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Chapter 4

Spectral properties of DσA-compounds and their fragments

4.1 Introduction

The UV-Vis absorption properties of mono- and α,ω-diphenyl substituted
oligosilanes have first been reported by three independent groups of workers [1-
3]. Substitution with a phenyl group at the chain-end of a permethyloligosilane
extends the conjugation length, which is shown by a red-shifted λmax of the
substituted compound relative to that of the unsubstituted
permethyloligosilane [2]. The oligosilanes with two or more silicon atoms in the
chain show a red-shift of the absorption maxima with respect to the
corresponding monosilanes. Both observations support the existence of
conjugation between the Si-Si σ-bond and a phenyl π-system. The absorption
characteristics of this type of molecules and the origins of the observed spectral
transitions have been discussed in Chapter 1.

The influence of donor (D) and acceptor (A) aromatic substitution on the
absorption spectra of phenylpentamethyldisilane has been reported by Sakurai
[4]. Para-, but not meta-, substituted phenylpentamethyldisilanes exhibit
bathochromic shifts relative to PhSi2Me5. Furthermore, the pentamethyldisilanyl
group has been classified as an electron-donor group comparable to a methoxy
group.

Only a few reports on the spectral properties of α,ω-disubstituted
diphenyldisilanes have appeared. These investigations mainly concern
compounds with substituents that have zero or only small differences in
electronegativity (e.g. two electron-donating substituents). The influence of
mono- and disubstitution on the absorption properties was found to be
comparable to that of the analogous substituted stilbenes. In both cases a
bathochromic shift with increasing intensity was observed when stronger
electron-donating substituents were introduced onto the diphenyldisilane
moiety [5-7].

The absorption spectrum of benzene consists of three principal
transitions: a symmetry-forbidden, long-wavelength band centred at 256 nm
with an absorption coefficient, ε, of 10-100; a symmetry-forbidden transition at
about 200 nm with ε = 250-3000 and an allowed transition in the deep-ultraviolet
found at 180 nm and with ε > 10000 [8]. Several notation methods are used in the
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literature for referring to these three transitions. In this chapter, the Platt notation
will be used: the low-intensity band is denoted by   1A→1Lb; the transition at 200
nm is denoted by 1A→1La (the 'conjugation' band or 'primary' band) and the
high intensity transition by 1A→1B. Aromatic substitution affects the position as
well as the intensity of these transitions, due to the asymmetry induced. For
para-disubstituted benzenes the 1La-band is usually more influenced by
substitution than the other two transitions: a larger red-shift is observed than
would be expected from the additive shifts of the individual substituents when
these groups are of opposite types. This is the result of the resonance-type
interaction between the two substituents. Due to this resonance interaction, the
1La-band can overlap with the 1Lb-band.

In this chapter, a comparative study of the absorption characteristics of
similarly substituted compounds with the general structure Me3SiPhX and
Me5Si2PhX (with X being either a donor or acceptor group) in both an apolar
(cyclohexane) and a polar (acetonitrile) solvent will be presented. The
absorption properties of these 'fragment' molecules will be used in analysing the
spectra of α,ω-disubsituted diphenyloligosilanes or DσA-compounds. The
influence of the nature of the donor and acceptor groups, the silicon-chain length
and solvent polarity on the absorption properties of these compounds will be
discussed.

The excited-state properties of aryldisilanes have been extensively
studied and a discussion about possible electron-transfer mechanisms is given
in Chapter 1. Dual fluorescence (simultaneously from a local excited and a
charge- transfer (CT) state) has been observed for certain aryldisilanes. A
controversy exists about the photoinduced electron transfer to the CT excited
singlet state. Two possible mechanisms have been proposed. In Shizuka's model
the charge transfer occurs from the excited aromatic ring 1(2pπ*) to the empty
3dπ (Si-Si) orbitals, giving a 1(2pπ, 3dπ*) excited state [9]. Sakurai et al. proposed
a mechanism in which the electron-transfer direction is opposite: from the Si-Si
σ-bond to the aromatic π-system resulting in a 1(σ, 2pπ*) excited state [10].

Excited-state properties of mono- and di-aromatic substituted
oligosilanes, with at least one of the aromatic groups being a pyrenyl, have been
reported by Declercq et al. [11]. They have observed a strongly solvent
dependent charge-transfer excited state resulting from an electron transfer from
a hexasilane chain (donor) to a pyrenyl π-system (acceptor) (σ(Si-Si) to π*) in 1-(1-
pyrenyl)tridecamethylhexasilane, in analogy with the assignment of Sakurai et
al. This charge-transfer state was not observed for the analogous trisilane, due to
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the higher ionization potential of the trisilane chain. A dimethylaminobenzene
substituent at the other end of the hexasilane chain enhances the electron
transfer. Hence, they have proposed an electron transfer from the Me2N-donor to
the pyrenyl acceptor through the intermediating silicon chain, which is also
defined as a 'through bond interaction' (TBI).

In the second part of this chapter, the (dual) fluorescence behaviour of
some α,ω-disubstituted diphenyl(di)silanes will be described and the
applicability of both above-mentioned mechanisms will be discussed.
Furthermore we will calculate the dipole moment difference, ∆µ, between
ground and charge-transfer excited state from the Stokes shift by the Lippert-
Mataga method [12]. This solvatochromic method has been used frequently to
calculate the charge-transfer part of the hyperpolarizability, βct, for compounds
used for nonlinear optics, as will be done for one of our compounds in Chapter
5.

4.2 Experimental

4.2.1 UV-Vis spectra

UV-Visible spectra were recorded on a SLM-Aminco 3000 Array
spectrometer using commercial spectral-grade solvents as received: cyclohexane
(Uvasol, Merck) and acetonitrile (Janssen, HPLC quality). All spectra are
normalized to a concentration of 2.5 * 10-5 mol l-1, while the absorbance of the
actual solutions does not exceed the value of 1. The absorption spectra
presented in the Figures throughout this chapter are recorded from cyclohexane
solutions, unless otherwise stated.

4.2.2 Fluorescence measurements

Fluorescence spectra were recorded on a SLM-Aminco SPF-500
spectrofluorometer using commercial spectral-grade solvents as received:
cyclohexane, diethylether, tetrahydrofuran, diisopropylether (Uvasol, Merck)
and acetonitrile (Janssen, HPLC Quality). Concentrations are in the order of 10-5-
10-4 mol l-1  and the solutions are purged with nitrogen prior to use. Every
measurement was carried out on a fresh solution.
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4.3 Results and discussion

4.3.1 Absorption properties

4.3.1.1 UV-Vis absorption properties of p-substituted compounds with the structures

Me3SiPhX and Me5Si2PhX

The electronic absorption properties of fragment compounds have been
studied by means of UV-Vis spectroscopy. Measurements were performed on
solutions of the compounds in an apolar (cyclohexane) and a polar (acetonitrile)
solvent. Table 4.1 presents the λmax values of DσA-fragment compounds with
the structures Me3SiPhX and Me5Si2PhX, with X being either a donor or
acceptor group substituted at the para-position.

A bathochromic shift of the 1La absorption band, λmax, can be observed
when the trimethylsilyl group is replaced by a pentamethyldisilanyl group,
while keeping the same donor or acceptor. This shift is largest for strongly
inductive electron-attracting groups like perfluorobutylsulfonyl (SO2C4F9) (5100
cm-1 in c-hexane) and somewhat less for the trifluoromethyl (CF3) acceptor (3995
cm-1 in c-hexane). This confirms that the Me5Si2-group is a much better electron
donor than the Me3Si-group, which can be explained by the increased (σ-π)- or
hyperconjugation of the former with the aromatic ring [13] and by the increased
inductive donating effect.

Dimethylamino-donor compounds
A strong donor substituent like dimethylamino (Me2N) gives only a

small (5 nm; 700 cm-1 in c-hexane) red-shift when going from one (SiN) to two
(Si2N) silicon atoms, indicating that the disilanyl group is only a slightly better
acceptor than the monosilyl group. The solvatochromic shifts of λmax of SiN and
Si2N are 1-2 nm, which means that the dipole moment difference between the
ground and excited state is small for both compounds.

