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Measurement of Transfer Coefficients to
Monomer for n-Butyl Methacrylate by
Molecular Weight Distributions
from Emulsion Polymerization
David F. Sangster, Jesper Feldthusen, Jelica Strauch, Christopher M. Fellows*
The average kinetic coefficient for chain transfer to monomer hktr,Mi in the free-radical
polymerization of n-butyl methacrylate (BMA) has been determined by the analysis of
molecular weight distributions obtained by seeded emulsion polymerization under conditions
such that chain transfer to monomer is the dominant chain-stopping event. Measurements
between 40 and 70 8C gave data fitting an
Arrhenius-type relationship with exponential
factor EA¼ 30 900� 4500 J �mol�1 and pre-
exponential factor logA¼ 3.45� 0.15. The value
for EA is comparable with published data for
chain transfer tomonomer frommethylmetha-
crylate (MMA) and n-butyl acrylate (BA). The A
value, however, is 1–3 orders of magnitude
smaller, suggesting that there is more hin-
drance for chain transfer to monomer for
BMA than for either MMA or BA.
Introduction

While the number of chain transfer events in a typical

free-radical polymerization is miniscule in proportion to

the number of propagation events, chain transfer is of

great importance to the overall kinetics and mechanism of

these reactions in emulsion polymerization. Literature

data for the chain transfer to monomer coefficient CM for

methacrylates with relatively short side chains lie in the

range of 1.4–5.4� 10�5 and cannot be readily correlated
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withmonomer structure.[1] Nor candata for a singlemetha-

crylate species be fittedwith any degree of confidence to an

Arrhenius relation, with the single exception of methyl

methacrylate (MMA).[2] The aim of this work is to evaluate

values of CM for n-butyl methacrylate (BMA) in order to

determine values for the average chain transfer coefficient

hktr,Mi for comparison with literature values for MMA[2–4]

and for n-butyl acrylate (BA).[5]

The standard technique for determining CM (the Mayo

Method) involves plotting the number-average molecular

weight (Mn) as a function of [I]/RP (where [I] is the

concentration of initiator and RP is the polymerization

rate).[6] Problems may arise in this method from uncer-

tainties in the determination of Mn under conditions

where transfer to monomer dominates chain termina-

tion.[7,8] An alternative formulation,[9] which has been

shown to be of equivalent reliability by Heuts and Davis,[10]

makes use of the information provided by the complete
DOI: 10.1002/macp.200800059
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molecular weight distribution (MWD) (P(M)) to obtain

consistent values for chain transfer coefficients.[7,8,11–16] In

the portion of this distribution where chain termination is

dominated by chain transfer to monomer, the relationship

ln(P(M))/�CM�M/M0 applies, whereM0 is the molecular

weight of the monomer.

While it is theoretically always possible to reach the

transfer-dominatedlimitbyreducingtheradicalflux, itmay

be impractical to obtain suitable samples for size exclusion

chromatography (SEC) under these conditions. This diffi-

culty can be overcome by making use of free-radical

emulsion polymerization, where compartmentalization of

the growing polymer radicals allows any amount of

polymer to be grown to high conversions under conditions

of low radical flux. A seeded emulsion polymerization

system is used and conditions are selected such that the

entry of a radical into a growing polymer particle causes

very rapid termination (i.e., zero-one kinetics[9]). These

conditions may usually be obtained by using sufficiently

small seed polymer particles and avoiding the formation of

additional particles during the polymerization.

The MWD of interest is obtained by subtracting the

MWD of the seed particles from the cumulative MWD. The

seed particles need not necessarily be of the same polymer

as the polymer of interest, and it is often easier to use a

well-characterized seed latex of a different polymer species

rather than prepare a suitably sized low-dispersity latex of

the polymer whose hktr,Mi is to be determined.[17]

The conditions required to carry out determination of

hktr,Mi by emulsion polymerization in this manner have

been described by Tobita and Shiozaki.[13] An overview of

this background theory to the method and its application

to the BMA system is given in the Appendix. In this work, a

number of poly(BMA) and polystyrene seeds of different

sizes were employed over a range of temperatures

(40–70 8C) to estimate empirical Arrhenius parameters A

and EA for hktr,Mi. Higher temperatures were avoided

because at such temperatures depropagation becomes a

significant complicating factor.[18]

The parameters derived from the Arrhenius plot for hktr,Mi
for BMA can be used to estimate its values at temperatures

over the range of 40–70 8C for the prediction of reaction

rates and product distributions in academic studies of

reactions involving BMA or in industrial optimization. It

will also provide a base for work on copolymers involving

BMA. Beyond this limited goal, the comparison of

estimated EA values with values obtained for chain-

transfer to monomer reactions for similar monomers can

shed light on the relative importance of various labile

hydrogen environments in giving rise to this chain-

transfer to monomer, a topic of practical and theoretical

interest for many acrylate and methacrylate polymeriza-

tions. Because of the ten-fold extrapolation combinedwith

the scatter of the data in the Arrhenius plot, the value of A
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is not accurate enough to give more than an estimate of

the frequency factor for comparison with other reactions.
Experimental Part

Reagents

BMA (Merck, 99%) was purified by washing repeatedly with

aliquots of 0.1 mol � L�1 sodium hydroxide to facilitate removal of

the inhibitor, then with Milli-Q water (�3), and 0.1 mol � L�1

sodium chloride solution. The monomer was dried overnight over

anhydrous calcium chloride, filtered through basic alumina and

distilled under reduced pressure at approximately 40 8C. In a

second series of experiments, BMA (Aldrich) was purified by

passing through a column of inhibitor remover (Aldrich) and

stored at 4 8C.
Sodium dodecyl sulfate (SDS, Aldrich, 98%), Disponil FES77

[sodium poly(ethylene glycol) sulfonate monodecyl ether, 30% w/

w, BASF-AG], Texapon NSO (sodium dodecylether sulfonate,

BASF-AG), Dowfax 2A1 (an alkyl diphenyloxide disulfonate,

Dow Chemical), Emulphor NPS 25 (sodium nonylphenyl poly-

glycolether sulfate, BASF-AG), sodium hydrogencarbonate buffer

(Aldrich), sodium persulfate (NaPS, Fluka), potassium persulfate

(KPS, Ajax, 99%), methyl ethyl hydroquinone (MEHQ, Aldrich) and

tetrahydrofuran (THF, Unilab) were used as received. Deionized

waterwas provided by aMilliporeMilli-Q ultrafiltration system. A

number of previously prepared polystyrene and poly(BMA) seed

latices were used to seed the polymerization, which will be

referred to as Styrene 1 (unswollen radius ru¼ 36 nm), Styrene 2

(ru¼15 nm), BMA 1 (ru¼53 nm) and BMA 2 (ru¼37�7 nm). All

seeds were prepared in the Key Centre for Polymer Colloids,

University of Sydney, except Styrene 2, which was provided by

BASF-AG.

