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Abstract

The photophysical properties of a series of a;x-diaryloligosilanes: (9-anthryl)-(SiMe2)n-(1-naphthyl) (1–4, and 6), n ¼ 1, 2, 3, 4,

and 6, were investigated. For nP 2, the intramolecular exciplex emission was observed in cyclohexane. For the stationary and the

time-resolved fluorescence (TR-FL) measurements, the excitation of the naphthyl moiety showed a very efficient intramolecular

energy transfer to the anthryl moiety, thus only fluorescence from the anthryl moiety was observed. In the case of 4 and 6, a charge-

transfer (CT) emission was observed in acetonitrile. Then TR-FL of 6 revealed that the intramolecular-energy transfer from the

naphthyl to anthryl moieties is faster than the CT.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photophysical processes of aryldisilanes have been

extensively investigated in order to elucidate the inter-

actions between the aryl group and disilane unit. The
origin of this interaction is proposed as a r–p interac-

tion between the p-orbital of the aryl group and the Si–

Si r-orbital or 3d-p-orbital [1–4]. Research is still

continuing to elucidate such a mechanism.

Our interests include making r–p conjugated systems

using selected aryl groups such as naphthyls and/or

anthryls and an oligosilane linker unit, and to elucidate

photophysical processes such as excimer/exciplex for-
mations, intramolecular charge-transfer (CT), and elec-

tronic energy transfer processes, and comparing those to

the carbon analogues. There is a series of reports on

a;x-dipyrenyloligosilanes concerning excimer formation

[5,6]. Our preliminary report focused on two series of

oligosilanes, (1-naphthyl)-(SiMe2)n-(1-naphthyl) and
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(9-anthryl)-(SiMe2)n-(9-anthryl) [7]. These compounds

showed a p–p interaction between two aromatic groups

and a r–p interaction between the aromatics and silicon

chain unit. In these cases, intramolecular excimer emis-

sion was observed in cyclohexane when nP 2. The
strongest excimer emission of n ¼ 2 is in contrast to the

Hirayama-rule (n ¼ 3) proposed for carbon analogues

[8]. 1,3-Di(9-anthryl)propane derivatives produce an

efficient intramolecular [4+4] cycloaddition, and there-

fore, they produce no excimer fluorescence [9,10], how-

ever, the 1,n-di(9-anthryl)oligosilanes showed a strong

excimer fluorescence indicating that the intramolecular

cycloaddition is a minor process. Only di(9-anthryl)di-
methylsilane is reported to produce a unique intramo-

lecular [2+4] cycloadduct [11–13]. We also reported that

the CT abilities are higher for the naphthyl than anthryl

oligosilanes, therefore, CT emission was observed for

the a;x-di(1-naphthyl)oligosilanes, nP 4 and a;x-di(9-
anthryl)oligosilanes, nP 6, in acetonitrile.

In this study, we would like to report the photo-

physical properties of a series of a;x-diaryloligosilanes,
1, 2, 3, 4, and 6; (9-anthryl)-(SiMe2)n-(1-naphthyl),

mail to: karatsu@faculty.chiba-u.jp


Scheme 1. Structures of compounds examined in this study.
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n ¼ 1, 2, 3, 4, and 6. This especially includes the intra-

molecular electronic energy and charge transfer pro-

cesses through p–p and r–p interactions for these

compounds (see Scheme 1).
2. Experimental

2.1. Materials

All reactions were carried out under nitrogen, using

oven-dried glassware. Tetrahydrofuran (THF) and di-

ethyl ether were dried over sodium under nitrogen and

distilled just before use. Dichlorodimethylsilane and 1,2-

dichlorotetramethyldisilane were purchased (Shin-Etsu

and Aldrich, respectively), while the other dichloro-
oligosilanes (n ¼ 3, 4, 6) were synthesized as already

reported [14].

