ACTA CHEMICA SCANDINAVICA 20 (1966) 1608-1620

Semi-empirical Molecular Orbital Study of
Dicyclopentadienylberyllium, (C,H,) .Be

M. SUNDBOM

Institute of Theoretical Physics, Vanadisvigen 9, Stockholm Va, Sweden

The molecule (C;H;),Be has point group symmetry C;,. A MO
study of the twelve electron system with five electrons from each
ring and two electrons from the Be atom is made for a number of Be
positions on the fivefold rotation axis. The calculations are made in
the zero differential overlap approximation with semiempirical choice
of parameters. The energy and other properties of the system are
investigated as a function of the position of the Be atom. The spectra
of one-electron transitions are calculated.

I. INTRODUCTION AND SUMMARY

The molecular structure of gaseous (C;H;),Be has been determined by
electron diffraction by Almenningen et al. in 1963.! They reported the
following data.

As in ferrocene the C;H; rings are parallel and staggered. The ring-ring
distance & = 3.37 4 0.03 A, a value to be compared with the effective ring
thickness of about 3.4 A for aromatic molecules.2 Thus there is a repulsion
between the two rings. The beryllium atom may occupy two alternative posi-
tions on the fivefold rotation axis b, = 1.485 4 0.005 A from one ring and
hy = 1.980 + 0.010 A from the other. Thus the molecule has point group
symmetry Cs,. The discrepancy between the values found for % and (h, + &,)
Almenningen et al. believed to be due to intramolecular motion.

The complex is diamagnetic.? (C;H;),Be solved in benzene has a dipole
moment of 2.46 4- 0.06 Deoye, and solved in cyclohexane a dipole moment of
2.24 4 0.09 Debye.?

The present investigation is a molecular orbital study of the complex with
variation of the position of the Be atom on the axis, 2. The semiempirical
method used is described in Section IL. In Section III explicit expressions are

given for the semiempirical parameters used in the calculations. The total electric
->
dipole moment, u(z), is treated in Section IV. The ground state energy, E(z),

is discussed in Section V. The results of the investigation are presented and
discussed in Section VI.
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MO STUDY OF (CgH,),Be 1609

The experimental value of z corresponds to a calculated value of u(zexp) =
2.7 Debye (Table 6). For reasonable values of the parameters in the expression
for E(z), it is found that Z(z) has a minimum for 2 = 2z, (Table 7 and Fig. 3).
Table 8 shows that the theory predicts one band in the near UV for the sym-
metrical case but two well separated bands in the near UV for the asymmetrical
case. Thus it would be of great interest to get experimental information of the
UV spectra of the complex, as the spectral measurement might confirm
the asymmetrical position of the Be atom found by Almenningen et al. The
bands in the near UV can be classified as charge-transfer bands.

II. METHOD

Sandwich complexes with point group symmetry Dg; and especially ferrocene
(CyH;),Fe, have previously been treated by SCF MO-calculations.*"® A review of sandwich
complexes may be found in Refs. 7, 8.

The present paper describes a calculation of the ground state of (C;H;),Be, using the
LCAO-SCF approximation with assumed orthogonalized orbital basis and zero differential
overlap (ZDO) introduced by Pariser and Parr * and Pople.!® For a discussion of the
choice of semiempirical parameters, see Fischer-Hjalmars, 11:12

The electronic system is considered to be composed of the ten m-electrons of the
rings and the two outer electrons of the Be atom. The nuclei and all remaining electrons
are referred to as the ‘“core’.

The orbitals. In total fourteen AO’s of the Slater type are used,
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X13(2pz) = ~ﬂ— r € sin & cos ¢
n°\*%
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where
& = 0.966 and » = 0.858

are chosen as the arithmetic mean of the orbital exponents for the configura-
tions (2s)?, (2s, 2p) and (2p)? as determined by Roothaan in 1955.13 Roothaan
determined a 2s-orbital with node. Here & is chosen to give a corresponding
nodeless 2s-orbital.

The geometrical arrangement of the complex and the notations used for
distances and angles are shown in Fig. 1.

In Table 1 are listed the real symmetry orbitals (SO’s) of (C;H;),Be.
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1610 M. SUNDBOM

Fig. 1. The geometrical arrangement of
the complex and the notations used for
distances and angles.

As the complex is diamagnetic,® the ground state configuration must be of
the form: (14 (20,0 (et (2e))t

where the MO’s (1 a,), (2 a,), efc. are linear combinations of the SO’s of the
same symmetry, given in Table 1.

