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ABSTRACT
The two crystal structures of poly(butylene-2,6-naphthalate) (PBN) have been

determined by X-ray diffraction. The .space group is Pi for both forms. The unit cell
parameters of B form are a = 4.554, b = 6.434, ¢ (fiber axis) = 15.314, o = 110.1°, B =
121.1° and 'y = 100.6°. The major difference of crystal structure between A and B forms

lies in the conformation of four methylene group sequences: SGTGS for A form and

TSTST for B form.
(keywords: polymer, poly(butylene-2,6-naphthalate), X-ray diffraction, crystal structure,

conformation)
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INTRODUCTION

The crystal structures of poly(ethylene terephthalate) (PET)"?, poly(ethylene-2,6-
naphthalate) (PEN)* and poly(butylene terephthalate) (PBT) ** have been reported. The
structural study on poly(butylene-2,6-naphthalate) (PBN) (Fig. 1) was only reported by
Watanabe®.

Two crystal modifications A and B of PBN have been reported®. The form A
assigned to the structure formed by uniaxial drawing of thé undrawn PBN specimen has

the triclinic form having a unit cell with a = 0.487nm, b = 0.622nm, ¢ = 1.436nm (fiber
axis), oo = 100.78°, B = 126.90° and y = 97.93°. One repeating unit is contained in the

unit cell. However, neither the unit cell parameters of the form B nor the conformations
and crystal structures of the two forms were determined.
In this paper, we will report on the crystal structures of the A and B form and the

double orientation and tilting of the chains as studied by X-ray diffraction.

EXPERIMENTAL

Specimens

Unoriented crystalline PBN film with thickness of 100pm was used as the original

speéimen. Two kinds of uniaxially drawn films were prepared. One is the film drawn to
ca. 3 times at room temperature and annealed under tension at 200°C in a silicone bath.
The other is the film drawn to ca. 9 times at 180°C. The former contains A and B forms,
while the latter only B form as will be mentioned.

A doubly oriented specimen was prepared by drawing the original film at 170°C to

ca. 3 times keeping the film width constant.

X-ray photographs
X-ray photographs were taken by using Nickel-filtered CuKa radiation (from a
Rigaku Denki, Rotaflex X-ray generator or Geigerflex X-ray generator). The X-ray fiber



patterns are shown in Fig. 2: (a) the sample containing A andv B forms, (b) the sample
containing only B form. From Fig. 2, 23 independent reflections were observed for both
A and B form. For estimating intensity, the multiple-film method was applied to the X-ray
fiber patterns, and the diffraction spots were measured by visual comparison with a
standard intensity scale. The usual corrections were made for spot intensities.

X-ray photograph of doubly oriented film taken by plate camera is shown in Fig. 3,
where the incident X-ray beam was parallel to the drawing direction. On this X-ray

photograph, the reflections of two modifications were recorded.

Density
Density measurement was carried out at 25°C in a solution of heptane and carbon

tetrachloride in a density-gradient columm.

ANALYSIS AND RESULT
Unit cells and space groups

Diffraction spots on fiber diagram shown in Figs. 2(a) and (b) were found to be
displaced from the position where they should appear as a straight line in the case of
uniaxial oriented sample. This displacement is caused by the so-called “tilting” which was
reported for PET by Daubeny et al.” and PBT by Yokouchi et al.®. The observed

) reflections were indexed and the unit cells were determined by the method applied to
PET" and PBT". The tilting occurred in 110 plane by ca. 5° for A form of PBN and in

320 plane by ca. 5° for B form. The reciprocal lattice diagrams showing the
displacements are shown in Fig. 4. The calculated positions (dots in Fig. 4) were

estimated by the following equation.
{ =zcos¢—xsing
where z is the normal untilted height of the reciprocal lattice layer, ¢ the angle of tilt and x

the measured distance of the lattice point from the tilt line in the reciprocal lattice diagram.



As shown in Fig. 5, the calculated positions coincide well with the observed positions.

The equatorial reciprocal lattice nets obtained from Fig. 3 are also shown in Fig. 5.

The dimension of a’, b” and Y~ were estimated from the reciprocal lattice nets .

Unit cell parameters of A and B forms obtained above are listed in Table 1. The
diffraction s'pots shown in Fig. 2(b) can be indexed by the unit cell of B form. On the
other hand, the diffraction spots in Fig. 2(a) can be indexed by the unit cells of A and B
forms. .

