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ABSTRACT: The atom transfer radical copolymerization (ATRP) of methyl acrylate (MA) with 1-octene
was investigated in detail. Well-controlled copolymers containing almost 25 mol % of 1-octene were
obtained using ethyl 2-bromoisobutyrate (EBriB) as initiator. Narrow molar mass distributions (MMD)
were obtained for the ATRP experiments. The feasibility of the ATRP copolymerizations was independent
of the ligand employed. Copolymerizations carried out using 4,4'-dinonyl-2,2'-bipyridine (dNbpy) resulted
in good control, with significant octene incorporation in the polymer. The lower overall percent conversion
obtained for the dNbpy systems as compared to that of the PMDETA systems was attributed to the redox
potential of the formed copper(l)—ligand complex. The comparable free radical (co)polymerizations (FRP)
resulted in broad MMD. An increase in the fraction of the olefin in the monomer feed led to an increase
in the level of incorporation of the olefin in the copolymer, at the expense of the overall percent conversion.
There was a good agreement between the values of the reactivity ratios determined for the ATRP and
FRP systems. The formation of the copolymer was established using matrix-assisted laser desorption/
ionization—time-of-flight—mass spectrometry (MALDI-TOF—-MS). From the obtained MALDI-TOF—
MS spectra for the ATRP systems, several units of 1-octene were incorporated in the polymer chain, and
only one pair of end groups was observed. On comparison, in the FRP systems, due to the multitude of
side reactions occurring, several end groups were obtained. In general, narrow chemical composition

distributions were obtained for the ATRP systems as compared to FRP.

Introduction

Copolymers of a-olefins with polar monomers remain
a pivotal area in polymer research, since the effect of
incorporation of functional groups into an otherwise
nonpolar material is substantial.l?

In the area of metal-catalyzed insertion polymeriza-
tion, the Brookhart Pd-based diimine catalyst® copoly-
merizes ethylene and higher o-olefins with acrylates
and vinyl ketones.* Other late-transition-metal-based
complexes are also known to tolerate the presence of
polar functional groups.® Block copolymers of ethylene
with acrylates and methacrylates using group 4 metals
are known.® Recently published reviews cover the work
in this field.” However, statistical copolymerization of
these two types of monomers is difficult to achieve due
to the very unfavorable reactivity ratios in conjunction
with these catalyst systems. Recent developments from
Novak® indicated that olefins could be copolymerized
with vinyl monomers via a free radical mechanism. This
was followed up by a communication indicating the
feasibility of the copolymerization of methyl acrylate
(MA) with 1-alkenes using copper-mediated controlled
polymerization.®

ATRP0.11 js one of the techniques employed to obtain
living (or controlled) radical polymerization. In copper-
mediated ATRP, the carbon—halogen bond of an alkyl
halide (RX) is reversibly cleaved by a Cu'X/ligand
system, resulting in a radical (R*) and Cu''Xy/ligand
(deactivator). The radical will mainly either reversibly
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deactivate, add monomer, or irreversibly terminate
(Scheme 1, egs 1—-8).

This paper is a very detailed study on the copoly-
merization of an o-olefin (1-octene) with an acrylate
(methyl acrylate, MA). Comparison of reaction kinetics
between free radical polymerization (FRP) and atom
transfer radical polymerization (ATRP) was carried out.
A heterogeneous transition metal/ligand system was
employed for the ATR polymerizations. Reactivity ratios
were measured using an online NMR technique. 'H
nuclear magnetic resonance (NMR) spectroscopy was
employed to monitor the individual monomer conversion
over time, similar to work reported by Haddleton et al.12
The reaction was carried out within the cavity of the
NMR spectrometer. From the data obtained, the reac-
tivity ratios were calculated. The effect of monomer feed
composition and of ligand was investigated. Chemical
composition distributions (CCDs) were assessed using
mass spectrometry for both ATRP and conventional free
radical polymerization (FRP).

Experimental Section

Materials Methyl acrylate (MA, Merck, 99+%) and 1-octene
(Oct, Aldrich, 98%) were distilled and stored over molecular
sieves. p-Xylene (Aldrich, 99+% HPLC grade) was stored over
molecular sieves and used without further purification.
N,N,N’,N",N"-Pentamethyldiethylenetriamine (PMDETA, Al-
drich, 99%), 4,4'-dinonyl-2,2'-bipyridine (dNbpy, Aldrich,
97%), ethyl 2-bromoisobutyrate (EBriB, Aldrich, 98%),
copper(l) bromide (CuBr, Aldrich, 98%), copper(ll) bromide
(CuBr,, Aldrich, 99%), aluminum oxide (activated, basic, for
column chromatography, 50—200 um), tetrahydrofuran (THF,
Aldrich, AR), and 1,4-dioxane (Aldrich, AR) were used as
supplied. a,a’-Azobis(isobutyronitrile) (AIBN, Merch, >98%)
was recrystallized twice from methanol before use. For online
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Scheme 1. General Scheme for ATRP?
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aR* and P,* are radicals from initiator and polymer,
respectively, R—X and P,—X are halogen-terminated initiator
and polymer chains with halide end group, M is monomer, D"
and D =~ are the dead polymer chain with a hydrogen and vinyl
end group, respectively, and Dm+n are the dead chains formed
as a result of termination via combination. Rate coefficients
for activation (ka), deactivation (kqg), propagation (kp), solubili-
zation (Ksi), insolubilization (kinsat), chain length dependent
termination via combination (kic™"), and chain length depend-
ent termination via disproportionation (kip™").

