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Vibrational and n.m.r. study of
poly(N-methyllaurolactam) and of
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Poly(N-methyllaurolactam) (PNMLL) and its blends with poly(4-vinylphenol) (PVPh) were studied by a
combination of infra-red, Raman and n.m.r. spectroscopic methods. In the crystalline phase of
semicrystalline PNMLL, the amide bond was shown to be present in the cis form, and the polymethylene
chain to contain long trans sequences, with a trans conformation on the ~CH,~CO- bond. In the blends,
the content of the crystalline phase, and also of the polymethylene trans sequences, is strongly suppressed.
Analysis of the O—H stretching vibrations shows that in the blends the hydrogen bonds between the O-H
groups of PVPh and PNMLL carbonyls are stronger than the hydrogen bonds in pure PVPh. The values of

TH , Telaxation times indicate intimate mixing of the blend components on a scale of <3 nm.

(Keywords: poly(N-methyllaurolactam); poly(4-vinylphenol); blends)

INTRODUCTION

In our previous studies we have used a combination of
vibrational and n.m.r. spectroscopy for the investigation
of the structure and dynamics of polymer blends with
weak and medium intermolecular interactions between
the componentsl’z. In this study, we have chosen a
similar approach for the case of the blends of poly(N-
methyllaurolactam) and poly(4-vinylphenol) (PNMLL/
PVPh), where that interaction is strong.

Atactic amorphous poly(4-vinylphenol) (PVPh) can
form hydrogen bonds by means of its hydroxy groups
with all polymers containing carbonyl groups. It has
often been used as one of the components in structural
studies of blends with strong interactions, and its spectral
behaviour is generally known®~5.

Poly(N-methyllaurolactam) (PNMLL) is a semi-
crystalline polymer, with a T, of ~—35°C. Its structure
was studied many years ago by infra-red and low-field
n.m.r. spectroscopy, and by X-ray and ds.c
measurements’. Assuming the existence of the cis and
trans structures of the N-methylated amide group, and
considering infra-red band intensity ratios, the authors
concluded that in the crystalline phase of PNMLL the
methyl group assumes trans orientation with respect to
the carbonyl oxygen.

In order to evaluate correctly the effects of blending, we
have re-examined the structure of PNMLL by a combina-
tion of infra-red (i.r.), Raman, solution and solid-state
n.m.r. spectra, and values of X-ray crystallinity, and used
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the same combination of methods for characterizing the
structure of blends.

EXPERIMENTAL
Samples

Poly(N-methyllaurolactam) was prepared by acido-
Iytic polymerization of N-methyllaurolactam?®, initiated
with 0.66 mol% dodecanoic acid per mole of lactam, at
260°C for 72h (polymer yield 99.2%), and also by
cationic polymerization initiated with 0. 55 mol% AICl,
per mole of lactam at 260°C for 21, Poly(4-vinyl-
phenol) (PVPh) with M,, = 30000 was obtained from
Polyscience Inc. PNMLL/PVPh blends were prepared
by separate dissolution of the polymers in tetrahydro-
furan followed by mixing of the solutions and
evaporation of the solvent. We have studied the
PNMLL/PVPh blends at the component molar ratios
4:1, 1:1 and 1:4.

Measurements

Films for infra-red measurements were cast on KBr
windows. For the preparation of oriented PNMLL, a
film cast on a Teflon plate was fastened between two
holders and slowly stretched and elongated by means of

a screw>. Infra-red spectra were measured on Bruker
IFS-55 and IFS-88 FTi.r. spectrometers and on a Perkin-
Elmer 580B grating infra-red spectrometer connected
on-line with a Tracor TN-4000 multichannel analyser.
Low-temperature infra-red spectra were measured using
an RIIC variable temperature cell. Infra-red dichroism
of the oriented neck of the elongated PNMLL was
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measured using an AgBr polarizer positioned in the
sample compartment of the IFS-55.

For the measurement of Raman spectra the samples
were used as prepared. Spectra were recorded at 2cm
resolution on a Bruker IFS-55 FTir. spectrometer
equipped with the Raman module FRA-106. The
samples were excited by a 1064nm diode-pumped
Nd:YAG laser with a power of 200 mW at the sample.

Solid-state n.m.r. spectra were measured on a Bruker
MSL 200 spectrometer at 50.3MHz (*C) using the
standard combination of cross-polarization (CP), dipo-
lar decoupling (DD) and magic-angle spinning (MAS)'’.
The MAS frequency was 4kHz, the spectra were
externally referenced to the signal of the carbonyl
carbon of glycine (6 =176.0ppm from TMS) by
sample replacement. The rotating-frame spin-lattice
relaxation time for protons, T IH,) was measured indirectly
from the *C CP/MAS/DD n.m.r. spectra. The experi-
mental scheme used a variable spin-lock time followed by
constant contact time. The spectra of amorphous and
crystalline components of PNMLL were separately
measured based on assumed differences in 7\ relaxation.
The amorphous component of PNMLL was measured
without CP by using 90°C pulses at | s intervals and the
crystalline component was measured by the method
for T\ measurements with cross polarization'' using a
delay of 10s.

