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ABSTRACT: The comonomer sequences of ethylene-vinyl acetate copolymer have been analyzed by a novel 
approach that utilizes two-dimensional heteronuclear single quantum coherence and total correlation 
spectroscopy (2D HSQC-TOCSY). The combined carbon-proton and proton-proton correlations in a single 
2D experiment enables a direct correlation among neighboring species. Hence, it is independent of the 
estimations of chemical shifts and peak intensities that are requisites of conventional procedures. Moreover, 
the proton-detected heteronuclear correlation experiment takes advantage of the high resolution of 13C as 
well as the high sensitivity of lH NMR spectroscopy. As a result, it was possible to obtain improved assignments 
and much more detailed microstructural information. 

Introduction 
High-resolution lH and 13C NMR spectroscopy, and 

more recently multidimensional homonuclear and heter- 
onuclear correlations spectroscopy, have revealed detailed 
structural features of complex polymers.1-8 Microstruc- 
tural features such as stereochemical configurations and 
comonomer sequences which give detailed insight into the 
mechanism of copolymerization including reactivity ratios 
are provided almost exclusively by NMR techniques. 

Currently established procedures to determine micro- 
structures of copolymers require most or all of the following 
 step^:^^^ (i) synthesis of model oligomers or copolymers 
with a series of relative concentrations, (ii) estimation of 
the chemical shifts of particular species in comonomer 
sequences from empirical additive rules,lOJ1 (iii) estimation 
of relative intensities assuming Bernoullian or Markovian 
propagation statistics. This conventional technique has 
been successfully applied to provide microstructures of 
some copolymer s y ~ t e m s . ~ J ~  However, there are some 
drawbacks to the universal implementation of the tech- 
nique such as (i) the synthesis and assignment procedures 
are tedious and become extremely complicated with 
complex polymerizations involving multimonomers, (ii) 
chemical shifts are mostly dependent on the nature of 
solvent, temperature, pH, and impurity materials such as 
paramagnetic species and, as a result, it becomes difficult 
to use literature values for the empirical rules, (iii) 
stereochemical configuration and comonomer sequencing 
produce similar intensities for many sequence probabil- 
ities, hence assignment of comonomer sequences based 
on the theoretical fit of peak intensities may have some 
ambiguities. 

Ideally, such sequence determination is best done by 
establishing a direct connectivity between neighboring 
species. 13C 2D INADEQUATE NMR,l3 which corre- 
latea directly bonded 13C pairs, has been effectively applied 
to determine comonomer sequences of stereoregular 
copolymers.*J4J6 For a polymer with natural-abundance 
13C, only one in lV carbon-carbon pairs are detected by 
this technique. Hence, the technique has poor sensitivity 
and is applicable for some special cases with stereoregular 
structures. 

In this work, it is shown how a 2D technique that couples 
single-bond carbon-proton correlation together with pro- 
ton-proton correlation spectroscopy can provide an ab- 
solute determination of microstructural features of co- 
polymers. Since both heteronuclear (C-H) and homo- 
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nuclear (H-H) correlations are established in a single 2D 
experiment with a proton detection scheme, the resulting 
data have the high resolution of 13C spectrum and the 
high sensitivity of proton nuclei. The peak assignments 
are made independent of empirical chemical shift rules 
and propagation statistics which allow a choice of exper- 
imental conditions (solvent, temperature, pH, shift re- 
agents, ek.) that best suit the particular polymer system 
being investigated. This direct technique is applied to 
ethylene-vinyl acetate (Eva) copolymer. A substantial 
amount of work has been done to characterize the 
microstructures of Eva c ~ p o l y m e r . ~ J ~ ~ ~  The direct 
method of establishing neighbors employed in the current 
work has enabled umambiguous assignments of additional 
features of the microstructures of Eva. 

Experimental Section 
Ethylene-vinyl acetate copolymer was purchased from Sci- 

entific Polymer Products Inc. as part of a polymer sample kit. 
The 60/40 Eva has a molecular weight (M,) of 110 OOO. A 15- 
20 5% solution of the sample was prepared in 1,2,4trichlorobenzene 
with a small amount of benzene-& for the deuterium lock signal. 

