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The electronic structures of the Ce, (HsP),Pt(n-C;H,) and (HsP).Pt(n’-Cs) are calculated by using the EHMO method
with the fragment analysis. We have modified the EHT parameters so as to yield the orbital energy level correlation
and to fit the optical transition gap to the previous theoretical results of C. In Pt-derivatives, our FMO results
with the modified parameters show that the carbon-carbon double bonds of Cg and ethene react like those of electron-
poor arenes and alkenes, and also that Cg is more electron-susceptive than C.H,.

Introduction

In 1985, a soccer ball carbon structure, Ce or BF (Buckmi-
nsterfullerene), was obtained through laser vaporization of
graphite in a high-pressure supersonic nozzle (Smalley et
al.l). Since the development of the large-scale synthesis of
fullerenes, a variety of studies of the cluster have been pro-
moted in order to discern chemical and physical properties.?®
The stability of the Ce has been calculated using MNDO,*
ab initio SCF° and Hickel® methods. The 3D-Hiickel,” DV-
Xo® and Linear Muffin-Tin Orbitals (LMTO)® calculations
have been represented for the orbital energy levels of this
compound.

The interaction of fullerenes with molecules has been of
fundamental interest, so several papers showed the chemical
reactivity between metal (Os, Pt, Ir) complexes and Cg via
solution chemistry forming metal-Cs bonds. Hawkins et al.®
have synthesized a one-to-one Cg-osmium tetroxide adduct,
Ceo(OsO4)(4-tert-butylpyridine),, in which osmium was con-
nected through a pair of oxygen atoms to the exterior of
the Cﬁo.

Balch et al®® have shown that addition of an equimolar
amount of a purple solution of Cg in benzene to a yellow
benzene solution of Ir(CO)CI(PPh;), immediately forms a
deep brown solution from which black-brown crystals of (n*
Ce)Ir(CO)CI(PPh3),-5C¢Hs precipitate.

Fagan et al."® have shown that the addition of Cg to (PhsP)2-
Pt(n?-C;H,) results in displacement of ethylene and formation
of (n2-Cey)Pt(PPhy),. For the platinum complex [(CsHs)sP 1.Pt-
(n*Ce), the reactivity of Cs is not like that of relatively
electron-rich planar aromatic molecules such as benzene, that
is, the carbon-carbon double bonds of Cg behave chemically
like those of very electron-deficient arenes and alkenes. In
terms of the platinum coordination sphere, it was found that

this Ce complex formed at the junction of two fused 6-MRs
in Cg closely resembles the structures seen for other plati-
num alkene complex,”™ [(CzHs):P1.Pt(n’-ethylene). Also,
using NMR spectra and X-ray crystalographic results of the
hexa-substituted platinum derivative {[(CsHs):P1.Pt}sCs, Fa-
gan ef al. have shown that the molecule has a multiply-sub-
stituted buckminsterfullerene with an octahedral array of
platinum atoms.

Their structural studies for metal complexation suggest
that the bonds between two fused six-membered rings in
Cw are the most reactive, these bonds being shorter and
having the most double bond character. The fact that low-
valent metal centers like Ir(I) and Pt(0) add to the carbon
atoms at 6-6 membered ring fusions in Cg was consistent
with the predictions of bond localization energy calculations."

Fann et al."® have talculated for Cg and the bunnyballs (Os-
Ce, Ru-Ce and Mn-Cg complexes) by the Extended Huckel
(EH) method. The energy level correlation of Cg in his work
is similar to Figure 1 in this paper, but it is very different
from those of 3D-Huckel” DV-Xa,® and CNDOQ/S? Ab initio
molecular orbital calculations® for (n2-C,H)Pt(PH,); and (n*
Ceo)Pt(PH3), have shown that charge transfer from Pt frag-
ment is 0.347 to C;H; and 0.926 to Ce, and binding energy
(eV) with Pt(PH3), is 0.32 for C;H, and 0.95 for Ce.

Therefore, it suggests that it is interesting and important
to choose proper EH parameters for calculations of the inter-
mediate size cage cluster like Cg between molecule and sur-
face. EH method with and without Carbon parameter modifi-
cation is used to see a detailed molecular orbital (MO) des-
cription of the effect of addition of Ce to (PhsP);Pt(n*-ethyl-
ene) which results in displacement of ethylene and formation
of (n%-Ceo)Pt(PPhy).. All calculations are simplified by substi-
tuting the phenyl groups (C¢Hs-) in each complex with hyd-
rogen atoms.
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Figure 1. Energy level correlation of Cs with EHT parameter
set 1 and 2 (all bond lengths of Ce are 1.421 A).

