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Cooperativity of the B-relaxations in aromatic polymers
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The dielectric loss spectra of a series of copolyesters of(etilylene terephthalgteind polyethylene
isophthalatghave been measured as a function of temperature in a broad frequencyT@rgel® Hz). By
these measurements, the merging of the two relevant relaxatiamsl 8 has been studied. The processes
exhibit a complex temperature dependence, showing a clear Arrhenius dependence at temperatures well below
the glass transition temperature, a transition zone where the characteristic relaxation time of this process nearly
does not change with temperature, and an Arrhenius behavior with a higher activation energy for temperatures
above the glass transition. The analysis of these results indicates thatdlexation in these systems presents
typical characteristics of a genuine Johari-Goldstein process. This finding has been interpreted as due to the full
monomer extension of the molecular motions involved infrelaxation in agreement with recent proposals.
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INTRODUCTION @(t) = exyd - (/7). 2

Among the intriguing phenomena associated with the |f this primitive relaxation is responsible for the existence
glass transition is the existence of amelaxation dominating of the secondary process, it is expected that its characteristic
the relaxation map of glass forming systeftk This process time 7, is approximately the same as the characteristic time
is manifested at temperatures above the glass transition terof the 8 relaxation,7,. This approach has been shown to be
perature(Tg), and it is associated with the cooperative reori-valid for a great variety of low molecular glass formif46]
entations and/or translations of the relaxing species. Whe@ind polymer network$7]. In polymer systems thg relax-
the g|ass forming system is a po]ymer’ therelaxation is .ation is iljdepend_ent of thﬁ process when it is due to local-
attributed to cooperative segmental rearrangements in tHiged motions of side chains and lateral pendant gr¢psn

main chain. However, in the relaxation map, there is also a"€S€ cases, thg relaxation bears no similarity with the

weaker process that appears at higher frequencies and is u§@ncept of JG relaxation. However, it has been recently

ally denoted as3 relaxation[1]. The 3 relaxation can be Snown that for polymers without pendant groups or side

detected even below,. Traditionally, theg relaxation was chains, like, for example, 1,4-polybutadiene, or 1,4-

assigned to local motions of only a part of the molecule ancpoly_lsoprene, the,G relaxation mvolv_es the whol_e mono-
therefore it was considered to play no role on thprocess. meric repeat unif8]. Therefore, even if th relaxation may

However, the discovery by Johari and Goldsteingofelax- involve different intramolecular motions, when if affects es-
ations in’ low-molecular-weight rigid molecules)z indicated sentially all atoms of the repeat unit, it can be envisioned as

that in some systems th@process involved the whole mol- aJG process as sho_wn by a recent repejt -

ecule. In these cases, tBaelaxation is referred to as Johari- '!'he !mgrovzmept In resolution andhthe possl(sz)llgy r?f mea-,
Goldstein(JG) relaxation[2]. According to Joharj3], struc- suring In broader frequency ranges has provided the possi-
tural nonuniformity within the glass leads to heterogeneity inbIIIty of studying in more detail this weakes relaxation.

. : ; ased on previous molecular dynamics simulatigl$,
mobility. The secondary process occurs in the regions wherg )
the mobility is higher. Recently, the relaxation time of the JG. oyd and Bravard10] have proposed that th@ relaxation

process has been found to be empirically related to the primi'-n a paradigmatic aromatic polymer like pGhylene

tive relaxation time of the coupling mod€CM), which is terephthalafe(PET), as studied by dielectric spectroscopy, is_
the precursor of thex relaxation[4]. The CM provides a a complex process that can be deconv_oluted Into three .d'f'
relation to estimate the characteristic relaxation time for thgerent con_tr|but|ons, each of th_em assoufited with the motion
predicted primitive relaxation, of thre_e dlfferent bonds mvolvmlg essenuglly thg whole mo-
nomeric unit. They remark that, in comparison with gel-
7= (t)" (7)™, (1) ylene 2,6-naphthalene dicarboxylptd®EN) with identical
chemical structure to that of PET with the exception of the
phenyl group of PET being substituted in PEN by a naphtha-
lene group, a particular component of tAgrocesgthe one
gppearing at lower frequencjemay have slight intraseg-
mental cooperative character.

