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Irreversible frustrated spinodal decomposition in simultaneous interpenetrating polymer
networks: Small-angle x-ray scattering
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A structure factor is derived in the hydrodynamic limit which reflects the development of a microphase
structure during the formation of simultaneously cross-linked interpenetrating polymer netiiRixks). This
structure formation is a competitive process of spinodal decomposition and frustration of the fluctuations by
increasing topological restraints due to network growth. The structure factor is compared with the scattering
intensities from small-angle x-ray scattering performed on simultaneously cross-linked IPN’s of
poly(carbonate-urethah@nd poly¥methyl methacrylae Experimental data and theory are in good agreement
for all compositions. The results give an averaged characteristic length of the frozen fluctuations which is about
2 nm for samples having one thermodynamic glass transition, as determined by differential scanning calorim-
etry, and between 15 and 35 nm for samples having two glass transitions. In contrast to the structure factor for
the microphase separation transition in homogenédesl) IPN’s or block copolymers which showseg and
q 2 dependence at small and large scattering veaiprsespectively, the structure factor reveals a finite
contribution in the limitq—0 and aq~* behavior at largey values. A comparison of the data with the
Debye-Bueche law yields also a good approximation at intermedigues and indicates agreement with a
more general treatment of scattering by an inhomogeneous solid.

[. INTRODUCTION crophase sizes of £8-10% nm. The MST and the structures
in the phase-separated regime have been thoroughly investi-
Interpenetrating polymer networkKtPN’'s) belong to the gated by transmission electron microscolEM), small-
class of multiple-component polymer materials, which in-angle x-ray scatteringSAXS) and small-angle neutron scat-
clude polymer blends, block copolymers, and grafted nettering (SANS) experiments, as well as by relaxation
works. Each of these materials is based on a combination ahethods’® The theory of the MST for copolymers has been
two or more polymers. Since most of the polymers are im-developed in the last decade based on a mean field approach
miscible, as a consequence of the small contribution from théaken by Leiblef, using the random phase approximation
mixing entropy of macromolecules to the free energy of mix-(RPA). The MST is controlled by two parameters, the prod-
ing, phase separation takes place, leading to multiple phasect of the Flory interaction parameter and the chain length
morphologies in these materials. A study of the dynamicsyN and the compositiofi. A MST has also been predicted
allows the determination of the time behavior of the phasdyy de Genné$ for a grafted network, which is formed by
separation, which depends on microscopic or mesoscopic paross-linking two weakly incompatible linear polymers in
rameters(e.g., self-diffusion and interdiffusion coefficients, their coexistence region and then cooled down below a tran-
binary thermodynamic interaction parameters, and processtion temperaturd ., described in terms of the Flory inter-
rates of possible underlying chemical reactjoria general action parametey and the average number of monomers
two types of phase separation are distinguished: spinodal déetween cross-links. An experimental confirmation has been
composition(SD) and nucleation and growth. Whereas thedone recently?
latter remains effective for the large time regime of the phase IPN’s are composed of tw@r more chemically distinct
separation, the initial regime is mainly determined by SD. Across-linked networks of which at least one is synthesized in
mean field description of SD in metallic alloys was given bythe presence of the other, which are held together predomi-
Cahn and Hilliard and subsequently adapted to the case ohantly by their trapped mutual entanglements rather than co-
polymer blends by de Genrfeand Binder The phase sepa- valent bond grafting®*2In the last two decades a wide va-
ration of blends and the resulting morphologies have beeniety of IPN's has been synthesizedsequential,
studied by means of time-resolved and static light and smallsimultaneous, latex, gradient, thermoplastic, $esmid their
angle x-ray scattering,® revealing dispersed and cocontinu- physical properties and structure have been studied by sev-
ous structures with phase sizes 0f?2a0% nm. In the case eral methods including differential scanning calorimetry
of copolymers the tendency to phase separate is restrictd®SC), TEM, dynamic mechanical analySiEMA) , SAXS,
due to chemical links between the different components andnd SANS!*~*® Those investigations show that usually
decomposition on a macroscopic scale is not possible. FAPN’s do not interpenetrate on a monomer scale, but have a
block copolymers a microphase separation transithd8T) microheterogeneous morphology with small regions enriched
does occur, leading to regular lattice morphologies with mi-by segments of one of the components. This multiphase
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structure results from the phase separation due to thermody- 16 . T
namic immiscibility of the networks, which arises during its
formation at a definite degree of conversion in the course of ;5 L -

