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Change in the structure of poly(tetramethylene succinate) under tensile
stress monitored with solid state °C NMR
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Abstract

A new solid-state NMR experimental equipment was developed to monitor the structural change of polymer and protein fibers under active
uniaxial deformation. The equipment was applied to monitoring change in the structure of a biodegradable aliphatic polyester fiber,
poly(tetramethylene succinate) (PTMS; [-O(CH,),0CO—(CH,),CO-],), as a function of tensile stress. The crystal transition from « to 3
forms for PTMS was induced by stress and monitored by the change of the methylene region in the *C NMR spectra. The "*C chemical
shielding constant for the model compound of poly(tetramethylene succinate) was calculated using the GIAO—CHF (gauge invariant atomic
orbitals—coupled Hartree—Fock) with ab initio 6-311G™ basis set. This calculation acceptably explains the experimental results. © 2001

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Understanding the mechanisms of deformation of semi-
crystalline polymers is of primary importance in their design
and improvement [1]. There are many techniques which can
probe the changes in the polymer as it is being deformed.
Atomic force microscopy and wide angle X-ray spectro-
scopy as well as small-angle X-ray spectroscopy have
been used to obtain orientation and morphological informa-
tion in both amorphous and crystalline regions [2,3]. NMR
is also used to obtain the molecular motions of the polymers
or the low-molecular weight molecules absorbed in the
polymers, especially in the amorphous regions, after defor-
mation or in an active state of deformation [4-8].

PTMS (Fig. 1) is known as biodegradable aliphatic poly-
ester which has received a great attention from industry,
particularly from the ecological viewpoint [9,10]. The
mechanical properties depend strongly on their crystal
structure as well as on the crystallinity of the polymer.
Two crystal modifications, o and (3 forms were reported
by X-ray diffraction and FT-IR analyses [10]. The transition
between a and 3 forms occurred reversibly under the appli-
cation or removal of strain and the 3 form appeared under
strain. The difference in the fiber periods of the two crystal-
line forms was attributed mainly to the conformational
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difference in the tetramethylene unit, i.e. (T,GTG'T) of the
o form and (Ty) of the B form, where T, G and G’ denoted
trans, gauche and another gauche, respectively [10].

The determination of polymer structure at the atomic
level is possible by analyzing the orientation-dependent
NMR interactions such as dipole—dipole, quadrupole and
chemical shielding anisotropy [11-13]. We reported the
structures of silk fibers [14-19] and several polymers
[20—26] in analyzing the oriented polymers or protein fibers
with the use of the chemical shift tensor in solid state NMR.
Especially, the torsion angles of glycine and alanine resi-
dues of Bombyx mori and Samia cynthia ricini silk fibers
were determined with high precision [15-18].

In this paper, the crystal transition induced by tensile
stress for PTMS has been monitored through the change
in the chemical shift tensor with new solid-state '*C NMR
probe in an active state of deformation. The ab initio *C
chemical shift calculation was also performed for the peak
assignment in the °C solid state NMR spectra of oriented
PTMS fibers which are set parallel to the external magnetic
field.

2. Experimental section
2.1. Materials

The PTMS fibers with diameter of 0.33 mm used in this
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Fig. 1. Schematic diagram of segments of PTMS with o form; (1) and B
form; (2). The methylene carbons were noted as CH,(a) and CHy(b). 7, G
and G’ denoted trans, gauche and anothers gauche, respectively.

study are commercialized and utilized under the trade name
of Field Mate that was supplied from TORAY Co. Ltd.
From our solution NMR measurement (lH—”C COSY
NMR) of the sample, more than 80% is composed by
PTMS.

2.2. Solid-state NMR

All of BC solid-state NMR experiments were performed
with a Chemagnetics 400 Infinity NMR spectrometer. '*C
CP/MAS and static spectra for PTMS powder sample were
obtained at 100.0 MHz following matched, 'H-"C cross
polarization contacts of 50 kHz. Contact time of 2.0 ms
were used. Samples were spun at a speed of 5000 Hz for
MAS NMR. A 80 kHz f field strength of the two-pulse
phase-modulated (TPPM) pulse train for proton decoupling
[27] was applied during the acquisition period. The probe
with a 10-mm saddle coil and double tuning system for
cross-polarization was home-made. "H—"C cross polariza-
tion contacts of 33 kHz and contact time of 2.0 ms was
used. A 28 kHz rf field strength was used for CW proton
decoupling. The repetition time was 3.0 s. The probe allows
free passage of a vertically suspended continuous fiber
bundle through the entire probe body (Fig. 2).

