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ABSTRACT: The deuteron 2D exchange experiment has been applied to study the ultraslow rotational
chain dynamics of atactic (aPP) and isotactic poly(propylene) (iPP). The motional mechanism was found
to be vastly different for these polymers, reflecting the different chain conformation and packing. Whereas
in amorphous aPP in the vicinity of the glass transition a diffusive motion was observed, iPP was shown
to perform helical jumps about the helix axis in the crystalline domains at temperatures above 360 K. The
temperature variation of the mean correlation times, obtained from an analysis of the aPP spectra based
on isotropic rotational diffusion with a distribution of correlation times, follows the WLF equation over 11
orders of magnitude between 10-1° and 10 s. The parameters extracted from this fit correspond to text-
book values known from macroscopic measurements of the viscoelastic behavior in amorphous polymers.
This shows that 2D NMR, although monitoring the chain dynamics via a localized probe, is able to follow
the collective dynamics of the glass process. The discrete jump motion observed for iPP is caused by 120°
rotations of the 3; helix about the helix axis. The relative angle of 113° between the methyl groups before
and after the jump is determined from the 2D spectra directly without the need of interfacing a model and

agrees with the value calculated from crystallographic data.

Introduction

The macroscopic properties of polymeric materials are
often supposed to be governed by the molecular motion
of the macromolecular chains.!2 The dynamics, in turn,
depends on the arrangement of the chains in amorphous
or crystalline states. A variety of physicochemical tech-
niques have amply demonstrated the existence of sev-
eral relaxations in completely amorphous as well as in
partially crystalline polymers, and many studies are
engaged in elucidating the molecular nature of these
relaxations.»34 Among these techniques pulsed ZH NMR
and 13C NMR have proved to be successful in probing
molecular reorientations.®>® Most techniques, however,
cannot clearly discriminate between different motional
mechanisms proposed for polymer chain dynamics. The
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application of two-dimensional (2D) Fourier transform
(FT) methods to the study of molecular motions® repre-
sents a major step in order to solve this problem: through
the 2D exchange experiment the molecular orientation
is measured via the NMR frequency before and after a
mixing time ¢, during which slow dynamic processes
changing the molecular orientation may occur. There-
fore, by systematic variation of ¢, the dynamic process
can be followed in real time. Moreover, the experiment
also yields unique geometric information since the angle
by which the molecules rotate is measured directly, with-
out the need of interfacing a model.%1¢

In fact, each 2D exchange NMR spectrum represents
a statistically well-defined two-time distribution function.1?
It describes the joint probability density to find mole-
cules with NMR frequencies «; before and w; after the

© 1990 American Chemical Society



3432 Schaefer et al.

mixing time. For a fixed value of ¢, the 2D absorption
mode NMR spectrum is an image of the corresponding
state of the dynamic process. By variation of ¢, the evo-
lution of the motional process can be followed and dif-
ferent motional mechanisms can clearly be discrimi-
nated. In2H NMR the mixing time may be varied between
1073 s and several seconds, limited by the spin-lattice
relaxation.1? Thus ultraslow motions directly correlated
to the mechanical properties become accesible to exper-
iment.

In the present paper we apply this new technique to
study the effect of chain configuration, conformation, and
packing on ultraslow chain dynamics. Poly(propylene)
is an appropriate candidate for this kind of investiga-
tion: Stereoregular isotactic poly(propylene) (iPP) forms
crystalline regions with well-defined helices melting at
450 K only. In contrast, atactic poly(propylene) (aPP)
is amorphous with a glass transition temperature Ty as
low as 253 K.

As known from mechanical measurements ultraslow
dynamics in the range of 1 Hz to 1 kHz exist in both
polymers.i# In iPP the ultraslow motions that occur at
elevated temperatures are ascribed to chain motions in
the crystalline regions. In aPP such ultraslow motions
occur during the glass transition, slightly above T,. By
2D exchange NMR we can tackle the question of whether
the differences in conformation and packing between the
stereoregular chains in the crystalline regions on the one
hand and the stereoirregular chains in the amorphous
state on the other hand reflect themselves in different
motional processes. Moreover, in aPP we can try to relate
the ultraslow chain motion to the dynamic process asso-
ciated with the glass transition.