All high-resolution n.m.r. spectra were recorded on a
Bruker ACF-300 spectrometer, at resonance frequencies
of 300.1 for 'H and 75.5MHz for *C. The polymers
were measured as ~10% wt/vol solutions in 1,1,2,2-
tetrachloroethane-d, (TCE). For measurements at
elevated temperatures the measuring cell was flushed
with argon and sealed. All chemical shifts are referenced
to internal hexamethyldisiloxane gHMDS, shifts & with
respect to TMS: 0.05ppm for "H, 2ppm for B0y,
The pulse angle was 30°, and the pulse interval was 2.7s.
'H-1H COSY spectra'? were measured at 300 MHz with
1024 points and 256 increments, with zero filling to 1024
points and 80 scans per increment. Sine bell weighting
functions in both dimensions were used before Fourier
transformation, and a symmetrization procedure was
applied to the final spectrum. '"H-3C Cosy
(HETCOR)13 spectra were measured at 75.5 MHz with
8192 points and 800 scans per increment; 64 increments
with zero filling to 128 points. The relaxation delay was
1s and the polarization transfer delays were 3.9 and
1.95 ms, respectively.

WAXS diffractograms were obtained with a HZG/4A
diffractometer; diffracted radiation was recorded by
means of a proportional counter.

RESULTS AND DISCUSSION

Vibrational spectra of PNMLL

Figure I shows an infra-red spectrum of the
amorphous PNMLL measured at room temperature
immediately after casting from tetrahydrofuran solu-
tion, the spectra of PNMLL after 10 and 15min and
7 days of crystallization on a KBr window, and a
difference spectrum obtained by subtracting the spec-
trum of the amorphous component from the spectrum of
the sample with the maximum degree of crystallinity.
With time, many new bands appear and their intensities
subsequently increase, whereas the intensities of other
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Figure 1 Infra-red spectra of PNMLL: (a) amorphous; crystallized for
(b) 10min; {(c) 15min; (d) 7 days; (e) difference spectrum of the
crystalline phase

bands decrease. Following a time lag of some minutes
after evaporation of the solvent from the sample or after
melting the sample at 70°C, the ratio of the intensities
Aig25/ A 46 begins to increase with time; it reaches its
maximum after about 1 week of crystallization. Far
infra-red spectra of amorphous and of partly crystalline
PNMLL are shown in Figure 2, Raman spectra of
amorphous and of partly crystalline PNMLL and a
difference Raman spectrum of the crystalline phase in
Figure 3. Wavenumbers of the structurally important
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Figure 2 Far infra-red spectra of PNMLL: (a) partly crystalline; (b)
amorphous
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Figure 3 Raman spectra of PNMLL: (a) amorphous; (b) partly crystalline; (c) difference spectrum of the crystalline phase

vibrational bands of the amorphous and crystalline
phases of PNMLL together with vibrational assign-

ments'*'® are summarized in Table 1.

Results of the infra-red dichroic measurement of

PNMLL are demonstrated in Figure 4. It is seen that in
particular the band at 1628 and also the band at
1646cm™' exhibit perpendicular infra-red dichroism
with respect to the direction of film elongation. Also

Table 1 Main differences in the vibrational spectra of amorphous and crystalline PNMLL

Infra-red Raman
Amorphous Crystalline Amorphous Crystalline  Assignment
2982 w 2982 w CH,; str. asym.
2924 5 2925 sh }
2914 vs 2919 sh CH, str. asym.
2895
v8 2880 s } CHj str. sym.
2852 s 2847 s 2849 s 2845 s CH, str. sym.
1646 vs 1643 w } -
1628 vs 1627 w C=Ostr.
1488 sh 1497 m 1496 w CHj; def. asym.
1465 m 1465 m 1465 sh
1452 m } CH; sciss.
1440 sh 1438 m
1417 sh 1420 m CO-CH, sciss.
1402 m 1412 m CHj; def. sym.
1159 m
1102 w 1106 w
1079 w } C—C str. of CH, trans sequences
1063 w 1064 w
360 380 w
w 260 w skeletal deformation and amide torsion
240 w
20 w 120 w
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Figure 4 Infra-red spectra of oriented PNMLL: clectric vector perpendicular (— ) and parallel (- - ) to the direction of sample elongation

the bands in the region 3000-2800cm ' and some other
bands are perpendicular. On the other hand, the
absorptlon of the bands with a maximum at around
1492cm ™', the band at 1412cm ' and some other bands
exhibit parallel dichroism.

Measuring the temperature dependence of the spectra
of a 5% solution of PNMLL in CHCl;, we have
observed that with decreasmg temperature the intensity
of the band at 1485cm ™' increases, and the wavenumber
of the carbonyl band (at 1627 cm T at room temperature)
is shifted to lower frequency values. The changes are
continuous down to the temperature of ~—60°C, where
the solvent freezes. Two extreme solution spectra are
shown in Figure 5.

