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Figure 2. Data in Figure 1 taken with the Instron are plotted
to test the relation G o exp(t/M°®5).

from the interface. At this point the block copolymer has
a structure similar to that obtained without homopolymer.
This observation is consistent with a recent theoretical
model for block copolymers at homopolymer interfaces
presented by Leibler.? From the Instron data for two of
the block copolymers (84K and 900K) there is some evi-
dence that the joint toughness decreased a little for ¢t >
tm. This observation is consistent with the excess block
copolymer forming additional lamellar micelles close to the
interface and so forming subsidiary weak interfaces. It is
possible that the peak in G at t = L/2 (if it exists) is
elusive, as it requires a very uniform layer thickness of
block copolymer so that the interface is saturated over
large areas with little fluctuation in copolymer thickness.

It is evident from Figure 2 that for film thicknesses less
than saturation, the toughness G varied exponentially with
¢t and, within the uncertainty of the measurements, could
be represented by the form

G ~ /M < olt/ta) <t (1)
This result was unexpected, as a considerable body of crack
healing and welding data on polymers has been interpreted
by models that relate toughness to the number of strands,
o818 that cross the interface. A number of models exist
that differ in detail but none predict that the variation of
toughness with ¢ is greater than a square law. The ex-
ponential dependence observed here has not been seen.
Also the molecular weight dependence in the relation is
surprising. As o ~ t/M, it is evident that the number of
strands required for a given toughness goes as M5, For
all the copolymers M is greater than the entanglement
molecular weight so one might have expected the tough-
ness to be controlled by ¢, independent of M.

The variation of toughness with film thickness might
have its origin in the effect of the block copolymer on the
thickness of the interface between the PS and PMMA.
Fernandez et al.!? have recently used neutron reflection
to measure the thickness of the interface between PS and
PMMA homopolymers and obtained a value of less than
20 A. Anastasiadis and Russell®® used the same technique
to find a value of 54 A for the interfacial thickness of a
PS/PMMA block copolymer, showing that the interface
in the block polymer is considerably broader than that
between the homopolymers. Noolandi and Hong® pre-
dicted this effect for the quaternary system containing two
homopolymers, a diblock copolymer and a mutual solvent,
and suggested its origin in the entropy required to place
the block copolymer junction points at the interface. I wish
to suggest that such an effect may be occurring here. As
block copolymer is added to the interface it broadens, and
hence the degree of entanglement between the PS and
PMMA chains increases. If, as has been suggested, the
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interfacial thickness of the pure block copolymer is inde-
pendent of its molecular weight,?! then the thickness of
the interface between PS segments and PMMA segments
might be expected to vary just as its fractional saturation
by the block copolymer. Within this argument the expo-
nential form would come from the variation of PS-PMMA
entanglement with interfacial thickness and the rapid
variation of toughness with entanglement.

The most important observation in this work is that the
presence of the block copolymer can increase the toughness
of the PS-PMMA interface by up to a factor of 50. The
toughness saturates at a block copolymer film thickness
equal to half the long period of the neat block copolymer.
This suggests that the block copolymer can organize in a
simple way at the interface and saturate it. It is perhaps
unusual that such morphological information is obtainable
from mechanical tests.
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15N NMR Chemical Shift Tensors and
Conformation of Some *N-Labeled Polypeptides
in the Solid State

Recently, high-resolution 1N NMR in the solid state has
been increasingly applied to the investigation of poly-
peptides, proteins, and biopolymers.'”'? In a previous
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Table 1
Conformational Characterization of Solid Polypeptides Determined by the !*C CP-MAS NMR, IR, and Far-IR Methods

13C chemical shifts,* ppm
Ala X characteristic bands?