-

the chemical reactions of polymerization and cross-linking.
This effect should not be confused with a M$Refs. 19— w e
21) predicted for completed IPN’s, which is due to the co- )
existence of repulsive potentials between both components’s 6.7 _~—~

—

its ]
~

3 g

and the microscopical deformation of the mutually entangled [~
network chains, which leads to an attractive elastic force = |- 27 -
between both components. This effect is based on a homo-© 12
geneouddisordered phase, which undergoes a MST to an
ordered phase of regular lattice morphology controlled by 11
compositionf and the Flory interaction parameter There-
fore the formation of such IPN’s must occur without any
phase decomposition. But, in general, nucleation and
growth?? and spinodal decomposition occur during the syn-
thesis of both subnetworks, in which SD often
predominate$®

In this paper a structure factor is derived in the hydrody-

namic limit, which reflects the development of microphasesponen) whereas samples with higher PCU content, 60 and
due to spinodal decomposition during the formation of theg \\+ o4 have ond,. This is in accordance with investiga-

network. This theory is compared with SAXS investigationstions on ageing in simultaneous IPN's of PCU/PMMA,

Ofl theb mct)rpholtohgiespcof s(;mulfanec:ﬁsl IPIE'S of which show one€T, for all compositions measured by DSC
poly(carbonate-urethapePCL) and polymethyl methacry- immediately after their preparation and tWg's for samples

late) (PMMA), in which the monomers, cros;-lmlgers, m.'t'.a.' with lower PCU weight fraction measured 1.5 yr after their
tors, and catalysts for both networks are mixed in the |n|t|alSynth esis

state and the subsequent reactions leading to network forma=
tion occur simultaneously without any mutually interfering
graft reactions. The analysis of the scattering data gives an

estimation for the averaged characteristic lergtt the fro- The SAXS measurements were performed with a Kratky

zen microphases. For comparison the data are also analyz€@mpact camera(A.Paar KGQ equipped with a one-
using the Debye-Bueche law. dimensional position-sensitive detect¢M. Braun). Ni-

filtered Cu Ka radiation A=0.154 nm was used. The
sample was kept in the camera under vacuum to minimize air
scattering. All data were taken at room temperature-20
°C). They were corrected for absorption, background scatter-
ing, slit length smearing® and thermal fluctuations. Primary
The samples were synthesized under similar conditions dseam intensities were determined in absolute units
described in Ref. 24. The PCU network was prepared bye.u?/nm?) by using a moving-slit method.
cross-linking polyl,6-hexane diol-carbongtéPC) with the
biuret triisocyanatéBTI) derived from hexamethylene diiso-
cyanate via an addition reaction. The PMMA network was
synthesized simultaneously by a free radical reaction using
ethylene glycol dimethacrylattEGDMA) as a cross-linker For the data analysis a structure factor is derived, which
and a mixture of benzoyl peroxidBPO)/N,N-dimethyl reflects the frozen composition fluctuations due to spinodal
aniline (DMA) as an initiator redox system. From the mo- decomposition during the formation of an IPN. We restrict
lecular weights of the PGW,,(PC)=850 (1100 g/mol, and ~ ourselves in the following discussion to two-component

the cross-linker usedyl,,(BTI)=500 g/mol, the molecular IPN’s, in which each componentA(and B, respectively
weight between the cross-linkm_c of the PCU network forms a separate network. Both subnetworks are connected

should be about 118@430 g/mol. The typicaM of cross- TABLE I. Glass transition temperaturd@ of IPN's and cross-
linked PMMA is about 4000 g/mol as calculated from the jinked PCU, monomer unit volumeg, of PCU, and electron den-

employed stoichiometry and determined by swelling measity differencesA 52 of IPN's.
surements. The glass transition temperalyyef all samples

~=~m== pure PCU
PCU/PMMA
= -— PCU/PMMA
=== -~ PCU/PMMA
——— PCU/ PMMA

| {
75 125
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FIG. 1. DSC curves, relative heat flow versus temperature of
IPN’s, and cross-linked PCU.

