
2850 Phys. Chem. Chem. Phys., 2011, 13, 2850–2856 This journal is c the Owner Societies 2011

Cite this: Phys. Chem. Chem. Phys., 2011, 13, 2850–2856

Charge carrier mobility in poly[methyl(phenyl)silylene] studied

by time-resolved terahertz spectroscopy and molecular modellingw
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Time-resolved terahertz spectroscopy and combination of quantum chemistry modeling and

molecular dynamics simulations were used for the determination of charge carrier mobility in

poly[methyl(phenyl)silylene]. Using time-resolved THz spectroscopy we established the on-chain

charge carrier drift mobility in PMPSi as 0.02 cm2 V�1 s�1. This value is low due to the formation of

polarons: the hole is self-trapped in a potential formed by local chain distortion and the transient THz

conductivity spectra show signatures of its oscillations within this potential well. This view is supported

by the agreement between experimental and calculated values of the on-chain charge carrier mobility.

1. Introduction

Molecular materials represent the ultimate step in device

miniaturisation with the advantage of an almost unlimited

possibility to tailor their physical properties. The charge

transport in molecular electronic materials is a very complex

process which can be affected by many physical and chemical

parameters; the knowledge of its nature is crucial for the

development and optimization of molecular-based devices.

Each step forward in understanding and controlling the

charge transport is extremely important for the practical

applications of molecular systems in electronics. Molecular

wires can serve as connectors between electronic elements and

conjugated polymer chains can be used for this purpose.1,2 On-

chain charge carrier mobility then appears as the fundamental

parameter controlling the performance of the wires.3

In this paper we focus on polysilanes as polymers with a

s-conjugation in the backbone. They are of considerable

research interest because of their electronic, photoelectric

and nonlinear optical properties.4,5 Time-resolved terahertz

spectroscopy and density functional theory calculations were

employed for the investigation of on-chain charge mobility in

poly[methyl(phenyl)silylene] (PMPSi). Given its relatively high

frequency the THz spectroscopy probes the charge transport

and localization on a nanoscopic length scale6,7 and, since

recently, it has provided pertinent answers on ultrafast charge

carrier dynamics in a large variety of systems.6,8,9 It is also

appealing that THz spectroscopy is sensitive to the intra-chain

transport whereas most of the classical electrical methods

probe the conductivity limited by inter-chain transport.10

The experimental sensitivity to structural and static conforma-

tional defects on the backbone can be increased if lower

probing frequencies are used.11 A comparison of THz

mobilities with those obtained recently by a time-resolved

microwave conductivity technique allows us to elucidate the

role of such defects.4,12

In order to further support the proposed mechanisms of the

charge carrier transport along the PMPSi chain, computer

molecular modelling was also performed. To the best of our

knowledge, calculations of PMPSi on-chain charge carrier

mobility have not been published yet.

2. Experimental

2.1 Material and sample preparation

Poly[methyl(phenyl)silylene] (PMPSi, see Scheme 1) was

synthesised by a Wurtz coupling of distilled dichloro-

(methyl)phenylsilane by sodium metal in dried toluene

containing 15% n-heptane in an inert atmosphere in the dark.

The insoluble part of the polymer (mostly crosslinked PMPSi)

Scheme 1 Chemical structure of poly[methyl(phenyl)silylene].
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was removed by centrifugation, after which the polymer was

precipitated with excess methanol, filtered off and dried in

vacuum. The low-molecular-weight cyclic oligomers were

removed by boiling the precipitate in diethylether. PMPSi

was filtered off and dried in vacuum at 40 1C for 24 h.

The material was characterised by a Perkin Elmer Lambda

20 spectrophotometer and GP chromatography. The charac-

teristic absorption maximum of the (s–s*) transitions was

located at 340 nm, that of the (s–p*) transitions at 277 nm

(measured in tetrahydrofuran solution). The molar mass was

determined as Mw = 20 074 g mol�1, Mn = 8355 g mol�1.

