D 5 BLIN Technological University Dublin

By, ARROW@TU Dublin
Articles School of Physics, Clinical and Optgg?eer’grcig
2005

Structure-Property Relationships for Electron-Vibrational Coupling
in Conjugated Organic Oligomeric Systems

Luke O'Neill
Technological University Dublin, Luke.oneill@tudublin.ie

Hugh Byrne
Technological University Dublin, hugh.byrne@tudublin.ie

Follow this and additional works at: https://arrow.tudublin.ie/scschphyart

b Part of the Physics Commons

Recommended Citation

O'Neill, L., Byrne, H. Structure-property relationships for electron-vibrational coupling in conjugated
organic oligomeric systems. Journal of Physical Chemistry B, Vol. 109 2005. Pg. 12685-12690.
doi:10.1021/jp050039w

This Article is brought to you for free and open access by the School of Physics, Clinical and Optometric Science at
ARROW@TU Dublin. It has been accepted for inclusion in Articles by an authorized administrator of ARROW@TU
Dublin. For more information, please contact arrow.admin@tudublin.ie, aisling.coyne@tudublin.ie,
vera.kilshaw@tudublin.ie.


https://arrow.tudublin.ie/
https://arrow.tudublin.ie/scschphyart
https://arrow.tudublin.ie/scschphy
https://arrow.tudublin.ie/scschphy
https://arrow.tudublin.ie/scschphyart?utm_source=arrow.tudublin.ie%2Fscschphyart%2F21&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/193?utm_source=arrow.tudublin.ie%2Fscschphyart%2F21&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:arrow.admin@tudublin.ie,%20aisling.coyne@tudublin.ie,%20vera.kilshaw@tudublin.ie
mailto:arrow.admin@tudublin.ie,%20aisling.coyne@tudublin.ie,%20vera.kilshaw@tudublin.ie

J. Phys. Chem. B005,109, 12685-12690 12685

Structure —Property Relationships for Electron—Vibrational Coupling in Conjugated
Organic Oligomeric Systems

Luke O'Neill* and Hugh J. Byrne
FOCAS Institute and School of Physics, Dublin Institute of Technologyinkstreet, Dublin 8, Ireland

Receied: January 4, 2005; In Final Form: April 12, 2005

A series ofm-conjugated oligomers containing one to six monomer units were studied by absorption and
photoluminescence spectroscopy. As is common for these systems, a linear relationship between the positioning
of the lowest-energy absorption and the highest-energy photoluminescence maxima plotted versus inverse
conjugation length is observed, in good agreement with a simple nearly free electron model, one of the earliest
descriptions of the properties of one-dimensional organic molecules. It was observed that the Stokes shift
and therefore HuangRhys factor also exhibit a well-defined relationship with increasing conjugation length,
implying a correlation between the electrevibrational coupling and chain length. This correlation is further
examined using Raman spectroscopy, whereby the integrated relative Raman scattering is seen to behave
superlinearly with chain length. The Stokes shift and the Raman activity are also well-correlated in these
systems. There is a clear indication that the vibrational activity and thus nonradiative decay processes are
controllable through molecular structure.

Introduction ~

] X

Conjugated monomeric and polymeric materials have at- v | Nt |
tracted significant attention over the past few decades due to . e =
their potential applications in a range of technological areas. n
. . . . - N Phenyl

Organic dyes are well-established in laser applicattarganic enylenes Acenes
molecules and polymers have long been vaunted as candidates
for nonlinear optical device®? and in the past decade, the
observation of electroluminescence and stimulated emission * W P T
from polymeric thin films has rejuvenated interest in this class n n
of materials*® Phenyl Enyne

