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Deuterium NMR Study of the Structure and Dynamics of the Side Chains of Several
Solid Polyglutamates
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A *H NMR study of polycrystalline powders and oriented films of several selectively deuterium-labeled poly(y-benzyl
L-glutamate) (PBLG) and poly(y-ethyl L-glutamate) (PELG) homopolymers is reported. The deuterium labels on the ester
side chain of PBLG indicate the presence of two polymer species below 330 K, one with benzene rings flipping rapidly about
their para axis and the other with benzene rings static on the 2H NMR time scale. The relative contribution of the “mobile”
population increases from about half (55%) at 240 K to nearly total (96%) at 314 K. A phase transition is detected at 330
K. Above this transition temperature, we detect an additional motion consisting of three-site jumps of the benzyl moiety
among unevenly populated sites about the O*—C{ bond. Thus the methylene deuterons experience, on the whole, nonaxial
symmetry about this bond. At 395 K this motion attains its motional-narrowing limit for all the deuterons that it affects,
whereas at 340 K, only 25% of the benzyl moieties are rapidly reorienting, with 75% reorienting at a slower rate. With powders
of PBLG labeled selectively at the y-carbon position, onset of motion at the phase transition is observed. The spectral line
shape indicates that, above 330 K, the v deuteriums experience moderate (at 340 K) to rapid (at 395 K) jumps about the
CP-C” bond among three unequally populated sites. The phase transition observed at 330 K, associated with the side-chain
melting phenomenon, is likely to be accompanied by rotational or translational diffusion of the helices while they maintain
their axial orientation. Furthermore, a comparison with our conformational analysis suggests a high degree of cooperativity
between the adjacent helices. At the phase transition, these nearest-neighbor interactions would be reduced, and the NMR
results are consistent with computed 3-fold rotational potentials for side~-chain motion around the C#~C” and O*C¥ bonds,
predicted from the conformational analysis of the side chains attached to the a-helix. With powders and films of PELG,
the dominant motion at low temperatures (besides rapid methyl rotation) can be interpreted either as a discrete jump rotation
with 3-fold symmetry but about a diffusion axis that does not coincide with the O~Cf bond, or in terms of a three-site jump
motion about this bond among unevenly populated sites. Motional averaging becomes very effective and isotropic in nature
at about room temperature. This abrupt change from anisotropic to isotropic motion is indicative of a phase transition. Results
obtained with oriented films indicate that the PBLG benzene rings orient preferentially parallel to the axes of the polymer

helices, consistent with theoretical predictions, whereas the PELG ethyl groups are distributed randomly in space.

I. Introduction

In order to understand structure-function relationships of
biopolymers, it is necessary to have information about the dy-
namics of local conformational changes in these complex, flexible
macromolecules. Various techniques, such as nuclear magnetic
resonance (NMR), have been used for this purpose, but the ex-
periments have been carried out primarily in solutions. However,
the isotropic motional averaging, because of Brownian reorien-
tation in the liquid state, often limits the acquisition of direct and
unambiguous information about internal anisotropic motions and
local conformation. On the other hand, by examining these
molecules in the solid state, the overall molecular reorientation
is impeded, and the internal motions are dominant. Therefore,
NMR studies of solid polymers provide unique information about
local structure and mobility.!? Indeed, recent developments in
solid-state NMR methodologies,>® advances in theoretical for-
mulations of dynamic effects on NMR line shapes,”” and progress
in the chemistry of selective isotopic labeling have pointed out
the value and potential of high-resolution, dynamic, solid-state
NMR.'218-30 At the same time, these reports have also made
clear the inherent limitations due to spectral sensitivity and
resolution, as well as sample morphology. Analogous to X-ray
crystallography, the information provided by single-crystal ex-
periments is superior in quality, and far more extensive, than that
obtained with polycrystalline powders. Since the demands on the
dimensions of single crystals appropriate for NMR experiments
are quite stringent, most previous workers have studied only
polycrystalline powders.!618-30

In this work, we report the results of NMR experiments per-
formed on partially oriented solid structures derived from liquid
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crystalline phases. When these rodlike chiral (right-handed a-
helical) poly(amino acid) derivatives are solubilized in helicogenic
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Figure 1. Schematic drawing of PBLG. The C* of the glutamic acid
residue forms part of the helical backbone. The side chain consists of
the 8-, -, and 8- (carbonyl) carbons of the glutamic acid residue, the
e-oxygen, the {~carbon, the benzene ring of the benzyl ester group, with
attached hydrogens, and the carbonyl O. The orientation of the side
chain relative to the helix axis (/) in this drawing is arbitrary. The
labeling corresponds to PBLG-d,.

solvents (chloroform, dioxane, etc.), twisted nematic (cholesteric)
liquid crystalline phases form at high polymer concentrations (=15
wt % concentration).?' In these phases, one may define a local
nematic director for each region in which the helix axes are nearly
parallel. It is the direction of preferential alignment of the helix
axes. Macroscopically aligned samples can be prepared by sub-
jecting the liquid crystal to magnetic (or electric) fields. In such
samples, the diamagnetic (dielectric) susceptibility is positive, and
each local director now becomes aligned parallel to the direction
of the applied field. These properties have been used previously
to fabricate oriented, uniaxial, solid poly(amino acid) films.*> The
resulting array of parallel helices is sufficiently uniform for mo-
lecular structural studies by X-ray diffraction;* this magnetic
orientation technique was subsequently extended to liquid-crys-
tal-forming viruses.>* We have used this technique to prepare
partially oriented films of poly(y-benzyl L-glutamate) (PBLG)
and poly(y-ethyl L-glutamate) (PELG). The covalent structure
of PBLG is illustrated schematically in Figure 1. PELG has a
similar structure, with the benzyl ester group replaced by an ethyl
ester group.

The purpose of this work is to elucidate the structure and
dynamics of the side chains of the a-helix in solid, selectively
deuteriated poly(amino acid) derivatives by NMR. We also
illustrate the value of using ordered morphologies to study dy-
namics and structure.’3 '

II. Experimental Section

Preparation of Deuterium-Labeled PBLG Polymers. The
preparation of specifically labeled PBLG (PBLG-d, and PBLG-d5)
has been described previously;*” the former has deuterium in the
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para position of the benzene ring and the latter is deuteriated in
the seven positions shown in Figure 1. PBLG-d,(v), with deu-
terium in the two v positions (Figure 1), was kindly given to us
by Dr. Kuniaki Nagayama, University of Tokyo. Since glutamic
acid-d,(y) is available commercially,*® PBLG-d,(y) could be
synthesized by the same procedures outlined below for the
preparation of the PBLG polymers.

Preparation of Deuterium-Labeled PELG Polymers. Reagents.
Bromoethane-2,2,2-d, and bromoethane-1,/-d,, >98% isotopic
purity, were obtained from Merck Sharp & Dohme. Trichloro-
methyl chloroformate was purchased from Alpha Products.
Dioxane was distilled from sodium under nitrogen immediately
before use.

Sodium copper L-glutamate was prepared previously in our
laboratory by the method of Ledger and Stewart.*

~-(Ethyl-2,2,2-d,) L-glutamate was synthesized by dissolving
bromoethane-2,2,2-d; (2 equiv) and sodium copper L-glutamate
(1 equiv) in 50:50 dimethylformamide—water (2.5 mL of mix-
ture/mmol of BrCH,CD;). This mixture was heated to 50 °C
in a sealed tube for 48 h. After the solvent was removed in vacuo,
the whole residue was dissolved in hot H,O. Saturation with H,S
gave a precipitate of CuS which was removed by filtration. The
solution was adjusted to pH 5.5 by using CH;COOH and NH,OH
and loaded onto a Dowex-1 column (acetate form). The ethyl
glutamate was collected immediately following the void volume,
eluting with 50 mM ammonium acetate. The eluant was adjusted
to pH 4.6 and loaded onto a Dowex-50 column (ammonium form).
The ethyl glutamate was collected by eluting with 50 mM am-
monium acetate, pH 4.6. Repeated lyophilization to constant
weight (to remove ammonium acetate) gave a 48% yield of vy-
(ethyl-2,2,2-d;) L-glutamate: mp 193-194 °C, pure by silica gel
TLC; R, = 0.49 (4:3:3 butanol-CH;COOH-H,0).

v-(Ethyl-2,2,2-d;) L-glutamate N-carboxyanhydride (NCA)
was synthesized by treating «-(ethyl-2,2,2-d;) L-glutamate with
0.6 equiv of trichloromethyl chloroformate in dioxane (10 mL/
mmol of ethyl glutamate). The solution was stirred under nitrogen
at 60 °C for 4 h and then cooled to 40 °C. The ethyl glutamate
was added, and stirring continued until the suspension dissolved.
The solvent was removed in vacuo, and the residue was triturated
twice with hexane. Crystallization from ether—hexane gave a 95%
yield: mp 71.5-72.5 °C.

