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ABSTRACT: This paper reviews recent studies on the opto-electronic properties of o-conjugated polymers as well
as the nanostructure formation based on the polymeric materials by the single particle nanofabrication technique. The
direct quantitative correlation has been found between backbone conformation of o-conjugated polymers and delocal-
ization of charge carriers along their conjugated backbones by transient spectroscopy of the ion radicals. The micro-
wave conductivity measurement technique was applied to estimate the intra-chain mobility of the charge carriers, giv-
ing the value of isotropic mobility holes along the chains as ca. 10~! cm? V~! s~!. This is suggestive that the potentials
of rod-like conjugated backbones in polysilanes as 1-D semiconductor are competitive to those of amorphous silicon.
Cross-linking reaction of the o-conjugated polymers was firstly promoted by charged particle irradiation to the thin
films in the present study. Non-homogeneous cross-linking reaction in the polymers gives clear nanowires whose sizes,
length, and number density are fairly controlled by selecting particles, molecular weights, etc. We believe that the pres-
ent technique is applicable to produce wire-like nanostructures based on a variety of polymeric materials via the simple

cross-linking reaction schema. [doi:10.1295/polym;j.PJ2006222]
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The o-conjugated polymers bearing saturated Si or
Ge backbones are of current interest because of their
characteristic electron delocalization along the Si or
Ge chain' and associated opto-electronic properties.”™
The dynamics of excess electrons and holes on the Si
or Ge skeletons have been investigated vigorously in
view of their potential application in electro-lumines-
cent diodes and as photo-conductors>® on the basis of
their utility as positive charge conductors. The domi-
nant process of charge carrier transport in o-conjugat-
ed polymers is the hopping of holes between localized
states originating from domain-like subunits along the
chain.”® The mean length of the segments is control-
led by steric hindrance of the side chains and/or ther-
mal molecular motion. Several groups have reported
the synthesis of a series of polysilanes or polyger-
manes with backbone conformations varying from
random coil to stiff and rod-like by changing the poly-
mer substitution pattern,®!! and the clear correlation
between the conformation of the backbones and the
characteristic electronic transition observed at near-
UV region has been also reported. This is indicative
that one can easily estimate the conformation of the
o-conjugated polymers in solvent at any temperatures
by the simple spectroscopy of o-conjugated polymer
solutions. Despite positive charge being the dominant
charge carriers in the transport process, there have
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been few dynamics or quantitative analyses on the
electronic state of positive charges on the Si or Ge
chain other than by transient spectroscopy'>!? or elec-
tron spin resonance.'*!> Localization of the charge
carriers was revealed to be suppressed in the o-conju-
gated polymers bearing bulky pendant groups, sug-
gesting not only that the localization in typical dialkyl
substituted polymers arises from the flexibility of
Si(Ge) catenation, but also that delocalization occurs
in o-conjugated polymers with stiff or rod-like skele-
tons. However, the quantitative correlation between
the molecular stiffness and the degree of positive
charge delocalization had not been elucidated to date.

The present review summarizes the recent results
on the direct observation of anion and cation radicals
of o-conjugated polymers by pulse radiolysis. Pulse-
radiolysis transient absorption spectroscopy (PR-
TAS) is a very powerful and useful technique for ach-
ieving the selective formation of ion radicals in matri-
ces (solvents) and tracing reaction kinetics. To date,
quantitative tracing of the anion and cation radicals
has been very difficult because of their very low ion-
ization potentials (< 6eV).!%!7 The PR-TAS is the
unique technique to enable the quantitative formation
of charged radicals of the polymers without associated
counter ions. The intrinsic electronic structures of the
charged radicals of the o-conjugated polymers includ-
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ing the molar extinction coefficient and oscillator
strength were determined fully experimentally by both
spectroscopic techniques and an efficient charge trans-
fer reaction between the radical ions and some elec-
tron acceptors (donors).'>!822 The degree of charge
delocalization on o-conjugated chains is discussed in
terms of the molecular stiffness of o-conjugated poly-
mers, and the role of pendant rings in the charge car-
rier transport processes in polymer materials is ad-
dressed.

Based on the spectroscopic measurements on the
charged radicals of o-conjugated polymers, hence
the degree of delocalization excess charges on their
skeletons, the intrinsic intra-molecular mobility of
the charge carriers along their “stiff” backbones
should be higher than that estimated by conventional
measurement techniques such as DC time-of-flight
(TOF) and/or field effect transistor (FET) measure-
ment.>"?324 Generally the DC technique gives the es-
timates of the speed of charge carriers moving along
the direction of the external electric field and traveling
the long distance as much as a few pum at least.?3*
This is the case giving the relatively lower estimates
of charge carrier mobility because of the contribution
from hopping between the domain-like subunits as
discussed above, trapping at impurities and/or grain
boundaries, charge injection delays at the polymer-
electrode interfaces, etc.

Pulse-radiolysis time-resolved conductivity (PR-
TRMC) measurement is a promising technique for
examining the potentials of polymer chains as posi-
tive or negative charge conductors.>>-3! The technique
has been developed as an electrodeless method of
monitoring the conductivity of a material which has
been free from the effects due to the electrode inter-
faces.’>° Recently, the technique was successfully
extended to the measurement of conductivity for iso-
lated chains of conjugated polymers in dilute solution,
yielding the intrinsic intra-chain conductivity along
these chains in the absence of impurities, disordered
structures in solids, or inter-molecular hopping proc-
esses.’®?737 Both m-conjugated and o-conjugated
polymers exhibit remarkably high conductivities com-
pared to the values of the corresponding bulk poly-
mers determined by DC techniques, particularly for
polymers bearing stiff backbones.?’*%4! Determina-
tion of the mobility on the chains, however, requires
accurate estimation of the density of charge carriers.
The quantitative basis of the radiolytic yield of ioniza-
tion in the media has been determined with high accu-
racy in the estimation by a detailed account of kinetic
fitting procedure. The TAS and PR-TRMC measure-
ments are combined to elucidate the mobility of
charge carriers on isolated o-conjugated chains. TAS
provides direct information on the number of ion rad-
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icals of o-conjugated polymers formed by electron
beam irradiation, leading experimentally to the densi-
ty of charge carriers in the media.!>!*222 As the con-
ductivity of the charge carriers can be measured by
PR-TRMC, the combination of the two techniques
represents a comprehensive approach to determining
the intrinsic mobility on isolated Si chains.?”*

The o-conjugated polymers have also been focused
on as the radiation sensitive polymeric materials since
the discovery of the polymers soluble to several or-
ganic solvents, because their efficient main chain scis-
sion reactions upon exposure to UV light and ionizing
radiation was capable to use them as resist materials in
the field of micro- and nano-lithography. We have re-
ported the radiation induced reactions in o-conjugated
polymers and the dependence of reaction processes on
the nature of radiation sources: LET (linear energy
transfer: energy deposition rate of incident particles
per unit length).**”** The polymers seem to be cross-
linked by high LET radiations including high energy
charged particles, despite of predominant main chain
scission reactions observed for low LET radiation.
The difference in radiation induced reactions was as-
cribed to a variation of density of reactive intermedi-
ates. The spatial distribution of deposited energy by
charged particles played a significant role in promot-
ing chemical reactions in the target materials,*’
and we suggested that the high energy charged parti-
cles produced a non-homogeneous field of chemical
reactions, where the reactive intermediates produced
by an incident ion were radially distributed from
the projectile.*’*8 The size of the field depended on
LET, and varied from a few nm to several tens nm.
The non-homogeneous field will give nano-structured
materials by high energy charged particles irradiation
to polysilane thin films.*->% The present review also
demonstrates our recent results on the formation of
1-dimensinal nanostructures by simple ion irradiation
to the thin solid films of the o-conjugated polymers.