Characterization and Purification of Seeds

Poly(BMA) seed latices were prepared as follows: BMA (200 g) was

added to an aqueous solution (660 mL) containing Aerosol MA 80

(10 g) and NaHCO3 (1.0 g) previously heated to 85 8C and

deoxygenated by bubbling with nitrogen for 30 min. The mixture

was homogenized and the polymerizationwas initiated by adding

a preheated solution of KPS in water (1.0 g in 10 mL) to the

reaction. The polymerization was carried out for 3 h at 85 8C. The
seed was purified by dialysis for 3 d with three water changes at

20 8C (>5 water changes led to coagulation of the BMA seed). The

unswollen radii ru of the seed laticeswere determined by Capillary

Hydrodynamic Fractionation (CHDF, Matec Applied Sciences) and

Transmission Electron Microscopy. Polystyrene seed latex pro-

vided by BASF-AG was diluted with an SDS solution to give 1017

particles per liter in 8 mmol � L�1 SDS and filtered through a

microfilter. The particle radius of this latex was measured using a

photon correlation spectrometer (Brookhaven Instruments).

Measurement of Reaction Rate

During the seeded emulsion polymerization of BMA the rate of

reaction was determined by dilatometry[19] in order to determine

conditions where chain transfer to monomer was the predomi-

nant chain termination mechanism. The reaction vessel (60 mL
www.mcp-journal.de 1613
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jacketed dilatometer) was first cleaned by washing with distilled

water (�3), acetone (�3) and THF (�3) and then filled with

tetrahydrofuran until use. Immediately before use it was rinsed

with acetone and dried. Throughout the polymerization, the

dilatometer was linked to a water bath enabling the jacket

temperature to be maintained within�0.1 8C. In a typical

dilatometry experiment, deionized water was degassed by

heating and stirring under reduced pressure and then putting

argon above the water surface. A solution of SDS in water was

added to the dilatometer, then BMA, and the mixture emulsified

by stirring for 30 min. Seed latex was added to the dilatometer
Table 1. Determination of the average number of radicals per partic

T NC Surfactant [S

-C 10S

Styrene 1

70 1.0T 1017 SDS

Styrene 2

70 1.0T 1017 SDS

1.0T 1017 FES77

1.0T 1017 NSO

3.0T 1016 SDS

3.0T 1016 FES77

3.0T 1016 NSO

3.0T 1016 NPS25

3.0T 1016 2A1

1.0T 1017 SDS

65 1.0T 1017 SDS

60 1.0T 1017 SDS

50 1.0T 1017 SDS

40 1.0T 1017 SDS
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while mixing. The mixture was stirred overnight and then heated

to the appropriate reaction temperature. A solution of KPS or NaPS

in water was preheated to the same temperature and 1 mL of this

solution was added. At this time the dilatometer was filled with a

small additional amount of deionized water and connected to a

capillary tube of known internal radius, which was filled with

decane to an appropriate height for the automatic tracking

instrument. The change of the meniscus height was recorded

automatically by an optical tracking device connected to a

computer. A summary of the conditions under which the rates of

polymerization were measured is given in Table 1.
le, n.

urfactant] [Initiator] n

3 mol � LS1 10S3 mol � LS1

3.0 KPS, 1.0 0.21W 0.02

5.5 0.30

14.2 KPS, 1.0 0.20W 0.02

13.8 0.21W 0.02

13.4 0.23W 0.02

2.1 0.12W 0.03

0.5 0.12W 0.03

1.6 0.10W 0.04

– NaPS, 0.27 0.28

– NaPS, 0.22 0.43

1.6 KPS, 1.0 0.11W 0.02

1.6 0.09W 0.02

1.6 0.20W 0.03

1.6 0.35W 0.05

3.2 0.18W 0.02

1.6 0.22W 0.06

1.6 0.24W 0.03

1.6 0.27W 0.04

1.6 0.24W 0.04

13.4 KPS, 0.10 0.30W 0.02

– NaPS, 0.27 0.31

– NaPS, 0.41 0.33

– NaPS, 0.63 0.33

– NaPS, 0.07 0.21

– NaPS, 0.81 0.15

– NaPS, 0.75 0.16

– NaPS, 0.08 0.12

– NaPS, 2.97 0.07
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These n values are typically lower than those found by Halnan

et al.[20] at 50 8C under conditions where it was ascertained that

termination was transfer-dominated.

Preparation of Polymer for Size Exclusion

Chromatography

Series One: Polymer samples for SECwere prepared in a 90mL side

arm jacketed dilatometer, which was cleaned as for the

dilatometry experiments. A solution of SDS in water was

combined with degassed deionized water in the dilatometer.

BMAwas then added and themixture was stirred for 30min. Seed

latex was added to the dilatometer with continuous stirring. The

reaction mixture was then heated under argon to the appropriate

temperature for 1 h. A solution of KPS was preheated to this

temperature and 1.0 mL of this solution was injected through the

side arm to give the desired initiator concentration. Preheated

water was injected similarly in order to fill the capillary tube to an

appropriate height. After the meniscus fell to the level of the

reaction vessel (equivalent to about 2% conversion), samples of

approximately 2 mL volume were removed by syringe and

transferred into 10mL glass vials whichwere cooled in ice. To each

of these samples, a saturated solution of sodium chloride in water

(1 mL) and then methanol (4 mL) was added to precipitate the

polymers. After settling overnight, each sample was decanted and

the precipitated polymerswerewashedwith deionizedwater. The

samples were then dried in an oven at 45 8C.
Series Two: The seed/surfactant solution was degassed by

evacuation and about 24 mL was transferred to the dilatometer

vessel (volume 27mL), aweighed quantity (about 1 g) ofmonomer

was added and the vessel was stoppered. The gas in the space

above the contentswas removed by a 30mL syringe and the vessel

was stirred by a magnetic stirrer overnight. Additional monomer

(if required), initiator (to make 0.3–3�10�3 mol � L�1 NaPS) and

seed/surfactant (to fill vessel to 27 g) were added and the vessel

was connected to an automatic tracker. Samples for molecular

weight measurement were collected when the polymer concen-

tration was in the range of 1–3%, as indicated by the fall in the

capillary, by adding the contents of the vessel to a beaker

containing 1 g of 10� 10�3 mol � L�1 MEHQ. Polymer content was

determined by evaporating aweighed amount to dryness,weighing

and subtracting the weight of surfactant, seed and initiator.