These results are in accord with ZINDO calculations (see the
experimental part of Chapter 5 for details about this method) of the excitations
occuring in SiN and Si2N, for which the absorption positions are best
reproduced when d-orbitals on silicon are included in the calculation [14]. A
molecular orbital study shows that the main excitation in SiN is HOMO-LUMO
(π-π*), occurring in the aromatic ring. In Si2N, the LUMO is σ*(SiSi) and both
HOMO-LUMO (π-σ*) and HOMO-LUMO+1 (π-π*) excitations contribute. The
ionization potential (IP) of dimethylaminobenzene is 7.37 eV, which is much
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lower than that of Me4Si

Table 4.1. Wavelengths of absorption maximum, λmax, and absorption coefficients, ε, of

mono- and disilanes: influence of sil(an)yl substituent and solvent polarity on absorption

maximum and intensity of compounds with the structure:

Me3(5) Si(2) X 

λmax (nm)

ε

Me3Si- λmax (nm)

ε

Me5Si2- ∆λ−1 (Si2-Si1)

in cm-1

X cyclohexan

e

acetonitrile cyclohexan

e

acetonitril

e

c-hex - acet.

Me2N 265

19000

266

24000

270

27000

272

28000

699 - 829

Br 228

12000

226

16000

240

14000

240

14500

2193 - 2580

CF3 219

8000

219

8700

240

9000

243

8200

3995 - 4510

CH=C(CN)2 320

30000

318

25000

333

25000

333

21000

1220 - 1417

SO2dim* 247

23000

248

22000

265

23000

269

20000

2750 - 3148

SO2C4F9 235

12000

237

17000

267

10000

276

9400

5100 - 5962

* SO2dim:

Me3(5) Si(2) SO 2 

2 
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and Me6Si2, being 10.5 and 8.69 eV, respectively [10a]. This means that there is
only little interaction in the ground state between donor and sil(an)yl acceptor
and that the HOMO mainly consists of aromatic π-orbitals. The energy-level of
the HOMO is raised by the interaction of the nitrogen lone pair electrons with
the aromatic π-orbitals, resulting in the low IP.

Perfluorobutylsulfonyl-acceptor compounds
Participation of d-orbitals on silicon in the calculation of the spectra of

SiSO2C4F9 and Si2SO2C4F9 seems to be less significant, which is not surprising
since the silicon moiety acts as an electron-donor in these compounds. However,
the experimental spectra are not very well reproduced by the ZINDO
calculations, the main difference being the absence of the large bathochromic
shift when going from the mono- to the disilane. This has been attributed to the
fact that (σ-π)-conjugation between the Si-Si σ-orbital and the aromatic π-system
is probably not well described by ZINDO.

The largest solvatochromic shift of the compounds in Table 4.1 is found
for Si2SO2C4F9 and amounts to 9 nm (1221 cm-1). This suggests that the excited
state belonging to this transition is much more polar than the ground state, and
that this transition partly represents an excitation into a charge-transfer state (σ-
π*). A similar result has been obtained for p-Me2NPhSO2C4F9, which shows only
a little larger solvatochromic shift (12 nm; 1257 cm-1) than Si2SO2C4F9.

Figure 4.1 presents the absorption spectra in cyclohexane of four
perfluorobutylsulfonyl-substituted benzenes with various donors at the para-
position: D = H, Me3Si, Me5Si2 and Me2N.

The position of λmax and the molar absorptivity of p-Me2NPhSO2C4F9

both increase relative to those of the hydrogen and sil(an)yl substituted
compounds (ε = 33000 vs. 10000). This is due to a large resonance interaction

200 250 300 350 

H 
SiMe 3 
Si 2 Me 5 
Me 2 N 

Wavelength (nm) 

D:
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Figure 4.1. UV-Vis absorption spectra of para-substituted perfluorobutylsulfonyl-acceptor
benzenes: DPhSO2C4F9.
of the nitrogen lone-pair electrons with the phenyl ring (contribution of an (n-π*)-
transition). The λmax value of Me2NPhSO2C4F9 is comparable to that of
Me2NPhSO2Ph (303 nm vs. 307 nm), so the electron-attracting strength of the
perfluorobutylsulfonyl tail is similar to that of a phenyl ring when substituted to
a sulfonyl group [8].

The position of the 1Lb-absorption band of the compounds in Figure 4.1,
occuring at about 275 nm, is hardly affected by the type of donor and the solvent
polarity (this applies to all fragment compounds in Table 4.1), and its fine
structure is typical for a sulfonyl-substituted phenyl group. The fine structure is
also visible on top of the 1La-conjugation band of Si2SO2C4F9. The high-energy
absorption band in Si2SO2C4F9, appearing at 229 nm (ε=9800) must be attributed
to a local transition in the acceptor group, since it is always present in the
absorption spectra of perfluorobutylsulfonyl-acceptor compounds.

Compounds with an inductive acceptor (CF3, SO2dim and SO2C4F9) all
have relatively low absorption coefficients varying from 8000 to 10000. The
absorption coefficient of SO2dim is about 23000, but this compound contains
two donor moieties within the same molecule.

The large bathochromic shifts of λmax (from one to two silicon atoms) and
solvatochromic shifts cannot be attributed to an increase of (σ-π)- conjugation
only, because this would be accompanied by an increase of the absorption
coefficient, which is not the case. Also an increased inductive donating effect of
Me5Si2 compared to Me3Si due to the dipole interaction of this donor with the
acceptor group should be considered.

Dicyanovinyl-acceptor compounds
Compounds with the mesomeric dicyanovinyl (CH=C(CN)2) acceptor and

dimethylamino (Me2N) donor substituents absorb at lower energy with a much
higher absorption coefficient (25000-30000) than those with the inductive
substituents. The dimethylamino-donor contains a non-bonded electron pair,
which can promote the (π-π*)-transition in the aromatic ring; the dicyanovinyl-
acceptor contains a π-system that will extend the conjugation path beyond that
of the sil(an)yl-phenyl structure, resulting in a strongly red-shifted λmax for
compounds having this acceptor.

No solvent dependency of the absorption spectra of the dicyanovinyl-
acceptor-containing disilane, Si2(CN)2, is observed. This is in accord with
previous results on dicyanovinyl-substituted aromatic compounds, in which a



Spectral properties of DσA-compounds and their fragments

108

charge-transfer has been predicted from the (fused-ring) aromatic moiety (e.g
benzene, pyrene, naphthalene) to the CH=C(CN)2 acceptor [15]. It has been
concluded that the solvent polarity influences the energy levels of the (polar)
ground and intramolecular charge-transfer Franck-Condon (1ICT-FC) excited
state in a parallel manner, which will result in a minimum solvatochromic shift
of the ICT band. This might also apply to Si2(CN)2, in which the disilanyl-donor
interacts with the dicyanovinyl-acceptor through a resonance-type interaction
((σ-π)-conjugation) in the ground state.

The UV-Vis spectra of these "fragment" compounds are very useful in
analysing the spectra of α,ω-disubstituted diphenyl(di)silanes, since the low-
intensity absorption bands of the acceptor fragments are often covered by a
high-intensity band of the donor fragment. The absorption properties of these
DσA-compounds will be discussed in the next paragraph.

4.3.1.2 UV-Vis absorption properties of p-disubstituted compounds with the structure

DPh(SiMe2)2PhA

The UV-Vis absorption properties of compounds with the structure
DPh(SiMe2)2PhA have been measured on solutions in cyclohexane and
acetonitrile for various combinations of D and A with D being a Me2N, MeS,
MeO, F or H donor and with A being a H, F, Br, CF3, CHO, SO2Ph, SO2dim,
SO2C4F9 or CH=C(CN)2 acceptor.

Figures 4.2a-d present the absorption spectra of DσΑ-compounds with
the acceptors: CH=C(CN)2, CHO, SO2C4F9, SO2dim, and with various donor
groups.

