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We present a multistate complete active space second-order perturbation theory computational study aimed
to predict the low-lying electronic excitations of four compounds that can be viewed as two disilane units
connected through alkane bridges in a bicyclic cage. The analysis has focused on 1,4-disilyl-1,4-disilabicyclo-
[2.2.1]heptaneXa), 1,4bis(trimethylsilyl)-1,4-disilabicyclo[2.2.1]heptandly), 1,4-disilyl-1,4-disilabicyclo-
[2.1.1]hexaneda), and 1,4bis(trimethylsilyl)-1,4-disilabicyclo[2.1.1]hexan&8). The aim has been to find

out the nature of the lowest excitations with significant oscillator strengths and to investigate how the cage
size affects the excitation energies and the strengths of the transitions. Two different substituents on the
terminal silicon atoms (H and Gjiwere used in order to investigate the end group effects. The calculations
show that the lowest allowed excitations are of the same character as that found in disilanes but now red-
shifted. As the cage size is reduced from a 1,4-disilabicyclo[2.2.1]heptane to a 1,4-disilabicyclo[2.1.1]hexane,
the St--Si through-space distance decreases from approximately 2.70 to 2.50 A and the lowest allowed
transitions are red-shifted by up to 0.9 eV, indicating increased interaction between the-t®ob®nds.

The first ionization potential, which corresponds to ionization from theS$io orbitals, is lower inlb and

2b than in SjMes by approximately 0.9 and 1.2 eV, respectively. Moreoxdérand2b, which have methyl
substituents at the terminal Si atoms, have slightly lower excitation energies than the analogouslspecies
and2a

Introduction of Si—Si bondo—s* charactert* For disilanes with normal Si

The spectroscopy and excited-state properties of linear Si bond lengths+2.35 A), the first excitation energi.e.s measured
peralkylated oligo- and polysilanes has been thoroughly inves- at 77 K were found at_6_.48 eV for hexamethyldl_snane and at
tigated during the last few decadedThe general feature is _6.27 eV for hexaethyldisilane. The second band, in cases where
that the optical and electronic properties of these systems arelt could be observed, was found to have a polarization which
very dependent on the confirmation of the Si backbbiiend was perpe_rnd_lcular relative to the first band, ar_1d_ thus, c_onS|dered
as a result, some polysilanes display thermo- and solvato-t© be of_Si—Sl bondo—o* type. For hexaethyld|5|lane thl_s peak
chromism? In an effort to identify alternative Si-based molecules Was estimated at 6.7 eV, with roughly the same intensity as the
that could display conjugative properties, yet be less confor- first peak. _ _
mationally flexible than oligosilanes, we investigated two  In our study the aim has been to predict the lowest valence
different bicyclic structures: 1,4-disilabicyclo[2.2.1]heptafi ( excitations of two linked disilane molecules to clarify whether
and 1,4-disilabicyclo[2.1.1]hexan®)( substituted at the 1- and ~ Or not the proximity of the two StSi bonds affects the character
4-positions by either silyl groupsa) or trimethylsilyl groups and energies of these transitions, as well as to analyze the effect
(b) These Systems can be viewed as two disilane (d|s||y|) of the substituents at the terminal Si atoms. PreViOUSly, the
chromophores separated by three short alkyl chain tethersMultistate complete active space second-order perturbation
leading to bicyclic cage structures with Si atoms at the two theory (MS-CASPT2) technique has been shown to give
bridgehead positions. The two bridgehead Si atoms are therebyaccurate result and insight into the low-lying excitations of
in relatively close proximity to each other. We have previously n-tetrasilane i-Si;H10)*> and n-decamethyltetrasilanen{Sis-
computed the geometries and strain energies of the 1,3-Meu).*® It also provided a good description of the conforma-
disilabicyclo[1.1.1]pentane and 1,4-disilabicyclo[2.2.2]octane, tional dependence of the excitation energies and oscillator
as well as related systems, and found that these species arétrengths, being in perfect accord with experimental results. The
similarly or less strained than the all-carbon analogdés,  Present investigation was therefore performed with the MS-
which previous|y have been generaﬂéé? The Compounds CASPT2 method. The purpose of the inVestigation I’eported
investigated herein should thus be realistic synthetic targets. herein is to provide an accurate description of the nature of the

