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ABSTRACT: Small-angle neutron scattering (SANS) experiments were performed on blends of deuterated
and nondeuterated copolyesters of poly(ethylene terephthalate) (PET) and poly(p-hydroxybenzoic acid)
(PHB). The PET content varied between 80 and 60 mol %, the sample containing 60 mol % being liquid
crystalline. Depending on the time of melting during sample preparation, transesterification took place to
various degrees resulting in samples in which the molecules contained deuterated and nondeuterated blocks
of various lengths. The average degree of polymerization and radius of gyration of these blocks were measured
and the length of the statistical element b was calculated as a function of composition. The transition from
the amorphous to the liquid-crystalline state did not lead to an additional increase in b. From this it was
concluded that, in the nematic state, the molecules are not elongated. From the length of the statistical
element, the average degree of polymerization of the PHB sequences could be estimated.

I. Introduction

Small-angle neutron scattering (SANS) has been suc-
cessfully applied to determine the molecular conformations
in amorphous and semicrystalline polymers. Usually the
degree of polymerization and the radius of gyration of the
molecules are measured. It was shown that the molecules
in the bulk form Gaussian coils with a radius of gyration
being the same as in a © solvent.1? In the polymers
investigated the radius of gyration does not change during
crystallization.®# This was explained by Lieser et al.? in
terms of a solidification model which was first proposed
as a possible model for crystallization by Wunderlich® and
Ewers et al.t

A comparatively new question is that of the molecular
conformations in aliquid-crystalline polymer. The chains
are lying almost parallel within a nematic or smectic
domain. Therefore, one could assume that the molecules
are highly extended in such domains. However, prelim-
inary investigations’ indicated that the molecules have
the radius of gyration of unperturbed chains, at least in
the case of nematic phases formed by semiflexible chains.

During annealing of polyesters, transesterification re-
actions take place. When performing SANS studies on
blends of deuterated and nondeuterated polyesters, one
has to consider these reactions which lead to block
copolymers consisting of deuterated and nondeuterated
blocks. As the chemical polydispersity cancels the cor-
relation hole effect,8 the average degree of polymerization
Zw and radius of gyration {Rg?),!/2 of the deuterated and
nondeuterated blocks are obtained in the same way as Zw
and (Rg2),!/2 of whole molecules in a blend of deuterated
and nondeuterated material.® Therefore, by means of
SANS, it was possible to measure both the rate of trans-
esterification and the molecular radius of gyration in poly-
(ethylene terephthalate) (PET).%15 A theory for the
kinetics of the transesterification reaction was also de-
veloped.918

In the work presented in this publication we have
investigated the following question: How does an in-
creasing amount of stiff units in a copolymer consisting
of flexible and stiff units change the average radius of
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gyration (Rg2),1/%? Of special interest was the change of
(Rg?),1/2 occurring when the concentration of the stiff
units reaches the critical value at which the copolymer
becomes liquid crystalline. In addition, the relation
between (Rg2),!/? and the average degree of polymeriza-
tion of the blocks of the different units is discussed. Co-
polyesters of PET and poly(p-hydroxybenzoicacid) (PHB)
containing different amounts of PHB were investigated.
The PET units form the flexible parts in each molecule;
the PHB units form the stiff parts.

I1. Theory

The reduced scattering intensity i(q) is defined as the
measured differential scattering cross section dZ/dQ(g)
divided by the number density of monomers N, by the
contrast factor (ag — ap)? where ay and ap are the coherent
scattering lengths of the nondeuterated and the deuter-
ated monomers, respectively, and by xp (1 — xp), where xp
is the fraction of deuterated chains:

i(g) = (d2/dQ)/(N(ay - ap)2xp(1 - xp)) (1)

In mixtures of deuterated and nondeuterated polymers
i(q) is given by

i) = (1 - xp)/ZpPp + x5/ 24Py @

where Zp and Zy are the weight-average degrees of po-
lymerization and Pp and Py are the structure factors of
deuterated and nondeuterated chains, respectively. g is
the scattering vector given by (47 /A) sin (8/2), 6 being the
scattering angle. Thisequation wasderived by de Gennes!?
as arandom-phase approximation of blends of deuterated
and nondeuterated chains. Leibler and Benoit® have
shown that this equation may also be applied for copol-
ymers of deuterated and nondeuterated chains if the poly-
dispersity Mw/Mn of these chains is approximately 2 and
qRc = 1.

