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ABSTRACT

A number of electron-delicient small molecule additives quench the fluorescence of substitute silane
high polymers in solution in a fashion consistent with an electron transfer mechanism. The measured
rate constants are, however, often much larger than expected for difTusion control. This effect has been
attributed to rapid energy transfer among the chromophoric segments comprising the polymer chain.
This hypothesis is further supported by quenching studies of photoexcited 9,10-dicyanoanthracene,
where the excitation is localized, by ground state substituted silane polymers and oligomers.

INTRODUCTION

Polysilane high polymers which contain only silicon-silicon sigma bonds in the polymer backbone are
old materials which have attracted considerable attention recently. The revival of interest over the last
10 years has resulted mainly from the synthesis of soluble homo- and copolymers amenable to charac-
terization. As a result, many potential applications have been envisioned, e.g., broad spectrum
photoinitiators, preceramic materials, lithographic resists, photo- and charge conductors and nonlinear
optical materials [1]. -
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The curious electronic propertics of high molecular weight Group X1V catenates in general and
polysilanes in particular [1] have stimulated a large number of theoretical and experimental investi-
gations. The polysilanes absorb strongly in the UV {rom 300~ 410 nm. The absorption band is
usually unstructured and inhomogencously broadened. Extinction coellicients ranging from

3000 —25,000/SiSi have been measured and vary, to a point, with the degree of polymerization [2].
Similar molecular weight eflects on the position of the long wavelength absorption (4,,,) have also
been noted. The increase in both e and 1, scems to saturate around a degree of pglymcrization of
40— 50 [2].

Unlike many n-conjugated polymers, the o-delocalized polysilanes arc often strongly fluorescent both in
solution and in the solid state (P 0.1 —0.8) [3,4]. The fluorcscence emission is usually narrower than
the absorption and only slightly Stokes-shifted. The emission lifctimes are short (75— 250 ps) and the
fluorescence quantum yields depend markedly upon the excitation wavclength [4,5],.increasing rapidly
for excitation wavelengths near and longer than the absorption maximum. In solution, the emission
band shape also depends on the excitation energy, and the {luerescence lifetimes vary with the moni-
toring wavelength [4]. The (luorescence polarization anisotropy also depends strongly on the
excitation wavelength; polarization memory is scrambled {or short wavelength cxcitation and is
retained for excitation at wavelengths longer than the absorption maximum [4—7]. A number of time
regimes associated with (Tuorescence polarization decay have been reported [8,9].

On the basis of spectroscopic and photochemical studies (vide infra), a chromophoric segmental model
has been proposed for the polysilane chain both in solution and in the solid state [4—7]. This model
suggests that a polysilane chain is composed of a collection of loosely electronically coupled
chromophores defined and restricted by the polymer chain conformations which when photoexcited
communicate by rapid energy transfer. The absorption and emission propertics of the segments depend
on [actors such as their length, segmental conlormational (lexibility, site-site variations, diflerential
solvation, etc. The spectral properties of the chain are therefore a composite of those of the various
individual segments. Emission studies on poly(di-n-hexylsilanc) (PDIIS) suggest that the longest emit-
ting scgments are in the Si;g— Siz5 range perhaps shorter [5,9]. It has been suggested that in room
temperature solution, the segments are composed of trans or nearly trans conformers separated by
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strong conlormational twists or kinks [5— 7], although an alternative worm-like chain structure has
also been proposed especially for low temperatures [10,11].