III. THE MATRIX ELEMENTS OF THE FOCK OPERATOR

The ground state of the molecule is described by a single determinant
composed of doubly occupied molecular orbitals. In the LCAO approximation,
where the MO’s ¢, are expressed as

= 2: Ciu % ()

the SCF Hartree-Fock equations are expressed as a set of non-linear algebraic
equations

%F,uv Civ = & ”Z S;w Civ (2)
where
Sur = <ul 3
1 1
Fuy = Hy' + 223 Pig {<Wh| — |va) — ¥ud| — lov)} (4)
7o 712 712
' = @IT + U )
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Table 1. Symmetry orbitals of (C,H;),Be.
Symmetry SO (¢ = 2x/5)
@y [ X1
gy = Xy
1
O3 V?(x1+xa+xa+xa+xs)
1
o —;/?(xo'i‘xv'i‘zs'i‘xo‘*‘xlo
€1 {Us = X1
Og = Xia
o, _.\/5_2_ (%, + X;cosa + Xzcos2a + %,c082¢ 4 y cosa)
o, \/5_2 (Xysine + XsinZe — Xsin2e — Xsina)
V2
A 5 (X + X,co80 + X4c0820 + Xgc082a + x4COSK)
a1 \_[6?_ (X;sine + Xsin2« — %8in2« — %,,sina)
¢ _
2 011 \_/51 (X1 + %3c082¢ + Xjcosa + X, cosa + X cos2x)
O1a '\45%_ (Xy8in2x — XAgsina + X, sine — %;sin2«)
013 \_[51 (Xg + X,c0820¢ + Xgcosa + Xgcosa + X ,co82a)
O ‘% (Ysin2 — Xgsine + Zgsine — X,sin2a)

Pio =23 cipcio

i
all

occupied
MO

1
{uA| — |vay = (uv|io)
712
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1612 M. SUNDBOM

The following approximations and assumptions are made in order to
simplify the evaluation of matrix elements:

1) ZDO approximation
Sﬂy - é'uv (8)

(uv]Ao) = duvdic (up|A2) = OuvOioYul (9)

As a check on the accuracy, calculations were also performed with non-
zero values of the exchange integrals for AO’s on Be. The results showed, that
these exchange integrals could be safely neglected.

2) Only one-center and two-center integrals are considered

3) Approximations of ay = {u|H°|u>

a) For AO’s localized on carbon atoms (¢ = 1—10):

10

ay = W) —vgl(y,w) + <u|Use™*|p) (10)
ol 10

Wp) = T + U™ lp> + <Il|v§1 Us’ 1> (11)
Ve

The value of W() is chosen in accordance with calculations and estimations
made by Fischer-Hjalmars 1t

W(u) = —0.3525 a.u.
(u|Usget t|u) is calculated as {u|—2[rpe|u)
b) For AQ’s localized on the beryllium atom (z = 11—14):

10
ay = W) —vél()’/w) (12)
The values of W(u) are obtained from atomic valence state ionization

potentials.

W(1l) = (28|T + Us.**|2s> + (neglected penetration terms) (13)
(28|T + Usgett|28) = —IP (sx = x)) — yua2 + 3(11,12,]11,12) (14)

In the same manner:
W(12) = W(13) = W(14) = —IP(sz = 5) — 71112 + $(11,12]11,12) (15)

IP(sx = z) = 0.3591 a.u.
IP(sx — s) = 0.2135 a.u.

4) Approximations of PBuv = {u|H|v); u*»

All B,,’s between nonadjacent carbon atoms are supposed to be zero in
accordance with the ZDO approximation. In all other cases the simple
Mulliken % assumption,

Buv = k Sy (16)

is used, with &k = —0.326 a.u., a value of k, that gives a value of ficc = —2.39
eV for nearest neighbours in benzene. S, are calculated; see appendix.
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5) One-center two-electron integrals
For the carbon atoms, a value
Yuu= 11.81 eV 1 (4 = 1—10)

has been adopted.

For y11311 and y1512 the assumption of Pariser 16

Yup = IPy—A, . : (17)
has been applied. In (17) IP, is the valence state ionization potential and A,
is the valence state electron affinity. The values of IP, and A, have been ob-

tained from the tables of Pilcher and Skinner.14
For y11,12, the following assumption is used:

(rpedesp 5 [_(uesp (712,12)exp ] (18)
(711,12)theor 2 L (711,11)theor (712,12)theor

447
Y1213 = 501 Y12,12 (19)

The wvalue of (11,12/11,12) has been obtained from Pilcher and Skinner’s
data 14

27 .
(12,13)12,18) = - 7122 (20)

The parameter values are collected in Table 2.
6) Two-center two-electron integrals
These integrals are chosen differently for different internuclear ranges.
Let R’ be the distance between the two centers for which

V,uv(R’) =3} Y,uv(o)

For R > R’, theoretical values, obtained from the tables of Sahni and
Cooley,” have been used. For further details, see appendix. For B < R’, y,
has been determined by a fourth degree approximation formula 18

Y;w(R) = )’,uv(o) + aR? 4 bR3 4 cR* (21)
The parameter values y,,(0), where u belongs to a C-atom and » to Be, are
given in Table 3.

