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ABSTRACT: The present paper reports the self-ordering behavior of rod-like and random-coiled poly-
(dialkylsilane)s with Si-H termini on HO-presented substrates. The effects of stiffness and molecular length of
poly(dialkylsilane)s and substrates were investigated by a combination of quartz crystal microbalance, specular
reflectance UV spectroscopy, and atomic force microscopy. A simple immersion of the HO-presented substrates
into poly(n-decylisobutylsilane) (PDBS)/isooctane enabled the manipulation of cooperative structural phase
transition from horizontal to almost vertical orientation to the substrate. Furthermore, the orientation behavior of
vertically self-assembled PDBS depended on its molecular weight. On the other hand, a random-coiled poly-
(methyln-propylsilane) was only horizontally immobilized, resulting in the formation of a mushroom-like structure

on HO-presented substrates. Knowledge gained from these studies may lead to a new, simple approach designed
to fabricate vertically and/or horizontally self-assembled nanoarrays with rod-like and/or random-coiled
semiconducting macromolecules onto solid surfaces.

Introduction Scheme 1. Chemical Structures of Polyl-decylisobutylsilane)
. o Lo (PDBS) and Poly(methyln-propylsilane) (PMPS)
The inherent nature of nonamphiphilic chain-like molecules CH,
at the solid-liquid interface has long been puzzling. The HsC H CHs
adsorption-desorption process and shapes of these molecules PDBS \s:i/—/_\—/_\—/
at the interface remain unclear due to the lack of proper model H"
molecules with a broad range of molecular length) &nd H cH
detection systems with ultrahigh sensitivity and high accuracy. PMPS HyC Si: -/
However, structural transition of amphiphilic molecules at the Hn
air—water/solid-liquid interface has been comprehensively
understood experimentally and theoreticay. PDBS features a semiflexible rope-like structure with a relatively

Among various chain-like molecules and macromolecules, long g of 60 nm in isooctane at 26C, adopting an optically
semiflexible high polymers (SFPs) with a relatively long inactive main chain with an equal amount 75 and M-7;
persistence lengthq], exhibiting an intermediate manner  pejicesls For comparison, poly(methyl-propylsilane) (PMPS)
between rigid rod and random coil, are currently attractive yith Si—H termini, which have a very shogof 12 nm and
materials in polymer physics, surface topology science, self- 3 a9 main chain absorption at 305 nm, was tested as a
assembled monolayers (SAM), polymer-to-electrode intercon- ,qom-coiled polysilane (Scheme).
nections, molecular-based electronics, optoelectronics, and
photonics®™7 For example, SFPs with < g, adopting an almost

ideal rod structure, show several unique physical properties e X )
similar to lyotropic liquid crystal§; * thermotropic smectic and/ 760 nm) at the mica/isooctane and quartz/isooctane interfaces,

or cholesteric liquid crystaf13and highly delocalized excitons ~ PY reacting the termini with a silanolic surface in the presence
confined to a quasi-one-dimensional (Q1D) quantum Wre. of triethylamine (NE%), co_nflrmlng by_ordmary UV absorption
Most SFPs withL > q as well as most ordinary polymers, SPectroscopy and atomic force microscopy (AFFAFM
however, exhibit typical characterics of random-coiled struc- observation successfully provided topological images of highly
tures. Knowledge and understanding of SFPs on solid surfacesentangled PDBS on the mica surface, fully reflecting the
as functions ofL andq are of particular importance in basic random-coiled SFP with > g in solution.
science and various applications. The present paper reports the first cleaandq dependency

To elucidate the invisible uniqueness of SFPs at the solid of critical changes in molecular orientation and molecular shapes
liquid interface, we chose certain Si-based macromolecular Q1D, of PDBS and PMPS at the isooctane/solid interfaces, where the
poly(n-decylisobutylsilane) (PDBS) with SiH termini!® rang- gold surface used in this work was modified with alcoholic alkyl
ing in L from ca. 4 nm to ca. 760 nm (Scheme 1). The value of groups and the mica surface was naturally covered with silanolic
L was estimated by the product of the number-averaged degreeyroups. It was found that, when PDBS was< Ly, (threshold
of polymerization and contour length of elical structure of ) ~ g/4, cooperative transition in molecular orientation from
PDBS (0.185 nm). Less polar-SH termini may effectively  horizontal to almost vertical alignment spontaneously occurred
interact with functional groups of the solid surface with the help  at the interface as a factor of immersion time of PDBS onto the
of trace amounts of water in solvent and/or at the interface. golid. PDBS withL > Ly, did not undergo such cooperativity

at the interface. PMPS with > q formed mushroom-like
* Corresponding authors. E-mail: mnaito@ms.naist.jp, fujikim@ms.naist.jp. Structures at the mica surface.

