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FOREWORD

The ACS Symposrum Series was founded in 1974 to provide
a medium for publishing symposia quickly in book form. The
format of the Series parallels that of the continuing ApvaNcEs
IN CHEMISTRY SERIES except that in order to save time the
papers are not typeset but are reproduced as they are sub-
mitted by the authors in camera-ready form. Papers are re-
viewed under the supervision of the Editors with the assistance
of the Series Advisory Board and are selected to maintain the
integrity of the symposia; however, verbatim reproductions of
previously published papers are not accepted. Both reviews
and reports of research are acceptable since symposia may
embrace both types of presentation.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



PREFACE

basic requirement of the ESR technique is the presence of molecules

or atoms containing unpaired electrons. Such species can be generated
in polymeric systems by homolytic chemical scission reactions or by
polymerization processes involving unsaturated monomers. These reactions
can be initiated thermally, photochemically, or with a free-radical initiator,
and, in the case of scission, by mechanical stress applied to the system.
Therefore, ESR can be used to study free-radical-initiated polymerization
processes and the degradation of polymers induced by heat, light, high-
energy radiation, or the application of stress.

Molecules containing unpaired electrons also can be introduced into
a polymeric system in a number of other ways. A polymer molecule can
be spin labelled by chemically reacting it with a small molecule containing
an unpaired electron in a relatively stable state. Transition metal ions can
be added by substitution reactions on the polymer molecules or can be
already present as part of the polymer molecules. One also can add a
spin probe, a small molecule with an unpaired electron in a relatively
stable state; spin probes are held in the polymeric matrix by physical
forces. The ESR spectra of spin labels, spin probes, and transition metal
ions have been used to study a variety of phenomena associated with
polymeric systems including: the molecular motion and relaxation proc-
esses of polymers in solution and in the rubbery and partially crystalline
states; the adsorption of polymers onto solid surfaces; binding and binding-
site locations in proteins and other biological macromolecules; and con-
formational changes in polymers and in lipid-membrane systems.

The NMR technique is a highly versatile one, and has been applied
in many forms to the study of macromolecules. Examples of all of these
are provided in the contributions to this volume.

Perhaps the widest application is that of conventional high-resolution
spectroscopy in solution for the purpose of learning in detail about polymer
chain structure. In this field, proton NMR, formerly dominant, has given
way to carbon-13 NMR with the development of pulse Fourier transform
spectrometers with spectrum accumulation. Carbon spectroscopy is capable
of giving very detailed and often quite sophisticated information. For
example, a very complete accounting can be provided of comonomer
sequences in vinyl copolymers; and branches can be identified and counted,
even at very low levels, in polyethylenes.

ix
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The polymer application having the longest history (nearly as long
as that of NMR itself) is its observation in the solid state. Here, because
of magnetic dipole interactions (which are averaged to zero in solution),
resonances are very broad (of the order of kilohertz) and detailed struc-
tural information is ordinarily entirely lost. Interest centers instead on
nuclear relaxation: spin-lattice relaxation, measured by T7T,; spin-spin
relaxation, T»; and spin-lattice relaxation in the rotating frame, T1p. From
the interpretation of these quantities, particularly their temperature depend-
ence, important conclusions concerning the motions of the chains can be
drawn, and from this knowledge in turn one can obtain insights into the
nature of composite macromolecular systems such as polymer-plasticizer
and polymer—polymer blends and partially crystalline polymers. By using
appropriate multiple sequences of pulses, chemical shift information may
be recovered and macromolecular motions measured in separate domains
of composite systems.

For dilute spins such as carbon-13, chemical shift information may
be obtained by cross-polarization combined with high-power decoupling
to remove dipole-dipole broadening. The carbon resonances thus obtained
are still broadened owing to chemical shift anisotropy. By rapid (kilo-
hertz) spinning at the “magic angle,” the latter may be averaged out and
the results approximate to solution spectra, although with considerable
line broadening. Thus cross-linked and insoluble polymers may be exam-
ined, and it is also possible to obtain information concerning the motions
of individual carbons.

Finally, high-resolution NMR has proved to be a technique of extra-
ordinary power in the examination of the detailed structure of biological
macromolecules, principally proteins and nucleic acids. It usefully com-
plements their study in the crystalline state by X-ray diffraction, and while
it cannot be said precisely to rival X-ray it also is capable of supplying
many hundreds of structural parameters. In addition, NMR can provide
many insights that X-ray cannot, including kinetic information.

FrANK A. BovEy ARTHUR E. WOODWARD
Bell Laboratories City College of New York
Murray Hill, NJ 07974 New York, NY 10031

July 10, 1980
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Conformation and Mobility of Polymers Adsorbed
on Oxide Surfaces by ESR Spectroscopy

TAIMING LIANG, PETER N. DICKENSON, and WILMER G. MILLER
Department of Chemistry, University of Minnesota, Minneapolis, MN 55455

The nature of the interaction of polymers with solid sur-
faces is of much practical importance, e.g., in coatings and in
reinforced polymers, as well as of theoretical interest (1,2,3).
Most experimental and theoretical studies at the molecular level
have been concerned with the adsorbed polymer at a solid-liquid
interface. The interaction of the dry polymer with the solid
surface, of significance in applied problems, is little under-
stood at the segmental or even molecular level. Instead, inter-
action is generally inferred from effects on bulk properties.

Theoretical treatments (e.g., 1-15) of adsorbed polymers at
the solid-liquid interface predict some or all of the following
properties: average fraction of segments adsorbed; average
length of loops, adsorbed trains and tails; mean extension of
segments above the surface; effect of polymer-solvent and
polymer-surface interaction; effect of molecular weight.
Experimentally the average thickness of the adsorbed layer upon
drying is estimated from adsorption isotherm-surface area meas-
urements, and at the solid-liquid interface by viscosity, or
by ellipsometry. Under favorable circumstances the fraction of
segments adsorbed is determined by infrared spectroscopy. Little
is known about the mobility of segments in loops and tails,
whether in the presence or absence of a contacting solvent. In
this communication we discuss the use of a stable nitroxide free

radical and ESR spectroscopy to monitor segmental dynamics, and
summarize our efforts (16,17,18,19,20). Previous studies, less

Basis of Method

The line shape of the ESR spectrum of a nitroxide free
radical in x-band operation varif? with Ege rotational motion of

the nitroxide over the range 10 to 10 sec in rotational
correlation time. By saturation transfer measurements even slow-
er motions may be studied (22). The rotational correlation time

for a nitroxide in a dilute solution of labelled random coil

0-8412-0594-9/80/47-142-001$05.00/0
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2 POLYMER CHARACTERIZATION BY ESR AND NMR

pelymer in a low viscosity solvent falls typically in the 0.05
to 0.5 nsec range, giving a three line spectrum as shown in
Figure 1A. The relaxaticn of the nitreoxide is facilitated by
backbone motions extending only a few atoms from the point of
attachment, i.e., to local mode motions, as deduced from mole-
cular weight and other studies by several investigators (26,27).
Thus in an adsorbed molecule an isolated loop or tail extending
into the solvent should give a motionally narrowed three line
spectrum if the loop or tail is greater than a minimum size
(probably four-to-six bonds about which rotation can occur).

The spectral line shape is concentration dependent, but remains
motionally narrowed until relatively high polymer concentrations
are reached (Figure 1-B,C and reference 27). Loop and tail
segment density near the surface may be large, but falls off
rapidly with distance above the surface. We therefore expected
tails and all but the smallest loops (and surface extended
loops) would exhibit three line spectra similar to that observed
with the free, isolated polymer molecule.

By contrast a nitroxide attached to monomeric units rigidly
held to a solid surface should show a spectral line shape similar
to the bulk polymer in the glassy state (Figure 1E). Thus a
polymer molecule adsorbed at a solid-liquid interface should
exhibit a composite spectrum, from which one can deduce the
fraction of the monomeric units in loops and tails, and their
mean motion. The sensitivity of the method to small amounts of
units with motional freedom can be seen from Figure 2.

A final point to consider is the effect of nonbound polymer.
When a surface is added to a polymer solution and equilibrium
is reached, both adsorbed and free molecules are present.
Although adsorbed and free polymer are in dynamic equilibria,
desorption is generally sufficiently slow that the nonbound
polymer can be separated and monitored independently of the
bound polymer.

In the absence of solvent, the influence of the surface on
the segmental mobility can be deduced by measuring the temper-
ature dependence of the spectral line shape in the presence and
absence of the surface. The temperature dependence of bulk
poly{vinyl acetate) is shown in Figure 3, and of bulk polystyrene

in Figure 10. Although the polymer-surface interaction may have
a profound effect on segmental mobility, it seems unlikely that
any composite spectra can be decomposed easily into bound and
unbound contributions.

Experimental

Poly(vinyl acetate), PVAc, of molecular weights (M ) 6.1x10%,
l.9x105, and 6.Ox105, was randomly labeled by ester excHange with
2,2,5,5-tetramethyl-3-pyrrolin-l-oxyl-3-carboxylic acid to give a
spin labeled polymer containing typically 1-10 nitroxides per
polymer molecule. Polystyrene was prepared by emulsion
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1. LIANG ET AL. Conformation and Mobility of Polymers

Figure 1. ESR spectrum at 25°C as a

function of concentration of PVAc-

(61,000), randomly labeled. Polymer

concentration (weight percent) in CHCl,

is (A) 1%; (B) 44%; (C) 61%, (D)
72% ; and (E) 100% (bulk).

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



POLYMER CHARACTERIZATION BY ESR AND NMR

s xfast motion
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Figure 2. Simulated composite spectra consisting of 4% of the nitroxides under-
going motional narrowing (isotropic, homogeneous broadening of 1 G) with rota-
tional correlation times as indicated
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1. LIANG ET AL. Conformation and Mobility of Polymers 5

Figure 3. Temperature dependence of
bulk PVAc. The glass transition is ~
30°C. (Temperatures are in Celsius.)
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POLYMER CHARACTERIZATION BY ESR AND NMR

polymerization of styrene with 2 wt. % chloromethyl styrene,
followed by partial reaction of the chloride with 2,2,6,6-
tetramethyl-b-piperidinol-l-oxyl (28).

Alumina, Al,03, obtained from Matheson, Coleman and Bell,
was heated at 200°C for two hrs. before use. Titanium dioxide
was obtained from Polysciences as 0.L45 y spheres. Before use it
was treated to remove paramagnetic impurities (19). Glass (soda
lime) spheres of 3-8 | nominal diameter was obtained from
Polysciences and treated to remove paramagnetic impurities. SiO:
in the form of aggregated 0.01L p diameter spheres (Cab-0-Sil M5)
was used as received.

For adsorption studies the labeled polymer was dissolved
in reagent grade solvent, the oxide surface added, and the sample
was stirred magnetically for at least 24 hrs. (sometimes up to
3 days). The oxide with adsorbed polymer was separated from the
unadsorbed pclymer by gravity settling, or where necessary by low
field centrifugation. The oxide together with adsorbed polymer
was washed with fresh solvent until no ESR activity was detect-
able in the supernatant. The ESR spectrum was then taken of the
polymer on the surface either in the presence of sclvent, or
after solvent removal as a function of temperature.

The ESR spectra were measured on a Varian E-3 spectrometer
at about 9.15 GHz. The spectra were typically recorded in the
vicinity of 3.2 kG with attenuation power low enough to avoid
saturation.

Conformation and Mobility at the Solid-Liquid Interface

Effect of Surface. The spectrum of PVAc(61,000) adsorbed
at a liquid (CHCL,;)-solid interface at full surface coverage is
shown in Figure 4. Chloroform is a thermodynamically good sol-
vent for PVAc, estimated to be nearly an athermal solvent (29).
The differences are quite striking, ranging from A£;0;, where all
units are rigidly held, to Cab-0-Sil Si0,, where the majority of
the spin labels are in flexible loops and tails. The immobil-
ization of the spin labels is through the side chain ester, and
not through the nitroxide moiety, as has been shown through use
of spin probes of varying functionality (17).

Changing the contacting solvent strongly affects the
fraction of immobilized units, but the effect of changing the
surface in contact with a given solvent shows a trend analogous
to the chloroform results. The ranking of the surfaces in order
of decreasing interaction with PVAc is Af£,0;, TiO,, glass(3-8 u
soda lime), and Si0,(0.014 u aggregated spheres.)

Effect of Solvent. With PVAc adsorbed at the A£,0,;~1iquid
interface, no motionally narrowed component is observed with any
solvent, ranging from nearly athermal (CHCZ3) to nearly a theta
solvent (CC&,) (17,30). With PVAc(61,000) at the TiO,-liquid
interface, as shown in Figure 5, a small percentage (<5) of very
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LIANG ET AL. Conformation and Mobility of Polymers

—~—
Iy
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Figure 4. The spectra of PVAc (61,000) adsorbed at the solid-liquid (CHCls)
interface at saturation surface coverage: (A) no solvent or surface; (B) Al,O;;
(C) TiO;, (D) glass (3-8 »); (E) SiO, (Cab-O-Sil M5).

Figure 5. The ESR spectra of PV Ac (61,000) at the solid (TiO;)-liquid interface
at saturation coverage: (A) no solvent or surface; (B) CCl,; (C) toluene; (D) CHCl,.
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8 POLYMER CHARACTERIZATION BY ESR AND NMR

mobile nitroxides is observed. There is not a strong trend with
solvent, though over a series of experiments (19) thermodynam-
ically good solvents lead to a slightly greater percentage of fast
component than poor solvents. The most striking change is with
Si0, (Cab-0-Sil), where going from poor to good solvents leads to
a dramatic increase in the amount of the fast component (;2).
Alternatively, raising the temperature is thermodynamically
equivalent to changing to a better solvent. The results are con-
sistent, in that raising the temperature leads to an increase in
mobile units for any solvent-surface pair examined (19).

The sharpness of the fast component in the composite spectra
in Figures 4 and 5 is a good indication that there is not a wide
distribution of correlation times, and by reference to Figure 1,
that the mobile segment density of the adsorbed polymer extending
into the solvent is dilute. The nature of the mobile units-loops,
tails, or some of each-cannot be deduced from these data.

Effect of Molecular Weight. The nature of the mobile units
can best be probed by a study of the molecular weight dependence.
Shown in Figure 6 is the molecular weight dependence, at satu-
ration surface coverage, of PVAc on TiO, in the presence of
chloroform. Although the molecular weight is varied by a factor
of ten, the fraction of fast component is unchanged, within
experimental error. Similar behavior is observed in other sur-
face-solvent systems (19).

All theoretical treatments of the molecular weight dependence
indicate the number of monomeric units in loops increases
monotonically with molecular weight, whereas the number of units
in tails approaches an asymptotic limit, i.e., the fraction of
units in tails must be a decreasing function of molecular weight.
The molecular weight invariance we observe indicates the mobile
units are predominantly in loops, and not tails.

Effect of Surface Coverage. The effect of surface coverage
is illustrated in Figure 7 with PVAc at the 5i0,-CCcy interface.
The effect is similar with other solvents, and with the glass and
Ti02 surfaces. As the surface coverage increases the fraction of
units in loops increases, in some cases quite dramatically as, for

example, in Figure 7. This result was inadvertently stated in-
correctly in reference ;Q. At low surface coverage the polymer
lies close to the surface in a flattened conformation. Monomeric
units in any loops have little motional freedom, irrespective of
size. As the surface coverage increases a less flattened con-
figuration is assumed. These observations are qualitatively
similar to those for poly(vinyl pyrrolidone) adsorbed on aerosil
Si0, (21-24).

Effect of Polymer. The effect of changing the polymer while
keeping the surface and solvent fixed is illustrated by comparing
Figures 4 and 8. There are two factors which must be considered:
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LIANG ET AL. Conformation and Mobility of Polymers

Figure 6. Effect of molecular weight of PV Ac on TiO, in the presence of CHCI,
at saturation coverage: (A) no solvent or surface; (B) 61,000; (C) 194,000; (D)
600,000.
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10 POLYMER CHARACTERIZATION BY ESR AND NMR

Figure 7. The dependence of the ESR spectra on surface coverage of PVAc
(61,000) at the SiO,(Cab-O-Sil)}~CCl, interface at 25°C. Percent of saturation
uptake: (A) 50% ; (B) 90% ; (C) at saturation.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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1. LIANG ET AL. Conformation and Mobility of Polymers 11

polymer-solvent and polymer-surface interactions. Thermodynam-
ically CHCZ; should be a poorer solvent for polystyrene than for
PVAc (22). Therefore, one would expect less fast component with
pclystyrene. However, we observe a very low amount of slow
component with polystyrene at either the $i0,-CHCL; or the glass-
CHCL; interface. This must reflect a difference in the inter-
action of the styrene and vinyl acetate units with the surface.

Effect of the Surface on Segmental Mobility in the Dry State

The Polymer-Surface Interaction. When using a nitroxide
labeled polymer the polymer-surface interaction in the absence
of solvent can be assessed from temperature studies in the
presence and absence of the surface, as shown in Figures 9 and 10.
At temperatures below or near the glass transition the effect of
the surface cannot be deduced as all motions are too slow. How-
ever, as the temperature is raised above T the effect of the
surface is clearly discernible, with surfage inhibiting segmental
motion. It is evident from Figures 9 and 10 that the absolute
temperature is not as important as T-T , where T 1s the T 1in
the absence of the surface. The effe of the surface is
still discernible at temperature V100~ above T . As the
temperature is further increased the segmental®™ mobility becomes
independent of the presence of the surface (gg), indicating that
KT has become greater than the segment-surfacé interaction
energy. However, it was found that the spectrum observed at any
temperature was independent of the thermal history of the sample.
Inasmuch as the samples were prepared by evaporating the solvent
at room temperature, there was no a priori reason to expect such
behavior. This suggests that as the solvent is evaporated the
polymer conformation on the surface approaches the equilibrium
conformation, as it does when the dry surface adsorbed polymer
is cooled from high temperatures, where it is effectively
desorbed.

Similar studies (19) with PVAc adsorbed on the glass spheres
indicates a smaller fraction of mobile units at any temperature
compared to the Si0O, studies. Since the composition of the
Cab-0-Sil Si0, and the soda lime glass differ, it is tempting to

ascribe this to differences in segment-surface interaction.
There is, however, another possibility due to the difference in
surface morphology. The PVAc has a radius of gyration ranging
from V70 to over 200 A, depending on the molecular weight and
presence or absence of solvent. The 3-8 u glass spheres, with
a radius over 100 times the radius of gyration of the polymers,
present effectively a flat surface to the polymer. By contrast
the Cal-0-5i1 Si0,, composed of clusters of 70 radius spheres,
present a highly curved surface to the polymer chain. It is
clear that many chains are associated with more than one cluster
as three dimensional networks are formed. The observed differ-
ences may be then a morphological one rather than a difference
in segment-surface interaction.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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F

Figure 8. The effect of changing the polymer while keeping the surface and
solvent fixed. PS at (A) the CHCI,-SiO, interface; (B) the CHC!,~glass interface.

on CabOSil bulk
dried from CCLA
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Figure 9. Temperature dependence of PVAc (6 X 10°) in the bulk state and
when adsorbed onto SiO, (obtained by drying a sample adsorbed from CCl, at
50% surface coverage)
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Figure 10. Temperature dependence of PS in the bulk state, and when adsor}ged
onto SiO, (obtained by drying a sample adsorbed from CCl,). The glass transition
for bulk PS is ~ 100°C.
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14 POLYMER CHARACTERIZATION BY ESR AND NMR

Lateral Dependence. In the presence of solvent, loops were
found to have segmental mobility similar to that of non-adsorbed
polymer. It was thus of interest to deduce how segmental
mobility of loops in the solid state were affected by the sur-
face. Two types of experiments were designed to provide an
answer, examples of which are shown in Figures 11 and 12. At
higher surface coverage the mean thickness in the dry state is
larger, hence more polymer segments are involved in loops. It
is clear from Figures 11, 9 and 3 that at saturation surface
coverage (dried from CC£,) most of the spin labels have mo-
bilities similar to that in the bulk polymer in the absence of
a surface. However, in Figure 12 we see that at saturation
surface coverage, when dried from CHCL;, there is a considerable
effect of the surface. This is easily explained. The polymer
uptake is solvent dependent. In fact, at 50% saturation in
CCL, the polymer uptake is nearly identical to saturation
coverage in CCL, (l2)~ Thus when the solvent is removed the
thickness of the polymer coat is the same upon drying a sample
50% saturated from CC, as at saturation coverage from CHC{j,
and should behave similarly if equilibrium conformation is
achieved. Comparison of the appropriate spectra (Figure 12 and
reference 20) shows this to be true. If one takes the surface
area of the Cab-0-5Sil (v200 m?/gm) and assumes that the entire
surface i1s equally accessible to the polymer, the mean polymer
thickness under the two conditions is 6 % and V12 X. From
these results one can state that the surface does not affect
the mobility of a segment when it is more than a few angstroms
from the surface.

Segmental Dynamics. Two types of dynamics can be consider-
ed-segmental motion, and diffusion of the polymer from the sur-
face. Previously we have seen that at the solid-liquid inter-
face segmental motion in loops appears to differ little from
that in dilute, dissolved polymer, unless the loops are held
close to the polymer surface. In the dry state temperature
studies indicated that segmental motion of loops differed little
from segmental motion in bulk polymer.

Tnasmuch as segmental motion above Tr becomes rapid, the
diffusion of the polymer off the surface © can be monitored, an
example of which is shown in Figure 13. A sample of labeled
PVAc was surface adsorbed (50% saturation coverage) and dried.
It was then blended at -8 C with unlabeled PVAc, and compression
molded at 9000 psi at 30 C. The sample was rapidly raised to
146 “C and monitored. By the time the first spectrum was obtain-
ed ("8 minutes) all segments had been desorbed and replaced by
overcoated, unlabeled polymer, i.e., the labeled polymer had
diffused from the surface into the bulk polymer. Although this
seemed at first to be surprising, when one considers that the
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Figure 11. Temperature dependence of PVAc (6 X 10°) on SiO, when adsorbed
from CCl, to 50% of saturation coverage (low) before drying, or at saturation
coverage (high) before drying

Dried from
CHCLy

|
|
/f’\/\\ﬁ_kss I
|

Figure 12. Comparison of the temperature dependence of PVAc (6 X 10°) on
Si0O, when adsorbed at saturation coverage from CCl, and from CHCI; before
drying
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16 POLYMER CHARACTERIZATION BY ESR AND NMR

PVAc 146 °C

On CabOSilllow Coverage)

—

Bulk

Overcoated with bulk PVAc

Figure 13. Diffusion of PVAc from SiO, surface into bulk polymer (sce text for
details)
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1. LIANG ET AL. Conformation and Mobility of Polymers 17

thickness of the labeled polymer was less than 10 X, the time
scale seems more reasonable.

Discussion

The adsorption of PVAc and polystyrene has been studied
previously (1,2). With PVAc at glass-tolueneand glass-benzene
interfaces, thicknesses ranging from hundreds to thousands of
angstroms have been reported (31,32,33,34). In these polymer—
solvent-surface systems we would conclude that the mean thickness
was at most tens of angstroms, while in the PVAc-CHCL3-Si0,,
PVAc-CCL,4-Si0,, polystyrene-CHCL;-~Si0, and PVAc-CHCLj;-glass
systems at saturation, thicknesses approaching the polymer radius
of gyration are compatible with the data.

The nitroxide labeling technique seems an excellent approach
for exploring a number of factors concerned with polymer con-
formation and dynamics at the solid-liquid interface, and with
the adsorbed polymer in the absence of solvent. It is difficult
to compare many of the results with theoretical predictions, as
a numerical value for the differential adsorption energy parameter
is difficult to determine. Alsoc many theoretical predictions
pertain to the infinite chain and the isolated molecule. The
recent thecry of Scheutjens and Fleer (lj) takes into account
many factors of experimental importance, and is presented in a
form which can be qualitatively compared with experiment. For
high chain length (r=1000) the fraction of nonbound segments is
predicted to increase with surface coverage, and to be greater
for athermal solvents than for theta solvents. We observe these
trends. However, we do not find evidence for long, dangling
tails, as predicted under some circumstances.

Our measurements on the dynamics of dry, adsorbed polymer
has no known theoretical counterpart.
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An ESR Investigation of Environmental Effects
on Nylon Fibers

K. L. DEVRIES and M. IGARASHI
College of Enginecring, University of Utah, Salt Lake City, UT 84112

An important property of polymers is their ability to with-
stand environmental attack. While all polymers are vulnerable,
some rubbers in particular are known to be susceptible to degrad-
ation agents such as ozone (1, 2, 3). Such agents are known to
affect plastics but environmental studies on these materials
have not received as much attention. Recently, there have been
studies dealing with the degradation caused by sunlight (4, 5),
oxidation (6, 7) and ultraviolet light (8, 9).

In past studies (3), Electron Spin Resonance, ESR, has been
used to investigate bond rupture associated with stress-ozone
degradation in unsaturated rubbers. It was believed that it
might be enlightening to perform similar experiments on plastics
(5, 8, 10, 11). 1In the study reported here the combined effects
of environment (03, NO; and SO;) and sustained stress on the
ultimate properties of Nylon 6 fibers are presented. These
agents were found to have a profound effect on strength, toughness
and the deformation-bond rupture kinetics.

Experimental Procedures

The samples were in the form of bundles of Nylon 6 fibers
(tire yarn) provided by Dr. Dusan Prevorsek of Allied Chemical
Corporation. A small loading frame was oonstructed which would
maintain an essentially constant strain on the sample over an
extended length of time. The applied stress condition was moni-
tored by a load cell. The sample was loaded in the frame with
the aid of an Instron testing machine and placed in a sealed
chamber in which a predetermined environment could be maintained.
Figure 1 shows the equipment that maintained the strain conditions
of the sample in the sealed container. The stress relaxations in
some of the samples were recorded in order to know their exact
stress histories. At predetermined intervals the samples were
removed from the environmental chamber and unloaded. The residual
strength, ultimate elongation before fracture, and the number of
free radicals produced during the subsequent fracture process were
determined with the aid of a servo—controlled hydraulic loading

0-8412-0594-9/80/47-142-019%$05.00/0
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20 POLYMER CHARACTERIZATION BY ESR AND NMR

frame constructed around the magnet of a Varian E-3 ESR Spec-
trometer. This system (described in detail elsewhere (12))
makes it possible to simultaneously monitor and record load,
deformation and free radical concentration as the sample is
pulled to failure.

The sustained loading of the sample was at room temperature
(23 £ 1°C) for the samples tested in Air, Ozone, SOj, NOj. In
addition, the NO, tests were conducted at 81 % 1°C in order to
compare the damages between the glassy and "leathery" states.
The initial loads applied to the sample during the sustained
strain varied from that corresponding to a strain of 60% of what
it would take to break the sample in a short time test (0.1%
strain/sec) to 90% of this breaking strain. The final fracture
tests on the samples, after removal from the environmental
chamber, were conducted at a strain rate of approximately 0.1%
strain/sec.

After these tests were conducted, a scanning electron
microscope was used to examine the broken filaments and provided
details about the fracture aspects of the broken fiber ends.

Results

Figure 2 shows typical ESR spectra for samples previously
stressed in air, O3, SO, and NO; environments. It is interesting
that the spectrum for the sample degradated by SO, has a different
signal as compared with the others. Analysis of the details of
these spectra is continuing and will form the basis of a future
paper. Figure 3 shows the effect of sustained loading in various
environments on the subsequent strength of Nylon 6 samples. These
environments are (a) air, (b) O3, (c) SO;. The breaking stress
for each sample was obtained from a load to fracture test after
its removal from the particular environment. Note that in this
figure and all subsequent figures the samples were exposed to the
environment under strains corresponding to the following fractions
of the ultimate "short term breaking strain,” A, 0%; B, 60%; C,
70%; D, 80%; E, 90%. In Figure 3(a) no effect was observed on
strength at stresses corresponding to strains of 80% or less.
Above this stress exposure for several days resulted in marked
decreases both in strength and the absolute number of free
radicals produced during the subsequent fracture process. Figure
3(b) shows the similar results in an ozone rich environment.
Since ozone is unstable and decays to 0, with time, these experi-
ments were conducted with a steady flow ozone generator in the
system, which produced and maintained an environmental concentra-
tion of 0.236 mole percent in the environmental chamber. Deter-
ioration in strength was observed, with the degree of deteriora-
tion being approximately proportional both to the sustained stress
and the holding time of the samples in the chamber. The samples
exhibited a similar decrease in the number of bonds broken (free
radicals produced) in the fracture process. In Figure 3(c) the
combined effect of stress and SO, on deterioration in strength may
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NO, |
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Figure 1. Loading frame which main-
tains constant strain on the samples

Figure 2. ESR spectra resulting from

mechanical damage of Nylon 6 degraded

in various atmospheres. The relative sizes

of the spectra were chosen for conveni-
ence.
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Figure 3. Degradation in strength as a
function of time in various environments.
All of the tests were conducted at room O %0
temperature. Holding Time (cays)
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be seen. The rate of deterioration is similar to, but much more
rapid than that observed in air. The concentration of SO, was
12% by volume.

Figure 4 shows the strength of Nylon fibers stressed in
various concentrations of NO; at 8l1°C for varying periods of
time. Under high stress and high NO, concentration the degrad-
ation of the sample was almost immediate and so severe that no
breaking stress is recorded in Figure 4 for this case. Figure 5
is a similar plot at the same concentration but at room tempera-
ture (23 * 1°C). Note that the decrease in strength is much less
than for the studies reported in Figures 4(b). This result is
quite plausible when the mobility of the chain and its activated
energy state above the glass transition temperature is considered.

Figure 6 shows the free radical concentrations produced
during subsequent fracture after exposure to three different
environments under strain. The net number of free radicals pro-
duced decreases almost linearly on a log-log plot in the case of
NO5, and on a semi-log plot in the cases of O3 and SOp. The rate
of decrease of free radicals was much more rapid for those samples
that were sustained at the highest strains. Note that the
number of free radicals in the samples which were exposed to SOp
environment is much lower than those samples exposed in the other
atmospheres (also see Figure 2). From the short time fracture
test of the Nylon 6 sample at room temperature the total number
of free radicals detected was typically of the order of 1017~
1018 gpins/gram. Assuming a two to one correspondence between
the free radicals produced and the stress induced chain rupture,
the degree of fracture or deterioration might be investigated
by measuring these free radical concentrations at fracture.
Figure 7 shows the relationship between the relative change in
breaking stress and the decrement in the number of free radicals
produced. In this figure Ny is the number of free radicals
that would at zero time be obtained by extrapolation from Figure
6. oo is the corresponding breaking stress. This stress
is essentially identical to the breaking stress obtained from
short term fracture tests. N;j is the number of free radica;ls
at fracture obtained from Figure 6. oj is the corresponding
breaking stress obtained from Figure 3 and 4(b). Simply stated
the term (N, - N;j)/N, is the fractional decrease in the number of
free radicals produced at fracture due to the combined effects of
stress and environment relative to the number of free radicals
produced during a standard fracture test in air. If the quantity
(No = N;j)/N, is equal to zero, it would imply no molecular de-
struction due to the environmental stressing. On the other
hand, if this quantity were one, it would imply destruction of
all the load supporting chains prior to the final fracture tests.
The fact that the curves of Figure 7 are reasonably linear might
be interpreted as evidence for the hypothesis that the strength
of oriented nylon is dependent on the number of and load distribu-
tion among the load carrying tie chains.

Figures 8-15 show scanning electron micrographs of the sam-
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Figure 4. Degradation in strength as a
function of time for Nylon 6 samples in
three different concentrations of NO, at
81°C. Final fracture was at room tem-
perature. Concentrations are: (a) 0.86%;
(b)2.58%, (c) 5.16%.
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Figure 7. Observed relationship between breaking stresses and free radicals. N,
the number of free radicals produced with no degradation; N,;, same but with
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tion: (a) air (
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Figure 8. Fracture surface of a nylon filament exposed to an SO, environment.
Sample was held at 90% strain for 4 d at room temperature. Magnification:
(a)ca. 1370 (b) ca. 1370 (c) ca. 3390 X.
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Figure 9. Nylon filament control. Sur-
face is clean and undamaged. Magnifica-
tion: ca. 1370X.

Figure 10. Fracture surface of a nylon

filament exposed to an SO, environment.

Sample was held at 70% strain for 4 days

at room temperature. Magnification: (a)

ca. 1430x; (b) ca. 1430X%; (c) ca.
3450 <.
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Figure 11. Fracture surface of a nvlon filament exposed to an NO, environment
at a concentration of 2.58%. Sample was held at 90% strain for 2 h at room
temperature. Magnification: (a) ca. 1370X; (b) ca. 1370X; (c) ca. 3390X.
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Figure 12. Fracture surface of a nylon

filament exposed 10 an NO, environment

at a concentration of 2.58% . Sample was

held at 70% strain for 1 h at 81° = 1°C.

Magnification: (a) ca. 1550%; (b) ca.
1550%; (c) ca. 3870X%.

Figure 13.  Surface produced by cutting with scissors: ca. 1370X.
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Figure 14. Fracture surface of a nylon filament exposed to an O; environment at
a concentraiion of 0.1% mol. Sample was held at 90% strain for 6 d at room
temperature. Magnification: (a) ca. 1370, (b) ca. 1370X; (c) 3390X.
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Figure 15. Fracture surface of a nylon
filament exposed to an air environment.
Sample was held at 90% strain for 6 d at
room temperature. Magnification: (a) ca.
1250%; (b) ca. 1250X; (¢) ca. 3090X.
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ples. The filament in these photographs has a naminal diameter
of 25 x 1073 mn. 1In Figures 8-15 (a) shows fiber surfaces, (b)
and (c) show fracture surfaces at the indicated magnification
after exposure to the evironment and strains given in the cap-
tions. Figure 8 shows the fracture surface of a Nylon 6 filament
which was exposed to SO; for four days at 90% of the maximum
breaking strain and then fractured. The extent of surface degra-
dation for this case might be illustrated by comparison with the
relatively smooth surface of the standard sample which is shown
in Figure 9. The SEM pictures showing the fracture aspects of
these samples are similar to those described and are given in
references 4 and 13. Figure 10 shows fracture surfaces which
were obtained in the same envirament as Figure 8 except at a low-
er sustained strain. The reader will note the marked difference
in surface degradation for these two loadings, indicating a strong
synergistic effect between environment and stress (strain) on sur-
face degradation. Figures 11 and 12 show fracture surfaces of
samples which were exposed to NO; concen-trations for similar
time periods at different strain levels. In this case the peri-
meter surfaces are similar but there is a more pronounced differ-
ence in the fracture surfaces. The sample exposed to 90% strain
(Figure 11) failed in a more "brittle"” manner with much less
elastic "spring back” than did the sample held at 70% strain
(Figure 12). This latter failure surface is more reminiscent of
samples that failed under strain without the aid of environmental
attack (13). For comwparison a fracture surface caused by cutting
with scissors is shown in Figure 13. Figure 14 is a fracture sur-
face produced after a sample was subjected at room temperature to
an O3 environment, at 90% strain for 6 days. The peripheral sur-
face of the fiber does not exhibit the blistered appearance pro—
duced by SOp and shown in Figure 9 but does show a large nurber
of microcracks. The microcracks on the fracture surface in these
figures are in marked contrast to the comparatively "intact" frac-
ture of a sample held under 90% strain in air and shown in Figure
15. The fracture surface of Figure 15 is nearly identical to the
fracture surface of the simple tension test. J Hearle and co-
workers (4, 13) studied the fracture surfaces of Nylon produced
by tensile failure, and have found typical configurations of
fracture surfaces. The micrographs of our Nylon samples exposed
to relatively low effective agents {air, O3) are similar to those
reported by these other investigators. For the samples which
were exposed to more highly degrading agents (NOp, SOp) the
fracture surfaces were relatively flat, small cupped regions
(assumed to be a crack propagating region) and also exhibited
considerable microcracking.

Discussion and Conclusions

A synergistic effect between the role of stress and envir-
onmental agents such as 03, SOy and NOj on degradation of the
mechanical properties of Nylon fibers has been observed. This
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corpliments the studies of others on degradation after light
exposure (4, 5), UV light irradiation (8), and thermal-oxidation
(6). It was found in the current study that the extent of degrad-
ation increased with the concentration of the oxidizing agent, the
time exposure, and the applied stress (strain). Degradation in
strength was accompanied by a comparable decrease in the nurber
of bonds that had to be broken (free radicals produced) in the
subsequent loading to fracture. This observation is consistent
with an hypothesis that the strength of oriented Nylon is depend-
ent on the nurber and orientation strength of critically loaded
chains (14). Some of these would hypothetically be broken by
the cambined effect of the sustained stress and the chemical
effects of the environment leaving fewer to sustain "stress” in
subsequent loadings. One micdht envision thermally activated
bond rupture in which the activation energy required for chain
scission is aided by both the applied stress and the chemical
effects of certain environmental constituents. In the subsequent
fracture operation fewer of these critical chains are available
to support the load, hence the reduced strength and reduction in
the nurber of "new" free radicals produced during the subsequent
loading to failure (Figure 6).

Scanning electron microscopy provides further information on
the degradation caused by these enviramental agents. The extent
of surface damage depended on the type and concentration of envir-
onmental agent and the magnitude of the applied stress. The frac-
ture surface for samples degraded under stress in SO, and ozone
exhibited extensive microcracking in camparison to samples frac-
tured in tensile tests in air.
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An ESR Study of Initially Formed Intermediates
in the Photodegradation of Poly(vinyl chloride)

N.-L. YANG, J. LIUTKUS,! and H. HAUBENSTOCK

Chemistry Department, The City University of New York, College of Staten Island,
Staten Island, NY 10301

Poly(vinyl chloride), PVC, is today one of the top three
most widely used thermoplastic materials. Chemically, this
polymer is one of the least stable of the common polymers. The
broad scope of its applications was made possible only through
the development of proper technology for the processing of the
polymer and the use of suitable stabilizers.

The mechanism of PVC degradation is still very poorly
understood (for recent reviews, see references 1-7). Conse-
quently, stabilizers have been developed for the polymer only in
an empirical way and their performance is still far from
satisfactory. Further improvements for the applications of
poly(vinyl chloride) require a more detailed knowledge of the
mechanism of the degradation process.

In the photodegradation process of PVC, the involvement of
free radicals has been extensively documented. The applications
of electron spin resonance, ESR, spectroscopy have revealed some
details in the degradation mechanism (5,6). However, the
potential applications of ESR spectroscopy in this area are far
from being exhaustively exploited. For instance, in the initial
step of the photodegradation of PVC, one would expect "Radical I"
to be a predominant radical (8):

—CHClCHZCHClCHZCHCl— ~E)-*) —CHClCHZCHCHZCHCl—

"Radical I"

The carbon-chlorine bond is the weakest bond in the polymer and
the only one that can absorb u.v. radiation appreciably at
wavelengths longer than 210 nm. "Radical I" should exhibit a
six-line ESR absorption spectrum in the condensed phase due to
the similar magnetic influences exerted on the paramagnetic
center by the four neighboring beta-hydrogen and one

_ !Current address: IBM Corporation, Watson Rescarch Center, Yorktown
Heights, NY 10598.
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alpha-hydrogen atoms (vide infra). However, this anticipated
ESR absorption has never been experimentally established. The
difficulties encountered are due to poor resolution of spectra
obtained from irradiated powders or films of PVC. Dipolar
broadening due to the inhomogeneous environment of the unpaired
electrons in samples of poor local mobility and spin-spin inter-
action due to the proximity of the free radicals can lead to
unresolved hyperfine absorptions. Organic glasses of polymer-
solvent systems could lead to better resolved ESR spectra as
demonstrated in recent radiation studies of polymers (9).

The lack of basic understanding and the prevalence of
conflicting results in the area of photodegradation of
poly(vinyl chloride) is mostly due to the deficiency in
fundamental information about the sequence of events that takes
place after the polymer molecule absorbs a photon. The use of
PVC samples containing foreign unknown substances and the
attribution of anomalies and discrepancies in experimental results
to impurities further created considerable confusion in this
subject. At the present stage of development in the field of
photodegradation of PVC, it is critical to establish for pure PVC
the identities and dynamics of the intermediates involved.

We report here well-resolved ESR spectra obtained from
amorphous solid-solution, i.e. glass, PVC-solvent systems, and
further demonstrate that the predicted six-line spectrum of
"Radical I" at the initial stage of photodegradation can be
obtained at liquid nitrogen temperature, LNT. ESR spectra in
glass systems for the photodegraded copolymer of vinyl halides
and low molecular weight alkyl chlorides were also obtained in
order to establish the identities of radicals involved in PVC
photodegradation.

Sample Preparation

Polymer and copolymer. Polymer and copolymer were prepared
in our laboratory for strict control of purity, branching
content and molecular weight. All monomers and solvents were
carefully purified. PVC samples were prepared as powders in
bulk using free radical photoinitiation with either AIBN or
uranyl nitrate as initiators. The AIBN/UV initiation was used
for photopolymerization at temperatures of 50°, 25°, and 0°C.

A uranyl nitrate/absolute ethanol initiation system with visible
light source, 500W tungsten lamp, was used for polymerization at
-78°C (10). This system was also used at higher polymerization
temperatures for comparison with PVC samples prepared by AIBN/UV
initiation. Although it had been suggested (10) that the use of
UV initiation might cause degradation during polymerization, no
such evidence was found. The pyrex glass apparatus apparently
was not transparent to U.V. of short wavelength.

The polymerization systems were always deoxygenated
thoroughly by freezing at liquid nitrogen temperature and

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



3. YANG ET AL. Photodegradation of Poly(vinyl chloride) 37

thawing and evacuated under high vacuum. The polymer samples
produced were washed exhaustively with absolute ethanol and
distilled water. The most important variables were polymeriza-
tion temperature and % conversion. Chain transfer to monomer is
the controlling factor in determining the molecular weight of the
polymer. For PVC, a decrease in irradiation time will cause a
decrease in % conversion. This will minimize branching since the
branching mechanism involves chain transfer to polymer (10,11).
Conversions of less than 10% were shown to preclude branching in
bulk polymerized vinyl chloride at -10° to 30°C (12). At low
conversion decreasing the polymerization temperature will
decrease branching (11,13), increase molecular weight (14), and
increase crystallinity (15,16).

Copolymers of vinyl chloride-vinyl bromide were prepared in
bulk using the same conditions in the preparation of PVC, except
that only uranyl nitrate was used as in initiator with visible
light to avoid photodegradation during polymerization., Thermal
analysis of the copolymer indicated random placement of the two
comonomers.

Alkyl Chlorides. 3-Chloropentane was prepared by the
reaction of thionyl chloride with 3-pentanol. Hexamethyl-
phosphoric triamide, HMPT, was used as a complexing agent to
ensure substitution at the 3 position (17). The organic layer
was dried with magnesium sulfate and distilled. The middle
fraction, b.p. 104°C, was collected for use. 1-Chloropentane
was purified by repeated distillations. The above preparation
procedures ensure maximum purity of the compounds for ESR study.

Glasses. The solvents used to form the glass with polymers
should be clear in the UV region to allow maximum absorption of
radiation by the polymer. The ESR of irradiated solvents should
not interfere with that of the polymer. Three solvents were
found to be close to ideal: tetrahydrofuran (THF); p-dioxane
(DX); and tetrahydropyran (TP). All three were purified by
repeated distillation and column chromatography. Poly(vinyl
chloride) and the copolymer solutions (5-15%, w/v) were
prepared from these solvents, degassed, sealed under vacuum
(10-6:torr), and irradiated.

ESR Spectra

At liquid nitrogen temperature, the ESR spectra of PVC and
copolymer, COP, glasses were identical. Varying the solvent only
affected the spectra slightly. The glasses with THF, DX, and TP
appear as similar six line absorptions in the ESR (Figure 1).

The spectra are all symmetrical, with a hyperfine splitting of
23 G, line intensity ratios of 1:4:9:9:4:1, and g-value of
2.0036 (reference DPPH). This well-resolved ESR spectrum has
never been observed before in the photodegradation of PVC. It

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



38 POLYMER CHARACTERIZATION BY ESR AND NMR

should be noted here that in the radiolysis of PVC, a sequence
of radicals has been monitored by an optical absorption
method (18,19).