Two kinds of PMPSi samples were investigated: thin solid films

deposited on fused silica substrates and a 1.8 mM suspension in

tetrachloromethane. The thin films were prepared from a toluene

solution by a spin-coating method.

2.2 Time-resolved THz spectroscopy

The THz conductivity spectra of the samples were measured

using optical pump–THz probe spectroscopy.6,13 We employed

the setup described in detail in ref. 14 which was based on a

Ti:sapphire femtosecond laser amplifier providing 60 fs pulses

with a mean wavelength of 810 nm and the energy of 1 mJ per

pulse. The pulse train was split into three branches (see Fig. 1).

The beam in the first one was frequency tripled and the

resulting wavelength of 270 nm was used for the

photoexcitation of the sample (pump). The second branch

was used for the generation of broadband picosecond THz

pulses via optical rectification in a 1 mm thick [011] ZnTe

crystal.15 These pulses (propagating in the free space) were

used for the probing of the transient optical absorption of the

samples in the range of 0.2–2.0 THz (wavelength 0.15–1.5 mm)

in the pump–probe experiment. The third (sampling) branch

served for the phase-sensitive detection of the transmitted THz

field in another [011] ZnTe crystal using the gated electro-optic

detection scheme.15

We employed the excitation photon flux of F = 4 � 1014

photons cm�2 per pulse.16 On the investigated time scale

(picoseconds), the excitations do not have enough time to

meet each other; consequently, any interaction between them

can be neglected. The thin film samples were placed in a low-

vacuum chamber for the measurements and the employed

excitation fluence did not lead to any visible damage of the

films. The PMPSi suspension was investigated in a 1 mm thick

quartz flow cell. This eliminated bleaching of the suspension

upon illumination by the laser beam, which otherwise occurred

in a static cell. However, even in the flow cell, we observed the

formation of a sediment on the cell walls after a few hours of

laser irradiation. All measurements were performed at room

temperature (293 K).

Time-resolved THz spectroscopy requires two measurement

steps: (i) measurement of the temporal profile (wave-form) of

the electric field E0(t) of the picosecond THz pulse transmitted

through an unexcited sample (reference wave-form) and (ii)

that of the transient field DE(t,tp), representing the change in

the wave-form E0(t) induced by the photo-excitation at the

pump–probe delay tp. The Fourier transformation of the

wave-forms provides complex spectra of these pulses DE(f,tp)
and E0(f) and their ratio, DE(f,tp)/E0(f), represents the

transient transmittance of the sample. In the quasi-steady-

state approximation (which applies for dynamics slower than

B1 ps) and for a weak photo-induced signal (DE { E0) the

transient transmittance is simply proportional to the transient

optical conductivity Ds in the THz range: 14,17

Dsðf ; tpÞ
nexce

¼ �ð1þNsÞ �
DEðf ; tpÞ
E0ðf Þ

� ce0
eF

ð1Þ

where c is the speed of light in vacuum, e0 is the vacuum

permittivity, Ns is the THz refractive index of the substrate,

e is the elementary charge, and nexc is the excitation density

(number of absorbed photons per pump laser pulse and per

unit volume). Expression (1) is a thin-film limit of a general

relation between Ds and DE/E0 derived in ref. 17; this limit

assumes that the film thickness is much smaller than the THz

wavelength of the probe pulse and that the pump pulse is

entirely absorbed by the sample. The left-hand side of

eqn (1), Ds/(nexce), is the key quantity provided by time-

resolved THz spectroscopy: it is the product of the quantum

yield x of the formation of mobile charge carriers and of their

mobility m.8

We emphasize that time-resolved THz spectroscopy is a

phase sensitive method which makes it possible to measure

Fig. 1 Scheme of the experimental setup for time-resolved THz spectroscopy. D1—motorized stage for controlling the pump-probe delay (tp),
THG—two b-barium borate (BBO) crystals for third harmonic generation, E—emitter (ZnTe crystal for conversion of the near infrared pulses into

pulses of THz radiation by optical rectification),15 M—ellipsoidal mirrors, D2—motorized stage for scanning the THz pulse profile, L—pellicle

beam-splitter, S—sensor (ZnTe crystal for electro-optic detection of THz pulses).15
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the complex transient transmittance and to evaluate the

complex transient conductivity Ds:

Ds = Ds1 + iDs2 (2)

or, equivalently, the complex electric permittivityDe=�Ds/(2pife0)
which both express the interaction of THz probing radiation

with localized and delocalized carriers. The real conductivity

spectrum Ds1 represents losses (usually of ohmic character)

and its extrapolation to zero frequency characterizes the on-

chain drift mobility of charges in our sample. The imaginary

part of the conductivity (or real part of the permittivity)

reflects the polarizability and inductance of localized and

delocalized charges. In this sense, the retrieved information

is richer in comparison with the methods using infrared

or visible probing light: these techniques typically detect

the change in the transmitted optical power which merely

provides the change in the absorption coefficient. The

(optical) conductivity measured by THz spectroscopy

describes the charge motion over o50 nm and should not

be confused with the dc conductivity characterizing the

charge transport over macroscopic distances (which includes

in addition, e.g., the charge hoping between polymer chains).

The measured time-domain THz wave-forms are shown in

Fig. 2. The photo-induced signal was extremely weak, about

30 000 times weaker than the reference signal. To achieve this

sensitivity of the measurements a very long data acquisition

process was required. A sufficient signal-to-noise ratio was

obtained after 14 and 8 h of data averaging for the wave-forms

shown in Fig. 2a and b, respectively. For this reason,

conductivity was measured for a single pump–probe delay

(tp = 10 ps). We observed that the transient wave-forms did

not reproduce exactly the shape of the reference wave-forms:

they were somewhat distorted. This is related to the

dispersion in the conductivity spectra. Note that, for the

PMPSi suspension, the high-frequency spectral components

were significantly suppressed because of the absorption of

THz radiation in CCl4.
18 This prevented us from a reliable

retrieval of the transient conductivity for the suspension. The

suppression of high-frequency components is also responsible

for broadening of the reference THz wave-form transmitted

through the suspension (Fig. 2b) as compared to that

presented in Fig. 2a for the solid film. The transient

conductivity spectrum of the film calculated using eqn (1) is

shown in Fig. 3.

Fig. 2 Reference wave-form transmitted through the sample without

photo-excitation (solid line) and its change induced by the photo-

excitation (symbols) for (a) PMPSi solid film and (b) PMPSi

suspension in CCl4. The pump–probe delay was 10 ps in both cases.

The error bars correspond to the standard deviation of the average

values.

Fig. 3 Normalized transient conductivity spectra of the PMPSi solid

film for the pump–probe delay 10 ps.

Fig. 4 Spin distribution on the Si-chain 200 fs after photoexcitation as

obtained by molecular dynamics simulations.
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3. Computer modelling

3.1 Molecular dynamics

The aim of molecular dynamics (MD) modelling was to simulate

the evolution of PMPSi chain deformation induced by an

insertion of a positive charge. Quenched molecular dynamics

simulations were performed using Materials Studio,19 Version

4.3.0.0, with a polymer consistent force field.20 The spin

distribution on the Si-backbone in cation-radical state was

calculated by the Gaussian 09 package using the Extended

Huckel method.

At time zero, the structure of PMPSi was assumed to be a

regular all-trans form. After thermal activation and insertion

of a positive charge (hole), the Si backbone started to deform

gradually. It was found that a localised distortion (polaron) is

formed within tens of femtoseconds extending about 20MPSi

monomer units. This is illustrated by the spin-density plot in

Fig. 4.

The obtained localization length is in good agreement with

the value obtained by Tachikawa,21 who performed MD

modelling of a similar polymer (dimethylsilane) using the

quantum semi-empirical method AM1. Irie et al. measured

the electron absorption spectra of radical ions of oligo- and

poly(methyl-propylsilane)s in rigid matrices at 77 K.22 They

found that the spectra are saturated at 16 units.

