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Some acrylate monomers have been synthesized and copolymerized by means of free radical polymerization with methyl methacrylate
and butyl methacrylate. These monomers are known to introduce the desired functionality and tune the properties of the resulting polymer.
The synthesized monomers and the polymers have been characterized with NMR spectroscopy. The latter is utilized to study the polymer
composition and verify the distribution of the monomers in the copolymer chain. The reactivity ratios have been estimated and concluded
moderately random distribution of the monomers in the copolymer chain.
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INTRODUCTION

One of the most common and useful reactions to make
polymers is free radical polymerization. This polymerization
is used to make polymers from monomers containing carbon-
carbon double bonds such as acrylates, vinyl monomers, allylic
monomers efc. Some acrylate monomers have been used by
Voss et al.' and Wouters et al.” to study the effect of pendant
functionality on the thermal and physical properties of polymers
obtained by the reversible addition-fragmentation chain-transfer
(RAFT) polymerization. The methacrylate copolymers studied
by these authors contained n-butyl-methacrylate and methyl
methacrylate (MMA) to control the glass transition temperature
of the final polymer and a minor fraction of one of the mono-
mers displayed in Fig. 1. These monomers were chosen for
their particular interacting capabilities (H-bonding or m-7
interaction). In this study, the authors assumed that the distri-
bution of comonomers in the RAFT polymers is random and
nevertheless no further investigation was done to prove this
supposition.

We extended the work of Voss ef al." and Wouters et al.”
by performing free radical copolymerization of monomers 3
and 5§ with methyl methacrylate and butyl-methacrylate with
the aim to estimate the reactivity ratios, giving though insight
in the monomer distribution in the polymer chain. The copoly-
merizations of monomers 3 and 5 with both methyl methacrylate
and butyl methacrylate were carried out. Subsequently, the
reactivy ratios are determined and the compositions of the
present polymers are presented. 'H NMR spectroscopy is
employed to study the polymer composition.
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Fig. 1. Chemical structures of the monomers 1, 2, 3, 4 and 5

Free radical polymerization: Three main kinetic steps
occur during free radical polymerization: (1) initiation, (2)
propagation and (3) termination. Free radicals are usually gene-
rated by the addition of an initiator. The latter forms radicals
when heated or irradiated. Two common examples of compounds,
which afford free radicals are benzoyl peroxide (BPO) (Fig.
2a) and 2-2'-azo-bis-isobutyrylnitrile (AIBN) (Fig. 2b).
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Fig. 2. Generation of the free radicals by thermal decomposition of (a)
benzoyl peroxide; (b) AIBN to form free radicals
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The process starts with the initiation, which involves two
reactions. The first one is the production of the free radicals.
The initiator will split to give a pair of radicals R:

I, _kd_y2R*. The carbon-carbon double bond, for instance,
of an acrylate has a pair of electrons, which is attacked by the
free radicals. The unpaired electrons of the radical combine
with one of the electrons of the carbon-carbon double bond
by creating a new pair of electrons and therefore making a
new chemical bond between the free radical and the double
bond of the monomer: .

|
R°'+M L} Ml' R'+CH=CHX—>» R-CH,-C’

The unpaired electron created after the double bond has
been attacked associates itself with the carbon atom which is
not bonded to the initiator fragment. Therefore the chain ends
with a free radical can be combined with another carbon-
carbon double bond of the next monomer and the process
results in propagation. Thus a polymer is formed. As propa-
gation continues and each monomer unit is added, the radical
has the same identity as the radical before except it is larger
by unit: M} +ML>M;. Propagation with growth of the
chain to higher molecular weight polymer takes place rapidly
but at some point the propagating radical at the end of the
polymer chain stops growing and terminates.

