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Abstract

Low-energy vibrational modes have been investigated in polycrystalline biphenyl, para-terphenyl, para-quaterphenyl
and para-sexiphenyl using THz time-domain spectroscopy (THz-TDS). A number of both internal and external in-
frared-active modes were observed for wavenumbers ranging between 20 and 80 cm~'. The temperature dependence of
these modes is consistent with structural phase transitions occurring in the molecular crystal, indicating that THz-TDS
is a sensitive probe of the conformation of conjugated molecular systems.

© 2003 Elsevier B.V. All rights reserved.

1. Introduction

Conjugated polymers [1] and molecules [2] have
attracted much interest over the past decade fol-
lowing their effective integration into optoelec-
tronic devices. In these materials, electronic
transitions cause a change of molecular confor-
mation and are therefore accompanied by vibra-
tional relaxations. Much effort has been devoted to
the study of higher-energy vibrational modes (with
wavenumber v = 500-2000 cm ') such as C—C on-
ring and inter-ring stretches which dominate the
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emission and absorption spectra of conjugated
polymers and oligomers [3]. In contrast, compar-
atively little is known about the low-energy
(v < 100 cm™!) vibrational modes and their influ-
ence on the exciton relaxation dynamics and the
fluorescence lineshape. Recent calculations have
indicated that consideration of low-energy vibra-
tional modes (e.g. torsional twisting and chain
stretching) is essential for a correct modelling of
the emission spectra of phenylene vinylene [4] and
phenylene [5] oligomers. Similarly, the inclusion of
low-energy modes was shown to be necessary for
an accurate description of the energy relaxation
dynamics in films of poly(phenylene vinylene) un-
der site-selective excitation conditions [6]. Fur-
thermore, exciton diffusion in conjugated polymer
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films has been established to be a temperature-
activated process, with an activation energy of the
order of a few THz [7] which suggests that low-
energy vibrational modes need to be included for a
correct description of exciton and charge-carrier
diffusion in conjugated polymer films.

Previous vibrational spectroscopy in the low-
energy range has largely been conducted by the
study of Raman scattering, while access to infor-
mation about infra-red (IR) active modes has been
hampered by the lack of strong far-IR sources and
detectors [8]. However, the recently developed
technique of THz time-domain spectroscopy
(THz-TDS) [9,10] has opened up access to the
THz-frequency range of the electromagnetic spec-
trum, allowing far-IR transmission spectroscopy
with wide dynamic range. Unlike incoherent
far-IR Fourier-transform spectroscopy (FTIR),
THz-TDS relies on the coherent generation and
detection of THz-pulses with durations of less than
one picosecond. The technique may therefore be
extended to probe time-resolved transmission
changes following electronic transitions induced by
a pump pulse in the visible part of the spectrum [11].

In the study presented here, we have performed
THz-TDS on a series of phenylene oligomers in
polycrystalline form to investigate their IR-active
vibrational modes below 90 cm~' for a range of
temperatures. Oligo(para-phenylenes) are an im-
portant class of conjugated materials, with the
shorter oligomers being used as efficient laser dyes
[12] and the more extended oligomers (such as
para-sexiphenyl) being implemented in organic
light-emitting diodes [13,14].

2. Materials and experimental technique

Polycrystalline powders of biphenyl (2P), para-
terphenyl (3P) and para-quaterphenyl (4P) were
purchased from Sigma-Aldrich, para-sexiphenyl
(6P) from Tokyo Chemical Industry (TCI). All
materials were used without further purification.
Measurements taken for para-terphenyl were re-
peated using materials from another source ! and

! An alternative supply of para-terphenyl was kindly provided
by Dr. M. S. Khan, Department of Chemistry, Sultan Qaboos
University, P.O. Box 36, Al Khod 123, Sultanate of Oman.

identical results were obtained. Samples were
prepared by blending each phenylene oligomer
with polyethylene powder in a mass ratio of 1:9
and subsequently forming pellets of ~2.2 mm
thickness under application of a pressure of 40
MPa. Polyethylene is largely transparent in the
THz-region of the electromagnetic spectrum [15],
however, all measurements were made with refer-
ence to a sample consisting solely of polyethylene.

