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Reversible Addition—Fragmentation chain Transfer (RAFT) polymerization has emerged as one of the most
versatile reversible deactivation radical polymerization techniques and is capable of polymerizing a wide
range of monomers under various conditions. One of the most important factors governing the success
of a RAFT polymerization is the fraction of living chains at the end of the reaction, which can be maxi-
mized by using a low amount of initiator. From the point of view of the process, it is tempting to perform
the polymerization in solution, which allows a better mixing. However, in this work it is shown that this
choice may be negative for the quality of the polymer. Detailed analysis using Matrix Assisted Laser
Desorption lonization Time of Flight Mass Spectrometry (MALDI-TOF MS) of poly(n-butyl acrylate) (pBA)
obtained at high conversion in the RAFT solution polymerization revealed that in addition to the polymer
chains, formed by the RAFT mechanism, there were two distinct populations resulting from chain transfer
to solvent and transfer to polymer followed by p-scission. Complementary results from Size Exclusion
Chromatography coupled with Multi Angle Light Scattering detector (SEC/MALS), quantum chemical
calculations, and a mathematical model that predicts product distributions, were also used to further
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confirm the assigned structures. The results highlight the scope and limitation on the living fraction of
chains due to chain transfer events using RAFT polymerization and reversible deactivation radical poly-
merizations in general, and furthermore, yielded information about the fate of midchain radicals formed
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Introduction

The large commercial demand for acrylic polymers has
prompted research toward improving processes for the
polymerization of acrylates. Most poly(acrylates) are produced
by free radical polymerization that, in comparison to anionic
and cationic polymerizations, provides poor control of the
polymerization." Reversible deactivation radical polymeriz-
ation techniques®® allow a much better control of this
microstructure. Most of these methods utilize a dynamic equili-
brium between the growing radicals and dormant species.
Among these techniques, reversible-addition-fragmentation
chain transfer (RAFT) polymerization is attractive because it
has the advantage of being compatible with a wide range of
monomers,” notably including acidic monomers, and it can be
performed in an extensive range of solvents and under a broad
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by intramolecular transfer to polymer.

range of conditions. In addition, recent work has highlighted
the potential of RAFT polymerization for the synthesis of multi-
block copolymers due to the high living fraction of polymer
chains that can be obtained by exploiting the degenerative
transfer mechanism of the polymerization."”™ In RAFT
polymerization, thiocarbonylthio compounds with generic
formula R-S—(C=S)-Z (referred to as RAFT agents) are
employed as highly active chain transfer agents which allow
for growth of all chains throughout the polymerization.

Standard free radical initiators are used to generate radicals
which react with the thiocarbonylthio compound to generate
an intermediate radical, as can be seen in Scheme 1. This
intermediate radical then fragments via a p-scission process
which results in reformation of the thiocarbonylthio group at
the dormant chain end and an active, propagating radical.
Through this reversible addition-fragmentation process an
equilibrium between dormant and active chains is established
and control over molecular weight and end group functionality
can be achieved.

The factors governing the success of a RAFT polymerization
are the fraction of living chains at the end of the reaction and
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Scheme 1 Mechanism of the RAFT polymerization of pBA using trithiocarbonate as CTA (e.g. TTCA-4) and products formed from of backbiting and
B-scission.

the achievement of a narrow molecular weight distribution From the point of view of the process, it is beneficial to
(MWD). Under conditions where termination reactions lead to  perform the reaction in solution, particularly for higher T,
a significant number of dead chains, the MWD can be nar- polymers, which allows for a better mixing during the reaction.
rowed and the fraction of living chains increased by simply However, solution polymerization may present two major
lowering the [initiator]/[RAFT agent] ratio. drawbacks in comparison to bulk polymerization. Firstly, it

The choice of RAFT agent and initiator can also play a key increases the possibility of chain transfer to solvent, which
role in the control of the polymers structure and can avoid increases the fraction of dead chains. Secondly, in solution
undesired products which can result from reactions of the polymerization of acrylic monomers, the lower monomer con-

8,9,12-15

RAFT intermediate radicals. centration promotes intramolecular transfer to polymer (back-
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biting)'®"” and this results in a large fraction of tertiary rad-
icals which can subsequently react to form branch points, or
undergo B-scission to yield macromonomers, thus impacting
on the kinetics, molecular weight distribution and end group
functionality of the polymerization (see Scheme 1).'572°

In order to ascertain the extent to which the product distri-
bution is affected by the side reactions influenced by the
process conditions, a comprehensive analysis of the product
mixture is needed. Matrix assisted laser desorption ionization
time of flight mass spectrometry (MALDI-TOF MS)*'?* is the
most promising technique for such analysis.

