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Introduction

Many polymers with flexible side groups form conformation-
ally disordered (CONDIS) crystals under ambient pressures.'
Allegra et al. and Sozzani et al. pointed out that the flexibility of
side groups plays an important role in the stability of these
phases.** However, it is difficult to determine the conformation
of the side group and their dynamics in the disordered phase.
Moreover, the disordered phase induces a faster dynamics in the
backbone than that in the crystalline phase.’ Unraveling of the
CONDIS nature of side-chain-containing polymer is necessary to
understand not only their static structures but also complex
dynamics in their backbone and the side groups.

Isotactic poly(1-butene) (iPB1) forms polymorphs and crystal-
lizes as form II from the melt state, which spontaneously trans-
forms into the stable form I at ambient temperature.® X-ray
diffraction (XRD) analysis has shown that the form IT consists of
four 115 helices packed in a tetragonal lattice, but this method
could not properly detect the conformations of the side chain.’”
Recently, Miyoshi et al. used '*C high-resolution solid-state (SS)
NMR to show that the side groups in form II adopt two
conformations, frans—gauche’ and gauche' —gauche, with respect
to the two carbons in y-positions, and these conformations
exhibit dynamic conformational transitions above 165 K.* The
conformational analysis was based on the empirical y gauche
effect” and MM3 calculations.'® Furthermore, it was shown by
high-resolution SS-NMR that the overall motion in form II
reaches a frequency of ~50 kHz at temperatures slightly above
ambient temperature.'! Previous NMR results®!'! have shown
form II of /PBI1 to be a dynamic CONDIS crystal; however,
information on the detailed geometry of the backbone dynamics
and conformational dynamics of the side chain has yet to be
obtained. To gain information about the amplitude of high-
frequency motions, experiments aimed to detect the values of
anisotropic interaction parameters can be used. These inter-
actions are partially averaged by fast but anisotropic molecular
dynamics and can be analyzed quantitatively in terms of reor-
ientational angles. Litvinov et al. for the first time analyzed the
complex dynamics of poly(diethylsiloxane) (PDES) in crystals
and mesophases by residual ?H quadrupole interactions.'* How-
ever, the application of ’H NMR requires isotope labeling, as the
natural abundance is too low to be used. In contrast, 'H is an
attractive nucleus because of its highest sensitivity among all the
available nuclei; however, its high natural abundance and the
large gyromagnetic ratio result in multispin interactions which
severely complicate the quantitative interpretation of the dynamic
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NMR data.'3'® So far, molecular dynamics of liquid crystals,'”
adamantane,'® and substituted benzenes confined in a nano-
cage'” have been studied by the analysis of the 'H spinning
sideband (SSB) patterns under magic angle spinning (MAS).

In this study, '"H—"H dipolar interactions are utilized to
determine the multisite dynamics of form II of /PB. It is shown
that the complex dynamics of the backbone and the side chains
at the fast motional limit effectively suppresses multispin inter-
actions and results in 'H SSB patterns even at slow MAS frequen-
cies. Conventional 'H—"*C wide line separation (WISE)*~!
provides averaged dipolar patterns for CH, geminal protons of
the main and side chains. Specific dynamic geometries and lateral
conformations are extracted from the observed dipolar patterns for
CH, geminal protons under a two-spin approximation.

Theory

Under a two-spin approximation, the dependence of the reso-
nance frequency on the orientation for a homonuclear dipolar
interaction is given by

w(@):%é[l% cos? 0—1] and 62%011 (1)

where J is the anisotropy parameter, 0 is the polar coordinate
related the magnetic field, By to the unique axis of dipolar
interaction, and Dy; is homonuclear dipolar coupling constant.
Dr1/2m is 20.6 kHz for CH, geminal protons with an internuclear
distance of ryy = 0.18 nm. At the fast motion limit (z. >1/0,
where 7., is correlation time), the angular dependence of the NMR
frequency becomes

w(0,¥)= %5[3 cos’ @ —1—7 sin” O cos(2W)]  (2)

where 0 and 7 are the averaged anisotropy and averaged
asymmetry parameter, respectively, and (@, W) are the polar
angles of By in the averaged principal axes. 0 and 77 depend on the
dynamic geometry as well as the Pozpulation of the different sites
involved in the dynamic process. ="'

