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Multistate complete active space second-order perturbation theory (MS-CASPT2) is used to improve earlier
descriptions of the low-energy valence excited states of the transoid, ortho, and gauche conformers of
decamethyh-tetrasilanen-Si;Me; o, using a generally contracted basis set of atomic natural orbitals (ANOS)

at a ground-state geometry optimized in the second-order Mghiessset perturbation theory (MP2)
approximation with Dunning’s correlation consistent trigldasis set (cc-pVTZ) on the silicon atoms and

the 6-31G* and 6-31G basis sets on the carbon and hydrogen atoms, respectively. Relative energies, relative
free energies, and mole fractions of the transoid, ortho, and gauche conformers are reported at various
temperatures. CASPT2 ionization potentials for the three conformers are calculated and found to agree with
photoelectron spectra. The first eight valence excited states of each conformer are computed and analyzed in
terms of natural orbitals. Most of the important excitations are due to electron promotions fronrH@MO

orbital. However, in the ortho and gauche conformers, promotions fronotHe@OMO-1 orbital play a
significant and previously unrecognized role. The MS-CASPT2 simulation of the low-energy region of the
absorption spectra of the transoid, ortho, and gauche conformers agrees with the UV absorption spectrum of
the transoid conformer of-SiyMe; o and with the conformationally constrained models of the ortho and gauche
tetrasilanes, MeSi[(Chls] .Si—Si[(CH,)s].SiMe and (SiMg)4(CHy,)s, respectively. The UV absorption spectra

of n-Siz;Me;o conformer equilibrium mixtures at room temperature and 77 K are interpreted. An analysis of
the dependence of the nature of electronic excitation on the skeletal dihedral angle confirms the main features
of the previously developed picture, which described it in terms of avoided crossings of both B and A symmetry
states. These cause the states to interchangedifteand oz* character upon going between the two planar
limits, syn and anti. However, the new results show that at small dihedral angles the situation is more

complicated because of additional avoided crossings.

Introduction In an effort to establish the nature of the possible backbone
conformation%” and their spectroscopic properties, much effort
has also been invested in peralkylated oligosilanes containing
up to about two dozen silicon atorhsn these, computations
suggest that three dihedral angless6°, gauche;~90°, ortho;

Polysilanes have attracted considerable interest because of
their remarkable optical and other properties, commonly at-
tributed too electron delocalization. Peralkylation renders these
fully saturated polymers very stable and potentially practicall . . .
usgful. Their n?os)t/ striking gpectroscopiéO feature)?spthe nea¥- and~16%’, transoid) are typically favored for rotatlorl around
UV absorption, whose low excitation energy is qualitatively each_ internal _S+S' bond_ n permethy_lated_ Chaﬁ_Té and .
understandable as a consequence of the low electronegativityPOSSiPly up to five (also cisoid and deviant) in chains carrying
of silicon relative to the lateral substitueAtEhe great sensitivity ~ 10nger alkyl groups2*® in keeping with recently proposed
of the absorption spectra of these materials to the detailedOMenclaturé,we reserve the term “anti” for a 18@ihedral
structure of the alkyl substituents, but also to factors such as angle and use the term “transoid” for angles near°165
temperaturé,pressurd, and solven?, is usually interpreted as The shortest permethylated oligosilane with an internal SiSi
due to the sensitivity of delocalization to backbone conforma- bond is decamethyi-tetrasilanen-SisMeso. In this species, the
tion! The energy differences and barriers between the different presence of a transoid and a gauche conformer is undisptfted,
conformations are typically quite small, and after years of effort, but the existence of the third predicted distinct conformer, ortho,
it is still not firmly established what most of these conformations has not been proven by unequivocal experiments. The authors
are in the various spectroscopically characterized situations. Inof an electron diffraction study concluded that it was probéble,
addition to its significance for the understanding of polysilanes, and it is further supported indirectly by the presence of the ortho
this would be of general interest for the theory of electron dihedral angle in several cyclic and branched permethylated
delocalization in interacting bonds. oligosilane chaing> Moreover, spectroscopic proofs for the
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theoretically predicted presence of all three conformers in the for the gauche conformer correlate with those of the anti
closely related tetrasilane, 680, by matrix isolation Raman  conformer. The two additional states correspond to single-
spectroscopl and in the more distantly related perfluorobutane, electron transitions from the, HOMO-1 to theo:* and o>*
C4F10, by matrix isolation IR spectroscopyhave been provided.  valence orbitals. Excitations from the orbital had not been
Thus, there is little reason to doubt the theoretically predicted emphasized previously.

existence of the gauche, ortho, and transoid conformers in It appeared very desirable to obtain a quantitative description

n-SizMeso. of the excited states of the three conformers+@izMe;o at a
Although so far it has not been possible to determine the level similar to that now available for the two conformers of
electronic absorption spectra of all three conformens-8fMe;o the parent SHio, and to find out whether the general description

separately, manipulation of UV and IR spectra recorded in Of trends deduced from very approximate theories stands up to
annealed and/or irradiated low-temperature matrices permittedclose scrutiny or needs to be modified. The results thus could
a separate determination of the UV and IR spectra of the transoidserve as a benchmark for evaluating approximate procedures
conformer (at the time called anti) and of an unknown linear suitable for calculations on longer oligosilanes. Presently, we
combination of the UV spectra of the gauche and ortho report and discuss the results of multiconfigurational second-
conformers, which have essentially identical predicted IR order perturbation theory (MS-CASPT2) calculations for the
spectré® In addition, measurements on peralkylated tetra- low-lying excited states for the gauche, ortho, and transoid
silanes constrained to particular dihedral angles by saturatedconformers ofn-SisMeso.