Poly[~y-(ethyl-2,2,2-d;) L-glutamate] (PELG-d;) was formed
from the NCA by using sodium methoxide as a polymerization
initiator. y-(Ethyl-2,2,2-d;) L-glutamate NCA was dissolved in
dioxane (40 mL/g of NCA) under nitrogen. Sodium methoxide
in 50:50 methanol-benzene was added to give an NCA /initiator
ratio of 70. After stirring overnight, the solution was poured slowly
into a stirring solution of 50:50 methanol-water (10 mL/mL of
dioxane). The polymer was allowed to settle, and the solvent was
decanted off and renewed with a fresh batch. This cycle was
repeated 4 times (to remove dioxane), and the fibrous polymer
was collected by filtration and vacuum dried to give an 81% yield.

Poly[v-(ethyl-1,I-d;) L-glutamate] (PELG-d;) and its pre-
cursors were prepared by identical methods as above, with similar
yields and purity.

Preparation of Samples for NMR Experiments. The poly-
crystalline powders of PBLG-d, and PBLG-d; were compacted
in 5-mm o.d. tubes, 1 cm in length. Those of PBLG-d,(v),
PELG-d;, and PELG-d, were compacted in 10-mm o.d. tubes,
1.5 ¢m in length.

The PBLG-d,;, PELG-d;, and PELG-d, films were prepared
by casting (slowly evaporating) liquid crystalline solutions on a
mercury surface in a 20-kG magnetic field as described in ref 32.
The NMR experiments on oriented samples utilized circular
segments (~1 cm in diameter) cut from cast polymer films (~1
mm in thickness). X-ray diffraction (Cu Ke irradiation, flat film)
was used to determine sample homogeneity and to establish the
orientation of the director (optical axis) and the degree of ori-
entational order. As reported earlier,*® azimuthal diffraction
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intensity with the director perpendicular to the incident X-ray
beam yields high orientational order parameters (S > 0.95), i.e.,
nearly perfectly parallel a-helices. In recent studies,*! the dif-
fraction pattern observed with the beam parallel to the director
indicates long-range (macroscopic) hexagonal packing of the
helices throughout the magnetically oriented films. In spite of
the good lateral packing of the helices, there is little evidence for
longitudinal, crystallike registration of the side chains in the
diffraction patterns.*> Thus, the term paracrystal seems to be
the best characterization of the highly ordered hexagonal array
of helices in such films.

The 2H NMR experiments were performed on the Bruker
CXP-300 spectrometer of the Isotope Department, The Weizmann
Institute of Science, Rehovot, Israel. The deuterium Larmor
frequency was 46.07 MHz, and a horizontal solenoid coil high-
power probe was used. All 2H NMR spectra were obtained with
the quadrupole echo pulse sequence (90,,, 7., 90, ¢) experiment
with a delay time of 7, = 20-30 us and a 90° pulse of 3.3 us with
the commercial S-mm-o.d. high-power 2H probe and 7.4 us with
the commercial 10-mm-o.d. high-power H probe. The quadra-
ture-detected echo signal obtained at ¢ = 27, following the first
pulse, was Fourier transformed. Instrumental artifacts due to finite
pulse length, typically encountered,'® do not affect our conclusions,
except for near-rigid-limit spectra recorded with the 10-mm-o.d.
probe employing a 90° pulse width of 7.4 us. The rigid-limit
deuterium spectra have typical spectral widths on the order of
250-280 kHz. Thus, the pulse length used with the 10-mm probe
causes extensive amplitude distortions in the deuterium NMR line
shapes. We shall comment upon these artifacts at appropriate
places where these distortions affect the comparisons with sim-
ulated spectra.

Spectra were typically obtained with 1000-5000 accumulations
with a repetition time of 1-2 s. In experiments carried out to assess
the effects of a finite delay time 7., it was varied between 20 and
100 us but no significant line shape distortions were observed.
Repetition times were chosen so as to avoid spectral distortions
due to T anisotropy.

The NMR spectra were found to be insensitive to decoupling
of protons in the same molecule, using the maximum power (20
W) achievable with the 5-mm probe.

The temperature at the sample was controlled with a flow of
nitrogen gas and stabilized with a temperature control unit with
a precision of roughly %1 °C.

III. Theoretical Background

The main anisotropic term in the spin Hamiltonian for a
deuterium nucleus in a solid is the quadrupole interaction3*
Assuming, for the sake of simplicity, that the quadrupole tensor
is axially symmetric,* the NMR spectrum of a carbon-bound
deuterium atom, with the C-D bond oriented at a unique angle
6 with respect to the external field Hy, is a doublet with a split-
ting®*3 (in kilohertz) of

Av = (3e2qQ/4h)(3 cos?> 6 - 1) N

The quantity e’gQ/h is the quadrupole coupling constant Qg of
the axial tensor Qq. For a polycrystalline sample (with C-D bonds
at various orientations 6), the spectrum will be given by a properly
weighted superposition of doublets, resulting in a typical pattern
such as that illustrated in Figure 2A (obtained with @, = 165 kHz
and a “natural line width” 7,*! = 0.21 kHz). The spectrum is
symmetric about the Larmor frequency »,, and the dominant
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Figure 2. (A) Axial rigid-limit powder spectrum [i.e., a properly
weighted (sin @ d6) superposition of doublets] obtained with a quadrupole
coupling constant @y = 165 kHz and a natural line width 75,*' = 0.21
kHz; v, denotes the position of the Larmor frequency. (B) Partially
averaged powder spectrum obtained by allowing the C-D bond associated
with spectrum A to spin rapidly about a diffusion axis orthogonal to the
C-D bond [i.e., & = 90° and |(1/2)(3 cos? & — 1)} = 0.5]. (C) Asym-
metric rigid-limit powder spectrum obtained with Qy = 165 kHz, 4* =
0.21, I»*Y(x) = I,*'(y) = 2.4 kHz and T,*7(z) = 4.7 kHz

features of this line shape are two strong peaks disposed sym-
metrically about v, and separated by 6, = (3/4)Q, (=124 kHz)
and two extreme shoulders separated by 26;; the former corre-
sponds to & = 90° orientations (we shall refer to these as the
“perpendicular peaks™) and the latter to § = 0° orientations (to
be called the “parallel peaks™). (Note that a @y = 165 kHz applies
in this work to aliphatic deuterons, while @, = 184 kHz applies
to aromatic deuterons.?)

The spectrum just described is a rigid-limit axial powder
spectrum. With the onset of motion, the C-D bonds will span
the various orientations in space in a manner determined by the
nature of the dynamic process, and the line shape will alter ac-
cordingly. In principle, the type of motion, the symmetry and
magnitude of local orienting potentials, as well as geometric
features such as tilt angles between diffusion and magnetic axes,
can be derived from an analysis of the spectrum.”!>!7 A simple
example, relevant to the forthcoming discussion, is that of rapid
reorientation about a diffusion axis tilted at an arbittary angle
a relative to the C-D bond. Should this motion be uniformly
diffusive or should the molecule execute discrete jumps between
equivalent sites of symmetry equal to or higher than C;,, partial
averaging of the original tensor Q, to an effective axially symmetric
tensor Q, with its principal axis z” along the diffusion axis, will
occur in the fast motional limit.™'>!7 The principal value @ can
be calculated straightforwardly from those of Q, and the orien-
tation of the diffusion axis in the local frame of the latter, and
vice versa; i.e., given @, one can derive geometric parameters.
With a polycrystalline sample, one would therefore expect a
pattern analogous to a true rigid-limit (static) powder spectrum,
but reduced along the frequency axis by the factor (1/2)(3 cos?
~1) [ie., @ = Ox(1/2)(3 cos? « — 1), as illustrated in Figure 2B
for o = 90°].

For slower motions, the NMR spectrum is sensitive to the
model, and the appearance of the spectrum will depend on the
gradually changing motional rates. It typically will be different
for discrete Cy, jumps compared to continuous diffusion.”!*!?

Since the quadrupole tensor is traceless, isotropic motion (i.c.,
reorientation about all angles in the unit sphere) will lead to a
complete collapse of the quadrupole structure to give, in the fast
motional limit, a single line centered at »,. (It should be noted,
however, that, for reorientation about a unique axis, a similar
spectrum will result if & = 54.7°, the so-called “magic angle”,
for which 3 cos? a -~ 1 = 0).

