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A method for investigating the nature of thermally activated relaxations in terms of their cooperative
character is tested in both polymer and low molecular weight crystal systems. This approach is
based on analysis of the activation entropy in order to describe thermally activated relaxations. The
betaine arsenate/phosphate mixed system of low molecular weight crystals was selected for
investigation because pure compounds of this system show ferro-/antiferroelectric phase transitions
and the mixed crystals undergo different kinds of relaxation processes involving both dipole–dipole
and dipole–lattice interactions. The polymer chosen was a side chain liquid-crystalline
polysiloxane, which shows theb-relaxation characteristic of disordered systems and amorphous
materials. The cooperative versus local character of the relaxations is described in terms of
‘‘complex’’ and ‘‘simple’’ relaxations based on calculations of the activation entropies. The initial
assumptions of the theory, as well as the resulting equations, were found to be applicable to the
systems studied. ©2001 American Institute of Physics.@DOI: 10.1063/1.1334937#
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INTRODUCTION

The study of molecular mobility in the solid state is o
of the most fascinating areas in physics. The scope of inv
tigation covers a variety of areas, such as solid-state phy
biology, chemistry, and polymer/colloid science. The on
of molecular motion modes occurs over specific tempera
ranges and time scales and determines the change in ma
properties. These two parameters are usually correlated
simple thermally activated processes the relationship ma
described by the Arrhenius equation.

f 5 f 0 exp~2Ea /RT!, ~1!

wheref is the frequency~the characteristic timet is 1/2p f ),
Ea is the activation energy,f 0 is a pre-exponential factor
and R is the gas constant. A similar relationship is deriv
from the theory of absolute reaction rates, proposed
Eyring,1

f 5
kT

2ph
exp~DS/R!exp~2DH/RT!, ~2!

whereDH andDS are the activation enthalpy and entrop
respectively. The thermokinetic parameters of Eqs.~1! and
~2! can be obtained by fitting lnf vs 1/T and ln(f/T) vs 1/T
data.

However, it is not possible to describe some relaxat
processes with Eqs.~1! and ~2!. The mechanisms involved
during the glass transition, which occurs in all glass form
systems, are probably the most important examples. On
other hand, the temperature dependence of the kinetic
localized modes, which involve small correlation lengths
usually thermally activated. For example,b relaxation, de-

a!Author to whom correspondence should be addressed; electronic
jmano@eng.uminho.pt
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scribed well by Johari and Goldstein,2 is assumed to follow
the Arrhenius equation. This process is usually observe
disordered systems in the glassy state and the experim
data are interpreted as local free volume fluctuations. Lo
temperature~or higher frequency! relaxations of this kind
~for example, thed andg relaxations! have been observed i
polymer systems.3 Moreover, local and vibrational mode
observed in a large variety of materials are also therm
activated processes.

Starkweather proposed a method for investigating
nature of thermally activated relaxations in terms of th
cooperative character.4,5 He designated as ‘‘simple relax
ations’’ those involving the motion of small groups of atom
with little interaction with other neighboring atoms. Th
class of relaxations should have activation entropies,DS,
near zero. Other processes having large activation entro
were designated as ‘‘complex relaxations’’ or ‘‘cooperati
relaxations.’’ Those should involve a range of related m
tions with extensive intra- and intermolecular interaction
The assignment of the cooperative character is thus car
out by comparing the activation energy of the process w
the corresponding activation energy of a ‘‘zero-entropy’’ r
laxation. The construction of the zero-entropy prediction b
gins with the comparison betweenEa andDH.

From a comparison between the Arrhenius and the ab
lute reaction rates theories one obtains6

Ea5DH1RT2PDV. ~3!

HereDV is the activation volume andP is the pressure. Note
that, by considering all the terms of Eq.~3! the comparison
betweenEa andDH could be used for calculating the act
vation volume if the pressure is known. As a first appro
mation we will neglect the last term in Eq.~3! (2PDV)
because of its low magnitude. Equations~1! and ~2! may
now be rewritten as
il:
4 © 2001 American Institute of Physics
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Ea5RT@11 ln~kT/2ph f !#1TDS

5RT@22.921 ln~T/ f !#1TDS. ~4!

For relaxations having zero activation entropy, Eq.~4!
reduces to

Ea5RT@22.921 ln~T/ f !#. ~5!