polymethylene chains provide a fair idea of the UV spectra

of the peralkylated gauche tetrasilane, approximated by Computational Methods

(SiMe&x)4(CHy)3,'®8 and ortho tetrasilane, approximated by

MeSi[(CHy)s]Si- Si[(CHy)e],SiMe 1° These suggest strongly All calculations have been performed at the equilibrium

. 2 . : geometries of the ground state of the transoid, ortho, and gauche
that the approximate matrix isolation spectrum of the twisted conformers ofn-SigMexo, obtained using the second-order
form reported earliéris dominated by the gauche conformer. Maller—Plesset perturbation theory (MP2) as implemented in
The spectra attributable to the three conformers do not supportthe Gaussian-98 suite of prografid.he geometry optimizations
the original expectations, according to which the lowest energy employed Dunning’s correlation consistent trigleasis set (cc-
singlet-singlet electronic transition in oligosilanes should p\TZ)25 for the silicon atoms and the 6-31G* and 6-31G basis
always be of lower energy in the extended conformations than sets for the carbon and the hydrogen atoms, respectively. The
in the twisted ones. Indeed, for tetrasilanes the currently \p2(fc) geometry optimization calculations were carried out
available evidendé® shows Clearly that it is not the energy  within the C2 Symmetry point group ConstraintS, withas the
but the intensity of the lowest transition that undergoes a twofold symmetry axis. Relative free energies have been
pronounced change as the SiSiSiSi dihedral angle is varied. Acalculated in the harmonic approximation by adding rotational
theoretical interpretation of this observation was provided by entropy and vibrational entropy contributions calculated at the
low level (CIS/3-21G¥) ab initio calculations for the peralkylated HF/6-31G* level and scal@fi by 0.9135.
tetrasilane$;!8 similar results were obtained even earlier for Electronic properties were computed from complete active
the parent tetrasilane, 8110.52** These results were in poor  gejf-consistent field (CASSCF) wave functions employing a
quantitative agreement with the experimental excitation energies generally contracted basis set of atomic natural orbitals (ANOs)
but accounted qualitatively for the trends in the spectra of both gptained from Si(17s12p5d4f)/C(14s9p4d3f)/H(8s4p) primitive
the parent and the alkylated tetrasilanes as a function of theggta? using the Si[5s4p1d]/C[3s2p1d]/H[2s] contraction scheme.
dihedral angle. They predicted the tetrasilane chromophore t0The reference wave function and the molecular orbitals were
have four low-lying valence states, two of A and two of B gptained from average CASSCF calculations, where the averag
symmetry in the €group. In the planar syrCg,) and anti Czn) ing included the four A and four B symmetry states of interest.
conformation limits, one state of each symmetry is of diws All four 1s core orbitals of the silicon atoms were kept frozen,
type and the other of ther* type, and they change their energy  as determined by the ground-state SCF wave function. The
order upon going from one limit to the other. Since a plane of active space used in all calculations was (5,4), where the
symmetry is absent for all but the limiting dihedral angles, the numbers specify the number of active orbitals belonging to the
expected state crossing is avoided, accounting for the observedy and b irreducible representations of tBe point group,
approximate constancy of transition energies and the gradualrespectively. The active space has been chosen to include the
transfer of intensity from the upper to the lower of the two six ¢ ando* Si—Si bond orbitals, plus one* and twoz* Si—
transitions into states of B symmetry as the dihedral angle Me bond orbitals. The selection of the active space was made
Increases. on the basis of our previous CASPT2 studies of the electronic
Recent calculations for the two conformers of the parent spectra of trisilan® and n-tetrasilan€?23 In all calculations
tetrasilane, SHio, performed at the MS-CASPT2 level, ac- the number of active electrons was set to six, which corresponds
counted quantitatively for the observed excitation energies. Theyto the three SiSi bonds of thes-conjugated system of the
were compatible with the avoided crossing notion outlined above molecule. Although the symbols and z are not strictly
but showed an even more complicated pict#®.In the anti applicable to a molecule without a plane of symmetry, they are
conformer, there are six valence excited states below the firstapplicable qualitatively, and for easy comparison, we have
Rydberg transition. They correspond to single-electron promo- labeled the NOs of all conformers accordingly. The symbol
tions from the highest occupied molecular orbital (HOMO) to is used for orbitals composed primarily of backbon&tggbrids
four o* and twoz* valence orbitals. In the gauche conformer, on silicon, and the symbat for those composed mostly of out-
there are eight valence excited states below the first Rydbergof-phase combinations of its lateral®spybrids.
state. Here, lower symmetry precludes a strict classification of ~ Single-state second-order perturbation theory with a multi-
orbitals aso or z, but closer inspection suggests that the configurational reference state, the CASPT2 apprééehas
distinction is still approximately valid and can be used for used to account for the remaining dynamical correlation effects.
qualitative nomenclature purposes. Six of the states computedThe CASPT2 method calculates the first-order wave function
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TABLE 1: MP2(fc)/cc-pVTZ/6-31G*/6-31G Optimized Ground-State Geometry, Relative Energy, Relative Free Energy, and
Mole Fraction of Gauche, Ortho, and Transoid Conformers ofn-Si;Me1q