Dicyanovinyl-acceptor compounds
The spectra of the dicyanovinyl-acceptor compounds (Figure 4.2a) are

strongly red-shifted with respect to those of the aldehyde (Figure 4.2b) and
sulfonyl-acceptor (Figure 4.2c and 4.2d) ones, which is the same result as found
for the fragment compounds in the previous section. The dicyanovinyl-acceptor
compounds show at least two strong absorption bands that belong to transitions
in the separate donor and acceptor fragments. The compound with the Me2N-
donor and the CH=C(CN)2-acceptor, (CN)2N2, has an additional broad low-
energy, low-intensity absorption band centred at 385 nm, which extends beyond
450 nm. This band can be ascribed to an intramolecular charge-transfer (ICT)
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band; this band is not solvatochromic, however, and the same explanation as
given for the non-solvatochromic

200 250 300 350 400 450 

Si2 (CN)2 

MeO: (CN) 2 O2

MeS: (CN) 2 S2

Me 2 N: (CN) 2 N2

F: (CN) 2 F2

Wavelength (nm) 

D:

a 

200 250 300 350 

MeO: CHOO2

Me 2 N: CHON2

Wavelength (nm) 

D:b 

Figure 4.2. Absorption spectra of compounds with the structure DPh(SiMe2)2PhA in

cyclohexane: A = CH=C(CN)2 (a), CHO (b), SO2C4F9 (c), SO2dim (d)).
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200 250 300 350 400 

Si 2 SO 2 C 4 F 9 

H: SO 2 C 4 F 9 H2

MeO: SO 2 C 4 F 9 O2

MeS: SO 2 C 4 F 9 S2

Me 2 N: SO 2 C 4 F 9 N2

Wavelength (nm) 

D:

c 

200 250 300 350 

Si 2 SO 2 dim 

H: SO 2 dimH2 

F: SO 2 dimF2 

MeS: SO 2 dimS2 

Me 2 N: SO 2 dimN2 

Wavelength (nm) 

D:

d 

Figure 4.2. Absorption spectra of compounds with the structure DPh(SiMe2)2PhA in

cyclohexane: A = SO2C4F9 (c), SO2dim (d)).

behaviour of the fragment compound, Si2(CN)2, will apply also to this
absorption band. (CN)2N2 is the only compound in this series that is strongly
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coloured (orange) and measurement of the absorbance of a very concentrated
solution shows a λcutoff value of 550 nm.

The broad, high-intensity transition found at 329-336 nm for all
dicyanovinyl-acceptor compounds can be assigned to a transition in the acceptor
part of the molecule from the disilanyl bridge to the dicyanovinyl acceptor,
similar to that in Si2(CN)2. Its position is not very dependent on the type of
donor and solvent polarity (also found for Si2(CN)2), although the intensity is
varying somewhat. The spectrum of Si2(CN)2 is given for comparison.

Transitions in the donor moiety
The high-energy transitions in the donor moieties are found at various

wavelengths, the value depending on the ionization potential of the aromatic
ring. Their positions do not change significantly with the type of acceptor and
the solvent polarity (1-2 nm), similar to what was found for the Si2N fragment
molecule [16]. These absorption bands can be assigned to a transition from the
donor-phenyl moiety to the disilanyl bridge, when the former has a lower IP
than the latter. This is the case for the donors Me2N, MeS and MeO. These
transitions are of the (π-π*) and/or (π-σ*) type, the first occurring in the donor-
phenyl ring and the second from the donor-phenyl ring to the Si-Si bridge, as
was found for Si2N. For D = H and F, the transition in the donor-phenyl moiety
is probably from the disilanyl-bridge to the aromatic ring or it is a local
transition in the phenyl-ring (72% of the HOMO of Me5Si2Ph is of Si-Si σ-
character) [17].

In the case of the sulfonyl- and aldehyde-acceptor containing compounds
and for D = H, F and MeO, the transitions in the donor part (λmax = 230 nm for H
and F; λmax = 240 nm for MeO) are separated from those in the acceptor part. The
latter are found at 265-270 nm and have low intensities compared to those of the
dicyanovinyl-acceptor compounds. When the donor is MeS (λmax = 265-270 nm)
or Me2N (λmax = 270-275 nm) the transitions of the donor and acceptor moiety
are partly overlapping and are therefore not readily recognized in the spectrum
as different transitions.

Sulfonyl-acceptor compounds
The absorption spectra of the perfluorobutylsulfonyl-acceptor DσA-

compounds (Figure 4.2c) are blue-shifted compared to those of analogous
biphenyl and stilbene compounds [18] and offer a better transparency, which is
one of our goals.
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The low-energy transition in the acceptor part is red-shifted and shows
increased intensity, upon substitution of the Me5Si2-donor with a (donor)phenyl
group, the largest shift being found for the Me2N-donor (30 nm). This extension
of the (σ-π)-conjugation by aromatic substitution has also been observed for
simple unsubstituted disilanes, e.g. when Me5Si2Ph is compared to
Ph(Si2Me4)Ph, a bathochromic shift of λmax can be observed (231 nm vs. 238 nm)
together with a higher molar absorptivity for the latter compound [4].

Figure 4.3 shows the absorption spectra of Ph(Si2Me4)PhBr (BrH2) and
Ph(Si2Me4)PhSO2C4F9 (SO2C4F9H2) measured in cyclohexane. Contrary to the
spectrum of SO2C4F9H2, that of  BrH2 shows only one major absorption band at
243 nm. The spectrum of BrH2 is red-shifted compared to that of Si2Br, but the
local transition of the Me5Si2Ph fragment (231 nm) is not visible. This means
that, when the ground-state energy levels of the two (substituted) phenyl groups
in a DσA-compound are close, the energy level of the HOMO, with about equal
contributions from the two aromatic rings, will be raised and that of the LUMO
lowered, resulting in an increased conjugation over the whole molecule. The
energy level of the HOMO of Si2SO2C4F9 will not differ very much from that of
hexamethyldisilane, due to the large ground-state energy-level difference
between Me6Si2 and PhSO2C4F9. Therefore, a (σ-π*)-transition from the almost
unperturbed SiSi σ-orbital to the non-substituted phenyl π*- orbital will also
occur in the spectrum, observed at the same position as λmax of Me5Si2Ph (230
nm).

200 225 250 275 300 325 350 

BrH2

SO 2 C 4 F 9 H2

Wavelength (nm) 

Figure 4.3. UV-Vis absorption spectra of BrH2 and SO2C4F9H2 in cyclohexane.

The absorbance characteristics of the "dimeric" compounds (Figure
4.2d) are similar to that of the perfluorobutylsulfonyl-acceptor compounds,
except for the intensities of the excitations, which are about twice as large for the
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dimers. This is due to the fact that the dimers contain two D-Ph-Si-Si- moieties
within one molecule. As expected, the spectrum of the Me2N-donor-containing
dimer is very similar in structure to that of PhSO2N2, which has one Me2N-Ph-
Si-Si moiety less than the dimeric compound (Figure 4.12).

Compounds with the structure Me2NPh(Si2Me4)PhA (A = H, F, Br and CF3)

The λmax values and absorption coefficients of the low-energy transitions
of compounds with the structure Me2NPh(Si2Me4)PhA, with A being H, F, Br or
CF3, are presented in Table 4.2. The transitions in the acceptor part are not
covered by those of the donor fragment and occur at much higher energy (230-
240 nm) while having lower intensities. The values of λmax increase with respect
to that of the fragment compound, Si2N, which are 270 and 272 nm in
cyclohexane and acetonitrile, respectively. So, introduction of a second phenyl
group, whether substituted or not, increases the (σ-π)-conjugation.

Table 4.2. Absorption maxima, λmax, and molar absorptivities, ε, of compounds with

the structure Me2NPh(Si2Me4)PhA measured in cyclohexane and acetonitrile.

Compound Cyclohexane Acetonitrile

λmax (nm) ε λmax (nm) ε

HN2 272 23000 273 19500

FN2 272 29300 273 28000

BrN2 274 30700 275 29500

CF3N2 274 23200 276 17800

Analysis of DσA-spectra by means of fragment spectra

In this paragraph the absorption spectra of SO2C4F9N1 and SO2C4F9N2
will be compared with the spectrum resulting from the addition of the donor
and acceptor fragment spectra, i.e. SiN and SiSO2C4F9 for the monosilane and
Si2N and Si2SO2C4F9 for the disilane. The same has been done for compounds
with the much weaker bromine acceptor, BrN1 and BrN2. The
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200 225 250 275 300 325 350 

BrN1
SiBr + SiN

Wavelength (nm) 

a 

200 225 250 275 300 325 350 

BrN2

Si 2 Br+Si 2 N 

Wavelength (nm) 

b 

200 250 300 350 400 

SO 2 C 4 F 9 N1

SiSO 2 C 4 F 9  +  

SiN 

Wavelength (nm) 

c 

200 250 300 350 400 

SO 2 C 4 F 9 N2
Si 2 SO 2 C 4 F 9  +

Si 2 N 

Wavelength (nm) 

d 

Figure 4.4. UV-Vis absorption spectra in cyclohexane of BrN1 (a), BrN2 (b),
SO2C4F9N1 (c) and SO2C4F9N2 (d) presented together with the additive spectrum of the
fragments they consist of.

results are presented in Figures 4.4a-d along with the absorption spectra taken
in cyclohexane. Figure 4.4a shows that the spectrum of BrN1 contains the
excitations of both donor and acceptor fragments. The 1La-absorption band of
the donor part of BrN1 is 4 nm (560 cm-1) red-shifted with respect to that of the
fragment, SiN, while the 1Lb-transition at 300 nm is identical. This means that the
conjugation of  Me3Si-Ph-NMe2 is increased by a (substituted) phenyl group at
the silicon atom. However, the influence of phenyl-substitution on the transition
in the acceptor part is negligible.

