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Electronic Transitions in Conformationally Controlled
Peralkylated Hexasilanes
Yuki Kanazawa,[a, b] Hayato Tsuji,*[c, d] Masahiro Ehara,*[a, b, e] Ryoichi Fukuda,[e]
Deborah L. Casher,[f] Kohei Tamao,[c, g] Hiroshi Nakatsuji,[h] and Josef Michl*[f, i]
The photophysical properties of oligosilanes show unique conformational dependence due to s-electron delocalization. The
excited states of the SAS, AAS, and AEA conformations of peralkylated n-hexasilanes, in which the SiSiSiSi dihedral angles
are controlled into a syn (S), anti (A), or eclipsed (E) conformation, were investigated by using UV absorption, magnetic circular dichroism (MCD), and linear dichroism spectroscopy. Simultaneous Gaussian fitting of all three spectra identified
a minimal set of transitions and the wavenumbers, oscillator
strengths, and MCD B terms in all three compounds. The re-

sults compare well with those obtained by using the symmetry-adapted-cluster configuration interaction method and
almost as well with those obtained by time-dependent density
functional theory with the PBE0 functional. The conformational
dependence of the transition energies and other properties of
free-chain permethylated n-hexasilane, n-Si6Me14, was also examined as a function of dihedral angles, and the striking effects found were attributed to avoided crossings between configurations of ss* and sp* character.

1. Introduction
Photophysical properties that reflect the delocalization of
s electrons, more complicated and less well understood than
the delocalization of p electrons, have received much attention
in the context of understanding the electronic properties of
catenates of heavier main group elements, such as silicon and
phosphorus. s-Delocalized systems generally show high conformational flexibility, and this could, in principle, be used to
control their various optical properties by molecular design.
However, this feature has so far not been fully understood or
utilized.
The characteristic photophysical and electronic properties of
polysilanes and oligosilanes, representative models of s-delocalized systems with a singly bonded chain carrying lateral

substituents, have been extensively studied (e.g. UV absorption,[1–9] luminescence,[5–8, 10] nonlinear polarizability,[11, 12] and
photoconductivity[13]) and reviewed.[14–21] A complete understanding of s delocalization in simple terms is still far away,
due to its strong conformational dependence, as exemplified
by the thermochromism[22–26] of oligosilanes.[27] Flexible unconstrained permethylated polysilane chains favor three SiSiSiSi dihedral angles, transoid (1658), gauche (558), and ortho
(908).[21, 28–30] Among these conformations, the thermodynamically most stable transoid form predominates at low temperatures[31] and typically shows an intense long-wavelength absorption band.[32, 33]
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Extensive efforts have been made to clarify the conformational effects on the photophysical properties of oligosilanes
for various Si@Si chain lengths. The theoretical understanding
of n-tetrasilanes, the shortest chains that exhibit conformational isomerism, is now well advanced. Computational studies
have been published for the ladder C and H models,[33–37] including conformational analysis,[28, 29, 38–42] for the excited states
of the n-tetrasilanes Si4H10[43–45] and n-Si4Me10,[9, 34, 46–48] and for
longer chains.[33] Experimental studies have dealt with matrix
isolation of n-Si4Me10 conformers;[46, 49] conformational control
by cyclic carbosilanes,[6, 8, 49–52] bicyclic disilanes,[32, 52–56] bicyclic
trisilanes,[57, 58] and bulky lateral substituents;[59] hypervalent silicons;[60–63] helicity introduction by chiral terminal[64–66] or lateral[67, 68] substituents; and inclusion into cyclodextrin and other
hosts.[69–74]
Joint theoretical and experimental studies of model tetrasilanes of C2 symmetry have assigned their excited states to
either an A or B irreducible representation. Transitions from
the ground state to the A state are usually weak, whereas transitions to at least the lowest and sometimes several B states
are often strong. At highly twisted conformations (cisoid, small
SiSiSiSi dihedral angle), the first transition is to a state with
mostly sp* character and the lowest ss* transition is much
higher. At dihedral angles approaching 1808 (anti), the strong
ss* transition lies below the weak first sp* transition, and this
results in an avoided crossing at intermediate dihedral angles.
At all dihedral angles, the lowest ss* component endows
a transition with significant oscillator strength, whereas the
sp* components hardly contribute to the intensity at all. These
general trends were observed in the UV, MCD (magnetic circular dichroism), and LD (linear dichroism) spectra and in the calculated properties of conformationally controlled peralkylated
tetrasilanes.[9, 35]
Presently, we turn to Si backbone conformational effects in
longer Si chains, which have only been studied in detail theoretically for some model systems[33] and experimentally in the
case of peralkylated n-hexasilanes.[10, 21, 53, 59] So far, conformationally controlled n-hexasilanes with lateral bulky substituents
(shown in Scheme 1), in which three SiSiSiSi dihedral angles
are present, have been synthesized and their UV spectra have
been reported.[21, 53] However, detailed analysis of these spectra
has not been performed. In particular, the longer chain should
reveal richer effects of s delocalization on electronic excitation,
as the combination of three variable dihedral angles may pro-

vide many opportunities to affect s delocalization in different
ways.
We report the UV, MCD, and LDr (reduced linear dichroism)
spectra of conformationally controlled peralkylated hexasilanes
1–3 (Scheme 1). These three compounds contain syn (S), anti
(A), and eclipsed (E) SiSiSiSi dihedral angles and shall be referred to as the SAS, AAS, and AEA conformations. As is
common for saturated chains, the spectra consist of broad
fairly featureless bands, and this makes the recognition of individual electronic transitions difficult. However, we find that simultaneous Gaussian fitting of the three types of spectra is
very helpful and permits a detailed analysis.
The observed transitions are interpreted in terms of calculations by using the symmetry-adapted configuration interaction
(SAC-CI) method[75, 76] and time-dependent density functional
theory (TD-DFT) with the PBE0 functional.[77] The spectral
changes in free-chain permethylated hexasilane n-Si6Me14 (4)
are also computed as a function of the backbone dihedral
angles. The results represent the first detailed theoretical interpretation of the excited states of hexasilanes as a function of
dihedral angles.

