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Abstract

The kinetics of acrylamide (AAm) free radical polymerization at low conversion of monomer to polymer in the aqueous phase was

investigated at 50 8C using g-radiolysis relaxation, which is sensitive to radical-loss processes. The values of the termination rate coefficients

for AAm ranged from 8!106 to 3!107 MK1 sK1 as the weight fraction of polymer ranged from 0.002 to 0.0035, which is significantly lower

than the low-conversion values for monomers such as styrene (2!108 MK1 sK1) and methyl methacrylate (4!107 MK1 sK1) in organic

media. These can be quantitatively explained by applying a chain-length-dependent model of free-radical polymerization kinetics [Russell

GT, Gilbert RG, Napper DH. Macromolecules 1992;25:2459. [19]] in which termination kinetics are expressed in terms of a diffusion-

controlled encounter of radicals which ultimately yields an expression for the chain-length-averaged termination rate coefficient, hkti. The

lower hkti for AAm arises due to a combination of the high kp value, promoting rapid formation of slower terminating long chains, and the

slow diffusion of short propagating chains, relative to other common monomers. The chain transfer to monomer constant for AAm in water at

50 8C, CM, was estimated using the chain-length-distribution method with correction for band-broadening [Castro JV, van Berkel KY,

Russell GT, Gilbert RG. Aust J Chem 2005;58:178. [21]] and found to be 1.2!10K4 (G10%). The diffusion characteristics for AAm were

adapted from those obtained for a similar aqueous system (hydroxyethyl methacrylate) together with a 0.5 exponent for the power law

dependence on penetrant degree of polymerization at zero weight fraction polymer. This provides an adequate fit to the hkti data. This is the

first application of the chain-length-dependent model to describe experimental termination rate coefficients for an aqueous system at low

conversion to polymer. The result that the experimental termination rate coefficients can be reproduced with an a priori model with physically

reasonable parameters supports the physical assumptions underlying that model.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The aqueous phase polymerization of acrylamide (AAm)

is involved in many commercial products [1], importantly

flocculating agents and gel electrophoresis [2], and a better

understanding of the complex events that occur during

polymerization is important for refinement of the current

products, and indeed for the efficient design of novel

products. The aqueous phase polymerization of AAm can

take place in a solution or in a more complex multi-phase
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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process such as inverse emulsion; the present study is

confined to a homogeneous aqueous system.

Polyacrylamide (PAAm) is distinguished from other

non-ionic polymers by its highly hydrophilic character and

relatively large molecular weights (in industry usually O
107), which makes each chain highly expanded when

saturated with water. For example, PAAm with a MW of

106 has a root-mean-square end-to-end distance

hr2i1/2z170 nm [3], which is large compared to poly-

styrenes of the same molecular weight where hr2i1/2z74 nm.

This character is reflected in the large Mark–Houwink

exponent of 0.80 in water [1]. Moreover, like other

hydrophilic monomers [4–9], it has an extremely high

propagation rate coefficient which is very sensitive to

changes in the solvent (water) [9].

The measurement of termination rate coefficients is

fraught with difficulties, and the origins of the inconsistencies
Polymer 46 (2005) 9562–9573
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in the literature, and the advantages and disadvantages of

different techniques, has been examined by an IUPAC

Working Party [10,11]. There have been important advances

in using the techniques of controlled-radical polymerization to

measure (average) termination rate coefficients in systems

where both terminating chains are of approximately the same

degree of polymerization (‘long-long’ termination, see for

example [12,13]). In the present study, we examine a

conventional initiation system, where the termination events

are dominated by reactions between short and long chains:

‘short-long termination’ (i.e. the radical populations, and

hence hkti, are different in the controlled-radical techniques

and the conventional ones which are the subject of the present

work).

Until recently, kinetic studies on acrylamide polymeriz-

ation had involved data where initiation, propagation and

termination occurred simultaneously. This made it nearly

impossible to provide unambiguous qualitative evidence for

the values of these rate coefficients and the physical events

controlling them, as each of these kinetic events is complex

in its own right. Advances in experimental technology have

provided techniques that supply data which are sensitive to

only one of the separate processes; in the present paper data

are interpreted from polymerizations initiated using g-radi-

olysis, with subsequent analysis of the relaxation behavior

(kinetics following removal from the initiation source).

Such data are especially sensitive to the radical-loss process

[14–17], which in the case of acrylamide polymerization in

the aqueous phase correlates directly to termination. For a

full interpretation of the termination kinetics we use a

previous study of AAm polymerization which employed

strategies which were sensitive largely to aqueous-phase

propagation in isolation [9] (using the technique of pulsed-

laser polymerization).

Termination rate coefficients hkti were obtained at low

conversion by measuring the relaxation kinetics with

automated dilatometry. The time resolution of the device

(e.g. one reading every 5 s) used here enabled detailed

tracking of the rapid kinetics displayed by polymerizing

AAm. Consequently, a number of unusual phenomena

associated with the kinetic relaxations will be seen to be

revealed by this method, providing insights for diffusion-

controlled polymerization termination kinetics in general.

