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Photoelectron spectra of conformationally constrained methylated tetrasitabagere measured, extending

to the full 0—180° range the previously available-80° region of SiSiSiSi dihedral angles provided by

the monocyclic analogue6—9. The resulting complete picture of the conformational dependence of
photoionization of then-tetrasilane moiety is unfortunately somewhat distorted by differential polarizability
effects of the alkyl chains used for conformational constraint. The lowest three ionization potentials are attributed
to osisi bonding orbitals. The first and the third of these decrease a littte gses from 0 to 189 whereas

the second one increases distinctly. Within the framework of the Koopmans’ approximation, these trends in
backbone MO energies agree with those computed in the HF/TZ//MP2/TZ approximation and those obtained
from the simple Huakel ladder C model.

Introduction In a previous repottthe expected conformational dependence
o of n-tetrasilane ionization potentials was confirmed in theO
Much less well understood thandelocalizationg delocal- w < 80° range of dihedral angles by measuring photoelectron

ization has been of considerable interest both in its own right spectra of the methylated monocyclic tetrasilaée$, each of

and because of the remarkable optical and charge-transporiyhich has its conformation constrained to a narrow range of
properties of high molecular weight linear polysilanes, (SJRR  dihedral angles by incorporation within a five- to eight-
The strong thermochromism of these materials has beenmembered ring. Because the bulk of the expected changes

This depende_ncg is quite strlklng, considering the nearly axial that n-tetrasilanes with such dihedral angles were not known,
symmetry of individual localized bonds. except as a complex and uninformative conformer mixtime

Recent advances in organosilicon synthesis and spectroscopythe case ofi-SisMe;o (10). Recent synthetic advances have now
and in the associated theory, have been gradually revealing theopened access to the full range of tetrasilane conformatfoh.
conformational dependence of electronic transitions of the Bicyclic disilane structures can be used to control the conforma-
tetrasilane chromophore, the shortest silicon chain subunit thattion to be syn, ortho or anti® and jn]staffane “molecular racks”
involves the backbone SiSiSiSi dihedral angleThe observed enforce an extended anti geomet#y.
variation of the oscillator strengths of the two most prominent  In the present paper, we complete the “experimental MO
low-energy electronic transitions over thef w < 180° range, correlation diagram” ofh-tetrasilane ionization potentials for
without much change in their excitation energies, has beenthe full dihedral anglew range from 0 to 18Q based on
attributed to a strongly avoided crossing of the two lowest photoelectron spectra of a series of constrained tetrasilanes and
excited states of B symmetry, and a similar behavior has beenKoopmans’ theorem, and identify an inherent limitation of the
predicted for the lowest two excited states of A symmét#y. concept. We have also computed the optimized geometries of
These phenomena have been rationalized by reference tahe tetrasilanes at an improved level of theory (MP2/TZ). In a
molecular orbital (MO) correlation diagrams, ultimately related separate paper, we plan to present the results of a similar exami-
to the MO diagram for cistrans isomerization of ethylene, and  nation of an “experimental state correlation diagram” based on
it would be useful to verify these correlation diagrams experi- measurement of various properties of electronic excited states.
mentally. Calculatiorfs’ of the osjs; bonding orbital energies

as a function of the dihedral angle predict that MOs Me ] NARY
transforming as the a irreducible representation of @e MesSi, SiMe; L\-si S-S.'Me3 Me s s
symmetry group would be destabilized @asncreases from 0 (jfﬂ g:‘t\. T8 TS we 2/\ I i
to 180 and those transforming as the b representation would s Me;Si (XD s-(-@)—s
be stabilized, in agreement with the simple ladder C médel, Me 2
which attributes these trends to vicinal interactions. 1 2 3 4 5
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TABLE 1: Calculated Geometry and Observed and Calculatec® Photoelectron Spectra of +10

peak energyor negative orbital energy 0.99 (eV) MP2/TZ geometry
compd Dsisi 20sisi 30sisi 4osic 50sic o SiSiSiSi 0 SiSiSi/deg  terminal SiSI/A  internal SiSi/A