Both Series: A summary of the conditions under which

polymers were prepared for SEC is given in Table 2. The tabulated

dissociation rate coefficient of KPS, kd, is calculated from the

Arrhenius expression of Behrman and Edwards.[21]
Size Exclusion Chromatography

Solutions for GPCweremade up at 0.2wt.-% poly(BMA) in THF and

filtered through a microfilter. A Waters Chromatograph system

with a 510 HPLC Pump was used at a flow rate of 0.8 mL �min�1.

100 mL was injected into aWaters Size Exclusion Chromatographic

train at 30 8C comprised of degasser, filter and guard columns,

three Dow Styragel/HT6E columns (Series One) or two HT6E

columns and one HT7E column (Series Two) and a Waters R401

differential refractometer (Series One) or Shimadzu differential

refractometer (Series Two).
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For both series, the system was calibrated using eight Polymer

Laboratories narrow MWD polystyrene standards covering the

molecular weight range 5.0�103–10.2�106. The output was

processed by Polymer Laboratories ‘Cirrus’ software and the raw

data were transferred to a Microsoft Excel worksheet for analysis.

In order to determine the MWD from the G(Vel) curves, universal

calibration was carried out using polystyrene standards by

applying the following Mark-Houwink parameters for polystyr-

ene and poly(BMA): KPS¼1.14�10�4 dL � g�1, aPS¼0.716 and

KPBMA¼ 1.48�10�4 dL � g�1, aPBMA¼ 0.664.[22]
Results

Rate Data

A typical plot showing the change in rate of conversion as

a function of time is shown in Figure 1. At initiator

concentrations between 0.2� 10�4 and 4.3� 10�4

mol � L�1, periods of constant dx/dt were observed in the

rate curves, suggesting that the polymerization under

these conditions can be described by zero-one kinetics.

The rate of conversion dx/dt is directly related to n, the

number of polymer radicals per latex particle (Equation

A1). The values obtained at a number of monomer feed

concentrations, initiator concentrations and seed types are

given in Table 1.
MWD Data

A typical SEC distribution obtained in this work is shown

in Figure 2. The distributions of the seed polystyrene and

the poly(BMA) formed during the polymerization are quite

different. The bulk of the poly(BMA) is seen at M> 106,

while the seed is found primarily atM< 106. The quality of

the seed signal subtraction may be gauged from the

relatively flat character of the lowmolecular weight region

of the subtracted curve.[23] It is important to note that this

SEC distributionwill not be an instantaneous picture of the

population of polymer generated at a particular degree of

conversion, but will contain the history of polymer growth

at earlier stages in the reaction. Accordingly, experiments

were restricted to as low a conversion as practicable. Some

typical ln(P(M)) plots obtained for the polystyrene seed are

given in Figure 3. It is apparent that the plots are generally

linear in M. Apparent CM was estimated from the slope at

the maximum molecular weight by fitting a straight line

to the ln(P(M)) plot obtained from the section of the SEC

trace corresponding to a signal intensity within 90% of the

peak intensity, as band-broadening artifacts should be

minimized at the peak molecular weight.[24] The variation

in slope over this range was used to estimate an error in

CM, and curves giving a markedly nonlinear ln(P(M)) plot

in this region were discarded.
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Table 2. SEC experiments. The particle concentration NC is measured in L�1.

Seed T kd [I] Conversion Apparent CMT 10S5

-C sS1 10S4 mol � LS1 %

BMA 2NC¼ 1.0T 1017 40 2.42T 10S7 30 20W 4 4.02

45 5.47T 10S7 30 32W 3 3.88

55 2.59T 10S6 10 33W 4 3.76

21W 4 3.72

60 5.44T 10S6 10 29W 7 3.74

BMA 1NC¼ 3.0T 1016 70 2.25T 10S5 1.0 23 6.61

22 5.93

20 6.22

20 5.49

21 6.21

21 5.87

Styrene 2

(Series 1) NC¼ 1.0T 1017
70 2.25T 10S5 1.0 21 4.06

20 4.37

19 3.96

16 3.83

23 3.90

Styrene 2

(Series 2) NC¼ 1.0T 1017
40 2.42T 10S7 1.6 33 3.85

14.2 – 3.01

48 3.64

29.7 25 3.66

45 5.47T 10S7 17.4 34 3.77

50 1.20T 10S6 0.8 32 3.42

8.1 36 4.08

15.7 25 3.49

60 5.44T 10S6 4.1 62 3.93

6.3 35 3.57

7.3 47 3.85

8.0 54 3.76

65 1.12T 10S5 2.7 – 3.50

68 1.71T 10S5 2.8 34 3.79

70 2.25T 10S5 2.2 37 3.98

2.3 34 4.56

3.3 5 3.58

1616
From the slopes L of the ln(P(M)) plots, values of

apparent CM uncorrected for termination by entering

radicals could be determined.

Average propagation rate coefficients hkpi for BMA have

been found[33] by pulsed-initiation polymerization (PLP) at

temperatures between�20 and 90 8C and fit the Arrhenius
Macromol. Chem. Phys. 2008, 209, 1612–1627
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relation with pre-exponential factor log A¼ 6.58 and

activation energy EA¼ 22 880 J �mol�1. Values of hkpi
determined from this expression were combined with

apparent CM values to give apparent hktr,Mi values for BMA

(Table 2). Over the temperature range investigated a

sufficiently good fit is found (Figure 4) to allow calculation
DOI: 10.1002/macp.200800059



Measurement of Transfer Coefficients to Monomer for n-Butyl Methacrylate . . .