confor-

sample® A/I* amideC=0 C, Cq C, Cs amide I amide II far-IR region mation
[Ala*], 100 176.9 53.2 15.6 1654 1541 527, 374 a-helix
[Ala*],-5 5 1727 48.7 208 1630 1548 439 B-sheet
[Ala*,Leu], 100 176.3 53.5 159 56.2 40.0 1654 1543 473, 398 a-helix
[Ala*,Asp(OBzl)], 100  175.0 53.9 16.0 53.9 35.1 1659 1551 494, 453 a-helix
{Ala*,Glu(OBz])], 100 176.1 535 16.1 57.4 26.2 1654 1548 409 a-helix
[Ala*,Glu(OMe)], 100 176.0 (173.1) 15.7 (20.7)  57.0 (51.7) 26.5 1652 1541 408 a-helix®

(1628) (1522)
[Ala*,Val], 100 1724 (175.0) 494 19.2 58.6 (65.3) 33.0 (29.3) 1635 1533 481 (543), B-sheetf
437 (419)
[Ala*,Ile], 100 1725 489 203 57.8 39.3 1636 1533 B-sheet

3 Ala* content in [Ala*], and [Ala*X], is nearly 20% in molar, where X denotes the other L-amino acid residue (natural abundance of
15N). Abbreviations: Ala* = »N-labeled L-alanyl, Leu = L-leucyl, Asp(OBzl) = §-benzyl L-aspartyl, Glu(OBzl) = v-benzyl L-glutamyl,
Glu(OMe) = y-methyl L-glutamyl, Val = L-valyl, Ile = L-isoleucyl. ®Polymerization condition: the molar ratio of the monomer (A) to the
initiator (), which corresponds to the theoretical number-averaged degree of polymerization (n). ©+0.2 ppm from (CH,;),Si; the detectable
minor peaks are shown in parentheses. ¢£2 cm™: the infrared (IR) and far-IR spectra were obtained for KBr disks with JEOL JIR-FX6160
FT-IR spectrophotometer (4000-200 cm™); the detectable minor bands are shown in parentheses. ¢ Major conformation of {Ala*,Glu(OMe)],
is the a-helix form containing small amounts (assumed below 20-30%) of 3-sheet form. fMajor conformation of [Ala*Val], is the 3-sheet
form containing small amounts (assumed below 10-20%) of a-helix form.

paper,'® we have demonstrated that the isotropic *N Spectra were usually accumulated ca. 50 (CP-MAS) and
chemical shifts of a number of homopolypeptides in the 200 times (static) for N and 140-3000 times for *C CP-

solid state as determined by the cross-polarization magic MAS to achieve a reasonable signal-to-noise ratio for
angle spinning (CP-MAS) method are significantly dis- samples. The 15N chemical shifts were calibrated indirectly
placed according to their particular conformations such by external glycine ®N (5 11.59; line width = 17 Hz) rel-

as the a-helix and 8-sheet forms. Moreover, it was found ative to saturated ’'NH,NO; (5 0) solution in HyO. The
that the !N chemical shift difference between the o-helix 13C chemical shifts were calibrated indirectly through ex-
and 8-sheet forms of such homopolypeptides in the solid ternal adamantane (29.50 ppm relative to tetramethyl-

state varies by as much as 1.2-10.0 ppm, depending mainly silane (CH,),Si). The experimental errors of the isotropic
on the nature of the amino acid residue.!® Very recently, 15N and 3C chemical shift values are estimated within £0.5
we have reported that °C chemical shift tensors are useful and £0.2 ppm, respectively. The value of o,y can be read
for conformational analysis of solid-state polypeptides.1¢' exactly from the observed powder pattern (static) spectra,
According to such experimental findings, the principal as shown in Figure 1. For this reason, the error limit of
values (0,1, 099, and o33) of the N chemical shift tensors 099 is less than £0.5 ppm. To obtain the remaining two
can be expected, in general, to give us much more signif- components (oy; and o33), we used the values of g, ob-
icant information regarding molecular structure than the tained by the CP-MAS experiment and of o5 and fitted
isotropically averaged value (o, = (017 + 099 + 033)/3). the theoretical powder pattern line shapel4 which is con-
Especially, it seems very important to elucidate how the voluted with Lorentzian function to the observed powder
anisotropic N NMR chemical shift should be affected by patterns (Figure 1). Accordingly, the error limit of ¢;; and
the conformation and amino acid sequence of polypeptides oag 1s larger (within £2 ppm) than that of gy,.
or natural proteins in the solid state. In this paper, The conformations of solid polypeptides determined
therefore, we attempt to analyze isotropic *N chemical from the conformation-dependent '3C chemical shifts in
shift and individual components of N chemical shift the 3C CP-MAS NMR spectra are consistent with those
tensors of an *N-labeled L-alanine (Ala*) residue of some from the characteristic bands in the IR and far-IR spectra.
polypeptides with a-helix or 3-sheet conformation. As shown in Table I, it is obvious that the 3C chemical