A relevant extension of the simple considerations outlined above
relates to nonuniform reorientation about a unique diffusion axis.
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In general, in the fast motional limit, such a process will lead to
an asymmetric, rather than an axially symmetric, powder pattern.
Such a powder spectrum is shown in Figure 2C. If one can specify
the nature of this nonuniformity, the line shape can be predicted,
(but not necessarily vice versa).

In the following presentation, we shall refer repeatedly to
partially averaged axial powder spectra obtained as a result of
fast reorientation about internal diffusion axes. In many cases,
Q will be determined directly from the fast motional experimental
spectrum by measuring the distance § between the perpendicular
peaks. Should the molecule under investigation contain several
(n) nonequivalent C—D bonds {in the sense that they have identical
quadrupole constants @, but different orientations o; (i = 1-n)
relative to the internal diffusion axis], the 2H NMR spectrum will
consist of a superposition of the n powder spectra. The potential
for obtaining conformational characteristics is obvious.

A. 180° Jumps of a C-D Bond about a Unique Diffusion Axis.
This model is treated in great detail in ref 3, and we shall briefly
summarize here only the main features. This motion can easily
be identified as a jump between two sites for the C-D bond. In
the fast motional limit (jump rate > 10° s™') one can simply
average the resonance frequency of the spin-label in the two sites
to determine the powder line shape, shown in Figure 2C. This
is a simple calculation keeping only the secular form in the
quadrupolar Hamiltonian.

It is also possible to evaluate the powder spectrum for the case
of biased reorientation, i.e., for a case in which the occupational
probabilities for the two sites are not equal. In simulating the
experimental spectra, the population ratio will be denoted by R.

B. 120° Jumps of a C—D Bond about a Unique Diffusion Axis.
The calculation of ZH NMR line shapes for rapid 120° jumps
of C-D bonds (e.g., those of a methyl group) about a unique jump
axis is based on a standard formulation.!64546 1In all such cal-
culations, we used 1600 orientations of the jump axis. Simulations
were performed on an IBM-PC. A Basic precompiled program
ran typically for 25 min. The slow motional spectra were cal-
culated by using 10000 orientations to simulate the powder av-
eraging.

C. Combined Motions. Finally, should the diffusion axis itself
undergo additional motions, the spectrum will be further averaged.
We shall consider a simplified model, wherein the combined effect
of several dynamic processes can be substituted by a diffusive or
jump-type motion about a unique diffusion axis,'¢ or else by rapid
libration of a unique diffusion axis within a cone centered at a
given orientation in space. The axial powder pattern, obtained
in the absence of libration, will be further averaged (by the li-
bration) to another axial powder pattern of reduced width; we
denote, by a scaling parameter 0 < A < 1, the extent to which
the overall width is reduced. An order parameter S, similar to
the parameter used to estimate ordering in anisotropic fluids,
can be defined as the ratio of the perpendicular peak separation
in the presence and in the absence of anisotropic motion (e.g.,
libration).

IV. Results and Discussion

A. Poly(vy-benzyl 1-glutamate) (PBLG). 1. PBLG Labeled
at the Ester Position. PBLG-d; and PBLG-d,. *H NMR spectra
of PBLG-d; and PBLG-d, powder samples obtained at various
temperature are shown in Figures 3A and 4A, respectively. The
293 K spectrum of the latter and the 140 K spectrum of the former
are rigid-limit spectra with a separation of roughly 130 kHz
between the perpendicular peaks (the parallel peaks are lost in
the noise), indicating that a large fraction of deuterons are im-
mobile on the 2H NMR time scale at those temperatures. The
PBLG-d; spectrum alters dramatically upon increasing the tem-
perature from 140 to 297 K, then changes gradually from 297
K to slightly below 330 K, but changes abruptly from a structured
pattern below 330 K into a symmetric structureless line above
330 K, centered at the Larmor frequency. The 330 K spectrum
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Figure 3. (A) Experimental 2H NMR spectra obtained from a powder
sample of PBLG-d; at the temperatures indicated. (Inset) Spectra
calculated for 180° jumps with @y = 178.7 kHz, ™! = 10°s7}, o/ = 60°,
R =1, T,*! = 0.02 (expressed in units of Qy), and 7! = 1.0 X 103, 5.6
X 10% 4.0 X 10%, and 1.3 X 105 57!, respectively, from bottom to top. (B)
Mixtures of the simulated fast (jump rate 1.25 X 107 s7!) and rigid-limit
spectra for PBLG-d,. The line width used is 3% of the Q, value. The
numbers adjacent to the curves indicate the percentages of mobile aro-
matic rings.

is apparently a two-phase pattern. For PBLG-d|, a true rigid-limit
pattern is observed up to 330 K (not shown), where again an
abrupt change occurs.

These general observations suggest that a phase transition occurs
at approximately 330 K in the PBLG polymers. Additionally,
the NMR spectra of PBLG-d; indicate that the seven deuterium
labels are each affected in a different manner below the transition.
Indeed, we expect the benzene ring to be the most mobile moiety
of the PBLG side chain (cf. Figure 1), and the most likely motions
that one would associate with it are ring flips.? In the inset of
Figure 3A, we show 2H NMR spectra calculated for 180° jumps
about the C*~C" axis of the benzene ring; these spectra are as-
sociated with aromatic deuterons located off the jump axis for
the motional rates denoted in the figure caption.

It should be noted that only four deuterons (the two pairs of
ortho and meta deuterons) will “sense” this motion, whereas the
’H NMR spectra of the remaining three deuterons [the para
deuteron (located on the jump axis) and the methylene deuterons]
will be insensitive to the flipping of the benzene ring; in the absence
of additional motion, the para and the two methylene deuterons
will generate a rigid-limit spectrum. With the four meta and ortho
deuterons generating dynamic spectra, of the type illustrated in
the inset of Figure 3A, the overall line shape will be a superposition
of the two components. Indeed, the intriguing feature for the series
of spectra between 240 and 314 K is the appearance of a fast
motional spectrum of monotonically increasing intensity, due to
the meta and ortho deuterons, superimposed on a rigid spectrum.
Nowhere during this sequence of temperatures do we see spectra
identical with the (simulated) slow motional spectra depicted in
the inset of Figure 3A. In order to obtain a further understanding,
albeit a qualitative one, of this “rigid-amorphous” characteristic
of the polymer, we investigated the spectral consequences of mixing
the fast motional spectrum of ring deuterons (ortho and meta)
and the rigid-limit spectrum for the methylene and para deuterons.
We found, however, that a good fit with the experimental data
can be obtained only if we assume that a certain percentage of
the benzene rings are immobile. A comparison of the simulations
shown in Figure 3B with the experimental results in Figure 3A
yields 96, 84, and 55% mobile benzene rings from the 314, 297,
and 240 K spectra, respectively, with a £5% error. Also, at 140
K the spectrum displays the hints of a combination of a slow
motional spectrum (the third simulated spectrum from the top
in the inset of Figure 3A) with a rigid-limit spectrum.

We postpone discussion of the 340 K spectrum in Figure 3A
and turn to the PBLG-d, spectra shown in Figure 4A. Spectra
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Figure 4. (A) Experimental 2H NMR spectrum obtained from a powder sample of PBLG-d, at the temperatures indicated. The dashed spectrum
is identical with spectrum d of part B. (Note the different scale for the full-line spectrum in spectrum ¢ of part A only.) (B) Three-site biased jump
model with occupational probabilities in ratios of 1:1:2. Tilt angle between jump axis and the principal axis of the quadrupole tensor is 70.53°.
Inhomogeneous line width is 4% of Q. Qp = 50 kHz. (a) Jump rate = 1.25 X 107 s7}; (b) linear combination of spectra a and ¢ in a ratio of 3:1;

(c) jump rate = 3.75 X 10%s7!; (d) jump rate = 0.0 5.,

a and b are asymmetric powder patterns with* 5 = 1, obtained
as a result of partial motional averaging. In the most general
terms, such a spectrum is generated by deuterium atoms engaged
in nonuniform reorientation about a unique diffusion axis. We
have previously discussed flips about the para axis of the benzene
ring. This, however, is not being sensed by the deuterium atom
of PBLG-d|, which is located on the jump axis.

