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To study the properties of single polymer chains, we
can use a dilute solution of the polymer. This is because
we can ignore the interchain interaction in a sufficiently
diluted solution. Polymers are usually in the solid phase
in solventless conditions. The film form is particularly
important for such product applications as photoresists,
organic photoconductors, and organic light-emitting
diodes. The characteristics of the film are, however,
often different from those of the polymer in a dilute
solution because of unavoidable interchain interactions.
We were intrigued to know what we would observe from
an isolated single polymer chain in solventless condi-
tions, for instance in air. Such observations may reveal
more of the intrinsic properties of the polymer that are
hidden by the quick motion of the polymer in a dilute
solution. It is also likely that these observations would
attract considerable attention now that single molecular
science and engineering are becoming active fields of
research. One problem is to find a way of extracting
single polymer chains without condensation under sol-
ventless conditions.

We recently proposed an approach designed to fix
single polymer chains effectively on a substrate surface.!
This method, which we call the “end-graft” technique,
utilizes the formation of a chemical bond between the
substrate surface and one of the termini of a polymer
chain with a controllable surface density. We have been
applying this technique to polysilane, a semiconducting
polymer known to exhibit high hole drift mobility? and
electroluminescence.® End-grafted (EG) polysilanes can-
not be condensed, even under solventless conditions, if
the density is controlled so that it is sufficiently low,
which we successfully visualized using atomic force
microscopy.* In addition, polysilane has a characteristic
sharp absorption band in the UV region due to o-elec-
trons delocalized along the silicon backbone.> The degree
of this o-delocalization depends on the backbone con-
formation, and variations lead to changes in the peak
wavelength of the UV absorption band. For many
polysilanes this often appears as thermochromism,
namely a temperature-dependent spectral change. In
this work, we chose poly(di-n-hexylsilane) (PDHS) be-
cause its thermochromism has been extensively studied
in relation to its backbone conformations in dilute
solution® as well as its solid thin film.” We prepared EG-
PDHS and measured its temperature-dependent ab-
sorption spectra under solventless conditions. We dis-
cuss the origin of the characteristic behavior to EG-
PDHS by comparing the present result with the
thermochromism known for PDHS in dilute solution and
for PDHS solid thin film.

* Corresponding author: e-mail furukawa@will.brl.ntt.co.jp;
home page http://imww.brl.ntt.co.jp/people/furukawa/top.html; phone
+81-46-240-3551; Fax +81-46-270-2363.

10.1021/ma011421j CCC: $22.00

Scheme 1
R R
(+-BuCgHg)oLi |
%Sl—) 6 hida Si SI—LI
THF, 293 K | /m |
R R
R= n-CeH13
oo
B"'(CHz)ﬁsl’i"'o‘ISiOz
CHg
T D
{Si%—Si—(CHg) -Si—0—SiO,
| s | 1"
R R CHj

We synthesized EG-PDHS on a quartz substrate as
shown in Scheme 1. The idea, which we call the “cut
and graft” technique,!? is that PDHS with a silyl anion
on its terminus is coupled with primary alkyl bromide
anchors built in advance on the quartz substrate. We
synthesized PDHS by the conventional dehalogenative
coupling of R;SiCl, (R = n-CgHs3) in toluene.5® Quartz
substrates were treated with Br(CH>)1:Si(CH3)2Cl (3 wt
% toluene solution, 383 K, 1 h). Lithium 4,4'-di-tert-
butylbiphenylide was prepared by stirring lithium (8
mg) and 4,4'-di-tert-butylbiphenyl (5 mg) in dried tet-
rahydrofuran (3 mL) at 273 K until the solution became
dark green. The end-graft reaction took place in dry and
oxygen-free conditions in handmade glassware.*® We
prepared end-lithiated PDHS by adding a drop of
lithium 4,4'-di-tert-butylbiphenylide into a tetrahydro-
furan (10 mL) solution of PDHS (50 mg).8 The solution
became pale yellow as the end-lithiated PDHS was
generated. We then transferred the solution to a sub-
strate with the primary alkyl bromide group of —OSi-
(CH3)2(CH2)11Br on its surface. After a minute, we added
a drop of ethanol to quench the excess amount of end-
lithiated polysilane. The weight-average molecular
weight, as determined by gel permeation chromatogra-
phy (polystyrene standard) of the quenched PDHS, was
6.6 x 10° (polydispersity, 2.6). That of the initial PDHS
was 2.6 x 10° (polydispersity, 3.1). We rinsed the
substrates repeatedly in good polysilane solvents to
remove any polysilane left on the surface.