NMR experiments, toluene-ds (Cambridge Isotope Labs Inc.)
and toluene (Hi-Dry, anhydrous solvent, Romil Ltd.) were used
as supplied. Copper(l) bromide (CuBr, Aldrich, 98%) was
purified according to the method of Keller and Wycoff.3

Synthetic Procedures. a. ATR Copolymerization of
MA and 1-Octene. A typical polymerization was carried out
in a 100 mL three-neck round-bottom flask. p-Xylene (23.2 g),
MA (4.67 g, 5.42 x 1072 mol), 1-octene (6.1 g, 5.4 x 1072 mol),
CuBr (0.19 g, 1.3 x 1072 mol), and CuBr, (0.07 g, 3 x 10
mol) were accurately weighed and transferred to the flask. The
ligand PMDETA (0.29 g, 1.7 x 102 mol) was then added. The
reaction mixture was degassed by sparging with argon for 30
min. The flask was immersed in a thermostated oil bath kept
at 80 °C and stirred for 10 min. A light green, slightly
heterogeneous system was obtained. The initiator, EBriB (0.65
g, 3.3 x 1072 mol), was added slowly via a degassed syringe.
The reactions were carried out under an argon atmosphere.
Samples were withdrawn at suitable time periods throughout
the polymerization. A predetermined amount of the sample
was transferred immediately after withdrawal into a GC vial
and diluted with 1,4-dioxane, so as to determine the monomer
conversion using GC. The remaining sample was diluted with
THF and passed through a column of aluminum oxide prior
to SEC and MALDI-TOF—MS measurements.

b. Free Radical Copolymerization of MA and 1-Octene.
A typical polymerization was carried out in a 25 mL three-
neck round-bottom flask. p-Xylene (11.6 g), MA (2.33 g, 2.7 x
1072 mol), and 1-octene (3.04 g, 2.7 x 1072 mol) were accurately
weighed and transferred to the flask. The reaction mixture
was degassed by sparging with argon for 30 min. The flask
was immersed in a thermostated oil bath kept at 80 °C. The
initiator AIBN (0.02 g, 1.7 x 10~* mol) was dissolved in a
minimum amount of p-xylene, and the initiator solution was
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Figure 1. GC temperature gradient.

added slowly via a degassed syringe. The reactions were
carried out under a flowing argon atmosphere. Samples were
withdrawn at suitable time periods throughout the polymer-
ization. A predetermined amount of the sample was trans-
ferred immediately after withdrawal into a GC vial and diluted
with 1,4-dioxane, so as to determine the monomer conversion
using GC. The remaining sample was diluted with THF, prior
to SEC and MALDI-TOF—MS measurements.

c. Online NMR Experiments. In a typical ATRP, CuBr
(0.03 g, 2 x 107 mol) and CuBr; (0.01 g, 4 x 107> mol) were
added to a predried Schlenk tube, which was sealed with a
rubber septum. The tube was evacuated and flushed with
nitrogen three times to remove oxygen. Then MA (1.4 g, 1.6 x
1072 mol), 1-octene (0.6 g, 5 x 1072 mol), toluene-ds (4.0 g),
toluene (0.2 g), PMDETA (0.05 g, 3 x 10~* mol), and EBriB
(0.13 g, 6.7 x 10~* mol) were added via oven-dried, degassed
syringes. The liquid reagents in the Schlenk tube were
degassed by three freeze—pump—thaw cycles. An aliquot of 2
mL of this solution was transferred to a NMR tube. So as to
detemine the initial monomer concentration at the onset of
the reaction, the first scan at time = 0 s was taken at room
temperature, before heating the sample to the required reac-
tion temperature. After the experiment, the sample was
diluted with THF and passed through a column of aluminum
oxide prior to SEC.

Analysis and Measurements. a. Laboratory Experi-
ments. Determination of Conversion and MMD. Monomer
conversion was determined from the concentration of residual
monomer measured via gas chromatography (GC). A Hewlett-
Packard (HP-5890) GC equipped with an AT-Wax capillary
column (30 m x 0.53 mm x 10 um) was used. p-Xylene was
employed as the internal reference. From repetitive runs, the
estimated relative error in the determination of monomer
conversion value is 5%. The GC temperature gradient used is
given in Figure 1.

Molar mass (MM) and molar mass distributions (MMD)
were measured by size exclusion chromatography (SEC) at
ambient temperature using a Waters GPC equipped with a
Waters model 510 pump, a model 410 differential refrac-
tometer (40 °C), a Waters WISP 712 autoinjector (50 uL
injection volume), a PL gel (5 um particles), a 50 x 7.5 mm
guard column, and a set of two linear columns (Mixed-C,
Polymer Laboratories, 300 x 7.5 mm, 5 um bead size, 40 °C).
THF was used as the eluent at a flow rate of 1.0 mL/min.
Calibration was carried out using narrow MMD polystyrene
(PS) standards ranging from 600 to 7 x 108 g/mol. The MM
was calculated using the universal calibration principle and
Mark—Houwink parameters* [PMA: K=1.95 x 10~*dL/g, a
=0.660; PS: K=1.14 x 10 *dL/g, a = 0.716]. The molecular
weights were calculated relative to PMA homopolymer. The
estimated error in the molecular weight averages when using
this approach is 10%. Data acquisition and processing were
performed using Waters Millenium 32 software.