Consider now the bond adjacent to the C*~C" bond, viz., the
O¢-C¢ bond (Figure 1). By postulating a gradual onset of rota-
tional isomerization about successive bonds in the PBLG side chain
upon heating, one would naturally inquire about reorientations
about the O—Cf bond. In adopting the dynamic model for our
calculations, we were guided by conformational energy compu-
tations of the structure of a-helical poly(y-benzyl L-aspartate)
(G. Némethy and H. A. Scheraga, unpublished results), which
are the most relevant data available at present to serve as a
prototype for this position of the PBLG side chain. The analysis
of 24 minimum-energy conformations of the side chain, differing
in energy by less than 4.8 kcal/mol, led to a typical pattern of
a three-minimum potential about the O*—C{ bond, with one of the
three minima considerably deeper than the other two.

In Figure 4B, we show a series of spectra simulated by using
a biased three-site jump model for the reorientation around the
OC¢ bond.*” The occupation probability ratios for the three
sites were fixed as 1:1:2, and the jump rates considered were 0.0
s~! (very slow) in Figure 4B, spectrum d, 3.75 X 10% s™! (inter-
mediate) in Figure 4B, spectrum c, and 1.25 X 107 (very fast)
in Figure 4B, spectrum a. The experimental spectra obtained at
340 and 395 K both pertain to the high-temperature phase; we
interpret the difference in the spectra in terms of temperature-
induced differences in dynamic rates. Thus, with the model
outlined above, we could reproduce the 395 K spectrum assuming
a very fast jump rate (1.25 X 107 s!), and an intrinsic line width
of approximately 4% of the quadrupole interaction. The calculated
best fit spectrum is shown in Figure 4B, spectrum a; it corresponds
closely to Figure 4A, spectrum a. The 340 K spectrum could not
be reproduced with a unique jump rate. It is likely that there is
a dynamic distribution, similar to the conformational distribution
arising from a number of side-chain structures of comparable
energy. We have simulated the 340 K spectrum with two discrete
jump rates, namely 1.25 X 107 and 3.75 X 10 s7, taking 75%
of the former and 25% of the latter. We obtained Figure 4B,
spectrum b, which may be compared with Figure 4A, spectrum
b. The fit is quite satisfactory.

(47) Flory, P. J. Statistical Mechanics of Chain Molecules; Interscience:
New York, 1969; Chapter V.,

The room temperature spectrum shown in Figure 4A, spectrum
¢ pertains to the low-temperature phase. The spectrum of Figure
4B, spectrum d was obtained by assuming that the three-site jumps
described above are frozen out. We have reproduced this spectrum
in Figure 4A, spectrum ¢, where it is shown by the dashed line
superimposed on the experimental spectrum obtained at 293 K.
It is quite obvious that the latter is approximately twice as broad
as the spectrum predicted with the model outlined above. We
do, therefore, encounter additional motional averaging, which we
first attempted to interpret in terms of a rapid three-site jump
process about the C*-O¢ bond. That would indeed reduce the
rigid-limit splitting of roughly 120 kHz between the perpendicular
peaks to about 44 kHz, very close to the experimental value of
39 kHz observed at 293 K. Yet, the conformational energy
calculations on the benzyl aspartate analogue showed that the
potential energy profile about the C*~O¢ bond has a two-minimum
pattern that would generate an asymmetric partially averaged 2H
NMR powder spectrum, in disagreement with the axial powder
spectrum observed experimentally. Hence, we conclude that the
extra 3-fold reduction in spectral width is brought about by a
combined mode of several coupled internal bond isomerizations
which, on the whole, act as an axially symmetric averaging process.

We now return to the interpretation of the two-phase spectra
of PBLG (d, and d;). We draw upon the close analogy between
the liquid crystalline phase formed by the PBLG polymers with
halogenic solvents and the phospholipid(lecithin)/water-based
liquid crystals. Both systems form hexagonally closed packed
structures at lower solvent concentrations.*®

It is well-known that ends of the phospholipid chains are more
flexible and fluid than those near the head groups.*® A similar
model can be envisaged for the ends of the backbone structure
of the PBLG helix, which would also enhance the flexibility and
fluidity of the associated side chains. As the temperature is raised,
one would expect that flexibility and fluidity increase progressively
toward the center of the helix. We could then interpret the
observed continuous increase in the mobile fraction of benzene
rings with increase in temperature as being due to the increase
in the fraction of the helical side chains becoming flexible and
fluid.

The high-temperature-phase 340 K spectrum of PBLG-d, is
shown in Figure 3A. The line is quite narrow and isotropic in
nature, indicating that the deuterium nuclei are probably expe-
riencing several internal motions that result in overall isotropic
averaging. It should be noted that, in spite of salient differences
in line shape, the 340 K spectra of PBLG-d, (Figure 3) and

(48) Chapman, D. Q. Rev. Biophys. 1975, 8, 185.
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Figure 5. Experimental 2H NMR spectra at 300 and 360 K, obtained
from oriented films of PBLG-d, prepared as described under Experi-
mental Section; Y denotes the angle between the external magnetic field
and the optical axis of the films (i.e., the uniformly aligned PBLG-d,
helix axis).

PBLG-d, (Figure 4) have comparable widths. Although an NMR
spectrum that is isotropic in appearance contains relatively little
information about dynamics, we shall consider the 340 K PBLG-d,
spectrum in light of our interpretation of the 340 K PBLG-d,
spectrum (see below). Differences in line shape are correlated
with the inferior resolution of the former that arises because the
spectrum is generated by a multiply labeled (PBLG-d;) molecule.

More detailed information on the orientation of the benzyl
groups in the side chain is obtained from experiments performed
on oriented films of PBLG-d;. *H NMR spectra obtained at 300
K and 360 K for the external magnetic field parallel (¢ = 0°)
and perpendicular (¢ = 90°) to the PBLG helices are shown in
Figure 5.

The 300 K spectra in Figure 5 show two superimposed doublets
of unequal intensities that have a pronounced orientation de-
pendence. We associate the stronger doublets with the ortho and
meta deuterons on the benzene ring, and we expect, on the basis
of our previous discussion, that the benzene ring is engaged in
180° ring flips (cf. Figure 3A). Qualitatively, the observed
orientation dependence indicates that the planes of the benzene
rings are preferably oriented longitudinally; i.e., their para axis
is aligned close to being parallel to the helix axis. The weaker
lines in the ¢ = 0° spectrum are probably due to methylene
deuterons which are immobile. However, it is difficult to ra-
tionalize these spectra except in terms of imperfect alignment of
the benzene rings (and/or their jump axes) along the helix axis.
This distributive nature of the side-chain orientation will cause
a severe decrease in the signal-to-noise ratio of the immobile para
and methylene deuterons of the amorphous polymer fraction, and
only extreme orientations (i.e., those with the principal magnetic
axis parallel or perpendicular to the external magnetic field) will
generate detectable absorption signals at the position of the weak
doublets mentioned above. Additional intensity at those positions
may be contributed by a crystalline polymer fraction with crys-
tallites distributed at random in space.

We proceed with a more quantitative analysis of the 300 K
spectra in Figure 5. An earlier theoretical calculation® indicated

(49) Yan, J. F; Vanderkooi, G.; Scheraga, H. A. J. Chem. Phys. 1968,
49, 2713.
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Figure 6. Experimental 2H NMR spectra (B, D, E) obtained from a
polycrystalline powder sample of PBLG deuteriated at the y-carbon
position at temperatures indicated in the figure and calculated spectra
(A, C) for three-site biased jumps about the C5-C” bond with occupa-
tional probabilities in ratios of 0.37:0.37:0.26. The tilt angle between the
jump axis and the principal axis of the quadrupole tensor is 70.53°, and
orientation-independent intrinsic line widths are on the order of 4% of
the quadrupole tensor. The jump rate corresponding to 395 K was 1.25
X 107 s7! (A) and that corresponding to 340 K was 3.2 X 10* 57! (C).

that the para axes of the benzene residues are more likely to be
parallel, rather than perpendicular, to the helix axis. It did not,
however, specify the exact tilt of the para axis relative to the helix
orientation and whether the angle of the tilt is unique. With
deuterium labels attached at specific positions on the side chain
of an oriented film sample, 2H NMR can provide information,
in an unambiguous way, about the relative orientation of the
chemical bonds involving the 2H labels. To illustrate the potential
inherent in the deuterium NMR experiment to determine mo-
lecular geometry, we have considered in the Appendix several
extreme orientations of the benzyl residue for which we have
calculated the 2H NMR spectra. Comparison of the simulated
spectra shown in the Appendix (Figure 14c,d) with the experi-
mental spectra in Figure 5 obtained at 300 K shows that our resuits
corroborate the predictions of ref 49, by indicating that the
(predicted lower energy) “longitudinal” model (Figure 4 of ref
49) rather than the “transverse” model (Figure 3 of ref 49) is more
realistic.