Tension on the fiber bundle was applied through the use
of the variable speed motor located away from the NMR
magnet allowed the sample to be fully deformed and it was
capable of producing tensile stress of up to 250 kgf. The
approximately 90 fibers were bundled and the total length
of the bundle was 250 mm.

2.3. Chemical shielding calculations

The chemical shielding calculations using the GIAO-
CHF (gauge invariant atomic orbitals—coupled Hartree—
Fock) with ab initio 6-311G™ basis set were carried
out. For the calculation, we adopted CHO(CH,),0CO
(CH,)40CO(CH,;),CHO as a PTMS model compound. The
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Fig. 2. Schematic diagram of developed NMR equipment to monitor
change in the NMR spectra of polymers under tensile stress.

structures of two crystal modifications, o and  forms
reported by X-ray diffraction method by Ichikawa et al.
were used as shown in Fig. 1 [10]. In the application of a
stress in the direction of fiber axis for PTMS, the direction of
molecular chain axis (M) was parallel to the external
magnetic field (B) in neglecting of the orientational distri-
bution of molecules. Therefore, if 0,, 0,, 05 are the three
angles made between each of the principal axes for principal
values o, 0 and o33 and M, the chemical shielding
component, oy, for the molecular chain axis direction is
written by [28]:

oM = 011 cos’ 0, + o cos’ 0, + 033 cos’ 05 @8

3. Results and discussion

Fig. 3 shows the *C CP/MAS spectrum of PTMS with «
form. These assignments were readily made by comparison
with the calculated isotropic chemical shifts as listed in
Table 1. The CH, carbon peaks were labeled (a)-(c) as
shown in Fig. 1. Fig. 4 shows "“C CP spectra of the
PTMS fiber bundle without magic angle spinning as a
function of tension, together with the '*C CP static powder
patterns (A) and (B). The chemical shift anisotropy of the
carbonyl carbon is large and the principal chemical shift
tensor values are determined from Fig. 4(B). The asym-
metric broad peaks in the methylene carbon region also
indicate the presence of the chemical shift anisotropy.

In Fig. 4(C), no significant tension was essentially applied
to the sample: (tension of 6.3 kgf was applied to keep the
fiber bundle to be well-aligned state). In this condition,
PTMS polymer takes o form. The carbonyl carbon peak
appears at 255 ppm in from Fig. 4(C)—(G), whose position
is close to the oj; component of the powder pattern. This
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Fig. 3. *C CP/MAS NMR spectrum of PTMS fiber with « form along with
peak assignment. The notation of the methylene carbons is given in Fig. 1.

indicates that the fiber bundle is well aligned and also each
single fiber is well oriented since the direction of oy
component is almost parallel to the molecular chain axis.

With increasing the tension to the PTMS fiber from (C) to
(G), the positions of the broad singularities in the line shape
for the carbonyl carbons were virtually unchanged, which
indicates that the tensile stress give no significant change in
the orientational distribution of the fiber undergoing active
tensile deformation. However, the line shape at the upper
field region assigned to the methylene groups, CH,(a) and
CH,(c), was changed slightly with increasing tension.
Namely, with increasing tension to the PTMS fiber, the
relative intensity of the peak at 22 ppm decreased slightly
and reversely, that at 8 ppm increased. This seems to be
upfield shift of the peak at 22 ppm due to the structural
transition. To demonstrate this upfield shift for CH, carbon
under tensile stress (Fig. 4) is indeed due to the transition,
Fig. 5 showed three spectra: before tensile deformation (C),
undergoing active tensile deformation (B) and after removal
of the tension (A).

Thus, o and B forms for PTMS occurred reversibly under
the application and removal of strain [10]. The line shapes
before and after the application of the tension were identical
with the same chemical shift for the methylene carbon in

Table 1

The observed and calculated *C isotropic chemical shifts (in ppm) for
poly(tetramethylene succinate) with o form by *C CP/MAS NMR and
ab initio CHF—GIAO method, respectively. The chemical shift of CH,(a)
peak was assumed to be O ppm. The observed chemical shifts represented in
ppm downfield from TMS were listed in parentheses; (2) The notation of
the carbons CHj(a), CH,(b) and CHy(c) was shown in Fig. 1

CHy(a) CHy(b) CHy(c) C=0

Experimental 0 (25.7) 404 (66.1) —2.9 (28.6) 148.2 (173.9)
Calculation 0 29 -3 139

Cc=0 CHz(a)(c)
255ppm 22ppm 8ppm
I I

CHa(b)

i

300 250 200 150 100 S0 O
ppm

Fig. 4. (A) *C CP powder pattern spectrum of PTMS with o form. (B)
Expanded spectrum of (A). From (C) to (G): 3¢ cp spectra of oriented
PTMS fibers which are set parallel to the external magnetic field as a
function of tension. Tensile stress was 6.3 kgf (C) 19.8 kgf (D) 27.1 kgf
(E) 33.2 kgf (F) and 45.6 kgf (G).