15N-labeled poly(L-alanines), [Ala*], and [Ala*],-5, and shifts of carbonyl carbon (C=0), a-carbon (C,), and 8-
copolypeptides, [Ala*,X],, of Ala* with other amino acids carbon (Cp), as well as the characteristic bands in the IR

(X; natural abundance ®N) were prepared by polymeri- and far-IR spectra, could be conveniently used for con-
zation of the Ala*-NCA (alanine N-carboxy anhydride) and formational characterization (such as a-helix and §-sheet
corresponding amino acid NCA in acetonitrile at 30 °C by forms) of solid polypeptides. In particular, the 3C chem-
using n-butylamine as the initiator. All the polypeptide ical shifts of an individual amino acid residue in a poly-
samples contain about 20% of *N-labeled L-alanine res- peptide are mainly influenced by the local conformation,
idue. The conformational characterization of these sam- as defined by the torsional angles (¢ and ¥) of the skeletal
ples was made on the basis of conformation-dependent *C bonds, and not strongly influenced by the specific amino
NMR chemical shifts!® determined from the ¥C CP-MAS acid sequence.!6
NMR method and also by the characteristic bands in the Table II summarizes the isotropic ®N chemical shifts
IR and far-IR spectra'™® (see Table I). (0s,) and anisotropic ®N chemical shift tensors (oy;, g,
The solid-state ®N and *C NMR measurements were and og3) of [Ala*], and [Ala*,X],, together with anisotropy
performed on a JEOL GX-270 spectrometer operating at and asymmetry parameter. The anisotropic >N chemical
27.4 and 67.80 MHz, respectively, equipped with a CP- shifts (oq;, 099, and og3) of the a-helical poly(L-alanine)

MAS accessory. The contact time was 2 (for °N) and 4 appear at higher field by -3, 7.3, and 6 ppm, respectively,
ms (for 13C), and the repetition time was 5 (for 1N) and than those of the 8-sheet poly(L-alanine) in the solid state.
4 s (for 8C). A 90° pulse width was typically 5.7 us for It is noteworthy for poly(L-alanine) that (1) only ¢, of the
both N and 'H under CP conditions and 5.3 us for both a-helix form is displaced downfield in comparison with
13C and 'H. Spectral width and data points were 20 (for that of the 3-sheet form, whereas the other values (o33, o33,
15N) and 27 kHz (for *C) and 8K points, respectively. and oy,,) of the a-helix are displaced upfield in comparison
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Table II
Isotropic "*N Chemical Shifts (oy,,), Anisotropic >N Chemical Shift Tensors (oy,, o5, and ag), Anisotropy (Ac), and
Asymmetry Parameter (1) of Polypeptides Containing !*N-Labeled L-Alanine Residues Characteristics of the a-Helix and
B-Sheet Forms