Previous Spectroscopic and Computational studies on Substi_lowest excitations that the 1,4-d|S|Iy| substituted 1,4-di5i|abi-

tuted disilanes have shown that the first valence excitation is cycloalkane cages display, and also to achieve an improved
understanding of the SiSi bond chromophore. Can the small
*To whom correspondence should be addressed. E-mail: gjsjlabicycloalkane cages mediate interaction between the two
henrik.ottosson@biorg.uu.se (H.O.); raul.crespo@uv.es (R.C.). S . . .
t Uppsala University. Si—Si bonds, and how does such an interaction affect the excited

*Universitat de Valacia. states and their energies? Potentially, this could pave the way
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CHART 1 orbitals. The threejaorbitals correspond to the S8i bonds,
z the orbital of the Stmethylene bridges (which are out of the
RsSi-gi i~ SiRs g Siia molecular plane), and the-GH bonds of the methylene bridges.
[N ReSIT=07 SiRs a, R =H The by orbitals correspond to the Smethylene bridge (out of
X y 1 2 b, R =Me the plane) bonds and to the-S$i bond orbitals. Thexgand

orbitals correspond to the interaction between the central Si atom
to design of novel Si-based molecular wires that display a new and the methylene groups out of the plane. In all calculations
type of conjugation. the number of active electrons was set to ten.

To account for the remaining dynamic correlation, second-
order perturbation theory with a multiconfigurational reference
state, the CASPT2 approaéhwas used. The CASPT2 method
calculates the first-order wave function and the second-order
. 8 > energy with a CASSCE wave function constituting the
6-31G(d) double; basis set® The character of the stationary eference function. The coupling of the CASSCF wave functions
points was examined with frequency calculations performed at , ;, dynamic electron correlation was evaluated using the
the same level of theory. All geometries were further optimized o tanded multistate CASPT2 (MS-CASPT2) metBothe MS-
u§ing secqnd-order Mz!ler-PIesget pertu.rbation.theory (MP2) cASPT2 method showed very good agreement with experi-
with Dunning’s correlation consistent triple-basis set, cc-  ental data for trisilan® octamethyltrisilan@? n-tetrasilane?
pVTZ! for all atoms. All the calculations were performed 5y decamethyivtetrasilané® where state average CASSCF
within the Cz, symmetry point group constraints, with h@xis — c5jcylations introduce a strong mixing of Rydberg and valence
as the twofold symmetry axis and the four silicon atoms lying  giates. The level shift technique handled any additional intruder
in the yz plane. For moleculeda and 1b the C atom of the  gi5tes weakly interacting with the reference wave functioh.
methylene bridges, as well as the Si atoms, are iry#ane. o\ shift of 0.15 has been used in all calculations in order to

For moleculeaand2b it is the two C atoms of the ethylene o6y gl intruder-state problems without affecting the excita-
bridge that lay in theyz plane (see Chart 1). All geometry o energies €0.1 eV).
optimizations were done with the Gaussian03 program pack- The CASSCF state interaction (CASSI) metffodias em-
20
age- . . . . . . ployed to compute the transition dipole moments, which were
Ring-Strain Energies. ng-stram energies were thalneq combined with MS-CASPT2 energy differences to obtain
at the MP2/cc-pVTZ level according to a homodesmotic reaction oijator strengths. The MS-CASPT2 oscillator strengths were
scheme (see Supporting Informatid#)The calculations were  gained by use of the perturbation-modified CAS (PMCAS)
done with the Gaussian03 program packége. , reference function® obtained as linear combinations of all CAS
Electronic Excitation Energies. Electronic properties were  giates involved in the MS-CASPT2 calculation. These methods
computed from complete active space self-consistent field 5nq techniques have been shown to work well for electronic
(CASSCF) wave functions employing a generally contracted gy iration studies of oligosilanes. All MS-CASPT2 calculations
basis set of atomic natural orbitals (ANOs) obtained from the \yare performed with the MOLCAS-6 quantum chemistry
Si(17s12p5d)/C(14s9p4d)/H(8s4p) primitive sBtssing the Si- program3
[5s4p2d]/Cl4s3p1dl/H[2s1p] contraction scheme. The reference lonization Potentials. The vertical ionization potentials were

wave function and the molecular orbitals were obtained from ., iated at the HF/6-311G(d) level, applying Koopmans'
§ta|te d a(\i/ezlag?]e CASSCF cglculatlons, fyvhere theh averagingineorem, at the MS-CASPT2 level, and also using the restricted
Include adt e A’”BZ'hAZ' a? lBl_stateso interest. T erz]actweh outer valence Green's function electron propagator method
space used in all the calculations was (4.4.2,2) where t € (ROVGFP with the 6-311G(d) basis set on the optimized MP2/
numbers specify .the number of active °fb'ta's belonglng to the cc-pVTZ geometries of the ground state. The HF and ROVGF
a1, b, &, and h irreducible representations of ti@, point calculations have been performed using the Gaussian03 program

group, respectively. The orbitals belong to the ;aand b packag® and the MS-CASPT?2 calculations have been done
irreducible representations of ti@&, point group, and ther with the MOLCAS-6 quantum chemistry prografh
orbitals belong to thezaand h irreducible representations. '

