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ABSTRACT: Chain transfer constants have been determined for an unsaturated methyl methacrylate
trimer, CH,=C(CO,Me)CH,[C(CO,CHj3)(CH3)CH,].H (MMAg), in polymerizations of methacrylate esters
(ethyl, EMA; n-butyl, BMA; tert-butyl, tBMA; 2-ethylhexyl, EHMA) and for the analogous trimers of
butyl methacrylate (BMA3) and methacrylic acid (MAAg3), a hydroxyethyl methacrylate dimer (HEMA,),
a hydroxyethyl methacrylate—methyl methacrylate—hydroxyethyl methacrylate trimer (HEMA—-MMA—
HEMA), and a HEMA macromonomer in methyl methacrylate (MMA) polymerization. These data have
been assessed with reference to our previously reported data on chain transfer of MMA macromonomers
in MMA polymerizations. The transfer constants (Cy) for MMA;3 in polymerizations of methyl, ethyl,
n-butyl, tert-butyl, and 2-ethylhexyl methacrylate at 60 °C are similar (~0.18). The C, of MAA; (0.28 at
60 °C in 2-butanone solvent) in MMA polymerization is ca. 50% higher than that of MMA; under similar
conditions. Other trimers (BMAz;, HEMA—MMA—-HEMA) and a low molecular weight HEMA macromono-
mer (degree of polymerization ca. 7) have Cy similar to that of MMAs. The transfer constants for the
various trimers show no significant temperature dependence over the range 60—100 °C. The Cy of the
dimers (MMA;, HEMA;) in MMA polymerization are an order of magnitude lower than those of the
corresponding trimers. The Ci of HEMA; (0.018 at 60 °C) in MMA polymerization is ca 50% higher than
that of MMA; (0.013 at 60 °C). The Cy of both dimers increases with increasing temperature between 60
and 100 °C (Cy HEMA; 0.031, MMA 0.018 at 60 °C). Issues relating to the synthesis and characterization
of trimers (RMA;) by catalytic chain transfer are discussed. Methods for synthesis of di-end-functional
trimers MAA—MMA—-MAA, HEMA—-MMA—-HEMA based on selective hydrolysis and reesterification are
described. These trimers may find use in telechelic synthesis.
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Introduction

Methacrylate macromonomers of general structure
(RMA,) have found importance as chain transfer
agents!—3 and as precursors to block,*~7 graft,1:258-14
and end-functional polymers.>15~17 An excellent sum-
mary of their synthesis and application is provided by
Gridnev and Ittel'® in their recent review on catalytic
chain transfer. We? have previously reported on the
chain transfer activity of MMA macromonomers (MMA,,
n =2, 3, 4, >4) in MMA polymerization. That work
explored the effect of macromonomer chain length on
the rate constants and Arrhenius parameters for chain
transfer and provided insights into the mechanism of
chain transfer.

O
CH,—1C~CH,H
H,C=C, CO,R
CO,R
RMAp R = alkyl
MMA[, R =CH3

This paper concerns the synthesis, characterization
and chain transfer activity of methacrylate macromono-
mers. We report chain transfer constants for MMA
trimer (MMA3) in polymerizations of various methacryl-
ate esters (methyl, ethyl, n-butyl, tert-butyl, and 2-eth-
ylhexyl) and of various trimers [n-butyl methacrylate
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trimer (BMA;3), methacrylic acid trimer (MAAj3), a
hydroxyethyl—methyl methacrylate mixed trimer (HE-
MA—MMA—-HEMA)] and a HEMA macromonomer in
MMA polymerization. The aim was to assess the de-
pendence, if any, of chain transfer activity of methacryl-
ate macromonomers on the nature of the ester alkyl
groups (R, R") in the macromonomer or monomer. This
information is of importance in developing block and
graft copolymer syntheses and in designing conditions
for living/controlled polymerizations based on the use
of these reagents.*~%

CHs CGHs  CHs
CHo=C—CH CHp=C=CH,=C~CHy
H.C=C_  CO,R H,C=C CO,R' CO,R
CO,R CO,R
MAA; R,R'=H
MMA, R=CHs; MMA ;3 R, R’ = CHj;
BMA;3 R,R' = H-C4H9

CMA3 R, R'= C-CGH11

HEMA, R = CH,CH,OH HEMA; R, R’ =CH,CH,OH

MAA-MMA-MAA R=H, R’ = CH3

HEMA-MMA-HEMA CH,CH,0H, R’ = CH3

The mechanism proposed for chain transfer to a
methacrylate trimer RMA; involves reversible addition-
fragmentation chain transfer (RAFT) as shown in
Scheme 1.12 The product is the dimer (R'"MA;*) radical
and a macromonomer (R'MAn+1—RMA) with a trimer-
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Scheme 1
CHy  CHg
GHs CHs CH,—C—CH,—C—CHj
H1-CH—C CH—C+ H,C=C_ CO,R  CO.R
COR'[ CO,R' CO.R
R'MA .10 RMA;
Kadd || Kaqa
GHo O,
CHs CH, CH—C—CH,—C—CHg
HT-CH,—C CH,—C—CH~C:  CO,R CO,R
CO,R' CO,R"  CO.R
n
1
Ko
CHy CHg CHo CHy  CHa
H--CH,—C CH,~C—CH,~C -C-CH,—C~CHj
CO.R' CO,R* CO.R CO,R CO,R
n
R’Map.1-RMA RMA e

derived end group. The mechanism for other mac-
romonomers RMA,, is analogous. The overall RAFT
process involves reversible transfer of the terminal
methacrylate unit of the macromonomer to the propa-
gating radical.

According to this mechanism there is no simple rate
constant for transfer. Instead, the chain transfer process
is described by the expression defined in eq 1a. The rate
of chain transfer will depend on both the rate of addition
to the macromonomer and the way in which the
intermediate partitions between starting materials and
products.®

Ky = Kaga % kﬂ/ (K_qaa T kﬁ) (1a)
where Kadd, K-ada, and kg are defined in Scheme 1.

The adduct radicals (1) do not readily add methacryl-
ate monomers.14 Copolymerization has only been ob-
served as a very minor pathway for dimers (RMA;) and
then only under forcing conditions.1519.20 This behavior
contrasts with that observed with monosubstituted
monomers such as acrylate esters or styrene where graft
copolymer formation is observed.1=3 There is evidence
that radical—radical termination involving 1 is also very
slow,2%22 which is consistent with the finding that no
significant retardation is found in polymerizations of
methacrylates carried out in the presence of mac-
romonomers RMA,.34

Experimental Section

General Information. Solvents used for column chroma-
tography and polymerization were of AR grade and were
distilled. Monomers (MMA, nBMA, tBMA, and EHMA from
Aldrich) were filtered through alumina, fractionally distilled
under reduced pressure, and redistilled under reduced pres-
sure immediately before use. The silica used was Kieselgel-
60 (Merck), 70—230 mesh. Nuclear magnetic resonance (NMR)
spectra were obtained with a Bruker AC200 or a Bruker
DRX500 spectrometer. Chemical shifts are reported in ppm
from external tetramethylsilane. The numbering scheme used
in making NMR assignments for macromonomers is given in
Figure 1. High-resolution electron impact (HREI) mass spectra
were obtained with a ThermoQuest MAT95XL mass spectrom-
eter. Atmospheric pressure chemical ionization (APCI) and
electrospray (ES) mass spectra were obtained with a VG
Platform Single Quadrupole mass spectrometer. Gel perme-
ation chromatography (GPC) was performed on a Waters
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Figure 1. Numbering scheme used in making NMR assign-
ments for methacrylic macromonomers RMA; and RMA;.

Associates liquid chromatograph equipped with differential
refractometer and a set of six Ultrastyragel columns (108, 105,
104, 103, 500, and 100 A). Tetrahydrofuran (flow rate of 1.0
mL/min) was used as eluent at 22 + 2 °C. The columns were
calibrated with narrow polydispersity PMMA standards (Poly-
mer Laboratories). A third-order polynomial was used to fit
the log M vs time calibration curve, which appeared to be
linear across the molecular weight range 2 x 102—2 x 10°.
Number molecular weight distributions were obtained from
the intensity-retention time data?®—2°> which were processed
using KaleidaGraph.