The samples investigated consist of four different mon-
omeric units, namely deuterated PET, nondeuterated
PET, deuterated PHB, and nondeuterated PHB. After
correction of their coherent scattering lengths with respect
to the different molar volumes,!2 it becomes obvious that
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the contrast between the deuterated units and the non-
deuterated units is an order of magnitude higher than the
contrast between equally labeled PET and PHB units.
Therefore, to a good approximation the coherent scattering
lengths of the deuterated units can be averaged to

ap = xpgreper,p T (1 — XpET) VeET/ VEHBOPHBD ()
where xpgr is the volume fraction of PET and Vper/ Veus
is the ratio of the partial molar volumes of the PET and
the PHB monomers. When we dothis, the apparent degree
of polymerization Z as determined by neutron scattering
is given by Z = npgr + Vperr/ Vrupnpus, where npgr and
npyp are the number of PET and PHB monomers per
molecule, respectively. The ratio Vpgr/ Vpup was calcu-
lated from density measurements to be 1.75. In a similar
way the coherent scattering lengths of the nondeuterated
monomers of both components can be averaged to

ay = *perdpery (1 - Xper) Veer/ Vemptpusn (4
Finally, the number of monomers per unit volume N is
given by N = p/Nymy, where p is the sample density and
my is the average mass of PET-sized volume elements. mq
can be calculated from the masses of the PET and PHB
units by means of the equation

mq = %ppr(*pMprrp + (1 - *p) Vegr/ VeusMpusp) +
(1 - xppr)(xpmpprn + (1 - 2p) Vppr/ Veusmeupp) (5)

where mpgrp is the mass of a deuterated monomer PET
unit and so on.

From the angular dependence of the reduced intensity
i(q) the average degree of polymerization of the deuter-
ated and nondeuterated block, Z, and the z average of the
square radius of gyration (Rg?), can be determined. As
the structure factors of the deuterated and the nondeu-
terated chains are the same, we can write Pp = Py = P,
and eq 1 becomes

ig)" = (ZP(g)™ (6)
with Z = ZpZy/(xpZp + (1 - xp)Zy).
In the case of Gaussian chains P(q) = 2/u(u -1+ e¥)
with u = ¢2(Rg?)z and we obtain

(@) = Z1 (1 + g% (R /3 + ...) (7

In a Gaussian chain consisting of ng freely jointed segments
ls (Rg?) isgiven by (Rg2) = (h?) /6 and the average square
end to end distance (h?) is equal to ngls?. To replace n,
and /, by the number of monomer units Z and the length
of a monomer unit l, one takes into consideration that
ngls = Zly and obtains

(h?) = Zb? ®)

with b2 = lyls. bis called thelength of a statistical element.
From this it follows that

<R = Zb%/2 = Myb*/6m, ©)

II1. Experimental Section

Nondeuterated copolyesters of PET and PHB containing 80,
70, and 60 mol % mol % PET were synthesized from PET and
p-acetoxybenzoic acid as described by Jackson and Kuhfuss.!®
The PET used for this synthesis was obtained from dimethyl
terephthalate and ethylene glycol as described in a previous
publication.?® As it is known from other investigation,'®2! the
copolyester containing 60 mol % PET is partially liquid crystalline
while the other ones are isotropic.

The deuterated materials were synthesized in the same way
as the nondeuterated ones, starting from deuterated dimethyl
terephthalate, ethylene glycol, and p-hydroxybenzoic acid. How-
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Table I
Mole Percent of PHB, Intrinsic Viscosities, and Apparent
Molecular Weights for the Copolyesters Investigated

fraction of PHB as charged, 20 30 40
mol %
fraction of PHB as determined 19 27 38
by H NMR, mol %
intrinsic viscosities, dL/g 0.458 0.419 0.481
molecular weight 17 300 15 200 18 500

calculated by eq 1

ever, the time for transesterification of the dimethyl terephtha-
late with the ethylene glycol had to be increased from 2to 4 h
as this reaction obviously proceeds more slowly in the deuter-
ated material than in the nondeuterated one. The times of trans-
esterification of PET with PHB under argon had to be also
increased from 30 min to 1 h.

