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Abstract

Systematic polymerization experiments quantified magnetic field (MF) influences on the free radical solution polymerization of acrylamide
for various polymerization conditions. The type of initiation, the initiator concentration, the monomer concentration, and the viscosity of the
aqueous medium were the subject of variation. The initiator efficiency (F) increased up to 60% and the initiator exponent of the overall rate
expression raised from 0.1 to 0.28 when a weak MF of 0.1 T was applied to photochemical initiation. However, no appropriate effect was ob-
served for thermal initiation. Kinetic analysis proved a reduction of the termination rate coefficient (kt) up to 40%. Photochemically initiated
polymerizations in media of enhanced viscosity revealed the highest increment of the initiator efficiency ratio FMF/F and the most pronounced
reduction of kt

MF/kt. On the contrary, the propagation rate coefficient (kp) and the monomer exponent were not influenced by MF. Despite con-
siderable increase of the polymerization rate in MF, no reduction of the molar mass was found. Compensation of increased FMF and decreased
kt

MF are suggested as explanation. The singletetriplet intersystem crossing mechanism for radical pairs served to explain the MF effects.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Magnetic field (MF) effects are potentially of technological
interest. The MF interacts with matter in a relatively homoge-
nous manner, can excite molecules selectively, and has the
ability to control the course and the rate of reactions, which,
normally, requires much higher activation energies [1]. Mag-
netic effects on the polymerization of acrylonitrile [2,3], sty-
rene [4], methyl methacrylate [4e6], and butyl methacrylate
[4,7] have been investigated under various conditions. In gen-
eral, the application of MF was found to increase the rate of
polymerization (Rp), conversion, homogeneity, and molar
mass of the products. Moreover, MF effects were most pro-
nounced for polymerizations carried out in viscous polar
media. In particular, the solution photopolymerization of
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acrylamide (AM) in binary mixtures of water/ethylene glycol
(EG) has shown increased Rp [8]. Similar results were ob-
tained for the photopolymerization of AM in water and
water/methanol mixtures [6]. Though for the latter solvent
mixture, lower polymer yield and higher molar mass were
reported under MF.

Overall, MF effects are explained in terms of the radical
pair mechanism [9]. Radical pairs are generated in singlet
(S) or triplet (Tþ, T0, T�) spin states from precursors having
their respective multiplicity, or else, when formed by free rad-
ical encounters. These spin states describe different electron
configurations. Depending on these configurations the radical
pair will undergo several reactions: recombination, which re-
generates the initial molecule, formation of cage products,
which generates a new molecule, or the radicals can escape
from the cage and release two free radicals to the reaction me-
dium. Fig. 1a shows a vector representation of the spin states.
When the electrons are immersed in a MF of intensity B0 and
arbitrary z-direction, the energy of the states (the Zeeman
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energy levels) may be expressed as: E¼ gbB0

P
Sz. Here g and

b are the dimensionless electron g factor ( g¼ 2.002322) and
the Bohr magneton (b¼ 0.92731 10�20 erg/gauss), respec-
tively. The sum is over all electronic spin contributions in
the direction of the MF, Sz. Only two unpaired electrons are
involved in a radical pair. Each has a quantized contribution
(Sz¼þ1/2 or Sz¼�1/2) in the direction of the field. Then,
the Zeeman energy associated with the pure S, Tþ, T�, and
T0 electronic spin states is: ES¼ 0, ETþ ¼ gbB0, ET� ¼ �gbB0,
and ET0

¼ 0. It is obvious that the energy associated with
the Tþ and T� increases and decreases proportionally with
B0, while the energy of the S and T0 states is unaffected by
the MF. It is important to mention that the T0 state presents
a non-zero component in a direction perpendicular to B0, while
the S state results zero in all directions, i.e. it is a real basic
state. Fig. 1b schematizes the Zeeman energy levels as a
function of MF.

Radical pairs in S state have extremely high probability to
undergo recombination reactions. On the contrary, radical
pairs in any of the three T states cannot recombine. Never-
theless, radicals may pass from one state to another through
intersystem crossing mechanisms [9]. The application of MF
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Fig. 1. (a) Vector representation of the singlet and triplet spin states. (b)

Zeeman energy levels of spin states as a function of the magnetic field. Ehfc

is the average bandwidth due to hyperfine coupling and J is the energy asso-

ciated with TeS transitions (adapted from Ref. [9]).
splits out the Zeeman energy levels of the T states diminishing
substantially the probability for intersystem crossing to the S
state. Therefore, primary radical pairs can be quenched in T
state decreasing the probability of radical recombination. Con-
sequently, more radicals are released to the polymerization
medium resulting in an increase of the initiator efficiency lead-
ing to an increase of Rp. Furthermore, when two growing
radicals encounter each other in the T state, they cannot
recombine. Thus, they continue growing while increasing the
molar mass of the final products. Additionally, MF is able to
orient molecules in the polymerizing medium, which can,
indeed, accelerate the polymerization and can be favorable
for the quality of the reaction products.

The literature about MF effects on polymerization reactions
is abundant. A number of mechanisms have been established
and received proper theoretical treatment. Nevertheless, the
majority of publications focuses on comparative studies. In
general, the correlation between classical chemical reaction
parameters and MF effects is missing. In fact, the topic was
recently evaluated as deserving further studies [10]. As to
the authors’ knowledge, the influence of the MF on the rate co-
efficients of initiation, propagation, and termination has not
been investigated in detail for the free radical polymerization
of acrylamide.