NMR. 'H and *C nuclear magnetic resonance (NMR)
spectra were recorded on a Varian 400 spectrometer in
deuterated chloroform (CDCl3) at 25 °C. All chemical shifts
are reported in ppm downfield from tetramethylsilane (TMS),
used as an internal standard (6 = 0 ppm). NMR was done to
determine the copolymer composition (*H NMR) and to confirm
whether octene is incorporated into the copolymer chains (3C
NMR).

MALDI-TOF—-MS. Measurements were performed on a
Voyager-DE STR (Applied Biosystems, Framingham, MA)
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instrument equipped with a 337 nm nitrogen laser. Positive-
ion spectra were acquired in reflector mode. Dithranol was
chosen as the matrix. Sodium trifluoracetate (Aldrich, 98%)
was added as the cationic ionization agent. The matrix was
dissolved in THF at a concentration of 40 mg/mL. Sodium
trifluoracetate was added to THF at typical concentrations of
1 mg/mL. The dissolved polymer concentration in THF was
approximately 1 mg/mL. For each spectrum 1000 laser shots
were accumulated. In a typical MALDI experiment, the matrix,
salt, and polymer solutions were premixed in the ratio: 5 uL
sample:5 4L matrix:0.5 uL salt. Approximately 0.5 uL of the
obtained mixture was hand-spotted on the target plate.

b. Online NMR Experiments. NMR. 'H NMR spectra
were recorded on a Bruker ACP 400 spectrometer. Polymer-
ization kinetics followed by 'H NMR were recorded using the
Bruker built-in kinetics software. Toluene (Hi-Dry) was em-
ployed as the internal reference.

Determination of MMD. Molar mass (MM) and molar mass
distributions (MMD) were measured by size exclusion chro-
matography (SEC) at ambient temperature using a Polymer
Laboratories system. For SEC-1 [high MM], THF/triethyl-
amine (95:5) was used as the eluent at a flow rate of 1.0 mL/
min, with a Polymer Laboratories (PL-gel) 5 um (50 x 7.5 mm)
guard column. A set of two linear columns [Mixed-C, Polymer
Laboratories, 5 um (300 x 7.5 mm)] with a refractive index
detector was employed. Calibration was carried out using
narrow polydispersity poly(methyl methacrylate) (PMMA)
standards ranging from 200 to 1.577 x 108 g/mol. For SEC-2
[low MM], THF was used as the eluent at a flow rate of 1.0
mL/min, with a Polymer Laboratories (PL-gel) 3 um (50 x 7.5
mm) guard column. A set of two linear columns [Mixed-E,
Polymer Laboratories, 3 um (300 x 7.5 mm)] with a refractive
index detector was employed. Calibration was carried out
using narrow polydispersity PMMA standards ranging from
200 to 2.8 x 10* g/mol. MM was calculated by comparing the
samples with the PMMA standards and by using Mark—
Houwink parameters® [PMA: K=1.95 x 10~*dL/g, a = 0.660;
PMMA: K =9.55 x 107°dL/g, a = 0.719].

Results and Discussion: Copolymerization

The synthesis of the copolymers and comparison of
the ATRP results with the conventional free radical
systems will be examined. The influence of the monomer
feed composition and of the ligand will be highlighted.
Determination and comparison of the obtained reactiv-
ity ratios from ATRP and FRP are carried out using
online NMR technique. Detailed chemical composition
distributions (CCDs) for the copolymers synthesized by
ATRP, determined by MALDI—-TOF-MS, are discussed.
The various end groups obtained during the free radical
reactions are assigned, and their mode of production is
explained. An interesting pattern in the sequence
distribution of the monomers, obtained from the MALDI
data, is examined.

Copolymerization of MA/1-Octene Copolymers.
AIBN-initiated and ATR copolymerization of MA and
1-octene were examined as summarized in Table 1.

Some observations can be made from the data in
Table 1:

(i) 1-Octene copolymerizes via a free radical mecha-
nism. Homopolymerization of 1-octene was attempted
in both FRP and ATRP, but no polymer was obtained.
This could be attributed to the fact that a-olefins
undergo degradative chain transfer of allylic hydro-
gens.’> The stable allylic radical derived from the
monomer is slow to reinitiate and prone to terminate.

