Elastic scattering from diblock copolymer chains in dilute solution
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The elastic scattering structure factor of a single diblock copolymer chain is calculated up to first
order in e(=4—d, with d the dimensionality of the spacewith the conformational space
renormalization group method. The influence of several thermodynamic conditions on the scattering
intensity is analyzed. Our results are compared with small-angle neutron scattering experiments
under variable contrast conditions and numerical simulations of the zero average contrast case.
© 1996 American Institute of Physid$$0021-960806)51914-Q

I. INTRODUCTION were carefully studied some years ago by Joagirgl® with
des Cloizeaux’s direct renormalization mettfokh the infi-

The conformation of macromolecules in solution is verynite chain length limit, the only stable fixed point of the
often studied with scattering methods, either elastic or quasirenormalization grougRG) equations is that of the symmet-
elastic, with different techniques to probe the microscopiaic state with equal values of the intra- and interblock ex-
details affored at the scale lengths relevant to the experimentluded volume parameters, i.e., the homopolymer fixed
The literature is plentiful of experiments on linear or point. This result shows that block copolymers and ho-
branched homopolymers in the whole range of temperaturesmopolymers belong to the same universality class and share
and concentration, and a satisfactory agreement betwedhe same critical exponents. In the neighborhood of the other
theory and experiment has been achieved. In the last yeartxed points, the copolymer swells with Gaussian-type expo-
attention was focused in diblock copolymers because of theents, but the nonuniversal prefactors depend on the case
richness of structures discovered in the semidilute and corsonsidered. The several average dimensions of block copoly-
centrated regimes. mers were later analyzed by Douglas and Ftest more

Nevertheless, the very dilute regime has not been fullyrecently by Viahoset al.’
explored, and the question about the microsegregation at the In this work, we focus our attention on the elastic scat-
level of a single chain remains open from the experimentatering functionS(k) of dilute copolymer solutions as pre-
point of view. To our knowledge, only two small-angle neu- dicted by the renormalization group method. The homopoly-
tron scattering(SANS) experiments were performed with Mer system was originally studied by Oletal® up to first
diblock copolymers, and with rather low molecular weight order ine=4—d. Their conclusion is well known. The scat-
fractions_ lonescuet a|_2 Studied the radii of gyration of tering function at the excluded volume fixed pOint is almost
p0|ystyreneb|Ock_po|yisoprene Cop0|ymers in two solvents identical to the Debye function, the classical result from
with the variable contrast method. Their tentative conclusiorf>aussian statistics. We develop here a similar analysis at the
is that their findings can be explained without assuming seg€ight fixed points of the copolymer system. The incorpora-
regation, when compared with an approximate theory of thdion of the contrast factor in the formalism makes it possible
excluded volume. Some years later, Dughhl? applied the 0 compare our predictions with experiments, in particular
results of the random phase approximati®PA) (appropri-  With the zero-average contrast case where the forward scat-
ate to study dense systents the interpretation of the scat- (€ring contribution vanishes. _
tering intensity of polystyrenblock-poly(deuterated sty- This paper is organized as follows: In Sec. Il we review
rend solution of varying concentration. Under zero-averagethe formalism for t_reatmg the structure fe_lctor, describe the
contrast conditions they were able to show that the maximurinodel and calculation and give the analytical results. In Sec.

of the scattering intensity behaved as predicted by RPA, evelll We apply the results to special cases and compare with
in the dilute regimec<c*, wherec* is the overlap concen- experimental and simulation results. Our conclusions are

tration). Both in theta and good solvent conditions, theSummarized in Sec. IV.

z-averaged radius of gyration was fitted by a relation valid in
the low molecular weight range.
Theoretically, the statistical and thermodynamical prop-|. MODEL AND RG CALCULATION
erties of hlgh polymer solutions are_ngorou_sly _descrlbed byA. The structure factor
renormalized field theofyor alternative realizations of the
scale invariance symmetry of the system. Block copolymers For a system of independent point scatterers, the inten-
sity of the scattered radiation is proportional to
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wherey; is the form factor of elemeritandk the scattering B. Model and perturbation calculation
vector,k=4/\ sin(6/2), \ the wavelength of incident radia-
tion in the scattering medium, ané the scattering angle.
(---) means average over all possible chain conformations. 1 9 o
. . . NO[ dCq 1 (N9 dC
Light as well as neutron scattering can be treated with the  7c,,c,]== f 1( ) dr+ = f 2(—
same formalism, the only difference being the expressions IT 2 Jo \ o7
for the form factors. In the case of light scattering, they are N W0
the polarizabilities of the point scatterers, and can be written + = f 1d0'f drdlcy(o) —cy(7)]
(at infinite dilution as 2 Jo —Jo