The photochemistry of polysilanes in solution is similarly spectrally inhomogencous. Although
monomeric silylenes, chain silylenes and silyl radicals have all been implicated by trapping [12] and
Nash spectroscopic studies [13], the products of irradiation depend on the cxposure wavelength
[14,15]. For example, irradiation of alkyl polysilanes produces monomeric silylenes inefliciently upon
irradiation at wavclengths longer than 300 nm, while silyl radicals arc generated whercver the polymer
absorbs the light. Irradiation results in rapid spectral bleaching and the formation of lower molecular
weight fragments. Oxygen is often extensively incorporated into the photoproducts, but spectral
bleaching and molecular weight reduction occurs even in an anacrobic atmosphere or under high
vacuum. In solution, the quantum yiclds for chain scission are often high (0.5 — 1.0}, with competitive
crosslinking playing a lesser role depending on the nature and position of the substituents [1]. In all
cases examined, both chain scissioning and crosslinking arc markedly less eflective in the solid state
than in solution (50— 100 times) presumably because of chain repair in the immobilizing medium. The
inefTiciency of the photoreactions in the solid state led us to investigate the effect of small molecule
additives on the photophysics and photochemistry of polysilanc derivatives.

Previously, we have described the solution fluorescence quenching of poly(methylphenylsilanc) (PMPS)
by a variety ol small molecule quenchers [16]. In many cases, the measured (Juorescence quenching
was faster than that expected [or diffusion control; a feature which was rationalized by the concept of
rapid energy transfer within the polymer chain. Ilere we extend these quenching studies to include
alkyl-substituted polysilancs and probe the role of energy transfer by studying the quenching effect of a
variety of poly- and oligosilanes on the fluorescence of 9,10-dicyanoanthracene.

RESULTS

The oxidation of the g-conjugated backbone of high molecular weight polysilanc derivatives is quite
facile. Cyclic voltammetry studies both on solid polymer {ilms and in solution show that oxidation
occurs between 0.6— 1.5 V vs. SCI [17,18]. The position and shape of the oxidation wave depends on
the naturc of the substituents, with aromatic substitution directly on the polymer backbone facilitating
oxidation. In each case, the shape of the oxidation wave suggests that the process is highly irrevers-
ible. During electrochemical oxidation, solid polymer films are completely stripped from the electrodes
and spectral bleaching occurs in solution. Coulometry studics on the solid films suggested that approx-
imately one electron is removed for every 8 — 10 silicon atoms in the chain [17].

The combination of the low oxidation potential and the relatively high photocxcitation energy
(3.1-4.2 eV) suggested that photoexcited polysilance derivatives should be potent clectron transfer
reducing agents. The energetics of such electron-transfer reactions are described by the Rehm-Weller
equation [19]

P+hvoP +A->PtA™ 5 Products

Photoexcited  AGpy(keal/mol) = 23.06[ I3 ,(0x) — I}, (red) ]
Donors " o i 1
T:”z(ox) = I"lll =T

wherc El 2 is the oxidation potential of the polymer, Tf,  is the cxcitation encrgy of the polymer in ¢V
and 1"1 o(red) is the reduction potcntlal of the acceptor.” A small coulombic term normally incorporated

into the Rechm-Weller equation (— ¢ / e r) has becn omitted here because of the relatively low diclectric
constant of the solvents employed (llII‘ CH,Cl,). In principle, the thermodynamic clectropotentials
utilized in equation 1 refer to reversible oxidation and reduction. Irreversible processes introduce addi-
tional uncertainties, since the truc thermodynamic valucs arc not known. In thesc cascs, we have

chosen the peak potentials for our calculations. Table I lists the I:"(ox) values for some typical
polysilane derivatives calculated from Equation 1 and using oxidation peak potentials determined by
cyclic voltammetry.

Table 1. Excited State Oxidation Potentials

Polysilane Eox (V) Ej/z(0x) (V)
(MePhSi), 0.9 -2,79
(MeOPhMeSi), 0.66 -2.85

(HexoSi)n 1.25 -2.62
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The kinetics of photochemical clectron transfer processes are often studicd by [luorescence quenching
[20]. Purely difTusional quenching of a fluorescent material by a quenching additive often follows
simple Stern-Volmer (SV) kinetics [21], as shown below, where the ratio of the fluorescence intensities
respond linearly to the quencher concentration and k, and 7 are the bimolecular quenching rate con-
stants and the fluorescence lifetimes respectively. A more complicated situation exists for cases

Fo/F =1 +k,7,[ Q] Kgy = kq7 )

where no difTusion is necessary for quenching (i.e., cither ground state complex formation or Perrin
active sphere quenching) [22]. In the latter, the assumption is that all molecules contained within the
active sphere instantancously quench the excitation without difTusion. In this situation, the quenching
kinetics are described as shown in Equation 3, where

/T = exp(LQIVN/1000) 3

v is the active quenching volume and N is Avogadro's number. The equation describing competitive
difTusional and active sphere quenching is shown below [21].

