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interfacial thickness of the pure block copolymer is inde- 
pendent of its molecular weight,21 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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I5N NMR Chemical Shift Tensors and 
Conformation of Some I5N-Labeled Polypeptides 
in the Solid State 

Recently, high-resolution l5N NMR in the solid state has 
been increasingly applied to the investigation of poly- 
peptides, proteins, and biopolymers.*-12 In a previous 
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Table I 
Conformational Characterization of Solid Polypeptides Determined by the I3C CP-MAS NMR, IR, and  Far-IR Methods 

samplea 

[Ala* 1 n 
[Ala*] ,,-5 
[Ala*,Leu], 
[Ala*,Asp(OBzl)], 
[Ala*,Glu(OBzl)], 
[Ala*,Glu(OMe)], 

[Ala* ,Val] 

[Ala*,Ile], 

A l l b  
100 

5 
100 
100 
100 
100 

100 

100 

13C chemical shifts: ppm 
Ala X 

amideC=O C, c, c, c, 
176.9 53.2 15.6 
172.7 48.7 20.8 
176.3 53.5 15.9 56.2 40.0 
175.0 53.9 16.0 53.9 35.1 
176.1 53.5 16.1 57.4 26.2 
176.0 (173.1) 15.7 (20.7) 57.0 (51.7) 26.5 

172.4 (175.0) 49.4 19.2 58.6 (65.3) 33.0 (29.3) 

172.5 48.9 20.3 57.8 39.3 

characteristic bandsd 
amide I amide I1 far-IR region 

confor- 
mation 

1654 
1630 
1654 
1659 
1654 
1652 

1635 

1636 

(1628) 

1541 
1548 
1543 
1551 
1548 
1541 

1533 

1533 

(1522) 

527, 374 
439 
473, 398 

409 
408 

481 (5431, 

4g4, 453 

437 (419) 

a-helix 
@-sheet 
a-helix 
a-helix 
a-helix 
a-helixe 

@-sheetf 

@-sheet 

"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* = 15N-labeled L-alanyl, Leu = L-leucyl, Asp(OBz1) = @-benzyl L-aspartyl, Glu(OBz1) = y-benzyl L-glutamyl, 
Glu(0Me) = y-methyl L-glutamyl, Val = L-valyl, Ile = L-isoleucyl. bPolymerization condition: the molar ratio of the monomer ( A )  to the 
initiator ( I ) ,  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. A2 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. e Major conformation of [Ala*,Glu(OMe)], 
is the a-helix form containing small amounts (assumed below 20-30%) of 0-sheet form. fMajor conformation of [Ala*,Val], is the @-sheet 
form containing small amounts (assumed below 10-20%) of a-helix form. 

paper,13 we have demonstrated that the isotropic 15N 
chemical shifts of a number of homopolypeptides in the 
solid state as determined by the cross-polarization magic 
angle spinning (CP-MAS) method are significantly dis- 
placed according to their particular conformations such 
as the a-helix and @-sheet forms. Moreover, it was found 
that the 15N chemical shift difference between the a-helix 
and @-sheet forms of such homopolypeptides in the solid 
state varies by as much as 1.2-10.0 ppm, depending mainly 
on the nature of the amino acid residue.13 Very recently, 
we have reported that 13C chemical shift tensors are useful 
for conformational analysis of solid-state polypeptides.14J5 

According to such experimental findings, the principal 
values (all, aZ2, and a33) of the 15N chemical shift tensors 
can be expected, in general, to give us much more signif- 
icant information regarding molecular structure than the 
isotropically averaged value (aiso = (all + az2 + ~ ~ ~ ) / 3 ) .  
Especially, it seems very important to elucidate how the 
anisotropic 15N NMR chemical shift should be affected by 
the conformation and amino acid sequence of polypeptides 
or natural proteins in the solid state. In this paper, 
therefore, we attempt to analyze isotropic 15N chemical 
shift and individual components of 15N chemical shift 
tensors of an 15N-labeled L-alanine (Ala*) residue of some 
polypeptides with a-helix or @-sheet conformation. 

