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Agreements and disagreements between theories and experiments in nematoviscosity

M. Simoes and S. M. Domiciano
Departamento de Fisica, Universidade Estadual de Londrina, Campus Universitario, 86051-970, Londrina (PR), Brazil
(Received 22 January 2003; revised manuscript received 12 May 2003; published 18 July 2003

In this work a set of viscosity data selected from the nematic liquid crystals literature is compared with the
currently accepted microscopienoleculaj theories for the nematic viscosity. It is shown that the kinetic
theory of Doi[N. Kuzuu and M. Doi, J. Phys. Soc. of Jpb2, 3486(1983] and the affine transformation
theory of HesgD. Baalss and S. Hess, Phys. Rev. Lé&ff, 86 (1986] equally predict that Miesowicz's
coefficients of a given sample are not independent but, as it has been believed for marf{Hy&arsppe, F.
Scheneider, and N. K. Sharma, Ber. Bunsenges Phys. G3fgrii84 (1981)], they are connected by a linear
relationship. Such conjecture gains a strong positive support when it is applied to a set of experimental data
that we have collected. However, when these data are used to obtain the values of the parameters used to build
these theories, it is found that the values assumed by them are in flagrant disagreement with the physical
interpretation that they are supposed to have.
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[. INTRODUCTION plained by the current molecular theories quoted above.
However, when these data are used to obtain the specific
Since 1935, after the pioneer work of Miesow(dz2], it  values of the parameters used in the construction of these
was established that in the presence of external fields sontBeories, inconsistencies are found and it must be concluded
nematic liquid crystal§NLC) could present anisotropic vis- that these parameters cannot have the physical meaning that
cosity, i.e., the value observed for their viscosity depends oM/as attributed to them.
the relative direction between an external field and the shear-
ing plane. Nowadays, it is known that this phenomenon has Il. FUNDAMENTALS
its origin on the anisotropic shape of the nematic domains; as
the direction of the external field is changed the collective During the past 30 years the anisotropic viscosity of the
mean orientation of these molecules also changes, establishLC has been systematically investigated and, progressively,
ing different physical conditions to the transport of momen-the values of the viscosity coefficients of some nematic com-
tum between adjacent shearing planes. During this period Bounds have been measured. In this work we will put to-
large amount of theoretical and experimental researches wé&§ther some sets of such measurements that, having the tem-
dedicated to the study of this phenomenon. All these invesperature as the control parameter, cover completely the
tigations have been carried out by the Ericksen, Leslie, anihterval ranging from nematic-isotropic to the nematic-
Parodi(ELP) approach3—8] that, without any detailed mi- crystalline phase transition points. With this procedure we
croscopic hypotheses, shows that the dissipation due to f|uiaVOid to arrive at conclusions that are not valid in the whole
flow on these anisotropic materials must be characterized byematic phase, laying emphasis on a specific region of the
at least five different viscosity coefficients. So, the ELP ap-nematic domain. Additionally, we have only selected viscos-
proach gives rise to two complementary lines of researchty data of those compounds for which the number of mea-
First, it establishes the guides to the arduous work of measured Leslie coefficients is enough to generate all Miesow-
suring the viscosity coefficients of different nematic materi-icz’s coefficients. Using these criteria we have chosen the
als that, gradually, leads to the accumulation of a represerfollowing set of compounds; PAAg-azoxyanisolg MBBA
tative set of experimental data that, today, allows a(p’'-methoxybenzylideng-n-butylaniling, N4 (eutectic
systematic study of the nematic viscos[§—17]. Second, mixture of the 4-methoxy-4n-butylazoxybenzengs EM
the ELP approach also stimulates and orients an exhaustiveutectic mixture of 4-n-pentylphenyl 4-methoxybenzoate
theoretical work that has the microscopinoleculay expla- and 4 -n-pentylphenyl 4n-hexyloxybenzoate 5CBP (4-
nation of the nematic viscosity as objectiMes8—34. n-pentyl-4'-cyanobipheny, ~ HBAB  (p-n-hexyloxy-
In the past 20 years, two models have acquired relevandgenzylidenep’-aminobenzonitrilg MIST (1:1:1-molar mix-
in search for a molecular explanation of the NLC viscosity:ture of HBAB with p-n-butoxybenzylidene-
the kinetic modelKM) of Doi [21-24 and the affine con- p’-aminobenzonitrile  and p-n-octanoyloxybenzylidene-
nection model(ACM) of Hess[29-34. The maim aim of p’-aminobenzonitrilg The authors who studied these mea-
this work is to compare the predictions of these models wittsurements are quoted in Ref8—15,17. For all these mate-
a set of experimental data selected from the NLC literaturetials, the nematic phase exists in a different temperature in-
It will be shown that, as it was conjectured many years agderval. Consequently, the direct comparison of these data
[10], Miesowicz's coefficients seem to be correlated; regupoints can become difficult. The usual way to avoid this
larities in the experimental daf27,28 suggest a linear con- problem is to use a fixed point, habitually the nematic-
nection between them. It will be also demonstrated that, fronisotropic (N-I) phase transition point, and obtain a rational-
a formal point of view, such relationship seems to be exdized temperature scale. But this procedure may give empha-
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2 . oan the rheological properties of NLC has a long history that can
18- +lea . MBBA go back to the times of Kirkwood and Augs5]. Neverthe-
N4 less, to our knowledge, the papers of Helfr{#6,37] and
;”:"B Martins [18,19 are the germs of our current understanding
HBAB of this phenomenon. Presently, there are two different and
MISTURE representative approaches which are candidates to an expla-
104 nation of the nematic viscosity. The kinetic model of Doi
0a [20-24, starting from two constitutive equatioria micro-
scopic model for the stresses tensor and a Fokker-Plank-like
o i oy Ee equation for an orientational distribution function of the di-
0.4 - ® - " x* o x+ye' ’Q .