1-(9-anthryl)-1-(1-naphthyl)dimethylsilane (1). 1-

Bromonaphthalene (1.55 g, 7.5 mmol) in a THF/diethyl

ether mixture (8:5) was cooled in an acetone/dry-ice bath

and 6.1 ml of a 1.6 M solution of n-butyllithium in

hexane was slowly added to the solution. The solution

was stirred at –50 �C. A 0.97 g (7.5 mmol) sample of
dichlorodimethylsilane in THF (5 ml) was then slowly

added to the reaction mixture, and the solution was

stirred for 6 h at room temperature. A solution of 9-

lithioanthracene prepared from 9-bromoanthracene

(1.89 g, 73 mmol) was cooled in an acetone/dry-ice bath,

and a solution of (1-naphthyl) chlorodimethylsilane was

added. The mixture was stirred for overnight at room

temperature. After workup, the product was separated
by flash chromatography (hexane/benzene¼ 1/1) and

purified by recrystallization in hexane. 2, 3, 4, and 6

were prepared in a similar way using 1,n-dichlorooli-

gosilanes (n ¼ 2, 3, 4, and 6). The yields based 9-

bromoanthracene were 5–17%. The data for sample

characterization are described below (using JEOL SX-

400 NMR spectrometer, Perkin–Elmer PE-2400
elemental analysis instrument, and JEOL JMS-HX110

mass spectrometer).

1: M.p. 150–151 �C. Anal. Calc. for C26H22Si1: C,

86.14; H, 6.12%. Found: C, 85.84; H, 6.00%. 1H-NMR

(400 MHz, CDCl3) d ¼ 1:04 (6H, s, –CH3), 7.13 (1H, t,
J ¼ 6:9 Hz, Ar–H), 7.25–7.41 (5H, m, Ar–H), 7.50 (1H,

t, J ¼ 6:8 Hz, Ar–H), 7.80 (1H, d, J ¼ 7:7 Hz, Ar–H),

7.82 (1H, d, J ¼ 7:5 Hz, Ar–H), 7.88 (1H, d, J ¼ 8:2 Hz,

Ar–H), 7.95 (1H, d, J ¼ 6:8 Hz, Ar–H), 8.01 (1H, d,

J ¼ 8:2 Hz, Ar–H), 8.43 (1H, d, J ¼ 8:9 Hz, Ar–H), 8.52

(1H, s, Ar–H). 29Si-NMR (CDCl3): d ¼ �8:95.
2: M.p. 180–181 �C. Anal. Calc. for C28H28Si2: C,

79.94; H, 6.71%. Found: C, 79.79; H, 6.70%. 1H-NMR
(400 MHz, CDCl3) d ¼ 0:52 (6H, s, –CH3), 0.70 (6H, s,

–CH3), 7.12 (1H, t, J ¼ 7:6 Hz, Ar–H), 7.19–7.52 (6H,

m, Ar–H), 7.62 (1H, d, J ¼ 6:9 Hz, Ar–H), 7.81 (1H, d,

J ¼ 7:2 Hz, Ar–H), 7.83 (1H, d, J ¼ 8:0 Hz, Ar–H), 7.87

(1H, d, J ¼ 8:5 Hz, Ar–H), 7.96 (2H, d, J ¼ 8:0 Hz, Ar–

H), 8.20 (2H, d, J ¼ 9:0 Hz, Ar–H), 8.41 (1H, sz, Ar–H).
29Si-NMR (CDCl3): d ¼ �19:28, )21.69.

3: M.p. 115–116 �C. Anal. Calc. for C30H34S3: C,
75.25; H, 7.16%. Found: C, 75.14; H, 7.13%. 1H-NMR

(400 MHz, CDCl3) d ¼ 0:27 (6H, s, –CH3), 0.37 (6H, s,

–CH3), 0.56 (6H, s, –CH3), 7.23–7.42 (8H, m, Ar–H),

7.71 (1H, t, J ¼ 8:2 Hz, Ar–H), 7.77 (1H, d, J ¼ 8:2 Hz,

Ar–H), 7.89 (1H, d, J ¼ 8:2 Hz, Ar–H), 7.95 (2H, d,

J ¼ 8:5 Hz, Ar–H), 8.14 (2H, d, J ¼ 8:9 Hz, Ar–H), 8.37

(1H, s, Ar–H). 29Si-NMR (CDCl3) d ¼ �18:75, )19.84,
)43.03.

4: M.p. 89–90 �C. Anal. Calc. for C32H40Si4: C, 71.57;

H, 7.51%. Found: C, 71.59; H, 7.56%. 1H-NMR (400

MHz, CDCl3) d ¼ 0:01 (6H, s, –CH3), 0.02 (6H, s,

–CH3), 0.48 (6H, s, –CH3), 0.68 (6H, s, –CH3), 7.35–

7.47 (7H, m, Ar–H), 7.57 (1H, d, J ¼ 6:8 Hz, Ar–H),

7.80 (1H, d, J ¼ 8:0 Hz, Ar–H), 7.82 (1H, d, J ¼ 7:9 Hz,

Ar–H), 7.92 (1H, d, J ¼ 7:7 Hz, Ar–H), 7.97 (2H, d,

J ¼ 8:0 Hz, Ar–H), 8.24 (2H, d, J ¼ 9:0 Hz, Ar–H), 8.40
(1H, s, Ar–H). 29Si-NMR (CDCl3): d ¼ �18:31, )19.38,
)40.4, )42.57.