Despite the widespread use of acrylic polymers in RAFT
polymerization and the importance associated with maintain-
ing the living nature of the polymeric RAFT agents, relatively
little has been published regarding the detailed characteriz-
ation of pBA-RAFT polymers by MALDI-TOF MS>***° especially
at higher conversion, which is the region of interest for most
applications. In addition, most work to date has focused on
the reactivity of the RAFT intermediate radical and potential
side products arising from various modes of termination. In
the RAFT polymerization of BA using cumyl dithiobenzoate
Venkatesh et al®® used MALDI-TOF as a tool in order to
explore the effects of termination of the RAFT intermediate
during monomer-free, model experiments and observed the
formation of 3- and 4-arm star structures. Similarly, Ah Toy
et al.™* studied the RAFT polymerization of methyl acrylate and
observed significant number of species arising from oxidation
of the RAFT agent as well as two armed stars which were
thought to arise by disproportionation of the RAFT intermedi-
ate radical. Chirowodza et al?’ synthesized polymer/clay
hybrid materials by grafting polymer chains from the surface
of LAPONITE® clay via surface-initiated RAFT polymerization
of BA, and the grafted polymer chains were analyzed using
MALDI-TOF MS. The end-group structures of the free and
grafted polymers were studied. Their work expands the appli-
cation range for MALDI-TOF MS, as it shows that the analysis
of polymers attached to a solid surface via electrostatic inter-
actions is possible without detaching them.

In order to gain a greater insight into the effects of chain
transfer reactions and intermediate radicals on the product
distribution in RAFT polymerization of acrylates, in this work
we study in detail poly(n-butyl acrylate) (pBA) produced using
a trithiocarbonate RAFT agent in solution and in bulk by
means of MALDI-TOF MS combined with other techniques
including Nuclear Magnetic Resonance (NMR) and Size Exclu-
sion Chromatography coupled with a Multi Angle Light Scat-
tering detector (SEC/MALS). The results are analyzed by means
of a detailed mathematical model, highlighting the impor-
tance of the process conditions on the fraction of living chains
as well as on the individual molecular weight distributions of
the distinct species formed in the polymerization.

To begin, we present results for the RAFT polymerization of
butyl acrylate in ethanol, a solvent that is particularly useful in
synthesis of multiblock polymers made out of monomers of
widely different polarity such as BA and acrylic acid (AA)**°
whose effectiveness is hindered by chain transfer to solvent.

This journal is © The Royal Society of Chemistry 2015
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After showing the huge impact that transfer reactions can have
on the living fraction of chains we subsequently present
results under conditions where transfer reactions are con-
sidered to have less impact using the same RAFT agent,
2-[(butylsulfanyl) carbonothioyl sulfanyl] propanoic acid
(TCCA-4). Solution polymerization are conducted at 20%
monomer content in benzene, where solvent transfer is low
but transfer to polymer and p-scission reactions remain signifi-
cant, at 70% in dioxane, as a typical reaction medium, and in
bulk where both transfer to polymer and transfer to solvent
are low.

Materials and methods
Chemicals

Butyl acrylate (BA, Quimidroga), 4,4'-azobis(4-cyanopentanoic
acid) (V-501, Fluka), and 2,2’-azobis(2-methylbutyronitrile)
(AMBN, Sigma-Aldrich) were used as received. Ethanol,
dioxane, benzene (Scharlab) and HPLC grade tetrahydrofuran
(THF, Scharlab) were used as solvents. 2-[(butylsulfanyl) carbono-
thioyl sulfanyl] propanoic acid (TTCA-4) was prepared
according to Ferguson et al®’ MALDI matrices: a-cyano-4-
hydroxycinnamic acid (CHCA, Aldrich) and trans-2-[3-(4-tert-
butylphenyl)-2-methyl-2-propenylidenemalononitrile (DCTB,
Aldrich). Cationization agents: sodium iodide (Nal, Aldrich),
sodium trifluoroacetate (NaTFA, Aldrich) and potassium tri-
fluoroacetate (KTFA, Aldrich).

Synthesis of pBA by RAFT polymerization

Solution and bulk RAFT polymerizations were carried out
using TTCA-4 as RAFT agent. Scheme 1 shows the reaction of
the synthesis. The solution polymerization was carried out by
mixing BA, TTCA-4 and V-501 in different solvents at molar
ratios 15:1:0.1 and total solids content of 20%. Ethanol,
dioxane and benzene were used as solvents. The solution was
placed in a 0.10 L glass bottle, sealed and purged for 10 min
under N, atmosphere. The reaction was carried out by placing
the bottle in a rotating device and immersed in a thermostatic
bath at 60 °C by 24 h. Bulk polymerization was performed at
60 °C in a round bottomed flask on a scale of 2 g to alleviate
the possibility of any exotherm. The molar ratio of reactants
and the reaction temperature was the same as the solution
polymerizations but the initiator was replaced with AMBN due
to low solubility of V-501 in butyl acrylate. The resulting homo-
polymer (pBA) was dried in a vacuum oven for 40 °C in order
to remove all the residual monomer and the solvent. Then, it
was analyzed by MALDI-TOF MS, NMR and SEC/MALS. The
theoretical molar mass was calculated according to:
M = <XMM ) + M,
n,calculated [RAFT] WBA WRAFT

where [BA] and [RAFT] are the initial monomer and RAFT
agent concentrations, Myga and Mygapr are the molar masses
of butyl acrylate and RAFT agent, and X is the monomer con-
version determined gravimetrically.