B. SAXS Measurements

Il. EXPERIMENTAL DETAILS

A. Samples

Ill. SD IN SIMULTANEOUS IPN’S

A. Structure factor

has been determined by DS@erkin Elmer, DSC ) The PCU __ An?
measurements were carried out under a nitrogen atmosphef@mple [wt. %] M. [PCU Tg[°C] V,[nm’] [e.u?nm’]
from —70 to 200 °C at a scanning rate of 20 °C/min for

. . . 30 1180 —12.8, 103 0.83 139
heating and cooling. The DSC data for the second heating , 54 1430 -159 127 099 217
are shown in Fig. 1 and the values fbg are given in Table 60 1180 57 0.83 172
l. Two Ty's are found for the samples with 30 and 54 wt. % 4 80 1180 —91 0.83 317
PCU (the second transition for sample 2 B§=127 °C is 5 100 1180 —16.2

about 20 °C above the expected value for the PMMA com
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only by mutual entanglements. Usually, the simultaneoud$Eq. (4) which describes the topological connections of the
formation of IPN'’s starts from the monomers, which form growing network. Therefore in the simplest approximation
during the IPN synthesis monotonously growing clustersA, m, andC become time dependem,— A(t), m—m(t),
(with a given time-dependent distributioriHowever, we can C— C(t), and describe the chemical evolution of the system.
approximate the evolution of the IPN on (areaveraged For IPN's the free energy is given 7?2

mean field level by effective hydrodynamic equations with

time-dependent coefficients. For each component the mass :f 2 E 243

balance law holds in the hydrodynamic limit, F AQ +m+ % ¥(q)°d°q, )
api o C(t
— +divji=0 @ wa)= A(t)q2+m<t>+—q(f) WO=L@DUD, (©)

(i=A,B). The current; can be described in a linear theory whereC(t) represents the local attractive interaction that be-
by ji=—AiVuy, with the chemical potentiak, and the comes effective when the first closed network loops are
generalizednonloca) Onsager coefficiend;, . After intro-  formed and elastic forces start to counteract the repulsion of
ducing the order parameteg(r)=(1—"f)pa(r)—fpg(r) the two network components. The chemical potengiatan
(f={(pa), 1-f={pg); f is the composition ratip where  now be substituted into E¢2) which yields

pa(r) andpg(r) are the local concentrations of the two com-
ponents at the point, and an effective currenf=(1
—f)ja—f jgandu=(1—1f) ua—f up, respectively, Fou-
rier transformation of Eq(l) yields

d
SH@=—PAaL@ @+ nan. @)

The reciprocal Onsager coefficient can be representdd by

J
—(q)=—q2A(q) () + 7(a,1), @) 1 1 1
at A@)  DaSA@)f ' DeSa(@(1—1) ®

where 7 is added to the linear response term to represenf, the hydrodynamic limit the monomer structure factors

thermodynamic noise corresponding to inner degrees o_f frees(q)i , i=A,B, can be substituted by(0);, which is
dom. The free energy densify for a pol>7/r;18er MIXtUre I equivalent to the averagedand therefore also time-

terms of the order parametéris given by" dependentnumber of monomers per moleculs;. By as-

1 1 suming Rouse dynamics,.e.,D;=Dg/N;, whereD, is the

F= N_lp Iny+ N_(l_ DIN(L— ) — xp(1— ) gegmenta! Q|ﬁu3|0n coefficient aridl, is the effectwe dn_‘fu-

a b sion coefficient of the center of mass of componientith

A equal effective mobility of all monomers, the Onsager coef-
+ E|V¢|2, (3) ficient has a simple time-independent form

with the Flory-Huggins interaction parameterand JA be- A=Dof(1-1) ©)

ing the characteristic minimal length of the mod@l the  and therefore

present casA is of the order of magnitude of the segment

length. The effective chemical potential is the first deriva- —(q)=—2Dof (1—f)L(q,t)¥(q)+ 7(q,t). (10
tive of F with respect tay. In a linear approximation of the at
Fourier transform we get The solution of this linear differential equation is given by
JoF ) t t
K= Gt LA+ mIg(), (4) z/;(t)zfoex —quof(l—f)f L(q,t")dt’" r »(q,7)dr.