Figure 4.4b shows the analogous spectra of the disilane, BrN2. The
lowest-energy 1La-transition of Si2N moves 4 nm (541 cm-1) to the red upon
substitution with a bromine-phenyl group, with a somewhat increased intensity.
On the other hand, the high-energy transition of the Si2Br fragment moves
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hypsochromic together with a lowering of the intensity. This can be explained
by the configuration interaction of the pure, locally excited state on the donor
(D*σA) and on the acceptor (DσA*), resulting in a decreased energy level of the
former and an increased one of the latter. This goes along with an intensity
borrowing by the low-energy transition from the high-energy transition. The
same phenomenon has also been observed for other bichromophoric, σ-
conjugated molecules in which a CT-excitation borrows intensity from a local
transition in the acceptor group [19].

Figures 4.4c-d show the absorption spectra of SO2C4F9N1 and
SO2C4F9N2, together with their combined-fragment spectra. A spectral
behaviour similar to that of the bromine compounds can be observed. However,
the low-energy transition at about 300 nm in SO2C4F9N1 has gained some
intensity with respect to that of the combined-fragment spectrum and that of
BrN1. In the spectrum of SO2C4F9N2 a large increase of intensity and a
bathochromic shift can be observed at the red-side of the spectrum.

The difference between the spectrum of the whole molecule and that of
the combined-fragment spectrum is shown for SO2C4F9N1 and SO2C4F9N2 in
Figures 4.5a and 4.5b, respectively. Each spectrum is obtained by substracting
the fragment spectra from that of the analogous DσA-molecule. It can clearly be
seen that for both compounds an additional, broad, low-intensity lowest-energy
transition appears, of which the λmax values are found at 312 and 316 nm for the
mono- and disilane, respectively. The same manipulation of the spectra taken
from acetonitrile solutions results in a large solvatochromic shift of this broad
absorption band, now found at 321 and 322 nm for the mono- and disilane,
respectively. These spectra are also presented in Figure 4.5. Because of this
solvatochromic effect, the low-energy transitions can be assigned to an
intramolecular charge-transfer (ICT) absorption band. The intensity of the ICT-
band of the disilane is about three times larger than that of the monosilane, the
absorption coefficients being  3400 and 1050, respectively. The monosilane has,
however, an increased intensity of the local donor transition at 273 nm. The
occurrence of the ICT-band in the disilane goes at the expense of the local
transitions in the donor and acceptor moieties, resulting in negative absorbance
in the difference spectrum at those positions. The same ICT-bands and with the
same intensity (not shown) can also be observed when the spectra of BrN1 and
BrN2 are substracted from those of SO2C4F9N1 and SO2C4F9N2, respectively.
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Figure 4.5. UV-Vis absorption difference spectra for SO2C4F9N1 (a) and SO2C4F9N2 (b)
and their combined-fragment spectra in cyclohexane and acetonitrile. See text for details.

Obviously, there are large spectral differences in the high-energy region of the
spectrum due to the different transitions of the acceptor moieties.

Since these ICT-transitions are not directly visible in the spectra of the
DσA-molecules (except for (CN)2N2), such a transition might also be present in
the absorption spectrum of, for instance, CHON2 and SO2dimN2. One can
observe in Figures 4.2b and 4.2d that the spectra of the dimethylamino-donor
compounds are red-shifted with respect to that of the others. This can be caused
by an additional ICT-band, partly overlapping with the local transitions in the
acceptor part (and donor part for D = MeS) of these molecules.

Comparison of experimental and calculated results for SO2C4F9N2
Computations of the absorption spectra of SO2C4F9N2 and fragments

thereof by means of ZINDO [14] are not completely reproducing the
experimental results. The major transition occurs at 277 nm and represents only
a partial charge transfer, viz. from the donor to the disilanyl bridge and also to
some extent to the acceptor-containing phenyl-ring. The calculated dipole
moment difference, ∆µ, belonging to this transition is much larger than that of
the similar transition in the donor-fragment Si2N (15.7 vs. 7.5 Debye) which
indicates that the transition at 277 nm is a mixed transition with some charge-
transfer character.
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Figure 4.6. Charge distributions in SO2C4F9N2 calculated with d-orbitals on S and Si:
excitation at 277 nm (A-C) and 233 nm (D-E); A: ground state; B, D: excited states; C:
difference B-A; E: difference D-A; black circles represent positive charges, white circles
negative charges.

Calculations have predicted an ICT (from the donor to acceptor group) at
233 nm (with a ∆µ of 25.4 D) for SO2C4F9N2. The experimental spectrum shows
some buried excitations in this region, but these are completely
reproduced by the absorption spectrum that is obtained by adding the spectra of
the donor and acceptor fragments. However, the experimental low-energy
transition (from the disilanyl bridge to the acceptor ring) overlapping with the
donor-to-bridge transition and the transition observed at 316 nm (Figure 4.2c)
have not been predicted by ZINDO. The charge distributions corresponding to
the transitions at 277 nm and 233 nm, calculated with participation of d-orbitals
on S and Si, are presented in Figure 4.6.

The excitation at 277 nm is from the HOMO (an orbital comprising the
nitrogen atom lone pair and the ring π-orbitals and considered to be the donor
proper) to the primary accepting orbital which is the Si-Si σ*-orbital (LUMO+2)
largely originating from Si valence s-orbitals. The long-range charge-transfer
occuring at 233 nm is found to be primarily of HOMO-LUMO character. The
LUMO comprises both p- and s (σ*)-orbitals in the acceptor tail and the π-system
of the ring.

The ICT-transition at 233 nm results in a large negative charge on the
sulfonyl-acceptor group, while the net charge on the disilanyl bridge is almost



Spectral properties of DσA-compounds and their fragments

118

unaffected, suggesting that the disilanyl bridge mainly functions as a charge
carrier. It can also be inferred from Figure 4.6 that the length of the fluoroalkyl
chain does not influence the charge transport, since most of the charge is found
on the first carbon atom of the tail upon excitation. This effect has already been
reported by Cheng et al. for π-conjugated systems [18].

4.3.1.3 Effect of silicon-chain length on the absorption spectra

The effect of the silicon-chain length on the absorption properties has
been studied for compounds with the structure  Me2NPh(SiMe2)nPhA, with A
being either Br or SO2C4F9 and n = 1, 2, 4, 6. In Figures 4.7a-b are shown the
absorption spectra in cyclohexane of the bromine and sulfonyl-acceptor
compounds, respectively.

 Considering Figure 4.7a, we see that the spectra of the compounds with
various chain lengths primarily differ in the intensity of λmax and higher-energy
transitions, but have similar λcutoff values. The position of λmax is about 2 nm
red-shifted from the mono to the disilane and does not increase further from the
disilane to the hexasilane. The same result is also found for FN2 and FN4, both
compounds with a fluorine acceptor and having a λmax value of 272-273 nm.
This is in contrast to what has been found for the non-substituted phenylsilanes,
Ph(SiMe2)nPh, by Pitt et al. [20], of which the absorption spectra show an
increase of λmax of 15 nm going from 2 to 4 and from 4 to 6 silicon atoms in the
chain (see also Chapter 1). This means that λmax of our compounds is very much
determined by the transitions in the donor-phenyl-silicon moiety and that the
accepting properties of the Si-Si σ*-orbitals of the di-, tetra- and hexasilane are
similar (the energies of the HOMO and LUMO are either hardly affected, or both
altered by an equal amount, by increasing the chain length). However, a very
large increase of the absorption coefficient can be observed in going from BrN4
to BrN6 (ε = 30000 vs. 48000), which may indicate that the ground-state energy
levels of the donor-phenyl and hexasilane-acceptor moieties are matched more
favourably, resulting in an increased (σ-π)-conjugation. Moreover, the high-
energy transitions in the acceptor moiety are moved to the red, going from BrN1
to BrN4, but that of BrN6 is not visible anymore as a separate absorption band.
The increase of the absorption coefficient may also be partly due to the
absorbance of the hexasilane-chain itself, which occurs at 260 nm with an
absorption coefficient of 21000 for the
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Figure 4.7. Absorption spectra of compounds with the structure Me2NPh(SiMe2)nPhA

(A = Br (a) and SO2C4F9 (b)) and n = 1, 2, 4, 6, in cyclohexane.
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permethylhexasilane [2]. The solvatochromic shifts (from cyclohexane to
acetonitrile) are negligible (about 1 nm) except for BrN1, which is 3 nm red-
shifted.

