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Summary

The analytical métods to chacterize the exact chemical composition and sequence
distributions of block copolymers of poly(butylene terepldke) and poly(tetramethylene
glycol) (PBT/ PTMG) were reinvestigated by NMR spectopsc To oltain accurate
information, the chiwe of the solvents, NMR experimentabraitions, '"H and C peak
assignments and the methods adlculating various sequence parameters were closely
examined. For phenolftetrachbroethane(TCE) solutions of two copolymers having the
hard segment (PBT) contents of 20 and 35wt.%, various sequeneenepars were
extractedfrom NMR spectra. In addition to that, we could accurately measure the actual
number average molecular weight of PTMG segments within tmolgmer by NMR.
Measured average molecular weight of PTMG segments was used to calculate theoretical
sequence distributions. The experimental and theoretical sequence parameters as well as
chemical compositions were compared with each other.

Introduction

Block copolymers of poly(butylene terephthte) and poly(tetramethylene glycol) (PBT/
PTMG) belong to thermoplds elastomers. As in the case of other thermoplastic
elastomers, PBT/PTMG consists of hard and soft segments. In these materials, it is well
known that hard segments tend to forramgcrystaline domains whereas soft segments
play as the matrix ofrubbery amorphous regions(1-3). Gealby, the resulting
morphology such as crgd size is crucial in the manifestation of the desired mechanical
propeties. Anopng the various dctors that determine arpholodcal propeties, the
importance of sequence distributions and resulting blokiness have been widely d&deepte
7). Of course, amajor factor controlling sequence distributions is the chemical
composition of the copolymer. The simptmlculation using Bmoulian statistics can
provide theoetical parameters relevant to sequence distributions including segment length
at given hard segment contents(HSC). However, one can alsctettmat there are some
variations in the sequence distributions owing to the different preparatiorpracdssing
conditions. Moreover, the degradation of the constituents, such as PTMG can influence
the microstructures of the polymers. Therefore, to edate the chemical compositions
and the propeies of PBT/PTMG opolymers, it is esséial to characterize the real
microstructures of the copolymers.

In this study, PBT/PTMG copolymers witkelatively low hard segment contents were
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closely characterized by NMR spectropg. The NMR studies of these copolymers have
been previously reported by Higashiyama et(8u However, we found that the
conventionalmethod(8-10) adopted by them was inaddguor the cetailed examination
of the experimental results as pointed by otherh@s(9). In the present study, to
overcome the limitations, a modified rhetl was used with revisetH and “C NMR
peak assignment and subsequent calculation.

To perform NMR study, one ccial factor was the choice of NMR solvent. In previous
reports, NMR spctra of PBT/PTMG apolymers weremeasured in CDCI3 over relatively
wide range of HSC. However, we found that CD@ardly or partly dissolve the samples
with high HSC which may lead to misderstanding eal systems. In this ey, phenol-
dJ/TCE was chosen as the adequate solvent and relevant experimentsrieenegoe

Experimental

Samples

The methods of synthesng PBT/PTMG block copolymers have been reported elsewhere
by several other authors(11-13). Inlitile detail, the two samples were prepared by two
stages melt polymerization nhmetd including ester interchange and polycondéon
reacton. The elative anounts of startingmaterials were adjustefdr HSC of the polymer

to be 20 and 35wt.% (sample 1 and 2). The prepared polymer was used without further
purification. For starting materials, commercial grade dimethyl terephthalate(DMT),
butanediol(BD) and PTMG-2,000 were purchased from SKen@lbals Co., GAF
Corpomtion and E.l. duPont de Nemours & Co. esdprely. The number average
molecular weight . ) of poly(tetramethylene glycol)(PTMG) was claimed to B®00

by the maker and it could be confirmed by end-group analysis asietic ahydride and
successive titration with adtolic KOH.

NMR experiments

Bruker DRX-300 NMR spctrometer equipped with a temperature controller was utilized
for all NMR experiments. All NMR experiments were made on the solution of which
concentrations were adjusted to be 10wt.%. PheAbC&(50:50 in volume)(13, 15)
were mainly used to collect NMR data. For comparjsCDC| was also used. For the
solution in phenol-dTCE, the temperature was elevated up to 8Qai@ing all the
experimentsfor the purpose of good resolutiotd NMR experiments were ondwted
using 30° pulse with longetaxation delays more than 5 sedC NMR spectra were
obtainedunder the condon of suppression of NOE with longelaxation delg(14 sec).
Proton noise decoupling was appliediring the acquison (inverse gated deapling).
Pulse width of 8.0 us and number of scans of about 10,000 were used fO€ tNdR
experiments. For theoafirmation of molecular weight of starting PTMG, the saff@
NMR experiments were prmed and the inteniges of NMR signals of terminal cbons
were compared with the main signal of PTMG to evaluMe. Then the results were
compared with those from previous wet analysis. For teéaildd evaluation of the
accuracy of the method in this study, 5 independent NMR samples were prepared and the
same experiments were rifmmed forall the samples. To prm clear assignments dH