Polym. Chem., 2015, 6, 5437-5450 | 5439
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Size exclusion chromatography (SEC) coupled with a multi
angle light scattering (MALS) and refractive index (RI) detectors

The average molar mass of the pBA was analyzed by SEC/
MALS. The equipment was composed by a LC20 pump (Shi-
madzu) coupled to a miniDAWN Treos multiangle (3 angles)
light scattering laser photometer equipped with an He-Ne
laser (1 = 658 nm), an Optilab Rex differential refractometer
(4 = 658 nm) (all from Wyatt Technology Corp., USA). Separ-
ation was carried out using three columns in series (Styragel
HR6, Styragel HR4 and Styragel HR2, with pore sizes of 10°
10* and 10% A, respectively). Filtered toluene (HPLC-grade from
Sigma-Aldrich) was used for the calibration of the 90° angle
scattering intensity. The detectors at angles other than 90° in
the MALS instrument were normalized to the 90° detector
using a standard (PS 28 770 g mol™", Polymer Labs), which is
small enough to produce isotropic scattering, at a flow rate of
THF through the detectors of 1 mL min~". In addition, the
same standard and conditions were used to perform the align-
ment (interdetector delay volume) between concentration and
light scattering detectors and the band broadening correction
for the sample dilution between detectors.

The analysis was performed at 35 °C and THF was used as
mobile phase at a flow rate of 1 mL min~". The dried polymer
was diluted in HPLC grade THF at concentrations of about
4 mg mL™" and then was injected into the equipment. The dn
dc™" used for the molar mass calculation was the one corres-
ponding to pBA (dn dc¢™' = 0.064 mL g ').>* Due to the low
molecular weight of the polymers synthesized herein, this dn
dc™" value will be an approximation of the true value and may
result in some error in the calculation of molecular weights.
The SEC/MALS data was analyzed by using the ASTRA software
version 6.0.6. (Wyatt Technologies, USA). The absolute molar
mass was calculated from the MALS/RI data using the Debye
plot (with 1°° order Zimm formalism).

Mass spectrometry

MALDI-TOF MS measurements were performed on a Bruker
Autoflex Speed system (Bruker, Germany) instrument equipped
with a 355 nm Nd:YAG laser. All spectra were acquired in the
positive-ion reflectron mode (accelerating voltage 20 kV,
pressure 5 X 10~° mbar). Samples were prepared with CHCA
and DCTB. CHCA matrix was dissolved at concentration of
10 g L' and DCTB at 40 g L' in THF.?® Nal, NaTFA and/or
KTFA were added as cationic ionization agents (approximately
10 ¢ L' dissolved in THF). The matrix, salt and polymer solu-
tions were premixed in the ratio 10:1: 10 (matrix : salt : sample).

Density functional theory calculations

All the density functional theory calculations (DFT) have been
carried out with the Gaussian 09*° suite of programs using the
MO06-2X>* functional. Structure optimizations were performed
in gas phase by using the 6-31+G(d) basis set*®> and harmonic
vibrational frequencies were obtained, at the same level of
theory, by analytical differentiation of the gradients in order to
determine whether the structures were minima or transition
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states. These frequencies were then used to evaluate the zero-
point vibrational energy (ZPVE) and the thermal corrections,
at T = 298 K, to the enthalpy and Gibbs free energy in the
harmonic oscillator approximation. The electronic energy was
refined by single-point calculations using the 6-311++G(d,p)
basis set.*®

Nuclear magnetic resonance

The degree of polymerization (DPg,) was determined by
"H-NMR spectra recorded on a Bruker nuclear magnetic reso-
nance instrument (400 MHz Spectrometer, Germany) using
CDCl; as the solvent and tetramethylsilane (TMS) as internal
standard. Molar mass was calculated according to:

My xvr = DPpaMygpa + Myrarr

Results and discussion

In order to demonstrate the effect of transfer to solvent on the
livingness and molecular weight distribution of polymers pro-
duced by RAFT we first synthesized a low molecular weight
PBA polymer in ethanol, a known transferring solvent which
has been wused in the synthesis of multiblock BA/AA
copolymers.”®° The synthesis of pBA by RAFT polymerization
in ethanol solution proceeded to 98% conversion. Table 1 pre-
sents the number and weight-average molar masses (M, M),
the dispersity () and the polymerization degree (DP,,) obtained
by the different techniques (MALDI-TOF MS, SEC/MALS and
'"H-NMR) together with the theoretical values. It should be
noted that, as expected from RAFT polymerization, a low dis-
persity was achieved and the degree of polymerization is also in
good agreement with the theoretical value. For MALDI-TOF MS,
the species with the highest ionization efficiency observed in
the spectra were considered for molar mass calculations. The
slightly higher molecular weight values obtained by SEC/MALS
are related to the low-light scattering signal at high elution
times (small molecular weights). It is worth noting that in SEC/
MALS chromatography, in order to accurately calculate the
molar mass, the signal of the detectors should be sufficient in
the whole elution range, and at small elution volumes SEC/
MALS signal is more sensitive than refractive index (RI), and
the opposite happens at large elution times. A consequence is
that dispersity is likely underestimated.