Starkweather compared the plot ofEa vs T from experi-
mental results involving polymer systems with Eq.~5! for a
given frequency. According to him, an evident deviation
the experimental results from the theoretical curve is
cribed to processes with a cooperative character. If ag
ment is observed among the data, the process is consid
simple and noncooperative. Most of the low temperature
laxations~b, d, g, etc.! discussed by this author showed mo
or less a deviation from the zero entropy line in aEa vs T
plot. Among a large number of studied materials, only a f
b relaxations were found to be nearly pure noncoopera
processes.4,5

In this work we aim to extend this procedure to analy
dynamic processes occurring in other materials, nam
those with a low molecular weight. First we will apply th
method to a liquid crystalline polymer and then to the mix
crystal system betaine arsenate/phosphate.

It should be stressed that the systems chosen are
different in nature, both from the chemical and t
crystallographic/morphologic points of view. However, t
approach used to describe and characterize their relaxat
processes goes beyond such differences, reinforcing the
of the universality of relaxational phenomena.

APPLICATION TO A LIQUID CRYSTALLINE POLYMER

Liquid crystalline polymers have been widely studi
over the last 20 years because of their interesting elec
optical properties as well as their many physical propertie
conventional polymers.7,8

The molecular motion in side chain liquid-crystallin
polymers~LCPs! have been extensively investigated by d
electric relaxation spectroscopy~DRS! ~Ref. 9, and refer-
ences therein!. Typically two main relaxation mechanism
alpha a and d, were identified in the liquid-crystalline o
isotropic phases and attributed to complex modes of mo
involving the mesogenic side groups or the main chain~Ref.
10, and references therein!.

In the glassy state ab relaxation mechanism may also b
observed in side chain LCPs. Most of those materials ha
polar mesogenic group with phenyl groups in the co
linked to the main chain by a flexible chain with, typicall
3–10 carbon atoms. Work using DRS investigating s
chain LCPs, with–(CH2)n–R1-B – COO–B-R3 side groups
(R1 andR3 are polar groups andB is a p-substituted biphe-
nyl group!, reported one11–15 or two16 b relaxations~termed
b1 andb2). In all cases these relaxations were attributed
rotations in the side group, mainly due to the dipoles inR1

and–COO–. In spite of the chemical difference in the late
groups of these materials, the authors of Refs. 11–15 fo
activation energies for all theb processes between 12 an
13.7 kcal mol21. The authors of Refs. 11–14 attributed theb
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process they observed to rotation of the phenyl benzo
group. On the other hand, Colomeret al.16 associated theb1

process~with an activation energy of 14 kcal mol21! to the
same rotation and theb2 process to the rotation of theR1

5 – COO– group, with an activation energy of 9
kcal mol21. Note that theb1 and b2 processes appear t
overlap in the frequency range of 102– 105 Hz, which pro-
vides a possible explanation as to why the authors of R
11–15 could not differentiate between these two relaxatio

In recent work17 a low frequency dielectric related tech
nique, the thermally stimulated depolarization curre
~TSDC! technique was used to separate these two contr
tions from the overallb relaxation. An advantage of th
TSDC technique is the possibility of using a thermal clea
ing experimental procedure to decompose a complex re
ation into discrete contributions. These individual proces
often follow Arrhenius behavior for low temperature rela
ations, i.e., one can assign an activation energy and a
exponential factor to each component.

From a phenomenological point of view, theb relax-
ations observed in those materials are very similar to th
observed in other glass forming polymers. Thus, any con
sions made from studying theb relaxation of side chain
LCPs may be extrapolated to the same processes in o
polymeric materials.

One of LCPs studied reported in Ref. 17~LCP1!, was
also studied using DRS.18 This material has a polysiloxan
backbone and each repeat unit has a side chain with
structure–~CH2!6–O-B-COO-B–COOCH2CH~CH3!~C2H5!.
As expected, theb relaxation studied by TSDC and DR
gave similar results in terms of both activation energy a
temperature location of the process when analyzed usin
log t vs 1/T plot.19

In Fig. 1 ~surface plot! the activation energy is plotted
against temperature and frequency according to Eq.~5!.
Thus, if the experimental data agree with this representat

FIG. 1. Relaxation plot with the TSDC~squares! and dielectric relaxation
~circles! results of theb relaxation of LCP1. The surface plot corresponds
the activation energy for the zero activation entropy as a function of te
perature and frequency, according to Eq.~5!.
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according to Starkweather, the processes involved shoul
local and noncooperative.

