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A methodfor characterizingtriadand pentaddistributionby ‘3Cn.m.r.spectroscopyhasbeendeveloped
and appliedfor an acrylate–methacrylatecopolymerfor whichthe chemicalshiftsof the homopolymers
weresufficientlyseparatedto observemixedsequencesup to pentads.Calculationof the intensitywas
performedapplyingMarkov–Bernoullistatisticswhilethechemicalshiftforeachsequencewascalculated
by a separatelydevelopedincrementalmethod.Basedon thesedata, the cabonylsignalwas simulated
yieldingverygoodagreementat the triad leveland satisfactoryagreementat the ~entadlevel.(0 1997
Elsevie;Scien;eLtd.-
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INTRODUCTION

In our recent work’ we have developed a method for
characterizing the microstructure of acrylate–methacry-
late copolymers by computer aided analysis of the
carbonyl signal of its 13C n.m.r. spectrum. For this
type of copolymer the chemical shifts of the carbonyl
signal of the respective homopolymers are sufficiently
separated to offer well resolved signals of mixed
sequences up to pentads. The method is related to
those described by Cheng2-4 and is based on the
calculation of lineintensitiesfor differentconfigurational
and compositional sequences(according to Bernoullior
Markov distribution) followedby attribution of the lines
and simulation of the carbonyl signal using the
Lorentzian line-shape model to obtain the smallest
difference between the experimental and calculated

2–4 The first results obtained for an equimolarspectra .
industrial sample of the methyl methacrylate–ethyl
acrylate copolymer (50/50), PMMA/PEA, prepared by
radical copolymerization performed until complete
consumption of the comonomers, have shown that
unequivocal assignment of the lines, even at the triad
level, cannot be done correctly based only on the
intensity data. Three other samples of this copolymer
with different composition and small conversion ratio
have been prepared in order to verify the distribution of
the compositional sequencesby the calculation based on

*To whomcorrespondenceshould be addressed

the copolymerization equation. Then, a method of
incremental calculations of the chemical shifts have
been developed taking into account previous positive
results for an acrylic copolymer516and for an aromatic
copolyterephthalate7.It requires a priori assignment of
the symmetric sequences for the initial simulation.
However, there could be discrepanciesif the assignment
is not exact, as it takes place in the case of sequencesof
small intensity. These assignments can be modified in
order to obtain a better agreement between the
experimentaland theoretical spectra.

EXPERIMENTAL

The industrial samplesof the methylmethacrylate–ethyl
acrylate copolymer, PMMA/PEA, were synthesized at
the Centre de Recherches Elf-Atochem (Carling,
France), by free radical copolymerization. The
comonomers taken in respective weight ratio, were
poured into butan-2-one to obtain 40wt% mixture and
then were placed in a double-coated reactor under
nitrogen. The mixture was heated up to 78°C and
azobisisobutyronitrile (AIBN) was added as radical
initiator (0.5wtO/Owith respect to the total solution).
The reactions were conducted up to about 10?4o
conversions and then the reaction mixture was poured
into a cold container (O°C) and monomethylether of
hydroquinone (EMHQ) was added as stabilizer.A small
part of this mixture was separated and after evaporation
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of the solvent under vacuum the conversion of the
reaction was determined. In this way three samplesof the
copolymer were synthesized for the initial content of
methyl methacrylate in the liquid phase equal to
FM = 0.30, 0.50 and 0.70 which correspond to the
conversionsof 9.61, 13.10and 11.47,respectively.

