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ABSTRACT:

A method of resolution enhancement of high resolution nuclear magnetic

resonance spectra of polymers which are poorly resolved due to large local viscosity, is proposed.
This method is a suitable subtraction of the second derivative of the spectra from original
ones, and one which can be carried out automatically with the aid of a chart reader and a

computer.

A moderate value for the proportionality constant to the second derivative is

obtained as K = 1-2. The effect of the separation between representative points at the
reading to the computer is also discussed. This procedure is applied to the NMR spectra of

poly(methyl propenyl ether).
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Spectroscopic methods have been applied to
polymer systems during investigation of their
microstructures or their polymerization mecha-
nisms. Such investigations can be said to be
quantitative only when the quantitative value of
the intensity, position (wave number, frequency,
magnetic flux density, etc.) or the shape of peak
or valley in the spectra is given with sufficient
accuracy. It requires adequate resolution of the
spectra. If the discussion is limited to high
resolution nuclear magnetic resonance spectro-
scopy (NMR) of the polymer solution, the resolu-
tion is generally poor compared with that in the
system of low molecular weight analogue because
of the large local viscosity of the former." The
term, ““local”, is, of course, used here to describe
the dimension effective to magnetic dipole-dipole
interaction of atomic nuclei. As an example of
poor resolution due to large local viscosity, it is
known that the more fluid aqueous solution of
poly(vinyl alcohol) gives spectra with poorer
resolution compared with that of the neat of
2,4-dihydroxypentane as a low molecular weight
analogue.? Furthermore, a slight molecular
weight dependence on the magnitude of local
viscosity has been known in neat or melt of
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poly(ethylene glycol).> This implies that poor
resolution of NMR spectra is inevitable in polymer
systems. The need for adequate resolution en-
hancement of spectra, therefore, may be consi-
dered a pre-requisite for carrying out proper
quantitative investigations of these systems.
Techniques of resolution enhancement of spectra
may be divided into two classes; namely, the im-
provement in hardware and the introduction of
software. The former means obtaining better
resolution of spectra by improving magnet homo-
geneity, the adoption of spectrometers operating
on higher frequencies, and other improvements
in mechanical or electronic fields. However it
has also meant in a practical sense that use of
such techniques is limited to the manufacturers
of this specialised electronic equipment, due to
lack of sufficient skill and knowledge on the part
of polymer scientists to make best use of it. Quite
apart from this it is not possible for financial
reasons to continually bring in the latest equipment
as soon as it becomes available. As a result the
other technique—improvement by software—has
to be introduced. It is suggested that by use of
this technique more efficient resolution enhance-
ment can achieved hand-in-hand with increasingly
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effective use of computers and efficiency in the
programming. This paper offers one possible
method of programming by calculation of the se-
cond derivative of spectra, and the method is
applied to the NMR spectra of poly(methyl
propenyl ether).

PROCEDURE OF COMPUTATION

It is not true to say that spectra of polymer
systems have not been processed before. For
example, enhancement of the signal-to-noise ratio
of the NMR spectra was successfully carried out
for a dilute solution of polyethylene by the
accumulation of multiple swept spectra. A modi-
fication of this method was also applied to the
NMR spectra of butyl rubber.” These methods,
however, cannot be used for the resolution
enhancement of poor resolution spectra of poly-
mers. In this case, it is required to distinguish
between two or more adjacent signals, not between
that of signal and noise.

To do this we suggest superimposition of the
second derivative of spectra on to its original
spectra. As is well-known, the derivatives,
d*"f(x)/dx*™, of even order of an arbitrary func-
tion, f(x), are always positive near the minima or
the valleys in the function, while the derivatives
are always negative near the maxima or the peaks
in the function. Therefore, if

o) = 1) — T cpt L

@
is computed for an arbitrary spectrum, f(o),
the peaks in g(w) are higher and sharper than those
in f(w) and the valleys in g(w) are deeper and
sharper than those in f(w).! As the simplest
form corresponding to this computation,

g(@)=f(0) — Kf"(0) 2

is recommended.” The procedure of computa-
tion in this paper follows on from this basis. The
first matter we must attend to is a reading of f(w)
which is given as an analogue quantity by the output
of a spectrometer. To do this, the abscissa of
a chart obtained as an output of a spectrometer
is divided into intervals of 0.2 mm or of its integral
times, and the heights of the spectrum at each
representative point obtained by the above divi-
sion is read in a computer, Model JRA-5 (capa-
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city: 4 k word, 1 word = 16 bits) with the aid of a
chart reader, Model JRA-CR-114. The heights
read in are converted into numerical values by the
analogue-to-digital converter within the com-
puter.