In a previous paper, we demonstrated chemical immobiliza-
tion of Si—H-terminated PDBS with a sufficiently long (ca.
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Experimental Section Table 1. Characterization of Polyfi-decylisobutylsilane) (PDBS)

Apparatus. FT-IR spectra were recorded on a Horiba model _ entry — Mq¥/x10* L PDF  &Ux10"  Amaf
FT-730 (Kyoto, Japan) with a TGS detector at room temperature. 1 0.5 4.1 1.83 3.8 318
Specular reflectance UV (SR-UV) spectra on an Au-coated surface 2 0.6 5.1 1.90 3.8 319
were measured by a JASCO V-570 spectrophotometer (Tokyo, 3 0.9 7.0 1.80 4.0 320
Japan) and transformed to UV absorption and refractive index terms 4 11 8.6 114 4.1 320
by Kramers-Kronig (K—K) analysis (JASCO, built-in program of 5 13 10.9 1.90 4.3 320
6 2.0 16.2 1.70 4.5 320

V-570).

. 7 2.2 18.2 2.00 4.6 320

~The absolute number-average molecular weighy) @nd poly- 8 3.0 24.8 250 46 320
dispersity index (PDI) of PDBS and PMPS were determined by 9 4.9 40.0 2.10 4.6 320
gel permeation chromatography (GPC) with a Shimadzu model 10 12.2 100.0 2.50 4.6 320
A-103 (Kyoto, Japan) (eluent: tetrahydrofuran; flow rate: 1.0 mL/ 11 41.4 339.1 2.70 4.7 320
min; and column temperature: 4C) equipped with a Polymer 12 55.1 450.9 2.55 4.9 320
Laboratories PLgel Mixed-B (Worcester, MA) (300 mm in length, 13 93.2 763.0 1.95 4.9 320

7.5 mm in diameter), a Shimadzu RID-10A (Kyoto, Japan)  am, = number-average molecular weight. = molecular length/nm.
refractive index detector, and a Viscotek model T60A triple detector ¢ ppi = polydispersity index)l./My). ¢ ¢ = Molar absorption coefficient/
(Houston, TX) consisting of a right-angle laser light scattering (Si repeat unit)* dm® cm™. € Amax = maximum absorption wavelength/
detector (RALLS) {o: 670 nm) and a four-capillary differential ~ nm.

viscometer. The results were analyzed using worm-like cylinder

theory (Viscotek, built-in program). Table 2. Characterization of Poly(methyln-propylsilane) (PMPS)
Observation by atomic force microscopy (AFM) in dynamic force  entry M3/ x 10° LP PDI° edx10° Amast
mode was conducted using a Seiko Instruments (SIl) model SPA-~ ¢ 38 8.0 111 5.0 305