The hkti data obtained here are interpreted in terms of a

well-accepted scheme where termination rate coefficients

are dependent on the lengths of the terminating chains

[16,18,19], a dependence which can be very strong under

typical polymerization conditions. This recognizes the

important contribution to termination by relatively mobile

short-chain radicals. The model is applied at infinite polymer

dilution for aqueous AAm. This model depends inter alia on

the value of the rate coefficient for transfer to monomer, which

was determined in independent experiments from the

molecular weight distributions (MWDs) obtained under

appropriate conditions, using the ‘number distribution’

method [20] with corrections for band broadening [21,22].
The quantitative model used here describes the complete

evolution of the population of each degree of polymeriz-

ation [17,19]. It is often convenient to define an average

termination rate coefficient hkti, an average over all radical

chain lengths:

hkti Z

P
i

P
j k

ij
t TiTjP

i Ti

� �2
(1)

where k
ij
t is the termination rate coefficient between chains

of degree of polymerization i and j, and Ti is the population

of radicals of degree of polymerization i. The full evolution

equations for bulk or solution polymerization then result in

the rate equation:

d½R$�

dt
Z 2kdf ½I�K2hkti½R

$�2 (2)

where ½R$�Z
P

Ti is the total radical concentration, kd the

initiator dissociation rate coefficient and f the initiator

efficiency. It is essential to be aware that hkti will in general

depend on the polymer weight fraction in the system (wp)

but in addition will also depend (through the Ti) on initiator

concentration, system history, etc. Thus hkti will be expected

in general to depend on time and on [R%]: that is, Eq. (2) can

only be solved given the complete time-evolution of the Ti,

whose defining equations are given below. Termination

kinetics is frequently treated without taking chain-length

dependence into account. In fact, the value of hkti is actually

defined from Eq. (2) and can be deduced from experiment

by fitting of the data to this functional form. A generally

applicable means of determining hkti is from knowledge of

the conversion in an experiment as a function of time:

d½M�

dt
ZKkp½M�½R$� (3)

where [M] is the monomer concentration in the locus of

polymerization.

Because of Eq. (1), interpreting kinetic data with Eq. (2)

will yield an ‘instantaneous’ termination rate coefficient

which may be dependent on time, system history, etc.

although the resulting hkti will exactly (but trivially)

reproduce the observed instantaneous rate under the

specified conditions at the specified instant. Nevertheless,

Eq. (2) is a convenient intermediate step in data

interpretation, and will be used to give instantaneous hkti

values for AAm which can then be compared to those for

other monomers and from theory.
2. Experimental
2.1. Reagents

AAm (Aldrich, electrophoresis grade 99%); uranyl

nitrate (Ajax Chemicals, 99%); and hydroquinone (Aldrich,

99%) were used as received. Doubly distilled water (second
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distillation over alkaline permanganate) was used as solvent

throughout, except for the transfer to monomer experiment,

where Milli-Q water (Milli-Q Plus 18.2 U filtration) was

used.
2.2. Dilatometry

Kinetic data were obtained by automated dilatometry.

The contraction factor cf which relates height change to

conversion (cf ZdMK1 KdPK1 , where dM and dP are the

densities of pure monomer and polymer, respectively) was

taken as 0.22 cm3 gK1 at 50 8C [23], and conversions so

obtained checked with gravimetry. All experiments were

conducted using w0.45 M AAm in water, the actual values

for each being shown in Table 1.
2.3. g-Radiolysis

g-Radiation using a cobalt-60 source (which emits two g
quanta of energies 1.173 and 1.332 MeV) provides a means

whereby initiation may be activated or de-activated at any

time, regardless of the stage of polymerization. This was

accomplished by inserting or removing a dilatometric

reaction vessel, together with a meniscus tracking device.

Removal of the dilatometer from this source which will

effectively stop any initiation, allowing the polymerization to

relax. An instantaneous value of hkti can be obtained through

Eq. (2). Provided kp is known, and under g-radiolysis

relaxation conditions where there is no source of free radicals

(i.e. assuming that thermally-generated radicals can be

ignored), the following equation, derived from Eqs. (2) and

(3), was fitted to the resultant decay to obtain hkti:

d½M�

dt
Z

d½M�

dt

� �
0

d½M�
dt

� �
0hktit

½M�0kp

C1

( )ðKðkp=hktiÞK1Þ

(4)

where the subscript 0 refers to the value of the quantity at the

start of the decay (tZ0). The data fitting was carried out by a

Simplex least-squares fit to Eq. (4), using numerical

differentiation of the experimental conversion/time data

and our experimental value of kp for the conditions under

study [9].

