10134 J. Phys. Chem. 2007,111,10134-10138

Mechanism of Electron and Hole Localization in Poly(dimethylsilane) Radical lons

Hiroto Tachikawa*

Division of Materials Chemistry, Graduate School of Engineering, Hokkaidadssity,
Sapporo 060-8628, Japan

Receied: April 3, 2007; In Final Form: July 26, 2007

The mechanism of excess electron and hole localizations in radical ions of poly(dimethylsilane) (PDMS) has
been investigated by means of molecular dynamics (MD) and extendgddéHuethods. Oligo(dimethylsilane)
composed of 100 monomer units of dimethylsilane z(&{CHs)2),CHs (n = 100), were used as a model of
PDMS. Both wings of the oligomer were capped by a methyl group. First, the geometry of PDMS with a
regular all-trans form was fully optimized by MM2energy gradient method. Next, the MD calculation was
carried out for PDMS at 300 K. The structure of PDMS was gradually deformed as a function of simulation
time, especially the dihedral angle of-Si—Si—Si backbone that was randomized. At time zero when the
structure has the regular all-trans form, both the excess electron and hole were completely delocalized on the
Si backbone of PDMS. After thermal activation, the localization of the electron and hole was found. The
mechanism of the localization was discussed on the basis of theoretical results.

1. Introduction in the calculations. This polymer is one of the typical polysilanes
]ysed as one-dimensional semiconductors, photoresist, and high-
density optical data storage materials. Therefore, elucidation of
the localization mechanism in PDMS is important to develop
the high-performance polysilane materials.

The electronic states of neutral oligosilanes have been
investigated by ab initio calculatioA%:1® Michl and co-workers
investigated conformers af-Sig(CHs)14 using ab initio, mo-
lecular mechanics (MM), and additive increment metfo.

Polysilanes have been extensively investigated because o
their potential utility as hole and electron transport materials in
organic multilayer light emitting diodes, one-dimensional
semiconductors, photoresist materials, and high-density optical
data storage materials® It has been believed that theelectron
of polysilane is strongly delocalized along the polymer chain.
However, recent experiments for radical ions of polysilanes have
{ﬁv: ?(53 ;ﬂfﬁogo;?o?ggguﬁtlﬂ]azlsicg?gla?:eggﬁe%reellgccﬁ gﬁedwas found that the all-transoid is the most stable conformer.

| ’ . ) e Recently, conformational dependence of(SHs);0 on UV
spin resonance (ESR) and absorption spectra of radical ions of : . . . . . )
poly(cyclohexamethysilane). Their experiments indicate that the ab_sorptlon ha_s been mv_estlgated using S|_ngly exc ited configu-
excess electron and hole are localized on a few silicon atomsratlon interaction calculatloHiThe_all-_transmd f_orm is the most
(about 6 monomer units). Irie et al. measured the absorption stable as well as = 6. The excitation energies obg* ano!
spectra of radical ions of poly(methgkpropylsilane)s with a on*) are not dependent on conformational change, but oscillator
low molecular weight and suggested that both excess electron.Strem-:’.thS are strongly affected. _More rece_ntly, they have
and hole are localized on 16 silicon atoms of the polyfner. investigated three conformers piSiy(CHs)o using CASSCF

. 0130 | . d the electronic stat .rne.thoq, and hgve shown that the excitation energies and

In previous papers, “*we Investigated the electronic states ;1o potentials are slightly affected by the conformational
and structures of ollgo[dl_methylsnane] radical ions using den5|_ty change. Also, the effects of conformations in neutral state are
functional theory. The oligomer composed of 32 monomer units

. . . clearly elucidated by their calculations. Thus, information on
was examined as the oligomer cham. It was found that the_exces%e electronic structures of neutral oligosilanes has been
electron and hole are fully delocalized along the-Si main

T . . . accumulated from theoretical points of view. On the other hand,
pham 'f the ollgomer has a regmar all-rans form. This result is a few theoretical works have been carried out for radical ions
inconsistent W|th the e.xper!ments. Thus, the.re'aso.n why the of oligosilanes despite its importantet® In particular, the
excess ele.ctron is localized in the pplymer gha|n is §t||| unclear. localization mechanism of hole and electron in polysilane is