property* MP2 exp

gauche ortho transoid gauche ortho transoid
I'si(si2) 2.354 2.354 2.354 2.351(6) 2.345(6) 2.350(6)
I'si2)si(3) 2.353 2.358 2.353 2.354(6) 2.359(6) 2.354(6)
I'sicyc 1.888, 1.889, 1.891 1.887, 1.889, 1.891 1.889, 1889, 1.890 1.893(2) 1.893(2) 1.893(2)
I'si)c 1.899, 1.902 1.899, 1.901 1.899, 1.899 1.903(2) 1.903(2) 1.901(2)
rew 1.094-1.096 1.095-1.096 1.095-1.096 1.094(2) 1.095(2) 1.094(2)
0Si(1)Si(2)Si(3) 114.1 112.4 110.2 117.0(5) 115.1(5) 112.4(5)
0Si(1)Si(2)Si(3)Si(4) 54.5 91.3 162.6 [55] [92]¢ 163(8)
AEY 0.27 (0.3 0.67 (0.74% 0.0
AGT7d 0.36 0.73 0.0
AG?8d 0.59 0.79 0.0
AG840d 0.63 0.81 0.0
y77 0.08 0.01 0.91
Y208" 0.23 0.16 0.61
K340 0.23 0.18 0.59 0.31(8) 0.17(14) 0.51(6)

2 Distances in angstroms and angles in degre¥slues from ref 14¢ Values from B3PW91/6-311G* calculatiorsValues of relative potential
energies AE) and relative free energieAG) in kilocalories per mole® Scaled zero-point energies includé¥alues of mole fractiony) computed

from free energies.

and the second-order energy, with a CASSG#ave function
constituting the reference function. Orbitals and transition
energies are obtained at this level. The coupling of the CASSCF
wave functions via dynamic correlation was evaluated using
the extended multistate CASPT2 (MS-CASPT2) metfidthe
MS-CASPT2 method gave good results for trisiZnand
n-tetrasilan€223where average CASSCF calculations introduce
a strong mixing of Rydberg and valence states. Additional
intruder states weakly interacting with the reference CASSCF
wave function were handled by the level shift technigta.
level shift of 0.05 has been used in all calculations to remove
all intruder-state problems without affecting the excitation
energies €0.1 eV).

Transition dipole moments were computed with the CASSCF
state interaction (CASSI) meth&dand combined with MS-
CASPT?2 energy differences to obtain oscillator strengths. To
compute MS-CASPT2 oscillator strengths, the perturbation
modified CAS (PMCAS) reference functioi®btained as linear
combinations of all CAS states involved in the MS-CASPT2

calculation were used. These methods and techniques are well-

established approaches to the study of electronic excitation
spectra of oligosilane®:2328The MS-CASPT2 calculations have
been performed with the MOLCAS-5 quantum chemistry
software3*

Results

Conformer Geometries.Representative features of the MP2/
cc-pVTZ/6-31G*/6-31G optimized geometries of the isolated
molecules of the transoid, ortho, and gauche conformers of
n-SizMe;o are given in Table 1 together with the available
experimental dat¥ These geometries were used in all com-
putations described below.

All levels of calculation, starting with the simplest models
to MM2 and MM3 empirical force field method8the B3LYP/
6-31G(d) and B3LYP/3-21G(d) DFT metho¥lsand the HF/
3-21G*8 MP2/3-21G*® MP2/6-31G*? and, now, MP2/cc-
pVTZ/6-31G*/6-31G ab initio methods, show the existence of

TABLE 2: CASPT2 lonization Potentials (eV) of Transoid,
Ortho, and Gauche Conformers ofn-Si;Me1o and Observed
Photoelectron Spectra ofn-SiyMe;o

compd A 1°B 2°A
conformer

transoid 7.58 8.68 8.78

ortha@® 7.72 8.33 8.93

gauche 7.79 8.19 9.07
mixture®

ref 35 7.98 8.76 9.30

ref 36 ~8.0 ~9.0 ~9.2

aCalculated? Peak energy.

vibrational zero point energies, suggested that, for an isolated
molecule, the relative energy of the gauche conformer is 0.24
kcal/mol and that of the ortho is 0.65 kcal/mol higher. The
present results (Table 1), 0.31 and 0.74 kcal/mol, respectively,
are quite close. Relative free energies were used to compute
mole fractions at three different temperatures and have been
included in Table 1.

Photoelectron SpectraThe vertical ionization potentials of
the three conformers af-Si;Me; o calculated at the CASPT2
level and those derived from He(l) photoelectron spectra of the
conformer mixturé>36 are collected in Table 2.

Electronic Transitions. The vertical excitation energies and
oscillator strengths of the singlet valence states of the transoid,
ortho, and gauche conformers {Si;Me;o calculated at the
MS-CASPT2 level are listed in Table 3. The values for the first
ionization potential of the three conformers wSisMe;g lie
near 7.5 eV, and we therefore list only states with excitation
energies up to 6.5 eV. All of these are valence states. The
electronic transitions are dipole-allowed and are located in three
well-defined energy intervals near 5.3, 6.0, and 6.5 eV. All low-
energy transitions with significant intensity are polarized
approximately along the SiiSi4 line. Several of the higher
energy states have not been reported previously.