With these ideas in mind, we have attempted to under-
stand the connection between thend 8 relaxations and to
probe the possible cooperative nature of theslaxation. To
*Corresponding author. achieve that, we have selected a series of random copolymers

where 7, in EqQ. (1) is the characteristic relaxation time of

the « process{, is the crossover time from independent to
cooperative relaxation and has been estimated to b
2x 107*? sec from neutron scattering experimefig andn

is related to the exponent in the Kolraush function:
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EI —0—C c— 0_6 cgzﬁ._ Films for dielectric spectroscopy were provided with cir-
Il ﬂ) 2 cular gold electrode® cm diameter for the low-frequency-

range experiments and 0.5 cm diameter for the high-
frequency rangeby sputtering the metal onto both free
ET —O—ﬁ‘@ﬁ—o—f CHﬁz-— surfaces. In some particular caséew E_T content Kapton
0 0 spacers 12@m thick were used to avoid the two electrodes
FIG. 1. Chemical structure of the monomers corresponding td© collapse at high temperatures. DSC experiments were car-
the studied polymeric systems. ried out using a Perkin-Elmer DSC4 instrument provided
with an ethanol cooling bath. The temperature was calibrated

of PET and polyethylene isophthalat¢PEl). The chemical by using indium. The ;amples were e_ncapsulate_d in alumi-
structure of the investigated samples is presented in Fig. {lum pans, and the typical sample Wel_ghts used in these ex-
The ethylene isophthalate units provide the same est eriments were ab_out 6 mg. The heating rate <*amployed was
groups to the macromolecular chains than the ones in the0 </min. Dielectric loss measurement$=Im(e’), where
ethylene terephthalate units. However, due to its chemicdi 'S the complex dielectric permittivity, were performed
nature and to the formation of copolymers, this family allowsOver & broad frequency window T0<F (Hz) <10 in a
us to explore the coalescence betweendlend 8 processes emperature range of 123T (K)<473. To cover the above
at very high temperature, avoiding the crystallization of theffequency range, two different experiment setups were used.
systems. As a matter of fact, the rate of crystallization ofFTom 10 to 1¢° Hz a Novocontrol system integrating an
both PET and PEI was found to be strongly depressed bfLPHA dielectric interface was employed. In the range
copolymerizatior{11]. The interrelation between the second- 10°—1C° Hz, dielectric measurements were obtained by
ary and thea process in this series of copolymers has beerfn€ans of an HP 4291 coaxial line reflectometer. In this case,
studied in a broad-frequency-range dielectric spectroscopyh€ dielectric loss was calculated by measuring the reflection
in order to shed some light on the role of the secondanfgoefficient at a particular reference plafigl. These two
process is glass forming polymers. instruments are integrated in a Novocontrol broadband di-
electric spectrometer. The temperature in this spectrometer is
controlled by a nitrogen je(QUATRO from Novocontrol
EXPERIMENTAL PART with a temperature error, during every single sweep in fre-

quency, of 0.1 K.
All the samples were synthesized according to the well-

known two-stage polycondensation procedure. In order to

obtain the two homopolymers and the copolymer family with RESULTS
different relative composition, several amounts of dimethyl
terephthalate, dimethyl isophthalate, and ethylene glycotl
were used employing TOBuU), as a catalysf11]. The ob-
tained copolymers are statistical, and in all cases the weig
average molecular weight is arouMj,=50.000 g/mol. The
molar composition and the chain structure of the sample

ﬁéengf}]tgaggti?ebgsgjeﬁn;igﬂv@'?khqsfgeeﬁfi@s;;rﬁjﬂ Withobserved together with a fast@rprocess located at higher
P frequencies. For the temperatures néathe « process ap-

different content of ethylene terephthalate units is presentesears well separated from th@one. However, as tempera-
in Table I. After vacuum drying at 363 K for 24 h, the pow- . P S S P
ture increases, both relaxations exhibit very different

ders originated from the synthesis were melt pressed aynamic-temperature dependence, and hence there is a pro-