I/ 1 = exp(LQIYN/1000)(1 + K¢, [QT) ()

The fluorescence quenching of a number of polysilane derivatives by a variety of clectron-deficient
small molecule additives was studicd in TIII' solution. The measurements were conveniently conducted
by front-face excitation of the concentrated polymer solutions, although comparison studies using
right-angle, dilute solution techniques gave comparable results. The polymers were prepared as
described previously [23] and the molecular weights of the materials employed ranged {rom

M,, = 10— 50,000 Daltons. Very high molecular weight samples were avoided wherever possible due to
the high viscosities of the concentrated solutions, Iixcitation of the emission was performed at the
absorption 4., or longer and the emission intensity was monitored at the emission maximum. Sol-
ution fluorescence quenching data for poly(methylphenylsilane) (PMDPS) in THI by a varicty of small
molecule additives are shown in Table 1T [16]. Similar studies were done on the alkyl polymers
poly(cyclohexylmethylsilane) (PCHMS) and poly(di-n-hexylsilanc) (PIDHS) for comparison (scc

Table 11I). Tfor the latter polymers, the measured quenching constants were lower than for PMPS by
[actors of 2— 6 for comparable quenchers. The Stern-Volmer quenching plots of PMPS often curved
strongly upward with increasing quencher concentration suggesting the possibility of signilicant static
quenching at higher concentrations [16]. Analysis of the data by two parameter (v and Kgy) curve
fitting to Equation 4 or by linear extrapolation of the plot of I'y/I" vs [Q] at low quencher concen-
trations gave similar valucs for Kgy. Interestingly, the Stern-Volmer plots for the alkyl polymers were
lincar over concentration ranges where the PMPS data was strongly curved. No evidence of ground
state complexes between the polymers and the additives was detectable by absorption spectroscopy.

The data in Tables IT and 111 were obtained by fluorescence quenching of the photoexcited polysilanc.

It is also possible to use polysilane high polymers to quench the fluorescence of certain polycyclic
aromatic derivatives such as 9,10-dicyanoanthracene (DCA) (tg = 13 ns). The energetics for electron

Table II. Fluorescence Quenching of Poly(Methylphenyisilane)

Quencher Efed(v)2 AGet kqTo (MH)P kgx10-10
(kcal/mol) (M-1.sec-1)
Phthalimidotriflate -0.91 -41 171 19.8
Perchloropentacyciododecane -1.44 -29 247 28.4
1,4-Dicyanobenzene -1.51 ~27 145 16.8
2,6-Dicyanotoluene -1.79 -21 10.9 12.5
Ethyl-4-trifluoromethyl benzoate -2.01 ~-16 58 6.7
Methy! benzoate -2.25 -10 0.9 1.0
Benzonitrile -2.43 -6 0.6 0.7
Anisole -2.70 0 - —

a. Measured in 0.1 M Et,NBF, in CH3CN versus SCE. b. Run in THF soiution. The
poly(PhMeSi) excited state lifetime (r) is 86 ps.
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transfer quenching of this type where the aromatic derivative is selectively excited are described below.
DCA +hy = DCA" + P - DCA" P " - Products

Photoexcited  AGpp(keal/mol) = 23.06[ E, ,(0x) — [ (red)]
Acceptors . red
Eln(re(l) = E”Z + oo

*

El/z(md) for DCA as calculated above is 1.97 V. The fluorescence quenching of DCA” in TIIT by
various silane polymers showed a good fit to the SV kinetic expression over the quencher concentration
range employed (see igure 1). In these cases, the polymer concentration [Q] was defined in terms of
the monomer unit. The quenching data for photoexcited DCA by a number of silane high polymers is
shown in Table I11.