Experimental Section and Calculations
Materials
All hexasilanes were prepared by methods described previously[53]
and were purified thoroughly by recrystallization. 3-Methylpentane
was purified by passing through a column of silver nitrate on
alumina.[78]

Spectral Measurements
UV Absorption
UV absorption spectra were recorded with an OLIS RSM 1000 spectrometer with a resolution of 0.5 nm. The spectrometer was calibrated against a holmium oxide filter. About 10@5 m sample solutions in 3-methylpentane (3-MP) in a 1 cm square quartz cell were
measured at room temperature, and the spectra were converted
with Spectracalc into plots of absorptivity e (m@1 cm@1) against
wavenumber (cm@1). For measurements in a 3-MP glass at 77 K,
a solution in a 1 cm wide V 0.3 cm thick quartz cell equipped with
a stopcock was immersed in liquid nitrogen in a quartz Dewar with
Suprasil windows for at least 5 min before the spectrum was recorded. D terms were calculated according to Equation (1) in units
of D2, where D stands for Debye:[79]

Scheme 1. Structures of conformationally controlled peralkylated n-hexasilanes 1–3 and free permethylated n-hexasilane 4.
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Z
Di ¼ 9:188 > 10@3

i

e
d v~
v~

ð1Þ

and oscillator strengths f were calculated from Equation (2):
Z
f i ¼ 4:319 > 10@9

i

eðv~Þd v~

ð2Þ

Magnetic Circular Dichroism Spectra
The sample solution ( & 10@5 m in 3-MP) was placed in a 1 cm thick
cylindrical cell in the presence of a magnetic field parallel to the
light propagation direction. The spectra were recorded with
a JASCO J-500C spectrometer equipped with a JASCO electromagnet (1.504 T) with a resolution of 0.5 nm by scanning at 5 nm min@1
with a 4 s response time, and 100–300 scans were averaged to improve the signal/noise ratio. The direction and strength of the
magnetic field were calibrated with an aqueous solution of
CoSO4·7 H2O.[80] The spectra were converted by using Spectracalc
into plots of molar magnetic ellipticity [V]M (deg m@1 cm@1 G@1)
against wavenumber (cm@1). MCD B terms were calculated in units
of D2 be cm@1 according to Equation (3) for which be is the Bohr
magneton. Given that the molecular symmetry is low and excludes
state degeneracies, the A and C terms are zero for all hexasilanes
used:
Z
Bi þ C i =kT ¼ @33:53@1

i

½VAM
d v~
v~

ð3Þ

bands due to individual transitions from spectral shapes. The
number of Gaussians used was the minimum needed for a visually
satisfactory fit to all three types of spectra (Figures S1–S3). Although it could be only approximately correct, it was assumed
that band positions ṽ and widths FWHM were the same in the UV
absorption, MCD, and LD spectra. It was further assumed that each
absorption band i was purely polarized along some unknown direction in the molecular frame, the average orientation of which in
the polyethylene film was characterized by an average value
< cos2qi > = Ki, in which qi is the angle between the transition
moment and the uniaxial stretching direction Z. Each band would
therefore in itself have a constant LDr value given by Gi = (3 Ki@1)/2
(shown on an arbitrary vertical scale by horizontal double lines in
Figures S1 b–S3 b). The observed LDr curve is a superposition of
contributions from all bands, given by Equation (4):
P
LDr ¼

i

Ai ð3K i @ 1Þ
P
2 i Ai

ð4Þ

in which Ai is the absorbance due to the i-th transition.
The bands associated with individual transitions are not necessarily
Gaussian shaped, and more than one Gaussian could correspond
to a single transition in the fit. It was assumed that in such a case
the ratios of the relative heights and the ratios of the relative
widths within the set of Gaussians would be roughly similar in the
UV absorption and MCD spectra (similar spectral shapes), and the
Gi values associated with the Gaussians would be similar as well
(the same polarization).

Fitting of Low-Temperature Absorption Spectra
Linear Dichroism Spectra[81]
Commercial low-density polyethylene sheets were washed in spectral-grade chloroform for 1 h to remove additives and were cut
into roughly 2 V 2 cm pieces. The small sheets were soaked in
a chloroform solution of a hexasilane, washed with methanol to
remove any small crystals on the surface, dried overnight, and
stretched about 400 %.
The spectra were measured with the LD mode of a JASCO J-500C
spectrometer. The sample sheet was placed immediately in front
of the photomultiplier tube to minimize the effects of light scattering. All spectra were recorded with a resolution of 0.5 nm and
were converted into plots of DOD against wavenumbers ṽ by
using Spectracalc. To obtain the shape of reduced linear dichroism,
LDr = DOD/OD (on an indeterminate vertical scale), the isotropic
optical density (OD) was approximated by OD measured at an arbitrary concentration in 3-MP. The LDr values at the onset of absorption were distorted by the small difference between the OD measured in 3-MP and in polyethylene and were ignored.