Table 2. Parameter values of one-center two-electron integrals. Section II, 5.

Parameter Parameter value in a.u.
711 0.4340
Y1111 0.2506
P12,12 0.2076
V11512 0.2200
V12,18 0.1853
(11,12]11,12) 0.0529
(12,13)12,13) 0.0112
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Table 3. Parameter values for two-center two-electron integrals. Section II, 6.

Parameter Parar_neter value
mn a.u.

71,11(0) = 3[(2528]2p2p)ge + (2525|2p2p)c] 0.3141

71,13(0) = 4[(2p2p]| 2p2p)pe + (2p2p|2p2p)c] 0.3208

71,13(0) = 3[(2p;2p,|2p.2p,)e + (20:2p:] 2P,Py)c] 0.2863

IV. THE DIPOLE MOMENT

The total electric dipole moment can be written as

- - . -

H = pa + 2 € 2BeZ + fcore (22)
-

Heyg = — 2e { Z Z c,u,?z‘u—i— (611,1 C12,1 + C11,2 612,2) <11]Z| 12> } 2z (23)

o P
filled

- MO

Heore = [5 (,ulx + ﬂﬂz) -+ ﬂg] z (24)
-> - -

Hy = pet = ol

- - ~>

He = Mo+ = a By (25)
- - -

Ug = Hpet+ = ag Eg.

a, and «, are the polarizabilities of the ions. A very rough estimate of «,; is
a; = $ac + ac++) = $(0.93 + 0.67) A3 = 0.80 A3 (Ref. 19, 20)
@y = 0.00825 A3 (Ref. 21)

-
E, is the electrostatic field at C,* arising from the point charge + 2 e of
-

Bet* and the induced dipole moment, uge++.

V. THE GROUND STATE ENERGY

The part of the total energy of the system of interest in this case can be
written as

E = Eel + Ecore (26)

where E. is the electronic energy of the twelve outer electrons. Ey is the
core-core repulsion energy. Ecor is & “non-bonding’ interaction between ions.

Ecore = Eel-stat + Erepuls + Edisp (27)
Acta Chem. Scand. 20 (1966) No. 6
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E <t is the purely electrostatic interaction between the ions.22 Erepys includes
the repulsion terms of the exponential form, 4 ¢ . For C* — Be*+* the para-
meter p has been chosen as 2.42 a.u.2 Eg, is the London dispersion energy of
the form B r78. The Slater-Kirkwood formula 23:24 is used.

3 oy
2 [(2/N)* + (x2/N )]

where N, and N, are effective numbers of outer-shell electrons.

For C° — Be® a value of 4 = 317 a.u. is obtained by minimizing the non-
bonded potential function, 4 €@ — B ¢ at r = (ruc + Twpe), Where ryc
and 7,z are the van der Waals radii for the atoms C and Be. For C+* — Bet+
one can expect a value of 4 > 317, as this system has a more contracted
electron cloud and thus a stronger repulsion. Since it is difficult to guess the
correct value of 4 the calculations have been carried out for some reasonable
values, i.e. 4 = 317, 400, 500, and 600 a.u.

B =—

(28)

VI. RESULTS

The computations have been performed on the UNIVAC 1107 by means
of a SCF-CI program written by Mr. Peter Eisenberger and Mr. Torbjorn Alm.
Ten differegt values of the Be position, z, have been considered. (z = 0, 0.1,
0,2....0.9 A).

The calculations were started with a set of coefficients obtained from simple
Hiickel calculations.

E (z)-E(0)] (a.u)

=€, (a.u.) 0.1k
0.37
0 1 1 | Il | | 1
01 02 z (A
s
/5
-0 |- Y/ 8
' Y/ A
>
0.32 v

S T O T -02
001 09 z(d ,

Fig. 2. The energy of the highest filled Fig. 3. [E(z) — E(0)] for four different
MO as a function of z. values of A.
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Table 5. The charge distribution in (C;H;),Be.

