987)

7 J. Klein and R. Heitzmann, Makromol. Chem. 179, 1895 (1978)

8 LA Itskovich and V.Y. Kabo, Pol i Sci. U.S.S.R. 29(9), 2202-05 (1987)
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CHAPTER 1
INTRODUCTION TO PART B -- SYNTHESIS AND
CHARACTERIZATION OF N-ISOPROPYLACRYLAMIDE POLYMERS

1.1 OBJECTIVE OF PART B

The objective of this part is to describe the investigation of the kinetics and mechanism
of heterogeneous polymerization of N-isopropylacrylamide (NIPAM) and NIPAM with N,N’-
methylene bisacrylamide (BAM) in aqueous medium with sodium dodecylsullate (SDS) as the
dispersant. To reach the goal, several technical problems had w0 be solved: L the

determination of the particle concentration; 2. the analysis of ihe microstructure ot latex

particle; and 3. the identification of the role of SDS in the polymerization.
1.2 LITERATURE REVIEW o
|

This section summarizes the work has been done on studies of NIPAM and related
polymers. After this chapter had been finished, a comprehensive review by Schild' about
poly(NTPAM) was published. This review covers all the aspects of the experiment, theory and
application of poly(NIPAM) and thus is a good reference for people studying poly(MIPAM)
related systems.

1.2.1 History of N-isopropylacrylamide and Related Polymers

In 1951, Plaut and Ritter® first reported the preparation of N-isopropylacrylamide |

{

(NIPAM) monomer which has the foliowing structure v
CH, = CH
|
C=0 =

I o
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Six years later, Wooten et al. (Eastman Kodak Co.y* published the first paper about the
homapolymerization of NIPAM. In the 1960’s, most publications were about the preparation
of NIPAM monomer; many of them were patents.” Later, there were a few papers describing
the hydrophillic and thermally reversible properties of NIPAM related polymers. However, the
NIPAM polymers did not attract much attention until the late 1970’s. In the last decade, many
applications and investigations were published about the thermal properties of NIPAM
- polymers. The number of publications about NIPAM and related polymers is summarized in
Figure 1.1 based on a search of the Chemical Abstracts.”
1.2.2 Polymerization of N-isopropylacrylamide

This section reviews polymerization methods, especially free radical polymerization,
applied to prepare NIPAM polymers, and the kinetic study about polymerization of NIPAM
or NIPAM with other monomer.

(i) Polymerization conditions

Most NIPAM polymers were prepared by free radical polymerization in solution or in
suspension. Some of them were;\prepared by solid state polymerization induced by gamma

YA

rays 9,10,1!

, ionic sglylion polymerization™™", and bulk polymerization initiated by heat and
catalyst.'* Table 1.1 summarizes the conditions used in free radical porlymerization of
NIPAM and comonomers.
(if) Investigation of kinetics and mechanism of polymerization
AN
. Studies of the kinetics and mechanism of polymerization of NIPAM is far behind the

studies of the solution properties of poly(NIPAM). Three articles have been published: one

is about homopolymerization of NIPAM,? two are about copolymerization of NIPAM with
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Table 1.1 Reported conditions for free radical
polymerization of NIPAM and comonomers

Medium Initiator(s)* Temp (°C) Reference

water (NH ).8,0/Nu.8,0, 25-32 Waooten(1957)°

" NaBirO /NS, 0, v - 50 Sczlrp:l(l‘)(ﬂ)“

" (NEL) S0 NalHS O, 25 -32 Heskins(1968)"

n (NH,):8:0,/NaHS O, R.T. Chiklis(1970)"

" K.S,0,/NaS,0, NA Khune(1981)"*

" K,S;0. 70 Pelton(1986)"

" (N1),S,0/TEMED R.T. Cole(1987)" -

" | (NH)S,0/TEMED R.T. Pricst(1987)"

" H,0, 27 Meewes(1991)%
chioroform lauroy! peroxide 60 Smidsrd(1969)*
benzene benzoyl peroxide reflux Snyder(1975)

" " 50 Eliassaf(1978)®
methanol AIBN 50 - 70 Chinnlorc(1979)2":
parafin oil (NH.)S,.0/TEMED 20 Hirokawa(1985)"

Tanaka(1985)

benzene/acetone AIBN 60 Fujishige(1987)%

(NH,)S,0,/TEMED NA - Dong(l987)m
benzene or THF or AIBN 50 Cole(1987)"
both
benzene " 49 Schild(1989)"
tert-butyl alcohol AIBN 70 Wintfik(l‘)‘)())”‘“
dioxane AIBN 60 Ringsdorf(1991)*

* 1In this table, AIBN is 2,2-Azodiisobutyronitrile, TEMED is tetramethylethylendiamine.
NA - not available. R.T. means Room Temperature.
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acrylamide (AM).”"* All of -t'hcse studies involved the solution polymerization beliow 32 °C.

In 1957, Wooten et al.? described the aqueous solution polymerization of NIPAM initiated
by persulfate/bisulfite redox system. They investigated the effects of pH and initiator
concentration on the polymerization rate and the intrinsic viscosity of the polymer.

Chiklis and Grasshoff®® prepared the copolymer of NIPAM/AM in .aqueous solution
using ammonium persulfate and sodium bisulfite at pH 6.5. They estimated the monomer
reactivity ratios, r; = 0.50 and r, = 1.00 (M, = NIPAM, M, = AM), by the method qf Fineman
' qnd Ross™. They determined the copolymer composition by carbon analysis at tht; monﬁmer

conversion between 8 - 13%.

1

Priest et al."5, howgi:er, found that fhe cépolymerizatjou of NIPAM and AM was almost
perfectly random (since they found r, = r, = 1.0 which i.mplies:that.: the‘ltwo monomers- are
~equally reactive with each radical)!:}‘jwllen they carried out the polymerization in buffer solution
of pH 7.4 using ammonium pe}:ﬁifale and tetramethylethylendiamine (TMEDM) as initiators.
In their work the copolymer composition was determined by measuring the residual monomer
conéentratio_n with a HPLC equipped with a C,g column. Their analytical method was more

sensitive and more accurate than carbon analysis. However, the composition data used to

compute the reactivity ratios were obtained at high monomer conversion (at least 87%); this

-

is not a valid procedure because when monomer conversion is high (x - 100%) the
copolymer composition approaches to the monomer composition in recipe no matter what
values of r, and r, are.

1.2.3 Molecular Weight Characterization of N-isopropylacrylamide Polymers

N = N

Heskins and Guillet' measured the number. average molecular weight (%,) of

3

ol



o

poly(NIPAM) by osmometry and the weight average molecular weight. (3,) by light
scattering. They found the polydispersity index (PDl = M ‘;,/an) to be 3.45 which was quite

broad. Smidsrgd and Guillet™ also claimed that the molecular weight distribution (MWD) of

poly(NIPAM) was somewhat broader than normal based on their results of gel permeation

chromatography. Snyder and Kloiz® fractionated poly(NIPAM) by dialysis and

chromatography, and measured M, by analyzing the sulphur-containing endgroups and the

weight average molecular weight () by sedimentation. From the fractionation, they obtained

the polymers of iow MWD over a molecular weight range from 100 1o 200,000. Pricst‘_'_ct al.™

Lie

determined the relative molecular weights of poly(NIPAM) and pnly(NlPAMIAM) by size
exclusion chromatography (SEC) equipped with Sephacryl S-400 column.

Three groups investigated the relationship between intrinsic viscosity, dynamic size unt}"

the molecular weight of poly(NIPAM). Chiantore el al.® established the ‘Mark-Houwink

~ equations in water and in methanol using unfractionated poly(Nll’AM), while Fujishige™ and

Kubota et al.'® used fractionated poly(NIPAM). The equations and the conditions are

summarized in Table 1.2. Under the same conditions (20 ‘C, in aqueous solution), quite
. ) N .
I

\J’"

different values for exponent o were obtained: o = 0.93 for M,, by Chiantore ¢t al., @ = 0.50

for M, by Fujishige, and o = 0.5] for 1,, by Kubota et al. The first « value corresponds 1o

very expanded polymer chains, and the other two, however, to the ideal random coils under

theta conditions (see Part A section 2.4). The rca\s% for the disagreement of the data might
< }

\\ . =z .
ube that the p\6iymer samples used by Chiantore would have had a broader mzcular weight

distribution. ‘ - ¢
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‘Table 1.2 Viscosity - Molecular Weight relationship*

Method for : an
Correlation Mw Temp.°C  Solvent ac
Chiantore et al.(1979)%
M] = 4.58x10* M~ unfractionated, 20 H,0
[n] = 2.26x10* Hw‘l‘” PDI =7 ‘ 25 H,0 0.169
[] = 2.99x102 Hwnm light scattering 25 CH,OH 0.201
i?uj'islligc(19s7)“ :
ml = 14.5x10? M fractionated, 20 HO
ml = 9.50%10% }—”-nu.ns PDI =7 27 THF
osmometry
Kubota et al.{1990)"
] = 11.2x10° 7% fractionated, 20 H,0 0.162
PDI=1.2- 14

Rq = 2.24x102 M

R, = 1.60x10% M >

light scattering

Q

* In this table |n) is in cm¥/g, and —g% is in em¥g; Rg and R, are gyration radius and

hydrodynamic radius of polymer chain respectively (nm).

~

.

c
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1.2.4 Propcrty‘ Studies of N-isopropylacrylamide Polymers '

This section covers the studies about the properties of gell solution, and latex of NIPAM
polymers. ‘

(i) Gel properties

See the Introduction in Part B Chapter 4. -

(ii) Solution properties

Most studies-on the solution properties of NIPAM polymers are about their lower criﬁcal
solution temperature (LCST) and their interaction with surfactant. A few are about their
molecular shape and size in dilute solutions which are related with the lllﬂlt.‘.c‘ui:_ll' weight
characterization, and thus classified into section 1.2.3. In this section only? the studies on the
LCST and the interaction with surfactant are reviewed.

(1) Lower critical solution temperature

The most interesting property of NIPAM polymers is the existence of LCST in agueous
solution. The first article about the LCST of puly(NIPAM) WS puhli:ﬁu:d by l-lcskin; and
Guillet' in 1968. They observed that the aqueous sotution of poly(NIPAM) tinderwent plu&c
separation at about 31 °C. The phase separation was endothermic and i‘hc enthalpy change per
unit poly(NIPAM) decreased with increased polymer concentration. They considered entropy:
to be the drivingﬂ force for the phase separation. | ' e

Subsequently, Chiklis and Grasshotf'? studied the phase separation of cdpolyrﬁcrs of
NIPAM with AM, and found that the cloud point tempérmure (T,) of 5% polymer solution

increased with the AM content in polymers and disappeared when AM content was beyond

a value between 34 and 57 mol%.
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Priest et al.™ observed that the addition of more hydrophillic monomer units to the

polymer ‘elevated the T, while more hydrophobic monomers decreased it. Similarly,

” Kungwatchakun and Irie (1988)* studied the effect of hydrophobic units on the T,. They

“introduced a photoresponsive monomer to the NIPAM polymer. The monomer changed to

more hydrophobic conformation upon UV irradiation and elevated the T.. The change was
reversible when the polymer was exposed to visible light.

Taylor and Cerankowski (1975)* prepared several hundred polymers exhibiting T.. On
the basis of theoretical and experimental results, they concludéd that the more hydrophobic
the polymer, the Iow;r the T, in water. They found that the phase sé-parations were
endothermic, and the curves pf cloud point temperature versus polymer concentration \;vere
essentially flat.

Chiantore et al¥’ studied the effect of lateral substituents on polymer .chain

conformation. In their work the steric factors and the characteristic ratios, which are the

measures of flexibility of polymers, were calculated for acrylamide polymer series including

- poly(NIPAM).

Winnik and coworkers® studied the Tc dependence on the methanol content of a water-
methanol mixture, They found that the T, decreased with increase of methanol content up to
a mole fraction 0.35, and then increased with further addition of methanbl. There was no T,
abserved when the methanol mole fraction was higher than 0.45. They interpreted this to be
that the interaction between water and polymer was more imﬁortant when the méthanol
content Qas low, while the interaction between methanol and polymer was more important

when methanol content was high.
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Fluorescence studies bf poly(NIPAM) solution have been published by several groups.
Schild and Tirrell (1989)® investigated the efféct of the hydrophobic. monomer N-
hexadecylacrylamide (HDAM) content on the T, of poly(NIi’AM) by fluorescence probe
techniques. They observed that the T, decreased :m(li the transition region broadened as the
HDAM content increased. Winnik (1990)* measured quenching of fluorescence labelled
o polymer to the study of the phase separation of poly(NIPAM) aqueous solutions. In her work
the energy transfer efficiency was observed,to increase with the elevation of temperature, and
it reacheg a constant value above thg T. Winnik and co-workers™ “also studied
hydrqphq_bically modified poly(NIPAM) by flucrescence labelling and probe techniques. They
dete;:ted the presence of hydrophobic clusters below T, and the disruption of them at T,
Binkert et al. (1991)* applied fluorescence depolarization to study the coil-globule transition
of poly(NIPAM) upon heating through T.. Their findings cbnfirm the conformational transition
from extended coils to a compact globular state of the polymer.
(2).- !__nteraction of Poly(NIPAM) with Surfactants
The tlrst report of the suffactant effects on the solution properties of poly(NIPAM) was
published by Eliassaf (1978).* More recent studies of ‘interaction of poly(NIPAM) with
surfactants have been reported by Schild and Tirrell(‘(1‘989),“3 Ricka et al. (1990, i99'l),“""'“
. Winni;c and co-workers (1991).%%4 Morg'ilctuils are given section 3.1 in Chapter 3.
(iii) Latex properties ' :
The pioneering work on the preparation of poly(NIPAM) latex along with the studies

of the latex stability and electrophoretic mobility was conducted by Pelton and coworkers

(1986, 1989)"*“". The influence of polymerization conditions and recipes on the latex stability
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was studied, and the optima! conditions for preparing quite uniform, stable latex were found."
The effects of temperature and added- salts on the electrophoretic mobility of the particles and
the particle size were also studied.* It was observed that both the diameter and the mobility
of the particles dlsplayed the transition with the temperature; The sharpness of the transition
decreased with the salt concentration as well as the valence of the salts.

(iv) Other Propertics of poly(NIPAM)

Several aultlors“""""'s""’-‘"52 calculated the physical constants, such as the solubility

parameter (8), partial molar volume (¥), density and dielectric constant, of the acrylamide

polymer family by group contribution methods. They calculated the V values for
poly(NIPAM) to be in the mnge 101 - 108 cm®/mol monomer units, and & = 11 (cal/em®)'?
which is close to that of i.«‘;b‘lifopanol (6 = 11.4). Ahmad et al.* found that the values of
diciectric constant decreased with increasing molar volume for the polyacrylamide family.

The glass lempe'rmuré\ (T,) of poly(iglIPAM) was determined by gas chromatography®,
inverse gas chromatography™, and differential thermal analysis. Similar T, values (130
and 134 °C) \vcrc‘:Libtained. |
13 RHEOLOGICAL PROPERTIES |

The rheological proﬁerties of poly(NIPAM) solution varying with temperature were
investigated by Tam et al.® They observed that the viscosity of poly(NIPAM) aqueous
solution decreased as temperature was raised to about 28 °C; And then underwent a sharp
increase as tempemture dppronched the cloud point; The viscosity re'lched the peak value at
the cloud point (ca.31 °C) and then decreased dramatically with the further increase in

temperature. The viscosity peak was interpreted as the intermolecular aggregation by
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hydrophobic bonding.
1.4 SAFETY OF HANDLING MONOMERS
Monomers NIPAM and BAM are toxic chemicals. They can be inhaled or adsorbed by
skin. They can cause disorder of nervous system'. NIPAM is also a suspect of carcinogen.
Hence extra caution is needed when handling these monomers, especially NIPAM sincé it
sublimates easily and adsorbs to skin firmly. All the experiments involving the monomers
were ca;ried out in a fume hood. Two paits of vinyl gloves and a lab coat were used. In case
of contacting skin with the monomers, continuous rinse with water fo;' more than 15 minutes
was used. All the solutions containing the monomers, and the solids, e.g., gloves and paper
towels contaminated by the monomers, should be collected as §vaste and sent to waste centre.
1.5 SUMMARY
Up to date, large amounts of work has been done about the thermal responsibility of
poly(NIPAM) solution, but the studies on the kinetics of thc‘ polymerization is insufficient and
no work has been reported about the Kinetics and ‘mechanism of the formation of
poly(NI?AM) latex particles.
The objective of Part B of this thesis was to study the kinetics and mechanism of the
formation of poly(NIP}\M) latex particles. To realise this goal, the -invesligation on the
interaction between SDS and ”poly(NIPAM), the investigation on the microstructure of the -

particles, and the development of the methodology to determine the particle concentration

were conducted.
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CHAPTER 2

THE INTERACTION BETWEEN N-ISOPROPYLACRYLAMIDE
POLYMERS AND SODIUM DODECYL SULFATE

2.2 INTRODUCTION

As the application of water-soluble polymers increases, the interest in the prnpcrtiﬁs of
mixtures of polymers and surfactants is increasing since, in many of lhé applications, e.g.,
enhanced oil recovery, anti-dcposition of detergent, deinking of paper, polymers co-exist with
surfactants. Inﬁthe past decades, much has been published on the: interactions of surfactants
with well-kliélwn nonionic polymers", such as pnlyclhylﬁnc oxide (PEOYMSaMMILL
polyviny! alcohol (PVA)’, polyvinyipyrrolidone (PVPY*'>7 polyalkyl glycal (PAG)Y,
polyvmyl acetate (PVA(..)M, and polyalkyl cellulose (PAC)™'"¥, In recent years .s'oInu
work has been reportcd about the interactions ln.twccn surfactants and N- |-.0pmpyl.\<.ryl.mmh.
(NIPAM) homopolymer and ‘copolymers! "2,

Eliassaf'® first reported the interaction between poly(N-isepropylacrylamide)
(poly(NIPAM)) and surt‘actant§. He observed that the addition of 1% sodium dodecy! sulfale,
(SDS) caused about a four-fold increase in the intrinsic viscosily of poly(Nll’AM) and
eliminated the phase separation of'.poly(NIPAM) solution up to 100 °C. i—lc attributed these
effects to thé hydrophobic bonding. Schild and Tirrel ™ systematically studied the effect of
surfactant type on the lower critical solution temperature (LCST) af poly(NIPAM). In their

A}

studies on the influence of alkyl chain length of sodium alkyl sulfates, they found that when

_ the chain length n = 4, the LCST decreased linearly with increase in surfactant concentration;

when n.= 5 ~ §, the. LCS'I‘ was depressed at fow surfactant concentrations and increased at

o~
i-

concentrations exceeding the(critical aggregation concentration (CAC or C,). However, when
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n = 10 and 12, the LCST was elevated, and aégregates formed at concentrations five- to
ten-fold lower than the critical micelle concentration (CMC) of pure SDS. Tﬁcy did not
observe a second critical concentration C,. Therefore, they explained this Sy assuming free
micelle formation al. all surfactant concentrations above C,. Winnik and coworke‘rsﬂ'24 studied
the interactions of surfactants-with poly(NIPAM) rand‘hydrophobically modified poly(NIPAM)
by means of fluorescence probe and ﬂuoreécence labelling techniques. They did not observe
the G, for poly(NIPAM)/SDS either. They found that for hydrophobically modified
poly(NIPAM) the. mixed clusters consisted of fatty alkyl groups of the pol);mer surrounded
by surfactant molecules, and that the aggregation number of surfactant molecules per alkyl
group on poly(NIPAM) was ﬁboul 30 for G and. C,, surfactants and about 15 for Cjq
surfnc-tnnts. | |

Rizka et al® investigated the solubilization and conformational transition of poly(NIPAM)
in dilute surfz\cltant solution by dynamic light scattering. They observed that small amounts of
SDS could prevent the aggregation of poly(NIPAM) which occurs in the absence of SDS at
temperatures higher thﬁn the LCST. Also, the cloud point increased to about 38 °C when SDS
concentration w:;s 550 mg/L (1.91 mmol/L). They measured the apparent hydrodynamic size
of poly(NIPAM) at 36 °C in the presence of various SDS levels. They found that the size
decreased, and then increased with SDS concentration, and reached the_same value as thllt
measured at 25 °C when SDS concentrations were beyond ca. 500 mg/L (1.73 mmol/L). They
atlrilﬁtﬂed these to intra- and inter-molecular solubilization. However, they ignored the fact that
the cloud points at higher SDS concentrations (> ca. 500 mg/L) were higher than 36 °C,

according to Schild and Tirrell’s™ and their own findings. Therefore it is improper to



Al

compare the hydrodynamic size at 36 °C when SDS concentration is equal to or greater than
500 mg/L.