EXPERIMENTAL

All the monomers of o-conjugated polysilanes were
synthesized by coupling reaction between Grinard
regants of side chains and tetra- or tri-chlorosilanes
which were purchased from Sin-Etsu Chemical Co.
Ltd. The obtained monomers were distilled twice or
crystallized prior to use. Polymerization was carried
out by the Kipping method using corresponding R1-
R2-dichlorosilanes with sodium metal in dry toluene
for 5-20h at 110°C.>” The polymer solution was pre-
cipitated in several solvents after filtration through a
0.45 mm PTEFE filter to eliminate NaCl, and the pre-
cipitates were dried in a vacuum. The toluene solu-
tions of the polymers were transferred into a separato-
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Figure 2. UV-vis absorption spectra of (a) PHn, (b) PDn, and (c) MEn. Spectra were recorded at 25 °C for solutions of polysilanes in
THF at 1.0 x 10~*mol dm™3 (base mol unit). Reprinted with permission from S. Seki, et al., J. Am. Chem. Soc., 126, 3521 (2004) (Ref. 13)
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ry funnel, washed with water to eliminate remaining
NaCl, and precipitated. The polymers were vacuum
dried at 80°C, and precipitated again in several sol-
vent systems. The polymers were fractionally precipi-
tated again to eliminate the lower molecular weight
fraction of the bimodal distribution. The synthesis de-
tails of monomers and polymers were described else-
where.!*!° The chemical structures of the synthesized
polymers are shown in Figure 1. The other experi-
mental details are described in each corresponding
section as below.

RESULTS AND DISCUSSIONS

Electronic Structure of lon Radicals

The UV-vis absorption spectra of three series of
polysilanes (n-alkylphenyl (PHn), di-n-alkyl (PDn),
and methyl-n-alkyl (MEn) substituted: the value of n
represents the number of carbon atoms in the n-alkyl
substituents) are shown in Figure 2. The intense UV
absorption band observed for steady-state polysilane
solutions is ascribed to the transition between the va-
lence band (VB) and the lowest excitonic states (ES)
of the Si backbones.>® The molar extinction coefficient
(€*) and oscillator strength (fyg.gs) of the absorption
are listed in Table I. The values of both £ and fyg_gs
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depend strongly on the substitution patterns, with
a considerable increase accompanying the change
from asymmetric alkyl substitution to symmetric alkyl
ones. The values also increase dramatically with elon-
gation of n-alkyl substituents from methyl to n-octyl
in the case of poly(n-alkylphenylsilane)s, with only
a slight drop with further elongation beyond n-octyl.
Recently, Fujiki reported an empirical relationship be-
tween £ and the viscosity index «, reflecting the
geometric structure of the polymer main chain. The
following empirical formula was obtained for the rela-
tionship between o and £2.°

" = 1130e** (1)

The relationship between gyration length (R,) and o
is as follows:

Ry = kM" )

where « is a constant, M is the molecular weight of
the polymer, and v = (o + 1)/3. The estimated values
of o are shown in Figure 3; varying from 0.46 for
PH2 to 0.94 for PH8. Assuming a constant polymer-
ization degree for the polysilanes, R, is expected to
increase with 2. The actual Kuhn segment lengths
(q) of the polymers were found to be ¢ = 1.1 nm for
PHL,'® 3.0nm for PD6,*%° and 4.5nm for DPB

279



S. SEKI and S. TAGAWA

Table I. UV absorption, fluorescence, and optical properties of cation radicals of poly(n-alkylphenylsilane)s?

qabs gabs b 1 1= eo—¢ 10+ go+d

Entry (n"r];llx) (mol~' dm?®ecm™") fvpes® (nn;:lx) (nn;;:) (10° mol~'dm3 cm™1) f (nn;:lx) (10* mol~'dm? cm™1) o
PH1 339 7900 0.091 365 369 1.6 0.68 365 9.4 0.49
PH2 331 4300 0.0547 366 365 1.5 — 360 6.9 0.38
PH3 336 5700 0.0642 366 — — — 363 7.1 0.42
PH4 341 8000 0.0774 366 370 2.1 — 365 9.8 0.51
PH5 342 9900 0.0914 367 — — — 369 12 0.59
PH6 347 11700 0.11 369 370 3.0 — 372 15 0.65
PH7 348 14300 0.11 369 — — — 372 16 0.59
PHS8 348 17500 0.13 370 375 3.6 — 372 18 0.63
PH10 348 16600 0.13 369 — — — 370 17 0.66
PHI12 348 12800 0.110 369 — — — 370 16 0.60
PD4 317 10400 0.053 346 314 1.2 — 346 4.5 0.31
PD5 318 10400 0.056 347 — — — 346 4.7 0.32
PD6 319 10600 0.056 347 318 1.3 — 344 5.1 0.37
PD7 321 10900 0.057 348 — — — 340 5.2 0.38
PDS8 321 11600 0.057 348 — — — 342 5.2 0.39
PD10 324 11700 0.057 349 — — — 342 5.5 0.41
PDI12 325 10600 0.050 350 — — — 342 5.5 0.46
ME3 307 5200 0.043 338 358 1.1 — 348 3.8 0.24
ME4 306 6400 0.045 336 — — — 342 4.1 0.25
MES5S 307 6100 0.045 336 — — — 346 4.5 0.28
ME6 307 5600 0.043 336 360 1.1 — 344 5.3 0.33
MES8 309 5500 0.041 336 — — — 338 4.5 0.32
ME10 310 5300 0.040 337 — — — 338 33 0.26
ME12 311 4700 0.034 336 358 0.85 — 342 35 0.24
PCHMS 326 7320 0.054 347 366 1.3 — 355 4.9 0.33
DPA 377 7600 0.0750 — 410 1.8 0.73 392 17 0.65
DPB 393 13300 0.11 — 405 24 1.9 <405 >20 >0.80