560 K for 2 min and subsequently quenched to room tem- : . . ;
perature using water refrigerated metal blocks. In that ma>gresswe merging. At high enough temperatures, only a single

n H H H H H _
polymer films of about 25:m were obtained. ﬁzaq;g:]('gu;?elvsea?;;g_eg (|)n8;[hose samples in which crystal
_ The relaxation curves as a function of frequency were
TABLE I. Nomenclature used in the present work, molar frac- analyzed according to the Havriliak-NegahN) formal-
t'O“t?f ET(;‘?'IS'Tgr?f tfh? Sampf'es as measured by DSC, @gdnd 51y "jy this case, the main features appearing in a typical
D obtained from the fittings of F,, o Eq. (5). dielectric loss(e”) frequency scan can be phenomenologi-
cally described as the superposition of two HN processes and
a conductivity term as follows:

Figure 2 shows, as an example, for four selected samples,
he corresponding” values as a function of frequency for
ﬁ?mperatures at>T,. In the dielectric loss spectra of all the
studied samples it is possible to distinguish two relaxation
processes in different temperature regions. At low frequen-
Cies, a prominent maximum, assigned to theelaxation is

Molar fraction

Sample name ET units Tg (K) To (K) D

S
ET100(PET) 1.0 350 308 47 8":(i) +|m( D : Az — ) 3)
ET80 0.8 345 293 5.8 gow ke, L1+ (10T 1) %]%
ET60 0.6 343 283 6.7 . . . S
ET40 0.4 339 274 25  Whereo is the direct current electrical conductivity is the
ET20 0.2 337 270 79 Vacuum permittivity, the coefficientQs<1 depends on the
ETO0 (PEI) 00 335 264 g5  conduction mechanisnil,13, w is the angular frequency

(w=27F), A is the dielectric strength of the relaxatiomy,
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FIG. 2. Dielectric loss relaxation spectra as a function of fre-
quency for selected temperatures, as indicated by the labels, pre- 8

sented for four sample$ETOQPEI, ET20, ET80, and ET100
(PET)]. The two main relaxation processasand 8 are observed.
Solid lines represent best fits according to E).

is the most probable value of the relaxation time distribution
function, andb and c are shape parameters related to the

symmetric and asymmetric broadening, respectié&l4].
The central relaxation time has been calculated as being

1 b -1hb 1/b
T= = THN sin—— Si , (4)
27 2+ 2

whereF . is the frequency of maximum loss. This sort of

ber
n
2+2c
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FIG. 3. Dielectric loss values for ET80 sample at T=363 K. The
solid line corresponds to the best fitting from E8). Dotted lines

show the separated contribution of the conductivity tésfl,,) and
the B and « relaxation, respectively.

separatedB and « processes. At high temperature, tfge
relaxation maximum is located near the edge of the fre-
quency window.

The variation of the obtained HN parameters as a function
of temperature is presented in Fig. 4. As a general trend, in
the whole copolymer series, the HN parameters fordlzad
B contributions present a similar evolution with temperature.
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addition method has been successfully applied for describing g5 4. Havriliak-Negami parameters obtained for the whole

experiment data on the merging of tjfeand « relaxations
[15-17.

copolymer series corresponding to tBgleft panels and « (right
panel$ relaxations: dielectric strengthe (a; and g), symmetric

Figurel3 shows as an.example the separation procedure gfoadening parametdr (b, and k), asymmetric broadening (c;
the mentioned contributions tg’ for the case of the ET80 and g), and central relaxation timeyy (d, and o). Different sym-

sample measured dt=363 K. The solid line represents the bols corresponds to different ET comonomer concentratii.

best fit obtained by a Gauss-Newton fitting procedurd.

ET100(PET), ((0) ET80, (A) ET60,(A) ET40,(¢) ET20, and(A)

Dotted lines represent the isolated conductivity term and th&T00 (PEI).
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maximum valugcs=1) and for temperatures above275 K

the B process becomes symmetric. The central relaxation
time 7,y g decreases with temperature. This tendency is also
observed forryy .. As opposed ta\e;, Ae, decreases with
temperature in the whole range, values are between 0.6
and 1 in all the samples, showing moderate dispersion in the
measured temperature window. Therelaxation becomes
more symmetric at higher temperatures as indicated by the
upwards trend in the, parameter. Abovd =450 K the «

and B relaxations merge and the experimental data can be
described by a single relaxation process.