Simultaneous Fitting of Room-Temperature Absorption, MCD,
and LDr Spectra
The fitting to a set of Gaussian-shaped peaks to obtain the ṽ, B, D,
and f values was performed by using the Origin program. The results are given in Table 1 and are displayed in Figures S1–S3 (Supporting Information). The position (wavenumber ṽ), height, and
width (full-width-at-half-maximum, FWHM) of each Gaussian were
adjustable parameters. The starting points for the fitting were preliminary values obtained by guessing the start and the end of the
ChemPhysChem 2016, 17, 3010 – 3022
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Guided by the results of the simultaneous fitting of three roomtemperature spectra, we finally also fitted the somewhat better resolved UV absorption spectra taken at 77 K, and the results are
shown in Figure S4.

Computational Details
The conformational effects of the linear hexasilane backbone chain
on the absorption energy for peralkylated n-hexasilanes 1–3 and
permethylated n-hexasilane 4, n-Si6Me14, (Scheme 1) were examined. Ground-state geometry optimizations were performed by the
B3LYP[82]/6-311G(d)[83] method. Initial geometries for optimization
were taken from X-ray crystal structures published previously (Figure S5).[53] The X-ray crystal structure of 1 contains two distinct
conformations with terminal dihedral angles w = 13 and 308. For 3,
the positions of the carbon atoms are unclear, and geometry optimization resulted in four different stable conformations. Thus, two
Ci conformations were obtained for 1 (SAS), one C1 configuration
for 2 (AAS), and two Ci and two C1 configurations for 3 (AEA). All
the coordinates were optimized without constraints, and the structures were confirmed to be local minima by vibrational analysis. In
4, two dihedral angles were fixed in a syn (w = 08) or anti (w =
1808) conformation and one dihedral angle was varied from 0 to
1808 in steps of 308, as shown in Scheme 2: A) XAS (w1 = 0–1808,
w2 = 1808, w3 = 08), B) AAX (w1 = 1808, w2 = 1808, w3 = 0–1808), and
C) AXA (w1 = 1808, w2 = 0–1808, w3 = 1808). All other coordinates
were optimized.
Electronic transitions in 1–3 were obtained from SAC-CI and TDPBE0 calculations. These calculations were done for all the above-
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Scheme 2. Conformational changes examined for n-Si6Me14.

mentioned conformations of the local minima. It is well recognized
that TD-PBE0 provides satisfactory results for valence excited states
of p-conjugated systems.[84–87] Therefore, in this work, TD-PBE0 was
adopted for the excited states of s-delocalized systems 1–4 by
using the 6-311G(d) basis set. SAC-CI calculations[88, 89] were performed for vertical transitions of peralkylated n-hexasilanes 1–3.
The perturbation selection of linear operators was employed with
LevelThree accuracy; the energy thresholds were lg = 1 V 10@6 and
le = 1 V 10@7.[90] The direct algorithm,[91] computing all nonlinear
terms, was adopted. The basis sets were McLean and Chandler valence triple z [6s5p][92] with double polarization functions (zd =
0.424, 0.118)[93] for Si atoms and Huzinaga–Dunning D95v [3s2p/
2s][93] for C and H atoms. The SAC-CI dimensions were 600 000–
800 000 after the perturbation selection. Recently, benchmark SACCI and TD-PBE0 calculations were performed not only for
energy[86, 87, 94] but also for charge-transfer properties.[95, 96] All calculations were performed with the developmental version of the
Gaussian 09 suite of programs[97] that included a parallelized code
for SAC-CI.
The s and p character of the frontier molecular orbitals (MOs) of
compounds 1–3 relevant to the electronic transitions was determined from natural hybrid orbitals (NHOs) by using a previously
described method,[33] slightly modified to treat the terminal Si
atoms in the same fashion as the internal ones. The sets of orthogonal NHOs were calculated by using Gaussian NBO version 3.1.[98]