Calculations

First, using the EHMO method, we have calculated the
electronic structure for the Cq. We use the previous para-
meters of carbon'® which are mainly used for molecules con-
taining small amounts of carbon. The Huckel constant (K)
is 1.75, and the 2s and 2p orbital exponents and ionization
potentials are 1.625, —214 eV, and 1.625, —114 eV, respec-
tively. This is called parameter set 1 in this paper. Qur resu-
Its show that the energy level correlation near the HOMO-
LUMO energy levels of Cg differs from the results of the
other theoretical studies; 3D-HMO,” DV-Xa® and LMTO? cal-
culations. Thus, we have modified the previous parameters
for the carbon cluster by comparing our results with the
energy level correlations near the HOMO and the LUMO
states of others and by fitting the optical transition to the
DV-Xa result which comparatively agrees with the experi-
mental studies (see Figure 1). The modified parameter set
is as follows; K=235, exp(p)=1.92, and VSIP(p)=—12.67
eV. Here the K value within a specific distance (R) is aimost
the same as the value of K; exp(—K;R) factor for the modi-
fied off-diagonal elements which are used in modified EH
band calculations on conjugated polymers.'” In the modified
parameter set, parameters of s-orbital of carbon are the same
with parameter set 1 except the K-value.

Secondly, we have performed EHMO calculations of the
complex, (HsP),Pt(n>Ce). Also MO calculations of the well-
known complex (HsP),Pt(n*-C;H,) are done for a review of
orbital interactions for typical olefin-metal complex. The re-
sult is compared with those of two different types of Pt-Ce
complexes. The two different types of complexes of (HsP).Pt-
(n*-Ces) are as follows: one formed by addition of Pt-ligand
to a junction of two 6-MRs (6-6MRs) of Cg; another formed
by addition of Pt-ligand to a junction of 5- and 6-MRs (5-
6MRs) of Cg. Both are considered as Pt-derivatives of Ce.

The structure used in these calculations was taken from
the crystal structure® for the platinum complex [ (C¢H;);P1.Pt-
(n%-Ce0)+ C,H50, and thus small deviation from the icosahedral
symmetry is observed. The distances and the bond angles
around platinum in (HsP),Pt(n’-C;H,) and (H:P).Pt(n?-Cs) are
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Figure 2. Comparison of the Pt coordination spheres in (HsP,Pt
(*C;H,)(upper)™ and (HsP).Pt(n’-Ceo)(lower).'*

Table 1. Parameters Used in EHMO Calculations of Hydrogen,
Phosphine and Platinum!®

s P d

n IP  nIP & n P § & a c2
H 1 136 13
P 3 186 175 3 140 13
Pt 6 9077 2554 6 5475 2554 5 12,59 6.013 2,696 0.6334 0.5513

shown in Figure 2. But any experimental study of the com-
plex formed by addition of Pt-ligand to a fusion of 5-6MRs
of Cs was not reported. With the assumption that the differ-
ence of structures between two types of Pt-Cs complex is
not serious, the geometries of “free” Cg and Pt-ligand obtai-
ned from X-ray analysis of (PhsP),Pt(n?-Cs) complex formed
at a fusion of 6-6MRs of Cg are used. Thus the variations
of bond length at a fusion of 5-6MRs of Cg effected by Pt-
ligand are not considered.

The previous parameter set (parameter set 1) and the
modified parameter set (parameter set 2) are used in EHMO
calculations of these complexes. The previous parameters
of the other atoms (H, P and Pt) in these complexes are
shown in Table 1, which are not changed in this work. The
fragment molecular orbital (FMO) calculations for (HsP),Pt-
{(n?-Ceo) with fragments, n%-Cs and Pt(PHs)., and for (HsP),Pt-
(n%-C,H,) with fragments, n>-C;H, and Pt(PHs),, give orbital
interaction diagrams as shown in Figures 3-5.