The density of A and B forms, calculated by assuming one monomer unit in the unit
cell, is reasonable as compared with the observed density .

The space group for two crystal form§ is either P1 or P1. If the molecules possess
symmetry centers, the space group is the Iatter. In this work, it is assumed that PBN
monomer units have the symmetry center at the midpoint of four methylénc -group

sequences (-CH,-CH,-CH,-CH,-). Therefore, the space groups of both crystal forms are

assumed tobe P1.

Molecular models

The numbering of atoms and internal rotation angles are shown in Fig. 6. The bond
lengths and bond angles used in this work are standard values and listed in Table 2. The
2,6-naphthalene dicarboxylic acid residue was assumed to be planar because the
conjugated system of this part should be planar. The conformations of the four methylene

group sequences for A and B forms were estimated from the conformation of this part for

o, and B forms of PBT reported by Yokouchi et al” [oc form: GGTGG(-88°, -68°, 180°,

68°, 88°) and P form: TSTST(-179, 113°, 180°, -113°, 179%)], respectively, because the

analogy of crystal structure of PBN to that of PBT is expected. Thus, the conformations
of four methylene group sequences were determined to be approximately SGTGS (-125°,

-60°, 180°, 60°, 125°) for A form and TSTST (180°, 1107, 1807, -110°, 180°) for B form.



The fiber period calculated from these molecular models is identical with the length of ¢

axis.

Crystal structures _

The primary crystal structure models for A and B forms were determined by rotating
the molecular models around c axis. The atomic coordinates calculated from these crystal
structure models were used to estimate the structure factors. On the calculation of the
structure factors, the isotropic temperature factors B were assumed to be 5.7A% and 5.5A2

for A and B forms, respectively. At this stage, the discrepancy factor

R=Z 'IF;az”/z

27.0% for B form.

F;bs

E,,| for all the observed reflections were 21.8% for A form and

These primary crystal structures were then refined with constrained least-squares

method” (the software performing the constrained least squares was made in

FORTRANT77 language by ourselves). The internal rotation angles (1,72 and 13 shown

in Fig. 6) and the isotropic temperature factors B were chosen as the main parameters
which should be detrained in refining. Other internal rotation angles, the bond lengths and
the bond angles were fixed. On refining, unobserved reﬂections were taken into account

with the weight factor of 0.5 and the intensity as half the weakest observed intensity.

After refining, the internal rotation angles (11,72 and 13) are 59°, 123° and -177° for A

form and -107°, 188° and -178° for B form, respectively and the isotropic temperature
factors are 5.9A% for A form and 14.7A2 for B form. At this stage, the R factors for all the
observed reflections decreased to 17.4% for A form and 21.8% for B form.

The R factors are much improved by introducing the anisotropic temperature factor

as,

exp[~(h*B,, +K*By, + I*By, + 2hkB,, + 2kiBy, +21hB,, )|



v"Vith_ the coefficients obtained by least-squares method. Each coefficient is given in Table
3. The resultant R factors for all the observed reflections are 15.4% for A form and
19.4% for B form.

~ Table 4 lists the final atomic coordinates. The calculated and observed values of the
structure factor for final crystal structures are listed in Table 5. The final crystal structures
for A and B forms are showh in Figs. 7 and 8, respectively.

Table 6 lists the interatomic distances between the adjacent molecules. When these
distances are compared with the sums of van der Waals radii® for each atom pair, the
interatomic distances between the adjacent molecules were found to be reasonable..
DISCUSSION
Molecular and crystal structures

As listed in Table 1, the cell dimensions of A and B forms are very similar to each
other except for the fiber identity period. The molecular packings of the two crystal foﬁns
are almost similar shown in Figs. 7 and 8, respectively. The main difference between two
modifications can be seen in fiber period, due to the molecular conformations of four
metylene group seaquences as in the case of PBT. In PBN, the conformation of the four
methyicne group sequence is SGTGS for A form and TSTST for B form. Consequently,

the main chain of B form is more extended than A form.

The crystal structures of A and B forms of PBN are similar to those of ¢ and B form
of PBT", respectively . Thus, the crystal structures of A and B forms of PBN are
considered to be equivalent to the structures obtained by replacing benzene ring in the

crystal structure of o and 3 forms of PBT” by naphthalene ring, respectively.

