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MGC-SCF equations have been derived with the help of Segal’s partition-basis-set technique; these equations
can be used for the calculation of the potential curves of many organic reactions. -They were applied to two typical
organic reactions, and the results were compared with those obtained by CI methods. The corrections of the
SCF-CI energies by the MC-SCF procedure were small for the present system.

The Hartree-Fock(HF) wavefunction describes the
ground state of a normal molecule passably. well, and
its mixing with the excited configurations is generally
small. However, the HF wavefunction is unreliable
for a molecular system in which the interaction be-
tween the HF wavefunction and some excited configura-
tion functions is very large. Such a breakdown of
the HF method?) occurs in the study of a thermally-
“forbidden” reaction, during which an occupied MO
‘crosses a vacant MO. The part of a potential curve
in this region is much more unreliable than the other
parts of the potential curve. Multi-configuration(MC)
wavefunctions, thus, should be used so as to obtain
reliable potential curves for these types of reactions.
Here, the criterion of a reliable potential curve is
that the potential curve has an equal reliability at
all of its points. =~ '

Configuration interaction(CF) methods are easy to
use, and many potential curves of these types of re-
actions have been obtained by. CI methods.? MC-
SCF methods have also been applied to some reactions
by Basch.®) In MC-SCF methods, the configurations
. to be included vary with the type of reaction and with
the electronic state under consideration. The SCF
equations, thus, must be derived separately for each
state of each reaction. As a matter of practical con-
venience, it would be desirable to have MC-SCF
equations which could be used for many types of re-
actions and many types of states. In this paper, we
will consider the configurations which give the most
reliable potential curves of many types of reactions,
and an MC-wavefunction will be set up. Using Segal’s
“partition-basis-set” technique,® Fock-type equations
will be derived for the wavefunction. These equations
will then be applied to two reactions, and the results
will be compared with those obtained by the CI meth-
od.

Theory

First, let us consider the configurations which give
the lowest singlet potential curve whose reliability is
“the same at all of its points. The configurations to be
‘included are determined from the MO correlation
diagram of the reaction under consideration. Figure
1 shows two typical features of MO correlation dia-
grams: in the first case, (a), the crossing of an oc-
cupied MO and a vacant MO occurs during the re-
action process, while in the second case, (b), the dif-
ference between their MO energies becomes small (or
two MO’s are degenerate) on one side of the diagram.
Examples’ of these cases are: (a) the disrotatory pro-
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Fig. 1. Typical features appearing in MO correlation

diagrams.

(a): Reaction process during which the crossing of
an occupied MO and a vacant MO occurs.

(b): Reaction process at one side of which the

" difference between an occupied MO energy and
a vacant MO energy becomes small.

cess of the cycloaddition reaction of c¢is-butadiene and
(b) the dimerization of the methyl radical to form
ethane. In the case of (a), the lowest closed-shell
configuration changes near the crossing region. In
this region, the mixing of the lower configurations,
(- $;20,.2) and (--$,24.,°), is very large, and neither
one of them separately, but a linear combination of

‘them, can be a good approximation to the wavefunc-

tion of the lowest state. For the reaction whose MO
correlation diagram has the feature (a) or (b) of Fig. 1,
the lowest singlet potential curve should be described
by the MC-wavefunction including the ¢=(---¢24,%)
and ¢=(-¢,26,% configurations, and ¢=(--¢,1¢,1)
one, if nescessary.