2. Results
2.1. UV, MCD, LD, and LDr Spectra of Conformationally
Controlled Peralkylated n-Hexasilanes 1–3
The UV absorption, MCD, LD, and LDr spectra of conformationally controlled peralkylated n-hexasilanes 1–3 are displayed in
Figure 1. For hexasilane 1 (SAS, red line), the overall Gaussian
fits and the individual Gaussian contributions are also shown
(for full details, see Figures S1–S4). The numerical data for transition wave numbers ṽ, oscillator strengths f, and MCD B terms
that resulted from simultaneous fitting of the UV, MCD, and
LDr spectra with five (for 1 and 2) or six (for 3) Gaussian functions are compiled in Table 1 along with the theoretical results
for the SAS-2, AAS, and AEA-3 conformations; results for the
ChemPhysChem 2016, 17, 3010 – 3022
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other conformations are provided in the Supporting Information (Tables S5–S8).
The room-temperature UV absorption spectra of 1–3 in 3MP are shown in Figure 1 A. The UV spectra observed at 77 K
are shown in Figure 1 B. Their absorption bands are sharper
and make otherwise hidden transitions more evident. For instance, the faint shoulder at about 42 000 cm@1 in the roomtemperature spectrum of AAS-hexasilane 2 becomes quite distinct at low temperature.
The MCD spectra of 1–3 are shown in Figure 1 C. They were
very helpful for the initial detection of transitions hidden in
the UV absorption spectra. Thus, in the low-energy region, SAS
hexasilane 1 shows two clear signals instead of a single one in
the absorption spectrum: a weak negative band at 41100 cm@1
that is not detectable in the absorption spectrum and a positive one at 41 900 cm@1 that fits the first UV absorption band.
In AAS hexasilane 2, the strong UV absorption band at
39 000 cm@1 appears only relatively weakly in the MCD spectrum, which underscores the importance of additional transitions at higher energies. Similarly as in SAS, the negative–positive–negative MCD pattern observed in AEA hexasilane 3 at
about 39 000, 42 000, and 48 000 cm@1 reveals transitions that
would be at best only suspected in absorption.
The LD (DOD) and reduced LD (LDr, DOD/OD) spectra of 1–3
are shown in Figure 1 D. The LDr spectra also point out the
presence of transitions hidden in the ordinary absorption spectra. For example, the presence of a transition at energies lower
than the first absorption band of 1, the distinct nature of the
faint absorption shoulder in 2 near 42 000 cm@1, and the presence of a transition just above 41 000 cm@1 in 3 are clearly
indicated.
Although one might attempt to identify the individual transitions in 1–3 on the basis of such qualitative observations, the
simultaneous fitting with Gaussians that we finally used
(Table 1) is clearly less subjective and more reliable.
2.2. Calculated Ground-State Geometries of Peralkylated
n-Hexasilanes 1–3
The calculated ground-state geometrical parameters of peralkylated n-hexasilanes 1–3, SAS, AAS and AEA, optimized by
B3LYP/6-311G(d), are summarized in Tables S2–S4. As noted
above, starting an unconstrained optimization at the two distinct conformations present in the crystal of 1 (SAS) in a 1:1
ratio yielded two stable Ci structures for the molecule of 1,
close in energy. The three calculated SiSiSiSi dihedral angles
were w = 21, 180, and @218 and w = 13, 180, and @138
(Table S2). Another local minimum structure of C2 symmetry
was also obtained. The two Ci conformations are close in
energy with a relative energy of 1.1 kcal mol@1, whereas the C2
conformation is located at 2.6 kcal mol@1 above. The valence
angles cover the q = 116–1228 range and the five Si@Si bond
lengths are in the r(Si@Si) = 2.377–2.407 a range with a weak
bond alternation (less than 0.02 a). This shows that the geometrical strain due to lateral carbon bridges is relatively small
and that the n-hexasilane backbone is close to that in free nSi6Me14 with the same dihedral angles. The geometrical param-
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Figure 1. Spectra of 1 (SAS; red), 2 (AAS; dark yellow), and 3 (AEA; blue) in 3-MP: UV absorption at A) room temperature and B) 77 K (corrected for solvent
contraction by a factor of 0.784), C) MCD, and D) LD (dash-dot line) and LDr (full line). The red lines show the Gaussian fit for 1 (long dashes) and the individual Gaussian contributions (short dashes).

eters of 2 (AAS) and 3 (AEA) also exhibit a similar trend. Starting from the crystal structure, the dihedral angles in 2 were
calculated as w = 180, 178, and 148. There are four possible
conformations in the X-ray crystal structure of 3. Geometry optimizations gave two conformations of C1 and two of C2 symmetry with relative energies within 1.0 kcal mol@1. The terminal
dihedral angles, w1 and w3, range from 167 to 1748, whereas
w2 ranges from 108 to 1308. The valence angles are in the
q = 114–1208 range.
2.3. Calculated Electronic Transitions in Peralkylated
n-Hexasilanes 1–3
Vertical transitions were calculated at all ground-state optimized structures. The calculated transition energies, oscillator
strengths, and description of the nature of the excitations are
summarized in Table 1. The SAC-CI and TD-PBE0 calculations
gave similar spectral shapes and structures, and the SAC-CI
transition wavenumbers were mostly slightly lower and the
TD-PBE0 values higher than those observed. The absorption
spectra of 1–3 computed by SAC-CI and TD-PBE0 are compared in Figure 2, for which the transitions are convoluted
with a Gaussian with a FWHM of 1500 cm@1. MOs related to
the transitions are displayed in Figure S6. On the basis of
a comparison of the experimental and theoretical spectra, we
ChemPhysChem 2016, 17, 3010 – 3022
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summarize the results for the Ci (SAS-2, w1 = 138) and C2 (AEA3) structures for compounds 1 and 3, respectively, in Table 1.
The computational results for the excited states for all the
other conformations are compiled in the Supporting Information (Tables S5–S8). The reasons for the selection of the SAS-2
conformer for 1 are discussed below. The calculated absorption spectra of four nearly degenerate conformations of 3 are
similar, and AEA-3 was selected because of its higher symmetry, useful for spectral assignments. All MOs that serve as starting orbitals of low-energy excitations are of essentially pure
s character, whereas the terminating orbitals can be predominantly s* or p* in nature, or in a few cases, strongly mixed
(Table S1).
The s1 and p* orbitals of SAS are schematically depicted in
Scheme 3, for which the molecular plane is defined by the six
Si atoms (see ref. [33] for a definition of s and p character and
treatment of chains that do not have a plane of symmetry).
2.4. Calculated Transitions in Free-Chain Permethylated
n-Hexasilane 4
The effects of varying the three SiSiSiSi dihedral angles in nhexasilanes on the excited states were analyzed by using nSi6Me14 in the conformation given in Scheme 2. In these structures, one dihedral angle was varied from w = 0 to 1808,

3014

T 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Articles
Table 1. Observed[a] and calculated electronic transitions in hexasilanes 1 (SAS-2, Ci), 2 (AAS, C1), and 3 (AEA-3, C2).

