Theor Chem Acc (2007) 118:81-87
DOI 10.1007/s00214-007-0246-1

REGULAR ARTICLE

Electronic excitation in a syn-tetrasilane: 1,1,2,2,3,3,

4,4-octamethyltetrasilacyclopentane

Raiil Crespo - Mari Carmen Piqueras - Josef Michl

Received: 21 November 2006 / Accepted: 12 December 2006 / Published online: 1 February 2007

© Springer-Verlag 2007

Abstract We present a multistate complete active
space second-order perturbation theory (MS-CASPT2)
study of the low-lying valence excited states of a peral-
kylated tetrasilacyclopentane, c-(CH,SisMeg) (1). The
lowest-lying calculated valence excited states are located
in the 37,400-50,500 cm~! region, in perfect agreement
with experimental observations, 38,600-50,000 cm~ L
The MS-CASPT?2 results provide a very good descrip-
tion of the nature, intensity, and position of the observed
absorption bands, including the recently detected fourth
electronic transition. The computational results have
been used as a benchmark for evaluating a time-
dependent density functional theory (TD-DFT) proce-
dure suitable for calculations on longer oligosilanes.
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1 Introduction

The electronic properties of oligosilanes and polysil-
anes are very sensitive to chain conformation, and this
is reflected in their thermochromism [1-3], piezochro-
mism [4], solvatochromism [5,6], and related properties
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[7,8]. A detailed analysis and assignment of electronic
transitions of oligosilanes as a function of conformation
are therefore important, but they are difficult. Many
conformers are normally present simultaneously, and
their absorption bands are broad and closely spaced [9].

Cyclic structures are frequently utilized to control
oligosilane conformation and simplify the spectral anal-
ysis. The four-silicon chain of tetrasilanes is the short-
est that can exhibit backbone conformerism, and the
absorption [10] and photoelectron [11] spectra of a series
of monocyclic tetrasilanes constrained by a chain of
CH; groups to particular dihedral angles were used to
examine conformational effects on the properties of the
tetrasilane unit. More recently, a wider variety of tet-
rasilanes constrained by hydrocarbon chains of various
kinds have been used to investigate the conformational
dependence of tetrasilane electronic states across the
whole range of dihedral angles, from the syn to the
anti geometry [12,13]. Similar results are beginning to
appear for longer oligosilanes [14-16].

The tetrasilane 1 (Fig. 1), whose four silicon atoms are
likely to be forced into a syn-planar geometry by incor-
poration into a five-membered ring, is of special interest.
This is both because in this compound it was possible to
detect as many as four distinct low-energy electronic
transitions [12], and because the weak first transition
is shifted to unusually long wavelengths [10,12],
presumably due to cyclic hyperconjugation through the
Si—-CH,-Si moiety. It is known from the spectrum of
the polymer (—CH;SiMe,SiMe;SiMe;SiMe;—),, that
the effect of such interaction can be significant [17].

The assignment of transitions in 1 [12] was based (1)
on previous MS-CASPT?2 calculations for the gauche
conformer of decamethyl-n-tetrasilane [18], which how-
ever has a much larger backbone dihedral angle (54.5°
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Fig. 1 Schematic representation of 1

instead of 0°) and lacks the hyperconjugating CH»
group, and (2) on TD-DFT results obtained at the
B3LYP/DZ level for MM3 optimized geometry, which
were corrected empirically by a constant 2,000cm ™!
shift. As aresult, the assignment of the electronic transi-
tions was not conclusive. There are several uncertainties
in the understanding of the low-energy excited states of
this cyclic tetrasilane, and it appeared very desirable to
obtain a quantitative description of its low-lying valence
excited states from high-level ab initio calculations. We
now report such results, using the MS-CASPT2 method,
which has already been shown to be applicable to the
interpretation of the electronic spectra of oligosilanes
[18-22], and we compare the results with those obtained
using the TD-DFT method.

2 Computational details

The calculations were performed at the equilibrium
geometry of 1, obtained using second-order Mpgller—
Plesset perturbation theory (MP2) as implemented in
the Gaussian-03 program [23]. The geometry optimiza-
tion employed Dunning’s correlation consistent triple-¢
basis set (cc-pVTZ) [24] on all atoms and was con-
strained to the Cs point group symmetry, with the four
silicon atoms in the xy plane. Frequency calculations
performed at the MP2 level showed that the resulting
Cs geometry is a minimum. Calculations using as a start-
ing point a geometry with C; or C; symmetry led to the
same Cs optimized geometry.