As we also wanted to know more about the kinetics of
the crystailization of PNMLL in the solid state, we have
investigated, after melting of the partly crystalline
sample, the rate of its recrystallization at lowered
temperatures by means of Raman spectra. We found
that above the temperature of —50°C, the major part of
the sample is recrystallized within some tens of minutes.
We were able to maintain the sample in the amorphous
state for some hours by pouring it into a vessel with
liquid nitrogen.

High-resolution n.m.r. spectra of PNMLL in solution

The 'H n.m.r. spectrum of PNMLL measured at room
temperature in TCE solution was assigned on the basis of
a COSY spectrum, and the corresponding '*C n.m.r.
spectrum on the bas1s of the HETCOR spectrum shown
in Figure 6a. In the *C n.m.r. spectrum the signals of
most carbons occur in palrs as well as the N-CH4 and
N-CH, signals in the '"H n.m.r. spectrum. Evidently
forms with both the cis and the trans orientation of the
N-CH; group with respect to the carbonyl are present in
comparable populations. The *C n.nv.r. spectrum is very
similar to the spectrum of N -methyllaurolactam
(NMLL) studied previously by us as a model”®, and
the pair components corresponding to carbons 2, 12 and
N-CH; were assigned to the cis and ¢rans forms in
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analogy to this model compound. The remaining line
pairs were assigned from the HETCOR spectrum and the
pair components from their line intensities. We see that
at room temperature in TCE solution, the cis form
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Figure 5 Infra-red spectra of 5% solution of PNMLL in CHCl; at
different temperatures: (a) room temperature; (b) r = —50°C
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Figure 6 N.m.r. spectra of PNMLL in 1,1,2,2-tetrachloroethane-d,
solution: (a) 2D 'H-'*C HETCOR measured at 25°C; (b) 1D C
measured at 55°C

slightly predominates. The pair components of carbons 3
and 11 were assigned on the basis of their intensity
relations.

With increasing temperature, the cis—trans line pairs in
n.m.r. spectra gradually undergo exchange broadening
and coalescence (Figure 6b), and the temperature
dependence of the n.m.r. lineshapes can be used for the
determination of the thermodynamic parameters of the
cis—trans transition of PNMLL in solution. In a similar
manner as in our previous communication’®, the
experimental lineshapes of the '*C signals of carbons 3,
11 and 12 were compared with those simulated by means
of the relation?®

S(w) = Im{_iCT[ZPCPt - T(pcat +Ptac)]/
(e e — T oc0)} (1)

where p., p, are the populations of the cis and trans
isomers and a, = —[i(w. —w)+ 1/Ty +p,/7], with
P = p; (this was considered permissible as in the studied
temperature range the deviation of p./p, from unity did
not exceed ~5%) and T,, = T, chosen so that 1/7T;
varied from 0 for the doublet of C12 with Av = 170 Hz
to 2.5s7! for the doublet of C3 with Av = 25Hz. The
result of this analysis in terms of the Eyring equation

In(kh/Thkg) = —AHZ/RT + AS%/R (2)

where kg and 4 are the Boltzmann and Planck constants,
k = 1/27 is the rate constant of isomerization, and the
other symbols have their conventional meaning, is
plotted in Figure 7. The points obtained from the three
signal pairs can be fitted by a single straight line, yielding
for the activation enthalpy AH?, = 19.1kcalmol™!, and
for the activation entropy AS} = 5.6cal mol 'K

PNMLL/PVPh blends: P. Schmidt et al.
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Figure 7 Temperature dependence of cis—trans isomerization of
PNMLL in 1,1,2,2-tetrachloroethane-d, solution, plotted in terms
of equation (2); k determined from lineshape of *C n.m.r. signals of
carbons 3 (x), 11 (®) and 12 (O)

These values are very close to the values AH} =
19.5kcalmol™! and AS,, = 5.6calmol™' K~! found by
us for NMLL", thus corroborating the application of
the latter as a model in the present study.

The results obtained from the n.m.r. spectra were
correlated with ab initio and semiempirical AMI
quantum chemical calculations of the conformational
properties of the N-methylated amide group in a model
molecule CH;—CH,-N(CH;)-CO-CH; (Table 2). All
the calculations were performed using the GAMESS
set of programs®'?? running on a Silicon Graphics
workstation Indy. A full optimization of all degrees of
freedom was carried out using the gradient optimization
routine in the program. The calculations were performed
in C; symmetry. In order to obtain thermodynamic
parameters that can be compared with experimental
data obtained by spectroscopic measurements (AH),
calculated ab initio energy differences AE were cor-
rected by zero point vibrational energy and thermal
corrections?3,

In comparison with experimental data, the ab initio
calculated barrier to internal rotation around the N-CO
bond is slightly lower; calculations were performed for
the isolated single molecule whereas the experimental
values were obtained for solution. The semiempirical
AM1 value of the barrier is evidently underestimated. It
is seen that the enthalpy difference between the cis and
trans conformers is very small and this is in agreement
with our findings that populations of the cis and trans
forms of the N-methylated group in the solutions of
NMLL'" and PNMLL do not differ by more than 10%
and 5%, respectively. The CH;—CH,N bond is approxi-
mately perpendicular to the plane of the N-methylated
amide group for both cis and trans forms.