The analysis of the spectra at 360 K (in Figure 5) is complicated
by poor spectral resolution and the effects of multiple reorientations
about the intersegmental bonds connecting CD,—C¢D; segments
to the polymer backbone. Presumably, the motions of the polymer
backbone would also affect the spectra. The spectral width at
90° orientation indicates that all deuterons experience a fast
motion. If one chooses to assign a unique diffusion axis, a guess
of roughly the magic angle (54.7°) with respect to the external
magnetic field seems appropriate. Knowing that the time-averaged
spectral widths for all deuterons are between 30 and 40 kHz (see
Figure $, 360 K spectrum), the 0° spectrum would be consistent
with a 35° tilt of the diffusion axes with respect to the external
magnetic field, in agreement with the guess for the 90° orientation
(ie., 90° - 55° = 35°), Although the NMR measurements,
indicating onset of mobility with increasing temperature, cannot
entirely exclude the possibility of helix melting (in a helix—coil
transition), it is unlikely that such a transition occurs, because
it would lead to a loss of the orientational dependence of the PBLG
films.

2. PBLG Labeled at the y-Carbon of the Glutamic Acid
Residue: PBLG-d, (v). *H NMR spectra of PBLG-d,(v) are
shown in Figure 6. (The sharp liquidlike line centered at the
Larmor frequency probably arises from a mobile low-molecu-
lar-weight impurity.) The axially symmetric powder pattern, with
a splitting of approximately 120 kHz [~(3/4)(Q,] between the
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TABLE I: Low-Energy Conformations? of the Uncharged Glutamic
Acid Side Chain in o-Helical Uncharged Poly(glutamic acid)®
side-chain® rotameric state?

2 X3

relative energy,®
AE, keal/mol

0.00
0.34
0.66
0.69
0.71
0.88
1.49
1.56
1.60
1.94
2.50
2.81
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¢Computed with the Empirical Conformational Energy Program for
Peptides (ECEPP/2) algorithm,’®%! for CH;CO-Ala;-Glu-Ala;-
NHCHS;, where the Ala residues were included to avoid end effects.
®The backbone of the polypeptide was fixed in a regular a-helical
conformation, in which (¢, ¥, w) = (-68.1°, —=38.3°, 180°) for each
residue.”> Energy minimization was carried out with respect to the
side-chain dihedral angles x!, x% x3 and x* of each side chain. In
each initial conformation (prior to energy minimization), the dihedral
angles of all side chains were identical. They were taken from the
minimum-energy conformations of a single uncharged glutamyl residue
incorporated in a poly(L-alanine) a-helix.*?> Each dihedral angle was
allowed to vary independently during energy minimization. “The
symbols x!, x% x°, and x* denote the dihedral angles for rotations
about the C*~C#, (P-C7, C*-C% and C’-O¢ bonds, respectively.”
4Ranges of dihedral angles for each rotameric state are denoted as
follows. For bonds with 3-fold rotation, t for 120° < x < 180° and
~180° € x < ~120°, g* for 0° < x < 120°, and g™ for -120° < x <
0°. For the 2-fold rotation about the C*-C® bond, p and n denote 0° <
x> < 180° and —180° < x* < 0°, respectively. ¢Expressed per gluta-
myl side chain and relative to the energy of the lowest energy confor-
mation shown (line 1); i.e., AE = (E — E;)/10, where E, = ~162.48
kcal/mol is the total computed energy of the molecule with the con-
formation shown in line 1 of the table.

main peaks, recorded at 295 K, indicates that these deuterium
atoms are static on the 2H NMR time scale up to this temperature.
Since similar results were obtained with PBLG-d, (see Figure 4A),
we conclude that the PBLG side chain extending from the v-
carbon to the para axis of the benzene ring does not experience
any dynamic process other than rapid ring flips below room
temperature (see above).

PBLG undergoes a phase transition at about 330 K (see dis-
cussion below). Our objective is to interpret the PBLG-d, (%)
dynamic line shape observed in the higher temperature phase in
terms of molecular parameters. Yet, meaningful deductions can
be made only with some prior knowledge of the static conformation
at the site of the magnetic nucleus. No detailed conformational
analysis is available for PBLG that would provide structural
information about the lowest energy side-chain conformations.
A comparative analysis of poly(glutamic acid), PBLG, and several
derivatives of PBLG with substitutions on the benzene ring has
indicated that the dihedral angles and relative energies of the
favored side-chain conformations are similar for these poly-
peptides.*® Therefore, for the y-position in the side chain, it is
possible to use the results of conformational energy computa-
tions’®%! on glutamic acid residues inserted in a poly(L-alanine)
a-helix,*? in order to suggest preferred conformations for PBLG
side chains in an a-helix. When glutamic acid is incorporated
in a regular a-helix,*? only two low-energy rotameric states®* of

(50) Momany, F. A.; McGuire, R. F.; Burgess, A. W.; Scheraga, H. A.
J. Phys. Chem. 19758, 79, 2361.

(51) Némethy, G.; Pottle, M. S.; Scheraga, H. A. J. Phys. Chem. 1983,
87, 1883.

(52) Piela, L.; Némethy, G.; Scheraga, H. A. Biopolymers 1987, 26, 1273.

(53) Chou, K. C.; Némethy, G.; Scheraga, H. A. J. Am. Chem. Soc. 1984,
106, 3161. .

(54) Visquez, M.; Némethy, G.; Scheraga, H. A. Macromolecules 1983,
16, 1043,
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the C*~C* bond (described by the dihedral angle®® x!) exist, viz.,
the states t and g~, while all three rotameric states t, g~, and g*
can occur for the C*~C” bond, with a slight preference for the
t state’? (Table I). Thus, several rotameric states are of low
energy for the side chains in poly(glutamic acid) and, by impli-
cation, for PBLG. Even without performing detailed line shape
calculations, it is quite obvious that the adoption of a model for
PBLG that assumes that the dominant dynamic process affecting
the deuterons at the vy-position is a combination of rotational
isomerization about the C2—~C? and the C#-C” bonds would be
a reasonable starting point.

We could simulate the 2H NMR spectra obtained at 340 and
395 K from the y-labeled PBLG sample with a three-site model
for the motion about the C#~C” bond. Relative populations of
0.37:0.37:0.26 were assumed, and the tilt angle was taken equal
to 70.53°. The best calculated spectra are shown in parts A and
C of Figure 6 (displayed next to the corresponding experimental
traces), obtained with jump rates of 1.25 X 10" and 3.2 X 10*
s7, respectively. Clearly, for 340 K the fit is satisfactory, indicating
that the jump rate at that temperature is 3.2 X 10*s™!. Although
the shape of the experimental spectrum obtained at 395 K is
reproduced, the overall width is overestimated by the theoretical
model. This discrepancy can be accounted for by assuming ad-
ditional rapid temperature-dependent librations (or a combined
mode of coupled internal bond isomerization acting, on the whole,
as an axially symmetric averaging mechanism) which are quite
effective at 395 K and marginal in their spectral consequences
at 340 K.

It may be noticed that, at about 395 K, all the spin-labels,
regardless of their position on the side chain, have comparable
NMR spectral width. Our analysis of the solid-phase spectra at
295 K from the aligned PBLG-d, films quite clearly demonstrated
that the orientation of the benzene ring para axis is parallel to
the helix axis. The situation is not so obvious, however, regarding
the orientation of the side chains in the high-temperature phase.
This is due to the onset of rapid (on the deuterium NMR time
scale) multiple reorientations around the intersegmental bonds
at the phase transition that prevent us from studying the orien-
tation-dependent slow motional spectra. The interpretation of
spin-label dynamics, in terms of two- or three-site jumps, is rather
dangerous because the actual number of sites involved in the
problem is not simply related to the rotational symmetry of the
potential around the adjacent bond. To illustrate this point,
consider the high-temperature spectra of the y-deuterons and that
of the para deuteron on the aromatic ring. If the motion of the
intermediate bonds were completely independent (i.e., uncorre-
lated), one would have predicted a spectrum with an order of
magnitude smaller spectral width for the para deuteron. This is
quite clearly not the case. Also, the fact that we observe an axially
asymmetric line shape for the para deuteron indicates that the
motional rate for the reorientation around the O‘—Cf bond is at
least an order of magnitude faster than any other (overall) axially
symmetric jump process in the side chain.

