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ABSTRACT: The conformation of ( + )-poly((2R,6S)-tetrahydropyran-2,6-diyliminocarbonyl) 
has been studied by the X-ray diffraction method. Crystal data: P2, a= II. 79, b = 14.40, c (fiber 
axis)=l9.43A, y=98.0°, D0 =1.23gcm- 3 , Dc=l.29gcm- 3 , Z=20. A double-stranded right­
handed helix structure of a 103 symmetry is derived from the X-ray, IR dichroism and 
conformational analyses. The double-stranded helix is rather rigid because of the hydrogen bonds 
and several close contacts formed between the two single chains. 

KEY WORDS Optically Active Polyamide I Bicyclic Oxalactam I Double 
Helix I 103 Helix I X-Ray Diffraction I IR Dichroism I Conformational 
Analysis I 

An optically active polyamide, (+)-poly­
((2 R, 6 S)-tetrahydropyran-2, 6-diylimino­
carbonyl) (abbreviated as ( + )-poly(BOL)), 
is prepared from a bicyclic oxalactam, ( + )­
(1 R, 5 S)-8-oxa-6-azabicyclo-(3.2.1 )-octan-
7-one [( + )-BOL], by the anionic solution 
polymerization through the lf>-C scission 
of the amide group, 1 .as well as a racemic 
polyamide (poly(BOL)). 2 ( + )-Poly(BOL) and 

amide moiety and a tetrahydropyran moi­
ety.1- 3 The NMR spectra show that the car­
bonyl and the imino groups are equatorial 
with respect to the tetrahydropyran ring in 
the polyamides.1·2 (+)-Poly(BOL) is more 
stable than polY.(BOL) with respect to the 
physical and chemical properties. The melt­
ing and decomposition temperatures of ( + )­
poly(BOL) are 290-305°C and about 330°C, 
respectively/ and the glass transition point 
is about 160oC. Those of poly(BOL) are 260 
-285°C and about 315°C, and the glass 
transition point is 130°C.1·2 For solubility, 
poly(BOL) is dissolved in trifluoroethanol 
(TFE), but ( + )-poly(BOL) is not. The dif­
ferences may be attributed to the structural 
regularity of ( + )-poly(BOL), as compared 
with that of poly(BOL). Thus the X-ray 
structure analysis of the ( + )-poly(BOL) film 
has been carried out to make the structure 
of ( + )-poly(BOL) clear and obtain informa­
tions available for the molecular design of new 
functional polymers. 

. 
2 

(+)-BOL (+)-poly(BOL) 

Scheme 

poly(BOL) are new functional polymers with 
water permeability and ion selectivity, con­
sisting of an alternating arrangement of an 
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EXPERIMENTAL 

Preparation of Specimen 
The polymer was dissolved in a mixed sol­

vent of TFE and CHC13 (the mixing ratio, 
ca. 1 : 3) at room temperature and cast into 
a film in a vacuum desiccator. Because of the 
brittleness of the film, it was swollen during 
stretching with CHC13 . The largest stretch­
ing ratio reached so far is about 3.0 for the film 
with low crystallinity and 2.5 for that with 
relatively high one. The uniaxially oriented 
specimen was then annealed under tension 
in a vaccum at a temperature about l0°C 
above the glass transition point of the poly­
mer for 24h. 

The observed density (D0 ) of the film, 1.23 
gem - 3 , was obtained with flotation in a 

hexane-tetrachloromethane solution. 

IR Spectroscopy 
An oriented film with the thickness of 

about 15 flm stretched by ca. 1.5 times was 
prepared and its IR dichroism was measured 
with a JASCO diffraction grating infrared 
spectrophotometer (IRA-2) using a wire grid 
polarizer. The resultant IR dichroism spectra 
of the oriented film of ( + )-poly(BOL) are 
given in Figure 1. 

X-Ray Diffraction Measurement 
X-ray photographs of ( + )-poly(BOL) were 

taken with an evacuated cylindrical camera 
with a diameter of 7.0cm and a Weissenberg 
camera with a diameter of 5. 73 em using Ni­
filtered Cu-K, radiation. The camera radii 

IR spectra of (+)-poly(BOU 
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Figure 1. IR dichroism spectra of uniaxially oriented film of ( + )-poly(BOL). Parallel, electric vector is 
parallel to the fiber axis; perpendicular, electric vector is perpendicular to the fiber axis. 
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(a) 

(b) 

Figure 2. a) X-Ray fiber pattern of ( + )-poly(BOL) (cylindrical camera, Cu-K. radiation, fiber axis 
vertical); b) Schematic representation of the fiber pattern with their indices of the reflections. 

were calibrated with the NaCl powder pat­
tern. The intensities were measured with a 
microdensitometer, and Lorentz and polari­
zation factor corrections were made according 
to the method proposed by Arnott.4 Figure 
2 shows the fiber pattern of ( + )-poly(BOL). 