. Low cost and ready proces§ablllty of these mate”als. are often Figure 1. Structures of theN-phenylene, acene, phenyl, and enyne
cited advantages, but potentially the greatest bonus is that theoligomer series.
optical and electronic properties can be chemically tuned over

a broad range. In addition to the practical advantages, this o easjly measurable spectroscopic parameters examined through
tunability enables structureproperty relationships to be derived  eans of optical and vibrational spectroscopy, which will help

to aid material optimization as well as a fundamental under- o estaplish empirical relationships from which insight into
standing of the underlying physical processes in these materialgesign characteristics can be achieved. The study is aimed at
To this end, systematic studies of oligomeric series have geyeloping a further understanding of the nonradiative decay
contributed greatly. Although they may break down in the ,rocesses in these materials and their structural dependence.
|nf|n|te-cha|r_1-length limit of polymen(_: systems, simple models The acene and phenyl oligomers, shown in Figure 1, are used
may be applied to such molecular series to demonstrate the effectq provide insight into the effect of increasing conjugation length
of the 7-delocalization on the optical band gagnd even the o the photophysical properties, particularly electraibra-
nonlinear optical respondeHowever, while the energetics  tional coupling, of organic materials. Results are compared to
associated with the molecular electronic structures has receivedygse of other related oligomeric series where available from
considerable attention, little has been paid to the vibrational jiteratyre, particularly thél-phenylene¥ and enyne oligomets
coupling processes, which compete with radiative relaxation and spown in Figure 1. Optical absorption and photoluminescence
ultimately limit luminescence efficiencies. Extended conjugated spectroscopies are used to elucidate the electronic behavior, and

systems are well-known for the correlation between electron paman spectroscopy coupled with the Stokes shift are used as
and vibrational degrees of freeddmand this indicates that the a probe of the vibrational coupling.

vibrational relationships can be defined in terms of structural

variations. Several studies have been undertaken to examingexperimental Section

vibrational-structural relationships in oligomers, from both a ) )
theoretical and an experimental viewpdidf This study The acene and phenyl series were purchased commercially.

presents an investigation into the effect of oligomeric structure 1h€ oligomers were prepared in a chloroform solution of
molarity ~1075 for the absorption and luminescence spec-

* Author to whom correspondence should be addressed. E-mail: troscopies. Self-absorption and aggregation effects were mini-
luke.oneill@dit.ie. mized with the use of low concentratiosThese solutions were
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sonicated for 15 min to aid solubilization. The absorption (g)
spectroscopy was carried out using a Perkin-Elmer Lambda 900
UV —vis—near-IR absorption spectrometer. The luminescence
measurements were performed using a Perkin-Elmer LS55
luminescence spectrometer. The other oligomeric data shown
was taken from the literature and is used in a mainly comparative
nature.

Raman spectroscopy was performed using an Instruments SA
Labram 1B confocal Raman imaging microscope system. A
helium—neon (632.8 nm/11 mW) light source was used. The ]
light is imaged to a diffraction-limited spot via the objective of
an Olympus BX40 microscope. All experiments were carried
out at room temperature (300 K). For the Raman spectroscopy,
the same oligomers were used but prepared as thin films of 220 240 260 280 300 320 340 360 380 400 420
thickness~0.5 mm by compression of the powder. A number Wavelength/nm
of studies have shown that there is a negligible difference
between solution and solid-state Raman spectra in similar (b) *°
systems, as they are dominated by the intramolecular vibrations 50 4
of the polarizabler-conjugated backbone and intermolecular
modes are low-energy and at most weakly coupled to the 45 4
electronic systerd3~15 A 10x objective was used to maximize
the focal depth and so sample the bulk of the film. The focal
depth of the system was calculated to be 0.183 mm, over 100
times greater than that achieved with a ¥00bjective. This
and the large spot size-0um) helped to eliminate the effects
of any slight variation in sample density. The conditions were 25 4
identical for all samples, and spectral intensities were reproduc-
ible within 1%. The measurement does not enable the calculation 2.0 1
of absolute Raman cross sections, but the reproducibility allows s
a semiquantitative comparative study. " 0.00 0.05 010 015 020 0.25 0.30
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Figure 2. (a) Position of maximum absorbance versufN{ o). (b)