Results and Discussion

Table 2 shows the charge of Pt(PH;). fragment in each
complex, the charge variations of Pt in Pt-ligand and Pt-de-
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Table 2. Results from EH-FMO Calculations for (H;P).Pt(n*-
C.Hy) and (HiP),Pt(n*-Cs) with Each Parameter Set
Ag

Parameter HOMO-LUMO gap(eV) Charge BE®
Sets (HPLPt R (HP)PUy™R) transier of py

(H3P),Pt- 1 493 398 483 0292 0273 089

(m2-C.Hy) 2 511 498 527 0474 0444 399
(HsP).Pt- 1 4.62 148 129 0303 0.272 044
(n*-Ceo)s

(at 6-6MR) 2 4.73 188 051 0801 0713 4.23

(H:P),Pt- 1 4.62 160 090 0.255 0246 0.12
(le'cm).
(at 5-6MR) 2 4.73 207 049 1143 1.039 3.34

R=C;H; or Cs. a=Charge of Pt in (H;P),Pt(n*-R) - Charge of
Pt in Pt(PH3),. b=Fragment Energies of (H;P),Pt and R - Energy
of Complex.

rivatives, and the energy gap differences between the HOMO
and the LUMO in complexes and each fragment.

In the aspect of stabilization energy for formation of com-
plex from the fragments, the complex in which Pt-ligand
is attached to the junction of two 6-MRs of Cg is less stable
than the complex (PHs),Pt(n?-C;H,), when we use the para-
meter set 1. But when we use the parameter set 2, the re-
verse stability is obtained. The experimental result suggests
that (PHs).Pt(n?-Cs) may be more stable than (PHs),Pt(n?-
C.Hy). The EHMO result with parameter set 2 can explain
the experimental result from addition of Cs to (PhsP):Pt(n*
ethylene), which displaces ethylene and forms (n>-Ce)Pt(PPhy),
at 6-6MRs of Ce. Therefore, it suggests that we must be
very careful to choose the EHT-parameters for the big cage
clusters like Ceo.

The binding energies (BE) from calculations by using
parameter set 2 show that (H;P),Pt(n?-Cs) formed by addi-
tion of Pt-ligand to a junction of 6-6MRs of Cg is the most
stable. Calculations with both parameter sets show that Pt-
Ce complex with Pt-ligand attached at the junction of 6-6
MRs of Cg is more stable than is Pt-Cs complex with Pt-
ligand attached at the junction of 5-6 MRs of Cs. The diffe-
rence of the binding energy between two Pt-Cg type comple-
xes, using parameter set 2, is about 1 eV. lt suggests that
the Pt-fragment attaches the carbon atoms at the junction
of 6-6MRs of Ce as in the X-ray crystal results.”

In parameter set 2 case, the total Mulliken charge of the
Pt(PH,), fragment in (n%-Ce)Pt(PH3), is 0.80: strong electron
back-donation from Pt(PH;), to Ce takes place, but total Mul-
liken charge of the Pt(PH,), fragment in (n?-C,H,)Pt(PH,),
is 047: it is 59% of that in the C4 fragment. Meanwhile,
in parameter set 1 case, the total Mulliken charge of each
Pt(PH,), fragment in both of (n?-Ce)Pt(PHa), and (n>-C.H,)Pt-
(PH;); complexes is almost the same (~0.3). From the
charges of Pt ligand, the electron acceptance of ethylene and
Ceo 1s stronger using parameter set 2 than is that using para-
meter set 1. The electron acceptance (~0.8) of Cg with para-
meter set 2 is almost the same to ab initio result’® (~0.9).
The Cq is more electron-acceptive than ethylene. The origin
of electron gain on Cg and C;H, shown in Table 2 is mainly
from the Pt d-orbitals.
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Figure 3. Molecular orbital interaction diagrams of (H;P),Pt(n?-
C:H,), (a) with the (previous) parameter set 1 and (b) with the
(modified) parameter set 2. Here 1S means the MO energy level
of Scheme 1.

The HOMO-LUMO energy splitting for “free” Cg and C.H,
is larger in parameter set 2 than in set 1. The orbital intera-
ction of the HOMO of Pt-ligand and the LUMO of Cg (or
C,Hy) is larger in parameter set 2 than in set 1, as shown
in Figures 3-5. The HOMO-LUMO energy splitting in both
of two Pt-Ce type complexes is smaller than “free” Cg. The
HOMO-LUMO energy splitting of (HsP),Pt(n?-C,H.,) is larger
than that of “free” C;H,. It is explained as both of the
HOMO and the LUMO in Pt-C,H, are antibonding MOs, but
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Figure 4. Molecular orbital interaction diagrams of (H;P),Pt(n?-
Ceo) formed by addition of Pt-ligand to a junction of two 6-MRs
of Cg, (2) with the (previous) parameter set 1 and (b) with the
(modified) parameter set 2. Here numbered H(L) means the n'
HOMO (LUMO), and numbered S means the MO energy level
of Scheme number.
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Scheme 2.

in Pt-Cg the HOMO is antibonding character and the LUMO
is nonbonding orbital mainly due to contributions of nonbon-
ding fragment orbitals from the Cg, Ze. the HOMO-LUMO
energy splitting in Cg is apparently compressed in Pt-Cg.
The variation of the HOMO-LUMO energy splitting in both
of parameter set 1, 2 shows the same tendency.