For 1a and 1b the active space for the occupied orbitals pog its
include one aand one b orbital, corresponding to the SBi

Computational Methods

Geometries.The geometries were first optimized at the DFT
level using the B3LYP hybrid function&land employing the

bonds, one b orbital corresponding to the bonds of the
methylene bridge, and one, and one b orbital which

Geometries. Representative features of the MP2/cc-pVTZ
optimized geometries calculated fdra, 1b, 2a and 2b

correspond to the bonds of the ethylene bridges. The active spacégnolecules are shown in Figure 1. These geometries have been

also included several virtual orbitals, three gkgmmetry, two
of b, symmetry, one of 2 and one of b symmetry. The a
symmetry orbitals correspond to the-S8i bonds, to the Si
methylene bridge bonds, and to the-&f bonds (forla) or
Si—C bonds to the methyl groups (fdib). The b orbitals
correspond to the Simethylene bridge bonds and to the-Si
Si bond orbitals. Thezand h symmetry orbitals correspond
to the bonds in the methylene bridge and to thel$ibonds
(for 1a) or Si—C bonds to the methyl groups (fab).

The active space dfa and2b include each of the bonds in
the methylene bridges (one,aone b, one a, and one b
symmetry orbitals) and also one Bymmetry orbital corre-
sponding to the SiSi bonds for the occupied part. The virtual
orbitals include three;atwo by, one @, and one bsymmetry

used in all computations of the electronic excitations.

DFT calculations using B3LYP/6-31G(d) giv€s, symmetric
structures as optimal for all systems. The geometrical parameters
obtained at this level of theory are consistent with those obtained
at the MP2/cc-pVTZ level. The values calculated at the MP2/
cc-pVTZ (Figure 1) presumably represent the most reliable
values available to date. For this reason, only the parameters
obtained at this level of theory are included in Figure 1.

The values calculated for the -S&i bonds in all four
compoundsia, 1b, 2a, and2b) are close to 2.35 A (Figure 1),
which is a normal bond distance in the disilane moleculg, Si
Mes.32 The optimized geometries obtained for tha and 1b
molecules are very similar, and this is also the case for the
geometries calculated f@&a and2b. Hence, the change of the
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Figure 1. MP2/cc-pVTZ-optimized ground-state geometried aflb,
2a, and2b. Geometrical parameters & and2a are in normal print,
and parameters oib and 2b are in italics. Bond lengths are in
angstroms, and bond angles are in degrees.

end groups from silyl to trimethylsilyl has only an overall small
effect on the geometrical parameters. The through-space Si
Si distances for typé systems are 2.71.6) and 2.73 {b) A.

For type?2 cages, this distance shows values which are more
than 0.2 A shorter (2.48 and 2.50 A f2aand2b, respectively).
Thus, the through-space-Sii distance of the cages is about
0.35 (for typel) and 0.15 A (for type2) longer than a regular
Si—Si single bond.

The C-C bond length values are close to 1.57 A in all four
structures while the geometries of the methylene bridges differ
slightly between cages of tydeand of type2. For compounds
1, the Si-C bond length is 1.90 A and the-SC—Si bond angle
is around 90. For compound®, the Si-C bond length shows
similar values (1.91 A); however, the value of the-8—Si
bond angle decreases to approximatel§. &obnsequently, the
change from two ethylene bridges in tyfieto one ethylene
bridge in type2 disilabicycloalkanes, produces a major effect
on the geometries of the cages.