Figure 1. Rate of conversion of BMA to poly(BMA) as a function of time for [KPS]¼ 10�4

mol � L�1, initial [BMA]¼ 7.6 mol � L�1, T¼ 70 8C.
of empirical Arrhenius parameters for the apparent chain

transfer reaction of poly(BMA) radical to BMA monomer.

In addition to termination by chain transfer to

monomer in this system, there is a contribution from

radical-radical termination by the entry of small radicals.

This can be evaluated from Equation (A5). Values of the

rate coefficient for entry, r, were calculated[25] and used to

estimate r/kpCP.
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where M0 is the molecular weight of BMA. The value of

3.8 mol � L�1 for CP, the saturated concentration of BMA in

poly(BMA) reported by Halnan et al.[20] at 50 8C, was used

in all calculations. This was confirmed by measuring the

value at 70 8C as 4.0 mol � L�1 in the presence of monomer
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droplets. Parameters necessary for the

estimation of r were the initiator

concentration [I], the dissociation

coefficient of the initiator (kd), the

termination rate coefficient of small

radicals in the aqueous phase

(kiLt � 109 L �mol � s�1), the concentra-

tion of BMA in the aqueous phase (CW,

2.5� 10�3 mol � L�1 at 50 8C[20]) and

the particle number concentration,NC.

The limits where z, the critical degree

of polymerization for a radical to enter

a particle, is 2 and 4 were considered,

on the basis of the relationship

between z and the saturated concen-

tration ofmonomer inwater proposed

by Maxwell et al.[25] Values of hktr,Mi
obtained incorporating the correction

may be summarized in an Arrhenius

plot fitting the equation logA¼ 3.45�

0.15 and activation energy EA¼ 30 900� 4 500 J �mol�1

(Figure 5). The set of data points obtained with the larger

poly(BMA) seed BMA 1 at 70 8C could not be brought into

linewith the other data points by the r/kpCP correction and

may be affected by other termination mechanisms.

The error limits quoted for Figure 5 do not give a true

picture of the uncertainty in the data, which is better

expressed as a x2 plot (Figure 6) showing highly correlated

values for EA andA. The Arrhenius parameters quotedwere

determined by using the lowest x2 obtained on the grid as

an initial guess and searching for a local minimum using

the function ‘Solver’ in Microsoft Excel by weighted linear

least-squares curve fitting, with 95% confidence intervals

determined from the standard error in EA and tabulated

values for the T-distribution. However, it is easy to

converge on almost equally good local minima within

themid-range of the confidence interval shown in Figure 6.
MW
4.0 x 106 6.0 x 106 8.0 x 106 10.0 x 106

oly(BMA) displayed as ln(P(M)), for samples
8C with (i) * [KPS]¼ 10�4 mol � L�1, 12.7%
PS]¼ 10�3 mol � L�1, 10.6% conversion.
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Figure 4. Plot of Arrhenius relationship for apparent hktr,Mi values
in chain transfer to BMA monomer. Error bars are based on the
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obtained at 70 8C with the large poly(BMA) seed, BMA1. Error
bars are based on the degree of variation induced by consider-
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In considering the mechanistic implications of this data, it

is therefore most appropriate to consider the overlap

between this confidence interval and the Arrhenius

parameters reported for similar systems. The Arrhenius

parameters derived from the literature for BA[5] lie entirely

within an ellipsewhich is not collinearwith the confidence

ellipse for BMA, suggesting strongly that chain transfer to

monomer in BA polymerization and BMA polymerization

proceed by different mechanisms. The sole data point for

MMA[2] lies off the major axis of the BMA confidence

ellipse, but not significantly enough to support mechan-

istic hypotheses.
Discussion

Possible end-chain transfer to monomer reactions for BMA

are shown below (Scheme 1).

Abstraction of vinylic hydrogens, or methyl hydrogens

from the terminus of the n-butyl group, is not considered

because of the high C–H bond strength and limited

capacity for stabilization of unpaired spin density at these

positions. If chain transfer is by abstraction from the

a-methyl group (BMA1), it might be expected that the EA
would be similar to that seen for poly(MMA), as EA in chain

transfer reactions is correlated with the lability of the

abstracted hydrogen atom.[27,28] If chain transfer is

primarily by abstraction of the relatively labile hydrogen

atoms on the carbon adjacent to the sp3 ester oxygen

(BMA2), giving a product stabilized by interactions with

the oxygen lone pairs, EA should be expected to be similar

to EA for poly(BA).
Comparison with Literature

Table 3 summarizes the reported results for propagation

and for chain transfer tomonomer for BMAand for the two

possibly analogous monomers, MMA and BA. The values

are listed as quoted, although the accuracy is not greater

than two to three significant figures.

In Table 3, other evaluations of hkpi for MMA[38,39] are

not included, since they give almost the same result as the

benchmark set by the IUPAC working group on propaga-

tion rate coefficients.[29] Similarly, a number of other

evaluations of hkpi for BA[40,41] and BMA[42] are not

included as they also approach the IUPAC benchmark.[31]

The data of Buback and Degener for BA[30] are included as it

is the only dataset covering the same temperature range as

that of Maeder and Gilbert for CM.
[5] However, it should be

noted that this dataset is highly dependent on literature

values for initiator kd and photoinitiator quantum

efficiency which have relatively high uncertainties.
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Scheme 1. Chain transfer to monomer reactions in BMA polymerization.
Furthermore, it contained only one PLP experiment

(predating the current best practice laid down by the

IUPAC working party) with most data derived from

single-pulse PLP and steady-state polymerization experi-

ments. The values of effective hkpi reported by Nikitin

et al.[32] gave a straight line in an Arrhenius plot, which has

been extrapolated to the temperatures used by Maeder

and Gilbert. Other evaluations of hkpi for BMA[42–44] are in

general agreement with the benchmark.[33]

The CM data previously reported for MMA,[3,4,34] BA[35]

and BMA[36,37] show that the values of hktr,Mi obtained in

this work and emerging from previously reported Arrhe-

nius expressions for hkpi are consistent with other

determinations over the appropriate temperature range.

For MMA, the Arrhenius expression for CM determined by

Stickler and Meyerhoff[2] over the temperature range of

0–140 8C was combined with benchmark hkpi values

calculated over the temperature range of �1–90 8C by the

IUPAC working group on propagation rate coefficients.[29]

This gives log A¼ 5.30 and EA¼ 46 100 J �mol�1 for MMA.