2D Exchange NMR

In order to assist in understanding of the 2D spectra
presented below, we give a brief description of the 2D
exchange experiment. For details the reader is refered
to refs 5, 9, 11, 13, and 14,

Basics. The ZH NMR spectrum is dominated by the
coupling of the electric field gradient with the nuclear
electric quadrupole moment. In the case of an axially
symmetric field gradient tensor (FGT), as is a good approx-
imation in 2ZH NMR, the NMR frequency of the spin [
= 1 system is given by1518

w=wy £ !/,8(3 cos? ¥~ 1) (1)

which depends on the angle ¥ the unique axis of the FGT,
i.e., the C-2H bond direction or the threefold axis of a
rotating methyl group, forms with the static magnetic
field By, (see below). In eq 1 wp is the Larmor fre-
quency, and 6 = (3/4)(eqeq/ k) specifies the strength of
the anisotropic quadrupolar interaction. The = sign cor-
responds to the two allowed NMR transitions of the deu-
teron spin I = 1 leading to a symmetric spectrum, cen-
tered at wo. Thus, in 2H NMR rotations of polymer chains
are monitored through the time-dependent orientations
of individual C—2H bonds or C; axes of methyl groups in
isotopically labeled samples. For isotropic powders an
inhomogeneously broadened line shape (Pake diagram!7)
results with characteristic singularities for ¢ = 90°. In
rigid solids /27 is ca. 125 kHz for deuterons in C-2H
bonds, and for aliphatic polymer chains 4/27 shows minor
variations only. Rapid anisotropic motions on a time scale
7 < 671 lead to partially averaged tensors. The most prom-
inent example, also pertinent to poly(propylene), is a
methyl group rotating about its threefold axis, leading
tod =1/36,88
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Figure 1. Principle of 2D exchange NMR. (a) Three-pulse
sequence. The NMR frequencies we and wqy correspond to the
orientations of the C-2H bond during the evolution time ¢; and
the detection time ta. (b) A complete exchange of the orienta-
tion during the mixing time t,, results in a signal in the 2D
exchange spectrum at the position (we, wq) and (-we, ~wg). The
solid line represents one transition, the dashed line the second
transition of the spin [ = 1 system. (c) Complete 2H 2D exchange
spectrum for the two different orientations given above. If no
exchange occurs during t,,, the NMR frequency of a particular
C~2H bond remains the same and only a diagonal spectrum will
be detected. If molecular reorientation does occur during ¢,
then the frequencies measured in evolution and detection will
be different and cross peaks at the intersection of the different
frequencies are observed in the 2D plane. The dashed square
connects the peaks for one transition, the dotted square the
peaks for the second transition. (d) 2D exchange spectrum for
a powder sample. All orientations are equally likely to occur,
resulting in continuous off-diagonal exchange patterns. In the
case of a discrete jump motion about a well-defined angle, the
2D exchange spectrums displays singularities in the form of
ellipses, from which the reorientational angle 6 can be deter-
mined in a model-independent fashion.