To elucidate the electron localization in polysilanes, we il unclear.
investigated preliminarily the electronic states of middle-sized
ol?gosilanes using r_nolecular dynamic_s (MD) and_ extended 5 Method of Calculations
Huickel methodd# Oligo[hydrogenated silanes], H(SijiH (n
= 32 and 64), were examined as a model polymer. As a An oligosilene composed of 100 monomer units of dimeth-
preliminary result, it was found that deformation of main chain Ylsilane capped by methyl groups in chain end 3(S#H{CHs)2)n-
causes both excess electron and hole localization. CHs (n = 100) denoted by PDMS was used as a model of
In the present study, the similar technique is extended to the Poly(dimethylsilane). The structure of PDMS with all-trans form
more relevant polysilane system. Radical ions of poly(dimeth- Was fully optimized using MM2 method. From the optimized

ylsilane), CH(Si(CHs)2):CHs (PDMS,n = 100) are examined  Structure, MD calculations were carried out to obtain the
structures affected by thermal activation. We used 300 K for

* To whom correspondence should be addressed. E-mail: hiroto@eng. the simulation temperature, and time step was fixed to 0.5 fs.
hokudai.ac.jp. Fax+81 11706-7897. The temperature of the system is defined by
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whereM is the number of atoms of the system,andm are
the velocity and mass of theth atom, respectively, ank is
Boltzmann’s constant. After the MD calculations, the geo-
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ized along the polymer chain at time zero. By thermal activation,
the hole is rapidly localized on the Si atoms witt—= 80—100

at time = 0.05 ps, indicating that the hole is localized in the
polymer chain as well as the excess electron. However, the
localization site is much different from the electron. Also, it
should be emphasized that localization width of halen(=

20) is significantly wider than that of the excess electron. For

metrical conformations were selected, and then spin densitiesexample, the localization width for excess electronia = 6

were calculated using the extendeddWel molecular orbital
(EHMO) method. The electronic states of the polymers were
calculated usingsaussian 0%rogram packag¥. More details

of the method for the dynamics calculation are described
elsewhereg?-24

3. Results

A. Structure of PDMS at 300 K. The structure of PDMS is
fully optimized by means of the MM2method. To elucidate
thermal effect on the structure of PDMS, the MMRID
simulation is carried out for PDMS at 300 K. The snapshots of
PDMS at 300 K are given in Figure 1. At time zero, the structure
of PDMS is assumed to be a regular all-trans form, which is
the most stable form of PDMS. After thermal activation, the Si

backbone and side chains are gradually deformed. The rotation

of the methyl group and deformation of the dihedral angle are
found at 0.50 ps. At time= 2.0 ps, the structure of PDMS is
randomly deformed as shown in this figure. The dihedral angles
of the polymer chain are plotted in Figure 2 as a function of
time. Two dihedral angles for SiSi—Si—Si backbone, D(48
49-50-51) and D(52-53—54—55), are selected as sample
angles where numbers in parentheses mean the position of th
Si atom along the chain. The dihedral angles are distributed in
the range 14318C° at 300 K. The bond lengths are also
fluctuated by thermal activation. The variation of the vibration
is 2.3-2.6 A at the steady state (+8.0 ps). The change of
geometrical parameters indicates that the structure of PDMS is
largely fluctuated by thermal activation at 300 K, especially
the dihedral angle is strongly fluctuated due to the single bond.
B. Electron Localization of Radical Anion of PDMS. The
spin densities of excess electron on radical anion of PDMS are
calculated by means of the EHMO method. The structures of
PDMS at time= 0.0, 0.05, 0.1, 0.5, and 1.0 ps are selected as

at 0.05 ps.

D. Short-Time Propagation. To elucidate the mechanism
of electron and hole localization in more detail, variation of
spin densities is monitored in shorter time scale {0 fs).

The distributions of dihedral angles at tinwe0, 10, 20, and 30

fs are plotted in Figure 5. At 10 fs, the dihedral angles are
distributed with narrow amplitude (176.8C°). The amplitude
increases gradually with increasing time. The angles are
distributed in the range 172180 at 30 fs.

The spin densities of excess electron and hole are plotted in
Figure 6. As clearly shown in this figure, the excess electron is
already localized at 10 fs, indicating that the excess electron
can localize at very short time propagation. On the other hand,
the spin density for the hole is widely distributed in the range
m= 18-80 at 10 fs. These results indicate that a slight disorder
of dihedral angle causes electron localization in polysilanes,
whereas the localization of hole needs large magnitude of
disorder.