3.2 Density functional theory

The electronic structures and equilibrium geometries of neutral

oligomers of different lengths (up to 20 MPSi monomer units)

were calculated with the DFT method using the Gaussian 09

program package.23 The DFT calculations employed hybrid

functionals: B3LYP24 and CAM-B3LYP.25 The Coulomb-

attenuating method (CAM-B3LYP) improves the B3LYP

functional and combines the hybrid qualities of B3LYP with

the long-range correction presented by Tawada et al.26 The

CAM-B3LYP functional comprises 0.19 Hartree–Fock (HF)

plus 0.81 Becke 1988 (B88) exchange interaction at short range,

and 0.65 HF plus 0.35 B88 at long range. For the description of

the parameters of Si, H and C atoms, the polarised double

basis set 6-31G* was used.27 For the electron-transfer

calculations, the H atoms were described by 3-21G* because

the calculations of orbital transformations are then less time

consuming.28

The essential parameter controlling the charge mobility is

the charge transfer integral. Here, we evaluate the transfer

integral for the hole transfer from the deformed to a close

undeformed part of the chain. We first calculated the

conformation of the positive polaron on PMPSi deformed

chains of different lengths using the unrestricted Kohn–Sham

method. The orbitals localised over half of the chain were

calculated using the Corresponding Orbital Transformation

method.28 It is crucial to ensure that the electron transfer (ET)

reactant and product wave functions reflect the localised

states.29–33 The transfer integral t+ for the hole transfer was

calculated according to the formula34

tþ ¼ HRP � SRPðHRR þHPPÞ=2
1� S2

RP

; ð3Þ

where HRP is the interaction energy between reactant and

product states, SRP is the overlap between the reactant and

product states and HRR is electronic energy of the reactant

state andHPP is electronic energy of the product state. All these

terms were obtained via the direct coupling of localised

orbitals. The calculation of t+ was implemented in the

NWCHEM quantum chemistry package35 using the Marcus

two-state transfer model36–38 (for details see the ESI).w Localised
molecular orbitals were calculated by the unrestricted

Hartree–Fock method as DFT calculations have not been

implemented in NWCHEM program.

On the molecular level, three factors, the electronic coupling

(transfer integral t+) between the individual parts of the

molecule, the reorganisation energy l+ during charge

transport and the effective length of hole transfer L, are

usually considered to be important for charge transport in

organic materials.39,40

The reorganization energy l+ consists of the sum of l1
+ and

l2
+, l+ = l1

+ + l2
+, where the deformation energy of the

system l1
+ was calculated as the difference between the vertical

and cationic state: l1
+ = E+(QN) � E+(Q+) and

l2
+ = EN(Q+) � E+(QN). Here, E+(QN) is the total

electronic energy of the cationic state in the neutral

geometry, E+(Q+) is the total energy of the cationic state in

the cationic state geometry, EN(Q+) is the total energy of the

neutral state in the cationic state geometry and EN(QN) is

the total energy of the neutral state in the neutral geometry see

Fig. S4 in the ESI.w
At room temperature, the charge carrier transport can

be described within the Marcus theory.41–45 Subsequently,

the rate of a self-exchange process was provided by the

expression

ket ¼
2p
�h

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4plþkT
p ðtþÞ2 exp � lþ

4kT

� �
; ð4Þ

where �h is the reduced Planck constant, k is the Boltzmann

constant, T is the temperature and l+ is the reorganisation

energy. The diffusion coefficient D of charge carriers can be

expressed using the Einstein-Smoluchowski equation

D ¼ L2ket: ð5Þ

This makes it possible to evaluate the on-chain drift mobility of

the charge carriers46–48 using the Einstein relation m= eD/kT. It

should be noted that the calculated charge mobility mentioned

here represents the zero electric field approximation value.More

details of electron transfer calculations and reorganization

energy calculations are summarized in the ESI.w

4. Discussion

UV photo-excitation leads to a rapid formation of an electron-

hole pair on a polymer chain.49 The most probable electron-

hole separation distance in this state is 2.9 nm (= 12aSi–Si).
50

The electron-hole pairs either recombine geminately or

dissociate via an Onsager mechanism and give rise to free

charge carriers.51,52 Within 10 ps after the photoexcitation, the

pairs do not have a chance to recombine or dissociate which

means that we are dealing with a system in an on-chain charge

transfer state. Electrons are localised on phenyl groups and do
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not contribute to the THz conductivity. Their recombination

with holes occurs on a microsecond time scale16 and,

consequently, this process can be neglected in our considerations.