Table III. Comparison of Fluorescence Quenching Data
for Aryl and Alkyl Polysilanes in THP

Quencher Polymer 75(ps) kqx 10710
(M-1-sec™)
GCls  (phSiMe) 86 19.8
@ (CychexSiMe) 165 7.8
CCly (DihexSi) 130 4.2
ON (PhSiMe) 86 19.0
@ {CychexSiMe) 165 5.8
COOEt (DihexSi) 130 2.6
Cliz (PhSiMe) 86 28.4
(CychexSiMe) 165 10.6
(DihexSi) 130 8.1
I 0.750 F
5.0 _C_>= 1+ quo[Quencher]

p
(Fo/F)

Fluorescence Intensity

Quencher Concentration (M)

<400 450 500 550 600>
Wavelength (nm)

Figure 1. The Fluorescence of DCA™ Quenched by
Poly(p-methoxyphenyl methylsilane) in THF
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Finally, we have also examined the front-face fluorescence quenching of DCA® in TIHT by a number of
oligomeric silancs with various catenation lengths and substitution patterns. Again the quenching
reaction conformed to Stern-Volmer kinetics and the pertinent data are reported in Table V. As was
observed eartier for the high polymers, the electrochemical oxidation of the oligosilanes is also highly
irreversible, thus aflecting somewhat the accuracy of the calculated AGpr values.

DISCUSSION

The combination of low oxidation potentials and relatively high cxcitation energies suggests that
excited substituted silane high polymers should be potent reducing agents. The data in Table I show
that the electron transfer from a typical photoexcited polysilane to an acceptor whose reduction poten-
tial is more anodic than ~ — 2,5 V would be exothermic. Even so, we anticipated difliculties with the
quenching studies due to the short {luorescence lifetimes of the polymers (75— 250 ps). For example,

the additive half-quenching concentration for a typical photoexcited polymer where 7 is 107 10 gec
(100 ps) would be ~ I M assuming a difTusion limited process (seec Equation 2). Surprisingly, however,
very cflicient quenching was observed for a number of additives both in the solid state and in solution.
In solution, strong fluorescence quenching was often observed for quencher concentrations of less than
0.1 M!

TFor PMPS, the Stern-Volmer quenching plots were often distinctly nonlinear curving upward at
quencher concentrations greater than ~ 0.1 M [16]. The point of deviation from nonlinearity depended
on the structure of the quencher. The upward curvaturce is consistent with the presence of a compet-
itive static quenching component as described in Equation 4. The Stern-Volmer quenching constants
( sv) (detcrmmcd at low Q concentrations) are listed in Table I1. Since the {luorescence lifetime of
PMPS is 75 ps in THI?, the bimolecular quenching constants (k,) can be calculated from the measured
values of Kgy and thcy also appear in Table 11. The k, values vary with the reduction potential of the
quencher ancY hence the calculated exothermicity of the reaction, in a manner which is at least
qualitatively consistent with that predicted for an electron transfer reaction [20]. We note here

without further comment that perchloro [5.1.02'60.3’805‘9] pentacyclodecane (denoted only as
perchloropentacyclodecane in Table IT) is an unusually eflicient quenching additive {or photocxcited
PMPS. A similar effect was also obscrved for the quenching of the dialkyl polysilanes shown in Table
1.

It is particularly striking that the quenching rate constants arc often substantially larger than predicted
for difTusion control. A typical diflusion controlled bimolecular quenching constant {or two small mol-

ccules diffusing in toluene at room temperature is 1.1 x 107 0 =T gee™! [24]. Since high molecular
weight polymers (or even diffusing segments) arc essentially stationary relative to the small quencher
molecules, the cflective difTusion controlled rate constant for the polymeric system should be somewhat
less than 10" m™ ' sec™ . For cxample, Guillet and Ileskins have found that the rate constants for
fluorescence quenching of two difTusing small molecules are 2— 3 times larger than for photoexcited
polymer quenched by a difTusing small molecule quencher [25]. The relative rate constants for
quenching photocxcited dialkyl polysilanes (Table 1I1) are somewhat smalfer than measured for PMPS,
but are still significantly larger than expected for difTusion controlled quenching. We tentatively attri-
bute the large quenching rate constants observed for photoexcited polysilanes to rapid energy
migration along the polymer chain. This hypothesis is also consistent with conclusions derived from
the carlier [luorescence depolarization experiments [4— 7]