The chain is modeled with Edwards’ Hamiltoni¥n,

A v9 [N NO
@ no (an 5 [ Mo [Mdratcaor-cim ap
Y=o — | — 2 2 Jo 0
27T NA (9Ci 0
Herel\7|i is the mqlecular weight of theth monomerg; its +W0ngd0'ngd7'5[Cl(0')—02(7')]. (12)
weight concentrationi, Avogadro’s numbem, the solvent 0 0

refraction index, and dn/dc;), the refraction index incre-
ment due to monomei, at infinite dilution. In the case of c¢; andc, are continuous curves describing the chain confor-

neutron scatteringy; is the excess scattering length mation,u, v andw the excluded volume parameters, and the
superscript 0 denotes bare quantities. The condition
_ ~ Uj cl(Ng)zcz(O) is imposed, and a cutoff lengtnis implicit in
Xi_bi_Mi_bSv (3) Il di ;
Vs all divergent integrals.

_ _ Averages are computed as
with b; and b the coherent scattering lengths of monomer

and solvent, and; anduvg the corresponding specific vol- 1

umes. (== f Ier,cl(-)e””
In the case of diblock copolymers, we have two blocks, -

p; and p,, formed by monomers of kind andB. We can

write Z= f ey, cle . (13
S(k)ZaEB XX pSap(K) (4 The reciprocal variable o is q=I7dk, with | Kuhn’s
' length.
We use the conformation space renormalization group
= EB XaXgNoNgP o p(K), (5)  technique developed by Oomro al*3 The structure factors in

d dimensions up to first order in the excluded volume inter-
action are computed first. The resulting expression is ex-
ik-(rj=rj ), (6) panded in powers of, and then a renormalized expansion is
obtained by the use of renormalization factors. Finally, the
renormalized scattering functions is studied at the fixed
whereN, is the length of blocke. Clearly, P, z=P,, and  Points of the RG equation. .
P,(0)=1. It is convenient to follow Ref. 11 and define We summarize the relevant steps of the calculation. The
partition function is

Pask) = Nﬁ.
IEP[;

—  xiNi+x2N;
=== W) u [NS/NO b [NC
M ;N3 +MoN, | Z=Zg—Z¢) — | —In| =|-1|+ — | —
a a 47°| a
x1N1 0 Op(O
- - 8 N> w N7N5
XiN1+ xoN; ® _'”(E)_l a2 | 1IN ey N°>H’ (19
With this, one can writéwe putP, andP, for P,; andP,,)
NO[ dCy
S(k)=M2x?[y?P1(K) +(1—y)?P,(k) 20— D[c1,C,] exv[ f 1( )
+2y(1-y)PiAK)], ©) WNIERE
R - . _ +—f 2l —| dry. (15
where M=M;N;+M,N,. In the special casg=0 (zero 2 Jo |\ a7
mean contragtthe above equation is not valid, and we must
write instead The bare perturbation to first order for the structure fac-
5 tors gives(S,, can be obtained fron®,; by the exchange
S(k)=N3x3[P1(K) + P(k) = 2P 1(K)]. (10 NN, ul—09),
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0 0
N
2 2
S11=2(N9)2A(¢?) — U RY;+ a1 A(@))]— 0O Ry, + ay| 1+1n e A(¢?) —WO{ RY,—ay| 1+In W) A(¢?)
0
0 0 0 N3
~Way[A(ey) +Blep]in —=, (16)
a o a (2)
S12= (N°)?Q(¢1,09) — U Rirt 5 Q(el.02) | —vY| Rixt 5 Qlel,09) | —W| Rip— (1+m N
0 0
ae % NI a|Nle -1 9
X 0N+ =3I —5|-U = |5 —F— e 71+ 909 |In—
Q(‘Pl (PZ) 2 (qDO)Z Ng 2 NO (PO Q(‘Pl (PZ) a
0
a Ng e f1—-1 o Ng
—v°§ NO T g0 © 2+ Q( g3, ¢3) |In 2 (17)
|
where The following relations are proposed between bare and
e -1t renormalized quantities:
Alp)= ————, 18
((P) QDZ ( ) N]_:ZNNg,
e’ e® 1 Np=2ZyuNS,
Ble)= —7+———, (19 2o
¢ ¢ ¢ 1B
0 0 Sii= Zsllsllv
(e"%1—1)(e” %2—1)
Qe ¢2)= %) ! (20 Si=2515,,
NO=NJ+ N3, (21) S1=Z5;Sh- (24)
o_ NPg? (22 The factorsZ are chosen so that the singularities in the struc-
P ture factors are absorbed into the renormalization factors. At
02 this stage, it is necessary to introduce the fenomenological
_2(Ny) 23 scaleL.'® When this is done, one obtains
A= 7 (23
anda and ¢° are equivalent tay, and ¢ with N° in place of S11= 2N7A(@1) — U[ R+ a1A(@1) ] —v| Ry, + a1( 1