*x DN T Y rectoy, was able to deduce a molecular expression for the
02| I~ ' 0 M ' ' Leslie coefficients. Concomitantly, Hess and co-workers
0o 0z 0+ 0a 04 10 [29-32 showed that through an affine transformation

Rescaledtem perature method the Leslie coefficients could be obtained. Such trans-
FIG. 1. Experimental data points from different sources havefOrmation can transform the spherical symmetric potential of
been collected and used to furnish the ratios between Miesowicz’@ SPherical molecule of a reference liquid in a potential with

COGﬁiCientS’r]3/7]2 and 773/7’1. The temperature scale is the nem- ellipSOidal Symmetry of a uniaxial NLC In this Work.We will )
atic temperature scale as defined in the text. In all datd,y,  compare the results of these theoretical models with experi-

appears in the upper half of the picture, showing a regularity thatmental results. Therefore, we will not describe here the rea-
suggests a universality. The data fgg/7, appears at the lower soning that led to these models, details can be found in Refs.
half of the picture and also suggest a universality. The authors whpl6,21-24,29—3}%

studied these measurements are quoted in R&fsl5,17.
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) o _ ) o ll. AGREEMENTS BETWEEN THEORIES
sis to the nematic-isotropic region. To prevent such incident, AND EXPERIMENTAL DATA

for each compound two fixed points have been chosen: the

nematic-isotropic phase transition point, for which was at- Let us start with the KM, which has produced some dif-
tributed the temperature=1, and the nematic-crystalline ferent molecular expressions for Miesowicz's coefficients,
phase transition point, for which was attributed the tempera€ach one reflecting different kinds of approximations made
turet=0. We will call such a temperature scale as the nemduring the calculations. Here, we will work with an expres-
atic temperature scale. In a previous wf2g], we have used Sion by Kuzuu and Doi. Using the Leslie coefficients ob-
this temperature scale to construct curves of correspondingined by Kuzuu and Doj24] it is easy to show that the
states that suggest that the viscosities of the above congorresponding Miesowicz's coefficients are given by
pounds obey universal relations. For this, the ratios between