Three-Pulse Sequence. In 2D exchange NMR a given
ensemble of deuteron spins after a first pulse P; (cf. Fig-
ure 1la) evolve with a frequency w. reflecting the molec-
ular orientation at that time. Instead of generating a
NMR spectrum by F'T with respect to the evolution time
t1, the state of the spin system is stored by a second rf
pulse P; and is read out again after the mixing time ¢y,
by a third pulse Ps, which starts the detection period
to.14 If the molecular orientation has changed during ¢,
due to slow molecular reorientation, the deuteron spins
now evolve with another frequency wq corresponding to
the new molecular orientation. Note that ¢, typically is
substantially longer than ¢, or t2. By repeating the exper-
iment with an incremented value of ¢, one can generate
a two-dimensional data set, which after two subsequent
FTs yields a 2D exchange NMR spectrum.1® In the
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absence of motion, the frequencies w, and wq of a given
7H spin in the evolution and detection period, respec-
tively, are the same, and a signal along the diagonal of
the spectrum is observed. In the presence of molecular
reorientation on the time scale of ¢, the molecules can
change their orientation during tm, and the NMR fre-
quencies w, and wy will be different. This exchange leads
to off-diagonal eross peaks in the 2D spectrum (cf. Fig-
ure 1b), It demonstrates the gedankenexperiment that
all C—2H bonds have a single orientation corresponding
to the frequency w, during ¢, and are changing by a jump
through the angle © to another orientation connected with
the frequency wq during t3. On the two axes of the 2D
spectrum the NMR spectra corresponding to the two
molecular orientations before and after the mixing time,
as shown in Figure la, are plotted. The reorientation
leads to an exchange peak at the position wi = w, and wy
= wd. The second peak (-we, —wq) arises from the sec-
ond transition of the spin I = 1 system. In reality there
is an equal probability for the jump forward and back-
ward, so that both frequencies occur in both, ¢, and ¢..
This is reflected in the symmetry of the spectrum with
respect to the main diagonal. The second transition of
the spin I = 1 system leads to the mirror symmetry about
the anti diagonal, so that the 2D exchange spectrum shows
Cov symmetry; cf. Figure 1c. From the frequency coor-
dinates of the exchange peaks the orientation before and
after the mixing time can easily be calculated with the
help of eq 1. For an isotropic powder sample the exchange
spectrum is not a single peak but a broad inhomoge-
neous pattern covering partially or even fully the 2D plane.
If all molecules rotate about the same well-defined angle
such that the C-2H bond directions change by the angle
B, the 2D exchange spectrum displays characteristic ridges
in the form of ellipses,® given by the following paramet-
ric representation:

w; = 1/,6(1 + 3 cos 29)

wy =1/,8(1 + 3 cos (20 £ 20)) 2

where ¢ serves as a parameter. Thus the so-called reori-
entational angle O is directly projected into the 2D spec-
trum and can be calculated from

jtan B8] = b/a (3)

where a and b are the principal axes of the ellipse, par-
allel and perpendicular to the diagonal of the spectrum.
With the help of eq 3 it is possible to read off the reori-
entational angle 6 directly with a ruler; cf. Figure 1d.
Consequently there is no model involved in obtaining this
geometric information about the motional mechanism.

2D Spectra for Different Motions. It is important
to realize that in general the reorientational angle © is
not identical with the rotational angle of a polymer seg-
ment about a carbon—carbon bond or an average chain
axis etc. Instead, it measures the relative angle between
C-2H bonds (or C3 axes of methyl groups) before and
after the rotation. The different angles are, of course,
interrelated through the geometry of the chain. When
only a few reorientational angles are involved in a motional
mechanism, the corresponding number of ellipses is
observed in the 2D exchange spectra. More complex
motions will lead to a distribution of reorientational angles.
The exchange spectra of diffusive motions can thus be
understood as superpositions of the spectra for an infi-
nite number of reorientational angles. Consequently, when
exchange is due to diffusive motion, no sharp contours
appear in the 2D exchange spectrum, but a new charac-
teristic line shape is observed. In this way in 2D exchange
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spectra different motional mechanisms can be discrimi-
nated, in particular molecular reorientation by jumps and
by angular diffusion.

As an illustrative example let us consider two models
often emploved when simulating polymer dynamics: chain
motion in a diamond lattice, and chain motion by isotro-
pic rotational diffusion. These two models, in fact, cor-
respond to considerably different views of the molecular
dynamics. Motion in a diamond lattice considers highly
localized conformational transitions with fixed con-
straints'®-22 and involves rotations by a fixed angle 9 =
109.4°, the tetrahedral angle. On the other hand, rota-
tional diffusion of a chain in the bulk can only be visu-
alized as a cooperative process since it involves rotation
by arbitrarily small angles. Relatively broad angular dis-
tributions can, however, also occur if Brownian motion
and conformational transitions with flexible constraints
are considered,23:2¢

The simulated 2D exchange spectra for the two mod-
els in the limit ¢m 3> 7., where 7. is the correlation time
of the respective process, are plotted in Figure 2. The
spectra are an equally weighted superposition of line shapes
covering the full spectral width, corresponding to the three
chain deuterons of PP, and line shapes reduced in width
by a factor of 3, corresponding to the three methyl deu-
terons; see below.

