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Introduction 
It is well known that the mechanical and physical 

properties of polymers are strongly dependent on the 
structure of both noncrystalline and crystalline domains 
in the solid state. However, an atomic level analysis of 
the polymer structure in the noncrystalline domain is 
extremely difficult. For example, X-ray diffraction anal- 
ysis provides only a halo, and hence only limited structural 
information can be obtained. 

The recently developedsolid-state 13C and 15N CP NMR 
methods for the structural analysis of uniaxially aligned 
proteins and peptides are well suited for the structural 
analysis of polymers a t  atomic resolution.14 In solid-state 
NMR studies of oriented samples, orientation-dependent 
nuclear spin interaction tensors serve as probes with which 
the relative orientations of specific bond vectors can be 
determined. A quantitative analytical approach has been 
developed to utilize distinctive features of the chemical 
shifts and line shapes obtained from oriented protein fibers 
placed parallel and perpendicular to the applied magnetic 
field.5 Such data restrict the number of possible orien- 
tations of an individual amide plane. This approach has 
been successfully applied to the structural analysis of silk 
fibersa5 

In this paper, we will show a unique graphical repre- 
sentation for the information content of 1 5 N  CP NMR 
spectra obtained from oriented samples placed parallel to 
the applied magnetic field. In particular, the 15N chemical 
shifts of the oriented polymers are sensitive to the angle 
between various molecular fixed axes and the axis of 
polymer alignment, especially the angle between the NH 
bond vector and the fiber axis, 0". Three kinds of oriented 
samples whose 6" values are quite different are chosen 
here for experimental illustration. The samples include 
oriented Bombyx mori silk fibroin rod in the silk I1 
(antiparallel /3 sheet) form5s6 and oriented poly(y-benzyl 
L-glutamate) (PBLG) membrane in an a-helical form.' In 
addition, the oriented poly@-phenyleneterephthalamide) 
(PPTA) fiber is included, whose secondary structure is 
similar to a 0 sheet in that the polymer backbone is 
approximately parallel to the long axis of the fiber.8 

The structure of poly(m-phenyleneisophthalamide) 
(PMIA) fiber, which contains a considerable amount of 
noncrystalline domain (about 75-80 %),9Jo will also be 
analyzed using this polymer structure analysis technique. 
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PMIA has excellent heat stability, although it shows an 
elastic modulus and tensile strength similar to those of 
other fibrous polymers.ll Because of the presence of a 
large amount of noncrystalline domain in the fiber, the 
structural analysis of the noncrystalline domain is also 
included. However, it is extremely difficult to analyze 
such a disordered structure, and therefore, the structural 
analysis is limited. Only the crystalline domain in the 
sample has been analyzed by X-raydiffraction.12 We show 
that two distinct ranges of 6" values are determined for 
the noncrystalline domain as well as one range of & for 
the crystalline domain of the PMIA sample. 

Theory 

The 1 5 N  chemical shift anisotropy (CSA) principal axis 
system (PAS) is the reference frame in which the l5N CSA 
tensor is diagonal with principal components ull < uzz < 
~ 3 3 . l ~  These tensor elements can be determined by 
observing the powder pattern arising from a randomly 
dispersed sample. For the case where the fiber (oriented) 
axis is parallel to the applied magnetic field, the observed 
chemical shift, u p a d e l ,  is given by5 

upardel = ull sin' pF COS' aF + uZ2 sin' pF sin' + 
u33 cos' & (1) 

where CYF and PF are Euler angles for the transformation 
from the 15N CSA PAS to the fiber axis system (FAS) 
fixed in the aligned sample. The chemical shift, u p a d e l ,  
can be calculated as a function of LYF and PF. On the other 
hand, the angle 0" is expressed as f01lows:~ 

COS 6" = COS & COS PDNH + 
sin flF COS  CY^ COS CYD" sin PDNH + 

sin aDNH sin flD" (2) 
where CYD" and PDNH are Euler angles for the transfor- 
mation from the 15N CSA PAS to the molecular symmetry 
axis (MSA) system. When the (YDNH and PDNH values are 
known, 0" can also be obtained as a function of only CYF 
and OF. 