Noise accompanying the signal is more or less
inevitable, and it is greatly amplified by the pro-
cedure of differentiation. In order to minimize
such effects, the spectrum must be smoothed out
before differentiation. The procedure adopted
here is to take the average height of the four
succeeding representative points, that is,

. 1 3
flo) =— §0f(wi—j)

i ®

where subscripts for o denote the representative
points. Taking the average height of a rather
small number of points results in the noise re-
maining, while taking that of too large a number
of points tends to cause the characteristics of the
spectrum to be lost. The number of points
chosen (four) is considered to effect the most
suitable compromise from the above point of
view. This procedure should hold to reduce the
intensities of not only noises but also signals of
somewhat less intensities or those eclipsed by
stronger ones. The widths of the signals are
larger than those of noises in the spectra of poly-
mers. Therefore it isalways possible to carry out
a smoothing procedure which affects only noise.

The first derivative of f(w;) can be calculated
numerically by

Af(w;) = f(wi+4) — f(wi) )

which is again smoothed to

4f(0) =5 E 40 )
This leads to the expression
Lf(w;) = 4 f(@s43) — A f(@i-1) ©)

for the smoothed second derivative of f(w;). Then,
as the expression for the enhanced spectrum of
fw;), we have

9(@:) = flw;) — KL f(wy)
= el f0i) = 2f(0i-0) = 3f (i)

— 4f (@i-g) —f(®i—3) + 2f (w;-2) + 5f(wi-1)
+ (16/K + 8)f(w:)+ 5f(wit1) + 2f (@it2)
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— fl@irs) — 4f (0ir0) — 3f(0is5)
— 2f(@sr6) — f@ir)} @)

where K is a positive definite constant. Eq. 7
is, of course, calculated by the computer.

The definite integral of — Kf'/(») from one
valley to the next vanishes. Thus the intensity
of every peak in a spectrum is kept constant by
this procedure of resolution enhancement. This
enables us to calculate the intensity of every peak
from that of corresponding enhanced peak. This
calculation is also carried out by the computer.

The proportionality constant K can be estimated
theoretically, if the shape of the spectrum is
known.! However, the procedure adopted in
the paper is to obtain enhanced spectra correspond-
ing to some appropriate value of K, and to decide
the most appropriate value of K by the comparison
of these outputs visually by the researcher.
A similar procedure is also carried out to
decide the interval between representative points,
which is hereafter denoted by 4. The shape
of the NMR spectrum of polymers is not a
simple Gaussian or Lorentzian one, because of
the distribution of correlation times. This is
one reason why we do not use the theoretical
value of K. The other reason stems from the fact
that higher derivatives of the spectrum appearing
in Eq. 1 cannot be ascertained by our procedure.
The theoretical value of K has a definite meaning
only when the higher derivatives are taken into
account at the same time.

AN EXAMPLE OF COMPUTATION

The procedure described in the previous sec-
tion was applied to the 3-CH; peak in the high
resolution NMR spectrum of poly(methyl pro-
penyl ether). The conditions of polymerization
and that of the measurement of the NMR spectrum
are described elsewhere.® The a-OCH; peak in
the NMR spectrum of the polymer was split into
three parts due to the chemical shift corresponding
to its three dyad ditacticities. On the other hand,
the $-CH; peak decoupled from its 8-CH proton
appeared to be split into two despite the possibi-
lity of a threefold splitting corresponding to the
three dyad ditacticities. In discussing the poly-
merization mechanism of the polymer, it is im-
portant to be able to explain the reason for the
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lack of the third peak, i.e., whether its disap-
pearance is due to a particular choice of con-
figuration in the propagation step, or to a poor
resolution of the spectrum. It is for this reason
that the p-CH; peak of the polymer is chosen
as an example.