Table 2 Calculated (ab initio and AM1) barrier to internal rotation
(kcal mol~!) around the N—CO bond, enthalpy difference (kcalmol™")
between the cis and rrans conformers and torsional angles for
CH,;-CH,-N(CH,;)-CO-CH;

AHjgg AH55 N N
6-31G 16.71 0.26 95.6 92.3
6-31G* 14.25 0.26 73.6 80.0
6-31 + G* 14.60 0.27 94.5 88.4
AM1 7.55 -0.02 83.9 100.3

¢ CH;—-CH,—N(CH,)—CO torsional angles (in degrees) for the cis and
trans conformers, respectively
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3¢ solid-state n.m.r. spectra of PNMLL

PNMLL is typically semicrystalline at room tempera-
ture, thus the conventional *C CP/MAS/DD n.m.r.
spectrum consists of a mixture of signals originating
from the amorphous and crystalline phases. This
situation is encountered in a number of other polymers.
In non-methylated polyamides the signals of the two
phases can be selectively recorded using the difference in
their carbon spin lattice relaxation time (7,7 )**. We have
applied an analogous procedure to our system (see
Experimentap. even though we have not measured the
respective T~ relaxation times; these can be different in
PNMLL, particularly because of the presence of the
usually rapidly rotating CH; group. Nevertheless, we
believe that the inner consistency of our n.m.r. results
(see below) together with the consistency with the results
of other methods provide sufficient justification for the
correctness of our approach.

The 1*C high-resolution solid-state spectra of PNMLL
are given in Figure 8a—c. The spectra of the amorphous
(Figure 8c¢) and crystalline (Figure 8b) phases show
typical shapes often observed in other polymers; the
‘amorphous’ spectrum is broad and rather featureless,
while the ‘crystalline’ spectrum consists of a number of
sharp lines. The line of the NCH,, carbon is broadened by
residual dipolar interaction with '*N: its lineshape is
similar to that observed previously in the spectra of non-
methylated polyamides!-2’> measured in an external field
of 47T. The conventional CP/MAS/DD spectrum
shown in Figure 8a is obviously a weighted sum of
these two spectra. Owing to the different efficiency of
cross-polarization in the two phases, the signal of the
amorphous phase in this spectrum is probably partially
suppressed. The spectrum of the amorphous phase of
PNMLL can be directly compared with the spectrum of
PNMLL in solution presented in Figure 8d with an
artificial broadening of 100 Hz. Both spectra are very
similar to each other and thus an assignment of the solid-
state spectrum was possible (Figure 8c). The large
difference in the relative intensity of the central peak
belonging to carbons 4-9 can be explained, for instance.
by slightly differing chemical shifts of these carbons in
the solid state. Based on the data obtained from solution
measurements a tentative assignment of the peaks
observed in the solid-state spectrum of the crystalline
phase was also made (Figure 8b). The spectrum of the
crystalline phase was interpreted assuming that only the
cis form is present (see below).

The presence and position of the signal belonging to
the CH; group in the spectra in Figure 8 deserve closer
attention, as the relaxation of the CH; group can be
very fast due to its assumed rapid rotation (e.g. in solid
PMMA at room temperature the TIC relaxation time of
the a-methyl group carbon is of the order of 100ms,
while the T\ times of the other carbons are much
longer®). The spectrum in Figure 8h shows the slowly
relaxing part of the sample that is supposed to be the
crystalline phase, while the spectrum in Figure 8¢ shows
the rapidly relaxing part of the sample supposed to
correspond to the amorphous phase. As the TS
relaxation of the methyl carbon can be substantially
shorter than that of the other carbons, it may happen
that in the spectrum of the crystalline phase no line
belonging to the methyl group is present while in the
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Figure 8 Aliphatic part of *C solid-state n.m.r. spectra of PNMLL;
(a) conventional CP/MAS/DD spectrum; (b) spectrum measured with
sequence for 77 measurements with cross-polarization with a delay of
10s; (c) spectrum measured with single-pulse excitation with a
relaxation delay of 1s; (d) solution spectrum with 100Hz line
broadening. Numbering of atoms is the same as in Figure 6

