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Abstract: We have measured the Raman spectra of some oligothiophenes (bithiophene, terthiophene,
quarterthiophene, sexithiophene and octithiophene) and polythiophene with wavelengths from
325-1064 nm (3.815-1.165 eV). All of the materials give good quality spectra with 1064 nm excitation,
although there is weak background fluorescence for some of them. The UV lines of 405 and 324 nm
generally provide good-quality spectra, albeit with significant fluorescence for bithiophene and
quarterthiophene. Surprisingly, there is little difference between the relative intensities (i.e., the
ratio of a band’s intensity as compared to the strongest band) of the spectra with the different
excitation wavelengths. However, close inspection of the 2000-3200 cm~! region of octithiophene
and polythiophene with 325 and 405 nm excitation shows several modes in this region that can
be assigned to combinations and overtones involving the ~1440 cm~! C-C ring stretch that do not
appear with 1064 nm excitation. The presence of overtones and combinations with anomalously large
intensities is a hallmark of resonance Raman spectroscopy.
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1. Introduction

The award [1] of the Nobel Prize for Chemistry in 2000 for the discovery of conducting
polymers confirmed their importance as materials. Their usefulnessarises from their
electronic properties and, potentially, low production and installation costs because they
are lightweight and solution-processable [2—4]. Organic light-emitting diodes (OLEDs) [5]
are a particularly important application of conducting polymers; others include their use
as solar cells [6,7]. There are many materials available; however, oligothiophenes [8] and
polythiophene [9] have attracted particular interest due to their chemical stability and
electrical conductivity when doped.

The structures of the materials studied in this work are shown in Figure 1. Single
crystal X-ray diffraction (XRD) studies of bithiophene [10,11] (Figure 1b, n = 0), terthio-
phene [12,13] (Figure 1a), quarterthiophene [14] (Figure 1b, n = 1), sexithiophene [15]
(Figure 1b, n = 2), octithiophene [16] (Figure 1b, n = 3) and powder XRD of polythio-
phene [17,18] (Figure 1b, n = o0) have established that all of them are essentially planar
in the solid state, especially the longer examples. The ideal conformation is shown in
Figure 1b, which results from polymerisation at the 2- and 5-positions of thiophene. This
gives the characteristic S-up, S-down, S-up conformation that is favourable for conduction.

In addition to their intrinsic interest as materials [19], the oligothiophenes are used as
model compounds to understand the spectroscopy of polythiophene [20]. For both of these
reasons, the vibrational spectra of the oligothiophenes have been extensively investigated
by infrared, Raman and inelastic neutron scattering spectroscopies: bithiophene [21-24],
terthiophene [25], quarterthiophene [21,24-28], sexithiophene [15,21,25-27,29] and octithio-
phene [26]. The spectroscopy of polythiophene has been comprehensively studied [30-36].
As we have shown elsewhere [36], the spectra of the oligothiophenes rapidly converge with
increasing size to that of polythiophene.
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Figure 1. Structures of oligothiophenes and polythiophene. (a) Terthiophene, (b) n = 0 bithiophene,
n =1 quarterthiophene, n = 2 sexithiophene, n = 3 octithiophene and 1 = co polythiophene.

Raman spectroscopy is especially useful for studies involving the oligothiophenes and
polythiophene. This arises because it is sensitive to the chain length and the conformation:
whether the thiophene units are linked at the & position (as shown in Figure 1) or at the 3
position (the 3 and 4 positions of thiophene) [37]. This has been used in several recent stud-
ies to investigate how the thiophenes are bonded to graphite [37] or carbon nanotubes [38]
for applications as sensors, to a polymer in molecular wires [39] and on an aluminium
substrate [40] for use as electrodes. However, it is not clear what is the optimum excitation
wavelength for such studies. While there have been a number of studies [20,32,33] that
used more than one Raman excitation wavelength, there has not been a systematic study
that looked at a range of wavelengths for a range of oligothiophenes and polythiophene
itself. Here, we use excitation wavelengths from 1064 to 325 nm to investigate the Ra-
man spectra of bithiophene, terthiophene, quarterthiophene, sexithiophene, octithiophene
and polythiophene. We consider the signal-to-noise and signal-to-background for each
spectrum and make recommendations on which wavelengths to use for future studies.

2. Materials and Methods

2,2'-Bithiophene, 2,2":5' 2"'-terthiophene, 2,2:5":2":5" 2'""-quarterthiophene (quarterthio-
phene) and 2,2:5":2/":57 2!":5/" 2"":5!"" 21" _sexithiophene (x-sexithiophene, sexithiophene)
were purchased from Aldrich (Gillingham, UK) (, 2,2:5:2'":5"2""":5'" 2!""":5/"",
2011 BIIT DI DI _octithiophene (e-octithiophene, octithiophene) was purchased
from Tokyo Chemical Industry (Tokyo, Japan) (TCI) and polythiophene was purchased
from Rieke Metals (Lincoln, NB, USA). The characterisation of the polythiophene has been
reported previously [36]; in summary, it shows a relatively low degree of polymerisation,
but the resulting material is highly conjugated and is essentially defect-free. The insolubil-
ity of polythiophene in all common solvents means that it is not possible to characterise
the molecular weight distribution. All of the materials are solids at room temperature;
where available, the purity was stated to be >96%, implying that the oligothiophenes are
monodisperse. All of the oligothiophenes and polythiophene were used as received.