Figure 1(a) is the 8-CH; peak decoupled from
its B-CH proton in the high resolution NMR
spectrum of poly(methyl propenyl ether) poly-
merized with BF;-O(C,Hj;), in toluene at —78°C.
This is not the original spectrum, but the output
from the computer without any processing such
as smoothing or resolution enhancement. For
practical purposes, therefore, it can be considered
astheoriginal. A line equal to 1cm in the original
spectrum is shown in the figure to enable comparison
of the separation, 4, between representative points
to be made. Figures 1 (b)—-(f) show the change
of resolution in enhanced spectra due to the change
of the proportionality constant, K, under the

@ () ©)
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Figure 1. Changes in the shapes of enhanced spectra
of B-CH; protons decoupled from B-CH protons in
NMR spectrum of poly(methyl prepenyl ether) with
the proportionality constant, K, to second derivative
under the condition of the constant separation,
4 = 3, between two adjacent representative points.
(a): Not enhanced, (b): K =1/2, (©): K =1, (d):
K=2():K=4,():K=28.
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Figure 2. Changes in the shapes of enhanced spectra
of B-CHj; protons decoupled from 8-CH protons in
NMR spectrum of poly(methyl propenyl ether) with
the separation, 4, between two adjacent representative
points under the condition of the constant propor-
tionality constant, K =2, to second derivative.
(a): Not enhanced, (b): 4 =1,(0): 4 =2,(d): 4 =3,
(): 4=4, (f): 4=25, (g): 4 =6.

condition of constant separation, 4 = 3(repre-
sentative points are chosen at every 0.6 mm
intervals). It can be seen that smaller K values
are insufficient for enhancement, while larger
K values are inadequate because of larger estima-
tion of the second derivatives compared with the
original curves. It can be concluded that moderate
K values (K = 1-2) give better resolution in
this case.

The choice of the separation, 4, is believed to
affect the procedure of smoothing. Figure 2(a)
is identical with Figure 1(a), and Figure 2(b)—(g)
are enhanced spectra of Figure 2(a) with various
values of 4 under the condition of constant K.
Smaller values of 4 are insufficient to prevent the
effect of noise which causes the apparent split-
ting of the peaks as seen in Figure 2(c). The
larger the value of 4, the better the enhancement
accomplished within the range of 4 from one
(0.2 mm) to six (1.2mm). It can be concluded
in this case that rather large 4 values cause effects
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Figure 3. The enhanced spectrum of 8-CHjs protons
decoupled from B-CH protons in NMR spectrum of
poly(methyl propenyl ether) with K = 1/2, 4 = 7 (a)
and its integrated spectrum (b).

similar to large K values which amplify the effects
of the second derivative. Thus if a larger 4
value is used, the K value must be decreased des-
pite the conclusion stated in the preceding para-
graph.

When one half and seven are chosen for the
values of K and 4, respectively, a result as depicted
in Figure 3(a) is obtained. Furthermore, the
integration of the curve in the figure is shown in
Figure 3(b). From these two figures, it can be
seen that the third peak is not eclipsed in the
range of the other two peaks, so that the third
peak essentially disappears in the polymer. This
conclusion provides support for the polymeriza-
tion mechanism described elsewhere.! In addi-
tion, the relative intensities of the two peaks,
evaluated as 0.44 and 0.56 from Figure 3(b), also
lend support to the calculation of relative inten-
sities without resolution enhancement.?

CONCLUSION

A means of resolution enhancement of a
spectrum can be successfully achieved by the sub-
traction of its second derivative, and this can be
carried out automatically with the aid of a chart
reader and computer. This procedure was applied
to the B-CHj; peak in the high resolution NMR
spectrum of poly(methyl propenyl ether), and the
results support those obtained without resolution
enhancement.
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