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ABSTRACT: The presence of the methylhydrosilyl segments within the poly(diphenylsilane) chain lead to
important conformational changes and the formation of elemental silicon particles. To investigate these processes
polyhydrosilanes with various contents of methylhydrosilyl groups were synthesized by homogeneous coupling
of methyldichlorosilane with diphenyldichlorosilane. Spectral analysis techniques combined with atomic force
and polarized light microscopy were used to elucidate the mechanism of the silicon particle formation within the

polymeric matrix.

Introduction

In recent years, intense research has been dedicated to th

modification of a wide variety of material properties simply by
reducing the material domain size in order to obtain quantum

non-negligible effects. Semiconductors have been the subject

of the majority of this work, particular attention being paid to
silicon. Silicon quantum size effects have been exploited to
investigate properties such as photoluminescémeelting and
sintering? band gap energy physical strength of derivative
ceramics}, and phosphoresceneeDue to the importance of
silicon in modern technology, modifications of its properties
have a major impact on leading industrial sectors including
electronics, aerospace, computers, energy, and sensors.
Polysilanes are well-known merely as precursors for silicon
carbidé and their exploitation as a possible source for opto-
electronic materials is just beginning. Research in this field
proved that UV irradiation or thermal processing of polysilanes
under certain conditions, leads to a slight enrichment in

temperature homogeneous Wurtz coupling of diphenyldichlo-
osilane with controlled amounts of methyldichlorosilane. The
omogeneous reaction system was obtained using THF solutions
of crown ethers sodium metal complexes. The corresponding
specific mechanism ensures a high molecular weight monomodal
distribution avoiding destruction of the-SH reactivity through
side reactiors (Supporting Information Scheme S1). The
composition of the resulted poly[diphenylsilane-methyl(H)-
silane] (PDPHS) was controlled by selection of thes88iCly/
(CgHs),SiCl, monomers ratios as 1/1 (a-PDPHS), 1/7 (b-
PDPHS), and 1/20 (c-PDPHS) 0 obtain comparative results,
a poly(methylphenylsilane) homopolymer (PMPS) was prepared
by the same procedure.

The spectral characterization showed the specific details
related to the synthesized polyhydrosilanes and confirms their
chemical structures. Besides their functionality, thel$igroups
within the poly(diphenylsilane) backbone induced some intrigu-
ing effects.

elemental silicon especially when the material is deposited as a Conformational Effects of the Methylhydrosilyl Segments.

thin layer’8 This property could be useful as a different
approach to obtain polycrystalline silicon structures and layers
by taking advantage of specially designed highly reactive soluble
oligo- and polysilanes.

This work presents the chemostructural effects induced by
methylhydrosilyl groups enclosed within a poly(diphenylsilane)
chain. It is shown that this specific structure is capable of
producing small particles of elemental silicon with controllable

The conformational effects of the methylhydrosilyl fragments
appeared when polysilanes were investigated by fluorescence
spectroscopy (FL). First, it was observed that the FL spectral
profile of PMPS with a full width at half-maximum, fwhrr

25 nm, is very different from the mirror image of the absorption
band at 340 nm indicating that the stiff helical chain conforma-
tion of PMPS has frequent irregularities (Figure!d).

In contrast, a-PDPHS shows relatively narrow UV absorptions

dimension and possesses a long-ordered helical conformationyith fwhm = 15 nm, and the FL spectral profile is closer to

with extendeds-electron delocalization.

Discussion

Polyhydrosilane structures with various reactive methylhy-
drosilyl contents studied within this work were prepared by low-
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the mirror image of the 350 nm absorption band. This is
somehow surprising because the fragmentation of the polysilane
chain due to the high content of small methyl(H)silyl segments
should produce a UV absorption maximum shift to lower
wavelengths, widening of the bands and strong irregularities in
the FL spectrd®!! The absence of such effects indicates that
the long diphenylsilyl segments with a stiff and regular helical
global conformatiott are coupled through trans-planar flexible
fragments which eliminate the internal conformational tensions
inducing a highly ordered polymeric structure. The same
conclusion could be drawn from the powder X-ray diffraction
(XRD) analysis (Figure 2a).
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Figure 1. Absorption and Emission Spectra of PMPS (dotted) and
a-PDPHS (continuous).
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Figure 2. XRD Patterns of b-PDPHS (a) and PMPS (b).
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Figure 3. Formal representation of the polyhydrosilane helix confor-
mation.

