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Fig. 3. Combined plot of —AG,,, versus Adxim for
free (open circles) and ligand-bound (filled circles)
antibiotics 5 to 10. For any one antibiotic, arrows
represent changes occurring upon ligand binding.

tors) have loose structures before binding
another protein (or in the specific case of a
receptor, its natural ligand or a drug), then
a portion of the binding affinity can be
derived by tightening of the internal struc-
tures of the proteins in the resulting bound
state. Given this possibility, the thermody-
namic parameters for protein-protein asso-
ciations, which are perplexing when ana-
lyzed in terms of interfacial interactions
(14), can be seen to have much more com-
plex origins. The findings may also be rel-
evant to transmembrane signal transduc-
tion, most obviously when signal activation
is coincident with receptor dimerization
(16). Suppose a ligand binds strongly to the
monomeric form of a receptor (which itself
dimerizes weakly in the absence of a ligand)
and binds cooperatively to the dimeric form
of the receptor. Such a system is well con-
stituted to produce a tightening of the
structure of the receptor at its dimer inter-
face and hence to assist in ligand-induced
changes in geometry (even without obvious
allosteric changes) at points remote from
ligand binding.
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Elucidation of the Chain Conformation
in a Glassy Polyester, PET, by
Two-Dimensional NMR

K. Schmidt-Rohr,” W. Hu, N. Zumbulyadis

The chain conformation of glassy poly(ethylene terephthalate) (PET) was characterized
by two-dimensional double-quantum nuclear magnetic resonance (NMR). In amorphous
carbon-13-labeled PET, the statistics of the O-"3CH,-"3CH,-O torsion angle were
determined, on the basis of the distinct shapes of the two-dimensional NMR patterns of
trans and gauche conformations. In crystalline PET, the trans content is 100 percent, but
inthe amorphous PET itis only 14 percent (5 percent). An average gauche torsion angle
of 70 degrees (+9 degrees) was obtained. Implications for materials properties of poly-

esters are discussed.

PeT (Fig. 1) and related aromatic polyes-
ters find widespread uses in tough, transpar-
ent packaging materials with good barrier
properties, in polyester fibers, and in thin
films for photographic or magnetic-tape ap-
plications, which represent multibillion
dollar industries (1). The degree of crystal-
linity can vary from O to 50%, and noncrys-
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talline glassy polyesters can be obtained by
quenching from the melt, which produces
transparent films. To understand details of
the materials properties of amorphous and
semicrystalline polyesters, such as glass-
transition and melting temperatures, crys-
tallization rates, maximum crystallinities, or
gas-barrier properties, knowledge of their
microscopic structure is required. Although
the chemical and the crystal structures of
PET are well known (Fig. 1) (2—4), the
chain conformations in the amorphous
state are poorly characterized. The torsion
around the OC-CO single bond (Fig. 1) is

the major degree of freedom; bond lengths
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and angles vary only slightly, and the sp?-
hybridized units are expected to be mostly
coplanar. In the probability distribution of
the OC-CO torsion angle ¥, maxima are
expected near 180°, the trans conformation
(5), and near =60°, the gauche conforma-
tion (2, 3, 5).

Many groups have attempted to estimate
the positions and populations of the trans
and gauche conformations for PET (2, 3,
6-9), which are important parameters in
rotational-isomeric-state (RIS) models (2,
3). Calculations unconstrained by experi-
mental data tend to produce relatively high
trans populations (6, 7), which predict a
larger extension of PET chains in solution
than is observed experimentally (2, 3).
Therefore, the choice of RIS parameters is
usually guided by dipole moments or J cou-
plings of low—molar-mass model compounds
(2, 3, 6-10). Nevertheless, these procedures
have failed to produce a consistent param-
eter set. The predicted trans populations
range from 6 to 36%, and the { of the
gauche state has been treated as an adjust-
able parameter, ranging between 40° and
80° (8). In addition, most of the data used
in the analyses were derived from ethers,
polyethers, or esters of low molar mass,
rather than from the polyesters themselves.
The transfer of these results to PET is ques-
tionable because of the substantial effects of
solvent or long-range chemical structure
9).