At this point, we would like to comment on the 340 K phase
transition observed in the PBLG system. NMR data below 340
K rule out the presence of any large-amplitude motions of the side
chains except for the benzene ring flips. However, our confor-
mational analysis for an isolated «-helix indicates that at least
30-40 conformational states have comparable stabilization energies
and sufficiently low activation energy barriers for transitions
among them. This implies that at room temperature the effects
of interconversions should motionally narrow the deuterium NMR
spectra of the spin-labels employed. The physical origin of this
discrepancy is clear if one recognizes that the conformational
analysis is carried out for a single a-helix. The effects of the
neighboring helices, arranged in a hexagonal lattice surrounding
the helix under consideration, were not included in the calculations.
If steric interactions relevant in the crystalline lattice were con-
sidered, it is clear that there exist severe additional restrictions,

(55) ITUPAC-IUB Commission on Biochemical Nomenclature Biochem-
istry 1970, 9, 3471.
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Figure 7. Experimental 2H NMR spectra obtained from an oriented film
of PELG-d, (bottom) and from a precipitated powder sample at 177 K.
(Note that the spectra from the oriented film are independent of the
direction of the film axis relative to the magnetic field.)

due to neighboring molecules, on the calculated side-chain con-
formations, as well as on the rates of interconversions among them.

With this rationale in mind, the analysis of the high-temper-
ature-phase deuteron NMR spectra implies that, at the phase
transition, the extent of the nearest-neighbor interactions is
dramatically reduced. One may then envision the phase transition
as two-dimensional melting of the helix array (similar to the
gel-lamellar phase transition found in lipids). In the high-tem-
perature phase, the comparison between the conformational
populations derived from deuteron NMR line shape simulations
and the conformational analysis is better justified. The results
compare favorably, within the limitations of each technique.

Below the phase transition, the y-deuterium atoms are static
on the ZH NMR time scale, as mentioned previously.

B. Poly(y-ethyl L-glutamate) (PELG) Labeled at the Ester
Positions: PELG-d; and PELG-d,. PELG polymers were labeled
selectively at the methyl and methylene positions, respectively,
of the ester moiety. With these selectively labeled species, we could
obtain fairly well-defined morphologies [i.e., magnetically oriented
paracrystalline films (and precipitated powders) with a small
degree of crystallinity] and information about side-chain orien-
tation and segmental mobility. In Figure 7, we show 2H NMR
spectra from a powder sample (upper spectrum) and from an
oriented film of PELG-d,, both recorded at 177 K. 1t is clear
that the outer sharp peaks, with a splitting of approximately 120
kHz, are present only in the powder spectrum. As discussed
previously, a typical axial rigid-limit powder spectrum of an al-
iphatic deuteron has the intense “perpendicular” peaks separated
by roughly 120 kHz; the weaker parallel shoulders, separated by
240 kHz, are often lost in the background noise. With PBLG-d,
we attributed the excessive intensity of the perpendicular peaks
to the combined effect of immobile labels pertaining to the
amorphous and the crystalline morphologies. With PELG-d,, the
amorphous component obviously does not contain immobile
deuterium atoms. Therefore, the rigid component in the powder
spectrum is due solely to the presence of crystallites from the
precipitation procedure, whereas the oriented film from the casting
procedure exhibits a single-component line shape generated by
a purely amorphous polymer; it is a dynamic spectrum, reflecting
partial motional averaging due to anisotropic internal motions.

A similar conclusion emerges from the powder spectra of
PELG-d, shown in Figure 8. Each line shape is dominated by
a dynamic spectrum, contributing primarily at the center and
associated with the amorphous polymer fraction, and an axial
powder spectrum, with “perpendicular” peaks separated by ap-
proximately 43 kHz, associated with the crystalline component.
Our interpretation of the PELG-d; powder spectrum is analogous
to that of the PELG-d, powder spectrum, except for rapid methyl
reorientation experienced by the methyl deuterons. Thus, the
120-kHz perpendicular peak separation observed with PELG-d,
is reduced to 120 (1/,)(3 cos? 71° — 1) = 43 kHz with PELG-d,
(71° being the valence angle between the symmetry axis of the
methyl group and the C-D bonds). Similar to PELG-d,, spectra
obtained from oriented films are free of crystallites, as illustrated
in Figure 9, where we present a series of temperature-dependent
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Figure 8. Experimental 2H NMR spectra from a precipitated powder
of PELG-d; at various temperatures.
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Figure 9. Experimental 2H NMR spectra from an oriented film of
PELG-d, at the temperatures indicated. (The spectra are independent
of the direction of the film axis relative to the magnetic field.) (Inset)
Spectra calculated by assuming discrete 120° jumps between three
equivalent sites about a diffusion axis tilted at 90° relative to the principal
axis of an axial quadrupole tensor (details on the calculation are given
in the Appendix of ref 56). A natural line width on the order of several
percent of the quadrupole coupling constant was used, and the jump rates
expressed in units of the quadrupole coupling constant are as follows: (a)
1.2 X 103, (b) 16, (c) 4.7, (d) 1.5, () 0.6, and (f) 1.2 X 1073,

spectra from PELG-d; films. Comparison with Figure 8 indicates
that the 216 and 236 K spectra in Figure 9 can be obtained from
the corresponding line shapes in Figure 8 by subtracting the rigid
component.

It should be noted that we did not specify the orientation of
the film with respect to the external magnetic field while discussing
the spectra of Figures 7 and 9. This is unnecessary, given the
unexpected observation that, with PELG films, the ZH NMR
spectrum is independent of film orientation, in contrast to the
PBLG-d, films. Since the existence of uniform, parallel orientation
of the helices has been established by an X-ray diffraction ex-
amination, we conclude that, in spite of helix alignment, the PELG
side-chain orientations are distributed randomly, i.e., there is no
discrete side-chain structure, as evidenced by the NMR spectra
of the deuterons in the ester group.
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Figure 10. Experimental 2H NMR spectra from oriented films of
PELG-d, (top) and PELG-d; at ambient temperature.

(.

Figure 11. Experimental H NMR spectra from an oriented film of
PELG-d, at the temperature indicated. The inset shows the shape of the
computed curve (not to scale) for a three-site biased-jump model with
occupational probabilities in ratios 1:1:2. The tilt angle between jump
axis and Q,, tensor is 70.53°. The inhomogeneous line width is 4% of
Qo Jump rate = 1.25 X 10° 571,

Figure 10 shows again that the methyl and the methylene
deuterons exhibit the same overall spectral features, except for
reduction of the methyl spectra due to internal reorientation. In
Figure 11, we present spectra obtained with PELG-d, films at
various temperatures. Unfortunately, the spectral resolution is
low; in addition, the line shape is probably distorted because of
the length of the 90° pulse. We could not decrease this instru-
mental parameter below 7.4 us in this particular experiment; to
check the extent to which this affects our spectra, we lowered the
temperature to 150 K, where the line shape is close to a true
rigid-limit pattern, and found that the central portion of the axial
powder spectrum is typically of greater amplitude due to the large
pulse length.'®

In summary, the line shapes of the spectra of only Figure 9
warrant a quantitative analysis. We reiterate that the 175 K
spectrum is an axially symmetric powder pattern with roughly
43 kHz between the main peaks showing an onset of slow motional
effects, consistent with a collection of rapidly rotating methyl
groups having their C; axes distributed at random in space.
Further spectral averaging observed upon heating is then associated
with additional motional processes involving the methyl deuterons.

The trends reflected in the evolution of the spectra between 177
and 266 K are typical of discrete jumps between three equivalent
sites about a diffusion axis perpendicular to the C-CD; bond, with
gradually increasing jump rates. This is quite obvious if we
compare the corresponding experimental line shapes in Figure 9,
with the calculated spectra shown in the inset of Figure 9, ob-
tained*® with a model of Cy, jumps about a perpendicular diffusion
axis.

(56) Meirovitch, E.; Belsky, L.; Vega, S. J. Phys. Chem. 1984, 88, 1522.

Meirovitch et al.

S5

42 kHz
i

Figure 12. Three-site biased-jump model with occupational probabilities
in ratios of 0.37:0.37:0.26. The tilt angle between the jump axis and the
principal axis of the quadrupole tensor is 70.53°. Orientation-inde-
pendent inhomogeneous line widths are 4% of Q. (a) Jump rate = 0.0
s7}; (b) jump rate = 1.25 X 10° s™%; (c) a mixture of spectra with a jump
rate of 1.25 X 10% and a jump rate of 1.25 X 10 in a ratio of 0.15:0.85;
(d) jump rate = 3.2 X 10*s7%; (¢) jump rate = 1.25 X 107 57,

The similarity of the lower temperature experimental spectra
and the corresponding theoretical inset spectra appears to indicate
that the model used in the calculations, with a 90° tilt between
the diffusion axis and the C~CD; bonds, is a reasonable one. We
estimate that the error in this orientation of the diffusion axis does
not exceed £10°. Consequently, the experimental line shapes
between 175 and 266 K could not be reproduced with a tilt of
71°, which would correspond to jumps about the O—Cf bond. In
fact, none of the chemical bonds of the side chain in the vicinity
of the C*~CD, bond are perpendicular to the O*=C? bond in any
low-energy conformation.