2All data are quoted from refs. 13, 19, 20, and 22, *Molar extinction coefficient per Si unit, ®Oscillator strength obtained by numerical
integration, “Molar extinction coefficient per radical cation at the transient absorption maximum.
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Figure 3. Viscosity index («) of PHn, PDn, and MEn as a
function of length of n-alkyl substituents. Values of « are esti-

mated from eq 1 based on ™. Reprinted with permission from

S. Seki, et al., J. Am. Chem. Soc., 126, 3521 (2004) (Ref. 13)
©2004, American Chemical Society.

determined by light-scattering experiments.'®6! All
the polysilanes prepared in the present study have
high molecular weights (> 10%), low polydispersities
(< 4), and monomodal distributions similar to the
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Schulz-Zimm distribution. The polysilanes with high
values of o such as DPB or PH5-PHI12, expected
to exhibit longer segment length, have molecular
weights higher than 10°. A flexible wormlike chain
model with a persistence length of ~10nm success-
fully reproduced the global dimension of the Si chain
in DPB with a molecular weight of ~10°.%2 Thus, for
almost all of the polysilanes in the present study, flex-
ible Kuhn chains are acceptable as the first approxi-
mation model of their chain configurations on the ba-
sis of « and molecular weight. The gyration length of
the flexible Kuhn chain is given by

oo 12
@=(%f) 3)

where (r?), is the mean-square end-to-end distance
under 6 conditions. The value of ¢ at the chosen mo-
lecular weight is derived from the mean-square end-
to-end distance ((r?)) as follows.

_ (M
q—@)QM) )

where M; is the mass per unit length. The excluded
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volume parameter a is defined as a*> = (r?)/(r),, and
has been reported to be less than 1.2 for DPB at 25 °C
in toluene, which is a better solvent than THF.%°
The low second virial coefficient of PD6 in THF
(1.14 x 10~*mL mol/g?) also supports the small con-
tributions of exclude volume effects on the conforma-
tions of polysilanes with longer segment lengths than
PD6.%%%° Thus, the assumption of a = 1 gives an ap-
propriate estimate of the segment length for DPB,
PH5-PHI2 and PD6-PD12, although the segment
length of polysilanes with highly flexible backbones
may be underestimated. On the basis of the Si-Si
bond length (0.2414nm) and Si—Si—Si bond angle
(114.4°),% the estimated Kuhn segment length varies
from 0.55 to 8.6 nm (PH2-PHS) for the poly(n-alkyl-
phenylsilane)s, 0.48-1.1nm (ME3-MEI10) for the
poly(methyl-n-alkylsilane)s, and 2.4-6.3nm (PD4-
PD12) for the poly(di-n-alkylsilane)s.

The segment length also reflects the degree of de-
localization of the lowest excitonic state along the
Si chains, and is described by the following empirical
relationship.®!8-64

£ = 330L (5)

where L is the segment length in Si repeating num-
bers. Eq 5 gives a shortest value of L = 13 for PH2
and a longest value of L = ~53 for PHS in the present
study, consistent with the changes in fyp.gs.

In the pulse-radiolysis experiment, the incident
electron pulse in the solution produces cation radicals
(Bz*™1), excited states (Bz*), and electrons, as follows.

Bz — Bz*t, BZ, e~ (6)

In deaerated solutions containing triethylamine
(TEA), Bz**t is scavenged by TEA and the excess
electrons react with polysilane molecules (PS) accord-
ing to

Bz*" + TEA —> [Bz--- TEA]**
e +PS - PS*, @)
1

giving polysilane anion radicals (PS**) without con-
tribution from counter cations. The excited states and
excess electrons are rapidly scavenged in oxygen-
saturated solutions ([O,] = 11.9mM at 1 atm, 25°C)
giving singlet oxygen molecules (!0,) and oxygen
anions (0,7).2227.65 PS in the solution react with
Bz*" via Bz,*t, yielding polymer cation radicals

(PS*):
Bt + PS — 2Bz + PS**t (8)

2

The present authors have already discussed the
transient spectra of radical ions of polysilanes includ-

ing PH1, PD6, etc.!>!3.1518-22.66 pge— and PS** were
found to exhibit two absorption bands in the near-UV
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(350-400nm) and infrared (IR; > 1600 nm) regions.
The transient spectra of PS®*~ and PS°*" suggest the
presence of an interband level occupied by an excess
electrons (IBL™) or by a hole (IBL*). The UV and IR
bands in PS®~ are due to transition from the valence
band (VB) to IBL~, and from IBL™ to the conduction
band (CB), respectively. This is also the case of PS*™,
attributing the UV and IR bands to transition from
IBL™" to the conduction band (CB), and from the va-
lence band (VB) to IBL*, respectively. The presence
of IBL™ or IBL" is well interpreted as a delocalized
negative (positive) polaron state!3192367.68 and/or
Anderson localization state on an Si segment.®7
Figure 4 shows a series of transient absorption spectra
of anion radicals observed in PH1-12 as the examples
of the transient absorption spectra. The spectra ob-
served for anion radicals of MEn and PDn are almost
identical, with only a small dependence on the chain
length of n-alkyl substituents. In contrast, PHn, in
Figure 4, exhibit dramatic changes in the IR band
with a considerable red shift upon elongation of the
n-alkyl chains. The IR band of cation radicals of
PHn also tend to shift dramatically with an elongation
of n-alkyl substituents, despite of negligible small
change observed for the IR bands of MEn and PDn
anion radicals.’® The peak energy of the IR band in
relation to the binding energy of negative or positive
polarons on the Si chains!®’! is given by

EENAYEAY 9
=G e

where d¢ denotes the binding energy of a polaron, a
denotes a lattice unit of a trans-chain segment, and
&p is the polaron width. V is the matrix element de-
scribing the interaction between two atomic orbitals
consisting of a covalent bond, and A denotes the
matrix element between two atomic orbitals of an Si
atom. The parameter A is given by

A=[V(I) — A]
[ — a (10)
Y

where 26 is the tetrahedral bond angle. Thus, A is a
parameter specifying the degree of delocalization of
o electrons on a o-conjugated segment, while V de-
scribes the localization of a pair electrons in a local
bond. The relative polaron width on the polymers
can be estimated based on eq 8. With the previously
reported values of A in poly(dimethylsilane)’>’3 and
V in poly(dichlorosilane),63 the value of (AV/2A)
can be estimated to be ca. 1.6eV. The transition ener-
gy of the IR band observed for PH2 cation radicals is
0.77eV, the highest example value for all the poly-
silanes, yielding &, = ~2 Si repeating units as the
minimum value. The considerable red shift of the IR
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Figure 4. Transient absorption spectra of anion radicals of (a) PH1, (b) PH2, (c) PH4, (d) PH6, and (e) PHS, in Bz at 5.0 x 1073
mol dm~3 (base mol unit) with trietylamine at RT, 2.0 x 1072 mol dm~3 conc. Spectra were recorded 10ns after electron pulse irradiation.
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Figure 5. UV band in the transient absorption spectra of ME3
in Bz at 5.0 x 107> moldm~3 (base mol unit). Spectra were re-
corded 100ns after electron pulse irradiation. Solid (squares),
dashed (diamonds), and dot-dashed (circles) lines are spectra ob-
served in O,-saturated, Ar-saturated with TEA at 2.0 x 1073
moldm™3, and Ar-saturated solutions, respectively. Reprinted
with permission from S. Seki, et al., J. Am. Chem. Soc., 126,

3521 (2004) (Ref. 13) ©2004, American Chemical Society.

band observed for PHn induces a dramatic increase in
the polaron width, and hence a highly delocalized
negative (anion radicals) or positive (cation radicals)
charge state.