The ellipses due to the tetrahedral jump motion on
the lattice (Figure 2a) can clearly be distinguished from
the broad unstructured exchange signal reflecting the broad
angular distribution due to rotational diffusion (Figure
2b). The insets of Figure 2 show the even part of the
reorientational angle distribution, i.e., the distribution
of reorientational angles contracted to the interval [0,
w/2] since 8 and -6 cannot be distinguished for second-
rank tensor interactions. This one-dimensional distribu-
tion with respect to the reorientational angle © is the
maximum angular information one can obtain out of a
single 2D exchange spectrum of powder samples in the
case of axial symmetric coupling.

Experimental Section

Uniformly deuterated atactic poly(propylene) (aPP) was
obtained by contacting protonated, isotactic poly(propylene) with
a hydrogenation catalyst under 15 bar of deuterium at 523 K
for 20 days, following the procedure of ref 25. Deuteration was
effected by replacing daily the deuterium atmosphere over the
sample with fresh deuterium of 99.5% isotopic purity
(Matheson).28 After isolation of the product polymer from the
catalyst residue by extraction with boiling ether, purification
by repeated precipitation in methanol, and redissolution in ether,
the degree of deuteration and its uniformity were determined
by 300-MHz !H NMR with an internal naphthalene standard.
It was found that the chains were uniformly deuterated to 88%.
Tacticity was assessed by 75-MHz 13C NMR in o-dichloroben-
zene at 423 K; pentad analysis revealed a diad distribution indis-
tinguishable from a Bernoullian one with (m) = 0.48. The molec-
ular weight by viscometry was M, =~ 25 000 (taking the Mark-
Houwink constants for protonated aPP in benzene at 303 K).27
SEC in THF indicated a molecular weight distribution similar
to a most probable one. The glass transition was determined
by DSC to occur at 2563 K. Neutron diffraction has shown this
type of sample to be completely amorphous.2?

2D exchange spectra were taken in the temperature range
from 275 to 258 K in order to obtain information about the
chain dynamics in the vicinity of the glass transition. Isotactic
poly(propylene) (iPP) was custom synthesized by Cambridge
Isotope Laboratories, Woburn, MA, and is deuterated selec-
tively in the methyl groups to ca. 989 as revealed by mass spec-
troscopy. The number-average molecular weight My, as deter-
mined by GPC, is 103 000, and the weight-average molecular
weight M., is 401 000, resulting in a polydispersity value of 3.98.
The purification and crystallization were carried out by using
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Figure 2. Simulated 2D exchange spectra for different motions in PP in the limit ¢, > 7.. (a) 2D spectrum for chain motion in a
diamond lattice showing elliptical ridges corresponding to the reorientational angle of 71.6° equivalent to the reorientational angle
180° - 71.6° = 109.4°. (b) Chain motion by isotropic rotational diffusion. The insets show the corresponding reorientational angle

distributions.

solvent precipitation. iPP is a stereoregular vinyl polymer that
normally develops significant crystallinity below 470 K and exists
in three different modifications.2%26 The thermodynamic most
stable form (a-modification) studied in this work consists of
iPP chains in the 3;-helical conformation (...tgtgtg...) packed in
a monoclinic unit cell, left- and right-handed helices being paired,
with two pairs per unit cell.

The 2D exchange experiment was performed at tempera-
tures above 360 K where in dynamic mechanical measure-
ments the a-relaxation is observed.!37-43

All NMR experiments were carried out on bulk powder sam-
ples and were performed on a Bruker CXP 300 spectrometer
operating at a 2H resonance frequency of 46.066 MHz. The
duration of a 90° pulse was 3-4 us. By applying the two four-
pulse sequences that are described in detail in ref 14, two data
sets were recorded to yield a pure absorption-mode 2D spec-
trum employing the method of ref 44. The size of the complex
time-domain matrices was 50 X 128 in the case of aPP and 40
X 128 for iPP. The dimension was increased to 128 X 128 by
zero filling during Fourier transformation after proper Gaus-
sian apodization. The repetition time was set to a value of 3-5
times the longest T'; of the sample in order to obtain fully relaxed
spectra. The temperature was controlled by a Bruker VT 100
temperature unit, and the accuracy and stability in tempera-
ture were found to be £2 K.