spectrum of the amorphous phase the signals belonging
to the methyl group originating from both phases can
appear. To clarify this point, the so-called ‘dipolar
dephasing’ experiment”’ was performed; the results are
given in Figure 9. The dipolar dephasing experiment
should select spectra showing peaks of carbons sub-
jected to weak dipolar fields from surrounding protons,
typically carbons with no directly bonded protons,
carbons residing in highly mobile phases and carbons
from rapidly rotating methyl groups. From Figure 9 we
can see that, as expected, the dipolar dephased spectrum
(Figure 9b) is almost identical with the spectrum of
the rapidly relaxing (amorphous) phase (Figure 9a),
differing only by the presence of an additional peak at
approx. 34ppm. Similarly the spectrum of the slowly
relaxing (crystalline) PNMLL component measured
with an additional dipolar dephasing delay (Figure 9c)
shows one peak at approx. 34ppm. In both spectra,
this peak can be assigned to the methyl group carbon
in the crystalline phase (with long 7 relaxation time but
weak dipolar interaction with protons), its position
agreeing well with the solution data. Thus we may
conclude that the spectra in Figure 8b and c¢ truly
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Figure 9 Aliphatic part of 1>C solid-state n.m.r. spectra of PNMLL
measured with (a) single-pulse excitation with a relaxation delay of 1s;
(b) CP/MAS/DD with a dipolar dephasing delay of 40 us; (c) sequence
for 77 measurements with cross-polarization with a delay of 10s and
dipolar dephasing delay of 40 us

represent the crystalline and amorphous phases, respec-
tively.

Vibrational spectra of the PNMLL|PV Ph blends

V1brat10nal spectra of pure PVPh were investigated
recently”. Typlcal bands related to the vibrations of the
phenyl group in PVPh are observed'® at: 3330 em™! (ir.
O-H stretching), 1612, 1598 and 1512¢m™ (i.r. and
Raman C C vibrations of the aromatic ring), 1233 and
1173cm™" (i.r. C-O stretching and C H aromatic in-
plane v1brat10ns), and at 830cm™' (ir) and 840,
823cm™! (Raman) (C-H aromatic out-of-plane vibra-
tions). The relevant parts of the spectra of PVPh are
shown in Figures 10e, 11a and 12e.

In the difference spectra of PNMLL in the blend with
the molar concentration ratio PNMLL/PVPh 4:1 the
intensity of the band at 1646 cm™! is strongly diminished
(Figure 10b). In the blends with the concentration ratios
1:1and 1:4 the intensity of the band at 1628 cm ~Tisalso
diminished and finally disappears and new bands at 1620
and 1590 cm ™! can be detected (Figure 10c, d). The shape
of the dlﬁ'erence spectrum in Figure 10b—d (1500—
1530cm™!) indicates that the bands of PVPh in the
spectra of the blends are also slightly changed as
compared with the spectrum of pure PVPh. These
changes could to some extent affect the shape of the
difference spectra of PNMLL, nevertheless the main
features of the spectra of the blends discussed above
should be maintained. In the region 3700-3100cm ™" the
maximum of the broad band of PVPh is shifted from

PNMLL/PVPh blends: P. Schmidt et al.
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Figure 10 Comparison of infra-red spectra of semicrystalline PNMLL
(a) and difference spectra of PNMLL in PNMLL/PVPh blends with the
molar ratio 4:1 (b), 1:1 (c) and 1:4 (d). The spectrum of PVPh (e) is
subtracted from the spectra of the blends

its original position at 3300cm™' in the pure PVPh to
3253cm ! in the blends with sufficient amount of
PNMLL (Figure 11).

The PNMLL Raman bands of the PNMLL/PVPh
blends (Figure 12) in the 1650-1580cm ™' region show
behaviour similar to that observed in the infra-red
spectra, but the effects are less pronounced due to the
lower relative intensity of the carbonyl bands with
respect to the C-C stretching bands of the PVPh
aromatic rings. The relative intensity of the doubiet at
1105 and 1065cm™" decreases with increasing concen-
tration of PVPh in the blends. The difference Raman
spectra of PNMLL in PNMLL/PVPh blends 1:1 and
1:4 (Figure 12¢,d) are similar to the Raman spectra of
amorphous PNMLL (Figure 3a).

Absorbance

! 1 1 1
3600 3400 3200 3000 2800 em!

Figure 11 Influence of the hydrogen bonds. Infra-red spectrum of (a)
PVPh; (b) PNMLL/PVPh blend 1:4; (c) PNMLL/PVPh blend 1:1
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Figure 12 Comparison of Raman spectra of semicrystalline PNMLL (a) and differcnce spectra of PNMLL in PNMLL/PVPh blends with the molar
ratio4:1 (b), 1:1 (c) and 1:4 (d). The spectrum of PVPh (e} is subtracted from the spectra of the blends

B3¢ CPIMAS|DD n.m.r. spectra of PNMLL|PV Ph
blends and Tfi} relaxation time measurements