NP. The functionsRY;, RY;, RY,, RY,, RY,, andRY, are given

in Appendix A. These functions are the regular part of the 2 W N,
bare expansion, i.e., they remain finite in the limit-0. +In N, A(e1) | —=W| Rij—ay| 1+1In N A1)
Note that singular partéroportional to InN%a) appear as- N
sociated with the intrablock interactions, ), but not with 1
) : . — + —
the interblock interactionv(). Uai[Aler) +Ble)]In 7,
|
2 u a v a \\ @ N2
S1>=N“Q(¢1,¢2) —U| Ryt 5 Q(e1.92) [~ v| Rt 5 Q(e1,92) | —W| Rz~ 5 1+In N Qle1,92)
o 67‘92 | Nl o Nl e7¢2_1 | 1 o N2 eiwlil | N2 o5
t3 2 NN, 7Y WT+Q(<P1,QD2) "TV3IN o +Q(e1.02) (I~ (25
|
and for the renormalization constants, v L
ZM=l+m|n E (27)
Zy=1+ ! | - 26 Zs =1 ! I L 28
NTLT 2N (26) S+ 52N (28)

J. Chem. Phys., Vol. 104, No. 15, 15 April 1996

Downloaded—-24-Feb-2001-t0-141.108.4.108.-Redistribution-subject-to-AlP-copyright,~see=http://ojps.aip.org/jcpo/jcpcpyrts.html



6030
L
ZSZZZ 1- ﬁ In a, (29)
v L
2512: 1- 4—77_2 In 5— 4—772 In 5 (30)

To find the nontrivial fixed points of the RG equations
requires a second order expansioriisince the fixed points

do not depend on the property being computed, we rely on

the calculation of Joanngt al,®> who studied osmotic pres-
sure and radii of gyration of solutions of copolymers and
mixtures of polymers. They found eight fixed points for the
interaction,

(u*,v*,w*)=(G,G,G),
(u*,v*,w*)=(V,G,G),
(u*,v*,w*)=(G,V,G),
(u*,v*,w*)=(V,V,G), (31

(
(
(
(
(u*,v*,w*)=(G,G,W),
(u*,v*,w*)=(V,G,W),
(u*,v*,w*)=(G,V,W),
(u*,v*,w*)=(V,V,V),
whereG=0, V=12¢/2, W= 7€ in our units.

C. RG equation

T. S. Grigera and J. L. Alessandrini: Elastic scattering from diblock copolymers

1.0 -

(7]

k Rg

FIG. 1. Total structure factor for Gaussian homopolymers. The plot shows
the differences among the result fd=4 (full line), the exact Debye func-
tion in d=3 (dashed ling and thee expansion at the Gaussian fixed point in
d=3 (dotted ling.

for all A>0. Choosing\=L ! and changing the unit length
we find

S,=s 27 7s.f[s Y2q,s7 ™ T INy ST TIN,], (39)

with s>0 andf an unspecified function. Settirsg=N"1, we
find for S, the following scaling form:

N s, N\ 7 Ny
2l N 2y [ ) e
S, N(L) szq,(L)

N L
So the partial structure factors can be written in terms of the
variablesN, X = (N/L)":N; /N andz = (N/L)".N,/N, at
the eight fixed pointsHowever, in the terms of order zero in