The deuterated monomers were obtained in the following ways:
Ethylene glycol was purchased from Hempel Co.; dimethyl tere-
phthalate was synthesized from deuterated terephthalic acid,
purchased also from Hempel as described earlier.’® For the
synthesis of deuterated p-hydroxybenzoic acid a new method
was developed: Deuterated phenol is treated with KOD (deu-
terated potassium hydroxide) dissolved in D;O at room tem-
perature. After distillation at 80 °C in vacuo, one obtains
deuterated potassium phenoxide. The phenoxide is dried for 1
h at 100 °C in vacuo and then ground and again dried for 4 h at
150 °C in vacuo. Then it is treated with potassium carbonate
in carbon monoxide at 240 °C for 7 h under pressure (50 bar) in
an autoclave. After cooling to room temperature, the material
is dissolved in D;0 and acidified with deuterated sulfonic acid.
The precipitated deuterated p-hydroxybenzoic acid is filtered
offand dried. To purify the product, the dried powder is dissolved
in ether and filtrated. Then the ether is evaporated in a rotary
evaporator. Finally, the purified material is dried again and
sublimated at 160 °C in vacuo.

The synthesized material was characterized by viscosimetry.
The intrinsic viscosities were measured in 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) and apparent molecular weights were cal-
culated from these viscosities by means of the relation

[n] = 5.2 X 107 M, "% (10)

which is valid for PET,2 the viscosity being given in dL/g. The
results are shown in Table 1.

To obtain blends of deuterated and nondeuterated copoly-
esters for the SANS measurements, the deuterated and non-
deuterated material of each copolyester was dissolved in HFIP
and then coprecipitated by ethanol. The concentration of the
solution was 8.8 wt %; the fraction of deuterated material was
50 mol %. The solutions of the copolyesters containing 20 and
30 mol % PHB were completely clear. In contrast, the solution
of the copolyester containing 60 mol % PET was slightly turbid.
In all three cases, the precipitation was performed from the
solution as it was obtained without filtration. The precipitated
powder was dried for 120 h at 40 °C in vacuo. Then 0.2 mm thick
amorphous films were produced by melt pressing in vacuo
followed by quenching in ice water. The melt pressing was
performed at three different temperatures above the melting
point, i.e., 240, 250, and 260 °C for the copolyester containing 20
mol % PHB, 230, 250, and 260 °C for the copolyester containing
30 mol % PHB, and 250, 260, and 270 °C for the copolyester
containing 40 mol % PHB. The melting time was varied between
10 and 1000 s. Neutron scattering experiments were performed
at the Institut Laue Langevin (ILL) in Grenoble using the D17
diffractometer with a sample to detector distance of 2.8 m and
aneutron wavelength A of 12A. The wavelength resolution (fwhh)
was 10%. The data were collected on a 64 X 64 two-dimensional
position sensitive detector. The two-dimensional data were
circular averaged by ILL-supported routines.? After normal-
ization to an absolute intensity scale as described by Kugler et
al.,’ we obtained the differential scattering cross section dZ/
dQ(g). The incoherent background and the coherent background
arising from density fluctuations and voids were removed by a
weighted subtraction of the scattering of a totally deuterated
and a totally nondeuterated sample which were obtained under
the same conditions as the H,D-mixture sample. This procedure
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Figure 1. Zimm plot of the reduced intensity i(q) corrected
with respect to incoherent scattering and density fluctuation
scattering for a copolyester containing 80mol % PET melt pressed
for 10 s at 250 °C.
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Figure 2. Zimm plot of the reduced intensity i(g) corrected
with respect to incoherent scattering and density fluctuation

scattering for a copolyester containing 60 mol % PET melt pressed
for 10 s at 250 °C.

was proposed by Gawrisch et al.?# Finally, the reduced intensity
i(q), given by eq 1, is calculated and i(g)™! is plotted against g2.

IV. Results

Figure 1 shows the Zimm plot of the reduced small-
angle neutron scattering intensity of the copolyester
containing 80 mol % PET. Before plotting, the scattering
arising from density fluctuations and voids as well as the
incoherent scattering was subtracted as described under
Experimental Section. As one can see, a straight line is
obtained. A similar straight line was found for the co-
polyester containing 70 mol % PET. Incontrast,asshown
in Figure 2, in the case of the liquid-crystalline copoly-
ester containing 60mol % PET theresultslead to astraight
line at larger scattering angles only, while at small
scattering angles the intensity is proportional to g4,
indicating that particle scattering predominates.?® This
may be due to some undissolved PHB clusters which may
also cause the turbidity of the solution of this copolyester.
This particle scattering, obviously, cannot be correctly
subtracted when we perform the corrections described
under Experimental Section.