(ii) Copolymerizations under FRP conditions produce
relatively low molecular weight polymer compared to
MA homopolymerization under similar conditions.® The
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Table 1. Copolymers of MA/1-Octene

mole fraction mole fraction molar

of octene in of octene mass polydispersity
monomer feed incorporated (Mp) index
entry? (foct) (Foct)® (g/mol)f (Mw/Mp)f
1*b 0.25 0.12 2.5 x 103 13
2#¢ 0.25 0.12 8.2 x 108 35
3*b 0.50 0.26 2.0 x 108 1.3
g#c 0.50 0.24 6.2 x 10° 2.8
5xd 0.25 0.09 1.8 x 108 1.2

a* = ATRP reactions; # = free radical polymerization (FRP)
using AIBN as initiator. P Targeted M, = 3000 g/mol; [monomer]:
[EBriB]:[CuBr]:[PMDETA] = 32:1:0.5:0.5; reaction time = 22 h;
reaction temperature = 80 °C. ¢ AIBN (10 mmol/L); reaction time
= 22 h; reaction temperature = 80 °C. d Targeted M,, = 3000 g/mol;
[monomer]:[EBriB]:[CuBr]:[dNbpy] = 32:1:0.5:1; reaction time =
48 h; reaction temperature = 80 °C. © Calculated from values
obtained from GC measurements and proton NMR. f Determined
by size exclusion chromatography relative to polystyrene standards
using refractive index detector. Volume ratio solvent:monomer =
2:1.
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Figure 2. Plot of M, vs overall conversion for the ATRP
copolymerizations of MA—octene. Labels: (1) focc = 0.25, (3)
foce = 0.50. Targeted M, = 3000 g/mol; [monomer]:[EBriB]:
[CuBr]:[PMDETA] = 32:1:0.5:0.5; (5) foc = 0.25. Targeted
M, = 3000 g/mol; [monomer]:[EBriB]:[CuBr]:[dNbpy] =
32:1:0.5:1.

tendency for 1-octene to behave as a chain transfer
agent under FRP conditions has been reported for MMA
systems.’

(iii) The experimentally determined MMs for poly-
merizations under ATRP conditions are close to the
calculated values (Figure 2). The linearity clearly
indicated that there were a constant number of growing
chains during the polymerization.

(iv) Narrow MMDs were obtained in the ATRP
experiments, which suggests conventional ATRP be-
havior, with no peculiarities caused by the incorporation
of 1-octene.

(v) As the fraction of the a-olefin was increased in the
monomer feed, its incorporation was higher in the
copolymer (compare entries 1 and 3, 2 and 4). Two
effects can cause this phenomenon. Because of composi-
tion drift, the fraction of l-octene in the remaining
monomer increases, which leads to a decrease in aver-
age propagation rate constant. When the fraction 1-octene
increases, the probability of end-capping an octene
moiety at the chain end with a bromide increases. When
this happens, the chain will be virtually inactive, since
there are no substituent groups in octene to stabilize
the formed radical. Hence, the ATRP equilibrium pre-
fers to be on the dormant side. Thus, increasing the mol
% of a-olefin in the monomer feed decreased the overall
conversion (compare entries 1 and 3, 2 and 4 in Table 1
and Figure 3).
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Figure 3. Plot of overall conversion vs time for MA—octene
copolymerizations. Labels: ATRP (1) foct = 0.25, (3) foct = 0.50.
Targeted M, = 3000 g/mol; [monomer]:[EBriB]:[CuBr]:
[PMDETA] = 32:1:0.5:0.5; (5) foxt = 0.25. Targeted M, = 3000
g/mol; [monomer]:[EBriB]:.[CuBr]:[dNbpy] = 32:1:0.5:1. FRP:
(2) foet = 0.25, (4) foee = 0.50, AIBN (10 mmol/L).

Table 2. Copolymers of MA/1-Octene

mole fraction of

octene in monomer  molar mass polydispersity

entry?2 feed (foct) (Mp) (@/mol)f  index (Mw/Mp) f
1*b 0.10 2.2 x 103 1.1
2#c 0.10 32.4 x 108 4.9
3*b 0.25 2.3 x 103 1.1
4#d 0.25 11.0 x 103 5.2
5*b 0.50 1.6 x 103 1.2
6*e 0.50 14.3 x 103 3.6

a* = ATRP reactions; # = free radical polymerization (FRP)
using AIBN as initiator. Reaction temperature = 80 °C; solvent:
monomer = 2:1 by volume. ? Targeted M, = 3000 g/mol; [mono-
mer]:[EBiB]:[CuBr]:[PMDETA] = 32:1:0.5:0.5; reaction time = 12
h. ¢ AIBN (3 mmol/L); reaction time = 9 h. ¢ AIBN (10 mmol/L);
reaction time = 9 h. ¢ AIBN (3 mmol/L); reaction time = 12 h.
f Determined by size exclusion chromatography relative to poly-
(methyl methacrylate) standards using refractive index detector.

(vi) It is largely coincidental that the rates of poly-
merization in ATRP and in conventional FRP shown in
Figure 2 are nearly identical. The choice of initiator
concentration and polymerization conditions happens to
be such that this coincidence occurs. However, the fact
that the ratios at which the two comonomers are
consumed seem to be in close agreement points to a
great similarity between the reactivity ratios. This will
be further discussed below.

(vii) To indicate the feasibility of the copolymerization
under homogeneous ATRP conditions, the copolymeri-
zation was also carried out using dNbpy as the ligand
(Table 1, entry 5). This resulted in a good control over
the polymerization. MM increased linearly with overall
conversion (Figure 2), though the overall conversion and
hence the incorporation of 1-octene were slightly lower
as compared to those of the PMDETA systems. The
lower the redox potential, the larger the apparent
equilibrium constant for the oxidation of copper(l) to
copper(ll) and therefore the higher the activity in
catalyzing the polymerization. The redox potential for
a copper()-PMDETA complex was lower than that of
the copper(l)-dNbpy complex; hence, the PMDETA
systems exhibit a higher polymerization rate.!®

Reactivity Ratios. AIBN-initiated and ATR co-
polymerization of MA with 1-octene, followed in situ by
1H NMR, were examined as summarized in Table 2. The
trend obtained for the copolymerization from the online
NMR experiments (Table 2) was comparable to that
observed in the laboratory-scale experiments (Table 1).
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Narrow MMDs were obtained for the ATRP experi-
ments, suggesting conventional ATRP behavior with no
peculiarities caused by the incorporation of 1-octene.