ForBA,anArrheniusexpression forCMhasbeendetermined
a Because of the competition between unimolecular intramolecular
chain transfer and bimolecular propagation, hkpi will be depen-
dent on monomer concentration.[32]
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over the range of 50–72 8CbyMaeder and

Gilbert.[5] For acrylates but not metha-

crylates, interpretation of CM is compli-

cated significantly by the contribution of

1,5 intramolecular hydrogen transfer

(also referred to as backbiting or mid-

chain transfer). In the polymerization of

BA, this leads to the formation of a

tertiary radical significantly less reactive

in propagation than is the secondary

poly(BA) radical and Asua et al.[31] point

out that thiswill tend to induce curvature

in any Arrhenius expression. The

poly(BA) hkpi Arrhenius expression of

the IUPACworking grouponpropagation

rate coefficients has been based on

selected data obtained over the range of

�65–20 8C to minimize the effect of

backbiting.[31] A more appropriate

expression for hkpi to use in determining

hktr,Mi for BA should therefore be an

expression for ‘effective’ hkpi over the

appropriate temperature, monomer con-

centration,a and molecular weight range

atwhichCMdatawere collected. The only

published values for BA over this tem-

perature range were obtained over the

temperature range of 25–80 8CbyBuback
and Degener,[30] but are not in accordance with current

IUPAC guidelines: the data for effective hkpi reported by

Nikitin et al.[32] (viz. as listed as kavp in their Table 2) between

�10 and 30 8C are in accordance with the IUPAC guidelines

for PLP. Accordingly, the CM Arrhenius expression deter-

mined byMaeder andGilbert[5] over the temperature range

of 50–70 8C was combined with an extrapolation of the

Arrhenius expression for effective hkpi from the data of

Nikitin et al.,[32]which incorporate the effects ofbackbiting.

This treatmentgives logA¼ 4.8andEA¼ 30 970 J �mol�1.By

comparison, the hkpi expression of Buback and Degener[30]

gives log A¼ 4.2, EA¼ 29 530 J �mol�1 and using the IUPAC

working party values for hkpi of the secondary radical of

Asua et al.[31] gives log A¼ 5.6, EA¼ 33 100 J �mol�1.

The chain transfer to monomer reaction of poly(BA)

appears to have a similar activation energy to the chain

transfer to monomer reaction of poly(BMA), while both

have an activation energy less than that of MMA. The

pre-exponential factor declines by approximately one

order of magnitude on proceeding from poly(MMA) to

poly(BA) and a further one to two orders of magnitude on

proceeding to poly(BMA). The CM data of Maeder and

Gilbert was obtained over a molecular weight range

significantly above the peak molecular weight, where

band broadening effects may be important[24] and where

long-chain branching has been reported in the emulsion
www.mcp-journal.de 1619
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Table 3. Comparison of values for MMA, BA and BMA of A, EA and hkpi, CM and hktr,Mi, and of hkpi, CM and hktr,Mi at representative
temperatures. For ktr,M, the T range given is the range over which the experiments to determine CM and kp overlap.

Monomer A EA hkpi(50 -C) Reference T (-C)

L �molS1 � sS1 J �molS1 L �molS1 � sS1

MMA 2.69T 106 22 360 651 Beuermann et al.[29] a) S1/90

BA 1.03T 106 14 330 4576 Buback and Degener[30] 25/80

2.24T 107 17 900 28 536 Asua et al.[31] a) S65/20

3.79T 106 15 770 10 690 Nikitin et al.[32] b) S10/30

3.91T 106 16 170 9490 Nikitin et al.[32] c) S10/30

BMA 3.78T 106 22 880 754 Beuermann et al.[33] a) S20/90

Monomer A EA CM (50 -C) Reference T (-C)

MMA 7.4T 10S2 23 740 1.07T 10S5 Stickler and Meyerhoff[2] 0/140

4–5T 10S5 Whang et al.[34] 50

5.15T 10S5 Kukulj et al.[3] 50

2.3T 10S5 Van Berkel et al.[4] 50

BA 1.6T 10S2 15 200 5.57T 10S5 Maeder and Gilbert[5] 50/72

1.05T 10S4 Capek[35] 70

BMA 5.4T 10S5 Matyska et al.[36] 50

1.4T 10S5 Nair et al.[37] 60

7.5T 10S4 7 980 3.8T 10S5 This work 40/70

Monomer A EA hktr,Mi(50 -C) Reference T (-C)

(L �molS1 � sS1)

MMA 2.0T 105 46 100 6.8T 10S3 Stickler and Meyerhoff[2]

TBeuermann et al.[29]
0/90

BA 1.6T 104 29 530 0.26 Maeder and Gilbert[5]

TBuback and Degener[30]
50/72

6.1T 104 30 970 0.60 Maeder and Gilbert[5]

TNikitin et al.[32] b)

No overlap

6.3T 104 31 370 0.53 Maeder and Gilbert[5]

TNikitin et al.[32] c)

No overlap

3.6T 105 33 100 1.59 Maeder and Gilbert[5]

TAsua et al.[31]
No overlap

BMA 2.8T 103 30 860 0.029 This work

TBeuermann et al.[33]
40/70

a)Benchmark recommendation of IUPAC working party on propagation rate coefficients; b)from data reported by Nikitin et al.[32] at

[BA]¼7.02; c)extrapolation from data reported by Nikitin et al.[32] at [BA]¼7.02 using the monomer concentration employed by Maeder

and Gilbert[5] [BA]¼ 5.7 and the expression for dependence of kavp on [M] given by Nikitin et al.

1620
polymerization of BA.[45] Long-chain branching could lead

to an apparent reduction in the termination rate.[46] At 60

and 70 8C where long-chain branching would be expected

to be more significant, it does appear that the slope at the
Macromol. Chem. Phys. 2008, 209, 1612–1627
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peak molecular weight is appreciably greater than that at

the high molecular weight tail used.[5] Thus, it is possible

that both A and EA for hktr,Mi in BA may be significantly

higher than reported here.
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Scheme 2. Chain transfer to monomer reactions in BA polymerization.
This value of log A found in this work for end-chain

transfer to monomer in poly(BMA) corresponds to a

pre-exponential factor of approximately 2800 L �mol�1 � s�1,

�1, 25 times less than the pre-exponential factor

calculated for poly(BA) chain transfer to BA[5,30,32] and

considerably less than the calculated pre-exponential

factor for poly(MMA) chain transfer to MMA.[2,29] This

low pre-exponential factor may be credible, considering

the more restricted environment about the forming and

breaking bonds in BMA cf. MMA and BA. For several series

of similar hydrogen abstraction reactions where steric
Table 4. Gibbs free energies of reaction and activation energies
for chain transfer to monomer, calculated for 70 8C.