Figure 4.7b presents the absorption spectra of the SO2C4F9-acceptor
compounds. The monosilane, SO2C4F9N1, has an absorption coefficient at λmax

which is somewhat lower than that of the other molecules in the spectrum.
Contrary to the results observed for the bromine-acceptor compounds, there is
no increase in intensity at λmax going from the tetra- to the hexasilane. This may
be due to the fact that the ground-state energy level of the hexasilane-
phenylsulfonyl-accepting moiety is much lower than that of the bromine-
analogue and, as a consequence, has a smaller overlap with that of the donor-
phenyl ground state. The difference at the low-energy side of the spectrum has
been explained in the previous section for SO2C4F9N1 and SO2C4F9N2, by
attributing the increase of the absorption coefficient to an increased intensity of
the ICT-transition. For the tetrasilane, SO2C4F9N4, this intensity is even larger
and is about equal in magnitude to that found for the hexasilane, SO2C4F9N6.
This effect can either be due to an increased charge-transfer transition or by a
red-shift of the acceptor fragment absorption of the molecule, -
(SiMe2)nPhSO2C4F9, since this latter effect is very large going from SiSO2C4F9 to
Si2SO2C4F9. Which one of these explanations is valid, or whether both are valid,
can only be proved by taking absorption spectra of fragment molecules
consisting of a tetra- or hexasilanyl-substituted phenyl-acceptor group.

4.3.2 General conclusions concerning absorption properties

The absorption properties of DσA-compounds with the structure
DPh(SiMe2)nPhA have been measured in a polar (acetonitrile) and an apolar
(cyclohexane) solvent. The spectra have been analysed with the help of those of
the 'fragment' compounds with the structures Me3SiPhD(A) and Me5Si2PhD(A). 

The compounds can be classified as bichromophores connected by a σ-
conjugated silicon-bridge, due to the presence of separate absorption bands of
the donor and acceptor moieties. However, the positions of the aromatic
absorptions are influenced by the silicon-bridge: in combination with a donor-
substituted phenyl ring the silicon-moiety acts as an acceptor; with an acceptor-
substituted phenyl ring it behaves as a donor. Furthermore, the disilanyl moiety
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is a much better donor than the monosilyl group, due to an increased
hyperconjugation, in particular when the acceptor is a strong inductive one such
as the perfluorobutylsulfonyl acceptor.

Apart from the local donor and acceptor transitions, an intramolecular
charge-transfer (ICT) can be observed for some of the dimethylamino-donor
substituted DσA-compounds. For the dicyanovinyl acceptor, this transition is
clearly visible in the absorption spectrum; for the perfluorobutylsulfonyl
acceptor, the ICT-transition becomes observable after substracting the fragment
spectra from that of the whole molecule and shows a solvatochromic behaviour.

Increasing the silicon chain length of compounds with a dimethylamino
donor and a bromine or perfluorobutylsulfonyl acceptor results only in a
bathochromic shift from the mono- to the disilane, but not for the tetra- and the
hexasilane as observed for non-substituted diphenyloligosilanes. This means
that the HOMO consists mainly of aromatic π-orbitals stabilized by the lone-pair
electrons of the nitrogen substituent and hardly disturbed by the accepting
silicon chain.

4.3.3 Fluorescence properties

This paragraph concerns the investigation of the emissive properties of several
DσA-compounds in a qualitative way. Fluorescence spectra of DσA-compounds
with a dimethylamino donor and with various acceptors have been recorded in
solvents of different polarity. Compounds with a weak acceptor, FN2 and FN4,
and with stronger inductive acceptors, CF3N2, SO2PhN2 and SO2C4F9N2 have
been measured. Table 4.3 shows the λmax values (nm) of the emission bands
upon irradiation at a wavelength just below the maximum of the major
absorption band (262-264 nm). Clearly, the fluorescence properties of the
inductive-acceptor-containing compounds CF3N2, SO2PhN2 and SO2C4F9N2 are
different from those of FN2 and FN4. Besides a local, weakly solvent-dependent
emission band (two for SO2PhN2 in cyclohexane and diisopropyl ether) they
show a broad, structureless, very solvent-dependent, low-energy emission band,
which is typical for emission from a charge-transfer state [21]. This dual-
fluorescence behaviour has previously been observed by Sakurai for various
pentamethyldisilanyl-aryl compounds with electron-accepting substituents at
the para-position. The polar solvatochromic emission band has been ascribed to
a transition from the 1(σ, π*) CT-excited state to the ground state [10].
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Table 4.3. Fluorescence emission wavelengths (nm) of DσA-compounds in solvents of

different polarity; excitation wavelength 262-264 nm a

Solvent Compound

FN2 FN4 CF3N2 SO2PhN2 SO2C4F9N2

cyclohexane 347 345 338, 350 334, 350,

456

350, 426

diisopropyl ether 343, 350,

486

diethyl ether 346, 398 346, 495 350, 520

ethyl acetate

tetrahydrofuran 354 351 351, 445 350, 526 350, (600 b)

acetonitrile 358 355 354, 518 355, 610
a) the solvent polarity increases from the top row to the bottom row; see also the solvent parameters
given in Table 4.4; b) excitation at 330 nm.

It has been shown by Declercq et al. that the fluorescence quantum yields
are very low for silicon-bridged DσA-compounds (φ < 0.1) [11]. This means that
the de-activation of the excited state is not via fluorescence but via radiationless
decay processes, photo-dissociation or via transitions to triplet states.

FN2 and FN4
FN2 and FN4 show, upon irradiation at a wavelength just below the

absorption maximum, an emission band with only a small Stokes shift from
cyclohexane to acetonitrile (10 nm; 885 cm-1 for FN2 and 816 cm-1 for FN4) The
emission spectra are presented in Figures 4.8a and 4.8b, respectively. The
emission can be assigned to a radiative transition from a local, non-polar excited
singlet state of the dimethylamino-phenyl moiety to the ground state. The
emissive behaviour of both compounds is very similar to that observed for the
'fragment' compound, Me2NPhSi2Me5, by Sakurai et al. [10a]. They ascribed the
non-polar emission band, observed at 338 and 350 nm in iso-octane and
acetonitrile respectively, to an 1La→1A transition, because the edge of the 1La-
absorption band is overlapping with the 1Lb-absorption band, usually the
transition to the first excited singlet state of aromatics. However, the emission
maxima are also similar to those of the aromatic moiety alone, N,N-
dimethylaminobenzene, which are observed at 333 nm and 347 nm in
cyclohexane and ethanol, respectively, arising from the 1L→1A transition [8].
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Figure 4.8. Fluorescence spectra of fluorine-acceptor compounds in solvents of different
polarity: FN2 (a), FN4 (b); excitation at 262-264 nm.

Excitation at 310 nm in the 1Lb-absorption band gives exactly the same
emission spectrum for FN4 as when excited at 264 nm, but gives a different
result for FN2 (Figure 4.9). The latter compound shows an extra emission band
in acetonitrile observed as a shoulder (400 nm) on the major emission band. This
transition can arise from a more polar excited state, of which the transition
energy is almost similar to that of the locally excited emissive state. A second
scan of the same solution, excited at 310 nm, gives a spectrum that is almost
similar to that of a solution excited at 262 nm, which has been shown in Figure
4.8a. This indicates that this DσA-compound is photochemically unstable.
Excitation at 310 nm results in a shorter measurement time before the charge-
transfer emission wavelength is reached, so less photodissociation can occur,
than when excitation takes place at 262 nm. The asymmetric shape of the
emission spectra (the emission band is tailing to the red) also indicates that a
non-polar and a more polar emission band are overlapping. When the
absorbance is measured after irradiation, λmax is about 10 nm blue-shifted
together with a decreased intensity. A similar blue-shift of λmax is observed for
FN4 after irradiation, although the emission spectrum of FN4 does not
significantly change with the excitation wavelength. Most probably the Si-Si σ-
conjugation (or Si-C (σ-π)-conjugation) is broken: homolytic cleavage of the Si-Si
bond can occur in the excited triplet state, while an excited singlet state results
in heterolytic cleavage of the Si-C bond [22].
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It has been shown in the previous paragraph that the excited state
resulting from excitation in the 1La-absorption band is of a (π-σ*)-character, in
which charge has migrated from the aromatic molecular orbital (HOMO) to an
orbital mainly of (Si-Si) σ*-character and partly of π*-character. A plausible
explanation would be the unstable character of the Si-Si σ*-orbital which is
populated by excitation in the 1La-absorption band. Therefore, care should be
exercised in comparing the intensities of the observed emission bands, since the
local emission band can largely be the result of the donor fragment of a
photodissociated molecule.