From the scattering curves the average degree of po-
lymerization Z and the average radius of gyration { R2),1/2
of the deuterated and the nondeuterated sequences were
determined according toeq 8. The Z average of thesquare
of the radius of gyration is converted to its weight average
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Figure 3. Degree of polymerization Z of deuterated and non-
deuterated sequences divided by the degree of polymerization of
the whole molecule as a function of melting time for a copoly-
ester containing 70 mol % PET. Parameter: Temperature of
melting Tv.
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Figure 4. Radius of gyration (Rg?),/? of deuterated and non-
deuterated sequences as a function of the square root of their
degree of polymerization Z. The dotted line represents the
function for a rodlike molecule.

by means of the relation? (Rg2),/(R¢?)w = (1 + 2U)/(1
+ U), where Uis the polydispersity Mw/Mn~1. According
to previous results? and theoretical considerations U was
assumed to be 1. Due to transesterification, these pa-
rameters decrease with increasing melting time. As an
example, Figure 3 shows the decrease of Z for the co-
polyester containing 70 mol PET.

As a consequence of the transesterification process,
which in principle is not wanted in investigations of chain
conformations, we obtained results for a great variety of
sequence lengths and radii of gyration by applying different
melting times and temperature. Figure 4 represents the
weight-average radius of gyration (Rg2)w!/2 as a function
of the square root of the average degree of polymerization
Zw1/2 of the deuterated and nondeuterated sequences for
the three copolyesters investigated. One can recognize
that the radius of gyration increases linearly with Zw!/2
as expected in the case of Gaussian coils.

Figure 5 shows the ratio ((Rg?)w/Mw)/? as a function
of composition. My is the weight average of the deuter-
ated and nondeuterated blocks. With increasing amount
of PHB this ratio increases. In addition, in Figure 5 the
length b of the statistical element, obtained from this ratio
by applying eq 9, is represented. It is interesting to note
that the incorporation of the stiff PHB units does not lead
to an increase of b if the fraction of these units is 20 mol
% only. The value obtained for the homopolymer PET
in a previous publication® is also indicated in the figure.

V. Discussion

1. Chain Conformations in the Liquid-Crystalline
State. Figure 4 shows that, at constant degree of po-
lymerization Z, the radius of gyration becomes larger when
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Figure 5. Guinier ratio (Rg?/Mw)!/? and length of a statistical
element b as a function of composition of the copolyesters.

the fraction of PHB increases. This can be explained by
the fact that the PHB units are stiffer than the PET units.
Inthe transition from the isotropic to the liquid-crystalline
state, only the usual and no additional increase in (Rg?)1/2
is observed. This resultis in conflict with the assumption
of completely extended chains in the liquid-crystalline
domains, as such conformation would lead to much larger
values of (Rg2)1/2, In addition, the increase of the radius
of gyration with the square root of the degree of polym-
erization is linear for the liquid-crystalline copolyester too.
This means that, in the nematic state too, the chains obey
Gaussian statistics, at least at a larger scale. If the chains
were completely extended, {Rg2)!/2would be proportional
to Z'/2 as indicated by the dotted line in Figure 4, which
obviously was not found.

We therefore assume that the conformations of the
chains in the nematic phase are similar to those in a sem-
icrystalline polymer. In these polymers, each chain, far
from being extended, often bends and may go through
several crystalline and noncrystalline regions. Bending
may occur by forming ideal folds or loose loops. Similarly,
within the nematic domains, the molecules may showsharp
folds or more extended orientational disorder correspond-
ing to the loose loop in the semicrystalline material.
According to our model the transition from the isotropic
to the nematic state takes place by straightening of some
parts of the molecules without changes in the overall
conformation, in the same way as described in the
solidification model of crystallization.56

A model in which the molecules form sharp loops was
discussed by de Gennes.2” However, also more extended
regions of orientational disorder may be possible. Probably
all questions which were discussed in connection with ideal
folds and loose loops in polymer crystals can be raised
again with respect to structure in nematic domains of semi-
flexible chains.

2. Dependence of the Length of the Statistical
Element on Composition. Figure5shows that the length
of the statistical element b of the copolyester containing
80 mol % PET does not exceed the value measured on
pure PET despite the presence of the stiff PHB units.
Thus, an introduction of only a small amount of stiff units
does not alter the chain conformationsignificantly. Higher
amounts of PHB lead to an extension of the Gaussian coil.