Ring-Strain Energies. The calculated homodesmotic ring
strain energies fotaandl1b molecules are 15.9 and 15.7 kcal/
mol, respectively. FoRa and2b molecules, with one shorter
carbon bridge and shorter-SiSi through-space distances, the
ring strain energies are 29.6 and 28.6 kcal/mol, respectively.
Thus, the ring strain is not affected by the change of the end
groups from silyl {a and 2a) to trimethylsilyl (1b and 2b).
However, the change from two ethylene bridgéa&nd1b) to
just one Ra and2b) leads to an increase of the ring strain by
approximately 14 kcal/mol.

lonization Potentials (IPs). The first five vertical IP
calculated at the MS-CASPT2, ROVGF/6-311G(d), and HF/6-
311G(d) level (Koopmans’ theorem) for the, 1b, 2a, and2b
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This is not surprising as it is a very local effect on the-Si
bond. The other states display a decrease of about 0.5 eV.

The change of one methylene to two methylene bridges (going
from cages of typd to cages of typ®) gives a slightly smaller
change of the IP values, of about 0.4 eV, except for thg 1
states (9.93 and 9.95 eV fab and2b, respectively). Interest-
ingly, the PA, and 2A, states display increases of 6:8.5
eV when going from systemkto 2.

Electronic Excitations of 1a and 1b.Table 3 displays the
main configurations (contributions of more than 10%) and the
weights of the wave function of the lowest excited statesapf
1b, 2a, and2h. All molecules have a nearly single determinant
ground state but many of the low-lying valence excited states
investigated in this study show a strong multiconfigurational
character. The MS-CASPT?2 vertical excitation energies calcu-
lated forlaandlb are shown in Table 2. The ionization energies
according to MS-CASPT2 and ROVGF calculations are around
8.8 eV for1a, and around 7.9 eV fotb. Therefore, we list
only states with excitation energies around 7.8 @nd 6.3 Lb)
eV, in order to include the same number of states of each
symmetry class for both systems. Consequently, the electronic
transitions include four Bstates, three Astates, two A states,
and two B excited states. As written in the computational
methods section, the ando* orbitals belong to the aand b
irreducible representations of th&, symmetry point group,
and the 7z and xz* orbitals to the a and h irreducible
representations. The main configurations of the transitions and
their percentual weights are listed in Table 3.

We first focus on the electronic excitations of moleclie
The dipole-allowed vertical electronic transitions are located
in two intervals, at about 6.0 and 6.5 eV, respectively. The first
band is mainly due to the lowest energy transition, which lies
at 6.00 eV, and it is to thelB, state. This electronic transition
(0—0™) shows the strongest oscillator strength (0.39) calculated
for this molecule. At an almost degenerate energy to the first
excitation there is a symmetry forbidden transition to th&,1
state (6.01 eV), which corresponds tomao* electronic
transition. The transition to the'®; state g—x*) lies at 6.20
eV and shows a rather low oscillator strength (0.08). It is also
almost isoenergetic with a symmetry forbidden transition to the
2IA, (m—o*) state (6.24 eV). The second bandiafis located
at around 6.5 eV, and it includes five different excitations, all
of them very close in energy lying from 6.39 to 6.61 eV. The
first transition is to the 1B, (7—o*) state, located at 6.39 eV,
and has small oscillator strength (0.08). The transitions to the
2B, (0—0*) and to the 3A; (0—o*) states show larger
oscillator strengths (0.15 and 0.18, respectively), being the
second strongest electronic transitions for this system. The next
transition, to the B, (0—0*) state (6.58 eV), presents an
oscillator strength that is similar to the first one (0.07). The
last state contributing to this band is th&B2 (c—x*) state,
located at 6.61 eV, which shows a larger value of the oscillator

molecules are collected in Table 1. The values calculated atstrength (0.13). The last two states, tHA3(c—xn*) state at

the MS-CASPT2 and at the ROVGF level are very similar for
all the systems. The largest differences between the two

6.75 eV and the ¥, (0—0*) state at 6.99 eV, do not show a
strong effect on the spectrum, as the first one is forbidden by

methodologies are about 0.3 eV. As can be expected, the valuesymmetry and the second one presents a small value of the

obtained at the HF level show rather large deviations when
compared to both MS-CASPT2 and ROVGF calculated values.

For compoundla, the B, and PA, states are almost

degenerated in energy at the MS-CASPT2 (8.80 and 8.75 eV,

respectively) and ROVGF (8.82 and 8.84 eV, respectively)
levels of theory. Replacing the H atoms at $& @nd?2a) with
Me groups Lb and2b) makes the 2B,, 2%A,, and £B; (only
in type 1 cages) states shift to lower energies by about 1.0 eV.

oscillator strength (0.06).