wherem is the inverse structure factor Igm,osfl(q) which (1)

is proportional toT — T andA is proportional to the gradient For the kinetics of the chemical reactions taking place during
energy coefficient. In the case of a distribution of moleculeghe IPN formation there exists a finite timte=t. above
(clusted of the two network components, andm are effec-  which the separation kinetics of the IPN is suppressed, which
tive values averaged over all molecul@ge use the preaver- is close to the gel timgy,. Above this time the evolution of
age approximation In the course of the chemical polymer- the separation kinetics is frozen agdt) becomes a static
ization and cross-linking reactions during network formation,value ;= (t), t>t.. From this solution the structure fac-
the mass and shape of the molecules and network fragmentisr S(q) of the irreversible frozen fluctuations can be calcu-
change. This suggests that an additional term is present iated as

te

tC tC tC
S(Q)=<¢(q.t)2>=fo fo exp{—quof(l—f)f L(q,t’)dt’—quof(l—f)f ,'—(q,t’)dt']<77(q,7)71(q.7’)>d7d7’-
12
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Because of equipartition the thermodynamic noise satisfies 1 \/<_R$
lig= % = - (20
(n(a,7)7(q, 7)) = Agd(7—7'). (19 @ 233

In contrast tal ;4 the characteristic length determined by the

Thus the structure factor reduces to .
coefficients ofS,,

te te
S@)=1o eXp( ~20°Dof(1-1) | L(qi')dt']dr- L_(A)" (21)
0 T "9 \c)
(14 9t \c
Use of the mean value law for the integration yields is an averaged length that represents the structural evolution

during network formation, which is obtained by integrating
te fromt=0 tot=t. in the derivation ofS(q) in Eq. (17). Due
S(Q)Iﬁof exp{—29°Dof(1-f)L(a)(tc—7}d7, (15  to this integration the structure fact®(q) given in Eq.(17)
0 reveals ag~* dependence at largpvalues. This result is in
with contrast to the structure factors which describe the fluctua-
tions of polymer blends and block copolymers in the homo-
geneous phase close to a phase transition as well as for
, (16) grafted networks, and ideal IPN’s which all shovga? de-
pendence at largg values. In the limitg—0 the structure

in which A_ m, and C are time-averaged effective values. factor vanishes for block copolymers, grafted networks, and

L(q)=

—), — C
Aq2+m+F

The structure factor is then ideal IPN’s whereas$s(q) in Eq. (17) has a finite contribu-
tion.
1-exd — yL(9)9%] CRIES
S(a)= 9°L(q) =l1—exg — Yg P’ 17 B. Small-angle x-ray scattering
ith The relation between the absolute intensities from SAXS
Wi measurements(q) (e.u?nm?) and the derived structure fac-
1 tor S(q) is given by
S_ ¢ 18 (@)= VA 77S(q), (22
Agc+m+ —
g+m q with the scattering vectoy defined as

in which vy is an effective coefficient which depends on the 4
diffusion coefficient of the monomers, the composition ratio, q= ~sind. (23

and the kinetics of the IPN formation determined ty It
should be noted that as a result of using the mean value laW, denotes the volume per monomer unit of PCU, which can
for integration in the derivation of the structure factor be estimated from the molecular weighit and the density
3(q), the values of the coefficients, m, C, andy differ  p of the pure PCU networkp(PCU=1.39 g/cn?],
from their actual values at tinte=t., when the composition
fluctuations are frozen. They represent effective mean values vV :l (24)
which depend on the thermodynamic history of the sample. “ pN_’
This 8 simple physcal Inerprtalon of (0 soffcen' i N, =6.02¢10° ol . & i the slcton densy i

) ’ ference between the IPN phases which is determined from

homogeneougldeal) IPN's the tyme-_dependent structural the experimental data by numerical integration u$ing
evolution during network formation is taken into account,

which seems to be necessary for real IP#}'s. 1 Gmax

It should be noted tha®, has the same structure around An2=m 1(g)g%dq (25
the maximum given atj=q* as the structure factd®ys, i ) ain
which reflects the fluctuations occurring in the disordereqq . =0.12 nm !, q,,,=2.5 nm™1). Values forV, and
phase of a homogeneous IPN close to the microphase sep&+? are given in Table I.

