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ABSTRACT

Copolymers of 2-hydroxyethyl methacrylate (E) and furfuryl acrylate (A) were prepared by free radical polymerization in
toluene at 80°C using benzoyl peroxide as initiator. Copolymers were analyzed by H-NMR in order to calculate the monomer
composition in the copolymer. The monomer reactivity ratios were determined by four linear methods, Fineman—Réss, ri1 =
1.33/r; = 0.96; Fineman—Rdss inverted, r1 = 1.27/r, = 0.92; Kelen-Tidos, r1 = 1.3/r, = 0.96 and Kelen-Tudos extended, r; =
0.9982/r, = 1.0004. Akaike Information Criterion was used to select the best r1—r; pair of values. Dyads and triads confirm the
average chain and copolymers type and lead to use a mathematical relationship to calculate a new ri—r; par of values. The new
values were r; = 1.254/r, = 1.08 from the dyads and r; = 1.26/r, = 1.07 from the triads. Other microstructure parameters such as
run number (Ry = 46.48, X = 1, one A units triads) and Q-e values for A, not reported before (e; = 0.10 and Q, = 1.68) were
calculated. Copyright © 2013 VBRI press.
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Introduction

Copolymers based on 2-hydroxyethyl methacrylate have
found wide application in contact lenses, surgery and
clinical medicine due to their ability to form biocompatible
hydrogels with excellent tolerance and good stability [1,2].
Meanwhile, furfuryl acrylate has been used also in
ophthalmic applications [3] and as a part of polymer
mixtures in coating surfaces or for the grafting separator in
electrochemical generator for the industry [4]. From that
point of view, the study of the copolymerization process
among these monomers results very interesting, because the
common application in the ophthalmic field.

In the free-radical copolymerization, great emphasis
has been always put on copolymer composition,
appropriately considered as the most important aspect of
the polymerization reaction, since it influences the
properties of the resultant materials. Then, it is important to
estimate the monomer reactivity ratios in a statistical
correct manner [5]. For example, some authors have been
used the Mayo—Lewis Terminal Model (MLTM) to analyze
different linear and nonlinear regression approaches to
estimate the monomer reactivity ratios. Although the
estimation of parameters is important, the copolymer
composition is often inadequate to discriminate among
models such as MLTM, penultimate unit model (PUM) or
complex participation model (CPM) [6]. The latter is much
more sensitive to probe the mechanism, which best
represents a particular copolymerization [7].

In general, non—linear models provide more reliable
predictions for answers outside the observed range of the
data than the linear models. It can be mechanistic, i.e. based
on a (theoretical) model describing the underlying
mechanism that produces the data. As a consequence, the
non-linear model parameters have a more physical
interpretation than the linear ones but they are more
computationally intensive and require starting estimates for
the fixed effect coefficients. It is important to note that it is
not always easy to choose reasonable values for these
estimates and poor starting values may result in calculations
that do not converge [8]. However, even when the linear
models are less accurately than nonlinear, because in
essence the conclusions are only valid within the observed
data range, they are more simples and require only a few
resources to solve the problem [9]. Besides, with a good
measurement and the use of adequate analytical techniques,
it can be reached similar results to nonlinear methods [10].

The most popular linear methods are Fineman—Rdss
(FR) [11], Kelen-Tudos (KT) [12] or Mayo—Lewis (ML)
[13]. Few approximations and derivations has been
emerged with the purpose of achieve the confidence of the
linear methods. So, the inverted Fineman-Rdss (FR)) [6,
10] and the extended Kelen-Tidos (KTg) [10] equations
have been applied to determine the reactivity ratios and a
subsequent copolymer microstructure.

Since many years ago, the use of various criteria to
select the best model has been a problem. Some authors
attack the most popular, the correlation coefficient due to
the absence of a parameter related with the independent
variable error [9]. Others suggest the application of more
novel criteria taking account the computational techniques
development, such as Akaike Information Criterion (AIC),
Bayesian Information Criterion (BIC) and its derivatives
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[14].