The glasses were colorless before and after irradiation at
LNT, indicating the absence of polyenyl structures due to
dehydrochlorination. On warming to room temperature, RT, the
PVC glasses became light yellow, and the COP glasses a light
orange. These color changes indicate that the radical formed at
LNT is a precursor to the polyene radical.

The low molecular weight analogs, 3-chloropentane (3-CP)
and l-chloropentane (1-CP) were treated in exactly the same
manner as the polymer glasses. Since these analogs were small
molecules, no solvent was necessary to enhance resolution in the
ESR. On irradiation, cleavage of the carbon-chlorine bond is
expected for both. The 3-CP should serve as a model to indicate
carbon-chlorine cleavage in the main PVC chain. The 1-CP
molecule could be used to indicate formation of any primary
radicals in PVC from branch points, chain cleavage, etc.

The ESR spectrum of 3-CP irradiated and measured at LNT is
shown in Figure 2. The spectrum is almost identical to that of
the PVC/TP glass with the same hyperfine splitting, intensity
ratio, and g-value. This result should not be surprising, since
carbon-chlorine cleavage was expected to be the major process in
each, and both molecules can be considered as R-CH»-CHCI1-CHj-R.
A one-to-one solution of 3-CP in tetrahydropyran was prepared
and irradia_.ed under identical conditions. The spectrum was
essentially the same.

The 1-CP analog, without solvent, also gave rise to a
six line absorption (Figure 3). The hyperfine splitting and
g-value are similar to that for 3-CP, but the line intensity
ratio is quite different, 1l:4:4:4:4:1, This ratio is indicative
of primary radicals. Since this type of intensity ratio was not
observed for the polymer glasses, no significant contribution
from primary radicals is likely.

Discussion

"Radical I". The purpose of polymerizing vinyl chloride
under a variety of conditions was to prepare polymers with a
wide range of branching, and molecular weight. The ESR spectra
of all PVC glasses, however, exhibited the same six line
absorption at LNT. This seems to indicate that the variation of
the above properties in the present case did not affect the
degradation process of PVC appreciably.

Branching should incorporate weaker tertiary bonds in PVC,
either carbon-hydrogen or carbon-chlorine. Secondary and
tertiary C~H bonds have bond dissociation energies of 94 and
90 Kcal/mole respectively. A tertiary carbon-chlorine bond may
require even more energy for homolytic cleavage than a secondary
one, i.e. 75 versus 73 Kcal/mole (20). Cleavage of the branch
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Figure 1. ESR spectrum of UV-irradiated PVC-TP glass at liquid nitrogen
temperature

H
CHCHC CHCH,

Figure 2. ESR spectrum of UV-irradiated 3-chloropentane at liquid nitrogen
temperature
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itself is improbable due to the bulky nature of the group. If
cleaved at LNT, this group would be expected to rapidly recombine
due to cage effect. In addition, the evidence indicates that one
radical species predominates in the ESR spectrum. Therefore, the
effect of branching may not be important in providing initial
sites for degradation in the present case.

Poly(vinyl chloride) prepared at -78°C, and containing no
branches, was compared to PVC prepared at 50°C and having the
highest branch content. Similar comparisons were made for
polymers prepared with intermediate branch content. No
differences were observed in the ESR spectra on irradiation and
measurement at LNT. Even for the 50°C case the number of branches
are only four per thousand repeat units (13). Therefore, even if
radicals are formed at (or near) these branch sites, their effects
will be overshadowed by the unbranched radicals if they do not
significantly alter the degradation mechanism.

The molecular weight (My) of PVC prepared at 50°C was found
to be 31,000 from intrinsic viscosity measurements. PVC
prepared at -78°C is expected to have the highest molecular
weight, ca. 100,000. Aside from crystallinity and branch con-
tent, these polymers should differ only in number of end groups
per unit weight of sample. Disproportionation reactions often
terminate a growing PVC chain (17), resulting in unsaturated
chain ends. These chain ends may be able to initiate degradation
by providing labile allylic atoms for cleavage by UV. The net
effect of variable molecular weights is to provide correspond-
ingly variable numbers of end groups. In the absence of
quantitative photo-chemical measurement, such effects can not
as yet be ascertained. Of special interest was the possible
detection of radicals from branch points or chain ends. Attempts
to detect any other ESR absorption preceding the sextet observed
at LNT were not successful,

Two types of initiator were used in this work, AIBN and
uranyl nitrate. Unreacted initiator was thoroughly removed from
the polymer. A comparison of PVC samples prepared by the two
different initiators showed identical behavior under ESR
investigation, Therefore, end groups derived from the
initiator do not appear to affect the course of degradation
appreciably.,

The vinyl chloride and vinyl bromide copolymer samples were
prepared as polymer analogs of PVC, Cleavage of the carbon-
halogen bond at LNT should result in the same radical for these
polymers. Since secondary C-Cl and C-Br bond dissociation
energies are 73 and 59 Kcal/mole respectively, a copolymer of
vinyl chloride and vinyl bromide could be regarded as a PVC chain
with weak points. The feed ratio of VC/VB was 10/1 by volume.
Since the reactivity ratios are (in solutiom, at 40°C),
rq] = 0.825 for VC and ry = 1.050 for VB (22), the copolymer
composition should be 15 units of vinyl chloride for one unit of
vinyl bromide on the average. In addition, the values for rj and
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ry are close to unity, indicating formation of a random
copolymer, Preferential scission is expected at the C-Br bond
and the resulting polymer radical would be identical to that
formed by C-Cl cleavage in PVC, Hence all the COP glasses
exhibited ESR spectra identical to the PVC glasses at LNT.

Since identical ESR spectra were obtained on U.V.
irradiation at liquid nitrogen temperature of PVC, copolymer of
vinyl chloride with vinyl bromide and 3-chloropentane it is
concluded that this radical is the "Radical I." This radical
may play an important role in PVC degradation. To further firmly
establish the identity of this radical, theoretical analysis of
"Radical I" and computer simulations of ESR spectrum were
performed. The polymer radical ESR spectra are very sensitive
to the conformation of the chain. The characteristic chain
conformation of vinyl syndiotactic sequences in solution has been
shown (23) to consist chiefly of trans-trans groups, separated
by gauche units: ... (TT)yx (GG)1 (TT)y (GG)1 (TT)z «v. .
Crescenzi (24) proposed a similar structure: (TT) (TT) (GG) (TT)
(TT) ... (TT) (GG) (TT) ... for syndiotactic chains in solution.
In addition, Corradini (24) calculated that the conformational
internal energy of syndiotactic PVC was at a minimum for a
(TTTT) sequence.

Since the prepared PVC samples had a high degree of
syndiotacticity, it is expected that the trans planar grouping
should predominate for PVC in solution. On irradiation, the
radical would reside most likely in one of the trans-trans
sequences. If the proposed radical, -CH2-CH-CHy- is formed, it
follows that the four beta protons must be equivalent from
geometric considerations (Figure 4). There are only two
dihedral angles that fulfill this requirement, 8 = 60° or 30°.

A dihedral angle of 60° would not be in accord with the trans-—
planar sequence. Therefore, the dihedral angle must be 30°.

This angle should be used in the McConnell relationship,
along with appropriate values for A and B. The spin density on
a saturated secondary carbon, the isopropyl radical, was reported
to be 0.844 (25), which was used in the analysis of the analogous
PVC radical. Thus, the hyperfine splitting of the beta protons
was calculated to be 25.3 G, The equation AH = Qp, determined
the amount of spin polarization for the alpha hydrogen. The
values Q = 26.2 and p = 0.844 (for secondary alkyl radicals) gave
22G as the hyperfine splitting from the alpha hydrogen.

Therefore, due to the four equivalent beta protons, a
quintet is expected, which should be further split into ten lines
by the alpha proton (Figure 5). This constructed spectrum can be
applicable to either 3-chloropentane or PVC, the 'R' groups being
CH3 or polymer chains respectively. If this PVC radical could
be observed in the liquid state, all ten lines would be visible.
However, for the solid at LNT, the central eight lines will
overlap, and the spectrum will appear as a symmetrical sextet
with a theoretical line intensity ratio of 1:5:10:10:5:1.
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H,C-CH,CH,CH;CH,o

Figure 3. ESR spectrum of UV-irradiated 1-chloropentane at liquid nitrogen
temperature
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Figure 4. Conformation of PVC radical, i.e. “Radical I”’
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Figure 5. ESR stick spectrum of PVC
radical at liquid nitrogen temperature
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A computer simulation was performed to observe the effect of
variable line width on the calculated ESR first derivative
spectrum. Since dipolar interaction is the major contribution to
line broadening in the ESR spectrum of PVC radicals, a Gaussian
line shape is expected for each of the ten absorptions. There-
fore each line was assigned a Gaussian shape, the variables
being: relative amplitude; position in the spectrum; and line
width. The resultant curves were then added, and the first
derivative taken.

The equation for a first derivative Gaussian curve is (26):

-2y _1n2 (H - H Ho- H 2
Y'(H) = — 1 (, exp | -~ (——————) 1n2

L AH% \L AH L A%

where: yp is the relative amplitude of each line; AHj/p is the
line width at half the maximum amplitude; Hy is the reference
position (origin); and H is the position of the absorption. The
relative amplitudes and line positions were as shown in Figure 5.
This equation was normalized and transformed into a Fortran
statement for an IBM 370/168 computer. The computed spectra were
displayed graphically by an IBM-1625 Plotter. Figure 6
represents the simulated case for PVC glasses at LNT. Broaden-
ing effects have transformed the observed spectrum to a sextet
with no apparent fine structure. The computed apparent

hyperfine splitting is 23.8 G and the line intensity ratio is
1:5:10:10:5:1. These results offer further evidence for the
proposed 3-CP and PVC radicals, and support the contention that
the observed sextet is actually an unresolved ten line absorption.

"Radical II," a Precursor for the Polyenyl Radical. The
change of the ESR spectrum of irradiated PVC with temperature is
very revealing. When the PVC/THF glass was warmed to -110°C
after U.V. irradiation at LNT, the six line spectrum was
replaced by a five line absorption (Figure 7). Under the same
conditions, tetrahydrofuran alone does not exhibit such an
absorption. The ESR absorption from the PVC/THF glass had a
hyperfine splitting of 19-21 G, and g-value of 2.0036. The line
intensity ratio appears to increase as the center of the spectrum
is approached (theoretical value 1l:4:6:4:1), but interference
from a central singlet, probably solvent radicals, did not
permit quantification. This spectrum has not been reported for
the degradation of PVC. It was determined that the spectral
change of sextet at LNT (-196°C) to quintet at -110°C was not a
conformational conversion, since on cooling from -110°C to LNT,
the same quintet was observed. Therefore, a radical conversion
must have occurred.

With reference to the parent polymer molecule, the most
likely assignment for the radical giving rise to the observed
spectrum is:
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«H - 25.3G

H
RCH,CH,R
N oH,: 22.0G

Figure 6. Computer-simulated ESR spectrum of PVC radical with AH,,, = 24 G

Figure 7. ESR spectrum of PVC-THF at —110°C, UV irradiated at liquid
nitrogen temperature

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



46 POLYMER CHARACTERIZATION BY ESR AND NMR

?l
_CHZ-?_CHZ_

"Radical II"

This radical would produce a quintet if the beta hydrogens were
equivalent. In polymer radicals of the type ~CH»-CX-CHy-, the
methylene protons were shown to be equivalent (25). 1In addition,
the contribution of an alpha chlorine to hyperfine splitting is
listed as 2.8 G for aliphatic radicals (27). Since this
splitting is too small to be observed in the spectrum, a quintet
would be expected from the four equivalent beta protons. The
dihedral angle could not be accurately calculated for this
radical, since information on the spin density of the alpha
carbon is unavailable. It is expected that the spin density in
this case should be less than that for "Radical I," since
delocalization of the unpaired electron onto chlorine is possible.
As the electronegativity of the substituent (X) on the alpha
carbon increased, the spin density decreased (27). This lower
spin density in ""Radical II" should produce a decrease in
hyperfine splitting (as predicted by the McConnell relationship).
This decrease was observed; for Radical I, the sextet is
characterized by AH = 23 G, while Radical II has a AH = 20 G.
Therefore it is possible that the dihedral angle is the same for
both radicals, even though the observed splitting is different.

It is noteworthy that "Radical II" is more stable than
"Radical I." 1t was found that radicals of the type R-CC1-R
were less reactive than the corresponding R-CH-R radical (28).
This observation is in keeping with our ESR results.

Conclusion

In summary, our study of the photodegradation of poly(vinyl
chloride) have established the following radical intermediates:

H H H
é CH é CH é
I 2 2
cl cl cl

hv at -196°C
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— C—CHg~C—CHe—C— + C(Cl-
[ S
Cl H Cl
"Radical I"

on warming to -110°C

— C—CH-Z—C—CHZ—- C—
Cl Cl (l:l
"Radical II"

on warming to 25°C

—¢ CH=CH—_ CHe—
Polyenyl Radical

The chlorine radicals, 35c1- and 37Cl', could not be
detected in the present study due to its short spin relaxation
time even at the low temperature of liquid nitrogen (29). The
conversion of "Radical I" to "Radical II" was probably via
hydrogen abstraction.

Mechanisms of photodegradation of PVC offered in the
literature frequently cite the polyene radical with little
experimental evidence for its precursors. In the present work,
with the application of the PVC-glass systems, we have
established "Radical I" and "Radical II" as intermediates. ESR
results in the PVC-solvent glasses indicate a promising route
for further fundamental investigation. Quantitative investiga-
tions of photochemical generation of radicals and kinetics of
radical processes are in progress.
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Manganese(II) and Gadolinium(III) EPR Studies
of Membrane-Bound ATPases

CHARLES M. GRISHAM
Department of Chemistry, University of Virginia, Charlottesville, VA 22901

Membrane enzymes are involved in many essential cellular
functions, including transport of substances in and out of cells
or organelles, energy transduction, hormonal control, lipid
metabolism and cellular control (1,2,3,4). In recent years, the
development of isolation procedures for membrane enzymes (5-10)
has proceeded at such a rapid pace that the use of certain
physical probe methods for the determination of structure and
function in these systems has begun to lag behind the isolation
procedures. For example, paramagnetic probes have been used
in a large variety of ways to characterize the structure and
but have not been as widely used with membrane enzymes Our own
interests in cation transport and in the ATPase enzymes which
are often responsible for this ion transport have led us to a
characterization of three membrane-bound ATPases from mammalian
systems (9,16-24). These enzymes are the (Nat + Kt)-ATPase, a
plasma membrane enzyme responsible for Nat and Kt transport in
mammals, the CaZt-ATPase, which is responsible for Ca?t uptakein
sarcoplasmic reticulum, and a newly purified Mg —ATPase whose
transport function, if any, is unknown. Characterization of the
structure and function of these membrane enzyme systems will de-
pend on the development of specific spectroscopic probes. In
this regard, use can be made of the monovalent and divalent
cation requirements of the system as well as the substrate and
inhibitor binding sites. Thus our previous studies have part-
ially characterized a Mn2t binding site on the (Nat + Kt)-ATPase
which is responsible for the divalent cation activation of the
enzyme _and thT transport system (16,17,18). NMR studies usin§
the 2 T1+, P, and Tnit nuclci have also shown that this Mn2t
site is very near (a) a Na' site which is probably involved in
enzyme activation and ion tramsport (17), (b) a Kt site which
has not previously been detected in kinetic studies (19,20),
and (c) a noncovalently binding phosphate site (18) which had
not been detected previously on this enzyme.

0-8412-0594-9/80/47-142-049%$08.00/0
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Electron paramagnetic resonance (EPR) spectra of bound
metal ions can provide additional insight into molecular motion
and structure at the active site of enzyme-metal complexes.
Magnetic anisotropies which arise from asymmetry in the elec-
tronic environment of the ion are often apparent in the spectra,
and changes in these parameters can reflect changes in the
ligand composition and geometry of the complex. Correlation of
parameters from the EPR spectra with data obtained from NMR
studies of ligands, substrates and metal-bound water molecules
can provide unique information on the catalytic centers of
enzymes.

The present paper will outline some of our recent EPR and
NMR studies using Mn2t+ as a paramagnetic probe of sheep kidney
(Na* + K*)-ATPase and Gd3* as a paramagnetic probe of sarco-
plasmic reticulum Calt-ATPase. Estimates of the relevant
electron spin relaxation times and some features of the inter-
action between substrates and activators with the enzyme-metal
complexes will be inferred from the EPR spectra and the
accompanying nuclear relaxation data.

Theoretical Basis for Mn(II) and Gd(III) EPR Studies of
Membrane Enzymes

A. Mn(II) EPR. The five unpaired 3d electrons and the
relatively long electron spin relaxation time of the divalent
manganese ion result in readily observable EPR spectra for Mn2*+
solutions at room temperature. The Mn2t (S = 5/2) ion exhibits
six possible spin-energy levels when placed in an external
magnetic field. These six levels correspond to the six values
of the electron spin quantum number, Mg, which has the values
5/2, 3/2, 1/2, -1/2, -3/2 and -5/2. The manganese nucleus has
a nuclear spin quantum number of 5/2, which splits each elec-
tronic fine structure transition into six components. Under
these conditions the selection rules for allowed EPR transitions
are AMg = + 1, Amy = O (where Mg and my are the electron and
nuclear spin quantum numbers) resulting in 30 allowed transi-
tions. The spin Hamiltonian describing such a system is

= gBH-S + hAS‘T + D[Sz2 - (1/3)S(S+1)] + E[Sx2 - Sy2]

where S and I are the electron and nuclear spin operators, g

and A are the Zeeman and hyperfine interaction constants, and D
and E are the axial and rhombic distortion parameters of the
zero field splitting (ZFS) interactions (25). The ZFS inter-
actions are highly anistropic and the effect of these terms on
the energy level is orientation dependent. In rapidly rotating
complexes of manganese (II) ions the terms involving D and E are
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effectively averaged to zero, since AwT,<l. Here T, is the ro-
tational correlation time of the complex andAw is the ZFS in
rad/sec. Since ZFS terms make no net contribution to the spacing
of energy levels, transition frequencies for all of the electronic
fine structure components are equal and the 30 allowed transitions
thus give rise to six inhomogeneously broadened lines correspond-
ing to the six values of my. Within each of the six resolved
lines are the five unresolved fine structure components.

On the other hand, when rotational motion is slow, or when
the symmetry of the complex is less than cubic, as in Mn2+ com-
plexes with macromolecules, AwTr is often greater than one, the
anisotropic interactions are incompletely averaged and EPR
spectra similar to those for randomly oriented solid samples are
observed. In these cases the spectra depend upon the angular
relationships between the magnetic field vector and the crystal
field axis of the ion. Moreover, when the symmetry of the man-
ganese ion complexes deviate greatly from cubic, the EPR spectra
depend upon the sharing of spectral intensity between the normal
and forbidden (AMg = + 1, Amy = + 1) transitions.

The impact of solvent molecules and the resulting transient
distortions of the MnZ% complex determine the electron spin re-
laxation time of the system (26). Thus efficient solvent
collisions at the bound Mn2* will yield broad EPR lines, while
narrow lines should result when Mn?% is inaccessible to this
rapid, fluctuating motion.

B. Gd(III) EPR. The literature on Gd(III)EPR in solution
is not extensive. Hudson and Lewis égl) have presented a theory
for the electron spin relaxation of °S ions (e.g., gadolinium(II))
in solution. These authors assumed that the dominant line
broadening mechanism for an 85 ion is provided by the modulation
of the zero-field splitting by a process with a characteristic
time T. The transverse relaxation rate is given by

1 = -ZM(w,T)

T2e

where Z is the inner product of the zero-field splitting tensor
(in rad2sec™2) and M (w,T) is the relaxation matrix, wbeing the
electron Larmor frequency. Z will vary with the strength and
symmetry of the ligand field and will express the dynamic process
responsible for relaxation. This process could be either the ro-
tation of the complex (this would essentially be rotational
modulation of a static zero-field splitting) or symmetry fluctu-
ations in the complex due to distortions induced by the impact of
solvent molecules (i.e., modulation of the transient zero-field
splitting).
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Mn(II) EPR Studies of Sheep Kidney (Na© + K*)-ATPase and
Mg’¥-ATPase

A. Binding Studies. The ability to use MnZt EPR spectra
to quantitate Mn?T binding to a macromolecule derives from the
observation made 25 years ago by Cohn and Townsend (28) that the
intensity of the Mn2% EPR spectrum is proportional to the con-
centration of free manganous ion. When Mn2t forms a complex,
the X-band EPR spectrum is broadened and its intensity is greatly
diminished relative to that of the free ion. The data can be
plotted in the form of a Scatchard plot, but care should be
taken to observe the limits of free and bound ligand (Mn2+)
suggested by Deranleau (gg). In a theoretical consideration of
the Scatchard plot as a tool for ligand binding analysis, he
recommends that the free ligand concentration be maintained
between 20 and 807% of the total ligand concentration.

Mn2* binding studies of the type described above with
purified kidney (Nat + Kt)-ATPase (21) and Mg2+—ATPase (23)
have yielded biphasic Scatchard plots in each case (Figure 1).
The binding parameters obtained from computer fitting of the
data for both these systems shown in Table I include a single
high affinity site per enzyme and a large number of weaker
binding sites. The suggestion has been made in both cases (21,
23) that the low affinity sites are metal binding sites on the
lipid membrane. In one of these cases (21), this has been con-
firmed by Mn binding studies with delipidated preparations
of enzyme.

Table I

Stoichiometry and Dissociation Constants for Mn2t

Binding to Membrane ATPases as Determined by Mn2+ EPR.

Enzyme n Kp
UM
+ + a
(Na + K )-ATPase 1.0 + 0.2 0.21 + 0.02
26 % 3 185 + 20
2+ b
Mg® -ATPase 1.6+ 0.2 2.0 + 0.2
34 + 4 550 + 60

qfrom Ref. 21.
bfrom Ref. 23.

“assumes molecular weight of 469,000.
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Figure 14. Scatchard plot of the binding of Mn* to (Na* + K')-ATPase from

sheep kidney medulla (21). In this figure (®) is the native enzyme, (O) is the

delipidated enzyme, and ( ) assumes that n, — 1, K, —= 0.21uM, n, = 24,

and K, = 185uM. The free Mn** was determined by EPR. The solid curves were
fitted to the data by computer.
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Figure 1B. Scatchard plot of the binding of Mn® to Mg*-ATPase from sheep
kidney medulla (23). The free Mn* was determined by EPR. The solid curves
were fitted to the data by computer.
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B. Active Site Conformations, Electron paramagnetic
resonance (EPR) spectra of the bound Mn2t ion can provide in~
sight into molecular motion and structure at the active site of
enzyme—Mn2+ complexes. Correlation of parameters from the EPR
spectra with data obtained from NMR studies of ligands, sub-
strates, and metal-bound water molecules can provide unique
information on the catalytic centers of enzymes. However,
successful Mn?t EPR studies of Mn2+—enzyme complexes require
high concentrations of enzyme, not only for the sake of obtain-
ing reasonably intense signals, but also to suppress the concen-
tration of free Mn2+, so0 as to minimize the spectral interfer-~
ence from the strong, isotropic signal for the free ion. For
this reason, membrane bound enzymes present a potential problem.
The particulate suspension state of most membrane enzymes places
a severe limit on obtainable enzyme concentrations, while the
viscous nature of concentrated suspensions of these enzymes pre-
sents problems of sample handling and transfer,

At least in the case of the (Nat + Kt)-ATPase, however,
these problems have been circumvented. As shown in Figure 2,
the X-band spectrum of kidney (Na+ + K+)~ATPase exhibits a
"powder" line shape typical of macromolecule complexes with Mn2t,
The central portion of the spectrum represents the -1/2 <—> 1/2
fine structure transition in which partial resolution of the
55Mn nuclear hyperfine structure is discernible. The spectrum
also has a broad component to the low-field side of the main
pattern. This low-field signal is part of the fine structure
splitting which arises whenever there are asymmetries in the
electronic environment of the bound Mn2% (30). Computer simu-
lations suggest that these spectra arise from rhombic distortions
of the bound Mn2t ion. On the other hand, the EPR spectrum of
the binary Mn2t-ATPase complex at 35 GHz (Figure 2) is much
narrower than the corresponding spectrum at 9 GHz. Such a
narrowing has been observed routinely for protein—an+ complexes
(30,31,32).The effects of various nucleotide substrates and
substrate analogs on the Mn2+ EPR spectrum are depicted in
Figures 3, 4 and 5. ATP, ADP, AMP-PNP and (not shown) high con-
centrations of inorganic phosphate all broaden the hyperfine
lines of the X-band MnZ*t spectrum, consistent with a change in
coordination geometry of the bound Mn2+, a change in accessi-
bility of the Mn2t site to solvent, or both. These spectra
also demonstrate that this single, catalytic, enzyme~bound Mn
ion at the active site does not enter into a Mn2t-ATP complex
of the usual type on this enzyme. This may in turn provide
evidence that ATP itself can be a suitable substrate for the
ATPase.

On the other hand, the effects of the AMP on the Mn2t EPR
signal are drastically different from those produced by other
phosphate substrates. Instead of the line broadening observed
earlier, sharpening of the hyperfine lines is observed in the

2+
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Figure 2. Electron paramagnetic resonance spectra of Mn* bound to the single
catalytic site on (Na® 4+ K')-ATPase. The X-band spectrum (9.5 GHz) is shown
in A, while the K-band spectrum (35 GHz) of the same complex is shown in B.
The enzyme—Mn* complex was centrifuged out of 20mM Tes-TMA, pH 7.5, and
then combined with buffer so that the final concentrations were: 0.15mM (Na* +
K’)-ATPase, 0.1mM MnCl,, 20mM Tes-TMA, pH7.5. T — 23°C.
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Figure 3. X-band EPR spectra of Mn* complexes with (Na® + K')-ATPase (21).
All solutions contained 20mM Tes-TMA, pH 7.5, 0.15mM AT Pase, 0.1mM MnCl,,
and the concentrations of the substrates shown.
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Figure 4. X-band EPR spectra for Mn?* complexes of (Na* 4+ K')-ATPase and
AMP (21). Conditions were the same as in Figures 2 and 3, with the concentrations
of AMP, inorganic phosphate, and sodium chloride shown.
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case of AMP. This can be seen in Figure 4. At 1mM concentra-
tion of AMP, seven lines are observed. The six hyperfine lines
corresponding to the central 1/2 <«—> -1/2 fine transition nar-
row significantly, and the low-field l<ne which is part of the
fine structure splitting of the Mn2t ion is very prominent. At
concentrations of AMP greater than 1 mM this low-field signal
disappears, possibly as a result of a greatly reduced axial dis-
tortion of the enzyme-metal complex. The hyperfine ‘lines narrow
further at a concentration of AMP of 4 mM. Further addition of
the substrate to the enzyme system (greater than 4 mM concentra-
tion of AMP) produces little or no further effect on the man-
ganese ion spectrum. +

The additional effects of inorganic phosphate and Na ion
on the enzyme-Mn +t-aMP complex are also shown in Figure 4.
Addition of 15 mM inorganic phosphate to the enzyme suspension
at the end of the AMP titration causes a partial broadening of
the hyperfine lines. However, the addition of sodium ion to
this solution results in a further broadening of the hyperfine
lines and, more significantly, the reappearance of the broad,
low-field line, which is normally observed only in the spectrum
of the binary enzyme—Mn2+ complex. Whereas phosphate or AMP,
acting separately, both cause the disappearance of this line
and alterations of the hygerfine lines, AMP plus phosphate plus
sodium yield an ATPase-Mn + spectrum which is indistinguishable
from that of the binary complex. The response of the 35 GHz
Mn2t EPR spectrum to added ATP is shown in Figure 5. The spec—
trum is relatively unaffected by ADP and AMP, but ATP (and
AMP-PNP) both effect a dramatic broadening of the spectrum.
When the system is saturated with either of these latter re-
actants, the resulting Mn * spectrum is so broad that it "dis-
appears’ and is essentially unobservable at the same conditions
of concentration and spectrometer gain. The magnitude of this
broadening at 35 GHz is unusual in the literature of Mn2t-
protein interactions. The spectra are similar to those observed
by Villafranca et al. (32) for comglexes of glutamine synthetase-
Mn2+—methionine(SR)—sulfoximine—Mg +—ATP, but even in this latter
case, the broadened Mn2t spectrum is still sufficiently narrow
to be observed.

The spectra for the ATPase-Mn2% complexes with ATP or AMP-
PNP suggest that Mn * is in a greatly distorting environment.
If the substrate-induced distortions were purely axial, a doublet
pattern of splitting would be expected for each -1/2 <—> 1/2
transition at K-band, whereas more complex effects are antici-
pated for rhombic distortions, While the spectra for the
ATPase~Mn2+-ATP and ATPase-Mn2+—(AMP—PNP) complexes demonstrate
that the bound Mn2t is in a rhombic environment, more detailed
analyses are not possible.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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An estimate of the dissociation constant for ATP at the
site involved in broadening of the Mn2+ spectrum would facilitate
comparisons of structural and mechanistic phenomena in this sys-
tem. Various studies have provided evidence for both high and
low affinity sites for ATP on the (Nat + K+)—ATPase (22). In all
cases the apparent dissociation constant for the high affinity
site is approximately 1 x 10‘6M, while that of the low affinity
site is 500-1000 times higher. (Whether these "two' sites are
in fact distinct sites or rather a single site, with different
affinities for ATP in two different conformational states, has
not been determined conclusively.) Titrations for ATP of the
type shown in Figure 4 for AMP indicate that no appreciable
broadening occurs until the ATP concentration exceeds 80 x 10'6M,
essentially ruling out high affinity sites for ATP as the source
of the Mn2* spectral broadening.

Our recent studies have also demonstrated the utility of Mn2*
EPR studies for measuring metal-substrate distances on (Na +
Kt)-ATPase. Previous studies have established that paramagnetic
CrATP binds to (Na+ + Kt)-ATPase (33), interacts with a Kkt site
observed by L4+ NMR, and competes with ATP and MgATP at the
nucleotide sites on the enzyme (34). If the binding sites for
CrATP and Mn(II) are close together on the enzyme, binding of
CrATP should effect a diminution of the enzyme-bound Mn(II) EPR
spectrum. Such an effect is displayed in the spectra of Figure
6. The addition of 8,% -bidendate CrATP to a solution of Mn(II)
and (Nat + K+)—ATPase results in a decrease in the amplitude of
the spectrum with no apparent change in linewidth. The effect
saturates at high levels of CrATP, as shown in a plot of signal
intensity versus CrATP in Figure 7. Similar titrations with
a,B,’f—tridentate CrATP (Figure 8) had no effect on the Mn(II)
signal amplitude, indicating either that tridentate CrATP does
not bind to the enzyme or that it binds in a manner which pre-
cludes a dipolar interaction with enzyme~bound Mn(II). Titra-
tions with diamagnetic B, -bidentate Co(NH3)4ATP likewise
produced no effect on the Mn(II) EPR spectrum (Figure 8), demon-
strating that the effect observed with CrATP is purely a dipolar
interaction. The latter experiment is a critical one, in view
of the dramatic effect of ATP on the Mn(II) spectrum (Figure 5).
Titrations of similar Mn(II) solutions in the absence of enzyme
showed no decrease in amplitude of the Mn(II) EPR signal. In
the absence of enzyme, the Mn(II) and CrATP species interact
only infrequently in solution. On the enzyme, however, these
two species are bound rigidly and can interact strongly.

The decrease in the amplitude of the Mn2+ EPR signal mea-
sured in the presence of CrATP can be used to calculate a Mn2+-
Cr3t distance as previously described (35,36). The relevant
equation, first described in this form by Leigh (12), is given
below; the essence of the distance calculation is the determi-
nation of the dipolar interaction constant C. In this equation
8H is the linewidth of the
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Figure 5. K-band EPR spectra for Mn* complexes of (Na® + K')-ATPase and
ATP. Conditions were the same as in Figures 2 and 3, with the concentrations
of ATP shown.
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Figure 6. K-band EPR spectra for Mn?* complexes of (Na* + K')-ATPase and
B, y-bidentate CrATP. Conditions were the same as in Figures 2 and 3, except pH
— 7.0, with the concentrations of CrATP shown.
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Figure 7. Effect of B, y-bidentate CrATP on the signal intensity of the Mn%—
(Na' 4+ K')-ATPase complex
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Figure 84. K-band EPR spectra for Mn?* complexes of (Na® 4 K')-A Tque and
a, B, y-tridentate CrATP Co(NH ,),ATP. Conditions were the same as for Figure 6.
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SH =C(1 - 3 cosZe ')2 + &H (3)
R ¢}

observed spin in the absence of dipolar broadening, while 6,' is

the angle between the vector joining the two interacting spins

and the applied magnetic field. C is a coefficient describing

the interaction and it is defined as:

c = gBUZTC/hr6 (4)

In practice it is necessary to perform a computer simulation
of the lineshape and signal amplitudes arising for various values
of C. A plot of such simulated amplitudes as a function of C/&Hg
is given in Figure 3 of Leigh (35). For the present case, the
data of our Figure 6 yield an interaction constant C of 22.5
gauss. From gquation 3, we then calculate a Mn(II)-Cr(III) dis-
tance of 8.1 A, using a correlation time T¢ of 2.7 x 10710 sec.
This value has been determined from the frequency dependence of
water proton relaxation in solutions of the ATPase, CrATP and
Mg(II) (33).

Gd(III) as a Probe in NMR and EPR Studies of Sarcoplasmic Reticu~
lum Ca‘*-ATPase

In order to characterize the active site structure of Caz+—
ATPase from sarcoplasmic reticulum, we have employed Gd3t as a
paramagnetic probe of this system in a series of NMR and EPR
investigations. Gadolinium and several other lanthanide ions have
been used in recent years to characterize Ca2t (and in some cases
Mg2+) binding sites on proteins and enzymes using a variety of
techniques, including water proton nuclear relaxation rate mea-
surements (QEJQQ)QZ), fluorescence (38) and electron spin
resonance (39). In particular Dwek and Richards (35) as well as
Cottam and his coworkers (36,37) have employed a series of nuclear
relaxation measurements of both metal-bound water protons and
substrate nuclei to characterize the interaction of Gd3% with
several enzyme systems.

If gadolinium ion, G 3+, is to be useful as a spectroscopic
probe of Ca2* sites on Ca -ATPase, it must first be demonstrated
that Gd3t can compete with Ca2t at these Ca2t activator sites,

We have examined the effect of Gd3t on the formation of phos-
phoenzyme from ATP. Both Ca2+ and Gd3t stimulate formation of

the phosphoenzyme, but different steady-state levels of E-P are
formed in these two cases. The effect of Gd3t on Ca?t jon in-
duced E-P formation is shown in Figure 9. Low levels of Gd

cause a sharp decrease in E-P levels. The data were compared

with theoretical curves by asiuming a variety of ratios for the
dissociation constants of Ca’" and Gd3* from the calcium activator
sites. As can be seen in Figure 9, the best fit to the data is
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Figure 9. Steady-state levels of P-Eat 0°C as a function of GdCl, concentration
(24). Reaction mixture contained 50mM tris-HCI, pH 7.0, 100mM KClI, 100 uM
CaCl,, 10 pM [y-*?PJATP, and 0.3 mg/mL Ca*-ATPase. A preincubation for
20 min at 25°C was followed by an incubation of 30 min at 0°C. The reaction
was initiated then by addition of [y-**PJATP and stopped by addition of 5%
trichloroacetic acid. The precipitate was retained and washed on Millipore filters
and counted for **P. The curves shown are calculated by assuming the ratios
shown for K,,Ca® /K743,
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given by a value for KDC32+/KDGd3+ of approximately 10. These
results indicate that Gd3% binds much more tightly to the CaZt
sites than CaZt itself and, taken together with the previously
determined Ky for Calt in the ATPase reaction of 0.35 uM (41),
would place the apparent Kp for Gd3+ at ~ 3.5 x 10-8M,

A similar, high affinity of Ca2*-ATPase for Gd3% ion was
observed in ‘Lit NMR studies. As shown in Figure 10, addition
of Gd3* to solutions of LiCl and CaZ*-ATPase produces a dramatic
increase in the longitudinal relaxation rate, 1/Tj, of the 7Lit
nugieus which is proportional to 6d3* concentration until the
Gd concentration is equal to that of the enzyme. Beyond this
point, an additional, linear, but smaller increase in l/Tl of
7Lit is observed. At ~ 2.25 Gd3* ions/100,000-dalton protein
monomer the enzyme is saturated with Gd7', and no further in-
creases in 1/T; are observed beyond this point. The biphasic
nature of this plot is consistent with the sequential binding
of two Gd3* ions to the ATPase, with the first of these Gd 3+
sites exerting a larger paramagnetic effect on enzyme-bound Lit.
Competition studies indicate that ca2* ion produces a large
decrease in 1/Tj of 7Lit, consistent with the displacement of
Gd3+ from the Cat sites on the enzyme. Analysis of this data
yields a value for KDC82+/KDGd3+ of 10, in good agreement with
the phosphoenzyme data described above.

The binding of Gd3* to Cal*-ATPase was also examined using
water proton nuclear relaxation rates. Figure 11 shows the be-
havior of the observed enhancement of the longitudinal water
proton relaxation rate when Gd3+ is used to titrate a solution
of the Ca2+-ATPase. At the lower concentrations of Gd3% the
large observed enhancement of the water proton relaxation rate
suggests the formation of a tight binary Gd3*t-ATPase complex.

As the concentration of Gd3* is increased, the enhancement de-
creases toward unity as the Gd3t sites on the enzyme become
saturated and the contribution of free Gd3* becomes the pre-
dominant term in eq. 5.
[Gdl ex = [Gd] (5

(Gd] + [Gd]

pép *0digEpg 32582

In this equation the subscripts on the concentration and en-
hancement terms denote total Gd3* (T), free Gd3* (F), and Gd3*
bound at site 1 (B1l) or Gd3* bound at site 2 (B2). In this
paper we will define site 1 as the site which binds Gd3* more
tightly. The data of Figure 11 are consistent with an €py of
9.4 and an €y of 5.4. When solutions containing 10 or 50 uM
6d3* were titrated with CaZ*t-ATPase, the enhancement increased
as the enzyme concentration increased. The reciprocal of the
observed enhancement was plotted against the reciprocal of the
total ATPase concentration (Figure 12) yielding a linear
behavior, except at high levels of enzyme where a sharp increase
in the observed enhancement is found. This behavior is consis-
tent with two environments for bound Gd3¥ ion on the Ca?*-
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Figure 10. Effect of Gd* on 1/T, of ’Li* in the presence of Ca*-ATPase (24).
Solutions contained 0.IM LiCl, 0.05M TMA-Pipes, pH 7.0, and 1.6 X 10*M
Ca®-ATPase.
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Figure 11. Effect of Gd* on the enhancement of the longitudinal water proton

relaxation rate in solutions containing Ca*-ATPase (24). The solutions contained

0.05M TMA-Pipes, pH 7.0, 0.24mM Ca®-ATPase, and the noted concentrations

of GdCl,. T = 23°C. The theoretical curve was fitted to the points by assuming

that the sites were filled in the manner of the data of Figure 10 and assuming the
enhancements described in the text.
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Figure 12. Titration of GdCl, with Ca*-ATPase (24). The solutions contained

0.05M TMA-Pipes buffer, pH 7.0, 24.4,M GdCl, (4) or 49uM GdCl, (B), and the

noted concentrations of Ca®-ATPase. The value of ¢* obtained by extrapolation of

the solid line to the infinite protein concentration is the average of the enhancements
at Gd* sites 1 and 2, denoted by ¢y, and ey, respectively, in the text.
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ATPase. At low concentrations of enzyme in Figure 12, the
enzyme binds Gd3* at both types of sites and the observed en-
hancements in the linear portion of the plot include weighted
contributions from the bound enhancements at the two cd3t sites,
as well as from the enhancement of free Gd3+ ion in the solution
(€g = 1.0 by definition). The limiting enhancement of 7.4 at
infinite enzyme, which is extrapolated from the linear portion
of the plot represents an average of the bound enhancements at
the two Gd3% sites. However, as the enzyme concentration is in-
creased the nature of the system changes from enzyme limited to
metal limited and the first Gd3t site, which is the tighter
binding of the two Gd3* sites and which also displays the larger
enhancement, €8], begins to pull Gd3* away from site 2 (where
the enhancement is lower). The net result is an increase in the
observed enhancement and a downward deviation for 1/e* at high
enzyme in Figure 12.

Paramagnetlc effects of metals such as those observed here
with Gd3% on the Ca?t-ATPase can be used to determine distances,
r, between the metal and pertinent nuclei or, if r is known, to
determine g, the number of nuclei involved in the interaction
with the metal (11). Thus, the water relaxation data described
here can be used to determine the number of exchangeable water
protons on Gd3* at the two Calt sites on the ATPase. As shown
in Table II, the value of q appears to be distinctly different
at the two Gd3t sites. Calculations yield three exchangeable
water protons on Gd3*+ at site 1 and two exchangeable protons at
site 2.

Table II

Analysis of Frequency Dependence of Tjp in
Solutions of Calt-ATPase and Gd3* iom.

Complex T2 frequency 1/f(Typ) £(71.) q
(s x 109)  (Miz) (s~1x10%) (sx109)
ATPase-(Gd3") gy 07 1.91 40 8.45+0.8  4.66 311+0.1
100 4.1540.4  2.35 3.03+01
ATPase-(Gd3%) | 2.12 40 4.78+0.4  4.95 1.66+01
site 2 Al
100 2.86+0.3  2.29 214402

3Determined from the frequency dependence of water proton
relaxation (24).

From the frequency dependence of the effect of the enzyme-
bound Gd3+ on 1/T] of Hp0 (24) the correlation times for sites
1 and 2 are found to be 1.9 x 107 -9 and 2.1 x 10‘95, respectively.
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These values are too short to be influenced significantly by T.,
the rotational correlation time of the enzyme~Gd3*+ complex, or
Tm, the mean residence time of water molecules in the first coor-
dination sphere of the metal. Moreover, the minima in the plots
of Tlp vs. wlz indicate that T, must be dominated by Tg, the
electron spin relaxation time. The Tg values for Gd3* in this
system are longer than most of those determined previously for
Gd3*. The electron spin relaxation time for aqueous Gd3* is
(4-7) x 10105 at 30 MHz (42), while values for Tg of (2-7)

x 10~105 have been reported for complexes of Gd3+ with pyruvate
kinase (37) and a value of 2.2 x 10710 has been found for a Gd>*-
lysozyme complex (36). Moreover, we have estimated a T. of 6.8

x 10~10s for Gd?* bound to parvalbumin.5 The long Gd3+ correla-
tion times found in the present study are consistent with a poor
accessibility of these Gd3* sites to solvent water molecules.

The electron spin relaxation time, Tg, 1is given by eq. 5 (42)
where T, is a correlation time which is related to the rate at

4Ty (5)
2

1 Ty

+
Tg 1+ wszrvz 1+ lwusz'rv
which the zero-field splitting is modulated by impact of the
solvent molecules on the complex and B is a constant containing
the value of the electronic spin and the zero-field splitting
parameters. This theory assumes that Ty << Tg and also that the
electron spin-lattice relaxation time is much larger than the
electron spin-spin relaxation time. The latter assumption will

be considered further below. The values of T¢ (i,e., Tg) ob~-
tained for Gd3* bound to the Cal*-ATPase are 3-10 times longer
than those observed with the Gd3* aquo cation and with the protein
complexes cited. Since the impact of outer sphere solvent mole-
cules on the Gd3* complex provides the predominant mechanism for
electron spin-lattice relaxation, the long values for Tg found
here are thus consistent with a reduced accessibility of solvent
water to the Gd3* ion in the ATPase complex.