There are actually many chemical processes whose
MO correlation diagrams are more complex. In order
to obtain MC-SCF equations which can be used for
many reactions, two occupied MO’s (¢ and j) and two
vacant MO’s (£ and !) were selected, and all the singly-
and doubly-excited singlet configurations derived from
these four orbitals were taken into account. The

Jlowest and some excited singlet potential curves of

many chemical reactions can be described by this
wavefunction. Thus, the MC-wavefunction was writ-
ten as: '

19 = Gy + CTE + GV + CGU: + G + G
+ GV + G + G + GY + G55
+ Cu¥7T + CL¥ + Cu¥i(1) + CuTH(2) (1]
with
Scr=1
where the conﬁéuration functions are:

Wo = I...i;jjl
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and where the others are obtained by changing the
indices, 7 and j or/and £ and /, in these configuration
functions. The electronic energy of [1] is written as:

Eetee = Eg + ﬁzq ApeLipg + ME :qurs<1’41 1s)
where p, ¢, r, and s run over four orbitals, ¢, j, £, and /;
where 4, and B,,,, are expressed by the configuration
expansion coefficients (they are given in the Appendix).

Also,

E, = °§2In + ;E: (240t |y — (tul utd)

Lo = Ly + STty — sl )}

Ly = [ X Heoro(D) 4 (1)dr

(sl = [BXDP) - $+DPuDie

where ¢ and u in the first two equations run over the
doubly-occupied and i and j orbitals.

A troublesome aspect of implementing the MC-SCF
formalism involves the handling of the off-diagonal
Lagrangian multipliers, which insure orthonormality
between open- and closed-shell orbitals of the same
symmetry.5) Segal has put forward the “partition-
basis-set” technique, which simplifies the calculation
of the wavefunctions of the excited states of molecules.?
His method corresponds to a partial variational method,
in which the variations of open-shell orbitals are ex-
panded by virtual orbitals. Thus, the MO’s obtained
by this method are not the optimum ones.®» However,
its simplicity makes it possible to obtain many types of
MC-SCF wavefunctions easily. This technique, which
has been applied to the calculation of MC-SCF wave-
functions by Basch,® was used in the present study.
The Fock-type equations obtained are:

F¢:> =¢;|¢.:> A=1,2,...... s 1—1)
Fppldp> +Eprql¢a> =¢p|Pp> (p=1,4, k1)

The second equations were converted to eigenvalue
forms by rewriting the equations using the operators
defined by:

Fpe= qu|¢q> <yl

and by adding the following quantity to both sides of
the equation:

q% F/qul¢p> =q§pl¢}"> <¢GIFQPI¢P>

The final eigenvalue forms are:
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(3-1]
[3-2]

F|¢:> =e;|¢:> (A=1,2,...... ,i—1)
Fpl$p> = &' p> (p=i, 5, k1)
The operators Fi: and F, are given by:

1
F; = Heoro + Et @i —K,) + 2'? Ars(2frs—8rs)
Fp = Fpp + @F%){prl¢r> <¢PI + |¢P> <¢7IF"I’}

1
Fpp = (Opi+0p5)Fs + ) App{Hcore-l-Z'](?Jt—Kt)}

4+ X2 (BpprsSrs +Bpsrpgrx) - g Bpprpfrp

1
qu = qu{Hcore'l' Z(2Jt —Kt)} + 2 qunfrs
: ' 13

+ X N {Bypaprfor+ BparaSrat Bpreg€er}

r(¥pyq
+ BpageSaa + BraveS e (%9

where ¢ runs over orbitals which are doubly occupied
in the ¥, configuration, and where r and s run over
four orbitals, 7, j, k, and I. The J,, X,, and H,,,
operators have their usual meanings, and the f and g
operators are defined by:

gty = f "5 @dn )

L$T

2
grs()ge(1) = (f i ¢r*(2)¢z(2)dtz)¢s(1)
12
’ is connected with the Lagrangian multiplier, ¢, by:
&' =& + '(E) {r|Frplp)-

»

If the variation method is applied so as to minimize
the E,,,, with respect to the LCAO coefficients, ¢, of

¢y = Xey

equations equivalent to [3-1] and [3-2] are ob-
tained.
(A=inner MO’s)

(I’=i, Js K, )]

where the matrices, F: and F,, are evaluated with the
corresponding operator and the set of AO’s.