Double orientation
From the X-ray photograph shown in Fig. 3, the c&juatorial reciprocal lattices for the
doubly oriented sample of the A and B form were obtained as shown in Fig. 5. From the

reciprocal lattice point 010 for A and B forms, it was found that the film surfaéc coincides
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approximately with (010) of the two modifications. The (010) of these modifications is
essentially parallel to the plane containing naphthalene ring. Consequently, it can be said
that the naphthalene rings are arranged nearly parallel to the film surface in the specimen
obtained by drawing at constant width. The double orientation of PBN is very similar to

those in rolled samples of PET and PBT.

Irregularity in the crystal structure

The coefficients of anisotropic temperature factors for both A and B forms
qualitatively indicate that the regularity in the direction to the main chain is less than in the
lateral direction to the main chain. The reason for the less regularity in the direction along
the main chain may be that the lateral regularity is kept strong by the stacking of
naphthalene rings, while that in the direction along the main chain is not so strong as the
lateral regularity because PBN does not have the interchain interaction acting between

specific positions (e.g. the hydrogen bond) .
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Figure 3. Koyano et al
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Figure 4. Koyano et al
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Figure 7. Koyano et al
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Figure 8. Koyano et al



Table 1. »Crystallographic' data for Poly(butylene-2,6-

naphthalate).
| A form® | B form®
Crystal system Triclinic Triclinic
Space group P1® P1
Cell parameters
a/A 4.87 4.55
b/A 6.22 - 6.43
c /AP 14.36 15.31
o/® 100.78 = 110.1
B/° 126.90 121.1
y/° 97.93 100.6
Numbers of repeating 1 1
unit per unit cell '
Density / g cm™
Observed 1.339 1.34°
Calculated 1.36° 1.39
Observed reflection 239, 23
a) This work.
b) Fiber axis.

¢) The sample containing A and B forms.

d) The sample cohtaining only B form.
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Table 2. Bond lengths and bond angles.

Bond lengths (A) Bond angles (deg)
C1-Cl’ 1.54'V C2-C1-C1’ 109"
C2-C1 1.54'V - 03-C2-C1 110'Y
03-C2 1.43'0 C4-03-C2 1110
C4-03 136 . C5-C4-03 1141V
C5-C4 1.49'0 . C6-C5-C4 120
C6-C5 1.41¥ C7-C6-C5 120
C7-C6. 1.40° .. (C8-C7-C6 120
C8-C7 1.41% C8’-C8-C7 120
C8’-C8 1.40% C9-C5-C4 120
C9-C5 1.39% C10-C4-03 1239

010-C4 1.231)




Table 3. Anisotoropic temperature factor coefficients.

A form B form
B,, - 0.1575 (8.6A%? 0.2685 (13.0A%)
B,, 0.0547 (7.3A% 0.1069 (12.4A%
B., ~0.0231 (10.8A% 0.0427 (21.4A%)
B,, 0.0260 (7.0A%) 0.0903 (18.3A%)
B,; 0.0018 (1.3A%) 0.0214 (9.9A%
B, 0.0297 (74A% 0.0700 (17.3A%)

a) The value in parenthsis is the coefficients of general temperature factor.



Table 4. Fractional atomic coordinates.-

(a) A form

Atom X Y v/
C1 -0.106 -0.127 -0.020
C2 0.113 -0.218 0.088
o1 0.154 -0.090 0.191
C4 0.020 -0.232 0.226
C5 0.033 -0.110 0.329
Cé6 0.175 0.133 0.381
C7 0.187 0.249 0.477
C8 0.057 - 0122 0.522
C9 -0.095 -0.234 0.373
02 -0.101 -0.444 0.177

(b) B form

Atom X y yA
Cl1 0.175 0.011 0.055
C2 0.031 -0.178 0.081
01 0.059 -0.054 0.185
C3 -0.016 -0.212 0.219
C4 -0.002 -0.097 0.324

- C5 0.083 0.156 0.379
C6 0.096 0.265 0.479
C7 0.024 0.122 0.523
C8 -0.074 -0.238 0.369
02 -0.089 -0.431 0.167

g



Table 5. Observed and caluculated structure factors.