In this paper, 2—hydroxyethyl methacrylate—co—furfuryl
acrylate polymerization process was studied. 'H-NMR was
applied in order to determine the composition of the
monomers in the feed and the copolymers. Classical linear
methods, Fineman Ross and Kelen-Tidos, and its
derivatives, inverted FR and extended Kelen—Tudos were
employed to calculate the reactivity ratios and the
microstructure of the copolymers. Finally, the values of Q—
e scheme were used to evaluate the previous conclusions
above the preference to homo— or co—polymerized of both
monomers. A new statistical criterion (AIC) was used to
elucidate the best models.

Experimental
Materials

2—Hydroxyethyl methacrylate, monomer subscripted as 1 or
E, which contain less than 0.03 wt% of hydroquinone
monomethyl ether as inhibitor, was washed three times with
5% NaOH solutions, distilled under reduced pressure of
nitrogen and the fraction of boiling point 88-91°C was
collected.

Furfuryl acrylate (monomer subscripted as 2 or A) was
prepared by transesterification of methyl acrylate with
furfuryl alcohol by a procedure reported previously
elsewhere [15]. Benzoyl peroxide (Merck, Germany) was
recrystallized three times in chloroform. Solvents (toluene
and methanol) were used as received without further
purification.

All reagents were extra pure grade and use as purchased
from Sigma—Aldrich (USA) unless it indicates other
supplier.

Copolymer synthesis

Copolymerization reactions were performed in toluene
solution at (80.0 + 0.1)°C, in Pyrex glass ampoules sealed
off under high vacuum. Monomer and initiator
concentrations were 1.0 and 0.015 mol-L-1, respectively.
The sealed ampoules were shaken vigorously and immersed
in a water bath held at the required temperature of
polymerization. After the proper reaction time, the
ampoules were removed from the bath and at once the
content was poured into a large excess of diethyl ether. The
precipitated samples were washed with the precipitant
mixture and dried under vacuum until constant weight was
attained.

H NMR

The copolymers obtained from different mixtures of E and
A was analyzed by H-NMR spectroscopy with a Bruker
AM-200 spectrometer working at 200 MHz. The spectra
recorded at 45°C in 5% (w/v) deuterated
dimethylsulphoxide solutions with a 2.5 kHz spectral with,
flip angle of 30° (2 ms pulse), a pulse repetition time of 2 s
and 128 transients. A 16 K FID was acquired and zero
filled to 32 K before Fourier transformation. The analysis
was performed by comparing the integrated intensities of
resonance signals with 8 = 3.65 ppm and & = 3.95 ppm
assigned to the oxyethylene protons of the -CH,—CH,-OH
side residue of E units (m1) and 6=6.45 ppm yd =
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6.55 ppm, assigned to the protons in position 3 and 4 of the
aromatic furfuryl ring of A (m,) [16].

Linear methods

The linearization methods used have been reported
elsewhere, but the most utilized equations are noted in
Table 1 and the involved parameters to build the variables
could be described as follows: X = [E]o/[A]o or fi/f, (feed)
and Y = mi/m; or F1/F; (copolymer). In the specific case of
Kelen-Tiudos extended equation the main idea is related
with the addition of the conversion weight in the
mathematical treatment of the variables. Then, the partial
molar conversion of A is defined as: & =C (u + X)/ (U +
Y), where C is the weight conversion of copolymerization
and W is the ratio of molar mass of A to that of E, that is p
= Ma/Ms. The partial molar conversion of E is: {1 = &(Y/X).
A new factor emerges from this analysis and it called
conversion factor, Z = log(1 — ¢1) / log(1 — &). Finally the
mathematical equations could be written as follows in
Table 1.

Table 1. Linear and non-linear methods used in this work.