6: M.p. 72–73 �C. Anal. Calc. for C36H52Si6: C, 66.18;

H, 8.02%. Found: C, 65.58; H, 8.07%. HRMS (FAB, m-

nitrobenzyl alcohol was used as matrix). Calcd m=z for
C36H52Si6:652.2685. Found: 652.2696. 1H-NMR (400

MHz, CDCl3) d ¼ �0:09 (6H, s, –CH3), )0.04 (6H, s,

–CH3), 0.14 (6H, s, –CH3), 0.20 (6H, s, –CH3), 0.54 (6H,
s, –CH3), 0.75 (6H, s, –CH3), 7.26–7.48 (H, m, Ar–H),

7.61 (1H, d, J ¼ 6:9 Hz, Ar–H), 7.80–7.85 (1H, m, Ar–

H), 7.94–8.00 (1H, m, Ar–H), 8.28–8.30 (H, m, Ar–H),

8.42 (1H, s, Ar–H). 29Si-NMR (CDCl3) d ¼ �18:34,
)19.23, )38.32, )38.40, )39.46, )41.75. No contami-

nation of siloxane was confirmed by the spectroscopy.

1-Trimethylsilylnaphthalene (Np1), 9-trimethylsilyl-

anthracene (Ant1), 1-pentamethyldisilanylnaphthalene
(Np2), and 9-pentamethyldisilanylanthracene (Ant2).

Np1, Ant1, Np2, and Ant2 were prepared as previously

reported [1,15].



Fig. 1. Absorption spectra of 1–4, and 6 in c-hexane (a) and acetoni-

trile (b).
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2.2. Spectroscopy

The absorption spectra and fluorescence spectra were

measured in spectroscopic grade c-hexane or acetonitrile

(Dotite) using a JASCO V-570 spectrophotometer and
an FP-6600 spectrofluorimeter, respectively. For the

fluorescence measurements, sample solutions were pas-

sed through and purged with dry argon for at least 15

min prior to the measurement.

The fluorescence decay curves and time-resolved

fluorescence spectra were measured with a picosecond

pulse laser and a single-photon timing apparatus at

Hokkaido University [16,17]. The laser system was a
mode-locked Ti:sapphire laser (Coherent, Mira 900) and

pumped by an argon ion laser (Coherent, Innova 300)

combined with a pulse picker (Coherent, model 9200,

repetition rate of 2.9 MHz). The third harmonies

(280 nm) generated by an ultrafast harmonic system

(Inrad, model 5-050) were used as the excitation light

source. The decay curve was obtained by monitoring the

emission with a microchannel-plate photomultiplier
(Hamamatsu R2809U-01). The pulse width of the in-

strumental response function was 30 ps (fwhm). The

picosecond time-resolved fluorescence spectra were ob-

tained from the decay curves monitored at different

wavelengths ranging from 300 to 600 nm with a 0.625

nm step. The time-resolved spectrum was constructed

from a series of decay curves by plotting the fluorescence

intensities at the given delay times as a function of the
emission wavelength.
3. Results and discussion

Figs. 1(a) and (b) show the absorption spectra of

1–4 and 6 in cyclohexane and acetonitrile, respectively.

The red shifts (5 nm) of absorption maxima were ob-
served for the band around 300–400 nm when the

silicon-linker lengths became 1–2, however, no signifi-

cant shift was observed by further elongation. This shift

is explained by the r–p conjugation between the p-
orbital of the naphthalene or anthracene ring and the

r-orbital of the Si–Si bond. In addition, increases in the

molar extinction coefficient (e) were observed around

275 nm when n ¼ 4 and 6. This is due to the appear-
ance of the absorption of the silicon-linker unit by the

overlapping absorption of the naphthalene unit. The

absorptions of the linker unit shifted to longer wave-

lengths by increasing the chain lengths by r-conjugation
[7].

Figs. 2(a) and (b) show the fluorescence spectra of 1–

4 and 6 in argon-purged cyclohexane by excitation of an

anthryl chromophore at 375 nm and an excitation of a
naphthyl choromophore at 290 nm, respectively. All

spectra were normalized to their intensities at the max-

ima for ease of comparison. Their relative intensities
were easily recognized by the fluorescence quantum

yields (Uf ) as shown in Table 1.