Compd

Exptl
ṽ
[103 cm@1]

f

1

41.1

0.10

5.4

41.9

0.10

5.1

45.3

0.25

49.1

2

12

0.37

ṽ
[103 cm@1]

f

Assignment[b]

Symmetry

TD-PBE0
ṽ [103 cm@1]

f

Assignment[b]

Au

41.5

0.18

H!L

s1s*

Au

43.4

0.05

s1p*

@13

Au

42.1

0.20

s1p*

Au

43.9

0.22

23

Au

44.8

0.15

s3s*

Au

45.4

0.14

45.6

0.00

s1p2*

Ag

45.8

0.00

Au

46.6

0.01

s3p*

Ag

46.3

0.00

Ag

46.7

0.00

s2p*

Au

46.6

0.01

Ag

48.3

0.00

s1p2*

Ag

47.6

0.00

H@1!
L
H@2!
L
H@2!
L
H@1!
L+1
H!
L+2

s2s*

Ag

H!
L+1
H@2!
L
H!
L+2
H@2!
L+1
H@1!
L
H!
L+2

H!
L+1
H!L

H!L
H!
L+1
H@2!
L
H@1!
L
H@1!
L+1
H@3!
L
H!
L+3

s1s*
s1p*

A
A

40.9
43.5

0.58
0.03

s1s*
s1p*

s2s*

A

44.5

0.02

s3s*

A

46.1

0.001

s2p*

A

47.3

0.004

s4s*

A

47.9

0.005

s1p*

A

48.0

0.004

H!L
H!
L+1
H@1!
L
H@2!
L
H@1!
L+1
H@3!
L
H!
L+2

B [Debye2 be 104 cm@1]
7.0

@0.68

SAC-CI
Symmetry

s1s*

s3s*
s3s*
s2p*
s1p2*

[50.7[d]

1.36

57

39.0
40.6

0.24
0.13

13
6.8

1.6
0.15

A
A

37.4
41.5

0.61
0.03

44.3

0.20

9.7

8.2

A

44.2

0.02

A

45.7

0.02

A

47.4

0.03

A

47.7

0.004

A

48.9

0.007

B

36.9

0.79

H!L

s1s*

B

39.6

0.75

H!L

s1s*

A

41.7

0.01

s1p*[c]

A

43.4

0.002

43.6

0.01

s2s*

A

44.4

0.02

B

44.0

0.01

s3s*

B

45.6

0.01

A

47.0

0.01

s4s*

A

46.3

0.00

B

48.5

0.22

s2p*[c]

B

47.1

0.18

A

49.2

0.03

s3p*

A

47.6

0.00

H!
L+1
H@1!
L
H@2!
L
H@3!
L
H!
L+3
H!
L+2

s1p*

A

H!
L+1
H@1!
L
H@2!
L
H@3!
L
H@1!
L+1
H@2!
L+1

45.8

3

0.0085

D
[Debye2]

0.028

1.3

26]

3.9

[51.7[d]

1.16

48

36]

38.9
39.5
42.2

0.15
0.38
0.014

8.2
20
0.72

4.3
4.3
@3.1

44.7

0.15

7.2

48.1

0.055

2.4

[54.9[d]

1.62

63

3.4
13
27]

s2s*
s3s*
s2p*
s4s*
s1p*

s2s*
s3s*
s4s*
s1s*
s1s*

[a] Absorption and MCD in 3-MP, LD in stretched polyethylene. [b] H and L represent HOMO and LUMO, respectively. H@1 and H@2 are interchanged in Hartree–Fock
and DFT. [c] The terminating MO of this transition is of strongly mixed s and p character (Table S1). [d] Probably due to solvent.

whereas the other two were restricted at syn (w = 08) or anti
(w = 1808). Thus, these conformational changes represent the
structural changes in 1) SAS to AAS (w1), 2) AAS to AAA (w3),
and 3) ASA to AAA (w2). The variation in the excitation energy
and oscillator strength of n-Si6Me14 as a function of the angles
w1, w3, and w2 is displayed in Figures 3, 4, and 5, respectively.
The ground-state potential energy curves along these conformational changes are shown in Figure S7. The energy variation
along these dihedral angles relative to the most stable
ground-state conformation is less than 1.0 kcal mol@1 in the
w = 30–1808 range.
ChemPhysChem 2016, 17, 3010 – 3022
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To understand the behavior of the low-lying sp* and pp*
transitions as the dihedral angle changes, the variation in the
orbital energy levels of HOMO@1 to LUMO + 1 was examined.
The orbital energy changes for the w1, w3, and w2 variations
are plotted in Figure 6 A–C together with schematic orbital
shapes. Orbital back lobes are shown only if relevant to the understanding of orbital interactions. More complete views of
the MOs for dihedral angles w = 0, 90, and 1808 are collected
in Figures S8–S10.
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Figure 2. Calculated absorption spectra of 1 (SAS; red), 2 (AAS; dark yellow), and 3 (AEA; blue) with Gaussian convolution (FWHM of 1500 cm@1). Left, SAC-CI;
right, TD-DFT/PBE0.

Scheme 3. Schematic representations of orbitals of SAS: s1 and p*, excluding and including contributions from the lateral substituents

3. Discussion
Although the spectra of hexasilanes 1–3 are poorly resolved,
the simultaneous fitting of the UV, MCD, and LDr spectra
allows their decomposition into a series of four electronic transitions with a fair degree of confidence, although additional
weak transitions could, of course, be present. The existence of
the fifth very intense transition that is present in all three hexasilanes above 50 000 cm@1 is questionable, as it lies at the very
edge of the spectral window dictated by the solvents used, 3MP and polyethylene, and it could well be an artifact due to
an incompletely subtracted onset of solvent signals. We list
this possible fifth transition, as it is required for the fitting of
the observed spectral curves, but we shall de-emphasize it in
the following. Given that diffuse basis set functions were not
included in our calculations, the computed results are also unreliable in this region.
The assignments of electronic transitions in the spectra are
facilitated by the generally good agreement between calculations and experiment, but some uncertainties remain, mostly
due to the congestion in both the observed and the calculated
spectra. We shall rely primarily on the results of the SAC-CI
computations, but similar transitions, albeit at somewhat
higher energies, were also obtained by the TD-PBE0 method.
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Figure 3. TD-PBE0 transition energy and oscillator strength of n-Si6Me14 with
w1 = 0–1808, w2 = 1808, and w3 = 08.