Because the relaxation kinetics depend on the initiator

concentration and system history, it is necessary to provide
Table 1

Conditions and hkti values for g-radiolysis relaxation experiments

Experiment code Exp1 E

Dose rate (mGy sK1) 7.25 3

Radical production rate (M sK1) 4.55!10K9 1

x0 0.058 0

xf 0.065 0

[M]0 (M) 0.467 0

[R%]0 (M) 1.29!10K7 1

Mp 1.33!106 1

hkti (MK1 sK1) 3!107 1
details of the radical flux used in the present experiments:

i.e. the G value. In our data manipulation, the radical

production rate is fitted to the observed initial rate, thereby

generating the requisite population of radicals of a given

degree of polymerization explicitly, without need for a

separate knowledge of the initial radical flux, but the

following details are given so that it is possible for an

independent reproduction of our experimental data.

The major constituent of the polymerization mixture in

this work is water (96.5%). Consequently, the major source

of primary free radicals is from the irradiation of water.

Ignoring the relatively short-lived intermediate species, the

radical species that are possibly capable of initiating

polymerization reactions are [24]:

(5)

The G value is the number of product molecules formed

for each 100 eV of g-energy absorbed by the system. The

two major radical species formed in g-irradiation of water

are [24] HO% (GZ2.8) and hydrated electrons, eK
aq, (GZ

2.7); hydrogen atoms (GZ0.55) is a minor component. For

g-radiation of concentrations of AAm between 0.05 to at

least 0.7 M, at neutral pH, the G value for the number of

polymerization chains initiated has been reported to range

from that of pure water (6.05) to about 7.5 [25]. These

G values may indicate that AAm molecules are also

contributing to primary radical production, but the

magnitude of this production is not certain because the

authors did not specify how the number of polymerization

chains were counted.

All reaction solutions were de-oxygenated prior to

charging the dilatometer by heating to about 50 8C, followed

by a number of alternate applications of vacuum and

nitrogen gas sparging. The time taken for the dilatometer to

be removed from the g-source was less than 6 s. This study

used three dose rates. Taking into account the half-life of
60Co (5.26 y) and a reasonable value of G (6.05), the

corresponding rates of primary free radical production were

estimated, given in Table 1.
2.4. Molecular weights

Size exclusion chromatography (SEC) incorporating

universal calibration was used to determine the peak MW
xp2 Exp3

7.2 220

.93!10K8 1.38!10K7

.090 0.100

.110 0.135

.436 0.447

.58!10K7 3.49!10K7

.25!106 0.70!106

!107 8!106
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of PAAm at the end of relaxation experiments. Measure-

ments employed a Waters M-6000A chromatograph with an

ultrahydrogel-linear column. Narrow polydispersity poly

(ethylene oxide) standards (Toyo Soda, molecular weight

range 1.8!104–9.9!105) were used for universal cali-

bration with the Mark–Houwink parameters being KZ
4.9!103 cm3 gK1 and aZ0.80 [1,26–28].
2.5. Transfer constant

The transfer constant of AAm to PAAm, CM, was

determined using the chain-length-distribution method [20,

22,29] by polymerizing a series of AAm solutions

(0.400 M) with decreasing concentration of the photoini-

tiator uranyl nitrate (0.0050–0.0005 M). Uranyl nitrate was

chosen, as it is easy to control polymerization via UV light.

Ideally, conversion should be less than 10%; this was

routinely checked using a Renishaw dispersive Raman

spectrophotometer, with an excitation wavelength of

514 nm. MWDs were measured using aqueous-phase SEC

incorporating absolute molecular weight detection via

multi-angle laser light scattering (MALLS). PSS Suprema

100 and 30,000 columns were used on a Shimadzu SEC

unit, in line with a Wyatt 18 angle MALLS and a Dawn

differential refractometer, at a flow rate of 0.4 mL minK1.

The ‘number distribution’ method to obtain the transfer

constant is based on the result [20] that the number MWD

P(M) (the number of chains with molecular weight M) in

free-radical polymerization formed at a particular conver-

sion (i.e. the instantaneous MWD) can be very accurately

approximated by a simple exponential form:

PðMÞ Z expðKLMÞ (6)

where L is a simple function of the various rate coefficients

controlling the kinetics (see below). The number MWD

P(M) in turn is related to the SEC distribution w(log M)
Fig. 1. Kinetic relaxation results for exp1: experiment (crosses); and
(which is the ‘ideal’ distribution that would be obtained

from size-exclusion chromatography with linear calibration

and in the absence of band broadening) by [20,30]:

PðMÞ Z MK2wðlog MÞ (7)

Hence, the value of L, and hence the desired rate

coefficients, can be obtained from the slope of a plot of

ln P(M) against molecular weight. In determining w(log M)

and hence P(M) from the experimental SEC trace, it is

essential to take band broadening into account, for which we

use a recently developed methodology [21,22]. This

methodology employs the result that the slope of the true,

i.e. ‘unbroadened’, ln P(M) of the form of Eq. (6) is the

same of that of the ln P(M) inferred from the experimental

w(log M), without taking account of band broadening at the

maximum in the experimental (broadened) w(log M).