In terms of natural orbitals (NOs), the description of the wave
functions of the four lowest energy excited states becomes quite

three distinct potential energy minima that correspond to the simple. These excitations can be described as single electron
gauche, ortho, and transoid conformers. The presently calculatedpromotions from an NO that is nearly doubly occupied in the
dihedral angles of 54% 91.3, and 162.8, respectively, ground state to one that is nearly empty in the ground state, as
presumably represent the most reliable values available to datethe excited state density matrix is characterized by two NOs
Conformer Energies and Abundancies.All methods of whose occupancy is very close to unity. The NOs deduced from
calculation agree that the transoid conformer is the most stable.the density matrices of any one of these states are virtually
Previous MP2/6-31G*//HF/3-21G* calculatio®%,including indistinguishable, and the two NOs from which electron
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TABLE 3: MS-CASPT2 Vertical Excitation Energies (E, eV), Oscillator Strengths ), and Transition Moment Directions (a?)

in Transoid, Ortho, and Gauche Conformers ofn-Si;Me1q

transoid ortho gauche
state E f o state E f o state E f o

1'B (0101*) 5.28 0.585 26 2A (0107%) 5.34 0.053 2A (0107%) 5.42 0.115

2*A (0v711%) 5.38 0.001 1B (0101%) 5.38 0.326 18 B (0101%) 5.53 0.069 13
3'A (0102%) 5.87 0.0001 3A (01711%) 5.93 0.004 2B (0202%) 5.91 0.316 16
2'B (01.7'[2*) 5.99 0.027 65 B (0202*) 5.94 0.215 10 A ((7201*) 5.96 0.015

4A 6.46 0.036 an 6.11 0.043 an 6.10 0.001

3'B 6.46 0.007 26 B 6.29 0.015 32 B 6.34 0.001 =27
4B 6.51 0.221 66 B 6.58 0.119 43 B 6.55 0.120 16
5'A 6.54 0.247 5A 6.68 0.015 BA 6.64 0.039

aTransitions into A states are polarized along #rexis. Directions of transitions into B states lie in theeplane and form an angle with the
Si(2)Si(3) bond, taken positive if the moment is inclined toward the projection of the Si(1)Si(4) line.

promotions take place also are visually indistinguishable from
the two highest occupied Hartre€ock orbitals. All the NOs

spectral line shapes to be Gaussian functions with a full width
at half-maximum of 0.3 eV, as in previous studié3328Solvent

are valence orbitals, and their nodal properties are those expecte@ffects have been neglected.

from Huckel considerations. This correspondence is used for
orbital labeling, which is based on the number of nodal surfaces.

Transoid Conformer. The UV absorption spectrum of this
conformer was extractédérom the spectra of various conformer

In the transoid conformer, this corresponds exactly to the energy mixtures recorded in an Ar matrix at 12 K. It is displayed in
order of the excited states, too. For the higher energy states,Figure 2 together with a MS-CASPT2 simulation.
the picture becomes more complicated in that some of them The first spectral interval is dominated by a strong band

are intrinsically multiconfigurational and their NO occupation
numbers have significantly nonintegral values. We do not
attempt to describe the nature of these states here in detail.
The first electronic transitions are nearly degenerate in all
three conformers. One is into théBLstate. In the transoid
conformer, it occurs at 5.28 eV and is the most strongly allowed,
with an oscillator strength of~0.6. The energy of this state

mainly due to an electronic transition to théBlstate located
at 5.28 eV. lIts oscillator strength~(Q.6) is the highest of all
among the electronic transitions calculated for the three
conformers ofn-Sis;Mejo. This first band is also calculated to
contain a minor contribution from a very weak transition to the
21A valence state, computed to lie at 5.38 eV.

The second spectral interval has almost no calculated or

increases upon going to the ortho (5.38 eV) and to the gaucheobserved intensity. The calculated transition into'B 25.99

(5.53 eV) conformers, and the oscillator strength drops@d
and ~0.07, respectively. This is an electronic transition from
the o; HOMO to theo* LUMO orbital and is the one that is

eV) state is weak, and that into th&A3(5.87 eV) state is even
weaker.
The third spectral interval, near 6.5 eV, contains rising end

normally considered the most characteristic of oligosilanes. The absorption, assigned to the superposition of two strong electronic
other transition, nearly isoenergetic, is from the ground state to transitions to the ¥8 and A valence states, computed at 6.51

the 2A excited state. It has similar calculated energies in all
three conformers;-5.4 eV. The oscillator strength is essentially
negligible for the transoid conformer and increases up@dl

and 6.54 eV. The transition into thé/%state and, to a smaller
degree, also the one into théB4state are the only ones that
show a large short-axis polarized intensity, and this might be

for the gauche conformer. This electronic transition corresponds detectable in linear dichroism. There are also some minor

to the excitation from the; HOMO into thesr,* orbital in the
transoid conformer, but from theg HOMO into theo,* orbital

in the ortho and gauche conformers. The third excited stafg (3
lies very close to the fourth {B) in all conformers and carries
negligible oscillator strength. It corresponds to a one-electron
promotion from thes; HOMO to theo,* orbital in the transoid
conformer, from thez; HOMO to thes;* orbital in the ortho
conformer, and from the, HOMO-1 to theo:* orbital in the
gauche conformer. In the transoid conformer, thB 2xcited

contributions to this band from weak transitions into tH8 3
and 4A valence states.