The configuration expansion coeflicients and the
orbital expansion coeflicients are determined by the
following process.3*)

(1) From an initial LCAO-MO set, the CI ma-
trix elements, H,,, are calculated, while the configura-
tion expansion coefficients are determined from the
lowest-energy solution of the secular determinant:

|Hab - Eaabl =0

(2) From the above set of orbitals and the newly-
obtained configuration expansion coefficients, the Her-
mitian matrices, F, and F,, of Eqs. [4] are calculated.

(3) Eq. [4-1] is solved in the usual manner to
obtain the set of occupied MO’s, ¢,, and the set of
orthogonal virtual MO’s.

(4) The MO’s ¢,, ¢,, ¢,, and ¢,, are successively
determined by Segal’s technique? from the virtual
MO’s obtained in (3).

(5) The procedure reverts to (1), and the process

[4-1]
[4-2]

F;c; = C;€;

’
Fycp, = cp¢p
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is continued until the convergency of the total energy
and AO bond populations is achieved.

While the excited states, as well as the ground state,
can be evaluated by means of this procedure, the
wavefunctions obtained by this procedure are not the
optimum ones and are not correct to the first-order;
that is, Brillouin’s theorem does not hold for these
wavefunctions.®®)  First-order accuracy may be achiev-
ed by a CI calculation in which all the wave-functions
formed by single excitations from the present MC-SCF
function are included. This problem was not, however,
examined in this paper.

Examples

The present MC-SCF method can be used for the
calculations of the potential curves which are de-
scribed by the wavefunction [1]. It was applied here
to two reactions, the cycloaddition of cis-butadiene to
form cyclobutene, and the dimerization of methylene
to form ethylene. The lowest (ground-state) potential
curves obtained were compared with those obtained
by the CI method, in which the same approximation
as in the MC-SCF method was used. The CI method
is easy to use for the calculation of the potential curves
of forbidden reactions. It is, thus, worth comparing
the results obtained by the MC-SCF and CI methods.
Semi-empirical method were used in the present ap-
plications because they are easily applicable to organic
chemical reactions including rather large molecules.

The INDO approximation,” which is one of the most

widely accepted semi-empirical approximations, was
used in the second example. In the first example, the
MINDO/2 approximation® was used, since the MINDO
/2-CI calculation for this reaction has already been
performed.®

The Disrotatory Process of Cycloaddition of cis-Butadiene
to Form Cyclobutene. The lowest singlet potential
curve of this process was calculated for the ideal path,
in which the molecule has C, symmetry. The wave-
function can be described by two configurations, as
was pointed out in the previous section:

19 = C|...(5a")2| +C']...(Ta)%|

where 54" and 7a’, which correspond to the i and &
orbitals in Fig. 1-(a) respectively, are anti-symmetric
and symmetric with respect to the symmetry plane,
which bisects the Cy-C; bond and is perpendicular to
the carbon skeleton. The rotation angle of the CH,
group was varied from 0°(cis-butadiene) to 90°(cyclo-
butene) in steps of 15°. The other geometrical para-
meters were gradually varied from those of cis-butadiene
to those of cyclobutene. At each rotation angle, the
SCF MO’s of the all-valence electrons were obtained
by means of the MINDO/2 method; these values were
then used as the initial MO’s of the MC-SCF procedure
and as the basic MO’s in the CI calculation. The total
energy is the sum of the electronic energy and the core-
repulsion energy, as calculated by means of the
MINDO/2 approximation.®)

The orbital expansion coefficients of 74’ and 5a”
orbitals at §=45° are shown in Table 1. The dif-
ferences between the orbital expansion coefficients ob-

MC-SCF Theory to Organic Chemical Reactions

2917

tained by the MC-SCF method and the CI method are
small. This was also observed for the orbitals at other
points in the reaction process. The differences in
configuration expansion coeflicients between the two
methods are also small (Table 2). Thus, no re-
markable difference in the total energy between the
two methods was observed during the process (<0.2
eV, Table 3). The overall shapes of both potential
curves were similar to that obtained by a larger CI
calculation in which 20 configuration functions were
included.® Thus, a small MC-wavefunction is passable
in the semi-empirical study of the present process.