N

3

L

™, N,

<. @0

We now study the renormalization group equation at thehe renormalized expansidiq. (25)] they appear only as
fixed points to find the scaling behaviour of the structurethe productsdNX andNz, so it is better to define

factor. The equation is

L a3, =L i + s +yn.N i
dL . = aL Vs, TN, 1(9_N1
ixed point
a —
+ ’}/NZNZ (9_N2 Sa—O, (32)
wherea=11, 22 or 12, and
u*
N 72 (33
U*
N, 720 (34)
u*
Y8, T T 52 (35
U*
Y8,= " 52 (36)
u* U*
%" T a4 G 37
By Euler’s theoremS, must have the property
S,(g, AL, AN A "N2N,) =N 78.5(q,L,N¢,N,) (38
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N '}’Nl N 7N2
U:(E) Ny, §:(E) N2, (41)

P12

s
o
0]

10
k Rg

FIG. 2. Interblock scattering. The full curves represent the Debye function
and thee expansion at fixed point¢ GG andV VG, while the dashed curves
correspond to th&&GW, VGW, andVVV fixed points. As seen, the first
three curves are practically undistinguishable among themselves, as are the
last three. Thus most of the excluded volume effect is contained invthe
(interblock interaction.
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In the first order terms we can writd=»n+¢£ x=X=7/(»n —v* 272 o* [ 4m2RY
+¢). Finally we extend the expansion into an exponential 322:<—) 2§2A((p§)eX4 - 22—11+1
function, in order to obtain positive function, as a structure L 47" [28°A(ey)
factor should be. The final result is 1oy B(o; (1] w* 47TZR‘1V1
—u* 272 , u* 4772RT1 A(@g) 4m? 2§ A((Pé)
Su=|+ 27°A(@,)exXp — T | 5 2a
L 47 | 27°A(¢,,)
—1-Inx|¢, 44
+1+4In x+ Ble,) | we [ 4mRiy “
nx nx|— —
Ale,) 472 [27%A(¢,)
—In(1-x) ] (43)
|
[ 4Ry, P e (e %i-1)
S;,=N? , exp’—— — In x+1+In x
2= N Qe 2P = 272 | N2Q (6,00 | 9y NQUe, .00
o AR | @eert) ] [ anRY
— + = n(1—x)+1+In(1—x)|— T Y ——
47 N*Q(¢@,. 02 @z N°Q(e,.,¢;) 472 [IN?Q(@,,¢;)
nE e % ]
+ In —1-In(1—x)|;. 45)
©,0: Qle, 00 1—X (1=%) (

These expressions are the exponentiated renormalizedhich shows the difference between Debye and @e)
expansions for the structure factors, in terms of the scalingxpansion. The maximum difference is less than 4%.
variables.

Expanding the structure factors in powersgéf(Guinier
expansiofp, one can obtain the radius of gyration of both IIl. APPLICATIONS
blocks, as well as thg mean dis_tancg between the centers of \we now apply the foregoing general resylEs. (43)—
mass. These expressions are given in Appendix B; they WeTgI5)] to the case of 50/5(k=1/2, or /é=1) diblock copoly-
first computed by Douglas and Fréelly an alternative mers. As discussed above, we use the éudixpansion, and
method. give as reference th@xac) Debye function ford=3.

We focus first on the partial structure facté?sand P,
(P, is identical toP, for x=1/2). P4, gives the contribution
D. Plots to scattering resulting form the interference between radia-
. . . . tion scattered by different blocks. Accordingly, its contribu-

.The structure factor is plotted against the a@mgnsmna{ion goes to O faster thaR, for short wavelengthéit almost
variablep=kR;. We haveR,=Ir, wherer =r(z.¢) is given anishes fop>5). Theu andw interactions barely have any
in Appendix B. Then effect in its shape; however whem takes the excluded vol-

ume fixed point valué®;, has a steeper descent, and almost
(46)  vanishes fop~3 (Fig. 2).
By contrast,P, is nonvanishing up t@~10, and differs
Ep21l  £p? € for the six fixed points shown in Fig. 3. The difference, how-
- (1 ) (47) ever, is small, and one can see than most of the change
brought to the total structure factor by the excluded volume

The order 0 term of the structure factors depends on theffect is due to the interblockP,,) scattering. This is also
space dimensiod only through the relation betweep,, ¢,  the case in homopolymerghough here we do not refer to
and the plot variablg. To be consistent, we deem it neces- blocks but to far-away monomers along the chain
sary to expand this term ia and exponentiate. This causes Turning now to the total structure factor, the contrast
minor differences ird=3 betweene-expanded structure fac- factory must be brought into consideration. TG G and
tor at the Gaussian fixed point and the Debye function, whichVVV fixed points describe a polymer with equglv, andw
we illustrate in Fig. 1 for a linear homopolymein our interactions. This corresponds to an homopolymer as regards
notation, the Debye function isA¢).] At this fixed point, conformational properties, but in radiation scattering the
¢=3p?/d. The plot compares the curves for=4 (where the  (different scattering lengths of th& andB monomers come
Debye function an@ expansion are identicaland ford=3,  into play. In some cases, as that depicted in Fig. 4, the shape
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FIG. 3. Intrablock scattering. The same fixed points as in Fig. 2 are shownFIG. 5. Comparison with the Brownian dynamics simulati®ef. 14 re-