The possibility of using the electron paramagnetic resonance
properties of Gd3+ to probe its environment in and interactions
with biological molecules has previously received little atten-
tion in the literature (40). However, the possibility exists
that Gd3t will be a sensitive EPR probe for characterizing
macromolecular biological systems such as the Ca“'-ATPase. The
EPR spectra of Gd3+, which has S = 7/2. in neutral water and in
two different buffers are shown in Figure 13A. The linewidths
were found to be independent of pH over the usable range of these
buffers and independent of temperature between 4 and 300C. The
spectrum of Gd + in neutral water is centered around 3248 G, with
a linewidth of 530 G. As shown, Gd3*+ in Pipes buffer, but not in
Tes buffer, yielded a spectrum similar to that of the aqueous
Gd3* solution. On this basis, all of our Gd3+ EPR and NMR studies
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were performed in Pipes buffer, As shown in Figure 13B the
formation of the Gd3*-ATPase complex results in a shift of the
resonance to 3315 G and a decrease in the linewidth to 285 G.
Such a decrease in the linewidth may result from a decrease in
the Gd3* coordination number upon formation of the macromolecular
complex, which could result in greater symmetry and a lower zero-
field splitting for the Gd3t ion. This spectrum is independent
of temperature between 4 and 259C and 1s independent of the Gd3t/
ATPase ratio up to 2 Gd3* ions/ATPase molecule. The peak-to-
peak linewidth of 285 G sets a lower limit of 2.3 x 10~10s on the
electron spin relaxation time of enzyme~bound Gd°*, This sym-
metric, narrow EPR spectrum for the Gd3*-ATPase complex is com-
pared in Figure 13B to that of Gd3* bound to parvalbumin, a
Ca2+—binding protein from carp. 1In this case, the spectrum is
extremely broad and suggests a greatly distorted Gd3* coordina-
tion geometry compared to the Cal*-~ATPase.

Under certain conditions, particularly when the enzyme is
incubated with Gd3* at low temperature (2-4°C), the spectrum of
the ATPase-Gd3+ complex exhibits several low-field transitions,
as well as a shoulder to the low~field side of the main transi~
tion (Figure 14A), This spectrum is similar to previously re-
ported glassy spectra of transition metal complexes with large
zero-field splittings in that they are broad and not centered at
g = 2 (56,57,58,59). These spectra are unique in that all have
a number of well-defined features at low field (see also ref,
@3)and(44) for other powder and %lassy spectra of this type).
Addition of ATP to the ATPase~Gd>t complex gives rise to addi-
tional low field signals (Figure 14B), which are time-dependent.
EPR transitions at these low fields normally arise either as the
result of dipolar spin-spin interactions (45) or from unusually
large zero-field splittings (46). 1t has been suggested that
these time-dependent, low field transitions represent several
enzyme states which involve either the close approach of two or
more Gd3t ions on the enzyme or a severe change in coordination
geometry at the Gd3t sites or both 4n.

Summary

It is clear that Mn2+ and Gd3+ can be sensitive EPR probes
of structure and function in membrane enzyme systems, If pro-
blems of purity and concentration can be overcome, several other
membrane enzymes should be amenable to EPR investigations of the
type described here. Moreover, the combination of nuclear re~
laxation studies and EPR studies of free and bound metals can
provide sufficient data for the construction of models of active
sites for membrane enzymes. For each paramagnetic probe which
can be located unambiguously and uniquely at the active site, one
more spatial dimension is added to the picture. Thus the identi-
fication of a single Mn2t site on the (Nat + K*)-ATPase has
permitted the determination of three distances between Mn2t and
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600 1400 2200 3000 3800

Figure 14A. X-band EPR spectrum of Gd* complex with Ca*-ATPase. The

solution contained 50mM TM A-Pipes, pH 7.0, 0.32mM Ca*-ATPase, and 0.32mM

GdCl;. The enzyme was maintained at 4°C during the addition of GdCl; and the
running of the spectrum.

60C 1400 22G0 3C00 380CC

Figure 14B. X-band EPR spectrum of Gd* complex with Ca*-ATPase in the
presence of ATP. The solution contained 50mM TMA-Pipes, pH 7.0, 0.32mM
Ca*-ATPase, 0.32mM GdCl,, and 0.16mM ATP.
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AD?NINE
RIBOSE

Figure 15. Active-site structure of (Na* + K')-ATPase as determined by 'H,
2051, 3P and "Li* NMR, Mn? EPR, and kinetic studies
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cation or substrate sites on the enzymes (Figure 15). If dis-
tances between these sites and the Cr(III) of CrATP can be
determined on th enzyme, then it will be possible to construct

a two dimensional model for this enzyme. One of these distances,
that for Cr(III)-LiYt, has already been determined (33) as shown

in Figure 15. Experiments in our laboratory have also identified
a unique location at the active site of this enzyme for a malei-
mide spin label (48). Similar distance measurements for this
spin label site will provide a third dimension for the model. The
assimilation of structural data for the construction of active
site models of soluble enzymes has been extensively reviewed (15).
For additional discussions of active site models, the reader
should consult this and other references on soluble (11,49) and
membrane (17-24) enzymes.

Footnotes
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PRF Grant 8757G-4 administered by the American Chemical Society
and grants from the Research Corporation, the Muscular Dystrophy
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from the National Science Foundation for the purchase of an EPR
spectrometer and computer system.

Abstract

Three membrane-bound adenosine triphosphatase enzymes have
been characterized using Mn(II) and Gd(III) electron paramagnetic
resonance (EPR) and a variety of NMR techniques. Mn(II) EPR
studies of both native and partially delipidated (Nat + K+)-
ATPase from sheep kidney indicate that the enzyme binds Mn2t at
a single, catalytic site with Kp = 0.21 x 10-6M. The X-band EPR
spectrum of the binary Mn(II)-ATPase complex exhibits a powder
line shape consisting of a broad transition with partial resolu-
tion of the 25Mn nuclear hyperfine structure, as well as a broad
component to the low field side of the spectrum. ATP, ADP, AMP-
PNP and Pj all broaden the spectrum, whereas AMP induces a
substantial narrowing of the hyperfine lines of the spectrum.
The 35 GHz Mn(II) spectrum of this enzyme is severely broadened
by ATP and other nucleotide analogs, permitting a characteriza-
tion of substrate~induced conformational changes at the active
site of the (Nat + KT)-ATPase. In particular we have used th
diminution of the Mn(II) EPR spectrum upon titration with B,qs-
bidentate CrATP to determine a Mn(II)-Cr(III) distance in the
ATPase-Mn-CrATP complex. On the other hand, gadolinium ion,
Gd(I11), is an effective probe of the Ca(Il) sites of the Calt-
ATPase of sarcoplasmic reticulum. Thus 7Li* NMR and water proton
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relaxation studies both indicate binding of two Gd(III) ions to
the Ca(II) transport sites of this enzyme. The interactions of
these two sites with Gd(III) are not identical. The data indi-
cate three exchangeable water protons on Gd(III) at site 1 with
€p = 9.4 and two protons at site 2 with € = 5.4. The electron
spin relaxation time, Tg, of GA(III) at both sites is unusually
long (2 ns) and suggests that the Ca2*(11) transport sites are
buried within the enzyme-membrane complex. Addition of ATP, AMP-
PNP or CrATP results in a decrease in £* (consistent with dis-
placement of a water molecule on Gd(III)) as well as EPR spectral
changes, which may reflect the events of substrate binding or
calcium transport. Mg2+-ATPase, purified from kidney, has been
primarily characterized using Mn(II) as a probe in EPR, NMR and
kinetic studies. EPR and water proton relaxation rate studies
show that the enzyme binds 1 g-ion of Mn(II) per 469,000 g of
protein, with a Kp of 2 UM, in good agreement with the kinetically
determined activator constant of 3.3 UM. Moreover, the EPR bind-
ing studies also indicate the existence of 34 weak sites for
Mn(II) per single high affinity Mn(II) site. The Kp for Mn(II)
at these sites is 0.55 mM, which agrees well with the low affinity
kinetic activator constant for Mn(II) of 0.43 mM, consistent

with the additional activation of this enzyme by the large number
of weaker Mn(II) binding sites, which appear to be lipid binding
sites for divalent metal.
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Molecular Structure of Vinyl Chloride~Vinylidene
Chloride Copolymers by Carbon-13 NMR

CHARLES J. CARMAN!

The B. F. Goodrich Company, Research & Development Center,
9921 Brecksville Road, Brecksville, OH 44141

High resolution 3¢ nmr is established as perhaps the most
discriminating spectroscopic method in recent years for deter-
mining the molecular structure of macromolecules. For chlorin-
ated polymers the direct and long range substituent effects of
the halogen produce unique '3C chemical shifts that enable the
determination of tacticity in PVCl, average block lengths in
vinyl chloride-butadiene copolymers?, and monomer composition
and sequence distribution in a variety of vinyl chloride copol-
ymers?. 1In addition, Keller et al have attempted to apply inter-
pretational analogies to more complicated chlorinated volyalka-
nes%, The present V3o nmr analysis of copolymers of vinyl
chloride (VC1) and vinylidene chloride (VCl,) demonstrates the
value of using internal consistencies for determining monomer
composition and sequence distribution.

Results and Discussion

Figure 1 shows the spectra of three copolymers and compares
their spectra to that of a PVC sample. The resonances centered
around 46 ppm in Figure la are from the CH, carbon and those
resonances in the S4 ppm region are from the CHC1 carbon. The
fine structure in both the methine and methylene regions is from
tacticity information.

At very low levels of vinylidene chloride, the VCl, monomer
will be flanked by VC1 monomer. The isolated structure is shown
in Figure 2a. The carbon bearing both chlorine atoms has a chem-
ical shift of 87.50 ppm and is identified in Figure 1b. The
chemical shift at 52.33 ppm in Figure 1b is assigned to the
methylene carbon adjacent to a vinylidene (or dichloro carbon)
structure.

I Current address: B. F. Goodrich Company, Engineered Products Group,
500 S. Main Street, Akron, OH 44318.
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© 1980 American Chemical Society

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



82 POLYMER CHARACTERIZATION BY ESR AND NMR

a)
* 4 HMDS
A
1 J 1 i L
85 6055 4540 0
-ppm
b}
52.33
8750
—
?l ?l
c)
c- -C
- €69-¢
cL ct

d)  isoLatED
PAIRED
>PAIRED

Figure 1. BG{'H} NMR spectra of PVC (a) and VCI-VCI, Copolymers B (b),
C (c),and D (d)
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Figure 2. Carbon environment in VCI-VCl, copolymers representing (a) isolated,
(b) paired, and (c) greater-than-paired structures
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The next higher structure formed would be paired VCl, mono-
mer, This is shown in Figure 2b. In the paired structure, there
are still two methylene carbons which form the VCl, and VC1l
junction, There is also a unique methylene between two CCl,
carbons at 60.49 ppm and the chemical shift of the CCl, in a
paired structure at 85.49 ppm. As vinylidene chloride increases
in concentration the polymer would form greater than paired se-
quences; shown in Figure 2c. A unique carbon resonance formed
from this structure is the CCl, flanked by CCl, on either side in
the B position. The corresponding chemical shift is shown at
82.83 ppm in Figure 1d. The other carbons in the (> paired)
sequence only change the relative areas of the other assignments
in the spectrum. A summary of the 13¢ chemical shift assignments
for VC1-VCl, copolymers is given in Table I.

To calculate monomer composition, these chemical shift
assignments must follow peak area relationships deduced from
isolated, paired, and > paired structures.

Isolated: The moles of isolated VCl, monomer is propor-
tional to the isolated CCl,; carbon area. There is also produced
an area twice the isolated CCl, area which is assigned to the
two flanking CH, carbons. The PVC CH,; carbon is reduced in area
by an amount equal to the isolated CCl, carbon area.

Paired: The moles of paired VCl, monomer produce a directly
proportionate area from the paired CCl, carbon and an equal area
from the outer CH;. There will also be an area equal to half the
paired CCl, area assigned to the inner CH, carbon. The PVC CH;
area is reduced in area by an amount one half the paired CCl,
(because half the outer CH, area comes from the PVC monomer).

>Paired: The area relationships for greater than paired
depend on the lengths of the contiguous units. For a run three
units long there is an area from the > paired CCl, carbon dir-
ectly proportional to one third the number of monomers in a con-
tiguous sequence. There are contributions of twice this area
to both the inner CH, resonance areas, The PVC CH, is reduced
in area by half the outer CH, area. Therefore, for VCl, sequen-
ces (n) assigned to the > paired CCl,, the area (n-1) is
assigned to the inner CH,.

Using these area relationships the equations in Table II
were written to use the measured peak areas from a copolymer of
vinyl chloride to calculate monomer compositions. The equations
also provide checks on internal consistency of the spectra.
These relationships must hold as the monomer ratio is varied or
errors in assignment have been made. Equations (1) and (2) are
simply two ways of expressing the CHC1l spectral region in terms
of contribution of PVC methine. Equation (4) is a means of cal-
culating the concentration of vinyl chloride in terms of its
methylene area after correcting for those methylene carbons that
have been shifted (Y, equation 3) under the CHCl resonance
region by virtue of being adjacent to a CCl, carbon. Equations
(5) and (6) are two area relationships that provide the
vinylidene chloride concentration.
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TABLE I

13¢ Chemical Shifts® for VC1-VC1l, Copolymers

_ _Structure 8¢ (ppm)
*CHC1

rr 55.21, 55.12

mr 5L.35, 54.19

mmmm 53..8

mmmr 53.35

rmmr 53.22
CHCl*CHzCHClb

rrr 45,80

rmr L5, 41

rrm L5, 07

mmr + mrm 4L .39

mmm L3.65
*¥CC1,

isolated 87.50

paired 85.09

> paired 82.83
CC1l,*CH,-R

R = CHC1 52.33

R = CCl 60.49

> paired ~53-55

a relative to hexa_methgldisiloxane (HMDS), measured in 1,2,4,-tri-
chlorobenzene at 373 X

reference 1
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TABLE II

Equations to Calculate Monomer Composition of
Vinyl Chloride-Vinylidene Chloride Copolymers from 13¢ WMR Areas

Mole VC1 = PV =
ole VC C(CHC1) = (area CHCL), 4 .q region -

. area . area area
[(isolated CClz)Vc1 + (isolated CClzllc:12 + 0.5 (outer CClz)VCl
area
+ .
0.5 (outer cc12)VCl2]
(1): mols (VC1) = PVC (CHC1) = (area CHc1)total region "
2(isolated CCl, area) - (outer CCl, area)
(2): mols (vc1) = pPvc (cHC1) = (area CHCL), . . region
. area area area
[isolated CC1, )VCl + 0.5 {outer CCl, )Vc1 + (total CCl, )VCl -
. area
(inner CHz)VClz]
= i + .
(3): ¥ = (total CCl,- inner CHz)area (isolated CCl,+ 0.5 outer
cc1,)Bree

(L): mols VC1 = PVC (CH,) = (area CHp) + V¥
(e.g. shifted VC1 (CH,))

(5): mols VCl, = VCl; (CCly) =(area CCly)

[1

total region

i

2 = 4 or take averag?J

(6): mols VCI, = VC1, (CH,) = (inner CHz)sgia + (isolated CCl,)
2
area area
. B
Vel 0.5 (outer b012)VCl2

mol. wt. VC1 = 62.5; wt. % Cl1 = 56.6
mol. wt. VCl, = 97.0; wt. % C1 = 73.2

{5

(1]

6 or take averagéq
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Four VC1-VCl, copolymers were analyzed and the results are
summarized in Table ITI. The internal consistency checks from
Table IT held. The resulting chlorine analysis for sample C
agreed very well with the wet analytical results. The discrep-
ancy in sample A suggests the wet results are in error as the
reported values were less than the PVC theoretical value.

Using the observed triad concentrations in Table IJI, the
number average sequence lengths for the VCl, monomer were cal-
culated® using the equation:

+ +
o= N101 NOOl NOOO (1)
0 NlOl + 03 NOOl
The observed number average sequence lengths deviate from those
predicted from Bernoullian statistiecs, i.e., n, = 1/[vC1],

However, corresponding calculations based on first order
Markovian statistics are in excellent agreement.

To calculate the number average sequence length using first
order_ Markovian statistics, it is necessary to estimate p__,
(for n. = 1/p,..). The information that can be measured from the
spectra in Figiire 1 is monad and triad concentrations: (0), (1),
(101), (001), and (000). 1In this notation vinyl chloride is
represented by (1) or vinylidene chloride by (0). Using these
measurable structures an estimate for p.. was derived using an
approach suggested by Randall® for the gétermination of sequence
distribution for hydrogenated polybutadienes. This can be
accomplished in two ways; from the ratio of (101)/(001) and from
the ratio of (101)/(0).

Equations (2) through (5) describe the observable structures
in terms of transition probabilities:E

000 = p,, (1—}301)2/(pol + plo) (2)
101 = (1301)21010/(13Ol + 1) (3)
001 = 2(py,) (P,) (1-py )/ (py, + o) ()
0 =P/ Py *Pyo/ Py *ppg) (5)

Combing these equations enables one to estimate values for

P from either of two ratios shown as follows:

01

(101)/(001) = /2(l—p01) (6)

Po1

(101)/(0) - (p..)? (7

Po1

Table IV shows these ratios for the four VC1-VCl,; copoly-
mers, The value for Pyp can be calculated using both equations
for samples C and D, an& are in good agreement. As seen in
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Table IV, the resulting calculation of VCl, number average se-
quence length calculated using the first order Markov agrees very
well with the observed sequence lengths.

There is another way to confirm that the triad distribution
cannot result from a random volymerization. The observed rela-
tive proportion of the triad structure in Figure 1d is
(1):(.93):(.26). The corresponding distribution for the triad
structure for .266 mole fraction VCl, would be (1):(.36):(.13).
Obviously, this comparison confirms from just a consideration
of the triad distribution that the polymer does not conform to
Bernoullian statistics.

The data shown in Tables IIT and TV show that the '’C nmr
spectra of vinyl chloride-vinylidene chloride copolymers have a
redundancy of structural relationships. By analyzing a range of
compositions, this system has been found to yield a reasonable
description of both monomer composition and monomer sequence
distribution. The data also show that this copolymer is a good
example of a system best described by first order Markovian
statistics as compared to Bernoullian statistics.

Fynerimental

The !'3C nmr spectra were cobtained at 22.6 MHz using a Bruker
HX9OE spectrometer from 40 percent polymer solutions in 1,2,k-
trichlorcbenzene at 373K. The spectral conditions were:

m/2 (25us), 6 kHz sweepwidth, 16 k fid, 1.5 Hz line broadening,
5 sec rep. rate, number of scans to give good S/N, (usually
about 6000)., Perdeutercbenzene was added as internal lock.
Compositions were calculated from electronic integrals.
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Abstract

Carbon-13 nuclear magnetic resonance was used to determine the
molecular structure of four copolymers of vinyl chloride and
vinylidene chloride. The spectra were used to determine both
monomer composition and sequence distribution. Good agreement
was found between the chlorine analysis determined from wet
analysis and the chlorine analysis determined by the 3¢ nmr
method. The number average sequence length for vinylidene
chloride measured from the spectra fit first order Markovian
statistics rather than Bernoullian. The chemical shifts in these
copolymers as well as their changes in areas as a function of
monomer composition enable these copolymers to serve as model
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compounds for making structural assignments in other chlorinated
polymers,
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Characterization of Long-Chain Branching in
Polyethylenes Using High-Field Carbon-13 NMR

J. C. RANDALL
Phillips Petroleum Company, Bartlesville, OK 74004

The simplest polymer molecule examined for both its dynamic
and structural characteristics utilizing carbon-13 nuclear mag-
netic resonance has been polyethylene. At first sight, a polymer
molecule which is essentially a "polymethylene" would not seem to
possess enough different structural characteristics to warrant
more than a casual investigation. However, there are a variety
of different polyethylenes available commercially that have sub-
stantially different physical properties and, subsequently, dif-
ferent end use applications. The fact that catalysts are sought
to produce polyethylenes with desirable properties and that post
treatments may be used to alter certain physical characteristics
imply that there is a direct 1ink between physical properties and
molecular structure. This Tink between structure and properties
and the commercial importance of polyethylene have brought about
a need for a thorough structural characterization.

Polyethylenes produced commercially via high pressure, free
radical processes have densities around 0.92 g/cc and are re-
ferred to simply as "Tow density" polyethylenes. It has been
well established from infrared measurements that these low densi-
ty polyethylenes possess appreciable quantities of ethyl and
butyl branches (1-3) but it was not until C-13 NMR became avail-
able that an absolute identification, both qualitatively and
quantitatively, of the short branches became possible (4-8).
Long chain branching is also present in high pressure process low
density polyethylenes and carbon-13 NMR was useful here also in
establishing the identity and relative amounts of long versus
short chain branches (9-11).

Polyethylenes with densities around 0.96 g/cc are categor-
ized as high density polyethylenes and are prepared using either
titanium or chromium based catalysts. These polyethylenes are
usually Tinear although the physical and rheological properties
of some high density polyethylenes have suggested the presence of
long chain branching (12) at a level one to two orders of magni-
tude below that found for Tow density polyethylenes prepared by a
high pressure process. A measurement of long chain branching in

0-8412-0594-9/80/47-142-093%06.50/0
© 1980 American Chemical Society
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94 POLYMER CHARACTERIZATION BY ESR AND NMR

high density polyethylenes has been elusive because of the con-
centrations involved (13) and can only be directly provided by
recently available, high field, high sensitivity NMR spectrome-
ters. The purpose of this chapter will be to review briefly the
history of structural studies of polyethylene and show where
these recent advances in C-13 NMR instrumentation have greatly
enhanced our knowledge about polyethylene structure.

Among the most important polyethylene structural character-
istics are the weight and number average molecular weights, M,
and Mp, and the molecular weight distribution characterized by
My/Mpe  Since C-13 NMR can also be used to measure a number
average molecular weight, it may be advantageous to examine some
of the molecular weight characteristics of polyethylenes. As
shown by the size exclusion {or gel permeation) chromatographs in
Figure 1, the molecular weight distributions are generally broad
but can be significantly characteristic to distinguish among cer-
tain types of polyethylenes. For example, the first polymer in
Figure 1 has a relatively narrow molecular weight distribution
with an M /M, of approximately three. The second polyethyl-
ene has a much broader molecular weight distribution with an
My/Mp of approximately twenty. Finally, the third polyethyl-
ene has a distinctly bimodal molecular weight distribution.
These size exclusion chromatograms do serve as distinguishing
fingerprints for the molecular weight distributions which can
only be measured gquantitatively by the ratio, M,/M,. Recent
improvenents in size exclusion chromatography techniques have
permitted faster and more reliable molecular weight determina-
tions (14).

Polyethylenes prepared with a Ziegler type, titanium based
catalyst have predominantly n-alkyl or saturated end groups.
Those prepared with chromium based catalysts have a propensity
toward more olefinic end groups. As will be seen later, the
ratio of olefinic to saturated end groups for polyethylenes pre-
pared with chromium based catalysts is approximately unity. The
end group distribution is, therefore, another structural feature
of interest in polyethylenes because it can be related to the
catalyst employed and possibly the extent of long chain branch-
ing, Infrared has been a useful technique for measuring the var-
jous types of olefinic end groups (15), which may be

-CHo=CH=CH> "vinyl"
—CH2-$=CH2 "vinylidene"
CH3
-CHp-CH=CH-CH3 "internal cis or trans"”
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Figure 1. SECs of (A) NBS 1475, (B) Phillips PE 5003, and (C) Hizex 7000
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96 POLYMER CHARACTERIZATION BY ESR AND NMR

Prior to the availability of C-13 NMR, there was no technique for
measuring directly the saturated end group concentration. Now it
is possible not only to measure concentrations of saturated end
groups, but also the olefinic end groups and, subsequently, an
end group distribution.

Short chain branches can be introduced deliberately in a
controlled manner into polyethylenes by copolymerizing ethylene
with a 1-olefin. The introduction of 1-olefins allows the densi-
ty to be controlled and butene-1 and hexene-1 are commonly used
for this purpose. Once again, as in the case of high pressure
process low density polyethylenes, C-13 NMR can be used to mea-
sure ethyl and butyl branch concentrations independently of the
saturated end groups. This result gives C-13 NMR a distinct ad-
vantage over corresponding infrared measurements because the lat-
ter technique can only detect methyl groups irrespective of
whether the methyl group belongs to a butyl branch or a chain end
(16). As will be seen shortly, C-13 NMR also has a disadvantage
in branching measurements because only branches five carbons in
length and shorter can be discriminated independently of longer
chain branches (5)(9). Branches six carbons in length and longer
give rise to the same C-13 NMR spectral pattern independently of
the chain length. This lack of discrimination among the longer
side-chain branches is not a deterring factor, however, in the
usefulness of C-13 NMR in a determination of long chain branch-
ing.

By far the most difficult structural measurement and, as
stated previously, the most elusive, has been long chain branch-
ing. Long chain branching in high density polyethylenes has long
been considered a factor affecting certain observed physical
properties, for example, environmental stress cracking, rheologi-
cal properties and processing behavior although conclusive proof
has been difficult to obtain. In low density polyethylenes, the
concentration of long chain branches is such (>0.5 per 1,000 car-
bons) that characterization through size exclusion chromatography
in conjunction with either low angle laser light scattering or
intrinsic viscosity measurements becomes feasible (9-11)(13)(17-
18). When carbon-13 NMR measurments have been compared to re-
sults from polymer solution property measurements, good agreement
has been obtained between long chain branching from solution
properties with the concentration of branches six carbons Tlong
and Tonger (9)(10). Unfortunately, these techniques utilizing
solution properties do not possess sufficient sensitivity to
detect long chain branching in a range of one in ten thousand
carbons, the level suspected in high density polyethylenes. The
availability of superconducting magnet systems has made measure-
ments of long chain branching by C-13 NMR a reality because of a
greatly improved sensitivity. An enhancement by factors between
20 to 30 over conventional NMR spectrometers has been achieved
through a combination of higher field strengths, 20 mm probes,
and the ability to examine polymer samples in essentially a melt
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state. The data discussed in this study have been obtained from
both conventional iron magnet spectrometers with field strengths
of 23.5 kG and superconducting magnet systems operating at 47 kG.
Let us now begin our discussion of polyethylene Tlong chain
branching with an examination of the C-13 NMR structural sensi-
tivity and later turn to quantitative sensitivity and detection
Timit.

The C-13 NMR spectra from a homologous series of six linear
ethylene l-olefin copolymers beginning with l-propene and ending
with l1-octene are reproduced in Figures 2 and 3. The side-chain
branches are, therefore, linear and progress from one to six car-
bons in length. Also, the respective 1-olefin concentrations are
less than 3%; thus, only isolated branches are produced. Unigue
spectral fingerprints are observed for each branch length. The
chemical shifts, which can be predicted with the Grant and Paul
parameters (5)(19) are given in Table I for this series of model
ethylene-1-oTefin copolymers. The nomenclature, used to desig-
nate those polymer backbone and side-chain carbons discriminated
by C-13 HMR, is as follows:

Yy B8 a a B Y
-CHZ-CHZ-CHZ-CHz'CH-CHZ-CHz"CHz-CHz'CHz'
|

5 CHy
1

4 CHo
i

3 CHy

|

2 CHy
|

1 CH3

The distinguishable backbone carbons are designated by Greek sym-
bols while the side-chain carbons are numbered consecutively
starting with the methyl group and ending with the methylene car-
bon bonded to the polymer backbone (5). The identity of each
resonance is indicated in Figures 2 and 3. It should be noticed
in Fiqure 3 that the "6" carbon resonance for the hexyl branch is
the same as «, the "5" carbon resonance is the same as 8, and the
"4" carbon resonance is the same as Y. Resonances 1, 2 and 3,
likewise, are the same as the end group resonances cbserved for a
linear polyethylene. Thus a six carbon branch produces the same
C-13 spectral pattern as any subsequent branch of greater length.
Carbon-13 NMR, alone, therefore cannot be used to distinguish a
linear six carbon branch from a branch of some intermediate
length or a true long chain branch.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



POLYMER CHARACTERIZATION BY ESR AND NMR

Y >nd
CH, "
30.4
s
y B a a B 7
ch 8 ~CH.CH.CH.CHCH.CH.CH.~
Py CH, !
37.6 el CH;

r B a a g 7
-CHCH.CH.CHCH.CH.CHa-
CH.2
CHa

[,

7 B «a a £ 7y
-CH:CH,CH.CHCHCH:CH.,-

4 CH, 3
« CH, s CH, 2
CH, 30@ CH CH;
.
34.4 27.3
3
CH CH, 2

378 36.8

Figure 2. C-13 NMR spectra at 25.2 MHz of (top) an ethylene-1-propene co-
polymer, (middle) an ethylene-1-butene copolymer, and (bottom) an ethylene-1-
pentene copolymer
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Figure 3. C-13 NMR spectra at 25.2 MHz of (top) an ethylene-1-hexene co-
polymer, (middle) an ethylene-1-heptene copolymer, and (bottom) an ethylene-1-
octene copolymer
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The capability for discerning the Tlength of short chain
branches has made C-13 NMR a powerful tool for characterizing Tow
density polyethylenes produced from free radical, high pressure
processes. The C-13 NMR spectrum of such a polyethylene is shown
in Figure 4. It is evident that the major short chain branches
are butyl, amyl and ethyl. Others are also present, and Axelson,
Mandelkern, and Levy, in a comprehensive study (6) have concluded
that no unique structure can be used to characterize low density
polyethylenes. They have found nonlinear short chain branches as
well as 1,3 paired ethyl branches. Bovey, Schilling, McCracken
and Wagner (9) compared the content of branches six and longer in
low density polyethylenes with the long chain branching results
obtained through a combination of gel permeation chromatography
and intrinsic viscosity. An observed good agreement led to the
conclusion that the principal short chain branches contained few-
er than six carbons and the six and longer branching content
could be related entirely to long chain branching. Others have
now reported similar observations in studies where solution meth-
ods are combined with C-13 NMR (10). However, as a result of the
possible uncertainty of the branch lengths, associated with the
resonances for branches six carbons and longer, C-13 NMR should
be used in conjunction with independent methods to establish true
Tong chain branching.

From the results we have seen thus far, it is easy to pre-
dict the C-13 NMR spectrum anticipated for essentially linear
polyethylenes containing a small degree of Tong chain branching.
An examination of a C-13 NMR spectrum from a completely linear
polyethylene, containing both terminal olefinic and saturated end
groups, shows that only five resonances are produced. A major
resonance at 30 ppm arises from equivalent, recurring methylene
carbons, designated as "n", which are four or more removed from
an end group or a branch. Resonances at 14.1, 22.9 and 32.3 ppm
are from carbons 1,2 and 3, respectively, from the saturated,
Tinear end group. A final resonance which is observed at 33.9
ppm, arises from an allylic carbon, designated as "a", from a
terminal olefinic end group. These resonances, depicted struc-
turally below, are fundamental to the spectra of all polyethyl-
enes.

CH3-CHy=CHp=CHp=CHo- -(CHp) - -CHp=CH=CHy

1 2 3 llnll Ilall
An introduction of branching, either long or short, will create
additional resonances to those described above. For long chain

branches, these will be an o, g, (and sometimes ¥) and a methine
resonance as depicted structurally below:
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(Y] 8 « a 8 [v]
-CH2'CHz'CHZ'CHz'?H-CHz‘CHz‘CHz‘CHz'

a CHp
o oy
(Y] éHz

Chy

From the observed C-13 NMR spectrum of the ethylene-l-octene co-
polymer (Figure 3), we find that the a, 8 and methine resonances
associated with branches six carbons and longer occur at 34.56,
27.32 and 38.17 ppm, respectively. Thus in high density polyeth-
ylenes, where long chain branching is essentially the only type
present, carbon-13 NMR can be used to establish unequivocally the
presence of branches six carbons long and longer. If no comonom-
er has been used during polymerization, it is very likely that
the presence of such resonances will be indicative of true long
chain branching. In any event, C-13 NMR can be used to pinpoint
the absence of long chain branching and place an upper limit upon
the Tong chain branch concentration whenever branches six carbons
and longer are detected.

The need for a complementary measurement to C-13 NMR in
studies of long chain branching should be apparent. It has been
pointed out that a promising possibility appears to be flow acti-
vation energies obtained from dynamic shear moduli as a function
of temperature (20). Flow activation energies range from approx-
imately 6.0 kcal/mol for linear systems to around 13.5 kcal/mol
for systems containing extensive long chain branching. Chain en-
tanglements are one of the factors influencing flow activation
energies, but to the extent that Tong chain branches also influ-
ence chain entanglements, this technique can be an indicator of
the presence of long chain branching. Four polyethylenes, Tla-
belled "A" through "D" and selected for C-13 NMR characterization
on a basis of the observed flow activation energies, are des-
cribed in Table II. A fifth polymer, called "E", was also exam-
ined as a reference polymer because it was not expected to con-
tain any significant long chain branching as indicated by its
flow activation energy (see Table II). Carbon-13 NMR data were
obtained at a high field (50 MHz, 47 kG) to achieve improved sen-
sitivity. The 50 MHz spectra of these polymers, A through E, are
reproduced in Figures 5 through 9. Instrumental conditions nec-
essary for quantitative measurements will be discussed later; for
the present, we will be concerned with the use of C-13 NMR as a
means for simply detecting the presence of long chain branching.
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For those polyethylenes where short chain branching is pre-
sent in addition to long chain branching (see Figures 8 and 9), a
modification in the nomenclature scheme is needed to distinguish
identifiable short chain carbon resonances from the corresponding
carbons in chain end groups. Consequently, an "S" (for saturated
end groups) has been added to the 1, 2 and 3 carbon nomenclature
for chain ends. The numbers for carbons in branches of length
five and shorter have a "B" added. In figures 5-9, the reso-
nances from chain ends, six and longer, are clearly identified
from carbon resonances from the short side-chain branches.

The 50 MHz C-13 NMR spectrum of polymer "A" is reproduced in
Figure 5. It is nearly a classical representation of the spec-
trum anticipated for a polyethylene containing long chain
branching. Only the five resonances expected for linear polyeth-
ylene systems plus the a, 8, and methine resonances for long
chain branches are observed. A simple inspection of the «, B in-
tensities as compared to the end group resonances indicates that
fewer than one polymer molecule out of three has a long chain
branch. A similar result was obtained for polymer "B" shown in
Figure 6. Both polymers "A" and "B" contain long chain branches
and, on an average, have approximately equal numbers of both sat-
urated and terminal olefin end groups.

Polymer "C", shown in Figure 7, gives a more complex C-13
HMR spectrum than observed for polymers "A" and "B" because four-
carbon side-chain branches are positively indicated even though
no comonomer was added during polymerization. The presence of
butyl branches complicates an identification of 1long chain
branching because the a, B resonances from butyl branches have
the same chemical shifts as do the o, 8 resonances from longer,
linear branches (see Table I). The long chain branching for sys-
tems containing butyl branches, therefore, can only be determined
from the differences observed in the relative intensities for the
"4" carbon and the a carbon. In Figure 3, the a to "4" carbon
resonance intensities are distinctly 2:1. 1In Figure 7, the rela-
tive intensities for the a to "4" carbon resonances are 2.7:1
and long chain branching is, therefore, indicated. The polymeri-
zation conditions have somehow led to an introduction of buty]
branches without also introducing amyl branches or branch lengths
shorter than four. This result is interesting and leads to the
suggestion that the long chain branches in polymer “C" may not be
truly "long”. A disproportionate number of these "long chain”
branches may be intermediate in length. Further study is clearly
indicated for this polyethylene system. Without C-13 NMR, how-
ever, one may not have been aware that short chain branches were
being introduced into a polyethylene polymerization without add-
ing comonomer.

Polymer "B" is an ethylene-l-hexene copolymer by design. A
flow activation energy of 9.6 kcal/mol suggests that long chain
branching may be present. The C-13 NMR spectrum, however, is
complicated by the presence of butyl branches as in the case of
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polymer "C". Once again, the detection of long chain branching
must be based on a ratio of the observed intensities for the "a"
carbon resonance to the "4" carbon resonance, which is 2.04 in
this case and within experimental error of the MNMR intensity mea-
surements. Thus long chain branching cannot be determined readi-
ly unless one resorts to a tedious set of measurements designed
to establish whether the excess intensity of the "a" resonance
is outside the limits of experimental error.

Polymer "E" was prepared with a Ziegler type of catalyst and
has only a small quantity of terminal olefin end groups, as shown
by the HMR spectrum in Figure 9. It was not expected to have any
significant degree of long chain branching because the flow acti-
vation energy was 6.1 kcal/mol. The C-13 NMR spectrum is consis-
tent with the presence of very low quantities of long chain
branching (see "«" in Figure 9). An unexpected result did occur,
however, because ethyl branches could be clearly identified by
the chemical shifts for the "ap", "g", methine and side-chain
carbon resonances. MNote in Figure 9 that the methyl resonance
for the ethyl branch is not shown; the others can be clearly
identified in Figure 9).

From a quantitative viewpoint, it is evident that the rela-
tive intensities of the resonances from carbons associated with
branches and end groups can be compared to the intensity for the
major methylene resonance, "“n", at 30.00 ppm to determine branch
concentrations and number average molecular weight or carbon num-
ber. The following definitions are useful in formulating the ap-

propriate algebraic relationships:

=
n

intensity of the major methylene resonance at 30 ppm
S = average intensity for a saturated end group carbon

a = the allylic carbon intensity at 33.9 ppm

Ctot = the total carbon intensity

a = 1/2 (a + B) carbon intensities
M = average number of long chain branches per polymer molecule
N+2 = average number of end groups per polymer molecule

With the previous definitions, the polymer carbon number and num-
ber average molecular weight are given by:
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Carbon Number = Ciq¢ (N+2)/(5 + a) (1)

M, = 14 X Carbon Number (2)

For linear polymers where "N" is zero, the carbon number and num-
ber average molecular weight can be easily and reliably deter-
mined. For those polymers containing long chain branching, one
must utilize the ratio of the carbon resonance intensities asso-
ciated with branching to the end group carbon resonance intensi-
ties to determine "N" as follows:

N=2a/ (3(3 + a) - a) (3)

The number of long chain branches per ten thousand carbon atoms
is similarly given by:

Branches/10,000 C = ((1/3 a)/(C¢qpt X 104)) (4)

Equation 4 can be easily modified for the number of short chain
branches (fewer than six carbons) per 10,000 carbons by replacing
1/3 o with an intensity appropriate for one branch carbon from
the short chain branch.

With the comprehensive structural information available from
C-13 NMR analyses of both Tow and high density polyethylenes,
quantitative measurements become highly desirable. As seen from
equations 1-4, the quantitative relationships necessary for anal-
yses of branching, molecular weight and end group distributions
can be readily derived without resorting to limiting assumptions.
The assignments have been rigorously established; thus the only
question remaining is the reliability of the data with respect to
the observed relative intensities. Differences among nuclear
Overhauser effects, non-equilibrium dynamic conditions during
data gathering and software-hardware problems with the dynamic
range are factors which would adversely affect the relative ob-
served C-13 NMR spectral intensities.

It has been demonstrated by Levy and coworkers (6)(21) that
nuclear Overhauser effects in polyethylenes are full and, there-
fore, are not a consideration under the experimental conditions
(~10% solutions, 125°C) employed in C-13 NMR quantitative mea-
surements of polyethylene. Because the C-13 NMR experiment util-
izes the Fourier transform technique and free induction decay
data is gathered 1n a time dependent framework, spin-lattice re-
laxation times, Tl s, are 1important factors that must be consi-
dered when designing a pulse sequence for long term data averag-
ing. Generally, the pulse spacings must be five times the long-
est observed T to ensure comp]ete relaxation between rf pulses
(22). The met groups 1in chain ends and short branches can
have T's rang1ng from 3 to 7 seconds (21); thus the time re-
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quired to gather three to five thousand FID's can become inordi-
nately long. When planning quantitative experiments on well-
known systems, it is advisable to select those resonances most
favorable from a T; standpoint for quantitative measurements
because instrument time is expensive and should be used effi-
ciently.

Dynamic range is an important consideration in quantitative
NMR measurements because small resonances may become truncated
with respect to large resonances (»1000:1) during time averaging
if a sufficient computer word length is not available (gg). It
is imperative in measurements of long chain branching in polyeth-
ylene that an NMR instrument be equipped with either a 16K com-
puter system with block averaging or have a 16K computer system
with either double precision or floating point arithmetic. In-
struments are now available that have both double precision and
floating point arithmetic, which are also valuable in preventing
unwanted truncations during Fourier transformations. With rea-
sonable care given to both the software and hardware problems
associated with quantitative C-13 NMR of polymers, one finds that
measuremnents of end group distributions, molecular weight, and
branching in polethylene are routinely available.

One of the best tests for satisfactory NMR instrumental con-
ditions during quantitative C-13 NMR measurements is to examine
known reference standards. The best for this purpose are HNBS
standards 1482 (M, = 13,600, M, = 11,400) and 1483 (M, =
32,100, Mp = 28,908). The NBS standard 1483 was examined under
precisely the same experimental NMR conditions as polyethylenes C
and £ reported in Table II. The C-13 NMR spectrum is shown in
Figure 10. Instrumental conditions and pertinent intensity data
are given below:

Resonance Peak Height Assignment

Pulse Angle: 50° 32.18 ppm 4.5 3S
Pulse Spacing: 1 second 33.91 ppm 1.1 “a
Double Precision Arithmetic  30.00 ppm 6082 “n"

34.09 ppnm 3.9 @

Mn = 30,560 (Calculated from Equations 1 and 2).

(Only 3S was used to determine § because it has the shortest T
of the three terminal carbons.)

As was the case for polymer "E", a small amount of ethyl branch-
ing was detected in NBS 1483 as indicated in Figure 10 by the
resonances observed for the appropriate methine, ap, B and 2B
carbons. (The methyl resonance is not shown.) The concentration
of ethyl branches is 3 per 10,000 carbons as determined using a
modified version of Equation 4. MNBS 1483 was probably prepared
using a Ziegler type catalyst system, as suggested by the rela-
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tively Tow intensity of the 33.9 resonance for the allylic car-
bon. It is interesting that a low amount of ethyl branching was
detected in this sample and in polymer "E", which was prepared
with a Ziegler type catalyst. HNBS 1482 was examined using an XL-
100 spectrometer at 25 MHz. Instrumental conditions and intensi-
ty data are given below:

Resonance Peak Height Assignment

Pulse Angle: 90° 14.09 ppm 11 1S
Pulse Spacing: 10 seconds 22.86 ppm 15 2S
Double Precision Arithmetic  32.16 ppm 14 3S
33.00 ppm 8 “a"
29.98 ppm 9574 n

s = 14.5 (1S was not used).

My = 11,970 (Calculated from Equations 1 and 2).

Ethyl branching was not detected in MBS 1482; however, the in-
strumental sensitivity was such that branching in a range of 1-5
per 10,000 carbons would not be observed. The agreement between
the number average molecular weights calculated from the HMR data
and that reported by NBS serves to indicate the viability of the
NMR method for determining number average molecular weight. The
method discussed above, when applied to the C-13 NMR data from
polymers A through E, gave the results Tlisted in Table III for
Mps N and degree of branching.

TABLE III
Number Average Molecular Weight, Long Chain Branching, Short
Chain Branching and End Group Distribution for Polymers A, B, C,

D and E.

Ce+ Branches/

Polymer Molecule Branches/10,000 Mn s/a
A 0.28 (Cos) 1.8 21,700 /1
B 0.29 (Co4) 2.1 18,680 1/1
¢ 0.23 (Cgs) 1.4) 23,100 /7.1
(Butyl) 5.5)
D -—-- (Butyl) 64 10,300 1/1
E -—-- (Ethyl) 2.2 28,650 2.2/1

Number average molecular weight data from size exclusion
chromatography for polymers A through E has been given previously

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



116 POLYMER CHARACTERIZATION BY ESR AND NMR

in Table II. These results should be compared to the number av-
erage molecular weights obtained from NMR in Table IIl. In size
exclusion chromatography, both Tinear and branched molecules are
separated according to their respective hydrodynamic volumes,
that is

Minin = Mbr'br, (5)

the principal of universal calibration (18). In this particular
SEC analysis, no consideration was given to the possibility that
the polymer molecules could be branched; thus Tow molecular
weight results should be anticipated because branched polymers
have overall smaller dimensions than linear polymers of the same
molecular weight. Lower results were obtained as shown by the
data in Table II although the internal trends are identical to
those obtained from NMR. It is possible to use the number aver-
age molecular weights from SEC and NMR to calculate the familiar

n..n

g" factor (18) through the relationship,

gl/2 = Mor/Min (6)

(1 14

and equation 5. Values of "g“ less than one were obtained al-
though they are somewhat smaller than the values predicted by
Zirm and Stockmayer (24) for the amount of long chain branching
determined by NMR. The differences could be easily accounted by
the error (+ 10% in the molecular weights from SEC). Although
these "g" factors are probably inaccurate, they are in the cor-
rect direction from the NMR data and from SEC.