Figure 5 shows the transient UV band observed for
the ME3 solution. The spectra appear to suggest the
simultaneous formation of the radical anion and cation
in the Ar-saturated solution, leading to overlap of the
two transient absorption bands at 358 nm and 348 nm,
which have been determined independently.!>?!22 In
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contrast to the Ar-saturated solution, only the radical
anion or the radical cation is selectively formed in
the Ar-saturated solution with 20 mM triethylamine
(TEA) or the O;-saturated solution. The kinetic
trace is recorded over a wide range of observation
time from a few ns to ps. The extinction coefficients
of anion radicals were also determined by an use of
the electron transfer reaction between PS and pyrene
(Py) as follows:

PS*™ + Py —> PS+ Py*~ (11)

The kinetic traces of PS*~ and Py*™ (¢~ = 5.0 x
10*M~'em™" at 492nm’) gave the &*~ values of
polysilanes as summarized in Table I. The extinc-
tion coefficient of the cation radicals can also be de-
termined by the charge transfer reaction between
PS*t and N,N,N',N'-tetramethyl-p-phenylene-diamine
(TMPD) as follows.

PS** + TMPD —> PS + TMPD** (12)

The formation process of TMPD*" can be observed
as an increasing process in the transient absorption at
570nm, at which TMPD*" in Bz peaks with an ex-
tinction coefficient of 1.2 x 10*M~! cm~!.7> The fit-
ting of the formation kinetic trace at 570 nm and the
decay trace at the absorption maximum of PS** based
on the extinction coefficient of TMPD®t gives PS**
extinction coefficients (¢*t) of 3.3 x 10* to 2.0 x
100 M Yem™!, as listed in Table 1.

In the quantitative elucidation of the degree of
charge delocalization on the Si skeleton, the authors
have already reported the degree of charge delocaliza-
tion (nge) determined through simultaneous observa-
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tion of the transient bleaching of the lowest excitonic
backbone peak (AP yp) and the formation of the UV

bands (A**yp), as given by!320:22
AB/ 'E.i

Nget = —22—— (13)
AOD - EES

The empirical relationship between the apparent os-
cillator strength of the UV band (f*¥) and the value of

nge1 has also been obtained, expressed as!319-21
nget o< f** (14)
ft=432x10""° / e*Edv (15)

The values of f*~ and f** can be obtained by nu-
merical integration of the Gaussian fit to the IBL™-
CB transitions. The obtained values of f*~ and f°**
are also summarized in Table I. The half-Gaussian
(high-energy side), half-Lorentzian (low-energy side)
fit gives lower values of f*~ and f**, but the differ-
ence between the two fittings is less than 20% for all
spectra. The values of f** for a series of MEn, PDn,
PHn, and poly(arylsilane)s are plotted as a function
of « in Figure 6. The values of ¢** principally reflect
the values of «, and exhibit a similar dependence on
the degree of delocalization of excitonic states on the
Si backbone. However, ¢** and f** values observed
for the phenyl-substituted polysilanes are clearly high-
er than those for the dialkyl-substituted polysilanes. In
contrast to cation radicals, the anion radicals of all the
polysilanes represent clear correlation between the val-
ues of f*~ and «, without contribution from the pres-
ence of phenyl pendant groups in their side chains.
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The values of both ¢ and L derived from eqs 4 and
5 clearly indicate that the physical segmentation
length in Si backbones of the ground-state or excit-
ed-state polysilanes is well interpreted in terms of mo-
lecular stiffness «. In the case of cation radicals, the
dependence of f*t, or nge, on molecular stiffness
can be apparently categorized into three series: poly-
silanes bearing no, one, or two phenyl rings, despite
of no categories presenting in anion radicals. It should
be noted that the transient spectra in the present study
were recorded after intra-chain charge transfer proc-
esses, which were expected to occur within a few
ns,’0 thus the spectra are mainly due to energetically
favorable segments in polysilane backbones. Despite
the fact that PH2 exhibit almost identical Stokes shifts
to those of any poly(dialkylsilane)s, a relatively high
value of f** is observed for PH2. This is strongly sug-
gestive of a crucial contribution from the phenyl rings
only in the delocalization of positive charges. Takeda
et al. suggested, based on theoretical calculations, that
the valence and excitonic states of steady-state poly-
silanes bearing phenyl rings are considerably affected
by o-7 mixing.** The present results also indicate that
this is the case, giving rise to IBLT. A delocalized
IBL" over the phenyl ring is a good explanation for
the increase in f*t for poly(n-alkylphenylsilane),
though a IBL™ is considered to be localized onto Si
chains without spreading over phenyl substituents.
This explanation is supported by models of the spread
of the singly occupied molecular orbital (SOMO) state
into substituents, as calculated theoretically only for
polysilane cation radicals.!*!31° Therefore, the UV
band includes both the transition from IBL™ to the
CB, and the transition from IBL* to pseudo-7 at an
energy of ~0.2eV below the CB.

Intrinsic Mobility of Charge Carriers along o-Conju-
gated Chains

In this section, the intrinsic mobility of charge car-
riers along o-conjugated chains with different back-
bone conformations and length is discussed by means
of TRMC technique. Fractional precipitation and cen-
trifugal separation of PH1 and PH6 gave the polymer
lots of a variety of molecular weights, and each 5 en-
tries (PH1-1~5 and PH6-1~5) with small molecular
weight distributions were selected for an use in the
present study. The absorption and fluorescence maxi-
ma of all PH1-1~5 were almost identical despite al-
most up to two orders of magnitude difference in mo-
lecular weight. The &2 of the PH1 increased slightly
with molecular weight. The empirical relationship be-
tween £ and the mean degree of delocalization of
the lowest excitonic state on the Si backbone was al-
ready discussed in the previous section represented as
eq 5.2131864 Eq 5 gives a value of L =24 for the
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Table II. UV absorption, fluorescence, molecular weights, degree of polymerization,

and isotropic mobility of poly(n-alkylphenylsilane)

al?s Sabs ﬁﬂ Mw Mn +
BNy qm) mol'dmTem™)  (m)  (x10%)  (x10%) g 2 Rs)
PH1-1 339 7900 365 49 22 1700 ~0.03
PH1-2 339 7900 365 17 7.5 590 ~0.02
PH1-3 339 7900 365 4.9 3.2 250 ~0.02
PHI1-4 339 7800 365 1.7 1.1 87 ~0.02
PH1-5 338 7800 365 0.96 0.80 63 ~0.02
PH6-1 347 12800 369 98 58 930 0.30
PH6-2 347 12800 369 57 32 510 0.27
PH6-3 347 12000 369 18 8.3 130 0.26
PH6-4 347 11700 370 12 6.1 98 0.15
PH6-5 347 10500 372 9.4 4.2 67 0.092
PH1s, with almost no dependence on the molecular 0.8 — : : : 5