Far-infrared spectra were obtained using THz-
TDS [16,17]. A schematic diagram of the experi-
mental setup is shown in Fig. 1. Samples were held
in a helium flow cryostat with an accessible tem-
perature range of 1.5-300 K and kept in a low
pressure helium environment for all measure-
ments. The far-IR optics of the spectrometer were
purged with dry nitrogen gas to reduce atmo-
spheric absorption. Single-cycle far-IR (THz)
pulses were generated using a 2 mm thick GaAs
photoconductive switch [18,19], which was biased
with a 20 kHz, bipolar (£100 V) square wave. The
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Fig. 1. Schematic diagram of the optical arrangement used for
THz-TDS measurements.
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I-mm gap between the gold electrodes of the
switch was illuminated with 800 nm, 120 fs, 10 nJ
pulses from a mode-locked Ti:sapphire laser. The
THz pulses, after transmission through the sample,
were detected using electro-optic sampling [20].
This detection used a delayed (1 nJ) part of the
original Ti:sapphire laser pulse to probe the clec-
tric field in a 1-mm thick (1 10)-ZnTe crystal as a
function of time. Both low and high resolution
spectra were measured for each sample. The low
resolution (1.67 cm™!) spectra were particularly
suitable for identifying modes as the temporal
range of the measurement was short enough (20 ps)
to avoid spectral artefacts caused by multiple THz
reflections in the pellet. High-resolution (0.25 cm™!
or 7.5 GHz) scans over a longer delay range were
then performed to measure the linewidths of the
absorption features identified from the low reso-
lution spectra.

The raw time-domain electric field data, E(¢),
measured from the sample and those of the refer-
ence, E,(¢), were zero-filled (as is common in FTIR
analysis) and Fourier transformed to give E ()
and E, (o). These data were then divided to give an
amplitude transmission function:

Flo) — E(0) _ |Ef(w)e®)
E(0) |E(o)[ei)’

(1)

where || denotes the modulus and ¢,(w) and ¢, (w)
are the frequency dependent phases of the sample
and reference electric fields, respectively. The ab-
sorbance o and refractive index n were then cal-
culated according to

2 E (o)
a(w) = - In ()| (2)
cd
An(w) = —[¢u(0) = ¢:(@)], (3)

where 7 is the volume fraction of sample in the
pellet, d is the thickness of the pellet and ¢ is
the speed of light. An(w) is the difference between
the polyethylene pellet with and without the
polycrystalline sample included. In this analysis,
we assume that the the Fresnel coefficients of the
sample and reference pellet are the same, which is
justified as An < 0.04 in all our measurements.

3. Results and discussion

The relative orientation of adjacent phenyl rings
is of great significance for the electrical and optical
properties of oligo(para-phenylenes) and conju-
gated polymers, many of which contain an inter-
ring C-C bond as part of their structural repeat
unit. If the phenyl rings are predominantly in the
same plane, an increased overlap of their m-orbi-
tals will result in a more strongly delocalised ex-
citon or an increased intrinsic conjugation length.
In gas, melt and solution phases, oligo(para-phe-
nylene) have large dihedral angles (30-40°) be-
tween neighbouring phenyl-ring planes owing
to the repulsion between hydrogen atoms in the
ortho positions [21]. In contrast, the solid poly-
crystalline and spin-cast polymer forms tend to be
more planar at room temperature as a result of
intermolecular interactions. However, neutron
scattering [22], X-ray diffraction [22], ultraviolet-
absorption spectroscopy [23] and Raman studies
[24,25] of crystalline oligo(para-phenylenes) have
indicated that this degree of planarisation is
temperature dependent. Phase transitions have
been observed in polycrystalline 2P, 3P and 4P
at critical temperatures of 40, 193 and 238 K,
respectively [22].

THz-absorption measurements of organic
crystals provide information on both molecular
conformation and the intermolecular environ-
ment. The two main conformations of oligo(para-
phenylenes) are the planar form, with point group
symmetry mmm (D2y), and the non-planar 222 (D,)
form where the phenyl rings are twisted with re-
spect to each other. By considering molecular
symmetry, these forms can clearly be distinguished
since the vibrational modes of the two conforma-
tions are described by different irreducible repre-
sentations and hence selection rules. However, in
the solid state, it is also necessary to consider the
symmetry of the crystal, where the intramolecular
(internal) vibration of the molecule is constrained
by the crystal symmetry, requiring factor group
analysis. Furthermore, low-energy lattice vibra-
tions and librations cause the appearance of in-
termolecular (external) modes. Planar organic
molecules, such as the oligo(para-phenylenes),
tend to form monoclinic crystals belonging to the
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P2, /a space group [22]. Hence, the factor groups
for the planar and non-planar molecules in the
crystal are 2/m (Cy,) and 2 (C,), respectively. It
should be noted that for the C,, factor group the
vibrational modes described by the ungerade irre-
ducible representations (A, + B,) are IR active,
while the gerade (A, + B,) representations are in-
active. In contrast, the irreducible representations
(A + B) of the C, factor group are all IR active.
Thus IR activity can be used to study phase
transitions between planar (C,,) and non-planar
(Cy) oligo(para-phenylene) organic crystals.