The results of LCP1 obtained by DRS and TSDC~ther-
mal sampling results! are also given in Fig. 1. Ignoring an
prospective error, it is possible to conclude that theb process
should be assigned upon first analysis to a simple nonco
erative process. It must be mentioned in this context that
the TSDC results the activation entropy was calculated
each thermal component sampled. It was found that the
ues fluctuated aroundDS50 ~from ;210 to ;10
cal K21 mol21!.17

The Arrhenius and Eyring plots of the DRS results
the LCP1 system are shown in Fig. 2. The adjustable par
eters obtained from the fits wereEa512.90 kcal mol21; f 0

55.5231014Hz, DH512.50 kcal mol21, and DS
511.3 cal K21 mol21. Note that from DRSDS is not zero.
However, considering the system under study, the value
tained is not very high~note, for example, that we foun
activation entropies close to 250 cal K21 mol21 for the same
material nearTg by TSDC!.

The deviation of the DRS results from the zero-entro
prediction can also be observed in aEa vs T plot. In Fig. 3
the closed circle shows the location of the relaxation af
51 kHz (T5240 K calculated by the Arrhenius equation!.
The solid line represents the location of any relaxation ob
ing DS50 at 1 kHz, plotted according Eq.~5!. The differ-
ence between the experimental result of theb relaxation of
LCP1 and the zero-entropy prediction is 2.64 kcal mol21 and
must be theTDS term in Eq.~4!. Differences of this order
were also found in nearly noncooperative relaxation
served in some amorphous polymers.4,5 It is difficult to as-
sign the relaxation to a completely noncooperative proc
because it is not zero but, from the TSDC data and by c
sidering the usual experimental errors, one cannot attrib
the origin of this process to a strong complex translation
rotational mechanism. We can predict that there is cer
complexity in this process, i.e., in terms of Adam–Gib
theory, any configurational change only occurs with config

FIG. 2. Arrhenius diagram~squares! and Eyring plot~circles! for the b
relaxation of LCP1 obtained by dielectric relaxation. The solid lines are
linear fittings of the two representations.
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rational rearrangements in the vicinity throughout a volu
with a certain correlation length.

APPLICATION TO MIXED CRYSTAL SYSTEMS:
BETAINE ARSENATE ÕPHOSPHATE

Several compounds of the amino acid beta
@~CH3!3NCH2COO2# and inorganic acids display interestin
structural phase transitions. Ferroelectric~FE!, antiferroelec-
tric ~AF!, ferroelastic, and modulated~commensurate and in
commensurate! phase have been found.20

Betaine arsenate(..."H3AsO4,BA,FE) and betaine phos
phate (..."H3PO4,BP,AF) are structurally very closely re
lated and mixed crystals are formed according
BAxBP12x , 0<x<1. These crystals have been studied
means of dielectric relaxation spectroscopy under hydrost

e

FIG. 3. ~a! Activation energies as a function of temperature~1 kHz! for the
results on the BAxBP12x crystals~closed squares! and for theb relaxation of
LCP1 ~closed circle!. The solid line is the zero-entropy prediction atf
51 kHz. The extent to which the activation energy exceeds the z
entropy value is proportional toTDS and, consequently, to the degree
cooperativity of the relaxation.~b! Magnification of the graphics in~a!,
covering the temperature region of the crystal results. The parentheses
to the symbols indicate the concentration of betaine arsenate and the
sure in MPa.



nt
IR

c
av
ar
re

ra
se
r
r

ra

lso

in
of
im
d

e
a

io
a

re
io
tiv

a

the

nd
pa-
eld.
er
di-

cha-
nly
es.

nd

ures
r is
is-
ted to

by
a.
re

do-
l in-
on-
f all

ior,
ione-

e

d

so

F:

1847J. Appl. Phys., Vol. 89, No. 3, 1 February 2001 J. F. Mano and S. Lanceros-Méndez
pressure~Fig. 4! and external bias field and by measureme
of the dielectric hysteresis loops and Raman and
spectroscopy.21–24

The temperature–pressure22,24 and temperature–electri
bias field21,24 phase diagrams of several concentrations h
been depicted and the different phases analyzed and ch
terized. The phase diagrams were divided into two main
gions: a transition into a polar-ordered phase~FE, AF, or
mixed! at higher temperatures, and a further lower tempe
ture region characterized by different relaxational proces
some probably relating to a glassy phase. This behavio
summarized in the temperature–concentration phase diag
shown in Fig. 5.

The low temperature region in the different concent
tions is characterized by strong anomalies in both«9(T) and
tand(T) which display a strong frequency dispersion a
observed in«8(T) ~see Fig. 4!.21–24 The Arrhenius versus
Vogel–Fulcher behavior of the different anomalies
tand(T) and «9(T) was investigated. Two mechanisms
relaxation were observed from the phase diagram. Their
portance changed, depending on the concentration, which
termined the different interaction mechanisms.