Our interest in the interaction of SDS with NIPAM polymu‘s stems from the role of SDS
in the heterogeneous polymerization of NIPAM 'md the cffect of SDS on the propertics of the
latex partic_les and polymers;. The results should provide information about whether free SDS
micelles exist in the polymerization system and whether polymer cha.ins precipitate under the
polymerization conditions, i.e., whether the fqrmation of polymer particles is by micellar or
by homogeneous nucleation. |

To study the interactions between polymers :;nd surfactants, various classical techniques
can be applied"”. Conductometric titration has the advantage of simplicity of operation, and
no disturbance to the polymer structure. It produces accurate results which have unambiguous
physical meaning and agree well with those from other methods, such as surface ti:nsion, gel
filtration measurements’®, Conductometric titration is baséd on the principle that there are
different ionization degrees for ionic surfactants in different states**¥#®:  frec
surfactants, bound micelles and free micelles. At low surfactant concentrations, the surfactants
fully dissociate and display the highest differential conductivity. Whﬁn the surfact:in_t
concentration reaches the first critical concentration C, (or sometimes called critical

[l

aggreg'ulon concentration), polymer-bound micelles start to form. This is indicated by a lower

rate of increase in conductivity due to smaller ionization degree of surf.u.lams in the micelles.

I

When the surfactant concentration achieves the second critical concentration G, free micelles
begin to form and the smallest rate of increase in conductivity appears and this is attributed

to the the fact that free micelles have the lowest degree of ionization. The graphical

©
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illustration of the above mechanism is giﬁen in Figure 2.1
In this work, the influence of NIPAM polymers on the CMC of SDS and the effect of

SDS on the polyelectrolyte features of the polymer were investigated mainly by means of
conductometry. This is the first work which applies conductometry to a systematic study (ﬂ'
the effect of poly(NIPAM) concentration on the CMC of SDS, and the interaction between
SDS and:the copolymeric latex of NIPAM and N,N’-methylene bisacrylamide (BAM).
2.2 EXPERIMENTAL

Materials NIPAM monomer (Eastman Kodak) was recrystallized from a mixture of
toluene and hexane. N,N’-methylene 5isacrylamide (electrophoretis grade; Aldrich), SDS
(biochemical reagent, BDH), and potassium persulfate (analytical reagent, BDH) were uvsed
‘as purchased. Deionized and distilled water was obtained by passing distilled water through
Milli-Q water system (Millipore).

Polvmer preparation The homopolymer of NIPAM was prepared in two ways: (a)

N

Polymer LS12 - heterogeneous polymerization above the LCST - 37.6 g NIPAM dissolved in

490 mL deionized water, followed by addition of 2.94 g 2% (w/v) SDS solution; the solution
was heated to 50 °C and degassed by purging with nitrogen for half an hour, and then 0.28
g potassium persulfate in 7 mL water was added to the above solutin;;. (b) Polymer SS1 -
solution polymeri'zation below the LCST - 20 g 10% (w/w) NIPAM solution was mixed with
43.2 g deionized water and 24.6 g 0.1% (w/w) NaHSO, solution, and then 12.3 g 0.22% (w/w)
pptassium persulfate solution was introduced; the polymerization was carried out at room
temperature (18.4 - 21 °C). The polymers were precipii}lled from the diluent by salt addition

to the warm suspension followed by filtration. The polymer was then redissolved in cold
v
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water, precipitated again, and then washed with hot water. The purified polymer was dried in
a vacuum oven at 60 °C until constant weight.

The latex of NIPAM/BAM copolymer LS6 was prepared using the above method ()
which is similar to that developed by Pelton and coworkers*': 7 g NIPAM and 0.7 g
BAM dissolved in 490 mL deionized water, followed by the addition of 0.059 g SDS in 2 mL
water, and then 0.28 g KPS in 8 mL water after purging with N,; the polymerization was
carried out at 50 °C. The polymer particles were isolated from the medium by
ultracentrifugation at a speed of 50,000 rpm for 0.5 ~ 1.0 hour. The particles were re-dispersed
in cold water and refrigerated over night. The procedures were repeated three times to obtain

clean latexes.

Conductometric Titration Aliquots of 100 mL solution with and without polymers were
transferred o a jacketed tiask connected with a water bath. A 2% (w/v) SDS solution was
automatically added to the above solution (increment of 0.5 - 1.0 mL) with a high-precision
burette station (ABUY3 Triburette, Radiometer Copenhagen). The conductivity of the solution
was measured by CDMS3 conductivity meter (Radiometer Copenhagen). Titrations were
controlled by ALIQUAT™ software running ;Jn a IBM personal computer. In order to keep
constant ionic strength and to simulate the polymerization conditions, titrations \Sére conducted
in 10” and 10* M KCI, and 2.07x10° M pt;tassium persulfate (KPS) solutions. For KPS
solution, a period (165 minutes) at the titration temperature was spent before titration to avoid
the fast decomposition of KPS during titration. After this period, the pH and conductivity of

the solutions were 2.86 and 2820 pS/cm respectively at 70 °C.

Determination of Cloud Point The cloud point of the aqueous solutions of pely(NIPAM)
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was mainly determined ﬁ;om the turbidity measured with a HP 8452 Diode Array UV/Vis
spectrophotometer (Hewlett Packard) equipped with a temperature controller. For lower
polymer concentrations, dynamic lighi scattering (NICOMP 370, NICOMP Particle Sizing
Systems) was used to measure the cloud point from the intensity change since the wrbidity
measurement was not sensitive enough. At high levels of SDS, the cloud point was above the

temperature limitation of the instruments. In these cases the cloud points were determined

visually.
2.3 RESULTS AND DISCUSSION
The intrinsic viscosity of the polyNIPAM SS1 in water at 25 °C was 207.5 cm¥/g, and

1S12 in water at 20 °C was 376.8 cm¥/g. The weight average molecular weights of two

polymers were estimated by [n ] - Mw correlations: 'ﬁT'w = 1.40x10° for SSt from Chiantore’s

equation;® M_ = 8.23x10° for LS12 from Kubota’s equation.® Attempts to measure the,
q w q ]

molecular weight distribution of SS1 a‘ﬁd LS12 by GPC failed due to clogging of the cellulose
filters (pore size O.Zi ~ 0.8 pm), which may be caused by the long chain branching on the
polymers. |

The intensity average diameter of poly(NIPAM/BAM) Intcx (LS6) particles at 25 °C was
466 nm with a standard déviation of 26% by the measurement of dynamic light scattering
(DLS). The interaction of SDS with poly(NIPAM) was studied at polymer concentrations of
0.05 -0.30 % (w/v) at 25, 50.and 70 °C.
23.1 NIfAM POLYMERS AND CRITICAL CONCENTRATIONS OF SDS

Figure 2.2a shows the change of conductwny with SDS concentration at the .|h'~.cn(.t, and

presence of polyNIPAM. The shape of the curves were similar to those of PEQ/SDS! obtained
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from the literature and shown in Figure 2.2b. The curves for polymer solutions depart from
the straight line of SDS alone at a very low concentration and then are linear again at
concentrativiis higher than the CMC of SDS. They show a less sharp transition than that for
the case of SDS alone (no polymer present). The results show a strong effect of polyNIPAM
on the micellization concentration of SDS.

'A clearer picture of the critical concentrations can be seen from the rate :;f change of
' conduc'tivilies with SbS concentration (differential conductivity) plotted in Figures 2.3 and
2.4. Two distinct !tlransilions exist in all the curves for polymer solutions while only one
transition was obswerved for polymer-free solutions. The first transition corresponded to C,, and
“was neﬁrly independent of polymer f:oncemration in the range studied, which agrees with other
polymer systems rcport_ed'. The second transition correspands to C, at which the polymer is
saturated by surfactant. This is the first reported observation of a C, transition for the

N

poly(NIPAM)/SDS system. C,’ was not observed by other authors using fluorescence
methods.™** Beyond G, all of the curves become straight and merge with the lines for

e 2

fi

polymer-free solutions. This suggests that:
5 Q\\_\:\';ﬁ;\

RO only free micelles formed when additional surfactant is added above C;;

(2) the (iissoéiation degree of free fnicelles is the same lgpth in the presence and absence
of 1161)'(NII’AM) (polymer and particles).

As the polymer concentration increased, the C, value increased, but the steepness at the
transition became less and event‘;ially disappeared at a coucentration.of 0.25 - 0.3% polymer,

although the C, was still distinguishable. At the same SDS concentration the differential

conduetivity had a trend showing an increase with polymer concentration. A discussion of the
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above observations will be given later. .

The C, and C, values were obtained from the mid-points of the transitions in first
derivatives which corresponded to the peaks of second derivatives c;f the conductivity-SDS
concentration curves (see the examples in Figure 2.5). At higher polymer concentrations (0.25
and 0.3 %), the C, values were determined directly from the interception of the curve and
straight line instead of using the mid-point due to the absence of a steep descent. The C,
values for poly(NIPAM) in 10% and 10* M KCl at 25 °C were ca. 0.69 mmol/L, about the
same for the two levels of KCi concentration, and are close to the values in distilled water
(free of salt) obtained by fluorescence measurements (0.79 and 0.8 mmol/L).*** For
copolymeric latex of poly(NIPAM)/BAM in 10* M KCl at 25 °C, C, was 2.7 mmol/L, about
three lime§ higher than that for poly(NIPAM). For comparison, the values of C, and‘C,
determined in this work and available in the literature are summarized in Table 2.1.

Table 2.1 Summary of critical aggregation concentrations
and critical saturation concentrations

Critical "PNIPAM in "PNIPAM in  °PNIPAM in  “Poly(NIPAM/
concentrations  103,10* M KCl pure water  pure water BAM) latex
25 °C . 245°C 20°C 25°C
C,x10*(mol/L) 0.69 - 0.79 0.8 2.7
C,x10*(mol/L) 78-15 none none 9.6
observed observed

a - PNIPAM represents poly(NIPAM); this work, polymer (SS1 and LS12) concentration
C, = 0.79x107 - 21x10"* mol/L moncmer units

b - ref.20,21, by fluorescence probe, C, = 0.4 g/L = 3.5x10* mol/L

¢ - ref.24, by fluorescence lable, C, = 0.04 g/L = 0.35%10” mol/L.

d -ithis work, LS6 C, = 4.4x107 mol/L in 10" M KCl -

The C, values found in this work were much lower than the CMC of SDS in salt-free water
‘“7

. . -
(8.0 mmol/LY* indicating a lower free’energy for the formation of polymer-bound micelles
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than that for free micelles. This was proven by Cabane and Duplessix® who found that the
chemical potential of SDS molccul-cs in PEOQ/SDS aggrepates was (L3 KT fower than that in
free micelles.

In the polymer concentration range studicd, the C, values are higher than the CMC of
SDS and increase with polymer concentration nearly linearly as shown in Figure 2.6. This is
in agreement with the observations for the PEO/SDS system."*" The C, values at the higher
KClI concentration (107 M) are slightly smaller than those at the lower concentration (107 M),
e.g., for polymer-free solutions, the CMCs are 8.0 and 7.4 mM respectively, which agrees with
the values and trends in the literature™****_ Tt seems that curves for different salt levels merge
at high polymer concentrations. This may imply a depression of the salt effect nn‘thc
aggregation of surfactant in the presence of poly(NIPAM).

Figure 2.6 can be used as a phase diagram to determine which species exist iﬁ
poly(NIPAM)/SDS system at given polymer and SDS concentrations. 1t is postulated that in
region 1, there are only free SDS molecules and unassociated poly(NIPAM); in region Ii,
poly(NIPAM)/SDS aggregates are in equilibrium with excess poly(NIPAM) and [ree SDS
molecules; in region III, poly(NIPAM)/SDS aggregates are in equilibrium with frcc micelles
and free SDS molecules.

2.3.2 THE AMOUNT OF SDS BOUND TO l’OLY(NlII;AM)

The amount of bound SDS, C, was ()bl:liﬁed by subtracting C,y. from C,. However,
estimating a value for Cp. is not easy. It it is assumed that the amougt of Sri)S in excess of
the CMC of pure SDS is consumgd by binding to polymer, then Cis. equals CMC, Francois

et al.* performed their‘caiculationifor the ionization degree of bound micelies by taking the
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CMC of SDS (8x10? mol/L) as initial Cyg, and obtained the Gy, value of 6.5x 107 after
iteration. Many authors*®*®3=* considered C, as equal Cyg. based on the assumption that
above C,, all the added SDS binds to polymer until saturation.

In this work, we adopted Cabane®, Arai and coworkers™ concept - using (C, - C)} as
the measure of the amount of SDS bound to polymer, G. The G, increased linearly lwith the
polymer concentration as shown in Figure 2.7, which was similar to that observed by Cabane’
for the PEb/SDS system. No dependence ot G, values on KCl concentration (107 and 10 M)
was observed. |
2.3.3 DISSOCIATION DEGREE OF BOUND MICELLES

- (i) Theoretical Considerations “

The general and well-accepted model for surfactant binding to polymt:r.\"“"“"“"""'""""""""'3':'4
assumes a stepwise sequence of several chemical equilibria governed by the law of mass
action. Thus, the binding process is: at surfactant concentration C < C, polymer and
surfactant molecules ate free and there is no binding; at C, < Cyr < C;, most surfactant
molecules are bound to the polymer and in equilibrium with the free molecules; at Cr > G,
the free surfactant molecules are in equilibrium with free micelles and with bound molecules.

According to the manner of surfactant binding to polymer, the general model can include
three mechanisms as il_justrated in Figure 2.8 the surfactant binds (l)_in monomeric form, or
(2) in the form of micelles, or (3) a combination of (1) and (2): The first mechanism can
explain the saturation of polymer by surfactant at C, but cannot explain the critical
ziggregation concentration whigh is similar to CMC. However, the mechanism is reasonable

for non-cooperative binding system as observed by Winnik* for copolymers of NIPAM and
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VC,,‘ substituted acrylamide. The second mechanism can explain most of the binding processes
in which the binding is in cooperative mech_hnism that yields two critical concentrations. This
mechanism is supported by a large volume of fesulfs using fluorescence methods®!*>!8%033¢,
NMR?, especially using neutron scattering® which directly measures the size of polymer-bound
micelles and the distance between the micelles. The last mechanism is for the case where two
binding mechanisms co-exist. Which mechanism is dominant may depend on the nature of the
polymer, and the nature and concentration of surfactant.

The present conductometry results, as described previously, show a sharp transition in all
the polymer solutions at a concentration far lower than the CMC of SDS in pure water. This
suggests the formation of a micelle-like structure between poly(NIPAM) and SDS as proven
by the fluorescence studies®™*. The micelle-like structure may be composed of the
l;}dropllobic group o; poly(NIPAM) and the hydrocarbon tails of SDS> because very littie

interaction has been found between surfactant and polyacrylamide', a less hydrophobic

analogue of poly(NIPAM). Therefore, it is reasonable to use the second mechanism for

cooperative binding to describe the structure. Using this mechanism, the total conductivity L,

of the solution measured at C, is the sum of the contributions from all the species including

bound micelles:

1000L, = Cyehger + Cos-Bps *+ CnarBar + ComBom 1)
where Cpe- and Cy,., Aps- and ‘.A‘Na. are concentrations and equivalent conductivities of free
DS and Na* -‘respcdlively, C,, and A, are concentration and equivalent conductivity of
bound micelles. The quantity C, can be determined from the bound SDS concentrationC,
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and the aggregation number of SDS in bound mizeile, n. Thus,

S G- G . 2.2) -
n S

Con ™ "

The total free Na* should be more than the free DS since some of them form by the

dissociation of SDS in the bound micelles

Cpyr = Cpg- + ————.m 23

where m is the dissociation number of bound micelles, and the ratio m/n is defined as the
dissociation degree, f.
The equivalent conductivity of bound micelles is lower than that of free micelles by a

factor R /R, due to the lower mobility of polymer segments’

R ,
A, =A 2 ‘ 2.4
bm MR ( )

Gx

where R, is the average radius of a bound micelle and R is the average radius of gyration

© of polymer segments between two bound micelles, as illustrated in Figure 2.9,

With the assumption of a spherical form for the bound micelle, R, can be solved for

using tile following equation

9!

0 3
Vi - 4/3n R, - - n (2.5)

v 10%M INd,
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Figure 2.9

Bead-necklace model of SDS micelles bound to
_ poly(NLAPM) chain '
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where V. and v are the volumes of a micelle and a single surfactant chain; M, and d, are
the molar mass and the density of SDS, and N is Avogadro’s number. By applying n = 40
to 47* and d, = 1.16* the R, value was estimated to be about 16 to 19 A which is close to

the value (20 A) measured by neutron scattering for the PEO/SDS system®. © Assuming

that the polymer has the same radius of gyration-molar mass relationship in the presence and

absence of SDS (which is true for PEQ/SDS system in 0.4 M NaBr), the R, value of

poiy(N'[PAM) can be estimated from the equation established by Kubota et al®

R, - 022,M* A (2.6)

where ﬁm is the weight average molar mass of poly(NIPAM) scgments between two bound

e

micelles and is derived as follows

C, - Cpe-
€ - Coglin number of bound micelles per NIPAM unit
C
ncC - . ,
P_ = number of NIPAM units per bond micelle
Cz - C.DS' -

— . nCpMm

M, - —elm @7
wx Cz - CDS- .

where C,cis the polymer concentration (mol/L. monomer units), M, is the molar mass of a

-
P

monomer unil.
Considering the expansion of polymer chains caused by clectrical repulsion between the
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bound micelles, one can make corrections for the radius of gyration using a factor ¢, where @

is a function of the charge density on the polymer chains. It equals unity for SDS-free
solution. For various SDS concentrations, its value can be estimated from viscosity data as

will be discussed later,

~

The equivalent conductivity of free micelles A can be calculated after Van
Ryssclberghe® using

2 .
A, ~ _'"E Ds- (2.8)
n

)“

' To determine the aggregation number of SDS in a bound micelle and the dissociation

degree of the micelles, a combination of Equations (2.1) ~ (2.5) and (2.8) can be used

- 2 R
1000L = Cpo-Apg-+ Ay (Cpge + ——22m) + T —E B (C,=Cpg) 29
n n41'3 RG:

where L is the net conductivity obtained by deducting the initial conductivity of the solution
from the total conductivity L,. The Rg_ is first calculated using Equations (2.6) and (2.7) and

then corrected for the temperature and charge effect by a factor of 1.49 which was estimated

from the. viscosity measurements™*. The A,. is computed using equation®

Ay = Ag(1 - ayfc + be) (2.10)

\

where A, is the equivalent conductivity of Na* (Q'cmequiv.™) in infinite dilute solution,a

and b are parameters, the respective values of which are 0.70 and 0.74 for NaCli solution at

25 °C, and ¢ is the molar concentration of the ion. Taking all the extra salt effect into

&
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“account, the ¢ includes not only free Na* at CAC, but also the added K!, the dissocinted Na*
and the polyelectrolyte. The value of Apg- and its concentration dependence are estimated

from the conductivity of polymer-free solution below the CMC:

Apg- = (1000L - Ay..Cy )/ Cps- : (2.11)
(if) Calculation of Dissociation Degree

Based on the results that the bound number of SDS per NIPAM unit decreases with

polymer concentration, it is assumed that at various polymer concentrations, the size of the

bound micelles is the same, but the number of bound micelles varies. Doing this, the R, was

found to increase with poly(NIPAM) concentration. To solve for the dissociation number, m,

using Equation (2.9), R,, = 16, and the calculated values of Rg,, Ay, and Ap,- were used,

and the aggregation number of SDS in a bound micelle, n, was chosen to be 40. The n value

~ was chosen as suggested by results in the literature""ﬁ'“:;”. Tﬁc reported n values were: for
PEO/SDS system, 35 ~ 50 in distilled water"**", and about 45 in 0.1 M KCl'; for PVP/SDS
system, 30 ~ 45'%; for hydrophobically modified poly(NIPAM)/SDS, 30 in distilled water™,
Therefore, a value of 40 for poly(NIPAM)/SDS system is reasgnablc. Morcover, the results

from the estimation of values of m and n by trial-and-crror methods support the obscrvation

that the aggregation number is about 40. In this estimation, a series of values of n were used

i

in the range 30 ~ 50, and the optimum m values were calculated by setting the a minimum
difference between the calculated conductivity by Equation (2.9) and the measured value. A
set of values of n and m were then obtained at these minima. These calculations yieldedn
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=42 x3in 10* M KCl, and 41 = 1 in 10 M KCl; B = 0.30 = 0.02 in 10* M KCl, and 0.31

= 0.01 in 107 M KCL

Considering the effect of ionic strength on the equivalent conductivities, an initial value

“of 0.4 for B was used to calculate A,,. and Ap,-, and then the new value calculated by

solving Equation (2.9) was used to make a correction for the ion concentration until

became constant. The calculated dissociation number m is in the range 17 ~ 20, and the

dissociation degree  is in the range 0.42 ~ 0.51. The values of m and p for 10° M KCl

are somewhat lower than those for 10* M KCI as shown in Table 2.2. The m and B seem

to increase slightly with polymer concentration for 10 M KCI but there is no obvious trend

for 10* M KCI. For comparison, the m and p”for polymer-free solution, calculated from

Equation (3.12) by using n = 65, are also listed in the Table 2.2.