15N chemical shifts,* ppm

sample conformation Oiso 11 L Oas Ad® 7
[Ala*], a-helix 98.8 204 54.4 38 158 0.16
[Ala*],-5 B-sheet 102.2 201 61.7 44 148 0.18
[Ala* Leul, a-helix 98.6 204 56.9 35 158 0.21
[Ala*,Asp(OBzl)], a-helix 101.5 208 58.7 38 160 0.19
[Ala*,Glu(OBzl)], a-helix 100.4 206 56.7 39 158 0.17
[Ala*,Glu(OMe)], a-helix 99.9 205 58.1 37 157 0.20
[Ala*,Val], B-sheet 99.7 202 62.4 35 153 0.27
[Ala*,Ile], B-sheet 101.0 200 63.0 40 149 0.23

@ 15N chemical shifts of Ala* of polypeptides (+0.5 ppm for oy, and o4, and +2 ppm for ¢y, and ass, from ®NH,NO;). ®Anisotropy: Ae =

o1y — (092 + 0g3)/2. © Asymmetry parameter: n = (o3 — o) /(1) — 0y0)-
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Figure 1. (a) 27.4-MHz N CP-MAS NMR Spectra; (b) **N static
(powder pattern) NMR spectra; (c) theoretical powder pattern

(-+-) and theoretical powder pattern convoluted with the Lor-
entzian function (—) and experimental points (O) for [Ala* ,Leu],.

with those of the 8-sheet; (2) the difference of o4, (and o45)
values between the a-helix and §-sheet forms are larger
than that of sy, (3.4 ppm); (3) anisotropy (Ac = a;; — (a9
+ 635)/2) of the a-helix (158) is larger than that of the
B-sheet form (148); (4) the asymmetry parameter (3 = (aq
— a33)/ (011 — 03)) of the a-helix (0.16) is not so much
different from that of the 8-sheet (0.18). According to the
recent papers by Oas et al.,'®?0 they have determined the
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Figure 2. Correlation of the N chemical shifts of Ala* of co-
polypeptides, [Ala*,X],, with those of host homopolypeptides [X],
in the solid state. The arrow indicates the '*N chemical shift of
poly(L-alanine).

alignment of the ®N chemical shift tensors of .-[1-1*C]-
alanyl-L-['*N]alanine from the dipole-coupled powder
patterns. They assumed that the orientations of ¢, (nearly
parallel to the N-H bond) and a4 (parallel to the C'-N
bond) lie in the peptide plane but that the orientation of
@99 is perpendicular to the peptide bond. Accordingly, the
15N chemical shift tensors must be useful for conforma-
tional analysis of solid polypeptides, if the origin of the
chemical shift displacements can be elucidated. It is
necessary to prove the observed '®N chemical shift dis-
placements of poly(L-alanine) between the a-helix and
B-sheet forms in the solid state by a theoretical calculation
based on an exact molecular orbital theory, which is in
progress.

In a-helical copolypeptides [Ala*,X], such as [Ala*,-
Leu],, [Ala*,Asp(OBzl)],, [Ala*,Glu(OBzl)],, and [Ala*,-
Glu(OMe)),,, o, of the Ala* appears downfield by 2-3 ppm
in comparison with that of the corresponding host homo-
polypeptide [X], (see Figure 2 and ref 13). In 8-sheet
copolypeptides such as [Ala*,Val], and [Ala* 1Ile],, in
contrast, o, of the Ala* appears upfield by 5-6 ppm in
comparison with that of the corresponding host homo-
polypeptide. As a result, the o}, regions of the Ala* in the
copolypeptides with the a-helix (98-102 ppm) and §-sheet
forms (98-103 ppm) are overlapping, as Figure 2 shows.
This indicates that oy, of the Ala* depends not only upon
conformation but also upon the amino acid sequence of
the copolypeptides in the solid state, which is quite a
different result compared with that of the *C chemical
shift. However, it is likely that oy, is useful for deter-
mination of conformational change of copolypeptides with
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identical primary structures (amino acid sequence).