Substituted silane high polymers also effectively quench the fluoreseence of a variety of photoexcited
polynuclear aromatics by clectron transfer. The energetics of such a reaction are described by
Equation 5. 9,10-Dicyanoanthracenc can be selectively excited in the presence of polysilancs at wave-
lengths fonger than 375 nm and the quenching of its {luorescence studied as a function of polymer con-
centration. T'or convenience, we have delined the polymer concentration in terms of the respective
monomer unit. As before, [ront-face excitation is most convenicent, although results obtained in dilute

solutions with right angle geometries are comparable. The value of 1} /2(rct) for photoexcited DCA is
1.97 V, and the excited state lifetime measured in THIT without rigorous deoxygenation is 13 ns.

Electron transfer to DCA” from the polysilanc derivatives should be quite exothermic and the
Nuorescence quenching shows good Stern-Volmer kinetics with no curvature in the plots for polymer
concentrations up to 0.2 M (Fy/T" > 5) when the emission was monitored at 435 nm (sce Figure 1). The
Stern-Volmer quenching constants (Kgy) and the related bimolecular rate constants (k ) arc reported in
Table IV. Since the oxidation potentials of most substituted silanc polymers cluster in the range

0.7- 1.3 V, the calculated exothermicitics for clectron transfer to DCA”™ show less spread than in the
previous examples and are uniformly quite large. As a result, the measured values of k, vary over a
narrower range. [for the most part, the rate constants track with the oxidation potential of the

polymer, and those polymers with aryl substituents directly bonded to the backbone tend to quench
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Table 1V. 9,10-Dicyanoanthracene Solution Fluorescence Quenching
by Polysilanes

Polysifane EOX (Onset)a EoX (Peak)? AGeT quob kg X 10-¢
Quencher (Volts) (Volts) (kcal/mol) (M-} (M-‘sec ')
(MeOPhSiMe), 0.5 0.7 -29 25.4 1.94
(MePhSi), 0.75 0.9 -25 12.6 0.97
(MePropylSi), 0.9 1.0 -22 5.8 0.45
(PhHexSi), 1.0 1.16 -19 4.6 0.35
(CychexMeSi), 0.85 1.15 -19 5.8 0.45
(Hex,Si)n 1.1 1.25 -17 39 0.30
(B-TolylethylMeSi), 1.05 1.3 -15 8.2 0.63
(Tetradecy!»Si),C — — —_ 6.9 0.53

a. Measured in 0.1 M Et4NBF, in CH,Cl,. All oxidations are irreversible, and potentials are
reproducible to 50 mV. b. The excited state lifetime of DCA (7,) is 13 ns. c. Insufficiently
soluble for the determination of E°X.

somewhat more efTiciently than the alkyl substituted derivatives. The next to last example in Table 1V,
poly[ f-tolylethylmethy! silanc], is slightly more efficient than expected on the basis of its measured
oxidation potential, but the significance of this small difference is questionable in light of the uncertain-
tics involved in estimating the true oxidation potentials (rom irreversible oxidations. Poly(di-n-
tetradecylsilane) was too insoluble in the methylene chloride-clectrolyte mixture to yield a reproducible
oxidation potential, although a quenching rate constant could be measured in THI, It is interesting
that the measured oxidation potential of poly(n-hexylphenylsilane) is higher than for PMPS and the
quenching rate is lower, suggesting that steric eflfects may play a role in the electron transfer process.