Alternatively, the experimental spectra in Figure 9 can be
reproduced with a biased three-site jump motion about the C*-O¢
bond (i.e., a 71° tilt between the jump axis and the principal
magnetic axis). We depict such an attempt in Figure 12, to be
compared with Figure 9. Although the majority of the spectra
in the series of Figure 9 can be reproduced satisfactorily with
unique jump rates increasing from 0.0 to 1.25 X 107 57! (see legend
of Figure 12), in some cases the fit is improved considerably by
admixing spectra calculated with different jump rates (see
spectrum c¢ of Figure 12).

The dramatic temperature-dependent spectral effects exhibited
by the methyl deuterons, but not by the methylene deuterons over
the same temperature range, can be attributed to the different
time scale needed to average out the methyl and methylene
deuteron quadrupolar interactions. Recall that for a simple
spectrum of two Lorentzian lines, separated by frequency dif-
ferences Aw and which coalesce to a single line by a jump process
(described by a jump rate 1/7), motional effects are most dramatic
at 7Aw =~ 1. Similar considerations for the motion of the methyl
and methylene group would imply that a motional process affecting
dramatically the 43-kHz methyl splitting would have a rate that
is about a factor of 3 slower than required to affect the methylene
deuterons dramatically.
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The correspondence between experimental and calculated
spectra (cf. Figure 9) is degraded close to room temperature, due,
presumably, to the onset of additional motions which average out
the quadrupolar interaction efficiently and uniformly. This is too
complex a situation to warrant detailed interpretation, since all
the anisotropic features of the NMR line shape that would be
needed are “washed out” by the averaging process. It is possible
that the nearby environment of the methyl group could be mapped
out by observing other magnetic nuclei, thereby clarifying the
situation to some extent. We tried to simulate only the high-
temperature (350 K) spectrum in Figure 11 for the methylene
deuterons, using the same model as in Figure 9a,b but with a jump
rate of 1.25 X 10° 57!, and obtained the spectrum shown in the
inset of Figure 11. Thus, the apparent ability of this model to
predict the spectra for the two different systems is indicative of
the similarity of the intersegmental potentials about the O-C¢
bond in both PBLG and PELG.

It is, however, appropriate to comment on the abrupt change
in the efficiency of the averaging process, which increases dra-
matically above room temperature as illustrated by the spectra
of both-Figure 9 and Figure 11. These observations are suggestive
of a phase transition, similar to that observed with the PBLG
polymer. The structural collapse of the PELG-d; spectra at about
266 K indicates that, even below the phase transition, motions
other than the 3-fold jumps affect the deuterium atoms.

C. Conformational Mobility of PBLG Side Chains. We
compare below our NMR results and the structural information
provided by theoretical conformational energy calculations of the
ordered.structures of poly(amino acids) and their derivatives,**?
For PBLG in a right-handed «-helix, Yan et al.* showed that
a longitudinal conformation, with the side chains lying approx-
imately parallel to the helix axis, is preferred over the transverse
conformation, in which the side chains lie approximately per-
pendicularly to the helix axis. A more recent computational
study™? of glutamic acid in an «-helix showed, however, that these
two conformations are comparable in energy (cf. the t and g~
rotameric states for x! in Table I, corresponding to longitudinal
and transverse orientations, respectively). From dipole moment
measurements, Erenrich and Scheraga®” concluded that there is
a random distribution of the PBLG side chains, in agreement with
the conformational energy computations (ref 52 and Table I).
This, however, is based on measurements in dilute solution and
is, therefore, not quite relevant to the results of our solid-state
study. On the other hand, Samulski*® found a nonrandom side-
chain orientation in a liquid crystalline phase,’**! which may be
more relevant to a solid material.

The results obtained with the oriented PBLG-d, films are in
accord with the structure reported by Yan et al.*’ in the sense
that the side chains take on a longitudinal conformation, having
the para axis of the ring aligned close to the helix axis. The NMR
experiment is definitely sensitive to the spatial distribution of the
benzene rings. Further experiments on oriented PBLG films are
very likely to lead to the elucidation of the functional form of the
side-chain distribution about the helix axis.

The conformational analysis of glutamic acid in an a-helix®
indicates that there are two preferred positions for the C¥ atom
of the glutamyl side chain, corresponding to rotameric states t
and g~ of the C*~CF bond (Table I), with comparable energies.
There are no analogous data available for PBLG. While it is
possible that the presence of the y-benzyl substitution modifies
the relative energies of various glutamyl side-chain conformations
somewhat, it is not likely that the position of the C atoms (de-
termined by the dihedral angle x!) would be altered noticeably
by this substitution, because their position (and the preference
for the t and g~ rotamers over the g* rotamer) are determined

(57) Erenrich, E. H.; Scheraga, H. A. Macromolecules 1972, 5, 746.

(58) Samulski, E. T. J. Phys., Collog. 1979, Ser. C3, 40, 471.

(59) Yamazaki, T.; Toriumi, H.; Abe, A., private communication.

(60) Czarniecka, K.; Samulski, E. T. Mol. Cryst. Lig. Cryst. 1981, 63, 205.

(61) Toriumi, H.; Yamazaki, T.; Abe, A.; Samulski, E. T. Lig. Cryst. 1986,
1, 87.
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Figure 13. Models considered for various directions of alignment of
CD,-C¢Ds segments, in relation to helix axis (#) and to external magnetic
field, H, as specified in the Appendix. Only the two extreme relative
orientations (viz., parallel and perpendicular) of H, and / were consid-
ered. The dihedral angle for rotation of the benzene ring about the para
axis is defined as ¥’ = 0° and 4" = 90° for models A and B, respectively.

primarily by the interaction of the C*H, group with the poly-
peptide backbone.®? Therefore, it is reasonable to assume that
PBLG and poly(glutamic acid) in the a-helical form have similar
side-chain conformations at the v-position. As detailed in the text,
2H NMR results are consistent with these theoretical calculations.
The potential of ZH NMR for providing information about the
structure and dynamics of biopolymers is borne out by these
results.

D. Future Possibilities. On the basis of this work we can
suggest new experiments and procedures that we believe would
improve the understanding of the structure and dynamics of
polymers by NMR. These include (a) the study of well-aligned
liquid crystalline phases; ! (b) the application to NMR® of a
new two-dimensional “T,-type” experiment, originally developed
for ESR,* that greatly increases the resolution and sensitivity to
dynamics when dealing with inhomogeneously broadened lines;
(c) the use of other appropriate spin relaxation methods;%*¢ and
(d) the application of double-quantum 2H spectroscopy? to cancel
the effects of the quadrupole interaction and to focus on the
different chemical shifts of the deuterons in chemically different
positions.®’

(62) Benedetti, E.; Morelli, G.; Némethy, G.; Scheraga, H. A. Int. J. Pept.
Protein Res. 1983, 22, 1,

(63) Rananavare, S.; Freed, J. H., to be published.

(64) Millhauser, G. L.; Freed, J. H. J. Chem. Phys. 1984, 81, 37.

(65) Spiess, H. W, J. Chem. Phys. 1980, 72, 6755.

(66) Schwartz, L. J.; Millhauser, G. L.; Freed, J. H. Chem. Phys. Lett.
1986, 127, 60.
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Figure 14. Simulated 2H NMR spectra for aligned PBLG films. Spectra
were simulated by performing orientational averaging, as well as motional
averaging (benzene ring flips). The four spectra correspond to the models
shown in Figure 13, as follows: (a) model A, for Hyjl#; (b) model A, for
Hy L #; (c) models C and D, for Hyl|#; (d) models C and D, for H, L A.
Note that models B and D are two-dimensional powder patterns.
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Figure 15. Schematic drawing of the benzyl side chain of PBLG-d,,
illustrating the magnetic z axis, aligned with the ortho and meta deu-
terons, and a right-handed Cartesian coordinate system for which x’is
perpendicular to the plane of the ring, y’is parallel to the C*-C” axis,
and z’lies in the plane of the ring. The z axis is the principal axis of the
rigid-limit quadrupole tensor, while x’, y’, z’is the coordinate frame of
the partially averaged quadrupole tensor. For discrete 180° jumps about
the C5~C” axis (curved arrow), the principal values of the partially av-
eraged asymmetric tensor appear along x’, y’, and z’.

V. Conclusions

(1) We have illustrated the use of 2H NMR spectroscopy to
investigate phase transitions and conformational dynamics of
polymers.

