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ABSTRACT: The effect of magnetic field (MF) on the radical copolymerization of a se-
ries of water-soluble and ionic monomers is presented including acrylamide (AM),
acrylic acid (AA), its ionized form acrylate (A�), and diallyldimethylammonium chlo-
ride (DADMAC). The following combinations have been studied: AM/AA, AM/A�,
AM/DADMAC, and AA/DADMAC. In addition to the MF, strong electrostatic interac-
tions are present for the majority of monomer combinations and conditions. Although
the monomer consumption rate (Rp) increased up to 65% applying a MF of 0.1 Tesla,
the composition of the resulting copolymers was not affected under such conditions.
Despite this increase of Rp by MF, the electrostatic repulsion between ionic mono-
mers and charged growing radicals dominates Rp and governs the copolymer compo-
sition with and without MF. The order of the experimentally obtained reactivity
ratios reflects the extent of electrostatic interaction: rAM/AA (1.41) < rAM/A� (3.10) <
rAA/DADMAC (4.25) < rAM/DADMAC (6.95) and rAA/AM (2.20) > rDADMAC/AA (0.25) > rA�/AM

(0.17) > rDADMAC/AM (0.03). Overall, weak MF offers to reduce the production time
without modifying the product composition. VVC 2008 Wiley Periodicals, Inc. J Polym Sci

Part A: Polym Chem 47: 373–383, 2009

Keywords: copolymerization; magnetic field; photopolymerization; reactivity ratios;
water-soluble polymers

INTRODUCTION

Water-soluble and ionic copolymers are exten-
sively used in industry, agriculture, and food pro-
duction. Moreover, a multitude of potential appli-
cations in pharmacy and medicine are currently
under development. Generally, such copolymers
are synthesized through free radical copolymer-
ization, an established procedure to modify poly-

mer properties by arranging different monomer
units in a polymer molecule. Free radical copoly-
merization has a number of advantages due to the
versatility, applicability to many functional
groups, certain tolerance to impurities, and prac-
ticability in both polar and non-polar media. The
performance of such polymers for a specific appli-
cation will depend on their constitution, configu-
ration, and conformation. The growing demand of
customized well-defined polymeric architectures
has been identified as one of the driving forces for
the renaissance of the scientific and technological
interest in both, synthetic possibilities and
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mechanistic understanding of free radical
copolymerization.1

Magnetic field (MF) effects can offer a novel
way to modify radical processes. MF has potential
advantages over conventional strategies to control
free radical copolymerization. Non-contact, in-
stantaneous, homogeneous and highly specific
interactions with targeted molecules can be men-
tioned as examples. In addition, MF interactions
may be performed without interfering classical
mass and heat transfer processes. MF effects
have been observed during the homopolymeriza-
tion of styrene,1–9 methyl methacrylate,10–15 and
acrylamide (AM).10,16 In general, MF increases
the efficiency of photoinitiators. In some cases,
higher molar mass of the resulting polymers was
reported.7,15,16 Such effects are explained in terms
of the radical pair mechanism, which was compre-
hensively discussed in the review articles of Turro
and coworkers17 and Steiner and Ulrich.18 MF
effects on radical homopolymerizations have been
observed and have received proper theoretical
analysis. Contrarily, the literature dealing with
MF effects on copolymerization reactions is rather
limited and reports controversial findings. Only
two works describing the influence of MF on reac-
tivity ratios have been found. On the one hand, it
was found that acrylonitrile-styrene copolymers
synthesized under MF presented higher content
of acrylonitrile than copolymers synthesized with-
out MF. In addition, the reactivity ratios of acrylo-
nitrile and styrene were increased and decreased,
respectively.19 On the other hand, no MF effect on
the reactivity ratios of AM and acrylic acid (AA)
at pH ¼ 3.77 was observed.20

This contribution presents a study of the MF
effects on the radical copolymerization of four
combinations of neutral, anionic, and cationic
water-soluble comonomers of high industrial and
scientific interest. AM, AA, its ionized species ac-
rylate (A�), and diallyldimethylammonium chlo-
ride (DADMAC) were selected as neutral, anionic,
and cationic comonomers. As to the authors’
knowledge, the copolymerization of DADMAC
with AA is reported for the first time.

A number of researchers have investigated the
combinations AM/AA, AM/A� and AM/DADMAC
under various conditions. Because of the technical
importance of these copolymers, the interest in
research has not diminished for more than 50
years. Table 1 summarizes reactivity ratios of
AM/AA, AM/A�, and AM/DADMAC published by
several authors for solution copolymerizations. No
data was available for the AA/DADMAC system.