Methyl Methacrylate Dimer, Trimer (2,2-Dimethyl-4-
methylenepentanedioic Acid Dimethyl Ester, MMA,, and
4,6-Bis(methoxycarbonyl)-2,2,4-trimethylhept-6-enoic
Acid Methyl Ester, MMA3). MMA, and MMA; were sepa-
rated by distillation from an oligomer mixture prepared by
polymerizing MMA in the presence of a catalytic chain transfer
agent isopropylaquobis[difluoroboryl(dimethylglyoximato)-
cobalt(111)] (iPr—Co"'(DMG-BF,),—H-0) as described previ-
ously.®

Methacrylic Acid Trimer (4,6-Dicarboxy-2,2,4-trimeth-
yl-hept-6-enoic Acid, MAA3z). MAA; was prepared by alka-
line hydrolysis of MMAg;. Thus, a solution of MMA; (6.0 g, 0.02
mol) and KOH (10% solution, 100 mL) was heated at 90 °C
overnight (16 h). The reaction solution was acidified with
concentrated HCI to pH ~1 and the aqueous solution extracted
with chloroform (3 x 80 mL) and ethyl acetate (2 x 100 mL).
The combined organic layers were dried over anhydrous
magnesium sulfate, filtered and concentrated to dryness on
the rotary evaporator. The MAA; was obtained as a white solid
in quantitative yield.

H NMR (CDzOD): ¢ 1.06 (s, 3H, C*CHs), 1.13 (s, 3H,
C8CHs), 1.19 (s, 3H, C®CHs), 2.11 (ABq, 2H, C°H,), 2.56 (ABq,
2H, C3Hy), 5.59 (br d, 1H, =CH?H?), 6.22 (d, J = 1.45 Hz,
1H, =CH?"H1a

3C NMR (CD3OD): ¢ 19.28 (C*CHg), 22.80 (C°CHs3), 30.77
(C8CHs), 42.43 (C¥), 43.77 (C3), 47.57 (C*H,), 49.41 (C°H,),
129.0 (C'H,=C), 138.7 (CH,=C?), 170.9 (C?>C=0), 180.8
(C*C=0), 182.6 (C5C=0). Signals were assigned on the basis
of connectivities seen in HMBC and HSQC spectra.

Mass spectrum (AP'): m/z 259.2 (M+1). Mass spectrum
(AP7): m/z 257.3 (M — 1).

Methacrylic Acid Dimer (2,2-Dimethyl-4-methylene-
pentanedioic Acid, MAA;). MAA; was prepared by alkaline
hydrolysis of MMA; using a similar procedure to that described
for the hydrolysis of MMA;.

Butyl Methacrylate Trimer (4,6-Bis(butoxycarbonyl)-
2,2, 4-trimethylhept-6-enoic Acid Butyl Ester, BMA;3). A
mixture of MAA; (0.5 g, 1.9 mmol), 1-iodobutane (3.0 g, 0.016
mol), and tetramethylammonium hydroxide (2.3 g, from 20 mL
of ~25 wt % solution in methanol, 0.058 mol) in tetrahydro-
furan (2 mL) was heated at 100 °C in a sealed tube for 120
min. The crude product (which contained >95% of the required
triester by *H NMR) was purified by on silica with 4:1 hexane:
CHCI; as eluent. Isolated yield: ca. 0.5 g, 80%.

H NMR (CDClg): ¢ 0.89,0.91, 0.92 (3xs, 9H, 3xOCH,CH,-
CHCHs), 0.97 (s, 3H, C*Hs), 1.04 (s, 3H, C°Hs), 1.14 (s, 3H,
C®Hs), 1.36 (m, 6H, 3xOCH,CH,CH,CHgz), 1.60 (m, 6H,
3x0OCH,CH,CH,CHj3), 2.07 (ABg, 2H, C°H;), 2.52 (s, 2H,
C3®H,), 3.95, 4.02, 4.08 (3xtr, 6H, 3xOCH,CH,CH,CH3), 5.44
(br d, 1H, =CHH?), 6.15 (d, J = 1.52 Hz, 1H, =CHHa),

H NMR (CDsOD): ¢ 0.95, 0.97, 0.98 (3xs, 9H, 3xOCH,-
CH2CH2CH3), 1.00 (S, 3H, C4H3), 1.05 (S, 3H, C6H3), 1.16 (S,
3H, C®Hs), 1.43, 1.64 (2xm, 12H, 3xOCH,CH,CH,CHj3), 2.11
(ABq, 2H, C°H,), 2.55 (s, 2H, C3Hy), 3.98 (tr, 2H, OCH,CH,-
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CH,CHj3), 4.06, 4.13 (2xm, 4H, 2x OCH,CH,CH,CH3), 5.54 (br
d, 1H, =CHPH=?), 6.17 (d, J = 1.52 Hz, 1H, =CHbH13a),

13C NMR (CDCl3): ¢ 13.66 (3xOCH,CH,CH,CHj3), 18.54
(C*CHs), 19.15, 19.20, 19.25 (3xOCH,CH,CH,CHs), 22.12
(C5CHg), 29.91 (C5CH3), 30.39, 30.47, 30.60 (3x OCH,CH,CH,-
CHs), 41.46 (C5), 42.98 (C3H,), 46.28 (C*), 48.14 (C°H,), 64.37,
64.43, 64.65 (3xOCH,CH,CH,CHg), 127.8 (C'H,=C), 137.0
(CH,=C?), 167.4 (C?C=0), 176.5 (C*C=0), 178.2 (C°C=0).
Signals were assigned by analogy with the CD;OD spectrum.

3C NMR (CDsOD): ¢ 14.21 (3xOCH,CH,CH,CHg), 19.65
(C*CHs), 20.43, 20.50, 20.56 (3xOCH,CH,CH,CHg3), 23.08
(C®CHs), 30.53 (C5CHg), 31.69, 31.80, 31.96 (3x OCH,CH,CH-
CH3), 42.78 (CS), 44.35 (C3Hy), 47.48 (C%), 49.38 (C°Hy), 65.80,
65.91, 65.97 (3xOCH,CH,CH,CHj3), 129.0 (C*H,=C), 138.6
(CH,=C?), 168.9 (C2C=0), 178.2 (C*C=0), 179.9 (C5C=0).
Signals assigned on the basis of connectivities seen in HMBC
and HSQC spectra.

Mass spectrum (HR, EI): m/z 426.2977 (C.4H42.0¢ requires
426.2981).

Hydroxyethyl Methacrylate Dimer (2,2-Dimethyl-4-
methylenepentanedioic Acid Bis(2-hydroxyethyl) Ester,
HEMA),). (a) A mixture of MAA; (0.14 g, 0.8 mmol), 2-bromo-
ethanol (0.92 g, 7.3 mmol), and tetramethylammonium hy-
droxide (1.32 g, from 15 mL of ~25% solution in methanol,
0.033 mol) in tetrahydrofuran (4 mL) and methanol (4 mL)
was placed in a 25 mL vial with crimped Teflon seal and
heated at 100 °C for 30 min. The mixture was then cooled to
room temperature and filtered, rinsed with methanol, and the
filtrate evaporated at 55 °C, 0.1 mmHg, 6 h to leave HEMA,
(0.2 g, 95%). NMR indicates quantitative yield.

(b) An aqueous solution of cesium carbonate (9.8 g, 0.03 mol
in 30 mL water) was slowly added to a solution of MAA dimer
(5.2 g, 0.03 mol) in ethanol (90 mL). The resulting mixture
was stirred at room temperature for 1 h then evaporated to
dryness to leave the dicesium salt of the MAA dimer (13 g,
100% vyield).