(2) We observe a definite phase transition at 330 K in PBLG,
which we characterized as side-chain “melting”. A similar
transition appears to occur in PELG but is less clearly charac-
terized.

(3) In the lower temperature phase of PBLG (below 330 K)
the only motion present in side chains is the 180° flipping of
benzene rings. One observes a gradual melting of these rings in
such a way that, as the temperature is raised (within this phase),
the fraction of benzene rings engaged in rapid flipping increases
toward 100% near the transition point.

(4) The use of partially aligned samples permitted us to de-
termine the orientation of the benzene rings in the (more rigid)
low-temperature phase. In particular, we concluded for PBLG
that there is a preferential orientation of the plane of the benzene
ring parallel to the helix axis. This is reasonably consistent with
theoretical studies of side-chain conformations for the isolated

(67) Ref 3, Chapter 6.
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a-helical polypeptides. For PELG, on the other hand, no pref-
erential alignment of the ethyl groups could be detected.

(5) Above the phase transition in PBLG, there is an additional
motion about the O—Cf axis. While more than one model of this
motion can fit the data, a successful one that we consider to be
reasonable is a three-site biased population model. Again, there
are two populations of side chains, viz., rapidly and slowly rotating
benzyl groups. The former become predominant as the tem-
perature is raised.

(6) The theoretical calculations of the intersegmental potential
for the O*—C! bond agree with the occupational probabilities for
the three conformers that are obtained from the NMR analysis.
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Appendix. Analysis of Spectra from Oriented Films

With the methods at hand, we tried to simulate the oriented-film
spectra of Figure 5 by considering hypothetical models shown in
Figure 13. These models correspond to extreme combinations
of the relative orientation of helix axis (#), magnetic field (Hy),
and the rotational axis of the benzene ring. Examples A and B
correspond to extreme positions in which the para axis of the
benzene ring is oriented normal to the helix axis, while examples
C and D correspond to the other extreme orientation, in which
the para axis is parallel to the helix axis. We show in Figure 14
simulations computed for rapid flips of benzene rings around the
para axis with the geometries shown in Figure 13. The spectra
for Hy||Ai were simulated by using a Gaussian distribution of the
CD,—C¢D; segments centered about the para axis. If the benzene
rings are oriented normal to the helix axis (cf. Figure 13A,B),
the peak positions due to the ortho and meta deuterons will be
at (A) 264P, (cos 30°) = 175 kHz or at (B) 26,P, (cos 90°) =
—140 kHz [where P, (cos ) = (3 cos? 8 — 1)/2], both of which
are incompatible with experimental observation. However, it
should be noted that, since the benzene ring is oriented at an angle
v’ (cf. Figure 13A) between these extrema, it is possible to shift
the peak positions due to the ortho and meta deuterons into the
center of the spectrum (e.g., v/ = 54.5° yields a splitting of 35
kHz). Such an orientation of the benzene ring is clearly not
permitted, however, due to the steric hindrance of an ortho
deuteron with hydrogens of the adjacent methylene group. A
rotation about the O—CD, bond that would result in a tilt of 54.5°
of the para axis of the benzene ring with respect to the magnetic
field will render two methylene deuterons nonequivalent, and the
intensity of the peaks at 100 kHz will be drastically reduced.
Therefore, models A and B can be eliminated.

A similar process will show that, if the para axes of the rings
are oriented parallel to the helix axis (Figure 13C,D), the splittings
are in rough agreement with the experimental observations (see
Figures 14c,d and 5). However, one cannot distingunish between
model C and model D on the basis of the Hy|# spectrum alone.

The H,_L /i spectra were simulated by using a two-dimensional
powder averaging method, since the x’axis drawn normal to the
planes of the benzene rings (Figure 15) is distributed randomly
in the plane normal to the helix axis (cf. Figure 14c,d). Models
C and D yielded identical 2D powder-averaged spectra, as expected
from considering Figure 13C,D. The analysis shows that the
intensity in the central part of this spectrum (Figure 14d) is due
to one of the extrema in the two-dimensional powder patterns of
the methylene deuterons, consistent with the relatively low intensity
of the methylene deuterons in this spectral region (cf. Figure 5).

Additionally, we tried to introduce tilting around the O—C*
bond such that it bends the para axes of rings toward the helix,
even beyond the position shown in Figure 13C. The simulations
seem to give a better fit for the Hy L /i spectrum. We found that
a tilt of only 10-12° is needed to obtain a fair agreement with
the experimental spectrum. However, it should be noted that once
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a tilt is introduced, models C and D become nonequivalent with
respect to powder averaging, and an additional tilt angle is needed
to define the plane of the benzene ring. In view of the experimental
spectral distortions (cf. Experimental Section), we did not attempt
further simulations to pursue this point. Thus, qualitative analysis

seems to favor either model C or D, in agreement with ref 49.
We note in passing that the g~ state for the ~-position has slightly
lower conformational energy than the t state (cf. Table I), thereby
favoring the parallel orientation of the para axis with respect to
the helix axis.

Molecular Mobility of Poly(methyl methacrylate): A Time-Resolved Electron Spin
Resonance Study with Photoexcited Triplet-State Phenazine as a Probe
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Molecular mobilities of poly(methyl methacrylate) (PMMA) doped with phenazine as a probe were investigated by employing
a time-resolved electron spin resonance (ESR) technique.! Amplitudes of the transient ESR responses from photoexcited
triplet phenazine molecules were monitored immediately after a pulse from an excimer laser (308 nm). The amplitudes
were measured at several microwave powers with the probes in PMMA matrices of different average molecular weights.
The transient ESR data are found to correlate with the relative molecular mobilities of host matrices as reflected by the
differences in their glass transition temperatures. The time scale of motions detected by this method is in the range of 1074-107¢

S.

Introduction

The use of molecular probes for studies of molecular mobilities
in polymeric matrices has been well documented. The nitroxide
free radical spin-labels and spin-probes have been widely used for
the purpose with conventional electron spin resonance applica-
tions?™ (for faster motions with correlation time 107! < 7, < 1077
s), or with saturation transfer techniques® (for slower motions,
107 < 1, < 102 5). Since then the spin-label or spin-probe
methods have been expanded to the use of biradical probes,?
isotopically enriched nitroxide labels,*® e.g., deuterium or 1’N
substituted nitroxide free radicals, for certain advantages in
probing molecular motions. Recently, the nitroxide labels were
studied with instrumental sophistication, e.g., applications of
electron nuclear double resonance® and electron spin—echo'®
techniques.

Nuclear magnetic resonance spectroscopy was also applied to
the study of slow motional modes in solids, e.g., Kuhns and
Conradi!! with their NMR hole-burning technique and Mortimer
et al.!? with their NMR spin-echo method.

As for optical probes, various organic molecules were used as
fluorescence!*'4 and phosphorescence!*!6 probes to study molecular
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TABLE I: Poly(methyl methacrylate) Used in the Experiment
T, °C
M, M,/M, measd® calcd®
PMMA of broad mol wt 209 000 1.83 123 113
distribution 22000 491 108 103
11000 9.34 104 94

100000 1.10 119 111
30000 1.10 116 106

mol wt standards

Measured by DSC, at temperature scan rate of 10 °C/min.
®Calculated by using the parameters of PMMA in ref 31.

mobilities.

As an analogy to the phosphorescent probe used in optical
spectroscopy, we used the phenazine molecules in their phos-
phorescent state as probes and detected by a time-resolved ESR
technique to study molecular mobilities in glassy polymers. In
this paper, we describe the preliminary results of the time-resolved
ESR studies carried out with phenazine probes in poly(methyl
methacrylate) (PMMA) matrices.

In a glassy polymer like PMMA at room temperature, the most
likely motions of phenazine probes one can expect are from slow
tumbling to librational motions. The motions of probes are in
turn reflections of those of host polymer matrices, e.g., side chain
segmental motions, large-scale main chain motions, etc. The very
fact that one can observe ESR spectra from the triplet-state
phenazine molecules in PMMA limits that the motions involved
are much slower than in liquid state.

It is well-known that the phenazine molecules in their first
excited triplet states exhibit optical electron spin polarization.!’?
It is also reported that when detected by time-resolved ESR
technique,'® one can observe transient nutations from the trip-
let-state phenazine molecules. The waveform of transient nutation

(15) Miller, L. J.; North, A. M. J. Chem. Soc., Faraday Trans. 2, 1975,
71,1233,

(16) Rutherford, H.; Soutar, 1. J. Polym. Sc¢i., Polym. Phys. Ed. 1977, 15,
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