Ortho Conformer. The analysis of matrix isolation spectra
that yielded the spectrum of the pure transoid conformer only
produced a spectrum of an unknown mixture of the ortho and
gauche conformersin view of the calculated composition of
the conformer equilibrium at room temperature, this must be
dominated by the spectrum of the gauche form. The best that
we can do at present to approximate the absorption spectrum

state corresponds mostly to a one-electron promotion from the of the ortho conformer is to use the one repolddr a room-

o1 HOMO to thes,* orbital, with a small contribution from
the promotion of an electron from the HOMO-1 to theo,*
orbital. In the ortho and gauche conformers, it is described
approximately by the promotion of an electron from theto
the o2* orbital, with a small contribution from the; to mo*
excitation. The oscillator strength of this electronic transition
increases strongly from the transoid(.03) to the ortho+0.2)
and the gauche~0.3) conformers. The remaining electronic
transitions, to the B and 4A excited states, located very close
in energy, and to the!® and 5A states, again computed at
almost the same energy, are mostly of multiconfigurational
character.

In the following, we compare the best experimental informa-
tion available for the UV absorption spectra of the individual
conformers with the MS-CASPT2 simulation assuming the

temperature solution of a conformationally constrained tetra-
silane, MeSi[(CH)s].Si—Si[(CH,)s].SiMe.

Unlike the spectra of the other two conformers, the spectrum
of the ortho conformer (Figure 3) shows a strong absorption
peak in each of the three spectral regions. The first two are
well developed at 5.5 and 6.1 eV, respectively, and there is an
indication of the third one near 6.5 eV.

In the first region, in addition to the prominent absorption
peak at 5.5 eV, attributed to a transition to th&B Istate
(calculated at 5.38 eV), linear dichroism revealed a differently
polarized additional weak transition near 5.1 eV. This is
calculated at 5.34 eV {A excited state).

In the second spectral region, the calculations predict four
transitions, only one of which is strong. It lies at 5.94 eVRPR
and has an oscillator strength 690.2. One of the additional
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Figure 2. Transoid conformer oh-SiyMe;o: The UV absorption
spectrum deduced from experimefthick solid line), and MS-CASPT2
simulation of the low-energy region assuming a 0.3 eV full width at
half-maximum ), with individual contributing Gaussians shown
(transitions into A, - -, and B, - - -,states).
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Figure 3. Ortho conformer ofn-SisMei: The observed UV (thick
solid line) and LD (thick dashed line) spectra of the conformationally
constrained ortho tetrasilane, MeSi[(@Si—Si[(CH.)s].SiMe !° and
MS-CASPT2 simulation of the low-energy region assuming a 0.3 eV
full width at half-maximum ), with individual contributing Gaussians

shown (transitions into A; - -, and B, - - -,states).
w L i
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S
Figure 1. Natural orbitals with occupation numbers close to unity 2 : ]
obtained from the perturbation-modified CAS (PMCAS) wave functions s
<

of the valence excited statesreSi;Me;q (the isodensity surface values
are 0.018, except for,* and o2* in the transoid conformer, for which
the value is 0.007).

weak transitions also is of B symmetry, at 6.29 eVEB and IS
= N_7

two are of A symmetry, at 5.93 eV {&) and a somewhat X . .
stronger one at 6.11 eV ¥4). 45 5.0 55 6.0 6.5
The third spectral region contains a strong transition at 6.58 Elev

eV into the 4B state and a weak one at 6.68 eV into tha 5  Figure 4. Gauche conformer oft-SiiMew: The UV absorption
spectrum deduced from experimg&(thick dashed line), the spectrum

state. ) o ) of the conformationally constrained gauche tetrasilane, (i{GH;)s'®
Gauche Conformer.The analysis of matrix isolation spectra (thick solid line), and MS-CASPT2 simulation of the low-energy region

of conformer mixtures that yielded the spectrum of the pure assuming a 0.3 eV full width at half-maximum-}, with individual
transoid conformer also produced a more approximate tentativecontributing Gaussians shown (transitions into-A,, and B, - - -,
spectrum of an unknown mixture of the ortho and gauche States).

conformers, undoubtedly dominated by the spectrum of the dihedral anglé8which probably is a better quality representation
gauche form. In addition to this spectrum, Figure 4 shows the of the UV absorption of gauche Si;Me;.

matrix isolation UV spectrum of a conformationally constrained  The first spectral region contains a peak of moderate in-
cyclic tetrasilane (SiMg4(CHy)s, characterized by a gauche tensity located at 5.3 eV and an indistinct band of similar
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intensity near 5.6 eV. The latter is much more clearly apparent (B3LYP/6-31G(d}?), 0.68 and 0.71 (B3PW91/6-311&%, but
in the MCD spectruff and also in tetrasilanes with a smaller 0.09 and 0.65 (MP2/6-31G) and 0.27 and 0.67 (MP2/cc-
dihedral anglé8 and there is no doubt about its existence even pVTZ/6-31G*/6-31G).