The transfer constant to monomer, CM, is estimated from

the appropriate form of the equation describing the

dependence of the slopes (LM0) of ln P(M) [20]:

LM0 Z CM C
hktiðfkd½I�Þ

1=2

2kp½M�
(8)

The form of Eq. (8) shows that CM can be obtained by

plotting the values of L for a series of initiator

concentrations [I] against [I]1/2: the intercept then gives CM.
3. Experimental results
3.1. Termination rate coefficients

Three different dose rates were utilized for initiating

polymerization. Data from the first relaxation experiment

(exp1) are represented as the rate of polymerization in

Fig. 1. Two more experiments were conducted at different
the fitted model (line). TemperatureZ50 8C, [M]Z0.467 M.



Fig. 3. Rate of polymerization for exp4, which was performed under the

same conditions as exp1, except it was not removed from the g source.
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dose rates (exp2 and exp3, rates not illustrated; dose rates

given in Table 1).

The line in Fig. 1 is the fit based upon Eq. (2) obtained by

optimizing a hkti value for an entire relaxation. The

optimization for all relaxations was carried out using the

kp values shown in Table 1, as measured by pulsed-laser

polymerization for this system [9]. By repeating experiment

exp2 twice more under identical conditions, the precision of

hkti was estimated as G10%. The value of hkti at the start of

the relaxation, hkti0, was obtained by fitting the data to Eq.

(2) at a series of different times throughout the relaxation

and extrapolating to tZ0; the instantaneous values of hkti are

shown in Fig. 2 for the 5 min relaxation. Table 1

summarizes the resultant values of hkti along with some

experimental conditions under which these values were

determined: x0 and xfZfractional conversion of monomer at

the start and end of the relaxation; [M]0Zinitial monomer

concentration [M]0, [R%]0Zradical concentration calculated

from experimental rate and Eq. (3), MpZpeak molecular

weight of polymer at the end of the relaxation as determined

by SEC.

The value of x0 for each dose rate was selected such that

the rate of polymerization was at its greatest, which also

corresponded to a brief ‘steady-state’ plateau. Examples of

the rate (dx/dt as a function of x) are shown for exp4 in

Fig. 3. Exp4 was performed under equivalent conditions to

exp1, except that it was not removed from the g-source. The

corresponding conversion-versus-time curve for exp4 is

shown in Fig. 4.

There is an apparent peculiarity in the relaxation results:

if each experimental relaxation is fitted with a single value

of hkti (using Eq. (2)) such that the experimental d[M]/dt can

be replicated as well as possible by a least-squares fit, these

fitted hkti values tend to increase very slightly with

relaxation time (Fig. 2). However, in all cases we would

expect the hkti value to decrease with time due to
k t
 (M

 s
–1

)

Time (minutes)

0 1 2 3 4
0

3x107

6x107

9x107

Fig. 2. Values of kt fitted to the rate of relaxation for every datum in time

(exp1). TemperatureZ50 8C, [M]Z0.467 M.
propagating chains increasing in chain length with

termination becoming diffusion-controlled [31–33]. Now,

the apparent oscillations in the kt values at early times

simply reflect the noise in the data, and it should be recalled

that the values of hkti reported in Table 1 are the limiting

values of these instantaneous hkti at the start of relaxation.

Although this is reasonable as a first approximation, it is

indeed apparent that fitting the experimental curves in this

manner is not perfectly adequate (Fig. 1). It is likely that this

anomaly is due to a small effect of the exotherm during the

reaction, to which dilatometry is extremely sensitive. The

anomaly is visible as a rate of change of a rate of change, i.e.

effectively the second derivative of the raw data. While it is

possible to correct for this artifact [34], this correction is

extremely difficult to do for the present system since

acceptable accuracy can only be obtained [34] by running

the reaction at much lower temperatures than used here

(chosen because of practical applications).

As expected, the hkti values decrease with increasing

conversion (weight fraction polymer), illustrated in Table 1.
Fig. 4. Conversion curve corresponding to experiment exp4.
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Also, comparison of hkti values for AAm with those at low

conversion for systems such as styrene and methyl meth-

acrylate indicates that, despite the high scatter in literature

values [11], those for AAm are an order of magnitude lower.

This major difference between termination rate coeffi-

cients for acrylamide and typical hydrophobic monomers is

ascribed here to effects of chain-length-dependent termin-

ation. This is a result of a combination of relatively fast

propagation of short radicals to form longer, more slowly

diffusing (and terminating) radicals, and the relatively slow

diffusion of the polar AAm oligomers. This general trend is

also seen in compilations of termination rate coefficients

[35], although it is essential to be aware [36–38] that this

compilation was not critically evaluated and contains many

internal inconsistencies.