EXPERIMENTAL

Materials

Four times recrystallized AM, (AppliChem, Swit-
zerland), ultra pure AA (BASF, Germany), and a
65 wt % aqueous solution of DADMAC (Sigma-
Aldrich, Germany) were used as monomers. Cau-
tion: AM is toxic in contact with skin and inhala-
tion and may cause genetic damage. Phenyl-
bis(2,4,6-trimethylbenzoyl)-phosphine oxide,
C26H27O3P, dispersed in water (Ciba Specialty
Chemicals, Switzerland) served as photoinitiator.
The water was of Millipore quality with 18.2 MX/
cm of resistivity. Ethylene glycol 99% for synthe-
sis (EG), HCl or NaOH, and HPLC grade acetoni-
trile and methanol (all Apply Chem, Switzerland)
were used to adjust the viscosity and the pH of
the polymerization medium, and for residual
monomer analysis, respectively.

Polymerization Conditions

Syntheses were performed in a 100 mL glass reac-
tor. The reactor was equipped with stirrer, con-
denser, gas inlet, heating/cooling jacket, and a UV
lamp. The temperature was adjusted within �1
K. The UV lamp had a primary output at k ¼ 254
nm with an intensity IUV ¼ 540 erg/s cm2 at the
surface of the lamp. The entire reactor was placed
between the poles of an electromagnet with maxi-
mum 2 Tesla (Bruker-EPRM, Germany).

Oxygen was removed from the initial comono-
mer solution before the polymerization by purging
with N2 during 30 min at 293 K. Afterward, the
temperature was increased to 313 K and the UV
lamp was lighted to activate the photodecomposi-
tion of C26H27O3P and to initiate the polymeriza-
tions, which were performed isothermally at 313
K and during 60 min. Simultaneously, the MF
was adjusted to 0.1 Tesla. Complementary experi-
ments were carried out without MF but keeping
constant all other conditions.

Table 2 summarizes the experimental condi-
tions for all AM/AA, AM/A�, AM/DADMAC, and
AA/DADMAC copolymerizations. The polymeriza-
tion conditions were selected aiming a sufficient
linear range of the conversion-time curves. Water/
EG mixture (50 wt %; dynamic viscosity g ¼ 10.3
� 10�3 Pa s at 313 K) was used as viscous solvent
to enhance the MF effect.31 All polymerizations
were performed under pH control. Samples of
0.1–0.2 g were withdrawn from the reactor every
5 min for conversion analysis. Linear conversion-
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time curves with r2 > 0.99 were obtained up to at
least 10% conversion. Only the linear part of the
conversion curves was evaluated for kinetic anal-
ysis. Depending on the experimental conditions
and the monomer type, the final monomer conver-
sion was between about 10 and 80%.

Analytics and Determination of Copolymer
Compositions and Reactivity Ratios

Before analysis, the withdrawn samples were mixed
with 5 mL of methanol in the case of AM/AA and
AM/A�, or with 5 mL of acetonitrile in the case of
AM/DADMAC and AA/DADMAC, to precipitate
and isolate the polymer from the solution. The
monomers remained in solution. Twenty microliter
of the supernatant were injected for HPLC analysis.

The conversion of the copolymerization process
was calculated from residual monomer concentra-
tion data according to a recently published proce-
dure.21 The residual monomer concentrations in
the withdrawn samples were obtained using a
HPLC system composed of a L-6000 Hitachi pump
(Hitachi, Japan) and a L-4000H Hitachi UV detec-
tor (Hitachi, Japan) operating at 190 nm. The sta-

tionary and mobile phases were Nova-Pak (Waters
USA) and 5 wt % acetonitrile aqueous solution with
a flow rate of 2 mL/min, respectively. The pH of the
mobile phasewas adjusted to 3.00with o-phosphoric
acid to avoid the ionization of AA, which could cause
precipitation in the presence of DADMAC.

The HPLC system was calibrated using AM,
AA and DADMAC solutions in the concentration
range of 7 � 10�4 to 4.5 � 10�3 mol/L. The stand-
ard solutions were prepared by sequential dilu-
tion of 1 mol/L stock solutions of AM, AA, and
DADMAC. The peak area served as calibration
parameter. Figure 1 shows typical HPLC calibra-
tion curves, with r2 � 0.999.