Experiments

The NMR experiments were performed on a Bruker AVANCE
300 spectrometer equipped with a 7 mm double resonance
high-temperature probe. '*C cross-polarization (CP) MAS and
"H MAS SS-NMR spectra were obtained at a MAS frequency
of 4 kHz. The phase sensitive '"H—'C 2D WISE NMR
spectrum was obtained in TPPI mode at a MAS frequency of
6.8 kHz. The data matrix had 512 points along the #, dimension
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Figure 1. 'H MAS NMR spectra of iPBI in (a) the melt state at 401 K
and (b) form II-rich at 373 K at a MAS frequency of 4 kHz.

and 128 points along the #; dimension with a dwell time of 7 us.
A short CP of 50 us was utilized for the polarization transfer
step. Continuous wave (CW) decoupling with a field strenigth
of 55 kHz was applied in tl dimension to suppress 'H—
heteronuclear interaction.'* ' The temperature was call-
brated using Pb(NO3),.%* /PB1 with a weight-average mole-
cular weight of 185000 was purchased from Poly Science Co.
Ltd. The isotacticity {mmmmy) was determined to be 92% by
solution '*C NMR. The form II-rich sample was prepared by
melt crystallization at 373 K for 24 h. The dipolar pattern of
two spin pairs under MAS was simulated in the frequency
domain by home-written software in Fortran 95.

Results and Discussion

Figure la,b shows the 'H MAS spectra of the melt at 401 K
and form I rich at 373 K at a MAS frequency of 4 kHz. The melt
spectrum is dominated by the isotropic component, with only
very minor SSB patterns. This means the motions in the melt are
nearlly isotropic but cannot completely average out all of the

H dlpolar interactions. On the other hand, the form Il-rich
spectrum is dominated by intense SSB patterns originating from
form II in addition to some contribution from an amorphous
state. Very intense SSB patterns reflect a fast but anisotropic
complex dynamics in the backbone,*® conformatlonal transitions
in the ethyl group.® and methyl rotations.” The "*C relaxation
time, 77, is sensitive to high-frequency motions with a minimum
close to an inverse 7, of ~75 MHz, which should result in a
T7 minimum value of ~0.1 s. The main-chain (m-) CH,, side-
chain (s-) CH,, and CH have T values of 0.25, 0.32, and 0.38 s,
respectively, close to a theoretically minimum value of ~0.1 s.
This simple 77 result suggests the dynamic frequency for the
coupled side group and backbone motions is on the order of
~10 MHz or higher. Such high-frequency dynamics are normally
rare in the solid state, especially in rigid crystalline phases, and are
close to the frequency range in the melted state. This may be a
specific character of the CONDIS phase. Additionally, parallel
packing of stems in the crystalline field inhibits isotropic motions
but allows anisotropic motions (the geometry of the stem itself
will be discussed later). These structural constraints and fast
dynamics in both the side chain and backbone with different
dynamic axes effectively decouple the "H—'H dipolar inter-
actions and result in SSB patterns 1n the form II spectrum.

The top of Figure 2a shows the '*C CPMAS NMR of form II
at 373 K at a MAS frequency of 6.8 kHz The assignment of the
signals is also shown. In a former work,® direct ]i‘)olarlzdtlon (DP)
NMR spectra showed very sharp melt-state °C signals over-
lapping with the form II signals. Comparison of CPand DP MAS
NMR spectra indicates that the CP time of 1 ms in this work
excites only the form II signals. At this high temperature, the
almost isotropic motions in the amorphous regions do not allow
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Figure 2. (a) >C CPMAS NMR spectra of form II with a CP time of
1 ms and the "H—"3C WISE NMR spectrum recorded at 373 K with a
CP time of 50 us under a MAS frequency of 6.8 kHz and TPPM
decoupling with a field strength of 65 kHz. CW decoupling w1th a field
strength of 55 kHz in the 7; dimension was apphed to suppress 'H—'3C
heteronuclear dipolar interactions. (b) The 'H slice and simulated data
for s-CH, and m-CH, geminal protons. The best fitted results show
|0]/0 = 0.44 £ 0.02 (Dyy/2mw = 9.0 + 0.5 kHz) and 0.61 £ 0.02 (12.5 £
0.5 kHz) for m-CH, and s-CH, geminal protons, respectively.