3800N microscope with an SPA 400 scanner (Tokyo, Japan)
equipped with Si-DF-20 tips at ambient condition. Drive frequencies were immersed in 10.0 mM isooctane solution of PDBS8.6
of the cantilevers were typically set at 11050 kHz, and images  nm (<Ly,) and PDI= 1.14) (abbreviated to PDBS-8.6) or PMPS
were collected at the maximum available pixel number (512). (L = 8.0 nm and PDE= 1.11) (abbreviated to PMPS-8.0) for a
A 9 MHz quartz crystal microbalance was measured with a U.S.I. range of immersion times and washed with fresh isooctane for 30
System model Q-200E (Fukuoka, Japan). A 1.0 Hz frequency min to eliminate organic contamination and physically adsorbed
decrease on 9 MHz QCM was calculated to be equivalent to a 6.2 PDBS-8.6 or PMPS-8.0 on the surface. Successively, the PDBS or
ng cnT? mass increase on Au electrodes. PMPS immobilized on mica was dried under a gentlesileam.
Frequency changes were monitored by a Hewlett-Packard Analysis.Freshly prepared PDBS or PMPS on the QCM surfaces
universal counter model 53131A (Colorado). Au electrodes (4.0 was characterized by a combination of QCM and SR-UV spec-
mm in diameter, 12.6 mfin area) were made on both sides of an troscopy at an incident angle of.5QCM was able to monitor the
AT-cut quartz crystal plate (8.0 mm in diameter). The Au electrodes change in mass on the QCM surface at the nanogram level.
were cleaned with piranha solution (4:1, v/iv 96%8@,/30% HO,) Maximum occupied molecular aref(,) was calculated from the
for 15 min and washed with Milli-Q water to eliminate organic mass change on the QCM substrate, as follows:
contamination before measurement. This process was repeated
twice. Caution The piranha solution is a highly corrosive agent, occupied molecular ared,,) (nmz moleculél) =
and appropriate safety precautions should be taken, including the 1
use of acid-resistant gloves and adequate shielding. Muoecuidd Molecule )
Sample Preparation. The Si-H termini containing PDBS 10 ¥Am' (ng nm?
samples with desired. and narrow PDI were prepared by
condensating the corresponding dichrolosilane with sodium in hot wheremygieculeis Number-average molecular weight per PDBS or
toluene at 120C in the presence of 18-crown-6 (2 mol % to the PMPS single chain calculated by GPC-RALLS.
monomer) and were isolated by fractional precipitation with careful ~ From QCM analysisAmi (ng nn12) was derived fromAm (ng
successive additions of 2-propanol, EtOH, and MeOH. Details of cm™2) of the increased mass on the Au electrode.
the synthesis are already described in previous pdp&tSi—H SR-UV spectra on the Au electrodes were measured. Obtained
termini, which were confirmed by FT-IR spectroscopy with-5i SR-UV spectra were transformed to UV absorption and refractive
stretching in the region around 2100 chwere spontaneously  index terms by K-K analysis. The absorption term provides
introduced by abstracting hydrogen from solvent and/or crown ether information about the orientation of PDBS and PMPS on the surface
during polymerizatiod> We also carefully confirmed by GPC-  because the polysilanes have a highly anisotropic UV absorption
RALLS that the PDBS did not change its molecular weight around 286-340 nm with an intense molar absorbance coefficient,
(corresponding td.) and by UV/FT-IR spectroscopies that the Si  e.g.,e(PDBS): 40 006-50 000/(Si repeat unit} dm* cm™ (at 320
main chain of PDBS did not transform to siloxane. The values of nm in isooctane at 25C); (PMPS): 5008-6500/(Si repeat unit}
M, and PDI of PDBS and PMPS used are summarized in Tables 1dm? cm™! (at 305 nm in isooctane at 2&), assigned to the lowest
and 2, respectively. The valueslobf PDBS and PMPS were given  Sio—Sio* transition parallel to the Si main chain axis only (not
by 0.18%. Here, 0.185 anah are values of the SiSi projection perpendicular).
length in nanometers and the degree of polymerization, respectively. ] ]
For the real-time QCM measurements, Au QCM electrodes with Results and Discussion
SAM of 6-mercapto-1-hexanol (Aldrich) were used as an alcoholic  Figure 1 shows the double-logarithmic plotsAyax against
(HO—CeH2S~) substrate, immersed in a 1:010°? M isooctane L (a dotted line indicates thegvalue of PDBS). With an increase
iss?nlgg%nneofforps%Bniinfgrn dzgugéez)lljlgx\{%dryit% vV\\;i?r?r;gger;\llg;e;ﬁSh in L, a drastic change ifnax values was observed with a
to eliminate physically adsorbed PDBS. A small amount of JNEt thresho_Isth of ca. 15 nm. In the region df > Lth’.the val_ues
(0.16% wiw in isooctane) was added to effectively react thetsi  Of Amaxincreased almost linearly with increases.imeflecting
termini with HO groups on the SAM surface, as previously the typical random-c_oned nature of SFP in solution. On the
reportedts contrary, for the region ot < Ly, the values ofAmax were
Effects of immersion time on change in morphology of the PDBS @lmost independent of thie values at a constant value of ca.
and PMPS were directly observed by an AFM on freshly cleaved 2.0 nnf/molecule. The latter result led to the idea that PDBS
mica (as an alternative to the HO-pretreated Au surface). The micacan adopt an almost ideal rigid rod and may form a vertically
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first plateau, 0.7 g cm? and 0.7 x 1072, respectively,

implicating a horizontal adsorption of PDBS main chains at the

interface. In region Il,Am values gradually increased with

. immersion time from 7 to 17 h and reached the second

. equilibrium of 1.4 g cm?, whereas the values of the 320 nm
band intensity gradually increased to ca. %0102 at an
immersion time of 11 h but abruptly decreased to ca. %.5

3 1072 from 11 to 17 h. Eventually, in region I, both values of

Amand 320 nm band intensity remained unchanged and reached

the second equilibrium, 1.,4g cm2 and 0.5x 1072, respec-

tively.