Miesowicz's coefficientsy;/ 7, and 53/ 7, have been com- ckgt p?—1| 1 p>—1

puted for each compound of this set. The results were col- TTAD, 21| 35 2+1(14+ 55,+165,)
lected in a unique graphic, as shown in Fig. 1. From this rp P

figure we see that, in the nematic temperature scale, the sets 1

of points of different materials corresponding #g/», and +Sz( 2+ — ] ,

13/ m> are not randomly distributed. The values 9f/ 7, A

fluctuate around);/n,~0.4, with a small increase with the

rising temperature, being observed. The valuesnef 7, ckgt p2—1[ 1 p2-1

fluctuate aroundzns/7n,~1.7, presenting a small decrease AT e 35 2 (14+5S,+16S,)
with the rising temperature. Furthermore, both sets of experi- rpo+l pe+1

mental data points seem to approach 1 as the temperature
approaches th&l-I transition. Even though presenting sig- _52( — _)] (1)
nificant fluctuations, it is clear that these experimental data
points occupy two distinct regions. The regularity, agree-

> =

ment, and coherence observed on their distribution seem to ckgt [ p2—1 209
be in accord with the idea of the existence of a physical rule 773:—3 5 —(7—5S8,—-2S,)1,
connecting them; after a simple rescaling in the temperature, 4D; | p2+1/ 135

experimental data of different compounds, measured at dif-
ferent epochs by different researchers, are clearly distributedherec is the number of molecules per unit volunpeis the
along two distinct regions, suggesting that they could coaaspect ratio of the nematic molecifratio between its length
lesce along two single curves, expressing a universal relaand its width, D, is the rotational diffusion) is the “tum-
tionship[27,2§. bling parameter,” here assumed as consfasi, S, and S,

An important issue to be investigated concerns the abilityare order parametef89], andkg, andt are the Boltzmann
of the current NLC rheologic theories to explain universalconstant and temperature, in the nematic scale, respectively.
relations between Miesowicz’s coefficients, such as that sug- Likewise, the ACM expression for Miesowicz’s coeffi-
gested by Fig. 1. The research on microscopic approaches foients is given by 32]
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7=7"{1+S(p’~ 1)+ 5(1- £+ 7S)(p—p 17, 2 1 5
afM=3- s— o apM=4- 5
ma= {1+ Sp 2= 1)+ (1= ¥S,+ 38 (p—p )7, et A L
@ 2 5
n3= 7" {1+ & (4= S-3S)(p-p b2, e A XH Mt e
where 5" is the reference viscosity of a liquid in which the
molecules have spherical symmetry. asM=16, a3“V=12,
Observe that in both sets of equations, except for an over-
all coefficient that in the kinetic approach is given by .~ 2c(p®—1)%kgt acw_ (A+Tp*+4ph
ckgt(p?—1)/[(p?+1)4D,] and in the affine approach is 24 :_W’ ay :_Tﬂ :
r

given by "', the Miesowicz's coefficients are determined ©6)
by S, andS,, which, in the nematic temperature scale, are

universal parameters of the nematic phg3®]. Hence, ex-  Now the use of the symbols ACM and KM over coefficients,
pressed in this way, Miesowicz’s coefficients can be deterzg in a*®™ andaf™, indicate that these coefficients result
mined by parameters of two different speci€:and S, from calculations made on the ACM and the KM respec-
which are the same for all nematic compounds, and materigjyely. According to the above equations, only the parameter
dependent parameters that, ligeh, D, , andc for the KM gKM geems to be temperature dependent. Nevertheless, if we
andp and " for the ACM, may change from compound t0 remember thab, =kgT/¢,, whereé, is the rotational fric-

compound. _ tion constan{44], we arrive at
Equationg1) and(2) are not the most general expressions
for Miesowicz’s coefficients, which can be obtained with the 2c(p2—1)2¢
KM or ACM. There are, for example, nonlinear equations in a, =, 7
the order parameteiS, andS, [40—47 that arise when the (p°+1)

tumbling parametek is written in terms of theS, and S,.