Table 1. Thermal Analysis of Polysilane3

sample data PMPS PDPHS
M, 1/1 1/7 1/20
Ty, °C 388,230 316,330 358, 250 360, 250
T, °C 465,540 466, 470 466
Tg, °C 88 64 85 85
exo peak°C 101 135 135
endo peak?C 131 150 150

aMr = molecular ratio as prescribed; = temperature corresponding
to the first decomposition peaK;; = temperature corresponding to the
second decomposition pedk; = glass transition temperatur&;Measured
in nitrogen;
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Figure 4. DSC profile of polysilanes.

Information, TGA analysis) showed that the thermal decomposi-
tion of the polyhydrosilanes starts above 3%Din all cases.

In all cases, p0|yhydrosi|anes show a |0W_ang|e peak around This temperature is hlghel’ than the one mentioned in preViOUS

260 = 9 deg. The corresponding calculaedralue, within 9.02-

works15 The shape of the DSC exothermic peak and its location

9.57 A, was assigned to the distance between the mainbPelow the decomposition temperature, in the proximity of the
o-conjugated polydiphenylsilyl chains as in conjugated aromatic Te: indicate that this transition should be the result of some
polymers that have long chains disposed in ordered conforma-chemical transformation within the methylhydrosilyl segments
tions12-14 The presence of the second peak aroufic=220 which takes place without measurable weight loss probably by
deg suggests that a second component of the intermoleculalimination of small molecules and/or by structural rearrange-
packing must be considered. This component corresponding toments into more thermally stable products. These processes
a calculated distanag= 4.5 A should be understood by taking ~could produce morphological changes on the polymer film
into account previous works which present po|ysi|anes as aSUrface. Therefore, further investigations were made by polarized
collection of fragmented helical segmeftsAccording to this  light microscopy (PLM) thermal scanning. This method showed
cholesteric hard core model, poly(diphenylhydrosilane)s take a that small birefringent particles were formed within the liquefied
long range ordered conformation defined by the helical pitch Polymer drops during the melting process of a-PDPHS and
D and diameted (Figure 3). b-_PDPHS. The process was irreversible and stopped aftéd 5

In the same position, the XRD pattern for PMPS (Figure 2b) Min.
shows only a broad irregular signal due to the amorphous halo  The number of these particles increased with temperature and

of the polymer.
Methylhydrosilyl Chemical Transformations. Further analy-

sis by DSC thermal scanning confirmed the higher flexibility
of polyhydrosilanes due to the methylhydrosilyl segments,
showing a strong variation of tHE, values proportional to the
Si—H group content (Table 1 and Figure 4). Furthermore, the
DSC profile of polyhydrosilanes revealed an intriguing exo-
thermic peak within 106135°C. The TGA analysis performed

in air as well as under nitrogen atmosphere (Supporting

Si—H content but they were also detected when the films were

prepared by dip-coating at room temperature. This indicates that
the particle formation should start at even earlier stages of the
polymer synthesis (Figure 5).

In the case of a polyhydrosilane with an extremely low
concentration in StH groups as c-PDPHS, the particles attain
nanometric dimensions and could be seen only by the Tyndall
scattering light effect as blue colored large areas (Figure 6b).
PMPS homopolymer was studied by the same procedures and
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Figure 7. AFM images at 2Qum: c-PDPHS (a); PMPS (b).
Figure 5. PLM images of a-PDPHS: (a) at room temperature; (b) after (a) 201
melting.
pm
10
0 10 pum 20

Solid particle

(b)

Figure 6. Microscopy images of c-PDPHS: (a) nonpolarized light;