~1! A relaxation fitted with an Arrhenius formula in pur
BP with high values in the hindering barrier indicates
dipole–lattice interaction as responsible for this relaxat
process. Random fields seem to suppress this process
low concentration of impurities.23,24

~2! Competing interactions appear with increasingx.
These interactions induce collective processes with diffe
order tendencies. At low temperatures within the AF reg
of the phase diagram two relaxations appear: the collec
relaxation of the dipoles into a dipole glass phase due
competing interactions, and local freezing due to the inter

FIG. 4. Typicale8(T) and tand(T) curves of BAxBP12x for different con-
centrations;x50.07 ~1!, 0.24~2!, 0.62~3!, 0.73~4!, and 0.86~5! at normal
~left! and high~right! pressures.f 5100 kHz. For each concentration, th
curves showing peaks at higher temperatures correspond to thee8(T) data.
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tion with the lattice. For 0.15,x,0.50 coexistence of the
two relaxation processes occurs before final freezing into
dipole glass phase.

~3! For 0.50,x,0.8 the relaxation mechanisms depe
strongly on small amounts of impurities and on external
rameters, such as hydrostatic pressure or electric bias fi
The relaxation is dominated by Arrhenius behavior at low
concentrations and by Vogel–Fulcher behavior at interme
ate and higher ones. With increasing pressure both me
nisms appear at low and high concentrations, but o
Vogel–Fulcher type relaxation is seen at intermediate on
Whereas the fitted parameters~activation energy, cut-off fre-
quency, and Vogel–Fulcher temperature! obtained for the
other regions in the phase diagram fit together well,23,24 the
parameters in this region show higher values in bothEa /kB

and f 0 . Further, atx'0.60 a crossover between the local a
the collective process seems to occur: forx,0.60 the
Vogel–Fulcher-type process occurs at higher temperat
than the Arrhenius-type process; the opposite behavio
found for x.0.60. Local relaxation, on the other hand, d
appears in the FE phase and therefore appears to be rela
AF order.

~4! The FE region of the phase diagram is dominated
two relaxations when fitted with a Vogel–Fulcher formul
One of them is related with freezing of the domain structu
and the other with freezing of the dipoles inside these
mains. The first mechanism depends strongly on externa
fluences like the electric field, hydrostatic pressure, and c
centration, whereas the second one is independent o
these parameters.22

With respect to the microscopic origin of the phase behav
the Raman measurements and the analysis with the quas

FIG. 5. Transition temperatures vs concentration diagram of BAxBP12x for
the whole concentration region at 0.1 MPa andf 5100 kHz. The open
squares correspond to the anomalies ine8(T) whereas the circles correspon
to the anomalies in tand(T). The triangles represent anomalies ine9(T).
The brackets in tand(T) indicate anomalies much smaller than the others
that we could not observe the corresponding anomaly ine9(T). The brack-
ets ine8(T) indicate a small shoulder more than a well-defined anomaly A
antiferroelectric, AF8: coexistence of FE and AF components, AF9: coexist-
ence of two AF components, G1: VF, i.e., collective relaxation, G2:A, i.e.,
single-ion relaxation, FE: ferroelectric, FE8: FE with the domain freezing
process. Solid lines are drawn to guide the eye.
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dimensional Ising model24 give strong evidence that both th
PO4/AsO4 tetrahedra and the betaine molecule~C–H vibra-
tions! are responsible for the temperature behavior of e
sample and that the degrees of freedom of the tetrah
account for the changes with respect to the concentratio

For a deeper understanding of the nature of the re
ations we analyzed their cooperative character within
theory proposed in Refs. 4 and 5. The first step was to s
rate the relaxations fitted with an Arrhenius formula from t
ones fitted with a Vogel–Fulcher formula, which already
dicates the existence of cooperative behavior and a non
mally activated process. Among relaxations of this type
those found in the FE part of the phase diagram.

For the relaxations showing Arrhenius behavior, the
tivation energy and the cut-off frequency for the various
laxations were obtained from fitting the Arrhenius formula
the experimental data.21,24 Using the same formula, the tem
perature at which the relaxation occurred for a frequency o
kHz was calculated. Finally, the activation energy vers
temperature was plotted~Fig. 3! for 1 kHz, together with the
line of zero-entropy calculated from Eq.~5!. This process
was used for the relaxations that appear in the concentra
x50.0, 0.39, 0.51, 0.62, and 0.73, all on the AF side of
temperature–concentration phase diagram. The sample
x50.24, not shown in Fig. 3, has behavior similar to t
sample withx50.39.