In this case all three interaction parameters have equivéieotigh small sults. Discrete points are the simulation results, and continuous curves the

effect in the difference in scattered intensity. present theoretical results. Squares, segregating blocks; circles, excluded
volume; full line, GGW fixed point; dashed lineyVV fixed point; dotted
line, Debye function. The small kink in th& GW curve is a numerical
artifact.

of the structure factor is significantly altered and the differ-
ence between excluded volume and Gaussian regimes is in-

creased. cases, there is a noticeable improvement over the Debye
Two special values of the contrast factor have attractedqynction.

researchers’ attention, namely zero average contrast and |gnescu and co-workersdid SANS measurements on
y=1. In the first case, there is no scattering #0. In the  poly(deuterated styremlockpolyisoprene (PDS-P) of
second, theB block is isorefractive with the solvent, and molecular weight 66 00Qweight averagein cyclohexane at
only theA block is visible in the scattering experiment. 20 °C and 40 °C. By mixing normal and deuterated solvent
Duval et al® did SANS measurements on polystyrene-they achieved several different contrast conditions. Their aim
block-poly(deuterated sytrenet zero average contrast con- was to establish the existence or absence of segregation, and
ditions. Unfortunately, their results are not fit for comparisonso they do not give the full scattering curve, but only the
with our calculation, because of the polydispersity of theirgpparent radius of gyration. In Fig. 6 we plot their data to-
samples. Zero average contrast scattering was also consigether with the theoretical resippendix B for the GGG
ered by Rey and Freiré,who performed Brownian dynam- andG GWfixed points. The curves were drawn by fixing the
ics simulations for excluded volume and segregated Gausgomposition and the radius of gyration of the PDS block
ian chains, corresponding to oWVV and GGW fixed  (precursoy. Based on the uniform expansion theory of the
points, respectively. In Fig. 5 we compare their simulationexcluded volume, the authors concluded that “there is no

results with the theoretical curves for the/V and GGW  segregation.” However, we find no reason to choose either of
fixed points. There is fair agreement in the excluded volumghe RG theoretical curves.

case, andsGW curve shows the correct tendency. In both

5000} 4
0 e /\‘\\

-5000 -

-10000
-15000

40 05 00 05 10 15 20
Contrast factor (y)

Apparent radius of gyration [AngstromA2]

k Rg

FIG. 6. Apparent radius of gyration of PDS-PI in cyclohexane at 40 °C for
FIG. 4. Total scattering for the case=2. The difference in scattering different contrasts. The points are experimental values of Ref. 2. Full line,
lengths enhances the difference between Gaugsiashed curveand ex- GGG fixed point; dashed lineG GW fixed point. Neither of the theoretical
cluded volume(full curve) chains. curves can be preferred.
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IV. CONCLUSION

We have applied the renormalization group technique to
study the structure factor of dilute solutions of diblock co-
polymers, extending the results of Ohegal® Though first
order corrections to scattering are small for homopolymers,
the contrast factor makes the difference more important in
the case of copolymers with very different scattering lengths.

Our results compare well with the Brownian dynamics
simulation of Rey and Freir¥ The experiments available

6033

2 (1 e wsh 1
D2g=— — ds f dteft ’“+2f dsl—
0 0

P1 P1
1 ef(,al(lfs) —@15/4 s/2
— 7t 2 2 f (e2—1)dt
oh ?1 S
11 1) e ¥
+f — ds
olP1 o1 S