Polymer "E" gave the highest number average molecular weight
of the polymers examined, and for this reason, it probably gave
the Teast accurate result from both NMR and SEC, which are prob-
ably within experimental error. The error in the NMR measurement
will increase with molecular weight unless an effort is made to
obtain spectra with the same signal-to-noise ratio for the re-
spective resonances associated with branches. The utility and
accuracy of the C-13 NMR method in providing quantitative polymer
structural data, however, is gratifying.

The C-13 NMR method has been criticized in the past because
it is time consuming. Five to ten thousand transients with 10-15
seconds pulse delays are usually required with 10-15% by weight
solutions to obtain signal-to-noise adequate for a one part in
one thousand measurement. This time factor can be reduced sub-
stantially if one uses twenty millimeter sample tubes and a su-
perconducting magnet system and examines the polyethylene in a
melt state. This improvement plus the fact that three measure-
ments, number average molecular weight, end group distribution
and degree of branching, are accomplished in one make C-13 NMR a
highly attractive method for characterizing polyethylenes. A
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serious drawback is not encountered even though branches six car-
bons in Tength and longer are measured collectively. The short
branches are generally less than six carbons in Tength and truly
long chain branches tend to predominate. On occasions, there may
be special exceptions for “intermediate" branch lengths, as shown
by polymer "C" in this study, so independent rheological reasure-
ments should be sought as a matter of course. Mevertheless, a
direct method, which possesses the required sensitivity to deter-
mine Tong chain branching in high density polyethylenes, is now
available.
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Molecular Dynamics of Polymer Chains and
Alkyl Groups in Solution

GEORGE C. LEVY, PETER L. RINALDI, JAMES J. DECHTER,
DAVID E. AXELSON, and LEO MANDELKERN

Dcpartment of Chemistry, The Florida State University, Tallahassee, FL 32306

For carbons possessing a directly bonded proton, the carbon-
13 spin lattice relaxation time, Tj, spin-spin relaxation time,
T5, and the nuclear Overhauser enhancement, NOE, comprise a set of
parameters which characterize molecular motions. In the case of
simple isotropic motion, the dependence is in terms of a single
correlation time characterizing the exponential decay of the auto-
correlation function. However, in many instances, the assumption
of isotropic motion is not valid. For rigid systems, the relaxa-
tion behavior can then often be predicted by assuming simple
anisotropic motion (l1). Often, superposition of two or more in-
dependent motions must be used to satisfactorily interpret ob-
served relaxation behavior (l,g). Recently, however, the wide-
spread availability of 13¢ nmr instruments, has led to a number of
examples where these models have proved unsatisfactory.

Deviations from predicted relaxation behavior have been ob-
served for large proteins (3-7), polymers (8,9) and highly asso-
ciated small molecules (lg). Particularly prominent are observa-
tions of T; field dependences and low NOE's within the so-called
"extreme spectral narrowing region," where single correlation time
models predict field independence of T; and full NOE's.

A number of theories have been invoked to describe molecular
motion consistent with observed relaxation behavior, including:

(1) anisotropic rotational diffusion 11y, (2) use of distribu-
tions of correlation times (8,9,12,13,14), (3) restricted inter-
nal diffusion (15,16) and (4) librational motion {17). 1In one in-
stance the incorrect estimation of C-H bond distances was shown to
affect calculations of motional correlation times qgi), particu-
larly when szcz approaches unity. C-H bond length variations,
however, do not explain the anocmalies in a majority of cases, es-
pecially since NOE's, which are insensitive to C-H distance, are
not correctly predicted (vide infra).

We have been interested in studying molecular dynamics of
polymer chains and alkyl groups anchored at one end, particularly
n-alkyl glycol and glycerol derivatives, poly(n-butyl acrylate)
(PBA), poly(n-butyl methacrylate) (PBMA), and poly(n-hexyl meth-

0-8412-0594-9/80/47-142-119%$06.75/0
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acrylate) (PHMA) .

When single frequency 13¢c relaxation data are applied to
these systems, the various theoretical models are more or less
indistinguishable. The approach used in our laboratory has been
to measure relaxation parameters at a minimum of two widely
separated magnetic fields (8,l0). Under these conditions, it is
possible to more closely describe the complex dynamics of these
systems.

Howarth(17b) has used the theory of Internal Librational
Motion to successfully predict the field dependent relaxation
behavior of the 1, 2-decanediocl (DD), PBMA, and PHMA systems
(using our published experimental data). We have utilized
together multiple internal rotations (MIR) and distributions of
correlation times. These methods individually have been success-
ful in predicting relaxation behavior at one field. However,
only the distribution theory predicts the observed field depen-
dence for the carbons at or near sites of motional restriction,
yet still having apparent correlation times 210710gec. our
interest in the study of concerted motions along these alkyl
chains has led us to combine the two approaches in the treat-
ment of 13C relaxation parameters.

Experimental

1l,2-Decanedicl (DD) and 1,2-hexadecanediol (HDD) were synthe-
sized from their respective alkenes(19).1,2,3-decanetriols (DT)
were prepared by a procedure described in the literature {(20).
Poly(n-butyl methacrylate) (PBMA) was obtained from Polyscience as
high molecular weight material. Solutions were made without
further purification using toluene-dgas a solvent. Poly (n-hexyl
methacrylate) (PHMA) and Poly (n-butyl acrylate) (PBA) were pur-
chased as toluene solutions (25 wt%) from Aldrich Chemical Co.
PBA and PHMA samples (50% w/w) were prepared by solvent evapor-
ation at ~70° under a N gas stream.

Natural abundance f3C spectra were obtained using quadrature
detection modified Bruker HX-270 and HFX-90 spectrometers oper-
ating at 67.9 and 22.6 MHz, respectively. Free induction decays
were accumulated using 4K/4K data points and a *3kHz spectral
window. A fast inversion recovery (FIRFT) pulse sequence (21) was
employed to measure T)'s; T]'s were calculated using a nonlinear
three parameter fitting procedure(22).

Nuclear Overhauser enhancement factors (NOEF's) were deter-
mined using gated decoupling. Two sets of two spectra were
obtained, alternately with two level(23) continuous wideband de-
coupling and gated decoupling, with a pulse interval greater than
ten times the longest Ty . NOEF values are taken from the average
of the two data sets and are accurate to better than *15%.
Temperature was controlled using a Bruker BST-100 heating unit
which was calibrated by measuring the temperature of a tube
containing ethylene glycol and a thermometer, placed in the probe.
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Samples were equilibrated in the probe for at least 20 minutes
before spectra were obtained.

Results and Discussion

Poly (n-butyl methacrylate). The 13¢ T1's and NOEF's of PBMA
are presented in Tables I and II, respectively. At a given
temperature the T]'s increase with distance from the motional
restrictions imposed by the chain backbone. The main chain CHy
group and the first protonated side chain carbon C-1 both show
this restriction of motion. The T;'s of C-1 are relatively
constant with temperature considering the large temperature range
(~100°) over which they were examined. The apparent minima for
C-1 are at 0.28 and 0.09 sec at 67.9 and 22.6 MHz, respectively.
This is significantly larger than the values of 0.055 and 0.018
sec predicted by the single correlation time model. Similar
results are also observed for C-CH,, the polymer backbone
methylene carbon. Most important of all, is the observed field
dependence of all the L3¢ T1's over the entire temperature range.
This is surprising, since C-2, C-3 and especially C-4 have T1's
which correspond to correlation times well within the extreme
spectral narrowing condition[(wH+wC)2TC2<<1] as normally applied,
where dipolar Ty's should be field-independent. This, of course,
is equivalent to stating that while the average motion may be
rapid, components of this motion are correlated with longer time
scale dynamics. The observation of field-dependent T;'s exceed-
ing 0.2 sec for the side chain carbons indicates that the
effective autocorrelation function decays non-exponentially and
thus the spectral density function is frequency dependent over an
extended range of molecular dynamics.

The NOEF behavior of the carbon resonances in PBMA is also
surprising (Table II). For C-1 at 67 MHz and low temperature,
precisely where the NOEF is predicted to be smallest, it is
maximum. Contrary to simple prediction, the NOEF's decrease with
increasing temperature. At low field (22 MHz) the opposite be-
havior is observed. C-2 and C-4 exhibit qualitatively similar
behavior at 67 MHz, but there is no definite pattern to the NOEF's
at 22 MHz except that they are all significantly less than the
theoretical maximum of 1.99.

While use of multiple internal rotations does allow predic-—
tion of the T;'s at any one field better than a single correlation
time theory, it still does not predict a T; field dependence.
Thus, this better fit may be solely due to the introduction of
additional variables, however carefully utilized. The predicted
NOEF behavior of C-1 undergoing internal rotation superimposed
upon overall isotropic motion is shown in Figure 1. Qualitative-
ly, behavior such as that observed in PBMA can be interpreted in
terms of crossovers arising from the mixing of overall motional
components and rapid internal motional modes. The resulting NOEF
values show complex field dependences.
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Table I. l3C Spin Lattice Relaxation Times of Poly(n-butyl
methacrylate) in 50% (w/w) Solution in Toluenejé8
Temp. T1 (67.9MHz):s
°c c-1 c-2 c-3 c-4 CCH4 CCH,, CCRq
-5 0.27 0.20 0.35 0.93 0.053 a 2.7
6 0.35 0.23 0.39 1.0 0.057 0.21 2.3
21 0.35 0.37 0.73 1.7 0.062 0.17 2.3
46 0.33 0.57 1.2 2.4 0.081 0.12 1.8
55 0.33 0.69 1.5 2.9 0.11 0.098 1.7
80 0.29 0.90 2.5 3.8 0.14 0.086 1.4
111 0.35 1.4 3.4 6.2 0.26 0.11 l.6
Ty (22.6 MHz).s
10 0.13 0.20 0.45 1.1 0.025 a 0.69
22 0.11 0.25 0.52 1.3 0.030 0.034 0.64
49 0.094 0.33 0.89 1.7 0.048 0.031 0.54
83 0.10 0.45 1.1 2.1 0.079 0.035 0.53
105 0.15 0.67 1.4 2.8 0.13 0.043 0.70

a
Not evaluated.

Table II. Nuclear Overhauser Enhancement Factors for Poly(n-
butyl methacrylate) in 50% (w/w) Solution in
Toluene—dg

Temp . NOEF (67.9MHz)a
°c c-1 c-2 c-3¢  c-4 CCH4 CCHyp CCRy
-5 2.0 1.9 2.0 b b 0.51
14 1.4 1.7 1.8 0.71 0.67 0.47
42 1.1 1.6 1.5 1.2 0.43 0.66
52 0.80 1.4 1.5 1.2 0.44 0.50
80 0.54 1.3 1.3 1.3 0.43 0.56
101 0.42 0.98 1.3 1.4 0.36 0.59
NOEF (22.6 MHz)"
11 0.47 1.5 1.6 0.99 b 0.89
21 0.54 1.7 1.7 b 0.30 0.88
50 0.69 1.2 1.6 1.8 0.40 0.68
81 0.9 1.1 1.4 1.8 0.66 1.3
104 1.1 1.3 1.4 1.4 0.59 1.1

a . .
NOE=NOEF +l;NOEFmax=l.99; extimated maximum error *10%.

e .
Not evaluated. Not evaluated due to overlap with solvent
resonance.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



7.

LEVY ET AL. Polymer Chains and Alkyl Groups

NOEF
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Figure 1. NOEFs for C-1 carbon undergoing internal rotation as a function of the
isotropic correlation time for backbone motion at 22.6 (———) and 67.9 MHz
(- ). Di = 1 X 10" s'. The single correlation time model is used (8).
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Poly(n-hexyl methacrylate). Although there is significantly
less motion in PHMA than in PBMA, T] and NOEF trends are similar
for the two polymers. As can be seen in Table III, the Ty's of
C-1 in PHMA at 67 MHz are again ~0.30 sec over the 100° temper-
ature range studied. The T; minima of C-1 and C-CH; occur at a
temperature too high to observe in toluene at high field, but at
low field the relatively shallow minimum again gives a minimum Tj;
which is approximately twice that predicted from a single corre-
lation time model. Also it is interesting to note that the T; of
C-2 at 3° and 67 MHz ia again shorter than C-1, similar to results
for the PBMA system. Comparison of the T;'s at the two fields
reveals that there is still a significant field dependence even
as far as C-6 of the alkyl chain. NOEF trends for PHMA are simi-

Poly (n-butyl acrylate). A study of the relaxation proper-
ties of PBA was initiated for several reasons. There are two
backbone carbons with directly bonded protons; thus the effect of
the side chain on backbone motion might be determined. Also, the
CH carbon should more directly reflect the distribution of corre-
lation times necessary to begin analysis of alkyl sidechain mo-
tion. Finally, the lack of the additional chain-CH3 groups signi-
ficantly loosens motional constraints in PBA. The effect of this
on the overall dynamics of PBA was of interest.

Poly(n-butyl acrylate) T1's and NOEF's are given in Tables IV
and V respectively. Although there is considerably more motion in
this polymer compared with PHMA and PBMA, the same qualitative re-
laxation phenomena are still observed (i.e. low NOEF's and field
dependent Tj's). The T behavior of PBA at a given temperature is
generally similar to that of PBMA and PHMA at 20-30° higher tem-
perature. The Tj's of the backbone carbons are relatively insen-
sitive to temperature, although PBA has apparently already passed
the T} minimum at 40° even at 22.6 MHz. The T properties of the
butyl group are similar to those of the side chains in the other
two polymers, although the field dependence is not as large
(T1 67MHz/T1 22MHz~1.3 compared with X2 for PBMA and PHMA). The
NOEF's of the side chain carbons of PBA, and especially C-4, are
surprisingly low. This may be a result of weighted contributions
from rapid internal alkyl group rotations and overall motion but
this degree of NOEF reduction has not been observed in PBMA or
PHMA.

1,2-Decanediol, 1,2-Hexadecanediol, and 1,2,3-Decanetriol.
Extensive inter- and intra-molecular hydrogen bonding in these
compounds results in motional restrictions analogous to those
present in polymer chains. Unlike the polymers, these polyols
can be readily prepared with a variety of alkyl chain lengths,
allowing us to study the extent of propagation of motional com-
plexities through the chain.

The Ty's of DD are shown in Table VI. Except for the
restricted end of the molecule at low temperature, all the Tj's
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Table IV. L3¢ Spin-Lattice Relaxation Times of Poly (n-butyl
acrylate in 50% (w/w) Solution in TolueneZ,

Carbon 1 2 3 4 CH2 CH
T(°C) Vv (MHZ)

40 22.6 0.98 2.3 3.4 11 0.09 0.25
55 0.95 2.6 4.0 13 0.22 0.56
70 1.4 3.0 5.0 16 0.14 0.52
40 67.9 1.4 2.8 4.0 13 0.22 0.56
55 1.6 3.2 4.4 14 0.23 0.67
70 2.0 4.0 5.5 13 0.26 0.75

% ts in 8, #5-10%

Table v. 13C NOEF's of Poly(n-butyl acrylate) in 50% (w/w)
Solution in Toluene?.

Carbon 1 2 3 4 CH2 CH

T(°C)  V(MHz)

40 22.6 1.0 1.0 0.7 0.23 1.4 1.1
55 1.8 1.6 1.9 0.23 1.1 1.6
70 1.2 1.5 1.4 0.28 1.1 1.7
40 67.9 1.8 1.7 1.8 0.50 0.95 1.3
55 1.9 1.9 1.9 0.61 1.2 1.5
70 1.7 1.6 1.7 0.50 1.3 1.4
a
+10-20%
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are characteristic of those in the extreme spectral narrowing
region. Furthermore, as the temperature is raised, Tl's in-
crease. Although there is significantly more motion for the diol
than there is in the case of the polymers, a dipolar Ty field
dependence is still evident even to the end of the alkyl chain,
which is equivalent to the sixth-eighth alkyl carbon in

poly (alkyl methacrylates). The CH, carbon T} ratio C-9:C-3 is
high, indicative of the high molecular association which occurs
even at 95°. As with the polymers, NOEF's of DD (Table VII) are
still not predicted by simple theroy, although they are larger
and show temperature dependences opposite to that observed for
the polymers at high field. Presumably, the field dependences
observed for decanediol are a result of complex molecular
association and/or micelle formation in these solutions. When
the autocorrelation function becomes nonexponential, the effect
1s propagated along the pendant alkyl chain.

In order to determine the extent of propagation of this
correlated motion, the Tj's of hexadecanediol were obtained
(Table VIII}). The results indicate that the motional character-
istics responsible for field dependent relaxation are present to
C-16 at 75°. This behavior disappears between 80° and 95°. Al-
though it is desirable to extend these measurements to longer
alkyl chains, even for HDD, resolution of C-5 through C,_3 is not
possible, and only composite relaxation curves are obtained.

1,2,3-Decanetriol should show more extensive intermolecular
hydrogen bonding than either DD or HDD. This is consistent with
the significantly shorter T;'s observed for DT relative to DD.
Although the T;'s are only marginally field dependent at best for
the functionalized carbons (except at 50°), it is significant that
T1's vary by as much as a factor of two for the remainder of the
carbons even as high as 75° (Table IX). The NOEF's of DT are all
much lower (NOEFs x1.0 to 1.5) than expected from simple theory
below 95°, where the T; field dependence vanishes and NOEF's
approach 2.0.

Polymer Backbone Motion. Alternate descriptions of molecu-
lar motion utilize an effectively non-exponential autocorrelation
function to describe polymer dynamics. One formalism is the use
of a log—)(2 distribution of correlation times in place of a
single correlation time(l4). Such a description may simulate the
various time scales for overall and internal motions in polymers.

When a log—)(2 distribution is invoked, 13c T1's and NCE's
are affected as in Figures 2 and 3. In those figures, the
parameter p describes the width of the distribution, with small
values corresponding to a broad distribution, and p = ®
corresponding to the single correlation time model.

A wide distribution (p=8) causes the T; minimum to become
shallow, and increases the value of the minimum T} value which
will be observed. The NOEF (Figure 3) is reduced at short cor-
relation times, and larger than expected at long correlation
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Figure 2. Spin-lattice relaxation time, T,, as a function of correlation time, ,
and distribution width, p, for the log-y* distribution (22.6 MHz) (8)
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Figure 3. NOEF as a function of correlation time and distribution width for the
log-x? distribution (22.6 MHz) (8)
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times, when a broad distribution is described. From Figure 4, it
can also be seen that use of a distribution of correlation times
also introduces field dependent behavior for Ty's on the left side
of the T] minimum. These trends are all observed for the polymer
and polyol samples.

The observed and calculated T's and NOEF's of PBMA backbone
carbons are illustrated in Table X. The agreement between the
two sets of numbers is quite good, considering the approximations
that are inherent in the model. Not only the field dependence,
but also the temperature dependence of the relaxation parameters
is predicted quite well.

Distributions of correlation times can also be applied to
the non-polymeric systems. The predicted T1's and NOEF's of the
restricted end of DT, both with and without a distribution in-
voked, are shown in Table XI. In decanediol motion is not as
restricted as in the polymers, leading to shorter T's and
narrower distributions. Analysis of these motionally restricted
backbone carbons yields overall correlation times which can be
used as a basis for further analysis of the pendant alkyl groups.

Pendant Alkyl Chain Motion. Although the relaxation proper-
ties of DT side chain carbons can be predicted qualitatively by
using a distribution of correlation times, this type of motion is
not physically realistic. A more realistic model for the segmen-
tal motion of these pendant groups involves superposition of
separate C-C bond internal rotations and librations on overall
molecular motion. This model works quite well for analyzing
single frequency data. The relaxation times for C-4 through C-7
at 22.6 MHz are accurately predicted by internal C-C bond rota-
tion with diffusion constants D x1x109 (i=1-4) superimposed on
overall molecular motion with T, —5xlO 10 gsec (Figure 5). The
relaxation of carbons, 8,9 and lO are governed by a faster
internal diffusion constant. These same motional parameters do
not predict the relaxation properties at 67.9 MHz (Figure 6).

Better success is achieved by comblnlng a distribution of
correlation times with multiple internal rotations for the alkyl
groups. Calculated relaxation data using this combination for
C-4, 5, and 6 of DT at 50° using various distributions are pre-
sented in Table XII. The single correlation time model (p=%®)
does not predict the T} field dependence and reduced NOEF's that
are observed. An approximate fit of the calculated relaxation
parameters to those observed for C-4, 5 and 6 at 50° can be ob-
tained assuming overall molecular motion to occur with T=5x10"10
sec and D1=D2=D3=lxlolosec_l (the diffusion coefficients for
rotation about the C-3/C-4, C-4/C-5, and C-5/C-6 bonds respec-
tively) with p=8. Similarly the relaxation of the same carbons
at 60° can be approximated with motion described by T=2x10" sec,
D1=D2=D3=1x1010 sec™!, and p=8.

There may be some concern since relatively constant D; values
satisfactorily predict the observed relaxation behavior for
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Figure 4. Spin-lattice relaxation time as a function of correlation time for distribu-
tion widths of p == 8 (-~-)and p = 100 ( ) for 67.9 and 22.6 MHz (8)
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Table XI. Calculated Carbon-13 T]'s and NOEF's of
1,2,3-Decanetriol at 50° Using a Single T or a
Distribution of T's,

Carbon 67.9 MHz 22.6 MHz

T1,s NOEF Ty /s NOEF P fa

1 0.11 1.2 0.08 1.6 b o
0.11 1.8 0.09 2.0 o 2.3
0.11 1.4 0.08 1.7 50 2.3

2 0.17 0.7 0.10 1.4 b o
0.17 1.5 0.14 2.0 L 3.7
0.17 1.0 0.09 1.4 30 4.5

3 0.19 0.6 0.09 1.4 b e
0.19 1.5 0.14 2.0 L 3.7
0.19 1.0 0.09 1.4 30 4.5

T given in units of lO_lOsec.

Experimental values.

e . .
Equivalent to use of a single T.
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Figure 5. NT, as a function of carbon number at 22.6 MHz for the alkyl carbons

of DT. Carbon-3 is assumed to be the effective center of mass: ( ) calculated

using the MIR Theory with a single correlation time; (O) experimental points for
DT at 50° and 22.6 MHz; 7= 5 X 1079,
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Figure 6. Same as Figure 5 except that data is for 67.9 MHz
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several chain carbons. At first glance it appears that methyl,
ethyl, propyl, etc. group rotations are equivalent, a situation
which is not physically realistic. However, for the internal
portion of the chain, there should be little difference in the
ability of the entire length of a n-pentyl or a n-hexyl chain to
rotate. Furthermore, carbon-carbon bond rotations near the site
of restriction do not necessarily involve movement of the entire
remaining portion of the chain; they could involve simultaneous
motion about several carbon-carbon bonds. This type of motion is
probably characteristic of the internal carbons (e.g. C-4 through
C-7 of 1,2,3-decanetriol). Carbons 8and 9 of 1,2,3-decanetriol can
involve rotation of propyl and ethyl groups; their larger dif-
fusion constants probably reflect contributions from this type of
motion. These are only approximations; better fits can be ob-
tained by adjustment of Dj and p parameters but of course such
fitting procedure may lose significance. The fit of C-4 relax-
ation data is not as good as those for the other carbons. This
may result from conformationally restricted motion for C-4, with
gauche interactions for C-5 with the vicinal -OH, and -CH(OH)-
CH,0H group limiting rotation around the C-3/C-4 bond.

Similar extensive calculation have also been performed with
the data from PBMA and PHMA(8). Selected data for C-1 of the
poly(n-alkyl acrylates) are shown in Table XIII. Rather than
trying to closely fit each of the data sets with variable para-
meterization of T, p, and Di, values were chosen to encompass the
relaxation characteristics of the entire temperature range used
in the study. The same insensitivity of T, to temperature vari-
ation observed in the experimental data is also seen in the
calculated data when T is changed by two orders of magnitude
(Table XIII). Even with a relatively narrow distribution (p=50)
a large T; field dependence and low NOEF is observed.

Sample calculations for C-2 are shown in Table XIV. The
experimental conditions for which the calculated and experimental
relaxation data agree are shown in the right columns. For
similar temperatures, the motion of PBMA is freer than PHMA. The
diffusion coefficients for C-C bond rotation increase only slightly
if at all, as the separation from the anchored end of the chain
becomes larger. This trend is observed all the way to C-5 of
PHMA; C-6 is a methyl carbon with higher symmetry, expected to
rotate more rapidly. Although the NOEF behavior of C-2 is not
accurately predicted in Table XIV, the observed NOEF temperature
dependence is probably a result of a mix of various types of
motion analogous to that observed for C-1 (Figure 1).

In view of the large number of parameters which are variable
(p T, and Dj's) the necessity of having at least the four para-
meters (i.e., T;'s and NOEF's at two fields) is imperative, since
in some instances two or more combinations of motional parameters
can closely predict Tj's. Data obtained at three widely spaced
fields would be better. Further, a knowledge of the temperature
dependence of these relaxation parameters is necessary.
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Table XIII. Calculated Methylene Spin-Lattice
Relaxation Times and Nuclear Over-
hauser Enhancement Factors for the
C-1 Carbon

67.9 MHz 22.6 MHz

Disbr ibu- T1,s  NOEF T).s NOEF
tion width?®
P=g

(F=1.3x10"7s)
Dy=1.2 0.24 1.1 0.12 1.1
D1=3.0 0.34 1.1 0.16 1.1
P=20

(T=5.0x10"s)
D1=1.2 0.26 1.3 0.14 1.3
D1=3.0 0.40 1.3 0.21 1.2
P=50

(T=5.0x10" %)
D1=1.2 0.29 1.3 0.15 1.2
D1=3.0 0.46 1.2 0.21 1.0

a . . . . . .
Log ‘X2 distribution assumed: all Dj's are given in units
of 1010 &1,

For PBMA and PHMA. Listed diffusion coeeficients reproduce
observed data for the stated experimental temperatures.
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wWhile incorporation of a distribution is a good solution to
the problem of molecular relaxation in polymeric systems, it is
not unique. Howarth(l7a,b) and Bull(l7c) have invoked librational
motions to explain nmr relaxation phenomena in several peptides
and proteins; however, the initial work utilized many variables.
Recently (17b), Howarth has used this same theory to analyze our
earlier polymer (8) and preliminary decanediol (10) data. By
varying two correlation times, one for overall molecular motion
and one for local segmental motion and using a librational angle
of 8=20° he was quite successful in analysing the data for 1-
decanol, DD, PHMA, PBMA, and random coil poly-y-benzy-L-glutamate.
(It should be noted however that the Howarth treatment is not
entirely satisfactory since even slight adjustment of the varia-
bles can have profound consequences.)

Conclusion

It is evident that simple theories of molecular motion are
not adequate to explain experimental mmr relaxation parameters in
certain polymer systems as well as in some highly associated
small molecules. As field dependent nmr relaxation studies be-
come more widespread, the observation of these relaxation
characteristics will undoubtedly be found more general than is
currently thought.

With the large number of motional theories being touted the
need for multi-frequency relaxation studies becomes critical. At
one frequency most theories can satisfactorily predict the T;
behavior because of the many adjustable parameters. By
initiating multifield and multitemperature T and NOEF studies,
more subtle features of molecular motion can be probed. Although
the motional model used by us is adequate, it may not be the best
model. Indeed, Howarth has had better results with our pre-
liminary data using internal librational motion. This enforces
the need for measuring as many relaxation parameters as possible,
under as many different conditions as possible.
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Use of Pulsed NMR to Study Composite
Polymeric Systems

D. C. DOUGLASS
Bell Laboratorics, Murray Hill, NJ 07974

The characterization of solid polymeric material often
includes the need to characterize the variety of molecular
motions present as well as the molecular and morphological
structure. NMR relaxation measurements have a long history of
application to molecular motion studies of polymers where NMR
data often complements mechanical and dielectric measurements
with a more complete identification of the mobile, or immobile,
entities.

Since many useful commercial polymers are composite in the
sense of being blends, segregated block copolymers, filled
and plasticized material it becomes especially interesting to
be able to identify which component is moving, its spatial
extent and possibly the composition of a region.

The following NMR experiments relating to these questions
were carried out in direct collaboration with Prof. Vincent J.
McBrierty, Dublin University, Ireland. The great help and
influence of several colleagues at the Bell Laboratories who
have a notably active interest in composite materials,1-3
T. K. Kwei, Harvey Bair and Henry Wang in particular, are also
gratefully acknowledged.

While it is clear that molecular structure, molecular
motion and morphology are not entirely separable features of a
material, it is the purpose here to emphasize that NMR
relaxation measurements can, in circumstances where spin
diffusion or cross relaxation becomes partially rate controlling,
be used to glean some pertinent information that may be
assigned to the small scale morphology of polymers. To this
claim one must add the perhaps obvious caveat that conclusions
regarding spatial dimensions are qualitative in nature with
presently available experiments. 1In contrast to solid state
high resolution experiments, it is relatively easy to obtain
reasonably accurate Ty, Tlp and other data, data that often
indicate the presence of spin diffusion. However, it is
usually difficult to achieve better than a very rudimentary
model of systems with complex morphology. With this in mind,

American Chemical
0-8412-05 9§Bé§%7ﬁi 7$05.50/0
© 19801 ggri (é c.nhc .Socu:ty
Washington, D.C. 20036
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148 POLYMER CHARACTERIZATION BY ESR AND NMR

we turn to a brief outline of an appropriately qualitative
line of thought that underties both the visualization of
experiments and the interpretation of data.

The concept of spin temperature is well established and
exploited in solid state NMR.4:32 The notion is based upon two
generally valid features of an immobile spin system.

(1) The spins are very weakly coupled to their molecular
framework compared to the strength of their coupling to the
applied static magnetic field and to applied resonant radiation.
Indeed, resonant radiation can violently and coherently drive
the spin motions and provides the basis for all pulsed NMR
experiments. (2) 1In dense spin systems the strength of
interaction between neighboring spins is also large compared to
coupling to the host molecule or molecular lattice. These two
properties lead to two long-recognized consequences of interest
in this context, and schematically shown in figure 1; (1) the
system of spins may be assigned a temperature different from
that of the host lattice and relaxation may be thought of as
temperature equilibration of the lattice and a spin system

that has been cleverly heated or cooled by application of
resonant radiation and (2) dipolar coupling between neighboring
spins leads to an exchange of energy between neighbors and
hence to movement of energy within the spin system. If a
temperature gradient exists within the spin-system, energy

can move from the hot to the cold regions and this process is
referred to as spin-diffusion, often somewhat of a misnomer
because the energy, not a spin, moves, A somewhat quaint but
graphically appealing visualization of relaxation and
spin-diffusion is obtained by exploiting the analogy between
these processes and the flow of water amongst a system of
interconnected reservoirs, as shown in the schematic diagram

of figure 1.

It is this spin diffusion phenomenon that is used to
provide an estimate of spatial dimensions in motionally
inhomogeneous systems. The idea simply being that observation
of the time required for equilibration of two regions in a
spin system gives a measure of the dimension involved in the
transport process, when the diffusion coefficient is known.

The initial temperature gradients may be established in two
general ways; (1) if some part of the sample relaxes energy
to the lattice rapidly it will cool and act as a sink for the
remainder of the spin system and (2) it is sometimes possible
to selectively heat a part of the sgin system, as in Assinks’
use of the Goldman-Shen experiment. oL

The above qualitative picture will be applied to the
analysis of a model system, normal alkanes, as a test and then
we will proceed to consideration of blends of PSAN and PMMA,

a study of plasticized PVC, an example of cross relaxation in
PVF,; - PMMA blends and finally a brief examination of blended
fibers of PE and PP.
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The long-chain normal alkanes have a crystalline form in
which the terminal methyl groups lie in a plane nearly normal
to the chain axis.8 At low temperatures the methyl group
reorientation provides a rapidly relaxing site and it acts as
a sink for the remainder of the proton spin system.2 Figure 2
shows Ty, data for a series of alkanes as a function of
temperature. If spin diffusion were entirely rate controlling,
the minimum would rise as the square of the number of methylene
carbons, N; if relaxation to the lattice were the bottle neck,
the minimum should rise linearly with N. The data exhibits a
rise of the minimum with the 1.6 or 1.7 power of N, a typically
intermediate case.

Figure 3 shows Ty and Ty data on blends of PSAN copolymer
with PMMA that results from a situation somewhat analogous
to that of the alkanes.l0/1l 1n this case, the concentration
of the methyl groups is altered by changing the concentration
of PMMA in the blend (melt blended). At -100°C the methyl
motion gives a pronounced Ty minimum. The corresponding T
minimum is at 0°C. If mixing is complete on a molecular
scale one would expect a uniform spin temperature to prevail
throughout the sample. Under this condition the observed rate
of relaxation, k, is given by the relation.

= o + o

k kl Nm k2 NQ
N N,
T T

where k)° and k_,° are the intrinsic relaxation rates of
d-methyl and phenyl protons, and Nm/Np and N¢)/NT are the
fractions of a-methyl and phenyl protons. Assuming no excess
volume of mixing, as has been shown to be valid for this
system, 10 one should expect the relation

(7.1 + .88Wl)k =W, [3k

o _ ° + . o
1 1 3.5 k2 ] 3.5 k2

between the relaxation rate at the minima and the weight
fraction PMMA, W), to be obeyed when mixing is complete and
the system is not too dilute in methyl groups. Figure 4
gives T, versus composition. Within experimental error there
is a linear dependence indicating that on the time scale of T
the transport is not rate controlling and the sample appears
to be homogeneous. Figure 5 exhibits an analogous plot of T
data which is clearly concave indicating that, on the
shorter T,, time scale, spin diffusion is partially rate
controlling. If the sgin coefficient, D, is taken to be
approximately 2 x 10-1 cm2/sec., the mean square distance that
spin energy may diffuse in a time like Ty is given by

/'2_=/E'1_K,

1p

ba
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Figure 2. Rotating-frame relaxation data for normal alkanes vs. temperature (9)
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o

or of the order of 150 %. For the T, time scale this
distance is roughly 15 A. Therefore, the blend appears toohave
some inhomogeneous structure of a size between 15 and 150 A.

The results of an attempt to obtain alternative evidence
from the shape of the magnetization decay in the T
experiments is shown in figure 6. If the material is indeed
inhomogeneous one would expect this decay to be a composite
sum of at least two exponentials. For an RF field strength,
Hy, of 10G no evidence of composite character is evident in the
PSAN rich 75/25 sample at ~100°C. However, if Hy is decreased
the intrinsic Ty, of the methyl groups decreases with consequent
relative increase in the role of spin diffusion. The decay
plot for H) = 2G does exhibit curvature. It has been suggested
by Dr. Garrowaylg that a composite decay may also develop as a
result of other mechanisms if H; is sufficiently small.
Therefore, this supporting evidence needs further experimental
attention.

When Hq is much larger than the local dipolar field, the
shape of the Ty, decay depends upon the small scale morphology
of the inhomogegeities. Figure 7 shows the calculated
composite decay resulting from a simple spherical domain having
an exterior sink. Since composite character in the Ty decays
depends upon geometric shape as well as scale, detailed
analysis of these decay curves is challenging. But, in summary,
while the absence of composite character leaves interpretation
ambiguous, the presence of a composite decay strongly indicates
an inhomogeneous system and is a useful tool for study of
such systems.

Plasticized PVC provides an example of an important,
frequently studied, and nominally homogeneous material that has
yet to be fully characterized. X-ray, infrared and earlier
NMR examinations of PVC13-16 have been interpreted as
indicating an inhomogeneous material.

Data has been discussed in terms of crystallinity or
paracrystalinity, without convincing everyone that this is the
correct terminology. Recent heat capacity measurements on
plasticized PVC by H. Bairl? show, among other things, two
glass transitions, and raise a challenge to NMR. At 25°C the
free induction signals of unplasticized PVC, PVC(0), and PVC
plasticized with 17 weight percent plasticizer,lﬁ pvC(17),
show clear differences with PVC(17) apparently exhibiting two
components (figure 8). The rapidly decaying component of the
PVC(17) is very nearly the same as the initial part of the
PVC(0) decay. On raising the temperature to 75°C it becomes
apparent from the data shown in figure 9 that PVC(5) and
PVC (1) also have composite signals and appear to have three
components. The longest component is expected to be plasticizer
and indeed this component extrapolates to the correct relative
intensity for this identification. The shortest component is
little changed from sample-to-sample and seems to be

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 7. Model calculation for spin diffusion to a sink. If Region 2 is a sink
60% of the intensity associated with Region I is in the component with the
largest decay time.
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unplasticized PVC. The intermediate component is then
consistently interpreted as plasticized PVC. Interpretation of
the free induction signal shape as resulting from a superposition
of signals is supported by the observation of composite Ty
decay plots, as illustrated by PVC(17) at 50°C in figure 10.
Figure 11 shows the behavior of T, and Ty, as a function
of temperature for PVC(0), (5) and (17). Resolution of the Tlp
curves into two component decays is arbitrary to a degree,
but provides a means of characterizing the composite character
that is consistent with experimental precision. Despite the
scatter, largely introduced by resolution of the decays when
one component has small intensity, several general conclusions
can be easily be drawn from this data. First, there are two Tlp
minima and each Tlp component shows each minimum to some
degree. This again supports the contention that the plasticizer
is not uniformly incorporated into the PVC and suggests that
spin diffusion is coupling regions of "small" size. Second,
there remains a short component in T,, with decay time nearly
the same as that of PVC(0), in PVC(17) up to temperature (120°C)
where the PVC(0) T, increases. Third, at temperatures above
100°C the intermediate (plasticized) material has the shortest
relaxation time and is acting as a sink for spins in the
plasticized PVC. The data shown in figure 12 makes this last
conclusion more evident and serves to illustrate a widely
applicable use of NMR to identify which component, mobile or
immobile, is associated with a given relaxation process. The
free induction signals following the long Ty, pulse are shown
for three pulse durations. For the 50 Usec. pulse the FID
shows the short, intermediate, and, at long times, off the
plot, the long components. The FID following the 5 msec. pulse
shows only the longest (plasticizer) and immobile component.
The longest component is in all probability largely uncoupled
from the plasticized component by virtue its large T,.
Before leaving the subject of PVC we consider an
experiment designed to indicate the size of the inhomogeneities.
The Goldman-Shen® experiment employs a pulse sequence, shown
in figure 13, that selectively heats spins associated with the
short component of the FID. The spin temperature concept can
be used to visualize this experiment. When the short component
of the FID following the initial 90° pulse is substantially
decayed, a second, -90°, pulse is applied. Magnetization
associated with the longer T, component is returned to its
initial, equilibrium configuration, along the static field and
is little influenced by the two 90° pulses. The magnetization
associated with the shorter T, component is largely destroyed
and after a time long compared to T, it is legitimate to say
that the spins in this component have been heated to a very high
temperature. Subsequent internal equilibration of the spins is
monitored by a third 90° pulse. The data of figure 13 is
obtained by subtracting the short time monitor FID, recorded

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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before internal equilibration has advanced appreciably, from
the monitor FID at longer times. Because equilibration takes
place between the spins and lattice as well as internally, it
is desirable to be able to follow each of these processes.
Since the initial amplitude of the difference signal is not
altered by the internal process it provides the monitor of the
spin lattice relaxation; the change in shape of the difference
signal shows internal relaxation; as indicated by the resolved
schematic signals in figure 13. The salient result of the
Goldman-Shen experiment of PVC(5) at 110°C is that internal
relaxation is nearly complete in a few millseconds, which in
turn implies that immobile regions are very small, exist on a
time scale longer than T2 (20 usec.), and probably longer than
T1p (millisecs). 19

Figure 14 shows Ty, Ty and Tlp data=* for PVF, (Kynar 821)
as a function of temperature. The data are typical of a
semicrystalline material and, in this case, the material shows
an amorphous O transition near 0°C. Thus far we have
considered only energy flow within a spin system. PVF, offers
an opportunity to observe energy exchange between the proton
and fluorine spin systems. This is interesting because of its
bearing on questions regarding the homogeneity of PVF ,~PMMA
blends.20 Like spin diffusion, this exchange of energy
results from dipolar interaction and hence takes place at an
appreciable rate only if the two different spins are neighbors.
Unlike spin-diffusion this exchange does not conserve energy
and does not take place in a rigid lattice, unless the two
absorption lines have overlapping tails. In the presence of
molecular motion, the lattice may make up the energy unbalance
and the exchange can occur. This is illustrated in figure 15
where the cross relaxation rate, O, measured with a Solomon
type pulse sequence,Q}'QE is given as a function of temperature.
Molecular motions associated with the a-transition have an
average frequency near the nuclear difference frequency near
15°C and allow substantial cross-relaxation at this temperature.
Above and below this temperature the average rate of molecular
motion does not match the difference frequency and cross-
relaxation is reduced. Figure 16 shows analogous data for a
PVF,~PMMA blend. In brief, the increased cross-relaxation rate
near -40°C, where the average frequency for the PMMA-Qg-methyl
group approximates the nuclear difference frequency, is taken
to mean that either the fluorine nuclei have large numbers of
these methyl groups as near neighbors or that the molecular
motion of the PVF, molecules is substantially altered in the
blend by the presence of PMMA molecules. In either case, the
conclusion reached is that the blend is indeed homogeneous on
a molecular scale in a substantial part of the amorphous
regions.
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A contrasting example, where NMR supplies evidence that
the components are not mixed, is provided by PE, PP blended
fibers prepared by a "surface growth" technique.zé Figure 16
shows T, data as a function of temperature for the fiber
blends agd the pure components. The plot appears to exhibit
a large amount of scatter in the data, again resulting from
resolution of Ty decay curves into more than one component.
However, in the gost important temperature regions, near
minima, where one component dominates the relaxation behavior
this resolution is less difficult and it becomes evident that
the blend data closely corresponds to a superposition of the
uncoupled, or slightly coupled, relaxation data for the
individual components.

Literature Cited

1. Nishi, T., Kwei, T. K. and Wang, T. T., J. Appl. Phys.,
1975, 46, 4157.
2. Nishi, T., Wang, T. T. and Kwei, T. K., Macromolecules,
1975, 8, 227.
3. Wang, T. T. and Sharpe, L. H., J. Adhesion, 1969, 1, 69.
4, Slichter, C. P., "Principles of Magnetic Resonance,”
Springer-Verlaqg, Berlin, 1978, p. 188.
5. Goldman, M., "Spin Temperature and Nuclear Magnetic
Resonance in Solids,™ Clarendon Press, Oxford, 1970.
6. Goldman, M. and Shen, L., Phys. Rev., 1966, 144, 321.
7. Assink, R. A., Macromolecules, 1978, 11, 1233.
8. Robertson, J. M., "Organic Crystals and Molecules,"
Cornell U. Press, 1953.
9. Douglass, D. C. and Jones, G. P., J. Chem. Phys., 1966,
45, 956.
10. Naito, K., Johnson, G. E., Allara, D. L. and Kwei, T. K.,
Macromolecules, 1978, 11, 1260.
11. McBrierty, V. J., Douglass, D. C. and Kwei, T. K.,
Macromolecules, 1978, 11, 1265.
12. Garroway, A. W., comment subsequent to ACS Symposium talk.
13. Lemstra, P. J., Keller, A. and Cudby, M., J. Polym. Sci.,
1978, 16, 1507.
14. McCall, D. W. and Falcone, D. R., Trans, Faraday Soc.,
1970, 66, 262.
15. Davis, D. D. and Slichter, W. P., Macromolecules, 1973,
6, 728.
16. Reding, F. P., Walter, E. R., Welch, F. J., J. Polym. Sci.,
1962, 56, 225.
17. Bair, H., Private communication.
18. Material used in GEON 103EP, MN = 195,000, MN = 64,000.
Plasticizer is diisodecylphthalate. Samples also contain
5% lead phthalate stabilizer.
19. McBrierty, V. J. and Douglass, D. C., Macromolecules,
1977, 10, 855.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



168

20.