Nevertheless, as it has been demonstrated in [28], we which shows that the sets of coefficients of Eg).are indeed

would havex =1, and the inclusion of such nonlinearity will te_mperaturle_mdfependhent. So, if a set OffM'eS(.)W'CZS co?fﬂ-
not change the results of our forthcoming conclusif3§. gl_cfefnts resulting from the m((ejgsulrbemednt_ N a#mqude_ sampie alt
Anyway, according to both theoretical approaches, Miesow- lfferent temperatures are distributed in a three- '“.’e”s".’”*'%
icz's coefficients would have the general form space, where each axis represents one of the Miesowicz’s

coefficients, the points representing the results of such mea-
711=17105,5), 7= 72(x.55.54), 73= 73(x.S5,S), surer.nents- would kje entirely contained py a plane \.Nllth ori-
(3)  entation given bya=(a;,a,,a3) and a linear coefficient
. . given by a,. From we will call this plane the Miesowicz
where we have introduceg as a nonspecific symbol to rep- ;i5ne.
resent the set of material dependent parameters of eagh Some years ago, Kneppe, Scheneider, and Sh&(®8)
model. We have here three equations with two universal par o] found that the measured Miesowicz's coefficients of
rameters;>, ands,. These two parameters can be eliminatedsome compounds seem to be connected. More recently, Janik
in these three equations and a unique equation, with & 9y a1, [16] found the same kind of relationship between their
neric form experimental data. Apparently, the result expressed through
F( )=0 4) Eq. (5) is the theoretical justification of such achievements.
%22 73:X) =5 For example, using their experimental data KSS had found

is obtained. That is, as long as the three Miesowicz’s coeffithat 7,/ 7, and#s/ 7, seem to be linearly related. According
cients are functions of two-order parametggsandS,, itis ~ t0 Eq. (5), one has
proved that they are not independent; it is enough to know

the material parametepg and two of the Miesowicz’s coef- M2_ My A 2 ) (8)
ficients to determine the third. m a7y 8 am

An immediate application of the law given by E@) is

the study of the form assumed by this law when the KM andC0nsequently, the KSS discovery would be an approximation
ACM are used. As Eqg1) and (2) are linear inS, andS,, to Eq. (5), whose degree of approximation would depend on
the form assumed by Ed4) in this case will be a linear the values asgumed by the Ia§t term of the apqve eguatlon.
relationship between Miesowicz's coefficients, Namely, asz, is the greatest Miesowicz’s coefficient, it can
be assumed thgb,/(7,a,)]=0, leading to
aimytazntagnstas=o0, )

n2_ T 9
where the coefficients;, i={1,2,3,4, depend on the ma- o G TR (
terial parameterg of each nematic specimen. Let us study
this relation in detail. Using Eq€1) and (2) a straightfor- which is the KSS relation, wherea=—-as/a,, B
ward calculation shows that =—a,/a,, and
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0.40

aTle—()\—l)p2+)\ AN _ 5(—1+p?) |
0.35 - 2(p*+ 1)\ 3(1+p?)
(13
030 Consequently, both theoretical models predict that on the
Miesowicz plane the experimental points would be distrib-
=02 uted according to the straight line given by Etjl). We have
}ﬂ subjected the data of all compounds that we collected in the
020 7 literature to the transformation given by E41) and plotted
the results in a graph, as shown in the Fig. 3. It is clear that
0.15 1 for each compound the curve gf, as a function ofy, is
very well approximated by a straight line, which confirms
0.10 - that Miesowicz’s coefficients are not independent and seem
—— ——— ——— ——— to give a strong experimental support to the above mentioned
015 020 025 030 035 040 045 050 055 theoretical models. In Table I, the adjusted valuesafpand

UNEN a, for each compound are shown.
To conclude this section, in Fig. 4 all data points of Fig. 3
FIG. 2. In this figure the set of experimental data point collectedare superimposed. Even though recognizing that the param-
from the NLC literature has been used to compute a grapf 6%, eters of Eq(12), ag anda;, are compound dependent, it is
versuszz/7;. As it was observed in Refl10], the experimental clear that this figure indicates that among the nematic com-
data points of all compounds suggest that these points would bgounds these parameters do not present large variations. If
distributed according to a straight line and, furthermore, the angulaghis is so, the next obvious step would be the determination
coefficient of all these lines seems to assume approximately thgs the values of these parameters with the use of the experi-

same value. mental data points. In the following section, it will be shown
that the values assumed by these parameters do not give
KM 16(p°+ 1)\ acy. 12(1+p?) physical consistency for the theories in which they are de-
a = — f a :—, .
143N+ (A +1)p? —4+p? fined.
v 1= A+(1-3)\)p? acy. —1t4p? 10 IV. DISAGREEMENTS BETWEEN THEORIES
= : = 1
1+3)\+()\+1)p2 —4+p2 AND EXPERIMENTAL DATA