The 100MHz 13Cn.m.r. spectra of the PMMA/PEA
copolymer were recorded on a Bruker AM 400 spectro-
meter for 5wtO/Osolutionsin CDC13at 40”C.To avoid the
nuclear Overhauser effect a gated decoupling sequence
was applied and a reasonable signal to noise ratio was
obtained after 1200scans.In order to obtain quantitative
spectra the time delay between the pulses has to be at
least fivetimes greater than the longestrelaxation times.
Because, Tl(c=o)x 3–6s, the delay was set to 30S.The
quantitative nature of the spectra was verified by
comparison of the intensitiesfor the C=O signal to the
sum of those for a-CH3 (in the methyl methacrylate
units) and OCH2 (in the ethyl acrylate units) which
yielded very good agreement. The composition of the
copolymer was calculated from the ratio between the
intensity of the O–CH3 signal of ethyl acrylate and
intensityof the carbonyl signak:~M= 0.50,0.65 and 0.81
for the copolymers corresponding to FM = 0.30, 0.50
and 0.70, respectively.Knowing the conversion ratios,
the composition of the copolymers was verified by
titration of the residual monomer and by gas chromato-
graphy (with internal reference and correction factors)
by precipitating the copolymers in the mixture metha-
nol–water (60/40).The differencebetween the values of
fMobtained by these two methods did not exceed 5Y0.

CALCULATION OF THE LINE INTENSITIES

The intensitiesof configurational triads were calculated
according to Bernoulli distribution. The values of the
isotacticity parameters ~M~ = 0.218 for the methyl
methacrylate units (M) and oEE= 0.345 for the ethyl
acrylate units (E) were calculated from the spectra of
respectivehomopolymers, while the coisotacticitypara-
meters, *~m#ulated to be indistinguishable, oME=
ffEM= Cl ‘ , were assumed to be equal to 0.41,
according to San RomAnll. Initially, the intensities of
compositional triads were calculated from reactivity
ratios, assuming that for low conversions (W10°/0)the
concentration of each monomer in the liquid phase was
equal to its initial concentration12

P(M/E) =
1

1+ r~(FM/F~)

1
F’(E/M) =

1+ rE(F~/FM)

(1)

(2)

where P(M/E) and P(E/M) are the conditional prob-
abilities. Since, by definition

p(~) = P(E/M)P(E)
0.5

and

(3)

(4)
p(~) = P(M/E)P(M)

0.5
where P(EM) = P(ME) = F’(ME)+ P(EM), it can be
written that

P(E) – 1+ r~(FE/F~)

P(M) – 1+ rM(FM/FE)
(5)

This formula is similar to the copolymerization
equation with P(M) = d[M],i.e., monomer consumption
in the liquid phase. Upon application of this equation to
the copolymer with FM = 0.30, where P(M) x
P(E) = ().5(),the ratio rM/rE is found to be 5.44, while
it is equal to 16.38(or 8.46)if we take the reactivityratios
given in the literature: rM= 2.13, rE = 0.1311 (or
rM= 2.03, rE = 0.2413) even though these radical
copolymers were obtained in different experimental
conditions. This difference indicates that even for
conversion of 1OO/.it is not justified to apply the
composition of the copolymer formed instead of
differential values for the monomers consumed. How-
ever, since the equality P(EM) = P(ME) should always
be obeyed it means that equation (5) leads to apparent-
reactivity ratios corresponding to the given conversion.
So, for P(M) x P(E) = 0.50, r~ = 5.44r~. A second
relation can be derived for copolymer of FM = 0.50
where the conversionis slightlydifferentthan previously:
r~ = 2r~+ 1, hence r~ = 1.57 and r! = 0.29. These
values make it possible to recalculate the conditional
probabilities and then the sequence probability for
P(ME) [equations (l)–(4)]. The values obtained in this
way are practically identical (Table Z) with those
determined by n.m.r. utilizing the &CH2 signalsl
yieldingthe information on distribution of even compo-
sitional sequences according to the method described
previously for this copolymer. It was therefore possible
to verify the validity of this method for the third sample
of FM = 0.70.Taking the previousvaluesof r~ and r~we

Table 1 Average composition and conditional probabilities for the
free radical copolymerizationof ethyl acrylate with methyl methacry-
late

Copolymers ~~

FM= 0.700 RMN: 0.810
Calculated: 0.806

FM= 0.500 RMN: 0.650
Calculated: 0.670

FM= 0.300 RMN: 0.505
Calculated: 0.500

P(MM)

0.629
0.634

0.400
0.410
0.220
0.200

P(ME)