In Figure 2a, the absorbance spectra of the phenyl series areProgression of phenyl oligomers from two to six units.
shown for example. It is evident that with increased conjugation
there is a considerable bathochromatic shift, as predicted byconjugation length. Along with the acene and phenyl series
Kuhn et al'® Biphenyl has an absorption shoulder at 270 nm; mentioned earlier, enyA@andN-phenylené! oligomers are also
however, by the time the series reaches a six-ringed structurepresented. For all series, is taken to be zero, as they are
(sexiphenyl), the longest wavelength absorption peak has shiftedterminated by a €H unit, except the enyne series for whigh
to 380 nm. By addition of four phenyl monomer units, the band s taken to be 0.5, as they are terminated by & Gtdup? For
gap has reduced by 110 nm (1.32 eV). The vibronic substructurethe aromatic oligomers\ is taken to be the total number of
also becomes increasingly evident as the chain length isdouble bonds in the molecule, e.g., for naphthalsre 6 and
increased. The presence of vibronic substructure in the absorpfor biphenylN = 7.
tion spectra suggests a planar rigid molecule, and there is a In all of the oligomer series, the variation in both the
marked increase in the prominence of the vibronic structure as absorption and the emission band gap with increasing conjuga-
the oligomers go from the relatively flexible phenyl to the more o, fits well to a simple nearly free electron model. Such well-
rigid planar acene seriés. defined behavior is well-established and is the basis for our

In the f'ree-electron model first descri.bed by Kuhn for understanding of linear conjugated systét&s?2? It is clear,
carbocyanine dyé$and adapted by Rustagi and Ducuitie however, that both the short chain limit and the rate of decrease

dependence of the optical band gap on the conjugation length, i, increasing chain limit differ significantly with monomeric

is given by structure and the degree of coupling between the monomeric
units. The differences in the long chain limit of the phenyl versus
AE=V.+ h2 !0\ 1 1) the acenes series mirrors the differences in band gaps of cis
o \4mL2 4}N +o versus trans polyacetylehand zigzag versus armchair single-
walled carbon nanotub@&3In extrapolation to the infinite-chain-
whereh is Planck’s constantn is the electron mas$/ is the length limit, questions have been raised as to the role of
infinite-chain-length band gajy is the average length of one  electron-vibrational coupling. Polarons, bipolarons, and self-
conjugation, andN is the number of electrons in the one- trapped excitons have all been reported in polymeric systems,
dimensional box of length., ¢ accounting for end-group  and the debate continues over the chain length at which excited
terminations. This model predicts a systematic decrease in thestates are no longer distributed over the molecule contitffés.
band separation with increasing conjugation and has been showrThat the oligomer series are well-behaved according to this
to fit well with the observed behavior of the length dependence simple model indicates that excited states are distributed over
of the absorption gap for enyne oligomérs. the extent of the oligomer and are thus molecular in nature.
Figure 2b shows a plot of the energies of the first absorption Electron—phonon quasi-particles such as polarons and bipo-
maxima of the various oligomeric series plotted against inverse larons are dispersive and thus become localized on the backbone

Results and Discussion
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Figure 3. Stokes shift plotted versus. Solid lines show a slope of Figure 4. Stokes shift plotted versus number of modes. Solid lines
—4. show slopes of-6, and dashed line a slope o.