) N o _According to the theories developed above, it seems clear
Figure 2 shows a superposition of the curves exhibiting thighat Miesowicz’s coefficients would be connected. Further-
relation for each compound of our set. These graphs seem {aore, the experimental data seems to give support to this
confirm that the experimental data really gives a linear relagonclusion, indicating that such a connection would be lin-

tionship betweerys/n; and 7p/7,. . ear. Here, we will use the experimental data to compute the

As the set of compounds used in this paper is larger thaga|yes of the material parameters used in each of the models
the set used by KSS, and H) is an approximation to EqQ. jntroduced above. Let us begin with the ACM. According to
(5), we must investigate if our set of Miesowicz's coeffi- it, Eq. (13), the angular coefficiemﬁ_\c'\" of the straight line
cients is linked by a relationship such as E5). Let us give

a positive answer to this question by examining &j.a bit In the Miesowicz plane would be given m//fCM: —o(-1
. . . . .. ) +p? +p?)]. i i i i i
further. According to it, Miesowicz’s coefficients would be P/L3(L+p7)]. An immediate analysis of this equation

i ; . for nematic compoundspf>1) show that it would give a
distributed over a plane, namely, the Miesowicz plane. But P pt>1) g

. . ; hegative value fory“M. Figures 3 and 4 clearly show that
once over this plane, are the points representing the measur%-r all com oundsl the experimental data predict that tr;is
ment of Miesowicz’s coefficients randomly distributed or are P ' P P

they organized according to some physical law? It is straightSC€MICIeNt is positive. Consequently, there is an evident dis-

. . . agreement between the ACM and these data. So, at least
forward to show that if the following change of variables areg - the point of view of the values that must be attributed

made: to these parameters, this theory is in flagrant disagreement
== and =79,+7,+87a, 11 with the experimental results.
X X2 T 2R ) Let us make the same analysis for the KM. According to
Eq. (5) acquires the form Eqg. (13), the angular coefficient of the straight line in the
Miesowicz plane would be given bgfM=[1—(\—1)p?
X2=aptaix1, (12 +\]/[2(p?+1)A], which depends o and \. From this
equation it follows that
where
2_1)2 2 4 + _9,KM
gM:C(p 1) ¢, ,C’-)\CM:2(4+7p +4p ), p2=—1)\(1#
(p?+1)° 3p2 1-2aM—)
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FIG. 3. In this set of figures the graphs gf= »,+ 7,+ 873 are shown as a function of,= 5, — 7, for the set of experimental data

point that have been collected in the liquid crystals literature, whgren,, and n; are Miesowicz's coefficients, as defined in Re&X8].

The authors who studied each of these measurements are given in the paper and in the references. The corresponding compound names a
shown in each figure and detailed in the text of the paper. There is an astonishing regularity in the distribution of these data points, which

confirm the theoretical prediction of a linear relationship betwge@nd .
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TABLE I. In this table, the values of linear and angular coeffi- g value ofaTM would imply a negative value fok, (A
cients of the straight line that best adjust the data points of Fig. 3« —3/5)  which is absurd. Furthermore, the KM predicts
are shown. The mean values shown at the bottom of the table aigat the values of the angular coefficient of the curve given in

the ones used to plot the straight line of Fig. 4. Fig. 2 would be given bydKM: —16(p2+ 1)M[1+4 3\