Results and Discussion

Glass Transition in Atactic Poly(propylene). Fig-
ure 3a shows the 2D exchange spectrum of fully deuter-
ated atactic poly(propylene) (aPP) at a temperature of
270 K, well above the glass transition temperature T of
253 K. The mixing time ¢, was 50 ms. Due to the pres-
ence of alkyl and methyl deuterons, the corresponding
1D spectrum consists of two Pake patterns. The outer

singularities are part of the broad spectrum originating
from the chain deuterons; the spectrum in the center of
the 2D plane is the motionally narrowed spectrum of the
methyl groups. The width of this spectrum is reduced
by a factor of one-third, resulting from the rapid rota-
tion of the methyl groups.

Elliptical ridges caused by discrete jump motions around
well-defined angles are not visible in the spectrum. The
line shape clearly points out that the motional process
leads to a distribution of reorientational angles. The broad-
ening of the Pake pattern along the main diagonal points
to reorientational motion around small angles and con-
sequently to diffusive behavior of part of the chains. The
ridges parallel to the frequency axes forming the prom-
inent square ridge and the spectral intensity covering the
whole 2D plane reflect the large-angle reorientation of
other chain segments. The fact that the exchange sig-
nals are spread out over the whole frequency range means
that a particular C-2H bond has a finite probability to
be found in any orientation with respect to the magnetic
field after the mixing time regardless of its starting posi-
tion before the mixing time. This is confirmed when the
reorientational angle distribution is determined from the
fitted 2D spectrum as displayed in Figure 3b (see below).
As mentioned previously, such a 2D exchange spectrum
is identical with a two-time distribution function and con-
sequently is an image of the state of the motional pro-
cess for a fixed mixing time. Therefore a single 2D spec-
trum does not allow the determination of the specific
motional mechanism. Such a conclusion, however, can
be drawn out of a set of spectra with different mixing
times monitoring the dynamic evolution of the system.
Therefore we show in Figure 4 the development of the
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Figure 3. 2D exchange spectrum of aPP (T, = 253 K). (a) Experiment at T' = 270 K with a mixing time of ¢, = 50 ms. (b) Sim-
ulation on the basis of isotropic rotational dlffusmn assuming a log-Gaussian distribution of correlation times, the width of which is
3 decades centered around the mean correlation time of 55 ms. The inset shows the corresponding reorientational angle distribu-

tion.

2D spectra at this temperature as a function of t, in the
range 5-200 ms.

The simultaneous observation of small- and large-an-
gle reorientation may be interpreted as the result of a
heterogeneous motion of the C-2H bonds. Indeed, the
experimental spectra for all ¢, at this temperature can
be described approximately by a model that assumes iso-
tropic rotational diffusion with a log-Gaussian distribu-
tion of correlation times.2* The full width at half-height
of the distribution is 3 decades centered around the mean
value of 55 ms. As an example, the simulated spectrum
corresponding to the experimental spectrum in Figure
3a is shown in Figure 3b. The calculated 2D line shape
was generated by a superposition of the line shapes for
the different correlation times weighted with the distri-
bution function. Further details and simulated line shapes
for different widths of the distribution of correlation times
are given in ref 45. In Figure 4 only the reorientational
angle distributions resulting from the simulation are pre-
sented and allow for following the dynamic evolution of
the system.

Our interpretation of the chain dynamics exclusively
assumes small-angle reorientations as elementary steps
of the motion. The final positions of the C—2H bonds
after the mixing time are reached as a result of numer-
ous single steps. Of course, there may exist other mod-
els including large-angle fluctuations, i.e., conforma-
tional changes that are in accord with the experimental
results. Indeed it is possible to simulate single spectra
out of a series with varying mixing time assuming a model
that combines large- and small-angle reorientation.?* The
total set of spectra, however, cannot be reproduced by
this diffusion jump model without changing the ratio of
the correlation times of the jump and the diffusive pro-
cess. If these large-angle jumps are well defined, the jump
process must be “slow” compared with the diffusion and/or
the populations must be far from being uniform, because
we do not observe any sign of elliptical ridges. Alterna-
tively, the latter fact can be interpreted in terms of ill-

defined large-angle fluctuations, which may be coupled
to ill-defined angular displacements of the local environ-
ment of the mobile chain units.