Reactivity ratios: In a free radical copolymerization of
two monomers M, and M, four competing propagation steps
are considered’® (Fig. 3):

Fig. 3. Reaction scheme of the copolymerization of M, and M,

The propagating chain that ends with M, can either react
with a monomer of type M, or of type M,. The propagating
chain that ends with M, can react with a monomer unit of
type M, or of type M,. The rate constant for the reaction of the
propagating chain that ends with M| and reacts with another
M, to the end of the chain is ki, and the rate constant for the
reaction of the propagating chain that ends with M, and
reacts with M, to the end of the chain is k,; and so on. Mono-
mers 1 and 2 are consumed as indicated by the reaction scheme
in Fig. 3. The change in monomer concentrations M, and M,
is expressed by equation (1) and (2)*:

_%zk”[ ..... V5] /(YA TN N V1V IR

dM . .
_%:klz[‘ """ Ml][M2]+k22 """ Mz][Mz] (2)
Equation (1) is divided by eqn. (2) to give the copolymer

composition equation (3):

dM, ] Kb M]'][M]]+ Ky oo M;]_[M]]
d[Mz] B 0 T M;J[Mz]"' Kop|ee- M;J[Mz] (3)

The low concentrations of the radical chain-ends in the
systems are difficult to be determined experimentally. For this
reason a steady state approximation is applied for species
...... M, and ......M; to remove the corresponding factors from
the eqn. (3). The interconversion between the two species must
be equal in order for the concentrations of each to remain
constant and hence the rates of reactions with rate constant k;,

and ko, must be equal: k, [---M;][M,]=k,[-M:]M,] )"

Rearrangement of eqn. (4) and combination with eqn. (3) gives
eqn. (5):

s L ; [ 1]2 .
dm,] _ e [ku[l\lzl]M b )
dl.le Ky oo M;J[M2]+k21l- """ M;][Ml]

This equation can be further simplified by dividing the

right side (nominator and denominator by k,, [ ----- M’ ] [M1 ]*
The results are then combined with the parameters r, and 1»,
which are defined to be the reactivity ratios: r; = ki i/ki» and r,
= koo/k»1 (6). The most familiar form of the copolymerization
composition equation is then obtained:

dv,] _ M, e v ]+ M, )
d[Mz ] [Mz ]([Ml ] +1 [Mz ])
At low conversion, where the concentration of monomers
does not change appreciably equation (7) can be approximated
by equation (8): m,/m, =M, (M, + M, )/M,(M, +1,M, ),
where, M, is the mole fraction of monomer 1 in the reaction
system (amount in the feed) and M, is the mole fraction of
monomer 2 in the reaction system (amount in the feed). m
and m, are the mole fractions of monomer 1 and 3 in the
polymer composed entirely of the two monomers (estimated
from the NMR spectra after short polymerizations). The
copolymer composition equation defines the molar ratios of
the two monomers that are incorporated into the copolymer. A
reactivity ratio expresses the ratio of the reactivity of a growing
chain end towards its own monomer and that towards the other
monomer’. Lastly, if r; = 1 and r» = | the monomers are
randomly distributed: -——M ,M,M,M,M, M M,M M, ——. If
11 << 1 and r; << 1 the copolymer contains one or more long
uninterrupted sequences of each of the comonomer species
giving a block copolymer: -——M M M M, -M,M,M,M, ——.
Ifri<<landr, << 1 the polymer has equimolar compositions
with a regularly perfect alternating distribution of monomer
units. These are alternating copolymers: - - MMM M,M,
MMM, -- .

(7'

EXPERIMENTAL

Monomer synthesis: All the chemicals used for the
synthesis of monomers 3 and 5 were purchased from Aldrich
and used as received. Monomers 3 and 5§ were synthesized as
described below. NMR spectra were recorded on a Varian
Mercury 400 spectrometer.