+ (N +1)p?], which is negative for all valugsand\, being
Compound 2o & in disagreement with the results obtained with the experi-
CBP5 0.1517 2.77422 mental data.
N4 0.03712 3.1193
EM 0.12388 2.75958 V. FINAL REMARKS AND CONCLUSION
MBBA 0.10352 3.46126 According to the analysis developed above, it has been
PAA 0.02123 2.86641 shown that the two main theories developed to explain the
MIST 0.04314 3.77719 viscosity of the NLC predict that Miesowicz's coefficients
HBAB 0.03935 3.84565 are not independent but are linearl connected. A representa-
Average value 0.0742771 3.2290871  tjve set of experimental data collected from the liquid crystal

literature gives a strong confirmation that Miesowicz’s coef-
_ . tiof ficients really obey such a relationship. Nevertheless, when
So, it is straightforward to show that the conditipn>1  ,aqe experimental data are used to predict the values of the

only has a solution i anda; satisfy the relations parameters defined by these theories, it is found that the val-
ues obtained by them are in disagreement with the central
kM LA KM 1 interpretation that these theories give to them; they assume
a; ' >—— and a; <;——. ;
2 1+ nonphysical values.

As one cannot doubt the correctness of the experimental

Due to the physical meaning of [39], it is clear that we data, it seems clear that the linear relationship between
would havex >0 (indeed, as it was shown in detail in Ref. = 71— 7, andx,= 71+ 7>+ 83 exhibited in Fig. 3, and its
[43], one would expect that~1). Consequently, while the congener given by Eq9), exists Furthermore, the fact that
first of these inequalities does not impose important restricthe microscopic theories developed from completely differ-
tions on the values of the parame@f'\", the second in- ent starting points give the same general form of these curves
equality shows that this version of the kinetic model and theseems to indicate that the fundamentals of these theories
experimental data have serious disagreements. The expefust be seriously considered. Otherwise, the fact that, when
mental data show that one would expect ta&f'=2.5, confronted with experimental data, both theories equally fail,

while, according to the second of the above inequalities, suc8Ving an inconsistent interpretation of their parameters, sug-
gests that some essential element is missing on these funda-

mentals. Of course, it can be affirmed that in our analysis we

& 1.2 have not used the most general expressions produced by
© these theories existing in both approaches other expressions
O 59 for the Miesowicz’s coefficients that take into account more
o5 5CBP detailed approximationg22]. About the generality of these
. N4 variants, see the work of Chrzanowskz8], which estab-
0.6 s EM lishes that essentially all these approaches are equivalent.
v MBBA Anyway, we have looked into the liquid crystals literature
034 . PAA and found that the majority of these expressions have the
. MIXT form [22,25
* HBAB N
0.0 . : . . m=p1+3(A+B)S,+4CS,,
0.0 0.1 0.2 0.3 04
%, (Pas) 7,=pat2(A=B)S,+4CS,, (14)
FIG. 4. In this figure the curves that have been separately dis- 73=pstDS,—CS,,

played in Fig. 3 are joined together. As it was shown in detail alon

the paper, the linear and angular coefficients of each straight lin
should be fixed by the particular parameters of each nematic co

pound. Nevertheless, the regular distribution of points in this figur
reveals that among the diversity of the nematic compounds thesgf Eds.(14), one would have
parameters cannot have a substantial change. Of course, as it is

shown in Table I, due to the particular character of each compound _—(A-B+ 8D)p1+ (A+B+8D)p,+8Bp3

herep, ps, p3, A B, C, andD are constants. Equations
14) have Egs(1) and(2) as particular cases. It is a straight-
orward exercise to show that for all theories having the form

there are variations in these parameters. But, as it is evident from X2 B
the figure, the fact that all points are consistently distributed along
. L L (A+8D)
the same mean straight line is a consequence of the similarity of the + Y (15)
parameters of the nematic phase. B L
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Consequently, for all these theories we would have 8B
=~ o~ -
(A+8D) A+B+8D
g

which shows that the angular coefficient of the curve of theconsequently, as above, this relation indicates #0&, and
Miesowicz plane must be determined by the the parameter@ are the parameters whose significance must be investi-
A, B, andD of Eq. (14). Furthermore, a8 is easily deter- 9ated.

mined by the relatiom;; — 7,=BS,, we conclude that if one

wants to look for the origin of the disagreements found in the

theories exposed above, the significance of the coefficients ACKNOWLEDGMENTS
andD must be investigated.

An equivalent result can be obtained if E®) is used. The financial support of the Conselho Nacional de Desen-
Equation(14) gives the angular coefficient of that equation  volvimento Cientiico e Tecnolgico (CNPg and Fundgao
as Araucaia is acknowledged.
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