The goal of this investigation is to analyze the extent of MF
effects on the kinetics of initiation, propagation and termina-
tion of free radical photopolymerization, and to conclude con-
sequences for the overall rate expression (Eq. (1) [11]), as well
as for the molar mass of the products. A mechanistic discussion
of the interaction between MF and reactants will be included.

Rp ¼�
d½M�

dt
¼ kp½M�a

�
F3I0½I�

kt

�b

ð1Þ

Rp is the polymerization rate defined as the negative derivative
of the monomer concentration with time. [M]a and [I]b are the
monomer and initiator concentrations in mol/l powered to
their respective reaction order a and b. kp and kt are the prop-
agation and termination rate coefficients (l/mol s). F is the ini-
tiator efficiency. 3 is the molar absorptivity (l/mol cm) of the
photoinitiator. I0 is the light intensity in moles of light quanta
per liter and second (mol/l s).

The polymerization of AM in solution, photochemically
initiated with phenyl-bis(2,4,6-trimethylbenzoyl)-phosphine
oxide, C26H27O3P, was investigated under various conditions
with and without the influence of MF. The photochemical
decomposition of C26H27O3P is well known [12]. Initially,
C26H27O3P undergoes a photoinduced cleavage of the carbonyle
phosphinoyl (CeP) bond yielding a benzoyl and a phosphinoyl
primary radical pair in triplet spin state trapped in a cage,
which is formed by solvent and monomer molecules. Once
created, the radicals can separate into two free radicals, which
are able to add the first monomer molecule and initiate a poly-
mer chain, or they can undergo recombination, regenerating
C26H27O3P, which is again able to form a radical pair. Though,
the radical can also produce a variety of cage products, which
are unable to yield radicals. The parameter that considers all
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these reactions is F, defined here as the portion of radical
pairs that successfully initiate polymerization steps per light
quantum absorbed.

The CeP cleavage of C26H27O3P molecules depends on
3 and I0. 3 was reported as 8170 l/mol cm [13] and 7931
l/mol cm [14] . As to the authors’ knowledge, no data are
reported for b in the case of C26H27O3P. However, significant
deviations from the ideal value 0.5 were reported for several
other photoinitiators: b¼ 0.21 for pyridinium chlorochromate
[15], 0.27 for 2,2-dimethoxy-2-phenylacetophenone [16] and
tert-butylcyclohexyl-peroxydicarbonate [17], and 0.30 for tri-
phenyl-bismuthonium-1,2,3,4-tetraphenyl-cyclopentadienylide
[18]. In general, primary radical termination was suggested as
the reason for such low initiator exponent values.

The polymerization of AM has intensely been studied [19e
31]. Nevertheless, the propagation mechanism is still debated.
The values of a, kp and kt were reported to be influenced by pH
[19e21], temperature [22], and solvent type [23] due to the
ionization of the monomer and growing radicals [19,20], the
formation of dimers and H-bonds [21,22,25], changes in
the conformation of growing radicals [21], and the formation
of monomereinitiator complexes prior to the initiator decom-
position [24].

Based on conclusions from published data, the experimental
conditions of this study were selected in such a way that side
effects related to pH, temperature, and solvents are minimized
or even avoided. These prerequisites were met by preparing
aqueous monomer solutions at pH z 4 [21] and polymerizing
in a temperature range of 312e322 K [22]. pH z 4 ensures
electrochemical neutrality of AM and growing radicals [21].
Polymerizing at 313< T< 323 K let expect the absence of
H-bond effects [22]. Thus, exclusively information about the
MF effects and related mechanisms should become significant.
Under such conditions, 8.11� 104< kp< 10.38� 104 l/mol s
for [AM]¼ 0.32 mol/l [25], and kt in the order of 3.3� 106

l/mol s [20] were reported. Moreover, several authors published
a values only slightly different from unity: 1.00 [26,27], 1.04
[28], 1.07 [29], 1.10 [30], and 1.16 [31]. Various amounts of
EG were mixed with water to vary the viscosity of the reaction
medium but maintaining good solvation properties for the
reactants and the reaction products [8].

The only parameters in Eq. (1), which can definitely be as-
sumed as independent of MF, are [M], [I], and I0. [M] and [I]
are given by the recipe of the batch. I0 is a characteristic of the
UV lamp. It only depends on the geometry of the reactor. All
other parameters need evaluation.

2. Experimental section

2.1. Materials

White crystals of ultra pure AM, 4 times recrystallized
(AppliChem e Axon Lab AG, Switzerland), were selected as
monomer. An aqueous dispersion of phenyl-bis(2,4,6-trimethyl-
benzoyl)-phosphine oxide, C26H27O3P (Ciba Specialty Chemi-
cals, Switzerland) and potassium persulfate, K2S2O8 (Fluka
Chemie, Switzerland) served as photoinitiator and thermal
initiator. The water was of Millipore quality (18.2 MU/cm). Eth-
ylene glycol 99% for synthesis (EG) was used to vary the viscos-
ity of the polymerization medium. HPLC grade acetonitrile
(AppliChem e Axon Lab AG, Switzerland) served to precipi-
tate the polymer in the withdrawn samples.