Synthesis of monomer 3 (Fig. 4)

Ui

(0]
Fig. 4. Reaction scheme for the synthesis of the monomer 3

pyridine (dropwise)
THF, RT
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Reaction: 4-Phenyl phenol (C-H,,0, M,, = 170.22 g/mol,
20 g, 117 mmol) was dissolved in 100 mL tertrahydrofuran
in a 250 mL 3-neck flask, equipped with a dropping funnel
(preferably positioned at the middle neck), nitrogen inlet and
a stopper. Methacryloyl chloride (C,HsC1O, M,, = 104.54
g/mol, 13.94mL, 15 g,d=1.076 g/mL, 141 mmol) was added
to the stirring solution using a syringe. The dropping funnel
was charged with pyridine (CsHsN, My, = 79.11 g/mol, 11.34
mL, d =0.97 g/mL, 11 g, 141 mmol). The whole set-up was
kept under nitrogen atmosphere. Pyridine was added dropwise
to the stirring solution while maintaining the reaction mixture
at °C. Upon addition of the pyridine a white precipitate formed.
The mixture was stirred over night at room temperature under
nitrogen atmosphere. The reaction was monitored by TLC
using chloroform as eluent. The reaction was over after 24 h.

Work up: 100 mL water and 200 mL ethyl acetate were
added to the reaction mixture. The layers were mixed by
shaking properly in a separating funnel. The organic layer was
separated and washed with 100 mL water and HCI (0.001 M)
to remove pyridine residues. The combined aqueous layers
were extracted with ethyl acetate. The organic layers were dried
on magnesium sulphate followed by filtration and evaporation
of the solvent under reduced pressure. The purity of the crude
product was checked by TLC (chloroform used as solvent)
and '"H NMR.

Purification: The obtained crude product was dissolved
in methanol in a three neck flask equipped with a reflux
condenser stirred and heated (with heating gun) till the solution
becomes clear. The solution cooled down and crystallization
occurred. The solution was afterwards filtrated. The fine white
crystals were dried under reduced pressure to remove traces
of methanol. Yield of product was 70 %.

Characterization: 'H NMR (400 MHz, CDCl;) 6 (ppm)
7.61-7.18, (m, 9H, C¢HsC¢H,OCO), 6.37, 5.77 (s, 2H, CCH,),
2.08, (s, 3H, CH;C); *C NMR (400 MHz, CDCl;) 8 (ppm)
165.91 (ArOCO), 150.31 (CCHs), 140.37, 138.86, 135.82,
128.77,128.13,127.30, 127.10, 126.75 (=CH,), 121.85, 18.40
(CHs3). Elementary analysis calculated for CisH;,0,, C, 80.63
%; H, 14.14 %. Found C, 80.65 %; H, 5.69 %.

Synthesis of monomer 5 (Fig. 5)

(0] N
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Fig. 5. Reaction scheme for the synthesis of the monomer 5

Reaction: 30 mL of 2-methacryloyl oxyethyl isocyanate
(C7HsNOy, My, = 145 g/mol, 33.83 g, d = 1.098 g/mL, 233
mmol) was dissolved in 250 mL dichloromethane in a 500
mL 3-neck flask equipped with a dropping funnel, nitrogen
inlet and a stopper. The dropping funnel was filled with
n-butyl amine (C;HN, M,, = 73.16 g/mol, 27 mL, d = 0.74
g/mL, 20 g, 273 mmol) using a syringe. The whole set-up was
kept under nitrogen atmosphere. The reaction mixture was
cooled to 0 °C using an ice bath. n-Butyl amine was added
dropwise while maintaining the reaction mixture at 0 °C. Subse-
quently, the reaction mixture was stirred for 2 days at room
temperature. The reaction was monitored with chloroform was

used as eluent comparing the reaction mixture with the starting
material 2-methacryloyl oxyethyl isocyanate as a reference.
Reaction was completed after 48 h.

Work up: The organic layer was washed with 0.1 M HCl
in a separating funnel till the pH of the aqueous layer remained
acidic. The aqueous layer was extracted with 200 mL
dichloromethane and the combined organic layers were dried
on MgSO, followed by filtration and evaporation under
reduced pressure to remove the solvent. The obtained product
was a white powder (yield = 80 %).

Purification: '"H NMR and TLC indicated 99 % purity,
therefore no purification was carried out.