Table 2.2 Dissociation number and dissociation degree of the micelles

Original poly(NIPAM)

In 1.0x10* M KCI

In 1.0x10° M KCl

concentration
% (Wiv) m p m B
0. 13.5 0.20, 13.5 0.20,
0.05 16.5, 0.415 16.9, 0.42,
0.10 19.0, 0.47, 18.9, 0.47,
0.15 1914, 0.48, 18.1, 045,
0.20 19.5, 0.48 18.2, 0.45,
0.25 20.25 0.50, 18.6 0.464
0.30 18.1, 0.45, / /

>
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234 TEMPERATURE EFFECT ON C, AND p

Figure 2.10 gives conductivity titration curves for 10* M KCl and poly(NIPAM/BAM)
fatex (0.06 wt.% LS6) in 10* M KCI at temperatures 25, 50, and 70 °C. The CMC of SbS
in 1.0x10° M KCl are 8.0, 8.5, 11 mM at 25, 50 and 70 'C respectively, that is, when the
temperature increases the CMC of surfactant increases.' In the presence of 0.06 % cross-linked
poly(NIPAM) latex, the critical micelle concentration rose to 9.0 mM at 25 "C, however its
values were the same as those of polymer-frec solution at 50 and 70 °C. This implies that at
a temperature above the LCST of poly(NIPAM), the interaction between SDS and
poly(NIPAM) occurs in another manner due to the precipitation of polymer chains, or the
association between polymer and surfactant decreases. Compared with the procedures for
polymer solution, the method to determine the dissociation degree of polymer-free solution

4.20,27,36

is much simpler. A widely applied equation was used for this purpose:

2
m’ m
10005, - ;;E(IOOOSI " Ae) + oy, (2.12)

where m’ and n* are respectively dissociation number and aggregation number of free

micelles, §, and S, the slopes of conductivity-concentration curve before and after the CMC.

The A,,. values at 50 and 70 °C in this calculation were interpolated from the data given in

the literature®® and then corrected for ion concentration by Equation (2.10). The aggregation

143,44

number of free micelles n* = 65, a value for free micelles in water was used to

calculate the dissociation number in dilute KCI solution, because, according to Lianos and

Zana’s study*™*, the aggregation number does not increase much with salt concentration
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unltess it is above 0.4 mol/L, and thus in 107 ~ 10° M KCl it should be almost the same as
that in water. Assuming that same aggregation number is valid over the studied temperature
range, the dissociation degree was found to increase with temperature, from 0.21 25 Cuwo
0.25 at 70 °C. The calculated dissociation number and dissociation degree for KCl solutions
and poly(NIPAM) latex in KCl solution are listed in Table 2.3. In order to investigate whether
potassium persulfate (KPS, free-radical initiator used for polymerization of NIPAM) aflects
the CMC of SDS, a coriduclivity titration in 2.07x107 has been performed at 70 °C. The result

in Tables 2.3 shows that the effect of KPS is similar to 10° M KCI.

s

Table 2.3 Temperature effect on the CMC of SDS, G,
dissociation number and dissociation degree of SDS micelles

Solution Temperature  CMCx10*  Cyxl0? m i
O (mol/L) _ (mol/L)
10* M KC! 25 8.0 / 13.5 021"
50 85, / 144 0.22
70 11, / 154 0.24
10" M KCl 25 / 9.0 / /
+0.06% latex 50 !/ 8.5 / N
70 / i / /
10* M KCi 25 7.4.* / 13.5 0.21
50 9.04 /. i52 023
70 10.* / 163 025
2.07x10* M KPS 70 9.0, / 163 025"

* Two to four repetitions gave same values.

23.5 INFLUENCE OF SDS ON THE CLOUD POINT OF POLY(NIPAM)SOLUTION
Usually, when a polymer is in solution with an ionic surfaclant, the solul_)i[ily of the

polymer is enhanced due to, the "polyclectroiyte ci'l'ccl;', which resuits in an clevation of the

cioud point'. This phenomenon was observed by many authors for hydrolysed PVAc, methyl
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cellulose and other palymers', and for poly(NIPAM)Y®+*_In this work, the cloud points -
of poly(NIPAM) ini aqueous solution containing 0 ~ 20 mM SDS were determined for tﬁ:o
levels of the polymer concentration. The results are plotted in Figure 2.11 compared with the
data from Ref.(20) and Ref.(45). The cloud point increased at SDS concentrations above ca.l
mM, which represents the onset of the association. This agrees well with the data of
references(20, 24). The increment of cloud point with SDS concentration began to 1-'educe at
aboul C,. This phenomenon can be explained as cease of the expansion of poly(NIPAM) due
to the saturation of polymer by bound SDS micelles.

It is worth mentioning that the poly(NIPAM) solution of higher concentration (1%}
displayed greater elevation of cloud point than that of lower concentration (0.5%) at the SDS
conccﬁtration beyond ca.2 mM. This contrasts to the observations for surfactant-free
poly(NIPAM) solution™*¢, although the two curves are both lower than that obtained by
Schiid and Tirrell®. In their work, Ricka et al.” found that the cloud point decreases with
polymer concentration in the range of 10° to 10" % (w/v). Similarly, Heskins and Guillet®
founll fhal the cloud point decreases and thenlincreases, and the LCST is at a polymer
concent;ntion ca.15 %. According to the above observations, the cloud point of 1.0 % polymer
solutim{}‘musl be somewhat lower than that of a 0.5 % solu;ioﬁ. This may suggest that the

I
1
I

|I . - . v .
existenc‘h‘. of SDS not only elevated the cloud point, but also shifted the LCST to the lower
| | ‘ | ’

polymer concentration.

|
i
|
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2.3.6 DISCUSSION
(i) Effect of Polymer Concentration on the Sharpness of Transition and the Differential
Conductivity
In section 2.3.1 it was shown that the transition at C, became less sharp and the
differential conductivity tended to lower values at higher polymer conc'cnlrmion.‘ Winnik ct
al.2 also reported a broad transition range rather than a sharp one for a solution of 1.87 g/
p-oIy(N1PAI\/I/N-C“J substituted acrylamide) (poly(NIPAM)/Cm). They pointed out that this is
idifferent (m'gl observations with other polymers such as PEO, PVP, HPC or poly(Nll’AM)
I-Ioweveu’, the concentration = of poly(N!PAI\‘l)/Cm was significantly higher th.m the
poly(NIPAM) concentrations 0.4 g/L™ and 0.04 g/L¥, and the HPC concentrations 0.3 and 1.0
* g/LY. These agree {vitﬁ our observation that the sharpness of transition dccrcusml”wilh polymer
concentration.
The decrease of the sharpness and the differential conductivity with polymer
concentration may be caused by the yiscosity efi‘eéL According to Falkenhagen et al (1952),

~ Wilshaw and Stokes (1954), at a given electrolyte concentration the equivalent conductance

of ions is proportional to the viscosity ratio m "zo[q soim’ Be =M uzo/"lsaw where “soln"

represents  solution. Thus the higher the solution viscosity, the lower the equivalent
conductance. This is reflected by the decrease in the differential conductivity with polymer
concentration. At a given polymer. concentration, the viscosity of ll_)f: solution incrcnsc§ with
increase in SDS concentration due to the polyelectrolyte feature of the SDS-hnuml polymer.

Tam et al® found that the viscosity of 1 wt.% poly(NIPAM) at Cgpg = 1.0 wt.% was about

3.4 times of that at Cgpg = 0&12 wt.%, i.e., 7 n,ol N, decreased 3.4 times. The extent of the

«
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decrease will be higher for higher polym.er concentration. This may explain why the curve of
differential conductivity was less sharp for solutions containing more polymer.

(ii) Dependence of Specific Binding Number on Polymer Concentration

Based on the analysis and assumption presented in section 2.3.2 the specific binding
number of SDS per NIPAM unit N, decreases with poly(NIPAM) concentration. When |
assuming no dependence of the size of bound micelles on bolymer concentration, then two
explanations arc'possible for this phenorﬁenou: (1) at relatively high polymer concentrations, -
the number of hy\drophobic sites available for binding SDS is diminished due to the dynamic
entanglemeént among polymer chains, and thus the number of bound micelles is reduced; (2)
the binding mechanism changes from that of the micelles sticking on the polymer chains to
polymer chains wrapping the micelles. Alternativelly, if assuming independence of number of
bound micelles, then the decrease of N, with polymer concentration can be attributed to the
rc(lucti;)n of micelle size (as observed by Winnik'® in the HPC/SDS system). This reduction
may be caused by the “"salt effect”, that is, the polymer in association with SDS acting as an.
added salt, or by the wrapping mechanism. To clarify the real reason, direct methods, such
as neutron scauc‘ring, are needed to measure the size of the micelles.
2.4 CONCLUSION

This work has provided new information on the effect of poly(ﬁ[PAM) concentration on
the interaction between poly(NIPAM) and SDS: (1) the C, increases linearly with increase in
poly(NIPAM) concentration, which is in agreement with other polymé}-surfactant systems'*®;

(2) the amount of SDS bound per NIPAM monomer unit at the saturation is in the range 2.1

to 0.7, decreasing as the polymer concentration increases; (3) Based on an aggregation number
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of 40 SDS molecules in a bound micelle, the dissociation degree of the bound micelles is in
the range 0.42 to 0.51, relatively independent of poly(NIPAM) concentration, while slightly
higher for lower KCI concentration; (4) the cloud point of 0.5, 1.0 % (w/w) poly(NIPAM)
aqueous solution increases with SDS concentration. The increasing extent of cloud 1;|’1roim I8
larger for more concentrated polymer solution. This results in a higher cloud point for 1.0 %
poly(NIPAM) at SDS concentration above ca.2 mM in disagreement with the resuits for
surfactant-free poly(NIPAM) solutions™*

The results of this work support the homogeneous nucleation mcch:mism of polymer
particles in the studied heterogcneous polymc.nzauon of NIPAM or NIPAM and BAM, since
the SDS levels employed in the polymerization are much lower than C, and the
- polymerization temperature is higher than the cloud point of poly(NIPAM) in the presence of
SDS. |
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CHAPTER 3

MICROSTRUCTURE OF POLY(NIPAM) AND
POLY(NIPAM/BAM) LATEX PARTICLES

3.1 INTRODUCTION

The study on cross-{n‘nked .poly(NIPAM) gels started in mid-1980’s because of their
thermally reversible swelling with water offered many possible applications. These included
controlled release of immobilized enzymes,' drug delivery,® and selective absorption.*’
Some investigations about the volume phase transition of poly(NIPAM) gels were carried out
:by Tanaka’s group,*™*™° and some by other gx"oups.l"‘2'”"‘“'1S The preparation of
poly(NﬁAM) gels with various structure and compositions wz;s desgribed in recent

-

publications, 1718120

Thé objective of this work was to determine the microstructure of poly(NIPAM) [;értic]es
| prepared by the polymerization above th'e lower critical solution temperature, LCST. The
microstructure information will be used to analyze the mechanism of particle formation. The
microstructure, such as cross-linking density and density distribution, is related to the swelling
behaviour of the polymer. Therefore, the swelling behaviour o“f poly(NIPAM) particles at
various temperatures and various polymerization time (or monomer conversions), and the
particle size distribution gt different temperatures and in different solvents, were studied to C
obtain the information about the microstructure of poly(NIPAM) particles.

" 32 THEORETICAL CONSIDERATIONS

This section describes the theoretical basis of the swelling behavi:)ur of cross-linked

polymeric particles, the formula of various particle size distribution, and the principles of two

techniques, dynamic light scattering and centrifugal sedimentation, which are employed to

120



determine the particle size and size distribution.
3.2.1 Dependence of Swelling Ratio on Particle Size and Composition
Flory® considered that the free energy change of mixing pure solvent with a polymer

network in a bulk form consisted of two parts: the free energy of mixing A F,_, and the clastic

'freﬁ energy AF,:

AF = AF, + AF,, = | @.1)

[
For the polymer without network but in a form of micro-spheres, the elastic contribution is

absent; Morton et al.Z considered that the free energy included the contribution from the .
: gy e cont |

_ interfacial energy and from mixing:

AF - AF_ + AF, \ 3-2)

For the micro-spheres of cross-linked polymer, all the contributions by mixing, slrctf:hing of

the network and expansion of surface should be included
AF = AF, + AF, + AF, (3-3)

where AF, = free energy of mixing is given by

AF, = kT(nInv, + xn,v,) (3.4)

AF,, = elastic free energy caused by the expansion of network struclure is:

AF, = BkTv2)(e? - 1 ~ lﬁa) (3-5)
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AF, = interfacial frec energy between the latex particle and the medium which opposes
the swelling force.
The latter term can be expressed as follows. Considering the increase in radius dr is

caused by imbibing of dn, moles of solvent, the increase in interfacial free energy is:™

2d"171'!r

AF, - 8xrdry + 4xridy - + 4nridy (3.6)

rN,

where k is Boltzmann’s constant, T the Kelvin temperature, y the polymer-solvent interaction

parameter, vl and v, the volume fraction of solvent and polymer respectively, n, the number

of solvent molecules, v, effective number of polymer chains in gel, r radius of particle,y

interfacial energy, Vl molar volume of solvent, and e the linear swelling ratio defined as

&= VP - @IOP G.7)

where V and V, are respectively the volume of the gel at present state and reference state,

and ¢, the volume fraction of polymer in the gel at the two states.

The chemical potential of solvent in the swollen gel is given by

. AF, AF,) (aa 3AF
| 1 TP T, 1 T.p 1 TP )
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where N, is Avogadro’s number. The partial derivative of & to n, was derived by Flory™

(8a/dn)pp = ViI3a*VN, (3.9
Substituting Equations (3.4) - (3.6) and (3.9) to Equation (3.8), and at swelling equilibrium

the left hand side of Equation (3.8) p - p, = 0, one can obtain the following equation:

2V,y {4nr’N,\( dy
+ ‘-
RT " RT )|\,

Tn(l - Y+ b + Z_E n_1
[In(1-$)+d+x 7] ‘V_NA[@)M‘) 2(‘blfb.)]

(3.10)

The above equation describes the dependence of the volume fraction ot polymer on the

particle size and the interfacial energy.

If the interfacial energy is nearly independent of the amount of solvent, i.e., dy/dn, ~ 0,

as Morton et al.2 assumed in their derivation, Equation (3.10} can be rearranged as:

2Viy -9+ Vv VN, [619)" - @14012)

X @1y
r¢?RT ¢

For a given solvent and a fixed temperature, x is assumed to be a function of only the
polymer composition or cross-linking density. Therefore, if the swelling ratio is measured for
a series of latex particles of the same cross-linking density, but of various particle size, the

values of % and y may be determined from the intercept and the slope ol the plot of right
0

hand side of Equation (3.11) versus (y$%)™.
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3.2.2 Particle size distribution
The particle size distribution of polymeric particles can be described by two distributions:
normal distribution and log-normal distribution. Since most polymer colloid populations are

skewed, log-normal distribution is more often used.

Normal distribution In this distribution, the particle size distribution function is given by:

D) - —L—expp- L=DF, (3.12)

27 g 2 0%

Lop-normal distribution In this distribution, the distribution function is:

FD) = -\/—_—_}-—exp[—(lnD-lan/Zc:i] | (3.13)

211!08

where D and D are respectively particle diameter and mean diameter, D, is geometric mean

diameter defined as the diameter at the curaulative probability of 50%, Dse; © and o, are

standard deviations of normal distribution and log-normal distribution. They are defined as the

ditference and the ratio of diameters at 84% and 50% cumulative probability after Woods:®

g = Doy S (3.15)
§ DSOS '

From Equations (3.12) and (3.13); it is seen that the normal distribution is different from -
the log-normal distribution. In this work, both dynamic light scattering (DLS) and centrifugal
sedimentation (CSD) were used. The software of DLS equipped with the instrument offered

normal distribution analysis; while that of the CSD only gave the raw data of particle diameter
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and the fraction. Therefore, in the comparison of the particle size distribution determined by
the two methods, the same distribution type, log-normal distriluﬁion. was obtained by
converting the original data. Details will be given later.

3.2.3 Principles of Dynamic Light Scattering and Centrifugal Sedimentation

Dvnamic Light Scattering, ' :

The Brownian movement of particles causes fluctuations in the intensity of scattered

light. The decay of the fluctuations are described by the decay constant T which is inversely

proportional to the particle diffusivity D

k=2 DK

where K is the scattering wave vector. This is a function of refractive index of the medium
n, the wave length A, and the scattering zlngleh(')

K= (4 rmn/})sin (0/2)
The particle diffusivity is related to the particle radius R by Stokes-Einstein cquation

D=kT/6xmR

where k is the Boltzman’s constant (erg/°K), T Kelvin temperature (°K), 1 viscosity of the
medium. From this analysis, one can obtain an intensity average, and then a volume average
o

for the size of the particie.

Centrifugal Sedimentation

The sedimentation time t (sec) for a single particle of diameter D (em) is determined by

Stokes’ equation

-
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p - [18n.nex) ¥ (3.16)
(p-plwi®)t

where 7, is the viscosity of the dispersion medium, p and p, are densities of particles and
dispersion medium (g/em®), x, is the distance between the centre of rotation and the

sedimentation plane (cm), x, is the distance between the centre of rotation and the measuring

plane (cm), and w(t) is the rotational angular velocity (rad/sec).

In a given medium and a fixed instrument, the time required for a particle passing by the
measuring plane varies with the particle size and particle density. Therefore, if the particle
density is constant as usually assumed, the particle size is determined by the time t. The
number of the particles at a time t is calculated from the amount of transmitted light by the

following equation:

’ [
log,l. - logyef; = CZKD)N,D; (3.17)
i=1
where I, is the intensity of light beam at the sample, I, is the intensity of light transinitted

through sample, C is the optical coefficient of lﬁé cell and the particle form, k(D;) is the
absorplidn coefficient of particles of D;, and N; is the number'.‘of iiarticles of diameter D;. The
value of D; is computed using Equation (3.16).

The data obtained by the above equation are an area based distribution. The volume based

distribution F, is calculated by the following equation:*

e
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(logyl. - log,f) x D,

E[GDSIJ._ = lngIi) x D]

F, =

(3.18)

From the above equations, the particle size and size distribution can be leaincd.
3.3 EXPERIMENTAL _

Particle diameters were determined by dynamic ligh‘t}: scattering (DLS). The DLS
measurements were conducted with a Nicomp 370 Autodilute Submicro Sizer (Nicomp
Particle Sizing Systém,.‘l':U.S.A.), which was equipped with a HeNe laser light source
(wavelength 632.8 nm) and a computing software (version 10.3). The intensity af scattered
light was detected at an angle of 90 °. The particle diameters were determined at various
temperatures. The swelling ratios of the particles were calculated from th; dinmeters or
volumes determined by DLS at 25 °C divided by those at 50 °C.

Particle diam:;ters were also measured by centrifugal sedimentation. The CSD
measurements were carried out with Particle‘Size Distribution Analyzer (CAPA-700, Horiba,
Ltd., Japan). A gradient mode of acceleration rate 960 rpm/min with a maximum final speed
of 10,000 rpm was used to achieve a good fractionation. The light source for particle
concentration was Green LED of wavelength about 560 nm. The transmitted light was
measured by a Silicon photo-diode detector. Acetonitrile was used as the dispersion medivm
because of its low viscosity, low density and poor swelling c#pability for poly(NIPAM/BAM)

particles.

3.4 RESULTS

—
=

The ratios of the particle size measured at 25 °C to that at 50 °C were measured as 2
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function of monomer conversion, particle size and temperature. The results were used to

investigate the microstructure of the poly(NIPAM/BAM) particles. The effects of temperature
and solvent on the particle size and size distribution were a.nalyzed. The particle density and
density distribution were then investigated by comparing the particle size distribution
determined by two different methods, DLS and CSD.
3.4.1 Swelling Ratio and Monomer Conversion and Preparation Temperature

The swc.llmg rano of the particles from three latex samples (LS1, LS6 and LS10} is

plotted against reactmn time in Figure 3.1. In all the cases, the swelling ratios were the lowest
at the beginning and then increased rapidly to an almost c-c\)nstam value.