Raman spectra were recorded with a range of excitation wavelengths from the UV
to the near-IR. Spectra with 325, 405, 532 and 633 nm were recorded with a Renishaw
(Wotton-under-Edge, UK) inVia spectrometer at room temperature. A Bruker (Billerica,
MA, USA) FT-Raman spectrometer (64 scans at 4 cm ™! resolution with 10-200 mW laser
power, 8 times zerofilling) was used to measure spectra with 1064 nm excitation in a quartz
cuvette at room temperature.

Solid-state UV-vis spectra (220-850 nm) were recorded in diffuse reflectance at room
temperature with a Shimadzu (Kyoto, Japan) UV-2600i UV-vis spectrometer.

For all the spectra presented (both Raman and UV-vis), they are shown as recorded,
i.e., there has been no smoothing, baseline correction, fluorescence removal (for the Raman
spectra) or any other form of data enhancement applied.

The signal-to-noise (SNR) ratio in the Raman spectrum is defined as the ratio of the
height of the peak at ~1440 cm ™! (the strongest band in the spectrum) to the standard devi-
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ation of the spectrum in the 1600~1750 cm ! region (where there are no bands). Similarly,
the signal-to-background (S:B) was the ratio of the height of the ~1440 cm ! peak and the
background at ~1440 cm 1.

3. Results

Figure 2 shows the UV-vis spectra of the oligothiophenes and polythiophene. These
are in good agreement with the spectra of quarter- and octithiophene thin films [41]. The
stick diagram at the base of the figure shows the laser lines used in this study. It can be
seen that the 785 and 1064 nm lines fall outside of the absorption envelope while the others
are within it. Generally, it would be expected that 785 and 1064 nm excitation would result
in conventional Raman spectra, while resonance Raman spectra might be possible with the
other lines.
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Figure 2. Room temperature diffuse reflectance UV-vis spectra of some oligothiophenes and poly-
thiophene. The vertical solid bars at the bottom of the figure show the laser wavelengths used in
this work.

Figures 3-8 show the Raman spectra of the oligothiophenes and polythiophene ob-
tained with a range of excitation wavelengths. There are several general features to note.
All of the materials give good-quality spectra with 1064 nm excitation, although there
is weak background fluorescence for bithiophene, quarterthiophene, sexithiophene and
polythiophene. With 785 nm excitation, bithiophene, terthiophene and polythiophene are
fluorescent, terthiophene so much so that no bands are observable. For the lines inside
the absorption envelope, 532 nm only provides spectra only up to ~2000 cm~! or so in
most cases. The abrupt cut-off in the spectrum (the “cliff edge” at 2990 cm ! in Figure 3b,
at 1347 cm ! in Figure 6b, 1553 cm ™! in Figure 7b and 2353 cm ! in Figure 8b) is caused
by detector saturation as a result of the fluorescence. The UV lines of 405 and 324 nm
generally provide good-quality spectra, albeit with significant fluorescence for bithiophene
and quarterthiophene.
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Figure 3. Room temperature multi-wavelength Raman spectra of bithiophene: (a) 1064 nm,
(b) 785 nm, (c) 532 nm, (d) 405 nm and (e) 325 nm excitation.
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Figure 4. Room temperature multi-wavelength Raman spectra of terthiophene: (a) 1064 nm,
(b) 785 nm and (c) 532 nm excitation.
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Figure 5. Room temperature Raman spectra of quarterthiophene: (a) 1064 nm, (b) 785 nm,
(b’) expanded view of 1350-1550 cem ! region of (b,c) 405 nm excitation.
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Figure 6. Room temperature multi-wavelength Raman spectra of sexithiophene: (a) 1064 nm,
(b) 785 nm, (c) 532 nm and (d) 405 nm excitation.
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Figure 7. Room temperature multi-wavelength Raman spectra of octithiophene: (a) 1064 nm,
(b) 785 nm, (c) 532 nm, (d) 405 nm and (e) 325 nm excitation.
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Figure 8. Room temperature multi-wavelength Raman spectra of polythiophene: (a) 1064 nm,
(b) 785 nm, (c) 633 nm. (d) 53Im, (e) 405 nm and (f) 325 nm excitation.