Individual monomer conversions were monitored on-
line using NMR. Figure 4 shows sample spectra of the
polymerizing mixture after various reaction times (0—
540 min). To quantify the results and track the fractions
of the two monomers in the residual monomer mixture,
the various vinylic protons were integrated with respect
to the protons present in the aromatic region from
toluene, which was employed as the internal standard.
Integration of the signals yields relative amounts of
residual monomer in the polymerization mixture. These
amounts can easily be converted into comonomer frac-
tions. The fraction of MA in the residual monomer was
plotted as a function of overall monomer conversion
(Figure 5). This type of experimental data can be
described by the integrated copolymerization equation,
also known as the Skeist equation (eq 9).1°

f \refi-re) [ 1 — f, \rw/a-ra) fOA_ o\@-re)l@—ra=re)
§=1-(%
9 1-f9 fa— 0

(9)

where & is the fractional total conversion on a molar
basis, f $ is initial mole fraction of monomer A based on
the total amount of monomer, and ¢ is the following
function of the monomer reactivity ratios, ra and rg (eq
10):

_ 1—r,rg
ST e (0

From Figure 5, (i) an increase in the fraction of
1-octene in the monomer feed leads to a decrease in the
overall conversion. (ii) As the fraction of MA in the
monomer feed was decreased, there is a better ac-
cordance for the monomer conversion between FRP and
ATRP reactions (compare 5 and 6, 1 and 2). The
deviation is much larger between 1 and 2 as compared
to 5 and 6. Deviations from the steady-state ratio
between the two propagating radicals may occur during
the initial stages of an ATR copolymerization.2® This is
also most likely the origin of the observed deviations
between ATRP and conventional free radical copoly-
merization in this case. Additional research is currently
being carried out in our labs to prove the general
character of this phenomenon in living radical copoly-
merization.

The data from Figure 5 can be used to estimate the
reactivity ratios. The best way of estimating reactivity
ratios from experimental data is via the use of a
nonlinear least-squares method.?* The method of choice
in the present work calculates the sums of squares in a
relevant r;—r, space.?222 The minimum in the r;—r, sum
of squares surface is then easily found. This point
estimate is used to calculate the drawn curves shown
in Figure 5. The 95% joint confidence intervals are
subsequently determined as the curve of intersection
between the r;—r,; sum of squares surface and a hori-
zontal plane, the height of which is determined accord-
ing to a method previously described.?? The estimated
relative error in copolymer composition from NMR is
5%. The resulting point estimates and confidence in-
tervals for the six different experiments are shown in
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Figure 4. 'H NMR spectra of a MA—1-octene copolymerization, measured on line during the polymerization experiment (free
radical polymerization: foie = 0.25; AIBN = 10 mmol/L; reaction time = 9 h; reaction temperature = 80 °C).
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Figure 5. Plot of fraction of MA in the residual monomer as
a function of overall monomer conversion. Solid lines are best
fits according to the reactivity ratio point estimates as given
in Table 3 for ATRP experiments. Dotted curves are the
equivalent for conventional free radical copolymerizations.

Figure 6. The point estimates are summarized in Table
3. Experiment 1 (ATRP, foce = 0.10) is poorly described
by the Skeist equation. The uncertainty in the reactivity
ratios for this experiment is correspondingly larger than
that of the other experiments. As indicated above, the
most probable explanation for this observation is the
more frequently observed deviation from steady-state
equilibrium in ATR copolymerization. The fact that this
deviation from steady-state equilibrium mainly takes
place in the initial stages of the polymerization, and the
poor agreement is mainly observed in the later stages
is explained by the rather shallow decrease of the
fraction MA in the early stages of the polymerization.

Polymer Characterization. The synthesized co-
polymers were characterized using matrix-assisted laser
desorption/ionization—time-of-flight—mass spectrometry

(MALDI-TOF—MS). In a previous publication, SEC
and NMR were primarily used for the copolymer char-
acterization.®9 Determination of the accurate (relative)
molar masses of synthetic polymers is often difficult to
achieve. Detailed information on molecular structure,
such as identification of end groups, can be even more
difficult. Even though polymers with a molecular weight
of several hundred thousand daltons can be character-
ized by MALDI-TOF—-MS, most of the investigations
with this technique focus on the mass range where
single polymer chains are resolved.?* The resolved mass
range depends on the molar mass range of the repeating
units and on the resolution of the mass spectrometer.
In favorable cases, the polymer composition can be
deduced directly from the absolute mass of each signal
of the polymer distribution.

MALDI-TOF—MS spectra allow the determination
of the variation in chemical composition between indi-
vidual copolymer chains and comparison of the chemical
composition distribution (CCD) in different mass ranges,
coupled with very clear peak assignment with respect
to end group, theoretical mass, and isotopic mass
distribution.