and “C NMR spectra,'H -‘H COSY, 'H -°C COSY(HETCOR) and other 2D
experiments detectingH and “C long-range couplings were comded. For the last
experiments, we used indirect experiment @{0) because of low sensitivity ofohg-
range couplings in the polymers. To obtain 2D spectra witlod digtal resolution,
narrow range sgrtral widths were usefbr both axes to result in FID resolution of 0.4 Hz
for proton and 4 Hz for carbon.
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Results and discussion

'H and*C NMR peak assignment

Many works elated to the characterizations ajpolyesters have based on the assignment
and analysis of NMR spec{@& 12, 14, 15). Eszially, for the investigtion concerning
the sequence distributions, several authoesnly used theour lines of phenyl gaternary
carbons in terephthaloyl (TP) units(8-10). In the case of PBT/PTMG, Higashiyet al.
suggested that those four peaks atwibutedfor the quaternary carbons in four possible
triads; BD-TP-BD, BD-TP-PTMG(BD site), PTMG-TP-BD(PTMG site), PTMG-TP-
PTMG; abbreiated a88B, BP, PB and PP.

Hard Segment (PBT unit)

9 C 9 A B B A
ILC‘@—C—O—CHZ—CHZ—CHZ—CHZ—O%
D E
TP

BD

Soft Segment (TP- PTMG unit)
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—@— OCH2~CH2—CH2 CHZ—O[CH2-CH2-CH2 ~CH;—0]—
D 2 1~2

PTMG

From the integration of four peaks of theatgrnary carbons, they could edt the
information relevant to the@robablity of four possible triads, though we found that there
were some mistakes in the peak assignment and calculation of sequence lengths. For our
samples, in the case of CDQGolutions, we could find similar patterns of the spectrum as
those in the previous paper(8). However, as previousdyed, we mainly used phenol-
d/TCE as the solvent because of lower solvating power of CD& our samples.
Unforturately, in phenol-dTCE, the resonance lines of those carborig sgo only three

(D in Figure 1). Of course, it is impossible to extr full information relevant to the
probablities of four possible triads from only three lines. We could overcome the
difficulties by making use of additional resonance lines, such as phemgbn and
carbonyl carbon peaks that alsditspnto three lines respectively(@ure 1). Actally, the
comparison of the integral values of these nine peaks revealed that all these peaks had
some relationship with triaghrobablities or their linear combinations. Clearer assignment
could be obtainedhtough 2D HMBC spctra. In Fgure 2-a, we presented 2Degprum

of sample 1 representing long-range couplings between phenyl protons atefngry
carbons. In that gmtrum, four cross peaks are shown, whiokans that there arfour
different heteronclear bng-range couplings between phenyl protons andategnary
carbons. In that 2D sgtrum, we can see that the middle peak of quaternary carbon
shows two cross peaks with two outer peaks of the phenyl proton, and the middle peak of
phenyl proton has also two cross peaks with two side peaks atergary carbons.
Another 2D HMBC(Figure 2-b) gmtrum shows the long-range couplings between phenyl
protons and carbonyl carboriSach line of three peaks of rbanyl carbons corresponds to
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Figure 1. Peak assignment of 'H and 3C NMR spectra according to the chemical structure
and microstructures of PBT/PTMG(sample 1).
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Figure 2. Selected regions of HMBC spectra of PBT/PTMG(coupling between a: phenyl
proton and phenyl quaternary carbon, b: phenyl proton and carbonyl carbon).
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each single line of phenyrotons, whichmeans that the respective three linespaodtons

and carbons origate from the sme microstructures of the polymerbdve results of 2D
HMBC experiments and integral intensity analyses allow us asdigneanine peaks as
follows; for phenyl protons, left peak to BB, middle peak to BP and PB, right peak to PP;
for quaternary carbon, left peak to PB, middle peak to BB and PP, right peak to BP; for
carbonyl carbon, left peak to PP, middle peak to BP and PB, right peak to BB.