2-Bromoethanol (6.4 mL, 0.09 mol) was added to a suspen-
sion of the dicesium salt of the MAA dimer (17.4 g, 0.04 mol)
in N-methylpyrrolidone (NMP, 40 mL) and the resulting
mixture heated at 100 °C for 2 h. The mixture was filtered,
the filtrate was transferred to a 100 mL round-bottom flask,
and the NMP was removed by vacuum distillation (bp 32—42
°C, 0.1 mmHg). Water (50 mL) was added to the residue, and
the resultant mixture was extracted with ethyl acetate five
times. The combined organic layers were dried over magne-
sium sulfate. After removal of the solvent under reduced
pressure the crude product was purified by bulb-to-bulb
distillation on the Kugelrohr (Buchi model B-580, oven tem-
perature 215 °C, 0.01 mmHg) to give HEMA; (6.2 g, 60%) as
a colorless liquid.

IH NMR (CDClg): 6 1.17 (s, 6H, 2xC*H3), 2.60 (s, 2H, C3H,),
3.55 (br s, 2H, OH), 3.77 (dd, 2H, C*CO,CH,CH,—0OH), 3.80
(dd, 2H, C2CO,CH,CH,—0H), 4.13 (dd, 2H, C*CO,CH,CH,—
OH), 4.20 (dd, 2H, C2CO,CH,CH,—0OH), 5.57 (br d, 1H,
=CHPH3), 6.23 (d, J = 1.29 Hz, 1H, =CHH2),

1H NMR (CDsOD): ¢ 1.18 (s, 6H, 2xC*Hs), 2.67 (s, 2H,
C®H,), 3.73 (dd, 2H, C*CO,CH,CH,—0H), 3.77 (dd, 2H, C?-
CO,CH,CH,—0H), 4.09 (dd, 2H, C*CO,CH,CH,—0OH), 4.19
(dd, 2H, C2CO,CH,CH,—0H), 5.65 (br d, 1H, =CH¥H?), 6.28
(d, 3 = 1.5 Hz, 1H, =CHH12),

13C NMR (CDCls) 6 25.07 (2xC*Hg), 41.76 (C3Hy), 42.64 (C%),
60.72, 60.76, (2xOCH)y), 66.35 (C*CO,CH,CH,—0H), 66.62 (C?-
CO,CH,CH,—0H), 128.6 (C'H,=C), 137.0 (CH,=C?), 167.8
(C2C=0), 177.5 (C*C=0). Signals were assigned by analogy
with the CD3;OD spectra.

13C NMR (CD30OD): ¢ 25.47 (2xC*Hj3), 42.18 (C3H,), 44.21
(C%, 61.11, 61.14 (2x OCHy), 67.33 (C*CO,CH,CH,—0H), 67.60
(C?CO,CH,CH,—0H), 129.2 (C*H,=C), 139.1 (CH, = C?), 169.2
(C2C=0), 178.9 (C*C=0). Signals were assigned on the basis
of connectivities seen in HMBC and HSQC spectra.

Mass spectrum (HR, El): m/z 242.1159 (M — H;0) (C12H1505
requires 242.1154). Mass spectrum (ES*): m/z 261.0 (M + 1).

Methacrylic Acid—Methyl Methacrylate—Methacrylic
Acid Trimer (6-Carboxy-4-methoxycarbonyl-2,2,4-tri-
methylhept-6-enoic acid, MAA—MMA—MAA). A mixture
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Figure 2. Portion of the gHMBC spectrum of MAA—-MMA—
MAA showing connectivities of methylene hydrogens. Spec-
trum recorded in CD3OD (referenced to dy 3.30 and ¢ 49.15)
at 25 °C/29 8K using a Bruker DRX500 spectrometer at 500.13
MHz for *H and 125.6 MHz for 13C (see Experimental Section
and text for further experimental details and assignments).
Sample is contaminated by impurity 3 (see text).

of MMA; (10 g, 0.033 mol) in aqueous potassium hydroxide
(100 mL) was stirred vigorously at room temperature for 16 h
when the mixture was extracted with diethyl ether (2 x 50
mL) to remove any unreacted MMA; (this step is essential for
high product purity). The aqueous phase was then acidified
to pH ~ 1 with concentrated HCI and extracted with ethyl
acetate (3 x 100 mL). The extracts were dried over anhydrous
MgSOy, filtered, and evaporated under vacuum to leave MAA—
MMA—-MAA (8.9 g, ~100%), mp 100—102 °C. MAA; could not
be detected by NMR.

IH NMR (CD30OD): 6 1.03 (s, 3H, C®H3), 1.11 (s, 3H, C*Ha),
1.18 (s, 3H, C®Hs), 2.10 (ABq, 2H, C3Hy), 2.55 (ABq, 2H, C3H,),
3.60 (s, 3H, C*CO,CHs), 5.53 (br d, 1H, =CHI’H?), 6.20 (d, J
= 1.20 Hz, 1H, =CH*H1?),

13C NMR (CD3;OD): ¢ 19.87 (C*Hs), 23.09 (C®Hj3), 30.54
(C8Hs), 42.35 (C8), 44.52 (C3H,), 47.23 (C%), 49.46 (C5Hy), 52.14
(C*CO,CHg), 129.1 (C*H,=C), 138.8 (CH, = C?), 170.6 (C?°C=0),
178.7 (C*C=0), 182.3 (CC=0). Signals were assigned on the
basis of connectivities seen in HMBC and HSQC spectra—see
text and Figure 2.

Mass spectrum (HREI): m/z 272.1263 (C13H2006 requires
272.1260). Mass spectrum (ES*): m/z 273.1 (M + 1). Mass
spectrum (ES™): m/z 271.1 (M — 1).

Hydroxyethyl Methacrylate—Methyl Methacrylate—
Hydroxyethyl Methacrylate Trimer (6-(2-Hydroxyeth-
oxycarbonyl)-4-methoxycarbonyl-2,2,4-trimethyl-hept-6-
enoic Acid 2-Hydroxyethyl Ester, HEMA—MMA—HEMA).
An aqueous solution of cesium carbonate (1.2 g, 3.7 mmol, in
5 mL water) was added slowly to a solution of MAA—MMA—
MAA trimer (1.0 g, 3.7 mmol) in ethanol (10 mL). The resulting
mixture was stirred at room temperature for 1 h. Removing
solvent on rotary evaporator until dryness gave the dicesium
salt of MAA—MMA—MAA trimer (1.97 g, ~100% yield).

A suspension of the dicesium salt of MAA—MMA—-MAA
trimer (1.97 g, 3.67 mmol) in N-methylpyrrolidone (NMP, 10
mL) was added to 2-bromoethanol (0.92 g, 0.52 mL, 7.35
mmol). The resulting mixture was heated at 100 °C for 4.5 h.
The solution was filtered, the filtrate transferred to a 100 mL
round-bottom flask, and the NMP was removed by vacuum
distillation (0.05 mmHg, bath temperature 75 °C) to give
HEMA-MMA—-HEMA (1.35 g, ~100% vyield) as a colorless
liquid.

H NMR (CDCls): 8 1.07 (s, 3H, C*CHj3), 1.08 (s, 3H, C®CHy),
1.19 (s, 3H, C®CHs), 2.09 (ABqg, 2H, C°Hy), 2.56 (ABg, 2H,
C3®Hy), 2.96 (br s, 4H, OH), 3.61 (s, 3H, C*CO,CH3), 3.83 (m,
4H, C6C02CH20H2), 4.21 (m, 4H, C6C02CH20H2), 5.52 (br d,
Hz, 1H, =CH?H14), 6.24 (d, J = 0.63 Hz, 1H, =CHbH12),
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Table 1. Mark—Houwink—Sakurada (K, o) Coefficients
Reported for Polystyrene and Poly(alkyl methacrylate)s
in THF at 30 °C

polymer K (g/L) x 108 o
PSty4! 11.4 0.716
PMMA#2 9.44 0.719
PEMA% 9.70 0.714
PnBMA%t 14.8 0.664
PtBMA?2 5.84 0.76
PEHMA% 5.18 0.720

a Mark—Houwink-Sakurada parameters for PtBMA have been
reported as shown,*34 these were not obtained under GPC
conditions and have not been used in our calculations, Instead, it
is recommended that values for PMMA are used (see text).
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Figure 3. Portion of the gHMBC spectrum of HEMA—MMA—
HEMA showing connectivities of methylene hydrogens. Spec-
trum recorded in CDCI; referenced to 6y 7.26 and d¢ 77.03) at
25 °C/298 K using a Bruker DRX500 spectrometer at 500.13
MHz for *H and 125.6 MHz for 13C (see Experimental Section
and text for further experimental details and assignments).