The deviation of the energy obtained by the single-
configuration wavefunction from that obtained by
two configuration wavefunction largely depends on the
rotation angle of the CH, group. At §=45°, the dif-
ference is 1.36 eV, which is much larger than those of
normal molecules: 0.19 eV for cis-butadiene and 0.42
€V for cyclobutene. Thus, MC-wavefunctions should
be used in the study of the forbidden reaction so as to
obtain a reliable potential curve.

Dimerization of Triplet Methylene to Form Ethylene.
The least-motion approach of two triplet (°B;) meth-
ylenes, or the least-motion dissociation of ethylene,
was considered. It may be seen in Fig. 2 that the lowest
closed-shell configuration changes from (core)®e?n® to
(core)8a2a*2 during the dissociation of ethylene to meth-
ylenes. The lowest state(ground state) of methylene
dimer is sufficiently described by the following con-
figurations:1%

(core)®a2a? at R,,~R,, the value of normal ethylene,

(core)8o?n? and  (core)®o?n*? at R,,~2.0A4,

(core)8a2n2, (core)da2n*2, (core)®o*2n?, (core)8o*2n*2,

and (core)8do*mn* at R,>3.0A,

where ¢, 6*, 7, and z* are the MO’s of the D,, methyl-
ene dimer. The wavefunction of the lowest state of
the methylene dimer, whose C-C separation varies
from R, to oo, was written as:

190 = C¥y + G + GVl + CGTY5 + GY}
+ Cu¥H(1) + Cu¥i(2)

so that the wavefunction always involves the above
configurations whether the lowest closed-shell configura-
tion is (core)82a? or (core)d¢%0*2, The dissociation
of ethylene has been studied by Basch.®® In his
MC-SCF treatment, the first five configurations in the
above wavefunction were taken into account. Thus,
his wavefunction does not correctly represent the two
3B, methylenes at R,,—00.19

Calculations were also carried out for several C-C
separations with a fixed CH, unit in an ideal geometry:
CH=1.10 A and ZLHCH=120°. The INDO approxi-
mation” was used for this process. The total energy
of the lowest singlet state of the methylene dimer is
shown in Table 3. The overall shape of the lowest
potential curve was similar to that obtained by Basch.3
It may be seen from Table 3 that the difference be-
tween the single-configuration energy and the MC-SCF
energy depends largely on the C-C separation. This
was observed between the single-configuration energy
and the CI energy calculated with 40 configuration
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TaBLE 1. ORBITAL EXPANSION COEFFICIENTS OF 5a’’ AND 7a’ MO’s AT THREE TYPICAL ROTATION ANGLES
or CH, croups?

5a” MOV 74’ MO®
AO®
0° 45° 90° 0° 45° 90°

C, 2s 0.0000 0.1857 0.0000 0.0000 0.1602 0.0000
(0.0000) (0.1936) (0.0000) (0.0000) (0.1455) (0.0000)

2p, 0.0000 —0.4586 0.0000 0.0000 —0.3598 0.0000
(0.0000)  (—0.4309) (0.0000) (0.0000)  (—0.3900) (0.0000)

2p, 0.0000 —0.2382 0.0000 0.0000 —0.1888 0.0000
(0.0000) ~ (—0.2298) (0.0000) (0.0000)  (—0.1800) (0.0000)

2p, 0.5712 0.3487 —0.0418 0.5592 0.3455 0.1401
(0.5616) (0.3509) (0.0404) (0.5574) (0.3455) (0.1407)

C, 2s 0.0000 0.0239 0.0000 0.0000 —0.0765 0.0000
(0.0000)  (—0.0005) (0.0000) © (0.0000)  (—0.0922) (0.0000)