Table 1 Number and weight-average molar masses (M,, M,,), dispersity
(D) and polymerization degree (DP,) obtained by different techniques
(MALDI-TOF MS, SEC/MALS and *H-NMR) together with the theoretical
values for the pBA synthesized in ethanol solution (98% conversion)

M, M,
Label (g mol™) (g mol™) b DP,
Theoretical 2102 — — 15
SEC/MALS 2900 3000 1.025 21
MALDI 2393 2509 1.048 17
"H-NMR 2289 — — 16

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5py00838g

Open Access Article. Published on 25 June 2015. Downloaded on 11/5/2025 10:32:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Polymer Chemistry Paper
OBu
2
N )J\ OH
s s COOH
n I
)
o OBu 5 o OBu o OBu
4 S 6
cN
HO.
/\/\s s OH H COOH COOH
1 n n
7* 0. 2L 9 ° OBu
HO HoOC
H COOH OH OH
NC' 1
10 o oBu 11 12% o oBu
CN
Hooc HOOG Buo
COOH COOH COOH
NC 1
[e]
13 oe 14 . 15 oL _ow
€O.Bu COzBu s
A Bus)ks €O,Bu
b n
16 17
X—{[CsH120,ln—8 s SC4H9
X—[C7H1202Jn——8 [C7H1202n—X
SC4Ho
SCaHo X—[C7H1202]n S§——IC7H20,n—X
X—[C7H1205Jn——S§ [C7H1202In—X
[C7H1202n—X SC4Hq

Fig. 1 Possible structures derived from the reaction of n-pBA using TTCA-4 as RAFT agent, and initiated with V-501 in ethanol. Structures from 1 to
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(from 16 to 18) (being X the initiator radical and/or R group) that result from termination of the intermediate RAFT radicals with various radical

species. These 2-, 3- and 4-arm star structures have been reported in the literature®®

and 12.

Taking into account the different possible reactions of the
radicals showed in Table 1S (ESIt), 18 different structures were
considered for the assignment of the peaks in the spectra
(Fig. 1). Moreover, for each structure, three possible adducts
(proton, [M + H]; sodium, [M + Na]*, [M + 2Na-H]";*” and pot-
assium, [M + K]') were considered, therefore, more than 100
possibilities were evaluated in this work.

The MALDI-TOF mass spectra of pBA produced by solution
polymerization in ethanol using DCTB as MALDI matrix and
NaTFA salt as cationization agent*® are shown in Fig. 2. A
CHCA matrix and Nal salt was also used, but better resolution
of the spectral peaks was obtained with the aforementioned
system. The mass spectrum of this sample consists of numer-
ous groups of peaks (or series of peaks). Fig. 2 presents these
groups of peaks in enlargements made at different mass
ranges (A) 1500-1580, (B) 1880-1960, and (C) 2520-2600 Da. It
can be seen that although the relative intensity of the peaks
varies with the mass range, the main peaks appeared in all

This journal is © The Royal Society of Chemistry 2015

using dithiobenzoate as RAFT agent. * Detected structures 1, 7

ranges. It is observed that the molar mass difference between
two consecutive peaks of the same kind, e.g., between two con-
secutive S1 peaks, is 128.08 Da, which corresponds to the
mass of one BA monomer unit. Peaks S1 and S3 were assigned
to structure 1 in Fig. 1, which is formed in the main equili-
brium of the RAFT agent and contains an R group and a RAFT
group at either end of the chain. The difference is that S1 cor-
responds to [M + Na]" adduct (M being the polymer) and S3 to
the [M + 2Na-H]" adduct. The formation of these adducts has
been also reported by Arakawa et al.*” for acrylic acid polymers.
A good agreement between the theoretical and experimental
isotopic distribution was achieved (Fig. 3).

The S2 and S4 series were attributed to a hydrogen termi-
nated product containing an R terminal group, labeled species
7 in Fig. 1, with [M + Na]" and [M + 2Na-H]" adducts, respecti-
vely. The structure can be further confirmed by the good
agreement between the theoretical isotopic distribution and
the experimental one (Fig. 3). In order to explain species 7, two

Polym. Chem., 2015, 6, 5437-5450 | 5441
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mechanisms may be proposed: (a) fragmentation of the
polymer during the ionization process inside the spectrometer,
which could allow the generated radical P, to take a proton
from the acidic medium of the matrix preparation; and (b)
proton transfer from the solvent to the radical species Pp,.
Characterizing by MALDI and electrospray ionization (ESI) a
poly(methyl methacrylate) synthesized by RAFT polymeriz-
ation, Jiang et al.>® demonstrated that labile end-groups, such
as the dithioester groups, can be lost in MALDI-TOF MS experi-
ments during the ionization process. In order to investigate if
this may occur in the present case, a study of the energetics of
the process using density functional theory (DFT) calculations
was performed. This consists of breaking different bonds and