3.1. The Spectra of 1–3
Ignoring the strong absorption at the edge of the observed
region as noted above, the simultaneous fits of the room-temperature UV, MCD, and LDr spectra of 1–3 suggest the presence of four transitions in the reliably observed region up to
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Figure 5. TD-PBE0 transition energy and oscillator strength of n-Si6Me14 with
w1 = 1808, w2 = 0–1808, and w3 = 1808.

Figure 4. TD-PBE0 transition energy and oscillator strength of n-Si6Me14 with
w1 = 1808, w2 = 1808, and w3 = 0–1808.

nearly 50 000 cm@1 (Table 1) and additional weak ones may be
present as well. The assignment of these transitions to the calculated ones is complicated by the existence of several lowenergy conformations predicted for 1 and 3. Their presence
does not pose a substantial problem in the case of 3, even
though the ground-state energies of its four conformers are
calculated to lie within 1 kcal mol@1 of each other (Table S4), as
the spectra calculated for all four by the SAC-CI and TD-DFT
methods are very similar (Tables S7 and S8) and virtually all the
absorption intensity is located in the first transition. It is immaterial which conformer one chooses for the comparison of calculated and observed spectra, and in Table 1 we chose AEA-3
in C2 structure.
3.1.1. Spectrum of 1
In this case, according to the SAC-CI method the optimized geometries lie in a region in which crossing of the lowest two excited states, both of Au symmetry, is avoided. The configurations involved in the mixing are s1s* and s1p*, for which only
the former contributes significant oscillator strength. The computed intensities of transitions into the two states depend
ChemPhysChem 2016, 17, 3010 – 3022
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strongly on the choice of conformation. The observed intensities of these transitions are similar (Table 1), f = 0.1 both at
41100 and 41 900 cm@1. The B terms in the MCD spectrum of
1 have opposite signs, and this confirms that both fitted Gaussians indeed belong to distinct electronic transitions. The similar intensities of the two first bands agree with the SAC-CI results for the conformation SAS-2, which was chosen for
Table 1. They do not agree with SAC-CI results for conformation SAS-1, computed to be 1.1 kcal mol@1 more stable than
SAS-2, as these results predict the second transition to be
much more intense than the lowest one, nor for conformation
SAS-3, computed to be 1.5 kcal mol@1 less stable than SAS-2
and predicted to have an intense second transition and virtually no intensity in the first (Table S5). To complicate matters further, TD-DFT calculations (Table S6) position the region of the
avoided crossing somewhat differently and place, by far, most
of the intensity into the second transition for conformers
SAS-1 and SAS-2 and into the first transition for conformer
SAS-3.
We do not believe that the relative ground-state energies of
the conformers are computed sufficiently reliably to decide
which one or ones are observed. The comparable observed intensities leave little doubt that the computations are correct in
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to the opposite B terms observed. The negative B term of the
second excited state apparently gains further strength from
magnetic mixing with the state at 45 300 cm@1, which carries
considerable intensity.
The broad and intense (f = 0.25) third observed band centered at 45 300 cm@1 is assigned to the next transition into an
Au symmetry s3s* state calculated at 44 800 cm@1. Three additional forbidden transitions into states of Ag symmetry are calculated to be present in this general region but are not observed. Finally, a weak fourth transition with a negative B term
is observed at 49 100 cm@1 and is assigned to a s3p* transition
into a state of Au symmetry, calculated at 46 600 cm@1.
3.1.2. Spectrum of 2

Figure 6. PBE0 orbital energy levels and schematic orbitals for HOMO@1 to
LUMO + 1 in n-Si6Me14 with A) w1 = 0–1808, w2 = 1808, w3 = 08; B) w1 = 1808,
w2 = 1808, w3 = 0–1808; and C) w1 = 1808, w2 = 0–1808, w3 = 1808. The back
lobes are depicted only if relevant to understanding orbital interactions.