2px 0.0000 —0.0478 0.0000 0.0000 0.0629 0.0000
(0.0000)  (—0.0447) (0.0000) (0.0000) (0-0665) (0.0000)

2py 0.0000 0.0402 0.0000 0.0000 0.0737 0.0000
(0.0000) (0.0314) (0.0000) (0.0000) (0.0665) (0.0000)

2p, 0.4169 0.2070 0.6987 —0.4327 —0.3527 —0.6553
(0.4297) (0.2363) (0.6851) (—0.4351)  (—0.3216)  (—0.6530)

H, Is 0.0000 0.0424 0.0709 0.0000 —0.1827 —0.159
(0.0000) (0.0518) (0.1204) (0.0000)  (—0.1640)  (—0.1640)

H, 1s 0.0000 —0.1507 —0.0709 0.0000 —0.0430 0.1596
(0.0000)  (—0.1747)  (—0.1204) (0.0000)  (—0.0428) (0.1640)

H, 1s 0.0000 0.0704 0.0000 0.0000 0.1226 0.0000
(0.0000) (0.0944) (0.0000) (0.0000) (0.1596) (0.0000)

a) SCF-MO’s are also shown in parentheses. b) Add the other half part which is asymmetric with respect to
the symmetry plane. c¢) Add the other half part which is symmetric with respect to the symmetry plane. d)
C,, terminal carbon; H; and H, methylene protons; x axis, parallel to C,-C; bond; z axis, parpendicular to
the carbon skeleton.

TaABLE 2. TOTAL ENERGY AND CONFIGURATION EXPANSION COEFFICIENTS OF THE LOWEST SINGLET STATE
ALONG THE CYCLOADDITION OF (is-BUTADIENE TO CYCLOBUTENE

MC-SCF SCF-CI SD=)
ov
E (eV) c c E (eV) Cc (0 E (eV)
0° —607. 14 0.9859 —0.1672 —607.14 0.9869 —0.1612 —606.95
15° —606.69 0.9796 —0.2011 —606.67 0.9820 —0.1887 —606.47
30° —605.76 0.9463 —0.3233 —605.70 0.9581 —0.2864 —605.39
45° —605. 14 0.6546 —0.7559 —605.14 0.6410 —0.7676 —603.78
60° —605.95 0.2658 —0.9640 —605.77 0.2635 —0.9646 —605.44
75° —607.28 0.1748 —0.9846 —607.07 0.0875 —0.9962 —607.01
- 90° —608.29 0.2302 —0.9731 —608.26 0.2218 —0.9751 —607.87
a) Obtained by single-configuration SCF method. b) 6=0° corresponds to cis-butadiene and §=90° to cyclo-
butene. .

TasLe 3. THE LOWEST SINGLET ENERGY (eV) OF D,y

a* _—, METHYLENE DIMER

z* e Re.(A) MGC-SCF SCF-CI SD»
s B 1.30 —451.35 —451.12 —450.62
. = 2N 1.50 —449.93 —449.59 —448.66
7 —o—e—" . 2.00 —438.91 —438.68 —435.36
2.50 —431.42 —431.32 —427.42
o —o—e-" 3.00 —429.02 —429.00 —427.32
CH.=CH. 2CH. a) Energies obtained by single-configuration SCF

method. The lowest closed-shell configuration at large
C-C separation is (---02¢*?) which does not contribute
to the lowest singlet state of D,; methylene dimer.

Fig. 2. MO correlation diagram connecting four MQO’s
of ethylene and two methylenes,
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functions. Thus, the breakdown of the HF method in
the intermediate region of the process gives a largely
unreliable potential curve. The correction of the SCF-
CI energy by the MC-SCF procedure was small (Table
3) in the present case, as in the previous example.
This may be a result of the limited AO basis in the
semi-empirical methods.