5442 | Polym. Chem., 2015, 6, 5437-5450

reacting with the protons of the medium. The calculations
showed that the C-S bond cleavage during MALDI ionization
with the laser energy is feasible since the BuS(C=S) $ group
may be detached from the polymer during the desorption
process, forming a new carbanion (AH = 51.94 kcal mol™)
which is able to remove a proton from the matrix to form the
hydrogenated species (AH = —188.19 kcal mol™"). The whole
process is thermodynamically favorable (AH = —129.32 kcal
mol™"). This point should not be underestimated since in
many types of reversible deactivation radical polymerization,
the control agent is relatively labile and during MALDI ioniza-
tion may cause the presence of hydrogen terminated pro-
ducts.*® However, if fragmentation of the polymer during the

This journal is © The Royal Society of Chemistry 2015
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The series S1 and S3 were assigned to structure 1 from Fig. 1, and for S2

and S4 were assigned to species 7 from Fig. 1 due to chain transfer to

solvent. S1 and S2 correspond to sodiated species [CsHgS3—(C7H1505)15—C3Hs0, + Nal* (S1) and [H—(C;H150,)19—C3Hs0, + Nal™ (S2), while S3 and
S4 form different adduct [C5HQS3—(C7H1202)18—C3H502 + 2Na—H]+ (S3) and [H—(C7H1202)19—C3H502 + 2Na—H]+ (54)37

ionization process were the cause of the presence of species 7,
the ratio (S1 + S3)/(S2 + S4) should be constant along the MWD
because fragmentation during MALDI ionization is pro-
portional to the number of C-S bonds, normally one per
chain. Therefore, the fragmentation should be the same for all
lengths. However, Fig. 2 shows that this is not the case and the
ratio (S1 + S3)/(S2 + S4) increased with the molecular weight.
This suggests that chain transfer to solvent is responsible for
the hydrogen terminated species (S2 + S4).

The explained results about the end-groups S1, S2, S3 and
S4 were confirmed by the use of other MALDI matrices and
cationization agents: CHCA/Nal, DCTB/NaTFA and DCTB/
KTFA (Fig. 1S, ESIt). Venkatesh et al*® selected the DCTB/
NaTFA system to characterize pBA polymers synthesized using
cumyl dithiobenzoate as RAFT agent and, by generating poly-
meric radicals using ATRP type chemistry in the presence of
RAFT agent, were able to detect 2-, 3- and 4-arm star structures
due to the relatively high stability of the intermediate radical.
In our case, after comparing the mass spectral peaks obtained
using the same matrix system (Fig. 2) and using CHCA and
Nal (not shown), it could be confirmed that none of these arm
star structures was present, so the trithiocarbonate type RAFT
agent used here seems to be more selective and appropriate to
avoid undesired products resulting from termination of the
RAFT intermediate radical and additionally to avoid oxidation
of the RAFT agent.

This journal is © The Royal Society of Chemistry 2015

Fig. 2 shows the presence of small amounts of species S5
that can only be observed at moderate molecular weights.
This species was attributed to the product of intramolecular
transfer to polymer, followed by p-scission (Scheme 1) leading
to a terminally unsaturated species, labeled structure 12 in
Fig. 1. In order to verify the backbiting reaction, the low
masses were analyzed and the small fragments arising from
these reactions were detected as proton and potassium
adducts as KTFA salt was used (Fig. 4). Both the low molecular
weight radical formed by p-scission in one direction (observed
as the corresponding radical having terminated by dispropor-
tionation) and the low molecular weight macromonomer
formed by scission in the other direction were observed.
Interestingly, no higher molecular weight analogues of this
compound were observed.

It has previously been shown that migration of the mid-
chain radical can result in a size selective molecular weight
distribution®>*® of this macromonomer in monomer free
experiments designed for macromonomer synthesis. The fact
that this cannot be seen in this case would suggest that the
migration process is negligible in the presence of competing
propagation reactions. This result will impact on expected dis-
tributions of short and long chain branches in synthesis of
acrylic polymers and would suggest that only short arm
branches (of two monomer units) would be expected under
standard reaction conditions.
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Fig. 4 Enlargements of MALDI-TOF mass spectra in reflectron mode of
two generated molecules after backbiting and p-scission reactions
(Scheme 1), and the corresponding adducts (blue, upper trace). (A) and
(B) represent proton and potassium adducts of Cy;Hz60¢ (Mg, m/z =
384.25 Da) and (C) represents the C13H»,04 structure without forming
any adduct (M, m/z = 242.15 Da). Comparison of each adduct with
theoretical isotopic mass distribution is also shown (green, below) (D, E
and F).

In order to determine whether the proposed structures were
compatible with the accepted mechanisms for their formation
we constructed a mathematical model that takes into account
propagation, activation and deactivation reactions, chain trans-
fer to solvent, backbiting and p-scission, and is capable of
yielding the complete molecular weight distribution of each
individual species (see ESIf for details). Due to the known
experimental observations of a reduction in products arising
from intramolecular transfer to polymer both in the presence
of hydrogen bonding solvents*"** and under conditions of
reversible deactivation,**** the rate constant for backbiting
obtained from radical polymerization in hydrocarbon solvents
was reduced accordingly (see ESIt). The cause of the reduction
in the rate coefficient under these conditions is still uncertain
and therefore the amount by which it is reduced was estimated
from previous literature data. Fig. 5 shows a comparison
between the spectra generated from the mathematical model
(above) and the most intense series of the MALDI spectra
(below) representing the peaks related to series S1 (+S3),
S2 (+S4) and S5. Both spectra show similar MWD for each series
in the same mass range. The profile of the series S2 is also
similar to the experimental one, and displays the experimental
trend of a shift to lower masses compared to S1. The shift to
lower masses is to be expected if the peak is the result of chain
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Fig. 5 Comparison between the spectra generated from mathematical
model (above) and the most intense series of the MALDI spectra (below)
for RAFT polymerization of BA in solution of ethanol with TCCA-4 and
V-501, representing the three different detected species. In MALDI spec-
trum the experimental peaks represented as black squares and red
circles are the sum of the two adducts for each one. Below each spec-
trum an enlargement to see S5 behaviour.