When T is approached from higher temperatures, the
slowing down of the chain dynamics is clearly visible in
the 2D spectra. As an example Figure 5a shows the 2D
spectrum taken at 7' = 264 K, thus only 6 K lower in
temperature with a mixing time of 300 ms. Two points
have to be mentioned in comparing this spectrum with
the spectrum Figure 3a. First, the narrow spectrum clearly
visible in the center of the 2D spectrum of Figure 3a is
almost absent in the spectrum Figure 5a. This fact is
due to the differences in the spin-lattice relaxation times®!4
for the methyl and the chain deuterons, so that during
the long mixing time the polarization of the methyl deu-
terons relaxes almost completely. The effect is also evi-
dent in the spectra of Figure 4 as a progressive disap-
pearance of the narrow component with increasing mix-
ing time. Second, the simulation yields essentially the
same reorientational angle distribution, but with a mix-
ing time being 6 times longer as in the case of the spec-
trum Figure 3a. This indicates the slowing down of the
motional process by the same factor of 6 due to a tem-
perature variation of only 6 K. Since the reorientational
angle distribution completely determines the 2D spec-
trum, the broad spectrum in Figure 3a and the spectrum
in Figure 5a are identical apart from the differences in
intensity. Of course, this also holds for the comparison
of the narrow spectrum Figure 3a with the spectrum Fig-
ure 5a but is not as obvious by reason of the difference
in intensity and spectral width.

Figure 5b shows a 2D spectrum taken another 6 K closer
to Ty with the same mixing time as in the case of the
spectrum Figure 5a. The intensity of the exchange sig-
nal is much less at the lower temperature, showing the
further slowing down of the chain dynamics. The con-
centration of signal intensity in the center of the main
diagonal indicates that a considerable amount of C-2H
bonds has the same orientation before and after the mix-
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Figure 4. 2D exchange spectra of aPP (T, = 253 K) at T = 270 K with varying mixing time t,,. The evolution of the dynamic pro-
cess can be followed by inspection of the spectra or the reorientational angle distributions resulting from the simulation; cf. Figure

3.

ing time, i.e., is fixed on the time scale of the experi-
ment. The spectra show that close to Ty the 2D exchange
experiment is able to detect rotations of individual chain
segments through a few degrees on the time scale of sec-
onds. Thus, the ultraslow processes connected with the
glass transition can be monitored on a molecular level.
When the virtual activation energy of the motion is deter-
mined from an Arrhenius plot covering a range of mean
correlation times from 4 ms at 275 K to 12 s at 258 K,
based on a total number of 15 2D spectra, a value of (274
+ 50) kJ/mol results. This is unphysically high for a
segment motion and points to collective dynamic behav-
ior. In fact, the temperature variation of the average cor-
relation times 7 of the motional process follows the
Williams-Landel-Ferry (WLF) equation*6

() _ CT-T)
BUT) G +T-T,

where C; and C; are constants. The WLF equation is
interpreted as an intrinsic dependence of the rate of irre-
versible processes on the fractional volume available?
and is equivalent to the explicit free volume Doolittle
equation.® When our data are combined with the 13C
spin-lattice relaxation measurements of Mandelkern et
al.*? at temperatures above 300 K, the mean correlation
times cover a dynamic range of 11 decades of magni-
tude. As shown in Figure 6 they are quantitatively fit-
ted by a WLF curve with C; = 18.2 and C; = 47.6 K. The
correlation time at Ty was extrapolated to be 1000 s. Sim-
ilar values for C; and Cs can be calculated from refs 50
and 51, where the Vogel-Fulcher-Tamman—Hesse (VFTH)

lo

(4)

equation, which is an alternative form of the WLF equa-
tion, has been applied to photon correlation spectros-
copy and shear creep measurement results.