The swelling ratio as a function of total monomer conversion is given in Figure 3 207
interestingly, the swelling ratio did not increase with the conversion all the time but decreqsed
beyond certain conversions. This phenomenon can be explained by examining the relationship
l;et\vecn swclliné ratio and BAM content in polymers as shown in Figure 3.3. The BAM

content was the highest in the earliest stage of the particles and the lowest in the latest stage

of the particles due to the higher reactivity of BAM relative to NIPAM (see Part B Chapter

5). As a resull, the swelling ratio became higher with the increase in reaction time. However,

this was not the case at BAM content beyond certain v'|lue for LSl and LS10. This may
suggest llu. existence of unreacted pend'\nt double bonds of BAM. Some of double bonds of

reacted BAM monome s mi ight not cross~lmk at early smges of polymerization. They might

D

Tk

react later! and produce addmoml cross-links, whlch could cause the swellmg ratio to decrease

at lhc later stages Iol’ the polymcrization.
- . . D

B

5
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Figure 3.1: Swelling ratio of poly(NIPAM/BAM) varics with reaction ﬁin‘ic

BAM content 0,068 mole, polymerized at 70 °C with SDS (LS1)
0.409 mmol/L, (LS10) 2.45 mmol/L; polymt.m.cd at 50 °C (1.S6)
with 0.409 mmol/L SDS =
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Figure 3.2: Dependence of swelhﬁg ratio on total monomer

conversion. The conditions for preparing LS1,
5196 and LS10 are presented in Figure 3.1.
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10

o BAM in polymeric particles (mol%)

= 0 LS6
LSt
m|S10 |
" reaction time increases
il ——
7 8 9 10 11

12

Figure 3.3: Dependence of swelling ratio on BAM c_ome"nt

in polymeric particles
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3.4.2 Swelling ratio and SDS Level in Polymerization Media

Figures 3.1 - 3.3 show that the particles prepared with a high SDS level (2.45 mmol/L)
had higher swelling ratios than those with a low SDS level (0.409 mmol/L), even though the
particles contained the same amount of BAM (see Figure 3.3). This implies that the particle

size may influence the swelling extent because the diameter of LS10 was the smallest (the

diameters at 25 °C: LS10, 140 nm; LS, 430 nm; LS6, 500 nm).

3.4.3 Swelling Ratio and Particle Size

Four latex samples (LS1, LS2, LSS, and LSIO) with the same BAM content but different
average particle sizes were prepared using the same recipe except for the SDS concentration
(see Part B Chapter 5 Table 5.1). Their swelling ratios (diameter at 25 °C over that at 50 °C)
are plotted against the inverse of particle radius (by DLS at 50 °C) in Figure 3.4. It is seen
that the swelling ratio increased linearly with the reciilzrocal of the particle radius, i.e., the
smaller the partiéles, the greater the swelling extent. Morton et al.2 also observ%i the similar
phenomen(;n for polyslyrene latex particles in various solvents including styrene, toluene and

chlorocyclohexane. They interpreted their results as the balance between the interfacial energy

" and the soivency effect. They also reported that their results could be predicted by theory -

which was represented by a equation similar to Equation 3.11 but without the-elastic term.

Y

3.4.4 Particle 'Siic and Measuring Temperature

* In this section all the particle diameters were measured by DLS in various solvents.

(D I:;micles of different cross-linking density
:/J'
A comparison of diameterﬂempjfrature curve for two latex samples (LS1 and LS13) with

1t :
' BAM mole traction 0.068 and 0.128 respectively is given in Figure 3.5. The same volume
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Figure 3.4: Dependence of swelling ratio on the inverse
of particle radius poly(NIPAM/BAM):-BAM
content was 0.068 mole fraction, polymerized
at 70 °C using various SDS concentration
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Figure 3.5: Dependence of particle size of poly(NIPAM/BAM)
on temperature. BAM mole fraction: LS1 0.068;
LS13 01128 =
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phase transition temperature, T, (ca. 34 °C) was found from two curves, although the bottom
one (lower BAM content) had sharper diameter change around T

(i) Particles at ditferent conversion

Figure 3.6 displays the temperature g:ffect on the diameter of homaopolymer of NIPAM
at conversion 8.9% and 100%. The same cloud point temperature, T, (ca. 32 °C) was
abserved for the two samples. The LSS-8 (lll(l%.convcrsiun) sample had @ much larger size.
at temperatures abdve T., but was less swollen below the T, than was the 1.S8-2 (8.9%
conversion) sample. An explanation for this is given later.
3.4.5 Particle Size and Size Distribution

(i) Particle size distribution and temperature

In Figures 3.5 and 3.6, the open squares and diamonds represent the intensity average
diameters, the solid ones represent the volurﬁe average diameters. The differences between two
averages were greater al temperatures below T, for poly(NIPAM/BAM) (Figure 3.5), or below
T. for poly(NIPAM) (Figure 3.6). This implies a broader particie size distribution (PSD) al
lower temperature since the difference between the two averages is a measure of the width

of the PSD. The lager the difterence, the bigger the standard deviation. For lllnll(I}.lli.\‘|)t:l'Sl:tl
particles D, = 5,. Figure 3.7 is a plot of standard deviation of Cizms.;i:m distribution by
DLS against temperature. The standard deviation: showed @ dramatic increase when
temperature was lower than T..

(ii) Particle size distribution and conversion

Figure 3.6 gives the temperature dependence of diameter for two poly(NIPAM) samples

taken at different monomer conversions: LS8-2, x = 8.9%; LS8-8, x = 100%. Interestingly,
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Figure 3.6: Hydrodynamic size of poly(NIPAM) (LS8) in
walter versus temperature. Monomer conyersions:
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at temperatures above T, the diameter of LS8-8 was larger than that of LS8-2; At

temperatures lower than T,, the diameter, as well as the difference between intensity average

and volume average of LS8-8 were smaller than those of LS8-2. This suggests that the

poly(NIPAM) chains at different conversion had different structure - more compact structure

at higher conversion.

(iii) Particle size, PSD and solvent

i

. s . . .,
Table 3.1 is a summary of LS1 particle diameter measured in various solvents. It is found

that among the studied solvents, isopropanol is the best, acetonitrile is the poorest, although

they have similar values of solubility parameters. Probably, this is because isopropanol has

hydrophobic isopropy! group as well as polar hydroxyl group, which provide best association

with NIPAM repeat units.

Table 3.1 Particle diameters of LS1 in various solvents at 25 °C

Soivent np d n Diameter (nm)
Volume average | Intensity average
Isopropanol 1.375 11.5 2.13 480 427
Methanol 1.329 14.5 0.547 475 456
Water 1.333 23.4 0.894 450 428
Butanol-1 1.397 114 2.50 430 400
- Acetonitrile 1.342 11.8 0.345 290 284

Figure 3.8 shows the diameter of NIPAM polymeric particles in organic solvents at

various temperature. The thermal behaviour was different from that in water. In acetonitrile

the particles expanded when temperature increased. In methanol the particle size decreased a

bit when temperature elevated from 20 °C_t6 40 °C. Within the studied temperature range, no
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Figure 3.8: Diameter of LSS in organic solvent at various lc%pcrature.
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Figure 3.9: Particle size distribution of LS1 by DLS from Gaussian analysis.
(a) in acetonitrile at 25-°C; (b) in methanol at 40 °C :
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volume transition temperature was observed in both cases.

Figures 3.9 (a) and (b) are the original particle size distribution of LS1 il; methanol and
in acetonitrile determined by DLS from Gaussian analysis based on volume. The probability
(P %) of each particle fraction, which is defined as the percemage' of the particles larger than
certain size, has been calculated from the original data (diameter D and fraction F). The |
computation results are listed in Table 3.2 and plotted in Figure 10.

It is seen that in both cases the particle population can be described weli by log-normal
distribution since good straight lines were obtained. The standard deviations were calculated _l

Table 3.2 Probability of particle fractions of LS1 by DLS
(F is the percentage of each fraction)

(a) in acetonitrile at 20 °C (b) in methano! at 40 °C.

D (um) F(%) _ P(%) Dum) F@%) P®)
0.541 < 00 100.0 0969 < 0.1 298
0.541 - 0.468 0.1 299 0969 - 0.838 1.0 9.7
0.468 - 0.406 15 998 0.838 - 0.726 45 98.7
0.406 - 0.351 8.6 - 2983 0,726 - 0.630 126 94.2
0351 - 0304 242 89.7 0.630 - 0.544 228 81.6
0304 - 0,262 335 65.5 0544-0472 265 58.8
0262- 0227 229 32.0 0.472 - 0.409 19.6 323
0.227-0.198 7.7 9.1 0.409 - 0356 9.3 12.7
0.198 - 0.171 13 14 0356 - 0307 2.8 3.4
0.171 - 0.149 0.1 0.1 0.307 - 0.264 0.6 0.6

using Equation (3.15) according to Woods’ notation,” and found o, = 1.21 and 1.24 units

for the particles in acetonitrile and in methanol respectively, i.c., slightly broader distribution

for the latter.
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(iv) PSD by DLS and CSD
The particle size and particle size distribution of LS1 in acetonitrile were determined by
both dynamic light scattering and centrifugal sedimentation. The data by DLS are in Fligurc )
3.9 (a) and Table 3.2, and those by CSD is given in Table 3.3. |

Table 3.3 Particle size distribution by CSD (volume average)

D (pum) 'F (%) °P (%)
1.00 < 00 . 1000
1.00 - 0.90 0.0 1000
090-080 00 100.0
080-070 6.0 -100.0
070-060 30 94.0
0.60 - 0.50 9.0 91.0
0.50 - 0.40 163 82.0
0.40 - 0.30 23.1 651
030 - 0.20 28.1 42.6
020 - 0.10 140 145 §
0.10 - 0.09- 0.4 0.5
0.09 - 0.00 S0l 0.1

i
bR ~

a - F is the fraction of the particles with the diameter D.
b- Pisthe cumulatwe fraction of the partlcles with diameters smaller than
the top litnit D. For example, P = 42.6% is the cumulative fraction of particles
w:th diameters smaller than 0.30 pm.
The data by two methods were described by log-norma] distribution and plotted in Figure
3.11. The geometric mean diameter of particles measured by CSD D, was 320 nm which was

!arger than that by DLS (280 nm) The particle size distribution from CSD Wwas broader than

that from DLS. The standard deviation G, of the former was 1.66, and the latter was 1.21.
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3.5 DISCUSSION
3.5.1_ Heterogeneity within Particles

(i) Radial distribution of cross-linking density in poly(NIPAM/BAM) particles

The particles formed at very beginning had the highest BAM content which was
evidenced by the higher reaction rate of BAM than NIPAM, and evidenced by the smallest '
swelling ratio. As the polymerization proceeded, more and more NIPAM was combined to
particles, and hclric':e higher and higher swelling rz;tios were observed. Therefore, it is believed
that most compact structure exists in the core, and gradually increased loose structure in the
shell of poly(NIPAM/BAM) particles. :

A more quantitative picture to describe the structure of poly(NIPAM/BAM) particles is
presented by the plot of average across-linking density against particle radius (Figure 3.12).

The figure shows that the cross-linking density decreases with the increase in particle radius.

In the figure, the cross-linking density p was calculated after Flory®

p = vixN, = 2Ny, /%N, (3.19)
where v is the number of cross-linked units; N, is the total number of monomer units, x is

the ie&al monomer conversion, and thus xN, is the total monomer units contained in the

[

polymer; Ng,,, is the number of BAM combined to polymer, assuming no cyclization and

complete conversion of double bonds.
(ii) Long chain branching in homopolymer of NIPAM
The homopolymer of NIPAM prepared in this work, as described in Section 3.4.5 (ii), bad

less swelling capability at higher conversion. This sugges{s that the long chain branching may
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be formed at high conversion. A polymer with long chain branching has fewer free chain-ends

. but higher molecular weight per uiiit volume, therefore it shows less swelling capability. The

failure of filtrating poly(NIPAM) through cellulose membrane up to pore size 0.8 pm may

suppori the hypothesis of long chain branching structure.

It is worthy to mention that the particles of poly(NIPAM) can be detected by DLS even
at the temperature below the cloud point T.. Also the diameters were ca. 500 - 700 nm. These
imply that the poly(NIPAM) chains have super-high molecular weights, since the moleéular
w.cight of a particle with hydrodynamic radius of 250 - 350 nm is in-the range of 0.6 - 1x10°
g/rﬁol, according to Kubota et al.’s correlation (see Part B Table 1.2). The super-high
molecular weight again supports the long chain branching.

3.5.2 Heterogeneity among Particles

() Broader distribution at lower temperature v

In Figure 3.7 the standard deviation of the particle size distribution increased with
temperature at temperature lower than 36‘:"C. This may-be the case if the particles swell to
different extent as temperature decreases and hence may suggest heteré\gw‘eneity, such as cross- )
linking density difference, among parlicles. :

(ii) Density distribution from comparison of DLS and CSD results

The particle size distributions of LS1 in acetonitrile by CSD and by DLS were quite
different as shown in Figure 3.11. If assuming that the distribution by DLS is correct, the
diﬂ:;:rcnccs by two m_ethﬁds may be caused by a density distribution of particles, because CSD
is sensitive to particle density whereas DLS is not. The particle density distributions were

obtained using the following procedure: forcing the particle size determined by CSD equal to
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that by DLS and recalculating the particle density for each slice.
The calculation was based on Stokes’ sedimentation equation (Equation 3.16).

Rearranging Equation 3.16, one can obtains:

181 In(x,/x,)

(3.20)
@2 (Ot

D%y (p - pJ) -

where Dém is the diameter determined by CSD. For a given system and at a fixed time,

Equation 3.20 equals constant. If let

D yree = Dpis - (3.21)

then /
D2,(p -p.) = constant = Dig(p .- p.) : (322
Pea = (Dsp! Ppis)* (Per= P+ e (3.23)

where p_, is the value of particle density input to CSD instrument for particle size

by

calculation; p_, is the value of particle density calculated from Equation 3.23. In the

calculation, = 0.86 and p, = 0.78 (density of acetonitrile) were used.

0 set

The particle densities were then calculated for the particle fractions of various diamt:;‘lcrs.
The results are plotted in Figure 3.13. The average particle (icnsily and the standard deviation
were 0.90 and 1.08 respectively based on log-n..ormal analysis. Since the density of acetonitrile

is ~ 0.78, and the density of dry polymer is ~ 1.3 (see Part B Chapter 5), the uvcraﬁ\,&dcnsity

of swollen particles 0.90 implies about 77 % solvent in the swollen panticles which is quite
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reasonable compared with the water content ~ 90 % in water-swollen particles at room
temperature,

3.6 SUMMARY

The average cross-linking density of poly(NIPAM/BAM) particles decreased as the
polymerization proceeded, which was evidenced By the increasing swelling ratios with the
reaction time or monomer conversion, and by the decreasing swelling ratios with the BAM
content in the polymers. If assuming that aimost all the pnri'iclcs were formed at the early
stage of polymerization, then the average cross-linking density of the particles was believed
to be decreasing along the particle radius. The swelling extent of Ehe particles was observed

RN

to be a function of not only BAM content but also particle size.
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CHAPTER 4
DETERMINATION OF PARTICLE CONCFNTRATION OF

POLY(N-ISOPROPYLACRYLAMIDE) LATICES
BY MULTIPLE TECHNIQUES

4.1 Introduction

The number concentration of particles was a key variable in studying the mechanism and
the kinetics of emulsion polymerization and dispersion polymerization. Usually, for non-
swollen or slightly swollen particles, the densities and the refractive indices are casily found
in literature or measured in laboratory. In this case, the number concentration of plm'liclcs‘is
easily determined from the particle size and the solid content'*. For highly swollen particles,
however, determining the density or refractive index of the particles becomes dilficult due to
the slight difference between the particles and the medium and the uncertainty of solvent
content in the particles. Poly(NIPAM) hydrogel particles are highly swollen in water at room |
temperature so particle concentration is a difficult paramelter to estimate.

In this work, three approaches were used to estimate the particle concentration of this

system. The first was based on the densily measurements. The sccon(.l‘ was based on light

scattering measurements combined with theoretical calculation. The third was based on7

[ G

viscosity measurements.

4.2 THEORETICAL CONSIDERATIONS

&
The theoretical background of three techniques, densitometry, turbidimetry and
viscometry is given in this section.

4.2.1 Densitometry Approach

In this approach the particle concentration was estimated based on experimental
B
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measurements of density and particle size. The theory and assumptions are now presented.
The weight concentration of particles (unspecified, e.g., swollen or non-swollen particles)

C (w/em®) was defined as
c=NZDBp (4.1)
P g p

Therefore, the number of particles in one cubic centimetre can be found:

6 C
N, - ppeee— . 4.2
P ©Dp, . ( )

where D is the volume average particle diameter in ¢cm, p  is the density of unspecified
particles in g/cm®. p p may be estimated from the density of diluted suspension by assuming

no volume change of particles with dilution of suspension, i.e., the densities of wet particles

and the medium are linearly additive,

Ps=buPn v dop, (4.3)
where p _ and p , are respectively the densities of the suspension an.d the medium, ¢ , and¢
are the volume fractions of the medium and the .wet particles.

It isﬂdifﬁcult to determine the volume fraction of highly-swollen particles because the
maximum packing fraction of particles is shear-dependent.® In order to eliminate ¢ p some
rearrangement of Equation 4.3l_is needed.

Since the particle concentration® C (g/cm?) = pod p
and the volume fraction of particles ¢ " c/ep

{_the Equation 4.3 can be rearranged as the follows
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oo onecft- 2] (a-a)
o

CPm .
Pe™ o p. | (4.5)

If the dilute suspension for the density measurement is prepared from the concentrated latex
(the packed bed on the bottom of ultracentrifuge tube after ultracentrifugation, from now on
it will be defined as "wet latex"), the concentration of swollen particles can be estimated from
the weight of latex bed based on the assumption of the interstitial traction.

Moreover, using a suspension prepared from clr)_r __polymcr, the density of dry palymer P,

can be obtained by Equation 4.7 following' the computation of the apparent molal volume of

dry polymer ¥ by Equation 4.6:*

= M 1000
V- - ( - ) 4.6
pm Cppm ps pm ( )
M
- N 4.7
ppd:y v ( )S\\n
(?/

where M is the molecular weight of solute (g/mol), and C, is the molarity of solute (mol/L).
Actually Equation 4.7 is cquivalent to Equation 4.5 but is derived by a different approach.

Both the densities of the swollen particles :mc}r-iii(/: dry polymer are useful in determination
]
of particle concentration as will be described,-_‘.ﬁlcr.
_ 'i'\t‘\
.y Y
4.2.2 Turbidimetry approach v

In this approach the scattering coefficient K is calculated by Mice theory, and then

substituted into the turbidity equation to solve for the particle concentration.



N

The scattering coefficient X is a function of wavelength A, particle diameter D (cm), and
the ratio of refractive index of particles to that of medium m (m = n,/n,), and given by Mie

theory’

k= 2% (2ne1) (afsbpy & (4.8)

«? n-1
where @ is the size parameter defined as @ =nD/1 ,, and A, = A,/n,, is the ratio of the
wavelength of the incident light in vacuo to the refractive index of medium. a, and b, are
Mie cocfficients. la;] and lb | are modules of a, and b,.

If the absorption of light by particles is negligible, the turbidity © of a suspension is only

caused by the scattering of the particles, and thus can be determined from the following

equation: \ . ﬁ
_1:) 7.111( Is) 11n( Tr) o )

where 1 is the length of optical path in cm, I, and I_ are respectively the intensity of
incident light and transmitted light, and T, is transmittance given by the following cquation:
T, = eXp [:—Np—“&lpaxu,b,m)] (4.10)
o
For monodispersed;isotropic spherical particles, the turbidity can be correlated with other

parameters as follows

n |
T = NpRocae = N, 2 D*K (X, D, m) (4.11)
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where R__,. is the cross section area of scattering, Ny is number of particles in one cubic
centimetre suspension, and m is as defined previously.

Since the refractive index of swollen particles is unknown, the X value can not be directly
determined from the above equations. Thus, there are two unknown parameters Ny and K in
the turbidity and transmittance equations, even if the values of D and t arc measured by
experiments. One more equation is needed to solve for N,

Because the N, and D are identical at different wavelengths for a given sample, the

unknown parameter N, can be eliminated by taking the ratio of two turbiditics at difterent

wavelengths:

N, Zp2K
i, Pa” & (4.12)
- T T K
i N, DK, 4

where subscripts i and j represent different wavelengths. If the optimal ratio of relractive

indices m,, can be found, the calculated scattering coefticients should satisty the following

relation:

K T ' ‘
(—i) (m-my,) = (—i) (4.13)
K T ‘ .

3/ calculated 3 /moasurod :

Therefore, the minimum deviation between calculated ( K,/ K,) and the measured (/7
1/ Ry /Ty
gives the optimal ratio of refractive indices m,,. The followihg objective function can be used

tofind.the minimum deviation:

2
min § = min ,| 5[-2 - X4 (4.14)
i Ky Ty
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where the summation is for the quantities at various wavelengths.

The computing procedure is outlined in Figure 4.1.

Figure 4.1 Flow chart of computation

Initial estimate_of m value

i

Calculate K using Eq.(4.8)
by subroutine for various

wavelength.

1

Compute § by Eq.(4.14)

mi” = mi + An]

Is $ minimum ? e

YES

3

Calculate N, = At/ (nD?K)

Print Sy, Mgper Np

~ Thus, the particle concentration N, can bé estimated.
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4.2.3 Viscometry Approach

The theoretical hasis for this approach is that the relative viscosity of the suspension 7,
(7. is the ratio of viscdsity of suspension 1) 4, to the viscosity of medium 0, %,= 1 s/ M )
is a function of the volume fraction of particles ¢.*"***!"' Numerous “Equations have
been developed theoretically or empirically to correlate the rcla_tive viscosity with the volume
fraction.