3C CP/MAS/DD n.m.r. spectra of PNMLL, PVPh
and PNMLL/PVPh blends are shown in Figure 13. The
assignment of the *C n.m.r. spectrum of PVPh follows
that of ref. 28. Comparison of the spectra of the blends
and of pure PVPh and PNMLL indicates that the
phenolic C—OH carbon peak of PVPh and C=0 peak of
PNMLL shift downfield on blending (7able 3). In the
spectrum of the 4:1 blend two C=0 peaks are clearly
visible, one at a position corresponding to that in pure
PNMLL, and the other shifted downfield by 1.6 ppm.
Other carbon resonances of PVPh show only little
change. In the aliphatic region the spectrum of the
PNMLL/PVPh blend with the molar ratio 4:1 (Figure
13b) is very similar to the spectrum of pure PNMLL; this
indicates the presence of the crystalline phase of PNMLL
in the sample. On the other hand, in the spectra of the
PNMLL/PVPh blends with the molar ratios 1:1 and 1:4
(Figure 13c,d), the shape of the PNMLL bands closely
resembles the spectrum of amorphous PNMLL (Figure
8c¢) with slightly broadened peaks. In these blends the
highest peak at 33 ppm characteristic of the crystalline
PNMLL phase is replaced by the peak at 30ppm
assigned to the amorphous component. The peak in the
spectrum of the 1:4 blend marked by an arrow is not an
SSB, and we have not found an explanation for its
presence.

In heterogeneous systems the measurement of proton
relaxation can provide information about the intimacy
of the mixing. We measured Tlli,, relaxation times in the
PNMLL/PVPh blends and also in the pure components.
The results are summarized in Table 3. The Tﬁ)
relaxation times given in Table 3 were determined as
average values from all detected PNMLL or PVPh '*C
peaks. We observed a single exponential decay of the
proton magnetization for the PVPh signals in all samples
and for the PNMLL signals in the PNMLL/PVPh blends
of the molar ratios 1:4 and 1:1. For pure PNMLL and
the PNMLL/PVPh blend 4:1 a single exponential
behaviour was observed only with some peaks (C=0,
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N-CH,) while with other CH, peaks a non-exponential
decay was observed. This non-exponential decay could
be well fitted assuming two relaxation times with the
shorter component approximately equal to 1 ms and with

180 140 100 60 20

Figure 13 '*C CP/MAS/DD n.m.r. spectra of (a) PNMLL; (b)
PNMLL/PVPh 4:1 (¢) PNMLL/PVPh 1:1; (d) PNMLL/PVPh 1:4;
(e) PVPh. SSB denotes spinning sidebands



Table 3 '*C chemical shifts and relaxation times T ,*,’, of PNMLL/
PVPh blends

PNMLL/ 13C chem. shift (ppm) T} (ms)
PVPh X-ray

(molar ratio) crystallinity C=0 C-OH PNMLL PVPh
1:0 0.28 170.7 - 11.0

4:1 0.28 170.6% 172.2° 1557 11.0

1:1 0 173.9 155.6 32 33
1:4 0 175.5 154.2 5.0 5.1
0:1 0 - 1528 - 6.6

“Two peaks were observed (see text)
Not determined due to low signal-to-noise ratio of the PVPh bands

the longer component in the ranges 9.8—12.5ms (pure
PNMLL) and 8.4-14.0ms (the PNMLL/PVPh blend
4:1). As the value of the longﬂer component was very
close to the value of fitted Ty, for the exponentially
decaying peaks, it was used m the evaluation of the
average Ty, value in Table 3.

Structure of PNMLL

According to our n.m.r. results, in solution there exists
an equilibrium between the cis and trans conformation of
the amide group. Near room temperature, the popula-
tion ratio of both conformations is approximately 1:1.
With decreasing temperature the amount of the cis
conformation is increasing; above —40°C the equili-
brium is estabhshed at an observable rate (at 233K,
k=82x10"%s).

Depending on the molecular weight and on sample
preparation, PNMLL in the solid state contains 0 40%
of the crystalline phase, the rest being amorphous’. Both
in the vibrational and in the solid-state n.m.r. spectra,
two systems of bands are expected to appear, corre-
sponding to the presence of the cis and trans conforma-
tions in the amorphous phase. On the other hand, bands
corresponding to only one of the possible amide
conformations can be expected for the crystalline phase.

In general, it can be stated that the vibrational spectra
of the amorphous samples exhibit broader bands than
the spectra of the crystalline phase. This corresponds to
the lower conformational regularity in the amorphous
phase. A conspicuous difference in the vibrational
spectra of amorphous and crystalline PNMLL appears
in the vibration of the amide carbonyl: in the amorphous
phase, a broader band can be found at 1648cm™~'. A
similar band is observed also in the spectra of PNMLL
solutions. In view of the n.m.r. results, this infra-red
band at 1648 cm™! corresponds to both the cis and the
trans structures of the N-methylated amide group. In the
course of the crystallization of solid PNMLL at room
temperature, a new narrow amide carbonyl band begins
to develop very quickly at 1628 cm™!, corresponding to
the crystalline phase. We think that the shift of the
carbonyl band in the spectrum of crystalline PNMLL to
the lower wavenumber in the crystalline phase is caused
by intermolecular forces in the crystal lattice, not by a
change in the populations of the cis and frans forms in
the N-methylated amide groups, as supposed in ref. 7.