Method Code  Equation X-axis y-axis Ref
Fineman-Ross FR  G=rH-r, " X? 6= X(-) [
Fineman-Rossinverted FR,  G/H=1,~(r,/H) Ty Ty [10]
r I H G
Kelen-Tiidos KT 9= [E +*2]5 - te— p=— 1]
a) «a a+H a+H
r r ' !
Kelen-Tidos extended KTz 7' =(r1 Jriji’-*2 &= i - n'= 6 - [10]
a a a+H a+H

where H' = Y/22, G' = (Y-1)/Z and & = (Hmin X Hmax)*

Statistical criteria

In order to distinguish the models that properly described
the data from those that did not correctly fit the data, the
residuals sum of the squares (RSS, also named as Euclidean
distance) was obtained and these that best explains the
experimental data is the one that shows the minimal value
for the RSS.

Table 2. AIC used at this work.

Criteria Code Formulae Reference
27(RSS
AlCgeneral orgreat  AlCg AIC, =2p+n{ln( il )J+1} [14,19]
2p(p+1)
AIC smallest or short ~ AlCs AIC, = AIC; + np—(FF))—l) [14,19]
RSS  n+
AIC short corrected ~ AlCsc AIC, 2y TP [20]
n n-p-2
RSS  n+p
AIC, =lh——+
AIC new AlICy N h-p n-p-2 [20]

But, since a larger number of model parameters could
lead to a higher probability of obtaining a smaller RSS
value, it was necessary to use a new statistical approach, to
elucidate the best of them, independently of the number of
parameters that each model [17].

For this reason, all the wversions of the Akaike
Information Criterion were used and its respective formulae
as shown in Table 2. The AIC = 2p — 2 In(L), where p is

Estevez et al.

the number of parameters and L is the likelihood function
results a very complex equation. Assuming that the model
errors are normally and independently distributed, it takes
the RSS and N (the number of experimental data points) as
equations parameters’ taking it forms more adequately to
use in mathematical analysis and statistical selections.

The model that shows the smallest value for the AIC is
the one which, statistically, describes the best fitting.
Additionally, we examined the fit of the predicted curve to
the experimental data and the validity of the calculated
parameters [14,18].

Results and discussion

Determination of monomer reactivity ratios

The data of molar composition of the initial mixtures (fi,
f2), the resulting copolymers (Fi, F2) and respective
conversions are quoted in Table 3. F; and F, parameters
were calculated from the H-NMR spectra obtained and the
signals above mentioned.

Table 3. Copolymer compositions determined by *H-NMR.

Feed (mol fraction)
Ef) A

Copolymer (mol fraction)
EF)  A(R)

Conversion (wt %)

015 085 3.3 0.164 0.836
020 080 34 0.227 0.773
030 070 2.9 0.313 0.687
040 060 4.2 0.413 0.587
050 050 2.4 0.555 0.445
0.60 040 3.7 0.632 0.368
070 030 2.8 0.761 0.239
080 020 43 0.836 0.164
085 015 2.7 0.879 0.121

Notice the good concordance of the values among f-F
pairs for each monomer. This is one of the main conditions
to obtain better result when linear methods were applied
[10]. The parameters for all the equations used (Table 1)
are quoted in Table 4.

Table 4. Linear methods parameters of the copolymers (o = 0.8409).

FR FR, KT KTe
H G UH GH ¢ g HoG6 &y
018 020 016 -072 630 -45 016 -073 020 -080 019 -078
025 029 021 -060 470 -283 020 -057 029 -071 026 062
043 046 040 -051 248 -127 032 -041 046 -054 035 -042
067 070 063 028 158 -044 043 -019 070 -030 046 —0.19
100 125 080 020 125 025 049 012 125 025 060 0.12
150 172 131 063 076 048 061 029 172 072 067 028
233 318 171 160 058 094 067 063 319 219 079 054
400 510 314 32 032 102 079 081 511 410 086 069
567 726 442 489 023 111 084 093 729 628 090 077

X Y

The reactivity ratios evaluated through different
equations showed at Table 5 confirmed the general trend to
ideal copolymer. A few comments will be added to the
methods used to obtain the r; and r; in this work. In FR
method as observed in Fig. 1 (left), in most cases, the FR
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straight line is plotted from several points gathered closely
with one or two fairly isolated point. These last points
correspond to the highest values of f; in the FR method and
the lowest one (Fig. 1, right) in FR; method.