The mathematical procedure to determine the
copolymer composition from residual monomer
concentration data was described elsewhere in
detail.21 The values of the copolymerization reac-
tivity ratios depend on the treatment of copoly-
mer-comonomer composition raw data. A list of
different methods to calculate reactivity ratios
was presented in ref. 32. Herein, the calculation
of reactivity ratios was carried out using the Tid-
well and Mortimer non-linear least squares
(NLLS) fitting method.33,34 The method is based

Table 1. Reactivity Ratios Published for AM/AA, AM/A�, and AM/DADMAC Copolymerizations

Reactivity Ratios Polymerization Conditions

ReferencesrAM/AA rAA/AM T (K) [AM] þ [AA]a MAM
b pH

0.54 1.48 313 0.40 0.12–0.88 1.80 21
0.50 0.79 333 1.00 0.55–0.97 2.50 22
0.57 1.45 313 1.00 0.75–0.92 1.80 23
0.25 0.92 303 1.00 0.10–0.90 2.10 24
0.48 1.73 333 0.10 0.20–0.80 2.17 25
0.60 1.43 298 1.00 0.12–0.88 1.80 26
rAM/A� rA�/AM [AM] þ [A�]a

3.04 0.32 313 0.40 0.12–0.88 11.70 21
0.95 0.33 303 1.00 0.10–0.90 9.00 24
1.10 0.35 303 1.00 0.12–0.88 10.00 26

rAM/DADMAC rDADMAC/AM [AM] þ [DADMAC]a

7.14 0.220 308 4.00 0.20–0.72 27
6.62 0.074 308 3.00 0.11–0.89 27
6.70 0.580 313 1.50 0.10–0.88 28
6.20 0.120 313 2.00 0.50–0.70 29
4.80 0.040 328 3.00 0.43–0.99 30
6.20 0.030 328 1.50 0.10–0.99 30
6.30 0.030 328 0.50 0.10–0.99 30

a Concentrations in mol/L.
b Acrylamide molar comonomer fraction in the monomer feed.
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on minimizing the sum of squares of weighted
residuals [SS (rA/B, rB/A)] in so-called sum of
squares space (SSS) to obtain the most probable
set of reactivity ratios, which corresponds to the
minimum ss(rA/B, rB/A) element. Seven data points
were used for the calculation of each of the ss(rA/B,
rB/A) elements and the weighting factor for each
data point was obtained through the assumption
of constant relative error. The determination of
the joint confidence intervals (JCI) were per-
formed by the so-called F-test where the proba-
bility F-values were used at level z ¼ 0.90, that
is, 90% probability.35

RESULTS AND DISCUSSION

Conversion Analysis

Figure 2 presents, exemplary, the experimental
conversion analysis for AM/A� copolymerizations
at pH ¼ 12. For better visualization, only four
monomer ratios have been selected out of seven
studied under these reaction conditions.

The continuous, but different, consumption of
both monomers is clearly visible. At pH ¼ 12,
whatever the monomer ratio is, it is obvious that
AM is consumed much faster than A�. The copoly-
merization raw data sets of all 56 copolymeriza-
tions listed in Table 2 were appropriately eval-
uated to obtain the monomer consumption rates
(Rp ¼ �d[M]/dt). This is different from the total
polymerization rate defined as �d[M1 þ M2]/dt,
which was not considered in this article.

Monomer Consumption Rate

Comparing the copolymerizations performed with
and without MF, considerable increase of Rp was
observed when the polymerizations were carried
out in the presence of MF. Figure 3(a–d) present
logarithmic plots of Rp versus [M], where [M] is
the concentration of the corresponding comono-
mers. RAM

p , RAA
p , RA�

p , and RDADMAC
p indicate the

monomer consumption rates of AM, AA, A�, and

Table 2. Experimental Conditions of the Copolymerization Series AM/AA, AM/A�, AM/DADMAC, and AA/
DADMAC, Initial Total Comonomer Concentration 0.4 mol/L, T ¼ 313 K, [C26H27O3P] ¼ 1.2 � 10�3 mol/L, and
Solvent: 50 wt % Water/EG

No. MF, Tesla

Series 1, AM/AA Series 2, AM/A�
Series 3, AM/
DADMAC

Series 4, AA/
DADMAC

MAM
a pH MAM

a pH MAM
a pH MAA

a pH

1 0 0.125 1.75 0.126 11.71 0.129 6.47 0.126 1.82
2 0 0.250 1.87 0.251 11.82 0.251 6.47 0.250 1.76
3 0 0.375 1.94 0.375 11.79 0.375 6.25 0.375 1.79
4 0 0.500 1.93 0.501 11.66 0.500 6.40 0.503 1.83
5 0 0.625 1.93 0.625 11.79 0.625 6.20 0.623 1.91
6 0 0.750 1.92 0.748 11.65 0.748 6.30 0.747 1.86
7 0 0.874 1.93 0.875 11.98 0.869 6.20 0.869 1.92
8 0.1 0.125 1.93 0.125 11.98 0.125 6.51 0.125 1.82
9 0.1 0.251 1.90 0.323 11.67 0.250 6.49 0.245 1.82