When the excitation is performed at the naphthyl
moiety, it is surprising that the energy transfer efficiently

occurred from the naphthyl to anthryl moiety, therefore,

the fluorescence spectra were observed only from the

anthryl moiety and not from the naphthyl moiety. The

spectra obtained by the excitation at 290 nm were

identical to the spectra obtained by the excitation at

375 nm. It is surprising that the energy transfer effi-

ciencies from the naphthyl to anthryl moiety are almost
unity within the experimental uncertainty for all the

examined compounds.

This phenomenon is not only the case observed by

conventional spectroscopy but also observed by TR-FL.

Figs. 3(a)–(c) show the TR-FL obtained for 1, 3, and 6

by the excitation at 280 nm in argon-purged c-hexane.

These spectra were identical to the spectra obtained by

the excitation at 375 nm. Only the fluorescence from the
anthryl moiety was observed just after the laser pulse for

even 6, which has the longest linker unit, and no emis-

sion from the naphthyl moiety was observed. The car-

bon chain analogue of 6 showed an emission from the

naphthyl moiety [16,17], and a detailed study indicates

that the energy transfer occurs by a through-bond in-

teraction. The reason for this fast energy transfer for

the aryloligosilanes system is under consideration by



Fig. 2. Fluorescence spectra of 1–4, and 6 excited at the anthryl moiety (375 nm, a and c) and naphthyl moiety (290 nm, b and d) in argon-purged

c-hexane (a and b) or acetonitrile (c and d).

Table 1

Excitation-wavelength and solvent dependences of fluorescence quan-

tum yielda under argon

Compound In c-hexane In CH3CN

U375
f

b U290
f

b U375
f

b U290
f

b

1 0.72 0.74 0.62 0.55

2 0.67 0.61 0.21 0.20

3 0.66 0.59 0.17 0.12

4 0.65 0.51 0.080 0.073

6 0.50 0.49 0.017 0.012

aUf was determined using 1,2-benzanthracene (Uf ¼ 0:19 and 0.22 in

nonpolar and polar solvent, respectively) as standard [18].
b Superscript indicates the excitation wavelength.
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comparing the proposed intramoleculr energy transfer

mechanisms [19], however, one possibility is the strong

interaction between one of the aryl groups and silane

linker unit (which is also acting as a chromophore)

conjugate in the LUMO orbital. Such theoretical in-

vestigations are now underway.

The fluorescence quantum yields decrease by in-

creasing the silicon chain length. This may be caused by
the increasing vibrational deactivation paths due to the

increasing silicon chain lengths, and further investiga-

tion is now in progress.

The fluorescence spectra of 1 in either solvent were

identical but were different from the others (2–4, 6)

having the maxima at 15 nm shorter wavelengths with a

shoulder of vibrational fine structure (Fig. 2).
To clarify the origin of the longer shift and lost fine

structure of the fluorescence spectra for 2–4 and 6, 1-

trimethylsilyl- and 1-pentamethyldisilanyl-naphthalene

(Np1 and Np2, respectively), and 9-trimethylsilyl- and 9-

pentamethyldisilanyl-anthracene (Ant1 and Ant2, re-

spectively) were examined. The absorption spectra of the
four model compounds are shown in Fig. 4(a). The

absorption band of Au symmetry at 220 and 255 nm

shifted a couple nanometers, and the Bu symmetry at

285 and 390 nm shifted about 10 nm to the longer

wavelengths by the r–p conjugation.

The fluorescence spectra of the model compoundsNp1

and Ant1 were compared with 1 as shown in Fig. 4(b).

Also, the spectra of Np2 and Ant2 were compared with 2
as shown in Fig. 4(c). Np1 and Np2 have absorptions of

much shorter wavelengths than Ant1 and Ant2. The

fluorescence of 1 is essentially the same as that of Ant1

indicating the origin is the local emission (LE) of the

anthrylsilyl moiety. However, the fluorescence from 2 is

different from the emission of Ant2. The emission from 2

was broad and was composed of the LE emission similar

to Ant2 and the exciplex-emission which has a maximam
at 475nm (estimated by the differential spectrumobtained

by [spectrum of 2]-[spectrum of Ant2]). These exciplex

emissions were also observed for 3, 4, and 6, however, the

Storkes shifts were small and the shapes were similar to

each other (Figs. 2(a) and (b)). These characteristics were

in contrast to the reported behaviors of the a;x–di(1-
naphthyl)oligosilanes and a;x–di(9-anthryl)oligosilane



Fig. 3. TR-FL spectra of 1, 3, and 6 in argon-purged n-hexane (a–c) and acetonitrile (d–f). The excitation was performed at 280 nm.
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[7]. The carbon chain analogues of 2, 3, and 4 also showed

a weak and small shifted exciplex emission, indicating the

inefficient stacking of the anthryl and naphthyl moieties

[20].