Besides above nine peaks in phenyl and carbonyl regions, the peakshatic region also
gave us useful infonation associated with triad sequences. First, we focused overlapped
small peaks beside main peaks in the aliphatic region$i dIMR spectra. Acording to

the close examinations of chemical shiftsugling patterns andH-‘H COSY sgctra, the
small peaks could be assigned to terminal tetramethytgoap of PTMG that dectly
attached to the TP unit(&@ d in the previous structure). Then, the analysis'tf°C
COSY enabled us to assign easily theall peaks in aliphatic regions 6C NMR spectra.

As a result, we could see that the carbon peaks at 65.62 and 25.00 ppratextifyom
terminal tetramethylengroup of PTMG(a, b in previous structure) that hacedirlinkage

to TP unit in the polymer chain. Therefore both the peaks could be consideredtam con
the combined infanation dout two triad; PP and PB. Alsogtause the peaks &6.33

and 24.88 ppm werattributed to the tetramethylengroup of BD portion(A, B in the
structure), both of them are considered to have sum of themafmm of two triads; BB

and BP. The assignment of all the lines of split peaksesponding to above 5 kinds of
nuclei acording to ckemical structures and microstructures were summarized gard-il

and Table 1.

Extraction of poballities of triads

As previously described, each NMR peatrresponding to the five kinds of clei that

were assigned in the previous section has manifestly different aspects in the points of view
of triad sequences. Therefore, it is very promising to albethese peaks to obtain the

Table 1. Assignment of "H and C NMR spectra (from phenol-dy/TCE solution of sample 1)
according to probabilities of triad sequences and their linear combinations

"H NMR peaks vs. triad sequences

Nuclei Phenyl Aliphatic(1) Aliphatic(2)

5(ppm) | 843 | 840 | 837 4.68 4.62 2.14 2.08

Structure * BB BP+PB PP BB+BP PB+PP BB+BP PB+PP

PC NMR peaks vs. triad sequences

Nuclei Carbonyl Phenyl quaternary Aliphatic(1) | Aliphatic(2)

S (ppm) [166.87/166.831166.78|133.83|133.71133.58| 65.62 | 65.33 | 25.00 | 24.88

Structure “ | PP |BP+PB| BB PB |[BB+PP| BP |PB+PPBB+BP|PB+PPBB+BP

* Abbreviations, BB: BD-TP-BD, BP: BD-TP-PTMG, PB: PTMG-TP-BD, PP: PTMG-TP-PTMG.
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information associated with thprobalilities of four possible triad sequences. Of course,
that method is moreaccurate than that of other hats (8 - 10) bcause we can use
simultaneously five independent sets of experimental data. A simple FORTRAN 77
program that performdeast square fitting hrough simplex algorithm was used to fit
experimental data. First, thgrobablities of four triads sequences were assumed and the
intensities of NMR peaks were calculated, then the intensities of NMR peaks
experiments and calculations were compared. Simplgorigthm(in  Numerical Recipe)
automatically changed the valués probalilities of triads to minimize the sum of square
of error mtio; A* = Z[S(exp)-S¢al) /S(expj. The fitting was continued up to the point
at which the erroratio did not vary at constant level. Four two samples, thealculated
sum of square of erroatios were less thatx10° for most expeéments.

Calculation and comparison of sequence pagtars

The main purpose of this study is to t@n the exactknowledge of the sequence
distributions of PBT/PTMG that have two different chemical compositions. This may be
partly attained by making use of inpeetation of probablities of triads sequences(Table

2). In addtion to those ones, there are other parameters giving detailed microstructural
information of the opolymers. From the probdities of triad sequences, average
sequence lengths of hard and soft segments can be calculated as follows; hard segment
length, HSL=([BB]J+[BP])/[BP]; soft segment length,SSL=([PB]J+[PP])/[PB], where

[AB] is the proballity of AB sequence. Because [BP] must be the same as [PB] assuming
infinite chain, we used average values in real calculatownsimgicity. Practically, the

Table 2. Observed and theoretical parameters of sequence distributions of two
PBT/PTMG copolymers (using phenol-ds/TCE as the solvent)

Probabilities of triad Sequence |37 < Segment ¢

- of lecul HSC

Samples sequences(%) length PTMG m\i;g‘}:taf (%)
BB | BP | PB | PP [HSL"| SSL’ HMW*| SMW*

Expg 487 | 21.1 | 198 | 104 | 338 1.50 1,888 744 3054 | 1960

) "1 027)] 030)| (021) | (013)] (004) | ©4) | (16) | (9 | (62) | (030)

The" | 487 | 211 | 211 | 91 332 | 144 | 1888 729 | 2917 | 2000

Bt | 691 | 142 [ 138 [ 29 | 594 [ 121 [ 1880 | 1309 | 2455 | 3478
) 22| 02| 011 | ©026) | ©08) | ©02) | @0) | A7) | (38) | 034)

The" | 693 | 139 | 139 | 29 596 | 120 | 1880 | 1,312 | 2437 | 3500

* Sequence length of hard segment.