(b) polarized light.
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in every case appeared to be an isotropic amorphous material :7\

within the scanned temperature range. Slow cooling of the B

melted polymer did not produce any birefringence. -
These results suggest that the presence of methylhydrosilyl

segments in polyhydrosilanes is related to intriguing chemo-

structural processes that lead to the formation of solid birefrin- e uring:points

gent particles. These processes involve only part of the reactive . : .

centers located inside the methylhydrosilyl segments and have -

a limited extent. Figure 8. (a., b) AFM images of a solid pqrticle on the film surface at
The particles were further analyzed in order to determine their 20 um; (c) video scan picture of the landing area.

chemical structure and dimension. like droplike defects (DL) at the cross-linking points (Figure

AFM topographic analysis was performed on PDPHS and 8b,c).
PMPS previously annealed to the melting temperature following  These processes are sustained by the neighboririg Bighly
the same procedure as in PLM experiments (Figure 7). In reactive centers which ensure a local propagation of the chemical
addition, images of the cantilever landing area were registeredreactions and finally freeze in various moments of development
by the video-scan camera attached to the AFM unit. The film embedding a nanometric DL structure covered by the thick
surface analysis shows randomly dispersed droplike structurespolymer film or emerging through it as a solid particle. Neither
(DL) and emerging solid particles (Figure 7, 8b; Supporting of these structures could be seen on the surfaces of PMPS
Information Figure S2). Annealing to the melting temperature homopolymers films (Figure 7b).
leads to intermigration of these structures and the formation of Information concerning the nature of the particles was
small associations (Supporting Information Figure S3). The obtained by XPS analysig.The survey spectra of b-PDPHS
strange surface morphology of the films can be related to the and PMPS revealed the Si 2p, Si 2s, C 1s, and O 1s
previously presented DSC exotherms. Therefore, at the corre-photoelectron lines. Comparative valence band and Si 2p core
sponding temperature, part of the methylhydrosilyl groups could level spectra are presented in Figure 9.
participate to Kumada-like rearrangements with formation of  In the case of the PMPS structure an estimate of the Si 2p
embedded cross-linked polycarbosilane structtfreppearing binding energy (BE) in the bonding environment 6fRi(CsHs)-
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) ) _Sit 4 WSiSivw ———=  MSISSIM ——=  wSimsiv 4 y-Si:
CHz)—)n was obtained from the group shift scheme proposed gl H-Si [
group prop N4 =N
by Gray et al'® The experimentally observed BE 100.1 eV S -H nsertion H (Hysilylene elimination
(76% of the total Si 2p signal for PMPS) is very close to the H oo
scheme estimate of 100 eV for a Si atom coordinated by two Heg H\S, S,“ H—SJ;,Si*H
oy . oSy — i=Si —_— Sl
other silicon atoms, a phenyl and a methyl group. According 2 B W CH HTH
. o . Si
to the same scheme if one of the two silicon atoms is replaced disilene formation \ oy T
by oxygen then the Si 2p peak would shift by another 0.95 eV H=$i-$i-H
resulting BE ~ 101 eV, a value that is close to the one A

experimentally observed at the second Si 2p component.
The C/Si and O/Si surface atomic ratios were calculated from

the total intensities of the C 1s, Si 2p, and O 1s peaks, corrected  Thjs enrichment in silicon was previously observed only when
by their atomic sensitivity factors 0.25, 0.27, and 0.66 respec- polysilanes had been exposed to intensive irradiation with high-
tively, and by the inelastic mean free paths of the photoelectronsenergy UV light and was attributed to photodecomposition of
in question assuming a model semiinfinite solid with homoge- the —Si—CH,; bond?? The high instability of the enchained

neous compositioff It was found that for PMPS C/Sk 7.1 is hydrogen substituted silicon atoms in linear or cross-linked

close to the nominal value for this structure. The O/Si atomic stryctures as in polymethylisilane (PMS) has been previously
ratio was 0.43. If for the calculation of the oxygen content only reportec?3-27

the Si 2p peak at BE= 101.4 eV is considered, then O/Si(0X)  To explain the elemental silicon formation within polyhy-