From Fig. 3 we observe that the real part of the transient

conductivity is very low at low frequencies, but it does not

vanish completely.53 It slightly increases with increasing the

frequency, whereas the imaginary part is negative. This

response is characteristic of localised charges, and the

spectrum can be phenomenologically understood in terms of

the response of a damped harmonic oscillator.6 Thus, we

describe the transient conductivity spectrum as the sum of

two terms. The first one contains a low-frequency mobility m1,
representing the on-chain drift of charge carriers, and

the second one contains the parameters characterising the

oscillator:

Dsðf Þ ¼ 1

3
nem1 þ

1

3

ne2

2pm
� if

f 20 � f 2 � igf =ð2pÞ

� �
; ð6Þ

where n is the density of available electron-hole pairs, m is the

charge mass, f0 is the resonant frequency of the oscillator and g
is the oscillator damping. The factor of 1/3 accounts for the

fact that the polymer chains are randomly oriented in the

samples in three dimensions. The electron-hole pair density n in

eqn (6) equals xnexc, where the primary quantum yield x
expresses the quantum yield of pairs shortly after the

photoexcitation. For PMPSi, the primary quantum yield of

x= 0.2 was determined50 by the technique of emission-limited

photoinduced discharge54,55 (the saturated yield value

measured in high electric fields is taken into account since it

represents the primary yield of the non-separated electron-hole

pairs). These considerations allow us to estimate the hole

mobility spectra from our experiment (the right-hand axis in

Fig. 3). Extrapolation of Re Ds to zero frequency provides the

estimation of the on-chain hole mobility m1 B 0.02 cm2 V�1 s�1;

from the fit of the slope of Im Ds vs. frequency, the parameter

f0B 80 THz was obtained (the solid line in Fig. 3). Our mobility

value is in good agreement with that measured by the time-

resolved microwave conductivity technique.56–58 In ref. 57 and

58, the mobility was calculated from recombination kinetics and

a value of 0.02 cm2 V�1 s�1 was reported. Thus, we can state

that the on-chain charge carrier mobilities in the microwave

region and in the low-frequency part of the THz range are

practically the same. This shows that energy barriers, such as

conjugation defects, have no influence on the hole transport for

frequencies above a few GHz,11,59 i.e., the measured microwave

and THz mobilities represent the intrinsic on-chain drift

mobilities of the holes (unaffected by the static defects).

The very low value of the mobility ({1 cm2 V�1 s�1) rules

out the band transport model.60 From our measurements in

the THz spectral range, we infer that the ‘band conductivity’ is

not a dominating transport mechanism even locally. In ref. 59

it was shown that even infinite potential barriers located

between each quadruplet of polymer repeat units do not

suppress the mobility below a value of 0.45 cm2 V�1 s�1.

The much lower value of the mobility observed in PMPSi

may be related to the formation of polarons in agreement

with the molecular dynamics simulations. The mobile hole

photogenerated on the silicon chain induces local chain

distortion where it is self-trapped. The on-chain transport of

holes is then necessarily related to the dynamic change of the

polaron potential accompanying the hole motion which

strongly reduces drift mobility. On the other hand, we can

also regard the lattice distortion as a potential well, in which

the hole oscillates—this is supported by the observed oscillator

response. To get an idea of the polaron properties, we assume

that the hole oscillates inside a harmonic potential well with a

depth DV and a width a, i.e., V(x) = 4DVx2/a2 (see Fig. 5). The
resonant frequency f0 then reads

f0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2DV
mp2a2

r
: ð7Þ

Since we have determined the resonant frequency from the

fit of the transient conductivity spectra, this expression

constitutes a link between the polaron size (width a) and a

binding energy (depth DV), see Fig. 5. The polaron binding

energy must be much larger than 3 kT, otherwise the charge

carrier would escape the well, which would lead to the

disappearance of the oscillator response and appearance of

Fig. 5 Relation between the possible depth and width of the harmonic

potential with resonant frequency f0 = 80 THz. Inset: Potential profile.