Replacing the H atoms of the silyl groups by methyl groups,
leading to moleculdb, results in a spectrum which also shows
two intervals, but now they are located at about 5.5 and 6.2
eV, respectively. The first band is mainly due to the first
electronic transition located at 5.51 eV. This electronic transition
is also to the 1B, state g—o*), and it also shows the strongest
oscillator strength (0.35). The next transition, the excitation to
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TABLE 1: Calculated MS-CASPT2 and ROVGF lonization Potentials (eV) of 1a, 1b, 2a, and 2b

la 1b 2a 2b

state  MS-CASPT2  ROVG®  MS-CASPT2  ROVGE®  MS-CASPT2  ROVGE®  MS-CASPT2  ROVGE®

1B, 8.80 8.82 (9.83) 7.81 7.91 (9.06) 8.42 8.45 (9.40) 7.48 7.57 (8.65)
22B, 9.31 9.35 (10.55) 8.83 8.91 (10.16) 8.88 9.15 (10.28) 8.34 8.66 (9.85)
1A, 8.75 8.84 (10.05) 8.32 8.43 (9.68) 9.27 9.35 (10.42) 8.82 8.92 (10.05)
227, 9.41 9.66 (10.73) 8.56 8.79 (9.97) 9.70 10.04 (11.15) 8.88 9.21 (10.41)
1B, 10.76 10.79 (12.15) 9.93 10.19 (11.54) 10.42 10.49 (11.87) 9.95 10.02 (11.42)

2 Calculated at ROVGF/6-311G(d)//MP2/cc-pVTZ leveln parenthesis, IP calculated according to Koopmans’ theorem at the HF/6-311G(d)//
MP2/cc-pVTZ level.

TABLE 2: MS-CASPT2 Vertical Excitation Energies (E, respectively, and therefore, they have no contribution to the first
eV) and Oscillator Strengths () of 1a and 1b band. As a consequence, the first allowed transition, which is
la 1b also into the 1B, state (as found fota and 1b), is located at
state E (eV) f state E (eV) f 5.31 eV, and it shows a very strong oscillator .strengt'h.(0.77).
B 6.00 0.39 B 551 035 This state corresponds mainly tare-o* electronic transition.
A2 : ' A : ) There is also a contribution to this first band from two other
1A, 6.01 o 1A, 5.78 6] Y ;
2A; 6.20 0.08 B, 5.92 0.10 states, the B, state f—=*) located at 6.00 eV and which
21A, 6.24 6] 21A, 5.95 6, shows a significant value of the oscillator strength (0.16), and
1'B, 6.39 0.08 22, 5.97 0.06 the 2A; (0—0*) state at 6.13 eV and which has a smaller
2 B2 6.45 0.15 3B, 6.07 0.02 oscillator strength (0.07). The next two state®3c—o*) and
31A1 6.50 0.18 18, 6.09 0.11 41B, (0—0*), show almost negligible oscillator strengths. The
3B, 6.58 0.07 3A, 6.09 G . L
2B, 6.61 0.13 A, 6.19 0.12 next _ban_d oRais located at about 6.6 eV, and it is due to the
3A, 6.75 @ 2B, 6.27 0.01 contributions from the B\; (6—o0*) and 1'B; states f£—o*),
4B, 6.99 0.06 4B, 6.33 0.19 which have oscillator strengths of 0.12 and 0.08, respectively.
aTransitions forbidden by symmetry. For the methyl-substituted systeth, the excitations are also

located in two regions, around 5.4 and 5.8 eV, respectively,

the dark 1A, state fr—o*) is located at 5.78 eV. The second and the strongest gxc_itations are tpdhd B symmetric states.
band is due to all the other calculated excited states. The TN€ €lectronic excitations calculated for moleciteshow that,
strongest contributions come from thB2 (o—o*) state located similar as for2a, the first transition is to the symmetry fprbidden
at 5.92 eV, from the B, (o—*) state located at 6.09 eV, from LAz (0—7*) state located at 4.76 eV (0.34 eV lower in energy
the 3A, (0—0*) state located at 6.19 eV, and from théB4 than that c_alc_ulated fcita) _The first band is due to th_e second
(0—0*) state located at 6.33 eV. All of them show similar lowest excitation, which is into the'B, state 6—o*). This state

oscillator strengths, of about 0.10, except tABAstate, which lies at 5.4 eV and the transition has rather strong oscillator
shows a larger value of 0.19. ’ strength (0.25). The second band appears at about 5.8 eV, and

it is mainly due to the excitation to thée, state g—x*), which
displays the strongest oscillator strength (0.45) of all transitions
in 2b. The second band also has very small contributions from
he 2A; (0—o0*) state (0.05) and from the!B, (0—o*) state
(0.03). The 2A, (0—x*) state is also located in this region (5.68
eV); however, it does not contribute to the band since it
corresponds to a symmetry-forbidden electronic transition. The
next band is located at about 6.0 eV, and it is mainly due to the
1'B, state ¢—x*) found at 6.01 eV, which shows an oscillator
strength of 0.15. The other two state3A3 (c—o*) and 4'B,
(0—0*), show smaller contributions to this band.