sin PF sin 

Experimental Section 

Materials. The highly oriented naturalabundance silk fibroin 
rods (approximately 0.3-mm diameter) in the silk I1 form were 
prepared using silk fibroin (concentration 20-3096) from the 
middle silk gland of the fifth instar stage of the B. mori larvae." 
The gel-like silk fibroin was immersed in dilute acetic acid for 
a few seconds and then elongated immediately to form the rods. 
Thin sheets of uniformly aligned silk rods were produced with 
a quick-setting bonding agent and were cut into 4 X 12 mm pieces, 
stacked together and fixed with the bonding agent to form a 4 
x 4 X 12 mm block which fit within the radio frequency coil of 
the NMR probe. The silk fibroin powder in the silk I1 form was 
prepared as reported previously.16 The block samples (4 X 4 X 
12 mm) of oriented PPTA (Kevlar 49) and PMIA fibers were 
prepared in a similar mannefl from materials given by du Pont 
Japan. The PPTA and PMIA powders were prepared by cutting 
the fibers. The PBLG powder sample (M,  = 3.21 X 1@) was a 
gift from Professor Iizuka of Shinshu University. To prepare 
the oriented sample of PBLG, 20% (w/v) PBLG solution in 
dichloromethane (liquid crystalline state)16 was dropped onto a 
glass plate and sheared in a single direction by a spatula to form 
a membrane containing uniformly aligned helices.17 The solvent 
was evaporated during this process. The membranes were cut 
into 4 X 12 mm pieces, stacked together, and bound tightly with 
Teflon tape to prepare the block sample (4 X 4 X 12 mm) without 
using a bonding agent. The IR spectrum of the membrane shows 
that PBLG molecules are in the a-helical conformation.l8 The 
presence of crystalline domains in silk fibroin rods: PBLG 
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Figure 1. 16N solid-state NMR spectra of the powder (--) and 
oriented block (- - -) samples of natural abundance B. mori silk 
fibroin, poly@-phenyleneterephthalamide) (PPTA), poly(y- 
benzyl L-glutamate) (PBLG), and poly(m-phenyleneisophthala- 
mide) (PMIA). The spectra of the oriented block samples were 
recorded with the fiber axis parallel to the applied magnetic field. 
The chemical shifts are relative to lsNH4NOs. The spectra were 
recorded using cross polarization and proton decoupling as 
described in the text. The numbers of acquisitions are 46 OOO 
(powder) and 15 OOO (block) for silk fibroin, 83 OOO (powder) and 
23 OOO (block) for PPTA, 83 000 (powder) and 69 OOO (block) for 
PBLG, and 60 OOO (powder) and 48 000 (block) for PMIA. 

membranes,' PPTA,B and PMIA fiber1* samples were confirmed 
by characteristic reflections in the X-ray diffraction patterns of 
these samples. 

NMRMeasurements. The solid-state 16N NMR experiments 
were performed at room temperature with a JEOL EX 270 
spectrometer operating at 27.25 MHz. Cross polarization was 
employed for sensitivity enhancement with high-power 1H 
decoupling during the signal acquisition period. A 7-ps 90° 16N 
pulse with a 3-ms mixing time was used. A total of 15000-83000 
accumulations with a 7-s repetition time were summed for the 
data seta as noted in the figure legends. 

Results and Discussion 
1SN CP NMR Spectra. Figure L shows the solid-state 

15N NMR spectra (solid line) obtained from blocks of 
oriented natural abundance silk fibroin, PPTA, PBLG, 
and PMIA samples placed parallel to the applied magnetic 
field. The small peak at  2-40 ppm in the spectra of the 
oriented PPTA and PMIA fibers is due to the bonding 
agent used to prepare the block sample. For the spectrum 
of oriented silk fibroin, the peak corresponding to the 