that the dominant conformer or conformers have a geometry
that lies in the region of an avoided crossing of the first two
excited states, both of which have a mixed s1s* and s1p* character. The computed transition moment directions, although
not very different (Table S9), are sufficiently far from parallel
that magnetic mixing of the two states can credibly give rise
ChemPhysChem 2016, 17, 3010 – 3022
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Due to the lower symmetry of 2, we lose the useful classification of the computed excited states into two distinct symmetry
classes, and only the distinction of partial s and p character by
using the definitions[33] based on NHOs obtained from natural
bond orbital analysis remains (Table S1). The first band of 2 observed at 39 000 cm@1 (f = 0.24) is readily assigned to the s1s*
transition calculated at 37 400 cm@1 (f = 0.61). Beyond this
point, the observations do not agree with the results of the
calculations. In the absorption spectrum, two strong bands are
observed at 40 600 and 44 300 cm@1 with f = 0.13 and 0.20, respectively, and a weak one at 45 800 cm@1 with f = 0.03. The
calculations suggest the presence of four transitions of comparable f values of 0.02–0.03, followed by a pair of much weaker
transitions unlikely to be observed. It is not clear how to reconcile the two sets of results and to assign the observed transitions to the calculated transitions.
It is improbable that the second observed band is merely
a reflection of a non-Gaussian shape of the first transition and
that it should be added to the first band, even though such an
assignment would improve the agreement of observed and
computed oscillator strengths. The two bands have distinctly
different linear dichroism and, even more important, the intensities of their MCD signals differ by a factor of ten. In all probability, these are indeed two different transitions. We note that
unlike the second B terms of 1 and 3, the second B term in 2
has a positive sign.
The disagreement is puzzling, as the computational methods used seem to perform well for 1 and 3 and even the first
transition in 2. An obvious possible explanation is an inadequacy of the method used for geometry optimization, especially for the central dihedral angle. If the real geometry lies in an
area of an avoided crossing similar to that in 1, the resulting
configuration mixing could spread oscillator strength from one
transition to others. Conceivably, more than one conformer
could also be present. In summary, although we consider the
experimental results for 2 dependable, the present computational results for this hexasilane are not useful.
3.1.3. Spectrum of 3
This hexasilane is calculated to have four conformations of
nearly equal ground-state energy. As pointed out above, the
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computed spectra are all alike, and for Table 1 we chose one
of the C2 symmetry conformations (AEA-3, Table S4). For the
first excitation, we propose that both Gaussian components at
38 900 and 39 500 cm@1 (total oscillator strength f = 0.53)
should be attributed to a single s1s* transition, calculated at
36 900 cm@1 with f = 0.79. This assignment fits the LDr data, but
an argument against it is that MCD intensity is similar for the
two components, whereas the absorption intensity is different
by a factor of 2.5. This would imply somewhat different shapes
in the absorption and MCD spectra, and this is apparent in Figure S3. The discrepancy is small and appears acceptable.
The next band observed at 42 200 cm@1 (f = 0.01) is assigned
to a s1p* transition calculated at 41 700 cm@1 (f = 0.01). This is
considerable intensity for a s1p* transition to a state of A symmetry in the C2 point group, but the terminating p* orbital has
a strong s* admixture (Table S1). The following band, observed
at 44 700 cm@1 (f = 0.15), is assigned to a B symmetry state of
s2p* nature (the p* MO contains a large admixture of s character, cf. Table S1), calculated at 48 500 cm@1 (f = 0.22). This attribution is somewhat uncertain, as three additional weak transitions with f values of 0.01–0.02 are predicted by SAC-CI at
slightly lower energies and are presumably buried under the
more intense transition. Finally, a weak (f = 0.06) fourth transition is observed at 48 100 cm@1 and is tentatively assigned as
a s3p* transition to a state of A symmetry calculated at
49 200 cm@1 (f = 0.03).
3.1.4. Comparison of the Spectra of 1–3
Comparing all three spectra, in both 2 (AAS) and 3 (AEA), the
most easily identified lowest energy intense absorption band
is redshifted by about 2000 cm@1 relative to that of 1 (SAS) and
is intensified by a factor of 2.5 and 5, respectively (Figure 1).
This behavior is qualitatively reproduced by the SAC-CI
method; the first bands are calculated at 37 400 and
36 900 cm@1 with oscillator strengths of f = 0.61 and 0.79 for 2
and 3, respectively, compared to the values of 41 500 and
42 100 cm@1 and f = 0.18 and 0.20 calculated for 1. The same
trend with respect to the variation in the absorption energy is
also calculated for n-Si6Me14 (4); SAS-AAS (Figure 3) and AASAAA (Figure 4). The origin of the redshift is the destabilization
of the s1 orbital and stabilization of the s* orbital as the dihedral angle increases (Figure 6). Frontier MOs of 1, 2, and 3 are
similar to those of the corresponding MOs of n-Si6Me14 in the
SAS, AAS, and AEA conformations, respectively. Figure 2 shows
that the TD-DFT method performs less well in that it exaggerates the differences between the first bands of the three compounds and fails to account for the nearly identical first excitation energies of 2 and 3.
In summary, the computed spectra of 1–3 appear to be
characterized by a nearly degenerate pair of excitations from
the HOMO, s1, to the lowest unoccupied MOs of s and p symmetry (s* and p*) at about 40 000 cm@1, with the former
strong and the latter weak, followed by another nearly degenerate pair of similar but weaker transitions from the HOMO@1
(s2) roughly 5000 cm@1 higher, plus additional weak transitions.
These results are nicely compatible with the experimental obChemPhysChem 2016, 17, 3010 – 3022
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servations for 1 and 3, and in the case of the first transition,
also for 2, but many of the expected very weak transitions
remain unobserved. The detailed arrangement of the computed transition energies and intensities is determined by the conformation of the silicon backbone, and this will be systematically investigated next.
3.2. The Spectra of 4
The three types of variations in the dihedral angles (w1–w3) in
n-Si6Me14 (4) that were examined are instructive for seeing
how conformation control affects the optical properties of nhexasilanes (Figures 3–5).
We first focus on variation in the angle w1 (Figure 3). At w1 =
08 (SAS), the S1 state is reached by a sp* excitation and the
nearby S2 state is reached by a ss* excitation. If w1 is increased, symmetry is lowered. The S1 and S2 states are still represented by these two configurations, which now mix. The ss*
component carries a large oscillator strength, and the sp*