Figs. 2 and 3 show the IR absorption spectra of
polycrystalline 2P, 3P, 4P and 6P samples mea-
sured at 10 K using THz-TDS. The presence of the
absorption features is confirmed by the observa-
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Fig. 2. THz absorption o (solid line) and refractive index
change An (dashed line) at 10 K as a function of photon
wavenumber for biphenyl (2P) and para-terphenyl (3P).
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Fig. 3. THz absorption o (solid line) and refractive index
change An (dashed line) at 10 K as a function of photon
wavenumber for para-quaterphenyl (4P) and para-sexiphenyl
(6P).

tion of changes in the refractive index (indicated
by the dashed lines), in agreement with Kramers—
Kronig relations. We have identified vibrational
modes with wavenumbers in the range between 27
and 82 cm™! which are labelled from (i) to (xvi) in
Figs. 2 and 3. A summary of our results is given in
Table 1 where the modes marked in the figures are
listed together with the linewidths of major modes
obtained from high resolution spectra (not
shown). For the shorter oligomers we have as-
signed most of the observed modes through com-
parison with previous experimental results based
on Raman or IR spectroscopy or neutron scat-
tering measurements (see references given in the
table). We have then extrapolated these results to
the longer oligomers thereby providing a tentative



260 M. B. Johnston et al. | Chemical Physics Letters 377 (2003) 256-262

Table 1

List of low-energy vibrational modes for polycrystalline biphenyl, para-terphenyl, para-quaterphenyl and para-sexiphenyl at a tem-

perature of 10 K

Mode v (cm™) AV (cm™") Representation Tentative assignment Reference
2P (biphenyl)

(1) 67.4 3.1 A, Internal long-axis torsion [5,28,29]
(ii) 76.2 4.2 Ag + By External libration

3P (p-terphenyl)

(iii) 45.4 Ag + By External libration [27]
(iv) 49 A, + B, External libration [27]
) 56.7 External translation [27]
(vi) 62.6 0.77 B, Internal in-plane scissoring

(vii) 68.0 1.2 A, Internal in-plane scissoring [27]
(viii) 74.3 1.2 A, Internal long-axis torsion [5,27]
(ix) 81.3 0.94 A, Internal out-of-plane scissoring [27]
4P (p-quaterphenyl)

(x) 43.4 Ay + B, External libration

(xi) 47.0 A, +B, External libration

(xii) 76.0 1.7 A, Internal long-axis torsion [5]
(xiii) 80.2

6P (p-sexiphenyl)

(xiv) 27.2 A, + B, External libration

(xv) 68.6

(xvi) 76.5 1.5 A, Internal long-axis torsion [5]

Tentative assignments of modes were obtained from geometric considerations and by comparison with previous computational and
experimental studies. AV represents the full-width-at-half-maximum of an absorption peak when the background absorption is sub-
tracted, and was obtained from the high resolution spectra (not shown).

assignment to some of their modes. However,
some of the modes remain unidentified, and de-
tailed quantum chemical calculations are required
in order to provide further information about the
origin of these modes. Such calculations will have
to include the effects of the crystal potential in
order to account for the existence of external
modes and to give an accurate description of the
frequencies of internal modes. The irreducible
representations for the assigned modes given in the
table are for a factor group corresponding to the
molecules in a planar conformation (Csy).