; 020 L " .
ration transitiort, The scattering intensitiel{q) versus scattering vectay
are shown in Fig. 2. For all samplé&q) increases at small
Nef(1—f) g values which indicates the existence of heterogeneous
Sust(X) = = , (19

morphologies. For samples 1 and3D and 54 wt. % PCY
the increase in scattering intensity with decreagjng much
larger than for samples 3 and 4 with higher PCU content.
with x=q2(R§ﬁ>, R the end-to-end distance between two The intensity for the pure PCU network is also given in Fig.
mutual entanglements of the two subnetworks, and the De2, showing no characteristic scattering.

bye functionD (x) = 2x~?[exp(—X)+x—1]. The length of the The log-log plots of intensity(q) versusq are shown in
characteristic composition fluctuations of the ideal IPN isFig. 3 . The scattering profiles of samples 1 an@@ and 54
given by wt. % PCU show aq~* dependence for almost the entire

X
D(X/G)‘Fm —ZXNeﬁf(l—f)
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FIG. 2. Scattering intensity(q) versus scattering vectay of
IPN'’s, and cross-linked PCU.

q range which corresponds to the well-known Porod faw.
For sampé 2 a slight deviation occurs at smelivalues. The
scattering intensities for samples 3 and6® and 80 wt. %
PCU) cannot be described by @ * dependence for the
whole g range. At smallq valuesx is smaller than 2 and it
increases at largg values to about 6. The lines in Fig. 3 are
fits by the structure factoS(q) given by Eq.(17). The

shapes of the scattering profiles and the theoretical structure
factor are in good agreement. For samples 3 and 4 slight

deviations occur at small and largevalues.
SinceSy(q) in Eg. (17) has a maximum aq*, it is rea-
sonable to plot the scattering data lgg)g? versusq. The

F o 30/70
ol ® 54/46

10'

100_ , )

q[nm™]

FIG. 3. Scattering intensity(q) versus scattering vectay of
IPN’s. The lines are fits by the structure fac&(q) [Eq. (17)].

5000 . , . , . ,

4000

3000

2000

1(9)9? [e.u®./nm?]

FIG. 4. Scattering intensity{q)q? versus scattering vector of
IPN’s. The lines are fits by the structure fac®(q) [Eq. (17)].

profiles in Fig. 4 of IPN’s with 60 and 80 wt. % PCU show
the expected maximum in scattering intensity, whereas those
of samples with 30 and 54 wt. % PCU increase continuously
with decreasing). The fits of the data using E{L7), which

are identical to those in Fig. 3, are also plotted in Fig. 4. No
pronounced maxima for samples 1 and 2 may indicate that
g* is below the resolution of the Kratky cameraf,
=0.12 nm 1). The coefficients A, m, C, andy) and the
characteristic length [Eqg. (21)] given in Table Il were de-
termined. The lengths are 1.9 and 2.3 nm for samples with
60 and 80 wt. % PCU and 33.2 and 15.2 nm for samples with
30 and 54 wt. % PCU. These values correspond to the aver-
aged length of the frozen composition fluctuations that occur
during IPN formation and which are frustrated due to in-
creasing topological restraints by the growing network clus-
ters. Samples 3 and 4 seem to have a finer morphology than
samples 1 and 2. This result is in accordance with the DSC
measurements and the transmission electron microscopy in
Ref. 24. For samples 3 and 4, having ang no microphase
separated structures can be resolved whereas for samples 1
and 2 two glass transitions are determined corresponding to
distinguished microphases in those IPN’s. The values of the
coefficients of the structure fact&q) may give insight into

the chemical and physical processes during the formation of
simultaneous IPN’s, leading to the frozen composition fluc-
tuations(microphasesin these materials. Starting from the
one-phase mixture of monomers, cross-linkers, initiators, and
catalysts the chemical polymerization and cross-linking reac-
tions lead to growing network fragments and at a definite
degree of conversion the two network components start to
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TABLE II. Coefficients of S(q) [Eqg. (17)], characteristic length of frozen microphases of IPN’s as
determined from the coefficients 8{q) [Eq. (21)], and correlation lengtl§ andS(0) of the Debye-Bueche
structure factoiSpg(q) [Eg. (26)].