Log,o[F . Hz)]

Temperature revolution of the different relaxations

As mentioned aboveg and B relaxations exhibit very
FIG. 5. Evolution of the frequency of maximum loss of the different frequency-temperature behavior. In Fig. 5 the fre-
and g3 relaxations as a function of the reciprocal temperature, norquency of maximum losé&-,,,) of each relaxation has been
malized by the calorimetric glass transition of each sanipléT).  presented as a function of the reciprocal temperature in an
Same symbols as in Fig. 4. Arrhenius-like representation. For the sake of clarity the re-
ciprocal temperature has been normalized, for each sample,
The strength of theg relaxation(Ae ) remains nearly con-  to its calorimetric glass transition. As can be observed, at low
stant for all the samples for temperatures below their caloritemperatures, the dependence of Ffg, with the reciprocal
metric T, and increases at higher temperatures. At evenemperature tends to be linear, which corresponds to a typical
higher temperatures, PEI and the samples with low ET conArrhenius behavior with an activation energy of
tent show a further tendency dfe; to decrease. The shape 59+1 kJ/mol. This behavior is indicated in Fig. 6 by the
of the 8 relaxation changes with temperature. The symmetrigolid straight line. However, at temperatures below, but very
broadening parameté; in the temperature measured rangeclose to, theT, of each sampleF~,, exhibits a nearly inde-
takes a value around 0.4. However, the asymmetric broadependent temperature behavior and in the rafigeT, a sec-
ing cg starts from very low value$~0.2) at low tempera- ond Arrhenius-like dependence is observed, with a higher
tures, indicating that in this range tigerelaxation is asym- activation energy than the one at low temperatures. The F
metric, and gradually increases with temperature up to thgehows a homogeneous temperature evolution that in the
Arrhenius representation exhibits some curvature which can

of T T T e | " Eo | be described with the Vogel-Fulcher-Tamman equation
2t A _ DTy
Fmax=Fo€ T-To), (5

whereF, is the preexponential factor, D is a parameter re-
lated to the fragility parametefl9], and T, is the Vogel
temperature. The curved solid lines in Fig. 6 represent the
— p— . ——— best fit according to Eq5) and the obtained parameters are
of ETe0 4 BT presented in Table I. It is noteworthy that the fits have been
al I ] performed considering, as 1427 rangeL) Where TanceLL

is equal to 104 s [19]. As can be observed from the param-
eters in Table IT, follows a similar trend to the one df,
being in all cases approximately 50 K lower. Theparam-

‘ ] eter slightly decreases as the ET content increases, indicating
e a subtly more fragile behavior in the case of PET than in the
e case of PEI.

Log,, [*(s)]

DISCUSSION

As mentioned in the Introduction, the center of interest of
this work is to establish possible connections between the
two main relaxation processéa and B) appearing in aro-

ot
i
»“ g

matic polyesters and to find some cooperativity signature in
%9 25 a0 35 40 a5 50 35 40 45 50 the faster procesg3 one).
1000/T (™) The more important facts with this respect found in the

FIG. 6. Dependence of the central relaxation times of ther€sults of this work are the following. The temperature de-
a[7, (O)] andB [75 (A)] processes for all the samples. Also, cal- pendence of theg8 relaxation is more complex than the ex-
culated primitive relaxation timey (+) obtained according to Eq. pected from a simple Arrhenius behavior. As observed from
(. the relaxation map(Fig. 5), F2,, exhibits at least two
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Arrhenius behaviors with very different slopes and a transitramolecular one involving only the local motion of parts of
tion zone around WhereFﬁax remains nearly invariant to the molecule. These three processes can only be well re-
temperature. This invariability had been observed before fogolved at very low temperatured <Tg). Our results at
nonpolymeric glass formef20], and it is a signature th@ T <T, are in agreement with this view, because of the strong
relaxation is strongly affected by the glass transition. Thisagsymmetric character of the relaxation, which can be in-
fact is also clearly observed in the dependence with tempergarpreted a due to a composite nature. The interpretation of
ture of the dielectric strength of the process(Asg) pre- g intramolecular origin of th@ processes would seem, at a
sented in Fig. éa) where a clear increase appears around ajrst glance, opposite to the definition of a pure AGelax-
temperatures around the measured calorimelgcThese  aiqn However, Boyd and Bravafd0] also indicate in their
facts have important consequences in the interpretation gzork that, from the three different molecularly originated
the § process. On the one hand, to assure that this sort Ql, b onents of the process, the slowest, one corresponding
relaxations exhibits an Arrhenius-like behavior in the whole the CA-C bond has the highest rotational barrier and that