0.345
0.345

0.500
0.510

0.560
0.600

P(EE)

0.026
0.021

0.100
0.070

0.220
0.200

Table2 Triad probabilitiesof the ethyl acrylate-methyl methacrylate
copolymer

PMAM/F’AE 70/30 50/50 30/70

P(EmEmE) 0.014 0.335 1.252
P(EmErE) 0.053 1.286 4.811
P(ErErE) 0.051 1.236 4.624
P(MmEmE) 0.388 2.005 3.456
P(MmErE) 0.745 3.853 6.641
P(MmEmM) 2.71 3.002 2.385
P(EmMmE) 0.636 1.616 2.337
P(MrEmE) 0.558 2.885 4.972
P(MrErE) 1.072 5.544 9.557
P(EmMrE) 1.829 4.652 6.728
P(MmMmE) 2.458 2.756 2.256
P(ErMrE) 1.316 3.347 4.841
P(MmErM) 7.798 8.639 6.864
P(MmMrE) 3.537 3.967 3.247
P(MmMmM) 2.377 1.175 0.544
P(MrErM) 5.611 6.216 4.938
P(MrMmE) 8.792 9.859 8.071
P(MrMrE) 12.651 14.187 11.614
P(MmMrM) 17.001 8.406 3.895
P(MrMrM) 30.403 15.034 6.967
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arrive at the ratio P(E)/P(M) = 0.241 with respect to
0.248 found by n.m.r. Based on these values the
probabilities of 20 triads (Table 2) and 272 pentads
were calculated for the three copolymer samples.

RESULTS AND DISCUSSION
Simulation accordingto the literature assignment

In our previouspaperl we have tried to obtain the best
fit of the PMMA/PEA carbonyl signalsimulatedonly on
the basis of intensity calculation (lst order Markov–
Bernoulli model for distribution of compositional and
configurational sequences,respectively and assignment

J’11 Nevertheless,of triads according to literature data .
this simulation was not satisfactory, mainly for the
outermost symmetric sequences MrMrM and EEE,
which was due to the synthesismethod applied (100°/0
conversion).The simulation performed here in the same
way for the three samplesbut using the modifiedmethod

of calculation for P(M/E) and P(E/M) shows that
intensities of the homotriads mentioned above are in
good agreement with experimental ones (Figure 1).
However, it is not the case for the signal at 175.25ppm
which was assigned to triads MmMrE and MmMmE.
This difference indicates that there is a possibility of
different assignment, hence the attribution of chemical
shifts to respectivesequences,cannot be based only on
their intensity.

Incrementalcalculationof linepositions
If we assume that the attribution of the major lines is

correct (FigureIc ) it can be observed that for M-centred
triads of the same configuration, exchange of the
outermost monomers leads to a constant shift of its
position. For example for the MrMrM triad, replace-
ment of the outer M by E shifts the signalto higher field,
with Ad = 15M,M,E– dMrM,M= – 1.09pprn. Replacement
of the second outer M by E leads to a further shift of the

A (a)

II

(b)

(c)

178.5 177.5 176.5 175.5 174.5

ppm

Figure1 Experimentaland simulatedspectra for three samplesof the PMMA/PEA:70/30(a), 50/50(b), 30/70(c)applyingthe literature assignment
of the 20 triads]
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same order and in the same direction, i.e. Ab =
fi~,~,~– r$~r~,~= –1.02ppm. If we consider the
E-centred triads we can observe the same regularity but
with the direction inversed.When we observethe change
from ErErE triad to the ErErM one and then to MrErM,
it can be seen that a comparable shift can be observed,
A6 = 6M,E,E– 15Er~,E= +0.96ppm and A6 = 6MrE,M–
(5~,E,E= +1.04ppm, respectively. These observations
lead to a conclusion that the chemical shifts of certain
triads can be written in an incremental manner, for
example

and

where 61)Mis the chemicalshift of the carbonyl signalfor
the PMMA homopolymer (regarded as a position of the
M-centred sequence without any influence of its

neighbors). Therefore, the measurement of different a
incrementsrequiresinitial assignmentof the symmetrical
triads (Figure 2a). There are eight triads symmetrical
with respect to both their configuration and composi-
tion, i.e. four triads of mixed composition (EmMmE,
ErMrE, MmEmM and MrErM) and four homo-triads
(MrMrM, MmMmM, ErErE and EmEmE); the chemi-
cal shiftsof the latter being wellknown from the spectra
of the respectivehomopolymers. The chemical shifts of
the remaining 12 triads can be obtained as a linear
combination of the increments:

6M,M,E= 60M+&M + a%

It can be noted that even if the values of aM depend on
60M,the chemical shifts of asymmetric sequence like
MrMrE are independent of this parameter, hence it can
be chosen arbitrarily but it is reasonable to assume it
as the chemical shift of the methyl methacrylate
carbonyw, corresponding approximately to
triads MrMmM, i.e. 80M= 177.42ppm. Respective
value for the E-centred sequences was assumed to be

2a?. &, = 174.72
60M= 177.42 +.-.:. -.:.,”X.-..-.-. -.-. -.-. -.-.-,

-,----:-x;-----
M ‘ hi~ i.-. -. —.—.—.-.-..

)

Figure2

3458

Principleof the calculation of incrementsa (a) and spectrumsimulationutilizinglinewidthof 1Hz (b) and 18Hz (c) for each triad
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& = 174.72ppm, as a centre of the carbonyl signal for example, substitution of one outer unit M by E in
the PEA homopolymer. sequenceMmMmM leads to a decrease of the chemical

For the triads of lower intensity there are some shift for this sequence,while the exchangeof the second
anomalieshence their assignmentmay be uncertain. For outer M unit by E shifts this sequence towards the

Table 3 a and ~ incrementsfor the calculation of the triad and pentad chemicalshifts

c& ff=M i%E a?E dIM ff:M ff~E &

0.405 –0.435 –0.038 0.020 0.490 1.060 –0.870 –0.615

ff:: d“M C&i 4’

0.315 –0.330 –0.835 –0.570

dhM &MrM /i%M @ErM Pi?iMrM AMrM P#ErM ,&rM

–0.075 0.081 0.007 –0.004 –0.091 –0.197 0.162 0.114

/&E P%MrE l%ErE BFErE &MrE PFMrE P~ErE ~&E

0.010 –0.011 –0.0009 0.0004 0.012 0.026 –0.021 –0.015

~$mM I$YM.M RE.M PFEIIIM I%M.M RM.M RE.M /%nM

0.179 –0.193 –0.017 0.009 0.217 0.470 –0.385 –0.272

dirmE &M.E RIEIIIE tXEIIIE RMIIIE RMIIIE PREIIIE /$&nE

0.100 –0.108 –0.009 0.005 0.120 0.263 –0.216 –0.152

The numericalvaluesobtained experimentallyare indicated in bold

(b)

Figure 3 Simulation of the spectra for three samples of the PMMA/PEA copolymerapplyingmodifieda increments (a’): 70/30 (a), 50/50(b)
and 30/70(c)
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opposite direction.

and

If we assumethat this behaviour does not come from the
incremental method itself it can be supposed that the
triads EmMmE and MmMmE were incorrectly
attributed. This conclusion is not surprising since it
was already observedthat the band at 175.25ppm, which
contains in particular the MmMmE triad was
imperfectlysimulated.On the other hand, this M-centred
sequencecontaining only one E unit should be situated
near MmMmM triad than the EEE one. Based on these
observations we have proposed to assign this band to
EmEmM and ErEmM triads which should be situated
close to each other since the configurational effectsare
rather small for the PEA homopolymer. The same
relationship was observed for the two following
triads ErErM and EmErM at 175.74and 175.80ppm,