Related to the effect of the methyl substitution on the excited
states, all théB, symmetry states ofb (from 1B, to 41B,)
present a similar behavior as they also show a decrease in th
energy of about 0.5 eV when compared to the values calculated
for the 1a molecule. For all the other states i, except for
the 3A, (c—n*) state, a smaller decrease in the energies, of
about 0.3 eV, are observed when compared to the values
obtained forla. The 3A; state is the one that presents a large
decrease of the energy (about 0.7 eV) with respect to the value
calculated for this state iha. The oscillator strengths calculated
for the states otb show values rather similar to those calculated
for 1a, except for the 3B, (7—0*) and 4'B, states which are
almost degenerate in energy in moleciiteand have values of
the oscillator Strengths that are somewhat different to those of Geometries and R|ng Strain.The |argest geometric differ-

la ence between the two types of disilabicycloalkane cabasd

Electronic Excitations of 2a and 2b. The MS-CASPT2 2, is the Si--Si through-space distance. By changing from two
vertical excitation energies calculated #aand2b are shown ethylene bridges il to one ethylene bridge i8, the St--Si
in Table 4. The ionization energies according to MS-CASPT2 through-space distance decreases from about 2.70 to about 2.50
and ROVGF calculations are around 8.5 eV 2arand around A. This makes the methylene -SC—Si bond angle close by
7.6 eV for 2b. Therefore, we list only states with excitation approximately 10 and also that the SiC bonds of the
energies around 6.24) and 6.1 gb) eV, in order to include methylene bridges stretch slightly. However, changing the end
the same number of states of each symmetry class for bothgroups from silyl to trimethylsilyl has nearly no effect on the
systems. Thus, the electronic transitions include foustates, geometrical parameters of the disilabicycloalkane cages and the
two A; states, two A states, and oneBexcited states. Si—Si single bond lengths.

The dipole-allowed vertical transitions that have significant ~ With regard to the ring strain, it increases by approximately
intensity for2a are all of B and A symmetry, and they are 14 kcal/mol when going froni to 2, but the strain o (28—
located in two well-defined regions at about 5.8 and 6.4 eV. 30 kcal/mol) is still not so high that it will prevent the synthetic
The lowest two excitations dfa are both dark transitions into  realization of this compound. It is noteworthy that Kira and
states of A (o—x*) symmetry, located at 5.10 and 5.74 eV, co-workers recently formed a substituted 1,3-disilabicyclo[1.1.0]-

Discussion
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TABLE 3: Main Configurations ( >10%) and Weights (%) for the Lowest Excited States of 1a, 1b, 2a, and 2b

la 1b 2a 2b
state  configuration W (%) state  configuration W (%) state  configuration W (%) state  configuration W (%)
1'A;  Hartree-Fock 98 tA; Hartree-Fock 98 tA; Hartree-Fock 96 tA; Hartree-Fock 97
21A;  Ta—8a* 90 21A;  23by—24ky* 79 2'A; 15 —16k* 78 21A; 2223k 71
14b—16k* 14 22by—24h* 15
3'A;  16b—17b* 36 3'A;  26a—27a* 45 3'A;  14b—16b* 80 3'A; 2224k 69
16b—18h* 22 22b—25h* 33 15b—16k* 14 22b—23h* 15
15b—17h* 18 26a—28a* 11
19a—20a* 13
1'B, 16h—20a* 50 1'B, 23b—27a* 58 1'B, 15b—20a* 60 1'B, 22b—27a* 48
15b—20a* 34 23h—29a* 21 15b—22a* 15 21b—27a* 30
5a—9b* 10
2'B,  15h—20a* 39 2'B, 23h—28a* 48 2'B, 5a3—9b* 75 2'B, 10a—1l4b* 81
16b—20a* 34 22h,—28a* 29
15b—21a* 18
3B, 16h—2l1a* 52 3B, 123—15b* 84 3B, 15h—21a* 61 3B, 22b—28a* 43
16b—22a* 14 15h—20a* 15 22b—29a* 23
15b—21a* 12 15h—22a* 14 21b—28a* 18
4B, 15b—22a* 54 4B, 22b—27a* 63 4B, 14b—20a* 86 4B, 2lb—27a* 49
16b—21a* 23 23h,—29a* 23 22b—27a* 28
15b—20a* 10
1'A, 7a—20a* 86 1'A, 12a—27a* 69 1'A;  15b—9b* 75 1'A;,  22h—14b* 64
125—28a* 25 14b—9b* 15 21b—14b* 27
21A,  Ta—2la* 58 21A,  125—28a* 41 21A;  14b—9b* 76 2'1A;  21b—1l4b* 64
Ta—22a* 34 123—27a* 38 15b—9b* 16 22b—14b* 27
3'A, 16b—10b* 48 3'A;  23by—15k* 57
19a—8a* 39 22b,—15b* 23
1'B;  7a—17h* 73 1'B; 23h—13a* 47 1'B; 5z —16k* 65 1'B; 26a—14b* 80
Ta—18h* 17 22h—13a* 40 5a—17h* 30 22bh—11a* 10
2'B; 16b—8a* 54 2'B; 12g—24h* 79
15b—8a* 35 123—25h* 11