2.2. Polymerization conditions

Syntheses were performed in a 100 ml glass reactor, which
was designed and manufactured for the polymerization study
herein (3 cm diameter, 15 cm height). It was equipped with
a UV lamp, stirrer, condenser, gas inlet, and a heating/cooling
jacket. The UV lamp had a primary output at 254 nm wave-
length with an intensity IUV¼ 540 erg/s cm2 at the surface of
the lamp (45 cm2). IUV was considered as constant and uni-
form everywhere in the reaction medium due to the dimension
of the reactor. It was recalculated into I0, the parameter needed
for Eq. (1); I0¼ 5.16� 10�8 mol/l s was obtained. The reactor
was entirely placed between the poles of a 2 T electromagnet
(Bruker-EPRM, Germany). A thermostat was used to adjust
the reaction temperature to be within �1 K. Oxygen was
removed from the initial monomer solution by purging with
N2 (O2< 2 ppm; Airliquide, Switzerland) for 30 min at
room temperature (293 K) and 0 T of MF intensity. After de-
gassing, the temperature was raised, and the UV lamp was
lighted to activate the photodecomposition of C26H27O3P. Si-
multaneously, the MF was adjusted to 0.1 T. Complementary
experiments were carried out without MF, though keeping
constant all the other conditions.

All reactions were performed isothermally during 60 min
purging continuously with N2 and irradiating the reactor
with the UV light. Samples of 0.1e0.2 g were withdrawn
from the reactor every 5 min for kinetic analysis. Table 1 sum-
marizes the conditions of all polymerizations. First, an initia-
tor-free aqueous AM solution was illuminated with UV light
for 1 h at 313 K (series 1) to prove the absence of monomer
photolysis, which could generate radicals disturbing the poly-
merization path. Another AM solution containing C26H27O3P
was maintained in darkness for 1 h at 323 K (series 2) to dem-
onstrate the absence of thermal decomposition of the photoini-
tiator. Series 3 and 4 were AM polymerizations using K2S2O8

and C26H27O3P as thermal and photoinitiators. These series
were intended to obtain information about the MF effects on

Table 1

Experimental conditions of AM polymerizations, T¼ 313 K, MF¼ 0.1 T

Series [AM] (mol/l) [Initiator] (mol/l) EG (wt%) MFb

1 0.2 0 50 �
2a 0.2 [C26H27O3P]¼ 1� 10�5 50 �
3 0.2 [K2S2O8]¼ 1.12� 10�2 50 �/þ
4 0.2 1.5� 10�6< [C26H27O3P]

< 1� 10�5
0 �/þ

5 0.2 [C26H27O3P]¼ 1� 10�6 0< EG< 80 �/þ
6 0.025< [AM]

< 0.150

[C26H27O3P]¼ 1� 10�5 80 �/þ

7 0.5 [C26H27O3P]¼ 1� 10�6 80 �/þ
a T¼ 323 K.
b Without MF, �; with MF, þ.
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the propagation step and on the initiator exponent in the over-
all rate expression. Further, AM was polymerized in aqueous
solutions with different contents of EG (series 5) and at differ-
ent monomer concentrations (series 6) to study the influence
of viscosity and monomer concentration on the extent of MF
effects. Finally, photopolymerizations of AM were performed
up to different conversions (series 7) to see if there are MF ef-
fects on the molar mass of the resulting polymers. Series 3e7
were performed with and without MF at 313 K.

2.3. Conversion analysis and polymerization rate

The conversion was determined by analyzing the residual
monomer concentration. It served to calculate Rp according
to a recently reported procedure [32]. Briefly, the residual
monomer concentration in the samples was monitored using
an HPLC system composed of an L-7110 MerckeHitachi
pump (Hitachi, Japan) and a SP6 Gynkotek UV detector
(Gynkotek, Germany) operating at l¼ 197 nm. The stationary
and mobile phases were LiChrosphere 100 RP-18 (Merck,
Germany) and aqueous solutions containing 5 wt% aceto-
nitrile. The flow rate was 1 ml/min. The HPLC system was
calibrated using AM solutions of known concentrations. The
concentration as a function of the peak area served as calibra-
tion parameter (r2> 0.999). The samples withdrawn from
the reactor were mixed with 4 ml of acetonitrile to precipitate
and isolate the polymer from the solution. The non-reacted
monomers remained in the solution. Supernatant of 20 ml
was injected for HPLC analysis.

2.4. Determination of the molar absorptivity of
C26H27O3P

The molar absorptivity of C26H27O3P was determined di-
rectly by measuring the absorbance in a spectrophotometer,
and indirectly by kinetic analysis. The direct method permitted
to obtain a reference value of 3 under non-magnetic condi-
tions. The direct method was not applicable under magnetic
conditions. The reference value was subsequently used to
validate the indirect method, which was carried out under
magnetic and non-magnetic conditions.

The absorbance of aqueous C26H27O3P solutions with
concentrations ranging from 1� 10�6 to 6� 10�5 mol/l was
measured at l¼ 254 nm in order to obtain 3. A UV/vis spec-
trophotometer Lambda 18 (PerkineElmer, USA) equipped
with quartz cells of 1 cm optical path length was used. The ab-
sorbance values were plotted as a function of the [C26H27O3P]
according to Beer’s law: A¼ 3lc. Here A is the absorbance, l is
the optical path length, and c is the concentration of the sub-
stance in solution. Although this method permitted to obtain
3 with high precision, it was not appropriate for measurements
under MF. Thus, a modified dead-end polymerization tech-
nique [33e35], based on Eq. (2), was used to calculate 3

from kinetic data. The technique refers to a polymerization
where the initiator concentration decreases to such a low value
that the half-life of the propagating polymer molecules ap-
proximates that of the initiator. Under such conditions,
polymerizations show limiting conversion of monomer to
polymer at infinite reaction time.