10 0.1 0.376 1.92 0.375 11.86 0.371 6.52 0.375 1.79
11 0.1 0.501 1.93 0.499 11.74 0.492 6.50 0.500 1.75
12 0.1 0.625 1.90 0.625 11.67 0.625 6.46 0.625 1.90
13 0.1 0.750 1.92 0.750 11.66 0.748 6.52 0.748 1.85
14 0.1 0.875 1.93 0.874 11.79 0.875 6.32 0.875 1.90

a MAM and MAA indicate the molar fractions of AM and AA in the comonomer feed.

Figure 1. HPLC calibration curves. Concentrations
of AM (n), AA (l), and DADMAC (^) solutions were
plotted as a function of the corresponding HPLC peak
area.
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DADMAC during the copolymerization reactions.
The values for selected monomer concentrations
are summarized in Table 3.

Series 1 in Figure 3(a): AA polymerizes slightly
faster than AM at pH ¼ 2. As an example, for
[AM] ¼ [AA] ¼ 0.20 mol/L it is RAA

p ¼ 6.58 � 10�5

L/mol s, that is higher than RAM
p ¼ 5.01 � 10�5 L/

mol s. In addition, RAM
p and RAA

p increase with the
initial monomer concentration with and without
MF. Moreover, RAM

p and RAA
p increased about 60%

for all polymerizations when MF was applied.
Series 2 in Figure 3(b): Increasing the pH from

2 to 12 converts AA into A� and the consumption
of AM becomes much faster than the A� consump-
tion. Specifically, for [AM] ¼ [A�] ¼ 0.20 mol/L,
RAM

p ¼ 2.10 � 10�5 L/mol s is about three times
higher than RA�

p ¼ 0.66 � 10�5 L/mol s when the
polymerizations were performed without MF.
Interestingly, the MF of 0.1 Tesla increased Rp to
RAM

p ¼ 3.23 � 10�5 L/mol s and RA�
p ¼ 0.97 �

10�5 L/mol s, what is an increase similar to that
of AM/AA. Table 3 may be used for further
detailed comparison of the kinetic data.

Figure 3(a,b) present the same monomer com-
bination with only modified pH conditions causing
either the complete neutralization of AA at pH ¼
2 or its complete ionization at pH ¼ 12.

Figure 2. Conversion analysis. Residual monomer
concentration ([M]) versus reaction time curves. Re-
sidual [AM] (full symbols) and [A�] (open symbols) of
polymerizations with various comonomer ratios (AM/
A�) are plotted as a function of the reaction time.
AM/A� ¼ 7.00 ([l,*), 1.67 (n,h), 0.60 (^,^), and
0.14 (~,~); T ¼ 313 K; pH ¼ 12; [AM] þ [A�] ¼ 0.4
mol/L; [C26H27O3P] ¼ 1.2 � 10�3 mol/L; solvent 50 wt
% of EG in water; all copolymerizations without MF.

Figure 3. Monomer consumption rates (Rp) versus initial monomer concentrations
([M1], [M2]) for copolymerizations with MF (full symbols) and without MF (empty
symbols). [C26H27O3P] ¼ 1.2 � 10�3 mol/L; T ¼ 313 K; solvent: 50 wt % EG in water;
MF ¼ 0.1 Tesla. (a) AM ( , l,*) and AA ( , ^,^) at pH ¼ 2; (b) AM ( , l,*)
and A� ( , ^,^) at pH ¼ 12; (c) AM ( , l,*) and DADMAC ( , ^,^) at pH ¼
6; and (d) AA ( , l,*) and DADMAC ( , ^,^) at pH ¼ 2; [M1] þ [M2] ¼ 0.4 mol/L.
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Comparing the results for AM at pH ¼ 2 (Series
1) and 12 (Series 2), it can be concluded that the
AM consumptions decrease while increasing the
pH. In fact, comparing the results for [AM] ¼ 0.05
and 0.35 mol/L of these two series, RAM

p was
obtained as 0.97 � 10�5 and 10.13 � 10�5 L/mol s
at pH ¼ 2 but as 0.69 � 10�5 and 3.12 � 10�5 L/
mol s at pH ¼ 12. However the impact of the pH
is much stronger on acrylic acid comparing the
same concentrations. RAA

p (pH ¼ 2) was found
about 9–13 times higher than RA�

p (pH ¼ 12).
Same trends hold for polymerizations under MF.