E. Effects of Artificial Defect on the Localization. In the
previous section, the disorder sites in the polymer chain were
generated by thermal activation. Hence, the disorder sites are
widely distributed over the chain. In this section, the electron

&nd hole localizations in a model polymer are investigated. First,

the model polymer witim = 100 is divided to two parts (A and
B). In part A, the geometry of 40 monomer unita € 1—40)

is fixed to the optimized geometry with regular all-trans form
during the MD calculation. On the other hand, all geometrical
parameters in part Bn{ = 41—100) are full-dimensionally
treated in the MD calculation. An expanded view of the structure
of the model polymer obtained by the MD calculation at 300 K
is illustrated in Figure 7 (upper figure). The dihedral angle and
spin densities of excess electron and hole are plotted in Figure
7 (middle and lower panels, respectively). The dihedral angles
in the left half of the model polymemng{= 1—40) are fixed to

sampling points, and then the spin densities are calculated by180°, while those in right half i = 41—100) are randomly

EHMO. The dihedral angles at the sampling points are illustrated
in Figure 3. The angle is 18C.@t time zero, meaning that the

distributed in the range 150180 at 300 K. The spin densities
in the model polymer show that the excess electron (anion) is

Si_backbone takes a regular all-trans form. After thermal gisyribyted in the part of the regular all-trans form, whereas the
activation, the dihedral angles are gradually randomized. The gpin gensity (hole) of the cation is distributed in the part of the
amplitudes of the dihedral angles at 0.05 and 0.10 ps @re 5 random region. This result indicates that the localization sites
(175-180°) and 16 (164-18C"), respectively. At 1.0 ps, the o excess electron and hole are different each other in
angles are fully randomized (amplitude is°#7 polysilanes.

The spin densities plotted as a function of the position of the ) .
Si atom (n) are given in Figure 4. The spin density at time 4. Discussion
zero is fully delocalized along the polymer cham£ 1—100). A. Summary of the Present Study.In the present study,
The structure of PDMS is the regular all-trans form at time zero. the mechanism of the electron and hole localizations in charged
By the thermal activation, the distribution of spin density is polysilanes was investigated by means of both MD and EHMO
drastically changed as a function of time. The excess electronmethods. The results obtained can be summarized as follows.
is suddenly localized in the site = 19—24 at 0.05 ps. At 1.0 (1) The excess electron and hole are localized by continuous
ps, the excess electron is also localized in thersite 64—77. disorder along the polymer chain. The random distribution of
By comparing the distributions of spin densities and dihedral dihedral angles for Si main chain causes mainly the localization
angles, it is suggested that the excess electron is localized inin polymer.
continuous disorder site where dihedral angles are randomly (2) Localization lengths for the excess electron on the Si main
distributed along the chain. chain are significantly shorter than that of hole.

C. Hole Localization in the Radical Cation of PDMS.The (3) The localization positions for electron and hole are
spin densities in the radical cation of PDMS are given in Figure different from each other. The electron is not always located in
4 (lower panel). The hole (spin density) is completely delocal- the same place as hole.
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time = 0.0 ps

Figure 1. Snapshots of poly(dimethylsilane) calculated by means of NHMID method at 300 K. 2530 monomer units around the central
position of CH(Si(CHs)2)nCHs (n = 100) are only illustrated. Regular all-trans form is assumed for the initial structure at time zero.
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Figure 2. Results of MMZ-MD calculation at 300 K. Two dihedral  Figyre 3. Distributions of dihedral angles plotted as a function of
angles (A) and two bond distances (B) are only plotted as sample results position of Si atoms obtained by the MNEMD calculation at 300 K.
Sampling times are (A) 0.0, 0.05, and 0.10 ps and (B) 0.5 and 1.0 ps.
These results strongly suggest that the delocalization of excess
electron and hole is possible in the case of polysilanes without ] ) ) ) )
random distribution of dihedral angle. Introduction of steric side ~ C- Comparison with Previous Studies Mechanism of the

chain to polysilane would be effective to develop the ideal one- Localization.Mechanisms of the electron and hole localization
dimensional polysilane have been investigated mainly for polyacetylene, which is a one-