�2

I0

ln

�
1� lnð1�PÞ

lnð1�PNÞ

�
¼ 3t ð2Þ

P and PN are the conversions at actual (experimental) and
infinite (extrapolated) times. 3 is obtained from the slope,
when the left side of Eq. (2) is plotted vs. the reaction time, t.

2.5. Calculation of the initiator efficiency

The kinetic chain length, n, is the average number of mono-
mer molecules consumed per radical that initiates a polymer
chain. It can be expressed as the ratio of the propagation to
the termination rate. This holds for steady state conditions in
the absence of transfer reactions. The adaptation to the general
photopolymerization case and further rearrangement yield the
ratio kp/kt

0.5 as a function of n, F, 3, I0, [I], and [M]:

kp

k0:5
t

¼ nðF3I0½I�Þ0:5

½M� ð3Þ

Replacing the ratio kp/kt
0.5 in Eq. (1) by the right side term of

Eq. (3), and suggesting a¼ 1, b¼ 0.5, and that the initiator
concentration decreases exponentially with time according
to: ½I� ¼ ½I�0e�0:53I0t, yields:

�d½M�
dt
¼ nF3I0½I�0e�0:53I0t ð4Þ

Integrating Eq. (4) between t0¼ 0 and the actual reaction time,
t, and rearranging leads to:

F¼ ½M�0�½M�
2n½I�0ð1� e�0:53I0tÞ ð5Þ

Eq. (5) permits to obtain F as a function of the reaction time,
if [M], 3, and n are known.

Eqs. (3) and (5) give kp/kt
0.5 and F at any time or conversion

of the polymerization. Here, the kinetic analysis was restricted
to the initial state of the polymerization, i.e. the determination
of n, F, and kp/kt

0.5 at conversions <10%.

2.6. Determination of the kinetic chain length and
macromolecular characterization

The kinetic chain length n was calculated according to

n¼ Mn

2m0

ð6Þ

where Mn is the number-average molar mass, and m0 is the
molar mass of the monomer. In Eq. (6) it was assumed that
propagating radicals terminate by combination. Mn was calcu-
lated using the relationship [h]¼ 6.6� 10�3Mn

0.82 (ml/g). The
relationship, which was obtained by membrane osmometry,
is valid for water as solvent and T¼ 303 K [36].
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The intrinsic viscosity, [h], was measured using an auto-
matic capillary viscometer (Viscologic TI.1, SEMAtech,
France) with a capillary of 0.58 mm diameter. Mn and n

were calculated from [h] values of polymers withdrawn at
conversions <10%. In addition, dilution viscometry was
used to characterize polymers withdrawn at higher conversion
from polymerizations without and with MF (series 7) in
order to identify the MF influence on macromolecular
characteristics.

Polymer samples, withdrawn from the reactor, were precip-
itated in acetonitrile. The precipitates were removed from the
solution by centrifugation at 8000 rpm for 20 min. The poly-
mer was redissolved in water and again precipitated in aceto-
nitrile and separated by centrifugation. Finally, the polymers
were dried and, subsequently, aqueous polymer stock solutions
of 1 mg/g were prepared for dilution viscometry.

2.7. Viscosity of the polymerization medium

EG/water mixtures were prepared, which contained weight
fractions of EG from 0 to 1 and, additionally, 0.2 mol/l of AM.
The dynamic viscosity, h, of the mixtures was measured at
313 K using a disc viscometer (Brookfield, USA) equipped
with a disc spindle of 20 mm diameter rotating at 50 rpm.
Each mixture was measured 5 times. Deviations were within
4%. Fig. 2 presents the average viscosity values as a function
of the mixture composition.

2.8. Electromagnet calibration

The MF intensity was adjusted by varying the electrical
current running through the bobbins of a 2 T electromagnet.
Fig. 3 shows the MF intensity as a function of the electrical
current.

All MF polymerizations were carried out at 0.1 T. This
value was selected in order to minimize the MF fluctuations
during the stabilization time, which was required to adjust
a constant MF. MF fluctuations and stabilization periods in-
creased with MF intensity. Such effects are the consequence
of the magnetic inertia of the iron core of the magnet and
the limitation of the power supply to reach instantaneously
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Fig. 2. Dynamic viscosity (h) of the polymerization medium as a function of

the EG content in water, [AM]¼ 0.2 mol/l, T¼ 313 K.
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2.9. Experimental accuracy and reproducibility

To evaluate the experimental accuracy a number of error
sources were evaluated. A polymerization procedure, using
K2S2O8 as initiator at 313 K, was repeated 3 times. Fig. 4 pres-
ents the residual monomer concentration vs. reaction time.

The analysis of the residual monomer concentration [32]
can be affected by the following error sources: the preparation
of AM stock solutions, filling the reactor, withdrawing of sam-
ples, addition of acetonitrile, dilution of the supernatant, and
injection in the HPLC system. Considering all error sources,
the relative errors of the residual monomer concentration
values were determined to be less than 6%. The Rp values
differed by less than 3%.