21.
22.

23.

24,

POLYMER CHARACTERIZATION BY ESR AND NMR

Douglass, D. C. and McBrierty, V. J., Macromolecules,

1978, 11, 766.

Solomon, I., Phys. Rev., 1955, 99, 559.

Solomon, I and Bloembergen, N., J. Chem. Phys., 1955, 25,
261.

McBrierty, V. J., Douglass, D. C. and Barham, P. J.,
submitted to J. Polym. Sci.

McBrierty, V. J., Douglass, D. C., Webber, T. A., Journal
of Polymer Science, Polymer Physics Edition, 1976, 14, 1271.

RECEIVED June 18, 1980.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



Multiple-Pulse NMR of Solid Polymers:
Dynamics of Polytetrafluoroethylene

A.D. ENGLISH and A. J. VEGA

E. I. Du Pont de Nemours & Co., Inc., Central Research and Development Department,
Experimental Station, Wilmington, DE 19898

Previous studies of polytetrafluoroethylene (PTFE) by
conventionall=3 and multiple pulse WMRE-E have given some
insight into the different types of polymer motion that are
present in both crystalline and amorphous regions. Multiple
pulse NMR studies have determined that 19F chemical shift
spectra of fluoropolymers can be obtained®, that the principal
values of the chemical shift tensor can be determined in a
randomly oriented sample§, and additionally that the orientation
of the chemical shift tensor with respect to a molecular axis
system can be determined for an oriented sample.l However, these
previous studies did not address themselves to the use of
multiple pulse NMR to determine crystallinity or to observe
various motions and/or relaxations. We have recently shownd
that 19F chemical shift spectra obtained using multiple pulse
techniques can be used to determine crystallinity and to
directly observe general types of macromolecular motions in
polycrystalline PTFE. Our present results demonstrate that
chemical shift spectra obtained using multiple pulse techniques
can be used to obtain well defined values of polymer crystal-
linity that correlate well with other measurements and when
combined with relaxation measurements can be used to directly
detect macromolecular motions in both crystalline and amorphous
regions in randomly oriented samples.

Results

Variable temperature (-150° to +350°) chemical shift
spectra have been obtained for melt-recrystallized samples of
PTFE. The NMR spectra were acquired using the REV-8 sequencel
which consists of a long train of closely spaced, high power rf
pulses of fixed width, and varying in phase in a cyclical
fashion. The cycle consists of eight T/2 pulses. The total
cycle time used was 43.2 usec with a shortest spacing between
pulses of 3.6 usec. The nominal resonance frequency was 84.6

0-8412-0594-9/80/47-142-1693%05.75/0
© 1980 American Chemical Society
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MHz, a T/2 pulse was 2.2 usec and the data were acquired with
the carrier frequency below resonance (the rhs of the spectrum
in each figure). These spectra may be used to determine poly-
mer crystallinity and to determine various kinds of macromole-
cular motion. Also sEin-lattice relaxation times in the rf
interaction frame (T§xg) in addition to conventional T; and Tlo
relaxation times have been measured to help elucidate the
various mechanisms responsible for the observed chemical shift
line shapes.

Chemical shift spectra of PTFE obtained at 259° are shown
in Figure 1. These lineshapes, for three different samples of
varying crystallinity, may be seen to be a linear combination
of two lineshapes: one is characteristic of an axially
symnetric powder pattern and the other of an isotropic chemical
shift tensor. At this temperature these two lineshapes differ
greatly and may be numerically decomposed.

In Figure 2, these lineshapes are decomposed into the
isotropic lineshape and the axially symmetric powder pattern
lineshape. This same procedure was used for eight samples.

The narrow component corresponds to the amorphous fraction of
the polymer and the axially symmetric powder pattern to the
crystalline fraction of the polymer. Moreover, the amorphous
as well as the crystalline line shapes extracted from samples
of different crystallinity are essentially identical, which
indicates that the structure and dynamics in the crystalline
and amorphous fractions are independent of the degree of
crystallinity.

The relative contributions to the intensity of a com-
posite line shape are thus a measure of the degree of
crystallinity of the PTFE sample. The crystallinities thus
determined are compared to values determined by densitylgv 11
measurements in Figure 3. These results indicate an excellent
correlation between crystallinities measured with the two
techniques; however, the agreement is not absolute, which is
not unusual when comparing values of crystallinity measured by
different techniques which use different criteria for
crystallinitylz.

Decomposed chemical shift spectra 29 of melt-recrystal-
lized PTFE at three temperatures (Figure 4) illustrate that both
the crystalline and amorphous regions of the polymer undergo
dramatic lineshape changes over this temperature range. The
amorphous lineshape (left side of Figure 4) is completely
asymmetric at the lowest temperature and at sufficiently high
temperatures becomes symmetric; the crystalline lineshape is
also asymmetric at the lowest temperature but retains axial
symmetry to at least 259. In fact, the crystalline lineshape
remains axially symmetric to very near the melting point (327°).
Addittonally, the crystalline and amorphous lineshapes have
very nearly the same lineshape at the lowest temperature (the
lineshapes are invariant to temperature below -128) indicating
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Figure 1. F-19 REV-8 chemical shift spectra of PTFE samples of varying
crystallinity obtained at 259°C. The total width of the spectra is about 17 kHz.
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Figure 2. F-19 REV-8 chemical shift lineshapes of a 68% crystalline PTFE
sample at 259°C and decomposed lineshape of the amorphous and crystalline
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samples as determined from decomposition of chemical shift lineshapes vs.
crystallinities determined from density measurements
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that in the slow motion limit the environments of the amorphous
and crystalline regions are essentially indistinguishable. The
figure also gives the 3 principal components of the chemical
shift tensor as o,, = 178 ppm, Oyy = 141 ppm, O,, = 41 ppm with
respect to CFCl3.

A more complete set of decomposed lineshapes (Figure 5)
allows us to make more detailed conclusions about the macro-
molecular motions in the crystalline and amorphous regions. The
crystalline lineshape is seen to retain the asymmetric lineshape
until ~10° and to reach a completely axially symmetric lineshape
by ~30°. The crystalline lineshapes are amenable to a detailed
study of the rate at which the lineshape changes from asymmetric
to axially symmetric. Figure 5 shows small temperature incre-
ments during which the crystalline lineshape undergoes this
transformation. The temperature dependence of these lineshapes
can be simulated by a model of rotational diffusion about the
chain axis and these calculated spectra are also shown in
Figure 6. The temperature dependence of the rate of this process
is shown as an Arrhenius plot in Figure 7 and the calculated
least squares fitted activation energy is 48t1l1 kcal/mole (95%
confidence limits).

The amorphous lineshape becomes axially symmetric by -60°
and then begins to collapse into a symmetric lineshape. The
transformation of the amorphous lineshape from asymmetric to
axially symmetric is imprecisely defined because the process
which transforms it into a symmetric lineshape becomes dominant
before the lineshape becomes completely axially symmetric.
Figure 8 shows in detail representative amorphous chemical shift
lineshapes as a function of temperature.

Figure 9 gives values of Tj, and T§£¥ for one of the
samples as a function of temperature. Both the Ty, and Tjiy,
data show two components in the relaxation data below 30°C.
Above 30°C the relaxation decays are singly exponential.

The fractions with the long and short relaxation times repre-
sent the crystalline and amorphous phases, respectively.

The amorphous T§§¥ and Ty minima occur at approximately
the same temperature where the amorphous lineshape narrows into
an axially symmetric pattern, indicating that these phenomena
are related to the same macromolecular process. The crystalline
T%Eg and Ty, relaxation times approach a minimum at 30°C, which
is clearly related to the lineshape changes shown in Figure 6.

The single exponential T§£¥ and Tip decays above the first
order phase transition at 30°C are not accompanied by related
chemical-shift lineshape changes: the crystalline line shape
does not change and, as we will explain shortly, the narrowing
of the amorphous lineshape at high temperature cannot be
directly related to the observed relaxation times. Most peculiar
is the fact that, although the crystalline and amorphous line
shapes are significantly different at higher temperatures, the
relaxation times in the rf interaction frame are identical in
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decomposition of experimental spectra.
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the two phases. This probably indicates that the same dynamical
process dominates the relaxation rate in both phases.

The lineshape of the amorphous fraction (shown in Figure 8)
is seen to be changing from that of a chemical shift tensor of
axial symmetry at -38°C to one with spherical symmetry near the
melting point. Hence, the anisotropic reorientation at low
temperatures gradually changes into an essentially isotropic
reorientation at high temperatures. As is often the case with
magnetic resonance lineshape phenomena of this kind, one might
suppose that this isotropic motion already exists at a slow
rate at the lowest temperatures and that the increase of the
rate with increasing temperature is reflected by the variations
in the lineshape. 1In the case of the amorphous lineshapes,
this would imply that above 50°C the lineshapes were Lorentzian
and homogeneously broadened (fast motion 1limit). However, this
would also imply that the relaxation time T%EV be equal to the

inverse half width of the Lorentzian line. Ince in our case
T§§¥ is two orders of magnitude longer than the inverse line

width, we must conclude that the lineshapes are inhomogeneously
broadened. The correct description of the amorphous lineshapes
is that reorientational motion takes place at a rate fast
compared to the chemical shift range in question (10 kHz) and
that the angular amplitude rather than the rate of this motion
grows with increasing temperature until essentially isotropic
motion is achieved at the melting point.

Discussion

PTFE is known to undergo two crystalline first-order trans-
itions at 19° and 30° and three viscoelastic relaxations have
been observed. The temperature dependence of the relaxations
(0,B,Y) as determined by dielectric and anelastic measurements
is shown in the relaxation map of Figure 10 along with the
temperatures of the crystalline phase transitions (vertical
dotted lines).l13, 14, ié Also indicated in Figure 10 are the
results of rotational diffusion rates obtained in this study.
The Y relaxation is thought to occur in the amorphous regions
and has an activation energy E; = 18 kcal/mole.1l0 The B
relaxation occurs in the crystalline regions and is related to
reorientation about the chain axis and has E; = 34 kcal/mole.10
The o relaxation has an E; = 88 kcal/molelQ and may involve the
crystalline and/or amorphous regions.

The chemical shift lineshape changes observed for the
crystalline fraction of melt-recrystallized PTFE from "“14°C to
n28°C (Figure 6) are due to reorientation about an axis
essentially parallel to (o (which is tilted ~12° from the
molecular chain axis). The temperature dependence of the line-
shape changes can be simulated as an increase in the rate of
rotational diffusion about this axis (Figure 6) and this process
has an activation energy of 48111 kcal/mole. In addition, the
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Figure 10. Relaxation map of PTFE.

The full lines indicate the approximate temperature dependence of the a, B, and y
relaxation frequencies determined by dynamic mechanical and dielectric measurements
4, 21) ( ). Two branches have been observed in the [ relaxations: M(dynamic
mechanical and dielectric data) and D(dielectric data only). Crystalline phase transitions
are represented by (———); the results of this work (@ ). The points near 19°C represent
the rotational diffusion rate of the molecules in the crystalline regions (see Figure 9). The
points at —50° and —80°C are based on the T, *%Y and T, miniina and the amorphous
chemical shift lineshapes, respectively (see text).
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Ty, and T%EZ relaxation data show minima near 30°C where the
rotational diffusion rate is approximately equal to the effec-
tive spin locking field. These three facts indicate that the
process responsible for the lineshape changes in crystalline
regions is a relaxation process that can be described as a re-
orientation about the chain axis that increases in rate with
increasing temperature. This process is clearly the B8 relax-—
ation. The relaxation rates determined by NMR are in good
agreement with some of the previous dielectric results (Figure
10). The activation energy found from these NMR results is
also in good agreement with some of the dielectric results but
disagrees with the often quoted value of 34 kcal/mole.

The lineshape changes observed for the amorphous fraction
of the polymer between -128° and -60° (Figure 8) indicate some
type of relaxation whose origin is similar to that just
described. It appears that this process involves reorientation
about the local chain axis and the rate of this process is
v 0.1 kHz at v -80°C. The relaxation data of Figure 9 are
consistent with this explanation and indicate that the rate of
this motion is v 30 kHz at -50°C. However, this process is
coupled with a higher temperature process (see below) and does
not give definitive lineshapes which are amenable to lineshape
analysis. We can estimate that this relaxation has an acti-
vation energy of 16*5 kcal/mole. Therefore, we conclude that
the process responsible for these results is the Yy relaxation.

The relaxation times shown in Figure 9 indicate that from
-128° to 300° only two minima are observed. These two minima
are associated with the Y and B relaxations previously observed
in anelastic and dielectric measurements. We see no evidence
of any other relaxations on the time scale of Tlp and T%E
(10-100 kHz). Therefore, these NMR epxeriments as well as con-
ventional NMR experimentsi do not detect the o relaxation.
Furthermore, the reorientational motion of the amorphous chain
direction (see below) cannot be identified with the o relax-
ation since this motion involves rates faster than 100 MHz below
room temperature while the o relaxation is slower than 1 Hz
below 100°C. The absence of any evidence for the a relaxation
in these NMR experiments indicates that the a relaxation does
not correspond to the motions associated with the B or Y relax-
ations or chain axis reorientation in either the crystalline
regions or the amorphous regions (see below), but may be
related to some type of chain translation in either the amorphous
or crystalline regions.

It is clear from the chemical shift spectra that the only
process observable in the crystalline regions from -128° to +320°
(near the melting point) is reorientation about the chain axis.
Translational displacements along the chain axis in well- ordered
crystalline regions (which have been previously observedd3d —=2)
would not give rise to any observable change in the chemical
shift spectra. However, the chemical shift spectra of the
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amorphous regions indicate that considerable motion occurs bi
-40° that is not seen by the relaxation measurements (Tl V
and Ty) and is not identifiable with the a, B, or ¥y relaxatlons.
The molecular motion responsible for the observed lineshape
changes in the amorphous regions above -40° cannot be attributed
to a relaxation process in which the increase of the rate of the
molecular motion with temperature is responsible for the line-
shape effects.

The rate of the molecular motion responsible for the
observed amorphous lineshape changes above -40° must be much
less than or much greater than 1-10 kHz (TREV) and much less
or much greater than 100 MHz (Ty) from -40 5 to 260°CL® since
no minimum was observed in the relaxation data. In additdion,
the rate must be >1-10 kHz to cause the observed lineshape
changes. Therefore, the rate must be greater than 100 MHz. (At
these temperatures, the rate of the o relaxation is <<1 Hz).
These considerations lead us to conclude that the process
responsible for the observed lineshape changes may be idealized
as one in which the rate of the motion is fast (>100 MHz) at
all temperatures (-40°C to 260°C) and the amplitude of the motion
grows as a function of temperature. Since the chemical shift
lineshape is nearly axially symmetric at v -68°C (due to rapid
reorientation about the local chain axis), we can describe this
motion whose amplitude grows with temperature as reorientation
of the local chain axis.

The reorientation of the local chain axis gives rise to the
partial narrowing of the amorphous REV-8 spectra and is of a
random nature. In a short period of time, a particular segment
of the macromolecular chain assumes a distribution of directions
which deviate from its orientation at rest. 1In analogy to the
description of molecular ordering in liquid crystals—-, we use
the concept of a local order parameter for the quantitative
characterization of the extent of these fluctuations.

In liquid crystals, the order parameter, SB’ is a well-
defined parameter for the cheracterization of NMR spectra where
very fast reorientational motion of the molecules gives rise
to a uniform scaling (with a factor SB) of spectral quantities
such as nuclear dipolar splittings.l] -19 This uniform scaling
is obtained in liquid crystals because the following three
conditions are satisfied: (i) The term in the nuclear spin
Hamiltonian being averaged by the fast motion is proportional
to (3cos26-1), where O is the angle between the magnetic field
Ho and an instantaneous molecular vector T (See Figure 11).

(ii) The distribution of the orientations sampled by the vector
T during the motion is axially symmetric with respect to a
local director d. (iii) All the molecules in the sample
reorient identically, i.e. the distribution P(B) of the angles
B between the instantaneous molecular vectors T and their local
average direction d is the same for all molecules. Since the
motion is very fast, an NMR spectrum is observed which is
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proportional to the average value <3cos28-1>, and if the above
conditions are fulfilled we have the relationship

<3cos26-1> = SB(cosze'—l) (1)
where SB = 1/2 <3cos?Bg-1>
/1/2(3cos28-1)P(B)sinBdB,

T? (8) sinBdB 2
0' being the angle between the director d and the magnetic
field H. N

In the amorphous regions of PTFE we identify d with the
time average of the local chain direction and ¥ with its
instantaneous direction. Since the torsional motion about
the chain axis above -68°C is such that we retain effective
axial symmetry of the chemical shift with respect to the
molecular chain axis, we do have the angular dependence required
by condition (i):

c=o0, + 1/3Ao(3c0528-l) (3)

1SS0
where o, = 1/3(oll + 20)) (4)
Ao = OH_OL (5

If the conditions (ii) and (iii) were also satisfied, we would
have observed a line shape corresponding to an axially symmetric
chemical shift tensor to near the melting point and we would
have calculated an unambiguous value for the order parameter
from

SB(T) = Ao(T) / Ao(To), (6)

where Ao(T) is the line width at temperature T, and T, is the
temperature at which the amplitude of the motion is effectively
zero. However, as can be seen in Figure 8, the lineshape is
essentially symmetric above 50°C. This is most likely due to
the facts that the chain bending motion 1s not really
symmetrically distributed about the director, and that molecules
in different sites of the polymer have different amplitudes of
motion, giving rise to a distribution of order parameters.
Nevertheless, we feel that the observed width of the narrowed
line is very closely related to an order parameter which
corresponds to some kind of average value for Sp = 1/2<3cos2
B~1>. Experimental values for A0 were obtained by least-squares
curve fitting of the amorphous lineshapes at temperatures above
-40°, to an axially symmetric chemical shift tensor. From these
values Sg was calculated with Equation (6), where A0(T,) was
taken as the Ao of the crystalline spectra above room temp-~
erature. Figure 12 gives the temperature dependence of the local

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



9. ENGLISH AND VEGA Dynamics of Polytetrafluoroethylene 185

-

- d, DIRECTOR
H
—
r, INSTANTANEOUS
MOLECULAR
DIRECTION
Figure 11. Definition of angles describ-
ing the relative orientations of the magnet-
ic field (H), the instantaneous molecular
direction ((3 and the average molecular
direction in a dynamically disoriented
svstem. In amorphous PTFE 7P represents,
PO S >
the instantaneous chain direction and d
the local director.
1.0~ T T T T

osf- \

0.6}

N
N\

il 4, r .

0.0 2 PP BRI G PN
-50 0 50 100 150 200 250 300 350

TEMPERATURE (°C)

Figure 12. Temperature dependence of the local-order parameter, S, of the
fluctuating chain directions in the amorphous regions of PTFE (O) and a TFE/
HFP () copolymer

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



186 POLYMER CHARACTERIZATION BY ESR AND NMR

order parameter obtained in this fashion for the amorphous
regions in PTFE and in a TFE/hexafluoropropylene copolymer.

We can now speculate as to the molecular nature of this
reorientational motion of the PTFE backbone in the amorphous
state. We assume that our experimentally determined order
parameters closely represent the average value of 1/2<3cos?B-1>
of all the molecular chains in the amorphous regions, i.e., we
ignore a distribution of order parameters and the effects of
nonaxially symmetric deviations from the local director.

Two models for the dynamic distribution of angular dis-
placements B are considered. The first is a Gaussian dis-
tribution, P(B) «exp(-B82/2B820), which is characterized by an
rms angle or standard deviation Bo. Substitution of this
expression for P(B) in Equation (2) grovides the dependence
of the temperature dependence of Bol8. These results are shown
in Figure 13. It is seen that the magnitude of the angular
disorder in the amorphous regions at the crystalline melting
point is of the order of 60°.

The temperature dependence of the standard deviation of
the fluctuations can be related to the potential energy
required to introduce disorder into the polymer chain. Figure
13 shows a linear dependence of log Be on 1/T over a fairly
large temperature range. This suggests that higher energy
chain conformations are populated according to a Boltzmann dis-
tribution. From the slope of the line in Figure 13 we deduce
a potential energy difference AE = 1.2 kcal/mole for the
creation of local disorder in the backbone of amorphous PTFE.

A comparison of this AE to values predicted by the four state
rotational model of Bates and Stockmayer2Q (where t*t* is the
ground state) shows reasonable agreement with their values

for tfgt defects (AE = 1.4%*0.4 kcal/mole) or t¥t* defects

(AE = 1.1#0.7 kcal/mole). In addition, this value for the
potential energy difference is essentially identical to that
found from infrared studies of PTFE, which postulated the
existence of helix reversals (tif;).gl‘ll However, since
helix reversals are unlikely to be responsible for large
reorientations of the chain axis, the motion that we observe is
more likely due to tigi defects. On the other hand, our model
of a continuous Gaussian distribution 1s obviously not
compatible with discrete conformational changes in the backbone.
Instead, it may possibly be related to large amplitude anhar-
monic vibrations. Indeed, we have established that the macro-
molecular motion is of a high frequency (>v100 MHz). This
vibration could be a perturbed longitudinal acoustic mode and
may be detectable with Raman spectroscopy at low temperatures
where the concentration of defects may be small enough so as
not to cause the Raman band to be so broad as to be unobserv-
able.24, 25
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Figure 13. Temperature dependence of the rms value of a Gaussian distribution
of the amplitude of chain axis fluctuations in the amorphous regions of PTFE
(1.2 kcal/mol) and a TFE/HFP (5.0 kcal/mol) copolymer
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Another model to explain the growing dynamic disorder with
increasing temperature is directly related to the creation of
gauche conformations in the predominantly trans—configuration
PTFE chain. In this model, the angle B can have essentially one
of two distinct values: B, = 0 in the case of an undeformed
chain, and B = B, in parts of the chain that are bent away from
their original direction due to the criteria of a kink. An
analysis of the PTFE molecular geometry shows that By = 56°%4°
for a trans-gauche conformational change.z’ 15 1f the number
of CF, groups in kinks is p times the number of CF groups in
undeformed parts of the chain, then

Sg = [1/2(3cosBe-1) + p1/2(3cos B, -1)1/(1+p)

~ 1/(1+p).

We again stress that this relationship has rigorous physical
meaning only if the distribution of local kink orientations
has cylindrical symmetry about the director; nevertheless, it
may provide a semi-quantitative relationship between the REV-8
lineshape and the concentration of chain deformations if the
process is at least of a highly random nature. If the ratio p
changes with temperature according to a Boltzmann factor, we
expect the quantity

(l—SB)/SB ~ p " exp(-AE/KT)

to reflect this temperature dependence. Figure 14 shows a
surprisingly good agreement with this model. The corresponding
potential energy for the creation of chain kinks is AE = 3.3
kcal/mole. This is more than twice the value of 1.4 kcal/mole
predicted by Bates and Stockmayergg for the introduction of a
gauche conformation and may be due to the fact that a kink
requires at least two gauche conformations in order to maintain
the overall chain position in the polymer matrix.

Additionally, a Reneker2® type defect is suggested by the
potential energy difference found for this second model since
the calculated energy required for the formation of this type
of defect in amorphous polyethylene is =4 kcal/mole26 (poly-
tetrafluoroethylene should be similar). This defect model is
also attractive in that it provides a mechanism for establishing
a correspondence between the chain axis translation observed in
crystalline PTFE by x-ray2/ (which is consistent with our
results) and a translation (longitudinal motion) of the local
chain axis in the amorphous regions ("reptation”).28 Since the
chain axis is "straight" in the crystalline regions but not in
the amorphous regions, segmental reorientation occurs only in
the latter and is reflected in our results. We find this an
attractive possibility, because it explains why we observe the
same Tqg and TREV relaxation times for the amorphous and the
crystalline signals above 30°C.
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Figure 14. Temperature dependence of p = (1 — Su)/Ss, Ss being the local-order
parameter in the amorphous regions of PTFE. This quantity is related to the
population of kinks (sec text). N\NE = 3.3 kcal/mol.
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Variable-Temperature Magic-Angle Spinning
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It is now well-established (lfé) that 13C NMR spectra in which
resolution approaches that of the liquid state can be obtained for
solid hydrocarbon polymers by employing a combination of
resolution (dipolar decoupling, DD, and magic-angle spinning, MAS)
and sensitivity (cross-polarization, CP) enhancement
techniques (6-8). Although initial studies on solids by L3¢ »wr
have been carried out almost exclusively at ambient temperature,
full exploitation of this spectroscopy requires variable
temperature capability. This 1s particularly true of
macromolecules since their physical properties are strongly
influenced by temperature. Thus, the accessibility of variable
temperature magic-angle spinning, VT-MAS, makes feasible the
investigation of structural and motional features of polymers
above and below T, and in temperature reglons of secondary
relaxations. In this paper, we describe a spinner assembly
suitable for routine operation over a wide range of temperature
and report initial low temperature spectral data on several
polymers, but with emphasis on fluoropolymers.

Background to Magic Angle Spinning for 13c NMR in Solids

Preliminary to the description of the VT-MAS assembly, we
describe briefly the function of MAS in the combined
resolution/sensitivity enhancement experiment for solids.

! Mailing address: Guelph—Waterloo Centre for Graduate Work in Chemistry,
University of Guelph, Guelph, Ontario, Canada N1G2W1,
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Briefly, the chemical shift is a second-rank tensor which, because
of rapid molecular tumbling, is averapged to its 1isotropic value,
i.e., 1/3 the sum of the principal elements, in solution. In a
polycrystalline or amorphous solid, the orientation dependence of
the chemical shift 1s not averaged-out and as a consequence can
result in broadening of a resonance line. In particular, unless
the electronic shielding of a nucleus is spherically symmetric,
the chemical shift of the nucleus will depend on the orientation
of the principal axes of the shielding tensor with respect to the
magnetic field direction. The NMR spectrum of a powder then
consists of a superposition of lines encompassing the frequency
range between the maximum and minimum values of the shielding - in
essence, a powder pattern. The calculated lineshapes for an
isotropic probability distribution (powder) of tensor orientations
for uniaxially symmetric and non-axially symmetric tensors are
presented in Figure 1 (6). The principal values of the shielding
tensor, 8, can be obtained directly from the spectrum as
indicated. 1In Figure 1 are the respective carbon-13 spectra of
solid benzene (at -40°C) and a highly crystalline poly(ethylene),
PE, obtained under dipolar-decoupled conditions. At -40°C, the
rapld reorientation of the benzene ring about the six-fold axis
reduces the shielding tensor to one of axial symmetry. The
non-axial symmetry of the shielding in PE 1s quite apparent.
Knowledge of the principal elements of & and of the effect of
temperature (and thereby molecular motion) on the shape and width
of the powder pattern provides a source of important information
on a molecule. Benzene and PE (i1f chain ends are ignored)
represent systems in which there is only one carbon resonance; in
the more general case, where a molecule or polymer repeat unit
possesses several magnetically-inequivalent carbons, the
anisotropy in the chemical shielding will usually give rise to an
NMR spectrum composed of overlapping powder patterns which make it
virtually impossible to extract structural information in any
straightforward manner. To obtain a more highly resolved spectrum
requires the averaging of the various carbon shielding tensors in
the solid state.

The required averaging can be induced by utilizing the
magic-angle spinning technique introduced into NMR by Andrew (9)
and Lowe (10) to attempt removal of dipolar interactions in
solids. (The removal of C-H dipolar interactions is accomplished
by proton~decoupling for the case of 13¢ NMR in solids.) The
expression for the chemical shift of a nucleus i with principal
shielding elements 0431, 012, 043 and with direction cosines
between the principal axes of & and Hpy, Ai1, Ai2, A3 is given
by (9)

2 2 2
Ot2z = M1%1 * M2%2 * Ai3043 - (1)
If the solid sample in which i is resident is rotated at angular
velocity wy about an axis inclined at an angle B to Hp and at
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angles ¢47, $i2, $i3 to the principal axes of 8, the direction
cosines become

3
5;& Xik = cosScos¢>:,Lk + sinSsin¢ikcos(wrt+Xik) , (2)

where Xjx is the azimuthal angle of the kth principal axis at t=0.
Substitution of (2) into (1) and taking the time-averaged yields

3
- 2 2 2
= - 3
O pz 1/2sin S(Oil+012+ci3) + 1/2(3cos B-1) kél 04108 ¢ik . (3

I1f 8 is the magic angle (54.7°), (3) reduces to

Oypp = l/3(oil+o

127933) > )
which is the average value obtained in fluids. The result holds
for all nuclei in the sample irrespective of the initial
orientation of the principal axes of 8 with respect to Hy and to
the spinning axis.

In the first approximation, in order to remove line broadening
due to shielding anisotropy the spinning frequency should be fast
compared to the anisotropy expressed in frequency units or
equivalently to the frequency range encompassed by the powder
pattern. Typical shift anisotropy values for aliphatic carhons
are 15-50 ppm while for aromatic and carbonyl carbons values of
120-200 ppm are observed (6). These data reflect the larger
directional variation in electron density (and hence shielding)
associated with multiple bonds. At an applied field of 1.4T, the
anisotropy for aromatic and carbonyl carhons translates to
ca. 1.8-3 kHz. Thus, spinning speeds greater than 3 kHz would
lead to removal of the broadening.

Spinning Apparatus

Two main techniques have been used to produce the high
spinning rates required for MAS, one in which the rotors are
supported by gas bearings and the other in which rotors are
supported by an axle assembly. The latter design, due to
Lowe (10), usually employs a cylindrical rotor which spins on a
horizontal axle of phosphor-bronze. The rotor is driven by
compressed gas directed from a jet onto peripheral vanes on the
rotor's exterior. The gas bearing design, pioneered by Beams and
adapted to NMR by Andrew, requires a stator/rotor assembly with
the rotors having a conical underface and a cylindrical stack (see
Figure 2). Compressed gas enters the stator through an inlet tube
and is directed through inclined jets onto the rotor's flutes.

The rotor is thus supported and driven by the gas. The advantages
of the Lowe design are the ease of loading the sample cylinder
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into the rf coil of the probe, ease of reaching the magic angle,
and ease of adapting the assembly to varilable temperature
operation (12). Disadvantages of the design include rapid wear of
the rotor (a polymer) by the axle, sensitivity of spinning to
rotor balance, and the small filling factor of the rf coil volume
by the sample. The advantages of the gas bearing design are
reduced wear, less sensitivity to rotor balance, and a good
filling factor as the cylinder stack fits precisely into the coil
(the cone of the rotor is outside the coil) which is canted at the
magic angle rather than normal to the d.c. field. At this angle,
the amplitude of the perpendicular component of Hj is 0.816 Hj.
This results Iin a voltage induced by transverse magnetization
reduced by the same factor. The loss in S/N is compensated (under
MAS conditions) by the better filling factor relative to a
perpendicular arrangement.

The spinner assembly we have employed is a new design (due to
Fyfe, Mossbruger and Yannoni (13) whose characteristics represent
something of a compromise of the two above-described techniques.
The general philosophy behind the design is to provide for
(1) ease of sample loading and operation using conventional
designs of probes, and (2) for temperature variation.

The spinner assembly is shown schematically in Figure 2. The
apparatus consists of four parts: holder, stator, rotor, and
cover. The stator is threaded to the holder and the gas line (in
the case of ambient temperature experiments) attached with a press
fit. The rotor is inserted into the stator cup and the cover
sleeve fitted over the stator. The general arrangement of stator
cup and rotor is similar to that of Andrew (9). The gas flow
enters the conical "donut shaped" cavity behind the stator cup
(which is sealed to the outside by the sleeve), is directed toward
the rotor through three small tangential holes (two of which are
shown in the diagram) drilled through the stator cup, and impinges
on the rotor. (The arrangement of rotor flutes and stator holes
is such that a clockwise movement of the rotor is produced.) The
exact shapes of these two components and the size and angles of
inclination of the holes for the driving gas have to be carefully
optimized as the apparatus makes a very tight fit into the probe
insert and thus exit gas flow becomes important in stability
considerations. The spinning axis is at right angles to the
holder and stator assembly.

Spinner assemblies (i.e., stator, holder, rotor) have heen
constructed from three materials: Kel-F, Delrin, and machinable
boron nitride (BN) (1l4). For observation of hydrocarbon materials
at ambient and low temperatures, the Kel-F assembly is used. It
displays suitable mechanical properties and does not interfere
with the carbon spectrum since the resonances of the carbons in
the Kel-F are >10 kHz in width due to the unremoved C-F dipolar
interactions. To observe fluorocarbon materials at ambient and
low temperature by C-F dipolar decoupling/CP/MAS, the Delrin
assembly is used since unremoved C~H dipolar interactions broaden
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the Delrin signal beyond detection. Finally, to obtain high
temperature spectra, the BN system, which is transparent in

13¢c NMR, has been enployed. Samples in the form of powders are
loaded into hollow rotors (volume ca. 65 pf) which are fitted with
threaded caps to confine the sample. No problems were encountered
with this type of arrangement provided the threads of the cap were
at or below the top rim of the rotor. In some cases, the polymer
under study was itself machined in the form of a rotor and used as
the analytical sample. The rotors have a cone diameter of 8 mm
and experience centripetal acceleration on the perimeter of

ca. 0.4 million G when rotating at 5 kHz (15).

For an electromagnet (as is employed on our spectrometer),
there are two alternative ways in which the magic-angle
arrangement can be achieved by continuous adjustment using the
spinner design. As illustrated in Figure 3 there is a cone of
possible 54°44' inclinations of the spinning axis to the magnetic
field vector. The correct angle can be obtained by inserting the
holder vertically into the probe (with the rotor spinning around a
horizontal axis) and rotating it until the correct angle 1is
reached, or by inserting the holder horizontally into the probe
(also mounted horizontally) with the rotor spinning around a
vertical axis and then rotating the holder until the correct angle
is reached. Although the first arrangement in reaching the angle
corresponds to a conventional rf-coil/Hp-field geometry, the
variable temperature hardware is more easily arranged with the
second geometry and, as such, is used on our spectrometer. In
both arrangements, the exact angle chosen is reached by continuous
adjustment of the rotation angle which is controlled by a
goniometer head attached to the top or front of the probe body
(see Figure 5). This gives considerable fine control over the
exact angle chosen in an experiment.

The results of various tests of the spinning performance of a
version of the apparatus designed for a 10 mm I.D. probe insert
and employing a solid rotor machined from Lexan (l4) are shown in
Figure 4. (Qualitatively similar results are obtained for 15 mm
and 7.5 mm probe versions of the equipment with the efficiency of
the spinning found to increase markedly as the apparatus decreases
in size. The curves shown are the result of several experiments
using different rotors and stators and each curve represents
average values. Further, the curves obtained are found to be
mainly functions of the geometric arrangement in the design and
the propellant gas used. There is no significant variation found
in the spinning rate with the position of the spinning axis
(vertical or horizontal "magic angle" arrangement) or when rotors
packed with powered material are utilized. With N2 as the
propellant gas and the system open to the atmosphere, Curve A is
obtained. There is little change in this curve when the system is
enclosed in a 10 mm I.D. glass tube. The maximum spinning rate of
1.5 kHz is adequate for experiments at 13¢ resonance frequencies
up to 15 MHz.
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Schematic of the component parts of the spinning apparatus (side view)

Figure 2.
and their relationship to each other (sce text) (13)
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Figure 3. Schematic of the spinner device showing two possible ways in which

the correct magic-angle setting of the inclination of the spinning axis to the magnetic
field axis may be obtained by continuous adjustment (13)
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Figure 4. Plot of spinning rates (kHz) vs. applied gas pressures (in pressure per
square inch) for a 10 mm version of the spinning apparatus. Curve A: sample with
nitrogen gas with the apparatus in an open environment in air. Curve B: spun with
helium gas with the apparatus in an open environment in the air. Curve C: spun
with helium in a closed glass tube (11 mm 1.D.) as in the probe arrangement. The
sample was spun in an atmosphere of helium in this case. The three arrangements
gave stable spinning over the range of pressures indicated in the figure and were
followed for both solid and hollow rotors and for samples spun at different
angular settings (13).
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Since variable temperature operation down to at least liquid
nitrogen temperature is desirable, the use of helium as propellant
gas was investigated. Curve B shows the rates achieved for helium
with the system open to the atmosphere. There is an increase in
the rates over those for nitrogen gas, as would be expected from
the much lower density of helium. There is, however, a further,
very substantial increase in performance when the assembly is
placed within a glass tube of inner diameter 10-11 mm as is the
case in the actual probe insert (Curve C). This is thought to be
due to a reduction in the friction between the rotor and the
surrounding atmosphere of gas, which is now composed entirely of
helium. At ambient temperature, and 15 psi pressure, spinning
rates >5 kHz are readily achieved. (The maximum theoretical rate
for an 8 mm diameter rotor with He as the propellant is ca. 38 kHz
at 0°C. (16).) These rates are obtained on rotors without flutes.
As fluting a rotor is a complicated machining operation, the
ability to utilize smooth rotors is a desirable feature.

Temperatures below ambient are achieved by mixing He at
ambient temperature with Fe precooled by flow through a heat
exchanger immersed in liquid nitrogen. The mixture of gases is
transferred by a Cu/Be Dewar (over which the spinning assembly
fits) directly into the stator cup, resulting in spinning and
cooling. Spinning rates up to 4 kHz are obtained even as low as
77°K with no problems of rotor stability being experienced.
Temperatures above ambient are obtained by pre-heating the He at
entry into the transfer Dewar. To the present, we have obtained
spinning spectra over a range of -195°C to +100°C. Temperature is
controlled to *2°C with a homebuilt temperature sensing and
heater/feedback network. The entire spinning assembly and
variable-temperature accessories are mounted on an "optical rail"
for straightforward and reproducible insertion of the spinner into
the probe, which is fitted with a "straight-through' design of
glass Dewar. The spinner/probe arrangement that is routinely used
in our laboratory for variable-temperature studies 1s depicted in
Figure 5. To prevent rf discharge of the Fe, the rf coil is
isolated from the driving gas and sample holder by a glass tube
fitted inside a Kel-F (14) coil-form (see Figure 5).

Spectrometer

The basic spectrometer we have employed for the study of solid
polymers by cross-polarization/magic-angle spinning techniques is
a Nicolet TT-14 pulse-FT system operating at 1.4T with resonance
frequencies of 15.087 MHz, 60.0 MHz and 56.4 MHz for 13C, 1§ and

9F respectively. The magnet is a Varian HA-60 electromagnet with
a 1 5/8" polegap. The spectrometer has been modified for NDD/CP
by: (1) constructing a probe capable of withstanding the rf power
levels required; (2) adding external gating circuitry (for
spin-locking, etc.) and rf amplifiers; and (3) rerouting some of
the timing logic. The probe (10 mm I.D.) is a variation of the
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double~tuned single coil design reported by Stoll, Vega and
Vau§han (17). The coil is tuned for 13C resonance and either H
or 19F resonance. The probe has an external deuterium (D70) lock
system. Broadband (0.25-105 MHz) 100V rf power amplifiers
(ENI-3100L) are employed to amplify the basic output of the
spectrometer’'s C and 1H channels or the low level 19F output
derived from a frequency synthesizer. With this arrangement, it
is possible to achieve a Hartmann-Hahn CP match condition up to
ca. 55 kHz for both the 13c-{1n} experiment and the 13¢-{19r}
experiment. During FID collection or if CP is not required, the
proton decoupling network is capable of sustaining an Hj field of
25 gauss at 100W for dipolar decoupling, while the 19F network
yields a 22 gauss H] field at 100W. To remove artifacts in the CP
spectrum which can arise from the long rf pulses in the observed
channel, data are collected using a scheme of alternating the
proton spin temperature (18).

Results and Discussion

In this section, initial spectral data on several polymers are
reported to illustrate the utility of variable-temperature
magic-angle spinning (VT-MAS) for the study of macromolecules in
the solid state.

Poly(Ethylene Oxide) - PEO. The importance of a variable
temperature capability 1s obvious if features such as barriers to
reorientational modes, effects of phase transitions on chain
mobility, the nature of secondary relaxations, etc. are to be
determined. However, VT-MAS also has utility purely from the
point of view of the efficiency of the cross-polarization process
usually required to obtain carbon spectra in solids. In part, the
efficiency of the rotating-frame double-resonance experiment
depends on the abundant spin (I) having a T{ of sufficient
duration to allow complete polarization transfer and T% being
sufficiently short to allow rapid repolarization of the I-spins.
Since the two relaxation times are functions of temperature, a
variable temperature spinning capability allows for an optimally
efficient double resonance experiment to be performed. For
example, poly(ethylene oxide) has a minimum in the proton
rotating-frame relaxation time, Tj,, at ambient temperatures (20).
This results in a very weak 13C signal using CP techniques since
proton order is destroyed before cross-polarization of the carbons
has proceeded to a significant degree. However, at temperatures
below ca. -60°C, T§p is sufficiently long to utilize CP methods
for sensitivity enhancement and thus make feasible study of PEO in
the bulk state. The spinning and non-spinning carbon spectra of
PEO (My=15,000) at -140°C are shown in Figure 6. The presence of
an upfield shoulder on the resonance in the MAS spectrum
(Figure 6a) may result from non-crystalline regions of the sample.
Such an observation has been reported in polyethylene (3,4) where

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



w

10. FLEMING ET AL. Solid Polymers 20

ooooo

Stator.

////

PROBE BODY

Figure 5. Schematic of the spinner assembly/probe geometry used for VT-MAS.
The rf coil (silver ribbon) is wound on either a Kel-F or Delrin (14) form,
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constraint to trans conformation in crystalline reglons results in
a 2.3 ppm downfield shift relative to the resonance from
non-crystalline regions. The anisotropy pattern at -140°C in PEO
1s non-axially symmetric and the values of the principal element
of the shielding tensor are 91*2, 83*2 and 33*2 ppm. These data
yield a value of 69 ppm for the isotropic shift as compared to
70.4 ppm determined in the MAS spectrum and solution.

Cis-1,4 Polybutadiene - CPBD. At ambient temperatures, CPBD
1s elastomeric and molecular motion is sufficient to average C-H
dipolar interactions. Thus, a 13¢ spectrum (Figure 7a) can be
obtained using conventional pulse - Fourier transform techniques.
At -150°C, the polymer is well-below its glass transition
temperature (-102°C) and the removal of C-H dipolar interactions
requires high power proton decoupling. In the resulting spectrum
(displayed in Figure 7c), the resonances of both vinyl and
methylene carbons are characterized by non-axially symmetric
powder patterns. As discussed earlier, the larger chemical shift
anisotropy for the vinyl carbon reflects the greater directional
variation in electron density (and hence shielding) assoclated
with multiple bonds. The spectrum of CPBD at -150°C under MAS
conditions (ca. -3 kHz) 1s given in Figure 7b. Both resonances,
despite the large differences in anisotropy, have the same full
width at half-maximum (FWEM) of ca. 60 Hz and sidebands are absent
from the spectrum, demonstrating the efficiently of the spinning
device at low temperature. The chemical shift values are found to
be within *1 ppm of those found at ambient temperature

It is evident that in the static 13¢C spectrum of CPBD at
-150°C, only two elements of the shielding tensor for the vinyl
carbon are resolved. The third overlaps the —CHZ— pattern, thus
making it impossible to fully assign the tensor. Fowever,
variable angle spinning allows the full assignment to be made
through the angular functional dependence of the spectrum. The
spinning assembly described above makes possible spinning at the
full complement of rotational angles (0°-90°)., Thus, 13¢ spectra
can be obtained in which the chemical shift anisotropy is scaled
by Py(cos8), where 6 is the angle between the field and the
spinning axis (see Figure 7d). For example, with the sample
spinning at an angle of 87°, the P,(cos) functional dependence
predicts a spectrum, relative to the static case, reduced in width
by 0.492 and with the principal elements of the shielding tensor
reversed with respect to the isotropic shift (21). The principal
values of § calculated from the data of Figure 7d are 011=236%4,
099=115%4, 033=35+4. Assuming a similar orientation of the
shielding tensor as in ethylene (0711=236; 099=124; 033=27 (22)),
these elements correspond to shielding approximately perpendicular
(but in plane) to the double bond direction, parallel to the bond
direction, and perpendicular to the plane of the bond
respectively. The isotropic shift obtained from these values is
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Figure 7. C-13 NMR spectra of cis-1,4 polvbutadiene: (a) ambient temperature,

=/2 pulses, ca. 1 G decoupling field; (b) CP/MAS at —150°C, 22 G decoupling

field; (c) CP/decoupled, nonspinning at —150°C — two elements of the shielding

tensor are indicated for the vinvl carbon in the X4 vertical expansion (inset); (d)

CP/decoupled spectra as a function of spinning angle. Tensor elements are indi-
cated at the bottom (47)
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128.7 ppm as compared to 129.7 determined from the spectrum in the
elastomeric state and the MAS spectrum at -150.