aThe HOMO is orbital 16p(1a), 23k (1b), 15k (2a), and 22b (2b).

TABLE 4: MS-CASPT2 Vertical Excitation Energies (E,
eV) and Oscillator Strengths ) of 2a and 2b

2a 2b
state E (eV) f state E (eV) f
1A, 5.10 G 1'A; 4.76 G
2'A, 5.74 G 1'B, 5.37 0.25
1B, 5.81 0.77 2A, 5.56 0.05
2'B, 6.00 0.16 2A; 5.68 G
21A, 6.13 0.07 2B, 5.69 0.45
3B, 6.23 0.01 3B, 5.74 0.03
4B, 6.38 0.03 1B, 6.01 0.15
3A; 6.41 0.12 3A; 6.08 0.03
1'B; 6.88 0.08 4B, 6.11 0.02

a Transitions forbidden by symmetry.

butane which is thermally stable until its melting point at £70
175 °C33 For the parent 1,3-disilabicyclo[1.1.0]butane, we
previously calculated a strain energy of 63.9 kcal/mol at MP2/
6-31G(d) level®

IPs. The reduction of the IP with methyl substitution (in going
from la to 1b and from2a to 2b) cannot be related to the
changes in the SiSi bond or Si--Si through-space distances
(from 2.71 Ainlato 2.73 A in1b and from 2.48 A in2a to
2.50 A in 2b). We attribute the first IP to the removal of an
electron from theosis; orbital (highest-occupied molecular
orbital, HOMO) in agreement with that observed for
other disilaned? The general decrease in this IP with
increasing the size of the substituent (from H to methyl group)
can thus be attributed to the stabilization of the radical

in the first IP is 0.38 and 0.37 eV at MS-CASPT2 and ROVGF
levels, respectively. And for the methyl substituted systéims
and 2b the corresponding lowerings are 0.33 and 0.34 eV,
respectively. Considering that the two paira/2a and 1b/2b
only differ in size by a CH unit, this reduction is substantial
and should stem from the shortening in-Si through-space
distance by~0.2 A. Moreover, if the two SiSi bonds inlb
and2b were not interacting the first IPs should resemble that
of Si;Meg (8.7 V) however, their IPs are lower by 0.9 and
1.2 eV, respectively. Interestingly, the value calculated for the
first IPs of 1b and2b are even lower than the value obtained
for Siy(t-Bu)s (8.1 eV)14 a molecule with a St Si bond length

of 2.686 A34i.e., ~0.35 A longer than normal SiSi bond
lengths3® and as a consequence a particularly low IP. It should
be noted that the SiSi bonds in each of and2 are of regular
lengths.