Electronic properties were computed from complete
active self-consistent field (CASSCF) wave functions
employing a generally contracted basis set of atomic
natural orbitals (ANOs) obtained from Si(17s12p5d4f)/
C(14s9p4d3f)/H(8s4p) primitive sets [25] using the Si[5s
4p2d]/C[3s2p1d]/H[2s] contraction scheme. The refer-
ence wave function and the molecular orbitals were
obtained from state average CASSCF calculations,
where the average included all the A’ and A” sym-
metry states of interest. All four 1s core orbitals of
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the silicon atoms were kept frozen, as determined by
the ground-state Hartree-Fock (HF-SCF) wave func-
tion. After careful calibration calculations, the active
space used was (5, 6), where the numbers specify the
number of active orbitals belonging to the a’ and a” irre-
ducible representations of the Cs point group, respec-
tively. The active space comprises the six o and o* Si-Si
bond orbitals, two o Si—C bond orbitals plus one o* and
two 7* Si—C bond orbitals. The selection of the active
space was made on the basis of our previous MS-CAS-
PT2 studies on the electronic spectra of trisilane [19],
n-tetrasilane [20,21], octamethyltrisilane [22], and
decamethyl-n-tetrasilane [18]. The number of active
electrons was set to ten.

To take into account the remaining correlation effects,
particularly the correlation with the electrons of the
Si-Me bonds, the CASSCF wave functions were
employed as reference functions in a single-state sec-
ond-order perturbation CASPT2 treatment [26]. The
coupling of the CASSCF wave function via dynamic
correlation was dealt with by means of the multistate
CASPT2 (MS-CASPT2) method [27]. The MS-CASPT2
oscillator strengths were computed using perturbation
modified CAS (PMCAS) reference functions [27]
obtained as linear combinations of all CAS states
involved in the MS-CASPT?2 calculation. All calcula-
tions were performed with the MOLCAS-6 quantum
chemistry program [28].

Electronic properties were also computed at the
TD-DFT level using the B3LYP functional [29]. The
calculations were carried out on the MP2 optimized
geometry using the cc-pVTZ basis set for silicon and
carbon atoms and the 6-311G basis set for the hydro-
gen atoms, and used the asymptotic correction approach
of Casida and Salahub [30] as implemented in the
NWChem program [31].

3 Results
3.1 Optimized geometry

The optimized minimum energy structure calculated at
the MP2/cc-pVTZ level has a SiSiSiSi dihedral angle w
of 0°, compatible with the limited experimental evidence
[10,11] and with previous MP2/TZ [11] and HF/3-21G*
[32] results, but in contrast to MM3 results [12]. The lat-
ter method yielded two minima at w = 15° and 21°, whose
energy difference was of only 0.1 kcal/mol. The MP2/
cc-pVTZ SiSiSi bond angle is 99.9°, similar to the MM3
results (100 and 99° at w = 15° and 21°, respectively). The
calculated SiSi bond distances are 2.367 and 2.369A.
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3.2 Orbitals

Figure 2 shows the natural orbitals obtained from the
perturbation-modified CAS (PMCAS) wave functions
of the valence excited states of 1 at the MS-CASPT2
level. Although the plane of the four silicon atoms is
not a plane of molecular symmetry, the orbitals neatly
fall into two categories. Those approximately symmetric
with respect to the plane of the four silicon atoms shall
be referred to as orbitals of o type, and those approxi-
mately antisymmetric, as orbitals of 7t type.

All the orbitals are valence orbitals, and their
nodal properties are those expected from Hiickel
considerations. This correspondence has been used for
orbital labeling, which is based on the number of nodal
surfaces. The occupied orbitals obtained at the DFT
level correlate with those obtained at the MS-CASPT2
level.

The three highest occupied MOs, the HOMO (sym-
metry a’), the HOMO-1 (symmetry a”), and the
HOMO-2 (symmetry a’) are all of o type and corre-
spond closely to simple Hiickel expectations for o(SiSi)
bond orbitals. The orbital HOMO-3 (symmetry a”) is
also of o type, but it involves SiC bonds. The LUMO+1
(symmetry a’), LUMO+2 (symmetry a”) and LUMO+3
(symmetry a’) MOs are all of o* type and correspond to
simple Hiickel expectations for o*(SiSi) bond orbitals.
The LUMO (symmetry a’) and LUMO+4 (symmetry a”)
MOs are of 7* type and fit Hiickel expectations for the
lowest-energy combinations of MOs formed from the
antisymmetric combinations of localized ¢*(SiC) anti-
bonding orbitals of the lateral Si-CH3 bonds on the
silicon chain.