Characterization: '"H NMR, (400 MHz, CDCI;) & (ppm),
6.12, 5.59 (s, 2H, CCH,), 4.59 (s, 1H, NHCONH), 4.36 (s,
1H, NHCONH), 4.24 (t, 2H, 3 J = 5.4 Hz, COOCH,CH,),
3.51 (t, 2H, °J = 5.2 Hz, OCH,CH,NH), 3.16 (t, 2H,°*J = 7.2
Hz, CONHCH,CHy), 1.95 (s, 3H, CH;CCH,), 1.48 (p, 2H, *
J= 7.1 Hz, NHCH,CH,CH,), 1.35 (seq, 2H, *J = 7.4 Hz,
CH,CH,CH3), 0.92 (t, 3H, *J =7.2 Hz, CH,CH,CH3); *C NMR
(400 MHz, CDCl3) & (ppm), 167.20 (HNCONH), 159.08
(COO0), 135.86 (CCHa), 125.64 (=CH.), 64.04, 39.75, 38.86,
32.20, 19.86, 18.03, 13.59. Elementary analysis calculated for
C11H200:3N,: C, 57.86 %; H, 8.85 %; N, 12.27 %. Found: C,
57.58 %; H, 8.63 %; N, 11.99 %.

Polymer syntheses: All the chemicals used for the
synthesis of polymers were purchased from Aldrich and used
as received. NMR spectra were recorded on a Varian Mercury
400 spectrometer. A typical polymerization involves 50 mmol
of monomer and 25 mmol of 2-2'-azo-bis-isobutyrylnitrile
(AIBN). 8 Sets of experiments were carried out for 8 copoly-
merizations. Samples were taken from the reactions mixture
at low conversion (typically below 10 %). The conversions
were estimated by dividing the polymer weight with the
theoretical weight of the monomers present in 1 mL of reaction
mixture multiplied by 100 (assuming the density of the
monomers to be 1 g/mL).

Polymerizations of monomer 5 with methyl methacrylate

Experiment 1: 3.35 g methyl methacrylate (33.5 mmol),
3.76 g monomer 5 (16.5 mmol) and 41 mg AIBN initiator
were dissolved in 7 mL dioxane in a 100 mL flask equipped
with a stirrer bar. The reaction mixture was purged with
nitrogen for 20 min and heated afterwards at 60 °C. 1 mL
sample was taken from the reaction mixture after 40 min of
polymerization and precipitated in the solution of methanol/
water = 70 %/30 %. The polymer was dried under reduced
pressure and weighed afterwards (0.013 g). Conversion =
ca. 3 wt %.

Experiment 2: 1.65 g methyl methacrylate (16.5 mmol),
7.65 g monomer 5 (33.5 mmol) and 41 mg AIBN were
dissolved in 14 mL dioxane (the larger amount of the monomer
5 used in this case required twice amount of the solvent for
proper dissolution of the monomer in dioxane), followed by
purging for 20 min with nitrogen and heating afterwards at 60
°C. 1 mL sample was taken after 40 min of polymerization
followed by the precipitation of the polymer in the solution of
methanol/water = 70 %/30 %. Polymer was dried under
reduced pressure and weighed afterwards (0.027 g). Conver-
sion = ca. 6.75 wt %.
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Polymerizations of monomer 5 with butyl-methacrylate

Experiment 3: 2.35 g butyl-methacrylate (16.5 mmol),
7.65 g monomer 5 (33.5 mmol) and 42 mg AIBN were
dissolved in 7 mL dioxane. After 20 min purging with nitrogen
the reaction mixture was heated at 60 °C. 1.5 mL sample was
taken after 25 min of polymerization. The polymer was preci-
pitated in the solution of MeOH/H,O = 70 %/30 %, dried
under reduced pressure and weighed afterwards (0.068 g).
Conversion = ca. 7.5 wt %.

Experiment 4: 4.76 g butyl-methacrylate (33.5 mmol),
3.76 g monomer 5 (16.5 mmol) and 42 mg AIBN were dissol-
ved in 7 mL dioxane followed by 20 min purging with nitrogen.
The reaction mixture was heated at 60 °C afterwards. 1 mL
sample was taken after 15 min and precipitated in CH;OH/
H,O = 70 %/30 %. The polymer was dried under reduced
pressure and weighed afterwards (0.025 g). Conversion = ca.
4.63 wt %.