In addition to allowing elements of the shielding tensor to be
assigned, the variable-~angle VT-MAS experiment offers the
potential to observe, in polymers with multiple carbon resonances,
the manner in which the shielding tensors undergo averaging as a
function of temperature. Such data may provide insight into the
nature of motions (i.e., along chain axis, perpendicular to chain
axis, etc.) that enter a polymer chain as a function of
temperature (and thereby physical state (23)).

Fluoropolymers. Fluoropolgmers are subject to NMR analysis in
the solid state by using the 19g spins to cross-polarize the 13¢
spins and employing 19¢ decoupling and MAS for resolution
enhancement. In principal, the narrowing of 13¢ resonance lines
in fluoropolymers by "solid-state" methods (6) is no more
difficult than in hydrocarbons. However, there is a significant
experimental difference between the two cases with respect to
removal of the heteronuclear (C-H or C-F) dipolar broadening._ _In
particular, consider that there exists a spread in the 1y or F
resonance frequency resulting from non-equivalent nuclei in the
sample and/or from chemical shift anisotropy. Effective dipolar
decoupling requires that the decoupling field be of sufficient
magnitude that all spins causing the dipolar broadening experience
an effective field in the rotating frame that is close to being
"on~resonance.” (For details, the reader is referred to the book
by Mehring (24).) Because the proton has a small chemical shift
range and also small shielding anisotropies, decoupling in
hydrocarbon polymers is effective with fields of ~40 kHz. On the
other hand, the fluorine nucleus exhibits a range of isotropic
chemical shifts ca. twenty-fold greater than that of the

proton (25). 1In solids, typical fluorine chemical shift
anisotropiles display a corresponding relationship to their proton
counterparts. (26). The consequence of such large dispersions in
the fluorine resonance is that larger decoupling fields are
required for removal of C-F dipolar broadening of carbon resonance
lines than for C-H broadening in analogous cases. To illustrate,
magic-angle spinning 13¢ spectra of poly(tetrafluoroethylene),
PTFE, (60% crystalline) obtained at -72°C as a function of the 19F
decoupling field strength (wip) are presented in Figure 8 (27).
For semicrystalline polyethylene, PE, spectra with FWUHM of <5 Hz
can be obtained from the crystalline region with 35-40 kHz of
proton £40 Hz decoupling (4). At this same 19y decoupling field,
PTFE yields a 50-70 Hz resonance line having large wings at its
base. The difference in resolution achieved in the two polymers
is attributed mainly to less efficient dipolar decoupling in PTFE
caused by "off-resonance" effects arising from the large 19F
chemical shift anisotropy (23,28,29). At the magnetic field of
1.4T, the non-axially symmez;iz—lgf powder pattern encompasses a
frequency range of ca. 8 kHz as opposed to ~270 Hz frequency range
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for the lH powder pattern in PE (30). As 1is evident in Figure 8,
the 13C resonance line in PTFE does narrow significantly at large
values of wir with the minimum 13¢ 1inewidth (15 Hz FWHM) being
observed at the maximum available decoupling field (89 kHz). The
smooth decrease in PTFE linewidth up to the maximum decoupling
field (31) suggests that residual fluorine dipolar broadening
accounts, in part, for the 15 Hz linewidth observed at this field
strength.

13¢ magic-angle spinning spectra of PTFE as a function of
temperature are shown in Figure 9. The linewidth (15 Hz) of the
CF, resonance remains essentially constant until the temperature
regime (15°-25°C) 1is reached above which a broadening of 2-3 fold
(to 35-45 Hz) ensues. The broadening appears to reflect the 19°C
first order transition which has been observed in PTFE by numerous
techniques including 19F broad-line NMR (32) and more recently by

9F MR using a multi-pulse narrowing scheme (23,29). The
transition is associated with the onset of rotation of molecules
in crystalline regions about the long axis of the helical

chain (32). The resulting anisotropic motion 1s sufficient to
give rise to motional broadening (1) of the carbon resonance. The
same temperature-induced broadening phenomenon is also observed
for a 95% crystalline sample of PTFE, thus establishing that the
effect occurs in crystalline regions.

Magic-angle spinning 13¢ spectra of poly(chlorotrifluoro-
ethylene) PCTFE obtained as a function of temperature are shown in
Figure 10. At 48°C, the two carbon resonances of the repeat unit
are clearly resolved with the line at higher field being assigned
to the CFCR carbon. Linewidths in the spectrum are ca. 60-70 Hz
FWHM. Although the experimental conditions used to obtain the
spectrum utilized a 19F decoupling field only equal to the
Hartmann-Hahn (8) matching field of 57 kHz, at higher values of
w1F the widths of the lines are not changed significantly nor are
they greatly affected by variation of the frequency of wyp over
several kHz. This may indicate that there 1s considerable
broadening of the resonance lines due to a distribution of
isotropic chemical shifts arising from the stereochemistry of the
polymer, as has been observed for several of the carbons in glassy
PMMA (1).

As the temperature is lowered, the CFC{ resonance begins to
broaden and the appearance of a two-line spectrum is lost. The
source of broadening is not C~F dipolar coupling as the 19F rigid
lattice linewidth is reached at ca. 20°C (33) and the FWHM of the
CF9 carbon resonance does not change measurably above or for a
100°C range below this temperature. Thus, the differential
broadening of the CFCL resonance is attributed to a residual
dipolar interaction of this carbon with the quadrupolar chlorine
nucleus. In organic systems, chlorine nuclei often experience
large quadrupole coupling constants (34). Depending on the ratio
of the Zeeman and quadrupole interaction energies, the chlorine
spins may be oriented along the Zeeman field or fixed at some
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Figure 9. Fluorine-decoupled, MAS C-13 spectra of PTFE as a function of
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field was 89 kHz in each case.
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definite orientation in the principal axis system of the molecular
electric field gradient tensor (35). If the Cf moments are
coupled more strongly to the electric field gradient than to the
Zeeman field, the C-C% dipolar interaction will not be removed by
magic-angle spinning (36). In the Zeeman field of 1.4T, this
interaction appears to broaden the C-C{ resonance in PCTFE at
temperatures below ambient. The separation of the resonances at
higher temperature appears to be coupled to molecular motion in
the polymer. Glass transition temperatures (33) for PCTFE are

ca. 40°. Thus, at 48°C, motion in the polymer backbone is
presumably sufficient to cause the C2 spin-lattice relaxation rate
to be rapid enough to induce near-complete 'self-decoupling" of
the C-C# dipolar interaction (37). Well below T,, the small
amplitude of oscillatory motions may be insufficient to cause
rapid quadrupolar relaxation and thus C-C% dipolar broadening
ensues. Effects on the CFy resonance are strongly attentuated by
the r=3 dependence of the dipolar interaction; however, at
temperatures below -135°C, the broadening of the CFy carbon is
apparent.

In closing this section on fluoropolymers, we report the
spectrum of semi-crystalline poly(vinylidene fluoride), PVFy (38).
To obtain HR-NMR carbon spectra of solid PVF, requires the
simultaneous elimination of dipolar broadening from both proton
and fluorine nuclei. This is accomplished using a probe with a
single rf coil tuned to 13¢/1H resonance and a surrounding
"saddle"-coil tuned to 19F resonance. Carbon magnetization is
created by a C-H Hartmann-Hahn cross—-polarization contact, then
the 13C FID is observed under conditions of strong 1§ and 197
irradiation. The spectrum obtained from the triple resonance
experiment (39) on a non-spinning sample is shown in Figure 11.
The powder patterns yield principal elements for the shielding
tensors (relative to TMS) of ca. 131, 120, 111 ppm for CF2 and 56,
49, 30 ppm for CHp. As compared to the shielding tensor of
polyethylene, the major perturbation of the fluorines on the
carbon tensor is a strong deshielding along the chain direction of
an all-trans chain. Magic~angle spinning of a powder sample
loaded in a boron-nitride rotor yielded a narrowed spectrum;
however, the background resonance produced by either Delrin or
Kel-F spinner assemblies (necessarily obtained under conditions of
both 1l and 19F irradiation) has hampered further studies on this
interesting compound.

Poly(Propylene). In principle, resolution of individual
carbon resonances in bulk polymers allows relaxation experiments
to be performed which can be interpreted in terms of mainchain and
side chain motions in the solid. This is a distinct advantage
over the more common proton MMR relaxation experiments where
efficient spin-diffusion usually results in the averaging of the
relaxation behavior over the ensemble of protons. Thus, a direct
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Figure 10. Fluorine-decoupled, MAS C-13 spectra of PCTFE as a function of

temperature. Spectra were obtained with a CP time of 5.0 ms and an experiment
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Figure 11. The C-13 NMR spectrum of semicrystalline PVF, obtained with C—H

CP and simultaneous decoupling of the C—H, C—F dipolar interactions
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interpretation of 1y relaxation data in terms of unique motions of
the solid polymer 1is often not possible.

Relaxation parameters of interest for the study of polymers
include (1,2,5,40): the 13¢ spin-lattice relaxation time in Hg,
Ty; the spin-spin relaxation time, T,; the nuclear Overhauser
enhancemgnt, NOE, the proton and carbon rotating frame relaxation
times, Tlo; the C-H cross-polarization or cross-relaxation time,
Tcr; and the proton relaxation time in the dipolar field, Typ.

Not all of these parameters provide information in a direct
manner; nonetheless, the inferred information 1s important in
characterizing motional frequencies and amplitudes in
macromolecules. Fundamental to this characterization is the
measurement of relaxation data over a range of temperature. As an
example, we report in this section very preliminary results on the
T1 and T]p behavior for the carbons in a 90% isotactic, 70%
crystalline sample of poly(propylene), PP.

The proton-decoupled, CP/MAS 13C spectra of PP at 24°C and
-170°C are shown in Figure 12. At ambient temperature, all three
carbons of the PP repeat unit are resolved. The methylene and
methine carbons are separated by 17.8+0.5 ppm while the methyl and
methine resonances are separated by 4.9:0.5 ppm. These values are
compared to separations of 17.6 and 7.0 ppm observed for this PP
in 1,2,4 trichlorobenzene at 110°C. A similar downfield shift of
the methyl resonance in the solid state has been reported very
recently by Balimann, et al. (41). The shift may arise from
conformational differences between the solid and solution; in
particular, a reduction in the number of methyl carbon gauche
interactions in the crystalline state could account for the
downfield shift (42). This speculation 1s currently under
investigation. When the temperature is lowered to -170°C, the
methyl resonance is lost in the baseline. The broadening may
arise, in part, from incomplete decoupling as the reorientation
rate of the methyl group about the C3-axis becomes comparable to
the strength of the decoupling field. Heteronuclear dipolar
couplings characterized by correlation frequencies near the
decoupling frequency are not efficiently decoupled. This
phenomenon has also been observed by Garroway for methyl groups in
epoxy resins (43). As indicated, the results on PP are only
preliminary and thus other explanations for broadening based on a
distribution of isotropic chemical shifts merit consideration.

The initial relaxation results on PP over a temperature range
from 24°C to -195°C are summarized in Figure 13. The Tj data were
collected using a pulse sequence developed by Torchia (44) which
allows cross—-polarization enhancement of the signals. The Tjip
data were determined at 58 kHz using Tj1p methodology of
Schaefer et al. (1). As indicated in the figure, each of the
carbons display individual relaxation rates in both types of
experiments. The CH and CHy carbons have a Ty minimum at
ca. -110°C, nearly the same temperature as that reported by
McBrierty et al.(45) for the proton T)] minimum in isotactic PP.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



212 POLYMER CHARACTERIZATION BY ESR AND NMR

CH

CH4
-CH,-

-170°C

Figure 12. Proton-decoupled CP/MAS C-13 spectra of isotactic PP at 24°C
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This result suggests, 1f it is assumed that a C~H heteronuclear
dipolar relaxation mechanism is operative, that methyl protons
dominate the relaxation behavior of these carbons over much of the
temperature range studied despite the 1/x6 dependence of the
mechanism. The shorter T; for the CH as compared to the CH2 then
arises from the shorter C-H distances. Apparently, the
contributions to spectral density in the MHz region of the
frequency spectrum due to backbone motions is minor relative to
the sidegroup motion. The Ty, data for the CH and CHy carbons
also give an indication of methyl group rotational frequencies.

As the temperature is lowered below -110°C, the contribution of
the methyl protons to MHz spectral density decreases but increases
in the kHz regime. Consequently, the T1p decreases by roughly

10x between -100°C and -195°C.

The interpretation of carbon T1p data is complicated by the
fact that spin-spin (cross-relaxation) processes as well as
rotating frame spin-lattice processes may contribute to the
relaxation (40). Only the latter process provides direct
information on molecular motion. For the CH and CH; carbons of
PP, the Tlp's do not change greatly over the temperature interval
-110°C to ambient and, as opposed to the Ty behavior, the CHj
carbon has a shorter Ty, than the CH carbon. These results
suggest that spin-spin processes dominate the Ty, (46). However,
below ca. -115°C, the T1,'s for both carbons shorten and tend
toward equality. McBrierty et al. (45) report a proton T minimum
(which reflects methyl group reorientation at KHz frequencies) at
-180°C. No clear minimum is observed in the 13C data, perhaps due
to an interplay of spin-spin and spin-lattice processes.
Nonetheless, it is apparent that the methyl protons are
responsible for the spin-lattice portion of the T1o relaxation for
CH and CHp carbons.

Relaxation data for the methyl carbon could be measured only
down to ca. -125°C; below this temperature line broadening was too
severe to obtain results. The near equal values observed for the
T1 and T1p over much of the limited temperature interval is in
accord with the methyl motion being on the high temperature side
of the T1-minimum.

As indicated earlier, these relaxation results are only
preliminary; more extensive measurements are in progress aimed at
fully explaining the relaxation behavior and deriving information
on the polymer motions, including activation energies.
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Abstract

From the viewpoint of polymer applications, the full
exploitation of the combined resolution/sensitivity enhancement
techniques to obtain "high-resolution' spectra of rare-spin nuclei
in solids requires variable temperature spinning capability. 1In
this paper, we describe briefly a spinner assembly suitable for
routine operation over a wide range of temperature at the full
complement of spinning angles and report 3¢ spectral data at low
temperature on several polymers, including fluoropolymers. 1In
addition, variable temperature 1 C spin-lattice and rotating frame
relaxation times are reported for isotactic poly(propylene).
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Drug—DNA Interactions in Solution: Acridine
Mutagen, Anthracycline Antitumor, and Peptide
Antibiotic Complexes

DINSHAW J. PATEL
Bell Laboratories, Murray Hill, NJ 07974

The successful application of high resolution nuclear
magnetic resonance (NMR) spectroscopy to monitor the structure
and dynamics of the helix-coil transition of oligonucleotide
duplexes (1l-4) and transfer RNA (5-9) in solution have prompted
efforts in our laboratory to extend these investigations to the
polynucleotide duplex level in solution (10,11).

Proton and phosphorus NMR spectra of DNA in solution show
very large line widths and poor spectral resolution despite re-
cent demonstrations of time-averaged flexibility of the double-
helical state (12-15). We have circumvented the sequence
dependent dispersion of the chemical shifts by investigating
synthetic DNA's of defined repeating nucleotide sequence.[1]

Thermodynamic and kinetic studies have demonstrated that the
alternating purine-pyrimidine polynucleotide poly(dA-dT) folds
into smaller duplexes which melt independently of each other in
solution (16,17). The NMR spectrum should be considerably sim-
plified since all base pairs are structurally equivalent due to
the symmetry of the alternating purine-pyrimidine duplex.
Further, the NMR resonances may exhibit moderate line widths in
the duplex state due to segmental mobility resulting from the
rapid migration of the branched duplexes along the polynucleotide
backbone. Finally, since the smaller duplexes melt independently
of each other, the duplex dissociation rate constants may be on
the NMR time scale, so that the resonances shift as average peaks
through the melting transition. These features suggest that well
resolved base and sugar resonances may be observable for high
molecular weight alternating purine-pyrimidine polynucleotides in
the duplex state and this has been confirmed experimentally (18)
in studies of the duplex to strand transition of poly(dA-dT) (mol.
wt. 2106, 42000 base pairs) as a function of temperature.[2]

The NMR resonances of the polynucleotide duplexes at the
Watson-Crick protons, the base and sugar protons and the backbone
phosphates would provide sufficient markers to monitor ligand-
nucleic acid interactions in solution. Such an approach has great
potential in adding to our current knowledge of the interactions

0-8412-0594-9/80/47-142-219%$16.40/0
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of antibiotiecs and carcinogens with nucleic acids in solution
(19-21) and provides experimental probes to investigate the role
of symmetry in such recognition processes (22,23).

We first describe the NMR parameters for the duplex to strand
trancition of the synthetic DNA poly(dA-dT) (18) with occasional
reference to poly(dA-dU) (24) and poly(dA-5brdU) and the corres-
ponding synthetic RNA poly(A-U) (24). This is followed by a com-
parison of the NMR parameters of the synthetic DNA in the presence
of 1 M Na ion and 1 M tetramethylammonium ion in an attempt to
investigate the effect of counterion on the conformation and
stability of DNA. We next outline structural and dynamical as-
pects of the complexes of poly(dA-dT) with the mutagen proflavine
(25) and the anti-tumor agent daunomycin (26) which intercalate
between base pairs and the peptide antibiotic netropsin (27) which
binds in the groove of DNA.

Synthetic DNA. Alternating Adenosine-Uridine Sequences

This contribution complements an earlier review (1ll) which
summarized our NMR research on synthetic DNA's and RNA's with
alternating inosine-cytidine and guanosine-cytidine polynucleo-
tides and the structure and dynamics of ethidium-nucleic acid
complexes.

Hydrogen Bonding in Duplex State: The base paired duplex
state in nucleic acids can be readily characterized by monitoring

the exchangeable imino protons in H90 solution (28-32). Earlier
studies have demonstrated that the thymidine H-3 imino proton of
nonterminal base pairs in nucleic acid duplexes are in slow ex-
change with solvent H20 and resonate between 12 and 15 ppm. The
360 MHz proton NMR spectra of poly(dA-dT) in 0.1 M phosphate,

Hy0 solution (6 to 14 ppm) were recorded between 0° and 55°C and
the exchangeable protons identified by comparison with the corres-
ponding spectra recorded in 2H?_O solution. The thymidine H-3
imino hydrogen-bonded resonance is observed at 13.0 ppm in the
spectrum of poly(dA-dT) at 25.5°C (Figure 1A) and its chemical
shift and line width dependence are plotted as a function of tem-
perature in Figures 1B and 1C respectively.

The linear upfield shift of the exchangeable resonance with
increasing temperature (Figure 1B) reflects, in part, contribu-
tions from a temperature dependent premelting conformational
change which is also observed for the nonexchangeable protons (see
below). The line width of the exchangeable resonance increases
from V70 Hz (20° to 40°C) to ~150 Hz (54°C) (Figure 1C) which
suggests that the lifetime of the thymidine H-3 imino proton in
the Watson-Crick hydrogen bond decreases with increasing tempera-
ture on approaching the melting transition region (midpoint =
59.1°C) of poly(dA-dT) in 0.1 M phosphate solution.
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Figure 1. (A) The 360-MHz proton
NMR spectrum of the thvmidine H-3
proton in poly(dA—dT) in 0.IM phos-
phate, ImM EDTA, H,O at 25.5°C. The
(B) chemical shifts and (C) linewidths of
this proton in the synthetic DNA in 0.IM
phosphate are plotted as a function of
temperature between 0° and 55°C. The
polv(dA—dT) duplex exhibits a duplex-to-
strand transition midpoint of 59°C.
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Duplex to Strand Transition: The temperature dependence of

the 360 MHz proton NMR spectra (9 to 4.5 ppm) of poly(dA-dT) in
0.1 M phosphate buffer, 2H20,are presented in Figure 2, Partially
resolvable resonances are observed in the duplex state (48°C) with
line widths of 50 Hz and well resolved resonances are observed
in the strand state (67°C) with line widths of a few Hz. The base
resonances can be readily assigned from their chemical shift posi-
tions at high temperature while we cannot definitively differ-
entiate between sugar H-1' (and sugar H-3') resonances linked to
the adenosine and the thymidine residues (Figure 2). The duplex
to strand conversion occurs by a cooperative transition at 59°C
with the observable resonances shifting as average peaks during
the melting transition.

The temperature dependence of the chemical shifts of the base
and sugar resonances of poly(dA-dT) in 0.1 M phosphate buffer is
plotted in Figure 3. There are upfield and downfield shifts
associated with the noncooperative premelting transition between
5° and 55°C while only downfield shifts are observed for most of
the base and sugar protons on raising the temperature above 65°C
in the noncooperative postmelting transition temperature range.
The cooperative melting transition (midpoint, ty = 59.0°C) ex-
hibits downfield shifts at the base and sugar H-1' protons with
increasing temperature but not at all the remaining sugar protons
(Figure 3).

Resonance Assignments: The adenosine H-2 and thymidine H-6
resonances of poly(dA-dT) exhibit similar chemical shifts around
40°C in 0.1 M phosphate solution (Figure 2). We have evaluated
the spin lattice proton relaxation times, T1, of the base and
sugar H-1' protons of poly(dA-dT) through the premelting transi-
tion and observe that the adenosine H-2 resonance exhibit a Tg
value which is 2 to 3 times longer than that of the remaining
resonances. Thus the adenosine H-2 resonance can be readily
differentiated from the thymidine H-6 resonance since it exhibits
a narrower line width indicative of a longer spin-spin relaxation
time, Ty, and a longer spin-lattice relaxation time Ty in the
duplex state in solution. The experimental data require that the
adenosine H-2 and the thymidine H-6 resonances cross over at 50°C
(Figure 3).

Further resolution of the 4.5 to 9.0 ppm region of poly(dA-
dT) in the duplex state can be achieved by investigating the
related polynucleotide for which bromine replaces the methyl
group at position 5 of the pyrimidine ring. This is readily ob-
servable on comparing the spectra of poly(dA-dT) and poly(dA-
5brdU) duplexes in the aromatic region at 43°C (Figure 4). The
pyrimidine H-6 proton shifts 0.57 ppm downfield from 7.05 ppm in
poly (dA~dT) to 7.65 ppm in poly(dA-ObrdU) at this temperature
(Figure 4). A similar downfield shift of 0.68 ppm is observed at
the pyrimidine H-3 exchangeable proton which shifts from 12.95 ppm
in poly(dA-dT) to 13.65 ppm in poly(dA-5brdU) at 37°C.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 2. The 360-MHz proton NMR spectra (4.5 to 9.0 ppm) of poly(dA—dT)
in 0.IM phosphate, ImM EDTA, *H,0, pH 6.3 in the duplex state (48°C), during
the melting transition (61°C) and in the strand state (67°C)
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Figure 3. The temperature dependence (5° to 95°C) of the base and sugar proton
chemical shifts of poly(dA—-dT) in 0.IM phosphate, 1mM EDTA, *H,0, pH 7.0
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The 360-MHz proton NMR spectra of poly(dA—dT) in 0.IM phosphate,
ImM EDTA, *H,0, pH 7, 43°C and poly(dA-°brdU) in 0.IM NaCl, 10mM phos-

phate, *H.,0, pH 8.1, 43°C
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The temperature dependence of the chemical shifts of the
base resonances in poly(dA-dT) and poly(dA—sbrdU) are plotted in
Figure 5. These data demonstrate that the adenosine H-8 and H-2
protons exhibit very similar behavior over the entire temperature
range and are not perturbed by the substitution on the pyrimidine
5 position.

Base Pair Overlaps: The chemical shifts in the duplex state,
Gd, and the chemical shift difference between duplex and strand
states, AS§, at t% of the melting transition, (following correction
of the temperature dependent chemical shifts associated with the
premelting and postmelting transitions) are summarized in Table I.

The adenosine and thymidine base protons shift upfield to
different extents on poly(dA-dT) duplex formation (Table I,
Figure 3). These upfield shifts reflect the base pair overlap
geometries in the duplex state and result predominantly from ring
current contributions due to nearest and next-nearest neighbor
base pairs (33,34). These contributions can be computed for the
B-DNA overlap geometry and are compared with the experimental up-
field chemical shifts on duplex formation of poly(dA-dT) and the
related synthetic DNA poly(dA-dU) in Table II.

There is good agreement between the experimental and
calculated values at the adenosine H-2, uridine H-5 and H-3 posi-
tions for which the experimental chemical shift changes are >0.5
ppm (Table II). By contrast, the agreement is poor at the
adenosine H-8 and pyrimidine H-6 positions, for which small ex-
perimental shifts were observed (Table II). The adenosine H-8
and pyrimidine H-6 protons are directed towards the sugar-
phosphate backbone and factors in addition to the ring current
effects may contribute to the observed shifts.

Duplex Dissociation Rates: The adenosine H-8 resonances

exhibit a line width of 50 Hz at 55°C, shift as an average
resonance during the melting transition of poly(dA-dT) in 0.1 M
phosphate (AS at ty, = 0.184 ppm) and narrow to their value in the
strand state above 65°C (Figure 6). By contrast, the adenosine
H-2 resonance (AS at ty, = 0.899 ppm) exhibits uncertainty broad-
ening contributions in the fast exchange region during the melting
transition, with observed line widths of >100 Hz at the midpoint
of the transition (Figure 2). The excess line width contribution
to the adenosine H-2 resonance (relative to the adenosine H-8
resonance) at a given temperature during the melting transitionm,
can be combined with the chemical shift difference associated with
the melting transition, Av, in Hz, and the population of duplex
(fq) and strand (fg = 1-f4) states, to yield the dissociation rate
constant, kg, (= Td_l), for conversion from duplex to strands
excess width = 4Wfszfd2(Av)2(Ts + 14).

The calculated dissociation rate constants for poly(dA-dT)
in 0.1 M phosphate buffer solution at fq = 0.47, 0.24 and 0.009
are presented in Table III with magnitudes of ~1.5 % 103 secl in
the vicinity of the midpoint of the melting transition.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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TABLE 1

Chemical Shift Parameters Associated With The

Melting Transition (t3 = 59°C) of
Poly(dA-dT) in 0.1 M Phosphate Solution

Squppn®  A8,ppm’
A(H-8) 8.085 0.184
A(H-2) 7.139 0.899
T (H-6) 7.052 0.194
T(CH4-5) 1.300 0.359
u(H-1")¢ 5.592 0.343
d(H-1")¢ 6.118 0.148

3Chemical shift in the duplex state, §4, is defined as the
extrapolation of the temperature dependent premelting shift to
its value at the transition midpoint.

bThe duplex to strand transition chemical shift change AS, is
defined as the chemical shift difference following extrapolation
of the temperature dependent premelting and postmelting shifts
to their values at the transition midpoints. The AS values only
approximate the total shift change on proceeding from a stacked
duplex to unstacked strands.

“u(H-1") and d(H-1') represent the upfield and downfield sugar

protons respectively.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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TABLE IT

A Comparison of the Experimental And

Calculated Upfield Shifts Associated With
Poly (dA-dT) and Poly(dA-dU) Duplex Formation

Experimentala Calculatedb
poly(dA-dU)  poly(dA-dT) poly(dA-dU)

A(H-8) 0.17 0.18 0.04
A(H-2) 0.92 0.90 1.06
U/T(H-6) 0.34 0.19 0.06
U/T (H-3) 1.9¢ 1.7¢ 1.88
U(H-5) 0.68 0.62

8The strand to duplex transition upfield chemical shift change AS,
is defined as the chemical shift difference following extrapola-
tion of the temperature dependent premelting and postmelting
shifts to their values at the transition midpoints. These AS
values only approximate the total shift change on proceeding from
a stacked duplex to unstacked strands.

bThe computed upfield ring current shifts are based on nearest
neighbor, next-nearest neighbor and cross-strand ring current
contributions tabulated by Arter and Schmidt, (34)

“The experimental pyrimidine H-3 upfield shift represents the
difference between the observed resonance chemical shift in the
polynucleotide duplex extrapolated to the transition midpoint and
the 14.7 ppm intrinsic position for an isolated base pair.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



230 POLYMER CHARACTERIZATION BY ESR AND NMR

POLY (dA-dT)
1T 1 1T T 71T T T T 1

80 —

LINE WIDTH,Hz
IS 2}
o (@]
I T

n
o
I

| L | ] ] ] | I 1
0 20 40 60 80 100

TEMPERATURE,°C

Figure 6. The temperature dependence (5° to 95°C) of the downfield H-1’ (\)
and the adenosine H-8 (O) linewidths of poly(dA-dT) in 0.IM phosphate, 1mM
EDTA, °H,0, pH 7.0
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By contrast, the synthetic 30 base pair DNA block polymer
duplex (dC15dA15)°(dT15dG1s5) exhibits slow exchange between duplex
and strand states during the melting transition (35). The
dissociation rate for DNA denaturation is predicted to be pro-
portional to the inverse square of the length of the duplex to be
unwound and for molecular weights of 10® would be several orders
of magnitude slower (zg) than the V103 sec™! rate constants eval-
uated for the poly(dA-dT) melting transition in solution. The
NMR results support the earlier conclusions of Baldwin and co-
workers that poly(dA-dT) unfolds by the opening of short branched
duplex regions which melt independently of each other (16,17).

Premelting Transition (37,38): The nucleic acid base and sugar
resonances of poly(dA-dT) (Figures 3 and 5) and poly(dA-SbrdU)
(Figure 5) exhibit non-cooperative chemical shift changes with
temperature in the duplex state. Both upfield and downfield
shifts are observed during this premelting transition at the non-
exchangeable protons (Figures 3 and 5) while an upfield shift is
observed at the exchangeable thymidine H-3 proton (Figure 1) with
increasing temperature.

The observed premelting transition may reflect a
conformational change in the polynucleotide duplex with tempera-
ture. The adenosine H-2 resonance located in the minor groove
shifts to high field while the thymidine CH3-5 group located in
the major groove remains unchanged on lowering the temperature in
the premelting transition region (Figure 3). This suggests that
the base pairs may tilt relative to each other on raising the
temperature in the premelting region with a kink site opening
into the minor groove (39). The adenosine H-8 and uridine H-6
protons which are directed towards the phosphodiester backbone, and
the two sugar H-1' protons,which are sensitive to variations in
the glycosidic torsion angles,all shift downfield with decreasing
temperature (Figure 3). This suggest that the premelting transi-
tion may also involve conformational changes in the sugar-
phosphate backbone and glycosidic torsion angles.

Baldwin and coworkers have demonstrated that the degree of
branching in the poly(dA-dT) duplex varies significantly with
temperature (16,17). Therefore, the premelting transition chemi-
cal shift changes may also reflect, in part, the conversion from
a highly branched duplex at temperatures just below the melting
transition (ﬁg) to a less branched duplex structure on lowering
the temperature.

There is no information to our knowledge on premelting
transitions in RNA duplexes. We have therefore investigated the
NMR parameters for the related synthetic RNA duplex poly(A-U) as
a function of temperature. Typical 360 MHz aromatic proton
region spectra for the poly(A-U) duplex in 0.1 M phosphate (t% =
66.5°C) at 8.2° and 44.5°C are presented in Figure 7. It is
clear that the chemical shifts of the base protons vary with

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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temperature in the duplex state (Figure 7) and the results are
plotted in Figure 8. It may be noted that the direction of the
premelting changes at individual resonances exhibit the same
behavior in the synthetic DNA (Figure 3) and the synthetic RNA
(Figure 7). This suggests that the origin of the premelting con-
formation (37,38) is common for synthetic RNA and DNA polynucleo-
tide duplexes with the same alternating purine-pyrimidine sequence.

Phosphodiester Linkage: The sugar-phosphate backbone of nucleic
acids can be probed at the phosphodiester linkage by 3lp MR
spectroscopy. There are only two kinds of phosphodiester linkages
in alternating purine-pyrimidine polynucleotides, namely dApdT
and dTpdA in poly(dA-dT).

The 145.7 MHz proton noise decoupled 31p NMR spectra of the
poly(dA-dT) duplex in 10 mM cacodylate buffer between 28° and 54°C
are presented in Figure 9. A broad symmetrical unresolved reson-
ance 1s observed at 28°C. By contrast, two resolved narrow
resonances separated by “0.2 ppm have been observed for 150 base
pair long (dA-dT), (41). Thus, though the resolution of dTpdA and
dApdT phosphodiesters cannot be achieved at the synthetic DNA
level in solution (18), it has been observed for the same sequence
at a shorter well defined length (41). More recently, two re-
solved 3lp resonances have also been reported in poly(dA-dT)
fibers oriented {arallel to the direction to the magnetic field
by solid state 31P NMR spectroscopy (42).

The 3lp spectra of poly(dA-dT) exhibit some interesting
spectral changes in the premelting region in solution. The
resonance(s) of poly(dA-dT) exhibit an assymmetric shape with in-
creasing temperature with the component to higher field remaining
broad compared to the component to lower field, which narrows con-
siderably at 54°C (Figure 9). This suggests that there exist
regions in the polynucleotide duplex with increased segmental
mobility in the premelting transition region.

The phosphodiester resonance moves downfield and sharpens
dramatically during the melting transition and continues to shift
downfield with increasing temperature in the postmelting transi-
tion region (18).

Summary: The above results convincingly demonstrate that high
resolution proton NMR spectra can be recorded for high molecular
weight poly(dA~dT) in aqueous solution. The base pairing in the
duplex state has been verified by monitoring the ring imino ex-
changeable protons in H70 solution. The overlap of adjacent base
pairs is readily demonstrated by the observation of upfield shifts
on duplex formation and some estimate of the overlap geometries
evaluated from the relative magnitudes of the changes at the
different proton markers. The observation of average resonances
for the nonexchangeable protons during the duplex to strand trans-
ition requires fast interconversion between states on the NMR time
scale consistent with earlier suggestions that poly(dA-dT) melts by
opening of shorter branched duplex regions.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 7. The temperature dependence (8.2°C and 44.5°C) of the 360-MHz
proton NMR spectra (4.5 to 9.0 ppm) of poly(A-U) in 0.IM phosphate, 1mM
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Figure 9. The proton noise decoupled 145.7-MHz P NMR spectra of poly(dA—-
dT) in 0.IM cacodylate, 10mM EDTA, 2H,0, pH 7.08 between 28° and 54°C
(t;., of complex is 60°C). The scale is upfield from standard trimethylphosphate.
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The premelting conformational transition can be monitored at
the chemical shifts of the exchangeable and nonexchangeable
protons and the line shape of the phosphodiester 31p resonance of
poly(dA-dT) and its related synthetic DNA's in solution. The re-
sults suggest that the base pairs may partially unstack .into the
minor groove, accompanied by small changes in the glycosidic tor-
sion angles and the sugar-phosphate backbone as the temperature
is raised in the premelting transition region.

Counterion Binding. Alkylammonium Ions

The research below focusses on the NMR parameters for
poly(dA-dT) in 1 M tetramethylammonium chloride (TMA') relative
to their value in the same concentration of sodium chloride. The
methyl groups shield the charged nitrogen in the TMAt ion and it
was of interest to determine whether conformational changes occur
in ihe synthetic DNA when the counterion was changed from Nat to
TMA™,

The NMR experiments were undertaken on 28 mM (in nucleotides)
poly(dA-dT) in 10 mM cacodylate buffer, to which 1 M salt solu-
tions were added. The samples contained in addition 1 mM and 10
mM EDTA for the proton and phosphorus NMR studies, respectively.
The experimental conditions are indicated in order to emphasize
that even in 1 M TMAT solutions there are Nat ions associated with
poly(dA-dT), the 10 mM buffer and the EDTA solutions.

Equilibrium dialysis studies on the relative affinities of
weakly bound cations with varying base composition DNA have demon-
strated that tetraalkylammonium ions bind more tightly to dA-dT
rich DNA compared to dG+dC rich DNA (43).

Hydrogen Bonding: The thymidine H-3 proton of poly(dA-dT) can be
readily monitored in 1 M TMAt solutions at pH 7.5 and pH 9.5 at
37°C (Figure 10). This demonstrates that the base pairs are in-
tact in the synthetic DNA and that their exchange is not base
catalyzed up to pH 9.5 at 37°C. These results parallel observa-
tions on poly(dA-dT) with Nat as the counterion and in poly(dA-dT)
complexes with intercalating agents. By contrast, in steroid
diamine*poly (dA-dT) complexes which involve tilted base pairs at
the binding site, the exchange of the thymidine H-3 protons are
susceptible to base catalysis (44).

The line width of the thymidine H-3 proton is compared with
the corresponding value for the adenosine H-8 nonexchangeable
proton for poly{dA-dT) in 1 M TMAt* solution, pH 7.5, in Figure 1l.
The exchangeable resonance exhibits the larger line width in the
duplex state due to the interaction of its proton with the
directly bonded L4y quadrupolar nucleus. The exchangeable reson-
ance broadens dramatically between 67.5°C (line width ~150 Hz) and
77.5°C (line width ~250 Hz), a temperature region where the
duplex is still intact from the nonexchangeable proton data. These

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 10. The 360-MHz correlation proton NMR spectra of polv(dA—dT) in
IM (*H ,C),NCl, 10mM phosphate, ImM EDTA, 80% H,0-20% D,O at 37°C.
Spectrum A was recorded at pH 7.5 while Spectrum B was recorded at pH 9.5.
(*H,C),NCl was purchased from Merck and used without further purification.
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results suggest that exchange occurs by transient opening of the
duplex at temperatures just below the onset of the melting
transition.

The temperature dependences of the thymidine H-3 protons for
poly(dA-dT) in 1 M Na* and 1 M TMAt are compared in Figure 12.
The chemical shifts are similar at high temperature and differ
by V0.1 ppm at the lower temperature (Figure 12). This suggests
that similar base pair overlaps are observed for poly(dA-dT) in
1 MNa and 1 M TMA™ as monitored at the thymidine H-3 proton
located in the center of the base pair.

Glycosidic Torsion Angle: Additional structural information can
be deduced from a comparison of the nonexchangeable proton
chemical shifts during the helix-coil transition of poly(dA-dT)

in 1 M Nat and 1 M ™A' solutions. The temperature dependent
chemical shifts in the premelting and melting transitions are
plotted in Figure 13. The adenosine (H-8 and H-2) and thymidine
(H~-6 and CH3-5) base protons exhibit similar duplex chemical
shifts in Nat and TMA solutions, indicative of similar base pair
overlap geometries in the double helix. By contrast, a comparison
of the temperature dependent H-1' and H-3' protons demonstrates a
selective upfield shift at the H-1' resonance at higher field on
proceeding from Nat to T™MA* solution (Figure 13). Further, the
direction of the premelting transition chemical shift change is
different at this H-1' resonance under the two salt conditions
(Figure 13). The sugar H-1' proton chemical shift is sensitive

to changes in the glycosidic torsion angle and the NMR results
suggest that the TMA' ion induces a torsion angle change at either
the adenosine or thymidine glycosidic bond.

Melting Transition: The poly(dA-dT) duplex is stabilized by the
tetraalkylammonium ion relative to the sodium ion since the melt-
ing transition midpoints of the synthetic DNA are 79°C in 1 M
TMAt solution and 72.5°C in 1 M Nat solution (Figure 13).

The adenosine H-2 resonance of poly(dA-dT) broadens during
the melting transition in 1 M TMAt solution (Figure 14) and the
excess width due to uncertainty broadening gives a dissociation
rate constant ky = 2.0 x 103 sec™l at 78.8°C (ty = 79.0°C). A
similar value is observed for the rate constant when 1 M Nat is
the cation (kg = 2.3 x 103 sec™! at 71.9°C; t = 72.5°C) so that
the duplex dissociation rates of the synthetic DNA are similar in
Nat and ™A' solution.

Phosphodiester Linkages: The dTpdA and dApdT phosphodiester
linkages do not give resolved 31P spectra for poly(dA-dT) in 1 M
NaCl solution (10). It is therefore striking that two partially
resolved resonances are observed for this synthetic DNA in 1 M
TMAt solution (Figure 15). The chemical shift separation was
0.42 ppm at 52°C and 0.34 ppm at 67°C. Partially resolved 31p
resonances have been reported for 150 base pair (dA-dT), in the
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Figure 13. The temperature dependence of the base and sugar proton resonances
of polv(dA—dT) in IM NaCl, 10mM cacodylate solution (O), and in IM (*H,C),-
NCI, 10mM phosphate solution (@ ). (*H.C),NCI was purchased from Merck and

used without further purification.
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absence of TMA' but the reported shift difference of .25 ppm
(41) is smaller than the results reported in this review in TMA
solution. The two 31P resonances should exhibit equal area if
one corresponds to the dTpdA and the other to the dApdT phospho-
diester linkages. We do not understand the oriiin of the unequal
areas in the 31p spectrum of poly(dA-dT) in TMA" solution with
the relative ratios maintained in 2 M and 4 M salt.

The 31P NMR results suggests that there may be small
differences between the purine(3'-5')pyrimidine and pyrimidine-
(3'-5")purine phosphodiester linkages in synthetic DNA's with an
alternating sequence in 1 M TMAT solution.

Summary: The thymidine H-3 hydrogen-bonded proton is well
shielded from solvent in the premelting transition region of
poly(dA-dT) in 1 M TMA* solution based on an analysis of its line
width as a function of pH and temperature. This result is con-
sistent with parallel stacking of base pairs in the duplex state
of the synthetic DNA in TMA' solution.

We observe similar base pair overlaps for poly(dA-dT) in 1 M
Nat and TMA* solution based on a comparison of the base proton
chemical shifts of the synthetic DNA in the duplex state as a
function of counterion.

The tetramethylammonium ion appears to exhibit some
specificity in its binding to poly(dA-dT) since the dTpdA and
dApdT resonances are partially resolved in the presence of this
counterion. This specificity is probably also reflected in the
selective glycosidic torsion angle change (monitored at one sugar
H-1' resonance) in the poly(dA-dT) duplex on proceeding from 1 M
Nat solution to 1 M TMA' solution.

Proflavine-DNA Complexes

Intercalation of planar molecules between base pairs was
first postulated by Lerman based on spectroscopic and hydrodynamic
investigations of the binding of acridine dyes with duplex DNA
(45,46). This intercalation model received early support when
Waring demonstrated that the mutagen proflavine unwound covalently
circular superhelical DNA (47). Definitive evidence for inter-
calation resulted from single crystal X-ray studies of the 3:2
proflavine:C-G complex (48), 2:2 proflavine:iodoC-G complex (49),
and the 2:2 proflavine:dC-dG complex (50) where a proflavine
molecule is intercalated between the base pairs of a Watson-Crick
miniature double helix. Arnott and corworkers have utilized
linked atom conformational calculations to define the conforma-
tional characteristics at the binding site of proflavine inter-
calated into DNA (51) and RNA (52). The NMR investigation on
proflavinessynthetic DNA complexes reported below (25) complement
the results obtained from the crystallographic studies on the
complex at the dinucleotide level (48-50) and modelling investiga-
tions at the polynucleotide level. (51,52) [3]

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



242 POLYMER CHARACTERIZATION BY ESR AND NMR

Planar dyes such as proflavine can bind to DNA by
intercalation between base pairs or by stacking along the groove
of the helix. The former process is favored when the nucleic
acid is in excess (Nuc/D & 4) and in high salt solution. We are
interested in the intercalation process and hence our NMR studies
have focussed on an investigation of the proflavine<poly(dA-dT)
complex as a function of the Nuc/D ratio in 1 M NaCl in an attempt
to probe the structure and dynamics of mutagen—nucleic acid
interactions in solution (25).

Hydrogen Bonding: The thymidine H-3 Watson-Crick proton can be
readily detected in the proflavine+poly(dA-dT) complex,

Nuc/D = 8, in 1 M NaCl solution with the resonance shifting to
high field on complex formation (Figure 16). The results demon-
strate that the base pairs are intact in the proflavine complex
with the synthetic DNA.