3. Results

3.1. Evaluation of side effects and proof of MF effects

The absence of any polymerization was confirmed for se-
ries 1 and 2. On the contrary, AM polymerized when thermally
(series 3) or photochemically (series 4e7) initiated. On the
one hand, identical polymerization paths were obtained for
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the thermally initiated AM polymerizations carried out with
and without MF (series 3). On the other hand, a significant in-
crement in Rp and PN was observed for photopolymerizations
carried out in the presence of MF. Fig. 5 visualizes the differ-
ences between thermally and photochemically initiated poly-
merizations carried out with and without MF.

3.2. Variation of the initiator concentration

Fig. 6 presents Rp and PN as a function of [C26H27O3P] with
and without MF, and using water as solvent. Here the superscript
MF indicates that the value was obtained under the influence of
MF. No clearly detectable MF effect was observed on Rp and PN

for [C26H27O3P]< 2� 10�6 mol/l. At such low initiator con-
centration retardation by residual oxygen becomes evident.
The MF effect is visible for [C26H27O3P]> 2� 10�6 mol/l.
The difference between Rp

MF and Rp approached 2.4�
10�5 mol/l s corresponding to about 40% at [C26H27O3P]¼
1�10�5 mol/l. Higher differences in Rp may be conclu-
ded for higher [C26H27O3P]. Though leveling off cannot be
excluded. Unfortunately, polymerizations carried out at
[C26H27O3P]> 1� 10�5 mol/l revealed a very short linear con-
version period, preventing the accurate Rp determination. The
slopes of the linear parts at [C26H27O3P]> 2� 10�6 mol/l in
Fig. 6 were calculated as bMF¼ 0.28 and b¼ 0.10 for polymer-
izations carried out with and without MF. These values corre-
spond to the initiator exponent in Eq. (1). PN

MF was about
10% higher than PN at [C26H27O3P]¼ 2� 10�6 mol/l. The
difference diminishes with [C26H27O3P], finally approaching
conversions >95%.

3.3. Variation of the viscosity

Fig. 7 shows how the viscosity of the polymerization me-
dium and the MF affected Rp and PN. Rp

MF and Rp increased
exponentially (r2> 0.99) when h was altered from
1.03� 10�3 Pa s (aqueous AM solution) to 11.00� 10�3 Pa s
(80 wt% EG). The difference between Rp

MF and Rp
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(5.25� 10�5 mol/l s) approached about 60% at the higher vis-
cosity. The PN values increased with Rp and h. The MF influ-
ence was not clearly detectable in the lower viscosity range.
PN

MF> PN was evident only for h> 2� 10�3 Pa s. However,
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it seems that PN
MF and PN coincide at higher h. The dependen-

cies were fitted as Rp
MF¼ 2.79e0.149h and Rp¼ 2.58e0.106h.

[C26H27O3P] was deliberately low (1� 10�6 mol/l). This is
in the range where no MF influence was observed due to the
initiator concentration (see Fig. 6). This condition was se-
lected to avoid the overlay of viscosity and initiator effects.

3.4. Variation of the monomer concentration

In Fig. 8, Rp and PN of polymerizations in solutions with
80 wt% EG and [C26H27O3P]¼ 1� 10�5 mol/l are plotted as
a function of [AM]. The conditions correspond to the most
pronounced differences between Rp and Rp

MF, which were dem-
onstrated in Sections 3.2 and 3.3. Both experimental series,
with and without MF, presented linear (r2> 0.99) increments
of Rp, while PN approached constancy when [AM] was
increased from 0.025 to 0.15 mol/l and [C26H27O3P] was
1� 10�5 mol/l. Only minor or no influence of MF on PN can
be concluded from these experiments. Rp

MF resulted 1.65 times
higher than Rp. The monomer exponent for Eq. (1) was
obtained as aMF¼ 1.12 and a¼ 1.01. Extrapolating to
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Fig. 8. Polymerization rate, Rp (C,B), and limiting conversion, PN (A,>),

for polymerizations carried out with (full symbols) and without (empty sym-

bols) MF as function of [AM]. [C26H27O3P]¼ 1� 10�5 mol/l, T¼ 313 K,

MF¼ 0.1 T. Solvent: 80 wt% EG in water.
[AM]¼ 0.2 mol/l yields a Rp difference of 1.1� 10�4 mol/
l s. This value is higher than reported for this initiator concen-
tration and viscosity separately. It demonstrates the additivity
of the initiator and viscosity effects, which were determined
before separately in Sections 3.2 and 3.3.

3.5. Macromolecular characteristics

Table 2 summarizes [h] as a function of the conversion as
well as Mn and n calculated thereof [36]. As expected, [h] de-
creases with the conversion. However, it seems that [h] was
not affected by MF, as it is visualized in Fig. 9.

One has to be aware that the calculated Mn values are esti-
mates not considering polydispersity and averaging influences.
Nevertheless, the procedure is suited to evaluate tendencies and
to identify differences. Moreover, since the type of the molar
mass distribution primarily results from the termination mech-
anism and transfer side reactions, it can be assumed as not being
affected by the MF. Therefore, the comparison of [h] obtained
for samples, which were polymerized without and with MF, at
the same conversion is justified. Nevertheless, only n for the ini-
tial state of the polymerizations was used for kinetic analysis.