in extended systems. Such localization would limit the effective Given thatL = LoN, A has a dominant N dependence, and
conjugation to lengths less than the molecular length. As well thus the Stokes shift has aNf/dependence.
as introducing controversy over the nature of the excited species The simple formalism above adequately predicts the observed
in these system®,?” electron-vibrational coupling plays a  power law dependence in the acene and phenyl series. It ignores
dominant role in determining nonradiative processes. To the periodic potential of eq 1 and also assumes that the Stokes
optimize radiative relaxation in these systems, design principles shift is purely electronic in origin, with no contributions from
to control the nonradiative relaxation of excited species are relaxation of the solvent cag@lt furthermore assumes that the
desirable. Such principles can be guided by studies of oligomeric single-particle excitation is distributed over the entire molecule.
series. The reasonable fit to the fourth-order power dependence for
Electron-vibrational coupling is manifest in electronic  these shorter chain molecules gives justification for this.
spectroscopy as the Stokes shift, a result of nuclear redistribution The dependency of the Huan&hys factor §), linearly
after an electronic excitation (or relaxation). dependent on the Stokes sBfipn the number of atoms present
Figure 3 shows the Stokes Shift, as calculated by the has been empirically described by Yu et al'a§ = a exp
difference in the absorption and emission energy of the lowest/ (—n2/b) wherea and b are arbitrary constants amis the
highest-energy transition peak for the acene and phenyl oligomernumber of atoms in the molecular system. This shows $hat
series, as a function &f. Presented values compare well with  decreases exponentially with increasing chain length, and by
literature valued! The graph is important, as it contains extension the Stokes shift should show an exponential depen-
information on both the electronic and the vibrational charac- dence with an increasing number of atoms. As can be seen from
teristics of the oligomer systems. The best fit is to a power law Figure 3, at short chain lengths there is a deviation from the
dependence, of order approximatety, of the Stokes shift on  fourth-order power dependence. This variation can be reconciled
the conjugationN. The power dependence is similar for the with the use of exponential decay, but in turn this then fails to
phenyl and acene series and can be explained using the particleiccurately account for the Stokes shift variation at large chain
in a one-dimensional square well embedded in an elastic lengths. The power dependence accounts more accurately for
continuum model described by Henderson and Imbé&ch, the longer-chain-length oligomers and as such will be more
extended to a many-electron system as described, for exampleuseful in potential application to polymeric systems.
by Kuhn:& Neglecting the periodic potential of eq 1, the ground-  The efficiency of the coupling to the vibrational manifold

state energy can be described by will depend on the number of modes availabM, which
increases with chain length according to 3 5 in a linear

= LN 2) system. Thus, a fourth-order power law dependence would be

¢ 8m(2L)2 expected by extrapolation of the Stokes shift dependence on

length. A plot of the Stokes shift versus the calculated number
In the excited-state energy, the dimensions of the box expandof modes displays a fourth-order power law dependence. It
to accommodate the change in electronic configuration such thatshould be noted that this dependence is only observed by
including all vibrational modes of the system and not just those
of the carbon framework. Although all modes will not couple
equally to the electronic excitation, the role of the-i&
vibrational modes in the determination of the nonradiative decay
I § A2 A? rate has been demonstrated in deuterated systems whereby an
=B+ 2 k(x - F) T ok ®3) increase of the radiationless transition rates without effect on
the band gap is affectel.Figure 4 further demonstrates the
whereE° is the nonexpanded excited-state configuration and intrinsic link between the Stokes shift and the electrphonon
1/,kx2 is a result of a harmonic restoring force. The system now coupling in these systems. In general, there is a trend of

h2

1
=———————(N+ 1)+ k¢
8m(2L + dx)z( )72

e

oscillates harmonically about coordinates describex ByA/k, decreasing Stokes shift with an increasing number of modes.
and the electronic energy is reduced as a result of the excited-The increased number of modes adds to the capacity of the
state reconfiguration by an amount/2k, whereA = 3h%(N + molecule to distribute the excess energy. The excess energy per

2)/8mL3. This energy reduction corresponds to the Stokes shift. mode and thus the nuclear redistribution are diminished,
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coupling, and therefore the Raman intensity should be lower
than that of the corresponding phenyl oligorkér.