" Sequence length of soft segment.

¢ Number average molecular weight of PTMG in copolymer calculated from NMR spectra.
¢ Number average molecular weight of hard segment calculated from NMR spectra.

* Number average molecular weight of soft segment calculated from NMR spectra.

" Comparison of calculated and fed hard segment contents.

® Averages of five independent experimental results and standard deviations(in parenthesis).
" Theoretical parameters calculated from feed ratio and measured M , of PTMG.



593

extractedproballity of triad sequences was also used to calculate the molecular weight of
PTMG in block copolyester. As in the case of starting PTMG, daleulation of number
average molecular weight of PTMG could befpened by the comparison of the integral
values of NMR peaks of terminal with those of central part of tetramethydemgp of
PTMG chain. Because direct comparison of small and large peaks might give significant
errors in obkaining the ratio of the intensities, we used fitted valdes terminal
peaks(PP+PB) instead of direct integral values of a - d peaks in NMR spectra. Then we
found that ourmethod gave us vergccurate number average molecular weight of PTMG
within real ®polymers(see standard d@vons in Table2). Conceptally, the product of
segment length and molecular weight of unit segmenoiduces the average haoular
weight of each segmented block. For example, average molecular weight of soft
segmented block was calculatetiraugh prodation of SSL by molecular weight of
PTMG added by 148.12(corresponding to TP unit) and so onallinunder the
assumption of infinite chain, hard and soft segment contents were easily obtamed
such average molecular weights of each segment on the basis of schematic picture of
alternation of hard and soft segments in blogatymer.

Despite versatile uses of the NMR med in quantication of sequence distributions, we
found the large errors and dations between the data in previouoris(8-10). In this
study, as previously described, we found thatmetic protons of PBT/PTMG gave well
resolved NMR lines in phenol/dCE and the simultaneous fitting of sevegtoups of
carbon signals could overcome, in part, poor Séiorof “C NMR. Therefore we think

that the errors inmeasurement have been greatly reduced compared to the previous
studies. To evaluate the accuracy of this hodi five sets of above pameters were
independently calculatettom five measurements. Themgr each parameter, average and
standard deviation were evaluated. We could see that the standard deviations(the values in
parenthesis in Table 2) were very low for mostapaeters which meant that the method
was very accurate in elucidation of the real microstructures of the polymers.

Generally, when one designs and prepares the copolyesters, thetitiaosequence
distributions as well as chemical compositions of the polymers caknben from feed

ratio. However, to calculate theoretical parameters, the molecular weight of PTMG in real
copolymer is indispensableebause for given HSC, sequence distributions depend on the
M, of PTMG. As mentioned in the experimental sewcti we measured the number
average molecular weight of starting PTMG by two moes (end-group analysis by
titration and NMR mdtod). As a result, we could see good emgnent of both the
measurements with maker's specificatioh =2,004(31) by end-group analysis and
2,015(35) by NMR where the values in parenthesis were the standaatiatess of five
independent experiments. Howevdor the PTMG in the eal ®polymer, the observed

M 's have found to be lower than those from thecijzation: 1,888(16) for sample 1

and 1,880(20) for sample 2(Table 2). Though these values were noeaty gdifferent

from those of starting ones, we could see that ieca#id the theoretical microstructural
parameterdor given HSC. Moreover, tatistical significance test showed that there were
true differences between the molecular weights of startingI@&sI and those within the
copolymer with more than 95% d¢aimmty. This means that there exist certain extent of
degradation in PTMG during the prepaon of the copolymer as reported by other
authors(14, 16). When we used the obserMd of PTMG, theoretical sequence length
and chemical compositions, wefeund to be rather close to the observed ones(Table 2).
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We think that the imposed condition of the polymerizatmmocess is sufficienfor all
ingredients of the startingraterials to be radomly copolymered. In that point of view,
good ageement of various parameters betweenomheand expament @nfirm the
suitability of this mebod for exact analysis of the chemical composition and
microstructures of the PBT/PTMG and other relevamiotyester.
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