3.6. Molar absorptivity of C26H27O3P

Fig. 10 shows the absorbance of aqueous C26H27O3P solu-
tions as a function of the concentration. 3¼ 6700 l/mol cm was
obtained from the slope of the linear regression according to
Beer’s law.
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Fig. 9. Intrinsic viscosity of polyacrylamide synthesized with (C) and without

(B) MF vs. conversions. [AM]¼ 0.5 mol/l, [C26H27O3P]¼ 1� 10�6 mol/l,

T¼ 313 K, MF¼ 0.1 T, solvent: 80 wt% EG in water.
Table 2

Summary of characterization results (intrinsic viscosity [h], number-average molar mass Mn, and kinetic chain length n) obtained for polymers of series 7 in

Table 1

No Without MF With MF¼ 0.1 T

Time (min) Conv. (%) [h] (ml/g) Mn� 10�4 (g/mol) n Time (min) Conv. (%) [h] (ml/g) Mn� 10�4 (g/mol) n

7.1 1 3 69.9 11.4 800 0.25 2 65.6 10.5 740

7.2 2 9 71.4 11.7 821 0.50 4 70.6 11.5 811

7.3 5 23 56.5 1.00 8 66.0 10.6 745

7.4 7 32 57.3 3.00 41 60.3

7.5 10 45 50.3 5.00 50 49.5

7.6 15 60 49.9 7.00 60 48.4

7.7 20 86 43.4 10.00 85 41.7
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Fig. 11 presents, exemplary, dead-end plots according to
Eq. (2). The slopes of the linear regressions yielded 3. It is vis-
ible that the slopes remained constant within the experimental
error when [AM] was modified in the range from 0.025 to
0.15 mol/l and during the 60 min of reaction time. Such con-
stancy reveals that changes of [AM] and conversion did not
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Fig. 11. Dead-end plots of series 6, [AM]¼ 0.025 (6), 0.05 (B), 0.1 (,),

and 0.15 (>) mol/l, [C26H27O3P]¼ 1� 10�5 mol/l, T¼ 313 K, solvent:

80 wt% EG in water, MF¼ 0.1 T.
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Fig. 10. Experimental determination of the molar absorptivity, 3, of C26H27O3P

at l¼ 254 nm, r2> 0.98.
alter 3 under MF. The intercept increased with [AM] due to
increasing Rp with the monomer concentration. Table 3
summarizes the 3 values.

The calculated 3 values seem not to be affected by
any of the experimentally varied conditions such as MF,
[C26H27O3P], [AM], h, conversion, and reaction time. The ex-
perimental value from absorbance measurements is within the
standard deviation of the values calculated using the procedure
of Eq. (2), which yielded the average 3¼ 7914� 1260
l/mol cm. The high standard deviation primarily results from
the low accuracy of the PN determination. Nevertheless, this
value is more similar to the values 8170 and 7931 l/mol cm
reported in Refs. [13] and [14], respectively.

3.7. Kinetic parameters and ratios

The initiator efficiency and the ratio kp/kt
0.5 were calculated

inserting the experimental results of series 4e6, which were
reported in Sections 3.2e3.5, in Eqs. (3) and (5). Table 3
summarizes all values.

Analyzing the calculated data reveals that F considerably
increases with h, [AM], and MF, but decreases with
[C26H27O3P]. The MF effect on F is more evident at high
monomer concentration and in solutions with high EG content,
both with increments of 70% and 64%, respectively.

The variation of [C26H27O3P] from 1.53� 10�6 to
10.21� 10�6 mol/l increased the kp/kt

0.5 ratio about 35%
when MF was applied, whereas the initiator concentration
effect is not clear without MF. The augmentation of h from
1.028� 10�3 to 11.0� 10�3 Pa s increased kp/kt

0.5 by about
44% and 52%, without and with MF, respectively. The augmen-
tation of [AM] from 0.025 to 0.15 mol/l decreased kp/kt

0.5 by
a factor of about 2.3 without and with MF. In general, the appli-
cation of MF increased the kp/kt

0.5 ratio above a certain threshold
for the initiator concentration and the viscosity/EG content.
Table 3

3, F, and kp/kt
0.5 as a function of [C26H27O3P], h, and [AM] for polymerizations with and without MF. MF¼ 0.1 T, T¼ 313 K

Conditions Variable MF¼ 0 MF¼ 0.1 T

Series 4 [C26H27O3P]� 106 (mol/l) 3� 10�3 (l/mol cm) F kp=k0:5
t 3� 10�3 (l/mol cm) F kp=k0:5

t

4.3 1.53 6.94 0.18 21 9.09 0.19 20

4.4 2.06 7.50 0.15 23 6.40 0.18 22

4.5 4.11 6.83 0.09 23 6.83 0.11 24

4.6 6.13 7.70 0.06 24 7.06 0.09 26

4.7 10.21 7.35 0.04 23 7.14 0.06 27

Series 5 h� 103 (Pa s)

5.1 1.028 7.16 0.19 18 7.54 0.20 17

5.2 2.76 8.42 0.20 17 9.75 0.26 19

5.3 4.16 7.85 0.24 20 9.91 0.37 21

5.4 6.19 6.79 0.31 21 9.99 0.52 25

5.5 8.58 7.21 0.48 25 10.41 0.75 28

5.6 11.00 10.20 0.58 26 9.91 0.95 33

Series 6 [AM] (mol/l)

6.1 0.025 7.56 0.06 44 6.53 0.09 52

6.2 0.050 7.58 0.14 32 7.56 0.21 38

6.3 0.100 7.35 0.22 21 7.12 0.51 28

6.4 0.150 9.31 0.40 19 6.44 0.68 22
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plots suggests leveling off of the effects of the initiator concentration and the viscosity).
The influence of the MF on F and kt is explicitly visible from
the ratios FMF/F and kt

MF/kt presented in Fig. 12, since all the
other reaction conditions were kept constant for this compari-
son of identical polymerizations without and with MF.
Consequently, neither monomer concentration, initiator con-
centration, viscosity, or temperature has to be considered as
an influence on kt, while comparing only two polymerizations.
In addition, the change of the ratios with [AM], [C26H27O3P],
and viscosity becomes graphically visible. The invariability
of kp with MF will be demonstrated in Section 4.1.