3.3 Electronic transitions

The vertical excitation energies and oscillator strengths
of the first nine singlet valence excited states of 1 calcu-
lated at the MS-CASPT2 level and the TD-DFT
(B3LYP) level using the MP2/cc-pVTZ optimized geom-
etry are listed in Table 1, together with available exper-
imental data [12] and previous TD-DFT/B3LYP/DZ//
MM3 results [12]. The calculated electronic transitions
are dipole-allowed and are located in four well-defined
energy intervals near 37,000, 42,000, 47,000 and
50,000 cm~!, which correspond neatly to the four experi-
mentally observed bands.

Figure 3 compares the best experimental information
available for the room-temperature UV absorption and
magnetic circular dichroism (MCD) spectra of 1 with
the MS-CASPT2 and TD-DFT simulations, assuming
the spectral line shapes to be Gaussian functions with a

Fig. 2 Natural orbitals with occupation numbers close to unity
obtained from the perturbation-modified CAS (PMCAS) wave
functions of the valence-excited states of 1. The isodensity surface
value is 0.03

2,500 cm™! full width at half-maximum, as in previous
studies [18,19,21]. Solvent effects have been neglected.

In terms of natural orbitals (NO), the wave functions
of the lowest energy excited states can be described as
single electron promotions from an orbital that is nearly
doubly occupied in the ground state to one that is nearly
empty in the ground state, as the diagonalized excited
state density matrices are characterized by two orbi-
tals with occupancy very close to unity. For the higher
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Table 1 MS-CASPT2 and TD-DFT/B3LYP/cc-pVTZ/cc-pVTZ/6-311G//MP2/cc-pVTZ vertical excitation energies (E,cm~! ) and oscil-

lator strengths ( f) of electronic transitions in 1

Exp. MS-CASPT?2 TD-DFT TD-DFT?

Band E ex10™*  State E f State® E f State® E f

1 38,600  0.05 2'A/ (o) - m*) 37400 0005 2'A'(c; — m*) 37,400 0.0009 1'B 41,200  0.004

42200 031 1'A”(oy — m*) 41,800 0.003 3'A'(o; — oy*) 42300 0038 2'A 46,500 0.02

3'A (01 — o1*) 41,900  0.141  1'A”(0p — m*) 42,600 0.0009 3'A 46,900  0.03

3 46,100  0.72 2! A” (mixed)d 47,000 0375 2'A”(op — o1%) 46,100 0.082  2'B 50,600  0.05

4 49300 ~1.17 4'A' () — 03%) 48,700 0.049 4'A'(0; — o3%) 46,900 0.005 3'B 51,300 0.12
3'A”(mixed)d 48900 0.022 3'A7(0; — op*) 47,600 0.028  4A 52,300  0.02
51A/ (o3 — m*) 50,100 0399 4'A"(0r — o03%) 50,500 0.010 4B 54,100  0.04
4'A”(07 — 03%) 50,400 0.080 S'A'(03 — m*) 50,700 0.037  S'A 54300  0.02
S'A"(o4 — m*) 50,500 0023 5'A”(04 — m*) 50,900  0.033

4 Data from ref.12. TD-DFT values calculated at the TD-DFT B3LYP/DZ//MM3 level

b State label within Cs symmetry point group
¢ State label within C, symmetry point group
d (01 — 02%) and (03 — 07*) contributions

energy states, the picture becomes more complicated
in that some of them are intrinsically multiconfigura-
tional and their occupation numbers have significantly
non-integral values.

The first calculated electronic transition, from the
ground state to the 2'A’ excited state, occurs at
37,400cm~! . It is very weak and the calculated oscil-
lator strength is only 0.005. This electronic transition
corresponds to an excitation from the oy HOMO to the
m1* LUMO. The second and the third calculated elec-
tronic transitions are nearly degenerate. One is to the
11A” excited state calculated at 41,800 cm™! and has a
small oscillator strength (0.003). This electronic transi-
tion is from the 0o HOMO-1 to the 711 * LUMO orbital.
The much stronger other transition, nearly isoenerget-
ic (41,900cm~1), is from the ground state to the 3'A’
excited state. This is one of the strongly allowed transi-
tions, with a calculated oscillator strength of 0.141, and
corresponds to an excitation from the oy HOMO to
the o1* LUMO+1 orbital. This is the o(SiSi)-o*(SiSi)
transition that is considered the most characteristic of
oligosilanes and polysilanes.