The NMR experiments were done on a Bruker A M 5 0 0  
spectrometer with a reverse (lH detection) probe. The heter- 
onuclear single quantum coherence (HSQC) experimentm with 
proton detection scheme has high sensitivity and allows a second 
polarization transfer step (TOCSY)21p22 among the proton spins, 
making sequential assignments possible. Thus, the spectra 
obtained by the 2D HSQC-TOCSY experiment show signals that 
arise from single-bond heteronuclear (C-H) as well as three- 
bond homonuclear (H-H) correlations. For example, in a 
spectrum of a vinyl polymer with a -CHz-CH- backbone repeat 
unit, at least two sets of cross peaks are expected along each of 
the methylene and methine carbon resonances. In the case of 
the methylene carbon, one set of cross peaks correlate it to the 
directly bonded methylene protons and the other to the neigh- 
boring methine protons, establishing the sequence. In the case 
of a comonomer sequence, an additional set of cross peaks is 
observed to the resonances of the neighboring comonomer. The 
sequential assignment is repeated along the polymer chain for 
the direct determination of microstructures. 

It is emphasized that the TOCSY transfer step is done with 
a spin lock field; hence there is minimal magnetization decay 
from the characteristic short T2 of macromolecules. The mag- 
netization transfer time (mix time) for the proton-proton 
correlations can be adjusted for establishing nearest as well as 
next nearest neighbors. In this work a mix time of 19.8 me was 
utilized in order to observe only three-bond proton-proton 
correlations. 

The 2D NMR data acquisition times can be reduced signif- 
icantly (for example, to a couple of hours for the single-bond 
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Figure 1. Nomenclature of ethylene-vinyl acetate copolymers. 
hhgnet idy  inequivalent primary (PI, secondary (S), and tertiary 
(T) carbons are identified by Greek subscripta indicating the 
nearest tertiary carbon positions. 

heterocorrelation experiment), if fairly concentrated (viscous) 
solutions are prepared in appropriate solvent(s). Such high 
concentrations introduce minimal broadening of the line width 
since the local segmental motion which is responsible for the 
broading of the l i e  width is not significantly affected by 
concentration. 

Results and Discussion 
Nomenclature. The sequential assignment is facili- 

tated by the use of consistent nomenclatureeIB developed 
for the variety of magnetically nonequivalent secondary 
and tertiary carbons that result from copolymerization. 
In this nomenclature, Greek subscripts indicate the 
positions of the nearest tertiary carbons from the secondary 
(S) or tertiary (T) positions of the backbone carbons. Figure 
1 illustrates the nomenclature for most of the nonequiv- 
dent S andT species in the building blocks of the ethylene- 
vinyl acetate copolymer. 

Spectral Asrfgnment. The aaeignment of peaks will 
be made in several self-consistent stages that exploit the 
neighboring arrangements of the carbon moieties in the 
microstructures. At each stage, the assignments wil l  be 
based on the direct experimental data obtained in this 
work without any reference to previous assignments made 
by other workers. 

Stage 1. In the first stage, a one-dimensional 13C 
DEPTH experiment (Figure 2) was used to assign sec- 
ondary (S) carbon signals from 21 to 40 ppm, tertiary (T) 
carbon signals from 65 to 75 ppm, and the primary (P) or 
methyl carbon signal at 21 ppm. For a more complicated 
spectrum with severe spectral overlap, a C-H-coupled 
(~JcH) heteronuclear 2D correlation experiment can be 
used to distinguish P, S, and T carbons. 

Stage 2. At this stage, a single-bond carbon-proton 
correlation is made, as shown in Figure 3. The secondary 
carbons are correlated to the proton resonances a t  1-2 
ppm, while the tertiary carbons are correlated to protons 
at about 5 ppm. Note that it is not possible to dietinguish 
between methylene resonances without additional exper- 
iments and estimations, as outlined in the Introduction. 
As shown in the next stage, the spectrum in Figure 3 is 
used to distinguish single-bond carbon-proton correlations 
from those of neighboring nuclei. 