Fig. 4 undergoing active tensile deformation. The complete
reversibility in the line shape changes confirms that the
upfield shift for CH, signal under tensile stress corresponds
to the « to 3 transition. Moreover, Fig. 6 shows the Bc cp
spectra of PTMS fiber under a tensile stress of 45.6 kgf
oriented parallel to the external magnetic field as a function
of time. The line shapes for all of spectra were essentially
identical, which indicate no creep of the fiber was occurred
during the NMR measurement.

Two signals of the CH, carbons (CH,(a) and CH,(c))
were overlapped in the range of 0—50 ppm. In the crystal
transition of PTMS from « to 3 form, it is known that the
internal rotation angles for CH,(a) significantly change from
the gauche to trans conformation, although those for CHy(c)
keep the trans conformation. Therefore, it can be considered
that the upfield shift form 22 to 8 ppm under tensile stress
came from the gauche-trans transition for CHy(a), as the
semi empirical fashion of ‘y-gauche effect’ [29-31].

To give a further insight into the chemical-shift behavior
of CH,(a) carbon, the chemical shielding tensors for CHy(a)
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Fig. 5. '*C CP spectra of oriented PTMS fibers which are set parallel to the
external magnetic field. The spectra before (C) and after (A) applying
tension are compared to the spectrum under a tensile stress of 45.6 kgf (B).

carbon with o and B forms were calculated theoretically
with ab initio method and listed in Table 2. In principle,
the chemical shifts for the static samples are expressed as a
second rank tensor. Thus, the chemical shift tensor compo-
nents (o, 0 and o33) have potentially more detailed
structural information compared with the isotropic chemical
shift which is the average of the tensor components. This is
due to tensor components being closely associated with the
electronic state. Although the difference between the isotro-
pic chemical shielding constants for o and 3 modifications
are less than 3 ppm, the anisotropies for those are more than
10 ppm, i.e. the principal values for CH,(a) carbon are quite
sensitive to the conformation as listed in Table 2. The chain
axis (M) with respect to the external magnetic field (By) was
parallel under tensile stress and NMR spectra reflect chemi-
cal shift tensor parallel to B, Therefore, NMR spectra

Table 2

The isotropic (os,) and chemical shift tensor values (071, 0, and 0733), and
the orientation of the chemical shielding tensors calculated for the CH,(a)
carbon of the model compound of poly(tetramethylene succinate) with o
and B forms. The chemical shielding component, oy, for the molecular
chain axis direction calculated is also listed. The larger value means upper
field shift

Crystal Oiw On Oxn o3 0 0, 603 oum
modification

o 155 147 155 164 58 74 37 159
B 152 140 149 167 82 84 7 167

130 - 140 min
120 - 130 min
110 - 120 min
100 - 110 min

90 - 100 min
80 - 90 min
M 70 - 80 min

60 - 70 min
50 - 60 min
40 - 50 min
30 - 40 min
20 - 30 min
10 - 20 min
0 - 10 min

300 250 200 150 100 S0 0
ppm

Fig. 6. *C CP spectra of oriented PTMS fibers which are set parallel to the
external magnetic field under a tensile stress of 43.8 kgf as a function of
time.

correspond to the chemical shift tensor component parallel
to M. The relation between M and the principal axis direc-
tions for oy, 0y and o33 of CH,(a) carbon are also listed in
Table 2. The orientation of the chemical shift tensor for the
CH, (a) carbon, with respect to M, is different between o
and 3 forms. For example, the principal axis of the o33 for B
form almost aligns parallel to M, although that for o form
deviates by 37°. From Eq. (1) and Table 2, o for a and B
modifications were calculated as 159 and 167, respectively.
These results indicated that o moves upfield with chan-
ging form a to 3 modification, which agree with the experi-
mental results in Fig. 4.

4. Conclusions

We demonstrated *C CP NMR experiments for PTMS
fiber under tensile stress. The crystal transition from « to 8
modification for PTMS induced by strain was monitored
by the chemical shift change for methylene units. The
C chemical shielding constant for the model compound
of tetramethylene succinate was calculated using the
GIAO-CHF with ab initio 6-311G™ basis set. This calcula-
tion acceptably explains the experimental results. The
investigation of the shielding calculation procedures
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provides information as to where a chemical shift change
comes from.
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