respectively. These corrections made it possible to
calculate the chemical shifts of all the 20 triads
(Table 3) based on the values of the eight independent
a increments. Simulation of the spectrum for the
copolymer of J = 0.50 (Figures 2b and 2c) revealed
however that certain sequences, mainly in the
methacrylic part, i.e. MrMrE or MrMmE, exhibit
small deviations of the chemical shifts with respect to
the experimentalvalues. This is probably due to the fact
that each a increment is a weight mean between the
increment for the substitution of the first unit (al) and
that for the second substitution (a2), which are not
exactly identical. This difference should be essentially
observed for PMMA due to the steric interactions of
methylgroup as it was already observedin other systems.
These interactions are responsible for the failure of the
~-gaz4che14-16calculations for predicting the chemical
shifts for stereosequences of PMMA. If we introduce
such corrected values for the triads containing only one
diad MM (a~fl = 0.315 and a~~ = –0.330) and even
for one diad EM (Q~~= –0.835 and c# = –0.570) the

(c)

Figure4 Principleof the calculationof incrementsBfor the MrMrM triad (a) and spectrumsimulationusinglinewidthof7Hz for each pentad (b).
Spectrum simulationof 272pentads with a linewidthof 1Hz (c)
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chemicalshiftsobtained are in very good agreementwith
the experimental ones (Figure3).

Determination of the 272 pentads was accomplished
by means of @increments,representing the contribution
of the comonomers in &position with respect to the
monomer unit considered. These increments can be
derived from the signal of the MrMrM triad, where the
pentad splittingwas the most pronounced. The chemical
shift of each pentad can be therefore written in the
followingform, for example

6M~MrM,M~M= 60M+ 2~yM+ 2@%MmM

6EmM,M,MrE= 6(IM+ 2~YM+ ,&M~E+ ~yMmE

As in the case of a increments, the four independent
~-increments can be calculated from the symmetrical
sequences (Figure 4a, Table 3), the two of pure
methacrylate composition being calculated from the
methyl methacrylate signal and the two other being
found considering the intensities of the respective lines
according to the Markov–Bernoulli statistics. Based on
these @increments the positions of the next six pentads
can be calculated. Very good agreement between this
simulatedand experimentalspectrumindicatesreliability
of this incremental approach (Figure 4b). The results
concerning the signal of MrMrM triad show that if we
compare the absolute values, the ,@incrementsare about
four times smaller than the respectivea-increment:

H’i4
On the other hand, for the same configuration, the

influence of comonomer M in ,&position is always
greater than that of comonomer E

Finally, for the same compositional sequence, the
influence of a comonomer in configuration r is smaller
than that in configuration m

The remaining @increments cannot be measured
directly, due to complexity of the middle part of the
carbonyl signal where the mixed sequences occur.
Therefore, in the first approximation we have used the
same relations as those found previously.For example,
the increments related to the MmMmM-centred pentads
can b~ expressed with respect to only one @-increment,
say &MrE

I~%MmEl = 10 I@#MrEl; IATMrkf = 7.51DMvIA;

If%MmM[ = 17.861dhrEl
with X191/lal= 0.9.

The absolute values of the increments calculated in
this way are identical, whether the signsof the previous
B-valuesbe taken into account or not, but the chemical

shifts are slightly different. We have observed however
that the fit is better when the signs are taken into
consideration (Figure 4c, Table 3). Therefore, it is
difficultto perform very good simulation based only on
the small variations of increments /3.Nevertheless, it is
conceivableto increase the precision of the increment /?
determination by iterative modification of the estimated
values for the mixed sequences and the study of the
copolymersamplessynthesizedin differentexperimental
conditions.

CONCLUSION

The methodology developed,based on one hand on the
intensity calculations and on the other on incremental
calculation of chemicalshifts, offersvery good accuracy
of triad simulation and approximative simulation at the
pentad level for the PMAM/PEA copolymer. The
method seems to be applicable to other acrylic copoly-
mers provided that their 13C n.m.r. spectrum offers
sufficientresolution of the carbonyl signal to distinguish
the lines of individual pentads. The chemical shifts
determined for this copolymer synthesized in a radical
way may be utilized for determination of sequence
distribution of the anionic copolymers where a simple
statisticscannot be applied.The method seemsto be quite
general for determination of sequence distribution of
acryliccopolymersof significantindustrial importance.
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