3C NMR (CDClg): 6 19.68 (C*CHg), 23.38 (C5CHg), 29.02
(C8CHg3), 41.62 (CS), 43.11 (C®Hy), 45.77 (C%), 47.90 (C°Hy),
51.96 (C*CO.CH3;), 60.96, 61.02 (2xCH,OH), 66.34 (CS-
CO,CHy), 66.82 (C2CO,CHy), 128.9 (C'H,=C), 136.6 (CH,=
C?), 167.6 (C?>C=0), 177.3 (C*C=0), 178.4 (C®C=0). Signals
were assigned on the basis of connectivities seen in HMBC
and HSQC spectra—see text and Figure 3.
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Mass spectrum (HREI): m/z 360.1789 (C17H250s requires
360.1784).

HEMA Macromonomer (HEMA;). HEMA macromono-
mer was synthesized using the procedure described previously®
from HEMA (35.2 g) in water (75 g) at 80 °C but with a higher
concentration of iPrCo"'(DMG-BF,), (24 mg in initial mixture,
27.1 mg in feed). The crude macromonomer (95% conversion
after 6 h, GPC M, 900, M\/M, 1.3) was isolated by freeze-
drying it and then twice dissolving it in acetone and precipi-
tating it into n-hexane. The molecular weight of the purified
macromonomer was estimated by 'H NMR (from relative
intensity of olefinic resonances vs CH,O resonances) to be 920.
GPC: M, (PMMA equivalents) 760; M/M, 1.3.

'H NMR ((CD3);CO): 6 1.05 (m, CHs), 2.05 (m, CH>), 2.84
(br s, OH), 3.76 (m, CO,CH,CH,0H), 4.05 (m, CO,CH,CH>-
OH), 5.62 (s, =CHPH), 6.21 (5, =CHH12),

Transfer Constant Measurements. The following proce-
dures are typical.

(a) Aliquots (1 mL) of a stock solution of AIBN (20.4 mg) in
BMA (10.00 mL) were added to preweighed quantities of
MMA; (0 mg, 10.1 mg, 19.2 mg and 30.5 mg) to give the
concentrations shown in Table 2. After dissolution, the solu-
tions were transferred to ampules, degassed with three freeze—
pump—thaw cycles, and sealed under vacuum. The ampules
were then heated at 60 °C for 60 min when the polymerization
was quenched by cooling in liquid nitrogen. Samples of the
monomer/polymer mixture were diluted with THF or CDCl;
(for GPC and NMR analysis respectively).

(b) MMA (15 g) and AIBN (50.2 mg) were transferred to a
50 mL volumetric flask which was made up to the mark with
2-butanone (27.2 g) to give stock solution 1. HEMA; (100 mg)
was placed in a 10 mL volumetric flask which was made up
with solution 1 (8.37 g) to give stock solution 2. Aliquots of
the two stock solutions were combined to give 5 mL of solution
at the concentrations indicated in Table 4. The solutions were
transferred to ampules and degassed with three freeze—
pump—thaw cycles, and the ampules were sealed under
vacuum. The ampules were then heated at 60 °C for 60 min
when the polymerization was quenched by cooling in liquid
nitrogen. Samples of the monomer/polymer mixture were
diluted with THF or CDCI; (for GPC and NMR analysis
respectively).

The initiator was selected according to the polymerization
temperature: for 60 °C, azobis(isobutyronitrile) (AIBN); for
100 °C, tert-butyl peroxybenzoate (tBPB). Initiator concentra-
tions were selected to give polymerization times ranging from

Table 2. Chain Transfer Constants of MMA Trimer (MMAS3) in Polymerizations of Methacrylate

monomer [MMAG)/[MMA] x 103 Mp2 Mw/M,, convn (%) Cir(Mayo)>® Ci(log CLD)bd Ci(log CLD)b®
MMA (bulk, 60°C)3 0.19¢ 0.19
EMA (bulk, 60°C)f 0 465 000 1.86 9.9 0.15 0.14 0.14
0.068 74 600 1.79 n.dh
0.133 41 400 1.74 n.dh
0.206 28 000 1.74 n.dh
nBMA (bulk, 60°C)f 0 578 000 1.81 10.0 0.16 0.19 0.17
0.068 60 700 1.83 8.7
0.155 32100 1.72 6.8
0.196 26 300 1.74 7.0
tBMA (bulk, 60°C)f 0 445 000 1.84 9.8 0.18 + 0.02 0.17 £ 0.02 0.17 4+ 0.02"
0.081 62 000 1.74 11.0
0.134 47 100 1.80 13.5
0.209 32900 1.74 12.9
2-EHMA (bulk, 60°C)f 0 1 030 000 1.63 (16.7) 0.25 £ 0.02 0.23 0.17
0.068 55 100 1.79 6.5
0.152 23700 1.96 7.6
0.207 16 700 1.91 3.8
tBMA (bulk, 100°C)¢ 0 647 000 1.89 n.dh 0.16 + 0.02 0.18 0.18
0.056 80 400 1.83 n.dh
0.096 55 300 1.73 n.dh
0.141 35 400 1.85 n.dh

a Molecular weight in PMMA equivalents and rounded to three significant figures. ® Errors are standard deviations from mean. Where
no error is indicated it is less than +0.01. ¢ Chain transfer constant obtained from by direct application of Mayo method with 1/X, calculated
from PMMA equivalent molecular weights shown. ¢ Chain transfer constant obtained from number molecular weight distribution by log
CLD method. ¢ Chain transfer constant obtained after calibration had been corrected using Mark—Houwink—Sakurada coefficients
(Hutchinson). f Initiator [AIBN] = 6.1 x 10-3 M, polymerization time 60 min. ¢ Initiator [tBPB] = 3.4 x 1073 M, polymerization time 45
min. " Not determined directly but estimated to be <10%. ' Mark—Houwink—Sakurada parameters not available. Those for PMMA assumed

to give correct molecular weight (see text).
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Table 3. Chain Transfer Constants of Methacrylic Trimers (RMA3) and HEMA Macromonomer (HEMA,)) in MMA
Polymerization

([RMAg]/ B __ convn
trimer [MMA]) x 103 My@2  My/M, (%) Cy(log CLD)*¢ Cymaye®®  Cirmayo)®
MMA; (bulk, 60 °C)3 0.19 0.20 0.19
MMA; (3 M MMA in 2-butanone, 60 °C)f 0 84800 1.82 9.9 0.19 0.14 £0.04 0.18 £0.02
6.77 43100 1.74 115
12.98 27500 1.82 131
26.40 32700 1.61 138
MMA; (3 M MMA in 2-butanone, 100 °C)9 0 122000 1.70 10.0 0.19£0.02 0.19+0.05 0.21 4+ 0.02
6.44 38300 2.04 206
13.21 21500 224 215
21.75 20500 1.74 194
MAA; (3 M MMA in 2-butanone, 60 °C)" 0 82400 1.71 8.2 0.26 £0.02 0.27 £0.04 0.27 £0.02
6.45 38000 1.71 10.1
9.81 27000 1.84 9.2
12.64 21800 1.87 9.4
MAA; (3 M MMA in 2-propanol, 60 °C)i 0 110000 1.76 4.6 0.20 £0.02 0.22 +£0.02
6.58 43300 1.78 5.0
12.64 31800 1.73 6.3
26.31 15900 1.89 8.3
MAA; (3 M MMA in 2-butanone, 100 °C)* 0 232000 2.02 10.3 0.27+£0.01 0.28+0.05 0.324+0.02
5.18 53200 1.90 11.0
7.78 33200 203 171
12.96 25000 1.79 177
BMA; (3 M MMA in 2-butanone, 60°C)! 0 65200 205 141 0.18 0.16 £0.01 0.20
7.88 33900 1.90 9.0
14.97 25400 1.73 8.5
23.78 18400 1.75 4.8
BMA; (3 M MMA in 2-butanone,100°C)™ 0 141000 3.07 11.4 0.20+£0.02 0.17+£0.02 0.21 £0.02
6.44 51100 1.65 8.5
13.21 26400 1.77 45
21.75 18800 1.93 35
HEMA-MMA-HEMA (3 M MMA in 2-butanone, 60 °C)" 0 134000 1.64 114 0.19+£0.02 0.16 0.18
4.52 63000 1.79 123
6.78 53900 1.74 14.1
11.30 38000 1.81 144
HEMA—MMA—-HEMA (3 M MMA in 2-butanone, 100 °C)° 0 224000 1.70 157 0.23 0.21 0.22
3.81 87600 1.78 156
5.72 63200 1.74 149
B 9.53 41600 185 151
HEMA, (M, 920) (3 M MMA in 2-propanol, 60 °C)P 0 154000 2.97 nda  0.23 0.18 £0.02 0.26 +0.03
4.36 64300 1.74 n.da
6.54 51600 1.67 n.dd
10.90 38500 1.56 n.da