Melting Transition: Typical 360 MHz proton NMR spectra of
proflavine<poly(dA-dT) complexes, Nuc/D = 24 and Nuc/D = 8, in

1 M NaCl solution at temperatures below the midpoint for the
dissociation of the complex are presented in Figures 17A and B
respectively. The stronger base and sugar resonances can be
readily resolved from the weaker proflavine resonances (designated
by asterisks) in the presence of excess nucleic acid (Figure 17)
so that the resonances of the synthetic DNA and the mutagen can

be monitored independently of each other.

The dissociation of the proflavine*poly(dA-dT) complex can
be followed by monitoring the temperature dependent chemical shift
or the line width as demonstrated by shift data on the thymidine
CH3-5 resonance (Figure 18A) and width data on the adenosine H-8
resonance (Figure 18B). The proton resonances shift as average
peaks during the dissociation of the complex,indicative of fast
exchange (kyiggociation ™ 10% sec~l at the transition midpoint)
between the complex and its dissociated components on the NMR time
scale.

The transition midpoint increases from 72.6°C for poly(dA-dT)
in 1 M NaCl to 78.1°C for the Nuc/D = 24 proflavine complex to
83.4°C for the Nuc/D = 8 proflavine complex, indicative of stabili-
zation of the duplex by bound mutagen.

Nucleic Acid Base Resonances: The chemical shifts of the
nonexchangeable protons in poly(dA-dT), the Nuc/D = 24 complex and
the Nuc/D = 8 complex in 1 M NaCl solution are plotted as a func-
tion of temperature in Figure 19. The nucleic acid nonexchange-
able proton chemical shifts in the duplex state are either un-
perturbed (adenosine H-8, H-2, and thymidine CH3-5) or shift
slightly upfield (thymidine H-6) on complex formation (Figure 19).
By contrast, the thymidine H-3 exchangeable proton located in the
center of the duplex resonates "0.35 ppm to higher field in the
Nuc/D = 8 proflavine complex compared to its position in the

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 15. The proton noise decoupled 145.7-MHz 1P NMR spectra of poly-
(dA—dT) in IM (CH,),NCl, 10mM cacodylate, ImM EDTA, ?H,0, pH 7.95 at
67°C. The chemical shifts are upfield from standard trimethylphosphate.
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Figure 16. The temperature dependence of the thymidine H-3 resonance in

poly(dA—dT) (O} and the proflavine poly(dA—dT) complex Nuc/D — 8 (@) in

IM NaCl, 10mM cacodylate, ImM EDTA, H,O at pH 6.53, and pH 7.1
respectively
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Figure 17. The 360-MHz proton NMR spectra of the proflavine - poly(dA—dT)

complex in IM NaCl, 10mM cacodvlate, 10mM EDTA, *H,0, pH 7. The top

spectrum represents the Nuc/D — 24 complex at 78.5°C (t,,, of the proflavine

resonances in the complex is 80°C), while the bottom spectrum represents the

Nuc/D — 8 complex at 81.4°C (t,,, of proflavine resonances in complex is
84.3°C). The proflavine resonances are designated by asterisks.
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Figure 18. The temperature dependence of (A) the thymidine CH,-5 chemical

shift and (B) the adenosine H-8 linewidth in poly(dA—dT) (O), the proflavine -

polv(dA—dT) complex, Nuc/D —24 (/\) and Nuc/D — 8 (@) in IM NaCl, 10mM
cacodylate, 10mM EDTA,*H, 0, pH7
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Figure 19. The temperature dependence of the nucleic acid (O) and proflavine

(® ) chemical shifts between 5.5 and 8.6 ppm for poly(dA-dT) and the Nuc/D —

24 and 8 proflavine - poly(dA—dT) complexes in IM NaCl, 10mM cacodylate,

10mM EDTA, *H,0 between 50° and 100°C. The poly(dA—dT) concentration

was fixed at 12.6mM in phosphates and the proflavine concentration was varied to
make the different Nuc/D ratio complexes.
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synthetic DNA (Figure 16). The nucleic acid complexation shifts
reflect the difference in ring current contributions between the
proflavine ring (53) and a dA+dT base pair (33,34) which is dis-
placed following intercalation.

Nucleic Acid Sugar Resonances: Decoupling studies have

correlated the resolved protons on each of the two sugar rings of
poly(dA-dT) (Table IV) though it is not yet possible to defini-
tively differentiate between the adenosine and thymidine residues.
Several sugar ring protons can be monitored in the proflavine+poly
(dA-dT) complex and these include H-1' position (Figure 19) and
H-3' and H-2',2" positions (Figure 20).

Both sugar H-1' protons of poly(dA-dT) undergo small upfield
shifts on proflavine complex formation with a somewhat more
pronounced effect on the H-1' at lower field,which shifts from
6.1 ppm in the synthetic DNA to 5.95 ppm in the Nuc/D = 8
complex (Figure 19). This latter observation was previously re-
ported for the ethidium bromide+poly(dA-dT) complex (11). The
sugar H-1' protons predominantly monitor changes in the glycosidic
torsion angle (54) and the results suggest that the generation
of the proflavine intercalation site requires changes in these
torsion angle(s). The result is consistent with parallel observa-
tions on the X-ray structures of intercalative drug-dinucleoside
miniature duplexes (48-50).

The sugar H-3' protons of poly(dA-dT) undergo chemical shift
changes of <0.1 ppm during the duplex to strand transition
(Figures 3 and 20). It is therefore significant that the down-
field and upfield H-3' protons shift to high field by 0.05 ppm and
0.1 ppm on formation of the Nuc/D = 8 complex (Figure 20). The
sugar H-3' protons are attached to the sugar-phosphate backbone
and are sensitive to either the orientation of the sugar ring
relative to the helix axis and/or the pucker of the sugar ring.

It should be noted that the H-3' shifts on proflavine complex
formation (Figure 20) parallel those reported for ethidium bromide
complex formation with poly(dA-dT) (11).

Mutagen Resonance: The mutagen resonance in the Nuc/D = 24 and
Nuc/D = 8 proflavinecpoly(dA-dT) complexes in 1 M NaCl (Figure 19)
reflect the free proflavine chemical shifts at high temperature
(v100°C) and proflavine complexed to the synthetic DNA at low
temperature (§60°C). All four proflavine resonances undergo large
upfield shifts of 0.9 ppm on complex formation (Table V) which
can only arise from ring current contributions from adjacent base
pairs following intercalation of the mutagen into double helical
DNA.

Sequence Specificity: Optical studies on the binding of
intercalative drugs to dinucleoside monophosphates demonstrated
that actinomycin exhibits a purine(3'-5")pyrimidine specificity
(57-60) while ethidium exhibits a pyrimidine(3'-5")purine (61-63)

American Chemical
Society Library
1155 16th St., N.W.
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TABLE III

Poly (dA~dT) Duplex Dissociation Rate

Constants in 0.1 M Phosphate Solution

Temp, °C Edi Excess Width, 2P kg, sec_l
59.4° 0.47 96 1.5 x 10°
60.6° 0.24 N6 2.4 x 103
61.8° 0.009 20.5 4.1 x 10°

afd = fraction of duplex state.

The difference in line width between the adenosine H-2 resonance
and the downfield H-1' resonance.

TABLE 1V

Sugar Proton Chemical Shifts in the
Poly(dA-dT) Duplex in 1 M NaCl Solution?

H-1' H-2',2" H-3'
Sugar 1 5.68 1.87,2.32 4.76
Sugar 2 6.00 2.74,2.55 4.90

a
The H-1', H-2',2" and H-3' protons on each sugar ring were
correlated by decoupling experiments.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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The temperature dependence of the nucleic acid H-3' (4.6 to 5.0 ppm)

and the H-2', 2" (1.8 to 2.8 ppm) chemical shifts for poly(dA—dT) and the Nuc/D
— 24 and - = 8 proflavine - poly(dA—dT) complex in IM NaCl, 10mM cacodylate,
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TABLE V

Experimental and Calculated Upfield Proflavine

Complexation Shifts on Formation

of the Proflavine+Poly(dA-dT) Complex

Calculated
Experimental Shift, ppm Shift, ppm
Assignment? Complexb EIEEF é§9 é§?
Ha 7.820 8.740 0.92 0.85
H'b 6.930 7.880 0.95 0.8
Hc 6.155 7.060 0.905 0.65
Hd 5.955 6.840 0.885 0.7

2The proflavine resonance H_, Hb’ H , and H; assignments are as
X . a c
outlined in Reference 25.
bData for the proflavine*poly(dA-dT) complex, Nuc/D = 8 in 1 M
NaCl, 10 mM cacodylate, 10 mM EDTA, 2H,0, pH 7 at 69°C.

“Chemical shift of 1.3 mM proflavine in 0.1 M phosphate, 1 mM
EDTA, 2H,0, pH 6.6 at 100°C.

dThe experimental upfield complexation shift is the difference
between the values for the intact complex at 69°C relative to
free proflavine at 100°C.

®The calculations are based on ring current and atomic
diamagnetic anisotropy contributions (56) based on the inter-
calation overlap geometry depicted in the text. The overlap
geometry corresponds to intercalation of dT-dA site.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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under conditions where the drugs acts as a template on which the
nucleic acid forms a miniature intercalative complex. Our labor-
atory has extended these investigations to the stable oligonucleo-
tide duplex level with NMR studies of the sequence specificity of
actinomycin D binding to hexanucleotides (64) and tetranucleotides
(65) in aqueous solution.

Tetranucleotides containing dG+<dC base pairs form stable
duplexes at low temperature so that the self-complementary
sequences dC-dC-dG-dG [contains dC(3'-5')dG but no dG(3'-5')dC
binding sites] and dG-dG-dC-dC [contains dG(3'-5')dC but no
dC(3'-5"')dG binding sites] serve as excellent oligonucleotide
duplexes for differentiating pyrimidine(3'-5")purine specificity
from purine(3'-5")pyrimidine specificity associated with drug
complexation (66,67).

We have monitored the decrease in the 435 nm actinomycin D
absorbance band on gradual addition of tetranucleotide in 0.1 M
phosphate at 24.5°C. A comparison of the tetranucleotide concen-
trations corresponding to half-maximal change demonstrates
stronger binding of actinomycin D to dG-dG-dC-dC compared to
dC-dC-dG-dG (Figure 21), establishing a relative sequence speci-
ficity for actinomycin D complex formation at purine(3'-5')pyrimi-
dine sites at the oligonucleotide duplex level (67).

By contrast, ethidium bromide (Figure 22) and proflavine
(Figure 23) exhibit a relative pyrimidine(3'-5")purine specificity
at the duplex level since stronger binding is observed with dC-dC-
dG-dG compared to dG-dG-dC-dC in 0.1 M phosphate solution at 1°C.

These results demonstrate that the relative sequence
specificity for drug intercalation at the dinucleoside phosphate
level (57-63) are also observed at the stable oligonucleotide
duplex level (66,67). The latter investigations have been re-
peated in another laboratory (68,69) with similar conclusions.

Overlap Geometry: A schematic representation of the proposed
overlap geometry for proflavine intercalated into a deoxy
pyrimidine(3'-5')purine site is presented below with the (o) sym-
bols representing the location of the phenanthridine ring protons.
The mutual overlap of the two base pairs at the intercalation site
involves features observed in the crystal structures of a platinum
metallointercalatoreminiature dC-dG duplex complex (55) and the
more recent proflavine'miniature dC-dG duplex complex (48), as
well as features derived in a linked-atom conformational calcula-
tion of the intercalation site in the proflavine*DNA complex (51).

[4]

The overlap of proflavine with adjacent base pairs was
varied until there was approximate agreement between the experi-
mental upfield complexation shifts (Table V) and those calculated
from ring current and atomic diamagnetic anisotropy contributions
from the base pairs (56). The calculated upfield shifts are some-
what smaller than the experimental complexation shifts at the
proflavine protons in the synthetic DNA complex (Table V). This

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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solution, pH 7.0 at 1°C
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difference may reflect in part the contributions from next-nearest
neighbor base pairs (22) which are not included in the calculation
of the proflavine upfield shifts.

The resultant symmetrical overlap geometry at the
intercalation site has the long axis of the proflavine ring col-
inear with the direction of the Watson-Crick hydrogen bonds and
there is significant overlap between the mutagen ring system and
both purine rings of adjacent base pairs. This overlap geometry
deduced from the NMR investigations differs somewhat from that
deduced from linked atom conformational calculations (51) in that
there is greater overlap between the intercalator and base pairs
in the former case.

It should also be stressed that the proflavine is
assymmetrically positioned with respect to the base pairs in the
proflavine:dC-dG duplex crystal structure (ég) but symmetrically
placed in the corresponding RNA crystalline complex (é§,é§).

Phosphodiester Linkage: The dTpdA and dApdT phosphodiester
linkages are not resolved in the proton noise decoupled 31p spec—
trum of the poly(dA-dT) duplex in 1 M NaCl solution (Figure 24A).
By contrast, two resolved resonances are observed for the
proflavine<poly (dA-dT) complex in the presence of excess nucleic
acid with a peak separation of 0.34 ppm in the Nuc/D = 15 complex
and 0.42 ppm in the Nuc/D = 10 complex (Figure 24B). One of the
resonances in the proflavine complex exhibits a similar chemical
shift to that observed in the unresolved envelope of the synthetic
DNA while the other resonance shifts downfield as a result of com-
plex formation. The shifted resonance most likely originates from
the phosphodiester at the complexation site and may reflect small
changes in the phosphodiester 0-P torsion angles on generation of
the intercalation site (70,71). These downfield shifts in the
proflavinerpoly (dA-dT) complex are much smaller than the large
shifts of 1.5 ppm and 2.5 ppm associated with intercalation of
actinomycin into oligonucleotide duplexes (64,65).

Since each resonance is an average of free and mutagen-bound
phosphodiester at either the dTpdA or dApdT linkages in the
presence of excess nucleic acid, the selective shift of only one
of these phosphates suggests that proflavine exhibits a sequence
specificity for one of the two binding sites.

Summary: The proton resonances of the nucleic acid and the
mutagen are well resolved in the proflavine*poly(dA-dT) complex
and can be monitored independently of each other. The resonances
shift as average peaks during the thermal dissociation of the
complex with stabilization of the duplex by bound mutagen.

The relative magnitude of the large proflavine upfield
complexation shifts requires that the dye intercalate into the
duplex with its long axis colinear to the direction of the Watson-
Crick hydrogen bonds of adjacent base pairs. This results in
significant overlap of the proflavine ring system and base pairs
at the intercalation site.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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We observe structural changes in the glycosidic torsion
angle(s) (monitored at the H-1' protons) and the sugar ring par-
ameters (monitored at the H-3' protons) of poly(dA-dT) on
proflavine complex formation.

The dye exhibits different binding affinities for
pyrimidine(3'-5")purine and purine(3'-5')pyrimidine sites and this
is readily demonstrated by the observation of resolved resonances
in the °<P spectrum of the proflavine+poly(dA-dT) complex in
solution.

Daunomycin-DNA Complexes

Daunomycin and its analog adriamycin are in clinical use as
potent antitumor agents in combination chemotherapy against acute
lymphocytic leukemia. It has been suggested that the antitumor
properties are associated with intercalation of the anthracycline
ring of the antibiotic into the DNA of rapidly proliferating
neoplastic cells and subsequent blocking of RNA synthesis (72-75).
[5]

The crystal structures of daunomycin (76) and its analogs
(77) have been solved recently to atomic resolution. Aromatic
rings B, C and D of the anthracycline ring are planar with ring A
in a half-chair conformation and its associated acetyl functional
group in an equatorial position. A hydrogen bond between 0-7 and
OH-9 limits the flexibility about the glycosidic bonds relating
the anthracycline and sugar rings (78).

Several molecular models of the daunomycin*DNA complex have
been proposed based on fiber diffraction X-ray patterns (79) and
physico-chemical measurements (80,81). The models emphasize
intercalation of the planar protion of the anthracycline ring
between unwound base pairs and electrostatic interactions between
the NHj group on the sugar ring and the phosphate group on the
backbone (74,75,79,81). The models differ in the details of the
overlap geometry between the anthracycline ring and adjacent base
pairs at the intercalation site, as to whether the sugar residue
is in the minor or major groove, as well as which phosphate is
involved in the electrostatic interactions (75,81).

Daunomycin and adriamicin bind to DNA with similar binding
constants of 2.5 x 10 M1 in 0.1 M buffer, pH 7.0 at 20°C, with
one anthracycline antibiotic bound per six nucleotides at maximum
intercalative binding (80,81). The binding constant is dependent
on the salt concentration and decreases by a factor of 5 on pro-
ceeding from 0.1 M to 1.0 M NaCl solution (82).

We have attempted to investigate the daunomycin complex with
poly(dA-dT) in order to set constraints on possible overlap
geometries in the intercalation complex (26) using methods de-
scribed in the previous section on the proflavine complex (25).
There are nonexchangeable proton markers on ring D and exchange-
able proton markers on ring B of the planar portion of the
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ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



11. PATEL Drug-DNA Interactions in Solution 257

anthracycline ring. It should be possible to monitor these
groups as well as the nonexchangeable glycosidic proton at H-1'
on the sugar ring. There have been suggestions that daunomycin
exhibits a sequence specificity in its complex with DNA (75) and
we intend to probe this feature using 31p MR spectroscopy. The
spectral studies were undertaken in high salt solution (1 M NaCl)
to insure intercalation of the antitumor agent between base pairs
and to minimize outside binding along the grooves of the DNA.

Nucleic Acid Exchangeable Protons: We have recorded the
exchangeable proton NMR spectra of the daunomycinepoly(dA-dT)
complex in 1 M NaCl solution between 10 and 16 ppm in an attempt
to monitor the thymidine H-3 proton in the antibiotic-nucleic acid
complex, The studies were undertaken on the Nuc/D = 11.8 and 5.9
complexes with typical spectra presented in Figure 25. The
stronger resonances in the spectra correspond to the thymidine
H-3 proton (Figure 25) and the chemical shifts in the complex are
listed in Table VI. The data demonstrate that the base pairs are
intact in the complex and that the thymidine H-3 proton of

poly (dA-dT) shifts 0.15 ppm to higher field on formation of the
Nuc/D = 5.9 daunomycin complex (Table VI). This suggests that
the ring current contributions from the anthracycline ring more
than compensate that from a base pair displaced as a result of
intercalation. It follows that the thymidine H-3 protons must be
located in the ring current shielding region of the anthracycline
aromatic chromophore at the intercalation site.

Antibiotic Exchangeable Protons: Two exchangeable resonances
(designated by asterisks, Figure 25) are observed between 11.5 and
12.3 ppm in the daunomycinepoly(dA-dT) proton NMR spectra in 1 M
NaCl solution. These resonances correspond to the protons on the
daunomycin ring since their area relative to the thymidine H-3
resonance increases with increasing daunomycin concentration in
the complex (Figure 25). The only candidates for the two exchange-
able protons resonating as far downfield as 12 ppm would be the
aromatic hydroxyl protons on ring B. Intramolecular hydroxyl-
carbonyl hydrogen bonds between positions 11-12 and 6-5 should
stabilize thse hydroxyl groups against exchange, as would the
shielding of these hydroxyl groups from solvent as a result of
sandwiching the anthracycline groups between base pairs in the
intercalation complex.

These phenolic hydroxyls have been observed in the proton NMR
spectrum of N-acetyldaunomycin in chloroform solution (83) though
they are broadened out due to rapid exchange with solvent in the
spectrum of daunomycin in Hy0 solution. We can therefore compare
the H-6 and H-11 ring B hydroxyl chemical shifts of 12.3 and 11.5
ppm for the Nuc/D = 5.9 daunomycinepoly(dA-dT) complex in aqueous
solution (Figure 25) with the values of 13.86 and 13.15 ppm
observed for N-acetyldaunomycin in nonpolar solution (83).

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 24. The proton noise decoupled
145.7-MHz 3P NMR spectra of (A) poly-
(dA—dT) in IM NaCl, 10mM cacodylate,
10mM EDTA, *H,0, pH 6.2 at 65°C
and (B) the proflavine - poly(dA—dT) B
complex, Nuc/D =— 10, in IM NaCl,
10mM cacodylate, 10mM EDTA, *H,0
at 65°C. The scale is upfield from stand- 1 i | ] i

ard trimethylphosphate. 2 3 4 5 6
*
B *
| | |
14 13 12 "

Figure 25. The 360-MHz correlation proton NMR spectra of the daunomycin -
poly(dA—dT) complex in IM NaCl, 10mM cacodylate, 10mM EDTA, 80% H,0-
20% *H,0. Spectrum A corresponds to the Nuc/D — 11.8 complex, pH 6.0 at
67°C and Spectrum B corresponds to the Nuc/D — 5.9 complex, pH 6.05 at 57°C.
The strong resonance corresponds to thymidine H-3 proton of the nucleic acid
while the weaker resonances (designated by asterisks) corresponds to hydroxyl
protons at Positions 9 and 11 on Ring B of the anthracycline ring of daunomycin
in the complex.
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TABLE VI

Chemical Shift of the Thymidine H-3 Proton

in Poly(dA-dT) and its Daunomycin Complex

in 1 M NaCl Solution

Chemical Shift,ppm

Poly(dA-dT)?@ Daunomyc:'m'Poly(dA—dT)b
Nuc/D = 11.8 Nuc/D = 5.9

57°C 12.91 12.86 12,74
67°C 12.84 12.77 12.70

#Poly(dA-dT) in 1 M NaCl, 10 mM cacodylate, 0.1 mM EDTA, Hj0,
pH 6.53.

bDaunomyc:‘m*poly(dA—dT) complex in 1 M NaCl, 10 mM cacodylate,
10 mM EDTA, H»0. Nuc/D = 11.8 complex at pH 6.0 and Nuc/D = 5.9
complex at pH 6.05.

TABLE VII

Chemical Shifts of Anthracycline Ring B

OH Groups at Positions 6 and 11 in the

Daunomycin+Poly(dA-dT) Complex2

Chemical Shift,ppm
Nuc/D = 11.8 Complex® Nuc/D = 5.9 ComplexC

57°C -— ,11.51 12.32,11.575

67°C 12.275,11.52 -—- ,11.40

#Buffer was 1 M NaCl, 10 mM cacodylate, 10 mM EDTA, H,O.

bon = 6.0.

CpH = 6.05.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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The large upfield shifts of ~1.6 ppm for both phenolic
protons which are located between rings B and C of the anthra-
cycline ring chromophore demonstrates that the anthracycline ring
intercalates into the nucleic acid duplex and experiences ring
current contributions from adjacent base pairs. This in turn
requires that anthracycline rings B and C overlap with adjacent
base pairs at the intercalation site.

Nonexchangeable Proton Spectra: Proton spectra of the
daunomycinepoly(dA~-dT) complex in 1 M NaCl, 2H20 solution have
been recorded as a function of temperature at Nuc/D ratios of 50,
25, 9 and 5. Typical spectra (4.0 to 9.0 ppm) for the Nuc/D = 25
complex between 69 and 88°C are presented in Figure 26. The
stronger resonances correspond to the base and sugar protons in
the complex (in the presence of excess nucleic acid) and these
shift as average peaks through the melting transition with in-
creasing temperature (Figure 26). The anthracycline aromatic
ring D protons (7.2 to 7.7 ppm) and the anomeric sugar H-1' proton
(5.1 to 5.5 ppm) of daunomycin (designated by asterisks in

Figure 26) are broadened beyond detection in the duplex state
(<75°C) of the Nuc/D = 25 complex but can be followed above 80°C,
where they shift as average resonances during the dissociation of
the complex (Figure 26).

The temperature dependence of the adenosine H-2 resonance
for poly(dA-dT) and the Nuc/D = 50, 25, 9 and 5 complexes in 1 M
NaCl are plotted in Figure 27. The adenosine H-2 resonance shifts
as an average peak in all the daunomycin complexes, demonstrating
fast exchange on the NMR time scale. Biphasic melting curves are
observed at the intermediate Nuc/D ratios (Figure 27) and the
transition midpoints for antibiotic-free base pair regions and
those centered about bound daunomycin are summarized in Table
VIII. Daunomycin stabilizes the synthetic DNA duplex since the
melting transition midpoint increases from 72.6°C for poly(dA-dT)
to 89.6°C in the Nuc/D = 5 antibiotic complex in 1 M NaCl
solution.

The melting transition of the daunomycin*poly(dA-dT) complex
can also be monitored at the nucleic acid resonance line widths
and the data for the adenosine H-8 resonance are plotted in
Figure 28, The resonance is very broad at temperatures below the
melting transition of the complexes (dashed curves in Figure 28)
indicative of stiffening of the synthetic DNA by the bound
anthracycline ring.

Base Proton Complexation Shifts: The complexation shifts of
certain nucleic acid base resonances of poly(dA-dT) on formation
of the daunomycin neighbor exclusion complex reflect the shielding
contribution due to the anthracycline ring less the contribution
from one neighboring base pair which is displaced following
intercalation. Thus, the adenosine H-2 resonance remains un-
perturbed (Figure 27) while the thymidine exchangeable H-3 proton

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 26. The temperature dependence
of the 360-MHz proton NMR spectra
(4.5 to 9.0 ppm) of the daunomycin -
poly(dA—-dT) complex, Nuc/D =25, in
IM  NaCl, 10mM cacodylate, 1mM
EDTA, *H,0, pH 6.5 between 69° and
88°C. The daunomycin resonances are
designated by an asterisk.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 27. The temperature dependence of the adenosine H-2 resonance (7.1 to

8.1 ppm) for poly(dA—dT) (@) and the daunomvcin - poly(dA-dT) complexes,

Nuc/D=350(N\),25(C),9([)). and 5 (A) in IM NaCl, 10mM cacodvlate, ImM

EDTA, *H,0 solution. The poly(dA-dT) concentration was fixed at 19.3mM in

phosphates and the daunomycin concentration was varied to make the different
Nuc/D ratio complexes.
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TABLE VIII

The Transition Midpoints of the

Daunomycin*Poly(dA-dT) Complexes?

Transition Midpoint,

263

°C

Nucleic Acidb

Antibiotic-Free Antibiotic-Bound

72.6°C -
74.3° "85,5°C
75.9° 86.8°
82.6° 87.5°

- 89.6°

8Buffer was 1 M NaCl, 10 mM cacodylate, 1 mM EDTA,

Daunomycin

88.5 + 2°C

2H20 solution.

bThe nucleic acid transition midpoints are based on the adenosine
H-2 resonance except when Nuc/D = 9, where it is based on the
thymidine CH;-5 resonance.
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in the center of the duplex shifts upfield by 0.15 ppm (Table VI,
Figure 25) and the thymidine CH3-5 which is directed towards the
major groove shifts upfield by 0.1 ppm (Figure 29). It should be
noted that such an upfield shift of the thymidine CH3-5 group

was not observed in the intercalation complexes of ethidium (11),
proflavine (25), terpyridylplatinum IT (11) and nitroaniline dica-
tion with poly(dA-dT). The results require that at least omne
thymidine CH3-5 group project onto the periphery of the anthra-
cycline ring system at the intercalation site.

Anthracycline Proton Complexation Shifts: The aromatic protons
on ring D of the anthracycline ring have been monitored during
the dissociation of the daunomycinepoly(dA-dT) complex at

Nuc/D = 25, 9 and 5 in 1 M NaCl solution and these data are
plotted between 7.2-7.7 ppm in Figure 30. These ring D protons
undergo small upfield shifts on daunomycin complex formation
(Table IX, Figure 30) in contrast to the large upfield shifts at
the mutagen protons (Table V, Figure 19) observed on proflavine
complex formation. This suggests that daunomycin ring D protons
project onto the periphery of the nucleic acid base shielding
contours and that anthracycline ring D not overlap with nearest-
neighbor base pairs at the intercalation site.

Sugar Proton Complexation Shifts: There are small chemical shift
changes (<0.05 ppm) at the nucleic acid sugar H-1' protons on
formation of the daunomycin-poly(dA-dT) complex in 1 M NaCl solu-
tion (Figure 29). These shifts probably reflect small changes in
the glycosidic torsion angles associated with the generation of
the intercalative binding site.

The anomeric proton at position 1' on the sugar ring under-
goes an V0.25 ppm upfield shift on daunomycin complex formation
in contrast to the CHj group at position 5', which undergoes a
negligible complexation shift (Figure 30). It remains unclear
whether this sugar H-1' complexation shift reflects changes in the
glycosidic torsion angles linking the anthracycline and sugar rings
or reflects shielding effects of nucleic acid functional groups
on this proton in the complex.

Binding Groove: We have monitored the 260 nm absorbance melting
curves for synthetic DNA's containing bulky halogen atoms at the
pyrimidine 5 position and their Nuc/D = 5 daunomycin complexes in
10 mM buffer solution. The increases in transition midpoints on
formation are summarized in Table X. The pyrimidine 5 position
projects into the major groove of the double helix. There is
additional stabilization in the daunomycin complexes with the
halogen substituted DNA's (Table X) which suggests that either
daunomycin binds to the minor groove or that binding occurs in
the major groove without unfavorable steric contacts between the
antibiotic and bulky atoms at position 5 of the pyrimidine ring.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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The temperature dependence of the linewidths of the adenosine H-8

resonance for polv(dA-dT) (@) and the daunomycin - poly(dA—dT) complexes,

Nuc/D = 25 (O) and Nuc/D
EDTA, 2H,0 solution.
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Figure 30. The temperature dependence of the daunomycin anthracycline Ring

D aromatic protons (7.3 to 7.7 ppm), the anomeric sugar H-1" proton (5.1 to 5.5

ppm), and the anomeric CH ;-5 proton (1.2 to 1.3 ppm) of the daunomycin - poly-

(dA—dT) complex, Nuc/D = 25,9 and 5 in IM NaCl, 10mM cacodvlate, ImM

EDTA, *H,0. The polv(dA—dT) concentration was fixed at 19.3mM in phosphates

and the daunomycin concentration was varied to make the different Nuc/D ratio
complexes.
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TABLE IX

Experimental Upfield Anthracycline

Complexation Shifts on Formation of The

Daunomycin<Poly(dA-dT) Complex

Experimental Shifts,ppm

Assignment? ComplexP Free® AS
H-1/3 7.330 7.680 0.350
H-2 7.570 7.755 0.185

8The anthracycline ring D protons are either doublets (H-1, H-3)
or a quartet (H-2). We are currently unable to differentiate
between H-1 and H-3 for the two doublets.

bData for the daunomycin+poly(dA-dT) complex, Nuc/D = 25 in 1 M
NaCl, 10 mM cacodylate, 1 mM EDTA, 2H,0, pH 6.5, at 80°C.

CChemical shift of 2 mM daunomycin in 0.1 M phosphate, 1 mM EDTA,
2H,0 at 90°C.

CIThe experimental upfield complexation shift is the difference
between the values for the intact complex at 80°C relative to
free daunomycin at 90°C.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Sequence Specificity: We have monitored the 477 nm absorbance of
9,02 mM daunomycin on gradual addition of sequence specific
tetranucleotides in 0.1 M phosphate at 1°C. The binding curves
are similar for dC-dC-dG-dG and dG-dG-dC-dC at this temperature
(Figure 31) and hence daunomycin does not appear to discriminate
between pyrimidine(3'-5')purine and purine(3'-5')pyrimidine bind-
ing sites at the tetranucleotide duplex level in solutiom.

Phosphodiester Linkages: The proton noise decoupled 3lp NMR
spectra of the daunomycinepoly(dA-dT) complex in 1 M NaCl solution
at 67°C have been recorded at 1 antibiotic per "6 base pairs
(Nuc/D = 11.8) and 1 antibiotic per 73 base pairs (Nuc/D = 5.9).
Resolved resonances are observed for the complex at both Nuc/D
ratios (Figure 32). One of the resonances in the complex exhibits
a chemical shift similar to that observed for poly(dA-dT) in 1 M
NaCl alone (“4.1 ppm) at this temperature while the other reson-
ance is shifted downfield by 0.3 ppm in the Nuc/D = 11.8 complex
and by 0.45 ppm in the NucD = 5.8 complex (Table XI). The results
suggest that daunomycin intercalates at either the dTpdA or dApdT
sites, resulting in a downfield shift of the 3lp resonance of the
corresponding phosphodiester grouping at the intercalation site.
Thus, though sequence specificity was not observed in
daunomycin complexes at the tetranucleotide duplex level (Figure
31), it appears that the antitumor antibiotic differentiates be-
tween pyrimidine(3'-5')purine and purine(3'-5"')pyrimidine sites
in alternating purine-pyrmidine synthetic DNA's in solution
(Figure 32).

Overlap Geometry at the Intercalation Site: We shall attempt to
utilize the nucleic acid base and anthracycline ring proton com-
plexation shifts to deduce which anthracycline aromatic ring(s)
overlap with nearest neighbor base pairs in the daunomycinepoly-
(dA-dT) intercalation complex. It should be noted that the non-
planarity of ring A in the antibiotic requires that the aromatic
portion of the anthracycline chromophore cannot intercalate with
its long axis colinear to the direction of the Watson-Crick
hydrogen bonds at the intercalation site as was demonstrated for
proflavine-nucleic acid complexes.

We have demonstrated that anthracycline ring D does not
overlap with adjacent base pairs based on the chemical shift of
the nonexchangeable protons of this ring system in the complex
(Figure 30). The hydroxyl protons at positions 6 and 11 on ring
B are intramolecularly hydrogen-bonded to their adjacent carbonyl
groups on ring C and hence serve as proton markers for rings B and
C. Since these exchangeable protons shift ~1.6 ppm upfield on
complex formation (Figure 25), this portion of the anthracycline
ring system must overlap with adjacent base pairs at the
intercalation site.

The X-ray structure of a complex of 2 daunomycins per
dC-dG-dT-dA-dC-dG duplex is near completion in Professor Alexander

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 31. A plot of the change in the 477-nm absorbance of 0.02mM dauno-
mycin on addition of dC-dC-dG—dG (O) and dG-dG-dC-dC (@) in 0.IM
phosphate solution, pH 7.0, 1°C
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Figure 32. The proton noise decoupled 145.7-MHz 3P NMR spectra of the

daunomycin - polvW(dA~dT) complex in IM NaCl, 10mM cacodylate, 10mM

EDTA, 80% H,0-20% D,O. Spectrum A corresponds to the Nuc/D = 11.8

complex, pH 6.0 at 67°C and Spectrum B corresponds to the Nuc/D = 5.9 com-

plex, pH 6.05 at 67°C. The chemical shifts are upfield from standard trimethyl-
phosphate.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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TABLE X

271

Duplex to Strand Transition Midpoints (tk, °C)

Monitored at the 260 nm Absorbance Band of

Daunomycin*Synthetic DNA Complexes in Solution®

Synthetic DNA Nuc/D=5 Complex

-]

tys

Poly (dA-dU) 39.5°
Poly(dA-brdU) 50.5°
Poly(dA-1°dU) 48.5°
Poly(dI-dC) 33.5°
Poly(dI-brdC) 44.5°

ty, °C

68.5°
86.0°
86.5°
66.0°

81.5°

Aty °C
29.0°
35.5°
38.0°
32.5°

37.0°

qBuffer is 10 mM cacodylate, 1 mM EDTA, Ho0, H 6.85. Synthetic

DNA concentration was 0.15 mM.

TABLE XI

31

P Chemical Shifts of Resolved Doublets in

Daunomycin<Poly(dA-dT) Complex at 67°c?

Complex

Nuc/D 11.8

Nuc/D = 5.9

#1.0 M NaCl, 10 mM cacodylate, 10 mM EDTA, 80% H

pH 6.0.
b

31

P Chemical Shift, ppmb

3.88

3.66

4.185

4,11

2

0 - 20% D,0,

The chemical shifts are upfield from internal standard

trimethylphosphate.
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Rich's laboratory. We were informed that the sugar residue
resides in the minor groove and that the intercalation occurred
at dC-dG sites. We recently received the overlap geometry at the
intercalation site observed in the daunomycin-hexanucleotide
crystal (kindly provided by Professor Rich prior to publication)
and it is schematically shown below. [6]

The positions of the nonexchangeable protons on ring D are
designated by (o), those of the exchangeable protons on ring B by
(#), the thymidine H-3 protons by (*) and the thymidine CH3 groups
by (x). The NMR data on the daunomycinepoly(dA-dT) complex are in
agreement with the overlap geometry observed in the daunomycine
hexanucleotide crystal. Thus, the NMR parameters require that
anthracycline rings B and C overlap with adjacent base pairs (as
monitored at exchangeable protons 6 and 11, Figure 25) while
anthracycline ring D project right through the intercalation site
(as monitored at nonexchangeable protons 1, 2, 3 and OCHj3 at 4,
Figure 30 and Table IX) as observed in the crystal. The thymidine
H-3 imino proton of poly(dA-dT) shifts upfield on addition of
daunomycin (Table VI) consistent with intact base pairs in the
complex and location of these Watson-Crick protons over the
anthracycline aromatic ring system at the interaction site. The
upfield shift of the thymidine CHy on complex formation (Figure
29) requires that the anthracycline ring system be directed
towards one of the pyrimidine 5 positions, a feature that is ob-
served in the overlap geometry in the crystalline complex. In
addition, the observed binding through the minor groove in the
crystal is consistent with investigations on the binding of
daunomycin to synthetic DNA's with bulky halogen substituents in
the major groove in solution (Table X). Finally, the pyrimidine
(3'-5")purine specificity observed in the crystalline daunomycin®
hexanucleotide complex finds a parallel in the observation of
resolved 31P NMR spectra for the daunomycinepoly(dA-dT) complex
(Figure 32).

Summary: NMR spectroscopy has provided insights into structural
aspects of the daunomycine¢poly(dA-dT) complex in solution. These
studies have demonstrated that the anthracycline ring inter-
calates between intact base pairs with the sugar residues most
likely residing in the minor groove. The complexation shifts of
the anthracycline aromatic exchangeable and nonexchangeable
protons require that rings B and C but not ring D overlap with
adjacent base pairs at the intercalation site. The nucleic base
proton complexation shifts restrict possible overlap orientations
between the thymidine CH, groups and the anthracycline ring while
the sugar H-1' proton complexation shifts suggest glycosidic tor-
sion angle change(s) on formation of the intercalation site.

The observation of partially resolved 31P resonances in the
daunomycin+poly (dA-dT) complex requires that the antibiotic
exhibit a preferred specificity for either the pyrimidine(3'-5')
purine or purine(3'-5')pyrimidine binding sites.

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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The conclusions on the daunomycin*poly(dA-dT) complex in
solution are in good agreement with the detailed X-ray structure
at atomic resolution of the daunomycine®dC-dG-dT-dA-dC-dG complex
in the crystalline state.

Netropsin-DNA Complexes

The basic oligopeptide netropsin, isolated from streptomycis
netropsis exhibits antifungal, antibacterial and antiviral
activities and inhibits DNA and RNA tumor viruses in mammalian
cells (85-88). The antibiotic binds to double-stranded DNA and
stabilizes its thermal melting transition, while no stabilization
is observed for single-stranded DNA, double-stranded RNA or
RNA<DNA hybrids. Netropsin complexes to dA+*dT or dI+-dC base pair
regions but not to dG+dC base pair regions, while halogen atoms
at the pyrimidine 5 position have no effect on the binding (85-
88). Binding studies demonstrate that netropsin spans "3 base
pairs of the nucleic acid double helix and that the complex is
stabilized by hydrogen bonding and electrostatic interactions.
These data suggest that netropsin binds in the minor groove of
dA+dT rich base pair regions of double helical DNA (85-88).[7]

Netropsin complexes with nucleic acids have been monitored
by spectroscopic techniques at the oligomer duplex and DNA level
(89-96). Our research focussed on the application of high resolu-
tion NMR spectroscopy to elucidate structural and dynamic aspects
of netropsin complexes with the self-complementary octanucleotide
dG~dG-dA-dA-dT-dT-dC-dC duplex (97) and the synthetic DNA
poly (dA-dT) (27) in aqueous solutiom.

Hydrogen Bonding: The thymidine H-3 proton is readily observed in
netropsine*poly(dA-dT) complexes in 0.1 M NaCl solution with typi-
cal spectra recorded at 47°C for the Nuc/D = 25.5 and 11.8 com-
plexes presented in Figure 33. The spectral region 10 to 16 ppm
contains a single exchangeable resonance (Figure 33) which shifts
somewhat to lower field with increasing netropsin concentration
(Table XII). The Watson-Crick imino hydrogen bonds are therefore
intact in the netropsinspoly(dA-dT) complex. The downfield shift
at the imino thymidine H-3 proton on interaction of poly(dA-dT)
with netropsin (Table XII) may be contrasted with the upfield
complexation shifts observed with proflavine (Figure 16) and
daunomycin (Table VI) complexes with the synthetic DNA.

Biphasic Absorbance Melting Transition: The melting transition

of the netropsin*poly(dA-dT) complex has been monitored as a func-
tion of Nuc/D ratio in 0.1 M buffer solution. The transition for
the synthetic DNA and Nuc/D = 10 complex give monophasic melting
curves with distinct biphasic melting transitions observed at
Nuc/D = 50, 25 and 18 ratios (Figure 34). The two cooperative
transitions differ by 19°C and are assigned to the opening of
antibiotic-free and antibiotic-bound base pair regions in the

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 33. The 360-MHz correlation proton NMR spectra of the netropsin -

poly(dA—dT) complex in 0.IM NaCl, 10mM cacodvlate, 10mM EDTA, 80%

H,0-20% ®H,0. Spectrum A corresponds to the Nuc/D = 25.5 complex, pH 6.1

at 47°C while Spectrum B corresponds 10 the Nuc/D = 12.8 complex, pH 6.15
at 47°C.
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Figure 34. The 260-nm absorbance melting curves (first heating) of poly(dA—dT)

and its netropsin complex, Nuc/D — 50, 25, 18, and 10 in 0.IM cacodylate,

4.4mM EDTA, H,O, pH 7.4. The poly(dA—dT) concentration was fixed at

0.545mM in phosphates and the curves are normalized to an absorbance of 1.0
at 95°C.
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netropsin*poly(dA-dT) complex (Table XIII). Biphasic melting
transitions have also been reported for the netropsinepoly(dA-dT)
complex in low ionic strength (98). By contrast, monophasic
melting curves were observed fo;_netropsin'DNA complexes in 0.02 M
salt solutions (99). This probably reflects the opening of
antibiotic-free base pair regions at hairpin loops and branch
points in the netropsin*poly(dA-dT) complex. These types of
initiation sites are absent in netropsin*DNA complexes.

Lower Temperature Cooperative Transition: The NMR parameters for
the dissociation of the Nuc/D = 50 netropsinepoly(dA-dT) complex
have been carefully investigated in 0.1 M phosphate solution,
conditions under which 1 netropsin is bound for every 25 base
pairs. The nonexchangeable proton NMR spectra (5 to 9 ppm) of the
lower temperature cooperative transition between 53.2°C and
68.5°C are presented in Figure 35.

The base and sugar H-1' resonances in the Nuc/D = 50
netropsinesynthetic DNA complex are partially resolved at 53.2°C.
These resonances decrease in area on increasing the temperature
with the narrower resonances, corresponding to the strand state,
increasing in area between 53°C and 69°C (Figure 35). The low
temperature cooperative melting transition of the netropsine
poly (dA-dT) complex corresponds to the opening of antibiotic-free
base pair regions and hence it follows that this transition is
slow on the NMR time scale in the complex of 1 netropsin per 25
base pairs. This is strikingly demonstrated by the doubling of
the peaks in the 61°C spectrum of the complex (Figure 35), which
corresponds to the midpoint of the lower temperature cooperative
transition. These results demonstrate that the duplex dissoci-
ation rate constants of the antibiotic-free base pair regions in
the Nuc/D = 50 netropsin°poly(dA-dT) complex (Figure 35) are at
least an order of magnitude smaller than their corresponding
values in poly(dA~dT) (Table III).