Figure 3(c,d) present RAM
p , RAA

p , and RDADMAC
p

as a function of [AM], [AA], and [DADMAC] in
the comonomer feed during their copolymeriza-
tion with and without MF. The results reveal
higher fluctuations than visible from Figure
3(a,b), especially for RDADMAC

p . Such experimental
scatter is due to the considerably higher slope of
the DADMAC calibration curve in Figure 1 com-
pared with AM and AA. Therefore, significant
variations of [DADMAC] are monitored by only
small changes in the peak areas during HPLC
analysis preventing high precision of the conver-
sion curves. Subsequently, less accuracy of the
conversion curves is propagated to the Rp values.
Despite the lower precision, general trends may
be concluded.

RAM
p of Series 3 in Figure 3(c) presents almost

the same values as RAM
p of Series 1 in Figure 3(a).

Therefore, the polymerization of AM as copoly-
merization component seems neither to be
affected by increasing the pH from 2 to 6, nor by
exchanging the neutral AA by the cationic DAD-
MAC comonomer. However, RAM

p is significantly
decreased at pH ¼ 12 and in the presence of the
anionic A� comonomer. Specifically, for Series 3
where DADMAC was present, RAM

p increased
from 0.82 � 10�5 to 11.31 � 10�5 L/mol s when
[AM] was varied from 0.05 to 0.35 mol/L in the
comonomer feed, whereas the increase was only
from 0.69 � 10�5 L/mol s to 3.12 � 10�5 L/mol s in
presence of A� at pH ¼ 12. MF effect could not
undoubtedly be assigned to AM and DADMAC in
Series 3, as well as AA and DADMAC in Series 4,
due to the analytical uncertainty discussed above.
Surprisingly, RDADMAC

p in Figure 3(c,d) seems to
be less sensitive to [M] in this range than RA�

p in
Figure 3(b), both corresponding to fully ionized
monomers.

Table 4 summarizes the concentration depend-
ence of all monomer consumptions as slope of the
appropriate curves in Figure 3(a–d). Despite abso-
lutely higher Rp values, no influence of the MF on
the concentration dependence can be concluded
within the range of experimental error.

Table 3. Monomer Consumption Rates (Rp) of AM, AA, A�, and DADMAC for their Lowest, Medium and
Highest Concentrations in Series 1–4 of Table 2

Monomers

Rp � 105 L/mol s

Series 1 Series 2 Series 3 Series 4

[M], mol/L MF, Tesla AM AA AM A� AM DADMAC AA DADMAC

0.05 0 0.97 1.26 0.69 0.14 0.82 0.54 1.36 0.46
0.1 1.52 1.94 1.06 0.19 1.04 0.84 1.04 0.56

0.20 0 5.01 6.58 2.10 0.66 5.78 0.77 7.44 0.93
0.1 8.35 11.04 3.23 0.97 4.69 0.91 6.47 1.44

0.35 0 10.13 13.37 3.12 1.03 11.31 1.24 9.00 1.00
0.1 15.73 20.55 4.69 1.41 14.50 1.62 11.00 1.62

Table 4. Slopes of the Logarithmic Plots Rp ¼ f([M]) in Figure 3(a–d)

Series pH

Slopes for MF ¼ 0 Slopes for MF ¼ 0.1 Tesla

AM AA/A� DADMAC AM AA/A� DADMAC

1 2 1.20 1.21 – 1.20 1.19 –
2 12 0.77 0.98 – 0.76 1.01 –
3 6 1.38 – 0.32 1.48 – 0.33
4 2 – 1.14 0.42 – 1.15 0.58
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Copolymer Composition and Reactivity Ratios

Based on the conversion analysis data, copolymer-
ization diagrams were constructed. The diagrams
are presented in Figure 4(a), for Series 1 and 2,
and in Figure 4(b), for Series 3 and 4.