For comparisonAm of PMPS-8.0 reached a single plateau
of 0.45 ug cnm?2, when immersion time exceeded-3 h.
Successive immersion of PMPS-8.0 did not induce any ad-
ditional change im\m value, suggesting no further adsorption
at the interface (see Figure 2d, green solid curve).
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Figure 1. Molecular length () dependency of PDBS at the alcoholic
Au QCM/isooctane interface on the value Afa; [PDBS] = 1.0 x

1072 M. Dotted line: persistence length(60 nm: PDBS in isooctane

at 25°C).16 . . . .
) To prove the idea that an interaction between thel5i

- Iil' 0.015 termini of PDBS and the HO groups at the Au QCM electrode

151 i@ ] is responsible for the temporal adsorption properties of PDBS,

& we achieved the same QCM and SR-UV experiments of PDBS-
o ' Looto 8% 8.6 using a nonalcoholic (@H2:S—) Au QCM electrode treated
g 107 2> with 1-mercaptodecane (Wako). Indeed, PDBS was not adsorbed
2 : E® on the nonalcoholic Au electrode, indicating that the unique
= g.g adsorption manner of PDBS-8.6 is induced only by a spontane-
5 0.5 - $0005 NE ous, selective attractive interaction (not physical) between the

Si—H termini of PDBS and the alcoholic groups of the surface
(Figure 2b, orange solid curve). The presence of ;NRay
effectively activate this interaction. The-SH group of PDBS
presumably turns to a SIOH group by NEf and a trace amount

of water in isooctane. Interaction between the-SH group
and alcoholic groups of the Au electrode may be responsible
for the present unique adsorption.

To explain the origin of the marked decrease at the 320 nm
band intensity with the concomitant increase in QCM mass in
region Il, we suggest that PDBS with < L, at the interface
spontaneously undergoes switching in the main chain orientation
oriented, close-packed single PDBS layer on the surface due tofrom horizontal to vertical. If PDBS is oriented vertically at
a sufficiently shortet. thang. Indeed, the giveAmax values of the interface, the 320 nm UV band of PDBS could not be
PDBS withL < Ly, are almost equal to that of optically active,  detected by SR-UV due to anisotropic transition moments along
semiflexible poly(-decyl-(S-methylbutylsilane) with aP-73 the Si main chain axis of the PDBS. Therefore, significant
helix and a longy of 70 nm in isooctane, ca. 1.8 Afmolecule  decrease in mass originated from the switching in orientation
in a thermotropic liquid crystalline S\ phase'? of PDBS from horizontal to almost vertical must occur. To

To elucidate the temporal behavior of the adsorption explain the increase in the mass of QCM in region II, we
desorption process at the interface, we conducted QCM and SRpropose that vertically oriented PDBS portions in the horizon-
UV measurements of PDBS-8.6 with an immersion time of the tally oriented PDBS array may provide an additional free lateral
Au electrode into its isooctane solution. It is evident that, as space at the interface, enabling a more densely packed, vertically
immersion time increases, the curve of the increase in the masgoriented $A-like structure. The marked difference in the
of PDBS-8.6 Am) by the QCM experiment did not trace the adsorption manner between PDBS-8.6 and PMPS-8.0 may
corresponding curve of change at a 320 nm band intensity by suggest that the difference in rigidity of the polysilanes is
the SR-UV experiment (see Figure 2). The QCM experiment responsible for the switch in orientation, rather than differences
clearly showed that dual plateaus exist, one each at immersionin L.
times of approximately 7 and 16 h (see Figure 2a, blue solid Direct molecular images of PDBS-8.6 on mica by AFM
curve) and the amount of PDBS at the interface saturates at aobservation proved the hypothesis of orientation switching (see
constant value of ca. 1.4 g ¢ indicating plural types of Figure 3). The key process of switching was attributed to an
adsorptions at the interface when immersion times exceededunexpected, unusual nucleation of almost vertically oriented
20 h. On the other hand, the SR-UV experiment showed more PDBS domains spontaneously formed at the mica/isooctane
complex changes at the 320 nm band intensity with immersion interface when immersion reached a threshold time of 24 min.
times of ca. 7, 11, and 17 h (see Figure 2c, red solid curve), This unique nucleation of rod molecules onto the solid surface
indicating the existence of plural adsorptions at the interface. with time has not been reported theoretically or experimentally.
To interpret these temporal behaviors in the QCM and SR-UV At an immersion time of 5 min, PDBS-8.6 formed sea-island-
experiments, we classified the adsorption behaviors into three|ike domains with 0.8 nm in height (see Figure 3a). Since this