The fluorescence behaviour of FN2 and FN4 is in agreement with
Shizuka's model. In this model, the low-energy charge-transfer fluorescence
observed for (substituted) mono-phenyldisilanes has been assigned to one
arising from a 1(2pπ, 3dπ∗) excited state. In these compounds and in the DσA-
compounds the silicon moiety acts as an accepting group while the aromatic
ring is the donor.

300 350 400 450 500 

scan 1

scan 2

Wavelength (nm) 

excitation: 310 nm

Figure 4.9. Fluorescence spectra of FN2 in acetonitrile: excitation at 310 nm (a) and a
second scan of the same solution (b).

Figures 4.10a-b show the excitation spectra of FN2 and FN4 measured in
cyclohexane and acetonitrile. Their maxima are found at about the same position
as the corresponding absorption maxima. However, it can be seen that the
excitation maxima, especially for FN2 in cyclohexane, consist of two distinct
transitions. This means that the observed emission arises from the local
excitation in the donor moiety of FN2 and from, most probably, a
photodissociation product containing the dimethylamino group.



Chapter 4

125

220 240 260 280 300 320 340 

cyclohexane 
acetonitrile

Wavelength (nm) 

em: 355 nma 

220 240 260 280 300 320 340 

cyclohexane (em: 344 nm)
acetonitrile (em: 355 nm) 

Wavelength (nm) 

b 

Figure 4.10. Excitation spectra of FN2 (a) and FN4 (b) in cyclohexane and acetonitrile.

CF3N2
The fluorescence spectra of CF3N2 in various solvents are shown in

Figure 4.11. A very solvent-dependent charge-transfer emission can be observed
along with a local, non-solvatochromic emission at about 350 nm. Because no
direct charge-transfer interaction can be observed in the absorption spectrum of
CF3N2 (Figure 4.12), the charge-transfer excited-state must be populated as a
result of internal conversion from the locally excited state obtained by 1La-
absorption: DσA → D*σA → D+σA-. The energy gap

300 350 400 450 500 550 600 

cyclohexane 
diethyl ether 
tetrahydrofuran 
acetonitrile

Wavelength (nm) 

Figure 4.11. Fluorescence spectra of CF3N2 in four solvents of different polarity: excitation
at 263 (274) nm.
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Figure 4.12. Absorption spectra of CF3N2 and SO2PhN2.

between the highest occupied level of the donor-phenyl moiety and the empty
acceptor orbitals is much smaller in the locally excited state than in the ground
state and will therefore facilitate the donor-acceptor interaction. Due to weak
electronic coupling between the donor and acceptor group through the silicon
bridge, a transition from the local excited state, which is of higher energy than
the charge-transfer state, to the ground state will also occur.

The CT-emission wavelength in cyclohexane is observed as a shoulder on
the local emission band and can only be observed if the spectrum is recorded
within a short period of time. This indicates that this disilanyl-bridged
compound is also photochemically unstable. The CT-emission band in
acetonitrile decreases much more slowly and has completely vanished after half
an hour irradiation at 263 nm, while the intensity of the local emission band
increases; this is shown in Figure 4.13a. In tetrahydrofuran this CT-emission
band has disappeared after one complete scan (1-5 min) when excited at 310 nm
(Figure 4.13b). The larger stability of the polar emissive state in acetonitrile
compared to an apolar solvent is due to an increased stabilization of this state
by the polar solvent. A blue-shift of λmax is observed for CF3N2 after the charge-
transfer band has disappeared, which confirms the photochemical instability.

Excitation at 310 nm in the 1Lb-absorption band results in a relatively
larger intensity of the CT-emission. This might be due to the shorter
measurement period before the CT-emission wavelength is reached so that less
photodissociation can occur.
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Figure 4.13. Fluorescence spectra of CF3N2 in acetonitrile (a) and tetrahydrofuran (b)
upon irradiation at 263 and 310 nm, respectively.

Excitation spectra of CF3N2 are taken from the local and CT-emission
bands in tetrahydrofuran (Figure 4.14). It is clear that both emission bands are
mainly the result of excitations in the local donor manifold, thus confirming the
idea that the charge-separated state is populated by internal conversion from a
locally excited state. Obviously, the excitation spectra contain also a transition of
a photodissociated donor-containing fragment of CF3N2, which is shown by the
blue-shift of the excitation maximum responsible for the emission at 351 nm
compared to that responsible for the 445 emission band. The excitation spectrum
of the CT-emission band at 445 nm has an extra contribution from transitions in
the region of 230-260 nm (Figure 4.13). In this region, the acceptor fragment,
Me5Si2PhCF3, absorbs. Therefore, excitation into the acceptor-substituted
phenyl ring (σ-π*) can also give a charge-separated state: DσA → DσA* →
D+σA-. After excitation in the acceptor phenyl ring an electron can move from
the donor HOMO-orbital to the empty position in the excited acceptor phenyl
ring. Very large solvatochromic shifts of the single fluorescence emission band
have been observed for this acceptor fragment [9b]. This emission has been
assigned to a transition from a 1(σ, π*) CT-excited state to the ground state,
which is observed, upon excitation at 254 nm, at 367 nm in hexane and 412 nm in
a 12.3 % dichloromethane-containing hexane solution (the polarity of CH2Cl2 is
somewhat larger than that of tetrahydrofuran). In our spectra, we do not observe
an emission from the locally excited acceptor fragment. Conversion from the
local donor- and from the local acceptor-excited state leads to the same charge-
separated state.
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Figure 4.14. Excitation spectra of CF3N2 in tetrahydrofuran: emission at 351 nm (local
excitation) and 445 nm (ICT).

The radiative and non-radiative transitions that can occur between singlet
states in the compounds FN2, FN4 and CF3N2 (excepting photodissociation
processes) are summarized in Scheme 1:

DσA -------> D*σA (A)

D*σA -------> DσA  + hν (LE) (B)

D*σA -------> D+σA- (C)

D+σA- -------> DσA + hν (CT) (D)

DσA -------> DσA* (E)

DσA* -------> DσA + hν (LE) (F)

DσA* -------> D+σA- (G)

Scheme 1: Possible transitions between ground and excited states of DσA-compounds.

Transitions C and G are radiationless interconversions between local and  CT-
excited states. For the compounds FN2 and FN4 the transitions A and B are the
most important ones. For CF3N2, C and D can be added and, upon irradiation at
high energy, also E and G. Transition F, from the locally excited acceptor to the
ground state, has not been observed.
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SO2PhN2
The fluorescence spectra of SO2PhN2 presented in Figure 4.15 are more

complicated than that of CF3N2, because they show emission bands at three
distinct positions. Excitation at 263 nm gives two major emission bands in
cyclohexane, diisopropyl ether and acetonitrile and only one (the broad low-
energy emission) in diethyl ether and tetrahydrofuran (Figure 4.15a).

The low-energy emission is very solvatochromic and can be assigned to
an emission from a polar charge-separated state (D). The non-solvatochromic
emission at 350 nm can be assigned to a transition from a locally excited donor
fragment (B) similar to the case of the three previously discussed compounds.
However, this local emission band is not symmetric and shows some fine
structure: a second emission band can be observed as a shoulder on the red-side
of the local emission band. This emission probably arises from a transition from
another locally excited state of a donor-containing fragment to the ground state.

Excitation at 300 nm instead of 263 nm gives an extra emission at about
400 nm, which is not very solvent dependent (Figure 4.15b). This emission can
be assigned to a transition from the locally excited acceptor-substituted phenyl
ring to the ground state (F), but it is also possible that this emission is the result
of a photodissociated product of PhSO2N2. This can be concluded from the
different excitation spectra belonging to the polar CT-emission band and the
local, non-polar emission observed at 400 nm (Figure 4.16). The polar CT-
emission results from excitations in the same wavelength region as the
absorption spectrum (Figure 4.12), similar to what is observed for CF3N2:
excitation in the donor- and acceptor part of PhSO2N2 both lead to a charge-
separated state. The energy-gaps of the two local transitions are very close in
magnitude and it might be possible that, after excitation in one of the two
manifolds, energy-transfer will take place. Obviously, this is only possible if the
activation energy between the excited states is small enough; these values are
not available, however.