Einstein (1905)" first derived the theoretical equation of viscosity tor dilute suspensions
n,=1+2.5¢ ' (4.15)

Later on, many authors®™’ evaluated this eguation and found that it is only valid for
extremely-dilute suspensions, say ¢ < 0.01.*

Frankel and Acrivos'? derived a theoretical equation to describe the viscosity-
concentration behaviour for high concentrations:

R

y

_ oo/ bpa) M (4.16)
r 8( 1- (q/‘bm;x) 1/3

where ¢, is the maximum attainable concentration about 0.534 to 0.74 depending on shear

stress, particle shape and patticle size distribution, according to Wildemuth and Witliams",

\ . . I . .
Mnaney® suggested a semi-theoretical equation in which the self-crowding faclor k was

Pl

determined empiricatly in the range 1.35 to .91 for a monodisperse system v

..,

[ o K

i - - 2.56% | | 4.17
- Tlr ex‘p(l"kd) h ( )
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Many cquations were proposed as a form of power series including Ford’s," Simha’s"
and Thomas™.” These equations can be applied to a wide range of concentration but require
the estimation of one or two parameters from experimental data. Among them, Thomas’
T . T . 4 . - . . .
cquation has same prediction of n , as Simha’s equation, but’ consists an exponential term

accounting for the probability of transferring a particle from one shear plane to another:

N, - 1+2.50+10.05¢*+2exp (Bd) (4.18)

where the co-efficients of first three terms were determined from previous theoretical analysis,
whiic A = 0.00273 and B = 16.6 were obtained by fitting the data in six reference sources.
This equation can fit the data as well as a seventh order power series.*
The simplest empirical equz’fﬁ\“\on was originated by Maron and Pierce'®, and evaluated
(IS :

by Kitano, Kataoka and their coworkers'™® for particles in polymer melt: @
= | N, =~ [1- (b/a)]? (4.19)

where the only empirical cdnstant, a, was determined to be 0.68 for suspensions of smooth
spheres and a'f"; 0.44 for rough crystals in a liquid.?

Since the pznrticle ;s'ize, or the fluid viscosity, has no effect on .the relative viscosity of
sqspensioné,“ and the particle size distribution has little effect on the viscosity up to volume
fraction ¢ = 0.20,*% all the above equations, except the equation for extremely dilute

: .

ssuspensions (Equation 4.15), can be used to find the volume fraction:-of poly(NIPAM/BAM)

latcx%particlcs when the relative viscosity is measured.

3
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43 EXPERIMENTAL
Particle size

The particle size and particle size distribution of the latices were measured with NICOMP
370 Autodilute Submicroﬁ Particle Sizer (NICOMP Particle Sizing System) comprised of a
laser light source of 514 nm and a thermal-controlled holder for sample cell. The scattered

light was collected at a 90" angle.

The particle diameter and the distribution were obtained using NICOMP Autocorrelator
Interface Program (version 10.3) which, by nss;lming a Gaussian dislﬁhution, cslim‘mccl a
mean diameter and standard deviation. Both intensity average and volume average diameter

were recorded.

Preparation of wet latex and drv polymer

\

After the ultracentrifugation of dilute latex, packed beds of swollen particles concentrated

at the bottom of centrifugal bottles. These packed beds were collected as "wet latex". Part of

the wet latex was dried in vacuum oven at 60 °C until constant weight to give the dry
polymer. The weight fraction of dry polymer in wet latex, w,,,, was determined by weighing
the wet latex and the dry polymer.

Transmittance

‘ (fn\“?The transmittance of diluted wet latex was measured by Spectronic 20 and UV/Vis
\
“spectrophotometer (HP89331A). =

Density

The density of suspension was determined at room temperature with the vibrating U tube

densitometer DMA 401 (Anton Paar) using four dilute samples with wet latex sample of LSI:
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Suspension I:  prepared from wet latex of LSI. Weight fractions of wet latex in the
su_spcnsion were Woge = 0.09950, aﬁd 0.14751;

Suspension II: prepared from dry polymer of LS1. Weight fraction of dry polymgr in the
suspension was (.004256.

The density is correlated with the period of osciliation of tube, T, by the following

equation
ps-CTz—B (4-20)

where { and P are constants, containing mass of oscillating tube, volume of the sample in
the tube, the elasticity constant and other constants. Their values are estimated from the
sample of known density, e.g. water. After calibration, for an aqueous medium Equation 4.20

becomes"’

l

(p - 1.002966) = E (T?x10™® - 4.297977) (4.21)

where E is constant and equals 0.518199 here.
Viscomelry

The viscosity of latices was measured with #75 Cannon-Ubbelohde viscometer at 25 'C.
The viscosity of the solvent was determined using deionized water as well as the supernatant
of the latex.
Q
4.4 RESULTS

The particle concentration of poly(NIPAM) latex determined by densitometry,

turbidimetry and viscometry is given in this section.

o
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4.4.1 Densitometry Approach

In this section, the densities of wet latex, dry polymer and swollen particles '\_vill be first
presented. And then the particle concentration estimated from these densities will be reported.
(i) Densities of wet latex, dry pelymer and swollen particles

The densities of wet latex p ., dry polymer p ;. , and swollen particles p, were
determined by applying Equations 4.5 - 4.7 using four suspensions of different concentrations.
In all the cases, the dpnsities were assumed to be lincarly additive (see Equa‘l’inn 4.3). The
equations used for tl;e calculation of the densities are summarized in Table 4.1 and the

calculation procedures are illustrated in Figure 4.2.

Table 4.1 Equations for density calculation

Eq.# Density Equation Definitions

(a) General Cp . C - concentration of any particles
Pe™ Tp.+p, (g/cm?)

(b) Wet latex CootP m Cooe - CONcentration of wet latex in
Ppwor Coor~PstPp |Suspension. oo = WooeXp g

(c) .|Dry polymer 0 . CaryP m Cary = Cuwoc* Wary

- from PAY " Co =P pwor* P | Watry - weight {raction ol dry

' Suspension I polymer in the wet latex. wy,, =

i 0.12 here.

@ Dry polymer b _ M M - molecular weight of monomer
from pdry unit. For poly(NIPAM/BAM)
Suspension Il | ¥ from Eq.(4.6) M = MyroauFroan * MppmEnnm

T ) F - mole fraction of monomer

(&) swollen P pwoe = PePo ¢, - interstitial volume fraction

particles P sp ¢ o ¢, - volume fraction of swallen
particles. Both values were
assumed.
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Figure 4.2 Flow chart of determination of densities

dilute latex - as prepared
and cleaned

l ultracentrifuge

concentrated "wet latex"

. /dried polymer

."/ /",.-——
/ T-."/ /\

+ H,0 + H,0 measured weight fraction
1 of dry polymer wy,,
Suspension 1 Suspension I
Eq.(e)
P sp
: ‘ measure | Eq.(b)
Wet latex . Suspension] _dp_, p, P puot—
in Table
4.1 - P pdry
Eq.(c)
i measure Eq.(d)
Dry polymer - Suspension Il —o p ., pg B pary
A : N
¢ %s\ N

!
\. \\ :
Yy
According to the above procedures, the densities of wet latex and dry polymer of LS1 were
ST |
caleulated using the measured densities of water and suspensions. The molecular weight of
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monomer unit in LS! used to compute the density of dry polymer was estimated as follows:
M = 113.16x0.932 + 154.2x0.068 = 115.95, since LS1 contained (.068 mole fraction of BAM;
The results are summarized in Table 4.2. It is seen from the table that the density of wet latex
from two concentrations of Suspension I were very close, while the density of dry polymer
had larger deviation. The deusities of dry polymer determined from Suspension Il were exactly
same by using two equations, Equation 4.5 and Equation 4.7. This suggests that the two

equations are equivalent. ;

Table 4.2 Densities of shspcnsion, wet fatex and dry polymer of LS1

weight -soncentration p.¥ P Ppwet ey B iy
fraction (g/cm’)
Suspension 1 Cot

0.099950 0.100027 1.000768 0.998170 1.0249 1.2754 /

0.14751 0.14776 1.001700 0.999040 1.0226 1.2463 /
Suspension Ii Cary
0.004256 0.0042556  0.999968 0.998968 / / 1.3058,"
C,, (mol/L)
0.036702 -
¥ (cm*/mol) ‘
§8.795 : 1.3058)"
N
Average 1.0228 1.2609 l 3058
: A +0.0012  0.0146 "0.00007

[ “—ﬁ
* ‘The error in the measurements o |l|cs Py and p, Was estimated to be +6x 107 from
the repetitions.
a using Equation 4.5
b using Equation 4.6 and 4.7

Since the wet latex was obtained by ultracentrifugation, extra water among swollen particles
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might present. To determine the density of swollen particles p ., the volume fraction of the
extra water in wet latex, defined as volume fraction of interstitial water ¢, was assumed. For
comparison, two assumptions about ¢, value were made: (1) &, = 0, i.e., there is no
interstitial water in wet latex and thus the volume fraction of the swollen paniclesfig_wt-t latex ¢ g,
= 1.0; and (2) ¢, = 03, i.c, § o, = 0.7. In the first case, thc_density of swgflén particles pﬂ,
is equal to that of wet latex, p,, = Ppwer I the second case, substituting the values of ¢, ¢ ,
and p o, iNto Eq.(¢) in Table 4.1, one can estimate p . As an example, ¢, = 0.3, ¢, =

0.7, and p 5, = 1.0249 (calculated from Eq.(b), see Table 4.2) were used to obtain p .,

Psp = p””°‘¢;p¢‘p” - 1.0364 | (4.22)

The concentration of swollen particles in wet latex C,

Cop = Pop X O gp = 0.7254 (g/cm?) (4.23)

Thus the calibrated concentration of swollen particles in dilute suspension is

C .
Cop = —E— X Cppp = 0.7048 (g/cm?) (4.24)
P pwot

In summary, the density of swollen particles with the consideration of ¢, = 0.3 is about 1%

N
higher than that with ¢, = 0; and the densities in the both cases are close to unity, which
i

implies a large amount of water in the swollen particles. N
(ii) Determination of number concentration of particles

Applying the values of density and concentration described previously, the particle

concentration was compuled by Equation 4.2, The results for a latex of particle diameter
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43010 cm with and without consideration of interstitial volume are compared in Tabie 4.3.

Table 4.3 Particle concentrations of LS1 obtained by densitometry

Wyot (g/ g) ésp (g/cm3) P sp N['&ls]\ (#/ L‘) .Npotig (#/l‘)
1" 10"

b, =0 G WaoeP o 1.0238

0.14751 0.14776 3.47 2.43

0.099504 0.099580 2.34 2.43
¢, =03 C"sp"' Cs;axcwac/p pwet 10364

0.14751 0.10450 2.43 1.70

0.09950 0.07048 164 1.70 S

Nisusp - particle concentration in dilute suspension. N, - particle concentration in

original latex. Since the yield of wet latex by ultracentrifuge was 0.10339 of the weight of

original latex, the.N; in original latex was calculated by Npopyo = Npgugp X 0.10339

Wyar

It is seen from Table 4.3 that the same values of N g, were abtained l]'om suspensions
with various particle concentrations (N,g,). However, when ¢, = 0.3 was assumed the Nogq,
values were about 40% lower than those for ¢, = 0.

Assuming the swelling extent is the same for all the particles in studied snmpli:s, the

¥
densities of swollen pa_rticles found for LS1 can be applied to other latexes, and thcrcl‘orc?thc
number. concenlrz\ll_tior:of other samples may be é;llculzltcd by the following pr‘occdurcs.

If hundred percent of the monomer is converted to the particies, then the dry particle

concentration in the suspension Cy, (g/em®) equals the monomer concentration (0.0154 pfem?
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in this work), and the concentration of swollen particles in the suspension will be found by

Equation 4.25.

C,, = —ar (g/cm?®) (4.25)
Lary

where £, is the weight fraction of dry polymer in swollen particles, which can be derived

as follows:

Cary _ P gry P pary (4.26)
psp psp

fd:y -

where ¢, is the volume fraction of dry p};{:lymer in the swollen particles, calculated from

Fi

the following equation based on assumption of linear additive of densities:

Psp~Cn (4.27)

d) -
Y Ppiry = Pa

Substituting Equation 4.28 into 4.27, £, , becomes

L= Pu/Psp ¢ (4.28)
l- pm/ppdry

fdry =

7 o {
By applying the data set p , = 0.99817&9 pdzy = 1.3058 (average of § ., in Table 4.2),p o
= 1.0238 t'nr'i—&;: = 0 and 1.0364 for ¢, = 0.3 (see Table 4.2), the concentrations of swollen

{ particles Cg, of LS2, L83, LS5 and LS10 were estimated using Equations 4.25 and 4.28.

=

Substituting the values of €, into Equation 4.2 (C = Cgp, ppL- P ., in this case), the

particle concentrations of these latexes were calculated and listed in Table 4.4.
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Table 4.4 Particle concentrations of LS2, LS3, LSS and LS10 by densitometry

Samples D x10° (cm) Noowe L) (d, = 0) Nooie (L) (9, = 0.3)
10 "

LSs2 4.00 412 1, 2.90

LS3 1.48 SL.S 57.3

LS10 1.40 96.1 67.7

LSS 0.88 387 272

4.4.2 Turbidimetry Approach
The change of the summation § (see Equation 4.14) with the refractive index ratio is
illustrated in Figure 4.3, in which the top and the bottom curves were obtained using K, =,
values at A = 700 and 400 nm respectively, while the middie curve corresponds to K, 7
N
values determined at the wavelength of previous step, i.e., j = i-1. In these data, the top curve
showed the largest change rate of S with m.

For the latices of particle size around 400 nm, a minimum value of § was foun to give
optimal m, while for those of particle size in the range 90 ~ 150, and 750 nm, no minimum $
was observed. Therefore the number of particles was obtained only for the samples of finrtiélc
diameter 430 (LS1) and 400 nm (LS2). The p:f_rliclc concentration in dilute suspension Nsosp
was obtained by Equation 4.11 using the X vaiue at m,. The particie concentration in the
original suspension Nioq, was calculated from N g, /C(wt.%). The resuits are listed in Table

4.5. . -

i
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Table 4.5 The refractive index ratio and
particle number concentration from turbidimetry

Npmn Denominator "<NI -

pSusp
Sample 'C(wt%) m, (#n.) #)  atkh= (#n)y
10* 10% (nm) 10"

LS1 0.2035 1.0225 2.85 1.45 700
(wet latex) 1.0200 3.83 1.95 400 - LT0

2,731 1.0185 4.17 1.53 400

1.0230  6.47 2.37 700 1.95

LS1-B° 3.320 1.0228 5.30 1.60 400 1.60
LS2 5.403 1.0215 6.75 1.25 400 1.25
10.80 1.0210 1.45 1.35 400 | 1.35

Average 1.0213 ) \

+0.0015 g

a Except for the suspension of 0.2035 wt.% LS1 which was prepared from wet latex, the
other suspensions were prepared from unpurified original latexes, and thus the concentrations
refer to the amount of original latices in suspension. '

b McPhee’s sample, prepared under the same conditions as LSI.

¢ <N,o> - For LS1 it is arithmetic mean of Ny, at A = 700 nm and 400 nm; For LS1-B
and LS2, it is the same as Nyog,- '

~ From Table 4.5, the ratios of refractive index of the swollen particles to that .ol' mediom,
m,,., were similar for different samples (95% confidence interval was 0.0015). The near unity
values of m,,, support the results by deq_sitomctry that the particles contain large amounts ol
water (see Discussion for the details). The particle concentration of LS! and LS1-B obtained
arf:: 1.60 - 1.95x10" close to that by densitometry (1.70xl|‘0'5) based on the assumption of 0.3
interstitial volume (see Tabll‘c 4.3). However, no nssgmpliun about the interstitial volume in
wet latex was required by this approach.
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4.4.3 Viscometry Approach
The volume fraction of swollen latex particles was determined from the relative viscosity
of the latex by Equations 4.15 - 4.19. And then the number concentration of the particles was

solved from the volume fraction: ¢ = pr)’ 7 / 6. Results for five latices caleulated with {ive

viscosity models are compared in Table 4.6.

Table 4.6 Number concentration of particles in latices
determined by various viscosity models®

“Sample Nooxie (#/1) 1"
Eq. 4.15 "Eq. 4.16  “Eq. 4.17 Eq. 4.18  Eq. 4.19
LSl 2.97 234 2.23 2.11 2.00
LS2 438 . 3.08 3.14 3.00 2.94
LS3 133 72.5 g 81.5 80.4
LS10 175 89.9 105 104 102
LSS5 987 429 513 524 516

The error in viscosity measurements was estimated to be = 4x10* from the
repetitions.

a  Samples LS2, LS3 and LS5 were supplied by Mr. W.C. McPhee.

b &, = 0.625 was used in the calculation of volume fraction.

¢ In this computation k = L5.

Apparently, the Equations 4.16 - 4.19 provide close estimations of the particle

concentration, while the Equation 4.15 always gives higher values. Equation 4.16 gives vilues

similar to those obtained from Equations 4.17 - 4.19 for the samples of larger particle size but
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smaller values for those of smaller pasticle size. This may suggest that difterent ¢, values
may be required for the partcles of different size.

Since Equation 4.15 is only valid for extremely dilute suspens‘ion,"'7 Equations 4.16 and
4.17 contain parameters of broad range of values (¢p,, = 0534 10 0.74, k = 1.35 to 1.91. The
selection of parameter values is arbitrary), only Equations 4.18 and 4.19 were considered more
suitable for the estimatien of particle concentration in this work. Equation 4.18 will be used
in later calculations although Equation 4.19 gave close N o, values, because the parameters
in Equation 4.18 were estimated from a large amounts of data.

4.4.4 Comparison of Three Approaches

The particle concentration of five latex samples obtained by three approaches are
compared in Table 4.7. The values in brackets were approximated by using the refracuve
index ratio from latexes LS! and LS2 (m = 1.0213), and the values by viscometry were
calcufated from Equation 4.18.

It scems that the results by viscometry are close to those by densitometry using pg, =
1.0238, i.e., viscometry results support the assumption that the water volume in betwet;n
swollen particles is nearly zero (¢, = 0). The results by turbidimetry, kowever, are closer to
the results by assuming ¢, = 0.3.

4.5 Discussion

This section will discuss the validity of the assumptions used in the determination of the

densities, the error in Ny, caused by density evaluation, the problems in turbidimetry, and

the error in viscometry.
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Table 4.7 Number concentration of particles by various methods

NpOrig (#/1) 107
Sample By viscometry

(Eg. 4.18) By densitometry By turbidimetry
¢, =0 ¢, =03
LS1 2.11 2.43 1.70 i.82°
LS2 3.00 4.12 2.90 1.30°
LS3 81.5 81.5 573 (13.1)
LS10 i04 96.1 67.7 (25.1)
LS5 524 387 272 (30.6)

* These are arithmetic average of the values in Table 4.5.

4.5.1 Validity of the assumption of density and ihe cifect of the deusity determination

In the densitometry approach, an assumption was made in the determination of the density
of swollen particles: the density of a mixture is the linear addition of the contribution from
each component (see Equation 4.3). For a suspension consisting of swollen particles and waler,
this assumption is suppc.ted by the plot of suspension density against weight {raction of wet
latex. A reasonably good linear relationship between the two variables is shown by Figure 4.4,
Moreover, the density of dry polymer obtained from motal volume of polymer (Equation 4.0
and 4.7) was the same as that from Equation 4.3. This also supports the validity ol Equation

4.3 since Equation 4.6 was not based on the assumption of lincar additive of individual

R
o

densities.
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Figure 4.4: Dependence of density on the latex concentration.
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However, in this approach, the change in N caused by p _ determined by assuntingd,
= 0or ¢, = 0.3 was large. As illustrated by Table 4.3 and 4.4, the N, tor ¢, = U was about
40% higher than that for ¢, = 0.3. This large difference arises trom the evaluation of
concentration of swollen particles c"sp. When ¢, changes from 0 w0 0.3, p , only increases

-

1%, but c’-sp reduces by a factor 0.7 (Equations 4.23 and 4.24). Since N, is proportional to p;
! and proportional to C as shown by Equation 4.2, the value of Nigg, decreases by 40% itd,
changes from 0 to 0.3, Therefore, ¢, is a crucial factor in th?: determination of Ny, by
densitometry. A technique is needed to measure ¢, independently.
4.5.2 Problems in Turbidimetry

From the Table 4.7 and the description in 4.4.2, there were difticulties in determining the
particle concentration of LS3 - 1.85 with the turbidimetry approach: (1) no minimum was
found for the objective function (Equation 4.14); (2) The N g, values, calculated using m =
1.0213 (which was determined for LS1 and LS2), were far smaller than those by viscometry
or densitometry approach. One of the reasons for this might be that the particle sizes of
samples LS3, LSS and LS10 are small; hence the scattering coefficient K is insensitive to the
refractive index ratio m. Figure 4.5 illustrates the dependence of K on size parameter & (e
= nD/ A ,) at two levels of m. When & becomes smaller (equivalent to smaller D value), the
slope of the curves decreases. Also the K shows much less dependence on @ as m reduces
only 3% (from 1.05 to 1.02). Therefore, another reason causing the failure in the determination
of N, by turbidimetry for most poly(NIPAM) samples might be the small value of m (very
close to unity).