All calculations were performed on a 
FACOM M382 computer at Nagoya Uni­
versity Computation Center. 

RESULTS AND DISCUSSION 

Crystal Data 
Only 12 independent diffraction spots were 

observed in the fiber pattern. Two strong 
meridional reflections can be confirmed from 
the X-ray diffraction photographs with fiber 
axis tilted 11.2" for 1=5 and 22.8" for 1=10. 
All reflections are indexed with a monoclinic 
unit cell with the following dimensions*; a= 
11.79, b=l4.40, c=I9.43A (fiber period) 
and y = 98.0°. The schematic representation 

of the fiber pattern and the indices of the 
reflections are presented in Figure 2b. The 
space group of ( + )-poly(BOL) is P2. 

The calculated density (DJ of 1.29 gem - 3 

is reasonable as compared with the observed 
one (D0 ) of 1.23 gem - 3 , if the number of the 
repeating units (Z) contained in the unit cell 
is assumed to be 20, taking account of the 
results of X-ray analysis. The crystal data are 
given in Table I. The observed and calculated 
Bragg angles (28) and spacings (d) are listed 
in Table II. 

Molecular Structure 
In the IR dichroism spectra for the stretch­

ing vibrations of both N-H and C =0 bonds 
(Figure 1), the absorptions with the electric 
vector of the polarized radiation parallel to the 
fiber axis are remarkably stronger than those 
with the electric vector perpendicular to the 
fiber axis. This indicates that both N-H and 
C=O bonds of ( + )-poly(BOL) are roughly 

* The monoclinic system is also indicated from the Weissenberg photograph taken with the fiber axis perpendicular 
to the camera axis. 
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Table I. Crystal data 

Formula unit C6 H9N02 

Formula weight 127.14 
Space group P2 
Cell constants 

a 11.79 A 
b 14.40A 
c I9.43A 
y 98.0° 

Cell volume 3266.6A3 

Number of units 
20 

in the cell ( Zl 
Density obsd (Dol 1.23 gem -J 

Density calcd ( D cl 1.29 gem -J 

Table II. Observed and calculated spacings and 2& 
of the reflections in the fiber pattern 

28 (obsdl d (obsdl 2& (calcdl d (calcdl 

0.16 
0.33 

0.47 

9.1 
19.1 

27.0 

0.36 21.2 

0.13 16.2 
0.24 19.5 
0.53 33.9 

0.0 22.9 
0.37 30.0 

0.58 43.6 

0.22 34.5 
0.0 46.8 

A 

9.76 
4.63 

3.30 

4.18 

5.46 
4.55 
2.46 

3.89 
2.98 

2.08 

2.60 
1.94 

------h k I 

9.1 
19.1 
18.7 
27.1 
27.4 
27.5 

A 

9.72 
4.63 
4.76 
3.29 
3.25 
3.24 

I o 
I 3 o 
0 3 0 
I 4 0 
2 4 o 
3 3 0 

27.6 3.23 3 2 0 
21.4 
21.6 
15.6 
19.3 
34.2 
34.3 
34.1 
33.6 
22.9 
31.2 
31.1 
43.6 
43.9 
34.4 
46.8 

4.14 2 2 
4.11 3 1 
5.69 0 3 
4.61 I 2 3 
2.62 I 5 3 
2.61 0 5 3 
2.63 2 4 3 
2.66 4 0 3 
3.89 0 0 5 
2.87 3 5 
2.88 2 2 5 
2.07 1 5 6 
2.06 4 3 6 
2.60 0 2 7 
1.94 0 0 10 

• Multiplied by Jc, the wavelength of the X-ray used. 

parallel to the fiber axis. The formation of 
the hydrogen bonds between the N-H and 
0 = C is suggested because of the peak shifts 
toward the lower wave number sides as com­
pared to the case where the hydrogen bond­
ings do not occur. The hydrogen bonds will 
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Figure 3. Molecular dimensions adopted for the model 
construction, together with the numbering of the atOms. 
Bond angles are in parentheses. 

Table III. Definition and values adapted 
for torsion angles 

Angle 

C6'-N7'-Cl-C2 
N7'-Cl-C2-C3 
Cl-C2-C3-C4 
C2-C3-C4-C5 
C3-C4-C5-C6 
C4-C5-C6-N7 
C5-C6-N7-Cl" 

Name Value COl 

-164.0 
Unknown 

176.0 
-53.6 

53.6 
-176.0 

Unknown 

roughly be parallel to the fiber axis. 
For the model construction, the equations 

for the helical parameters as a function of 
torsion angles given by Yokouchi, Tadokoro 
and Chatani5 are used. The bond distances and 
angles used in the model construction are 
displayed m Figure 3. The definitions of 
the torsion angles are given in Table III, 
with the values adopted with reference to 
the structure of the dimer of ( + )-BOL.6 In 
( + )-poly(BOL), only two bonds, Cl-C2 
and C6-N7, are allowed to rotate in a rela­
tively free manner. If the torsion angle 
around one bond (e.g., r7) is assumed to 
vary, however, the other, r2 , will be restricted 
automatically to keep the helical structure. 
The models having the acceptable fiber 
period are checked with the cylindrical 
Patterson map7 •8 as well as the conformational 
analysis. The isotropic temperature factor of 
7.5A2 was assigned to all of the atoms. The 
cylindrical Patterson map synthesized with the 
observed intensities is shown in Figure 4a. 