i L . dimensional polymer and analogous to polysilane. Tanaka et
B. Mechanism of the Localization. On the basis of the 5 ca|culated the electronic states of polyacetylene by means
present calculations, a model for the excess electron and holegt 5 simple Huckel metho? The polymer composed of 300
localization in PDMS is proposed in this section. Figure 8 shows ynjts of monomer was chosen as a model of the polyacetylene.
schematic illustrations for the model of the localization. If the The values of Cou|omb00 and resonanc%l integra]s were
polysilane has a regular all-trans form in all regions, both excessrandomly generated to represent a random system. It was
electron and hole are fully delocalized along the polymer chain. suggested that the random arrangement afidj3 values causes
However, in the actual system the continuous disorder of the the electron localization in polyacetylene. In addition, they
dihedral angle is caused by thermal activation. Therefore, the pointed out that Anderson localization mecharfisisimportant
electron and hole are localized in the specific sites of the in the electron localization in polyacetylene. Recently, Johansson
polymer chain. and Larsson have investigated the electronic structure of
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plotted as a function of position of Si atoms obtained by the MM2
MD calculation at 300 K. Sampling times are (A) 0.0 and 10 ps, and Model. In PTP, an electron hole was found to localize over about

(B) 20 and 30 fs. five thiophene unitg’

For polysilanes, the studies for electron localization is quite
polythiophene (PTP) and oligothiophenes using localized elec- limited. Tilgner et al. investigated the electronic states of poly-
tron models combined with the SischrieffeHeeger (SSH) (di-n-hexylsilane) in solid solution from both experimental and
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Figure 8. Schematic illustration of the model for electron and hole
localization in polysilanes.
theoretical points of view®2® They pointed out that the
excitation is localized by a continuous disorder of main chain.
Their model is very similar to the Anderson localization model.
The similar conclusion was obtained by Ichikawa et al. using
ESR spectra of ion radicals of oligo- and polysilaf&3he
experiments are consistent with our model.

Localization LengthsThe localization lengthsAm) of excess
electron, hole, and electronic excitation have been reported by

several authors. From the ESR measurement for ion radicals of

Tachikawa

Acknowledgment. The author acknowledges partial support
from a Grant-in-Aid for Scientific Research (C) from the Japan
Society for the Promotion of Science (JSPS).

Supporting Information Available: Figures of spin density
distributions calculated by means of EHMO, ROHF, MP2,
B3LYP, and PW91PW91 methods are given as Figures S1 and
S2. These materials are available free of charge via the Internet
at http://pubs.acs.org.

References and Notes

(1) Miller R. D.; Michl, J. Chem. Re. 1989 89, 1359.

(2) West, R.J. Organomet. Chenml986 300, 327.

(3) Hayase, SProg. Polym. Sci2003 28, 359.

(4) Seki S.; Koizumi Y.; Kawaguchi T.; Habara H.; TagawalSAm.
Chem. Soc2004 126, 3521.

(5) Sharma A.; Katiyar M.; Deepak.; Seki S.; TagawaAgpl. Phys.
Let. 2006 88, 143511.

(6) Irie, S.; Irie M. Macromoleculed 997, 30, 7906.

(7) Kumagai, J.; Yoshida, H.; Koizumi, H.; Ichikawa, J..Phys. Chem.
1994 98, 13117.
(8) Kumagai, J.; Yoshida H.; Ichikawa . Phys. Chem1995 99,
5.
(9) Kumagai, J.; Tachikawa, H.; Yoshida, H.; Ichikawa, JI.Phys.

796

polysilanes, Kumagai et al. suggested that the excess electrorfhem.1996 100, 16777.

and hole are localized in a part of the polymer chain composed
of a few silicon atomsAm = 6). Irie et al. measured electron
absorption spectra of radical ions of oligo- and poly(metiyl-
propylsilane)s in rigid matrices at 77 KThey found that the
spectra is saturated at= 16 (wheren means the number of
monomer units). The present calculations showed that the
electron and hole are localized in a few silicon atomyan(=
6—20). This result agrees well with their experiments. Frey et
al3! suggested that holes in the valence band of polysilanes
show hole-hopping type conduction, but excess electrons
injected to a conduction band do not contribute to electric

(10) Kawabata, H.; Ohmori, S.; Matsushige, K.; Tachikawa, JH.
Organomet. Chen006 691, 5525.

(11) Tachikawa, H.; Kawabata, H. Chem. Theory Compu2007, 3,
184.