The N, values were obtained from the calculated K and the mc:lsqrctl turbidity, and
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plotted in Figure 4.6 against the corresponding m at which K was evaluated. This figure
shows that a slight change in m value causes a dramatic change of N, in the region of m <
1.01. This may infer that a trivial error in experiments or in computation cut-off will introduce
a large error to N, or even cause a divergent solution for the objective function.
4.5.3 Error in Viscometry

With the first order approximation, the particle concentration is proportional to the
specific viscosity 1, (n, = 7, - 1) and reciprocal cubic hydrodynamic diameter of particles
(sce Equation 4.15). Therefore the error in the determination of particle diameter D is the
main source of the error in N o, Besides the possible error in the measurement of the
diameter by dynamic light scattering (ca.2 % estimated from repetitions), the solvent
associated with the particle surface may contribute some error in hydrodynamic diameter. The
thickness of the solvent layer depends on the ionic strength, and its influence on viscosity will
vary with the particle size - the smaller the particles, the larger the influence of the solvent
layer. If the thickness of solvent layer is 3 nm, the overestimation of Neo,g will be 4% for the
particles of diameter 430 nm, and 22% for those of diameter 88 nm.
4.5.4 Water Content in Swollen Particles

The water content in swollen particles was determined trom the density measurement and
Equations 4.27 and 4.28. The volume fraction and the weight fraction of water are respectively
given by

P i (4.29)
Ppiry = Pn
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1-pPa/Pep

£, -1 - - -
W fdr:,r 1 1- pm/ppd”,

(4.30)

Using the same data set as for Table 4.2, the water content at 25 °C was obtained as given
in Table 4.8. For comparison, the water content at 50 °C has been caleulat=d trom the volume
ratio at two temperatures (25 and 50 °C) by assuming that the volume change of the particles
with temperature is merely due to the difference in water content and thus: the volume fraction
of the polymer in the swollen particles at 50 °C, (§ g, )s0¢ = (§ g,y )¢ X (Volage: f Vniim woh
where Vol represents the volume of swollen particles; the subscripts "25 °C" and "50 °C"
represent the temperatures at which the values were determined,

Table 4.8 Water content and volume fraction of polymer
in swollen partictes at 25 and 50 °C

P sp Water content Volume fraction of polymer
(g/em?)
b, £, 25°C 50°C
¢, =0 1.0238 0.91 0.89 0.09 (.60
¢, =03 1.0346 0.88 0.85 0.12 0.80

That is, there was about 90% water in the swollen particles at 25 °C, which is very close to
the water content of paly(NIPAM) determined by Dong and Hoffman™ with FTIR (0.914).
4.6 SUMMARY

The particle concentration of poly(NIPAM/BAM) latexes was determined by densitometry,
turbidimetry and viscometry. The values of Nygq, were in the range of 2x10" 10 3 ~ 5x107
(#/L) which were comparable to latices prepared by emulsion polymerization in other systems.

e
AT
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‘The results by viscometry and densitometry agreed each other, while the turbidimetry method
did not.
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Symb.nls
a —— Empirical constant in Eq. 4.19
= bn ———— Mie coefficients in Eq. 4.8
A, B ——— Cocllicients in Eq. 4.18
(of —— Concentration of particles which are not specified (g/em®)
C,.. —— Concentration of wet latex in suspension (g/cm’)
Cary —— Concentration of dry polymer in suspension (g/em®)
C, -—— Molarity of solute (mol/L)
€, — Concentration of swollen particles in wet latex (g/cm’)
C"_,_;p ——— Concentration of swollen particles in dilute suspension (a/cm?)
D ——— Average diameter of particles (cm)
'E  ——— Constnt in Eq. 4.21
F ——— Mole fraction of monomer
fary — Weight fr_aclion of dry polymer in swollen particles
X
£y o = Weight fraction of water in swollen particles
K -—\'--— Scattering coefticient
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1 ——— Length of optical path (cm)

m —— —  Relractive index ratio m = np/ a,
M ———  Molecular weight of solute (g/mol)
N, ——— Number of particles in a unit volume (#/L)
Ngep —— Number of particles in a diluted suspension (#/L)
N.. ——— Number of particles in original latices (#/L

pOrig P S

. " . .

R,cae — Cross section area of scattering (cm”)
T ——— Period of oscillation of tube
7, ——— Transmittance of suspension

Volsg o, Volggec Volume of the swollen particles at 25 and 50 °C

Vv ———— Apparent molal volume of dry polymer

Wooe — Weight fraction of wet latex in suspension
o —  Size parameter @ = nD/ 4,

¢, B —— Constants in Eq. 4.20

n, —— Relative viscosity

Mg —— Specific viscosity

A ——  Wavelength of light (nm)

p, —— Density of medium (g/em®)

Py —— General term for density of particles (g/em?)
Py —— Density of dry polymer (g/em®)

by — Density of dry polymer determined from suspension {1 (g/em?)
Pme —— Density of wet latex (g/cm?)
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CHAPTER 5
DISPERSION POLYMERIZATION OF N-ISOPROPYLACRYLAMIDE
IN THE PRESENCE OF LOW LEVEL SODIUM DODECYL SULFATE
5.1 INTRODUCTION

Since the first synthesis of poly(N-isopropylacrylamide) (poly(NIPAM)) was reported in
1957", hundreds of papers have been published on the subject. Most of them concern linear
poly(NIPAM) solutions, and a few consider poly(NIPAM) gels. Peiton and coworkers™ were
the first to report the synthesis of poly(NIPAM) micro gel colloids. These preparations were
done in aqueous media without emulsifier. But no studies on the kinetics and mechanisms of
the micro gel formation have been reported to date.

The objectives of this work were to investigate the mechanisms and kinetics of the
polymerization of NIPAM. Polymerizations were carried out in aqueous media using sodium
dodecy! sulphate (SDS) as anionic emulsifier to produce water-based poly(NIPAM) latices.
5.2 EXPERIMENTAL
Materials

N-isopropylacrylamide monomer was obtained from Eastman Kodak Co. and was recrys-
tailized once from a mixture of toluene and hexane. N,N-methylenebisacrylamide (BAM) and
mcllhoxyphcnol (Aldrich Chemical Company, Inc.), potassium persulfate (KPS) (analyticz;l
reagent grade) and sodium dodecy! sulfate (SDS)(specially pure grade from BDH Chemicals)
were used as received. Distilled water was further purified with a Milli-Q Water System

(Millipore Corporation). The water had a conductivity of less than 1 uS/cm.

183



Polvmerization Conditions

Polymerizations were carried out in an 1 L four-necked glass reactor equipped with a
condenser, a nitrogen inlet, a thermometer and a motor-driven straight pzuidlc stirrer. Mixin'g
was provided by the stirrer at a rate of 200 rpm since the stirring rate was believed not to be
important for the kinetics of emulsion polymerization. The reactor was immersed in a water
bath kept at constant temperature. The total moles of monomers added to the reactor was
constant for all the runs and 500 mL deionized water was added to obtain the desired total
monomer concentration 0.1328 mol/L. SDS dissolved in deionized water was then added to
the reactor. Oxygen was removed by bubbling nitrogen through the solution at reaction
temperature (50, 70 °C) for 30 minutes. The reaction was started by adding KPS solution
(KPS dissolved in ~ 10 mL water). At specified time intervals 10 mL samples of reaction
mixture was taken with a syringe and transferred to 1 g 1% methoxyphenol solution which
stopped the polymerization.

A buffer solution with pH 6.7 (prepared from K,HPO, and KH,PO,; 0.0025 mal/L each
in deionized water) was used for the study of the influence of pH and ionic strength on the
kinetics of latex synthesis (particle size, polymerization rate).

The recipes and the polymerization conditions used are¢ summarized in Table 5.1.

Measurement of Monomer Conversion and Characterization of Polymer Particles

Particie size and size distribution of the latexes were measured using a NICOMP 370
Autodilute Submicron Particle Sizer (NICOMP Particle Sizing System) which had a laser light
source of wave length 514 nm and a temperature-controlled sample cell. The temperature

control- was accurate to = 0.02 °C. The scattered light intensity was measured at a 90° angle.
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The particle size and size distribution were computed by the NICOMP Autocorrelator Interface
Program version 1013 based on a Gaussian analysis.

Tabie 5.1 Recipes and polymerization conditions

Runs INIPAM), [BAM], [KPS], [SDS], T(°C) pH
mmol/L mmol/l. mmol/L mmol/L

151 123.7 2.08 207 0.409 70 47 ~27

LS6 123.7 9.08 207 0.409 50 47 ~4.0

157 123.7 9.08 2.07 0.409 70 buffer 6.7 ~ 6.3

1.58 123.7 0 207 0.409 70

1.59 123.7 9,08 2,07 0.409 70

LS10 123.7 9.08 207 246 70

1511 1328 0 4.14 0.409 50

L.S12 663.9 0 4.14" 0.409 S0

18> 123.7 9.08 2.07 0.728 70

.83 123.7 9.08 2.07 2.00 70

1.54 123.7 9.08 2.07 0.208 70

1.85 123.7 9.08 2.07 4.00 70

1.513 123.7 18.2 207 0.409 70

a | ] represents the concentrations in mmol/L. Subscripts *0” represent initial values. T
is polymerization temperature in °C.

b Half of the initiator was added at the beginning, the other half was added after 35
and 45 minutes.

¢ LS2- LSS, LSI3 are the samples (5-76, 5-72, 5-77, 5-70, 5-78) prepared by McPhee’.

The latexes were cleaned with three to four successive ultracentrifugations, decanations,

and dispersions in deionized water.
%

(e

The monomer conversion was determined by HPLC using distilled dejonized water as
mobile phase. The apparatus included a LC-CN column (Supelco, Inc.), a Beckman 160 UV-
Vis absorbance detector (Beckman Instruments, Inc.) and a SP4200 integrator (Spectra-

Physics). Residual monomer(s) in every sample was measured three times. The standard
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deviation of mean value from the HPLC measurements was 0.5 %o, estimated from the
repetitions.
5.3 EXPERIMENT RESULTS
5.3.1 Influence of Temperature

The effect of temperature on polymerization rate, particle growth rate and particle size,
were studied. The activation energy of polymerization was estimated.

(i) Polymerization rate

The total monomer conversion at 70 and 50 °C is plotted against reaction time in Figure
5.1. The polymerization at 70 °C was much taster than at 50 °C: with a polymerization rate

at the end of induction period R, = 1.88 mol/L.min (where R, was calculated from the initial

monomer concentration [M], and the derivative of monomer conversion x to the reaction time

t: R, = [M], (dx/dt), ), and the monomer conversion reached 80 % in about 12 minutes. In
contrast with this, the polymerization at 50 °C was slower; the induction period ended alter
about 10 minutes, R, = 0.363 mol/L.min, and required about 50 minutes to reach 80 %
conversion. The polymerization rate increased about five times when the temperature was
increased by 20 °C. This is a typical free-radical dispersion polymerization.®® The induction
periods are likely due to the presence of low levels oxygen in the reactor.

The individual monomer conversions at 70 and 50 °C are given in Figure 5.2. As
expected BAM which has two double bonds polymerizes faster than NIPAM. The difference
between the polymerization rates of the two monomers is smaller at the higher temperature.
This implies that the reactivity ratios depend on the polymerization lemperature and that the

reactivity ratio for NIPAM has a higher activation energy.
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Total monomer conversion (mol%)
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Reaction time (min)

Figure 5.1: Influence of temperature on the reaction rate of
copolymerization of NIPAM/BAM (runs LS1, LS6, mole

fraction of BAM £, = 0.068, [SDS] = 0.409 mmol/L).
The description of runs LS1 and LS6 is given in
Table 5.1
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Individual monomer conversions (mol%)
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Figure 5.2: Individual monomer conversion versus reaction time for
different polymerization temperatures (runs LS1, LS6)
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(ii) Particle growth rate and particle size

The latex particle size was measured at 50 °C by dynamic light scattering, DLS. The
change in particle size with bolymerization time is plotted in Figure 5.3. At 70 °C the
polymeric particles formed and a bluish tinge appeared at about three minutes of
polymerization. This was the ¢nd of induction period. The particle size then increased rapidly
reaching a constant value after about 20 minutes. At 50 °C particles formation occurred later,
and the size increased more slowly. The particles in the final latex synthesized at 50 °C were
about 10 % larger than those synthesized at 70 °C.

Goodwin et al.” summarized the effect of temperature on the particle size of polystyrene

latices prepared using persulfate initiator. The logarithm of particle diameter was inversely
proportional to the polymerization temperature T (°K) if the ionic strength Z, monomer

concentration [M}, and initial initiator concentration [I], (in mol/L) are tixed. Goodwin et al.

found the following relationship for surfactant-free polystyrene latices:

logD - 0.238|1lo - 0.827

1.723
gZ[M]o . 49;9 (5.1)

0

where D is the particle diameter in nm.

Using this expression, the predicted diameter increment for a temperature increase of 20

°C (from S0 °C to 70 °C) is only 0.04%. For the particles of poly(NIPAM/BAM) synthesized

in this study, the volume average diameter (Bw,) increment was about 10%. The dependence

of D, on temperature can be better expressed as: D, « T*, where « < 0. Because
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only two data points (ﬁm, at 50 and 70 °C) were obtained, Equation (5.1) cannot be tested

for NIPAM/BAM system.

The particle volume as a function of total monomer conversion is illustrated in Figure
5.4. At both temperatures the particle volumes increased linearly with total monomer
conversion up 1o ~ 85 %. Above ~ 85 % conversion, the volume increased more rapidly, and
the curves departed from straight lines. The linear portions of two curves have almost the
same slope. This implies that the volumetric growth mechanism of the particles was the same.
This important point will be discussed later.

(iii) Activation energy for polymerization

The activation encrgy for copolymerization of NIPAM with BAM (NIPAM/BAM =
0.932/0.068 mole/molc) can be estimated if the overall polymerization rate is expressed by the

following equation:

R, - k Lha)" M [° [S]° (5.2)
P IE,

where Ep and IE: are pseudo propagation rate constant and pseudo termination rate constant.

For copolymerization, &, is defined by the following equation after Hamielec:*

":p - 'pu‘plfl + p1z‘91fz * K @hy + 02292/ (5.3)

where £ (4, j = 1, 2) is the propagation rate constant for the reaction of radical i with

monomer j . Also @, @ are the mole fraction of radicals with terminal monomer units i, j.
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Finally .. £ are the mole fractions of monomer § and j .
HEN | J

For a termination by both disproportionation and combination, the pseudo rate constant

of termination is:

kl‘ = 'pdlsad + (1 - q)td)lsrc (S.“)

-

where @, is the fraction of the termination manners, k,; and E,c are pseudo constants for

termination by disproportionation and by combination respectively, and are given by

- 2 2

kg = ka1 * k@2 + 2k420, 9, (5.5)
2 2

Etc = krcuq)l + Ky ¥ 2k,dzlpl(p2 (5.6)

If we assume that all the km’s have the same activation energy, then Equation (3.3) can be

written as:

E, = (o @ufy + ko @5 * kg @2y * kg @afy) exp(-EJRT) (1)

that is

~

k, - IEPO exp(-E,/RT) (5.8)

Since the overall rate constant is given by

ke = £, (kg K) | (5.9)

the dependence of overall rate constant on temperature can be written as

ke = kg, exp(-Eg/RT) (5.10)
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Figure 5.4: Particle volume of poly(NIPAM/BAM) latices (runs LS1,
LS6) at 50 °C versus total monomer conversion for
two polymerization temperatures
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For two runs of polymerization at ditferent temperatures but the same recipe,

Ry _ e(-EJRT) (Ee _ Ex (5.11)
R, cxp(-EYRT,) RT, RT,
Taking the logarithm of two sides of Equation (5.11) and rearranging gives:
= In(R, /R (5.12)

1/RT, - 1/RT,

Substituting T, = 343.2 °K, T, = 323.2 °K, R, = 1.88 mol/L.min, Ry, = 0.363 mol/L.min, the
value of the activation energy for overall polymerization is estimated to be: Ep = 18=0.2
keal/mol. This value is close to that for the homopolymerization of acrylamide found by
Thomson et al. (17.8 = 0.21 kcal/mol).” The activation energy of decomposition of KPS, &,
is about 32 keal/mol,™ so the difference between the activation energy of polymerization

and half that of termination E, is:

1 1
E, - SE) - Er - 5 ) - 20 (keal/mol) (5-13)

This value is in good agreement with that found for acrylamide by Kim and Hamielee (2.002
kcal/mol)."!
5.3.2 Influence of BAM Level in Recipe
The influence of BAM on the polymerization rate and particle size was investigated. The
reactivity ratios of NIPAM and BAM were evaluated from the theoretical calculations based
on the data in literature.
(i} Polymerization rate

The polymerization rate and monomer conversion versus time in the presence and
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absence of BAM are plotted in Figure 5.5. The polymerization rate was slower in the absence
of BAM as expected. This may be interpreted as due to the lower reactivity of NIPAM
monomer, which is supported by the data in Figure 5.2. The -convcrsion-time curves for
NIPAM are lower than those of BAM at both temperatures.
(iij Particle size
The particle size development during polymerization of NIPAM (initial BAM mole

fraction f, = 0) and NIPAM/BAM (fip = 0.068) versus time are shown in Figure 5.6. The

patticles of poly(NIPAM/BAM) were larger (average diameter at full conversion was ca.15
% greater), and prew faster than those of po-ly(NIPAM). The faster growth rate can be
explained by the observed higher polymerization rate. However, the larger particle size cannot
be explained by this.

Possible explanations for larger size of poly(NIPAM/BAM) can be:

(1) Cross-linking reaction aids the polymer particle coagulation. When particles of
poly(NIPAM/BAM) collide they can more readily "fuse" forming larger particles by the
reaction with pendant double bonds.

(2) Weaker association of poly(NIPAM/BAM) with SDS molecules than poly(NIPAI\:/I)-
since the BAM monomer units are less hydrophobic than NIPAM units at polymerization
temperature (> LCST). SDS molecules have iong hydrocarbon tails. These tails would readily
associate with the hydrophabic isopropyl‘ groups in NIPAM.

3) Lower volume average surface charge contributed from the initiator for

poly(NIPAM/BAM) due to higher molar mass of the copolymer.
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Figure 5.5: Monomer conversion and polymerization rate(Rp) versus
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(runs LS1, LS8, polymerized at 70 °C)
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Figure 5.6: Influence of BAM level in recipe on patrticle growth
rate (runs LS1, LS8, polymerized 70 °C)
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(iii) Reactivity ratios
The reactivity ratios for NIPAM and BAM in the copolymerization were estimated using
the Price-Alfrey method."* In this method, the polarities of the monomer and its derived

radical are assumed to be the same, and the cross-propagation rate constant is defined as

k, = P,Qe™ """ (.14)

and hence the reactivity ratios can be wrilten as

r, = (Q,/Qyexpl-e,(e; -¢,)] (5.15)
r, = (Q,/Q))expl-e,(e,-¢))] (5.16)
r,r, = expl-(e,-e,)’) (5.17)

where P and Q are parameters related to the resonance of the monomers, ¢, and ¢, are the

polarities of monomer one and monomer two respectively.

Since there are no data available for direct calculation of r, and r,, an indirect approach
was applied: (1) calculating Q and e for BAM from the values of reactivity ratios for the
copolymerization of AM with BAM used by Tobita and Hamiclee™ (r, = 2.0, r, = 0.5); (2)

i-astimating the reactivity ratios of the‘copolymerizalinn of NIPAM with BAM using the Q and
e of BAM obtained in step (1), an(l of NIPAM from Chiklis and Grasshoff’s results'® of

copolymerization of NIPAM with acrylamide (AM). The calculated results, as well as the data

from references (ref.14, 15), are listed in Table 5.2.
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Table 5.2 Computation of reactivity ratios
for copolymerization of NIPAM with BAM

Monomer |1 Monomer 2 r I Q e,
NIPAM AM 0.5 1.0® 0.40 0.47
BAM AM 2.0 0.5" 2.36 1.3
BAM NIPAM 2.0 - 0.25

Thus, the reactivity ratios, r, and r,, were estimated to be 2.0 and 0.25 respectively. These
estimates can be checked by calculating the instantaneous copolymer compositions. The

instantancous copolymer compositions can be calculated using the Mayo-Lewis Equation:

nfi + £ (5.18)

F, -
rlﬁ+2f12+r2f22

Applying the values f, = 0.068, f,, = 0.932, the copolymer composition for the copolymer

LS1 was calculated to be: F, = 0.206, F, = 0.794. These values were close to experimental

values observed in this study at a reaction time of three minutes, F, = 0.167, F, = 0.833

(LS1). Thus, the estimated reactivity ratios seem to be reasonable.
5.3.3 Influence of SDS concentration

The influence of SDS concentration on the polymerization rate, particle size and particle
concentration were studied,

(i) Polymerization rate

The monomer conversions at two SDS levels (LS1: 0.409, LS6: 2.46 mmol/L) are plotted

against reaction time in Figure 5.7
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The induction period was shorter at the higher SDS level. The polymerization rate,
however, did not depend on the SDS concentration,

(ii) Particle size
(1) Particle formation during polymerization

Figure 5.8 displays the change of particle size with time at two SDS levels. In both cases,
the particle nucleation time was short (about a few minutes), and the particle size approached
a constant value due to almost complete consumption of monomers. The volume average
diameter of the particles prepared with 0.409 mmol/L SDS was ca. 250 nm larger than those
prepared with 2.46 mmol/L SDS by about four times. The particle voiume is plotted against
monomer conversion in Figure 5.9. The two curves at different SDS levels had different
slopes. The particle volume increased with monomer conversion linearly in the whole region
for SDS at 2.46 mmol/L; while only up to ca. 85 % for SDS at 0.409 mmol/L. For the latter
condition, this suggests that the particles coalesce at monomer conversion above 85 % due to
insufTicient stabilizing agent.