Stage 3. A second 2D spectrum (Figure 4) is obtained 
by the HSQC-TOCSY experiment. The additional peaks 
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Figure 2. l3C spectra of ethylene-vinyl acetate copolymer. The 
bottom spectrum (ISC DE€'") differentiates the tertiary carbons 
(above 60 ppm) from the secondary carbons (21-45 ppm, inverted) 
and the methyl carbon at 21 ppm. 
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observed in this spectrum (compared to Figure 3) are due 
to the t b b o n d  proton-proton correlation peaks attained 
in the TOCSY step of the experiment. For example, the 
tertiary I3C peak at 69.6 ppm has two cross peaks at 5.1 
and 1.7 ppm, correlating it to directly attached protons 
(stage 2) and neighboring methylene protons, respectively. 
In the following paragraphe, a step by step assignment of 
the comonomer sequences is made from the carbon-proton 
and proton-proton correlation signals. 
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Figure 4. 2D HSQC-TOCSY spectrum of ethylenevinyl acetate. 
In addition to the single-bond C-H correlations (Figure 3), next 
neighbor correlations are established by the TOCSY step of the 
experiment. Higher digital resolution was used in the carbon 
dimension in order to observe detailed features of the correlation 
step. Similar to Figure 3, the tertiary carbon region has been 
expanded for clarity. 

(i) The secondary carbon peaks at 30 ppm do not show 
any correlation to the methine protons a t  about 5 ppm. 
Thus this set of peaks has to be farther from tertiary 
carbons; as a result, they are assigned to Saa, Syy, and S,a. 
There is additional correlation between the upfield shoul- 
der peak at 29.9 ppm and the methylene protons a t  1.5 
ppm. From Figure 3 it has already been observed that the 
methylene protons a t  1.5 ppm are directly bonded to the 
secondary carbons at 34.5 ppm. Hence, the upfield 
shoulder signal at 29.7 ppm has to be from a methylene 
carbon near neighbor to the methylene carbon at 34.5 ppm. 
This information and the subsequent assignments will be 
used to differentiate between Sa8 and S,a. It should be 
noted that SBB is not also expected to show any correlations 
with the methines. But its assignment to the set of peaks 
at 30 ppm is excluded by subsequent analysis (see step vii 
below). 

(ii) The secondary carbon at 39 ppm that does not show 
any correlation to the rest of the secondary carbons is 
assigned to Sa,. From the structure in Figure 1, we realize 
Sa, is the only secondary carbon that is sandwiched 
between two tertiary carbons. Hence, Sa, is not expected 
to show any significant correlation to protons of other 
secondary carbons under the current experimental con- 
ditions. 

(iii) One of the methine carbons a t  69.6 ppm shows a 
strong correlation to only Sa, protons a t  1.66 ppm. 
According to the structure, Sa, is the only secondary carbon 
that is nearest neighbor to Tbp Thus the tertiary carbon 
at 69.9 ppm with unique correlation to Sa, is assigned to 
T ~ B .  Similarly, the only other tertiary carbon (71.1 ppm) 
that also exhibited correlation to Sa, is assigned to TB~. 

(iv) The Tpa peak at 71.1 ppm shows correlations to two 
neighboringprotons at 1.5 and 1.66 ppm in addition to the 
correlation to the directly bonded methine proton at 5.05 
ppm. The structure (Figure 1) shows that T8a can have 
only Sa, and S,a and/or Sa, as its neighbors. In step iii 
we have already established the correlation to the neigh- 
boring s,, at 1.66 ppm. The remaining proton neighbor 
at 1.55 ppm with the corresponding carbon signal at 34.5 
ppm is assigned to sa6 and/or Sa,. 

(v) The remaining tertiary carbon peaks at 73-74 ppm 
are assigned to Taa on the basis of their correlations to Sa* 

Ethylene-Vinyl Acetate Copolymer 
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Figure 5. Expanded region of Figure 4 showing the correlations 
of Sob, S,,, and Sop The correlation between Sop (1.45,21.5) and 
S,, (1.55,34.2) is clearly observed in this plot. The correlations 
of Sea (1.55,34.6) and the unique resonance (see text) at 1.55,35.3 
ppm to So6 at 1.35 ppm is illustrated. The single-bond correlation 
peaks are indicated by x. 

and/or Sa, (34.5 ppm). Note that Taa and T B ~  (step iv) are 
the nearest neighbors of S,a and/or Say 

(vi) Finally, Ssa a t  about 26 ppm is identified from the 
correlations to ita neighbor protons of S,a and Taa. 

(vii) Sa, and are readily identified since they are the 
only unique secondary carbon neighbors sandwiched 
between tertiary carbons in the VEV segment of the 
sequence. Figure 5 illustrates the correlation of Say at 
1.55,34.23 ppm to Sbb a t  1.45,21.3 ppm. In addition, the 
figure shows the correlation of Sa* (1.55, 34.5) and an 
unassigned resonance at 35.2 ppm (see next stage) to S,4Q 
protons at 1.35 ppm. 