Table 5. Reactivity ratios and derived copolymerization parameters.

Code r1(E) 1 (A) rXr 1y 1/r,

FR 1.330.04 0.96+0.07 1.2768 0.7519 1.0417
FR| 1.27+0.09 0.92+0.03 1.1684 0.7874 1.0870
KT 13+0.1 0.96 +0.06 1.2480 0.7692 1.0417
KTe 0.9982+0.0007 1.0004 +0.0004 0.9986 1.0018 0.9996
™ 142 0.93 1.3206 0.7042 1.0753
MC 1.42 0.93 1.3206 0.7042 1.0753

The contribution from these points is highly important
for the slope calculus of the straight line, more specifically
for r1 in FR and —r; in FR,. Since, high f; values are more
representative of r; values and low ones of r, values the FR
method is more accurate for determining r; and FR, method
for calculating r, even when last one is not often applied
[21].

3 2 3
" M

Fig. 1. Fineman-Rdss plot for E/A copolymerization. Classical (left),
inverted (right).

When the experimental error is reasonably small and
the data have been taken under the appropriate conditions,
the approximation can be remarkably good as it can be seen
not only in Fig. 1 but Fig. 2 too [15]. Notice in Fig. 2, the
precise fitting of the experimental data to extended Kelen—
Tldos equation where the effect of conversion is
considered. But, the values of r; and r, obtained by KTg
method do not have the same absolute value of the other
methods, near to TM and MC results, as it know more
precise methods by the origin of its mathematical
treatments, non—linear and randomize, respectively [15]. It
could be explained by the general copolymerization
equation, because all the linear methods are applicable
when the conversion is low (< 15%). The KTe equation is
an approximation in order to calculate the reactivity ratios
from high conversion experimental data due to the long,
precise, meticulous and detailed work to obtain low
conversion data.

The increasing of reaction time produces an
enhancement of viscosity of the reaction media, while the
latter changes the monomer diffusion to macro radicals. In
other words, at high conversions both the propagation
constant and the monomer collision to macro radicals are
lowered. In this situation the effect of penultimate bulky
group is considerable and the system tends to adopt
second—-order Markov statistics (so called penultimate
model reactivity ratios), thus affecting the reactivity ratios

Adv. Mat. Lett. 2013, 4(7), 534-542

ADVANCED MATERIALS Letters

[10, 22]. For that reason, the KTe equation results non
applicable to low conversion although their use will allows
us to predict the high conversions behaviour of the
copolymer system.

Fig. 2. Kelen-Tudos plot for E/A copolymerization. Classical (left),
extended (right).

The r1 x rz products for our system from KTe equation
are closely to unity. It is generally believed that r1 x r, = 1
represents the upper limit for proper copolymerization. The
value of r; x rz > 1 (slightly) may be plausible for polarity
and bulky groups of E in our systems. Considering the
above effect, our reactivity ratios should be taken as
apparent reactivity ratios. It is worth noting that there are
many systems in the literature, including free radical
copolymerizations, which contradict the belief, that ry x r; =
1 represents the upper limit for proper copolymerization.
More precisely, when r1 = rp = I, (with both ratios around
the unity as our case), monomer 1 (E) will react as fast with
another monomer 1 or the other (monomer 2) and a random
copolymer results [23, 24], to which lead to the same
conclusion about the utility of the KTe model to predict the
ending behavior of the copolymeric system even to low
conversions. Perhaps, it will be important to note that ry is
slightly bigger than 1, which mark at begin of the
copolymerization process a higher probability find HH
units than rest of possible combinations, but this fact will
be decreased with time and the progress of
copolymerization rapidly because r; is not so bigger than 1.
A plot of the mole fractions of E in the copolymer (F1)
versus that in the feed (f1) is shown in the Fig. 3, calculated
through the general copolymerization equation from Mayo
and Lewis [13,15-16].