As a result, in semi-empirical all-valence electron
calculations, the MC-SCF method or a rather large
CI method may be sufficient to produce potential
curves which remove the error originating from the
HF method and which have a reliability comparable
to that of the HF molecular ground state of a usual
molecule.

The authors wish to express their thanks to Professor
Keizo Suzuki for his helpful suggestions. The cal-
culations were carried out by a HITAC 8800 computer
at The University of Tokyo.

Appendix

Ay, and By, in Eq. (2) are expressed by the configura-
tion expansion coefficients as follows. The others are ob-
tained from the relations, A4,,=A4,, and Bpgs=Bps=

Byrop=Brspe-
Ay = — (G + G + 2G2 + 2G¢ + 2G2 + Cyy? + Gy?
+ Cg* + CGu?)
Aj = — (G + C + 2C2 + 2G¢* + 2C;g? + Cip? + Cpy?
+ G + Cu?) |
Ay = G2 + G2 + 2G% 4 2G2 + Gy® + Gyo? + 2Gy,?
+ Cy® + Cif®
Ay = G + G + 2CG? + 2C2 + G + Gyo® + 2G;,?
+ G + G
A= — (C\C3+ GG+ 1V 2 {C5Chy + GG + GGy + GGy
+CyCy3+ C1oCis})
A = GG, + GG, + 1/7{05094‘ CsCy+ GG+ CyCyo
+ €G3+ Cpy G}
Ay = V2GE + vV2GG + GG + GGy
vz Ve
2 2
Ay = VTCC, + VICCs + GGy + GGy
Y2 i — LG
Ajk = V?Cocs + 1/70307 + 01011 + 04010
2 6
+ VT 1/2
Ajl =1 2GC; + V2CGCs + GG + GGy
Y2 6,6 + V300
By = G + G + G
Bjjyy = G + G + Gy
By = G + G2 + Cyf®
By = G + G + Gyp?

+ CiChs + CiGia

+

02013 - G'ZCM

-+

1 . .
Btikk = - _2—(012 + 4‘052 +2092 + 20112 + Gl3'2 + C142)

Biil l
Byjin
Bjiu

Biirs

B

Bjis

Bjuy

Bisjs
B
Bjj
Bkllk
Biiig
Byji4
Bkkkl

Bklll

Biiik
B’iiil
Byjjn

Bje

B ikkk

Billl
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1

- E (Cy2+4Ce? +2Cy?+ 2Cy,° + Cis* + Co®)
1

- ? (C*+4C*+2C,* + 2Cyy* + Gig® + Cug?)

1
-2 (C2+4C2+2C, 2 4-2C12 4 G + GyP)

1
C'12 + G2 + ? (092 +Ci?
1 __
+ z(cls2 +3C,2+ 2y3 013014)
1
C2+ G + _2' (Ce? +Cyp?)

1
+ ';1_“ (Cpe®+ 3C14*—21/3 C13Cyy)

1
=G+ G? + ’2—(0102+Cn)

I Il

+ 71-(sz+ 3C142—21/3 C13Ca)
C? + C? + “;—(sz + G

+ %(0132 +3C1* +21/3 C13C1)
(C®+Cia®+ Gy + Cua?)
(C+ G2+ Cie? +Cya?)

(G2 +Ci?+ Gy —Cyy®)

(092 + 0102 + 0132 - C'142)

2
2
V2
2
Ve
2
V2
2

S

(GsCi1+ GeGip + GyGrg)

(GG + CSCIZ + C10C13)

(CS CQ + C7 ClO + 011013')

(CeCo+ CsCio+ C15Crs)
1

-2 (V2 C,Cs+C,Cy).
) .