4. Discussion

The absence of polymerization in series 1 and 2 proves that
the generation of free radicals via monomer or solvent photoly-
sis (series 1) and thermal decomposition of C26H27O3P (series
2), which could initiate undesired polymerization, are insignif-
icant. Consequently, these two sources of radical generation can
be neglected in further analysis. The results of series 1 and 2 are
of particular importance since the equations in the theoretical
part were developed assuming that polymerization reactions
are initiated only by photochemical dissociation of C26H27O3P.

4.1. Absence of MF effect on the propagation step and
monomer exponent

MF effects associated to spin quenching in Tþ state are not
expected for initiation and termination steps in thermal
polymerizations since radical pairs are generated and terminated
in the S state, which may pass to the T0 state and vice versa. Nei-
ther, the original spin state nor the probability of recombination,
transformation in cage products, and escape of the radicals are
affected by an external MF of 0.1 T [9]. Moreover, MF effects
associated with spin quenching in Tþ state require the interac-
tion between two radicals, which is certainly not the case of
a propagation step where only one radical at the polymer chain
end participates in the reaction. However, favorable molecular
orientation of growing radicals and monomer molecules may fa-
cilitate the propagation reaction. Thus, higher Rp, as the conse-
quence of a magnetically induced increment of kp due to
molecular orientation, cannot be excluded a priori. Conversely,
the identical polymerization paths for thermal polymerizations
of series 3 (Fig. 5) prove that the MF orientation of monomers
and growing radicals, and, consequently, its effects on kp, are in-
significant in the limits of the experimental conditions applied
here. As the propagation step can be considered as independent
of the routes of initiation and termination, invariability of kp with
MF may be suggested to be valid also in photochemically
initiated polymerizations.

The monomer exponents, a¼ 1.01 and aMF¼ 1.12, deter-
mined by linear regressions in Fig. 8, differ by 10%. This
can be considered as within the experimental error since a,
in general, was reported in the range between 1.00 [26,27]
and 1.16 [31]. Neither the presence of EG in the polymeriza-
tion media nor the application of MF could considerably devi-
ate the first order dependency of Rp on [M]. Such result
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validates the assumption of a¼ 1 in Eq. (3). Consequently, it
can be concluded that kp and a were not affected by 0.1 T
of MF intensity in thermally as well as in photochemically
initiated polymerizations.

On the other hand, it is well known that kp of acrylamide
strongly depends on the monomer concentration, in particular
in the range 0.3< [AM]< 1.5 mol/l [25]. A variety of reasons
were discussed for the change of kp with the monomer concen-
tration [22,25,37e40]. The AM concentration of the present
study was selected below this well studied monomer concen-
tration range. Therefore, the influence of [AM] on kp at this
low concentration can only be speculated due to the lack of
reliable data. It is not clear if kp further increases when
[AM] decreases exceeding the values reported in Ref. [25],
or if kp levels off. The first may be suggested from the data
in Table 3 as the reason for kp/kt

0.5 and (kp/kt
0.5)MF decreasing

with increasing [AM].

4.2. Absence of MF effects on the molar absorptivity

The value of the molar absorptivity at l¼ 254 nm in
Fig. 10, 3¼ 6700 l/mol cm, is about 18% lower than the aver-
age of the values obtained by the dead-end technique shown in
Table 3, 3¼ 7914� 1260 l/mol cm, though it is within the
range of the standard deviation s. This proves the principal
suitability of the dead-end technique to determine the molar
absorptivity indirectly using kinetic data. The advantage is
the in situ determination under real polymerization condi-
tions. Table 3 also reveals that 3 was affected neither by
[C26H27O3P], h, [AM], nor by MF.

4.3. MF effects on the initiator efficiency

The initiator exponent, b, was altered from 0.10 to 0.28 for
polymerizations without and with MF (Fig. 6), respectively.
However, deviations from the square root dependency do not
conclusively indicate modifications in the mechanisms of rad-
ical generation and termination. They are always generated
and terminated in pairs. Therefore, b¼ 0.5, as it was assumed
in Section 2.5, may be considered as valid. More appropri-
ately, the apparent deviations of b from its ideal value may
be caused by variation of F with the initiator concentration
[11]. Consequently, it was considered here that F is actually
a function of [C26H27O3P], h, [AM], and MF, too.

Results of series 4 show that C26H27O3P is less efficient at
high initiator concentration, probably due to radical transfer to
the initiator. The decomposition of initiator due to radical
transfer reactions does not change the radical concentration
during the polymerization since the newly formed radical
will initiate a new polymer chain. However, the reaction
does result in wastage of initiator. Such reaction is more
probable at high than at low initiator concentration.

Results of series 5 indicate that C26H27O3P is more efficient
at high h. The formation of cage products implies rotations
and displacements of caged radicals. High viscosity media im-
pair such molecular movements and, therefore, the formation
of cage products. Though, as the radical pair remains trapped
in the cage, the recombination reaction is by far the most prob-
able reaction.