How can thisbe explained? Ifwe apply the freelyjointed
segment model for the copolymer and assume that both
components are flexible chains having the b values bpgr
and bpyg, respectively, according to eq 8 we obtain for the
average square of the end to end distance (h2?) of a
copolymer chain

(h*) = npgrb’per + npupb’ous (11)
Here npgr and npyp are the number of PET and PHB
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Table II
Comparison of the Experimentally Determined Values of
the Lengths of PHB Blocks with the Values Calculated by
Assuming a Statistical Distribution of the PET and PHB

Monomers
fraction of PHB, mol % 20 30 40
Zpyp as calculated for a 1.3 1.4 1.7
statistical distribution
Zpyp experimental from ref 25 2.5 2.1 10.3
Zpys experimental by eq 14 31 84 13.2
Zpyp experimental by eq 16 0.2 4.3 9.0

monomers per molecule. They are given by the sum of
the degrees of polymerization of all PET blocks Y vphs,
respectively. This yields an average b value

(b%) = (h?)/n = xpprb’ppr + (1 - xppp)bppp  (12)

where xpgy is the mole fraction of PET given by npgr/n
and n = npgt + npyp is the average degree of polymer-
ization of the copolyester. As bpyp obviously has to be
larger than bpgr, eq 11 leads to a monotonic increase of
{b?) with increasing PHB content. This is in contrast to
the experimental result. Therefore, we have to modify
our assumption.

We assume that the PHB blocks are completely stiff
rods. Let »pyp be the number average of the degree of
polymerization of the PHB sequences. Then, the average
length of a PHB block is vpup lo,pup, and in each deuter-
ated or nondeuterated block there are, on the average,
npup/v sequences present. Thus, we obtain

(h*) = npgrbpgr + (Ppup/vpup) (Vpus lo,PHB)2

_ 2 2
= npgrd per + NpupYeuslopus (13)
and

(%) = (h?)/n = xpprbpgr + (1 - Xppr)vpuplopus” (14)

In this case (b?) may also decrease with increasing PHB
content because vpyp may vary. As a matter of fact, one
can use eq 14 to calculate the average degree of polym-
erization of the PHB block, vpup, from the measured values
of (b?) as eq 14 can be rearranged to

vpup = ((6%) = 2pprbper) / (1 = xpgr)lopus’)  (15)

The results for vpyp obtained by eq 14 using the values
bper = 1.32 nm (as measured on the homopolymer PET)
and lopup = 0.63 nm (as calculated by means of the usual
values of atomic distances), are listed in Table II. For
comparison the values obtained from SANS in a previous
investigation on a copolyester in which only the PET was
deuterated!? together with the values calculated for a
random copolymer (vpug = xppr!) are given. As one can
see, the average degree of polymerization is larger than is
expected in a random copolymer. In both kinds of
measurements the deviations are largest in the case of the
copolyester containing 60 mol % PET. However, the
agreement between the twoinvestigations is not complete.
The values obtained in this work are somewhat larger than
those of the former samples. This is not surprising because
it is quite reasonable to assume that the deviation from
randomness varies from sample to sample, especially if
differently deuterated monomers are used, as it is here
the case.

We have also tried to evaluate the results by using a
slightly different model. It seems to be questionable
whether a stiff sequence of PHB can be considered to be
freely jointed with the two adjacent PET units. Therefore,
we have added to each PHB sequence a PET monomer
unit of length lp per and have considered this composite
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sequence to be a freely jointed segment instead of the
PHB sequence. Equation 14 is then changed to yield

(b%) = (h*)/n
= (tpgr ~ (1 - 2ppr) /vpup)b’per +
(1 - xpgr)/vpup(vpuplopus + loper)’ (16)
By use of this equation vpyp Was also calculated, and the

results are given in the last row of Table II. The values
obtained are somewhat smaller than those found by eq 14.

VI. Conclusions

The introduction of stiff PHB units into a flexible PET
chainincreases the value of ((Rg?)w/Mw)1/2and therefore
the length of the statistical element b, as expected. When
a fraction of 40 mol % PHB is reached and the material
becomes liquid crystalline, no additional contribution to
this increase of this ratio is observed which could be
attributed to an elongation of the chains in the nematic
domains. In addition, in the liquid-crystalline material
the average radius of gyration increases proportionally to
the square root of the degree of polymerization in the same
way as in the isotropic amorphous state. From this it is
concluded that the chains in the nematic domains are not
completely elongated; stretched parts of the chain alternate
with folds similar to the conformations in a semicrystal-
line material.

Measurements of the radius of gyration may also be
used to determine the average degree of polymerization
of the PHB sequences. It was found that this degree of
polymerization is about twice as large as expected for
random copolymers.
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