transfer to solvent because this event results in a dead chain
whose mass can no longer increase while the main chain distri-
bution will continue to extend throughout the polymerization
due to the living nature of the reaction. This is in contrast to
what one would expect if the peak was simply due to loss of the
labile RAFT group upon MALDI ionization. The comparison of
these spectra reinforce the idea that a significant amount of
chain transfer to solvent takes during RAFT polymerization of
PBA under these conditions. This also highlights that hydrogen
terminated species which result from ionization, can be distin-
guished from products resulting from chain transfer simply by
the looking at the relative mass distributions.*>*

Similarly, good agreement between the model and experi-
mental data for the molecular weight distribution for the
product of p-scission, S5, can be observed with a greater inten-
sity at lower molecular weights. This higher intensity at lower
molecular weights is due to the decrease in molecular weight
with respect to the main chain caused by the p-scission
reaction, which fragments the polymer, creating a lower

This journal is © The Royal Society of Chemistry 2015
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molecular weight macromonomer. Although this macromono-
mer is technically a reactive species,”” due to the lower rate
constant for propagation and (mainly) the low concentration
the probability of this molecule reacting further is low. Thus,
while the main chain distribution is constantly growing, any
macromonomer formed tends to remain at lower molecular
weight. This tendency becomes more obvious as target chain
length increases since the chains grow to a greater extent.

One important conclusion from this analysis is that even at
moderate temperatures a significant number of side products
can arise that can affect not only the molecular weight distri-
bution but also the livingness of the polymerization. This is
particularly important for obtaining high molecular weight
polymers and for recently developed processes for synthesis of
multiblock copolymers in one-pot systems where conversion is
taken to high values between each sequential monomer
addition stage.”®° Formation of multiblocks is only possible
if after each extension step (which typically proceeds to high
conversion) a high living fraction of chains remains. In RAFT
it has been assumed that a high living fraction can be achieved
simply by using a low [Initiator]/[RAFT] ratio®** but the
present results highlight that a substantial fraction of dead
chains can arise from alternative reactions.

In order to quantify this effect, the fraction of living chains
with RAFT groups attached can be calculated by summing the
concentration chains formed from the RAFT agent and of new
chains created by transfer to solvent [C], f-scission [Cg] and
the concentration of terminated chains according to

. [RAFT]

[RAFT] + [G5] + [Cy] + 2f 1o (1 — e7k+) (1 _ g)

where ¢ is the fraction of total chains terminated that termi-
nate by combination as opposed to disproportionation. The
concentration of dead chains formed by chain transfer to
solvent is given by

[Cs] = —Ce[S]In(1 — X)

and from p scission

[CB} _ 1+ Kp3Kppb X )

Kop 1 (
n{1-+
1 + Kp3Kpp 1+ Kp3[M]y+Kp3Kpp 1 — X
where G = ke/kp, [S] is the solvent concentration, Ky, = kyp/kp,
Kps = kpslkg, and ke, kp, kb, kps, kp are the rate coefficients of
chain transfer to solvent, propagation, backbiting, propagation
of the tertiary radical and p-scission respectively. The derivation
of these equations along with that to calculate chain transfer to
monomer is given in the ESL.f From this equation it can be
seen that if any chain transfer process generates a significant
number of chains with respect to the initial RAFT agent con-
centration then the living fraction of chains will be affected
and it follows that the number average degree of polymeriz-
ation will decrease compared to the ideal case. This is therefore
particularly important at high target degrees of polymerization
(low [RAFT]y) where small numbers of chains generated will
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affect the living fraction to a greater extent. This effect applies
equally to RAFT as to other reversible deactivation radical
polymerization techniques such as NMP and ATRP.

Fig. 6 shows the fraction of dead chains accumulated as a
result of chain transfer to solvent for the solution polymeriz-
ation of butyl acrylate with varying solvents and from the frac-
tion of dead chains arising from [ scission reactions of
midchain radicals at various temperatures calculated using the
parameters given in Table 3S of the ESL{ It can be seen that
the process of chain transfer to solvent is less sensitive to
changes in conversion than f-scission as may be predicted
from the strong effect of monomer concentration on formation
of tertiary radicals, and the subsequent scission reaction.
With regards to chain transfer to solvent, it can be seen that
the solvent choice impacts hugely on the livingness of the
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Fig. 6 (Above) Modelled effect of solvent and conversion on fraction of