efficient polarization transfer from 'H to '*C. Figure 2a also shows
the "H—"C two-dimensional (2D) WISE spectrum at a MAS
frequency of 6.8 kHz at 373 K. Here, a short CP (CP time = 50 us)
was used as a polarization transfer, which does not allow spin
dlffuswns between the different functlonal groups in the
Polymers % The analysis of the 'H slices provides local

"H dipolar interactions for each functional group. 'H
shces for s-CH, and m-CH, geminal protons are shown in
Figure 2b. For both 'H slices, the line widths of the SSB signals
atn order show almost same with the center lineatn = 0, where
n is an integer. Schnell et al. simulated third spin effects on
the 'H SSB signals at n order depending on geometry and
distances.'® They realized that if a third spin significantly
interacts with the isolated spin pairs, asymmetric line shapes
shall appear, depending on the relative geometry, the mutual
distances of three spins, and the MAS frequency. Our experi-
mental data, however, indicate that all SSB signals at n order
are symmetric and have similar line widths as the center band.
Thus, it can be safely assumed that the two-spin approxima-
tion holds for CH, geminal protons. Under the two-spin
approximation, the dipolar patterns were calculated under
an assumption of 7 = 0. The calculated results reproduce
the experimental data very well. Surprisingly, the s-CH,
geminal protons show much larger [6]/0 = 0.61 &+ 0.02 (Dyy/
2m = 12.5 £ 0.5 kHz) than 0.44 £ 0.02 for m-CH, (Dy;/27 =
9.0 £ 0.5 kHz). These results were unexpected in the dynamics
of the polymer with a side chain, since side-chain protons are
influenced by the complex dynamics of both the main and side
chains. Generally, two independent dynamic processes with
different dynamic axes result in a smaller dipolar coupling
constant in the side groups than that in the main chains. In fact,
Mirau et al. detected smaller line widths for the side group
than that in main chain of poly(ethyl methacrylate) (PEMA)
well above Tg.16 The experimental results presented here are
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Figure 3. (a) A part of uniform 115 helical stem of form II of /PBI
assuming frans—gauche’ conformation (8 = 60°) in the side chain.
Dipolar vectors of m- and s-CH, protons being colored by red and blue,
respectively. (b) Expanded side-chain structure in the new frame whose
yaxis being set to s-CH,—CH carbon bond (rotation axis). The stem axis
in the yz plane is inclined to the z axis in this frame by an angle of 30°.

opposite to those expected in the side-chain polymers but shall
be explained by the assumption of an anisotropic dynamical
process as shown below.

The effects of the dynamic geometry of overall and side chains
on the 'H SSB patterns were considered next. In the crystalline
region, parallel packing of the stems restricts the overall dynamics
to uniaxial motions around the stem axes. For several CONDIS
crystals such as PE in the hexagonal Phase 1.,4-trans-polybuta-
diene in the high-temperature phase, and PDES,'? it has been
reported by SS-NMR that stems commonly show uniaxial diffu-
sions around the axes. Under such conditions, 7 is 0 and || is
described in terms of a following equation:

5] :%5|3cos2¢—1\ 3)

where ¢is an angle between dipolar vector of the germinal protons
and dynamic axis.>* Figure 3a shows a relationship between
dipolar vectors and stem axis assuming uniform 113 helix with
the side chain adopting the trans—gauche’ conformation with a
dihedral angle, f3, of 60°. The dipolar vector of m-CHj is inclined
by an angle of 82° with respect to the stem axis. Thus, |0//0 for
m-CH, geminal protons at a fast uniaxial diffusion is calculated to
be 0.47 using the above equation. This value is consistent with the
experimentally obtained value of 0.44 & 0.02. The small reduction
in the observed value may be due to small librations around the
C—C bonds of main chains and/or slight conformational devia-
tions from an ideal 115 helix.

The |3]/0 value for the s-CH, geminal protons (0.61 £ 0.02) is
the result of the complex dynamics of the fast spinning backbone
and conformational transitions of the side chain. The overall
dynamic effect of s-CH, protons in different conformations with
adihedral angle, 3, on the dipolar pattern and the conformational
jump effect as a function of jump angle, o, were examined further.
It is noted that the jump angle o corresponds to a difference
between dihedral angles in two interchanging conformations,
|31 — B»l, where 1 and 2 denote two conformations.