The fact that our data agree with the WLF equation
indicates that the local dynamics monitored by 2D NMR
is intimately linked to the collective dynamics of the glass
process. Like results have been obtained in ref 45, where
the 2D exchange experiment has been employed to study
the chain dynamics of atactic poly(styrene) in the vicin-
ity of the glass transition. This nicely corroborates our
statement that rotational diffusion of polymer chains can
only be visualized as a cooperative process.

Helical Jumps in Isotactic Poly(propylene). In con-
trast to the chain motion at the glass transition the rota-
tion of the stereoregular iPP chains in the crystalline
regions occurs through well-defined angles. Figure 7 shows
the 2D exchange spectrum of methyl-deuterated iPP taken
at T = 387 K with a mixing time of 150 ms. As men-
tioned previously, the rapid rotation of the methyl group
results in an averaged field gradient tensor along the Cs
axis which serves to probe the dynamics of the main chain.
On the diagonal of the spectrum the conventional 1D deu-
teron NMR spectrum appears. The broad signals origi-
nate from the crystalline regions of the partially crystal-
line polymer, the narrow signal in the center of the spec-
trum from the mobile amorphous regions. The off-
diagonal exchange signal exhibits sharp ridges in the form
of ellipses, indicative of discrete jump motion around a
well-defined angle. T'o enhance the visibility of these ridges
the narrow signal is cut off in the plot to the same height
as the singularities of the broad spectrum. Figure 8a gives
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Figure 5. 2D exchange spectra of aPP (T, = 253 K). (a) Experimental spectrum at T' = 264 K with a mixing time of ¢, = 300 ms.
(b) Experimental spectrum at T' = 258 K with t,, = 300 ms. The slowing down of the motional process is clearly visible from the

spectra or the reorientational angle distributions.
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Figure 6. WLF fit of the mean correlation times resulting from
the simulation of the aPP spectra. Filled squares, 2D exchange
NMR; open squares, 13C spin-lattice relaxation measurements
(Mandelkern et al.4®).

a ridge plot of the spectrum Figure 7, displaying only
the local maxima of the 2D spectrum. The two ellipses
arising from the two transitions of a spin I = 1 system
are clearly discernible. From the shape of the ellipses,
the reorientational angle can be determined model free
as described above, yielding a value of 113°. The error
of the determination of this value is estimated to be £2°.
The slight broadening of the ellipses in the region of the
main diagonal indicates that besides this value, reorien-
tational angles between 111° and 115° are involved in
the motion, the maximum of this distribution being given
by 113°. Figure 8b gives a ridge plot for these three dif-
ferent reorientational angles, where the widest ellipse cor-
responds to the largest angle and the narrowest ellipse
to the smallest reorientational angle.

Figure 7. 2D exchange spectrum of iPP. Experimental spec-
trum at T' = 387 K with a mixing time ¢, = 150 ms. The inset
shows the 3; helix of iPP. The elliptical ridges in the 2D plane
correspond to a reorientational angle of 113°. This value results
from discrete jumps in 120° steps about the helix axis.

An indication of the molecular origin of the jump pro-
cess is given by considering the structure of iPP. In the
crystalline domains iPP forms a 3; Helix, for conve-
nience of the reader given in Figure 7. The symmetry
of the helix allows a rotational jump motion of the poly-
mer chain about the helix axis, presumably in connec-
tion with a translation. Consequently a given monomer
unit after the jump occupies the position of the neigh-
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Figure 8. (a) Ridge plot of the iPP spectrum Figure 7. The two ellipses correspond to the two transitions of the spin I = 1 sys-
tem. (b) Ridge plot of the calculated ellipses for the reorientational angles of 111° (+), 113° (0), and 115° (X).