= 2 suggesting that about 24% of the silicon atoms are rosjlanes one should consider the synthesis stage when highly

unstable cyclosilanes

coordinated to two oxygen atoms. reactive silylene intermediates appear as a result of both halogen
In the case of the PDPHS structure the C 1s spectrum consistametal exchange during the WurtEittig-like condensation or

of two main components one at BE 284.6 eV (C-C, C=C, thermophotolytic scission of the already formed methylhydrosi-

and C-H species) and one at 286.1 eV0O). A weak signal lyl segment% (Scheme 1). Silylenes are subsequently inserted

at the high BE side of the main peak?92 eV), is the shake  within the relatively week SiH bond, by the initial formation
up satellite due to the phenyl grouffsThe Si 2p spectrum of  of a donor-acceptor complex followed by a 1,2-atom sR#t3!
b-PDPHS contains three components at BE's 99, 100, and 102.9This reaction leads to the appearance of relatively unstable
eV. The peak at 99 eV represents elemental Si and its intensitycarbohydridosilane branching centers attached to the silicon
is about 32.5% of the total Si 2p signal. The component at 102.9 atoms in the immediate neighborhood of the-Hi reactive
eV represents partially oxidized Si atoms (27%). The O/Si groups. These structures create local conformational distortions
surface atomic ratio is calculated to be 0.82. If only the Si 2p and could participate in Kumada rearrangements with cross-
peak with BE= 102.9 is considered then the calculated O/Si- linking of the polysilane chains leading to formation of the
(ox) = 3.5 shows that part of the oxygen detected here is bondedembedded DL structures visible on the polyhydrosilanes film
directly to C atoms. The C 1s spectrum of b-PDPHS consists surface. Because of the complex action of the highly reactive
of only one component at 284.6 eV{C). The surface atomic  silylene, the insertion reaction could take also a different course
ratio C/Si= 10.9 calculated taking into account the total C 1s by elimination of the dihydrosilylerféand formation of unstable
and Si 2p signals is close to 10.6, which is the nominal value disilene and cyclic oligosilanes through dimerizati8ihese
for a molar ratio PpSi/MeHSi= 7/1. The slight difference is last structures containing only silicon and hydrogen atoms could
probably due to surface contamination of the sample by residual generate elemental silicon as solid particles mounted within the
graphitic-like carbon species. polymeric matrix3435

The valence band region of samples b-PDPHS and PMPS
was analyzed with mixed 6L components each one having
fwhm = 4 eV. Comparison of the two spectra reveals that at  The enclosure of methylhydrosilyl fragments within the poly-
b-PDPHS an additional peak appears atBB eV that can be (diphenylsilane) chain causes major chemostructural effects. The
attributed to SiSi bonds*! This peak is very prominent in  coupling of the stiff diphenylsilyl segments through methylhy-
agreement with the Si 2p spectrum that indicates the existencedrosilyls eliminates the internal conformational tensions allowing
of elemental Si. The peak at 19.5 eV assigned @-C— bonds the rearrangement of the polysilane structure with the formation
from phenyl group® is more prominent at b-PDPHS. The peak of an ordered helical conformation. The decrease of the chain
at 4.6 eV (sample PMPS) has been shifted toward lower BE’s fractioning frequency allows the polydiphenylsilyl segments to
(closer to the Fermi level) in the case of b-PDPHS (BE3 reach a higher conjugative dimension improving the symmetry
ev). of the emissive electronic transitions.

Conclusions
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On the other side, the chemical processes involving the X-ray diffraction analysis was performed using a Bruker AxS
participation of the StH groups cause the formation of D8 Advance X-ray difractometer equipped with a copper anode
elemental silicon particles. The linear methylhydrosilyl structure tube (Cu Ku, 1.5406 A) operated at 36 kV/ 20 mA, Nickel filter,
manifests a high structural instability due to the presence of 0/6 base goniometer and scintillation detector. The data were
methylhydrosilylene reactive species in the earlier stages of theProcessed automatically by the Diffrac Plus XRD Commander
synthesis process. Adjustment of the comonomer’s molecular software of the instrument,