3.2. Transfer constants

The MWDs as SEC distributions and ln P(M) plots

obtained from the transfer to monomer experiments are

shown in Fig. 5. As stated, the exponential form of P(M)

predicted by Eqs. (6) and (8) is masked by the occurrence of

band broadening [39]. It has been proved [39,40] that the

slope from the experimental (broadening-affected) ln P(M)
Fig. 5. MWDs and corresponding ln P(M) plots from chain transfer to monomer e

corresponding to the peak on the MWD.
plots corresponding to the peak of the MWDs is also the

value of the true, unbroadened, ln P(M). These slopes

plotted against the square root of uranyl nitrate (initiator)

concentration, from which the intercept provides a value for

CM (Zktr/kp) of 1.2!104 (with an uncertainty of 10%),

shown in Fig. 6. This value is similar to those of other

monomers at 50 8C: styrene (2.8!104 [41]), butyl acrylate

(2.8!104 [42,43]) and methyl methacrylate (8.6!104

[44]). It should be noted that the MWDs from which this

is derived do not all appear to be unimodal distributions,

which suggests that there may be kinetically significant

events occurring that are not taken into account. However,

the trend of a decreasing slope on the ln P(M) plots at the

point which corresponds to the maximum molecular weight

from the MWD still holds true.

The value of ktr is relatively high, and it is not obvious

which abstraction reaction is responsible for this. However,

this process is one that occurs in the water phase, and the

presence of this solvent produces very large effects on free

energies of activation for these radical processes [45]. A

comparison between rate coefficients for transfer reactions

in organic and aqueous solvents requires extensive data on

the Arrhenius parameters for these processes for meaningful

understanding.
xperiments. The heavy solid line is a fitted straight line taken from the MW



Fig. 6. Slope of the ln P(M) plot at the point corresponding to the maximum from the MWDs versus the square root of the initiator concentration. The intercept

yields a value for CM which is equal to ktr/kp.
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4. Chain-length-dependent termination
4.1. Parameters

It has been conclusively shown by examination of sensitive

experimental data [16,46,47] that termination kinetics in

experiments, such as the present type (relaxation) which are

sensitive to termination mechanism, cannot be consistently

fitted by ‘classical’ second-order loss termination kinetics with

a generic kt. The values can be interpreted by taking account of

the dependence of the termination rate coefficients on chain

length. Modeling sensitive relaxation data [16], where radical

loss is dominated by termination, has provided firm

experimental evidence of the long-recognized [11,18,19,31–

33,48–56] phenomenon that termination kinetics depend on

the degrees of polymerization i and j of the two chains

involved, and thus the termination rate coefficient must be

written k
ij
t . In this section, we give an overview of the model

needed for understanding the present data. The model is

expressed in terms of the time evolution of the population of

free radicals of degree of polymerization i, Ti. The kinetic

events, which must be taken into account, are propagation,

transfer, initiation and chain-length dependent termination.

The resulting evolution equations are:

dT1

dt
Z 2kdf ½I�Cktr½M�

XN

iZ2

Ti Kk1
p½M�T1

K2T1

XN

iZ1

k1i
t Ti (9)

dTi

dt
ZKktr½M�Ti C ½M� kiK1

p TiK1 Kki
pTi

� �

K2Ti

XN

jZ1

k
ji
t Tj; iO2 (10)
Here [M] is the monomer concentration in the locus of

polymerization, ktr is the rate coefficient for transfer to

monomer (other types of transfer are here ignored), and ki
p is

the rate coefficient for propagation, which may in general be

dependent upon the degree of polymerization i of the

propagating radical. For g-radiolysis relaxation conditions,

the initiation term is absent following removal from the

radiation source. Chain transfer to polymer is ignored.

For AAm, chain transfer to the solvent (water) is also

insignificant [57].

Eqs. (9) and (10) can be simplified through the steady-

state approximation, which yields a set of non-linear

equations which are exactly solved iteratively [20] to

yield each Ti. In the present simulations, these non-linear

equations are solved exactly by numerical means detailed

elsewhere [20]. In solving Eqs. (9) and (10), it is necessary

to specify fkd, to which the computed hkti is only slightly

sensitive. For g-radiolysis relaxation, this was done by

choosing fkd[I] to give the observed polymerization rate at

the moment of removal from the radiation source, i.e. the

fkd[I] terms in Table 1 were chosen to match the radical flux

terms in Table 1. For this reason, the value of the composite

term fkd[I] was not varied in the simulations below.

We now specify the functional forms and parameters

employed for the simulations. The microscopic termination

rate coefficients are found starting with the Smoluchowski

equation:

k
ij
t Z 2ppDijs (11)

Here, Dij is the mutual diffusion coefficient for diffusion of

the radical ends of an i-mer and a j-mer, p is the probability

of reaction upon encounter, which may less than one

because of the effects of spin multiplicity [17], and s is the

Lennard–Jones diameter of a monomer unit. The Lennard–

Jones diameter can be defined from
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s Z ri Crj (12)

where (riCrj) are the radii of interaction for termination.