though it is hard to distinguish from the first band in Figure 4. Photoelectron Spectra.The values of the first and third
Their symmetries have not been established experimentally. Thejonization potentials calculated in this study are a little lower
band at 5.3 eV is presently attributed to a transition to ¢ 2 than those observed experimentally for a mixture of conformers,
state computed at 5.42 eV, and the band near 5.6 eV is assigne@dnd the values calculated for the second ionization potentials
to the IB state. However, since the cyclic tetrasilane agree the best. As expected, the ionization potentials of the three
(SiMe)4(CHy)s is only a model for gauche-SisMeso, and since  conformers are similar but not identical and the trends agree
the computed energy difference of the two states is small, we with those found for a series of tetrasilanes with constrained
cannot tell the order of the observed states with certainty. dihedral angles by experiment and previous calculations using
The second spectral region contains a much more intense bani&oopmans’ theorem at the HF/$Zand HF/3-21G2¢ levels,
at 6.2 eV. According to the MS-CASPT?2 calculations, itis due but the predicted difference between the first and second
to the superposition of a strongly allowed transition into the ionization potentials is now significantly smaller. The first
21B state at 5.91 eV and weak transitions into tAA State at ionization potentials of the three conformergAY differ by
5.96 eV and the ¥A state at 6.10 eV. only 0.21 eV. The second ionization potential is highest in the
The third spectral region lies at the edge of the experimental transoid conformer and decreases appreciably when passing to
spectrum and contains an intense transition calculated to occurthe ortho and gauche conformers. This reduces the difference
at 6.55 eV into the B state, a weak one at 6.64 eV into the between the first two potentials from 1.10 to 0.61 and 0.40 eV

51A state, and a very weak one at 6.34 eV into tRB State. as the dihedral angle decreases. The values computed for the
third ionization potential also increase as the dihedral angle
Discussion decreases. As a consequence, the difference between the second

and the third ionization potentials increases appreciably as the
. dihedral angle decreases (0.10 eV for the transoid, 0.60 eV for
She ortho, and 0.88 eV for the gauche conformer). The trends

Geometries.The computed and observed values are in very

significantly better than that obtained at the DFT level (B3PW91/

. are understandable in terms of simple MO arguméhts.
6-311G*)1* The values of dihedral angles are probably also UV'S Th b P b gd d calculated
more correct, but a comparison is difficult, since in the analysis pectra. The agreement between observed and calculate

of the electron diffraction data these were not optimized but spectra for each of the three conformers is excellent, 5.‘”.0' the
assumed equal to the B3PW91/6-311G* values. For the gauched'ﬁeren,Ces between them are rendergd corr.ectly. Thus, itis not
and ortho conformers, these DFT calculations were not con- & SUTPrse that_ the spectrum of the mixture is reproquced well,
verged to actual potential energy minima, and the values listed {00: This confirms our earlier conclusiit***regarding the
were only interpolated. In another DFT stdégf the geometries ability of the present proced.ure to calculate correc’gly_ the lO\.N'
of the three conformers, using the B3LYP/6-31G(d) and B3LYP/ EN€ray valence states .Of oligosilanes without explicit consid-
3-21G(d) methods, all three minima were located, but their €ration of Rydberg orbitals.
geometries were found to be in only fair agreement with MP2/ ~ The present results provide useful guidance for the continuing
3-21G*0 results. It was suggested that, in this case, DFT experimental search for additional low-energy transitions. So
methods are inferior, presumably because a correct descriptionfar, only three of the numerous predicted valence transitions of
of nonbonded interactions between substituents is essential, andhe tetrasilane chromophore have been individually observed,
the currently available functionals do not describe van der Waals two into B states and one into an A stafe*"and one might
attractions well. However, the MP2/3-21G* geometry optimiza- hope that at least the fourth transition calculated in the first
tion'® gave SiSi bond lengths that were too short, and in this SPectral region, which would be the second into an A state,
regard HF/3-21G* resullswere better. The good agreement Would be amenable to detection despite its predicted weakness.
between calculated and experimental values obtained in this and?IS0, the transitions predicted at higher energies could be
previoug22328 studies validates the use of MP2/cc-pVTz/6- identifiable. For instance, the transition into the 5A state of the
31G*/6-31G optimized geometries to treat peralkylated oligo- transoid conformer is short-axis polarized and might be detect-
silanes. able in linear dichroism. Similarly, in the second spectral region
Conformer Energies and AbundanciesThe mole fractions of the ortho conformer, the calculations predict four transitions,
of the three conformers at the 8 temperature of the electron ~ ©nly one of which is strong and has been observed.
diffraction experiment, calculated from free energies, agree well It is interesting to consider the striking spectral changes
with those deduced from this gas-phase experirEnhe free predicted as a function of the dihedral angle. With only three
energies calculated for the ortho and gauche conformers are econformers, we do not quite have enough points to draw a
little lower than those found earlié?.As a consequence, the correlation diagram. At first sight, the simple general picture
mole fraction of the transoid conformer is lower than that of avoided crossings of two B states and two A states derived
reported previously? In solution, the transoid conformer has from more approximate methdtfs'8.2022appears to remain
been reported to be about 0.5 kcal/mol more stable than thevalid, although we recognize the potential complications due
twisted conformer, on the basis of temperature-dependent IRto the presence of additional states, as suggested by the MS-
and Raman measurements and assuming that there is only on€ASPT2 result® for the parenn-tetrasilane.
of the latter®® In inert-gas low-temperature matrixes, the transoid  In the simple picture a strongly allowedo:* configuration
form is clearly the most stabfe. of B symmetry is low in energy at large dihedral angles and
The HP and DFT14 methods underestimate the energy high in energy at small dihedral angles, for reasons obvious
difference between the minor conformers relative to the MP2 already at the Hekel level description using the simple ladder
method. Thus, the relative energies (in kcal/mol, without ZPE C model‘®41As the dihedral angle varies, this* configuration
corrections) obtained for the gauche and ortho conformers, exchanges positions with a weakly allowea* configuration,
respectively, are 0.70 and 0.89 (HF/3-285%0.45 and 0.50 also of B symmetry. Since a plane of symmetry is absent at
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intermediate values of the dihedral angleg* and on* T T T
configurations mix, and an avoided crossing results. In agree-
ment with this description, the calculated excitation energy of
the 1B state hardly changes at all as the dihedral angle
decreases, but the oscillator strength it carries drops steeply as
the state evolves from predominantly* to predominantlyosr*