Polymerizations of monomer 3 with methyl methacrylate

Experiment 5: 0.42 g methyl methacrylate (4.2 mmol),
1.99 g monomer 3 (8.4 mmol) and 10.5 mg AIBN were
dissolved in 7 mL dioxane (the amounts were divided by 4
due to the lack of the starting material). The same procedure
was followed as in the former experiments. 1 mL sample was
taken after 45 min of polymerization and precipitated in
hexane. The polymer was dried under reduced pressure and
weighed afterwards (0.013 g). Conversion = ca. 5.09 wt %.

Experiment 6: 0.84 g methyl methacrylate (8.4 mmol),
0.98 g monomer 3 (4.2 mmol) and 10.5 mg AIBN were
dissolved in 7 mL dioxane. The same procedure was carried
out as above mentioned. 1 mL sample of polymer was taken
after 1 h of polymerization and precipitated in hexane. The
polymer was dried under reduced pressure and weighed
afterwards (0.021 g). Conversion = ca. 10 wt %.

Polymerizations of monomer 3 with butyl-methacrylate

Experiment 7: 1.19 g butyl-methacrylate (8.4 mmol),
0.98 g monomer 3 (4.2 mmol) and 10.5 mg AIBN were
dissolved in 7 mL dioxane. The reaction mixture was purged
for 20 min with nitrogen and heated afterwards at 60 °C. 0.5 mL
sample of polymer was taken after 20 min of polymerization
and precipitated in hexane. The polymer was dried under
reduced pressure and weighed afterwards (0.019 g). Conver-
sion = ca. 15 wt %.

Experiment 8: 0.59 g butyl-methacrylate (4.2 mmol),
1.99 g (8.4 mmol) monomer 3 and 10.5 mg AIBN were
dissolved in 5 mL dioxane. The reaction mixture was purged
for 20 min with nitrogen and heated afterwards at 60 °C. I mL
sample of polymer was taken after 50 min of polymerization
and precipitated in hexane. The polymer was dried under
reduced pressure and weighed afterwards (0.018 g). Conver-
sion = 4.78 wt %.

NMR spectroscopy: NMR spectra for the copolymers
were recorded 400 MHz NMR spectrometer. 'H NMR
chemical shifts were given relative to TMS (0.00 ppm). *C
Chemical shifts are given relative to CDCl; (77.00 ppm).

NMR spectroscopy of polymers: Polymer 1 and 2
obtained from experiment 1 and 2 respectively were dissolved
in CD;OD. For the calculation of m; and m, the protons

indicated with arrows in the structures of Fig. 6 were analyzed
in the NMR spectra.

)\H/ N )\’(o\/LHj\HJ\/\

Methyl methacrylate 5

Fig. 6. Chemical structure of methyl methacrylate and monomer 5 where
protons analyzed in the NMR spectra are indicated with arrows

Polymers obtained from the experiments 3 and 4 were
dissolved in CDsOD as well. For the butyl-methacrylate and
monomer S the protons indicated with arrows in the structures
of Fig. 7 were analyzed for the calculations (m; and m,) in the
NMR spectra.
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Buty methacrylate 5

Fig. 7. Chemical structure of butyl-methacrylate and monomer 5 where
protons analyzed in the NMR spectra are indicated with arrows

Polymers obtained from the experiments 5 and 6 were
dissolved in CD,Cl,. For the calculation of m; and m, the
protons in the region of the aromatic groups (9H) and the
protons of the OCH; (3H) group of the methyl methacrylate
were analyzed in the NMR spectra (Fig. 8 as well).

Polymers obtained from the experiments 7 and 8 were
dissolved in CD,Cl, as well. For the calculation of m; and m,
the protons indicated with arrows in the structures of Fig. 8
were analyzed in the NMR spectra.