weight in the examined range. The PH6s, however,
exhibited a significant increase in £ with chain
elongation despite the narrower range of molecular
weight. According to eq 5, the value of L is estimated
to be 39 for PH6-1 and 32 for PH6-5. The fractional
precipitation procedure employed in this study afford-
ed polysilanes with high molecular weight (> ~10%),
low polydispersity (< 2.2), and monomodal distribu-
tions similar to the Schulz-Zimm distribution for all
the precipitates.'? Thus, for almost all of the fractio-
nated polysilanes in this section, flexible Kuhn chains
with ¢ varying from 1.1 nm (PH1) to 5.4 nm (PH6) are
considered also acceptable as a first-approximation
model of chain configurations except for the lowest
molecular weight polymers. As discussed in the previ-
ous section, the low excluded volume parameter « in
toluene and the low second virial coefficient of poly-
silanes also supports the small contribution of vol-
ume-excluding effects to the conformation of PH6.
Thus, on the assumption of & = 1 for PH6, the substi-
tution of (r?) from eq 3 into eq 4 gives the actual mo-
lecular weight:
b1
M =3R,"M; — (16)
q

Atactic polystyrene, which is the calibration stand-
ard, exhibits almost the same parameters of g (0.9 nm)
and My, (104 gmol~!) as those of PHI. This strongly
suggests that the molecular weight of PH1s measured
by GPC reasonably reflects the actual value of M. The
degree of polymerization (n) calculated using eq 16 is
summarized in Table II. The value of L =32 for
PHG6-5, derived from eq 5, is not negligible in compar-
ison with the value of n = 67. It should be noted that
there is an apparent control on segment length in PH6-
4 or PH6-5, which is also supported by the depend-

ence of L on the molecular weight of PH6s.
We have determined the values of ¢*~ and &** for
both PH1s and PH6s in the previous section by PR-
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Figure 7. Kinetic trace of transient absorption and microwave
conductivity transients of PH6-1 in benzene at 2.0 mmol dm—3
conc. (base mol unit) under ~17 Gy irradiation. Solid line denotes
TRMC transient observed in O,-saturated solution. The TRMC
transient was monitored from 10ns to 1 ms using a transient digi-
tizer with a pseudo-logarithmic timebase. Optical transient ab-
sorption was recorded at 372 nm.

TAS measurement using an efficient charge transfer
reaction to Py (anion radicals) or TMPD (cation radi-
cals), respectively. The yield of PH6-1*" can be cal-
culated using ** in any time region, and gives the ex-
act number of charge carriers in the benzene solutions.
Figure 7 shows the kinetic trace of PH6-1°" over time
regions of 107 to 1073 s, together with the observed
PR-TRMC signal for the same solution of PH6-1.
The maximum yield of PH6-1°T at ~3us after
pulse irradiation is calculated to be 3.9nMGy~!
(G(PH6-1°%) = 0.044; G-value of cation radicals,
number of radical cations per 100eV absorbed by
the medium) according to the value of &**. The for-
mation of PH6-1°" competes with the extinction of
Bz,*" reacting with superoxide anion O,°~, thus the
yield of PH6-1*" depends on both the concentration
of PH6-1 and the irradiation dose, with the yield
decreasing from 3.9 to 1.8nM Gy~! with increasing
dose from 17 to 158 Gy per pulse, and increasing from
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1.7 to 3.9nM Gy~! with increasing concentration of
PH6-1 from 0.2 to 2.0 mM. The yield of PH1-1°7 is
also determined as G(PH1-1°") = 0.048 by the same
procedure. The concentrations of the cation radicals of
the other PH1s or PH6s are calculated using the yields
observed for PH1-1 or PH6-1, respectively.

In Figure 7, symmetric transients are observed in
both TAS and PR-TRMC measurements, and the Kki-
netics of the formation and extinction processes ob-
tained by the two methods are identical under all con-
ditions of PH6 concentration and dose. This indicates
that the PR-TRMC signals can be entirely attributed
to PH6-1°" in the present system. The PR-TRMC
method is selective in terms of mobile charges on
the polymer chains, allowing the conductivity (Ao)
of the media to be determined with nanosecond
resolution without electrodes. The relationship be-
tween the measured conductivity and the mobility is
given by?678

Ao = 1000F[PS**] (17)

Hip
3
where F is the Faraday constant, and p* is the one
dimensional mobility of positive charges moving
along polymer backbones. The concentration of PH6-
1** can be obtained by TAS measurement, giving
wipt =0.30cm?>V~-!'s~!, which is consistent with
the value derived previously.”” The hole drift mobility
w has been previously reported to be 6 x 1073 to 7 x
10~ in electric fields of 3 x 10% to 8 x 10> Vcem™! by
DC-TOF.?* The present value of the mobility is more
than two orders of magnitude higher than that ob-
tained by DC-TOF. Considering the disorder formal-
ism for hopping transport of charge carriers in the dis-
ordered molecular solid, the mobility of carriers is
expected to be dominated by variations in the dis-
placement of trapping sites and/or in the energy levels
of the sites themselves.?>” If the dynamic changes in
the backbone conformation of PH6 occur on the time
scale of DC-TOF measurements, a reduction of the
mobility in the bulk system may occur. However, it
should be noted that the isolated one-dimensional Si
skeletons in PH6 have far higher potentials as positive
charge conductors than predicted by the DC-TOF

technique.

There are few reports that provide an estimate of
the electron mobility in polysilanes or other disor-
dered organic solid materials such as 7- and o-conju-
gated polymers. The microwave conductivity transient
for PH6-1°", generated by the reaction between free
electrons in benzene and PH6-1, is shown in Figure 8.
The addition of TEA causes a substantial reduction in
the conductivity signals of PH6-1°", and the transient
display much faster growth and decay. This reflects
the faster formation process of PH6-1°~ due to the

Polym. J., Vol. 39, No. 4, 2007

3 T T T T 2
& |1 .
5 [ 6]
£ . 4 S
S ! ]li; v}
= v 2
< \ ' / 2
X »
8 EN
9 M T

5\
AR
g A
0 -wﬂ\l‘J hu i 0
100 1000 104 105 100

time (ns)

Figure 8. Kinetic trace of transient absorption and microwave
conductivity transients of PH6-1 in benzene at 2.0 mmol dm™3
conc. (base mol unit) under ~17 Gy irradiation. Dashed line de-
notes TRMC transient observed in deaerated solution with 5.0
mmol dm~3 TEA. Optical transient absorption was recorded at
385 nm.
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Figure 9. Dose-normalized changes in microwave conductiv-
ity during pulse radiolysis of dilute benzene solutions of PH6-
1~5. In all cases, the concentration was 2.0 mmoldm™> (base
mol unit), and the irradiation dose was ~68 Gy.

higher mobility of electrons in benzene than Bz,*",
and the faster recombination of electrons on the poly-
mer chains with impurities in the solution. On the
basis of the anion radical concentration determin-
ed by an use of &*~ = 5.0 x 10*mol~! dm?* cm™" for
PH6-1°", the estimated electron mobility (uip™) is
6.2 x 1072cm? V~-!'s7!, indicating that polysilanes
provide potential conducting paths for both holes
and electrons, although the mobility of electrons is
lower than that of holes.