15N-labeled poly(L-alanines), [Ala*], and [Ala*]& and 
copolypeptides, [Ala*,X],, of Ala* with other amino acids 
(X; natural abundance 15N) were prepared by polymeri- 
zation of the Ala*-NCA (alanine N-carboxy anhydride) and 
corresponding amino acid NCA in acetonitrile a t  30 "C by 
using n-butylamine as the initiator. All the polypeptide 
samples contain about 20% of 15N-labeled L-alanine res- 
idue. The conformational characterization of these sam- 
ples was made on the basis of conformation-dependent 13C 
NMR chemical shifts16 determined from the 13C CP-MAS 
NMR method and also by the characteristic bands in the 
IR and far-IR spectra"J8 (see Table I). 

The solid-state 15N and 13C NMR measurements were 
performed on a JEOL GX-270 spectrometer operating at 
27.4 and 67.80 MHz, respectively, equipped with a CP- 
MAS accessory. The contact time was 2 (for 15N) and 4 
ms (for 13C), and the repetition time was 5 (for 15N) and 
4 s (for 13C). A 90" pulse width was typically 5.7 ps for 
both 15N and 'H under CP conditions and 5.3 1.1s for both 
13C and 'H. Spectral width and data points were 20 (for 
15N) and 27 kHz (for 13C) and 8K points, respectively. 

Spectra were usually accumulated ca. 50 (CP-MAS) and 
200 times (static) for 15N and 140-3000 times for 13C CP- 
MAS to achieve a reasonable signal-to-noise ratio for 
samples. The 15N chemical shifts were calibrated indirectly 
by external glycine 15N (6 11.59; line width = 17 Hz) rel- 
ative to saturated l5NH4NO3 (6 0) solution in HzO. The 
13C chemical shifts were calibrated indirectly through ex- 
ternal adamantane (29.50 ppm relative to tetramethyl- 
silane (CH,),Si). The experimental errors of the isotropic 
15N and 13C chemical shift values are estimated within f0.5 
and h0.2 ppm, respectively. The value of a22 can be read 
exactly from the observed powder pattern (static) spectra, 
as shown in Figure 1. For this reason, the error limit of 
u22 is less than h0.5 ppm. To obtain the remaining two 
components (ull and we used the values of aiso ob- 
tained by the CP-MAS experiment and of a22 and fitted 
the theoretical powder pattern line shape14 which is con- 
voluted with Lorentzian function to the observed powder 
patterns (Figure 1). Accordingly, the error limit of all and 
433 is larger (within f2 ppm) than that of a22. 

The conformations of solid polypeptides determined 
from the conformation-dependent 13C chemical shifts in 
the 13C CP-MAS NMR spectra are consistent with those 
from the characteristic bands in the IR and far-IR spectra. 
As shown in Table I, it is obvious that the 13C chemical 
shifts of carbonyl carbon (C=O), a-carbon (C&, and @- 
carbon (Cb), as well as the characteristic bands in the IR 
and far-IR spectra, could be conveniently used for con- 
formational characterization (such as a-helix and @-sheet 
forms) of solid polypeptides. In particular, the 13C chem- 
ical shifts of an individual amino acid residue in a poly- 
peptide are mainly influenced by the local conformation, 
as defined by the torsional angles (4  and J / )  of the skeletal 
bonds, and not strongly influenced by the specific amino 
acid sequence.16 

Table I1 summarizes the isotropic 15N chemical shifts 
(aiso) and anisotropic 15N chemical shift tensors (all, aZ2, 
and ~ 7 ~ ~ )  of [Ala*], and [Ala*,X],, together with anisotropy 
and asymmetry parameter. The anisotropic 15N chemical 
shifts (ull, u22, and a33) of the a-helical poly(L-alanine) 
appear a t  higher field by -3, 7.3, and 6 ppm, respectively, 
than those of the P-sheet poly(L-alanine) in the solid state. 
It is noteworthy for poly(L-alanine) that (1) only all of the 
a-helix form is displaced downfield in comparison with 
that of the p-sheet form, whereas the other values (azz, u33, 
and uk) of the a-helix are displaced upfield in comparison 
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Table I1 

Asymmetry Parameter ( 9 )  of Polypeptides Containing 15N-Labeled L-Alanine Residues Characteristics of the a-Helix and 
&Sheet Forms 

Isotropic 15N Chemical Shifts (uiso), Anisotropic 15N Chemical Shift Tensors (ull, u22, and Anisotropy (Au), and 