(a) A form
bkl  |Fobs| [Feall hkl  [Fobs| |Feal hkl  [Fobs| |Feall
010 329 314 215 8.0 15.0 102 - 1.4
100 65.9 63.1 Unobserved reflection 112 - 2.0
110 ] , 29.4 210 - 6.0 013 - 4.0
130  14.6 14.5 120 - 3.5 113 - 10.2
200 18.2 5.9 110 - 3.6 023 - 19.9
220 ] 2.8 120 - 9.5 123 - 18.6
030 17.1 020 - 12.4 103 - 0.4
001 14.1 9.0 201 - 22" 113 - 7.5
011 44.7 41.4 271 - 5.7 213 - 8.0
011 32.1 21.4 121 - 10.2 303 - 5.5
111 21.4 18.6 101 - 10.2 213 - 1.4
171 53.4 54.9 121 - 7.0 014 - 0.2
021 16.9 14.8 131 - 4.0 004 - 0.7
111 10.9 9.3 031 - 4.1 014 - 6.2
211 23.9 21.6 - (31 - 1.7 024 - 0.5
231 :‘ 3.3 031 - 4.1 114 - 2.1
012 6.5 2.7 131 - 6.4 214 - 4.5
112 32.2 324 121 - 0.7 204 - 7.8
012 21.1 16.0 101 - 9.2 005 - 9.4

013 13.7 15.1 111 - 4.2 015 - 4.2
003 13.7 13.4 121 - 2.4 025 - 3.8
123 10.3 15.7 131 - 6.2 115 - 6.8
104 1.2 2.5 221 - 7.1 105 - 14.0
214 ] 8.3 2.2‘ 211 - 8.4 125 - 0.7
124 0.5 201 - 48 215 - 5.8
114 59 2.1 - 211 - 7.2 305 - 5.0
115 4.6 7.5 00?2 - - 0.09




(b; B form

hkl  (Fops| |Featl hkl  [Fopsl [Feal hkl  [Fopsl |Feull

010 36.9  40.0 Unobserved reflection . 772 - 0.7
110 38.7 422 200 - 13.3 013 - 3.1
00 712 731 190 - 03 (23 - 3.5
210 18.1 14.5 110 - 7.3 123 - 1.5
220 ] 6.4 120 - 6.7 113 - 7.4
011 41.6 34.1 130 - 9.2 113 - 12.2
T11 276 235 g3 - 48 173 - 7.0
011 284 245 (9 - 1.4 713 - 0.6
171 41.9 43,5 271 - 8.6 203 - 2.8
121 24.4 17.5 111 - 6.3 004 - 4.5
021 220 179 01 - 52 (om4 - 23
9211 23.5 17.4 121 - 3.1 024 - 39
ol2 103 71 3 - 12 11 - 1.4
To2 110 1.8 g3 - 6.0  To4 - 0.2
Ti2 262 289 g - 7.7 124 - 0.5
013 8.4 10.8 - 071 - 10.9 214 - 6.5
103 18.6 8.9 031 - 1.5 204 - 1.3
003 144 159 31 - 13.1 005 - 3.0
114 141 26 o1 - 6.1 o5 - 1.2
115 1.3 1.4 111 - 4.1 025 - 2.3
125 12.4 0.4 121 - 5.6 035 - 2.6
215 6.8 5.2 231 - 8.3 115 - 24
206 12.7 9.0 221 - 2.1 105 - 12.5
0l = 20.6 2.8 711 - 6.6 215 - 2.2
216 13.9 201 - 3.2 205 - 9.5
126 11.9 211 - 1.4 026 - 5.0
106 1.5 om2 - 006 Tig - 1.1
022 - 76 216 - 1.7
Ty
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Table 6. Interatomic distances.