_ Aromatic compounds are characterized by a weakHC
stretching band near 3000 chand by bands near 96000
and 1506-1600 cnt?, which are ring breathing and stretching,
respectively. The 1600 cni band can be seen to be the most
T obviously varying with increasing molecular length, as would
J be expected as these are the frequencies corresponding to the
- JL ring structures. The other ring-associated band occurs at 1200

Sexiphenyl

A

Intensity/abrt. units

cm! for para-substituted benzene derivatives and can again be

Quaterphenyl seen to increase systematically as the molecular length is

A

N
increased. The one other significant band is at 1300'cwhich
A U\ A e corresponds to the=€C bond stretch that links the phenyl units,
: N . L — . i and this shows similar length dependence. Most of the other

400 600 800 1000 1200 1400 1600 1800 2000 bands observed are weak overtones of other bands and of little
Wavenumber/cm™ use in the identification or characterization of the compound in

Terphenyl

Biphenyl

Figure 5. Plot of the Raman spectra of the phenyl oligomers. Spectra duUestion.
are offset for clarity. In Figure 4, the Stokes shift is also plotted against the number
of vibrational modes observed in the Raman spectrum. The
reducing the Stokes shift. It should be noted that the Stokesthreshold for legitimate modes was set to an intensity 4%
shift for the phenyl series is substantially higher than that for of the intensity of the highest peak to avoid counting noise or
the acene series, although the number of available vibronic other background fluctuations. While the number of accessible
modes is similar. Indeed the phenyl series has considerably morevibrational modes is determined by the number of degrees of
degrees of freedom in the form of rotations about thedJing- freedom of the molecule (38— 5), the number of Raman-active
coupling bond. It must be concluded that it is this rotational modes is determined by the molecular symmetry. This experi-
freedom that inhibits the electretvibrational coupling along mental determination of the number of modes underestimates
the chain. Torsional freedom also hinders the coherence of thethe number of Raman-active modes, as many modes can be
z-cloud disrupting the full electronic conjugatiéhThe poor degenerate or quasi-degenerate and some may be so weak as to
fit to the fourth-order power dependence in the case of the lie below the detection threshold of the measurement. In both
phenyl series may be a further manifestation of this rotational cases, higher resolution and sensitivity would improve the
freedom. measurement, and as such the underestimation is not a limitation
The Stokes shift is a crude measure of the eleetfitonon of Raman spectroscopy. It should be considered, however, that
coupling and has been shown to be dependent on temperaturél is the modes of significant intensity that represent strong
and sample morphologi?:33 A more detailed approach by, for  electron-phonon coupling and thus are good channels for
example, analysis of the FraneKondon progressions in  nonradiative relaxation of the excited state. This underestimation
absorption and emission spectra is required for a full picture of increases the observed power law dependence to the sixth order.
how the modes couple to the electronic transiti##8lt is clear, The graph does however clearly indicate a correlation between
however, that the variation in this easily determinable parameterthe experimentally observable Stokes shift and Raman spectral
according to the oligomer chain length is well-defined. Vibra- features.
tional spectroscopy,in particular Raman spectroscopy, is a direct  An extension of the free-electron model to Raman activity
probe of the electronvibrational coupling and may be utilized  in these systems is not trivial. Theoretical studies, based on nodal
to further illustrate well-defined relationships in these systems. analysis combined with ab initio calculations, predictNa
Raman spectroscopy is particularly sensitive to the polarizable dependence of the Raman intensity for thes© stretch of
m-conjugated backbone, making it ideal for the (semi)quanti- polyene system¥ A novel approach to the spectroscopic
tative analysis of the variation of electremibrational coupling determination of nonlinear optical properties of conjugated
as the oligomeric chain is modified by length or backbone materials has demonstrated that Raman cross sections can be
structure. Raman spectra were taken in the range-3600 utilized to determine the third-order hyperpolarizability of
cm™L. The source wavelength is far from the absorption of the centrosymmetric conjugated molecul@s parameter that has
samples measured, and as such the spectra may be considerasben shown to vary with b* power dependenc®.in previous
nonresonant. It has however been shown that the spectralstudies, the dependence of the intensity of specific peaks of the
signatures of conjugated systems show negligible variation in Raman spectra of polyene oligomers has been seen to show a
frequency and relative intensity over a wide range of excitation |ength dependence of the ordé”.” In Figure 6a, the spectrally
wavelengths, (3251064 nm)¥:3".15This invariance reflects the  integrated Raman intensities, in the range-28800 cn1?, are
unique coupling to ther-electronic system of all of the main  plotted as a function of the chain length Intensities above
modes, regardless of excitation wavelength. This is particularly 4% of the spectral maximum were numerically integrated to
so in the acene and phenyl series, with the absence of side chaingvoid summing background noise. Thus, the integration was
or nonconjugated pendant groups. taken to include the doublet in the ring-stretching modes at
Figure 5 shows the variation in the Raman spectrum with ~1600 cnt™. All integrated Raman intensities were normalized
increasing chain length for the phenyl oligomers. It is noticeable for molecular weight so as to give a true reflection of the
that there is very little spectral softening as the chain length is variation of the intensity with increasing molecular length. The
increased. However, a significant increase in the intensity of graph yields an approximate second-order power law relation-
the prominent vibrational modes is observed. The acene ship for both the phenyl and the acene systems. For the acene
oligomers show a similar intensity increase but not to the same and phenyl series, a plot of the dominant vinyl stretch in the
extent. The acene topology does not favor electnabrational region of 1556-1650 cnt! versusN exhibits higher-order
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1 10 100
N whereas this freedom significantly increases the Stokes shift in
Figure 6. (a) Integrated Raman intensity plotted verduitegrated the case of the pheny! series by dlsruptlng' the distribution of
from 100 to 3200 cmi. (b) Relative intensities of the=€C vibrational the energy. The conjugated=C stretch is consequently
modes along the backbone. The solid lines show slopes of (a) 2 andsubstantially lower in the phenyl series than in the acene series,
(b) 4. for equivalent conjugation length.