M� DG0
rxn

kJ �molS1

UHF-6-31G� B3LYP-6-31G�

a-MMA radical 2.6 17.2

BA2 7.7 10.2

BA3 S5.8 S8.9

BA4 S6.4 S8.4

BMA1 2.3 15.5

BMA2 5.8 12.7

BMA3 S1.7 S8.3

BMA4 S0.1 S10.8

BMA5 0 by inspection for monomeric

model compound
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hindrance increases, reductions in A of

two or three orders of magnitude have

been reported in both experimental

and computational studies.[47–50]

Within the range of experimental error,

there is little difference in EA between

BA and BMA, suggesting that there is

little difference in the structure of the

transition states of the two chain

transfer reactions.

An isodesmic energy calculation of

the form R�þMH!M�þRH, where

R is the unsaturated analogue to a

monomerM, was carried out for each of

the possible chain transfer reactions in

Scheme 2 and the analogous chain

transfer reactions for MMA and BA

(Table 4). The unrestricted Hartree-Fock

6–31G� and B3 LYP 6–31G� levels of

theory were applied using Spartan 04.

The similar values of DG0
rxn obtained for

chain transfer reactions from the butyl
group of BA and BMA imply that similar EA values should

apply, which is consistent with experimental results.

Products BMA3 and BMA4 appear to be thermodynami-

cally favored at both levels of theory, in contradiction to

the assumption that the carbon adjacent to the oxygen

lone pairs would bear the most labile hydrogens. The

energy differences between products and reactants are

very small in all cases, suggesting that it is inappropriate

to assume from the Hammond postulate that the

transition state is more ‘product-like’ or ‘reactant-like’;

instead, the pattern of substitution on both the hydro-

gen-donating and hydrogen-accepting species must be

considered. Where other factors are equal, the most stable

transition state can be expected to be the one where the

reactant radical and the product radical have the greatest

number of a-carbon hydrogens capable of participation in

hyperconjugation. For the reaction giving rise to product

BMA3, there are seven such hydrogens, cf. four for the

analogous reaction of BA, while for the reaction giving rise

to product BMA1 there are the same number of

a-hydrogens. The DG0
rxn differences between different

hydrogen-abstraction reactions are not large, suggesting

that the experimental EA and A values arise from some

combination of all chain transfer reactions. In the

polymerization of BA, the observed hktr,Miwill also include

a possibly significant contribution arising from hydrogen

abstraction by the tertiary mid-chain poly(BA) radical

formed by backbiting.[31] To a first approximation, the

mid-chain poly(BA) radical can be expected to behave

similarly to a poly(BMA) radical, giving an even greater

number of possible H-abstraction reactions contributing to

the observed hktr,Mi. ESR studies have demonstrated that
www.mcp-journal.de 1621
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at equilibrium the overwhelming majority of radicals

present in poly(BA) are mid-chain radicals,[51] and in the

presence of 0.4 mol � L�1 of a thiol chain-transfer agent it

has been reported that essentially all of these radicals

undergo transfer rather than propagation,[52] so the

mid-chain poly(BA) radical may well contribute dispro-

portionately to the observed hktr,Mi for BA.
The Arrhenius parameters which have been derived for

these three systems aremost useful for evaluating transfer

coefficients at temperatures within the ranges spanned by

the experimental measurements, where values derived by

interpolation or limited extrapolation are valid. They are

the mathematical values which represent a line of best fit

to the data when expressed as an Arrhenius-type relation-

ship. Due to the scatter occasioned by experimental

uncertainties, extrapolation beyond those ranges must

be treated with caution. In particular, extrapolation to

1/T¼ 0 to determine the pre-exponential factor involves

projection for hktr,Mi of the MMA, BA and BMA data

by factors of 3, 15 and 10 times, respectively. In addition,

the effective hktr,Mi observed is likely to be the sum

of several separate hydrogen transfer reactions. The EA
and A values obtained thus far for hktr,Mi should be

considered insufficient for drawing mechanistic conclu-

sions. However, until better methods are devised, they

could be useful for semi-quantitative comparison between

systems.
Conclusion

Over a range of accessible temperatures below the onset of

significant depropagation, consistent values for the

average rate coefficient for chain transfer to monomer,

hktr,Mi, in polymerization of poly(BMA) have been

calculated by the analysis of MWDs generated by seeded

emulsion polymerization experiments using seeds of

different sizes and composition. The results found

could be fitted by an Arrhenius relation to give

EA¼ 30 900� 4 500 J �mol�1 and log A¼ 3.45� 0.15 for

the chain transfer to monomer reaction. These values are

comparable to literature values in the analogous

chain transfer to monomer reactions of poly(BA) and

poly(MMA), although A is significantly smaller than

reported for these systems. It should be stressed that

due to the extent of extrapolation back to 1/T¼ 0, it is not

possible to draw firm mechanistic conclusions from this

data, but the results obtained are consistent with a chain

transfer process dominated by abstraction of methylene

hydrogens in the n-butyl side chain. This reaction would

require a more hindered transition state than plausible

chain-transfer reactions in BA or MMA polymerization,

leading to a lower A.
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Appendix: Background Theory and
Application to Butyl Methacrylate[9]

Zero-One Kinetics

In Interval II of an emulsion polymerization of a

monomer such as BMA, monomer droplets maintain a

constant concentration of monomer (CP) in the growing

particles. During this interval, the rate of polymerization

(dx/dt) remains constant and is given by the following

expression:
dx

dt
¼ kpCPnNC

n0
MNA

(A1)
Here, kp is the rate coefficient for propagation, n the

average number of radicals per polymer particle, NC the

number of latex particles per unit volume of aqueous

phase, n0
M the molar concentration of monomer per unit

volume ofwater andNA Avogadro’s constant. If the system

follows zero-one kinetics, the value of n should be less than

or equal to 0.5. The two conditions dx2/dt2¼ 0 (i.e. dx/

dt¼ constant and n� 0.5 are necessary but not sufficient

for ‘zero-one’ kinetics to be applicable. An experimental

test to verify the applicability of zero-one kinetics is the

convergence of n to 0.5 as [I] increases.
Molecular Weight Distribution in a Zero-One System

The SEC distribution G(Vel) of polymer formed in the

polymerization may be obtained by subtracting the G(Vel)

of the seed from the G(Vel) of the sample. The SEC MWD,

X(M), can be obtained from this G(Vel) in turn using the

relationship
XðMÞ ¼ GðVelÞ
dVcal

dðlogMÞ (A2)
where Vcal(M) is the SEC calibration curve. If the calibration

curve can be expressed as a linear relation in log M [i.e.