The value for s was taken from an earlier study [58]. The

spin multiplicity factor p takes account of the fact that each

radical (being a doublet) can be in one of two possible spin

states. The probability is thus 1/4 that two free radicals will

have opposite spin and so be able to combine (combining

identical spins gives three possible triplet states, while there

is only one singlet state possible when combining opposite

spins). Hence the effective encounter rate coefficient given

by the Smoluchowski equation might need reduction by a

factor of 4, i.e. pZ1/4. However, in the condensed phase,

especially with regards to relatively slow termination, two

adjacent free radical ends may be trapped within a solvent

cage sufficiently long to allow the spins to flip, when one

would have pZ1. In a glassy polymeric system, it is

reasonable to put pZ1. The value of p at low conversions is

unknown, but following earlier studies [17] that suggested

that pZ1/4 gave the most consistent fit for termination

kinetics in methyl methacrylate at intermediate conversion,

we adopt the same value here for all systems studied at low

conversion. We note that p always appears as the product

pDmon (where Dmon is the diffusion coefficient of a

monomer radical—see below), so that these two quantities,

although physically quite distinct, comprise only a single

unknown parameter whose value can be estimated from

independent information [17] within narrow limits. The

mutual diffusion coefficient Dij is the sum of contributions

from the two reacting species:

Dij Z Di CDj (13)

There are two components to each Di: centre-of-mass

diffusion of the chain as a whole, with diffusion coefficient

Dcom
i , and diffusion by propagational growth of the chain

end (‘reaction–diffusion’), with diffusion coefficient Drd

(this quantity is independent of chain length). Hence:

Di Z Dcom
i CDrd (14)

The rigid-chain-limit model of Russell et al. [58] is used

for specifying Drd:
Table 2

Parameters used for simulating hkti based on a chain-length-dependent

model

Experiment

code

Exp1 Exp2 Exp3

[M] (M) 0.467 0.436 0.447

kp (MK1 sK1) 89,800 90,900 90,500

ktr (MK1 sK1) 10.6 10.73 10.68

fkd[I] (M sK1) 4.55!10K9 1.93!10K8 1.38!10K7

p 0.25 0.25 0.25

Other significant parameters such as the initial and final fractional

conversion and the radical concentration are given in Table 1, with other

values adapted from the literature.
Drd Z
1

6
kp½M�a2 (15)

where a is the root-mean-square end-to-end distance per

square root of the number of monomer units in a polymer

chain. The value a was taken as those suggested from earlier

high-conversion studies [58]. In the present case of low

conversion, the predicted relaxation kinetics are not

significantly affected by reaction-diffusion, as expected,

since this is only significant when centre-of-mass diffusion

is slow (even for a system with a very high kp such as

acrylamide).

4.2. Diffusion coefficients

To specify the chain-length variation of the self-diffusion

coefficient Dcom
i for the diffusion coefficient of polar

monomer in monomer/polymer solution, a scaling law

was assumed:

DiðwpÞ

DmonðwpÞ
ziKu (16)

Fitting of extensive data for a series of different

monomer–polymer systems has yielded the empirical

relation [59–61]:

u Z 0:66 C2:02wp (17)

This expression, while purely empirical, is consistent

with literature studies of oligomer diffusion (except for

possibly near wpZ0). This gives close to the frequently

observed limiting behavior of scaling as uZ1/2 as observed

for many non-polar species at zero wp, and approaching the

uZ2 scaling suggested by reptation [62] at high wp. The

diffusion of AAm oligomers in water, as a function of its

molecular weight and of wp, has not been studied, and it is

naı̈ve to directly assume that the unusual properties of this

polar species would allow the scaling laws to hold true.

The diffusion characteristics of similar hydrophilic

species, hydroxylethylmethacrylate (HEMA), have been

extensively investigated [61] for monomeric and oligomeric

species as a function of wp. The empirical scaling dependence

that was found to be an adequate fit for styrene and MMA was

also found to provide an adequate fit for HEMA. Due to the

physical similarities between HEMA and AAm, an assump-

tion was made that the diffusion behavior of the monomeric

and oligomeric species would be similar. Although this

assumption is likely to be imperfect due to different degrees

of hydrogen bonding between the monomers, HEMA is the

best model currently available. For initial investigation the

Dmon for AAm was assumed to be equal to that of HEMA

providing a foundation to estimate Di(wp).

4.3. Simulating hkti

The value for hkti was predicted based on the weight

fraction range over which exp1, exp2 and exp3 g-relaxation
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experiments were conducted. The initial values used to

predict hkti are presented in Table 2. Parameters that are

justifiably open to some adjustment are the exponential

scaling factor for predicting Di(wp) in Eq. (16), p, Dmon and

the kp values for monomeric through to pentameric radicals.

The zero weight fraction value of the empirical scaling

relationship defined by Eq. (16) has been shown to accept a

scaling value lower than 0.66 [59,60]. In particular, the zero

weight fraction data in those studies did not fit well to the

global fit provided by Eq. (16): a value of 0.5 is perhaps

more appropriate at wpZ0. This could perhaps be because

those data were measured at concentrations below c*, the

polymer concentration at which chain overlap becomes

significant. It was found here that a value of 0.50 provided

the most adequate fit for the experimental AAm hkti data

(Table 3). It should be emphasized that this exponent (0.66

versus 0.5) is not an a priori relationship, and allows for

some variation of the value. It is noted that the 0.5 exponent

is consistent with the ‘composite model’ of Russell and co-

workers [63]. Fig. 7 shows the experimentally determined

Di(wp) values for dimeric and tetrameric species and the

estimated fits using scaling factors of 0.66, 0.50 and 0.40; it

can be seen that a scaling factor as low as 0.40 still provides

an adequate fit.