Vibrational spectroscopy is sensitive to
molecular conformation, but quantification
is often difficult because of severe peak
overlap, poorly known oscillator strengths,
and the overly localized or delocalized na-
ture of many normal modes. The assign-
ment of bands to trans and gauche confor-
mations is mostly empirical. For amorphous
PET, trans contents of 5 (11), 7 (12), 15
(13), 21 (14), and 14 or 24% (15) have
been estimated by extrapolation in a series
of samples with varying degrees of crystal-
linity. The average torsion angle of the
gauche state ({s,) has so far not been deter-
mined experimentally. It is also uncertain

Bo o
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Fig. 1. Chemical structure of PET. The repeat unit
is delimited by the dashed lines. For simplicity, the
planar all-trans conformation is shown. The
O-"8CH,~"8CH,-O segment for which the confor-
mational statistics were determined in this report is
emphasized in bold. The bold arrows indicate the
044 Principal axes of the chemical-shift tensors.
One arbitrary By, field orientation is indicated.
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whether the maxima in the { distribution
are sharp enough to warrant the description
by RIS models, which disregard the poten-
tial scatter of { values. This issue has re-
cently been raised by the results of fully
atomistic simulations including intermolec-
ular interactions, which show very broad ¥
distributions (16).

Solid-state nuclear magnetic resonance
(NMR) can be used to quantify local struc-
ture and dynamics in both ordered and
disordered solid polymers (17-22). Through
anisotropic nuclear-spin interactions and
the resulting angle-dependent NMR fre-
quencies, the nuclei act as local probes of
segmental orientations in space, with the
strong external magnetic field B, serving as
the reference axis (17). In two-dimensional
(2D) double-quantum NMR experiments
that were introduced recently (20, 21), the
torsion angle between two bonded C-la-
beled segments is determined by measuring
their relative orientation, with the angle-
dependent chemical-shift frequencies w,
and w, of the two *C nuclei as the orien-
tational probes. In Fig. 1, ¢ and the tensor
orientations are indicated for PET with a
doubly *C-labeled O-!*CH,-*CH,-O

unit, produced by polycondensation of dou-

Fig. 2. Double-quantum
NMR spectra of PET. (A)
Simulated 2D spectrum of
the trans conformation (y =
180°) (5). (B) Simulation of
the gauche conformation
(8), with ¢ = =70°. Projec-
tions onto the double-quan-
tum w, axis are shown at the
top (25). (C) Experimental
(Expt.) 2D double-gquantum
spectrum of 95% amor-
phous PET, with homo-
nuclear '3C-"3C decoupling
in the detection period (27).
Contour levels range from 4
to 100%. Note the straight
ridge of the trans conform-
ers observed at the right-
hand side of the spectrum.
(D) Corresponding simula-
tion with a trans/gauche (t:g)
ratio of 18/82. The experi-
ments were performed on a

bly *C-labeled ethylene glycol and unla-
beled terephthalic acid.

In the version of the 2D double-quan-
tum experiments (21) that yields the sim-
plest spectra, INADEQUATE-type double-
quantum evolution (23, 24) is combined
with complete dipolar decoupling during
detection (21). In the resulting 2D spec-
trum, the chemical-shift sum frequency ,
+ @y, of the double-quantum coherence in
the first spectral dimension w, is correlated
with the individual chemical shifts , and
o, of the nuclear magnetization observed in
the second dimension w,. We obtained sim-
ulations of the resulting spectral patterns for
trans (Fig. 2A) and gauche (Fig. 2B) con-
formations in PET (22) by numerical sum-
mation over the full range of segmental
orientations. The 2D patterns (25), as well
as their integral projections onto the dou-
ble-quantum w; axis shown on top (Fig. 2,
A and B), were drastically different for the
two types of conformations.

The experimental 2D double-quantum
spectrum of O-'*CH,~*CH,~O-labeled,
95% amorphous (26) PET (Fig. 2C) was
dominated by the compact features of the
gauche conformation, as shown in the sim-
ulation in Fig. 2B. Nevertheless, at low

20 ppm

Bruker (Billerica, Massachusetts) MSL-300 spectrometer ('°C: 74.75 MHz) in a Bruker probe head with
a 5-mm coll, providing 'H decoupling B, fields with y8,/2m = 120 kHz (where v is the magnetogyric
ratio) and "3C 90° pulse lengths of 2.8 ps. Recycle delay, 5 s; contact time of cross polarization, 0.5 ms;
44 time-data points in the evolution time t,, with increments of 20 w.s. In the simulations, chemical-shift
parameters for the crystalline trans conformers were principal values of 87, 76, and 22 parts per million
(ppm) and polar coordinates a = 40° and B = 113° of the C-C bond in the chemical-shift principal-axes
system (PAS) (22). For the amorphous trans, 89, 79, and 23 ppm and the same tensor orientation were
used. For the gauche conformers, principal values of 85, 73, and 33 ppm were estimated from 1D and
2D powder patterns; the PAS had an orientation similar to that of poly(ethylene oxide), with « = 90° and
B = 126° (22, 34). In these experiments and in ?H NMR of deuterated PET (33), only restricted mobility
of the methylene groups was detected. Our experimental double-quantum spectra show substantial
correlated inhomogeneous broadening, possibly due to susceptibility effects. This broadening was
taken into account in the simulations by convolution with a 2D Gaussian whose width along the (2w, )
line was nearly twice the width perpendicular to that line.
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contour levels of 4 and 9% of the maximum
intensity, the long straight ridge character-
istic of the trans conformations is observed.
Analysis of the intensities of the two com-
ponents in the one-dimensional (1D) and
2D spectra shows that the trans conforma-
tions make up 13 to 23%. The best fit of the
1D double-quantum spectrum was obtained
for a trans content of 18.5% and s, = 70.5°
(Fig. 3). A spectral simulation with a trans
fraction of 18% and ¢, = £70° is shown in
Fig. 2D. Taking into account the residual
5 * 2% crystallinity of the sample (26), the
trans content in the amorphous regions was
thus determined as 14 = 5% (27). Given
the assumption that this trans/gauche ratio
reflects the Boltzmann populations of the
three minima in the intramolecular poten-
tial at the glass-transition temperature T, =
340 K, the gauche energy is 3.3 = 1.3
kJ/mol lower than that of the trans confor-
mation. The relevant temperature of equil-
ibration reflected in the conformational sta-
tistics is within the range of 340 + 40 K,
that is, between the sample storage temper-