15N chemical shifts," ppm 
sample conformation 'Jim 

[Ala*], 
[Ala*] ,-5 
[Ala*,Leuj, 
[ Ala*,Asp( OBzl) 1, 
[Ala* ,Glu(OBzl)] , 
[ Ala*,Glu( OMe) 1, 
[Ala* ,Val] , 
[Ala*,Ile], 

a-helix 
@-sheet 
a-helix 
a-helix 
a-helix 
a-helix 
&sheet 
@-sheet 

98.8 
102.2 
98.6 

101.5 
100.4 
99.9 
99.7 

101.0 

611 

204 
201 
204 
208 
206 
205 
202 
200 

u22 

54.4 
61.7 
56.9 
58.7 
56.7 
58.1 
62.4 
63.0 

- u33 

38 
44 
35 
38 
39 
37 
35 
40 

Ahab rlc 

158 0.16 
148 0.18 
158 0.21 
160 0.19 
158 0.17 
157 0.20 
153 0.27 
149 0.23 

a I5N chemical shifts of Ala* of polypeptides (10.5 ppm for ais,, and u22 and f2 ppm for ull and from 15NH4N03). bAnisotropy: Au = 
ull - (az2 + a3J/2. cAsymmetry parameter: q = ( ~ 2 ~  - ~ 3 3 ) / ( ~ 1 1 -  (rim). 

I 6iso 
(AI: Leu], 

a) MAS 

PPm 
I 

300 250 200 150 100 50 0 -50 -100 

(Ala: Leu), 

Gn 6 2 2  6 3 ,  

Figure 1. (a) 27.4MHz 15N CP-MAS NMR Spectra; (b) 15N static 
(powder pattern) NMR spectra; (c) theoretical powder pattern 
(---) and theoretical powder pattern convoluted with the Lor- 
entzian function (-) and experimental points (0) for [Ala*,Leu],. 

with those of the @-sheet; (2) the difference of a22 (and a33) 
values between the a-helix and @-sheet forms are larger 
than that of aiso (3.4 ppm); (3) anisotropy (Aa = all - (a22 
+ 633)/2) of the a-helix (158) is larger than that of the 
@-sheet form (148); (4) the asymmetry parameter (7 = (a22 
- a33)/((rll - aiso)) of the a-helix (0.16) is not so much 
different from that of the @-sheet (0.18). According to the 
recent papers by Oas et al.,19p20 they have determined the 

Correlation of 15N Chemical Shifts of 

(&*,XI, with that of (&)n 

OBzl Bzl OMe 
ASD 8" 6lu Leu ( = X I  

p- sheet (Ala(: 
Ile Val ( = X  1 

I ' I  
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identical primary structures (amino acid sequence). 
We consider the relation between the anisotropic 15N 

chemical shift tensors and the conformation of copoly- 
peptides below. I t  is obvious that ull and u22 depend on 
the conformation of the polypeptides in the solid state, 
whereas the dependency of us on conformation is not clear 
here. We emphasize that the u22 values of the Ala* of the 
a-helix and P-sheet forms are observed separately in the 
ranges 54-59 and 61-63 ppm, respectively. Moreover, since 
the experimental error of the u22 value is very small, it is 
emphasized that the chemical shift displacement of this 
peak (u22) is very useful for conformational analysis of solid 
copolypeptides (or probably of some proteins), if the 15N- 
labeled copolypeptide (or protein) can be provided. 

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

(21) Harbison, G. S.; Jelinski, L. W.; Stark, R. E.; Torchia, D. A.; 
Herzfeld, J.; Griffin, R. G. J.  Magn. Reson. 1984, 60, 79-82. 
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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 

distinctly different approaches. Often the only approach 
possible has been the overlay method,l 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 

Registry No* 92537-95-6; (SRU), macromolec~ar force fields have been determined by three 
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(OBz1) NCA, 13590-42-6; 
Glu(OBz1) NCA, 13590-42-6; Glu(0Me) NCA, 1663-47-4; Val NCA, 
24601-74-9; Ile NCA, 45895-90-7. 
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has been used most successfully for a series of matrix- 
isolated n-alkanes2 a t  low temperature with subsequent 
extension to polyethylene. Relevant to the present study, 
Jakes and Krimm3 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- 
a m i d e ~ . ~  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 systems5 and for highly disordered poly- 
mer@ 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: p~lye thylene ,~ ,~  p~ly(alkylethylenes),~J~ poly- 
propylene," poly(methy1 methacrylate) ,12 p~lyglycine,'~J* 
and poly(ethy1ene tere~hthalate) . '~  

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,16-20 it is only 
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