Electronic Excitations. By comparison ofla to 1b it can
be noted that both systems have the lowest transition to the
11B, state and that this transition also has the strongest oscillator
strength. The transition of the methyl-substituted compound is
red-shifted by 0.5 eV compared to the hydrogen-substituted one.
This transition is or—o* character, and the major contribution
is from an excitation out of the HOMO (Table 3). Fba the
near degeneracy of the'B, and the 1A, states at 6.0 eV
correlates with the very small difference in energy seen in the
ionization potentials for this system. This is not the casghn
where the hydrogens are substituted to methyl groups. Now the

cation by the increasing polarizable bulk (substituent inductive 1'Bz state is separated from théAb state by 0.3 eV, although

effect).

the transitions are of the same character a$ano—o* and

More important are, however, the change in the first IPs that 7—o* type, respectively. With regard to the transitions with

occur upon reducing the size of the cages frbro 2 as this
reflects the extent of interaction between the twe Siibonds

medium oscillator strengths, they all have contributions from
excitations out of the HOMO; the!B,, 3'A;, and 2B, states

through the cages. For the unsubstituted systems the decreasi 1a and the 2B,, 1'B;, and 4B, states inlb (Table 3).



MS-CASPT2 Study of the Influence of Cage Size J. Phys. Chem. A, Vol. 111, No. 14, 2002809

Besides the red-shift of the energies of all states with methyl allowed inla and1b whereas it is symmetry forbidden Ra
substitution, stressed in the results section, the main differencesand 2b. But as judged from the character the transition can in

betweenla and1b are seen in the character of th&\2, 3'B,, both compound types be described as an excitation involving
1!B;, and 2B; states. While the'2; state is at—xa* transition the methylene bridge(s), and interestingly, this transition is red-
in 1a, it corresponds to a—o* transition in 1b. For the 3B, shifted by nearly 1 eV when going frofinto 2, a strong indicator
state, the opposite is the case, as it is-a* transition in la of improved St Si bond interaction as the tethers in the bicyclic
and az—a* transition in 1b. The character of thelB; and compound are made shorter.

21B; states is exchanged in both compounds, sinckaithey

are ofr—o* and of o—x* character, respectively, whereas in  Conclusion and Outlook

1b they are olv—x* and w—o* type, respectively. In summary, i . .

the change from hydrogen to methyl substituents at the terminal 1 1€ Photophysical properties of short oligosilanes are well
Si atoms red-shifts the excitations bfvith an average of 0.42 studied, .and effgcts of conformation on .observed spectra can
eV with the exception of excitations where the high-energy 7a be explained rationally. These conformational changes are also

orbital, which is arsic orbital located in the ethylene bridges, the reason why then—cigjugation in oligosilanes can be
have a large influence, in which case the red-shift is decreased@tténuated and even brokefihe systems we have investigated
by up t0 0.2 eV. in this study are potential building blocks for a more rigid

oligomer with a backbone of SiSi bonds and carbon cage
structures. The lowest excited state is not of the same character
as in oligosilanes due to the bicycloalkane cage structure
separating the SiSi bonds; instead, it is rather similar to that
of disilane. As the cage introduces an interaction between the
two Si—Si bonds, there is a red-shift in the lowest valence
excitations. The red-shift is largest for the smallest cage, 1,4-
disilabicyclo[2.1.1]hexane, which has the shortest through-space
Si---Si distance. After having observed the effect of the
methylene bridge in reducing the-S5i through-space distance
and red-shifting the electronic transitions, we reason that the
1,3-disilabicyclo[1.1.1]pentane cage should display very inter-
esting electronic properties since it provides an even shorter
Si---Si through-space distance and presumably the strongest
coupling between the two SiSi bonds and the bicycloalkane
cage.

Upon changing the hydrogens on the terminal Si atoms to
methyl groups in systent i.e., going from2ato 2b, one can
note an overall larger similarity of the transitions between these
two systems than for moleculdsa and 1b. Both 2a and 2b
have the lowest allowed transition to théB} state, and this
transition has the strongest oscillator strength Zarand the
second strongest value fb. The B, transition of the methyl-
substituted compound is red-shifted by 0.5 eV compared to the
hydrogen substituted one. This transition issefo* character
and the major contribution is from the excitation out of HOMO
(Table 3). The transitions to théR, states, on the other hand,
are in both compounds of—x* type, and these excitations
show medium Za) and strong Zb) oscillator strengths, respec-
tively. With regard to the forbidden excitations to the #ates,
which are the two lowest transitions #a and first and fourth
in 2b, they are both from the HOMO. As it was shown in
compoundsla and 1b, the character of the Bstates is
exchanged in both compounds, becausgsiit presentst—o*
character and irRb it is of o—a* type. Furthermore, the red-
shift upon methyl substitution at the terminal Si atom®a$
similar to that found for systems, with an average 0.41 eV
with a few exceptions. With regard to the oscillator strength
the methylated terminal Si atoms favor excitations vwithor*
character ovev—o* character.
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type. For the B states, all systems present three states that arepps.acs.org.
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