Since the structure was generated from real crystal struc-
ture, there are no symmetry correlation in the orbital inter-
action diagrams by the FMO calculations of (HsP),Pt(n?-C,H,)
and (HsP),Pt(n?-Cs), thus no depicting orbital symmetry la-
bels in Figures 3-5. But, since the phosphorus, platinum, and
carbon atoms are closely associated with C, point group
symmetry, fragment orbital interactions are drawn in Sche-
mes 1-9.

In Figure 3 for (H;P).Pt(n?-C;H,), Figure 3(a) represents
the result using parameter set 1, and Figure 3(b) represents
that using set 2.

In Figure 3(a) nonbonding metal orbital which is the
HOMO of Pt-fragment has the approximate symmetry to
match that of the n*-orbital of ethylene as shown in Scheme
1. The HOMO of Pt-fragment is stabilized by n*, an electron-
acceptor of ethylene. Through this interaction of Pt-fragment
and ethylene, electron is transferred from Pt-ligand to ethy-
lene. Also there is a two-orbital, four-electron interaction be-
tween an electron-filled n orbital of ethylene and an electron-
filled orbital of Pt-fragment. This repulsive interaction is too
small to affect the destabilization of the complex. The dia-
gram in Figure 3(b) shows only the interaction between the
HOMO of Pt-fragment and the n* orbital of ethylene. The
energy gap between the HOMO of Pt-fragment and the n*
orbital of ethylene is considerably smaller in Figure 3(b)
than in Figure 3(a). So the interaction is stronger in Figure
3(b) than in Figure 3(a), that is, the electron-donor effect
of this orbital interaction is stronger in Figure 3(b) than
in Figure 3(a). Also, the stability of this orbital interaction
obtained by using parameter set 2 is larger than is that of
parameter set 1.

The FMO calculations have heen performed for the com-
plex in which Pt-ligand was added to the junction of 6-6MRs
of Ce, as it was for (H;P),Pt(n?-C;H,). The orbital interaction
diagrams are quite tangled as shown in Figure 4.

In Figure 4(a) with parameter set 1, the orbital interaction
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between the 5® HOMO of Cs and the HOMO of the frag-
ment of Pt(PH;),; forms a bonding MO (see Scheme 2) at
an energy lower than the HOMO of Pt-Cg complex and an
antibonding HOMO (see Scheme 3) of Pt-Cg complex. The
HOMO of Pt-Cq complex is mainly composed of 40% of the 5™
HOMO of Cg and 30% of the HOMO of Pt(PH3), fragment. The
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Figure 5. Molecular Orbital Interaction diagrams of (HsP).Pt(n’-
Cs) formed by addition of Pt-ligand to a junction of 5- and 6-
MRs of Cg, (a) with the (previous) parameter set 1 and (b) with
the (modified) parameter set 2. Here numbered H(L) means the
n™ HOMO (LUMO), and numbered S means the MO energy
level of Scheme number.

HOMO energy level of Pt-Cs complex is higher than the
HOMO energy of each fragment, which is contrary to the
result for (HsP).Pt(n®>-C,H,). Antibonding interactions of the
HOMO orbital of Pt-fragment with both the LUMO and the
4™ LUMO of Cs make up unoccupied molecular orbitals as
shown in Schemes 4 and 5, repectively.

In Figure 4(b) with parameter set 2, interaction of the
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Scheme 8.

HOMO of Pt-fragment with the LUMO of Cg forms a bon-
ding molecular orbital as shown in Scheme 6, in which the
HOMO of Pt-fragment is stabilized as electron-donor to the
LUMO of Cg fragment.

Figure 5 is the orbital interaction diagram for Pt-derivative
with approximate C; point group, which is formed with Pt-
ligand attaching to a junction of 5-6MRs of Ce. In Figure
5(a) with parameters set 1, the HOMO of Pt-fragment intera-
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Scheme 9.

cts with the 3 and the 4" HOMOs of C to form the HOMO
of Pt-C¢ as shown in Scheme 7. It is destabilizing and repul-
sive since interaction is a two-orbital, four electron one.