boring monomer unit before the jump. This reorienta-
tional angle between the methyl groups is consistent with
a rotational jump motion of the helix in discrete steps of
120° about the helix axis. In addition, the observed reori-
entational angle is in agreement with the value calcu-
lated from the crystallographic data of ref 33, yielding a
value of ca. 111°. The observation of helical jumps is
corroborated by '3C 2D exchange spectroscopy where
exchange signals for all three carbons having different
chemical shifts are observed.5? All 2D experiments were
performed in a temperature region where in dynamic
mechanic and dielectric measurements the “a-relax-
ation” is observed. Most investigators, although differ-
ing in their detailed interpretation, have concluded that
the a-relaxation arises from the crystalline regions of the
polymer.187-48 The activation energy ranges from 48 to
70 kcal/mol, and the mechanism is assumed to consist
of a single process only. Kawai et al.?3 recently sug-
gested that the a-process is an intralameliar phenome-
non that involves intracrystalline chain motions and lamel-
lar reorientation such as tilting or detwisting. Unfortu-
nately, the short spin-lattice relaxation time of the rapidly
rotating methyl group prevents us from following the heli-
cal jump motion down to lower temperatures and deter-
mining its activation energy. In poly(oxymethylene)
{POM), another semicrystalline polymer with helical con-
formation, 2D 13C experiments on static as well as rotat-
ing samples have established a similar helical jump motion
in the crystalline regions and its relation to the mechan-
ical a-relaxation.’2 We therefore conclude that the heli-
cal jumps in iPP likewise are responsible for the a-relax-
ation.

Concluding Remarks

This 2D NMR study of the chain motion in poly(pro-
pylene) of different conformation and packing shows that
the differences between crystalline and amorphous states
are directly reflected in the motional behavior: the chain
motion in crystalline polymers involves a limited num-
ber of reorientational angles consistent with the crystal
structure, in the case of iPP helical jumps. The chain
motion of aPP at the glass transition involves a broad

distribution of reorientational angles, reflecting the amor-
phous nature of the glassy state. In both cases, how-
ever, the motional processes detected this way are directly
related to the mechanical behavior.
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Synthesis and Characterization of New Polymers Exhibiting
Large Optical Nonlinearities. 1. Ladder Polymers from
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ABSTRACT: Ladder polymers were synthesized from 3,6-disubstituted 2,56-dichloroquinones and tetraami-
nobenzene. The precursor to these polymers can be dissolved in organic solvents such as DMF, DMSO,
and DMA. This solubility permits convenient processing of polymers into thin films which can subse-
quently be converted to fully fused-ring ladder polymers by thermal treatment. the final ladder polymers
exhibited exceptional thermal stability (as determined by TGA) and laser damage thresholds in excess of
1 GW/cm?2. Degenerate four-wave-mixing measurements on these ladder polymers yielded third-order sus-
ceptibilities as high as 1.6 X 10-2 esu, which is one of the highest values observed for an amorphous mate-

rial.

Many organic and polymeric materials containing
extended conjugated systems have been shown to exhibit
large, ultrafast second- and third-order nonlinear opti-
cal susceptibilities.!® A large number of potential appli-
cations, ranging from optical computing to sensor pro-
tection, exist for these materials. The most investigated
polymer system is poly(diacetylene) (PDA), which has
exhibited third-order susceptibilities as high as 8 X 10-1¢
esu for single crystals;? however, amorphous PDA exhib-
its a much smaller x®. If practical applications of poly-
mers to the fabrication of nonlinear optical devices are
to be pursued, then new polymer materials with much
higher nonlinear optical susceptibilities, higher laser dam-
age thresholds, improved optical transparency, and
improved processibility must be developed. It is the search
for such materials that motivates the present work.

0024-9297/90/2223-3439$02.50/0

Theory provides the direction for the development of
new polymers. It is generally recognized that third-or-
der susceptibility increases dramatically with r-electron
delocalization.* Ladder polymers with the structure shown
in Figure 1 not only possesses a conjugated w-electron
system but the forced planarity of these polymers ensures
optimum electron delocalization (the effectiveness of over-
lap of p orbitals is determined by 6, the dihedral angle
between p orbitals, through cos? 8). Theory predicts that
even oligomers of these materials will exhibit significant
third-order susceptibilities.? Scaling arguments would sug-
gest significant increases in optical nonlinearity of poly-
mers relative to the oligomeric compounds, although the
increases would not be expected to continue indefinitely
with polymer chain length due to self-localization effects
(determined by intrinsic electron—-phonon and electron-
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