1 7.8 8.2 8.9 9.4 9.5
7.96 8.27 9.19 9.62 9.66 16.7 118.4 2.356 2.366

2 7.7 8.3 8.6 9.2 9.5
7.72 8.39 8.77 9.49 9.57 98.5 115.1 2.355 2412

3 7.8 8.6 8.7 9.4 9.9
7.78 8.76 8.83 9.52 9.83 180.0 118.8 2.378 2.351

4 7.6 8.4 8.7 9.3 9.5
7.57 8.66 8.83 9.49 9.58 180.0 112.3 2.362 2.350

5e 8.0 8.9 9.1 9.6 9.9
~7.8 9.22 9.32 9.50 9.86 174.0 113.8 2.371 2.361

6 7.9 8.5 ~9.3 9.8 10.2
7.62 8.39 9.44 9.68 10.29 0.0 100.1 2.364 2.364

7 8.0 8.4 ~9.4 9.8 10.2
7.81 8.27 9.65 10.01 10.13 38.7 104.9 2.352 2.347

8 8.0 8.6 9.2 9.8 10.2
7.73 8.52 9.39 9.96 10.16 56.1 106.0 2.364 2.346

9 8.0 8.6 9.2 9.7 9.9
7.85 8.60 9.40 9.92 10.04 82.0 115.0 2.357 2.358

10 ~8.0 ~9.0 ~9.2 ~10.2 ~10.5

t 7.71 9.39 9.71 11.45 11.56 162.1 111.0 2.353 2.353
0 7.88 9.05 9.88 11.51 11.55 91.5 113.0 2.354 2.358
g 7.97 8.87 10.00 11.48 11.57 54.3 114.6 2.354 2.352

aRoman.? Italic; Koopmans’ theorem with additive constants(MO) —
ionizations are not included.

Experimental Part

Materials and Spectra. Tetrasilanesl—4 were prepared
according to literature proceduféd and purified by careful
distillation or recrystallization. The [2]staffane racked tetrasilane
5 was prepared by a two-step photochemical abridgement from
the known racked hexasilane and purified by high-pressure
liguid chromatography® synthetic details will be reported
elsewhere. Syntheses and purification &9 have been

described. Photoelectron spectra were measured on a home-

built instrument similar to a Perkin-Elmer model PS-18.
Resolution was about 30 meV. For measurementsl-eb,
sample inlet and target chamber systems were heated te 113
173°C, depending on the molecule.

Calculations. Ab initio calculations were performed on an
IBM RS-60006-590, HP Exemplar S2000, or an HPEA264U
computer with the Gaussian$grogram. Geometry optimiza-
tion was started at the HF/3-21G(d) level and was followed by
frequency analysis. Further optimizations were performed at the
MP2/6-31G(d) and then at the MP2/TZ [6-311G(d) on Si,
6-31G(d) on C and S, and 6-31G on H] level.

Results

Molecular Geometries.Representative features of MP2/TZ
optimized geometries of tetrasilang&s 10 are listed in Table
1. For each of the tetrasilan&s-9 several conformers with
dihedral angle ranges of +32° were found previousRat the
HF/3-21G(d) level and had nearly identical MO energies.
Starting from all these conformers we found only one stable
conformer for each molecule at the MP2/6-31G(d) level. Its
geometry was then optimized further at the MP2/TZ level. This
geometry refinement resulted in only minor changes in the
silicon backbone dihedral angte relative to the previousfy
available values.

The SiSiSiSi dihedral angles were found to be 1677or 1,
98.5° for 2,8 180° for 3 and 4, and 174.0 for 5, which
correspond to the syn, ortho, and three anti conforrfers,
respectively. Molecule6—9, with SiSiSiSi backbone dihedral
angles of 0, 38.7, 56.27°, and 82.0, provide access to syn,

0.95 eV.¢ Calculated and experimental energies of the sulfur lone pair

cisoid, gauche, and ortho conformers, respectively. The SiSiSi
valence angles of 1-9 vary considerably from the average
values of 116-115° found in the transoid, ortho, and gauche
conformers of the permethylated tetrasilab@t, 100, and10g

and range from 100?lin 6 to 118.8 in 3. In these structurally
constrained molecules,does not vary smoothly wittw but is
strongly influenced by the detailed nature of the constraining
structural framework. SiSi bond lengths are affected, too, but
the variation from the average length of 2.35 A is mostly only
moderate £0.01 to+0.06 A).