Lo

0.9

0.8 4

0.7 4

0.6 -

0.5 +

0.4 1

F, (mole fraction)

0.3 4

0.2 4

0.1

Wf———————TT T T T T T
00 01 02 03 04 05 06 07 08 09 L0

Jf, (mole fraction)

Fig. 3. Composition diagram for copolymerization of E with A.
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It can be observed that the copolymers tend towards an
almost ideal behavior which matches with the ri—r, pairs
obtained by the KTg equation and the general theory of the
copolymerization [23]. In terms of the ri—r; pairs of values
more closely to the TM and MC (see Table 5), the
reactivity of growing radicals with E ends was measured by
the ratio 1/r; and the reactivity of growing radicals with A
ends was measured by the ratio 1/r,. As the 1/r; < 1/r; it
can be concluded that there is more growing radicals with
A ends than E ends due to r1 > ry, which define what
monomer is more reactive than other (E > A).

Statistical discussion to select the best model

It was very important to know that any statistical
discussion, independent of the result, required of the
physical sense. Statistics is a very powerful tool in order to
elucidate through many formulae, criteria, parameters, etc.,
but the election could be based on the statistical criteria and
the possible explanation that it offers subsequently of the
selected model.

In Table 6 are shown the classical statistical parameters
of each linear model used in this work (except KTg, for the
differences among the ri—r, pairs of values with TM and
MC reported) [15, 25].

Table 6. Classical statistical parameters.

Code R R? RSS

FR 0.99745 99.49 % 0.1556
FR, 0.99586 99.17 % 0.2552
KT 0.99261 98.53 % 0.0440

The values of r, and r; confirm that FR method fit
better than FR, to the experimental data. In fact the FR
method has the better values of R (correlation coefficient)
and R? (determination coefficient) but if it look to the RSS
criteria, then the best method was KT, more agree with
literature. What is the apparent contradiction between these
results? Akaike use the statistical probability function for
the evaluation of models, including in his criterion, the
number of parameters. This fact makes more precise and
exact the election, joined to the inclusion of the
experimental data size. Finally, any of them, that is to say
AIC and its derivatives (Table 2) make easier the selection
of any model as it can see in Table 7.

Table 7. Novel statistical parameters with p = 2 (linear methods) and n =
9.

Code RSS AIC; AICs  AICsc AICy
FR 01556 498 698  -1.86 -161
FR, 02552 547 747  -136 -111
KT 00440 371 571  -312 -2.87

The distances between any of AIC criteria are wider
than the difference between the correlations and/or
determination coefficients as it can see in Table 6 and 7. In
fact, the ri—r, pairs of values of FR and KT are more
closely between them than any other combination that

Estevez et al.

include FR,. Besides, even when AlCg solves the problem
with accuracy, it can be included the rest of criteria (AlCs,
AlCsc and AICy) because usually, the border among the
small and larger data size tends to be confuse.

The derivatives of AIC attributed to McQuarrie and
Tsai (AlICsc and AICy) [20] were developed in order to take
account data size mainly from the first correction made by
Akaike himself [19]. At the end, when can you consider a
data size smaller o greater than other, according to
evaluated model and physical phenomena that it explains.
For the rest of this work and being consequent with the
statistical proposition, it will work with r; = 1.31 (average
among FR and KT) and r, = 0.96 in order to determine the
microstructure of the copolymers.

Copolymer microstructure

From the reactivity ratios of monomers, we determined the
run number, Ry (Eg. (1)), defined by Harwood and Ritchey
(and reported elsewhere [26]) as the average number of
monomer alternations per 100 monomeric units in a
copolymer chain.

B 200 )
24X 4,/ X

The value of Ry can give us a view of sequence
distributions in copolymer chains and help us to estimate
the relationship between physical properties of copolymers
and their compositions. The value of Ry can be calculated
by reactivity ratios and probability statistics for different
monomer feeds. The variation of Ry with the X parameter
(f1 / f2) is shown in Fig. 4.