These observations can be placed on a semi-quantitative basis by considering the
signal-to-noise (SNR) and signal-to-background (S:B) ratios in the spectra. Table 1 lists the
results of the analysis. The results are only semi-quantitative because the SNR and S:B
depend on the type of instrument (dispersive or Fourier transform), the wavelength (the
Raman signal is proportional to v*, where v is the excitation wavelength), the laser power,
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the measurement time and the degree of fluorescence. However, for each wavelength, the
laser power and measurement time were similar, so data within a column are comparable.
Comparison across the columns provides an indication of which wavelengths are more or
less successful for each material. The SNR provides an assessment of the spectral quality:
the larger the value, the better the quality. The 5:B gives an indication of the severity of the
fluorescence: the smaller the value, the worse the fluorescence.

Table 1. Signal-to-noise and signal-to-background ratio for the thiophenes as a function of excita-
tion wavelength.

Thiophene 405 nm 532 nm 632 nm 785 nm 1064 nm
S:B2 SNR S:B SNR S:B SNR S:B SNR S:B SNR S:B
Bithiophene 1.32 16 1.74 140 5.37 44 1.62 253 3.93
Terthiophene 3 0.11 03 F4 649 18.56
Quarterthiophene 126 2.21 2 0.03 132 217
Sexithiophene 52 3.24 F F 288 7.03 110 1.33
Octithiophene 4.14 43 1.87 0 F 734 46.62 1159 113.15
Polythiophene 1.62 124 6.16 25 1.13 28 0.34 11 0.22 414 2.38

! SNR = signal-to-noise ratio of the peak at ~1440 cm~!; 2 S:B = signal-to-background ratio of the peak at

~1440 cm™!; 3 0 indicates that while fluorescence is present, it has not saturated the detector; however, no spectral
features are visible; # F indicates that the fluorescence is so strong that it has saturated the detector.

Table 1 confirms the conclusions drawn by visual inspection of Figures 3-8. 1064 nm
consistently gives the highest SNR, although no sample is completely free of fluorescence.
Excitation at 405 nm also consistently provides good-quality spectra with the added advan-
tage of relatively little fluorescence. In contrast, 532 nm excitation is generally poor for the
longer oligothiophenes.

4. Discussion

What is perhaps the most surprising feature of Figures 3-8 is that there is little differ-
ence between the relative intensities (i.e., the ratio of a band’s intensity as compared to the
strongest band) of the spectra with the different excitation wavelengths. At first sight, this
would suggest that contrary to expectation, excitation within the absorption envelope does
not result in significant resonance enhancement.

However, this is not the case. Close inspection of the 2000-3200 cm ! region of oc-
tithiophene (Figure 7d,e) and polythiophene (Figure 8d,e) with 325 and 405 nm excitation
shows modes at 2162, 2510, 2910 and 2972 cm~!. The obvious assignment of the latter
two modes would be to C-H stretch vibrations; however, the 1064 nm excitation spec-
tra of bi-, ter- and quarterthiophene show that these occur above 3000 cm~!, exactly as
expected for sp> C-H stretch modes [42]. Rather, all of the modes can be assigned to
combinations and overtones involving the ~1440 cm~1 C-C ring stretch: 2162 ~ 698 + 1453,
2505 =~ 1050 + 1453, 2910 ~ 2 x 1453, 2972 ~ 1453 + 1512. The absence of these modes in
the 785 and 1064 nm excitation spectra (which lie outside the absorption envelope, Figure 2)
is evidence for them being the result of resonant enhancement in the 325 and 405 nm
excitation spectra. The presence of overtones and combinations with anomalously large
intensities is a hallmark of resonance Raman spectroscopy.

The 325 nm excitation spectrum of octithiophene, Figure 7e, is strikingly different, both
from the spectra of the same material excited with different wavelengths and also from all
of the other spectra. There are noticeably more modes present than for any other material.
The UV-vis spectrum, Figure 2, does not show any feature that is more pronounced at
325 nm for octithiophene than for the other materials, including polythiophene, so the
reason for the different behaviour of octithiophene is not clear.

As noted previously [36], the spectra of the oligothiophenes with n > 2 (i.e., sexithio-
phene and longer) rapidly converge towards that of polythiophene. This is completely in
agreement with the structural studies [10-18] that show that the oligothiophenes adopt the
same conformation as polythiophene.



Physchem 2023, 3 217

A study of polythiophene prepared with a variety of conjugation lengths [23] sug-
gested that the intensities of the modes at 740 and 791 cm ! increased as the conjugation
length increased. If this was the case, then it might be expected that the corresponding
modes in the oligothiophenes would also increase in intensity as the number of thiophene
rings increased. Inspection of Figures 3-8 shows that this does not happen.

While several groups have used a range of excitation wavelengths [20,32,33], this study
has used the widest range: 325-1064 nm (3.815-1.165 eV). For the oligothiophenes and
polythiophene, 405 nm generally gives the best results in terms of little or no fluorescence
(especially for the longer chains) and the overall quality of the spectra. On the other
hand, 1064 nm excitation is consistently reliable. Particularly for the shorter chains, where
fluorescence is a particular problem, it provides good-quality spectra.
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