a Molecular weights rounded to three significant figures. ? Errors in Cy are standard deviations from mean. Where no error is indicated,
it is less than +0.01. ¢ log CLD (chain length distribution) method. ¢ Chain transfer constant obtained from by direct application of
conventional Mayo method by taking slope of plot of 1/X, vs [RMAz]/[MMA]. ¢ Chain transfer constant obtained by application of modified
Mayo method by taking slope of plot of 2/Xy, vs [RMA3]/[MMA]. f Initiator [AIBN] = 1.25 x 1072 M; polymerization time 50 min. 9 Initiator
[tBPB] = 3.1 x 1073 M; polymerization time 60 min. " Initiator [AIBN] = 1.25 x 102 M; polymerization time 45 min. ' Initiator [AIBN]
= 1.20 x 1072 M; polymerization time 45 min. ] Some precipitation of polymer observed. ¥ Initiator [tBPB] = 1.6 x 1073 M; polymerization
time 60 min. ! Initiator [AIBN] = 1.24 x 10-2 M; polymerization time 60 min. ™ Initiator [tBPB] = 1.6 x 1073 M; polymerization time 40
min. " Initiator [AIBN] = 6.1 x 103 M, polymerization time 60 min ° Initiator [tBPB] = 3.4 x 1073 M; polymerization time 60 min.
P Initiator [AIBN] = 6.1 x 1073 M; polymerization time 60 min. 9 Not determined directly but estimated to be <15%.

30 to 60 min and ranged from 0.1 to 5 x 102 mol/L.
Polymerization times were selected such that conversion of
monomer to polymer was less than 15%.%¢ Details appear in
Tables 2—4.

The conversion of monomer to polymer was determined by
1H NMR on polymerization mixtures diluted with CDCl; and
confirmed gravimetrically. The conversion was estimated from
the relative intensities of the ester OCH;R resonances for
monomer and polymer. Where individual OCH:R resonances
of monomer and polymer were not sufficiently resolved, the
intensity of the olefinic protons was used to correct for the
monomer contribution.

Two Dimensional NMR. 'H and '3C NMR spectra of
MAA—MMA—MAA were recorded in CD;OD (referenced to dn
3.30 and d¢ 49.15) and of HEMA—MMA—HEMA were recorded
in CDCl; (referenced to oy 7.26 and dc 77.03) at 25 °C/298 K
using a Bruker DRX500 spectrometer at 500.13 MHz for *H
and 125.6 MHz for 13C. For *H spectra, 32K data points were
collected for the FID, over a sweep width of 7500 Hz (0.23 Hz/
pt). For 13C spectra, 64K data points were collected for the
FID over a sweep width of 30300 Hz (0.46 Hz/pt). The 2D
experiments used standard Bruker library sequences with the
following parameters: COSY (cosygpqf) 4096 FID data points,

3500 Hz sweep width, 0.58 s acquisition time, 0.7 s relaxation
delay, 1 scan, 512 experiments, multiplied by an unshifted sine
function in both dimensions and Fourier transformed over
2098 x 1024 points; HSQC (invietgp) 2048 FID data points,
3500 Hz sweep width, 0.29 s acquisition time, 1.0 s relaxation
delay, *Jcy = 140 Hz, 1 scan, 512 experiments, multiplied by
an n/2-shifted sine-squared function in both dimensions and
Fouriertransformedover 2098 x 1024 points; HMBC (inv4gplplrndgf)
4098 FID data points, 3500 Hz sweep width, 0.58 s acquisition
time, 0.7 s relaxation delay, 2 scans, 512 experiments, 3.57
ms low-pass J-filter (*Jcy = 140 Hz), 62.5 ms delay for
evolution of long-range coupling ("Jcy = 8 Hz), multiplied by
an xr/2-shifted sine function in both dimensions and Fourier
transformed over 2098 x 1024 points.

Portions of the HMBC spectra of MAA—MMA—-MAA and
HEMA—MMA—HEMA are shown in Figures 2 and 3, respec-
tively.

Results and Discussion

Macromonomer Synthesis and Characteriza-
tion. The MMA macromonomers MMA, and MMA;
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Table 4. Chain Transfer Constants of Methacrylic Dimers (RMA)2 in MMA Polymerization

dimer [RMAZ)/[MMA] x 103 Mp2 Mu/Mp % convn CyP
MMA; (bulk, 60 °C) 0.013¢3
0.00843
0.015¢23
0.012 + 0.002f
MMA;? (bulk, 100 °C) 0.018¢3
0.01843
0.018¢3
HEMA; (bulk MMA, 60 °C)¢ 0 361 000 1.68 135 0.019 + 0.002°¢
2.05 344 000 1.78 10.3 0.015 + 0.002¢
4,71 276 000 1.82 13.1 0.018 + 0.002¢
10.14 224 000 1.95 12.4
29.59 140 000 1.76 13.3
HEMA2¢(3 M MMA in 2-butanone,60°C)9h 0 111 000 1.81 7.77 0.014 4+ 0.002¢
2.56 108 000 1.77 8.78 0.009 + 0.001¢
10.25 100 000 1.72 7.57 0.014 + 0.002¢
12.81 98 800 1.71 6.47
HEMA; (3 M MMA in 2-butanone,80°C) 0 195 000 1.87 4.15 0.017 + 0.001°¢
5.54 163 000 1.87 9.07 0.015 + 0.002¢
8.31 156 000 1.88 8.68 0.018 + 0.002¢
13.85 138 000 1.83 7.80
HEMA; (3 M MMA in 2-butanone,100°C)i 0 264 000 1.83 10.8 0.031 + 0.008¢
5.13 190 000 1.99 10.2 0.027 + 0.012¢
7.69 149 000 2.22 12.9 0.027 + 0.002¢
12.83 142 000 1.87 14.5

a Molecular weights rounded to three significant figures. ® Errors are standard deviation from mean. ¢ Chain transfer constant obtained
with log CLD (chain length distribution) method. ¢ Chain transfer constant obtained from by direct application of conventional Mayo
method by taking slope of plot of 1/X» vs [RMA2]/[MMA]. ¢ Chain transfer constant obtained from by application of modified Mayo method
by taking slope of plot of 2/X,, vs [RMAZJ/[MMA]. f Chain transfer constant from rate of consumption of MMA; as a function of monomer
conversion. 9 Initiator [AIBN] = 6.1 x 1073 M; polymerization time 60 min. " Some baseline artifacts evident in GPC traces. ! Initiator
[AIBN] = 3.8 x 1074 M; polymerization time 60 min. J Initiator [tBPB] = 3.4 x 1073 M; polymerization time 45 min.

were separated by fractional distillation from reaction
mixtures prepared by bulk polymerization of MMA in
the presence of iPr—Co"'(DMG-BF,),—H0 as described

FF
/B\
7

o
CHs N*Y/'!'\ CHs
=
CHg o | CHs
o

O
\B/

7N

FF
iPr-Co"(DMG-BF,),-H,0

previously. MAA; and MAA; were prepared by exhaus-
tive alkaline hydrolysis of MMA, and MMA; using
reflux conditions. Hydrolysis of MMA3; under mild
conditions (room temperature, 24 h) gave selective
hydrolysis of the end group methyls to give MAA—
MMA—MAA. Selective hydrolysis or transesterification
of the chain ends of PMMA has previously been reported
in the patent literature.2’” The HEMA,;, HEMAz, HEMA—
MMA—-HEMA, and BMA; were prepared by esterifica-
tion of the corresponding MAA macromonomers by
alkylation of the cesium or trimethylammonium salts.
These reactions proceeded in near quantitative yield
with 2-bromoethanol or 1-iodobutane as the alkylating
agent as appropriate. No exchange of the central MMA
was observed in the case of HEMA—MMA—HEMA. The
process of mild hydrolysis followed by esterification
offers a convenient route to di-end-functional mac-
romonomer transfer agents useful for telechelic synthe-
sis.