ature of 300 K and T, + 40 K, where

Fig. 3. Determination of

equilibration occurs on a submillisecond
time scale during cooling; the variation of
the trans content in this temperature range
is only +1.5%.

The least squares fit procedure (Fig. 3C)
yielded a ¥, of £70° (£9°), ruling out a
gauche torsion angle of U, = *40° as
assumed in (8). Information on the width of
the maxima in the { distribution can be
obtained by comparing our experimental
spectrum with simulations that use various
widths of the peaks around 180° and +70°.
Results of a least squares analysis for .full
widths at half maximum (FWHM) of <5°,
50°, and 70° are shown in Fig. 3. The
narrowest distribution provided the best fit,
confirming that a RIS model (2, 3) can
provide a good approximation. Substantial
deviations were seen to occur for half
widths >50°.

To demonstrate how pronouncedly trans
signals can show up experimentally, we
crystallized the sample at 160°C for 2 hours,
reaching a crystallinity of 30 = 3% (28).
The experimental 2D spectrum of this semi-
crystalline material (Fig. 4A) was dominat-

90° 120" +150° PPN

trans content p, and
central , in 95% amor-
phous PET. In.a least

420%
410%

squares fit, the root-
mean-square deviation
(rmsd) between the ex-
perimental 1D double-
quantum spectrum  of
Fig. 2C and calculated
double-quantum spec-

0%

tra was minimized simul-
taneously as a function
of p,and Y- Root-mean-

0,

P, [%]

square deviation curves for different FWHM (<5°, solid curve; 50°, dashed curve; 70°, dotted curve) of
the peaks in the  distribution are compared in (A) and in (C). For each curve, the width of the spectral
line broadening was adjusted to minimize the rmsd. The rmsd minimum position was found to be
independent of the line broadening over a wide range. The rmsd is given in multiples of the random-noise
value, indicated by the dash-dotted line. The straight dotted line indicates the level of 5% fractional rmsd
(relative to the rms value of the experimental spectrum at 100%), which can be regarded as the
maximum acceptable deviation between simulation and experiment. (A) Plot of minimum (min) rmsd for
agiven p, [occurring at various i, positions, as plotted in (B)]. (B) Plot of the i, position of the minimum
rmsd, for the trans content p, given on the x axis. The variation of Uy with the trans content is seen to be
smaller than +3° near the global rmsd minimum, which occurs at p, = 18.5% and {4 = 70.5°. The
quality of this fit can be judged in Fig. 2D. (C) Minimum rmsd for a given Ug- (D) Value of p, at which the
minimum rmsd of (C) occurs, as a function of Y. Near the global minimum, the variation of the trans

content is less than —4%/+1%.

Fig. 4. Double-quantum
NMR spectrum of semicrys-
talline PET. (A) Spectrum of
a 30 = 3% crystalline PET
sample. (B) Corresponding
simulation  with a trans/
gauche ratio of 47/53. The
intrinsic spectral resolution
is somewhat higher than in
Fig. 2, Cand D.
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ed by the narrow straight ridge characteris-
tic of the trans conformation in the crystal-
lites. The minimum in the least squares fit
was obtained for a trans/gauche ratio of
47/53 (%6) (29) and Y, = 70° (Fig. 4B).

The difference in chain conformation
between amorphous and crystalline regions
of PET observed here and in the vibrational
spectroscopy studies (11-15) rules out mod-
els of a locally ordered bundled or nano-
crystalline glassy state of PET. It is fully
consistent with Flory’s prediction of unper-
turbed random conformational statistics
and chain dimensions in the melt (2). It is
exceptional that the chains in the crystal-
lites of PET have a higher intramolecular
energy than in the amorphous state. In most
other polymers, the conformation in the
crystals is close to the minimum-energy
conformation of the isolated chain (30).