The next calculated electronic transition lies at
47,000cm~! and terminates in the 21 A” excited state.
It shows a strong oscillator strength of 0.375. This elec-
tronic transition is of multiconfigurational character,
with contributions from promotions from the 0y HOMO
to the op* LUMO+2 orbital and from the oo HOMO-1
to the o;* LUMO+1 orbital.

The next two electronic transitions, from the ground
state to the 4! A’ and 3'A” excited states, respectively,
are very close in energy as they are calculated to lie at
48,700 and 48,900 cm !, respectively. They both exhibit
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relatively small oscillator strengths of 0.049 and 0.022,
respectively. The first one (4'A’) is due to an electron
promotion from the 01 HOMO to the 05 LUMO+3 orbi-
tal. The second one (3'A”) is of multiconfigurational
character. The contributing promotions are from the o
HOMO to the o* LUMO+2 orbital and from the o3
HOMO-1 to the o;* LUMO+1 orbital.

The transition to the 51 A’ excited state, calculated at
50,100cm~!, has a high oscillator strength (0.399) and
corresponds to an excitation from the 03 HOMO-2 to
the 711 * LUMO orbital. Close in energy to this state there
are two additional excited states of almost equal energy,
4'A” and 5'A”, calculated at 50,400 and 50,500 cm™!,
respectively. The 4 A” excited state is due to electron
promotion from the 0o HOMO-1 to the o3* LUMO+3
orbital, and the 5'A” excited state is due to an elec-
tronic transition from o4 HOMO-3 to 71y * LUMO. Tran-
sitions to other calculated excited states have an almost
negligible oscillator strength, except for the 8!A” and
the 8'A’ excited states. The 8'A” state, located at
55,700 cm~!, has the highest oscillator strength (0.531)
and the 8' A’ state, located at 56,500 cm™!, has an oscil-
lator strength of 0.136. The 8! A” state corresponds to an
excitation from the o4 HOMO-3 to the o3* LUMO+3
and the 8! A’ state corresponds to the excitation from the
02 HOMO-1 to the mp* LUMO+4. These high energy
states have not been included in Table 1, because there
are neither experimental nor theoretical data to com-
pare with.

The excited states calculated using the TD-DFT
approach at the B3LYP/cc-pVTZ/cc-pVTZ/6-311G//
MP2/cc-pVTZ level show energies very similar to those
obtained at the MS-CASPT2 level. The calculated char-
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Fig. 3 UV absorption and MCD experimental spectra [12]
a, MS-CASPT2 b and TD-DFT/B3LYP/cc-pVTZ/cc-pVTZ/6-
311G//MP2/cc-pVTZ ¢ simulation of the contributions of the low-
energy valence states to the absorption spectrum of 1, assuming a
2,500 cm~! full width at half-maximum

acter of the electronic transitions also coincides, except
for the 2! A” and and 3' A” excited states. These are the
two excited states that showed multiconfigurational
character at the MS-CASPT2 level. At the TD-DFT
level, these electronic transitions are one-electron pro-
motions, from the 0o HOMO-1 to the oy* orbital for
the 2! A” state, and from the oy HOMO to the oy*
orbital for the 3' A” excited state. The main difference
between MS-CASPT2 and TD-DFT methods are the
values calculated for the oscillator strengths, with the
latter being much lower.

4 Discussion

The difference in the SiSiSiSi dihedral angle of 1
obtained by ab initio and MM3 methods is somewhat

disconcerting. We consider the ab initio results to be
more reliable and believe that the dihedral angle of the
silicon backbone in this compound is 0°. Except for the
anticipated effects of cyclic hyperconjugation through
the CHj group, it would therefore represent a good
model for understanding the electronic structure of a
general peralkylated syn-tetrasilane.