First, we treat the  dependence of the dipolar patterns of
s-CH, protons under overall dynamics. To clarify the relation-
ship between f and ¢, another coordinate frame was established
as shown in Figure 3b. Here, s-CH,—CH carbon bond which is
the rotation axis for side-chain conformation is aligned along
yaxis. The vector of s-CH, germinal protons is orthogonal to the
rotation axis. In this frame, the stem axis is tilted in the yz plane
and makes an angle of 30° with z axis. Thus, the angle ¢ between
the stem axis and dipolar vector of s-CH, protons has the
following relation with f3:

cos ¢ = cos(30)rcy sin y(cos(f —58) — cos(f+62))/run (4)

where rcyp isa C—H distance (0.11 nm) and vy is an angle between
CH vector and y axis (71°). Using eqs 3 and 4, the 5 dependence of
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Figure 4. (a) Uniaxially overall diffusion effect on [0//0 for s-CH,
geminal protons as a function of a dihedral angle, 5. (b) Conformational
transition effect on §/0 (sohd line) and # (dotted line) for s-CH, geminal
protons as a function of the jump angle o. (¢) Both dynamics effects on
10//0 (solid (10//0 = 0.6), dashed (0.5), and dotted (0.4) lines) for s-CH,
geminal protons as functlons of # and a. (d) Molecular dynamics of
form II determined by '"H dipolar patterns.

|6//0 for the s-CH, geminal protons due to the overall dynamics is
shown in Figure 4a. The [0|/0 value dramatically changes
depending on f3. These overall dynamics effectively average out
dipolar interaction between s-CH, protons. It is found that only
the conformationsat § = 88 or 268 & 10° satisfy the experimental
value of [6[/0 = 0.61 £ 0.02. The other conformations result in
much smaller |0|/0 values. In fact, the two conformations with
p = 60° and 300° obtained by MM3 calculation and high-
resolution NMR give about half the value of the experimental
result, |0]/0 = 0.37 and 0.33, respectively.

In addition, two-site jump motions due to a conformational
transition also reduce the dipolar interaction and can be analyzed
to give solutions for different populations in the two sites.'***!
The population ratios of 78 and 22 for two conformations were
applied at 8, = 60° and ﬂz = 300°, respectively, obtained in the
former SS-NMR work.® Then, & and # are described by a
function of the jump angle, o, as follows:

6= (3( +- \/0052(1+04451n a) and

3<1 —V/cos? o+ 0.44 sin? (1)

= ()

(1 +3v/cos? o+ 0.44 sin? a)

_ Figure 4b shows effects of the side-chain dynamics on 7 and
0/0 as a function of a. d/0 leads to a minimum value of 0.75 at
o = 90° and goes to a maximum of 1.0 at o = 0 and 180°. The
conformational transition at & = 180° can no longer change
dipolar interactions for the isolated two spins. However, this
transition effectively averages out the higher spin interactions.
7 also strongly depends on a.. Figure 4b shows that 7 is 0 only for
o = 0 and 180°. Actually, overall and side-chain dynamics are
present in form II, and both effects on [d]/0 are shown in
Figure 4c. The 0]/ value of 0.6 is shown as a solid curve. Two
independent dynamics severely limit possible conditions at § =
88°and 268 £ 10° and their transitions with o = 180 £ 20° or no
dynamics (0 =+ 20°) which satisfy the experimental [0|/0 value.
These conditions also satisfy 7 = 0. However, the lack of lateral
dynamics does not average out higher spin interactions within the
stem. Thus, this possibility is unlikely. Therefore, it is concluded
that form II of iPB1 performs uniaxial diffusions accompanying
the conformational transition (o. = 180 £ 20°) of the side chain
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between two conformations at 5 = 88 and 268 + 10° in the fast-
motional limit (Figure 4d).

Summary

The complex dynamics of the backbone and side chains of
form II of /PB1 were investigated in terms of '"H—'H dipolar
patterns of the CH, geminal protons under a two-spin approx-
imation. The observed dipolar patterns were successfully ana-
lyzed in terms of complex dynamics of uniaxial overall diffusions
and conformational transitions of the side chain between the
conformations at dihedral angles of f = 88° and 268 + 10°. Such
unique dynamics in both side and main chains are unlikely in
the crystalline phase®* but may be typical in the disordered
phase.** Additionally, fast dynamics as found here were observed
in polymers confined in a nanospace.**’ Conventional 'H—"3C
WISE NMR can offer the unique opportunity for unraveling
multisite dynamics of polymers confined in a nanospace without
isotope labeling.
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