Analysis of the infra-red dichroism of the bands in the
oriented PNMLL film has shown that the polymer
chains are oriented in the direction of sample elongation.
From the opposite dichroism of the bands of the
stretching vibration of the amide carbonyl and of the
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symmetric deformation of the CH; group it follows that
the transition dipole moments of these two vibrations are
mutually perpendicular. Integration of the area of the
carbonyl bands has shown that the orientation of the
crystalline part of PNMLL is higher than the orientation
of the amorphous part. Such dichroic behaviour can be
explained by assuming that in the crystalline phase of
PNMLL the N-methyl groups assume cis orientation
with respect to the carbonyl oxygens.

In the infra-red spectrum, the band of the CO-CH,
scissoring vibration 1s apparent only in the crystal-
line phase at 1420cm™' (Figure 1b). A similar increase
in intensity for such a band has been found with
poly(e-caprolactam) in the planar conformation and
assigned to the scissoring vibration of the CH, group, for
which the dipole moment change is coplanar with that of
the stretching vibration of the vicinal C=0 group"
From this we have concluded that in the crystalline phase
of PNMLL also the CH,~-CH, bond vicinal to the
carbonyl lies in the frans position with respect to the C—
N amide bond.

The Raman bands 1050—1120cm ! were assigned to
the C-C stretchmg vibrations in the CH, sequences'®.
In comparison with amorphous PNMLL, the spectrum
of partly crystalline PNMLL exhibits higher relative
intensity of the bands in the doublet at 1064 and
1105cm ™! with respect to the band at 1079 cm™!. After
having subtracted the spectrum of the amorphous
PNMLL from the spectrum of partly crystalline
PNMLL, the band at 1079cm™ completely disappears.
Using the results of the spectroscoplc analys1s of
conformationally disordered n-alkanes!’, we can
correlate the intensities of the 1064 and 1105cm™
bands with the concentration of long CH, sequences
having the trans planar conformation in the PNMLL
samples.

Measuring the temperature dependences of the spectra
of a solution of PNMLL in CHCl; we have observed
great intensity changes of the band near 1490cm™
between —20 and —50°C. Similar behaviour of the infra-
red bands was found in the spectra of NMLL'" and we
have shown that in the spectra of solid PNMLL these
changes continue down to —150°C; similar behaviour

can be even better observed with amorphous poly(N-
methyl caprylolactam)®. According to n.m.r. results, at
these temperatures a cis—zrans conformational transition
about the N-methylated amide bond is so slow that it
practically cannot be observed below —50°C. We
conclude that the increase in the infra-red absorption
near 1490cm™' with decreasing temperature is not the
result of a conformational change, but could be caused
either by a change in the electro-optical parameters of the
molecules, or by temperature changes of methyl group
rotation about the N—CH; bond. The observed intensity
changes are fully analogous to those found with the
asymmetric deformatlon of O-CH; groups in poly-
(methyl methacrylate)*®, which we have explained by
relaxation changes caused by rotation about the O-CH;
bond. Therefore we think that also in the case of
PNMLL the intensity of the CH; asymmetric deforma-
tion band is determined by a temperature-dependent
relaxation mechanism.

From the solid-state n.m.r. spectra we can see that the
amorphous phase (Figure 8c) shows a clear peak at about
35 ppm assigned, by comparison with solution data, to
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the CH; carbon in the frans form. A similar peak in the
spectrum of the crystalline phase (Figure 8b) is missing,
The peaks in the spectrum of the crystalline phase can be
interpreted very well assuming the presence of only the
cis form. This is in agreement with the infra-red results.
On the other hand, the cis NCH, peak should be found
more downfield according to the solution data. Accord-
ing to our assignment shown in Figure 8. the peak of
carbons 4-9 in the spectrum of the crystalline phase
is shifted downfield by 2.8ppm in comparison with
the spectrum of the amorphous phase. In view of the
~-gauche effect'®, both the direction and size of this
shift are in agreement with the presence of long CH,
sequences in mutual frans orientation in the crystalline
phase, as found from vibrational spectra.

Structure and interactions in PNMLL|PV Ph blends

Strong interactions between the PNMLL and PVPh
chains in the PNMLL/PVPh blends are manifested in the
infra-red spectra by the intensity decrease of the band at
1648 cm ™' and in the blends with higher concentration of
PVPh also by the decrease of the crystalline band at
1628 con ™! (Figure 11). New carbonyl bands are detected
at 1620 and 1590cm '. As both bands occur in the
spectra of 1:1 and 1:4 PNMLL/PVPh blends where no
crystalline phase exists according to the X-ray and n.m.r.
measurements, they must originate from the amorphous
PNMLL intimately mixed with PVPh; we suppose that
the band at the lower frequency (1590 cm ') corresponds
to carbonyl groups hydrogen-bonded with PVPh. The
formation of strong hydrogen bonds between the C=0
groups of PNMLL and O-H groups of PVPh is also
proved by the shift of the O-H stretching band to lower
frequency (by ~80cm” 1) in the PNMLL blends with
sufficient amount of PVPh (Figure 12). The direction of
this shift shows that the hydrogen bonds between the
C=0 and O-H groups in the blends are stronger than
the hydrogen bonds in pure PVPh?!