A Dmon value for AAm was provided by scaling the ratio

of the molecular weight for each species, to the power of

1/2, against the Dmon value for HEMA. This returned a Dmon

for AAm (at 50 8C) of 1.32!10K9 m2 sK1. The predicted

hkti values found using this scaled Dmon, with a exponential

scaling value of uZ0.50 for Di(wp), are shown in Table 3

and Fig. 8. The predicted values of the termination rate

coefficients using a zero wp scaling coefficient of 0.50

correspond reasonably well (within at most a factor of 3)

with the experimental data across this range.

The value of the diffusion coefficient for AAm is on the

lower limit of the range for monomeric diffusion coefficients

at wpZ0 (e.g. Dmon values for methyl methacrylate and

butyl methacrylate at wpZ0 are 6.4!10K9 and 3.8!10K9

m2 sK1, respectively, at 40 8C [60]). This small diffusion

coefficient for AAm compared to those for monomers of
Table 3

The dependence of the predicted value for hkti (MK1 sK1) calculated from the ch

factor u used to predict Di(wp) from Dmon (Eq. (16)), on the apparent kp, kp,1-mer,

Experiment code Exp

g-relaxation values (hkti MK1 sK1) 3!

uZ0.66 7.7!
uZ0.50 2.3!

Dmon (m2 sK1)Z1.32!10K9 3.1!

Dmon increased by factor of 5 1.2!

Apparent kp/10 7.3!
kp,1-merZ0.1!kp,app 2.4!

kp,1-merZ10!kp,app 2.3!

kp,5-merZ0.1!kp,app 2.4!
kp,5-merZ10!kp,app 2.3!

ktrZ0 3.7!

The input parameters used for the predictions are taken from g-relaxation experi
similar size that do not extensively hydrogen bond with their

solvent is the primary reason for the low values of the

predicted average termination rate coefficients compared

with those of the non-hydrogen bonding systems. A

sensitivity analysis illustrates how the predicted values for

hkti depend on the value for Dmon. Table 3 shows

calculations in which the value of Dmon is increased by a

factor of 5, i.e. roughly to that of MMA at 40 8C. This

calculation yields a value of hkti that is similar to those of

styrene and MMA. The calculated value of hkti for this

system shows an approximately linear dependence on Dmon

for this system.

The sensitivity of the value for the primary kp was also

examined (Table 3), because kp for AAm is very high (as are

those of acrylates) compared to styrene and methyl

methacrylate. The values returned for the hkti using kp ten

times slower are about three times larger; this is consistent

with the observation that for styrene, with a low kp (236 MK1

sK1 at 50 8C [64]), exhibits a hkti of about 2!108 MK1 sK1

with the same model, a value which is also consistent with

experiment [11]. This is similarly seen for methyl

methacrylate, which has a relatively low kp and a high hkti.

Although the calculated dependence of hkti on kp is fairly

strong here, the sensitivity analysis shown in Table 3 shows

that the dominant contributor to the predicted low hkti values

is the low value of Dmon. The polarity of each species, which

can strongly affect Dmon(wp) and Di(wp), fits accordingly for

this trend, and as mentioned above strongly shapes the

outcome of chain-length-dependent kinetic simulations.

This is because the mobility of the short-chain radicals

(which dominate termination) is slow for AAm (due to the

low Dmon) and will be further reduced as the AAm chains

undergo propagation. In addition to the sensitivity of the

apparent overall kp, kp,1-mer and kp,5-mer were altered, and it

is observed that the returned values for hkti change only

slightly when compared to the sensitivity to the overall

apparent kp.

Butyl acrylate, like acrylamide, has a very large kp

[65,66], and the model given above with the measured

values for kp and transfer [42] also yields a relatively low hkti
ain-length-dependent model on the value of Dmon, on the empirical scaling

kp,5-mer and on putting ktrZ0

1 Exp2 Exp3

107 1!107 8!106

106 7.8!106 8.4!106

107 2.4!107 2.6!107

107 3.2!107 3.6!107

108 1.3!108 1.5!108

107 7.6!107 8.9!107

107 2.5!107 2.7!107

107 2.3!107 2.6!107

107 2.4!107 2.7!107

107 2.4!107 2.6!107

106 6.0!106 1.14!107

ments and previous studies on the apparent kp.