: T e %1 (1 g3e1s4_q
for comparison are scarce, and do not allow to distinguish +— f ds, (A2)
among the different fixed points. ¢1 Jo 5
2 1 e % e %1 e %1 2
D3g=—73——— -2 + —+1
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APPENDIX A: REGULAR PART OF PERTURBATION
EXPANSION D5=D2, (A5)
We give here the functionRY;, etc. which contain only D6=D1, (AB)
terms that remain finite in the limia—0. The following 2
definitions are used: v - 17
u=zg2 PR
N: N1+ N2,
e’ 1 N
x=Ny/N, D7g=—|—F5— >+ 1+In —2” (A7)
1 ¢P1 ¢ Ny
z=(1—-Xx)/x. )
TermsD2, D3, D4, D5,D6, D8, andD9 were taken from RY,= 2N2 (D8g+D9g+D10R),
Ref. 15, 4m
2 1 e %1 (1e¥15—1
RY,= g > (D1g+ D2+ D3g+D4g+ D5x+D6pg), D8g= xo1 @2 In(1—x)+ = f g s
1 e %1 e 91 [1e¥15-1 e ¢ 1 e* 1 1 e
Dlg=—— - J ds, (A1) - f ds— —+—+—, (A8)
"ol ol el Jo s ol Jix's el e ¢
1—e¥11—x 1-s eqol[s+t2/(s+t)]_1_ S+t2/ S+t
DOg=— = T in(1l-x)— 2@1[ (s+1)]
X t
1-s e"’l[“+t2’(”s“)]—1 oi[U+t2(z+s+1)]
+—ff dsf 2
1 (1 1-s @ #18Y(STY 1 4 o st/(s+t)
+ | ds f dt -+ eaSH
®1 Jo 0 t
1 (1, (i-s e «@Est_14 4 (z+9)t/(z+s+t
1 dsf t2<P1( t( )’ (A9)
¢1
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1 1 1-s 1-s—t 1
DloRz—f dsf dtf dy =
1 Jo0 0 0

y t(s+y) t(z+s+y)
X 1 sty #1 sttty
(A10)
2
Py L —7 (D11x+ D12+ D1),
e -1(1 e 1
D1lz= ——e ‘1 —e “
s <P§ [‘Pl ¢1
1ef15—1 1
xf ds; +e f1 1+ —
0 S ?1
1 @f15—1— ©1S
X . —2—d (Al1)
l-e ¢ ee1(St=9 1
128 [ [l [far 20
901 t
e¢1(t s+s/t) 1
-e” ‘Plf dsf dt—h (Al12)

e %2—1 1e%15-1
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®1 0 S
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N2
Rly=7— (D14+ D15+ D16+ D173),
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0 S 0 S

1 e¥s 1 @¥s
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+e“’—e‘Pl—e¢2+1}, (A14)

1ef15-1

1
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B %[ (1-x) s
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[l et
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D16 is obtained fromD15; by N;<—N, andx—1—Xx,

1 X X—s 1-x+s @ ey/(t+ty)_q
7= [ [ [y
e llo 7)o s y y?

X X—Ss 1-x+s
—f dsf dtf dy
0 0 s

e <pye<py2/(s+t+ 1-x)_ 1
X 2
y

(Al6)

APPENDIX B: RADIUS OF GYRATION

By expanding the total structure factor in powers of

¢xq? one obtains

(RG
|

S(q)=5(0)[1 qs+--- (B1)

(R =YARE)+(1-y) ARG +2y(1—-y)(RE,).

(B2)
This gives
P u77[13 12 log n+12 log 7+ &)]
(Ref)=— 6 2882
+ W[~ 57°— 18976~ 127£2— 1277 log £

— 2492 log £— 1283 log £+ 127°¢ log(n+ €)
+249¢€2 log(n+ &) + 1283 log(n+ €)1/

(9672 n?(n+ &)1}, (B3)

vE(13—12log £+12 log 7+ £))
28872

-¢§
(Rg3,)= —|[ -
+ W[ — 127°¢— 18p¢°—5£°—127° log 7
—24%5% log n—127¢2 log n+127°
Xlog(n+ &) +247°¢ log(n+ &) + 129&°

Xlog(n+ &) 1/[96m*(n+£) &1, (B4)
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(RQE,)=1{967°m2E%+ 9602 m?£3+ U] — 297°6%+ 247°£% log 7~ 247°E2 log( n+ &) ] +v[ — 299?83+ 24n°&°
X log é— 24723 log( n+ )]+ W[ — 367*E — 66732 — 66726 — 367£*— 367° log 17— 8475 ¢ log 7
—727°£% log n—T727°¢° log é—84n¢* log £—36¢° log £+367° log( 7+ &)+ 847*¢ log( 7+ £)
+727°8% log( 0+ £) + 727°Elog( 7+ &) +84n&* log( 7+ &) +36¢° log( 7+ €)1}/ (2887° w2£2). (B5)
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