In the previous discussions of the BAxBP12x system,
two mechanisms were pointed out as responsible for the
ferent relaxations, dipole–dipole interaction and dipol
lattice interaction. These mechanisms are clearly dis
guished in thex50.24, 0.39, and 0.51 samples.

In the AF part of the phase diagram, the relaxations
higher concentrations,x50.62 and 0.73, change from
Vogel–Fulcher to Arrhenius behavior by applying extern
pressure. These high pressure Arrhenius relaxations sh
large activation entropy, demonstrating a highly coopera
character. The change from one type of relaxation to
other implies that the Vogel–Fulcher temperature goes
zero as pressure increases.

More interesting and helpful in elucidating the nature
the different processes is the analysis of the relaxations
pearing at intermediate concentrations within the AF reg
of the phase diagram. The relaxations fitted with an Arrh
ius formula at normal pressure experience two different ty
of behavior under pressure that can reflect the microsc
nature of the process. The single relaxation appearing in p
BP shows some entropy at zero and low pressuresp
,100 MPa) but this disappears upon increasing the exte
pressure. This behavior points to an increase of dipo
lattice interaction and, consequently, a decrease of dipo
dipole interactions, thus reducing the cooperativity of t
system. By increasing the amount of impurities this rela
ation disappears, since the effect of increasing concentra
produces a similar~but not identical! effect as the increase o
pressure. It is assumed that impurities also increase dip
lattice interactions due to the appearance of random fi
that hinder the dipoles from following the applied field.22

The effect of impurities as further analyzed in thex
50.39 sample and the low temperature relaxation in the 0
h
ra
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sample~open squares in Fig. 3!. Both relaxations are, within
experimental error, entropy-free relaxations, i.e., local rel
ations with no cooperative character. This behavior is som
what independent of pressure and can be ascribed to st
dipole–lattice interaction. These relaxations can be con
ered to have the same origin as the one appearing in pure

The higher temperature relaxation in the 0.51 sam
~open circles in Fig. 3! already shows behavior which wil
lead to the development of a new FE phase and will b
characteristic of this region of the phase diagram. Here th
are no longer any impurities, but the betaine arsenate frac
of the crystal starts to develop interactions and a coopera
character. This cooperative character is ascribed to a dipo
dipole interaction that is severely disturbed by the increas
external pressure. The effect of pressure produces an
crease of dipole–lattice interactions and an increase of
local character of the relaxation. In Fig. 5 we observe t
having a relatively high activation entropy at low pressu
leads to a linear decrease in relaxation upon applying ex
nal pressure. This behavior is the same as the one obse
in the 0.62 and the 0.73 samples. These samples dis
relaxations with Vogel–Fulcher or cooperative behavior
low and medium pressures that changes to Arrhenius re
ation at higher pressures. This high pressure relaxation
tains nevertheless, the characteristic cooperativity and co
quently shows a large configuration entropy.

CONCLUSION

Two very different systems from the microscopic a
chemical points of view have been analyzed with the sa
theoretical tools in order to stress the universal characte
the method proposed by Starkweather.4,5 This theoretical
framework assumes that the activated entropy associ
with a given relaxation process will define its cooperative
noncooperative character. The parameters used in this pr
dure are simply the activation energy of the relaxation and
location in the temperature axis for a given frequency. W
this theory the activation energy that is usually used only
describe the energy barrier between relaxed and unrela
states may be also used to quantify the cooperativity of
molecular mobility associated with the relaxation studie
This will allow quantitative analysis of the variation of th
cooperativity of a given relaxation under different cond
tions, e.g., composition and mechanical and electrical e
ronment. In the case of polymer systems the theory has
ready been used in the study of cooperative a
noncooperative relaxation. In this article we have shown t
the theory can also be successfully applied to single crys
Within the scope of this analysis, the relaxations appear
in single and mixed crystals can also be divided into co
erative and noncooperative depending on the configuratio
entropy associated to these relaxations. This system is e
cially suitable for verifying the assumption of the theor
since we were able to compare the degree of cooperativit
the materials with different compositions studied at differe
pressures. The results are not only in agreement with
initial predictions about the nature of the relaxatio
~dipole–dipole or dipole–lattice interactions!, but have also
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provided a deeper understanding of the modifications of
mechanisms underlying the molecular motion involved
those processes under different external conditions.
analysis may be extended to other systems, e.g., relaxor
roelectrics, proton glasses, etc., in order to further exp
the universality of the present approach.
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