Atom Transfer Radical Polymerization. Figure 7
shows the MALDI-TOF—MS spectrum for the MA/1-
octene copolymer (Table 1, entry 1). The overlap of
several distributions is clearly visible. This is typical
for the resolved mass distribution of a copolymer and
is due to the heterogeneity of the degree of polymeri-
zation, corresponding to the chain length distribution,
coupled with the heterogeneity in the chemical composi-
tion.

Figure 8 is an expansion of a selected portion of the
spectrum shown in Figure 7. The peak assignments of
Figure 8, described in Table 4, are made using the
following strategies: (i) comparison with the homopoly-
mer spectrum of MA, (ii) comparison of the experimental
masses and those theoretically calculated, and (iii)
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(3 mmol/L); reaction time = 9 h.

Table 3. Determined Reactivity Ratios for MA/1-Octene

mole fraction of
octene in monomer

mole fraction of
MA in monomer

entry? feed (fva) feed (foct) rma  Fi—octene
1*b 0.90 0.10 33 0
2¢c 0.90 0.10 752 0
3*b 0.75 0.25 5.92 0
4#d 0.75 0.25 6.77 0
5*b 0.50 0.50 7.55 0
6*e 0.50 0.50 7.13 0

a* = ATRP reactions; # = free radical polymerization (FRP)
using AIBN as initiator. ? Targeted Mp = 3000 g/mol; [monomer]:
[ebib]:[CuBr]:[PMDETA] = 32:1:0.5:0.5; Reaction time = 12 h.
¢ AIBN (3 mmol/L); Reaction time = 9 h. 9 AIBN (10 mmol/L);
Reaction time = 9 h. ¢ AIBN (3 mmol/L); Reaction time = 12 h.
Reaction temperature = 80 °C. Solvent:monomer volume ratio =
2:1.

comparison of the theoretical isotopic distribution with
the observed distributions. The polymer chains were

cationized with sodium and therefore were detected at
a m/z value of 23 Da above the theoretically calculated
mass.

After subtracting the mass of the cationization re-
agent, the detected signals should agree with the
expected masses of the copolymer chains, which can be
calculated according to eq 11:

Mqopo = 115.15 + [(m x 86.09) + (n x 112.21)] +
79.90 (11)

where 115.15 and 79.9 are the average masses of
the end groups from the initiator fragment and
bromine, respectively (since EBriB was used as the
ATRP initiator), 86.09 and 112.21 are the average
masses of the MA and 1-octene repeating units, respec-
tively, and m and n are the numbers of the monomers
in the chain.
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Figure 7. MALDI-TOF—-MS spectrum for MA/Oct copolymer, foit = 0.25, Foi = 0.12. Targeted M, = 3000 g/mol; [monomer]:

[EBriB]:[CuBr]:[PMDETA] = 32:1:0.5:0.5; reaction time =22 h
in the reflector mode; matrix: dithranol].

; reaction temperature = 80 °C (Table 1, entry 1) [spectrum acquired
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Figure 8. Expansion of the MALDI-TOF—MS spectrum for MA/Oct copolymer, foic = 0.25, Foce = 0.12. Targeted M, = 3000
g/mol; [monomer]:[EBriB]:[CuBr]:[PMDETA] = 32:1:0.5:0.5; reaction time = 22 h; reaction temperature = 80 °C (Table 1, entry

1) [spectrum acquired in reflector mode; matrix: dithranol].

Table 4. Peak Assignment of the MALDI-TOF—-MS
Spectrum Shown in Figure 8

peak MA l-octene  obsd mass  theor mass
no. units units (Da) (Da) Na*

34-2 34 2 3289.56 3289.64 1
33-3 33 3 3315.65 3315.77 1
32-4 32 4 3341.73 3341.89 1
30-5 30 5 3282.44 3281.93 1
29-6 29 6 3308.54 3308.05 1
28-7 28 7 3334.62 3334.18 1
27-8 27 8 3360.67 3360.31 1

However, the agreement between the theoretical and
observed masses is improved when eq 12 is employed.
In this equation, the terminal bromine atom is not
included.

M

copo = 115.15 + [(m x 86.09) + (n x 112.21)] (12)

During ATRP, most of the polymer chains are halide
end-capped. This is of paramount importance since, in
its absence, the reaction will be uncontrolled. It has been
already shown in this paper that M, increases linearly
with overall conversion for the ATRP copolymerizations
(Figure 3) and that a low PDI is obtained. Hence, the
reaction is certainly well controlled, and this in turn
indicates the presence of the halide at the copolymer
chain end. In MALDI-TOF—MS, during ionization (in

the range of laser intensity used in this work) it is
observed that the terminal Br fragments. Other groups
have already reported the loss of the HBr during
MALDI-TOF—MS analysis of poly(acrylates) produced
by ATRP.25 A careful choice of the laser intensity is
extremely important for the spectral quality in MALDI—
TOF—MS. There is an obvious tradeoff between obtain-
ing a spectrum with enough intensity (high laser power)
and obtaining a spectrum without signs of fragmenta-
tion or distortions.?®

The data in Table 4 demonstrate that several units
of 1-octene were incorporated in the polymer chain. This
indicates that the octene is behaving as a comonomer
and not simply as a chain transfer agent, in which case
at most two octene units would be observed. There is
an excellent correlation between the theoretical mass
and that experimentally observed, which further vali-
dates the presence of the olefin in the copolymer.
Moreover, the theoretical isotopic mass distribution is
in good agreement with the observed distribution (Fig-
ure 9). Since only one pair of end groups is evident, and
no chains seem to have been initiated by octene radicals,
it can be concluded that chain transfer to 1-octene in
the targeted MM range is negligible.