Vcal(M)¼aþ blog(M)], X(M) may be transformed into the

cumulative MWD, PðMÞ, by the relation
PðMÞ ¼ XðMÞ
M2

(A3)
If necessary, the instantaneous MWD P(M) may then be

approximated from PðMÞ by subtracting appropriately

normalized cumulative distributions obtained at different

conversions.[23]

In a zero-one system the only chain-stopping events

are chain transfer and entry of another radical species,
DOI: 10.1002/macp.200800059
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and the rate of termination of a given growing chain is

given by the sum of these chain-stopping events:
Macrom

� 2008
CPktr;M þ ½A	ktr;A þ wpðM0=dPÞktr;P þ r (A4)
where r is the rate coefficient for radical entry; ktr,M, ktr,A
and ktr,P are respectively the rate coefficients for transfer

to monomer, to chain transfer agent and to polymer; [A]

is the concentration of chain-transfer agent; wp is the

total weight fraction of polymer in the latex particles and

dP is the mean density of polymer in the particles. In the

case of acrylate and some other systems at other than

quite low temperatures, it is necessary to consider the

effects of backbiting and mid-chain transfer.

P(M) will show an exponential dependence onMwith a

coefficient given by the total of the first-order loss

processes.[12,53]
PðMÞ ¼ exp
CPktr;M þ ½A	ktr;A þ r

kpCP

� �
M

M0
(A5)
In the absence of a chain-transfer agent or chain transfer

to polymer, this expression simplifies to
lnðPðMÞÞ ¼ CM þ r

kpCP

� �
M

M0
(A6)
in the limit M!1 and radical flux!0, where

CM ¼ ktrM=kp.

In a zero-one emulsion polymerization system where

the dominant chain-stopping event is transfer to mono-

mer, the entry term in expression (A6) may be neglected.

It is clear that under these conditions CM can be

determined by plotting ln(P(M)) as a function of M. The

slope of the linear region of this plot should be

approximately �CM/M0.

The entry rate coefficient r can be approximated

analytically by the following expression[25]:
r ¼ 2kd½I	NA

NC

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kd½I	kt

p
kpCW

þ 1

 !z�1

(A7)
where [I] is the concentration of the initiating species, kd
the rate of decomposition of this species, kt,aq and kp,aq
are respectively the termination and propagation rate

coefficients of the monomer in the aqueous phase, CW the

aqueous phase concentration of the monomer and z the

critical degree of polymerization required for a radical in

the aqueous phase to enter a particle (a semi-empirical

thermodynamic model has been suggested relating z

directly to CWsat, the saturation value of CW).[25]
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Design of a Zero-One Butyl Methacrylate
System

Specifications for selecting conditions such that zero-one

kinetics are obeyed have been presented previously.[5,9] A

sufficient condition for zero-one kinetics is that termina-

tion is rapid when a radical enters a particle containing a

polymer radical. In this context, ‘rapid’ is defined as

follows:
ciL 
 k1pCP (A8)
ciL 
 kdm (A9)
where ciL is the pseudo-first order rate coefficient for

termination between an entering radical of length i and a

long polymer radical, k1p is the propagation rate coefficient

of a monomeric radical, and kdM is the rate coefficient for

escape by diffusion in the aqueous phase of a monomeric

radical from the particle, which is given by the following

expression:
kdM ¼ 3DW

r2S

CW

CP
(A10)
where DW is the diffusion coefficient of the desorbing

species in the aqueous phase, rs the swollen radius of a

polymer particle and CW/CP the coefficient for partitioning

of the monomer between the aqueous and organic phases.

While it is possible to ignore transfer to monomer when

looking at the probability of the new radical propagating

to a significant length before termination, due to the

relatively short mutual growth times of the two chains,

desorption of monomeric radicals can have an important

effect on the termination mechanism. Under some

circumstances, rapid exit followed by re-entry and

re-escape can effectively eliminate the compartmentaliza-

tion of the system, leading to ‘pseudo-bulk’ behavior even

though n may be well below 0.5. This behavior is seen

in the emulsion polymerization of MMA[54] but is unlikely

in the polymerization of BMA, as its kdM should be �150

times less than the value of MMA.

The relative probability Pj of an entering radical of

length z propagating to a length j without undergoing

termination is given by[5]
Pj ¼
Yi¼z

j

kipCP

kipCP þ
kiL
t

NAVS

(A11)
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Table A1. Parameters used in determining zero-one conditions for
butyl methacrylate polymerization at 70 and 50 8C.

Parameter Value at 70 -C/50 -C

kp 1.2T 103 L �molS1 � sS1/

7.5T 102 L �molS1 � sS1

k1p 3.6T 103 L �molS1 � sS1/

2.2T 103 L �molS1 � sS1

CP 3.8 mol � LS1

Cw 2.5T 10S3

Dcom
i 4.2T 10S5

wp 0.42

M0 142

dP 1.041 kg � LS1

dM 0.855 kg � LS1

ru 53 nm

s 0.7 nm

piL 0.25

ktr (estimated) 2T 10S2 � L �molS1 � sS1

kd 2.3T 10S5 � sS1/7.0T 10S7 � sS1

z 2 and 4

NC 1T 1017 LS1
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where kip is the propagation rate coefficient for a radical of

length i, VS the swollen particle volume and kiLt the

diffusion-controlled termination rate coefficient of a long

radical with a radical of length i. The value of kiLp can

be estimated using the following expression:[9]
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t
¼ 4pDiLpiLsNA (A12)
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ure A1. Cumulative probability of propagation Pj of an oligo-
ric radical to length j without termination on entering a
y(BMA) particle. Heavy curves are for 70 8C, light curves for
8C; broken curves z¼ 2 and unbroken curves z¼ 4.
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where DiL is the relative diffusion coefficient of a long

radical and a radical of length i and piL is the probability

that they will terminate on encounter (defined as

approaching within a distance s, typically of the order

of an atomic diameter). The factor piL arises from the

requirement that approaching radicalsmust have opposite

spins in order to combine; there are three possible

repulsive triplet states for interacting radicals of

identical spin, and only one singlet state for radicals of

opposite spin, giving piL¼ 0.25. This prediction has been

verified experimentally for a number of small radical

species.[55]