The dependence of the conductivity transients on
the chain length of the PH1s and PH6s polymers is
shown in Figures 9 and 10. The observed transients
depend remarkably on the chain length of PH6s, and
reaches saturation for PH6-1~3. The PHIs exhibit
less of a dependence on chain length, with absolute
values of conductivity lower than those for PH6s.
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Figure 10. Dose-normalized changes in microwave conduc-
tivity during pulse radiolysis of dilute benzene solutions of PHI1-
1~5. In all cases, the concentration was 2.0 mmol dm™ (base mol
unit), and the irradiation dose was ~68 Gy.

The value of G(PH1-1°") also gives the concentration
of radical cations of PH1-1 ([PHI-1°"]), yielding a
mobility of u;p™ = 0.0029 cm? V~!'s~! for PHI. For
all the other polysilanes, the values of pp™ relative to
PHI-1 or PHI1-1 are summarized in Table II. The
present results suggest that the highly delocalized
SOMO™ is achieved in PH6 with long enough Si cat-
enation. The degree of delocalization in PH6 is at least
one order of magnitude higher than that in PHI,
as indicated by the saturation of w;p™ at ~0.003
cm? V~!'s~! for PH1 and ~0.03cm? V~!s~! for PH6
with increasing n. This is the case giving considerable
increase in f*~ or f*t of PH6s in comparison with
those of PH1s as suggested by PR-TAS in the previ-
ous section. On the other hand, the difference in de-
localization is considerably larger than the difference
in L (~24 Si units for PHI and ~39 units for PH6) de-
rived from eq 5, and the difference in g (1.1 nm for
PHI1 and 5.4 nm for PH6). The value of L was estimat-
ed from & of the steady-state absorption spectra
without the contribution of intra-molecular energy
transfer processes (exciton migration’’), giving the
mean length of the overall conjugated segments. The
values of g, which reflect the length of physical seg-
mentation in the chains, also provide a measure of
the mean length. The conductivity transients measured
in the present study were recorded after intra-chain
charge transfer processes, which were expected to oc-
cur within a few nanoseconds’® and as such can be
mainly attributed to energetically favorable segments
in the polysilane backbones. Transient spectroscopy
of the radical ions of a variety of polysilanes has sug-
gested a remarkable contribution from intra-molecular
(inter-segment) charge transfer processes. The present
results also indicate that this is the case, giving rise
particularly to delocalization along the Si chains of
PH6 in comparison with the delocalization of the
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exciton state.

The conductivity transients of PH6s in Figure 10,
however, indicate considerable slow rise time for
PH6 with short chain length. The difference in the rise
time is up to ~10us, which is considerably longer
than the time responsible for the intra-molecular
charge transfer processes. This might be due to the in-
ter-molecular charge transfer processes, because the
small change in the chain length derived from the
molecular weight distribution cause relatively higher
effects on the single chain mobility in case of the
shorter chain polymers. This is also supported by
the fact of unsaturated values of the mobility observed
especially for PH6-4~5.

Crosslinked o-Conjugated Polymer Nanowires by Sin-
gle Particle Nanofabrication Technique

In this section, the radiation sensitivity of o-conju-
gated polymers is discussed especially upon irradia-
tion to high energy charged particles. The radiation in-
duced reactions in o-conjugated polymers have been
revealed to depend strongly on the nature of radiation
sources: LET which represents concentration of ener-
gy deposited by radiations along their paths (trajecto-
ries) in the media. 7 Polysilanes were cross-linked
by high LET radiations including high energy charged
particles, despite of predominant main chain scission
reactions observed for low LET radiations or pho-
tons.*>* It should be noted that the cross-linking reac-
tions depended strongly on the density of neutral reac-
tive intermediates: silyl radicals,® and the reactions
seemed to occur within a nm-scaled cylindrical space
along an incident particle trajectory where the inter-
mediates distributed densely and non-homogeneous-
ly.*#" This process will potentially give a insoluble
“nano-gel” along each corresponding particle, and
produce wire-like 1D-nanostructures via isolation of
“nano-gel” on a substrate by removing soluble un-
cross-linked parts.*$-6

Simple procedures were employed to cause cross-
linking reactions: coating of the polymers onto Si sub-
strates at 0.2—1.0 um thick, irradiation to a variety of
MeV order high energy charged particle from several
accelerators in vacuum chambers, and washing the
film in solvents to remove uncross-linked parts of
the film.>® After the washing and drying procedures,
surface structure of the substrate was observed direct-
ly by an atomic force microscope (AFM).

High energy charged particle irradiation of PHI1
films was found to cause gelation of the polymers for
all particles, all energies, and all molecular weights of
PHI. Figure 11 shows the evolution curves of gel vol-
ume for irradiation of PH1 films with 2 MeV He™ par-
ticles. In the figure, the gel fraction corresponds to the
normalized thickness, and the evolution curve was
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Figure 11. Sensitivity curves (gel evolution curves) for PH1s
with various molecular weights under irradiation with a 2 MeV
4‘He™ beam. Reprinted with permission from S. Seki, et al.,
Macromolecules, 38, 10164 (2005) (Ref. 54) ©2005, American
Chemical Society.

calibrated by the absorbed dose (D). According to the
statistical theory of cross-linking and scission of poly-
mers induced by radiation, the G values of cross-link-
ing (efficiency of the cross-linking reaction, G(x))
and main-chain scission (G(s)) are expressed by the
Charlesby-Pinner relationship as follows.3!:82

12 _ m
s+s —p/q-l—anD (18)
s=1—g (19)
G(x) = 4.8 x 10°¢ (20)
G(s) = 9.6 x 10°p (21)

where p is the probability of scission, g is the proba-
bility of cross-linking, s is the sol fraction, g is the gel
fraction, m is the molecular weight of a unit monomer,

and M, is the number average molecular weight be-
fore irradiation. The cross-linking G values calculated
using these equations for irradiation of PH1 with
2MeV Het, H", C*, and N particles are compared
in Table III. The values of G(x) for high molecular
weight PH1 are much lower than those for low molec-
ular weight PH1. Besides chain length, there are no
differences in the chemical structures of the polymers,
indicating that the efficiency of cross-linking should
be identical for all series of polymers to a first ap-
proximation. The effects of the molecular weight
distribution on the radiation-induced gelation of a
real polymer system were considered by Saito®® and
Inokuti,®* who traced the changes in distribution due
to simultaneous reactions of main-chain scission and
cross-linking analytically. However, in the present
case, the molecular weight distributions of the target
polymers are reasonably well controlled to be less
than 1.2, and the initial distributions are predicted
not to play a major role in gelation. The simultaneous
change in the molecular weight distribution due to ra-
diation-induced reactions also results in a non-linear-
ity of eqs 1 and 2. Therefore, the following equations
are proposed to extend the validity of the relationship
by introducing a deductive distribution function of
molecular weight on the basis of an arbitrary distribu-

tion:%

(2 = p/@)(Dy — Dy)
(Dv — D)

1 1
D, = 4(— - —) / 3q 23)
Uk, Uy,

where D, is the gelation dose, and u is the degree of
polymerization. Eq 22 provides a better fit to the ob-
served values of s at high doses than eq 18, as shown
in Figure 12. However, the G(x) derived from this fit
are almost identical to those in Table III, depending
on the molecular weight, because the values are esti-
mated in the low-dose region where eq 18 is suffi-
ciently linearity.