We have identified ring-torsional modes at 67.4,
74.3, 76.0, and 76.5 cm~! for 2P, 3P, 4P and 6P,
respectively. These modes are particularly impor-
tant since m — m* transitions in these materials
induce a planarization of the molecule and there-
fore interact strongly with ring-torsions. Conse-
quently these modes must be considered for a
correct description of the electronic (Sy < S;) ab-
sorption and emission spectra. Such a treatment

has recently been presented by Karabunarliev et al.
[5] who have used quantum chemical calculations
to determine vibrational frequencies for C-C-
stretch, ring-stretch, and inter-ring torsional
modes in a series of phenylene oligomers. The
authors of this study calculated ring-torsional
modes at 61, 75, 80 and 84 cm~! for 2P, 3P, 4P and
6P, respectively. Comparison with our experi-
mental results show that this quantum chemical
treatment results in an underestimate of the ring-
torsional frequencies for biphenyl (2P) and an
overestimate for oligomers longer than para-ter-
phenyl (3P). Karabunarliev et al. [5] observed a
similar trend in the discrepancy between the cal-
culated and experimental values for the optical
(So < S,) transition energies. Differences between
our measurements and the quantum chemical
study are to be expected as the calculations were
performed considering isolated molecules while
our measurements were taken for polycrystalline
materials. Transitions between the solid, liquid or
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gas phases of biphenyl have been experimentally
shown to induce shifts of the order of a few cm™!
for low-energy vibrational modes [26]. For a more
accurate theoretical description of the vibrational
frequencies of low-energy modes the crystal po-
tential will therefore have to be taken into account.
Furthermore, the semi-empirical nature of the
Hamiltonian and the incomplete treatment of
configuration interactions in the calculations de-
scribed in [5] will also result in deviations from the
experimental results. Our comprehensive mea-
surement of these low-energy vibrational modes
for a range of phenylene oligomer should therefore
provide an idea starting point for further refine-
ment of quantum chemical models.

Fig. 4 shows the temperature dependence of the
THz absorption spectra from 2P, 3P and 4P
samples. For 2P, the absorption features (i) and (ii)
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Fig. 4. Temperature dependence of the THz absorption spectra
of biphenyl (2P), para-terphenyl (3P) and para-quaterphenyl
(4P). (Spectra have been offset for clarity.)

become indistinct above the critical temperature of
40 K, which is probably a result of a reduction in
the oscillator strength of the (IR-active) A, tor-
sional mode as the molecules in the crystal be-
comes more planar. However, for the 3P crystal,
the absorption features (vi)—(ix) are still clearly
observable above the 193-K critical temperature.
In particular, mode (vii) is still present although it
has been assigned an IR-inactive A, representa-
tion. It has been suggested that the phase transi-
tion for 3P is an order—disorder type [22], where
the molecules remain non-planar (D,) even above
the transition temperature. Thus the high tem-
perature phase is only planar on average, consist-
ing of approximately equal proportions of twisted
conformations with no change to the selection
rules. Our results are therefore consistent with the
existence of different types of phase transitions in
the two materials. In addition it should be noted
that the absorption features of oligo(para-pheny-
lene) in general tend to shift to lower frequencies
as the temperature is increased. This reflects the
response of the lattice, which also couples to many
of the internal modes. It is interesting to note that
mode (vi) in 3P is relatively insensitive to temper-
ature. This indicates that it corresponds to an in-
ternal mode which is not influenced significantly
by, and is therefore weakly coupled to, the lattice.
This observation is in contradiction with an earlier
assignment of this mode to external translations
[27]. Similarly, the frequencies of the ring-torsional
modes in 3P (viii)) and 4P (xii) are found not to
shift strongly below their respective phase-transi-
tion temperatures.

4. Conclusions

We have performed an investigation into the
low-energy vibrational modes of oligo(para-phen-
ylenes) in polycrystalline form. The high sensitivity
of THz time-domain spectroscopy has allowed us
to determine a range of IR active modes which we
have assigned to specific internal and external vi-
brations. In particular, we have measured the en-
ergies of ring-torsional modes which couple
strongly to the optical (Sy <« S;) transitions in
these materials. We have further shown that the
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temperature dependence of these modes is a sen-
sitive probe of the phase transitions occurring in
these systems. THz-TDS is thus a valuable tech-
nique for investigating molecular conformation in
conjugated polymer systems. Furthermore, this
technique may be extended to a visible-pump/
THz-probe measurement in which changes in the
vibrational modes with optical excitation can be
deduced. Subsequent analysis of such studies,
correlated with quantum chemical calculations
should provide experimental insight into the ex-
cited-state geometry in these molecular systems.
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