Figure 4(a) reveals differences of the copolymer
composition for copolymers obtained from the
same monomer feed mixtures but from copolymer-
izations performed at different pH. Copolymers
synthesized at pH ¼ 2 yielded approximately the
same composition as mixed in the comonomer
feed, whereas copolymers synthesized at pH ¼ 12
resulted enriched in AM units. AM/DADMAC and
AA/DADMAC yielded copolymers enriched with
AM or AA units compared with the corresponding
feed composition as visualized in Figure 4(b). How-
ever, neither for Series 1 and 2 nor for Series 3 and
4, MF effects can undoubtedly be concluded.

The NLLS fitting method was used and the
90% joint confidence intervals were constructed
as presented in Figure 5(a–d). Table 5 summa-
rizes the reactivity ratios.

The reactivity ratios presented in Table 5
reflect the preferred polymerization of AM
for Series 2 and 3, and of AA for Series 4. Here,
rAM (or AA)/comonomer is significantly higher than
rcomonomer/AM (or AA). For Series 1, the reactivity
ratios of AM and AA differ less. The overlapping
JCIs in Figure 5(a–d) and the values in Table 5
confirm that the reactivity ratios for all copoly-

merizations cannot be considered as affected by the
MF, though slightly lower values were calculated
for the majority of cases where MF was applied.

It is visible that the contours of the confidence
intervals in Figure 5(c,d) extend into the negative
range and include zero. This is a consequence of
the arbitrary requirement for 90% confidence and
the relatively low values of rDADMAC/comonomer.
Mathematically, the confidence intervals close in
the negative region passing through zero. Negative
regions are not presented herein due to their phys-
ical impossiblity. As the probability of homo and
crosspropagation is always >0, the reactivity ratios
will be ri-j > 0 and rj-i > 0. This justifies the plots
only in the first quadrant. Negative values are an
intrinsic result of the statistics and depend on the
percentage of confidence arbitrarily set. Reduction
of confidence will reduce the area of the ellipsoids
whereas increasing the percentage would result in
extension of the intervals of all reactivity ratios.

Comparison of Experimental Results and
Literature Data

When comparing the experimental results sum-
marized in Table 5 with the literature data of Ta-
ble 1 one has to consider that all copolymerizations
of this study were performed in a medium of
enhanced initial viscosity, 50 wt % of EG in water.
Actually, the viscosity of the EG/water mixture was

Figure 4. Copolymerization diagrams for copolymerizations carried out with MF
(full symbols) and without MF (empty symbols). [C26H27O3P] ¼ 1.2 � 10�3 mol/L; T
¼ 313 K; solvent: 50 wt % of EG in water; MF ¼ 0.1 Tesla. (a) AM/AA at pH ¼ 2
(l,*) and AM/A� at pH ¼ 12 (^,^). (b) AM/DADMAC at pH ¼ 6 (^,^) and AA/
DADMAC at pH ¼ 2 (l,*). Curves calculated using the reactivity ratios of Table 5:
with MF (�), without MF (---).
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10.3 � 10�3 Pa s instead of 5 � 10�3 Pa s in pure
water. Moreover, also the total monomer concentra-
tion, polymerization temperature, pH, and the AM
molar comonomer fraction in the monomer feed,
and the method to calculate the reactivity ratios,
were differently chosen by other authors.

Nevertheless, all authors report rAM/AA <
rAA/AM what is in agreement with the results of

Series 1 in Table 5. Differently, herein rAM/AA and
rAA/AM were both found >1, with and without MF.
This refers to an azeotrop copolymerization
behavior. Such azeotrop copolymerization can be
concluded from other studies listed in Table 122,24

where both rAM/AA and rAA/AM were <1. Overall,
the trends reported in Table 1, rAM/A� � rA�/AM

and rAM/DADMAC � rDADMAC/AM, are confirmed by
the reactivity ratios in Table 5 for polymerizations
with and without MF. No comparison can be
made for Series 4. This monomer combination
was studied for the first time here.

Electrostatic Interactions

Strong influence of the pH on the polymerization
rate is clearly visible comparing Figure 3(a,b).
The main impact is expected from the degree of
ionization of AA monomers and polymer chain
units. At pH ¼ 2, both monomers, AM and AA are
not ionized and present similar reactivity which
indeed depends on the monomer ratio in the feed.
The addition of AA is slightly preferred at low AM
ratio in the feed, while the situation is inversed at
high AM ratio. The model curve in Figure 4(a)

Figure 5. Determination of reactivity ratios. Copolymerizations carried out with
MF (l) and without MF (*). [C26H27O3P] ¼ 1.2 � 10�3 mol/L; T ¼ 313 K; solvent:
50 wt % EG in water; MF ¼ 0.1 Tesla. (a) AM/AA at pH ¼ 2; (b) AM/A� at pH ¼ 12;
(c) AM/DADMAC at pH ¼ 6; (d) AA/DADMAC at pH ¼ 2; JCI with MF (�) without
MF (---).