The effects of the polymer structure'> and the cross-

s+s52 =p/qg+ (22)

Table III. Values of G(x) determined for various high energy particles and polymer chain lengths®

Entry 2MeV H 2MeV He 0.5MeV C 2MeV C 2MeV N
15eV/nm 220eV/nm 410eV/nm 720 eV /nm 790eV /nm
PHI-1 0.0018 0.0049 0.021 0.072 0.082
(0.0021)® (0.0052)® (0.022)° (0.0079)® (0.0095)°
PH1-2 0.0021 0.0095 0.052 0.081 0.15
PH1-3 0.0030 0.019 0.07 0.18 0.21
PH1-4 0.0075 0.021 0.075 0.20 0.26
PHI-5 0.019 0.061 0.18 0.27 0.34
(0.021)° (0.089)° (0.19)° (0.33)® (0.42)°

aAll the data are quoted from refs. 43, 49, and 54, ®Values in the parenthesis were estimated by

eqs 22 and 23.
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Figure 12. Charlesby-Pinner plot of s+ s'/2 vs. 1/D for
2MeV “He* irradiation of PHI-1. Solid line denotes the fit by
eq 18 in the high-dose region for the estimation of G(x) in
Table III. Dashed line is given by eq 22 for the entire dose region.
Reprinted with permission from S. Seki, et al., Macromolecules,
38, 10164 (2005) (Ref. 54) ©2005, American Chemical Society.

linking precursor species®® have been considered in
previous studies, where it was revealed that there
was less of a dependence of G(x) on the molecular
weight in the case of y-rays or electron beam irradia-
tion. The cross-linking points in polymer materials are
distributed non-homogeneously on an ion track along
an ion trajectory. A schematic of this type of non-
homogeneous distribution is shown in Figure 13. In-
tra-molecular cross-linking, which constitutes a great-
er contribution to G(x) in the inner region of ion tracks
associated with higher densities of deposited energy,

High Energy Particle

Polymer Thin Film

Crosslinks L P

is not taken into account by the statistical treatment
in eqs 18-23, and it is this case that gives rise to an
underestimate of the number of crosslinks. As the
polymer film used in the present study is sufficiently
thin to allow the change in kinetic energy of incident
particle to be neglected, a model of cylindrical energy
deposition is sufficient, without needing to refer to the
dependence of the radial energy distribution on the
direction of the ion trajectory. The total yield of
gels generated by charged particle irradiation can thus
be treated using a simplified expression,*>#473% a5
follows.

g = 1 — exp[—nnre?] (24)

Here, r.. is the radius of the cross-section of the cylin-
drical region (chemical core), and n represents the flu-
ence of incident ions. The effect of the diffusion of re-
active intermediates, determined using a low-energy
charged particle, has been formulated as the term 87:%

Tee =1 + 67 (25)

The value of 8" in PH1 was determined to be 0.5-0.7
nm.*’ Based on traces of the gel fraction by eq 24, the
estimated values of r.. are summarized for a variety of
high energy charged particles in Table IV. The value
of r increases substantially with molecular weight in
all cases except for irradiation with 2MeV H*, sug-
gesting that the cylindrical scheme may not be appli-
cable for the 2MeV H' because the deposited energy
density is too low to promote the cylindrical distribu-
tion of crosslinks in an ion track.

AFM images of the cylindrical gel area are shown
in Figure 14 for comparison with traces of the gel

Uncross-linked
Polymers

Removed by
Dissolution

Polymer
Molecules

Figure 13. Schematic of the non-homogeneous distribution of crosslinks in an ion track. Dissolution of non-crosslinked molecules re-

sults in the formation of isolated nanowires.
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Table IV. Values of r. for various high energy particles and polymer chain lengths

Tons Energy LET rec for PHI-1 rec for PH1-2 rec for PH1-3 rec for PH1-4 rec for PHI-5

(MeV) (eV/nm) (nm) (nm) (nm) (nm) (nm)
IHP 2.0 15 0.15 0.15 0.14 0.14 0.15
4He® 2.0 220 1.2 0.95 0.76 0.60 0.52
12¢hb 0.50 410 2.2 2.1 1.6 1.1 0.94
12¢hb 2.0 720 5.0 4.3 4.0 34 2.7
14Npb 2.0 790 5.1 4.8 4.2 3.8 3.0
14Ne 2.0 790 4.8 4.8 43 3.6 2.8
S0Fec 5.1 1550 5.5
23sie 5.1 1620 5.9
23sic 10.2 2150 6.1
40Ar€ 175 2200 8.2 7.3 6.1 4.0
S0Fec 8.5 2250 5.8
S0Fec 10.2 2600 7.7
84K b 520 4100 10.7 9.6 8.6 7.9 6.4
84K e 520 4100 10.2 9.2 8.3 6.1
129X ec 450 8500 12.1 10.5 9.3 6.9
2Au¢ 500 11600 19.4 16.2 12.5 10.7

All the data are quoted from refs. 49, and 54. "Values estimated from gel traces by eq 24. “Values estimated by
direct AFM observation.

@520 eV Kr

O2MeV N , Cross section
e

08t
r.=6.4nm

06 6.1 nm
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Figure 14. Gel evolution curves recorded for 520 MeV 3*Kr irradiation of PH1-5 and 2MeV '“N irradiation of PH1-4. Solid lines de-
note the fit for the respective gel fraction based on eq 24. The estimated values of 7. are 6.4 and 3.8 nm for the Kr and N particles. AFM
micrographs were observed for the same set of polymers and particles. The fluence of Kr and N ions was set at 1.4 x 100 and
6.4 x 10° cm™2, respectively. Reprinted with permission from S. Seki, et al., Macromolecules, 38, 10164 (2005) (Ref. 54) ©2005, Amer-
ican Chemical Society.