The final diameter (at complete consumption of the monomers) of the particies prepared
at various SDS levels as a function of SDS concentration is plotted in Figure 5.10. The
logarithm of particle diameter decreased linearly with the increase in the logarithm of SDS

concentration. The slope of the regressed data as a straight line is - 0.71, ie,

D, = [SDS;*".

(0 Particles formed solely by homogeneous nucleation (no free-radicals present)
Homogeneous poly(NIPAM) aqueous solutions were prepared with and without SDS.

Poly(NIPAM) precipitated from the solutions and formed particles when the solutions were
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heated to 50 °C (> LCST). The diameters of the particles were determined by DLS at 50 °C.

Without SDS, the D_, was found to be 80 nm, while with 0.118 g/L SDS (< CMC), the D,,,

was 37 nm. These measurements were done to provide additional data ‘o help in elucidation
of the particle nucleation mechanism, because in the absence of free-radical initiator, no
micellar nucleation can occur.

(iii) Particle concentration

Measured particle concentrations as a function of SDS level are shown in Figure 5.11.

A nearly linear relationship between log N, and log [SDS] was found withN, = [SDS})>*

from linear regression. There was no dramatic change of particle concentration in the range
of SDS levels studied. This suggests that no switch in nucleation mechanism occurred'®"".
This may have been expected because the SDS level used was lower than the CMC (ca. 8.0
mmol/L) of SDS. Hansen and Ugelstad® found that in emulsion polymerization of styrene
without seeding, the number of particles per unit volume drasticaily increased when SDS
concentrations were above the CMC. The results by Napper and others, v;:hich were quoted
by Dunn', showed the same trend. The drastic increase in particle concentration with

16,15,18 In

surfactant concentration represents the onset of micellar nucleation of particles.
classical emulsion polymerization, as will be discussed later, the particle concentration is
proportional to [SDS]". The power n is much higher when [SDS] is lower than the CMC.
These data confirm that the mechanism of polymer particle formation is by homogeneous
nucleation in this investigation.
5.3.4 Influence of pH and lonic Strength

The pH and ionic strength in polymerization system intluenced tl:i'c particle size and
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particle size distribution, as well as polymerization rate.

(i) Particle size and particle size distribution

The decomposition rate of potassium persulfate has been shown to increase with decrease
in pH in the range of pH < 4.1% To prevent this complication, buffers are often added. In this
work, the influence of pH on polymerization was investigated at pH 6.7 in a buffered solution
and at the natural pH of the initiator and monomer solution. The pH, conductivities of the
media, salt concentrations, diameter of the particles, and the distribution of the particle size
arc listed in Table 5.3. The pH of the medium with buffer varied in the range, 6.7 to 6.3 and
that without buffer decreased from 4.6 at the beginning of polymerization to 2.6 at the end.
The conductivities of the media after reaction were 1002 and 3900 uS/cm respectively at 20
°C. The diameters measured by DLS at 25 °C were 950 nm and 430 nm prepared in buffer
solution and prepared without huffer respectively, i.e., the former were more than twice the
latter. Again, the particle size distribution from the butfer solution was much broader than that
without buffer.

Table 5.3 Effect of pH and Electrolyte Concentration

pli Electrolyte Conductivity D Rel. St
concentration at End DLSM"E;:nC-g deviation
mmol/L, (Sfem & =
Beginning Lnd (Sfom) a/D,,
buftered 6.7 0.3 KP's 2.07 1002 950 56 %

SDS 0409
KO, 250
KHLPO, 2.50

"natural” 4.6 2.7 KPS 2.07 3900 430 17 %
SDS 0.409

* This is a relative standard deviation (standard deviation divided by mean diameter)
based on Gaussian analysis and represents the width of the particle size distribution as
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measured by DLS.

Figure 5.12 shows that the turbidity of a 2.8 wt.% poly(NIPAM/BAM) latex prepared at
higher, buffered pH and ionic strength reached a higher level than that at lower, "nataral” pH
and ionic strength. This suggests that farger particles are formed in the buffered solution since
turbidity is nearly proportional to about the fourth power of diameter and to the lirst power
of the number of particles.

The pH and electrolyte levels can affect both the radical generation rate (affecting
decomposition rate of initiator) and the stability of primary particles newly formed. The effect
on radical generation rate is likely small, and therefore the major effect of pH and electrolyte
level is on the coagulation of primary particles. It is well known that an increase in electrolyte
level can cause polymer particles to coagulate if they are stabilized clectrostatically, When the
jonic strength is high the electric double layer around the particles is compressed, and thus
particles coagulate to obtain enough surface charge density for stabilization. This mechanism
was confirmed by Pelton'” who added NaCl to a polystyrene latex at the carly stage ol
polymerization, and obtained particles with larger size than those without NaCl. The ellect of
jonic strength on the electrostatic energy of poly(NIPAM/BAM) particles was measured by
McPhee*: the electrophoretic mobility of the particles at 40 °C dropped from -4 to -2 (1o*
m?/Vs) as the KCI concentration increased from 0.01 to 10 mmol/L.

(i) Polymerization rate

Monomer corversions with and without bufter are shown as a function of time in Figure
5.13. Unexpectedly, the polymerization rate does not appear to depend significantly on pH and

ionic strength. One would expect a higher R, for small polymer particles (larger particle
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concentration) if classical emulsion polymerization kinetics was operative.
5.4 DISCUSSION
This section will discuss the nucleation mechanism of particles, linear dependence of
particle volume on monomer conversion, and polymerization mechanism.
5.4.1 Nucleation Mechanism of Particles

L has been found that the presence of SDS can elevate the cloud point of
poly(NIPAM), ™ and it has been suggested that free micelles continuously form beyond
the critical aggregation concentration’. This observation and interpretation raised questions:
Do the poly(NIPAM) chains precipitate from the aqueous solution under the polymerization
conditions? Are free micelles present in polymerization system?

The mechanism of particle nucleation during polymerization in aqueous solution will be
discussed under three titles: Existence of free SDS micelles; Precipitation of polymer chains;
Dependence on surfactant concentrations.

(i) Existence of free SDS micelles

When some kinds of polymers, such as NIPAM polymers, are present, SDS molecules
associate with the polymer chains forming clusters, called polymer-bound micelles. To
distinguish SDS-alone micelles, the micelles without association with polymer are named free
SDS micelles (see Part B Chapter 2 and ref.23). At temperatures 50 - 70 °C (higher than the
cloud point), polymer saturation was not observed in the presence of 0.06%
poly(NIPAM/BAM) (corresponding to 4% monomer conversion), and the CMC of SDS was
almost the same as that of poly(NIPAM/BAM)-free solution. In other words, at 50 - 70 °C,

the association of SDS with the polymer may not be in a micellar form. Since the SDS



concentration employed in this work was 0.409 ~ 2.46 mmol/, much lower than the CMC
of SDS (8 ~ 11 mmol/L, at temperature 25 - 70 °C), no free SDS micelles were present under
the polymerization conditions used. Therefore, one can tule out micellar nucleation in this
study. The major role of SDS in the polymerization was stabilizing the primary particles or
precursors, and minimizing the extent of coagulation.

(i) Precinitation of poly(NIPAM) chains

Figure 5.14 shows the cloud point of poly(NIPAM) as a function of SDS concentration
for various poly(NIPAM) concentrations. For the polymerization comli@inns used in this study,
it is clear that two phases (polymer-rich and water-rich phases) were present. A requirement
for homogeneous nucleation is that the polymer precipitate from @ homogencous solution
under conditions of polymerization. Figure 5.14 illustrates that all experiments of
polymerization were conducted in two phase region. This means that the polymerization
conditions used in this work met the requirement of homogeneous nucleation,

In the homogeneous nucleation process, a polymer chain grows in solution until a certain
chain ength (number ¢f monomer units) is reached and then polymer precipitates, This chain
length is called critical chain length which depends on the solubility ol a polymer chain in a
solvent and thus varies for differcnt polymer/solvent system. For example, the critical chain
length for polystyrene to precipitate is about 4 ~ 5 in agueous solution,” for poly(methyl

g
methacrylate) (PMMA) in an organic solvent, 16 ~ 36 when the interfacial tension was 5 -
15 dynes/cm.® Now the question is what is the critical chain length for poly(NIPAM) chains
to precipitate. According to Snyder and Klotz”, a poly(NIPAM) chain with three monomer

units precipitated from agueous solution, since they observed that the trimer of NIPAM

212




80

Cioud point (°C)
8 S

&

40

30

i o

-Polymerization conditions used
in this study

. =4

Two phase
region

One phase region

0 0.005 0.01 0.015 0.02
SDS concentration (mol/L)

Figure 5.14: Phase diagram of poly(NIPAM) in SDS solution
and polymerization conditions

Poly(NIPAM) concentration: Curve 1, this work, 0.5 wt.%;
2, this work, 1.0 wt.%; 3, Schid and Tirrell’s data, 0.04 wt.%;
4, Meewes et al’s data, 0.001 - 0.02 wt.%.
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showed a negative temperature coefficient of solubility in water as did the high polymers, This
suggests that the oligomer radicals of NIPAM likely precipitate before they have terminated.
Similar observations were made by Fujishige™ who failed to fractionate poly(NIPAM)

according to molecular weight by heating the polymer solution towards the LCST. He found

that the poly(NIPAM) of M from 5%10* to 8x10°, precipitated from agueous solution at the

same temperature {(~ 31 °C).

(iti) Nucleation mechanism of particles
(a) Models available in the literature

Since the concentration of iree micelles were negligible for polymerizations of NIPAM
and NIPAM/BAM, since no rapid change in particle number was observed over the range of
SDS levels used, and since the NIPAM oligomers precipitated in aqueous solution, as
discussed in section (ii), the poly(NIPAM) particles were likely formed by homogencous
nucleation rather than micellar nucleation. However, to distinguish the mechanism of self-
nucleation (one oligomer radical gives one polymer particle) from that of aggregative
nucleation (many oligomer radicals agglomerate to form a polymer particle), more analysis
was needed.
(i) Self-nucleation model

In classical aqueous emulsion polymerization, following the Smith-Ewart theory for case-11
kinetics, every free radical formed during polymerization produces a new particle in the
presence of sufficient surfactant. With this assumption, together with the assumption that the
particle volumetric growth rate is the same for all particles and is constant, then the number

of particles, N, is predicted to be proportional to the 0.6th power of surfactant concentration
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IS

N, o [5]° (>-19)

This model is called "self-nucleation”, or "dispersant-limited nucleation".
(ii) Aggregative nucleation madel

Frequently, deviation from the above model (much higher power of the surfactant or
dispersant concentration) has been observed in both aqueous emulsion polymerization and non-
aqueous dispersion polymerization.” Therefore, another model has been develaped. This model
assumes that the particles actually observed are formed by the agglomeration of much smaller,
primary particles; Primary particles grow to such size and number that the dispersant is no
longer sufficient to cover the surface effectively, and thus the primary particles start to
llocculate; The dispersant serves merely to prevent secondary aggregation and plays no role
in the formation of primary particles. If in this way, and assuming that the particle size
distribution is fairly uniform, There are the following relationships between number of

o .

E o [S]-l (521)
This modetl is called "aggregative nucleation", or "dispersant-limited agglomeration". The
above relationships were derived {from theory. Practically, ihe exponents on [S] vary with
monomer type. For example, Barrett and Thomas” observed exponents - 0.5 in Equation (5.21)
for methyl methacrylate (MMA) homopolymerization, and - 0.6 for MMA copolymerization

a8

with ather monomers in organic media; Fiteh and Tsai’s™ data for polymerization of MMA

215



in aqueous solutions gave an exponent 3.87 in Equation (3.20).
In this work, the correlations observed for the polymerization of NIPAM/BAM above the

LCST in aqueous solutions at low SDS levels (0.2 - 40 mmol/L) were:
= [§12° 5.22
N, = [S] (5.22)

D « [§]07 (5.23)
These results do not agree with the predictions for micellar nucleation nor for dispersant-
limited nucleation, but are closer in agreement with the model for dispersant-limited
agglomeration. However, the experimental results show that poly(NIPAM) particles formed
from homogeneous solutions upon heating beyond the LCST in the absence of SDS (section
5.3.3 (ii) (b)), and that poly(NIPAM) latex was produced in aqueous medium without any
surfactant.? Therefore it appears that pury(NIPAM) or poly(NIPAM/BAM) particles are formed
by a mechanism of homogeneous agglomeration. The agglomeration extent depends on the
amount of surfactant. Without surfactant, more agglomeration occurs, and thus the particles
were larger. The more the surfactant that is used, the smaller the particles that are generated,
(b) Complementary evidence
The size of poly(NIPAM) and poly(NIPAM/BAM) particles at various monomer
conversion measured by DLS at 50 °C are plotted in Figure 5.15. The x-axis is the particle
diameter which was measured after the particles were cooled down to zbout 4 °C and then
heated to 50 °C. The y-axis is the diameter of the particle.;: kept hot at the reactor temperature
(70 °C) after they were taken from reactor. These particles were then cooled down to 50 °C

and measured by DLS (50 °C). The diagonal represents the equal size of the particles
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measured in two cases. For the poly(NIPAM/BAM), the data points lie admost on the diagonal.
However, the data points of poly(NIPAM) are above the diagonal, that is, the diameters of
poly(NIPAM) kept hot were greater than those re-heated. This observation suggests that a non-
cross linked and soluble poly(NIPAM) particle (soluble at lower temperature) consists of many
polymer chains. The polymer chains dissolve out of polymer particles into the continuous
phase at 4 °C. When reheated to 50 °C, new and smaller polymer particles are tormed by
chain precipitation. The particles of cross-linked poly(NIPAM/BAM) cannot dissolve at the
lower temperature, and hence new polymer particles are not tormed. This mechanism is
schematically illustrated in Figure 5.16.

As the latices were diluted about 10" times with distilled water for the measurement by

‘

dynamic light scattering, the SDS content in the solution was much lower than in original
latices, and thus the particles formed when re-heated might be expected to be fewer in
number and greater in size. Contrary to this, the particle size was smaller. A possible reasons
for this might be that part of charged end groups on polymer chains were trapped in the
original particles, and thus more polymer chains were required to obtain enough surface
charge; when the particles tormed from the more diluted solutions, fewer charged groups were
trapped and thus more effective.

This hypothesis is supported by McPhee’s observation.! Based on his electrophoresis and
titration results, combined with O’Brien and White's theory, McPhee estimated that only about
11 ~ 23 % of the charged groups were on the particle surface with the rest distributed within
particles. Also the particle size of poly(NIPAM) at 50 °C was 37 nm in (.118 g/L. SDS, and

80 nm in pure water. This suggests that the particle size is determined by surface charge.
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In summary, the particle nucleation likely follows the mechanism illustrated in Figure
5.17, in which the nomenclature is adopted from Feeney, Napper and Gilbert:*

Step 1  Primary precursor particles formed by precipitation of poly(NIPAM) or
poly(NIPAM/BAM) with chain length longer than some critical chain length;

Step 2 The primary precursor particles agglomerate to form precursor particles which are
stabilized by the surface charge provided by initiator and SDS;

Siep 3 The precursor particles grow by capluring primary precursors and oligomer
radicals, and/or by polymerization of monomers. The nucleation of new particles ceases when
the total interfacial area between polymer particies and aqueous phase is sufficiently large that
oligomer radicals are captured before growing to critical chain length, and/or, the primary
precursors are captured before becoming stable particles due to insufficient surfactant.

5.4.2 Linearity of particle volume vs monomer conversion

In Figures 5.3 and 5.9, linear relationships between ﬁw, and monomer conversion, X, are

displayed in the range O < x < ~ 85%. This suggests instantaneous or very rapid particle
nucleation followed by a period where particles are colloidally stable and do not agglomerate.
This interval would be called stage 11 in classical emulsion polymerization, and if (1) the
weight ratio of monomer to polymer in the particles is constant, and (2) the particle
concentrasion is constant, the average particle volume increases linearly with x, according to

Ugelstad and Hansen’s derivation:”

V = QIN)[Up gy + Wp o )Uix, - DI,  forx<x, 29
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where N, is particle concentration, Q, is the initial concentration of monomer, X, is the
conversion at the end of stage 11, p , and p _ are the densities of polymer and monomer
respectively.

In classical emulsion polymerization, monomer droplets exist during whole stage 11 The
droplets supply the monomer to particles and keep the monomer concentration constant in
particles. Thus the condition (1) can be often fulfilled. In this work, however, there are no
monomer droblcls present - all the monomer(s) are dissolved in the aqueous continuous phase,
and/or absorbed in polymer particles; and the monomer concentration continuously drops
during the whole polymerization period. Therefore, the monomer concentration in the particles
cannot be constant. The linear relationship between particle volume and monomer conversion
observed may be explained as: (1) relatively constant concentration of NIPAM/BAM polymer

particles,™ and (2) almost constant particle density p . NIPAM/BAM polymer particles are

swollen by water (even at 60 °C, there is more than 10 % water in the particles). The swelling
extent of the particles is mainly determined by the water content rather than the monomer
content since the monomer concentration in the continuous phase is about 1.5% or less. The
particle volume would increase linearly with monomer conversion x as long as the particle
concentration and the volume ratio of water to polymer are constant. It is possible to describe

the volume-conversion relationship of NIPAM/BAM polymer particles with the following

equation derived from mass balance:

Ve 07 (5.25)
ppold)pr
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where the small contribution of monomer to the particle volume is neglected and & is the

vidume {raction of polymer in the polymer particles.
5.4.3 Polymerization mechanism
In classical emulsion polymerization, polymerization rate Rp is proportional to particle

. ¥
concentration N:™

- n 5.26
R, = k,N,[M] n/N, (5-26)
while in dispersion polymerization, R, is proportional to the square root of the volume fraction
of particles ¢ (volume of particles / (volume of particles + volume of continuous phase) based

on the assumption that the polymerization mainly occurs in particles since polymer radicals

initiated in the dilute phase are rapidly captured by existing particles:®

R, = k (2fk,Ik) (M), TP "7 (5.27)
where [f] is the total amount of initiator in moles divided by the total volume of the

dispersion. Actually, Equation (5.27) is exactly the same as that for classical emulsion
polymerization obeying Case 111 kinetics, which means that the equation describes the special
case of dispersion polymerization in which there are many radicals per particlé and all the
polymerization occurs in the polymer particles.

The polymerization rates of NIPAM/BAM at two SDS levels did not show signifit;ant
difference, as described in 5.3.3 (i), although the particte concentrations were quite differer;.t
(2.1x10" and 1.0x10"7 #/L). This suggests that if the polymerization is emulsion

polymerization, it could be either Case 111 kinetics applied or Case I kinetics with rapid radical

desorption .
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Table 5.4 compares the characteristics of  dispersion  polymerization, cmulsion
polymerization with the results of this work.

Table 5.4 Comparison of dispersion, emulsion polymerization
with the results of this work*

Characteristic Dispersion Emulsion This system
Separate monomer phase X v X
Initiator dissolved in both phases /oo x v
Particles formed in diluent phase v v e
Particle concentration dependent v/ v v

on stabilizer concentration

Polymerization rate proportional x e ?
to particle concentration

* o/ means "yes", x "no".

In dispersion polymerization, or emulsion polymerization (Case. l1 kinetics) the
polymerization rate is proportional to the square root of volume fraction of particles according
to Equation (5.27), or proportional to the volume fraction of particles.™ However, the
polymerization rate (runs LS1 and LS10) found in this work hardiy depends on the particle
size and particle concentration. The polymerization may take place inside the particles, and
in the aqueous phase. In the latter case, primary particles grow by the precipitation of polymer
radicals and are captured by existing particles.’