Ao )r"

Butyl methacrylate 3

Fig. 8. Chemical structure of butyl-methacrylate and monomer 3 where
protons analyzed in the NMR spectra are indicated with arrows

RESULTS AND DISCUSSION

Determination of reactivity ratios: Reactivity ratios were
determined for the copolymerization of monomers 3 and 5
with methyl methacrylate and butyl-methacrylate. Eight reac-
tivity ratios were determined in all the 8 experiments. These
determinations were done in accordance with the equation:
m,/m, =M, (,M, +M, )/M, (M, +1,M, ). Although free
radical polymerization was used instead of RAFT polymer-
ization, the effect of the latter on the reactivity ratios is known
to be negligible’. One set of two experiments is needed to
determine two reactivity ratios (ri, r.). In the equation,
m, /m, =M, (M, + M, )/M, (M, +1,M, ), m, and m, are
determined from the NMR spectra as noted in the experimental
part. M, and M, are, as mentioned, the mole fractions of the
monomer | and 2 in the reaction system. Therefore there are
two equations with two unknowns r; and 15 .
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TABLE-1
OVERALL RESULTS OF REACTIVITY RATIOS. RESULTS OF DUPLO EXPERIMENTS ARE SHOWN IN BRACKETS

Monomer 1 Monomer 2 M, M, m,; m, I I,

MMA BMA 0.79 1.27

MMA MAA 1.18/2.61 0.63/0.43

BMA MAA 1.20 0.75

MMA HEMA 0.824 0.63

BMA HEMA - -

MMA 3 0.33 0.67 0.25 0.75 117 184

MMA 3 0.67 0.33 0.64 0.36

BMA 3 0.33 0.67 0.22 0.78

BMA 3 0.67 0.33 0.40 0.60 0.64 1.80

MMA 5 0.33 0.67 0.18 (0.22) 0.82 (0.78)

MMA 5 0.67 0.33 0.58 (0.52) 0.42 (0.48) 113047 2.99 (1.66)

BMA 5 0.33 0.67 0.37 (0.35) 0.63 (0.65)

BMA 5 0.67 0.33 0.62 (0.65) 0.38 (0.39) 0.54(053) 0.57(0.66)

The initial feed ratios of the monomers in the reaction
mixture are estimated from the equations: M,, =1,/ (2+r,)
and M,, =2/(2+1,)°. M,, is the initial feed ratio of the
monomer 2 in the first experiment, whereas M, is the initial
feed ratio of the monomer 2 in the second experiment. r,
and r, are the reactivity ratios. Assuming r, = r, = 1 (for a
completely random polymerization), we get: M,; = 1/3 and
M,, =2/3. In this context, two reaction mixtures were prepared,
one containing ca. 33 mol % of monomer 1 and ca. 67 mol %
of monomer 2 (as seen in the experimental part, polymer
synthesis).

The overall results of the obtained reactivity ratios are
given in Table-1. The reactivity ratios for the copolymerizations
of butyl-methacrylate-methyl methacrylate, methyl methacrylate-
butyl-methacrylate and methyl methacrylate-HEMA (2-
hydroxyethyl methacrylate, CsHy00;) are included as well’.
Despite the moderate accuracy of some numbers all the values
displayed in Table-1 for r; and r, are suitably close to 1 and
therefore, suggest random copolymerization in all cases. In
the experiments of the copolymerizations of monomer 3 and
S with either methyl methacrylate and butyl-methacrylate r,
> 11, meaning that k»/ka; > kyi/ky,. This result indicates that 3
and 5 are preferred in the propagation if the chains end with
these same monomers. This preference may be explained by
specific interaction between the radical chain end and the new
reacting monomer. In the case of 3 this interaction stems from
n-7 stacking, while hydrogen bonding is involved in the case
of 5.

Conclusion

We extended the work of Voss et al.' and Wouters et al.”
and presented a full characterization of monomers 3 and 5.

Free radical polymerization was employed to copolymerize
monomers 3 and 5 with methyl methacrylate and butyl-
methacrylate. NMR spectroscopy was utilized to study the
composition of these copolymers at low conversion. In addition
reactivity ratios were calculated. The reported values are in
the range 0.6-3 and indicate rather random composition. This
conclusion proves that the supposition made by former
researchers'” regarding random composition of the polymers
obtained by RAFT- copolymerization is justified.
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