Figure 1 shows temperature-dependent electronic
absorption spectra of EG-PDHS in a vacuum. It shows
an absorption band peaking at 316 nm at 300 K, which
is characteristic of the o—o™ transition of PDHS.%7 The
absorption spectrum was reversibly changed depending
on the temperature. The absorption band peaked at 316
nm in the high-temperature region (>250 K) and at 353
nm in the low-temperature region (<220 K). During the
transition between 220 and 250 K, we observed a clear
isosbestic point (at 332 nm). The change of the spectra
can be assigned to the conformational transition known
for PDHS.

Typically, PDHS in dilute solution shows abrupt
thermochromism at the transition temperature (T;) of
242 K between two phases: one peaking at 317 nm and
the other peaking at 353 nm.%2 Although thermo-
chromism is also observed for a solid thin film of PDHS,
its T is relatively higher (315 K), and one of the phases
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Figure 1. Temperature-dependent electronic absorption spec-
tra of EG-PDHS in a vacuum.

has a different absorption peak at 374 nm.” Our present
result is very interesting in that EG-PDHS chains
behave like PDHS in dilute solution even in solventless
conditions: T, is comparable to that in dilute solution,
and more obviously, the longer wavelength absorption
band appears at the same wavelength as that of PDHS
in dilute solution (353 nm) but for PDHS solid thin film
(374 nm).°

The result in Figure 1 shows that the interchain
interaction between the EG-PDHS chains is as low as
it is in solution. We can simply understand this is
because the EG-PDHS chains are isolated from each
other even in solventless conditions and are thus free
from complex interchain interactions that occur in bulk.
The relatively wide temperature range needed for
completing the transition in EG-PDHS is probably due
to the lower degree of freedom of motion for a polymer
with one terminus fixed on solid surface than that for a
free polymer chain in solution. Other possibilities
include the interaction of the EG-PDHS chains with the
substrate and the assistance of the solvent in promoting
such an abrupt transition in solution. Many papers have
already discussed the thermochromic phase transition
of PDHS, although the origin of the abrupt transition
in dilute solution and the difference between the ab-
sorption peak wavelength in solution and that of solid
thin film have remained undetermined.>2¢ The differ-
ence has often been discussed by considering the solvent
effect to be an essential factor. Our present experiment
reproduces solution thermochromism even under sol-
ventless conditions, and this result demands a recon-
sideration of such models.

We should mention that in some cases with a high
surface grafting density EG-PDHS can aggregate to
form specific structures on a flat Si(111) surface.*®
Unfortunately, we cannot completely ignore the pos-
sibility of the formation of such structures in the vicinity
of the SiO; surface.1° This motivated us to compare our
present result with the thermochromic transitions of
PDHS films confined in two-dimensional space: ul-
trathin films fabricated by either the spin-coating!! or
Langmuir—Blodgett (LB) technique.!? Spin-coated films
thinner than 50 nm exhibit a change in population of
the two phases due to the restricted geometry in the
film thickness direction. The PDHS LB film had a lower
T. (288 K) than the PDHS solid film. However, the peak
wavelengths for long-wavelength absorption bands of
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both films are observed at about 370 nm, which is the
same as that of a PDHS solid film. The absorption peak
wavelength at 353 nm observed for EG-PDHS can,
therefore, most likely be assigned to a monomolecular
event, or at least we can say that few EG-PDHS chains
are involved.13

The fact that we still observed thermochromism in
EG-PDHS means that EG-PDHS chains are still mobile
in a vacuum. We can say that grafting one of the
polymer chain termini is insufficiently strong to prevent
temperature-driven motion and that the interaction
between the EG-PDHS chain and the quartz surface is
also insufficiently strong to prevent it. Furthermore,
there was no obvious change in the electronic absorption
wavelength. This means that the electronic structure
of PDHS was not affected by grafting on the substrate.
We think this is because quartz is an insulator, meaning
that we can expect a certain electronic interaction
between the end-grafted polysilane and the substrate
if a metal or semiconductor substrate was chosen.

In conclusion, we studied the temperature dependence
of the electronic absorption spectra of EG-PDHS. We
found that EG-PDHS behaves like PDHS in a dilute
solution, and this is due most likely to a monomolecular
event. This may be characteristic not only of EG-PDHS
but also of a variety of polymers end-grafted on a solid
surface.
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