5.5 SUMMARY

The kinetic aspects and the mechanism of heterogeneous polymerization of NII’A M/3AM
in aqueous media were investigated. Several factors including temperature, onic strength,
concentrations of cross-linking agent and surfactant were studied. It was found that: (1)
increasing temperature by 20 °C elevated the polymerization rate by a factor of five; (2) the
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BAM raised the polymerization rate as well as the particle size, so did the higher ionic
strength; (4) increasing SDS concentration reduced the induction period but hardly changed

the polymerization rate; (5) the particle diameter decreased, while the particle number
increased, with increasing SDS level: D, « [SDS]*"!, N, = [SDST=.

The particles are likely nucleated by the mechanism of homogeneous agglomeration, and
that, probably, the polymerization followed emulsion polymerization (Case III kinetics) or
equivalently a special case of dispersion polymerization (where polymerization occurs only

in the polymer particles and the average number of radicals per particle are much greater than

1.0).

Symbols

D — Particle diameter (nm)

e,, e, — Polarity of monomer 1 and 2

E; E,, E,, Ep — Activation energy of decomposition, propagation, termination, and overall
reaction (kcal/mol)

f — Initiation efficiency

fi» f, — Mole fraction of monomer 1 and 2

F,, F, -— Mole fraction of monomer 1 and_ 2 in copolymer

kg kyo ks kg — Rate constant of decomposition (min’"), propagation (L.mol.min™),
termination (L.mol.min™"), and overall reaction (L'2.mol2.min™*). Subscript

“0" represent constant in Arrhenius cquation.

k, — Rate constant of cross-propagation (L.mol™.min"). i, j equal 1 and 2 representing
monomer 1 and 2. '
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IE ﬁ — Pseudo rate constant of propagation (L. mol.min’") and termination (L.mol!.min’ N

in copolymerization. Subscript "0" represent constant in Arrhenius equation.

k, k, — Rate constant of termination (L.mol*.min) by disproportionation and
combination. Subscript "1", "2" represent monomer 1 and 2.

[M], [I] — Monomer and initiator concentration respectively (mol/L). Subscript "0"

w1t

represents initial values. Subscript "p” represents the concentration in the
particles.

7 — Average number of radical per particle

N, — Avogadro’s number

N, — Particle concentration (#/L.)

P, Qj — Parameters related to resonance of monomers
bo — Initial charge of monomer

ry» Tp — Reactivity ratio of monomer 1 and 2

R — Gas constant

R, — Polymerization rate (mol.L"".min"). Subscripts "1" and "2" represent diffcrent
temperatures.

[S] — Surfactant concentration (mol/L)
t — Reaction time (min)

T — Temperature (°C) or (°K) specified in equations =~
¥V — Average particle volume (nm’)

%
x — Mononsier conversion

x, — Monomer conversion at which stage 11 of emulsion polymerization ends

Z — lonic strength {mol/L)
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ppol’ pmo"

-— Density of polymer and monomer respectively (g/cm?®)

¢ — Volume fraction of particles in suspension

¢, — Volume fraction of polymer

P,, 9, — Mole fraction of radicals with terminal monomer unit 1 and 2

@, — Fraction of termination by disproportionation
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APPENDIX B-1

Aqueous Solution Polymerization of NIPAM
Initiated by Redox System

In aqueous solution NIPAM polymer precipitates when the temperature was raised
above ~ 31 °C. Therefore, the aqueous solution polymerization must be carried out below 31
°C and hence requires a redox initiator pair to generate radicals. In the litcrature, some authors
performed the aquecus solution polymerization of NiPAM with redox systems, Table B-1.1
gives some example recipes and conditions.

Table B-1.1 Examples of published agqueous solution polymerization
with redox initiators

Author Initiators M], Temperature Rate
Wooten' NaHSO,/NH,S,0; 5% 25 ~32°C t=16 min x=1.0
Pries¢ TEMED/NH,S,0; 1% R.T. =10 min x=0.87

In this work, two redox initiator pairs at different levels were used to conduct the
solution polymerization of NIPAM under various conditions. The recipes and conditions arc

summarised in Table B-1,2

' W.C. Wooten, R.B. Blanton, and H.W. Coover, Jr., J. Polym. Sci. voi.xxv, 403-412,
(1957)

2 JH. Priest, S.L. Murry, R.J. Nelson, and A.S. Hoffman, in Reversible Polymeric Gels
and Related Systems (ACS Symposium Series 350, 255-64, 1987)
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Table B-1.2 Recipes and conditions for aqueous solution
polymerization of NIPAM with redox initiators

Run Initiators {I}, mmol/L [M], mol/L T °C)
] 2 1 2

RS1 NaHSO, / Fey(80,),.5H,0 0442 / 0.094 0.177 ) 184 ~ 203
RS2 NaHSO0, / Fe(S0,),.5H,0 0.961 / 0.204 0.177 18.5 ~ 19.9
RS3 NaHSO0, / K,S,0, 0.961 / 0.407 0.177 18.4 ~ 212
RS4 NaHSO0, / K,S,0, 236 /1.00 0.177 18.4 ~ 20.5
RSS NaHSO, / K,S,0, 236 /236 0177 25

RS6 NaHSO, / Fel(S0,),5H,0 0.961 / 0.204 0.177 10

The monomer conversion was determined with HPLC (see Part B Chapter 5 for
details). Figure B-1.1 is the plot of monomer conversion vs. reaction time. The
polymerizations initiated by NaHSO, / K;S,0; were slower than those by NaHSO, /
Fe,(SO,);.5H,0 although the concentration of the former was higher. The slower reaction rates
are likely caused by the slower generation rate of radicals from NaHSO, / K,S,0,.
Interestingly, the polymerization carried out at room temperature ceased at monomer
conversion of 14.3% and 66.3 % for RS1 and RS2 respectively, while at 10 °C, the
polymerization approached completion. The curves for RS1 and RS2 are similar to "dead end"
polymerizations — the polymerizations which stop before all the monomer has been consumed
due to complete consumption of initiator. Probably, at room temperature the initiators were
consumed s;’“‘fast that many of the radicals experienced recombination before they could
initiate the monomer polymerization.

B

The "dead end" polymerization and limiting conversion can be used to estimate the ratiof/ k,

where £ is the initiation efficiency and k, is the rate constant of the first-order decomposition
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of the initiator for initiators which decompase thermally.™ For the polymerization initiated
by thermally-decomposed initiators, the polymerization rate is given by (for the derivation see

reference’):

k,\ 2
__.._dg‘;’] - kp[’-}‘!) N2 M) M

where k, kp, k, are rate constants for initiator decomposition, polymer propagation and
iermination, respectively; [I], [M] are the concentrations of initiator andd monomer.
oy . . -kt . . . . .

Substituting the expression” of [I] = [Nye” ¢ into Equation (1) and integrating it, one can

obtain the following equation at time t ( or monomer conversion X)

n
) lnf[l";pflll_n - - -x- ZkP[{’f_%] (1 - e @

At long times, the monomer conversion no longer changes, Le, x -~ x,, [M] -~ [M],

L P €10/ @)
ln[M]o (1 - x.) 2kp(kdk‘)

Dividing (2) by (3), gives:

3 Zuren Pang and Zaizhang Yu; Free Radical Polymerization, Chemical Jndustry
Publisher (China, 1983), pp 98-99

* A.V. Tobolsky, C.E. Rodgers and R.D. Brickman, J. Am. Chem. Soc. 82, 1277 (19060)

5 A.E. Hamielec, Course Notes of Chem. Eng. 683, McMaster University, Hamilton, Canada
(1987)

232



1,,[1 ) _m___)} L ks @

P'lmling the left hand side of Equation (4) against time t, one can tind k, from the slope.

For polymcrization initiated by a redox pair, the reactions are as follows:

I+ 4 LRy ¢ R, = k[L]1L] 5)
R+M K, M R, - f k[R1[M] | (6)
M+ M 5 mm R, = kIM'1IM) @
M + M, K, op R, = kM @)

where [1], [£,] are the concentrations of reducing and oxidizing agent; k, is the rate constant

for the reaction generating radicals; [R"], [M"] are the concentrations of initiator radicals and
monomer radicals.

At stationary state, the generation rate of initiator radicals almost equals to the

consumption rate of them, that is,

R = R, k11 = k[R1 (M) )]

T i
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R* _—
[R°] Ml

(10)

Also, the producing rate of monomer radicals approximately equals to the consumption rate:

R =R, fKIRIM = kIMF an
. 1”2
— [fki[li ][M]] 12)

Substituting (10} into (12), one obtains:

(13)

k

3

] - [fki(k, 1151/ &, IMD) [M])'f2 ) [ k(1) (1) ]m
k

4

Substituting (13) into (7) gives the following equation for the polymerization rale when a

redox initiator pair is used:

? dt ?l k

112
R = - d[M] -k [&] U;]m[Iz]mIM] (14)

If the initial concentration of I is {1,],, and that of I, is [L],, then at time t, 1 is consumed
([}, = [1,]) thus the concentration of I, is:

{12] - [12 0~ ([I!]g - [II]) - [17_]0 - [Illo + [!1] (15)
Substituting Equation (15) into (5), one gets:

o dil} o d(l,]
r dt dt

= K IL] = & TUL), - ), + 1D (16)

234



Integrating both sides of Equation (16} gives:

= In([L], - (53, + (LD + In([£,]) + In([L,]) - ln([Il]o) -
([!210 - [II]O)

-kt

The concentration of 1, is then solved from Equation (17) to be:

[12]0 - [11]()
lIQ]QI[Illucp [klt([lz]o - [11]0)] -1

] -
Substituting (18) into (15) and rearranging give:

1
Uzlol[I]]oc’(p[klt([Izlo - [I;]Q)] -1

(7,1 - (L), - [1,]0)[1

Substituting, (18) and (19) into (14) and rearranging, one obtains:

k 12 12
-4 k,,(’ik-l] AR ANETE !
; =20 explk, ({1, - [1,]p1 - 1
),
12
x| 1+ ] 1
2 explk, t (L}, - 1,151 - 1
LA

Rearranging right side of (20) and separating the variables gives:

[M] "Lk, L]/ U Joexpl -k, 1 ([1)] - [L]P]- 1

17/ _ _ 12
Y L [&) - t139 [ L/ Cloerpl bty OV

Integrating both sides of (21) for time from 0 to t ([M], to [M]), gives:

Simplilying (22), one obtains:

a7

(183)

(19)

(20)
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[M] fE NP (IR YR 1)\ 1
-In=-—+=" =k |— AT
(M], P( k ] (Ualo =170 Ullo) [[12 0} k(5] - L))
x[ln ( - [Il]oexp(k1 r[’,]o - [Iglgcxp(klr[lglo) (22
([)gexp(k t[L,)e) - [ )gexp(k, (11D
([12]0 - [Illo) ]

S A TA NI ANTANEG

+2([,], [I,]o)‘ﬂexp[%k,r(leo+[1,10)1 +In

112 -
-In M _ kp( f ) [ln [51o- 1o
[M], kl k, =[]~ Ualo +2(H 1, L1y i 3
n - [Il]ocxp(kl t [11]0 - [1210 cxp(k] ! [Izln
[Iz oexp(k] tUg]o) = [Il]oexp(kl r[Il]o)

AR AL LTI ARY [1,10)]]

Let Term A, Term B and Term C represent the three terms in the bracket of right hamd side

of (23):
TermA = In Uy - Ul 24)
)~ lg + 2(U Jo IL1 ) P
TermB - In - [Il]oexp(kI t[Il]O - [Izlt,exp(!cl I[I? o 25)
[Izlocxp(klt[lzlg) - [I|]0°7‘p(k| t UIIO)
Term C = 2({1], [Iz]o)mexp[—;- I XTUARTIANY (26)

where Term C is constant for a given initial concentration of redox pair.
To investigate the effects of the three terms on the right side ol (23), an example

calculation was conducted using the recipe of run RS1 in Table 2. In the calculation of the
e
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three terms, a guess of k, value waz made from the first-order approximation of the reaction
rate of initiator pair: the second-order reaction rate of the initiator pair was approximated by
the product of two individual rate of first-order reaction; and the individual rates are given by:

U] = ], ™ @7

(L] = (L), e™ ' (28)

Substituting (27) and (28) into (14), one obtains:

k, \'P? -

{

Integrating the above cquation gives:

M e <ok () e (e 30
In ol In(1-x) Zk[klk,] (W4 (L1 (1 - 75") 30)

At long times, the monomer conversion approaches a constant value x,, the above equation

becomes:

-m% = -In(l-x) = 2k |- lm([{] FARNLL (31)
[mo P klk' 140472
Dividing Equation (30) by (31), gives:
m[]_ﬂl;ﬁ] L (32)
hl(l -x) 2
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This equation is the same as Equation (4). Thus, the &, value was guessed by the plot of the
L.H.S. of (32) versus time t. Figure B-1.2 is an example of the plot which was produced using
the data of runs RS1 and RS2. Both data sets displayed linear refationships between the LLHS.

and t, although some scattering was observed. The slopes § and correlation cocfTicients y?
for two runs were: RS1, § = - 0.072, y2 = 0.96; RS2, § = - (148, y2 = 0.99. Thus, k, =

0.144 for RS1 and 0.96 for RS2,
By using 0.144 as an initial guess of k,, the values of three terms in Equation (23) and

the summation of them were calculated based on the data of RS1. These values are plotted
against reaction time in Figure B-1.3. It is seen from the figure that at the beginning of the
reaction, Term A is dominant; Term B decreases but Term C increases with the time; After
long times (e.g. about 30 min), Term B becomes negligible. Therefore, at long times, Equation

(23) can be written as:

-In(1-x) - k (_f_]m‘:ln [5)o - [h
PLkk, =]y - lg+2 (U o 1" 33)

+2(10), [1210)'”exp[%k,ra1210+[1.10)1]

Rearranging and taking logarithm of both sides give:

In

SIn(l-%) -k [ f ]mm [Iz]o'ullo
: Pl k,k, - [11g- L+ 2T o 19"

F\®
ZkP(H] UANTANG

17

(34)

=In *"%’([Iz]t)*Ul]o)kl‘
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Plotting the feft hand side of (34) against the reaction time t, one can get the rate constant of

reaction hetween redox pair k. To get k;, however, constant group, kp(flklk,)m, must be

known. The following equation, which is derived from (23), can be used for this purpose:

e[£ )7 - In(1-2) 35)
P\ kK, TermA + Term B + Term C

By applying the kinetics data of run RSI, the value of the group was estimated to be in the
range of 0.034 to 0.084. Figure B-1.4 shows that the constant group is a function of the

" reaction time. It increased first and then decreased with time after about 15 minutes.

1

By using the results of k (f/k, k)'? from Equation (35) and run RS1, the left hand side

(L.H.S,) of Equation (34) was computed. Figure B-1.5 is the plot of L.H.S. of (34) versus

time. It \.\‘I_\nws a linear relationship between L.H.S. and t. The slope of the line was found to

be 0.0098 with a correlation coefficient 0.98. The value of the k, was then estimated from the
slope, to be 0.0367. The calculation of L.H.S. of (34) and then the evaluation ot k, were
repeated using the new value of &, until the new &, value no longer changed. After four times

of iteration, the vatue of k; = 0.00317 (min'") was obtained. The curve used to find thisk,
value is also plotted in Figure b-1.5 as curve 2.

The constant group, &, (ff k, kY, was re-calculated using k; = 0.00317. The trend of this
group is shown in Figure B-1.4 as curve 2. Unlike curve 1 (k; = 0.144), no decrease of
k,(flk, k)'? with time was observed in this case. If assuming f = 0.8 as usually used, ‘one
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can estimate the value of kplk,r by: k [k~ = [LP(fIL‘A,)”’]:\[(LI/j)"’l. 'he value n!&plk,"
was computed to be 0.0021 to 0.0053 (L= mol"2.min?) based on the data of RS1. The

change of !cp],("”2 with time is given in Figure B-1.0.

Figure B-1.1 NIPAM monomer conversion versus time for aqueous
poiymerization initiated by redox system
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In[1-In(1-x)/In(l-x)]

Figure B-1.2 In [1 - In(1 - x) / In(l - x_)] versus reaction time

*+ RS1
B RS2

0 5 10 15

Reaction time (min)

241



Values of terms

Figure B-1.3 Evaluation of each term and summation of
the terms in Equation (23)
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Figure B-1.4 Dependence of constant group kp(f[klk,)m on reaction time
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Figure B-1.5 Left hand side of Equation (34) versus reaction time
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:fc“,/!:,”2 (L*2.mol"**.min"""?)

Figure B-1.6 k [lc"2 versus reaction time for NIPAM solution polymerization
at room temperature (run RS1) initiated by redox system
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APPENDIX B-2
The Age of SDS Solution and the CMC of SDS

It is usually believed that SDS hydrolyses to alcohol in aqueous solution, and therefore
the surface activity changes.' In order to ensure that the SDS solution uscd for titration has
the same effective concentration, a stuﬂy on the age of SDS solution was performed. The
solutions prepared for 2 days, 40 days were compared with "just-prepared” solution to
determine the CMC in 107 M KCL. The solutions prepared for 1 day, 30 days and 74 days
were used to determine the CMC in 10* M KClI. In two cases, the CMC values were both
reproduced up to four significant figures. Figure B-2.1 is the one of the examples, ditferential
conductivity versus SDS concentration in 10" M KCI. It is seen that the curves overlap in the
transition region although they do not at ihe beginning. Therefore, a caiclusion was drown
that the age of SDS solution did not influence the determination of the critical concentration

of SDS by conductometry.

I R.H. Pelton, Course Notes for Chem. Eng. 704-I, McMaster University, Hamilton,
Canada, 1989
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Differential conductivity (uS.L.cm™.mol'")
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Figure B-2.1 Differential conductivity of 10 M KCl

versus SDS concentration for SDS solutions
of various age at 25 °C
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APPENDIX B-3
Influence of Monomers on the CMC of SDS

To study the nucleation mechanism of poly(NIPAM/BAM) particles, the effects of
monomers (NIPAM and BAM), in addition to the effect of polymer (see Part B Chapter 2)
on the CMC of SDS, were investigated. A monomer solution was prepared at the same
concentrations as that for polymerization: 1.54 ¢ monomers (1.4 ¢ NIPAM and 0.14 ¢ BAM)
in 100 ml 10 M KCl. A 2% SDS solution was added to the menomer solution by the method
described in Part B Chapter 2. The conductivity of the solution versus SDS concentration at
25 and 70 °C is plotted in Figure B-3.1. In the presence of monomers, the titration curves
were less sharp, and some deviation from the SDS-alone curves was observed. The CMC of
SDS with monomer was slightly higher than that without monomers. These observations
suggest that there is interaction between NIPAM, BAM and SDS. But this interaction would

not reduce the CMC of SDS.
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APPENDIX B-4
Preliminary Study on the Rheological Properties
of Poly(NIPAM/BAM) Latex

The volume of poly(NIPAM/BAM) latex particles changes with temperature, which
gives the latex interesting rheological properties. On the other hand, rheology can provide
useful information about the thermal response of the particles, about the interaction among, the
particles or between the particles and solute (e.g., salt, surfactant), and about the stabilization
mechanism of the particles.

In this preliminary study, the viscosity of poly(NIPAM/BAM) latex at temperature 25 -
45 °C was measured with a Bohlin Rheometer, at a shear rate 14.7 1/fs, and a heating rate 0.1
°C / 12 s. The latex samples were 100% wet latex and 50% diluted wet latex (diluted with
DDI water). The wet latex was obtained by ultracentrifuging the original latex LS6, Tigure B-
4.1 shows that the viscosity of 100% latex bed decreases with increase in temperature until
~ 35 °C (LCST of poly(NIPAM/BAM)), and then increases slightly. This increase may be
caused by the coagulation of latex particles above the LCST because the coagulation was
observed after the rheology experiment, Figure B-4.2 displays the viscosily change during a
cycle of heating and cooling. onSO% latex bed. In the first half of the cycle (heating process),
the viscosity decreasesf‘,'gzith increase in temperature and suddenly drops at about 33 °C, and
then remains constar'i'}. In the second half of the cycle (cooling process), the viscosity increases
with decrease in temperature faster at the beginning, and then is almost constant in the range
of about 38 - 32 °C, and finally increases again with temperature. Two curves have different

shapes but cross at the point corresponding to the volume transition temperature (~ 33 °C).



‘The difference between the heating and cooling process may suggest relaxation of the jatex

particles upon cooling.
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APPENDIX C

Software for Data A..i,s15 in This Thesis

Both UWHAUS subroutine (Department of Chemical Engineering, McMaster University,
Canada) and EXCEL FOR WINDOWS (Microsoft Company) were used for most of the data
computations and parameter estimations. The parameters in Part A Chapter 2 were determined
in 1988 - 1989 using UWHAUS. The parameters in Part A Chapter 3 and in Part B were
evaluated using EXCEL ver. 3.0 in 1989 - 1991. In Part B Chapter 2, the regression of the
conductivity titration curves and the calculation of the first and second derivatives of the
conductivity were conducted using TURBLE PASCLE NUMERICAL TOOL BOX ver.

The scattering coefficient K in Eq.(4.8) of Part B Chapter 4 was calculated using a

subroutine provided by Dr. Th. Kourti (Ph. D. Thesis, McMaster University, Canada, 1989).
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