Figs. 2(c) and (d) show the fluorescence spectra of 1–4
and 6 in argon-purged acetonitrile by excitation at 375

and 290 nm, respectively. In our previous report on

the (1-naphthyl)-(SiMe2)n-(1-naphthyl) and (9-anthryl)-

(SiMe2)n-(9-anthryl), a CT emission was observed for

nP 3 for the a;x–di(1-naphthyl)oligosilane, and nP 4

for the a;x–di(9-anthryl)oligosilane [7], therefore, the

naphthyl moiety has a higher ability of CT-interaction

between silicon linker unit than the anthryl moiety. In
the series of a–anthryl–x-naphthyloligosilanes examined

in this experiment, the oligosilanes, nP 3, are expected
to have the ability to produce a CT emission. However,

only 4 and 6 had CT emissions. This indicates that the

excitation of the naphthyl moiety did not induce the CT

interaction immediately (Fig. 5(a)). However, very fast

energy transfer occurred from the naphthyl to anthryl
moieties, then charge transfer occurred from the silicon

linker to the anthryl moiety (Fig. 5(b)). This was also

supported by the fluorescence quantum yields. The Uf

values in acetonitrile were much smaller than those in

cyclohexane even for compound 1. The yield suddenly

drops one-third when the linker length n ¼ 2, then the

values gradually decrease by elongation of the chain

length. The U290
f values are almost identical to U375

f , and
it is reasonably explained by the mechanism that CT

emission comes from after the efficient intramolecular



Fig. 4. Absorption spectra of Np1, Np2, Ant1, and Ant2 in c-hexane (a)

Fluorescence spectra of 1, Np1, and Ant1 (b) and 2, Np2, Ant2 and 2-

Ant2 (c) in argon purged c-hexane.

Fig. 5. Proposed mechanism of energy transfer and CT-interaction of 6 after

naphthyl and hexasilanyl moieties; mechanism b, CT interaction after the ene

rationalized by TR-FL measurement.
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energy transfer from naphthyl to anthryl moieties (the

efficiencies are estimated 73–95% by U290
f =U375

f ).

This mechanism can be supported by the TR-FL. Figs.

3(d)–(f) show the TR-FL obtained for 1, 3, and 6 by the

excitaion at 280 nm in argon-purged acetonitrile, and the
spectrawere identical to those obtainedby the excitaion at

375 nm. The behavior vs. time for 6 is different from 1, 3,

and also 6 in c-hexane. The emission just after the laser

pulse mainly comes from the anthryl moiety, and the

fluorescence maximum shifts to the longer wavelength

showing the formation of the CT state. This clearly indi-

cates that the CT emission comes after the energy transfer

from the naphthyl to anthryl moieties (Fig. 5(b)). The
behavior by time for 1 and 3 are similar to each other, and

is also similar to those in c-hexane.

The origin of the CT-interaction is still under investi-

gation. Both the mechanism of r–p interaction proposed

initially by Pitt et al. [4] and extended to the OICT

mechanism by Sakaurai et al. [3] and the alternating

2pp� ! 3dp mechanism proposed by Shizuka et al. [1,2]

which was based on the CT mechanism of naphthyl-
trimethylsilanes proposed by Evans et al. [21] are not

contradictory to the experimental results in this study at

this moment.
4. Conclusions

a-(9-Anthryl)-x-(1-naphthyl)oligosilanes undergo ef-
ficient intramolecular electronic energy transfer from the

naphthyl to anthryl moiety in both cyclohexane and

acetonitrile. For n ¼ 4 and 6 in acetonitrile, the excita-

tions of both the naphthyl and anthryl moieties induce

an intramolecular charge-transfer process producing CT

fluorescence. The TR-FL measurement reveals that the

intramolecular electronic energy transfer process is fas-

ter than the CT process, therefore, the CT ability is
mainly governed by the property of the anthryl moiety

and Si chain unit.
excitation at 280 nm. Mechanism a, direct CT interaction between the

rgy transfer between the anthryl and hexasilanyl moieties which can be
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