. . . . Synthesis of PolysilanesThe synthesis of the poly[diphenyl-
ratio allows the dimension control of these particles down to silaneco-methyl(H)silane] copolymers with a variable content of
the nanometric level.

o o . . Si—H groups and narrow molecular weights distribution was
Exploitation of these intriguing properties of polyhydrosilanes performed through the homogeneous coupling of diphenyldichlo-
opens new possibilities for applications aiming to the quantum rosilane with calculated amounts of methyl(H)dichlorosifane

dimension of optoelectronics. (Supporting Information) The composition of the poly[diphenyl-
silaneco-methyl(H)silane] (PDPHS) was controlled by selection
Experimental Section of specific CHHSICl,/(CgHs),SiCl, monomers with ratios 1/1 (a-

PDPHS), 1/7 (b-PDPHS) and 1/20 (c-PDPHS).

GPC analysis: a-PDPHS),, = 50.2 x 10° g mol-! (M,,//M,, =
1.20); b-PDPHSM,, = 45.1 x 10° g mol? (My /M, = 1.12);
c-PDPHSM,, = 48.0 x 10° g mol! (My/M, = 1.18).

Spectroscopic Analyses=TIR (a-PDPHS, KBr, cntl): 3070-
3000 (G-Har), 2980 and 2860 (€H), 2080 (Si-H), 1455 and
1100 (Si-CgHs), 1250 and 880 (StCHjz), 750 and 705 (SiC),

460 (SSi). *H NMR (a-PDPHS ppm, CDC}): 0.15, 0.65 (3H,
—SiCHg), 3.80 (1H,—SiH), 7.3-7.6 (12H,—SiCsHs). 13C NMR

(6 ppm, CDC}): —8.2,—0.8 (—SiCHs), 126.5-135.7 (~SiCeHs).
UV—Vis (Amax NM; €, L-mol~1-cm~1): 285 (6500), 352 (14800),
a-PDPHS; 280 (6600), 350 (14300), b-PDPHS; 283 (6800), 350
(14500), c- PDPHS; 280 (6000), 340 (14700), PMPS (Supporting
Information Figure S1).

FL (exe NM): 367.5, PDPHS; 355.0, PMPS (Figure 1).

XRD (20, deg): 9.79 D = 9.02 A), 20.34 d = 4.36 A),
a-PDPHS; 8.92[3 = 9.90 A), 20.95¢ = 4.23 A), b-PDPHS; 9.23
(D=9.57 A), 19.47 d = 4.55 A), c-PDPHS; 9.780 = 9.03 A),
dPMPS, (Figure 2).

TGA onset decomposition temperatures in air and nitrogen

General Remarks. Diphenyldichlorosilane, G8i(CsHs), (pu-
rum, >98%) and methyldichlorosilane, GHH)SiCl, (purum,
>98%) were purchased from Fluka and distilled prior to use.

Toluene and tetrahydrofuran (THF) were purchased from a
commercial source and used after distillation over sodium wire.

Poly(methylphenylsilane) homopolymer(PMPS) was synthe-
sized according foM,, = 62 x 10° g mol~* andM,,// Mn = 1.32.
FTIR (KBr, cm™1): 3020-3000 (C-Har), 2920 and 2850 (€H),
1210 and 870 (SiCHjz), 750 and 700 (StC), 470 (Si-Si). H
NMR (CDCl, 6 ppm): 0.05-0.15 (3H, broad;-SiCHs), 7.2—7.5
(6H, m, —SiCeHs). 13C NMR (CDCk, 6 ppm): —4.0 (—SiCHj),
125.3-133.2 SiGHs). UV—Vis (Amax, NM; €, L-mol~t-cm™):
280 (8000), 330 nm (15800).

Measurements.FTIR spectra were recorded with an FTS 40A
Bio-Rad spectrometer at room temperature on KBr peflethMR
and3C NMR spectra were recorded with a Bruker NMR instrument
(model DRX 400 MHz). Chemical shifts are given in parts per
million (ppm) without TMS as internal standard.