dead chains formed by chain transfer to solvent compared to living
chains [C,]/[RAFT], for polymerization of butyl acrylate at 60 °C ([M]o =
1.2 M, ([RAFT]g = 0.08 M). Values for chain transfer constants were
obtained from literature (Ce; = kei/kp = 0.17 x 107 (t-butanol), 0.22 x
107" (benzene), 0.9 x 107 (toluene), 2.91 x 10™* (n-butanol), 4.38 x
10~ (ethanol), 13.8 x 10~ (cumene), 3.9 x 10~* (dioxane)).>>>* (Below)
Modelled effect of temperature and conversion on fraction of dead
chains formed by f-scission compared to living chains [Cl/[RAFT], for
polymerization of butyl acrylate ([M]p = 1.2 M, ([RAFT], = 0.08 M). No
adjustment was made for any potential reduction of the rate of backbit-
ing under conditions of reversible deactivation or with hydrogen
bonding solvents.
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polymerization and that even for the short chain lengths
obtained with the [M],/[RAFT], ratio used in the simulations, a
solvent with very low chain transfer rate coefficient must be
used in order to obtain a polymer with high living fraction. For
chains arising from f-scission of midchain radicals a large
effect of temperature on the number of new chains created can
be observed. This is expected due to the high activation ener-
gies of backbiting and particularly p-scission and highlights
the need to polymerize at low temperatures to avoiding the
degradative effects of B-scission.

These results emphasize the importance of solvent choice
and temperature on the potential for multiblock polymers. To
date, such syntheses have only been shown to be successful in
solvents with low transfer to solvent rate coefficients such as
dimethyl sulfoxide (DMSO) and water. Unfortunately, we could
not find any rate coefficients to demonstrate the effect of
DMSO in Fig. 6. Furthermore, synthesis of such multiblock
copolymers consisting of acrylic monomers, which are highly
influenced by chain transfer to polymer events, have been
shown to be successful only at low temperatures where back-
biting and subsequent scission of the midchain radical can be
sufficiently neglected. In this respect the success of the syn-
thesis of a given multiblock copolymer is highly subject to the
polymerization conditions.

The results above show that significant deviation from the
synthetic conditions that have been reported in the literature
(low temperature, low C.; solvents) and the use of monomers
which have a greater tendency to undergo chain transfer will
result in high fraction of dead chains and limit the potential
for multiple chain extension steps. It is also important to note
that these chain transfer events will lead to a lower living frac-
tion of polymer chains, and that, for multiblock copolymers,
the cumulative effect of chain transfer for each additional
block formed will limit the synthetic scope of the procedure if
conditions are not selected with great care.

In order to further highlight the importance of avoiding
chain transfer and its effects on product distributions, a series
of RAFT polymerizations were carried out under conditions
where transfer reactions are less favoured. A reaction was con-
ducted at 20 wt% in benzene using identical conditions to
those employed for the solution polymerization in ethanol
above and led to slightly lower conversion (93%). Fig. 2St
shows the MALDI spectrum for this reaction in which it can be
seen that due to the lower conversion, macromonomer for-
mation (species S5) is less prevalent. The use of benzene pre-
vented the formation of any dead chains due to transfer to
solvent due to the extremely low transfer constant, so no
species S2 was detected. Subsequently, a polymerization was
carried out under more “standard” RAFT conditions in
dioxane at 70 wt% (MALDI also included in Fig. 2S, ESI{). In
this case, chains arising from both transfer to solvent (species
S2) and f-scission (species S5) could be observed although at
lower concentration than those of the reaction conducted in
ethanol due to the higher monomer concentration and lower
tendency for dioxane to undergo transfer. Although, in both
cases the dead chains were more prevalent at low molecular
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weight in agreement with the other experiments conducted
herein, in dioxane 70 wt% there is higher conversion value
and therefore, more p-scission species (S5) are detected. It
should also be noted that in both cases the major chain stop-
ping event is not termination. This highlights the importance
of both transfer to solvent and transfer to polymer followed by
fB-scission, which must be considered when accounting for the
living fraction of polymers produced by reversible deactivation
polymerizations. The MWD values obtained using MALDI and
SEC/MALS and the chromatograms are shown in Table 4S and
Fig. 3S of the ESL.{

Finally, a reaction was carried out under bulk conditions
where both transfer to monomer and intramolecular transfer
to polymer are expected to be low. The molar ratio of the reac-
tants was the same as for solution polymerization, but AMBN
was used due to the low solubility of V-501 in butyl acrylate.
Fig. 7 shows a comparison between the spectra from pBA
created in ethanol solution and in bulk. In the complete
spectra (left) we can observe fewer peaks in the bulk reaction.
In the enlargements of the spectra (right), it is clear that the
most intense peaks are due to the RAFT main mechanism,
corresponding to species S1 and S3. The species S2 and S4 dis-
appear totally and the intensity of the structure S5 diminishes
drastically as expected since transfer to polymer is largely
averted and essentially no hydrogen terminated product,
which could be formed due to either termination by dispropor-
tionation or unavoidable effects of transfer to monomer could
be observed.