It has been already established by 3C NMR spectros-

copy that in free radical copolymerziation the olefin was
randomly distributed in the copolymer chain.8® From
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Figure 10. Expansion in different mass regions from a MALDI-TOF—-MS spectrum of MA/Oct copolymer. fo.t = 0.25, Foct =
0.12. Targeted M, = 3000 g/mol; [monomer]:[EBriB]:[CuBr]:.[PMDETA] = 32:1:0.5:0.5; reaction time = 22 h; reaction temperature
= 80 °C (Table 1, entry 1) [spectrum acquired in reflector mode; matrix: dithranol].

the MALDI-TOF—MS data, a clear pattern in the
sequence distribution is observed. This is achieved by
selecting regions of increasing mass from the obtained
MALDI—-TOF—MS spectrum (Figure 7) and expanding
them to similar scale ranges for easy comparison. The
peak assignments are made using eq 12. From Figure
10, an interesting trend is observed. In the low MM
region, the homopolymer peak of MA has the highest
intensity. In the progressively higher MM regions, the
copolymer peaks increase in intensity and the homo-
polymer peaks decrease in intensity. So, in essence, a
gradient copolymer type pattern is observed. This was
further confirmed by the copolymer fingerprint contour
plots obtained for samples withdrawn at different time
intervals during the ATR copolymerization (Supporting
Information, Figure 1). There was a clear broadening
observed in the contour plots for samples withdrawn at
later stages during the copolymerization. From the
plots, it was clear that as the copolymerization pro-
gressed, more octene was getting incorporated. More-

over, it is evident the number of octene units incorpo-
rated is greater than the expected number. That is, if
for a polymer chain with a degree of polymerization (DP)
of 10 say one unit of octene is incorporated, then for a
chain with DP of 20, only 2 units should be expected to
be incorporated. This most certainly is not the case.
The origin of a gradient-type comonomer incorpora-
tion has been discussed previously for the copolymeri-
zation of acrylate—methacrylate copolymerization. In
that case, there is a large difference in the activation
rate parameters between dormant chains that carry an
acrylate terminal group versus those with a meth-
acrylate terminal group. In the present case the situa-
tion is somewhat different, although the result is
similar. It is likely that for propagating radicals with a
terminal 1-octene unit the time constant for cross-
propagation is smaller than that for deactivation. In
other words, chains with a 1-octene terminal unit
exclusively undergo cross-propagation. Relevant activa-
tion rate parameters for o-olefin copolymerizations will
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Figure 12. Expansion of the MALDI-TOF—MS spectrum acquired for the fractionated SEC portion from the MA/Oct copolymer
(Table 1, entry 2) [spectrum acquired in reflector mode; matrix: dithranol].

be encompassed in a forthcoming paper. The resulting
gradient in copolymer composition or the relationship
between composition and molar mass may be inter-
preted as follows. At the onset of the copolymerization,
predominantly homopolymerization of MA occurs (since
MA is a more reactive monomer). During the copoly-
merization, due to composition drift, the fraction of
1l-octene in the remaining monomer increases; hence,
the probability of 1-octene being incorporated into the
polymer chain increases. The addition of an a-olefin is
followed by a very rapid cross-propagation, causing the
chain that incorporates the a-olefin to gain chain length
faster than the homo-MA chain.

Free Radical Polymerization. MM estimates provided
by MALDI-TOF—MS agree with the values obtained
by conventional techniques only in the case of samples
with narrow MMD,?” whereas with polydisperse poly-
mers MALDI-TOF—-MS does not give reliable results.
Hence the polydisperse samples obtained in this work
were fractionated by SEC, yielding narrow MMD samples
which, when analyzed by MALDI-TOF—-MS, gave good
mass spectra.

Figure 11 depicts the MALDI-TOF—MS spectrum for
a fractionated portion (by SEC) of a MA/Oct copolymer
synthesized using AIBN as initiator (Table 1, entry 2).
The copolymer was investigated to compare the CCD
between the FRP and ATRP systems. Figure 12 is an
expansion of a selected portion of the spectrum shown
in Figure 11. The peak assignment in the FRP case is
far more difficult than in the ATRP case. This is
primarily due to the multitude of different end groups
which are present, in addition to the heterogeneity
normally present for copolymers.

The peak assignments were made using the following
strategies: (i) predicting the possible end groups, which
result normally during a free radical reaction; (ii) com-

parison of the observed mass with those theoretically
calculated. The polymer chains were all cationized with
sodium and hence were detected at a m/z value 23 Da
above the theoretically calculated mass. All polymer
chains were assigned to various chemical compositions,
constituting of varying methyl acrylate (M) and octene
(O) units. All the copolymer chains can be divided into
having five pairs of end groups (E1, E2, E3, E4, ES).
The different end groups observed originate from the
various side reactions, which occur during conventional
free radical polymerization.