It is signilicant that for comparable quenchers the quenching rate constants reported in Table IV are
markedly smaller in every case than those reported in Tables I and 111. Since, in the former, the
photoexcitation is localized on the individual DCA molecules, this effect would be expected if rapid
energy migration is the cause of the larger than difTusional rate constants observed for the photoexcited
polymers. In each case, diffusion is dominated by the small molecules.

Onc potential complication in the interpretation of the data in Table 1V is the definition of polymer
concentration in terms of the monomer unit. If, for example, there is a minimum segment length of

the polymer which is necessary lor effective quenching of DCA”, the effective concentration of the
polymer could be much lower and the quenching rates correspondingly higher. For this reason, we

have studied the fluorescence quenching of DCA™ by substituted silane oligomers of varying length and
substitution pattern. [arlier, Horn and Whitenack [26] studied the fluorescence quenching of electron-
deficient aromatic derivatives by hexamethyldisilane in a varicty of solvents. Similarly, Sakurai et al.

[27] have reported the fluorescence quenching of DCA® by the cyclic oligomer
dodecamethylcyclohexasilane. In each case, the authors have concluded that {luorescence quenching
occurs by an electron transfer mechanism.

The data in Table V suggest that for alkyl-substituted oligosilancs, quenching of DCA” becomes efTi-
cient at a catcnation length around Si;. Aryl substitution improves the efficiency so that even the

disilane becomes an cffective quencher of DCA®. Once again, the quenching cfficiency tracks the
oligosilanc oxidation potential as expected for an electron transfer rcaction. Consideration of the
quenching data in Table [V in light of a proposed cflective quenching segment length of Si; for the
alkyl substituted derivatives and Si, for aryl substitution still supports the conclusion that the

quenching of DCA" by ground state polysilanes is much less efficient than the quenching ol
photoexcited polysilanes by electron-deficient additives, even when the calculated electron transfer
cxothermicities are comparably large. These data [urther support the original conclusion that the very
large measured quenching constants of photoexcited polysilane derivatives by many clectron-deficient
small molecule additives is a result of rapid energy transfer between the polymer chromophoric seg-
ments.
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Table V. 9,10-Dicyanoanthracene Solution Fluorescence Quenching
by Oligosilanes

Quencher EOX (Onset)?2 EO% (Peak)a AGgT quob kqx10-9
(Volts) (Volts) (kcal/mol) (M-t (M-1.sec-1)
CHj
(CH3)3Si—SitzSi(CHy)3 0.85 1.15 -19 134 10.3
&,
CH,
(éi)e
(|:H3 0.8 1.25 -17 104 8.0
CHj
(CH3)3Si—Si—Si(CHa)3 0.8 155 -9.7 32 25
&
o o
@Si—3i© 09 16 -85 65 5.0
CHy CHy
(CH3)3Si—Si(CHa)3 13 1.75 -5.1 5.3 0.41
CHj
@»S'i—CHg 2.0 29 21 1.34 0.10
S,

a. Measured in 0.1 M Et,NBF, in CHyCN. All oxidations are irreversible, and potentials are reproducible to
+50 mV. b. The excited state lifetime of DCA (r) is 13 ns.

In conclusion, we have found that the strong {luorescence of substituted silane polymers in solution is
effectively quenched by a variety of clectron-deficient small molecule additives. The rate constants for
these processes roughly track the reduction potentials of the quenchers, and hence the caleulated
exothermicities, in a fashion consistent with that expected for an electron transfer reaction. The
quenching rates are aflected to some degree by polymer substitution, since aryl groups directly on the
polymer backbone leads to larger quenching constants, as expected [rom the lower oxidation potentials.
In all cases, however, when the calculated exothermicities for clectron transfer arce large, the quenching
rates are considerably larger than would be expected for dilTusion control. This effect has been attri-
buted to rapid energy transfer among the chromophoric segments comprising the polymer chain, a pro-
posal consistent with earlier fluorescence depolarization studies. This hypothesis is now further
supported by quenching studies of photoexcited DCA, where the excitation is localized, by ground
state substituted silane polymers and silane oligomers, in a reaction also believed to proceed via
clectron transfer.
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