We consider the relation between the anisotropic N
chemical shift tensors and the conformation of copoly-
peptides below. It is obvious that ¢,; and o9, depend on
the conformation of the polypeptides in the solid state,
whereas the dependency of ¢33 on conformation is not clear
here. We emphasize that the gy, values of the Ala* of the
a-helix and $-sheet forms are observed separately in the
ranges 54-59 and 61-63 ppm, respectively. Moreover, since
the experimental error of the oy, value is very small, it is
emphasized that the chemical shift displacement of this
peak (04 is very useful for conformational analysis of solid
copolypeptides (or probably of some proteins), if the N-
labeled copolypeptide (or protein) can be provided.

On the other hand, it is interesting to note that the
chemical shift displacement of ¢,; in the copolypeptides
is unique. That is to say, oy, of Ala* of the a-helix (204—-208
ppm) is displaced downfield in comparison with that of
the 8-sheet form (200-202 ppm). Since it has been de-
termined that the downfield tensor element o;; of di-
peptide is nearly parallel to the hydrogen bonding (N-
H--.0) direction,®?* ¢/, is considered to be useful for the
study on the manner of the hydrogen bonding of poly-
peptides and proteins.

Registry No. Ala (homopolymer), 92537-95-6; Ala (SRU),
92538-24-4; [Ala®,Leu),, 81372-96-5; [Ala®,Asp(OBzl)],, 120497-
46-3; [Ala",Glu(OBzl)),, 120497-47-4; [Ala*,Glu(OMe)],,, 81372-95-4;
[Ala®,Val],, 81372-91-0; [Ala‘]Ile],, 120497-48-5; Ala* NCA,
120575-41-9; Leu NCA, 3190-70-3; Asp(OBzl) NCA, 13590-42-6;
Glu(OBzl) NCA, 13590-42-6; Glu(OMe) NCA, 1663-47-4; Val NCA,
24601-74-9; Ile NCA, 45895-90-7.
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Raman Spectroscopic Characterization and
Molecular Force Field Development of a
Synthetic Polyamide: Nylon 66

Molecular force fields may be determined from an
analysis of vibrational spectra. A very limited set of
macromolecular force fields have been determined by three
distinctly different approaches. Often the only approach
possible has been the overlay method,! by which a self-
consistent force field is refined from the spectral data of
the polymer and model small molecules. This method has
been applied to a broad range of polymers but is not
completely satisfactory when the molecules used to con-
struct the overlay are not isostructural. This procedure
has been used most successfully for a series of matrix-
isolated n-alkanes? at low temperature with subsequent
extension to polyethylene. Relevant to the present study,
Jakes and Krimm? developed a force field from the in-
frared spectra of seven nylons, five N-deuterated ana-
logues, and eight deuterated isotopomers of N-methyl-
acetamide. This force field was then successfully used to
calculate, without modification, the vibrational spectra of
three other nylons and several N-alkyl amides and di-
amides.* Ab initio methods have also been used for both
small and polymeric molecules to construct molecular force
fields. This method is quite satisfactory for developing
a force field when the system is sufficiently small to be
tractable. In polymeric systems, because of the very large
number of atoms that must be considered, this approach
is difficult; however, some success has been achieved both
for well-ordered systems® and for highly disordered poly-
mers® through density-of-states calculations. A third ap-
proach, the isotopic substitution method, involves the use
of a single polymer and specifically labeled isotopomers.
This method is the most rigorous and provides for the
correct assignment of the observed vibrational bands to
the various normal modes. Unfortunately, this method is
limited by the availability of isotopomers which are of
sufficiently high isotopic purity. Because of the high cost
and intense synthetic effort necessary, the force fields of
only a few selected polymers have been developed by this
method: polyethylene,”® poly(alkylethylenes),?1° poly-
propylene,!! poly(methyl methacrylate),'? polyglycine,!®4
and poly(ethylene terephthalate).!®

Synthetic polyamides are closely related in structure to
polypeptides and proteins and, as a class, are excellent
model compounds for these important biological species.
While the crystal structure of polyamides has been ex-
tensively characterized by X-ray diffraction,'®2 it is only
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