Results of series 6 show that the initiator is more efficient at
high monomer concentration. At their instant of formation, the
primary radicals are trapped in a cage formed by solvent and
monomer molecules. The reaction between a primary radical
with a cage forming monomer molecule yields the radical out-
side of the cage, which initiates the propagation process.
Therefore, an increment in the number of monomer molecules
forming the cage would increase the probability of reaction
between a monomer molecule, with a primary radical facilitat-
ing the escape from the cage and reducing the formation of
cage products.

The application of MF increases F. This is demonstrated by
FMF/F> 1 in the plots of Fig. 12. It occurs by quenching the
radicals in the Tþ state according to the radical pair mecha-
nism for intersystem crossing of spin states. The radical pair
in Tþ state is inhibited to undergo recombination and forma-
tion of cage products. It has more chances to initiate the prop-
agation reaction. At high initiator concentration, where the
initiator efficiency is very low, the MF effect seems to be
more evident. It can be concluded that the MF effect is small
in comparison with the changes induced by radical transfer to
the initiator.

High viscosity media enhance the MF effect. Here, the spin
quenching effect due to the application of MF is added to the
molecular immobilization effect. Both effects extend the life-
time of the radicals trapped in the cage. This increases the
probability to react with a cage forming monomer molecule
and, thus, to escape from the cage. Spin quenching inhibits
in the same manner recombination and cage product reac-
tions, while high viscosity media inhibit only the molecular
movements involved in the formation of cage products.

4.4. MF effects on the termination reaction

The increment of the kp/kt
0.5 ratio with [C26H27O3P] is ob-

viously caused by a decrease of kt since kp can be considered
unaffected by the initiation process. In fact, the ratio kp/kt

0.5

was obtained at steady state conditions where initiation and
termination rates are equal, which allows expressing kt as

kt ¼
F3I0½I�
½M��2

ð7Þ

Here it is visible that kt depends directly on [I] and inversely
on the square concentration of growing radials, [M

�
]2. How-

ever, it must be noted that an increment in [I] would also in-
crease [M

�
]. This may cause a sharp decrease of kt due to its

square dependency on [M
�
]. An increment of h certainly

would decrease kp and kt due to the reduction of the mobility
of growing radicals and monomers. However, the decrease of
kt is expected to be much more pronounced than a decrease of
kp due to the different mobility of growing radicals and mono-
mer molecules. Such a difference in the decrease of kp and kt

may explain the increment of the kp/kt
0.5 ratio with h. Finally,
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the decrease of the kp/kt
0.5 ratio with [M] becomes obvious

when analyzing Eq. (1).
It was demonstrated in Section 4.1 that kp is unaffected

by MF and, consequently, it cancels out during the calculation
of the kt

MF/kt ratio. The kt
MF/kt ratios obtained are presented in

Fig. 12. kt
MF/kt tends to decrease with increasing [C26H27O3P]

and h, though is unaffected by [AM]. The effects are evidently
caused by decrease of kt

MF when MF was applied. Here, the
Tþ/ S relaxation time seems to be longer than the classical
lifetime of the radicals. In such a case, when two radicals
encounter each other, they present a Tþ state that is unable
to undergo termination reactions resulting in a decrease of kt.

4.5. MF effects on the molar mass

It was not the purpose of this work to perform extended
polymer characterization. [h] was determined as an estimate.
The variation of [h] for polymers obtained without and with
MF under otherwise identical conditions was within the exper-
imental error. Therefore, no influence of the MF on the molar
mass was concluded for the system and conditions studied
here.

At first sight, this is somehow surprising due to the clearly
proved increase of the initiator efficiency when MF was ap-
plied. Higher initiator efficiency should decrease the molar
mass. Compensation of this effect by the simultaneously de-
creasing kt is suggested as explanation. Controversial reports
by several authors may result from situations where the in-
crease of F and decrease of kt did not match and balance
each other. Depending on the situation, if the increase of F,
or the decrease of kt, with MF dominates the kinetics, lower
or higher molar masses can be expected with MF. Such an
example is the polymerization of acrylic acid in the MF, for
which an increase of the molar mass was found, in particular
at high pH. These results will be the subject of a separate
publication [41].

5. Conclusions

MF inhibits recombination of initial radicals, formation of
cage products, and termination reactions between growing
radicals in photochemically initiated polymerizations. The ef-
fect is enhanced in high viscous medium and at high initiator
and monomer concentrations. This results in significant incre-
ments of F and b but decrease of kt with MF. Contrarily, ther-
mally initiated polymerizations are not affected by MF. The
radical pair mechanism for intersystem crossing of spin states
explains MF effects on F, b, and kt. Slight variations of the
MF intensity are suggested to maximize or minimize the
initiator efficiency and the termination rate coefficient,
respectively.

kp, a, and 3 can be considered as unaffected by 0.1 T of MF
intensity. This indicates that orientation of monomer mole-
cules and structural changes of the initiator are negligible at
such MF strength. However, MF effects on these parameters
may become significant at higher MF. Specifically, the 10%
difference between aMF and a may indicate some degree of
magnetic orientation of monomer molecules. This has to be
proved.

Of practical interest can be that the application of low in-
tensity MF increases Rp of the radical solution polymerization
of acrylamide without decreasing the molar mass. Thus the
Rp increment, which may directly be related to a reduction
of residence times and productivity increase, can be achieved
without altering recipe formulation, temperature profiles, and
other reaction conditions.
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