The low trans probability in the melt
may be the primary reason for the relatively
low crystallization rate of PET (31), which
allows it to be easily quenched into the
amorphous state. According to Strobl, the
rate-limiting step in crystallization is the
straightening of the chains on being incor-
porated into the growing crystal (32). Our
results imply that this transition from the
mostly gauche conformation in the melt to
the required all-trans conformation in the
crystal is accompanied by not only an en-
tropic but also a substantial enthalpic pen-
alty, which increases the barrier to crystal-
lization. Support for our hypothesis that the
conformation in the methylene region de-
termines the crystallization rate is provided
by the substantially higher crystallization
rate observed for poly(butylene terephtha-
late) (PBT) (31), a polyester whose chem-
ical structure closely resembles that of PET
except for two additional methylene groups
in each repeat unit. Because other factors
affecting crystallization, such as the differ-
ence between melting and glass-transition
temperatures, are similar for PET and PBT,
the conformational difference in the meth-
ylene regions provides the best known ex-
planation for their different crystallization
rates.
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Effect of Substrate Strain on Adsorption
M. Gsell, P. Jakob, D. Menzel*

Direct evidence for the effect of local strain at a surface on the bonding strength for
adsorbates is presented. Scanning tunneling microscopy revealed that adsorbed oxygen
atoms on Ru(0001) surfaces are located preferentially on top of nanometer-size pro-
trusions above subsurface argon bubbles, where tensile strain prevails, and are depleted
around their rim in regions of compression, relative to the flat surface. Such effects can
be considered as the reverse of adsorbate-induced strain, and their direct local dem-
onstration can be used to test theoretical predictions.

I recent years structure determinations of
surfaces and adsorbate layers have become
sufficiently exact to give detailed informa-
tion about the structural changes at the
surface compared with the bulk, and about
the adsorption-induced shifts of substrate
atoms (1). Even for surfaces without major
rearrangement of the surface atoms (recon-
struction), both lateral and normal (to the
surface) shifts are found, which can vary
considerably from one substrate surface
atom to the next. Eventually the interatom-
ic arrangements must join on to those of the
undisturbed substrate lattice, so that con-
siderable stress can exist in the near-surface
region. Quite often these forces—which
are, of course, the result of the changed
bonding situation—Ilead to a major recon-
struction, releasing some of the residual
stress. Adsorption of gases causes complicat-
ed shifts of surface atoms (I, 2), which
should further modify these lateral and nor-
mal forces and interact with them.

On a more macroscopic scale, the devel-
oping stress can be made visible by tracing
the deformation of thin crystals upon gas
adsorption, either optically (3) or in a ca-
pacitive way (4). Adsorption introduces
stress in the surface region of a crystal that
can vary strongly on an atomic scale, caus-
ing displacements of substrate atoms from
their original positions (strain), and the
stress may also have an average component
on a larger scale, allowing detection by
macroscopic probes. On a mesoscopic scale
the developing stress influences the mor-
phology of bimetallic layers and local order-

ing (5).
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One would then expect that strain with-
in the surface region of a crystal introduced
by external influences should change its
adsorptive properties. Theoretically, a de-
pendence of the strength of adsorbate bond-
ing on the surface lattice constant is expect-
ed, which should be quantifiable with large-
scale, total-energy calculations. Obtaining
direct experimental proof is not easy, how-
ever. For example, it is difficult to discern
whether the changed adsorption strength at
surface steps is primarily due to the (un-
questionably existing) local strain or rather
to additional electronic effects such as the
electron redistribution under the strong
electric field at a step. Applying an external
force to bend the sample seems like the
most promising way to study the intrinsic
effect of strain on the adsorption properties
of various gases. However, such macroscop-
ically applied external forces will inevitably
lead to the creation of numerous disloca-
tions that form easily, especially for metals.
On the other hand, external forces that are
sufficiently weak not to be relaxed in this
way will probably have only small effects,
which would be difficult to discern. Anoth-
er possibility, the formation of pseudomor-
phic substrate layers with crystal lattice
constants different from the normal surfac-
es, has been used by Kampshoff et al. (6).
The observed frequency shifts of the inter-
nal C-O stretch mode of adsorbed CO were
interpreted by them in terms of lattice
strain. However, effects other than the di-
rect geometry change, especially structural
defects in the bimetallic layers or dynamic
frequency shifts, may also have affected
their vibrational line positions.

We chose a way to create local strain
fields and combined it with local imaging
with the scanning tunneling microscope
(STM). Local strain was produced on a
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