in nature, and is already negligible at the gauche conformer
geometry. The excitation energy of thtB2state is also nearly
constant for the three conformers, while the associated oscillator
strength increases significantly as the dihedral angle decreases
and the state evolves froox* to oo*, and is quite large in the
gauche conformer. These trends agree with experimental
observations. The avoided crossing of weakly allowetiand

on* states of A symmetry is less obvious in the results given
in Table 3. The 2A state displays a behavior opposite to that
of the 1B state, and its computed oscillator strength grows as
the dihedral angle decreases, again in agreement with observa-
tions. However, so does the even smaller oscillator strength
predicted for the so far unobservetiA3state.

Although it would thus initially appear that the present results
fully support this simplest picture of the excited states as a
function of the dihedral angle, they suggest (Table 3) that the
B states undergo another avoided crossing at small dihedral
angles, with a configuration involving electron promotion from . . .
the oo HOMO-1 orbital. This complicates the situation by 45 5.0 55 6.0 6.5
changing the nature of the wave function assigned to the second Elev
observed state of B symmetry, relative to the previous descrip- Figure 5. UV absorption spectra of the equilibrium conformer mixture
tion. The important role of excitations from thie HOMO-1 of n-SizMeyo at room temperature (A) and 77 K (B): MS-CASPT2

orbital at small dihedral angles has already been noted in Simulations of the low-energy region assuming a 0.3 eV full width at
n-SisH-0.23 To provide definitive answers. however. it will be half-maximum ¢), and observed spectra (thick solid line). Individual

41110 P ; ' ! . computed contributions from the transoid (- - -,), orthe+(—), and
necessary to perform calculations of the present quality for a gauche € — —) conformers are indicated.

larger number of dihedral angles and to establish the configu-

ration and state correlation diagrams reliably. valence state located at 5.94 eV, and is about half of that of the
Absorption Spectrum of n-Si;Meso. Using the computed  gauche conformer. The third significant contribution to the band
conformer populations, it is now possible to use the MS- is provided by the B state of the transoid conformer with an
CASPT2 results to account for the ordinary absorption spectra effect that is half of that of the ortho conformer. The other three
of n-SisMe;o equilibrium conformer mixtures under room- and contributions to the band are from théA3states of the three
low-temperature conditions, as shown in Figure 5. The inter- conformers, computed at 5.87, 5.93, and 5.96 eV, respectively.
pretation of the room-temperature spectrum is quite complex. These electronic transitions have very small oscillator strengths.
The first band is due to six electronic transitions, two from each The higher energy region of the second band is due to the
conformer. The main contribution to the band is the quite superposition of 12 electronic transitions, four from each
strongly allowed excitation of the transoid conformer to B8 1 conformer. The main contributions are due to thB 4nd A
valence state located at 5.28 eV. The second strongest contribustates of the transoid conformer, which have quite large oscillator
tion, about seven times weaker, is due to thB &tate of the strengths. There are also smaller contributions, about a sixth
ortho conformer that lies at 5.38 eV, even though this is present each, from the %A state of the transoid conformer and from
in only a small amount in the room-temperature mixture. At the 4B state of the ortho and gauche conformers.
this same energy is located théA2state of the transoid In summary, the lower energy band in the room-temperature
conformer, which has a negligible effect on the spectrum, as it spectrum is mainly due to thelB state of the transoid
has an almost zero oscillator strength. The other three contribu-conformer, with small contributions from the ortho and gauche
tions to the band are from thé& state of the ortho conformer,  conformers. The low-energy region of the next observed band
located at 5.34 eV, and from thé/R and 1B states of the  is mainly due to excitation of the gauche conformer with a
gauche conformer, computed at 5.42 and 5.53 eV, respectively.significant contribution from the ortho conformer and a smaller
These three electronic transitions have very similar oscillator contribution from the transoid conformer. The higher energy
strengths, several times smaller than that carried by tBe 1 region is mainly due to excitation of the transoid conformer
state of the ortho conformer. The smaller fractions of the ortho with small contributions from the ortho and gauche conformers.
and gauche conformers in the mixture (16 and 23%, respec- The interpretation of the 77 K spectrum is less complex, as
tively), together with this low oscillator strength, make their only the transoid conformer is present in significant amounts
influence on the observed spectrum quite small. in the mixture and dominates the spectrum (91, 1, and 8% of
The onset of the second UV absorption band is also due to the transoid, ortho, and gauche conformers, respectively). The
the superposition of six electronic transitions, two from each first band is due to the strongly allowed excitations of the
conformer. Now, there are only three main contributions. One transoid conformer to its'B valence state located at 5.28 eV.
of them is the strongly allowed excitation into thEB2valence The other five contributions to the band from th8 kstates of
state of the gauche conformer located at 5.91 eV. Another the ortho and gauche conformers and th& £ates of the three
originates from the excitation of the ortho conformer to 8 2 conformers have almost no effect on the shape of the band