S0
Rilll‘l.\‘ = -l(). 48

45 4
40 -

., 354

z&
30 4
254
20 T y T T T T T r T
0 1 2 3 4 5 6
X=f 11,

Fig. 4. Variation of run number with the ratio of monomer concentrations
in the feed (X).

The maximum value of Ry is about 46.48 at X = 1 for
the poly(E-co-A) system. To gain further information
about the copolymer structure, the formation probabilities
of dyad fractions as a function of the molar fraction of
monomeric units in the copolymer can be calculated from
the monomer feed compositions and reactivity ratios. The
equations used were show at Table 8.
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Table 8. Dyads and triads equations.

1 1
Pop=1-Pe =" Pe=1-Pyp=r—"-
Dyads BTTTE T X TR T IX
2 2
[EEE]: Py (1-Py) [AAA]: Py (1-Pee)
et e Pey +Pe
2 2
Triads [EAE]:ippEAP;E [AEA]:ippAE e
EA + AE EA + PAE
[EEA]:[AEE]: PeaPre (- Pes) [EAA]:[AAE]: PeaPre (1=Pye)
e+ P Pey + P

Fig. 5 shows clearly the full agreement of the
copolymer dyads with the first conclusions of this work.
For example, there is a coincident point at X =1, where f; =
fo. It is indicate the high probability to find a random
copolymer with small blocks of EE homopolymers due to a
value of ri. As it can be discussed above, the r; value,
slightly bigger than 1, does more probable the mixture of
HH units (increasing with time, r1 = ki / ki > 1,
homopolymerization) combined to AE (E ending) units at
the beginning of polymerization, that is to say with values
of X< 1.

But, consequently with the increasing of X value, the
possibility to combine EA (A ending) units diminishes
sharply at the same time of AA because the A monomer is
less reactive than E and just lead to process of random
copolymerization to high conversions or in this case, to the
mixture of radical with E endings according to 1/r, value.

0.9

0.8 4

0.7 4

M7
o 1 2 3 4 5 &

X=1,/f.

Fig. 5. Dyads of E-A systems.

The molar fraction of E-centered sequences can be
determined by the application of well-known statistical
relationships. Most accurately, the Fig. 6 shows the
diagram of the statistical distribution of E centered triads
along the copolymer chains, as function of the molar
concentration ratio of both monomers in the feed. However
the molar fraction of heterotriads, that has one A unit,
EEA* = EEA + AEE reaches a maximum of almost 0.3 at X
=15.

The obtained diagram corresponds to statistical
sequences with a random distribution of comonomeric units
in the sequences considered. Therefore, the concentration

A) can be regulated by controlling the composition of the
monomer feed.

0.7
1 —#—EEE
064 --®--AEA
EEA’

0.3 4

Centered E triads

X=fIf,

Fig. 6. Homo- and heterotriads of E—A systems centered on E monomer.

According to the relative proximity of ry; and r, to unity,
it can be expected that the average composition of the
monomer feed does not change drastically with conversion
and therefore the distribution diagram E-centered
sequences drawn in Fig. 6 and a similar one obtained for
the A—centered sequences are valid as a first approximation
for copolymers prepared in a wide interval of conversions
[27].

Reactivity ratios calculation by dyads and triads methods

In many cases, it is more efficient to assume a general
copolymerization model and calculate the average number
sequence length of each monomer in terms of this model
and the measured distribution by techniques such as NMR.
The terminal copolymer model is used in this article
because it fits all the sequence distribution data which were
available at the time of writing [13]. Extension to more
complicated copolymerization models is straightforward, in
any case. Knowledge of the monomer feed composition and
the corresponding average sequence lengths provides a
value of the reactivity ratio, r. Each copolymerization
experiment can produce estimates of r; and r,. Dyads and
triads measurements to calculate reactivity ratios have also
employed simple methods recently. Finally, the equations
used for the calculus and reported elsewhere [28, 29]:

i = i 2)
Pea Fa
o g ®3)
Pae Fe

Teee +2T-, +T F
EEE EEA AEA _ r, “E1 )
TEEA +TAEA FA
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Toan +2Tean + Teae _ r2%+1 ©)
E