dependence, approaching 4, as shown in Figure 6b. The Figure 7 shows the variation of vibrational intensity with the

conjugated &C stretch is the most strongly dependent on the nugwbelr olf }[/ltc)jra:ongl t:mt)r?es _bOth expenmter;_tallyi obstirvable
conjugation length, and integrating over the entire Raman and caiculated. Again both series are seen to lie along the same

spectrum reduces the observed power law dependence. In eithigend line, and the number of available modes is underestimated

representation, the spectroscopic data is well-behaved in terms?Y the experimental data. This is reflected again in the higher-
of the structural variation, indicating that the electron order power law dependence of the trend for the experimental

vibrational coupling may be characterized through routine data. In comparison to the dependence of the St_okes shift on
spectroscopic investigations. Although the total number of Number of modes, the square dependence evident for the
modes is underestimated, the strength of the dominant modes€XPerimentally observable modes and the higher-order, cubic
individually or integrated, is a good indication of the structural dependence observable for the calculated modes imply a square-
dependence of the electron correlation in these systems. root dependence of the integrated Raman intensity on the Stokes
It is notable that, in contrast to the behavior for the Stokes Shift. Figure 8 illustrates that this is indeed the case, clearly at
shift, the integrated Raman intensity and the variation with least for the acene series. The steeper behavior of the phenyl
conjugation are almost identical for the two sets of oligomers. series has its origin in the deviation of the dependence of the
The Raman activity has its primary origin in the collective Stokes shift onN from N* (Figure 3), attributable to the
normal modes of vibration but also has intensity generated from rotational freedom in this series. The Stokes shift is primarily
localized vibrations. The Stokes shift relies solely on the determined by the number of modes available. The degree of
distribution of excess energy along the extent of conjugation electronic coupling along the chain will limit the number of
of the molecule. Thus, the integrated Raman intensity is less modes available for distribution of the excess energy; hence
affected by the rotational freedom of each of the rings in the any disruption in the conjugation will detrimentally affect the
phenyl series as it maintains the intensity localized on the rings, number of modes. The vibrational intensity per mode is also
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