A (arb. units)

A (arb. units)
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except for the 1B state of the ortho conformer, whose < (géghée:rzn(frg;sF.;Teramae,H.;Downing,J.W.;MichUJAm. Chem.
contribution is about a sixteenth of the main one. oc ) :
The lower part of the second energy band is due to the (7) Michl, J.; West, RAcc. Chem. Re200g 33, 821.

L. . - (8) Teramae, H.; Michl, JMol. Cryst. Lig. Cryst 1994 256, 149.
superposition of the electronic transitions from tH& 2tates (9) Albinsson, B.; Teramae, H.; Downing, J. W.; MichlChem. Eur.

of the three conformers, which make quite similar contributions J. 1996 2, 529. ' _

to the band. Another weak contribution to the band comes from 19510)10A|b2'f1210”, B.; Antic, D.; Neumann, F.; Michl, 3. Phys. Chem. A
the 3A states of the three conformers and totals about a tenth (191) gttossoh C. H.; Michl, J. Phys. Chem. 200Q 104, 3367

of the overall contribution from the'B states. The high-energy (12) Fogarty, H. A.; Ottosson, C. H.; Michl, THEOCHEM200Q 506,
part of this band is mainly due to electronic transitions in the 243.
transoid conformer, primarily to its strongly allowedB4and (1
51A states. There is also a small contribution from tha dtate 55?1i;)séelyakov A V.- Haaland. A- Shorokhov. D. J.- West R
of the transoid conformer and the'Blstate of the gauche  organomet. Chen200q 597, 87. T o

3) Fogarty, H. A.; Ottosson, C. H.; Michl, J. Mol. Struct.200Q

conformer. (15) Shafiee, F.; Haller, K. J.; West, B. Am. Chem. S0d.986 108
5478. Sekiguchi, A.; Nanjo, M.; Kabuto, C.; Sakurai,HAm. Chem. Soc.
Conclusions 1995 117, 4196. Suzuki, H.; Kimata, Y.; Satoh, S.; Kuriyama, @hem.

Lett. 1995 293. Lambert, J. B.; Pflug, J. L.; Denari, J. rganometallics
The MS-CASPT2 meth rovi ver isf ry 1996 15, 615. Lambert, J. B.; Pflug, J. L.; Allgeier, A. M.; Campbell, D.
e. . S-CAS . .et od pro des. a very satistactory J.; Higgins, T. B.; Singewald, E. T.; Stern, C.Acta Crystallogr. C1995
description of the first eight valence excited states of the three 57 773
conformers ofn-SisMeyo, transoid, ortho, and gauche, and  (16) zink, R.; Magnera, T. F.; Michl, dI. Phys. Chem. 200Q 104,
accounts for their individual UV absorption spectra, as well as 3829. _ _
the spectra of their equilibrium mixtures as a function of (i? f'?:”?sg”;?-? Michl, f_f-_ ':Ahyﬁl- %‘ﬁ"ﬂg?ilwf:‘égé? .
temperature. The results confirm the gross features of the (. ) Imhof, R.; Teramae, H.; Michl, Lhem. Phys. Le 270
previou_sly developed description of_the dependence of the UV (19 Tsuji, H.; Toshimitsu, A.; Tamao, K.; Michl, J. Phys. Chem. A
absorption spectrum of the tetrasilane chromophore on the 2001 105 10246.
keletal dihedral anagle in terms of avoi r in f h B (20) Albinsson, B.; Teramae, H.; Plitt, H. S.; Goss, L. M.; Schmidbaur,
Zn?j ita}s dmnegt? 2taq[:s wﬁichsc:\uzeotgs% (;ooisr?ter%i;n b(: ttheirH'; Michl, J. J. Phys. Cheml1996 100 8681,
Yy y ! . g (21) Crespo, R.; Teramae, H.; Antic, D.; Michl, Ghem. Phys1999
oo* and om* character upon going between the two planar 244 203.
limits, syn and anti. However, it suggests that at small dihedral  (22) Crespo, R.; Merclm M.; Michl, J.J. Phys. Chem. 200Q 104
angles the situation is more complicated because of additional85923é o ML G Merchaht. R Michl 1. Phve. Ch
avoided crossings. A full elucidation of the angular dependenceAz(OO)Z 106 2668, ercmaM.; Crespo, R.; Michl, 1. Phys. Chem.
will require computations for a larger number of dihedral angles (24 Frisch, M. J.; et alGaussian 98Revision A.7; Gaussian Inc.:

and construction of the correlation diagram. Pittsburgh, PA, 1998.
(25) Kendall, R. A.; Dunning, T. H., Jr.; Harrison, R.JJ.Chem. Phys.

: 1992 96, 6796.
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