Fig. 7. Experimental data for dimeric (C) and tetrameric (&) HEMA oligomers as a function of the weight fraction polymer. The fitted lines represent

predictions of Di based on the exponential scaling relationship (Eq. (16)) using values of 0.66 (solid), 0.50 (dotted) and 0.40 (dashed).
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(1.5!107 MK1 sK1); a critical survey of the literature [10]

has not revealed any reliable values for hkti for this

monomer. However, for butyl acrylate, one cannot make

meaningful comparison of hkti values predicted with the

present model because termination in butyl acrylate is

strongly affected by mid-chain radicals formed by transfer

to polymer [67]. This is supported by the observed low

termination rate coefficients for dodecyl acrylate [68],

which is expected to diffuse relatively slowly, and to involve

a large fraction of mid-chain radicals (although it is possible

that a large fraction of mid-chain radicals might form during

the polymerization of AAm, there appears to be no evidence

in the literature for this). These calculations suggest that the

factors governing the apparent termination rate coefficients

of the acrylates are different from those AAm, styrene and

methyl methacrylate, for none of which is there evidence of

the formation of mid-chain radicals. The low Dmon for AAm

is the greatest contributor to the slower termination rate
Fig. 8. The hkti values predicted from the chain-length-dependent model with var

(Eq. (16)). Experimental hkti values from the g-relaxation experiments (&), and
coefficient, rather than the fast kp which it shares with the

acrylates.

The predicted variation in hkti with wp is weaker than that

observed. This may imply that the scaling of the diffusion

coefficients with wp for this very polar monomer are not well

predicted by Eq. (16). However, an alternative physically

reasonable explanation for the deviation between data at the

lowest wp and the remaining data is that the lowest wp point

occurs before c* (and thus the 0.5 value of the zero wp

scaling coefficient is appropriate here), but the other data

(above c*) are better predicted by using the 0.66 coefficient.

Given the uncertainties in several of the input parameters

(e.g. p, Dmon, the scaling parameters, and the strong

sensitivity of kp to exact experimental conditions), it is

believed that the predicted hkti values adequately model the

observed data.

To assess the contribution of transfer to monomer, the ktr

value was set to zero, making termination strictly by
iations based on the exponential scaling relationship used to predict Di(wp)

calculated using scaling values of 0.66 (C), 0.50 (:) and 0.40 (%).
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combination of two propagating radicals. The values

returned for the hkti were at least an order of magnitude

lower than those found with a realistic ktr value: absolute

values are shown in Table 3. Using ktrZ0, combined with

the relatively high apparent kp, will create a large population

of long chain species, which as we have shown will

drastically lower the hkti value for any given range of

conversion. The experimental hkti data cannot be reproduced

without the presence of populations of short chains

generated by chain transfer to monomer, which indicates

that transfer to monomer plays a very significant part in the

kinetics of AAm polymerization, at least at low conversion.

As mentioned, the experimentally calculated CM value has a

degree of uncertainty associated with it, which translates to

upper and lower values for ktr of 11.7 and 9.5 MK1 sK1,

respectively. These values return limits of 1.24!107 and

1.13!107 MK1 sK1 when used to predict the hkti for the

conditions described for exp1, which is small but significant

and highlights, as does setting ktr to zero, the sensitivity of

hkti of a fast propagating system to CM.

The observed sensitivities to the lowest kp and to ktr

indicate that termination events in this case are largely

insensitive to the shortest propagating radicals, while

termination is largely controlled by chain transfer to

monomer.
5. Conclusions

Average termination rate coefficients for the aqueous

free-radical polymerization of AAm were measured by

g-relaxation experiments at 50 8C. These experimental

values of hkti were relatively low when compared to those

of common organic phase free radical polymerization

systems. The measured hkti values were well predicted

using a model for chain-length-dependent termination. The

value for Dmon of AAm at 50 8C needed for this model was

not available in the literature, and thus was adapted from

that of a similarly hydrophilic system, HEMA, scaled based

on the respective molecular weight for each monomer. In

addition, the method used to provide Di(wp) for AAm

oligomers, which relies on an exponential scaling factor

with degree of polymerization, was found to provide better

agreement for the hkti using a value for the zero wp scaling

exponent slightly different from that provided by the

literature at higher wp (but within acceptable accord),

namely 0.50 rather than 0.66, an exponent consistent with

Russell’s ‘composite model’ [63].

The chain transfer to monomer rate coefficient, ktr, was

measured using the chain-length-distribution method [20]

taking SEC band broadening into account [21,22]. The

value of CM (Zktr/kp) so obtained was 1.2!10K4 (G10%)

at 50 8C.

The model quantitatively showed that the relatively high

value for kp and, more importantly, the relatively slow

diffusion coefficients (Dmon and Di(wp)) are responsible for
the low value of hkti. Reducing the apparent kp by a factor of

ten significantly increased the hkti value. The model was

highly sensitive to the value of ktr; hkti dropped substantially

with ktr set to zero. This indicates that transfer to monomer

is an important source of short chain radicals under such

conditions.

This is the first successful application of the full chain-

length-dependent termination model to any aqueous phase

system. The chain-length-dependent treatment for predict-

ing hkti gives very reasonable accord with the absolute

values of hkti seen experimentally for this non-polar

monomer, and is thus consistent with the assumptions of

the diffusion-controlled model for termination.
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