PCU [wt. %] A m c y | [nm] & [nm] S(0)
30 1.59 0.3%10°? 1.3x10°° 8592 33.2 23.3 22%10°
54 1.18 2.2K10°2 22.0x10°6 3027 15.2 9.1 1510°
60 0.22 1.3%10°2 1.8x107°2 2722 1.9 1.8 0.1210°
80 0.45 5.8% 10?2 1.5x10°2 398 2.3 2.2 0.2x 1¢°

phase separate due to thermodynamic immiscibility. This desince¢ in the Debye-Bueche theory is the correlation length
composition process is restricted by topological connectionsf a final structure wheredsepresents a time average of the
of network fragments, which lead to local attractive interac-characteristic length during the structural evolution of the
tions represented b@. This coefficient is 10 times smaller  IPN formation(see below. Therefore one can conclude that
for samples 1 and 2 than for samples 3 and 4. This largeither the correlation length of fluctuations close to the pin-
difference in theC values seems to herald the appearance ofing at timet=t. is represented with a large weight in the
the Second]’g_ The coefficienty which represents the rela- integration or that the structure having the final correlation
tive mobility of the components during the network forma- length has been already developed at the very early stages of
tion is larger for samples 1 and 2. So the restriction of thdPN formation. Although both approaches are in agreement
decomposition in these samples seems to be weaker as coMiith the scattering data, the structure factor derived in this
pared to samples 3 and 4, leading to a larger characteristRaper is more appropriate for simultaneous IPN's since it
length! of the composition fluctuations. Finally the fluctua- takes the time-dependent evolution of the structure into ac-
tions are frustrated at t|mE:tc by the increasing irrevers- count. In the SP-ECial-CaS-e Ofle formation COﬂSiderati(?n of
ible topological restraints due to network growth. These rethe decomposition kinetics gives an adequate description of
sults are in accordance with a recent Monte Carlo Study the eXperimental results in contrast to the MST theories for
interpenetrating network formatishfor a class of simulta- homogeneousidea) IPN's.
neous IPN’s including the system investigated in this paper.

In previous scattering experiments on IPN’s the scattering IV. CONCLUSION

data were analyzed by a statistical approach using the struc- the strycture factor for IPN’s derived in this work takes
ture factor of Debye-Buecht; into account the frustration of the composition fluctuations

S(0) by increasing topological restraints during network forma-
Spe(Q) = m (26)  tion. In contrast to the structure fa_ct_&MST(q)_ for_ ide_al
q IPN'’s the structure factor shows a finite contribution in the

which assumes a random distribution of phases with differlimit —0 and aq~* dependence at largg values which
ent sizes and shapes. A correlation functigm) is used to ~ corresponds to the well-known Porod behavior. The shape is

describe structural features. For a multiphase system it givegpmparable to the approach by Debye and BueShigq),

the probability that two points separated by a distaneell which gives a very general description of the final structure
still be in the same phase. In the Debye-Bueche approach &ty assuming a random distribution of sizes and shapes, but
exponential correlation function is used, does not consider structural evolution of the microphases
during IPN formation. The derived structure factor is in good
y(r)=y(0)exp(—&/r), (27)  agreement with the experimental small-angle x-ray scattering

data for simultaneously cross-linked IPN’s with a very fine
morphology with a characteristic length of about 2 nm as
well as for IPN’s with larger microphases with a character-
istic length between 10 and 35 nm.

with the correlation lengtté. We also applied the Debye-
Bueche lawEq. (26)] to fit the scattering data. The quality
of the fits is comparable to those using E#j7).

Values ofS(0) and¢ are given in Table Il. The correla-
tion lengths are 1.7 and 2.4 nm for samples with 60 and 80
wt. % PCU which are close to the averaged characteristic
length determined by Eq21). The correlation lengths are  This work has been supported by the Bundesminister fu
23.3 and 9.1 nm for samples with 30 and 54 wt. % PCUWirtschaft through the Arbeitsgemeinschaft Industrieller
respectively, which are at least of the order of magnitude oforschungsvereinigungen e.V., Grant No. 9510, the German
the corresponding characteristic lendth Academic Exchange ServicdDAAD), the Deutsche For-

The comparison of the structure factor in the hydrody-schungsgemeinschaft, Grant No. schu 934/1-2, the National
namic limit for IPN’s and the Debye-Bueche theory which is Science Foundation, Grant No. DMR-9023541, and the Do-
used to describe the structure of different kinds of material$iors of the Petroleum Fund of the American Chemical Soci-
(glasses, foams, ejcshows that they are in remarkable ety. The authors would like to thank Dr. P. Zhou for the
agreement. It is not trivial that and £ are equal or close preparation of the samples.
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