10 15
Immersion time/ h
Figure 2. Changes in QCM mass\(m) of PDBS-8.6 [ = 8.6 nm)
with immersion time at the (a) isooctane/alcoholic and (b) isooctane/
nonalcoholic Au QCM interfaces. (c) Changes in the 320 nm UV band
intensity of the PDBS-8.6 (Abs) at the isooctane/alcoholic Au QCM
interface. (d) Changes in th&m value of PMPS-8.0L( = 8.0 nm)
with immersion time at the isooctane/alcoholic Au QCM interface.

20

regions 1, Il, and III.
In region I, both the values @mand 320 nm band intensity

value almost corresponds to the diameter of PDBS-8.6 main
chain under dry conditions, the island domain might be made

steeply increased in a similar manner and almost reached theof PDBS-8.6 SAM with horizontal adsorption. With a prolonged
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alcoholic groups of the SAM-treated Au. The higher rate may
also be influenced by a small amount of bound water on the
mica surface.

A recent study on the tethering nature of a random-coiled
telechelic polymer at the surface by Monte Carlo simulation
demonstrated alterations in the molecular shape from loosely
packed “polymer mushrooms” with relaxed random-coiled
structure to densely packed “polymer brushes” with extended
rod-like forms, induced by nucleation of vertically aligned
polymers at the surfac®2® Although the space-temporal
adsorption behavior of PDBS at the solid/isooctane interfaces
is significantly different from the simulation, the key to these
alterations may be almost identical: the number of hard rods
in the domains at extraordinary high surface density spontane-
ously induces cooperative structural transitions from loosely to
densely packed states. The sum of attractive interactions between
the Si-H (and/or S~-OH) groups of PDBS and the alcoholic
OH (or Si—OH) groups of the solid surfaces may effectively
lead to vertically oriented PDBS SAM at the sofitiquid
Figure 3. AFM i f PDBS-8.6 ica at i ion i f interface.

jgure o. Images O -0.0 ON Mica at Immersion times o i i
(a?S min, (b) 24 mﬁ?n’ and (c) 1 h. (b3D image of (b). (d) AFM _ The present kn_ow_ledge and u_nd(_erstandlng should provide
image of PMPS-8.0 on mica at immersion time of 1 h. mfor_matlon |n_deS|gn|_ng and_fabrlcatlng nanometer-scale elec-

tronic and optical devices using such Q1D rods as metal, metal
oxide, carbon nanotube, and DNA.

immersion time, the island-like domains covered the entire mica
surface. The horizontally aligned PDBS-8.6 flat film with a sea-
island domain structure thus corresponds to region | of Figure Conclusion

2.
QCM, SR-UV, and AFM experiments of semiflexible PDBS

ranging inL from 4 to 760 nm andj of 60 nm showed that
PDBS withL = 8.6 nm &q) at the isooctanealcoholic/
silanolic solid interfaces with a critical immersion time spon-
taneously undergoes switching in main chain orientation from

gllm.olth\?e?t'i?:arlllm gﬁgmcgér%sggg?g (tsov\t/ir;ﬁ grgjl'([aiéorlleleor}gég of horizontal to almost vertical relative to the interfaces, reflecting
y ) 9 its ideal rigid-rod nature.

The middle 2.0 nm part can be regarded as a snapshot of the
transition state in the molecular orientation from horizontal to
vertical. This “sunny-side-up”-like structure might be responsible ~ Acknowledgment. M.N. thanks lan Smith and Robert
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process as that of PDBS-8.6 was performed (Figure 3d). This
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