Photoelectron Spectra.The 6.5-12 eV regions of the new
He(l) photoelectron spectra of conformationally constrained
tetrasilaned—5 and the previously publishédpectra fol6—10
are shown in Figure 1. The ionization potentials listed in Table
1 were read off as indicated by the correlation lines shown,
with an accuracy limited by peak width and overlap. In several
instances, particularly for the fourth and fifth ionization
potentials, they are only a tentative guess. Three bands associ-
ated withosisi bonding orbitals are expected belowd.5 eV,
and these are of primary interest to us. At somewhat higher
energies, ionizations from thasic bonding orbitals are domi-
nant.

The three ionizations from SiSi bonds are clearly evident in
the spectra, but they rarely occur as three well-defined peaks
(Figure 1). In the spectra df, 6, and7, the first two peaks are
close enough that the lower one appears only as a shoulder on
the upper one. In the spectrum Bf ionization from the lone
pairs of the two sulfur atoms through which the chain is attached
to the rack, expectééito produce peaks at 8.0 and 10.0 eV,
obscures the first peak. In the spectrabp7, and9, the third
peak appears only as a shoulder on the more intense higher
energy band. I2—5 only one peak appears in the region where
the second and third ionizations are expected from interpolation
and from calculations, presumably due to overlap. The peaks
of the floppier molecule® and4 are slightly broader than the
others. The most representative spectrum of a true anti tetrasilane
is probably that of3, with a first ionization at 7.8 eV and
presumably two nearly isoenergetic ionizations near 8.8 eV. The
spectrum of the free chaihO, with its mixture of t, 0, and g
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T T T T T angle due to inclusion of the internal SiSi bond as the bridge

|t162.1° io 91.5° ig543° of a bicyclododecane unit, instead increase the SiSiSi valence
) i angles to values above 1°1® reduce steric interactions. These
10 |; : | I || interactions occur between the methyl groups of one and the
—

i alead : other terminal silicons i, and between terminal methyl groups
L and ring methylene groups B The SiSi bond lengths are not

: Vi substantially increased ih, but in 3 the terminal SiSi bonds

5 I jl | 174.0° are 0.02 A longer than average. Additional evidence for very

: 3 ) restrictive steric interactions ifh is provided by the presence

F of one eclipsed CCCC dihedral angle of £20 each seven-

”' | 1800° membered ring. In the previously studied monocyclic tetrasilanes

o : 6—9, the constraint on the tetrasilane backbone is less severe,

i except that the SiSiSi valence anglés reduced to 100°1in

l |

//'g

4 |

| 180.0° 6 and opened to 1F5n 9.

Finally, the rather weak constraint imposed on the central
Si(2)—Si(3) bond in tetracyclic structurésand4 is likely to
allow facile deviation from their ortho and anti conformations,
respectively, in line with the increased width of peaks in their
spectra. Each of the four pentamethylene linkers is attached to
a terminal Si and the adjacent internal Si, and conformational
movement about the internal SiSi bond is not directly con-
strained by inclusion in bicyclic rings. Instead, steric interaction
between pairs of rings limit the range of the SiSiSiSi dihedral
anglew. The internal SiSi bond il is extended to 0.06 A above
the average value, presumably in order to reduce the methyl-
ene-methylene interactions between rings, which increase when
w is reduced. As ir8, the rings are strained and there is one
eclipsed G-C bond pair in each of the four seven-membered
rings of 2.