The distance between the MPSi units aSi–Si = 2.35 Å.

Fig. 6 Schematic representation of the two highest lying occupied

orbitals HOMO andHOMO-1 and the lowest lying unoccupied orbital

LUMO of 20-mer of methyl(phenyl)silylene (20MPSi).
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Drude-like response of free charge carriers. From Fig. 5, we

can thus determine that the polaron size a is at least 3aSi–Si on

the time scale of 10 ps.

The photoinduced THz signals in a PMPSi film and solution

are comparable (Fig. 2a and b, respectively). There is no

essential discrepancy in the transport parameters obtained

for the solid films and solutions. Thus, one can assume little

influence of the chain morphology and local environment on

the charge transport in PMPSi molecules on the picosecond

time scale. Unlike in, e.g., poly[methoxy-5-(20ethyl-hexyloxy)-

1,4-phenylene vinylene] semiconducting polymer, the

interchain charge carrier transport effects are not crucial in

an ultrafast time scale.10

We supposed that HOMO and HOMO-1 can create

transport orbitals. The HOMO, HOMO-1 and LUMO

orbitals are localised on Si atoms, see Fig. 6. The results of

the calculations obtained from molecular dynamics

simulations showed that the hole is localised on about

20 monomer units (Fig. 4). This localisation length is in a

good agreement with ref. 21. A deformation energy l1
+ of

0.25 eV and reorganisation energy l+ of 0.55 eV were

calculated for the oligomer containing 20 units. B3LYP

calculation of the deformation energy l1
+ gives for large

systems (in our case 20 units) a rather underestimated value

of 0.11 eV. Experimental deformation energy is equal to

0.22 eV.61,62 For 40 units the transfer integral value was

found as 3.4 meV (for details see the ESIw).63 For the hole

transfer distance L = 20aSi–Si, we receive from eqn (4) and

eqn (5) the on-chain hole mobility of 7 � 10�3 cm2 V�1 s�1.

This result is in quite a good agreement with the mobilities

obtained by microwave techniques as well as with value

measured by transient THz spectroscopy. Thus, from our

experimental and theoretical results agreement we can

conclude that charge (delocalised hole) transport through

PMPSi chain is strongly affected by the formation of

polarons: the hole is self-trapped in a potential formed by

local chain distortion and the charge transport is conditioned

by the dynamic change of the polaron potential.

5. Conclusion

The objective of this paper was to investigate the charge carrier

transport in PMPSi both experimentally (by using time-

resolved THz spectroscopy) and theoretically (employing

DFT and other molecular modelling methods). Due to our

specific and complex methods we were able to get a deep

insight into the charge movement. The transport on the

picosecond time scale is due to holes with an on-chain

mobility of 0.02 cm2 V�1 s�1. The mobility is low owing to

the hole self-trapping, very probably caused by local chain

distortions. The charge mobility value is in agreement with the

value obtained by time-resolved microwave photoconductivity

and is also supported by the calculations using theoretical

chemistry methods. From our theoretical and experimental

results we can conclude that charge (delocalised hole) transport

through the PMPSi chain is affected by the formation of

polarons: the hole is self-trapped in a potential formed by

local chain distortion. Charge transport is thus conditioned by

the dynamic change of the polaron potential accompanying the

hole motion, which strongly reduces drift mobility.
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7 H. Němec, P. Kužel and V. Sundström, Phys. Rev. B: Condens.
Matter Mater. Phys., 2009, 79.
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