1617

z (A) (CHy)a (C,Hy)s Be
0 —0.0323 —0.0323 +0.0646
0.1 —0.0264 —0.0552 +0.0816
0.2 —0.0428 —0.0963 +0.1391
0.3 —0.0765 —0.1472 +0.2237
0.4 —0.1275 —0.2065 +0.3340
0.5 —0.1883 —0.2677 +0.4555
0.6 —0.2502 —0.3250 +-0.5752
0.7 —0.3210 —0.3846 +0.7056
0.8 —0.3740 —0.4299 40.8139
0.9 —0.4131 —0.4596 +0.8727

Table 6. The values of Eq(2) of eqn. 26 in a.u. and u(z) of eqn. 22 in Debye units.

z (A) Eqy u HMcore
0 —20.3351 0 0
0.1 —20.3363 1.4 0.8
0.2 —20.3391 2.7 1.6
0.3 —20.3447 4.1 2.4
0.4 —20.3522 5.6 3.2
0.5 —20.3620 7.0 3.9
0.6 —20.3748 8.3 4.5
0.7 —20.3841 9.7 5.1
0.8 —20.3955 10.9 5.5
0.9 —20.4063 11.7 5.7

Table 7. The values of [E(z) — E(0)] of Section V for four different values of 4.

[E(z) — E(0)] (a.u.)

z (4)

A4 = 317 A = 400 A4 = 500 A4 = 600
0 0 0 0 0
0.1 —0.101 —0.097 —0.092 —0.087
0.2 —0.168 —0.151 —0.131 —0.111
0.3 —0.202 —0.163 —0.115 —0.068
0.4 —0.198 —0.125 —0.037 +0.051
0.5 —0.152 —0.031 +0.115 +0.260
0.6 —0.057 +0.128 +0.351 +0.573
0.7 +0.100 +0.369 +0.692 +1.015
0.8 +0.319 +0.693 +1.143 +1.593
0.9 +0.605 +1.107 +1.712 +2.317
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The final form of the MO’s and the orbital energies are given in Table 4
for four values of z. The energies of the highest filled orbital are shown in Fig. 2
as a function of z. The charge distribution in the complex is given in Table 5.
In Table 6 the values of K4 (2) and u(z) are given. Eq (2) has a very flat
maximum for z = 0. The experimental value of z corresponds to a value of
u(z) = 2.7 Debye, in good agreement with the experimental values of u(z) =
2.24 — 2.46 Debye. In Table 7 and Fig. 3 the values of [E(z) — E(0)] are
given for four different values of the parameter 4 in Eiepus. In [E(z) — E(0)]
the dominant term is [Ecore(z) — Ecore(0)] and thus the shape of the curve
depends strongly on the values of the parameters 4 and «,. For 4 ~ 500,
there is a minimum of E(2) at 2 = Zexp.

In order to find a more conclusive answer to the question which z-value
will minimize the energy E(z), a more refined model must be used. From the
present calculation one can only draw the conclusion thet there might be a
minimum of E(z) for 2 = 2ex.

The energies of the excited states have been calculated with configura-
tional interaction where all singly excited states have been included. The
lowest singlet-singlet transitions of (C;H;),Be are given in Table 8. The present
investigation shows that there is one band in the near UV for the symmetrical
case and two well separated bands in the near UV for the asymmetrical case.
For these bands the theory predicts low but yet observable f-values. Thus it
would be of great interest to know the measured UV-spectra of (C;H;),Be, but
as far as is known to the author there are no published experimental data on
the electronic spectra of this complex.

The theory further predicts several strongly allowed bands in the far UV.
The excited states, 1E,, corresponding to the bands in the near UV are essen-
tially obtained by excitation of a 2e,-electron to the 3a; and 4a, orbitals.
According to Tables 1 and 4, that means, that the electron goes over from an
orbital almost completely localized on the rings to an orbital almost completely
localized on the Be atom. Thus one may classify these bands as charge-transfer
bands.

APPENDIX

The evaluation of S,, and two-center y,,, where 4 and » are not on the
same ring, requires a transformation into a new coordinate system.?% Accord-
ing to Fig. 4 one gets for instance

Cy z
// \\
/ N
/ \a
Xa N
AY
EANY
Z;
3N
x Be
/
e
Fig. 4. The notations used for the evalua-
tion of Sm, and Yuv Xp
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7 = cos?w(z,.z,]8,8,) + sin*w(x,x,|s,s,); (29)

rue = co0stw(z,z,|22) + sin‘o(r,z,|2,) + (30)
+ sinw cos?w[(2,2,|T,m,) + (2,2,]22)];

7 = cos’e sin’w[(z.2,|22) + (€, 2,)] + (31)

+ costw(z,z,|@yr,) + sinto(r,x,|2,2,);

where s, ¢ and 2 stands for 2s, 2px and 2pz. In the same manner:

ne = cos'oy(z,2,122,) + sin‘o,(zz,|2,7,) + (32)
-+ 2 sinw,; cos’w,(z2,|T,,);

where o, is the angle between the z-axis and the C,—C, direction.
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