HEMA macromonomer HEMA,, was prepared by
catalytic chain transfer with iPr—Co'"'(DMG-BF;),—H,0
in aqueous solution as previously described.® The use
of the cobalt(l1l) complex, which generates the active
cobalt(ll) species in situ, offers significant advantages
over the direct use of the corresponding cobalt(ll)

Scheme 2
oHy
oHs SHa=GCHs
HaC—C- H,C=C CO,R!
COR CO.R!
Kadd || Kadd
oHy
CHg CH,—C—CHs
HyC—C—CH=G: COR!
CO,R  CO2R )
COI/ X&Cz"
CHg HsC 1 CHg
. _CO,R i
M CH—G-CHy o OG-t
Heo C—G _COR' ¥ O=C  COR'
3CS 1 1
C. __COR H R,
HC COzR 3
GHs  CHs H, GHs  GHs
0——C~CH,~G~CH FT§ CHmGCls
H3C‘C\ CO,R CO,R H3COQC_C\ CO,CH3; CO,CH3
, CHs
5 6

complex?82 pecause of its enhanced air stability as a
solid and in solution at room temperature.

Samples of the MMA trimer isolated from high
(>90%) conversion polymerizations were contaminated
with significant amounts (up to 5%) of a compound that
is assigned the structure 3 (R = R! = CHg). This
compound is isomeric with the trimer MMAgz; but has
an internal double bond. The compound is different from
the internal double bond trimer 6 synthesized by
McCord et al.2° by isomerization of MMA; (stereochem-
istry unspecified, but reported NMR chemical shifts are
consistent with olefinic H cis to COzEt). We believe that
3 is derived from radical 2 which is formed by the
monomeric radical adding to MMA; as shown in Scheme
2. The isomer 4 (R = R! = CHj3) was not observed. The
preferential formation of 3 is rationalized on steric
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Figure 4. 'H NMR chemical shifts of olefinic protons of
methacrylate trimers (AAA = MAA;, AMA = MAA—-MMA—
MAA, MMM = MMA;, BBB = BMA;) as a function of solvent:
(a) CDCl3 (O, —); (b) acetone-ds (O, — —); (c) CD;OD (W, — —);
(d) DMSO-ds (@, - - -). In all solvents, the high-field signal is
H (trans to CO2R) and the low-field signal is H? (cis to
COzR)—refer to Figure 1.

grounds since it has the two largest groups in a trans
configuration. The radical 2 has been reported?!-3! as
long-lived and is substantially more stable to fragmen-
tation relative to similar adducts formed from higher
macromonomers. This may explain why analogous
byproducts are not observed as contaminants in syn-
theses of higher molecular weight macromonomers. The
amount of the contaminant 3 can be minimized by
limiting the conversion. The contaminant appears inert
under the polymerization conditions.

Two studies on polymerization of methacrylates with
catalytic chain transfer in the presence of high concen-
trations MMA, have appeared.2%32 Neither study re-
ported formation of products analogous to 3. However,
such products were not considered as possibilities and
they would not be distinguishable from the products
proposed to be formed by mass spectrometric analysis
performed. Further analysis of these reactions is war-
ranted.

The positions of the ester groups of the mixed trimers
MAA-MMA-MAA and HEMA-MMA—-HEMA was
proved by 2D NMR long range 3C—!H correlation
spectroscopy (HMBC). Portions of the HMBC spectra
are shown as Figures 2 and 3. Hydrogens H32 and H?3P
(refer to Figure 1) are nonequivalent and show con-
nectivity with the olefinic carbons C! and C2, the
carbonyls at C2 and C*, and the methyl at C*. Hydrogens
H52 and H5P are also nonequivalent and show connectiv-
ity with the carbonyls at C* and C8, the methyl at C*
and the methyls at C®. Thus, the carbonyl of the MMA
unit (C% in MAA—-MMA—-MAA and HEMA—-MMA—
HEMA shows connectivity to each of the methylene
hydrogens H3a, H30, H52 and H5P.

There have been several previous studies on the NMR
of MMA macromonomers.3%:33 The methylene hydrogens
and the terminal methyls of MMA oligomers are non-
equivalent. This is due to their adopting strongly
preferred conformation with little configurational ex-
change on the NMR time scale. These preferred confor-
mations depend on the particular macromonomer. This
is indicated by the 'H NMR chemical shift separation
of the methylene hydrogens (H52 and H%, refer to Figure
1) and to a lesser extent (H3%2 and HSP) being most
marked in the case of the MMA-centered trimers
(MMA3;, HEMA—MMA—-HEMA, and MAA—MMA-—
MAA) and smallest in the case of BMA; and MAAs.
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Figure 5. 3C NMR chemical shifts of olefinic carbons of
methacrylate trimers (AAA = MAA;, AMA = MAA—-MMA—
MAA, MMM = MMA;, BBB = BMA;) as a function of solvent:
(a) CDCl3 (O, —); (b) acetone-ds (O, — —); (c) CD;OD (M, — —);
(d) DMSO-ds (@, - - -). Concentrations used were 28.5 and 75
mg mL~% In all solvents, the high-field signal is —C?= and
the low-field signal is =C'H,—refer to Figure 1 for the
numbering scheme.
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Figure 6. 3C NMR chemical shifts of carbonyl carbons of
methacrylate trimers (AAA = MAA;, AMA = MAA—-MMA—
MAA, MMM = MMA;, BBB = BMA;) as a function of solvent:
(a) CDCl3 (O, —); (b) acetone-ds (O, — —); (c) CDsOD (M, — —);
(d) DMSO-ds (@, - - -). Concentrations used were 28.5 and 75
mg mL™%. In all solvents, the high-field signal is =C?(CO)—
and the low-field signal is —C8(CO)(CHz),—refer to Figure 1
for numbering scheme.

The NMR spectra of the various oligomers were
determined in various solvents and concentrations.
There appears to be some dependence of the spectra on
solvent (acetone-dg, CDCl3;, DMSO-dg, CD30D) but no
significant dependence on concentration (28.5—75 mg
mL~1). The chemical shifts of the olefinic hydrogens and
carbons are reported in Figures 4 and 5. Those of the
carbonyl carbons are given in Figure 6.