The variation of the dihedral angle is the most obvious
geometrical change in the series9, but it is important to ask
whether the concomitant changes of other geometrical param-
eters could invalidate any attempt to interpret the spectral
1 7 ) 1 char_lg_es within tht_e series in terms of alone, w_ith_ only

IP (eV) negligible perturbations from other factors. The variation of the
Figure 1. Photoelectron spectra df—10. Left, measured: right, vqlence angleé is the most ob.viou.s s.uch factor (Table 1), and
calculated (HF/TZ, Koopmans' theorem), optimized dihedral angles Prior computational work' on SgHg indicates that it may affect
w are given. Sulfur lone pair ionization peaks are marked with an the ionization potentials by as much as 0.1 eV. However, we
asterisk; calculated energies of sulfur lone pair ionizations are not have not found much discernible correlation between calculated
shown. or experimental ionization potentials and

o , . , The clearest trend in Figure 1 is the increasing energy
conformers, is included for comparison, but is not particularly yitterence between the first and second ionization potential, and
instructive. Although thgre is no experimental evidence for the o decreasing energy difference between the second and third
calculated separate existence of more than two conformers ofjg i, ation potential as the SiSiSiSi dihedral angle varies from

2
10, "’.1” three calculated conformers of the (?Io§ely related 15 180, The first ionization potential decreases slightly from
tetrasilane, SClio, have been observétiand there is little doubt 7 945 7.6 e and the third ionization potential decreases from
that the computational result fd0 is correct as well . 9.31t08.7 eV as the dihedral angle increases from the syn to
lonization potentials ofL—10 calculated using Koopmans’ e anii conformation, whereas the second ionization potential
theorem are collected in Table 1 and shown in Figure 1. Figure j,creases from 8.2 to 8.9 eV. This was already predicted by

2 showsosgis;j orbital energlies from the photoelectron spectra of HF/3-21G(d) calculatiorsusing Koopmans' theorem, and is
1-10and the MO energies fdt0 calculated as a function of  ;;strated in Figure 2 at the HF/TZ level.

the SiSiSiSi dihedral angle; in these calculationsp was
increased from 0 to 180n 20° increments and frozen, and all
other geometry variables were optimized.

31

Relative Intensity

7 9 1

This result is easily rationalized using the ladder C model
and first-order perturbation theory. Tlgisi bonding orbitals
in a tetrasilane can be described as shown in the computed (HF/
TZ) orbital energy diagram dfO (Figure 2), and their labels in
the order of decreasing energy are a, b, and a, respectively, for

Unlike the free chainl0, 1-9 have their geometries C; symmetry. Only the vicinal resonance integfak depends
constrained to a specific conformation and offer an opportunity onw, and it is negative at the syn-periplanar limit and positive
to map out the effect of geometrical variation on tetrasilane at the anti limit. The first and third orbitals, which are of a
ionization energies. In the bicyclic moleculdsand 3, two symmetry, are therefore a little stabilized by the vicinal
pentamethylene tethers, and3nthe racking rod, preserve a interaction in the syn limit and destabilized in the anti limit,
rigid silicon backbone. The optimized geometries calculated for and the opposite is true for the second orbital, which is of b
1 and3 at the fairly reliable MP2/TZ level indicate that these symmetry. The larger amplitude of the b symmetry orbital on
molecules, which cannot change the SiSiSiSi backbone dihedralthe sg hybrids involved in the vicinal interaction causes it to

Discussion
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Figure 2. HF/TZ MO energies ofl0 (®), shifted to less negative values by 0.95 eV, as a function of dihedral an@léth all other geometry
variables optimized). Orbital energies estimated from photoelectron spectra (Koopmans’ theorem) plotted against the calculated dihédral angles
1 and 3 (crossed rectangles?, and 4 (offset, crossed ellipsesy, — 10t (plain rectangles).

be stabilized much more than the a symmetry orbitals are ' ' ' ' '
destabilized as the dihedral angle approache$.18Gact, the [
effect on the latter is barely outside of the experimental e
uncertainties. However, the agreement of the “experimental  -8f
correlation diagram” with the one expected for optimal geom-
etries of the free chain df0 (Figure 2) is far from perfect in
that the new points fot—4 do not fit the lines established by
5-9, because their ionization potentials are too low. - S ot
The trends shown by the experimental ionization potentials E ] =a |
are quite well reproduced by those computed in the Koopmans’ w
approximation (Figure 1), although their absolute values are .| —
shifted by nearly 1 eV (Table 1). This suggests that it is not the -