In order to confirm that the decrease in hydrogen termi-
nated products arising from chain transfer to solvent
(monomer in this case) and terminal double bonds resulting
from f-scission of midchain radicals is directly related to the
polymerization conditions the theoretical mass distribution
was calculated for this reaction using the mathematical model
(see equations from ESIT). Fig. 8 shows a comparison between
the spectra generated from the mathematical model (above)
and the most intense series of the MALDI spectra (below)
representing the peaks related to series S1 and S5. In this case,
comparison between Fig. 5 and 8 clearly shows that in bulk
polymerization, the amount of species due to chain transfer
disappear totally. This confirms that transfer to monomer
does not have any substantial effect on the molecular weight
distribution and confirms that the choice of solvent is critical
if high living fraction of chains is necessary. This also further
demonstrates that S2 and S4 species were created due to trans-
fer to solvent and not due to the rupture of C-S bond during
MALDI ionization process. One point of interest is that the
experimental concentration of the S5 species is higher in the
case of bulk polymerization than in the solution polymeriz-
ation. It would be expected that due to the solution polymeriz-
ation being conducted at lower monomer concentration the
reverse would be the case. However, there are several
additional factors that this supposition does not take into
account. Firstly, from an experimental point of view, although
the reaction was performed under conditions designed to
minimize any effect arising from the exothermic nature of the

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Comparison between MALDI-TOF spectra of the same RAFT reaction in ethanol solvent (98% conversion) and in bulk (99% conversion).
Complete spectra in 800-4000 Da mass range (left). Enlargements (right) in different mass ranges (A) 1500-1580, (B) 1880-1960, and (C)

2520-2600 Da show the different detected series from S1 to S5.

reaction in bulk, local temperature rises are inevitable and can
lead to increased rate of both backbiting and p scission relative
to propagation. Secondly, as the solution polymerization is
conducted in ethanol, hydrogen bonding may result in a
decrease in the amount of backbiting relative to the bulk
polymerization.*"** Finally, the potential of the midchain

This journal is © The Royal Society of Chemistry 2015

radical to undergo chain transfer to solvent for the reaction
conducted in ethanol, which has not been considered herein,
may also lead to a reduction in the products arising from the
midchain radical as has been demonstrated to be important
for reactions carried out in the presence high concentrations
of chain transfer agent.>>>®
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Fig. 8 Comparison between the spectra generated from mathematical
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order to see behaviour of S5 species, the enlargements are shown below.

Conclusions

In conclusion, through the synthesis of low molar mass poly
(butyl acrylate) by RAFT polymerization under varying con-
ditions and detailed analysis of the resulting polymers by
MALDI-TOF we have shown the critical effect of chain transfer
events on the living fraction of chains at high conversion in
reversible deactivation radical polymerizations. Under con-
ditions where chain transfer is heightened (dilute solution
polymerization in ethanol) three products with distinct mole-
cular weight distributions were present in the final reaction
mixture. The main population corresponded to polymer
chains formed according to the RAFT polymerization mechan-
ism described in Scheme 1. The second population corres-
ponds to dead chains arising from chain transfer to solvent
and the third species results from intramolecular transfer to
polymer followed by fragmentation of the polymer chain by
B-scission. No evidence of detrimental effects of the intermedi-
ate RAFT radical leading to 2-, 3-, or 4-arm star products which
have been detected by other groups was found. In contrast,
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polymerization in conditions at which transfer events do not
significantly affect the reaction (bulk polymerization at 60 °C)
resulted in almost exclusively a single product formed accord-
ing to the main RAFT equilibrium. Chain transfer to solvent
was shown to result in a significant number of dead chains
across a wide range of conversion thus limiting the solvent
choice for synthesis of multi-block copolymer and high mole-
cular weight polymers where high chain end fidelity is
required. Furthermore, from analysis of the products of the
B-scission reaction it can be concluded that intramolecular
transfer to polymer occurs almost exclusively via a six mem-
bered ring transition state and that migration of the midchain
radical along the polymer backbone did not occur under the
present reaction conditions.

Abbreviations

MALDI Matrix assisted laser desorption ionization

TOF Time of flight

MS Mass spectrometry

MWD Molar mass distribution

SEC/ Size exclusion chromatography/multi angle light

MALS scattering

BA Butyl acrylate

CRP Controlled/living polymerization

RAFT Reversible addition-fragmentation chain transfer

ATRP Atom transfer radical polymerization

NMP Nitroxide-mediated controlled free-radical
polymerization

ITP Iodine transfer polymerization

RITP Reverse iodine transfer polymerization

V-501 4,4'-Azobis(4-cyanopentanoic acid)

THF Tetrahydrofuran

CHCA a-Cyano-4-hydroxycinnamic acid

TTCA-4  2-(Butylsulfanyl) carbonothioyl sulfanyl] propanoic
acid

DMSO Dimethyl sulfoxide

AMBN 2,2"-Azobis(2-methylbutyronitrile

Nal Sodium iodide

KTFA Potassium trifluoroacetate

SA Sinapinic acid

MBT 2-Mercaptobenzothiazole
DHB 2,5-Dihydroxy benzoic acid
DCTB trans-2-3-(4-tert-Butylphenyl)-2-methyl-2-propenyl-

idene]malononitrile.
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