Transfer Constant Determination. Chain transfer
constants (Cy = ku/kp) are traditionally obtained using
the number-average degree of polymerization and the
Mayo equation (eq 1b)3*

[Slo

UTviR (1b)

1 1

— =+

Xn XnO
where X, is the average degree of polymerization, Xno
is the average degree of polymerization in the absence
of added transfer agent, [S]o is the initial concentration
of transfer agent, and [M]o is the initial monomer

concentration. We showed in an earlier publication that
a method based on analysis of number molecular weight
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Figure 7. Normalized GPC molecular weight distributions
for polymerizations of EMA in the presence of MMA trimer.
Experimental conditions are reported in Table 2. Molecular
weight axis is in PMMA equivalents.

distributions (the log CLD method) can provide im-
proved accuracy and precision with respect to data
obtained with the traditional Mayo analysis.33> The
method is based on the use of eq 2, which has its origin
in the work of Gilbert and co-workers.23

Cy + Cy [S]O)

dinpP) ISl
i [MI,

ai )

where P; is the concentration of chains of length i. The
method also eliminates problems due to low molecular
weight contaminants (e.g., the residual macromonomer)
and minor baseline fluctuations in the GPC trace.33°
The greatest reproducibility is obtained by taking the
slope in a region around the maximum peak intensity.
However, for proportionality between d(In P;)/di and
[S1o/[M]o to be maintained, it is important when apply-
ing this method to be systematic in choosing the region
over which the slope is taken. In the present work, we
have taken the slope by least squares regression analy-
sis over the top 10% of the GPC distribution plot. Some
reported difficulties in applying the log CLD method
may be attributed to not being systematic in this regard.
We also showed empirically®35 that use of values 2/X,,
rather than 1/X, can provide data which are less
dependent on baseline selection. This strategy has also
recently been promoted by others3%:37 as a means of
obtaining reproducible transfer constants. Figure 7
shows GPC traces, Figure 8 the slope plots, and Figure
9 the Mayo type plots for the polymerization of EMA in
the presence of MMA; at 60 °C (refer to Table 2).

The conventional methods for measuring transfer
constants are not strictly applicable to systems which
give reversible chain transfer.83° The macromonomer
product from chain transfer to dimer will be a much
better chain transfer agent than the dimer itself.
However, when transfer constants are low (<1) and
conversions are small (MMA,~0) , errors introduced are
negligible. The expression (eq 3)38:39

dMMA,] [MMA;]
d[MMA] =~ [MMA] + C,[MMA,] + C_,[MMA]
@)

where C_¢ describes how the expelled radical (MMA,")
partitions between adding MMA3; and MMA then de-
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Figure 8. Plots of log intensity In(P;) vs degree of polymer-
ization (i) determined from GPC molecular weight distribu-
tions for polymerizations of EMA in the presence of MMA
trimer. Experimental conditions are reported in Table 2. The
solid line indicates the region from which the slope was taken
corresponding to the peak of the molecular weight distributions
(Figure 7).
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Figure 9._Mayo-like plots of normalized slopes [—(d(In P;)/
di)] and 1/X, vs [MMAs]o/[EMA], for polymerizations of EMA
in the presence of MMA trimer. Experimental conditions and
derived transfer constants are reported in Table 2: (O, — —)
slopes from log CLD plots based on uncorrected molecular
weight distributions in PMMA equivalent molecular weight;
(a, - - -) slopes from log CLD plots based on molecular weight
distributions corrected using Mark—Houwink-Sakaruda con-
stants shown in Table 1, (O, —) values of 1/Xp).

volves to eq 4.

dIMMA;]  [MMA]
d[MMA] ~ " [MMA] @)
or
~_d(IN[MMA,]) -

T d(IN[MMA])

and the slope plot of IN[MMAgz] vs IN[MMA] yields the
transfer constant as in the classical treatment.*° Trans-
fer constants of MMA; and MMA; in bulk polymeriza-
tion of MMA at 60 °C were evaluated by determining
the rate of consumption of the reagent as a function of
monomer conversion. The concentration of macromono-
mer at various conversions was calculated form the
found and calculated molecular weights as described
previously®® and the experimental data used are pro-
vided in our earlier publication.® Values of transfer
constants obtained, 0.2004+0.004 for MMA; (Figure 10)
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Figure 10. Double log plot of transfer agent concentration
vs monomer concentration for bulk polymerization of MMA
in the presence of MMA; (1) at 60 °C. [MMAg]o = 0.162 M,
[MMA], = 8.86 M, and [AIBN] = 0.00625 M. The line of best
fit is —2.2539 + 0.20008 In[M]; correlation coefficient =
0.99988.
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Figure 11. Double log plots of transfer agent concentration
vs monomer concentration for bulk polymerization of MMA
in the presence of MMA,; dimer 60 °C. [MMA;]o = 0.267 M,
[MMA]o = 8.81 M, [AIBN] = 0.00625 M. Key: (a) with no
allowance for initiator derived chains (®, —; line of best fit
—1.3692 + 0.02333 In[M], correlation coefficient 0.99586), with
number of initiator derived chains (I) calculated with the
relationship | = dffAIBN]o(1 — exp(1-kqt) with df = 1.0 and kq
=97 x 1078 s71 (O, — —; line of best fit —1.3462 + 0.01178
In[M], correlation coefficient 0.98459), with number of initiator-
derived chains calculated on the basis of control experiments
carried out in the absence of transfer agent using the relation-
ship I = ([IMMA]o-[MMA])/X, (4, - - -; line of best fit —1.3445
+ 0.010981 In[M], correlation coefficient 0.97801).

and 0.012+0.002 for MMA; (Figure 11), are in very close
agreement with those obtained by application of the Log
CLD method and other methods (compare with data in
Table 2).3

In this work, the GPC was calibrated with narrow
polydispersity PMMA standards. Universal calibration
was used to correct for hydrodynamic volume differences
between the various poly(alkyl methacrylates) and
PMMA. This requires reliable values of the required
Mark—Houwink—Sakurada coefficients. There are dis-
crepancies between literature values (e.g., for polysty-
rene or PMMA) even when parameters are ostensibly
obtained under the same experimental conditions (THF,
25-30 °C). In this work we have, where possible, used
Mark—Houwink—Sakurada coefficients reported by
Hutchinson et al.*#? These values are summarized in
Table 1. As a simple test of the validity of Mark—
Houwink—Sakurada parameters under our chromato-
graphic conditions, a polystyrene calibration formed
with polystyrene standards was exactly transformed
into a PMMA calibration by universal calibration. The

Chain Transfer Activity of Methacrylic Oligomers 4449

GPC Mark—Houwink—Sakurada coefficients reported
for poly(tert-butyl methacrylate) (Table 1)*344 were
obtained under different experimental conditions and
may not be directly applicable under our chromato-
graphic conditions. We have analyzed poly(tert-butyl
methacrylate) using triple detector (viscometry—light
scattering) GPC and found that the molecular weight
is the same within experimental error as that predicted
by conventional calibration with PMMA standards. The
molecular weights reported for poly(tert-butyl meth-
acrylate) are therefore given as PMMA equivalents.

Transfer constants measured for MMA; with various
methacrylate monomers are given in Table 2. Transfer
constants for various trimers (RMAgz) and dimers (RMAy)
in MMA polymerization are provided in Tables 3 and
4, respectively.

Apparent transfer constants evaluated from the mo-
lecular weight distributions in PMMA equivalents show
a small increase with increasing length of the alkyl
group in the series Et < Bu < 2EH (see Table 2). This
small dependence disappears when the molecular weight
distributions are transformed to absolute units using
universal calibration. We conclude that the dependence
is not due to differences in the transfer constants, rather
it reflects differences in the hydrodynamic volume of the
polymers. This result suggests a need for care when
considering literature transfer constant data where
molecular weight data are quoted only in polystyrene
(or other) equivalents rather than in absolute units.

Discussion

For the case of addition of a MMA propagating radical
to a MMA macromonomer (MMA,,), the intermediate
radical (3) is expected to partition equally between
starting materials and products. The transfer constant
will therefore be determined mainly by the rate constant
for addition of the propagating radical to the mac-
romonomer (Kadd). This suggests that kaqq is ca. 40% of
the value of the rate constant for addition to monomer
(Kp)-

pThe length of the ester alkyl group in either the alkyl
methacrylate monomer or the trimer (RMA3) has little
if any effect on values of the transfer constant (refer to
Table 5). This can indicate either that the alkyl group
has little effect on the value of kaqq Or the partitioning
of the adduct radical or that any effect on Kkaqq is
balanced by an effect on the partition coefficient.