- 'E (1/70206 +C,Gy)
1 —

- _2‘ (V2 C3C 4 C4Cio)
1

- _2" (1/70403 + C:!Clo)

1,

E‘(V 2C,Cy+ 03011)

1 .
'2— (1/_2—0206 +CyCio)

1 _
B = ?(1/ 2 GG, +C,Cyy)

1
leu = ’E‘(ﬁclscs + Czclz)
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Biji5 = C5Cy + Gyl + CyCyo
By = C5Cg + C;Cs + C1iCis

Osamu Kikucur and Katsutoshi Aokt

By = GG, +
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V2 (CsCy+CoCy)

Z::: g:g: + 14;;;—(011013+CI2CI3) - "K;E (CraCra—C15Chd)
By = i Bjuj = CiCy + Z—f—(c,c,ﬁcscw)
By = GGy B B
Byje = —5CiCn — ‘/2 V2 oo+ Y8 46 V8 e, + Y (GGt CuaCa) + ‘/46 (C12Crs—C1oCra)
Byj = —-;—C2q12 1/‘ Y2 ¢, — ‘/6 Yo cen By = GiCs + —1%(05cu+ C:Cyy)
Bjjix = —';—03011 1/42 L -C,Cy — Vf C,Cis + vz (C9i13+ C1Cis) — Vf (C4Cra—Ci1oCia)
B = —-;—04012 1/ 2 1/;6 o Bup = oo + L2 (CeCira+CaCig)
Busu = 0.6 + LG _1/46 i + V2 (Gt o) + Y8 (€\Cua—CusCrd)
Biky = ;0301,, + 1/2 C,Cys + ‘/f C\Cra Bijix = —-5-(1/ 2 C,C;+C,Cy)
By = 2 CSC, + V42 C,Cys + ‘/6 CiCya Biju = —%(1/ 2C,Ce+C5Cy)
By = 2 C4C10 + 1/2 C,Cis — 1/46 CiCra Bjij = —--;—(1/ 2C,C,+C,Cyy)
By = ‘/2 L2 GGy — 1/46 CCra — ;C&Cu Bjip = —%(1/ 2 C,Cs+C1Cr0)
By = _1/47 C,Cs + 1/6 LAy ; Lec, B = %(I/TC,C,;+C‘CH)
By = —1/;2_ CyCis + VT—G—Cﬂu _ %Cscu By = %‘(ﬁC.C,+ C,Ch)
By = 1/2 V2 e, - 1/6 LAY 1 04012 Biu = —;‘(1/70104+C,,Cm)
Buuw = 1/4 CyCys + ‘/46 CyCra + ;Clcs Bijie = %(1/ 2C5Cs+CyCys)
2
B = 1/42 C,Cys — 1/475- C,Cua + %Cscm Byu = — CoCo
2
B = V-TC Cys — 1/4—__6_04014 + %Czcs Bpp = 1/2 CoCro
By = 1/4— 2Cis + 1/6 C,Cha + 04010 By = V; CoCn1
7
By = —1/2 (C5Cy+CCy) — 1/2 (C1aCrs+ Ci1sCs) By = 1/2 CoCiz
- —;_Clcz Byj = -%‘(C.,Cm+ 1/ 3C,Cy)
Bjjii = — 1V 2 (C:C10+CsCro) — 1/;2' (C11Crs+ CisCio) B = —;"(CoCls—l/ 3 CoCha)
- “%'0304 By = GGy + —l—(Cscls+CsCla+ CyC1p+C1oCi)
By = —1V 2 (C5C1 +CiChy) _‘/_;2__((;9013 +CyCrs) ‘/3 (C5C1a+CeCra)
— %Cl(;'3 Buiy = GGy + -2-(0.;Cm+ C;Cys+CsCr1+ CioCys)

Byii; = — 12 (CeCia+CsCie)
1/ 2

(CoCis+ CyoCrs) — -GGy

1
2 2

3
(CeCra+C3Chy)

1
Bz = — (CoCry+ GGy + Gyl + Cpolie) — 0]

CaCs
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1
Bijie = — (CsCy3+ CyCis+ CoCyp+ CroCyy) — 3-0104
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