DiL is the sum of diffusion coefficients for centre-of-mass

(Di
com) and reactive diffusion (Drd) terms. Previous work

has shown that the reaction-diffusion component is

unimportant in low-conversion systems such as those

considered in this paper, giving DiL�Di
com.[40,41]

The probability of an entering radical of length z

propagating to length j without undergoing termination

(Equation A10–A13) was evaluated. The calculation was

performed for different initiator concentrations and for

z¼ 2 and 4 at temperatures of 50 and 70 8C. The parameters

for this simulation are tabulated in Table A1, and the

results obtained are displayed in Figure A1.

The propagation coefficient for a monomeric BMA

radical, kip, was estimated to be three times the value

given by this relation, in line with the experimentally

observed reactivity of similar monomeric species.[56,57] An

initial estimate of ktr,M was provided by using ktr,M
determined for MMA by Stickler and Meyerhoff.[2] The

saturated concentration of BMA in the seed, CP, was set at

the value of 3.8 mol � L�1 determined by Halnan et al.[20]

This saturation value of CP can normally be assumed to be

dependent on the nature of themonomer only, and not the

polymer matrix.[58]

The centre-of-mass component of the polymer diffusion

coefficient Di, a function of the weight fraction of polymer

in the growing polymer particles, was estimated using a

scaling relationship experimentally determined for BMA

oligomers at 40 8C.[59]
Dcom
i ðwpÞ

¼ 1:69� 10�5wpþ 3:72� 10�5wp2

i0:7þ1:77wp
(A13)
Nomenclature
A P
re-exponential factor of Arrhenius equation
A C
hain-transfer agent
BMA n
-Butyl methacrylate
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ciL P
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seudo-first order rate coefficient for termi-

nation between an entering radical of length

i and a long polymer radical (s�1)
CM T
ransfer constant to monomer, defined as

ktr,M/kp

CP C
oncentration of monomer in the latex

particles (mol � L�1)
CW C
oncentration of monomer in the aqueous

phase (mol � L�1)
CWsat S
aturation value of CW (mol � L�1)
dM M
ean density of monomer (kg � L�1)
dP M
ean density of polymer in latex particles

(kg � L�1)
Dcom
i C
entre-of-mass diffusion coefficient of a

radical of length i
DiL R
elative diffusion coefficient of a long radical

and a radical of length i
DW D
iffusion coefficient of a monomeric radical

in the aqueous phase (m2 � s�1)
dx/dt R
ate of change in mole fraction of polymer

(s�1)
EA E
xponential factor of Arrhenius equation

(J �mol�1)
G(Vel) S
ize exclusion chromatography distribution

of signal intensity as a function of volume
I I
nitiator
kd R
ate coefficient for decomposition of initiator

(s�1)
kdM R
ate coefficient for escape by diffusion in the

aqueous phase of amonomeric radical from a

latex particle (s�1)
kp R
ate coefficient for propagation

(L �mol�1�s�1)
hkpi A
verage rate coefficient for propagation

(L �mol�1 � s�1)
k1p R
ate coefficient for propagation of a mono-

meric radical (L �mol�1 � s�1)
kip R
ate coefficient for propagation of a radical of

length i (L �mol�1 � s�1)
kp,aq R
ate coefficient for propagation in the aqu-

eous phase (L �mol�1 � s�1)
KPBMA, KPS P
re-exponential Mark-Houwink parameters

for poly(butyl methacrylate) and polystyrene
KPS P
otassium persulfate
kt,aq R
ate coefficient for radical termination in the

aqueous phase (s�1)
kt,i,j D
iffusion controlled termination rate

coefficient of a long radical with a radical

of length i
ktr,A R
ate coefficient for chain-transfer to chain-

transfer agent (L �mol�1 � s�1)
. Phys. 2008, 209, 1612–1627

CH Verlag GmbH & Co. KGaA, Weinheim
ktr,M R
ate coefficient for chain-transfer to mono-

mer (L �mol�1 � s�1)
hktr,Mi A
verage rate coefficient for chain-transfer to

monomer (L �mol�1 � s�1)
M M
olecular weight of polymer
M0 M
olecular weight of monomer
MMA M
ethyl methacrylate
Mn N
umber-average molecular weight
Mw W
eight-average molecular weight
MWD M
olecular weight distribution
n A
verage number of polymer radicals per

latex particle
NA A
vogadro’s number, 6.022� 1023
NC N
umber of latex particles per litre of aqueous

phase (L�1)
P(M) M
olecular weight distribution giving the

probability of a particular polymer chain

being of molecular weight M
PðMÞ C
umulative molecular weight distribution;

the sum of all P(M)s formed as experimental

conditions vary within a single polymeriza-

tion
piL P
robability that two radicals will terminate

on encounter (defined as approaching within

a distance s)
Pj R
elative probability of an entering radical of

length z propagating to a length j without

undergoing termination
RP R
ate of polymerization (mol � L�1 � s�1)
rs R
adius of a monomer-swollen latex particle

(m)
ru R
adius of an unswollen latex particle (m)
SEC S
ize-exclusion chromatography
Vcal(M) S
EC calibration function of volume of eluant

as a function of molecular weight
wp W
eight fraction of polymer in latex particles
X(M) M
olecular weight distribution given by SEC
z D
egree of polymerization required for sig-

nificant surface-activity of an aqueous phase

oligomeric radical
aPBMA, aPS E
xponential Mark-Houwink parameters for

poly(butyl methacrylate) and polystyrene
L A
bsolute value of the slope of a plot of ln P(M)

as a function of M
r R
ate coefficient for radical entry per particle

(s�1)
s D
istance of approach of two radicals atwhich

probability of termination may be consid-

ered 1 (nm)
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