It has been concluded from a combination of absorp-
tion and MCD spectra [12] that at least four electronic
transitions are present in the low-energy region below
50,000 cm~!. The lowest energy transition 1, detected at
38,600 cm™1, is extremely weak and hard to discern in
the room-temperature absorption spectrum [12] shown
in Fig. 3, but it is distinct in the low-temperature spec-
trum [10]. The negative MCD signal of this transition
is also extremely weak. In spite of its weakness, this
transition can be detected with confidence, because it
does not overlap with others. Transition 2 is clearly pres-
ent as a positive peak centered at 42,200cm™! in the
MCD spectrum. Transition 3 appears at 46,100 cm~! as
a strong shoulder in absorption and as a strong negative
shoulder in MCD. At higher energies, the absorption
intensity increases further. Such end absorption sug-
gests the presence of one or more additional transitions
but does not permit an identification of the excitation
energies. However, MCD shows a distinct negative peak
at 49,300 cm™!, which is assigned to transition 4. This
contrasts with the other tetrasilanes investigated, which
were constrained by longer hydrocarbon chains to six- to
eight-membered rings and had larger SiSiSiSi dihedral
angles, and whose MCD showed only gradually increas-
ing negative intensity. The tetrasilane 1 was the only
one in which four transitions were clearly identified. In
the previously proposed assignments, based on TD-DFT
B3LYP/DZ//MM3 calculations [12], agreement with the
observed spectra was reasonable only after all calcu-
lated energies were reduced by 2,000 cm~!. The results
obtained in this paper at the TD-DFT B3LYP/cc-pVTZ/
cc-pVTZ/6-311G//MP2/cc-pVTZ level are in better
agreement with experimental results and no such empir-
ical correction is needed. We assign the transitions based
on our high-level ab initio MS-CASPT2 calculations.

Band 1 is attributed to a transition to a 1'A’ state
calculated at 37,400 cm™!, which is a HOMO to LUMO
(o7*) excitation with a very low oscillator strength
(0.005). Band 2 is assigned to a HOMO to LUMO+1
(oo*) transition to the 3'A’ state calculated at
41,900 cm~! with an oscillator strength of 0.141, which
presumably hides a small contribution from a HOMO-1
to LUMO (o7t*) transition to the 1' A” state calculated
at 41,800 cm~! with an oscillator strength of only 0.003,
too weak to be observed. Band 3 is mostly due to a
transition to the 2 A” state, calculated at 47,000 cm™!
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(oscillator strength, 0.375), of multiconfigurational char-
acter due to oo* excitations from HOMO-1 to LUMO+1
and from HOMO-1 to LUMO+1. The fact that this
intense transition involves excitation from the lower
lying orbital HOMO-1 has not been stressed before,
but it is in perfect agreement with the results obtained
at the MS-CASPT2 level for n-tetrasilane [20,21] and
decamethyl-n-tetrasilane [18]. Finally, the newly identi-
fied fourth observed band is interpreted as containing
a large number of calculated overlapping transitions.
Those to the 4! A’ and 3'A” oo* states at 48,700 and
48,900 cm~! are relatively weak, with oscillator strengths
of 0.049 and 0.022, respectively, and the main contribu-
tion to the observed absorption intensity is believed to
be provided by the transition into the S'A’ state, cal-
culated at 50,100 cm~! (oscillator strength, 0.399), and
due toa HOMO-2 to LUMO o7t* excitation. Additional
weak contributions are provided by transitions to the
overlapping oo* 4! A” and o7* 5'A” states, located at
50,400 cm ! (oscillator strength, 0.080) and 50,500 cm !
(oscillator strength, 0.023). The remaining calculated
high-energy states remain unobserved.

The oo* or om* nature of the excited states is in
good agreement with expectations based on a previously
published correlation diagram [33]. The MS-CASPT2
results of Table 1 are in complete qualitative agreement
with the previous picture, but the calculated energies
are in much better agreement with observations and no
empirical shift is needed.

The agreement between observed and calculated
spectra is now excellent, and confirms our earlier con-
clusion [18-22] regarding the ability of the MS-CASPT2
procedure to calculate correctly the low-energy valence
states of oligosilanes. Except for the now more reason-
able values for oscillator strengths, there also is per-
fect agreement with the TD-DFT calculations. However,
TD-DFT has difficulties describing correctly the excita-
tion into the 2A” and 3A” states, given their multirefer-
ence nature at the MS-CASPT?2 level. The agreement is
heartening for our current [12,34,35] and future efforts
to use the TD-DFT procedure for longer oligosilanes,
for which the MS-CASPT?2 procedure becomes unman-
ageable. The results obtained in the present study at
the MS-CASPT?2 level could also serve as a benchmark
for evaluating additional approximate methods that are
less demanding of computer resources and suitable for
applications to longer oligosilanes.
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