bonding agent is superimposed on the upfield tail of the 
line shape, and will not significantly affect the value of 
upmallel. The I5N powder pattern spectra (broken line) of 
the four samples are also shown. The principal compo- 
nents of the l5N chemical shift tensors were determined 
from simulations of the powder pattern spectra,13 and are 
summarized in Table I. For these spectral simulations, a 
Gaussian line broadening of 10 ppm was applied. Each 
are homopolymers with only one kind of repeating 
monomer unit, but the monomer units in PBLG, PPTA, 
and PMIA are, of course, different from each other. 
However, silk fibroin is a protein largely composed (about 
70 % ) of a repeating sequence of six residues, (glycine- 
alanine-glycine-alanine-gly~ine-serine),.~~ Therefore, the 
observed principal components of the chemicalshift tensor 
for natural abundance silk consist of the superposition of 
the components associated with each amino acid residue 
having a different chemical shift tensor. The principal 
components for [l5N1 Gly-labeled B. mori silk fibroin fiber, 
reported previously, are also listed in Table I.5 The 
observed values of the chemical shift tensor elements and 
uparallel (relative to a fixed chemical shift reference) of the 
natural abundance silk are larger than the corresponding 
values of [l5N]Gly-silk by 6-10 ppm, but the value of the 
difference, uparauel- a i ,  is approximately the same between 
natural abundance silk and [15NlGly-silk. 

The spectra of the oriented silk fibroin and PPTA 
polymers placed parallel to the magnetic field yield single 
peaks with different chemical shifts. The spectrum of 
PBLG has a tail toward higher field and is different from 
the former two spectra. The 15N chemical shifts, uparallel, 
for these three polymers are considerably different (Table 
I). A chemical shift of 48 ppm is observed between 611 
and uz2 for silk fibroin, a chemical shift of 90 ppm is 
observed between uz and u s  for PPTA, and an asymmetric 
and broad peak with an intensity maximum at  182 ppm, 
close to 633, is observed for PBLG. In our previous paper,5 
we reported details of the quantitative analysis of the silk 
I1 structure obtained by solid-state 15N NMR of [15N]- 
Gly-labeled B. mori silk fibroin fiber. The spectral pattern 
is essentially the same as the pattern reported here. The 
angle between the NH bond and the fiber axis, e", has 
been determined to be 90' which is the same as that 
reported by X-ray diffraction.6J9 The IR spectrum of the 
PBLG sample used here indicated an a-helical confor- 
mation.ls For an a-helix, the angle between the NH bond 
and the helix axis is approximately 13°.20 The helix axes 
are aligned by shearing stress, and hence the degree of 
alignment is incomplete as judged by the observed 
asymmetric line shape with a tail on the high-field side. 
The secondary structure of PPTA in oriented fiber is 
similar to that of silk fibroin fiber, with the polymer 
backbone elongated along the general direction of the fiber 
axis? The 0" angle in oriented PPTA fiber is calculated 
from the coordinate reported in the X-ray diffraction 
analysis a t  66O.8 The observed values of upmallel - riso for 
natural abundance silk fibroin, [15N] Gly-labeled silk 
fibroin, PPTA, and PBLG are plotted versus for Oo 
I 6" I 90' in Figure 2. The value of upardel shifts to 
higher field by more than 120 ppm upon increasing the 
angle from 13" to 90°. Hence, the large difference in 
chemical shifts observed for silk fibroin and PBLG is 
typical of the difference that would be expected between 
a @ sheet and an a helix, both with their long axes aligned 
parallel to the magnetic field. The smaller difference in 
chemical shifts observed for silk fibroin and PPTA 
illustrates the sensitivity of apcudel to  differences between 
similar secondary structures. 
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Table I. Experimentally Determined 16N NMR Chemical Shift Tensors of Powder Samples and the Chemical Shift@, o m ,  
of Oriented Samples Placed Parallel to the Applied Magnetic Field for Natural Abundance Silk Fibroin, 

PolyCpphenyleneterephthalamide) (PPTA), Poly(?-benzyl L-glutamate) (PBLG), and Poly(m-phenyleneisophthdamide) 
(PMIA) Along with the Data of [16N]Gly-Labeled B. mor1 Silk Fibroin Reported Previously6 (ppm Relative to the Reference 

'~NHANOIP 

chemical shift tensor (ppm) 

sample U l l  u22 c33 U b b  uPMud (ppm) u w u  - oic~ (ppm) e" (deg) 
silk fibroin 30 f 3 59 f 2 196 * 5 95 f 4 48 -47 w 
P N ]  Gly-silkc 22 54 186 87 42 -45 w 
PPTA 4 8 f 3  68 f 2 195 f 5 104 f 4 90 -14 6 6 d  
PBLG 33 f 3 56f 2 195 f 5 95 f 4 182 87 13* 
PMIA 51 * 3 66 f 2 196 f 5 104 f 4 68 -36 7 5 , w  