The intensity decrease of the doublet at 1064 and
1105cm™" in the Raman spectra of the PNMLL/PVPh
blends (Figure 13) indicates that the population of the
CH; trans sequences, typically present in the crystalline
component of PNMLL, is greatly diminished in the
PNMLL/PVPh blends.

In the *C CP/MAS/DD n.m.r. spectra of PNMLL,
PVPh blends (Figure 13) the downfield shifts of the
C-OH and C=O resonances are indicative of the
intermolecular hydrogen-bonding interactions between
PNMLL and PVPh. In the 4:1 PNMLL/PVPh blend the
crystalline phase of PNMLL is present, while the 1: [ and
1:4 PNMLL/PVPh blends are completely amorphous.
This is in agreement with the results of the infra-red and
Raman measurements. The two phases present in the 4: 1
blend are also manifested by the two C=0 peaks
observed in the *C CP/MAS/DD n.m.r. spectrum of
this blend (Figure 13b). One peak can be assigned to the
non-interacting (crystalline) PNMLL and the other one
to the amorphous PNMLL forming hydrogen bonds
with PVPh. The broadening of PNMLL peaks in blends
as compared with the spectra of pure PNMLL can
probably be related to the formation of hydrogen bonds
in the blends.

Inthe TH » Telaxation time measurements, only some of
the PNMLL peaks showed non- exponentlal character,
and the relative weights of the two fitted 7'} » components
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obtained for different peaks were not consistent. This
suggests that the non-exponential behaviour does not
directly reflect the phase structure of PNMLL. Never-
theless, this non-exponential behaviour is probably in
some way related to the existence of the crystalline phase,
as it was observed only with the samples containing non-
negligible amounts of the crystalline phdse For the 1:4
and 1:1 PNMLL/PVPh blends, the 71! » Telaxation times
of PNMLL and PVPh are the same within experimental
error; this means that fast proton spin diffusion occurs
among all protons. The intimacy of mixing can be
estimated usmg the formula for the max1mum dlffuswe
path length™, 2 L= (6DT|I,)1/2 With Tlp =5x107}
and D = 8 x 107 ®m2 5! (a value recently found in r1g1d
poly(methyl methacrylate)/polystyrene copolymers*?
and taking into account that in the on- resonance, Tl o
experiment the spin-diffusion coefficient D is scaled®* by
a factor of 1/2, we obtained L ~ 3.5nm. We may expect
that the value of the spin- dlffusmn coefficient D in our
system is lower than 8 x 107! Sm?s ! as amorphous
PNMLL is well above T, at room temperature. Thus we
may conclude that PNMLL and PVPh are intimately
mixed on a scale <3nm. Table 3 shows that the
Tﬁ) relaxation times of the PNMLL/PVPh blends of
the molar ratios 1:4 and 1:1 are shorter than those of
pure PNMLL and PVPh; this indicates that the change in
the relaxation time on blending is caused not only by
averaging due to fast spin diffusion but also by changes
of the structure affected by hydrogen-bonding inter-
actions.

CONCLUSIONS

I. In PNMLL, there exists an equilibrium between the
cis and trans conformations of the methylated amide
group and both forms can be detected in solution by
high-resolution n.m.r. spectra. The presence of both
conformations of the amide bond is also reflected in
the solid-state '*C n.m.r. spectra of the dmorphous
phase of PNMLL. Contrary to previous reports’,
the measurement of the infra-red dichroism of the
oriented film shows that in the crystalline phase the
methyl group assumes cis orientation with respect to
the carbonyl oxygen. This is in accord with the
absence of the CH; peak of the trans form in the solid-
state n.m.r. spectrum of the crystalline phase.
According to Raman and infra-red spectra, and in
agreement with solid-state n.m.r. spectra of the
crystalline phase of PNMLL, long CH, sequences in
mutual trans positions and in trans position with
respect to the CO-N(CHj;) bond of the amide group
are present in the crystalline phase of PNMLL.

2. In the PNMLL/PVPh blends, significant shifts of
some bands in both the vibrational and n.m.r. spectra
confirm the expected strong hydrogen-bonding inter-
actions which are evidently connected with further
observed structural changes: crystallinity diminishing
with increasing PVPh content and a concurrent
decrease in the content of long CH, trans sequences
in the ahphatlc chain. Tl measurements reveal
intimate mixing of the components on a scale <3 nm,
considerably smaller than in the previously studied
cases of non-interacting and weakly interacting
polymers'2. Moreover, the Tlp value observed in
these intimately mixed blends is lower than that of



either of the two components; this was not observed in
the two previously studied types of blends, and it is
evidently connected with deeper structural changes in
the presently studied materials.
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