Antibiotic-Induced Conformational Changes: The temperature
dependent chemical shifts of the adenosine and thymidine sugar
H-1' protons in poly(dA-dT) and the Nuc/D = 50 netropsin*poly-
(dA-dT) complex in 0.1 M phosphate are plotted between 40° and
100°C in Figure 36. It is striking that even though only 1
netropsin is bound per 25 base pairs, the resonances corresponding
to antibiotic-free and antibiotic-bound base pair regions have
shifted tv high field to the same extent (Figure 36). Thus, the
average chemical shift of the upfield sugar H-1' resonance (5.47
ppm) in the Nuc/D = 50 netropsin¢poly(dA-dT) complex at 53.2°C

is the same as the chemical shift of this resonance (designated

by an asterisk) for base pairs centered about bound netropsin in
the partially melted out complex at 68.5°C (Figure 35). This
demonstrates that netropsin alters the nucleic acid conformation
at its binding site and that the structural perturbation is propa-
gated to adjacent antibiotic-free base pair regions (27). A

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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TABLE XII

Chemical Shift of the Thymidine H-3 Proton

in Poly(dA-dT) and Its Netropsin Complex

Chemical Shift, ppm

Poly(dA-dT) Netropsin*Poly(dA-dT) Comp lexb
Nuc/D = 25.5 Nuc/D = 12.8
47°C 12.89 13.08 13.20

®Poly(dA-dT) in 0.1 M Phosphate, 1 mM EDTA, H,0.

b

Netropsinspoly(dA-dT) complex in 0.1 M NaCl, 10 mM cacodylate,

10 mM EDTA, H,0. Nuc/D = 25.5 complex at pH 6.1 and Nuc/D = 12.8
complex at pH 6.15.

TABLE XIII

Biphasic Duplex to Strand Transition Midpoints

(ty, °C) monitored at the 260 nm Absorbance

of Netropsin+Poly(dA-dT) Complexes in Solution®

By °C
Antibiotic-Free Antibiotic-Bound
Nuc/DP Base Pair Regions Base Pair Regions
Poly (dA-dT) alone 62.5 -
50 63.5 84.5
25 66.0 85.5
18 67.5 86.0
10 - 87.0

#Buffer is 0.1 M cacodylate, Hy0, pH 7.4.

bSynt:het:ic DNA concentration was fixed at 0.545 mM in nucleotides.,

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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The temperature dependence
(first heating) of the 360-MHz proton
NMR spectra (5 to 9 ppm) of the netrop-
e sin - poly(dA-dT) complex, Nuc/D =
50, in 0.1 cacodylate, 4.4mM EDTA,
. 2H,0, pH 7.5 between 53° and 68.5°C.
The asterisks designate some of the minor
| | resonances from base pairs centered at
the binding site.
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Figure 36. The temperature dependence (40° to 100°C) of the sugar H-1’
chemical shifts of poly(dA—dT) (O) and the netropsin - poly(dA—dT) complex,
Nuc/D = 50 (@) in O.IM cacodylate, 4.4mM EDTA, 2H,0 solution
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similar result has been reported recently for complexes of the
related antibiotic distamycin with calf thymus DNA (100).

The sugar H-1' protons undergo selective upfield shifts on
interactions of netropsin with poly(dA-dT), in contrast to the
base protons, which are perturbed to a much smaller degree on
complex formation (Figure 37). These results demonstrate that
the antibiotic induced conformational changes primarily occur at
the adenosine and thymidine glycosidic torsion angles with less
pronounced perturbations in the base pair overlap geometries.

Netropsin Migration Along Partially Opened DNA: The plots of the
sugar H-1' chemical shifts in the Nuc/D = 50 netropsine*poly(dA-dT)
complex in 0.1 M buffer demonstrate that the lower temperature
and higher temperature cooperative transitions exhibit midpoints
of 61°C and 95°C, respectively (Figure 36). This section covers
the NMR spectral parameters for the complex between these temper-
ature values (65 and 90°C) with typical spectra in the 5 to 9 ppm
presented in Figure 38.

The NMR spectrum of the Nuc/D = 50 complex at 66°C (Figure
35) contains major resonances corresponding to base and sugar
protons of antibiotic-free base pair regions that have melted out
and minor resonances (represented by asterisks) which corresponds
to base pair regions centered about bound antibiotic. The ob-
servation of separate resonances suggests that the migration of
netropsin along the partially opened duplex is slow on the NMR
time scale at 66°C. The minor resonances exhibit a constant area
between 64° and 71°C and the relative area of the minor and major
resonances require that "20 base pairs are associated with the
opening of antibiotic-free base pair regions when 1 netropsin
binds for every 25 base pairs.

The base proton chemical shifts and line widths for
poly(dA-dT) and for the major resonances in the Nuc/D = 50
netropsin*poly (dA-dT) complex between 70° and 100°C are plotted
in Figure 39. The line widths of the major resonances corres-—
ponding to the antibiotic-free strand regions in the 1 netropsin
per 25 base pair complex are much larger than the corresponding
values for poly(dA-dT) in the strand state between 70°C and 80°C
(Figure 39). This demonstrates a decreased segmental mobility
for antibiotic strand regions anchored at one or both ends by
netropsin-bound base pair regions in the netropsin<poly(dA-dT)
complex between 65° and 85°C.

The minor resonances corresponding to base pair regions
centered about bound netropsin broaden and coalesce with the
major resonances corresponding to melted out antibiotic-free base
pair regions when the temperature is raised from 70° to 85°C for
the Nuc/D = 50 netropsincpoly(dA-dT) complex (Figure 38). There
is also a small upfield shift (Figures 36 and 39) and a small
increase in line width (Figure 39) at the base and sugar H-1'
resonances associated with increasing temperature from 70° to
90°C. This suggests that netropsin migration along the partially

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 37. The variation of the sugar H-1" and base proton (adenosine If-8, H-2,
and thymidine CH -5) chemical shifts of 24mM poly(dA—dT) in 0.IM cacodylate,
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Figure 38. The temperature dependence (first heating) of the 360-MHz proton

NMR spectra (5 to 9 ppm) of the netropsin - poly(dA—dT) complex, Nuc/D =

50 in 0.]1M cacodylate, 4.4mM EDTA, *H,0, pH 7.25 between 71° and 85°C.

The asterisks designate some of the minor resonances from base pairs centered at
the binding site.
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Figure 39. The temperature dependence of the chemical shifts and linewidths of

the base resonances of poly(dA-dT) (O) and the Nuc/D — 50 netropsin - poly-

(dA-dT) complex (®) in 0.IM cacodylate, 4.4mM EDTA, *H,O, pH 7.25
between 70° and 100°C
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opened duplex in the Nuc/D = 50 complex becomes fast on the NMR
time scale above 75°C such that the NMR spectrum corresponds to
an average of antibiotic-free and -bound regions at this high
temperature (Figure 38).

Higher Temperature Cooperative Transition: The dissociation of
base pair regions centered about bound netropsin in the Nuc/D = 50
complex in 0.1 M buffer can be meonitored at the nucleic acid
proton chemical shifts (Figures 36 and 39) and line widths
(Figure 39) between 85° and 100°C. The proton resonances shift
downfield as average peaks (Figures 36 and 39) and decrease in
line widths (Figure 39) to their corresponding values in poly-
(dA-dT) with increasing temperature. The transition midpoint
occurs at V95°C., The dissociation rate constant for the

Nuc/D = 50 netropsin*poly(dA-dT) complex at 95°C is fast compared
to the 0.1 ppm chemical shift difference for the adenosine H-2
resonance between 90°C and 100°C (Figure 39).

Phosphodiester Groups: The 3lp NMR studies (previous section) of
the proflavine*poly(dA-dT) complex (Figure 24), the daunomycin-®
poly (dA-dT) complex (Figure 32, Table ¥I), and a nitrophenyl
reporter molecule¢poly(dA-dT) complex demonstrated that the

dTpdA and dApdT phosphodiester linkages gave partially resolved
phosphorus spectra. These two resonances in the intercalation
complexes mentioned above were separated by about 0.4 ppm and
centered about 4.0 p%m upfield from the trimethylphosphate refer-
ence. One of these 1P resonances in the intercalation complex
exhibits approximately the same chemical shift as in poly(dA-dT)
while the other, corresponding to the phosphodiester at the inter-
calation site, shifts downfield on complex formation. Downfield
shifts of this magnitude (<0.4 ppm) appear to be characteristic
of the intercalation site though much larger downfield shifts
(2.0 = 0.5 ppm) have been reported by our group for the
actinomycin Denucleic acid complexes (64,65).

In striking contrast, we have observed upfield ihifts in the
netropsinepoly (dA-dT) complex in 0.1 M buffer with 3lp resonances
at 4.25 and 4.56 ppm (upfield from standard trimethylphosphate)
in the Nuc/D = 12.8 complex at 47°C (Figure 40). A similar up-
field P complexation shift has been reported for the netropsine
octanucleotide complex (97) and a tetralysineroctanucleotide com-
plex (101). The peptide antibiotic and the oligogeptide bind in
the grooves of the nucleic acid and the upfield 31p shifts may
reflect either the contributions of electrostatic interactions
and/or a conformational change in the nucleic acid phosphodiester
groups on complex formation.

Antibiotic Resonances: The protons on the N-methylpyrrole rings
of netropsin can be detected in the 1 antibiotic per 5 base pair
netropsin*poly (dA-dT) complex at 87°C (Figure 41). The proton
line widths indicate that the entire complex is intact at this

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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Figure 40. The proton noise decoupled 145.7-MHz 3P NMR spectra of the

netropsin - poly(dA—dT) complex in 0.I1M NaCl, 10mM cacodylate, 10mM EDTA,

80% H,0-20% *H,0. Spectrum A corresponds to the Nuc/D = 25.5 complex,

pH 6.1 at 47°C while Spectrum B corresponds to the Nuc/D = 12.8 complex,
pH 6.15 at 47°C.
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Figure 41. The 360-MHz proton NMR spectrum (4.5 to 9.0 ppm) of the Nuc/D

= 10 netropsin - polv(dA—dT) complex in 0.IM cacodylate, 4.4mM EDTA *H,0,

PH 7.08 at 87°C. The tentatively assigned N-methylpyrrole protons of netropsin are
designated by asterisks.
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this temperature with the two pyrrole H-5 protons superimposed at
6.58 ppm (designated by asterisks) and the adenosine H-2 nucleic
acid and the two pyrrole H-3 protons (designated by asterisks)
superimposed at 7.35 ppm (Figure 41). A comparison of these
pyrrole proton complexation shifts with the corresponding values
in free netropsin indicates that complex formation results in
downfield shifts at the H-3 position and upfield shifts at the
H~5 position (Table XIV). The observed downfield shifts at the
pyrrole H-3 protons suggest that they experience in-plane ring
current contributions of the base pairs following binding of the
netropsin in the groove of DNA.

The exchangeable and nonexchangeable netropsin protons have
been monitored in detail for the 1 antibiotic per dG-dG-dA-dA-dT-
dT-dC-dC octanucleotide duplex complex in our laboratory (97).
That study has proved insights into the role of hydrophobic,
hydrogen bonding and electrostatic interactions to the stability
of the peptide antibiotic-nucleic acid complex in solution (97).

Summary: High resolution proton NMR spectroscopy has been
utilized to probe the opening of antibiotic-free base pair regions
(ty, ™ 61°C) and those centered about bound netropsin (tiy v 90°C)
in the biphasic dissociation of the 1 netropsin per 25 base pair
poly (dA-dT) complex in 0.1 M buffer solution with temperature.

The observation of selective complexation shifts in the
nucleic acid resonances of the synthetic DNA demonstrate a change
in the glycosidic torsion angles of the adenosine -and thymidine
residues and a minimal perturbation in the base pair overlaps on
addition of netropsin. These structural perturbations at the
antibiotic binding site are propagated to adjacent antibiotic-free
base pair regions at low netropsin concentrations.

We observe that netropsin binds tightly to DNA and stabilizes
V5 base pairs centered about its binding site. The opening rates
of the intervening base pair stretches during the dissociation of
the antibiotic-free base pair regions in the Nuc/D = 50 complex
are slower by an order of magnitude compared to the dissociation
rates for the duplex to strand transition of poly(dA-dT) alone in
0.1 M buffer solution.

The NMR data demonstrate a decreased segmental mobility of
antibiotic-free strand regions anchored at one or both ends by
netropsin-bound base pair regions in the partially melted out
Nuc/D = 50 complex between 65° and 90°C. The migration of the
antibiotic along the partially opened structure is slow between
60° and 70°C but the migration rate increases between 75° and
90°cC.

Conclusion
This review outlines our approach to investigating the

structure and dynamics of synthetic DNA's and their complexes with
mutagens and antibiotics by high resolution NMR spectrosocpy in

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1980.



288 POLYMER CHARACTERIZATION BY ESR AND NMR

TABLE XIV

Experimental Antibiotic Pyrrole Proton

Complexation Shifts (AS, ppm) in the

Netropsin*Poly (dA-dT) Complex2

Pyrrole Free Netropsin*Poly(dA-dT) Complexation

Protons NetropsinP Complex, Nuc/D = 10C shift, A&d
H-3€ 7.13, 7.07 (7.35f +0.22, +0.28
H-5¢€ 6.79, 6.73 6.58 -0.21, -0.15

8Buffer is 0.1 M cacodylate, 4.4 mM EDTA, 2HZO, pH 7.08.

b
Chemical shift at 96.8°C corresponding to dissociated components
in complex.

“Chemical shift at 87.0° corresponding to intact complex.

dThe experimental complexation shift represents the difference
between the Nuc/D = 10 netropsin+poly(dA-dT) complex at 87.0°C
and the dissociated compoents at 96.8°C.

®There are protons at positions H-3 and H-5 on each of the two
pyrrole rings of netropsin. The set at higher field in free
netropsin is tentatively assigned to H-5 while the set at lower
field is tentatively assigned to H-3.

f . . .

The assignment of the pyrrole H-3 protons in the complex is not
definitive since they cannot be monitored as average resonances
during the dissociation of the complex.
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solution. We have focussed our efforts on alternating
purine-pyrimidine polynucleotides and demonstrated that the in-
herent symmetry and high degree of branching in these synthetic
DNA's results in well resolved proton resonances exhibiting
moderate widths in the duplex state which shift as average peaks
through the melting transition. The proton markers are distrib-
uted throughout the base pairs and the sugar residues and monitor
aspects of the hydrogen bonding, base stacking and torsion angle
changes in the sugar-phosphate backbone during the non-cooperative
premelting transition and cooperative melting transition.

The effect of counterion on the synthetic DNA conformation
has been probed by comparing the NMR parameters in high salt
sodium and tetramethylammonium solutions. We observe a specific
change at one of the two glycosidic torsion angles and at one of
the two phosphodiester linkages for poly(dA-dT) on proceeding
from Nat to TMA* solutions.

These NMR studies have been extended to probe the interaction
of ligands with synthetic DNA's to deduce conformational informa-
tion on the binding site in aqueous solution. The proflavine-poly
(dA-dT) complex can be independently monitored at the mutagen and
nucleic acid proton resonances during the dissociation of the
complex as a function of temperature. The NMR parameters of
proflavine on complex formation readily demonstrate intercalation
of the mutagen between intact base pairs with the long axis of the
proflavine ring colinear with the direction of the Watson-Crick
hydrogen bonds.

Structural information on the daunomycine*poly(dA-dT) complex
was only obtained after monitoring both the exchangeable phenolic
and nonexchangeable benzylic protons on the aromatic part of the
anthracycline ring system. The complexation shifts demonstrate
that anthracycline rings B and C overlap with adjacent base pairs
while no such overlap is observed for anthracycline ring D which
passes through the intercalation site. The observed complexation
shift at the thymidine CH3-5 resonance requires that the long axis
of the anthracycline ring be approximately normal to the direction
of the Watson-Crick hydrogen bonds.

The purine(3'-5')pyrimidine and the pyrimidine(3'-5')purine
phosphodiester linkages are partially resolved in the proflavine
and daunomycin intercalation complexes with poly(dA-dT) with the
phosphodiester at the intercalation site shifting to low field.
This suggests that these intercalating agents exhibit a sequence
specificity in their complexes with alternating purine-pyrimidine
polynucleotides.

The NMR parameters for the complex of the groove binding
antibiotic netropsin with poly(dA-dT) are quite distinct from
those observed with the intercalating proflavine and daunomycin
ligands with the synthetic DNA in aqueous solution. Netropsin
induces a conformational change at its binding site which is
propagated to adjacent antibiotic-free base pair regions at low
netropsin concentrations. This structural change occurs primarily

In Polymer Characterization by ESR and NMR; Woodward, A., et a.;
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at the glycosidic torsion angles of the purine and pyrimidine
residues with minimal perturbation at the base pair overlap
geometries. We have been able to monitor the opening of
antibiotic-free base pair regions and those centered about bound
netropsin during the biphasic dissociation of the complex, as well
as the migration of netropsin along the partially melted out
complex as a function of temperature.

The proflavine, daunomycin and netropsin complexes with DNA
have been investigated by crystallographic and spectroscopic
techniques in solution. The NMR results presented above contrib-
ute to and extend the knowledge of drug-DNA complexes gained by
various physico-chemical measurements. We shall attempt in the
future to extend our NMR investigations to the study of additional
classes of DNA binding antibiotics of current importance as
antitumor agents used in combination chemotheraphy. The NMR
methodology outlined above is also amenable to investigations of
protein-nucleic acid interactions in solution.
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dC—dC, change in absorbance of 253f

Ethyl branching ... ... ... 113
Ethylene copolymer(s)
-1-butene, C-13 NMR spectra at
25.2 MHz of . 98f
-I-heptenc, C-13 NMR spcctra at
25.2 MHz of . . 99f
-l-hexene ... ... 110
C-13 NMR spectra at 25.2
MHz of . 99f
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Ethylenc copolymcrs (continued)
-l-octene, C-13 NMR spectrum(a)
of . 103
at 25.2 MHz of _ 99f
-1-olefin, C-13 NMR spectra from 97
-1-pentene, C-13 NMR spectra at

25.2 MHz of . 98f
-1-propene, C-13 NMR spectra at
252 MHzof ... ... 98f
F
F-19 REV-8 chemical shift
lincshapes
of the amorphous fraction of melt
recrystallized PTFE . .. 178f
of the crystalline fraction of melt
recrystallized PTFE ... . 176f
of a 68% crystalline PTFE
sample ... ... 172f
of melt-recrystallized PTFE . 175f
spectra of amorphous and crystaI-
line fractions of PTFE, de-
composed ... ... ... .. . 173f
spectra of PTFE samples varying
crystallinity .. ... . . 171f
FID (see Free induction)
Flow activation cnergies ... ... .. 103
of long-chain branching of PEs 104¢
Fluorine-decoupled, MAS-C-13
spectra of PCTFE . ... . 210f
Fluorine-decoupled, MAS-C-13
spectra of PTFE .. . . ... 208f
Fluoropolymers and VT- MAS ... 206-209
Fracture
free-radical concentration produc-
tionduring ... .. ... . . 23
surface of a nylon ﬁlament
exposed to
an air environment . ... 31f
an NO, cnvironment . ....... 28f, 29f
an O, environment 30f
an SO, environment ... ... 27f
surface produced by cutting with
SCISSOIS ... . 29¢f
Free
induction (FID) ... 159
signal(s)
illustrating composite character =~ 160f
of plasticized PVC at 75°C 158f
of pure and plasticized PVC ... 157f
subsequent to Ty, ... ... 162f
-radical concentration productron
during fracture ... 23
radicals, relationship between
breaking stresses and 25f
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G
“g” factor ... 116
G {'H} NMR spectra of PVC and
VCI-VCl. copolymers .................. 82f
Gd*
in aqueous solution, X-band EPR
spectrum for .. . 72f
to Ca*-ATPase, bmdmg of .. . 66
on the Ca?-ATPase, paramagnetic
effects of mctals with ............. 70
complex with Ca?*-ATPase, X-band
EPR spectrum of ................. 75f
in presence of ATP ................ 75f

high affinity of Ca*-ATPase for ... 66

on the longitudinal water proton
relaxation rate in solutions
containing Ca?*-ATPase,

effect of . ... 68f
to probe its envrronment EPR
properties of ... 71
on 1/T, of Li* in the presence of
Ca*-ATPase, effect of .~ ... 67f
Gd(IID EPR ... .. 51

studics of membrane enzymes,
theoretical basis for Mn(II)
and 50
Gd(IIl) as a probe in NMR and EPR
studies of sarcoplasmic reticulum

Ca?-ATPase 64-74

GdCl; with Ca*-ATPase, titration of 69f
GdCl; concentration, steady state
levels of E-P at 0°C as a func-
tion of ... .. ... 65f
Gadolinium I EPR studies of mem-
brane-bound ATPases ... 49
Gaussian curve, first derivative . ........ 44
Gaussian distribution in the amor-
phous regions of PTFE and a
TFE/HFP copolymer, tempera-
ture dependence on the rms value
of 187f
Glycosidic torsion angle . ... 237
Goldman-Shen experiment of PVC at
110°C . e 164
Goldman—Shen pulse sequence 159, 163
H
1,2-Hexadecanediol (HDD) ....... 120, 124
C-13 spin-lattice relaxation times
for neat ..... . PP 130¢
relaxation propertjes of 124
Hexamethyl-phosphoric triamide
(HPMT) ... .. 37
Hcxamethyldisiloxane (HMDS) ...... . 85
High
-density PE, long- and short-chain
branchingin ... .. ... 96
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High (continued)
-field C-13, long-chain branching
in PEs using
resolution C-13 NMR
Higher-temperature cooperative tran-

93-118
81-91

sition for the netropsin - poly-
(dA—dT) complex ... ... 285
Hizex 7000, SECs of ... 95f
Hydrogen bonding . 235-237
in duplex state for poly(dA—dT) 220-221
in netropsin - poly(dA—dT)
complexes . . 273
L
Lineshape(s)
changes obscrved for the amorphous
fraction of PTFE 182
changes, rate of the molecular
motion responsible for
amorphous 183
of PTFE, crystalline and
amorphous 170-180
of PTFE, decomposed 174
Liquid nitrogen temperature (LNT) 36
Loading frame . 21f
Local-order paramctcrs for PTFE 184
Log-y? distribution .. 128
NOEF for 132f
spin-lattice relaxation time for 132f
Lower-temperature cooperative tran-
sition for the netropsin - poly-
(dA—dT) complex 277

M

Mn¥
-AMP complex, effects of inorganic
phosphate and Na“ on the
enzyme— 59
binding to membrane ATPases
stoichiometry and dlssoc1at10n

constants for . 52
EPR spectrum(s)
bound 55-64
to (Na- -+ K) ATPase 56f
complexes (Na*° + K')-ATPase
and AMP, X-band 58f
and ATP, K-band 61f
and B,y-bidentate CrATP,
K-band 61f
and Co(NH;),ATP, K-band 63f

and «,8,y-tridentate, CrATP,
K-band 63f
X-band 57f
effects of nucleotide substrates on 55
EPR studies
—enzyme complexes, Mn2" 55

POLYMER CHARACTERIZATION BY ESR AND NMR

Mn?! (continued)
EPR studies (continued)
for measuring metal-substrate
distances on (Na* + K°)-

ATPase . .. . . 60

of Mn?'—enzyme complcxes ... 55

to Mg?-ATPase, binding of ... 54f

to (Na* + K')-ATPasc, binding of 53f

—(Na" + K")-ATPase, effect of

B,y-bidentate CrATP on signal

intensity of - 62f

Mn(I1) EPR, studies ... 50-51

and Gd(11I) EPR studlcsv of mem-
brane enzymes, theoretical
basis for 50

of membrane-bound ATPases 49-80
of sheep kidney (Na® 4+ K')-
ATPase and Mg- -ATPase . 52
Mg*-ATPase 49
binding of Mn?% 54f
Magic-spinning apparatus 199f
Magnet spectrometers .. 97
Magic-angle spinning (MAS) 193
apparatus 196-201
assembly 196-201
C-13
NMR in solid polymer, back-
ground . . 193-196
NMR studies of solid polymers,
VT 193-217
spectra
of PCTFE, C-13 207

of PCTFE, fluorine-decoupled 210f

of PTFE at -72°C 208f
of PTFE, fluorine-decoupled ~ 208f
of PTFE as a function of
temperature, C-13 207
techniques for producing high
spinning rates for . ... 196
Melt-recrystallized PTFE 170-180
Melting transition
of the netropsin - poly(dA-dT)
complex, biphasic absorb-
ance 273-2717
of the poly(dA—dT) 237
of proflavine - poly(dA—dT)
complexes 242
Methylene spin-lattice relaxation
times for C-1 carbon 141
Methylene spin-lattice relaxation
times for the C-2 carbon 142
MIR (see Multiple internal rotations)
Molecular
dynamics
of alkyl groups in solution  119-145

of polymer chains in solution 119-145
of PTFE 169-191
motion characterization 119-145
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Molecular (continued)
motion responsible for amorphous
lineshape changes, rate of . . 183
Monomer composition, calculation of 84
VCI-VCl, copolymers from C-13
NMR areas .. 86

Multiple internal rotations (MIR) 120
C-13 T’s and NOEFs using the
theory of ... ... 138¢
Multiple-pulse NMR of solid
polymers 169-191
Mutagen resonance 247
N
(Na® 4 K')-ATPase ... . 49
active site structure of 76f
binding of ... . o 53f
EPR spectra of Mn?" bound to 56f
EPR spectra for Mn?" complexes of
and AMP, X-band S8f
and ATP, K-band 61f
and 8,y- -bidentate CrATP
K-band . 61f
and Co(NH,);ATP, K-band . 63f
and a,8,y-tridentate CrATP,
K-band 63f
and Mg?-ATPase, Mn(ll) EPR
studies of sheep kidney 52
Mn?" EPR studies for measuring
metal-substrate distances on 60
X-band EPR spectra of Mn?
complexes with . S7f
NBS 1483, C-13 NMR speclrum
at 50 MHz of . ... 114f
NBS 1475, SECs of 95f
NQO., dLLl‘dddtlon in strcngth of Nylon
6 as a function of time in . 24f
NO. as a function of time, degrada-
tion in strength of Nylon 6 at
room temperature . 25f
Netropsin
—-DNA complexes 273-287
migration along partially opened
DNA 281-285
- poly(dA—dT) complex(es)
antibiotic
-induced conformational
changes in 277-281
pyrrole proton complexation
shifts in 288t
resonances in 285-287
higher-temperature cooperative
transition for 285
hydrogen bonding in 273
lower-temperaturc cooperative
transition for 277
360-MHz correlation proton
NMR spectra of 275f
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Netropsin (continued)
- poly(dA—dT) complex(cs)
(continued)
360-MHz proton NMR

spectrum of . 286f
phosphodiester groups in ..... 285
proton noise decoupled 145.7-
MHz P NMR spectra of . 286f
temperature dependence of the
360-MHz proton NMR
spectra of 2791, 283f
temperature dependence of the
sugar H-1” chemical shifts
of poly(dA—dT) and ... 280f
Nicolet TT-14 pulse-FT spec-
trometer ... ... ... 201-202
Nitroxide(s) 1-18
undergoing motional narrowmg,
simulated composite spectra 4f
NMR
rclaxation measurements 147
of solid polymers, multiple-
phase e .. 169-191
spectrum(a)
of the daunomycin - poly-
(dA—dT) complex, 360-
MHz correlation proton ... 238f
of DNA in solution 219
360-MHz proton
of the daunomycin - poly-
(dA-dT) complex, tem-
perature dependence of = 261f
of the netropsin - poly(dA—
dT) complex 286f
correlation . .. 275f

temperature dependence )
of . ... 279f, 283f
of poly(A-U), temperature

dependence of 233f
of poly(dA—dT) 223f, 225f
of the proflavine - poly-
(d{A~dT) complex 244f
of the thymidine H-3 proton
in poly(dA—dT) 221f
of poly(dA—dT), 360-MHz
correlation proton . 236f
for studying composite polymeric
systems, pulsed 147-168
Nuclcar Overhauser effects in PEs 112
Nuclear Overhauser enhancement
(NOE) 119
factors (NOEFs) 120
for the C-1 carbon 141¢
undergoing internal rotation 123f
for the C-2 carbon 142¢
for the log-y? distribution 132f
for neat DD, C-13 129¢

of PBA in 50% (w/w) solution
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Nuclear Overhauser enhancement
(NOE) (continued)
factors (NOEFs) (continued)

in toluene, C-13 . . . 126t
for PBMA in 50% (w/w) solu-
tion in toluene-dy 122¢

Nonexchangeable proton spectra of
the daunomycin - poly(dA—dT)

complex 260
Nucleic acid
base resonances ... .. ... ..242-247
exchangeable protons for dauno-
mycin - poly(dA-dT) complex 257
sugar resonances . 247
Number average molecular welght
data from SEC for PEs 115
Number average molecular weight
for PEs . . 115¢
Nylon
fibers, ESR investigation of
environmental effects on ... .. 19-34

fibers in NO., strength of 23

filament control 27f
filament exposed, fracture surface of
to an air environment .. 31f
to an NO, environment 28f, 29f
to an Oy environment v 30f
to an SO. environment 26f, 27f
Nylon 6
degradation in strength of, as a
funetion of time in NO. 24f
at room temperature 25f
degradation in strength of,
as a function of time in various
environments 22f

cffect of ozone on the strength of 20
cffcets of environment and stresson 19
ESR spectra resulting from

mechanical damage of . 210f
samples, effect of sustained loading
on the strength of S .20
O
1-Olefins ... . ... 96
Overlap geometry at the daunomycm
poly(dA—dT) complex inter-
calation site .268-272
Ovcrlap geometry for proflavine . 251-255
Oxide surfaces, polymers adsorbed on  1-18
Ozone on the strength of Nylon 6,
cffect of Ce 20
P
P NMR spectra, proton noise
decoupled 145.7-MHz
of daunomycin - poly(dA—dT)
complex S 270f

POLYMER CHARACTERIZATION BY ESR AND NMR

3P NMR spectra, proton noise decoupled
145.7-MHz (continued)
of the netropsin - poly(dA—dT)
complex ... 286f
of poly(dA—dT) ... .............. 234f 243f
and the proflavine - pon(dA—dT)
complex
PBA (see Poly(n-butyl acrylate))
PBMA (see Poly(n-butyl metha-
crylate))
PCTFE (see Poly(chlorottifluoro-
ethylenc))
PE (see Polycthylcne)
PEO (see Polyethylenc oxide)
PHMA (see Poly(n-hexyl metha-
crylate))
PS (see Polystyrene)
PTFE (see Polytctrafluoroethylene)
PVAc (see Poly(vinyl acctate))
PVC (see Poly(vinyl chloride))
PVF, (see Poly(vinylidene ﬂuoride))
Pendant alky!l chain motion . 133-143
Phillips PE 5003, SECs of .. . 95f

Phosphodiester llnkagc(s) 232 237-241
for daunomycin - poly(dA—dT)
complex . . 268
proflavine - poly(dA—dT)
complex 255-256

Photodegradation of PVC ESR

study of intermediates in 35-49
Photodegradation of PVC, mecha-
nisms of . ..35-36

Poly(A-U), temperature depcndence
of the base and sugar H-1" proton

chemical shifts of . 233f
Poly(A-U), temperaturc dependence
of the 360-MHz proton NMR
spectra of . . 233f
Poly(n-butyl dcrylatc) (PBA) 124
rclaxation properties of ... 124
in S0% (w/w) solution in toluene,
C-13 NOEFs of .. 126t
in S0% (w/w) solution in toluene,
C-13 spin-lattice relaxation
times of ... 126¢
Poly(n-butyl methacrylate)
(PBMA) .. 121-123

C-13 spin-lattice relaxation times of 122
as a function of temperature, NT,

and NOEF values for 135:
in 50% (w/w) solution in toluene-
dy, NOEFs for ... ... .. 122¢
Poly(chlorotriﬂuorocthylene)
(PCTFE) . ... U 207
C-13 MAS spectra of 207
fluorine-decoupled 210f
Poly(dA-dT)
260-nm absorbance melting curve
of . 276f
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Poly(dA—dT) (continued)
and its daunomycin complex in 1M
NaCl solution, chemical shift

of the thymidine H-3 proton in 259
and the daunomycin - poly(dA-
dT) complexes, temperature
dependence
of the adenosine H-2 resonance
for RO . 262f
of the base and sugdr H-1
resonances for ... 265f
of the linewidths of the adenosine
H-8 resonances for ... .. 265f
duplex
dissociation rate constants in
0.1M phosphate solution 248t

formation, upfield shifts associ-
ated with poly(dA-dT) and 229¢

-to-strand transition of 222
hydrogen bonding in duplex
state for . 220-221
360-MHz correlation proton NMR
spectra of o . 236f
360-MHz proton NMR spectra
of . 223f, 225f
of the thymldmc H-3 proton in . 221f
melting transition of 237
in 0.IM phosphate solutlon
chemical-shift parameters
associated with 228t
and its netropsin complex, chemical
shift of the thymidine H-3
proton in 278t
and the netropsin - poly(dA—dT)
complex, temperature depend-
ence of the sugar H-1" chem-
ical shifts of 280f
and poly(dA—dU) duplex forma-
tion, upfield shifts associated
with 229t
and the proflavine - poly(dA-dT)
complex, proton noise decou-
pled 145.7-MHz NMR spectra
of .. 258f
and the proflavine - poly(dA dT)
complex(es), temperature
dependence of
the nucleic acid chemical shifts
for 249f
the nucleic acid and proflavine
chemical shifts for 246f

the thymidine H-3 resonance in 243f
proton noise decoupled 145.7-MHz
3P NMR spectra of . 234f, 243f
temperature dependence of
the adenosine H-2 pyrimidine
H-6 and adenosine H-8

protons in 227f
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Poly(dA—dT) (continued)
temperature dependence of
(continued)
the base and sugar proton

chemical shifts of . ... . 224f
the base and sugar proton
resonances of . 239f
the chemical shifts and linewidths
of the base resonances of . 284f
linewidth(s) of ... e 230f
the thymidine CH;-5 chemical
shift and the adenosine
H-8 . . 245f
the thymidine H-3 proton
chemical shift of ... 238f
resonance assignments of .. .. 222-226
variation of the sugar H-1” and
base proton chemical shifts
of .. 282f
Polyeny! radical, precursor for ... 44
Polyethylene(s) (PE) e 93
absorption lincshapes for poly-
crystalline ... ... ... 195¢f
advantages and disadvantages of
C-13 NMR for
characterizing ... . 116
backbone and side-chain C-13
chemical shifts from TMS as a
function of branch length 100¢
C-13 spectra of benzene and . 194
C-13 spectra for polycrystalline 195f
end group distribution ............ 94, 115¢
high-density = . ... ... 93
short-chain and long -chain
branching in ... .. 96
long-chain branching
characteristics of . . U 104+
flow activation energics of . ... 104t
using high-field carbon-13 . 93-118
and short-chain branching . 115¢
low-density e 93
produced from a hlgh prcssure
process, C-13 NMR spec-
trum at 25.2 MHz of 102f

molecular weight characteristics of 94

Nuclear Overhauser effect in 112
number average molecular weight
for 115¢
number average molecular weight
data from SEC for . . . 115
oxide (PEQ) . 202-204
at -140°C, proton-decoupled/CP
C-13 NMR spectra of ... 203f
and rotating-frame relaxation
time 202

and PP, comparrson of T data for 166f
structural characteristics 94

Poly(n-hexyl methacrylate) (PHMA)
relaxation properties of ... ...

124
124
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Poly(n-hexyl methacrylate) (PHMA)
(continued)
in 50% (w/w) solution in toluene-
ds, C-13 spin—lattice relaxa-

tion times of 125¢
Polymer(s)
absorbed o 1-18
and free T L 2
on oxide surfaces 1-18
backbone motion 128-133
C-13 spectrum at 50-MHz of poly-
mers A,B,C, D, and E  105f-109f
chains in solution, molecular
dynamics of . 119-145
conformation and mobility of 1-18
diffusion of PVAc from SiO.
surface into bulk 16f

influence of surface on mobility of . 2
molccule average number of long-

chain branches 111
solid
background magic-angle spinning
for C-13 NMR in 193-196
multiple-pulse NMR of 169-191
rclaxation paramcters for 211
VT-MAS C-13 NMR studies
of . . 1932217
—surface interaction o 2
and temperature studies 11-14
Polymeric material, characterization
of solid . 147-168
Polymeric systems, pulscd NMR for
studying composite 147-168
Polypropylene (PP) 209-214
C-13 relaxation times for the
methyl carbons of 213f

comparison of T,, data for PE and 166f

proton-decoupled CP/MAS C-13 211
spectraof . ... . .. 211

at 24°C and -170° C isotactic 212¢
relaxation results for . 211
Polystyrene (PS) ... ... .. . 2

adsorption of PVAc and e 17
in the bulk state, temperature

dependence of . 13f
Polytetrafluoroethylene (PTFE) 169, 206
backbone in the amorphous state 186
chemical shift spectra of ..170-180
obtained at 259° . .. . 170
samples of varying crystallinity,
F-19 REV-8 171f
crystalline and amorphous line-
shapes of 170-180
and crystalline first-order transitions 180
decomposed F-19 REV-8 chemical
shift spectra of amorphous
and crystalline fractions of 173f
decomposed lincshapes of ... .. 174

POLYMER CHARACTERIZATION BY ESR AND NMR

Polytetrafluorocthylene (PTFE)
(continued)
lineshape changes observed for the

amorphous fraction of 182
local-order parameter for .. . 184
MAS C-13 spectra of

at -72°C 208f
fluorine- dccoupled ........ 208f
as a function of temperature .. 207
melt-recrystallized . 170-180
chemical shift lineshape changes
for the crystalline fraction
of 180
decomposed chemical shift
spectra of ... 170
F-19 REV-8 chemical shift
lineshapes 175f
of the amorphous fraction of . 178f
of the crystalline fraction of .. 176f
variable-temperature chemical
shift spectra ... 169-180
molecular dynamics of 169-191
rclaxation map of 180, 181f
rotational diffusion rates of 180
temperaturc dependence of 177f
sample(s)
crystallinities of several melt-
processed and anncaled-
virgin 172f

F-19 REV-8 chemical shift line-
shapes of a 68% crystalline 172f
temperature dependence of

relaxation times of 179f
and TFE/HFP copolymer, tem-
perature dependence of the
local-order parameter in the
amorphous regions of 185f
and a TFE/HFP copolymer, tem-
perature dependence of the
rms value of Gaussian distri-
bution in the amorphous
regions of 187f
Poly(viny! acctate) (PVAc) 2,11
ESR spectrum(a) of 3f
at the solid-liquid interface 7f
adsorbed 7f
and PS, adsorption of . . 17
from SiO. surface into bulk poly-
mer, diffusion of 16f

tempceraturc dependence of
bulk . -

in the bulk state 12f
on SiQ. when adsorbed from
CCl, 15¢f
on SiO, when adsorbed at satura-
tion coverage ... 15f
on TiO. in CHCL;, effect of molec-
ular weight of . . . of
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Poly(vinyl chloride) (PVC) . .. 35
bond cleavage in ... . . . 40

ESR spectrum(a) of
and copolymer glasses .. .
radical, computer-simulated
radicals, dipolar interaction and
line broadening in . 44
ESR study of intermediates in the
photodegradation of e.35-49
mechanisms of photodegradation
of ... 35-36
plasticized ... . . ... 154
at 75°C, free induction signals of 158f
free induction signals of pure and 157f

37-38
45f

T,, and T. data for ... 161f
prepared at 50°C .. o 40
prepared at -78°C . . 40
radical at LNT, ESR stick spectrum 43f
—TP glass at LNT, ESR spectrum

of UV irradiated . 39f
and VCI-VCl, copolymers, PG
{'H} NMR spectra of 82f
Poly(vinylidene fluoride) (PVF,) . . 209
C-13 NMR spectrum of semi-
crystalline = ... . 210f
cross-rclaxation rate for 165f
energy exchange in 164

as a function of temperature for
protons, T, T», and T, data for 165f
/PMMA blend, cross-relaxation

rate for 40/60 .. 165¢
T,, T, and T,, data for 164
Premelting transition . 231-232
Proflavine
on addition of dC—dC-dG—dG and
dG-dG-dC—dC, change in
absorbance . ... 253f
-DNA complexes ... 241-256
overlap geometry for . ..251-255
- poly(dA—dT) complex(es)
complexation shifts on formation
of . . . 250¢
melting transition of 242

360-MHz proton NMR spectra
of ... . 244f
phosphodlester linkage: 255-256
poly(dA-dT) and
proton noise decoupled 145.7-
MHz %P NMR spectra of 258f
tempcerature dependence of the
nucleic acid chemical
shifts for .
temperature dependence of the
nucleic acid and profla-
vine chemical shift for
temperature dependence of the
thymidine H-3 resonance
in U o 243f

249f

2461
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PP (see Polypropylene)
PSAN/PMMA blends as a function
of temperature T4, Ty, and Ty,

data for ... . 151f
Pulse sequence, Goldman—Shen ....159, 163f
Pulsed NMR for studying composite
polymeric systems .. 147-168
R
Radical I .. . 35,38-44
Radical II . 44
Relaxation
data for normal alkanes vs. tem-
perature, rotating-frame . 150f
map of PTFE . 180, 181f
measurements, NMR 147
parameters for solid polymers 211
properties
of DD . 124
of DT 124
of HDD ... .. ...l 124
of PBA ... ... ... 124
of PHMA 124
of side-chain carbons . 133
results for PP . 211
spin—lattice . ... 150f
spin—spin 150f
time(s)
for the methyl carbons PP, C-13 213f
PEO and rotating-frame .... . 202
of a PTFE sample, temperature
dependence of . ... ... 179f
spin-lattice
for the C-1 carbon, methylene 141t
for the C-2 carbon, methylene 142¢
C-13 119
of PBMA = .. ... 122¢
of PHMA in 50% (w/w)
solution in toluene-ds = 125¢
for neat
DD . 127¢
DT, C-13 R 131¢
HDD, C-13 ... 130¢
spin—spin ... ... o 119
Resonance(s)
assignments of poly(dA—dT) . 222-226
carbon . 101
mutagen . PP 247
nucleic acid base ... ... .242-247
nucleic acid sugar . . 247
Rotating-frame relaxation data for
normal alkanes vs. temperature . 150f
Rotating-frame relaxation time, PEO
and . 202
Rotational correlation time of the
enzyme-Gd®* complex ... LN
Rotational diffusion rates of PTFE 180
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S

Sarcoplasmic reticulum Ca?-ATPase,
Gd(III) as a probe in NMR and
EPR studies of . .64-74
Scanning electron mrcrographs (SEM) 23
Segmental mobility
in the dry state, cffect of surface on 11-17
dynamics .. . 14-17
of loops in the solid state ................ 14
Sequence specificity . 247-251
for the daunomycin - poly(dA—dT)

complex ... ... 268
SEM (see Scanning electron micro-
graphs) 23
Size exclusion chromatography (SEC) 116
of Hizex 7000 ... . ... .. 95f
of NBS 1475 . 95f
for PEs, number average molecular
werght data from ... ... ... ... 115
of Phillips PE 5003 ... .. 95f
Si0.(Cab-O-Si)-CCl, interfacc,
dependence of the ESR spectra
on surface coverage of PVAc at 10f
Solid-liquid interface
conformation and mobility at . 6-14
effect
of molecular weight .. .. 8
of polymeron ... ... 8
of solventon ... ... 6-8
of surface . .. ... ... 6-14
coverage on R . 8
ESR spectra of PVAc at .. . 7f
Spin
diffusion 148
to a sink, model caiculation for ~ 156f
—lattice relaxation time(s) .. .. 150f
for distribution widths 134f
for the C-1 carbon, methylene ... 141¢
for the C-2 carbon, methylene 142¢
C-13 T~ TR 119
for neat DT ... . 131¢
for neat HDD ... ... .. 130¢
of PBA in 50% (w/w) solu-
tion toluene . 126¢
PBMA .. . 122¢
of PHMA in 50% (w/w)
solution in toluene-dg 125¢
for the log-y? distribution ......... 132f
for neat DD 127
—spin relaxation . ... ... 150f
time 119
temperature . ... 148
Spinner assembly—probe geometry
used for VT-MAS . 203f
Spinning apparatus, spinning rates vs.
applied gas pressures for 200f
Sugar proton complexation shifts for
the daunomycin - poly(dA—dT)
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