The result from FMO calculation with parameter set 2
is shown in Figure 5(b). The orbital interaction between the
HOMO of Pt-fragment and the LUMO of Cg constructs a
bonding orbital of the complex as shown in Scheme 8. This
orbital interaction also forms an antibonding 6™ LUMO of
Pt-Cs complex as shown in Scheme 9.

In the two different Pt-Ce type complexes as shown in
Table 2, the electron acceptance of Cq from Pt-ligand is
larger using the parameter set 2 than using parameter set
1. The electron acceptance of buckminsterfullerene with pa-
rameter set 2 is weaker in one type of Pt-Cg complex formed
by attachment of Pt-ligand to the carbon atoms at the junc-
tion of 6-6MRs of Cg than in another type complex which
has Pt-ligand added to the carbon atoms at the 5-6MRs fu-
sions of Ce.

In conclusion, when we compare our results with ab initio®®
and experimental®® results, our results are better using para-
meter set 2 than using parameter set 1. The absolute value
of binding energy (set 2) is physically unreasonable, but the
difference of BE between the Cg- and the C,H,-derivatives
is meaningful. The HOMO of Pt-fragment interacts with un-
occupied molecular orbitals of Cg or ethylene, which is stabi-
lized by transfering its electrons to unoccupied fragment mo-
lecular orbitals of Ce or C;Hi. Our results for the (HsP).-
Pt(n*>-C,H,) and (HsP);Pt(n*-Cs) show that the carbon-carbon
double bonds of Ce and ethene react like those of electron-
poor arenes and alkenes, and also that Cg is more electron-
susceptive than C;H,.
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Oscillator Strengths and Intensity Parameters of Ln(III) Complexes
with 12-Crown-4 and 15-Crown-5 Ethers
in Acetonitrile (Ln=Ho and Er)

Jun-Gill Kang*, Soo-Kyung Yoon, Eun-Jeong Kim, Jong-Gu Kim', and Youn-Doo Kim

Department of Chemistry, Chungnam National University, Taejeon 305-764, Korea
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The absorption spectra of holmium nitrate and erbium nitrate and the difference absorption spectra of their comple-
xes with crown ethers were measured in acetonitrile. The crown ethers used in this study are 12-crown-4 and 15-
crown-5. The oscillator strengths for the 4f/—>4f multiplet-to-multiplet transitions are empirically determined from
the absorption spectra in combination with the difference spectra. The intensity parameters , (A=2, 4, 6) for the
systems are also evaluated by applying the Judd-Ofelt theorem to the observed oscillator strengths. The values of
the intensity parameters are compared and discussed to investigate the sensitivity of the intensity parameters to

the ligand environment.

Introduction

Lanthanides have been expected to form stable complexes
similarly to alkaline and alkaline earth metals because of
the similarity of the chemical bonding and the ionic radii
between the lanthanides and Na* or Ca’* ions. A great
works dealing with the complexation of trivalent lanthanide
ions, Ln(III), with macrocyclic ligands, specially crown ethers
and their derivatives, have been performed to elucidate ther-
modynamic and kinetic properties of lanthanide complexes.'
From a combination of conductivity,’ IR® and NMR studies,*
solvent extraction®~” and fluorescence*® the most of studies
have deduced the stoichiometry and stability and the cation-
selectivity of lanthanide complexes with several crown
ethers. However, despite the vast number of papers on crown
ether complexes, there are little information on the absorp-
tion properties of the lanthanide complexes.’

Lanthanide(IIl) ions with 4f"5s?5p° show very characteris-

*To whom correspondence should be addressed.

tic 4f/—4f absorption spectra which correspond to transitions
from the ground multiplet to the excited multiplet. These
transitions are forbidden in principle by an electric dipole
moment, but are partially allowed by the induced electric
dipole moment. Judd" and Ofelt! individually derived signi-
ficant theoretical expressions for the oscillator strength of
the induced electric dipole moment, taking into account the
crystal-field potential causing the mixing between the 4f or-
bital and another orbital with an opposite parity. On the basis
of the intermediate coupling scheme, the Judd-Ofelt theorem
for the oscillator strength of the transition from the initial .
¥/ to the final ¥'J" state is expressed as

8n2;nc'\7 )

Pev=x( T YU YD

=246
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where x is the Lorentz-field correction for the refractivity
of the medium, m is the mass of an electron, and v is the
transition energy given in cm ™!, U% is an irreducible unit
tensor operator of rank A, and the bracket is the reduced