Tean + Teae

Graphs of the all fitting models to obtain data are shown
at Fig 7. The values of r; and r, were calculated from the
linear plot of dyads molar fraction ratios (Egs. (2) and (3))
and triads molar fraction ratios (Egs. (4) and (5)), both
cases, vs (Fi/F2) or inverse (F2/F1) when is necessary. At
Fig. 7 (left), it can be determined r1 (E-based) and r» (A-
based) from slope due to is the value of dyads molar
fraction ratios when (Fi/F2) = 1. The mathematical model
demands that intercept of straight line be zero and the graph
shows the good agreement with it.

On the other hand, Fig. 7 (right), r1 (E-centered) and r»
(A—centered) can be determined from slope due to is the
value of triads molar fraction ratios when (Fi/F2) = 1,
although in this case it could be rest 1 (from intercept)
according to Egs (4) and (5). The mathematical model
demands that intercept of straight line be one and the graph
shows the good agreement with it. Both ri—rp pairs of
values and both demands can be confirm by the classical
statistical ANOVA showed at Table 9.

L] Ecentered (L=F/F))

¢ Ebased(L=F/F)
- " Acentered (L=F, | F)

* Absed(L=F,/F)

\\

\
-
molar fraction ratio
\,
\

Diads molar fraction ratio
N

Triads

Fig. 7. Dyads and triads molar fraction ratios vs monomer in copolymers.

Table 9. Classical ANOVA parameters and fitting model results from
Fig. 7.

Model (y-axis) Slope (ry,) Intercept R? RSS
E-based dyad ratio 1.254+0.008  30x106~0* 99.96%  0.0429
A-based dyad ratio 1.08+0.01 2.6x1016~02 99.74%  0.0719

0.96+0.03 99.96%  0.0336
1.03+0.05 99.74%  0.0685

E-centered triad ratio  1.26+ 0.01
A-—centered triad ratio  1.07 £ 0.02

where 2not significant statically, m = 1 (E based or centered) and m =2 (A
based or centered)

Notice the likeness among the ri—r» pairs of values
between them and respect to the obtained ry and r, with
linear methods above discussed. It can be observed the
outstanding fitting of these models for the high percentage
of determination coefficients, which define that the models
explain in those percentages the variability in y-axis.
Besides, the RSS parameter confirms the last affirmation,
even smaller than the obtained by linear methods. It can be
consider not using the novel AIC and derivatives criteria in
this analysis because these models were used as alternative
to determine r—r, pairs of values through dyads and triads
molar fraction ratio, taking into account the possibility to
determine these ratios by spectroscopic techniques [28-30].

Estevez et al.

Q-e schemes

There is a selective factor in copolymerization that was
qualitatively recognized from the phenomenon of
heteropolymerization, involving the successful
polymerization of two monomers, such as maleic anhydride
and stilbene or fumarates and simple olefins, neither of
which would polymerize successfully alone. It is thus
obvious that, to account for such observations, there must
be a selective factor greatly promoting addition of one
radical to the second monomer and the second radical to the
first monomer. This factor has been interpreted on the basis
of polarity in the radical and the monomer [31].

In addition to this selective polar factor, there is another
important influence on the copolymerization tendency
related to the general ease with which a specific radical will
add to a particular double bond, regardless of polarity. It
has presented extensive experimental data in support of this
factor and has termed it the “general monomer reactivity”
factor. It has further pointed out that it seems to be closely
related to the possibilities for resonance stabilization of the
radical adduct formed. Sometimes this must be of
considerable importance, particularly for monomers
substituted at both ends of the double bond, such as maleic
anhydride, stilbene, maleates and fumarates, and may even
be of some importance in monomers containing two bulky
substituents at one end of the double bond, such as o—
methyl styrene, diphenylethylene and even methyl
methacrylate or 2—-hydroxyethyl methacrylate.