The excitation spectrum of the 393 nm emission band in diethyl ether
consists of transitions that occur also in the absorption spectrum and has a
maximum at about 310 nm. The 400 nm emission band in acetonitrile arises
almost exclusively from a broad absorption band with a maximum at 320 nm.
However, the origin of these excitation bands cannot be resolved yet, but they
are most probably due to excitations in a photodissociation product of
PhSO2N2.
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Figure 4.15. Fluorescence spectra of PhSO2N2 in five solvents of different polarity:
excitation at 263 nm (a) and 300 nm (b).
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Scheme 1 can be extended with two more possible transitions that can occur in
SO2PhN2:

D*σA -------> DσA* (H)

DσA -------> D+σA- (I)

Scheme 1 (continued)

Transition H is a radiationless energy transfer between the two locally excited
states and transition I represents a direct excitation into the charge-separated
state, since an intramolecular charge-transfer absorption can exist at the red-side
of the absorption spectrum such as the one observed for SO2C4F9N2 (§ 4.3.1.2).

240 280 320 360 
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Figure 4.16. Excitation spectra of PhSO2N2: emission at 393 and 495 nm in diethyl ether
and at 400 nm in acetonitrile.

SO2C4F9N2
The fluorescence spectral behaviour of SO2C4F9N2 contains elements of

both CF3N2 and SO2PhN2. An emission from a non-polar and one from a polar
excited state can be observed for cyclohexane and diethyl ether solutions (Figure
4.17a) upon excitation at 260 nm and 300 nm, respectively. The broad,
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structureless emission band in the diethyl ether spectrum is very weak
compared to the analogous band in cyclohexane. Excitation at 260 nm in
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Figure 4.17. Fluorescence spectra of SO2C4F9N2 in solvents of different polarity:
excitation at 260 and 300 nm (a); excitation at 330 nm (b).
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tetrahydrofuran and acetonitrile solutions (not shown) gives mainly a local
emission at about 350 nm, which means that a possible, low-energy CT-emission
is quenched in these polar solvents. These results are comparable to those
observed for CF3N2 for which a local (B) and a CT-emission (D) have been
observed. Figure 4.17b presents the emission spectra in cyclohexane, diethyl
ether and tetrahydrofuran when excitation takes place at 330 nm, which is at the
red edge of the absorption band (lowest-energy transition). For cyclohexane and
diethyl ether it can be seen that the intensity of the local emission band at 350
nm has almost vanished and only the CT-emission band is visible. This is not
surprising since a direct CT-transition is supposed to occur at the wavelength of
excitation (I). The spectrum of the tetrahydrofuran solution is again different
from the other two. A very weak CT-emission can be observed with a maximum
at 600 nm. However, a broad intense transition with some fine structure can be
found at higher energy with a maximum at about 427 nm. We presume that this
band can be related to a local emission from the acceptor part of SO2C4F9N2 or,
most probably, to a photodissociation product, similar to what has been
proposed for SO2PhN2. This explanation is validated by the excitation spectra
taken in cyclohexane and tetrahydrofuran (Figures 4.18a-b).

The CT-emission observed at 600 nm in THF is caused by excitations in
the same wavelength range as the absorption spectrum which means that the
CT-excited state is obtained by excitation in the local absorption band(s) and in
the direct CT-transition. On the other hand, the strong local emission band at 426
nm is caused by an intense absorption with its maximum at about 360 nm and
which does not occur in the absorption spectrum of SO2C4F9N2. The excitation
spectrum of the emission at 350 nm is again different and has a strong transition
with a maximum at about 300 nm, which might be the local absorption in the
acceptor moiety, the direct charge-transfer transition or an absorption from a
photodissociation product.

The excitation spectra of the emissions at 343 nm and 426 nm in
cyclohexane are almost similar, except that the intensities are somewhat
different. Obviously, a large contribution of the two emission bands arises from
excitations in the wavelength region were the direct CT-transition occurs.
However, this can also be the wavelength region were a photodissociation
product absorbs.

The origin of the emission bands being found in the fluorescence spectra
of SO2C4F9N2 might be deduced from the fluorescence behaviour of the
fragment compound, Me5Si2SO2C4F9; this has not been studied yet. It should be
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noted that the σ-bridged compounds studied by other authors and referred to in
this chapter, all contain mesomeric acceptors. We have measured the
fluorescence of compounds with very polar, inductive acceptors such as the
perfluorobutylsulfonyl group. This can lead to a different spectral behaviour
and it is therefore interesting to investigate other
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Figure 4.18.  Excitation spectra of SO2C4F9N2 in cyclohexane: (emission at 343 and 426
nm (a); idem in tetrahydrofuran: emission at 350, 426 and 600 nm (b).

inductive-acceptor-containing DσΑ-compounds. Furthermore, the
photochemical stability of our sulfonyl-acceptor compounds has not been
studied yet and it is very well possible that the emission and excitation spectra
are (partly) from photodissociation products of SO2C4F9N2. Hence, these
compounds need to be investigated more thoroughly.

The solvatochromic method
It is possible to estimate the change in dipole moment between ground

and excited state by the use of a well-known solvatochromic method [12, 23, 24].
The difference in frequency of the absorption and fluorescence band maxima,
(νab-νfl), becomes larger with increasing solvent polarity and is a measure of the
dipole moment difference, ∆µge (= µe-µg). ∆µge can be estimated from the
Lippert-Mataga equation (4.1) [12]:

ν ab − ν fl = 
2 ∆ f ( µ e − µ g ) 

2 

hca 3 + c (4.1)

h is Planck's constant, c is the velocity of light, νab and νfl are the absorption and
emission maxima (cm-1), respectively, a (Å) is the Onsager radius of solutes [25],
∆f represents a measure of the solvent polarity and polarizability defined by the
dielectric constant ε and refractive index n of solvents, respectively (4.2):

∆ f = f − 
1 

2 
f ' = 

ε − 1 

2 ε + 1 
− 

1 

2 

n 2 − 1 

( 2 n 2 + 1 ) 
(4.2)

The parameter a introduces a large degree of uncertainty since it is usually taken
as 40% of the long axis for an approximately ellipsoidal cavity [11]; this method
has been shown to overestimate the value of a [26].

A plot of (νab-νfl) as a function of ∆f should give a linear correlation with
the slope being proportional to (∆µge)2 under the assumption that µe and µg have
the same direction. Figure 4.19 shows the results for the DσΑ-compounds
CF3N2, SO2PhN2 and SO2C4F9N2; the fluorescence maxima used are those of
the low-energy CT-emission band. The values of ∆f and (νab-νfl) are presented in
Table 4.4; the calculated values of ∆µge and the other parameters derived from
equation (1) are presented in Table 4.5.

The frequencies of the principal absorption bands, νab, are not very
solvent-dependent and therefore the values of λmax obtained in cyclohexane
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have been used for the calculation of ∆ν. Linear correlations can be observed for
all compounds, noting that the correlation for SO2C4F9N2 has been calculated
from only three points. The excited-state dipole moments are much larger than
that of phenylpentamethyldisilane which is 4.3 D [10a], and

Table 4.4. Solvent parameters, ∆f, and the difference in absorption and CT-emission

maxima, νab-νfl (103 cm-1), of  CF3N2, SO2PhN2 and SO2C4F9N2 a .

Solvent ∆f CF3N2 SO2PhN2 SO2C4F9N2

νfl νab-νfl νfl νab-νfl νfl νab-νfl

cyclohexane 0.100 28.57 8.06 21.93 15.07 23.47 13.16

diisopropyl ether 0.237 20.58 16.42

diethyl ether 0.256 25.13 11.50 20.20 16.80 19.23 17.40

tetrahydrofuran 0.308 22.47 14.16 19.01 17.99 16.67 19.96

acetonitrile 0.387 19.31 17.33 16.39 20.61

a) νab in cyclohexane: 36.63 x 103 cm-1 for CF3N2 and SO2C4F9N2; 37.00 x 103 cm-1 for SO2PhN2

Table 4.5. Effective radius (a); slope of the correlation line describing the shift between

absorption and emission maxima as a function of ∆f, corresponding to to 2(∆µge)2/hca3;

correlation coefficient (r); change in dipole moment between ground and first excited state

(∆µge) calculated therefrom via eq. (1); µg calculated by AM1 (ZINDO) (Ch.2); µe calculated

from µg and ∆µge.