I
o

_
(=]
I
L

variation ino but rather, the number of the larger alkyl groups = - -
in the otherwise permethylated tetrasilanes that significantly — = - =
affects the energy and even the ordering of the MOs. This can .11 | — —_ .
be viewed as simply an effect of additional bulk of polarizable - -
matter stabilizing the charge on the tetrasilane radical cation. ' . — ' .

4 4w/H's 10 (w=180°) 3 5

One can classify the tetrasilants9 into three groups based ) ) )
on the number of methylene linkers present. One linker, Figure 3. HF/TZ MO energies oft, 4 with the § and y methylene

o : : . groups of the rings replaced with hydrogea$, optimized with the
containing varying numbers of methylene groups, is present in SiSiSiSi backbone dihedral angtefrozen at 180, 3 and5. Energies

5—9; two linkers, each containing five methylene groups, aré g the suifur lone pair MOs i are not included. £group symmetry
present inl and 3; and four linkers, each also containing five  |apels are given for thess MOs.

methylene groups, are presentZmnd4. Each linker replaces

two C—H bonds inn-Si;Me;o with two C—C bonds, increasing  details in unimportant parts of the molecule would be reduced
the electron donating ability of the substituent. This pushes up or absent in the experimental “state correlation diagram”, in
the energy of the SiC bond orbitals, which in turn interact  which the ground as well as the excited states are electrically
more strongly with the tetrasilane SiSi bond orbitals, raising neutral.

their energy as well. The mixing should then be reflected in ~ We have verified this discouraging conclusion concerning
the amplitudes that the top three MOs have on the adjacent“experimental MO correlation diagrams” by calculations on
carbon atoms, and this indeed is what we find. The effect on model systems. Upon replacement of the central trimethylene
the second Si bonding MO of a symmetry is particularly portion of the linkers it with hydrogens, keeping the geometry
significant. This argument would then suggest that attempts to otherwise constant, the calculated HF/TZ energy of the second
set up “experimental correlation diagrams” require meticulous a symmetry orbital decreased by 0.5 eV (Figure 3). Thus the
attention to providing strictly identical environments: replace- methylene linkers ir8 and4 are responsible for the surprising
ment of small alkyl groups by larger ones is not innocent. This switch in the order of the second and thirgls bonding orbitals

is already apparent from a comparison of the ease of ionizationin these twoanti-tetrasilanesd¢ = 18C) to a, a, b as opposed

of the Si=Si bond in SiMes and SjEt.!° One can hope that  to the a, b, a order calculated férand 10(w = 18C°). In 3,

this high sensitivity to what would appear to be minor structural which belongs to the class of constrained tetrasilanes with two
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methylene linkers, thesisi bonding orbital energies are pushed calculations for the free §¥e;o chain and on the ladder C

up as in4, but the b symmetry orbital energy is the same as in model, and many points deviate significantly from the antici-

4 while the a symmetry orbital energies are increased slightly pated smooth behavior. This is not primarily due to the
less (Table 1 and Figure 3). By which contains only one linker,  modification of valence angles and bond lengths in the tetrasi-
the order of the second and thiodis; bonding orbitals agrees  lane backbone imposed by the steric constraints; the main cause
with that calculated fol0, and the MO energies decrease only is the presence of a varying number of methylene linkers in
slightly from those ofL0t (Figure 1 and Table 1). 18, which different members of the series. A more uniformly alkylated

is constrained by four methylene linkers, the MO ordering is a, series of tetrasilanes would be necessary to produce a smooth
b, a as expected, but the calculated second and third MO “experimental MO energy correlation diagram”.

energies are increased 0.2 and 0.6 eV, respectively, relative to

the corresponding ionization potentialsdnalthough these two Acknowledgment. Financial support by the USARO (DAAG-
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