Table 5. Reactivity Ratios for the Copolymerization
of AM/AA, AM/A�, AM/DADMAC, and AA/DADMAC,
[C26H27O3P] ¼ 1.2 � 10�3 mol/L, T ¼ 313 K, Solvent:
50 wt % EG in Water, and MF ¼ 0.1 Tesla

Series Reactivity Ratios

Tidwell-Mortimer

Without MF With MF

1 rAM/AA 1.41 1.36
rAA/AM 2.20 2.10

2 rAM/A� 3.10 3.24
rA�/AM 0.17 0.13

3 rAM/DADMAC 6.95 5.40
rDADMAC/AM 0.03 0.02

4 rAA/DADMAC 4.25 3.65
rDADMAC/AA 0.25 0.15
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reflects this behavior. Further influence can be
suggested for different total monomer concentra-
tions, but only one total monomer concentration
was studied here.

At pH ¼ 12, AM is coexisting with A�. Here,
the repulsive forces due to the negative charges of
the A� monomers as well as the negatively
charged A� chain units of the copolymer mole-
cules dominate over size and polarity effects
caused by the amide and acidic groups in AM and
AA. In such case, the addition of ionized A� mono-
mer to a negatively charged growing radical is
significantly impaired, especially when the termi-
nal unit of the growing radical is also ionized,
such as at pH ¼ 12. Thus, it is expected that a
growing radical will preferentially react with AM,
and the copolymers become enriched with AM
units, which is quantitatively reflected by rAM/A�

(3.10) � rA�/AM (0.17).
A similar situation exists for the copolymeriza-

tion of AM with DADMAC. However, the differen-
ces, rAM/A� (3.10) < rAM/DADMAC (6.95) and rA�/AM

(0.17) > rDADMAC/AM (0.03), indicate that electro-
static effects are more pronounced for AM/DAD-
MAC. The almost pH independent positive charge
in a DADMAC terminal chain unit is very close
located to the radical center impairing the
approach of DADMAC monomers. Thus, the
homopropagation rate coefficient for DADMAC is
expected to be lower than the homopropagation
rate coefficient for AM and even A�.

Interestingly, rAM/A� (3.10) < rAA/DADMAC (4.25)
< rAM/DADMAC (6.95) were determined, implying
for AA/DADMAC copolymers less composition
drift than for AM/DADMAC. Here, the high ionic
strength of the polymerization medium seems to
suppress, partially, the electrostatic repulsion
between the ionic monomer and growing radicals.
Enhanced ionic strength in the polymerization
medium of Series 4 is achieved due to the addition
of HCl needed to adjust the low pH ¼ 2. The
excess of chloride ions screens the positive charge
of the quaternized ammonium allowing DADMAC
monomers and growing radicals to approach, and
to react, easier than under the conditions of Series
3 where the pH was about 6.5. Therefore, the
effect primarily results from the ionic strength
induced by pH adjustment.

Influence of Magnetic Field on the
Polymerization Rate

Overall, for all copolymerizations performed
under MF higher Rp than for copolymerizations

without MF were observed [Fig. 3(a–d)]. This
effect can be explained in terms of the radical pair
mechanism. The photoinitiator used here,
C26H27O3P, decomposes yielding two radicals in
triplet state trapped in a cage formed by solvent
and monomer molecules. When the photodecom-
position of C26H27O3P occurs under classical con-
ditions, that is, in a non-magnetic environment,
the three states composing the triplet state (Tþ,
T0 and T�) are equally populated. However, T0

may pass to the singlet spin state (S) through the
so-called Dg mechanism.4 As soon as a radical
pair passes to the S state, the probability to
recombine to C26H27O3P becomes high. Another
possibility for reactions in S state is the formation
of cage products, which, normally, have lower
probability than recombination reactions. How-
ever, regenerated C26H27O3P may decompose
again while the formation of cage products results
in wastage of initiator.36

Without MF, as T0 passes to S, Tþ and T� pass
to T0 to maintain the three T states equally popu-
lated.37 Finally, an overall transformation of T
into S state with associated regeneration of
C26H27O3P can be concluded. Accidentally, one of
the radicals trapped in the cage may react with a
monomer molecule, or a solvent molecule may
enter in between the radical pair. In such cases,
the radicals are released from the cage and are
able to initiate polymerization.