(12) Tachikawa, H.; Kawabata, H. Organomet. Chen006 691,
4843.
(13) Tachikawa, H.; Kawabata, H. Organomet. ChenR007, 692,
11.
(14) Tachikawa, HJ. Phys. Chem. A999 103 2501.
(15) Ottosson, C. H; Michl, 3. Phys. Chem. R00Q 104, 3367.
(16) (a) Tsuji, T.; Michl, J.; Tamao, Kl. Organomet. Chen2003 685,
9. (b) Piqueras, M. C.; Crespo, R.; Michl,J.Phys. Chem. 2003 107,
4661.

(17) Sharma, A; Lourderaj, U; Deepak; SathyamurthyJ NPhys. Chem.

15

conduction. More recently, Saxena et al. measured UV spectraB 2005 109 15860.

of rodlike polysilanes and suggested that exiton in the polysilane
without defect is widely extent in the polymer chdnThis
result is consistent with the present result that localization of
holes is longer than that of excess electron.

In previous work* we investigated preliminarily the electron
localization in the medium-sized oligosilanes=€ 32 and 64)
using MM2-MD and EHMO. Hydrogenated polysilane, H(itHl
(n=32 and 64), was used for a model polymer. The localization
was found along the polymer chain. However, the localization
lengths Am = 20) are longer than the present valuen(=
6—20) in dimethylsilane Ck{Si(CHs)2)nCHs (n = 100). This
difference is caused by the effect of methyl substitution in the
polysilanes and a different number of monomer units.

D. Final Remarks. In the present study, several approxima-
tions were introduced to calculate the structures and electronic
states of charged polysilanes. We used the extended Hucke
molecular orbital (EHMO) method to obtain the spin densities

of excess electron and hole because the system is significantly

large. This method is effective to obtain a qualitative property
of the electronic state. However, the EHMO method overesti-
mates slightly the localization length of hole and electron in
the ion radicals of polysilane, as shown in Supporting Informa-
tion. Therefore, the qualitative feature for the spin density
obtained in the present calculation may be effective. Next, we

assumed that the structures for ionic states are the same as thaip,

of the neutral one. However, this effect is negligibly small as
shown in our previous pape¥s.12 Despite several approxima-
tions that are introduced here, the results enable us to obtai
valuable information on the mechanism of excess electron and
hole localization in actual polysilanes.

(18) Toman, P.; Nespurek, S.; Jang, J. W.; Lee, AnE.J. Quantum.
Chem 2005 101, 746.

(19) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J,;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.
G.; Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A;
Piskorz, P.; Komaromi, |.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A.; Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.;
Johnson, B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, Hdussian
03, revision B.04; Gaussian, Inc.: Pittsburgh, PA, 2003.
| (20) Tachikawa, H.; Shimizu, AJ. Phys. Chem. BR005 109, 13255.

(21) Tachikawa, H.; Shimizu, Al. Phys. Chem. B006 110, 20445.
(22) Tachikawa, HJ. Chem. Phys2006 125 133119.

(23) Tachikawa, HJ. Chem. Phys2006 125 144307.

(24) Tachikawa, HJ. Phys. Chem. B00§ 110, 153.

(25) Tanaka, K.; Nagaoka, M.; Yamabe,|iit. J. Quantum Cheni983
23, 1101.

(26) Anderson, P. WPhys. Re. 1958 109, 1492.

(27) Johansson, E.; Larsson, §/nth. Met2004 144, 183.

(28) Tilgner, A.; Trommsdorf, H. P.; Zeigler, J. M.; Hochstrasser, R.
M. J. Chem. Phys1992 96, 781.

(29) Thorne, J. R. G.; Williams, S. A.; Hochstrasser, R. M.; Fagan, P.
em. Phys1995 99, 7965.

(30) Ichikawa, T.; Koizumi, H.; Kumagai J. Phys. Chem. B997,

101, 10698.

n (31) Frey, H.; Moller, M.; De Haas, M. P.; Zenden, N. J. P.; Schouten,

P. G.; Van der Laan, G. P.; Warman, J. Macromoleculed993 26, 89.
(32) Saxena, A.; Rai, R.; Kim, S. Y.; Fujiki, M.; Naito, M.; Okoshi, K.;
Kwak, G.J. Polym. Sci., Part A: Polym. Cher200§ 44, 5060.