temperature range Is Incorrect or Imprecise. Extrapolauons% e mechanism to produce this component, which they re-

the Arrhenius tendency observed in the low-temperatu qt invol q fint tal
range at temperatures abollg may lead to inaccuracies erred to asB,, Involves some degree of intrasegmental co-

when studying the merging of the and 8 processes as is _operativity in groups o_f bonds rotations or conformational
clearly seen from our experimental results in broadband. EXUMPS. Upon approaching, (T<T,), the three components
trapolation of the linear behavior obtained in the Arrheniustend to merge into a single ori&0] and it is not possible to
plot at T<T, would lead to a finite merging temperature resolve each of them. According to the coupling mofdg)
(Tw>T,) wherer,; becomes equal to,,. According to some  the independent or primitive relaxation is the precursor of the
authors[21], this sort of behavior is one of the characteristic Cooperativex relaxation. This characteristic of the indepen-
signatures of g3 relaxation to be JG like. As mentioned in dent relaxation of the CM is shared with the JG relaxation.
the previous section, af>T, the B relaxation exhibits a Therefore, if ourB relaxation has some JG character, the
second Arrhenius dependence with a higher activation enindependent relaxation tims, defined in Eq(1), should be
ergy than the one at low temperatures. The new activatiotocated nearrg. Values of the KWW exponent were calcu-
energies present some dispersion depending on the concdated after inverse Laplace transformation of the HN func-
tration of the studies copolyesters. This is due to the smallions describing ther relaxation and subsequent fitting to the
number of points available for the fitting. However, in gen- KWW curve of the time-domain datgl8]. We have calcu-
eral, they are considerably higher than the one obtained dated 7, for all the series of copolyesters measured and the
T<T, with an average value of 90 kJ/mol and a preexpo-esults are presented in Fig. 6. As can be observed in these
nential factorr,, around 10%! s. The fact that this extrapola- figures, the agreement betweep and 7, at T>Tj is very

tion of 7 at very high temperatures provides a value fastegood in the whole range and allows us to propose that, in
than the phonon frequencies lacks of physical sense and &ET and their analog isomers, th relaxation possesses
suggested by other authors provides an indication thagthe typical features of a pure JG relaxationTat T,. This can be
process cannot continue to high temperatufes Ty), but ~ understood as due to the intrasegmental cooperativity of the
instead, it merges with the relaxation. This behavior is also B relaxation derived from the full monomeric extension of
typical of genuine JG relaxations and, in general, has beetie molecular components involved in it.

observed in low-molecular-weight glass forming liquids, by

rglaxation measurements under pressure. Her_e, due to the CONCLUSIONS

different behavior of thex and 8 relaxations to this thermo-

dynamic variablg21], both processes appear well separated. In this work the complex temperature behavior of jBie

In our case, at ambient pressure, due to the broadband of thelaxation in aromatic copolyesters is reported. The more
measuring technique and the use of copolyesters to avoid thielevant and significant results are summarized in the follow-
crystallization of PET, this change in the slopemfabove ing.

and belowTj is clearly observed. At this point we will focus (i) The onset of the glass transition affects markedly to
on the possible cooperativity of the relaxations. As men- the 3 relaxation.

tioned before, recently Boyd and BravditD] by means of (i) The shape of both processes is almost unaffected by
dielectric spectroscopy measurements have concluded thtite presence of structural isomers, being in all cases very
the nature of the3 relaxation in PET at low temperatures similar to those of PET.

(T<Tgy) is complex and can be described by three different (i) At T>T, the B relaxation in these systems exhibits
contributions. Based both an experiments and on previouspecific features, which according to the coupling model, are
molecular dynamics simulations on the same sysfin  characteristic of the primitive relaxation leading to the
they associate each of the three components ofsthelax-  relaxation.

ation with each of the three conformationally flexible bonds

present in the PET monomer—i.e., the bond between the ACKNOWLEDGMENTS
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