When MF is applied, C26H27O3P decomposes
yielding radical pairs exclusively in the Tþ state,
which then cannot easily pass to the T0 state.
Consequently, the generation of radical pairs in S
state does not occur and thus, recombination reac-
tion and formation of cage products are inhibited.
Trapped radicals, quenched in the Tþ state, have
higher lifetime, which increases substantially the
probability to escape from the cage. Therefore,
more radicals are released to the monomer mix-
ture increasing the overall Rp. Furthermore, the
termination reaction may be inhibited in a similar
way, as it was demonstrated for the homopolyme-
rization of AM with MF.38

Another mechanism usable to explain the
enhanced monomer consumption in the MF
relates to reaction-favorable magnetic orientation
of the monomer molecules. It is known that or-
ganic molecules, such as the monomers studied
here, possess some degree of diamagnetic anisot-
ropy. This property tends to orientate the mole-
cules in the direction of the field depending on the
temperature of the system and the MF intensity.
Polymerizations of monomers with specific
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preferred orientation are faster than polymeriza-
tions of randomly oriented monomers systems.39

Mechanistically, such ordering would increase the
propagation rate coefficient. This is a hypothesis
suggested as not being the case herein. Molecule
orientation has not been reported for MF as low
as 0.1 Tesla. Nevertheless, both MF spin effects
during the radical generation and termination as
well as magnetically induced orientation of mono-
mer molecules influencing the initiation as well
as propagation steps of the radical polymerization
are hypothesized to explain the increment of Rp

with MF.

Influence of Magnetic Field on Copolymer
Compositions and Reactivity Ratios

Figure 4(a,b) suggest that the application of MF
during the copolymerization of AM/AA, AM/A�,
AM/DADMAC, and AA/DADMAC does not affect
the composition of the copolymers. These results
support the MF spin effect. As the copolymer com-
position is basically a function of reactivity ratios,
which are defined as the ratios of the homopropa-
gation and cross-propagation rate coefficients,
and as reactivity ratios were not affected by MF,
it can be concluded that the propagation step of
radical polymerizations is not affected by MF or
that the homo and cross-propagation rate coeffi-
cients are affected to the same extent. The first
hypothesis suggests that MF effects belong to
other steps of polymerization, that is, initiation
and/or termination. The second, and less probable
hypothesis, proposes the propagation step to be
affected by MF. Propagation may be influenced by
MF induced molecular orientation of monomers
and growing radicals. However, different species
normally have different diamagnetic susceptibil-
ities and thus they respond differently to the
same MF intensity. Therefore, homo and cross-
propagation rate coefficients can be expected
being affected in different manner when MF is
applied. Such effect should be evident by changes
in the reactivity ratios, which is not the case here.
Conclusively, based on the experimental findings,
a MF intensity of 0.1 Tesla is suggested to be not
strong enough to induce significant monomer ori-
entation, which could turn into an increment of
the propagation rate coefficients.

MF interactions through the radical pair mech-
anism during the generation and termination of
radical pairs seem to be the most appropriate
mechanism to describe the increment of Rp and

the invariability of copolymer composition and
reactivity ratios with MF.

CONCLUSIONS

The application of low MF intensity substantially
increases the efficiency for radical production of
C26H27O3P when it is photochemically decom-
posed. Such higher efficiency was explained in
terms of the intersystem crossing mechanism
between S-T spin states. The increase of the effi-
ciency of the photoinitiator yields higher radical
concentration in the polymerization medium
when MF is applied. Thus, faster monomer con-
sumption is observed. However, the copolymer
composition was not affected by MF. Conse-
quently, the homo and crosspropagation rate coef-
ficients were concluded as not influenced by MF
¼ 0.1 Tesla.

Electrostatic interactions between monomers
and growing radicals dominate over MF effects.
Monomer consumption rate and final copolymer
compositions depend much stronger on electro-
static interactions than on MF. Mechanistically,
the repulsive forces between equally charged
monomers and growing radicals, which impair
the approach and subsequent addition of mono-
mers to the growing radical, serve as explanation.
As a consequence, the copolymer products are sig-
nificantly enriched in the non-ionized monomer.
Electrostatic effects become more significant for
systems with charges located closer to the radical
center and diminish with the increase of the ionic
strength of the polymerization medium.

Low magnetic fields such as applied herein may
serve to optimize time or temperature regimes and
productivity of the copolymerization process in a
non-contact, homogeneous and instantaneous man-
ner without modifying the product composition,
recipe formulations and other conditions related to
mass and heat transfer processes.
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