Stage 4. Once the major groups of peaks are assigned 
to the major microstructural features, more detailed 
information is obtained froman expanded plot of the peaks 
arising from the correlation of secondary carbons and the 
methine protons, as shown in Figure 6. 

The major peak of S8a shows a strong correlation to Taa 
protons (Figure 6A), indicating the predominant sequence 
segment of EVEE. The smaller Sga peak a t  25.4 ppm is 
correlated to Tga (about 5.1 ppm). Clearly, the two carbon 
moieties are part of the VVEE segment. 

Figure 6B illustrates the region of the spectrum cor- 
relating S.8, S,,, and Sa, to the protons of tertiary carbons. 
Similar to Figure 6A, the most intense cross peak is 
correlated to Tad, indicating EVEE as the most abundant 
sequence segment. The small cross peak at 5.1 ppm 
correlates Sa& to T8a in a VVEE segment of the sequence. 
The most upfield cross peak at 34.2 ppm correlates Sa, to 
Tab in an EVEV segment. 

The most downfield shifted cross peak at 5.15,35.3 ppm 
in Figure 6B correlates a secondary carbon, possibly Sal, 
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Table I 
*W Chemical Shih Assignment of EthylenbVinyl Acetate 
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Figure 6. E dad regions of Figure 4 illustrating detailed 
correlations o r @  (A), Sad, S, (B), and Sa. (C). See text for 
mignment. 

to methine protons h i l a r  to TBB, as determined by the 
proton chemical shift at 5.15 ppm. Such correlation does 
not fit well with the regular comonomer sequences. More 
work is needed to get a direct apsignment of this signal 
a r i s i i  from a aeemingiy h g & r  structure such as 
monomer inwrsion of vinyl acetate in a W aegment. 
Finally, Figure 6C illustrates the correlation of Sa, to 

methine protons. The croeepeak at 39 ppm with corre- 
lations to TM and TBB peaks is consistent with the EWVE 
segment of the copolymer sequence. The skewed "peak 
indicates the correlation of the upfield ahodder peak of 
S, to TM, as expeded for the E W E  segment. Much 
weaker cr0espee.k~ are also obearved at about 39.6 ppm. 
Similar to the weak signal in Figure 6B, the character- 
ization of thew weak peaka suffers from a dynamic range 
problem and work is underway to determihe the micro- 
s t r u c t w  responsible for these sigPale by dire& exper- 
imental measurement similar to the one outlined in this 
work. 

A summary of the l9C chemical shift aasigmmnta 
together with the structural block segment to which the 
carbon moiety belongs is summarized in Table I. 

Conclusion 
The comonomer sequences of ethylene-vinyl acetate 

copolymer have been determined from sequential assign- 
menta based on the correlation of both heteronuclear (C- 
H) and homonuclear (H-H) connectidties of neighbring 
species in a single 2D NMR experiment. The high 
resolution and sensitivity of the 2D HSQC-TOCSY 
experiment provided a detailed microstructural analysis. 
In addition, the direct assignmerite of comonomer se- 
quences b e d  on correlations of neighboring speciea makes 
this approach reliable since it is independent of chemical 
shift and peak intensity estimates by empirical rules. 

- 
CBI 

CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 
CI 

Copolymem 
%on moiety structure segment 1BC chemical shift (ppm) 
380 P V 20.9 
42 QBB VEV 21.3 
42 SP EVEE 25.4 
(2 SP VVEE 25.7 
42 S+ VEEE 29.9 
42 Su,S,, EEEE,EE 30.1 
42 s, EVEV 34.2 
4 2  sad W E E  34.5 
42 sad EVEE 34.6 
32 sap 35.3 
42 Saa EWE 39 
42 Sam VVVE 39.5 
4 T8B vw 69.349.7 

W a n d v w  70.6-71.1 
EVEE 73.4-74 

1 Ti% 
4 Tu 
Irregular sequence (see text). 

Clearly, these features are ideal for the characterisation 
of complex polymers consisting of several monomers. 

The direct detection of neighboring species permite the 
characterization of other micraetructural featurea such as 
stereochemical configuration and conformation, regioir- 
regularity, graft and branch sites, endgroup identification, 
and small molecule byproducta (mono and diadduh) of 
the polymerization reaction. 
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