C4(0)-C7(1)

(a) A form

Atom pair  Distance /A  Atom pair  Distance /A Atompair  Distance /A
C2(0)-C3(1)® 3.62 C4(0)-C8(1) 411  C6(0)-02°(1) 3.96
C2(0)-C4(1) 3.49 C4(0)-C4°(1) 3.96 C7(0)-01°(1) 3.64
C2(0)-C5(1) 4.07 C4(0)-C5°(1) 3.66.  C7(0)-C3°(1) 3.52
C2(0)-C8(1) 3.60 C4(0)-C6°(1) 3.47 C7(0)-C4°(1) 3.61
C2(0)-Co(1) 3.81 - C4(0)-C7°(1) 3.61 C7(0)-C5°(1) 3.83
01(0)-C3(1) 4.18 C4(0)-C8°(1) 4.07 C7(0)-02°(1) 4.01
01(0)-C4(1) 3.51 C5(0)-C6(1) 4.14 C8(0)-C4°(1) 4.07
01(0)-C5(1) 3.81 C5(0)-C7(1) 3.50. C8(0)-C5°(1) 3.51
01(0)-C6(1) 3.96 C5(0)-C4°(1) ‘ 3.66 C8(0)-C6’(1) 3.60
01(0)-C7(1) 3.83 C5(1)-C5°(1) 3.88 02(0)-C8(1) 3.73
‘01(0)-C8(1) 3.36 C5(0)-C6°(1) 3.96 02(0)-C6°(1) 3.96
01(0)-C7°(1) 3.64 C5(0)-C7°(1) 3.83 02(0)-C7°(1) 4.01
C3(0)-C4(1) 4.11 C5(0)-C8°( 1} 3.51 C5(0)-C6’(2) 3.84
C3(0)-C7(1) 4.01 C6(0)-C7(1) 4.10 C6(0)-C5°(2) 3.84
C3(0)-C8(1) 3.48 C6(0)-C3°(1) 3.69 C6(0)-C6’(2) 3.70
©C3(0)-C6°(1)  3.67 C6(0)-C4’(1)  3.47 C5(0)-02(3)  4.05
C3(0)-C7°(1) 3.53 C6(0)-C5°(1) 3.96 C6(0)-C8°(3) 3.87
3.81 C6(0)-C8°(1) 3.60 C6(0)-C6’(3) 3.97
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' (1)) B form

Atompair  Distance /A  Atom pair  Distance /A  Atom pair  Distance /A
C1(0)-C1°(1) 4.10 C3(0)-C7(1)  3.92 C8(0)-C8°(1) 4.09
C1(0)-C2(1) 4.16 C4(0)-C6(1) 3.96 02(0)-C4(1) 3.89
C1(0)-01(1) 3.63 C4(0)-C7(1) 3.61 02(0)-C8(1) 3.60
C1(0)-C3(1) 4.10 C4(0)-C7°(1) 3.88 02(0)-C7°(1) 4.02
C1(0)-C5(1) 4.09 C4(0)-C8°(1) 4.01 C1(0)-02(2) 3.53
C2(0)-01(1) 3.89 C5(0)-C6(1) 3.86 C5(0)-C5°(2) 3.96
C2(0)-C3(1) 3.80 C5(0)-C7(1) 3.76 C5(0)-C6°(2) 3.67
C2(0)-C4(1) 3.78 C5(0)-C8°(1) 3.90 C6(0)-C5°(2) 3.67
C2(0)-C5(1) 391 Co6(0)-C8°(1)  3.89 C6(0)-C6°(2) 3.89
01(0)-C4(1) 3.78 C7(0)-C3°(1) 3.92 C1(0)-02(3) 4.09
01(0)-C5(1) 3.60 C7(0)-C4’(1) | 3.89 C5(0)-C8(3) 4.13
01(0)-Co(1) 3.86 C7(0)-C8°(1) 3.97 | - C5(0)-C6’(3) 4.08
01(0)-C8(1) 4.17 C7(0)-02°(1) 4.02 C6(0)-C8(3) 4.11
C3(0)-C4(1) 3.83 C8(0)-C7(1) 3.96 'C6(0)-C5°(3) 4.08
C3(0)-C5(1) 3.95 C8(0)-C4°(1) 4.01 C6(0)-C6°(3) 3.24
C3(0)-C6(1) 3.99 C8(0)-C5°(1) 3.90 C6(0)-C7°(3) 4.09
C3(0)-C7(1) 3.91 C8(0)-Co6’(1) 3.89 C7(0)-C6’(3) 4.09
C3(0)-C8(1) 3.74 C8(0)-C7°(1) ~ 3.98

a) Distance between atoms of molecules at (x,y,z,) and (1)(x+1, y,z), (2)(x+1,y+1,z),
3)(x,y+1,z). ' /
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