Polymer J., Vol. 18, No. 12, 1986 
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Figure 4. Cylindrical Patterson maps calculated from: a) the observed intensity data; b) 103 

stranded helix model (model II); c) 51 helix model; d) 103 helix model 
(model I), 
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The X-ray diffraction pattern (Figure 2) 
indicates that there exists a 5-fold helical 
symmetry in the structure of ( + )-poly(BOL). 
Therefore the 51 and 52 helices are first con­
sidered. However, both the 51 and 52 models 
are not reasonable because of the disagreement 
between the observed and calculated cylind­
rical Patterson maps, especially along the z­
axis, as shown in Figure 4c. For the 52 helix, 
the same discrepancy can be seen along the 
z-axis. As another possible model, a double­
stranded 103 helix is considered. The double­
stranded helices have been proposed to it­
PMMA9·10 and poly(ethyleneimine). 11 In the 
present double-stranded helix two strands are 
related by the two fold axis which coincides 
with its helical axis. This results in the fiber 

(a) 

period equal to half the identity period of the 
single helix. For IOn helices, fibrous sulphur 
(103)12 and st-poly(tX-methylvinyl methyl 
ether) (104 ) 13 were reported besides it-PM­
MA.9·10 Two plausible models of 103 helix, 
model I and II, are compared in Figure 5. 
The directions of N-H and C = 0 bonds are 
perpendicular to the fiber axis in model I 
and parallel in model II. Model I, however, 
is rejected from the IR dichroism spectra and 
such disagreement between the observed and 
calculated cylindrical Patterson maps as is 
obvious from Figure 4a and 4d. In model II 
the hydrogen bonds (broken lines in Figure 
5b) are formed between the two single helices 
comprising the double-stranded helix. The 
cylindrical Patterson map synthesized from 

(b) 

o.:t; 

\D 
00 

co 
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Figure 5. Structures of: a) model I; b) model II (stereo view). The hydrogen bonds are indicated with 
broken lines. 
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Figure 6. Potential energy map calculated on the basis of double-stranded helix. The relations between 1:2 

and r7 for both 51 and 52 helices correspond to r 1 of 172.0°. 

model II is given in Figure 4b. Good agree­
ment between the observed and calculated 
maps is observed, although along the fiber axis 
a slight disagreement on z-coordinates of the 
peaks remains. 

The models examined above are all right­
handed helices. The left-handed ones have 
also been tested, but found not to explain the 
X-ray and IR data. 

Conformational Analysis 
A potential energy map14•15 of the double 

stranded helix based on the two torsion an­
gles, r2 and r7 , is shown in Figure 6. Three 
energy minima, denominated A, B, and C 
respectively, are observed. The (r2 , r7 ) pairs 

PolymerJ., Vol. 18, No. 12,1986 

corresponding to the energy m1mma A, B, 
and C are (- 60°, - 65°), (- 150°, 50°), and 
(170°, 50°), respectively. The pair of (r2 , r7 ) 

of A was compared with that of model I 
(-60.0°, -64.6°) and that of B was com­
pared with that of model II ( -147.1°, 52.6°). 
The (r2 , r 7) pair ofC corresponds to a double­
stranded helix with 92 symmetry and the 
identity period of about 23A. In the 92 helix, 
the orientations of C = 0 and N-H bonds are 
in accordance to the results of IR dichroism. 
This model, however, has difficulties to ac­
count for the X-ray data, the helix symmetry 
and the fiber period. 

Thus, model II is supported by the confor­
mational analysis as well as the X-ray data 
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and IR dichroism information. The double­
stranded helix is rather rigid, because of the 
hydrogen bonds and several close contacts 
between the two single chains. This may lead 
to the high thermal transition points and the 
low solubility of the film of the polymer. 
Moreover, the double-stranded helix is ener­
getically more stable than the single-stranded 
one, the difference of potential energy between 
the two cases being about 9.7/N0 kcal per 
residue (N0 , Avogadro's number). This indi­
cates that the double-stranded helix is ener­
getically rational model for ( + )-poly(BOL). 

In the crystalline region, there are four 
polymer chains, that is, two double-stranded 
helices, passing through the unit cell. The 
crystal structure of ( + )-poly(BOL) will be 
described elsewhere. 
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