component carries only a small one; the oscillator strength of
transitions into the two states depends on their ratio. They undergo an avoided crossing at around w1 = 608, as seen in the
variation in the oscillator strength. At the AAS (w1 = 1808) conformation, symmetry is reestablished, and the S1 state is
reached by a ss* excitation with a strong oscillator strength of
f = 0.7. The response of the low-energy part of the spectrum to
the variation in the dihedral angle w1 is thus dictated by the
interchange in the order of the sp* and ss* excitations and in
that sense is strongly reminiscent of the conformational response of the spectrum of n-tetrasilane.[9, 35]
The energies of both transitions drop as the conformation
changes from SAS to AAS. The energy of the ss* transition is
lowered by 0.45 eV, from 5.81 to 5.36 eV, and that of the sp*
transition is lowered by 0.07 eV, from 5.54 to 5.47 eV, which
agrees well with the trend found in peralkylated hexasilanes
1 (SAS) and 2 (AAS). This trend can be qualitatively understood
as being due to s and s* orbital energy changes (Figure 6 A).
Among the higher states, in SAS (w1 = 08), which is close to
the conformation of 1 with absorptions at 45 300 and
49 100 cm@1, transition to the S4 state, characterized as s3s*,
has considerable oscillator strength. In AAS (w1 = 1808), which
corresponds to 2 with the absorption band in the higher
energy region, transition to the S6 state has a large oscillator
strength. Other transitions do not have notable intensity.
Next, we consider the conformational change from AAS to
AAA by a variation in the dihedral angle w3, while the other
angles are fixed at w1 = w2 = 1808 (Figure 4). Now, the energy
of the s1s* configuration lies below that of the s1p* configuration at AAS, AAA, and all intermediate geometries. The energies of the S1 and S2 states are well separated, and mixing of
the dominant ss* and sp* configurations is small at all geometries. There is no avoided crossing, and the transition to the
S1 state is always intense. At the AAA conformation (w1 = 1808),
only the S1 state has a large oscillator strength (f & 1.0) and
those of all other transitions are nearly zero, which shows that
the s1s* configuration is significant in the S1 state. Transitions
to the S2 and S3 states have weak intensity (f < 0.1) all along
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this w3 variation. In brief, the variation in the dihedral angle w3
is expected to produce no dramatic spectral changes other
than a significant drop in the energy of the first transition as
one proceeds from AAS to AAA and in that regard is very different from the variation in w1.
Finally, during the conformational change from ASA to AAA
by varying the angle w2 (Figure 5), the S1(1B) and S2(2B) states
undergo an avoided crossing and interchange their character
(ss*, sp*), even though they are separated by about 0.2 (w2 =
08) and 0.4 eV (w2 = 1808). Their oscillator strengths change
drastically as their contents of the ss* component change
during the process. The situation is thus very similar to that encountered with the variation in the angle w1. At w2 = 1208, the
conformation and the expected spectra correspond to 3 (AEA).
The ASA conformation shows strong absorption only in the
high energy region, above 5.8 eV.
A rationalization of the effects of conformational changes in
the low-energy part of the spectra thus follows from the
knowledge of the relative energies of the lowest s1s* and s1p*
configurations. Given that the energy of the s1p* configuration
is almost independent of the conformation (Figures 3–5), the
conformational behavior of the spectra is primarily determined
by the effect of dihedral angles on the energy of the lowest
s1s* configuration. This can be understood in terms of the energies of the s1 MO and the lowest s* MO and, thus, ultimately
in terms of the extremely simple Ladder C model.[37, 49] In this
model, relative energies of conformations are dictated solely
by the vicinal (1,4) resonance integrals between NHOs located
at the Si atoms of the bond that is being twisted. At a dihedral
angle of 08 (syn), this resonance integral is negative; near a dihedral angle of 908, it goes through zero; at a dihedral angle
of 1808, it is positive. Combined with the knowledge of signs
of the coefficients of the NHOs in the s and s* MOs, this permits first-order perturbation theory estimates of the effect of
dihedral angle changes on the energies of these orbitals. Note
that the change in the sign of the resonance integral is due to
the p component of the overlap of the vicinal NHOs, and in
that sense, the conformational isomerization of a saturated
chain is clearly related to the geometrical cis/trans isomerization of a double bond.
These arguments show that as the angle w1 increases (Figure 6 A), the s1 orbital (HOMO) should be destabilized and the
s* orbital should be stabilized, and this rationalizes the strong
drop in the ss* transition energy from SAS to AAS and the
change in the order of energies of the lowest s1s* and s1p*
configurations. In contrast, as the angle w3 is increased (Figure 6 B), further destabilization of the s MO and stabilization of
the s* MO merely lowers the energy of the already lowest
s1s* configuration. It causes no changes in the order of the
ss* and sp* configurations and the transition to the S1 state
drops in energy but keeps its strong oscillator strength
throughout. Finally, if w2 is increased (Figure 6 C), the changes
in the s1 and s* energies are very similar to those seen in Figure 6 A and are rationalized in the same way. They once again
lead to an interchange of the ss* and sp* nature of the
lowest two transitions, an avoided crossing, and dramatic ef-
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fects on transition intensities, in addition to a change in the
energy of the first transition.

4. Summary
The electronic excited states of three conformationally controlled peralkylated n-hexasilanes 1–3 (SAS, AAS, and AEA; S =
syn, A = anti, E = eclipsed) were investigated by using UV, MCD,
and LD spectroscopy. Simultaneous decomposition of the
three types of spectra into Gaussian contributions played a key
role in the assignment of the individual electronic transitions
and determination of their wavenumbers, oscillator strengths,
and MCD B terms. SAC-CI and DFT/PBE0 calculations were
used to analyze the nature of the observed excitations. They
provided useful results for hexasilanes 1 and 3, but not for 2.
The striking dependence of the energy and intensity of the
first intense transition, located near 40 000 cm@1, on the silicon
backbone conformation was found to result from changes in
the energies of the s1 and s* orbitals, which could be understood in very simple terms. The conformational dependence of
the excitation energies and transition properties was examined
more generally on the free chain n-Si6Me14 in various combinations of dihedral angles. An avoided crossing between the ss*
and sp* states was found to occur in the SAS-AAS and ASAAAA conformational transformations and caused dramatic differences in the transition intensities.
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