Our results for C¢ may be compared with literature
data on the reactivity of alkyl methacrylates in free
radical polymerization (Tables 5 and 6). Propagation
rate constants (k,.) for various alkyl methacrylates,
MAA, and HEMA have been determined by pulsed laser
photolysis. Values at 60 °C are summarized in Table 6.
Those for alkyl methacrylates show a trend to increase
slightly with the length of the alkyl chain. Since values
of Cy appear independent of the length of the ester
chain, we must conclude that the values of ki for MMAgz
in the alkyl methacrylates show a similar dependence
to Kp. Reported propagation rate constants for MAA and
HEMA are significantly higher than those of the alkyl
methacrylates (and show solvent dependence). The rate
constants ki are therefore also higher in these mono-
mers. We conclude that the rate constants k, and Ky
(and most likely kagq) are more strongly influenced by
structural features of the propagating radical than of
the macromonomer or monomer.

There are no direct data on kyqq for the reaction of
propagating radicals with RMA, However, we antici-
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Table 5. Effects of Ester Alkyl Group on Transfer Constants of Methacrylates

Ctr
MMA;2 RMASP BMPac iOMPpad tDDMae Co''(DMG-BF,),2f (60 °C)
monomer (60 °C) (60 °C) (70 °C) (70 °C) (70 °C)
MMA 0.19 0.19 0.5453 0.8653 0.1153 28 1004 39 60056 34 00055
EMA 0.14 27 00055
nBMA 0.17 0.18 0.28% 0.4753 0.1153 16 1004 27 70056 16 00055
EHMA 0.17 11 80056
tBMA 0.18 15 10043
MAA 0.26
HEMA 0.19 61028

a Transfer constant of reagent in polymerization of monomer (column 1). ® Transfer constant of trimer based on monomer (column 1)
in MMA polymerization. ¢ Butyl 3-mercaptopropionate. 9 Isooctyl 3-mercaptopropionate. ¢ tert-Dodecyl mecaptan. f bis[difluoroboryl(di-

methylglyoximato)cobalt(l1) [Co'(DMG-BF,)2].

Table 6. Effects of Ester Alkyl Group on Reactivity of Methacrylates

Cir Ker (M_lS_l) Cur Ker (M_lS_l) kp
MMAz2 MMA32 RMA3b RMAgb (M71 Sfl)a 'mmA, I’RMAb
(60 °C) (60 °C) (60 °C) (60 °C) (60 °C) (60°C)
MMA 0.19 160 0.19 160 83057 (1.0)
EMA 0.14 120 87057 0.81, 0.86
1.16, 1.00
1.08, 1.08
0.94, 1.01¢
nBMA 0.17 140 0.18 180 98057 0.87,0.93%8
0.93, 1.22%8
0.91, 1.09¢
EHMA 0.17 140 118441
tBMA 0.18 150 1100,%° 84043 0.96, 1.35
MAA 0.26 260 10006061.d 0.78, 0.339:48
150090 0.31, 0.63¢48
690060f 0.87, 1.10°¢
HEMA 0.19 690 330062 0.82, 0.639
0.19, 0.81h
0.75, 1.50
0.31, 1.68°¢
0.90, 1.07}

aIn bulk. Calculated from Arrhenius parameters given in the references indicated and rounded to two significant figures. ® Numbers
taken from the Polymer Handbook*® unless indicated otherwise. ¢ Calculated from Q—e values of Greenley.5 9 In methanol. € In dimethyl
sulfoxide. f In water. 9 In N,N-dimethylformamide. On the basis of data in the original paper® reactivity ratios may be reversed. " In

bulk. ' In bulk at 80 °C. 1 Calculated from Q—e values of Young.>°

pate that the values of kaqq for dimers (RMA,) should
be similar or greater than that of trimers (RMA;3) and
macromonomers (RMA,) (Kadd ~40% kp—see above). The
values of kyqq for tert-butoxy radicals adding MMA; and
CMA,;, are reported to be approximately 2-fold higher
than those for adding MMA; and CMA; respectively.*®
The very much lower transfer constant of the dimers
(RMA,) is therefore attributed to the partition coefficient
lying in favor of the starting materials and is explicable
in terms of steric factors.3384647 The increase in transfer
constant of RMA;, with increasing temperature is at-
tributed to the partitioning of the adduct becoming less
selective.

The transfer constant of MAA3; in MMA polymeriza-
tion in 2-butanone is significantly higher than that of
the other trimers included in the present study (Table
3). In 2-propanol, the transfer constant of MAA; appears
lower (similar to that of other trimers). Macromonomer
aggregation caused by H-bonding may be important. In
2-propanol, H-bonding between macromonomer mol-
ecules may be disrupted.

If similar factors affect both macromonomer [Kadd-
(RMA3)] and monomer addition rates [kp(RMA)], then
Cyr for the various methacrylate trimers [=Kagd(RMAg)/
ko(MMA)] in MMA polymerization should scale in-
versely as values of ryuwa. While there is considerable
variation in reported reactivity ratios for methacrylate
esters, values of ryuwa and rruma are generally close to
unity. Experimental reactivity ratios and those calcu-

lated from Q-—e values are presented in Table 6.
Reactivity ratios ryma [=kp(MMA)/K,(MAA)] for copo-
lymerization of MAA?* show substantial solvent depen-
dence. In 2-propanol and acetone the MMA propagating
radical shows a significant preference for adding MAA
(Table 6).8 Reactivity ratios for HEMA copolymeriza-
tions show substantial variation which may also be due
to reaction conditions (Table 6).4° Very different Q—e
values for HEMA have been reported by in the second
edition of the Polymer Handbook by Young® and in
more recent editions by Greenley.%! Recent studies using
the HEMA Q-—e values for predictive purposes have
employed Young's values.>? These values suggest that
reactivity ratios for HEMA are not very different from
other alkyl methacrylates. We conclude that the experi-
mental data are too scattered to make a judgment.
There have been a few previous studies on Cy to other
substrates in alkyl methacrylate polymerizations which
consider the effect of the nature of the alkyl group.
Dependence of transfer constants on the length of the
alkyl chain of alkyl methacrylate monomers was re-
ported in the case of chain transfer to certain alkanethi-
ols®® and in catalytic chain transfer4354-56 (Table 5).
Transfer constants to 3-mercaptopropionate esters are
approximately a factor of 2 higher in MMA polymeri-
zation than in BMA polymerization.53 There is consider-
able variation in reported Cy, for Co!''(DMG-BF,), which
is attributed to the influence of reagent purity and
reaction conditions. Nonetheless, all studies conclude
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that Cy is higher in MMA polymerization than in
polymerizations of higher methacrylates.#35556 In the
latter case, variations in transfer constants have been
correlated with changes in solvent viscosity and related
to diffusion control of the transfer process.5>5¢ Steric
hindrance of chain transfer has also been suggested as
a possible explanation for reduced Ci seen with the
higher methacrylates.5456

As was observed in our earlier work with MMA
macromonomers,® there is no significant retardation of
polymerization of methacrylates caused by the presence
of the methacrylate macromonomers. This suggests that
fragmentation of the adduct radicals (1, Scheme 1) is
sufficiently rapid that 1 is not consumed in side reac-
tions with other radicals. We have already noted above
that iPr—Co'"'(DMG-BF,),—H,0 also does not react with
the adduct radicals other than as shown in Scheme 2
(monomeric radical adding to MMA)). This finding is of
importance to the utilization of these macromonomers
in block copolymer synthesis.

Conclusions

We have determined the transfer constants of various
methacrylate dimers (RMA;) and trimers (RMA3) in
MMA polymerization and those of MMAg in polymeriza-
tions of various methacrylate esters. The values of the
transfer constants show little dependence on the nature
of the ester alkyl group in monomer or macromonomer
or on reaction temperature and are similar to that
reported previously for MMA dimer (MMA;) or trimer
(MMAg3) in MMA polymerization. The transfer constant
of methacrylic acid trimer (MAA3) in MMA polymeri-
zation is higher than those of the methacrylate ester
trimers. The end-functional trimers (MAA—MMA-—
MAA, HEMA—MMA—-HEMA) that can be readily pre-
pared by selective hydrolysis and esterification may
provide a route to telechelics.
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