Figure 15. AFM micrographs of nanowires based on PH1s showing the variation in size with molecular weight and number density on
the substrate. The nanowires were formed by 500 MeV '°>?Au beam irradiation to (a,b) PH1-3 (c) PHI-1 thin films at (a) 3.0 x 10°, (b)
5.0 x 10°, and (c) 1.0 x 10° ions/cm?, respectively. The thickness of the target films were (a,b) 350nm and (c) 250 nm.

fraction. Eq 24 provides a good fit for the trace of the PHI-1 and PH1-3 thin films with varying number of

gel fraction, and the estimated values of r.. for both incident particles. These images clearly reveal 1D
particles correspond with the values observed from rod-like structures (nanowires) on the substrate, which
the AFM micrographs. Figure 15 shows a series of is ascribed to the cylindrical formation of nano-gel
AFM micrographs observed for the irradiation of along ion trajectories. It should be noted that the den-
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sity of the nanowires on the substrate increased clearly
with an increase in the number of the incident parti-
cles, and the observed number density of the nano-
wires coincided with the number density of the
incident particle. This is also suggestive that “one
nanowire” is produced corresponding incident particle
along its trajectory, which is a clear evidence of the
model described above. As shown in Figure 15, the
length of the nanowires is uniform in each image,
and is consistent precisely with the initial thickness
of the film. This is due to the geometrical limitation
of the distribution of cross-liking reaction: the gelati-
on occurs from the top-surface to bottom of the poly-
mer film. Thus the length of the nanowires can be per-
fectly controlled by the present technique. Based on
the measurement of cross-sectional trace of the nano-
wires by AFM, the radial distribution of crosslinks in
the nanowires is discussed in terms of r.. defined as
the radius of the cross-section. It is clear that the value
of r.. depends on the molecular weight of the target
polymer as shown in Figure 15, and the r. also
changes with the LET of incident particle as summa-
rized in Table IV.

The authors previously reported that cross-linking
reactions are mainly promoted by side-chain dissoci-
ated silyl radicals, and that the predominant reaction
is determined by the radical concentration in the ion
tracks.!>4243:86 Thus, the distribution of crosslinks in
an ion track is expected to reflect the radial dose
(deposited energy density) distribution, where p.; is
the critical energy density for the predominance of
cross-linking in PH1. The radial dose distribution in
an ion track is thus given by*>4

LET  , , LET[. , (er,\]"
/OC=T[7Trc] +T 2mr."In

re

r<r (26)

LET[_ , (e2r\]"
pp(r) = —— | 2mr° In| ——
2 re

re<r=rnr, (27

where p. is the deposited energy density in the core
area, and r, and r,, are the radii of the core and penum-
bra area. For gel formation in a polymer system, it is
necessary to introduce one crosslink per polymer
molecule. Assuming a sole contribution from the
cross-linking reactions in the chemical core, p. is
given by

_100pA
~ G(x)mN

Per (28)

where A is Avogadro’s number, and N is the degree of
polymerization. The value of mN/pA reflects the vol-
ume of a polymer molecule. Substitution of p,(r) in
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eq 27 with p. gives the following requirement for
4748

1

»  LETG(x)mN e\
P2 = In (29)
400 pA Te

Using the reported value of G(x) = 0.12, derived from
radiation-induced changes in molecular weight,* the
values of r.. calculated by the non-empirical formula-
tion of eq 29 are compared with the experimental
values showing a good consistency with the experi-
mental values for polymers with sufficient chain
length (PH1-1 and PH1-2). However, a considerable
discrepancy occurs between the calculated and exper-
imental results for polymers with shorter chains. The
global configuration of the polymer molecules de-
pends heavily on the length of the polymer chains,
leading to transformation from random coil (long
chain) to rod-like (short chain) conformations. The
gyration radius of a polymer molecule, which deter-
mines the size of a molecule spreading in the media,
is correlated with this transformation. The correlation
between R, and N is discussed in the previous
sections, giving eq 2. Based on the persistence length
of PHI1 (1.1 nm, see previous section), the scaling law
for a helical worm-like chain model®” results in an
index o of 0.410, 0.419, 0.451, 0.485, and 0.492 for
PH1-1~5, respectively. Thus, the effective volume
of a polymer chain can be simply calculated as
4/37R,’, and the substitution of mN/pA in eq 28 with
the effective volume leads the expression®*3

1

» LETG(x)N** e\ T
r? = In (30)
40078 re

where B is the effective density parameter of the
monomer unit (kg m~3). Based on eq 30, the calculat-
ed value of r.. is plotted again the experimental values
in Figure 16. All polymers, with a variety of molecu-
lar weights, follow a single trend, and the calculated
values display good correspondence in the range
ree > 7nm. The underestimate of r.. by eq 30 for
ree < 7nm suggests that the initial deposition of ener-
gy and the radial dose distribution estimated by eqs 26
and 27 do not account for the radial distribution of
chemical intermediates and thus cannot model the
concentration of cross-linking in the core of the ion
track. The value of G(x) increases dramatically with
an increase in the density of reactive intermediates.
Based on the assumption that G(x) is a function of
the density of deposited energy, the present results in-
dicate that the yield of the chemical reaction is de-
pendent on the energy density. Cross-linking reactions
in ion tracks therefore have potential for not only sin-
gle-particle fabrication with sub-nanometer-scale spa-
tial resolution for any kind of cross-linking polymers,
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Figure 16. Correlation between r.. values estimated experi-
mentally and those calculated using eq 30. Reprinted with permis-
sion from S. Seki, et al., Macromolecules, 38, 10164 (2005)
(Ref. 54) ©2005, American Chemical Society.

but also the study of nano-scale distributions of radial
dose and chemical yield in an ion track.

CONCLUSION

Spectroscopic measurement results of ion radicals
of o-conjugated polymers were quantitatively dis-
cussed in terms of oscillator strength, hence the de-
localization degree of excess charges along their
o-conjugated skeletons. The principal role of side-
chain pendant groups was suggested for delocaliza-
tion of positive charge, despite of the insulating
nature of the side chains for electrons delocalized
over Si catenations. The quantitative analysis of the
transient absorption spectra also gave precise number
(concentration) of charge carriers generated in the
media. This realizes fully experimental determination
of intra-chain charge carrier mobility by the tech-
niques combined with the electrodeless PR-TRMC
measurement. The intrinsic mobility of charge carriers
along stiff o-conjugated backbones revealed to be up
to ~0.3cm? V~!s~! for positive charges and ~0.06
cm? V™! s~! for negative charges, suggesting the pres-
ence of highly conductive paths for not only holes but
also electrons in the stiff or rod-like polymer mole-
cules. Cross-linking reaction of o-conjugated poly-
mers was also achieved by an use of MeV-order
high energy charged particles. Cross-linking reactions
occurred within a nano-sized cylindrical area where
the reactive intermediates distributed densely and
non-homogeneously by the energy deposition of an
incident particle. The wire-like nanostructures were
successfully isolated on substrates by the simple pro-

Polym. J., Vol. 39, No. 4, 2007

cedure, and observed clearly by AFM. This is sugges-
tive that the nano-sized cylindrical field of cross-
linking reactions induced by an charged particle is
applicable to produce nanowires based on a variety
of polymeric materials.
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