It has recently been possible, at least for those cases
where steric factors are not disturbing, to derive an
equation for the copolymerization ratio expressing the
monomer reactivity factor (Q. or Q) in more precise terms
These equations were derived from the expression for a rate
constant on the basis of the assumption that the activation
energy could be split into an “energy” factor and an
“electrical” factor. The latter is considered to be a simple
coulombic charge interaction between charges of the two
monomers [31].

e; =g £ ./[Innn)| (6)

Q,= 9 )

T ptle—e)
re®t e

From this point of view and taking as Q—e values of E,
those reported by Rainaldi et al. [33] and Young [34], the
Q—e values of A were calculated (Table 10).

Table 10. Q- values of E-A system.

e Q; Ref e, Q;
-039 1.78 [33] 0.10+ 0.06 1.68+0.07
0.2 0.8 [34] 0.69+0.06 0.57+0.01

Since, to the best of our knowledge, the obtained results
are consistent with these data: the order of magnitude is the
same and the reactivity ratio of a methacrylate type
monomer (as 1-E) is slightly greater than the reactivity
ratio of an acrylate type monomer (as 2-A) [33]. The
calculated reactivity ratios are in good agreement with the
experimental ones in the case of E (1.25 < r; < 1.42, [15,
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25, 34]) while the values range differs in the case that A
was 0.92 < rp < 1.08. The “Q-e scheme” has to be
considered as a useful approximation rather than a rigorous
method, since only the electrostatic interactions between
permanent charges due to the mutual polarization of
monomers and radicals are taken into account whereas the
steric effects are completely neglected due to the similarity
of the structure of both monomers, just differentiated by the
furfuryl ring in case of furfuryl acrylate.

From the obtained results it can be drawn that the
acrylic monomer has a preferential tendency to
copolymerize with 2-hydroxyethyl methacrylate (cross
polymerization) while the latter shows a greater tendency to
the auto—propagation. In practice a growing radical with
methacrylic final unit mostly reacts with an E molecule thus
favoring the formation of sequences of methacrylate units.
From the Q-e scheme point of view, the copolymer
reported by Rainaldi et al [33], has likeness with the system
of this work. Then the most probable values of Q—e in these
conditions are: e; = -0.39, Q1 = 1.78, e, = 0.10 and Q; =
1.68.

It should be pointed out that, on the basis of Q-e
scheme equations, Q and e are not independent variables
and unique values for e cannot be derived from any amount
of data on copolymerization ratios alone. The assumption
that the average charge on the monomers without cycles be
zero is perfectly acceptable. This seems to give fairly
reasonable values for Q and e, in agreement with the
qualitative concept that Q, the monomer reactivity factor, is
related to resonance stabilization and that e, the electrical
factor, parallels the charge induced by a given substituent in
the cycles ring. Due to, one of the monomers of this work
has a furfuryl ring, the e factor must be a different electric
charge than the reported for the E (see e; and e; values) and
the proximity of Q values confirm the proximity of the ri—r»
pair of values. Both reactivity ratios, near to unity, describe
a random copolymerization there, although in principle, as
higher probability of homopolymerization of E units and
preference to copolymerization of A units [33].

Conclusion

Copolymers of HEMA and furfuryl acrylate were
synthesized by free radical polymerization in toluene at
80°C using benzoyl peroxide as initiator. It was possible to
calculate the reactivity ratios for this system using different
methods. Comparing linearization methods, Fineman—Rdss
and Kelen-Tudos give better values of ri—r,. However, the
reactivity ratios are similar (almost independent of the
calculation method) due to the accuracy of the
measurement.

A Kelen-Tidos extended model, KTe shows good
agreement to determine reactivity ratios to high conversion
due to the tendency of the system according to reactivity
ratios relationships. The microstructure characterization
shows a behavior according to predicted by reactivity ratios
values with R = 46.48 at X = 1 for one A units triads and a
very good agreement among ri—, pairs of values obtained
from the mathematical relations involved dyads and triads.
The values of the Q—e scheme (not reported before for
furfuryl acrylate) confirm the possible kind of copolymer in
good concordance with the previous analysis by reactivity
ratios and microstructure.
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