CF3N2 SO2PhN2 SO2C4F9N2

a (Å) 6.3 7.2 8.2

2(∆µge)2/hca3 (cm-1) 31720 18550 31960

r 0.9813 0.9470 0.9

∆µge (D) 28.2 26.4 40.5

µg (D) 5.8 (5.8) 6.7 (7.2) 11.4 (9.7)

µe (D) 34.0 (340) 33.1 (33.6) 51.9 (50.2)

even exceed that of 1-(1-pyrenyl) tridecamethylhexasilane with a value of 20.9 D
[11]. Such large values correspond to a full charge separation of one electron
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unit over about 7Å for the compounds CF3N2 and SO2PhN2, which is
equivalent to the distance between the centres of the donor- and acceptor-
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Figure 4.19. Solvatochromic plot of (νab-νfl) vs. the solvent parameter, ∆f, for the
compounds CF3N2, SO2PhN2 and SO2C4F9N2.

substituted phenyl rings [14] and is about 40-50% of the total length of the
molecule having a trans-type conformation. A unit-charge separation of 10.5 Å
can be calculated for SO2C4F9N2, suggesting that there is a larger donor-
acceptor interaction for this compound than for the others. These results imply
that the molecules are in an extended conformation in the excited state, and that
charge separation is obtained by a through-bond interaction (TBI). This was also
found for the semi-rigid, σ-bridged bichromophoric compounds described by
Mes et. al. for which the values of the slope and ∆µge are very similar to those of
CF3N2 [27]. The very large value of ∆µge found for SO2C4F9N2, with the slope
being similar to that of CF3N2, is caused by a much larger value of a, the cavity
radius. Completely charge-separated (end-to-end) excited states, upon excitation
in the donor moiety, have been observed for donor-acceptor-substituted, rigid,
non-conjugated σ-bridged compounds for which dipole moments up to 77 D
have been measured [28]. Our compounds show a smaller charge separation
that is more similar to that of π-conjugated systems such as DANS (∆µge = 24 D)
[12], which is due to increased coupling between the donor and acceptor in the
ground state compared to the rigid σ-bonded systems.
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Assignment of the low-energy fluorescence band of SO2PhN2
The slope of the (νab-νfl) vs. ∆f plot of SO2PhN2 is about 10000 cm-1 lower

than that of CF3N2 and SO2C4F9N2. Furthermore, the fluorescence maxima of
SO2PhN2 are significantly red-shifted compared to those of CF3N2, exhibiting
much larger intensities while a similar dipole moment difference, ∆µge, has been
calculated. This indicates that the excited states of these molecules can be
different in nature, since slopes of 20000 cm-1 have been found for excited-state
conformations with a structure intermediate between that of a folded and an
extended conformation [29]. Furthermore, intramolecular exciplex-type
emissions of carbon- and silicon-bridged DσA-compounds have been shown to
be stabilized compared to extended charge-separated states and, as a
consequence, are observed at much higher wavelengths [11a, 30]. The charge
separation in the excited state is calculated to be 6-7 Å; this distance is probably
too large for a folded exciplex-type conformation.

Another technique to measure excited-state dipole moments and lifetimes
is Time Resolved Microwave Conductivity (TRMC) [26b]. For some of our
compounds TRMC measurements in cyclohexane, benzene and dioxane have
been performed by Dr. J. Warman of IRI of the Delft University. For SO2PhN2
three excited states have been observed: a non-polar transient at 390-400 nm (3-6
ns) and  two polar transients, one found at 375-430 nm (< 200 ps) and one, a very
solvent dependent emission, found at 450-500 nm with a lifetime of more than 60
ns. The latter value is much larger than the lifetime of the excited state of CF3N2
which is only 1.5 ns. The short-lived polar transient may arise from the
(intermediate) extended excited state, which is not observed in the steady-state
fluorescence spectra; the long-lived polar transient is from a different excited
state of which the conformation is not really clear. The lifetime of less than 200
ps of the extended charge-separated state is too short for the formation of an
exciplex-type conformation. A possible mechanism for the formation of the long-
lived polar excited state would be that a second electron transfer takes place
from the acceptor-phenyl ring to the outer phenyl ring of the acceptor within the
very short lifetime of the extended excited state.  A two-step electron transfer in
DsDsA-type (s = spacer) molecules studied by Schuddeboom has been shown to
result in a longer lifetime of the charge-separated state over the largest distance
and with the largest dipole moment difference, ∆µge, compared to the one
obtained by the first electron-transfer step [31]. The much longer lifetime of 60 ns
of the two-step charge-separated state compared to that of the first charge-
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separated state found for SO2PhN2 is similar to the result of Schuddeboom. This
indicates that , after the second electron transfer, a conformational change of the
extended form into an energetically more favourable folded form occurs. The
distance of 6-7 Å between the ionic charges suggests that the excited-state
conformation may not be completely eclipsed, but of a gauche type.

This molecule can be presented as a trichromophore with the second
spacer being the SO2 group (s = spacer):

DσAsA

The charge-separated state obtained by transitions C, G, and I in Scheme 1 is
therefore of the type:

D+σA-sA

The long-lived excited state can be presented as:

D+σAsA-

which is obtained by a second electron transfer from the partly charge-separated
state (J) ; fluorescence to the ground state is presented by transition (K):

D+σA-sA ------> D+σAsA- (J)

D+σAsA- ------> DσAsA + hν (CT- 2) (K)

This exciplex-type fluorescence behaviour of SO2PhN2 is very different
from the other DσA-compounds being studied and is caused by the presence of
two aromatic groups in the acceptor moiety.

The possible radiative and non-radiative transitions that can occur in
DσA-compounds are presented in an energy-level diagram (Figure 4.20). For
clarity, transitions to and from triplet states have been ignored.

Scheme 2 presents the competing transitions from Scheme 1 and those
added later between the locally excited and the charge-separated states of
SO2PhN2.
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Figure 4.20. Energy-level diagram of principal emissive (solid, downward arrows) and
non-radiative (dashed, downward arrows and solid, non-vertical arrows) transitions in
DσA-compounds.
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4.3.4 General conclusions concerning fluorescence properties

The fluorescence properties of compounds with the structure
Me2NPh(SiMe2)2PhA, with A being F (also for the tetrasilanyl-bridged
compound), CF3, SO2Ph and SO2C4F9 have been measured in various solvents
of different polarity. The F-acceptor-containing compounds show emission
spectra with it's maximum at about 350 nm. These can be assigned to transitions
from the locally excited donor moiety or partly from a photodissociated
fragment containing the dimethylamino-donor group. The other compounds
show dual fluorescence: in addition to the local emission band(s) they show a
polar, solvatochromic low-energy emission which is obtained by excitation in
the local donor- and acceptor moiety (CF3N2 and SO2PhN2) and also by direct
charge-transfer excitation (SO2C4F9N2). Non-solvatochromic emission bands at
about 400 nm have been observed for SO2PhN2 and SO2C4F9N2. These can be
assigned to emissions from locally excited states in the acceptor-containing
fragment of the DσA-compounds or, most probably, from photodissociation
products.  The origin of this transition in SO2C4F9N2 might be clarified by
analysing the fluorescence of the fragment molecule, Me5Si2SO2C4F9.

The dipole moment difference, ∆µge, between ground and CT-excited
state can be calculated from the solvatochromic shift of the CT-emission band
using the Lippert-Mataga equation. The values found are 28.2 D for CF3N2, 26.4
D for SO2PhN2 and 40.5 D for SO2C4F9N2. The excited states are characterized
by an extended molecular conformation and are obtained by through-bond
interaction, although that of SO2PhN2 is deviating from the others. A very
broad, intense low-energy emission with a lifetime of more than 60 ns and a
value of ∆µge of 26.4 D is observed for this compound, suggesting a 'through
space' type interaction over 6-7 Å. This emission band has been assigned to that
of an excited state obtained by a second electron transfer within the short
lifetime of the extended charge-separated state, followed by a conformational
change from the extended to a folded form:
D+σA-sA ----> D+σAsA-.

The conjugative properties of these bichromophoric systems are in
between those of carbon σ-bridged and carbon π-bridged systems.

This class of compounds is not stable upon irradiation in solution. The
CT-emission band disappears while that of the local emission grows. The blue-
shift of the absorption spectrum upon irradiation, suggesting Si-Si or Si-C bond
cleavage, is in line with the changing emission properties.



Spectral properties of DσA-compounds and their fragments

142

It should be noted that our results do not give any indication that an
Orthogonal Intramolecular Charge Transfer (OICT) mechanism proposed by
Sakurai (rotation of the Si-Si bond into the plane of the phenyl ring after
excitation) is necessary to obtain fluorescence. Low-temperature fluorescence
measurements, for instance in solid benzene, should give more information
about whether the orthogonal conformation is necessary for observing charge-
transfer emission from the silicon-bridged compounds or not.
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