105 1 
160 56 

0 The angles. Om. between the NH bond and the fiber axis determined by X-ray diffraction are also listed. * o b  = (all + 022 + &/3. 
c Reference-5. dR&rence 8. * Reference 20. f Reference 12. 
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Figure 2. Ranges of u,a l -  urn vs 8" (O-90°) searched over 
all (TF and @F space, shown for CYF and @F pairs that yield 
simultaneous solutions to  both eqs 1 and 2 in the text. The 
regions painted by the horizontal lines are for natural abundance 
silkfibroin (O), [16N]Gly-labeledsilkfibroin (e), andPBLG (A), 
and the region painted by the vertical lines is for PPTA (0). The 
0" values and the observed 0 u - u b  values for natural 
abundancesilkfibroin (1)) [16N]di;lly-labeled silkfibroin (2) PPTA 
(3)) and PBLG (4) are included. The three ranges for upuallsl- 

determined from the spectrum of the block PMIA sample are 
represented by pairs of arrows. 

When UDNH and OD" values are known, 6" can be 
obtained as functions of QF and BF using eq 2. The QDNH 
and BDNH values used here are 0' and 22') respectively, 
for silk fibroin and PBLG.6 For PPTA, 0' and 5' were 
used for the ~ D N H  and values which were obtained 
from the l5N powder pattern spectrum of the model 
compound, 15N-13C(=O)-double-labeled benzanilide.21 
If a certain 0" value is assumed in the range of +go', the 
Upmallel- aiso values are obtained by searching all of a~ and 

space (0-180') for a~ and OF pairs that yield simulta- 
neous solutions to both eqs 1 and 2. The orientational 
restriction for silk fibroins and PBLG is shown by the 
region painted by the horizontal lines in Figure 2. 
Similarly, the region painted by the vertical lines is the 
case for PPTA. The latter region is considerably narrower 
than the former one, due to the smaller BDNH value. The 
observed data for silk fibroins (1 and 2), PPTA (3)) and 
PBLG (4) are within these regions. Although the range 
of possible 8" values is strongly dependent on the 16N 
CSA tensor orientation with respect to the molecular frame 
and can be quite large, the examples above illustrate that 
apardel provides a clear distinction between the a helix 
and 4 sheet secondary structures. 

'5N NMR Analysis of Poly(m-phenyleneiso- 
phthalamide). Using the relationship shown in Figure 
2, it is possible to analyze the complex structure of PMIA. 
Except for the highest field peak (20-40 ppm), which is 
due to  the bonding agent, a t  least three peaks are observed 

near 160 (A), 105 (B), and68ppm (C), and the approximate 
peak volume fractions are determined as 39%, 17 % , and 
44%, respectively. Figure 2 shows that the peaks A, B, 
and C correspond to the angles 8" = 25-35', 46-58', and 
67-90' , respectively. The X-ray diffraction analysis of 
the crystalline domain of PMIA has been reported by 
Kakida et al.12 The values of the angle 0" were 75' and 
80°, which correspond to peak C in the oriented PMIA 
spectrum. Thus, the 15N nuclei giving rise to peak C are 
assigned to the crystalline domain, and those giving rise 
to peaks A and B are assigned to the noncrystalline domain. 
If the fraction of noncrystalline domain (7580%) deter- 
mined from the X-ray diffraction pattern is accurate, then 
the l6N nuclei in the noncrystalline domain may contribute 
to peak C. In order to check whether the Q,,, value is the 
same for the nuclei between these two domains, the 15N 
CP/MAS NMR spectrum of PMIA was observed.22 The 
spectrum shows essentially a single peak, indicating that 
the three peaks must arise from different 8" values rather 
than different 16N CSA tensors. If the noncrystalline 
domain represented a random distribution of 8" in the 
oriented PMIA sample, the 16N CP NMR spectrum would 
be a powder pattem.l3 Clearly, the noncrystalline domains 
are not composed of randomly dispersed polymer, but 
exhibit a significant degree of order with remarkably well 
de f i ed  8" values. A more quantitative analysis of the 
PMIA spectra indicating the determinations of 8" and 
ONC' (angle between the N-C' bond and the fiber axis) is 
now in progress. 
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