Gel permeation chromatography (GPC) experiments were carrie
out in THF solution at 3C°C, at a flow rate 1 cifmin using a

Spectra Physics 8800 gel permeation chromatograph. (Supporting Informatior]) and the DSC scanning profiles are
UV/vis spectra were recorded in chloroform solution using a Presented in Table 1, Figure 4. , , _
Beckman Acta M4 spectrometer. PLM was used to investigate the optical properties of polysilanes

Steady-state fluorescence (FL) spectra were recorded yCCH thhin SQ_ZOOOC' The samples were prepared as pqwders and by
solution (102 mol-L~1) using a Perkin-Elmer Hitachi MPF 43B dip-coating at room temperature from a 2% solution in chloroform
spectrofluorimeter operating with a 150 W Xe arc lamp at room and vacuum-dried 48 h at 4T. Images of the polymers surfaces
temperature. are shown in (Figure 5 and 6). '

Thermogravimetric analysis (TGA) was performed in air on a _ AFM analyses were performed on PDPHS and PMPS films
MOM Paulik—Paulik-Erdey derivatograph at a FC/min heating ~ Prepared by dip-coating from a 2% solution in chloroform and
rate, then in nitrogen using a thermogravimetric cell Mettler 851e, Vacuum-dried 48 h at 4T. The polymer samples were previously
at a heating rate 15 K/min. annealed to _the melting temperature as in PLM experiments. The

Differential scanning calorimetry (DSC) measurements were (0Podraphic images are shown in Figure 7 and 8 and Supporting

carried out in a Mettler DSC12E calorimeter at a heating rate of Information (Figure S2 and S3).
10 °C/ min, in air. The XPS analysis was performed on a-PDPHS and b-_PDPHS
The polarized light microscopy (PLM) study was made within copolymers. The results were compared with those obtained for

25-200 °C using the Euromex ME 2885 trinocular microscope e Si—H free homopolymer (PMPS). XPS spectra showing the
equipped with an infrared controlled heating bench. core level Si 2p photoelectron lines of the samples are presented

The atomic force microscopy investigations were carried out in Figure 9.
using the AFM microscope Solver PRO-M, NMDT. The
measurements were done in air using the taping mode of the AFM, _ Acknowledgment. The authors express thanks to the
employing as probes NSG10/Au silicon cantilevers of typical force Romanian Ministry of Education, Matnantech Project No. 36/
constantky = 11.5 N/m. 2005, for supporting this work.

The X-ray photoelectron spectrometry (XPS) measurements were
carried out in an ultrahigh vacuum (UHV) system, which has been  Supporting Information Available: Text giving experimental
described in detail elsewhete!” The unmonochromatized Al & details, including synthesis procedure, and figures showing the UV
line at 1486.6 eV and constant analyzer pass energy of 97 eV, givingvis spectra and AFM images. This material is available free of
a full width at half-maximum (fwhm) of 1.7 eV for the Au 4§ charge via the Internet at http://pubs.acs.org.
peak, were used in all XPS measurements. The XPS core level
spectra were analyzed with a fitting routine that decomposes eachReferences and Notes
spectrum into individual mixed Gaussiahorentzian (G-L) peaks ) ] o B
after a Shirley background subtraction. The error in the XPS core (1) Takagi, H.; Ogawa, H.; Yamazaki, Y.; Ishizaki, A.; Nagakiri Appl.
level peak positions for a good signal-to-noise ratia:.05 eV. Phys. Lett199Q 56, 2379-2380. .

- . L . (2) Goldstein, A. NAppl. Phys. A: Mater. Sci. ProcesE996 62, 33—

The binding energy (BE) scale was calibrated by assigning the main 37,
C 1s peak at 284.6 eV. _ (3) Furukawa, S.; Miyasato, Buperlattices Microstruct1989 5, 317—

The polymers in the form of powder were pressed in pellets under 320.
ambient atmosphere, before their introduction to the UHV system. (4) Castro, D. T.; Ying, J. HMater. Sci. Eng. AL995 204, 65—70.
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