End group 1 (E1) was obtained as a result of chain
transfer to monomer or polymer. It has been shown that
octene acts as a chain transfer agent during free radical
polymerization [increasing the fraction of octene in the
monomer feed, resulting in lower overall conversion and
lower MM (Table 1, compare entries 2 and 4)]. Further,
previous work in the area of chain transfer to polymer
for acrylate monomers has clearly revealed that ab-
straction of the backbone proton from a dead polymer
chain may take place.?® The resulting end groups for
the polymer chain can be assigned according to eq 13

Mgpo = 68.09 + [(M x 86.09) + (n x 112.21)] + 1.00
(13)

where 68.09 and 1.00 are the average masses of the end
groups from the initiator fragment (2-cyanoprop-2-yl
radical from AIBN) and the abstracted hydrogen from
octene or dead polymer, respectively, 86.09 and 112.21
are the average masses of the MA and 1-octene repeat-
ing units, respectively, and m and n the numbers of the
monomers in the chain.

The polymer chains having end group 2 (E2) were
obtained due to termination via combination of the
propagating chains. Solomon and Moad?%3° conclude
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21 in end group E4 is the 2-cyanoprop-2-yl fragment from
AIBN.

that despite the sparsity of reliable data, termination
of polymerizations involving vinyl monomers occurs
predominantly via combination. Equation 14 represents
the product of termination via combination.

Moo = 68.09 + [(M x 86.09) + (n x 112.21)] +
68.09 (14)

where 68.09 is the average mass of the end group from
the initiator fragment (AIBN fragment), 86.09 and
112.21 are the average masses of the MA and 1-octene
repeating units, respectively, and m and n the numbers
of the monomers in the chain.

The octene radical formed via chain transfer to
monomer can also initiate the polymerization, though
the rate coefficient of initiation by this stable allylic
radical is very slow. These initiated chains also termi-
nate as a result of chain transfer from monomer or
polymer (eq 15), producing end group 3 (E3).

Moo, = 111.20 + [(M x 86.09) + (n x 112.21)] +

1.00 (15)

copo

where 111.20 and 1.00 are the average masses of the
end groups from the octene allylic radical and the
abstracted hydrogen from an octene or via chain trans-
fer to polymer, respectively, 86.09 and 112.21 are the
average masses of the MA and 1-octene repeating units,
respectively, and m and n the numbers of the monomers
in the chain.

Chain transfer to polymer occurring during free
radical polymerization of acrylates can lead to -scission
in the temperature range 80—240 °C (Scheme 2).31
Abstraction of a proton from a dead polymer chain
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backbone results in the formation of an intermediate
radical, which in turn can undergo S-scission. As a result
of this, a new propagating radical and a macromonomer
are formed. The new propagating radical may also be
terminated as a result of transfer events. Thus, two
polymer chains with two different pairs of end groups
are obtained. The polymer chains with end groups 4 (E4)
and 5 (E5) were assigned as shown in Scheme 2.

On comparison of data obtained from the MALDI—
TOF-MS spectra for the free radical and ATRP systems,
the important observation that can be made is, since,
for the ATRP systems only one pair of end groups was
evident, and no chains seemed to have been initiated
by the octene radicals, it can be concluded that chain
transfer events, if any, in the targeted MM range were
negligible.

Conclusions

The atom transfer radical copolymerization (ATRP)
of methyl acrylate (MA) with 1-octene was investigated
in detail. Well-controlled copolymers constituting almost
25 mol % of 1-octene were obtained using ethyl 2-
bromoisobutyrate (EBriB) as initiator. Narrow molar
mass distributions (MMD) were obtained for the ATRP
experiments, which suggests conventional ATRP be-
havior, with no peculiarities caused by the incorpora-
tion of 1-octene. The feasibility of the ATRP copolymer-
izations was independent of the ligand employed. Co-
polymerizations carried out using 4,4'-dinonyl-2,2'-
bipyridine (dNbpy) resulted in good control, with sig-
nificant octene incorporation in the polymer. The lower
overall conversion obtained for the dNbpy systems as
compared to that for the PMDETA systems was at-
tributed to the redox potential of the formed copper(l)—
ligand complex. The comparable free radical (co)poly-
merizations (FRP) resulted in broad MMDs. Increasing
the fraction of the olefin in the monomer feed led to an
increase in the level of incorporation of the olefin in the
copolymer, at the expense of the overall conversion.

There was a good agreement between the reactivity
ratios determined for the ATRP and FRP systems.

The formation of the copolymer was established using
matrix-assisted laser desorption/ionization—time-of-
flight—mass spectrometry (MALDI-TOF—MS). From
the obtained MALDI-TOF—MS spectra for the ATRP
systems, several units of 1-octene were incorporated in
the polymer chain. A gradient trend in the monomer
sequence distribution was observed during the co-
polymerization. This was attributed to the rapidity of
cross-propagation of 1-octene-terminated polymeric radi-
cals with MA. In ATRP polymerizations, only one pair
of end groups was observed. By comparison, for the FRP
systems, due to the multitude of side reactions occur-
ring, several end groups were obtained. Hence, a narrow
chemical composition distribution was obtained for the
ATRP systems.
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